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1 .  BASIC DATA AND DEFINITIONS 

In order to make easier a survey of methods used in the industrial applications of 
isotopes, this chapter will give a brief review of the fundamental concepts, terms and 
symbols, a summary of the main characteristics of the most important radioactive 
isotopes (nuclides), and a reference to the general characteristics of radioactive 
preparations and the problems arising at their use. 

1 . 1 .  SYMBOLS 

The rapid but rather isolated development of the different fields of application of 
radioactive isotopes, e.g., nuclear physics and chemistry, gave rise to a non-uniform or 
even contradictory and incorrect terminology and notation. The situation has become, at 
least temporarily, even more confused by the introduction of SI (Systeme International 
d'unites) units. 

The conversion factors between SI and "traditional" units are tabulated in the 
Appendix. Physical quantities in the text will be given in SI and many times also in 
conventional units (in brackets). 

Nearly one hundred symbols will be used for different terms relating to the industrial 
applications of isotopes and it should be mentioned that, unfortunately, there is a great 
diversity in the interpretation of these abbreviations in different fields. 

Unusual, i.e. gothic letters were avoided owing to the compromise accepted by the 
editor and the authors, namely. in this section will be summarized the most widely used 
notations. those having the same interpretation throughout the whole book, but at the 
same time reference will be made on their units at the particular place of occurrence if 
required for a clear understanding of the text. To call the Reader's attention to these 
symbols they will be marked with bold italics. 

Dimensions or units of quantities not listed below will be given at the appropriate 
place in the text: these symbols will be denoted with simple italics; in order to avoid clumsy 
notation, indices will occasionally be applied. 

This means that the same letters printed in bold or thin italics may have different 
meanings which should always be taken into account. 

activity, e.g., in Bq (Ci) 
mass number 

. - - . L  
. . . 2 ' - 9  .i '<, t 

conccntratwn, e.3.. in mole rn '. m g  crn ' 
dose (as to the units, reference is made in the index or in the text), e-g., in Gy (rd) 
energy of radiation (the subscript e.g., E,. refers to the type of radiation), e.g., in MeV 
height, e.g., in rn (cm) 
dose rate, dose intensity, e.g., in Gy/s, A/kg (rd/s, R/s) 

# .  

relative dose rate. relative dose intensity. relative activity, relative counting rate, e.g., 
in l/s (cps =counts per second) 
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dose rate constant (a subscript, if used, refers to the type of radiation), e.g., in 
aA m2/(kg Bq), [R m2/(h Ci)] 
length, distance, e.g., in m (cm) 
mass, e.g., in kg (g) 
counts 
geometrical radius, e-g., in m (cm) 
time, e.g., in s (h) 
half-life, e-g., in s (h) 
potential, e.g., in V 
volume, e.g., in m3 (ml) 
velocity, e.g., in m/s 
atomic number 
decay constant, l/s 
linear absorption coefficient, e.g., in I/m (llcm) 
mass absorption coefficient, e.g.. in m2/kg (cm2/g) 
density, e.g., in kg/m3 (g/cm3) 
standard deviation 
flux density (subscript refers to the type of radiation), e.g., in l/(m2s) [l/(cm2s)] 

1.2. BASIC DEFINITIONS USED IN ISOTOPE TECHNIQUES 

Many of the definitions and expressions to be encountered in later chapters will not be 
defined separately because either they are taken as known or they are excluded to make 
the text more lucid. The most frequently used terms and their definitions are listed below in 
alphabetical order. 

Absorbed dose 
Radioactive radiations impart energy to the medium when attenuated in it. The mean 
energy absorbed by unit mass or volume of the irradiated medium is called absorbed dose 
and expressed in units of gray: 1 gray = 1 Gy = 1 J/kg. The unit that was used earlier is rad; 
in order to differentiate between this unit and that of the planar angle the commonly used 
abbreviation of rad is rd. 1 rd = 0.01 Gy. 

Absorbed dose rate 
The absorbed dose related to unit time is the absorbed dose rate that is to be given 
correctly in Gy/s. 

Accumularion factor 
See Build-up factor. 

Activity 
Radioactive decay is a spontaneous process that cannot be influenced from the exterior 
and that leads to the formation of new nuclei from the originally existing unstable ones. 
The rate of decay is characterized by the activity. 

The unit of activity is the becquerel (Bq). A source has an activity of one Bq if one 
disintegration takes place in it in one second; that is, 1 Bq = 1 11s. 

The traditional unit of activity, curie, was defined as a quantity of a radioactive nuciide 
in which the number of transformations or disintegrations per second - trans- 
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formations/s (tps), disintegration+ (dps) - is 3.70 x 10". This unit has a historical ,., 
background, as it corresponds to the activity of 1 g radium in secular equilibrium with its -__ - --_--C_---- 
radioactive daughters. 

This unit, abbreviated Ci, as well as  its fractions and multiples, is still in use. The 
relationship with the Bq and its multiples is as follows: 

1 MCi = lo6 Ci = 3.7 x 1016 Bq = 37 PBq , :y I . ,  
1 kCi= lo3 Ci=3.7 x 1013 Bq=37 TBq 
1 mCi= Ci=3.7 x 10' Bq=37 MBq 
1 pCi = lod6 Ci = 3.7 x lo4 Bq = 37 kBq 
1 nCi = lod9 Ci = 3.7 x 10' Bq =37 Bq 
1 10-l2 Ci = 3.7 x lo-' Bq = 37 mBq 

ci Activity is often characterized by the number of disintegrations per minute - 
transformations/min (tpm) - that is: 1 Ci = 2.22 x 10" disintegrations/min. Taking the 
degree of efficiency of the measurement to be q, we can formulate the following 
relationship between the counts per minute (cpm) and the activity in Ci: 1 Ci = 2.22 x 1012 
x I/? counts/min. 

x-Radiation 
x-Radiation is that type of decay in which the nucleus emits an r-particle that has two 
units of positive charge and four units of atomic mass and thus corresponds to the nucleus 
of a helium atom. This corpuscular radiation possesses discrete energy. The initial energies 
of the particles emitted by the nucleus range from 3 to 8 MeV. 

Annihilation radiation 
The positively charged particles emitted by the nucleus in the positron decay interact with 
the negatively charged electrons surrounding the nucleus. The interaction of the opposite 
charges results in the formation of two photons each having an energy of 0.5 1 1 MeV. The 
electromagnetic radiation thus produced is called annihilation radiation. 

Atomic mass 
The atomic mass of an element is the sum of the numbers of protons and neutrons in the 
nucleus. Since the atoms of most o f t  he elements are built up of several nuclides the atomic 
mass of the element is the weighed average of those of the isotopic nuclides, according to 
their natural abundances. 

Atomic number 
The atomic number of a given element equals the number of protons in the nucleus and so 
indicates its place in the periodic table. 

P- Radiation 
The transformation of the nucleus associated with the emission of high energy electrons 
(P-radiation) or positrons (pf-radiation) from the nucleus is called f?-radiation. The 

, ' emergence of electrons is accompanied by the emission of an uncharged antineutrino 
while that of the positron by the emission of a neutral neutrino. The latter process is 
attended by the emission of annihilation radiation as a secondary process. 

In the case of both types of corpuscular radiations a continuous energy spectrum is 
observed as a result of the statistical distribution of excess energy causing instability 
between the p-particle and the neutrino or the antineutrino, respectively. 
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Bremsstrahluny (X-raj-i 
When I-- and /?+-particles emitted by radioactive nuclides are slowing down in the force 
field of the atoms of an absorbent, electromagnetic radiation is brought about that has a 
continuous energy spectrum and is called bremsstra h lung. The intensity and maximum 
energy of this radiation is determined by the primary kinetic energy responsible for the 
process. as well as the atomic number and density of the absorbent. 

Beside /I-particles. bremsstrahlung can be brought about by the shift of charge 
occurring subsequent to electron capture. 

Build-up factor 
When measuring the absorption of p-radiation in thick absorbents a smaller amount of 
decrease in intensity is observed than that calculated from the exponential law of 
attenuation. This is the result of the scattering effects taking place in the target and can be 
taken into account in the calculations with the use of the build-up factor. 

Carrirr-freu isotopes 
The radioactive product is called carrier-free (c.f.) if it does not contain any active or 
inactive isotopes of the element, except the radioactive isotope of the given element. As the 
term "carrier-free" can only approximately be true, the preparations from which the 
carriers were removed with special care are, in general, co~sidered to be carrier-free. 

Comp ton ejject 
The scattering of the ;:-photons present in the electromagnetic field causes a decrease in the 
frequency of the quanta; this phenomenon is called Compton effect. 

Coittvrsion electron rudiution 
A ;)-photon of the electromagnetic radiation emitted by nuclear isomers can eject an 
electron from the electron shell surrounding the nucleus and make it  move out of the force 
field of thc atom with a certain amount of energy; the electron deficiency caused by the 
emission brings about the emission of characteristic X-rays by the product nuclide. 

Corpu.sc.ulur radiation 
The type of nuclear radiations during which the radioactive nucleus becomes stabilized 
through the emission of particles (i.e., not electromagnetic radiations) is cailed corpuscular 
radiation. 

Counting rate 
In practical activity measurements usually only relative values are needed. The relative 
activity is mostly characterized by giving the so-called counting rate expressed in counts 
per unit time (imp, s, imp/min, cps, spm, ctc.). In order to calculate absolute activity 
different correction factors (referring to absorption, backscattering, geometric arrange- 

* 
ment, resolution of the detector, etc.) must be taken into account. 

Cross-sect ion 
The probability of nuclear processes is characterized, in general, by the cross-section, that 
is, essentially, a measure of the interaction between the corpuscular or electromagnetic 
radiation and the medium. As the interaction can be characterized, quantitatively, by the 
surface perpendicular to the direction of radiation, the cross-section has a dimension of 
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area and its usual unit is 10- 28 m2 = 10- 24 cm2 = 1 barn, a value comparable with the real 
average cross-section of the atomic nuclei. It is recommended that the cross-section 
hereafter be expressed in m2. 

In accord with the generalized concept, a cross-section can be defined, in a similar way, 
for scattering, absorption. activation and fission processes, as well. 

Dead time 
The number of pulses recorded by a detector and counter system is always smaller than 
that entering the detector. The reason for this is that closely spaced events cannot be 
resolved either by the detector or the counting instrument, due to the dead time. This may 
cause discrepancies in the correct determination of activity especially in the case of high 
counting rates. 

Decay constant 
The fraction of radioactive nuclei transformed in unit time can be characterized by the 
decay constant. The following relationship holds between the decay constant and the 
physical half-life: 

In 2 0.693 i=-= 
11 / 2  11!2 

Dose 
See Exposure, Equivalent dose, Absorbed dose. 

Dose constant 
The dose rate (dose intensity) brought about at unit distance from a source of unit activity 
is.~c~l~d.dose~constant. ~ e ~ e n d i n ~  on the type of radiation, a-, fi-, 7- and neutron-dose 
constants can be distinguished; these are denoted by K,, K,, K, and K,,, respectively. From - . . 
a practical point of view, the role of -- K -? ----.-- is the most important; - --  using a more correct 
terminology it can be named as spec.@ - - - - exposure --- -. .--. rate - and given in SI units as aA 
m2/(kg Bq), which can be converted to a more practicable unit, viz. pGyair m2/(GBqh). 
Conversion: 1 aA m2/(kg Bq)= 121.27 pGyair m2/(GBq h). The earlier used unit was R 
m2/(h Ci). The conversion of units can be made using the expression 

1 R m2/(h Ci) = 1.937 aA m2/(kg Bq) 

The main advantage in using the dose constant K ,  lies in the fact that the exposure rute 
(I), in A/kg, can be calculated from it  by the expression 

where A is the activity of the radiation point source, in Bq, and iis, the distance from it ,  in - - - _  m. 

Effective half-life 
The rate of depletion of a radioactive material incorporated into human body follows an 
exponential law. The time during which one half of the incorporated radioactive material 
leaves the organism is called biological hulfllfi. Parallel with the above, a diminution of 
the activity takes place that is described by the law of radioactive decay (physical half-life); 

*" 

2 Foldliik .- 
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i, 

the half-life observed corresponds to the joint effect and is known as the effective half-life. 
The following relationship holds for the concepts mentioned above: 

Electromay net ic radiation 
The radiation that is made up of quanta (has discrete energies), has no charge and is of 
rather short wavelength (of the order of nm) is called electromagnetic radiation. For 
practical reasons X-rays and y-radiations are jointly termed electromagnetic radiations. 
X-rays have their origin from the electron shell(s), yradiation, however, is emitted from the 
nucleus. 

Electron 
The atomic nucleus is surrounded by negatively charged particles, electrons, that have a 
mass of 9.108 x 10- 28 g. b--Radiation is also composed of high energy electrons, but 
these are formed in the decay of neutrons of the nucleus along with the by-products: 
proton and antineutrino. 

Electron capture 
A particular type of radioactive decay involves the capture of an electron by the nucleus 
from the nearest to the nucleus (K-shell). This process results in the transformation of a 
proton of the nucleus into a neutron. The energy released in the exothermic process can 
contribute, in part, to the excitation of the nucleus and, in part, to the emission of a 
neutrino. Electron capture is accompanied by the emission of characteristic X-rays from 
the nucleus left behind with an excess amount of energy. 

Slectron volt 
The energy of particles and photons produced in nuclear decay can be related to the 
amount of energy gained by an electron when passing through an electric field of 1 V 
potential. Outside the field of nuclear physics it is straightforward to express energy in 
units of J. 1 electron volt = 1 eV = 1.602 x 10-l9 J =0.1602 aJ and 1 J = 6.242 EeV. 

In practical use, mainly the multiples of the electron-volt are applied, for example: 
1 O3 eV = 1 keV, lo6 eV = 1 MeV. 

Equivalent dose (Dose equivalent) 
The absorbed dose is, mainly in the practice of health physics, substituted by the concept 
of equivalent dose, considering the type of radiation, the relative biological eficiency 
(RBE) and other factors (e.g., the so-called quality factor, Q). This is characterized by the 
dose that has the same biological effect on the human organism as X-rays. 

The new unit of equivalent dose is sievert (Sv). 1 S ~ = x / k p .  
I The unit used earlier was the "rad equivalent man", or rem; 1 Sv= 100 rem, or 

e- - -- .-.-- - 
1 rem = 0.0 1 Sv, respectively. 

Equivulent thickness 
See Surface mass 

Exposed dose 
The radioactive radiation that cannot ionize directly can bring about charged particles as 
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a result of the dose given to the irradiated medium. The unit of the amount of dose (also 
known kerma) is J/kg, similarly to that of the absorbed dose. 

Exposure 
 he electromagnetic radiation causes ionization in air. The measure of the interaction is 
characterized by the exposure (or exposure dose, used earlier) in units of c o u l o m b ~ , r  

&ifogram. The ionizing radiation ofconstant intensity is of unit exposure if it- one --. -. .- - A- 

coulomb electric charges of e i t u n  in one kilogram of air. , 

The former name of exposure, roentgeAR), is still in use, however the gradual 
/- 

elimination of this unit is recommended. The amount of radiation-that forms I e.s.u. of 
-I--̂ ----- .---- 0" 

ions of either sign in 1.293 m e r y  air ( I  c m x f  dry air at stand-ate) 1s 1 R. 
-7- - .*+A?+- ----'--- 

%e conversion between the two un~ts is performed using the expression: 

Exposure rate 
The exposure rate, i.e., the exposure related to unit time, is denoted by Iand should be 
given in A/kg. Earlier, the widely used units were R/s and/or R/h. 

1 R/s = 258 pA/kg and 1 R/h = 7 1.66 nA/kg 

y-Radiation 
See Electromagnetic radiation. The main feature of the term ?-radiation refers to the 
radiation emitted from the nucleus. 

G-value 
The yield of chemical reactions brought about by nuclear radiations is given by the so- 
called G-value. This is equal to the number of species (molecules, atoms, ions, radicals, etc.) 
decomposed or formed-as a result of the absorption of 100 eV radiation energy. i.e., the -. 
radiation ch&icalyield. 

considering the new system of units this quantity should be given in l/J: - - - - -  - - -  

1/100eV=6.242-x 1016 J - '  
- - . .- - -- - 

However, the earlier definition of the G-value is still valid. 

Harf-1ifY 
The time needed for the decrement of the number of nuclides to one-half of the original 
value in a homogeneous radioactive material, as a result of radioactive decay, is called the 
physical ha!f-life of the given isotope, or shortly its half-life. The half-life can be given in any 
kind of time-units; it is denoted by t , , , .  (See also Decay constant.) 

Halflthickness of absorbent 
The thickness of an absorbent, usually given in units of g/m2, that decreases the intensity of 
radiation to one-half of its original value is called half-thickness of the given absorbent. In 
addition to the half-thickness, the tenth-thickness is also used, mainly in the case of y- 
radiations. i - 

"i. r 

In practice, the distance corresponding to eight times the half-thickness is looked upon 
.--.I-- --- *-- . .. -- - .- _-_<.-- --___ -- 22 .- -- - -,--.---,-- 

as the maximum range of a glven radia&tio_n,, 
IC 
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Isotope effect 
The physical and sometimes the chemical properties of isotopes or compounds containing 
isotopes of the same element differ, especially if relatively large differences are seen in the 
mass numbers. This phenomenon is called isotope effect. 

LE T value 
See Specific ionization. 

Mass-absorp:ion coejficient 
The absorption of radioactive radiation in matter can be calculated, in general, by the 
expression 

which states that the intensity of radiation decreases from the original value of lo to a value 
of lafter proceeding through a layer of the absorbent of thickness d; and the decrease in the 
given medium is determined by the constant of proportionality in the exponent p,. If d is 
taken as equivalent thickness (see also Surface mass) and given in kg/m2 (or g/cm2), the 
unit of the mass absorption coefiicient p, should be, correspondingly, expressed as m2/kg 
(or cm2/g). With the value of d given in units of length, e.g., in m or cm, the linear 
absorption coeficient p having a dimension of l/m, or I/cm is to be used instead of the 
mass absorption coefficient. 

The two constants can be converted easily to each other knowing the density of the 
absorbent, p (kg/m3), by the expression 

In practice, the use of p, is of advantage because the dependence of the absorption on 
energy can be described in such a manner in a much simpler way. 

Mean energy of nuclear radiation 
The energy spectrum of B--radiation emitted by radionuclei is continuous up to the limit 
EBaai. The mean energy of the particles can roughly be estimated from the relationship 
E, z 1/3 EflmaX. The coefiicient of proportionality is a function of the atomic number of the 
radionuclide: it is smaller or greater than 1/3 in the case of greater or smaller atomic 
numbers, respectively, and approximately equal to 1/2 when the above expression is used 
for very high energy /?+-radiations. 

The mean energy of y-radiation can be estimated from the percentage distribution of 
the constituent y-photons forming the weighed average, however, serious errors are 
expected due to the complications involved in the interaction of the radiation with matter. 

M ossbauer effect 
Mossbauer showed that in the interaction of low energy ./-photons with suitably selected 
absorbing crystals a resonance scattering without recoil can be achieved and the scattering 
cross-section is close to the maximum value. The nuclear excitation levels can be 
prevented from thermal broadening by an appropriate selection of experimental 
conditions (first of all, by cooling the system). 
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If we compare the spectrum of the electromagnetic beam of radiation that passed 
through an absorbing crystal surrounding the source with the spectrum of a beam that 
proceeded through a substance containing the same atoms as did the former absorber but 
in different chemical bonding, the changes observed due to the different electron structures 
allow conclusions to be drawn regarding the isomer shift. The absorption lines can be , 

resolved if we put the nucleus studied in an inhomogeneous electric field: the quadrupole 
splitting thus observed can give valuable information on the structure and symmetry. 

Neutron 
The neutron is a neutral elementary particle that participates in the construction of every 
atomic nucleus, except 'H. The rest mass of the neutron is 1.6747 x g; this is 
equivalent to an energy of 939.5 MeV =0.15011 pJ. Neutrons are regarded as thermal if 
their energy equals about 0.025 eV. ' 

Neutron flux density 
The product of the mean velocity of neutrons derived from the Maxwell distribution and 
the density of the neutrons proceeding through an I area perpendicular to the direction of 
the beam in unit time is called neutron flux density, denoted by Q, or @,, and measured in 
units of l/(m2s). In an analogous way, the concept can be applied to the beam of particles 
or photons of electromagnetic radiations. 

Nuclear fission 
Nuclei that have a high mass number and an excess amount of neutrons decompose 
spontaneously or upon bombardment with particles into two primary nuclei, with a ratio 
of mass numbers approximately equal to 3 : 2, while elementary particles (neutrons) are 
emitted. Nuclear fission forms stable products very rarely in a direct way, the nuclides 
produced stabilize through a series of decompositions (mostly by consecutive P-decays). 

Nuclear isomer - 

The absorption of nuclear radiation or the radioactive decay can result in the production 
of an excited nuclide the half-life of which is relatively long (of the order of ns); this species 
is called the nuclear isomer of the corresponding ground state n~lclide. The nuclear isomer 
is denoted by " in the right upper index, e g .  "Tcm. 

-- -__- _ _ . - - - -  - - - - -  

Nuclide 
The atomic species having a given atomic and mass number and a given state of energy is 
called nuclide. Among the nuclides stable and radioactive ones should be distinguished. In 
addition, another basis of grouping may be according to the same atomic number (the 
same number of protons) but different mass numbers (isotopic nuclides), the same number 
of neutrons (isotonic nuclides), the same mass number (isobaric nuclides), etc. 

In agreement with widespread usage, the term "isotope" is used throughout this book 
in place of the correct word "nuclide". 

Pair production 
A special result of the interaction of y-radiation with matter is pair production, i-e., the 7- 
photon is converted in the electric field of the nucleus into a positron and electron. The 
threshold energy for this interaction is the sum of the energy equivalents of the 
corresponding rest masses, i.e., 1.02 MeV. 
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~ar t i c i e  jlux density 
The number of particles proceeding through a surface of unit area in unit time is called 
particle flux density. Its unit is 1/(m2s). 

Photoelectric effect 
Low-energy pphotons interact with matter most probably in such a way that the whole 
energy is imparted to an electron while the excited nucleus is usually stabilized by the 
emission of characteristic X-rays. . . 

Positron radiation 
Some radioactive nuclei stabilize through the decomposition of a proton of the nucleus 
into a neutron and a particle called a positron, that has a mass equal to that of the electron 
but a positive charge. The nuclear process is accompanied by the formation of a neutrino. 
A secondary result of positron radiation is annihilation radiation. 

Proton 
The proton, the constituent particle of every atomic nucleus, has a unit positive charge and 
forms the nucleus of the lightest isotope of hydrogen, ' H. The number of protons is equal 
to the atomic number in each element, thus. the chemical properties can be deduced from 
the number of protons. The rest mass of the proton equals 1 . 6 7 2 4 ~  g, 
corresponding to an energy of 938.2 MeV = 0.1501 1 CLJ. 

Radioactive concentration 
The activity of the isotope solute per unit volume of the solution is called radioactive 
concentration. It is recommended to give this quantity in units of GBq/dm3, instead of 
nCi/ml used earlier. 1 mCi/ml = 3.7 x 10'' Bq/dm3 = 37 GBq/dm3. 

I t  should be noted that this term was treated incorrectly as specific activity, especially 
in earlier works. 

Radiochemical purity 
The fraction of the total activity present in the unsealed radioactive preparation in the 
chemical form covered by the name of the product is called radiochemical purity and is 
expressed, in general, in percent. 

Radionuclidic puriv 
The term radionuclidic (or radioisotopic) purity covers the percentage contribution of the 
activity of the given nuclide to the total activity. 

Radium equicalent 
The activity of sealed sources is in an old-fashioned way still sometimes today given in 
radium equivalents. Using this term the activity is related indirectly to the dose constant 
(exposed dose rate) of ""Ra. A source has an activity of 1 g-radium-equivalent, if the dose 
rate measured at a distance from it is the same as in the case of 1 g of 226Ra being in 
equilibrium with its decay products. 

In practice, the activity given in g-radium-equivalents is converted into units of Bq by 
multiplication of the activity of unit mass of 226Ra with the ratio of the dose constants K, 
of 226Ra and the given isotope. Thus, for example, the activity of an 1 9 2 ~ r  source of activity 
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of 1 g-radium-equivalent is converted into units of Bq as follows: 

K, ,,,,', - 1.59 aA m2/(kg Bq) - x 3.7 x 10'' Bq = 60.6 GBq 
K, 192,~ 0.97 aA m2Mkg Be) 

Saturation activity 
The maximum activity that can be achieved, in principle, in the given activating nuclear 
reaction, at given values of the flux and the cross-sections is called saturation activity. The 
saturation activity can be reached using an "infinitely long" time of activation. 

Self-absorption 
Unless the source of activity is infinitely thin, a part of the radiation will be absorbed by the 
source itself thus resulting in the decrease of the output of particles and/or photons. Self- 
absorption is of special importance in the case of soft /&emitters. 

Specific activity 
In the case of a radiating material, the activity of the radioactive isotope characterizing the 
preparation related to unit mass of the element labelled with the radioactive isotope is 
called the specific activity. The activity used to be related rather, to the relative molecular 
mass of the compound, especially in the case of labelled organic compounds, when it is, 
however, more correct to talk about molar activity of the preparation. 

It is expedient to give the activity in units of Bq/kg or analogously in PBq/g (GBq/g), 
etc. 

The activity related to unit volume denotes radioactive concentration rather than 
specific activity. 

Specijic ionization 
Ionizing particles bring about ion-pairs along their track when penetrating into the 
medium. The number of ion-pairs related to unit path-length is called linear ion density or 
specific ionization. The energy delivered to the medium in unit path-length is given in 
eV/nm (keV/pm) and called linear energy transfer (LET). 

In studies outside the field of nuclear physics the linear energy transfer should be given 
in J/m. 

Standard deviation 
If the experimental data follow a Gaussian distribution, the error is given most frequently 
by the standard deviation corresponding to the statistical confidence of 0.683; this means 
that 68.3% of the experiments will yield a smaller error than that declared by the standard 
deviation. The standard deviation is denoted by 6. 

, a  The value of the standard deviation can be calculated for a great number of 
experiments, m, using the expression: 

where ti stands for the individual data and C for their arithmetic mean o=A. 



Surface mass (Equiculent thickness) 
Mainly in nuclear techniques, thickness is given usually in equivalent thickness (e.g., in 
g/rn2) instead of dis:ance units. The concept of equivalent thickness (named earlier also as 
surface density) finds its application in the calculation of the absorption of radiation, when 
considering the mass-absorption coefficient. 

Szilard-Chalmers t.fkct 
The new nuclei formed in nuclear decay are produced in excited states, and the kinetic 
energy of the recoil can alter the form and nature of the original chemical bonds. This 
phenomenon is called Szilard-Chalmers eflect; it enables us, in certain cases, to use 
radiochemical methods for the separation of products formed in nuclear reactions 
revealing no changes in the atomic numbers. 

X-ray fluorescence 
When electromagnetic radiations of wavelengths in the region of X-rays interact with 
matter, X-rays are formed which are characteristic of the composition oft he substance and 
this phenomenon is called X-ray fluorescence. Characteristic radiations of lower intensity 
can be brought about using other types of ionizing radiations, as well. 

1.3. THE MAJOR PROPERTIES OF THE 100 MOST 
IMPORTANT RADIOISOTOPES 

The 100 radioisotopes described below represent a - more or less - arbitrary 
selection. When collecting the data on radiations (/I-- and y-energies) the list was 
restricted to the most important values; :his becomes clear from the incomplete sequence 
of indices in the appropriate column of Table 1 . l .  (e.g., /?-,, y ,,). 

The percentage distribution of radiation energies as well as the number of ?-quanta 
emitted in 100 disintegrations are given In brackets, if known. 

Table I . / .  The most important properties of radioisotopes 

Energy (MeV) and abundance % 
of characteristic radiations 

I I 

l8F 110 min 8' 0.635 (97) 1.10 

Dose constant. K .  
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Table I .I  (cont.) 

Isotope ti12 
Energy (MeV) and abundance % 

of characteristic radiations 

Dose constant, K, 

m2 

(kg Bq) 
R m2/(ci h) 



. . .  Table 1.1 (cont.) 

"Br 35.3 h 

Isotope 

Dose constant, K, 

1112 aA m2 
(kg Bq) 

Energy (MeV) and abundana % 
of characteristic radiations R m2/(Ci h) 
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Table 1.1 (cont.) 

0.71 (9k 8; 1.78 (91) 0.12 0.06 
71 1-08(9) 

y, 0.514 (99) 0.56 0.29 
K 

8; 1.462(100) 

/?; 0.546 ( 100) 

f3: 0.76 
y ,O.9 1 (90); y, 1.86 (99) 

8; 227 (100) 
8; 0.36 (43); B; 0.40 (45) 

8; 0.89 (2) 
y, 0.724 (55); y2 0.756 (42) 

f3; 0. I6 (99); B; 0.92 (1) 
y ,  0.77(100) 

1; 0.41 (14); 1.18 (85) 
y2 0.18 (4); ~ ~ 0 . 3 7  (1.3); 
y4 0.74 ( 1 2) 

7, 0.140 (89); y, 0.142 (0.03) 
K 0.018 

/I; 0.039 ( 100) 

8; 0.086 (65); 8; 0.536 (33); 
8; 2.87 (2) 
~ ~ 0 . 5 5 6  (8); y, 0.677 (95); 
y,0.706 ( 17); y, 0.762 (2 1); 
y l o  0.818 (8); g , ,  0.885 (69); 
y1 0.937 (29); y 1 3  1.384 (26); 
Y l 5  1.506(14) 

b; 0.69 (6); Iy; 0.79 ( 1 ); 
p; 1.05 (93) 
y, 0.247 ( 1); 7,0342 (5.6) 

p; 0.70 (3.3); Iy; 1.62 (96.7) 
y , 0.49 (0.3); y2 0.94 (2.3); 
y, 1.29 ( 1  .O) 

jf; 0.59 (24); 1); 0.63 ( 13); 
jf; 1.1 1 (62) 
ifl 0.23 (10); ~ ~ 0 . 3 3  (52); 
~ ~ 0 . 5 3  (25) 

y ,0.393 (64) 

y l  0.19(1(1.2); y20.56(3.5); 
y,0.72 (3.5) 
K 

Isotope 4 12 
Energy (MeV) and abundance % 

of characteristic radiations 

Dose constant, K, 

PA m2 

(kg Bq) 
R rn2/(ci h) 
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26 min 

.. . Table 1.1 (cont.) 

Energy (MeV) and abundance % 
of characteristic radiations Isotope 

Dose constant, K, 

t112 aA m2 
(kg Bq) 

R m2/(Ci h) 
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Table 1.1 (wnt.) 

Isotope 4 /2 
Energy (MeV) and abundance % 

of characteristic radiations 

Dose constant, K, 

aA rn2 
(kg 4) 

R mZ/(Ci h) 
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Table 1.1 (cont.) 

8; 0.29 (1); p; 0.96 (99) 
y, 0.41 (95); y2 0.68 (I); 
y a 1.09 (0.2) 

Energy (MeV) and abundance % 
of characteristic radiations Isotope 

Dose constant, K, 

4 1 2  aA mZ 
(kg Bq) 

R m2/(Ci h) 
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Table 1.1 (cont.) 

a, 6.08(15); a, 6.12(8?) 
y I  0.042 y 2  0.100; y3 0.16 
n (spontaneous fission) 

Isotope 

Through Pt filter 
of 0.50 mm thickness: 

%z 
Energy (MeV) and abundance "/, 

of characteristic radiations 

Dose constant, K, 

aA mZ 
(kg Bq) 

R rnz/(Ci h) 
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Special attention was paid to make sure that selection was from data determined most 
recently and considered most reliable. The fact that several data in Table 1.1 differ 
somewhat from those published in earlier compilations reflects this effort. 

1.4. MAIN PROPERTIES OF RADIOISOTOPES 
AND ISOTOPIC PREPARATIONS 

The knowledge of the main features of the isotopic products is of primary importance 
when selecting the isotopic method for a given task. The compilation given below claims 
to compare the needs arising in the application of radioisotopes with the possibilities of 
the production, by listing the more important preparations and by submitting useful 
information generally not available from commercial catalogues. 

In order to facilitate a survey of the field, the radioisotopes emitting fi--radiation only 
are tabulated in Table 1.2; a classification of the isotopes according to the half-lives and y- 
photon energies is in Table 1.3. 

Virtually no discussion of the properties of radioisotopes and radioactive preparations 
can cover every feature partly because of the vast data and partly because the actuai values 
of certain parameters are strongly dependent on the commercial source. 

The main data (e.g., half-life, energy of radiation) mentioned here are usually rounded 
values; the exact figures are compiled in Table 1 . I  and Table 1.2. 

1.4.1. GENERAL PROPERTIES OF RADIOISOTOPES 

3H(T) 
Tritium, like I4C, is used mainly for tracing organic compounds thus its main field of 
application is in the pharmaceutical and in the oryano-chemical industry; i t  is also used for 
research in physical chemistry. 

Table 1.2. Main properties of frequenlly used isotopes emitting only B-particles, in the order of increasing Ebml, 

Carrier-free; theoretical value of specific activity - 360 PBq/kg 
(9.7 kCi/g) 

The hard ;.-emitting '06Rhm and '06Rh are formed in the decay 
with half-lives 2.2 h and 30 s, and K,=2.60 and 0.29, 
respectively 

The commercial product is usually contaminated with minor 
amounts of 59Ni (half-life 7.5 x lo4 y) that decays with K- 
capture 

Carrier-free; theoretical value of specific activity - 170 TBq/kg 
( - 4.6 Ci/g) 

Carrier-freq theoretical value of specific activity - 1.6 EBq/kg 
(-43 kCi/kg) 

isotope EPmmm MeV t112 I Note 
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Tuble I 2  (cont.) 

1 4 7 ~  

1 8 5 ~  

137Cs 

'OSr 

3'Ar 

"Kr 

36C1 

'04TI 

Pr 

Camer-free; theoretical value of specific activity - 35 PBq/kg 
( - 946 Ci/g) 

It can also be prepared in carrier-free form with a theoretically 
attainable smc activity of -670 PBq/kg (18 kCi/g) 

Available with limited specific activity 

The commercially available product is nearly carrier-free 
(theoretical value of the specific activity - 3.6 PBq/kg = - 97 Ci/g, but is generally contaminated with minor amounts 
of the yemitting '34Cs, having a half-life of 2.2 y. The lJ7Bam 
nuclide (half-life 2.6 min) is formed in the decay of the 13'Cs. 
and it emits 0.662 MeV y-photons; K,=0.66 

Carrier-free; theoretical value of the specific activity - 526 PBq/kg (14.2 kCi/g). The daughter nuclide of 90Sr is 90Y 
(as to its properties see there) 

The commercially available product is generally contaminated 
with "Ar (half-life 34.3 y) which decays with K-capture 

The --emission is accompanied by minor amounts of 0.5 14 MeV 
energy ?-radiation 

3.1 x lo5 y The nuclide can be prepared only with low specific activity 

The fie-radiation is accompanied by minor amounts of K-  
capture. One of the radioisotopes formed in the decay is '04Pbm 
(half-life 70 min), which emits hard Y-rdyS ( K ,  = 1.32) 

The product is nearly carrier-free the theoretically attainable 
specific activity is - 2.48 EBqlkg = 67 kCi/g, but the commerci- 
ally available preparation is of variable radionuclidic purity 

The commercial product is generally contaminated with '%r, 
which has a half-life of 65 y, and decays with ).-emission and K -  
capture 

Carrier-iree; the theoreticaiiy attainabie specific activity is - 10.8 E Bq/kg ( - 290 kCi/g) 

It can be prepared in carrier-free form, too; the theoretical value of 
the specific activity is, then, - 20 EBq/kg ( - 540 kCi/g) 
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Tdie 13. The most important radioisotopes emitting y-photons in addition to other t y p s  of radioactive 
radiation classified acmrding to their half-liva and characteristic y-enerda 

1251 5 7 ~ ~  

I6OTb "Se 
I7"Tm ' ' 3Sn 

6OTb 
"15Hf 
"Ta 

lq21r 
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Tritium is produced in the most economical way by the 'jLi(n, a)3H nuclear reaction; 
the product is commercially available in the form of tritium gas and 3H,0. During 
preparation and storage special care should be taken to keep humidity of the air from the 
product to prevent it from becoming diluted with inactive hydrogen. 

The theoretically achievable maximum specific activity is 360 PBq/kg = 9.74 kCi/g 
referring to carrier-free tritium, this corresponds to 100 PBq/kg in the case of T 2 0 ,  that is, 
water that contains hydrogen exclusively in the form of 3H. 

The concept of concentration expressed in units of TU (tritium unit) is widely used 
mainly in environmental research. There is a tritium concentration of 1 TU in a sample, if 
out of lot8 hydrogen atoms one is tritium. 1 TU= 120 Bq/m3. 

Tracing with tritium is most often performed using the so-called Wlzbach method. This 
involves the establishment of contact between the substance to be tritiated and a high 
pressure tritium gas in a closed system; the isotope exchange results in the formation of a 
nun-specifically labelled compound. Specific labelling can be brought about by catalytic 
exchange processes, by suitably modified versions of commonly used syntheses or 
sometimes by biosynthesis. 

In tritium tracer studies attention shotild be paid to the fact that this isotope gives rise 
to the greatest isotope effect and this possibility should always be borne in mind when 
interpreting the results. 

The detection of the very soft P--radiation is a rather difficult task but sufficiently 
accurate routine work can be done using liquid scintillation techniques. The activity can be 
measured using appropriately prepared samples and "in situ" detection can be resolved 
only quite exceptionally. 

l4c 
14C is the most widely used radioisotope in research. Since - it -- is applicable primarily for 
tracing organic compounds .__I____-_- i t  finds its - a ~ l i c a t i o n  _ -  ._.__ _ ____ mainly _ _ _  in the pharmaceutical and, to a 

- . -  
lesser extent, in the o r y a n i ~ ~ h ~ ~ j _ ~ ~ a _ l ~ @ d u ~ t r _ v .  where it  enables the mechankm of reactions ---- - -  - -.- 
and b i o l o g i c a l ~ t o _ b e d i s ~ v e r e d .  - .  

The preparation of 14C products is based on the nuclear reaction %pP)l4C. - -- During 
the preparation and especially the transformation of the raw-material. special attention 
should be given to keep off the air and carbon dioxide present in it. because even traces of 
CO, can effectively decrease the specific activity of the product by isotope exchange. 

The theoretically available muximum specific acticitv equals 170 TBq/kg =4.59 Ci/g; 
the molar activity is 2.37 TBq/mole of carbon (64 mCi/mmole). if a IOU;/, efficiency is 
attributed to the monoatomic labelling. However, these values are not reached in practice, 
since the specific activity of BaI4CO, used as the raw-material in organic syntheses is 10 
TBq/kg BaCO, at best. instead of the theoretical value of 11.8 TBq/kg BaCO,. 

The measurement .of the soft (J -radiation of 14C was carried out earlier with rather low 
efficiency; up-to-date flow counters as well as the liquid scintillation techniques used 
recently provide reasonably accuratc data. 

2 2 ~ a  
There are certain cases, especially in the silicate industry and, in general, in long-term 
studies when the otherwise rather widely-used 24Na cannot meet the requirements, due to 
its relatively short half-life of 15 h. 22Na, with a haIf-life of 2.6 years, finds its application 

> % 

primarily in these kinds of works and has, thus, become one of the few cyclotron products 
having widespread usage. 
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In addition to positron radiation and a decay associated with electron capture, 22Na 
emits medium energy y-photons; its dose constant is nearly the same as that of 
"'Co: K, = 2.32, aA m2/(kg Bq). 

For its prohuetion the 24Mg(d, a)22Na nuclear reaction is used; owing to the longer 
half-life, longer periods of times of irradiation are necessary making production costly due 
to the expensive operation of the cyclotron. 

The radionuclidic purity of the product is generally high because the half-lives of the 
by-products are shorter than that of 22Na. However, in the processing and purification of 
the product, it will inevitably be contaminated with inactive impurities, and thus the 
appearance of certain amounts of salts is to be expected. 

24Na 
24Na is a commonly used tracer in industry. The reason for its widespread application lies, 
in part, in its favourable half-life and detectability and, in part, in the fact that i t  is - - -l--llll. .- - ----- 
inexpensive. As a matter of fac-ais not only a specific tracer for the labelling of 
sodium atoms and ions, but it is helpful in studies of general interest, such as diffusion, 
mixing, mass-transport, etc. 

I t  can be prepared by the 23Na(n, 7)24Na reaction, which allows a high specific activity - 
to be produced, owing to the f a v o u ~ l ~ a l u e  of the cross section. 

The short half-life and the high energy .;-radiation can be of advantage and 
disadvantage, as well. Because of the rapid decay, generally high activities are needed for 
the performance of an experiment, and therefore special care should be exercised in the 
design of radiation shielding. 

32P 
Although, radioactive phosphorus is used primarily in the investigation of bioloqical 
processes, the high energy j--radiation makes it a good applicant as a tracer in studies on 
industrial operations and numerous other subjects in research. 

In some industrial applications 32P is used in the form of elementary red phosphorus 
produced in the (n, 7) reaction, however, most of the users need carrier-free phosphate 
preparations. These latter ones are prepared in the 32S(n, p)32P nuclear reaction followed 
by separation using extraction or distillation. The primary product is, in general, 
hydrochloric acid solution of H,32P0,, while the solutions of different pH-values contain 
different ligands depending on the value of the deprotonation constant of the conjugated 
acid. Thus, the ligands H2PO;, HPO: - and PO:- exist in the ranges, pH = 4-5,9-10 and 
> 13, respectively. 

Because of the competitive nuclear reaction, the formation of 33P cannot be avoided, 
however the presence of this nuclide, that emits low-energy Q--particles and has a 
somewhat longer half-life, usually does not cause any inconveniences in the measure- 
ments, as its contribution to the total activity is very little. 

35S 
The sulphur isotope emits low-energy j--particles; it is used in the pharmaceutical 
industry and in ayriculture. 

Its production by the 34S(n, y)3% reaction proceeds with rather low efficiency, 
therefore, the carrier-free product formed in the 35Cl(n, p)35S reaction is commercially 
available. The high specific activity is favourable in the detection of the 0. I7 MeV energy 
fl--particles, that would otherwise cause serious dificulties due to self-absorption. The 
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isotope producing centres offer 35S in the form of different compounds corresponding to 
the demands (NaZ3%, Na235S04, H235S04, etc.). 

42K 
The only isotope of potassium commonly used is produced in the (n, y) reaction; essentially 
the same statements are true for this isotope as those mentioned earlier regarding 2 4 ~ a :  it 
finds its application in tracer studies of general interest. 42K emits y-radiation of much 
lower intensity than does 24Na, but it has a B--radiation of remarkably high energy: the 
major component of the radiation has an energy equal to Eg-,,, = 3.52 MeV. 

4 2 ~ ,  likewise 24Na, is sold mostly in an aqueous solution of its chloride salt. 

45Ca 
This isotope of calcium has a half-life of 165 days; it is used mainly in human diagnostics 
and less often in the silicate industry. It is produced in the (n, y) reaction with a medium 
specific activity and in the 45Sc(n, p) 45Ca reaction in carrier-free form. The latter process 
is certainly much more expensive, but in certain cases the highly efficient detection of the 
0.25 MeV energy /l--particles may be necessary in order to decrease the efiect of self- 
absorption. 

The calcium isotope plays a secondary role among the commonly used radioisotopes 
of alkaline earth metals (28Mg, 45Ca, "Sr, 89Sr, 90Sr, 133Ba and l4'Ba), as in most 
experiments it can be substituted with an isotope that is easier to detect; the ?-emitting 
47Ca, having a half-life of 4.54 days, can eventually also be considered as a tracer. 

51Cr 
Radioactive chromium is used in metailurgical and corrosion studies, but its application in 
wearing tests is also of growing importance. These works generally do not require high 
specific activities, as opposed to diagnostic applications. Therefore, commercially 
available solutions of 'CrCl, and ~a~ 'CrO, are prepared by irradiating targets 
enriched in 50Cr; their specljic activity can reach or even exceed a value of 1 PBq/kg. 

The yield of the 0.32 MeV y-photons is low, but the radiation is still, in general, well 
detectable. 

For explicitly industrial uses or in sealed sources metallic chromium is applied, the 
specific activity of which is certainly considerably lower. 

55Fe 
From the two isotopes of iron, the one produced in the (n,;:) reaction, "Fe, and that has the 
longer half-life, has obtained the less widespread application as a tracer, because of the low 
energy of its radiation; it is used rather as a filling of special sealed sources. 

In sealed sources, the iron is fixed generally using an electroplating method. In order to 
decrease the extent of self-absorption, a layer of the smallest possible thickness is prepared 
for the electrolysis, and the cover is designed with the same requirements kept in mind. 

I: 
59Fe 
In industrial, primarily metallurgical, investigations, s9Fe is used for the labelling of iron, 
with a half-life of 45.6 days. This isotope can be prepared with high specific activity in the 
(n, y) reaction using a target enriched in 58Fe, or in a carrier-frpe form in the 5 9 ~ o ( n ,  p! s iL  a 

59Fe reaction. The di~advanta~e'of  the (n, p) reaction lies in the fact that the competitive 
(n, y )  reaction gives rise to the formation of 60Co with several orders of magnitude greater 
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yield. The separation of 59Fe, as well as the accurate determination of the amount of 60Co 
contaminant in the product is rather difficult, due to the high degree of similarity between 
the y-spectra of the two isotopes. The end-product is commercially available in the form of 
59FeCI,. 

The products of both methods are rather expensive. ThercI'ore, in some studies 
mixtures of 55Fe and "Fe are used, which arc certainly much chc;!pcr. 

5 8 C ~  
"Co is an appropriate substitute of the much cheaper ""Co in certain tracer studies, where 
the short half-life is an important requirement in labelling cobalt. 

The carrier-free isotope is prepared in the 58Ni(n, p) s8Co nuclear reaction. Both the 
0.81 MeV energy y-photons emitted by the nuclide and the annihilation radiation 
following positron decay can be detected with sufficient accuracy and, moreover, the half- 
life of 71.3 days enables long-term studies to be performed. The preparation is sold 
generally in the form of solution of :he nitrate or chloride salt. 

60Co 
Of the artificial radioisotopes, those radiation sources containing 'OCo have perhaps the 
longest history and obtained the greatest attention. Owing to the low costs and the almost 
unlimited range of activity, these kinds of sources have thrust radium sources into the 
background. Numerous larye radiation sources (so-called irradiation facilities) are 
equipped with 60Co filling of several PBq activity. 

One more advantage of 60Co over radium lies in  the fact that the dose rate can be 
evaluated more easiIy and accurately, the reason being that only two discrete ;I-energies 
(1.17 and 1.33 MeV) of the radioactive cobalt have to be taken into account. The value of 
the dose-constant is 2.52 aA m2/kg that is, about 150% of that of the radium. 

The 60Co is produced by the (n, y) reaction. The target used for the production of 
smaller sources is an alloy composed of 50% Co and 50% Ni, while higher activity sources 
are prepared from pure metallic cobalt, In order to keep active dimensions of the source at 
the smallest - .- - possible value, the specific activity sho- of the order of PBq/kg. 

6 4 C ~  
The radioisotopes of copper are of use, primarily, in the electroplutiny industry. Of the two 
useful copper isotopes, the one having the shorter half-life, 6 4 C ~ ,  is prepared in carrierlfrer 
form in the "4Zn(n, p) 6 4 C ~  reaction, or with high specific activity in the (n, y) reaction. A 
nearly carrier-free product is obtained using the Szilard-Chalmers effect, however this 
method is diminishing in importance due to the small yields achieved with it. 

The nuclide emits #?-- and /?+-particles in addition to y- and annihilation radiation; it 
depends on the nature of investigations as to which of the radiations is the most 
straightforward to detect. 

The preparations (the hydrochloro-acidic solution of 64C~Cl,  or pure metallic "'Cu) 
are of high purity, and contain only minor amounts of 6 7 C ~  contaminant. 

67Cu 
67Cu is the sole radioisotope of copper having a half-life in excess of several hours 
(t , , ,  = 61 h). The nearly carrier-free product is prepared in the(n, p) reaction. As one can get 
rid off the 64Cu produced in the competing reaction only by cooling the products, the 
activity achievable is limited and the high purity 6 7 C ~  is rather expensive. 

67Cu offers some advantages over 64Cu chiefly because of its relatively longer half-life. 
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" Br 
This halogen isotope has a half-life of one day and a half, and emits y-radiation of 
remarkably high intensity [(K,=2.81 aA m2/(kg Bq)]; therefore, it is of use mainly in 
investigations in which a considerable extent of absorption of the radiation might be 
expected. 

The commonly available preparation is ~ a ' ~ B r  solution produced in the (n, y) reaction 
with a high specific activity, but certain catalogues offer organic compounds labelled with 
82Br, as well. 

"Kr 
Radioactive krypton is the most widely used inert, gaseous tracer, apart from 133Xe. It is, 
however, not the best choice for studies in fluid mechanics as its half-life is relatively long. 
I t  can be prepared by direct (n, y) process. 

Sealed radiation sources containing " ~ r  have been growing in importance recently 
due to the fact that the 0.67 MeV energy /3--radiation is accompanied by hardly any 
photon emission. These are used especially as substitutes for 204Tl radiation sources 
because the effects of self-absorption are negligible. 

The "clathrateW-type molecular compounds have obtained widespread usage in the 
last two decades; noble gases can be bound as inclusion in certain organic compounds 
containing an aromatic ring. The so-called krypton technique is a related subject; the 
release of radioactive krypton enclosed in various compounds and alloys is a function of 
the experimental conditions - primarily the temperature - and the principle can be 
useful in numerous investigations (e.g., temperature measurement, corrosion testing, 
radioanalysis). 

86Rb 
8 6 ~ b  is a widely used tracer in studies of general interests, as i t  emits well detectable y-rays 
and has a favourable half-life (t , i ,  = 18.7 days). In many cases it is applied instead of 24Na 
and 42K, the reason being that its half-life is more advantageous, and its chemical 
properties are very similar to those of the latter isotopes, and at the same time, it can be 
produced in the (n, y )  reaction comparatively cheaply and with relatively high specific 
activity. 

"Sr 
I n  certain cases, when chemical or other points of view claim for strontium as the most 
suitable tracer, the y-emitting 85Sr. having a medium half-life, is applied instead of 90Sr, 
because lower activities are sufficient when scintillation counting is applied and -at the 
same time -- the radiation hazard is diminished by the shorter half-life. 

8 5 Sr is produced generally in the (n, 7) reaction using a target enriched in n4Sr. The use 
of the enriched target is necessary to decrease the activity due to the "Sr formed in the 
competing reaction, but at the same timc the rather expensive raw-material enhances the 
costs of the product, as well. 

The nearly monoenergctlc ; l - r , t ~ i l l i t r o l l  :s cusy to detect and, consequently, the field of 
application of this isotope is expectcd to grctw, in spite of its costly production. 

90Sr 
This isotope has a remarkably long half-life, and this property justifies its application-At 

in sealed sources. 
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'OSr is afission product and as its separation is a relatively easy task, the price of the 
carrier-free isotope is relatively low, as well. Its decay product is 'OY with a ban-life of 64 h; 
thus, in the determination of the activity of 'OSr, the high energy B--particles of the decay 
product are always measured. 

When designing sealed radiation sources, special care should be exercised on the 
proper binding of 'OSr, as this isotope falls in the category of "extremely dangerous" 90Sr 
is generally fixed in glass or enamel of high point of fusion; when the melt is heated above 
the fusion temperature, the strontium ions insert between the divalent cations of the glass. 
(See also 90Y.) 

The use of this isotope in sealed sources is justified b y  the high yield of ionization brought 
about with it. For these purposes, however, it is used together with its parent, 90Sr, because 
if this is done its apparent half-life equals that of the parent. The energy of the B--particles 
renders i t  possible, for example, to dettymine the thickness of layers of medium surface 
mass. 

90Y emits only p--particles, the energy of which is the highest among the commonly 
used fi--emitting isotopes: Eg - ,,, = 2.27 MeV. 

When separated from 90Sr, the isotope 90Y can be prepared carrier-free, but the 
specific activity of the product of the (n, y) reaction can be well in excess of 100 TBdkg, as 
well. 

9 9 T ~ m  
This isotope has a half-life of 6.05 hours, and emits y-photons of 0.14 MeV; it has obtained 
a widespread usage in human diagnostics. Attention should be given to 99Tcm in the fields 
of industrial tracer studies and research, when a soft ;'-emitting isotope of short half-life is 
needed and corpuscular radiation is undesirable. 

Because of the short half-life, 99Tcm is obtained from isotope generators at the place of 
the application; the method involves selective elution from a chromatographic column 

S - 
containing 99Mo, with dilute acid. The procedure is based on the (n, y) - reaction, 

with Mo as a starting material, or on the 

nuclear reaction. In the latter reaction the cumulative fission yield exceeds 6%. 
When separated from 99Mo, that has a half-life of 67 h, 9 9 ~ c m  is obtained in the form of 

a solution containing carrier-jiee pertechnetate ions. The advantage of the isotope 
generator lies in the fact that the 99Tcm can be eluted repeatedly, each time the transient 
state of equilibrium between parent and daughter has been attained. 

' 24Sb 
The application of 124Sb tends to be used when an isotope is needed that has a medium 
half-life and emits high energy y-photons. These kinds of requirements are fulfilled, for 
example, when tracing larger masses of materials. The isotope can be prepured by the (n, y )  
reaction choosing proper irradiation time. 
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The '24Sb can be built into organic compounds, as well (e.g., triphenylstibene); these 
chemicals are used primarily in tracer studies in the petroleum industry. '24Sb is frequently 
used in radiation sources if the detection is to be performed behind thick layers of 
absorbents. This isotope is one of those relatively cheap y-emitters whose yenergy goes 
beyond the threshold value of 1.6 MeV, and it can thus be utilized as a filling in y-neutron 
sources, according to the reaction 9Be(.j, n)'Be. 

1251 

'251, which has a half-life of 60.2 days and is known to emit very low energy y-rays, is 
growing in importance compared with the "classical" radioisotope of iodine, 13'I. 

12'1 is sold in dilute alkaline or thiosulphate solution; in addition to tracer studies, it 
has been applied recently as a portable X-ray source. 

K 
It is prepared from xenon target in the (n, 7)--, nuclear reaction. The methods of 

separation applied result in the formation of carrier-free preparation with a radionuclidic 
purity exceeding 99% and with minor amounts of '261 contaminant. The 12'1 solution 
is generally of higher radiochemical purity than the corresponding 13'1 products. Because 
of the longer half-life and the smaller extent of radiolysis, the solutions can be stored and 
used for longer times. 

The soft y-radiation of the isotope is of advantage in certain experiments but in most 
cases it is unfavourable because it cannot be measured accurately even with sensitive 
scintillation detectors, because of the absorption losses. 

1311 

This is one of the most widely used radioisotopes: both in the form of Nai3'I and any 
kinds of labelled organic compounds. It finds widespread applications chiefly in 
physiological studies (diagnostics of thyroid functions) and also in hydrology and geology. 

Methyl iodide labelled with 131 I is very easy to evaporate and, therefore, it attracts 
interest in studies of gas flow. 

Although 13'1 is formed in fission reactions with high yields, its preparation is based on 
B - a tellurium dioxide target, exposed to the (n, 7)-----, nuclear reaction, which is followed 

by separation from the target material using distillation. 
Because carrier+ee 13'1 is extraordinarily volatile, Na13'I is sold in a slightly alkaline 

buffer solution in order to avoid contamination. 
In aqueous solution, 1311 is found in anionic form and it readily takes part in 

disproportionation reactions associated with radiation chemical processes. The radio- 
chemical purity of the solution cannot, therefore, be guaranteed for a longer time. 

133xe-1 3 3 ~ ~ "  

From the noble gas isotopes, the mixture of xenon isotopes is used most often. The testing 
for leakage of tubings as well as investigations on yasflow should be mentioned with 
special emphasis from the wide range of industrial applications. 

The mixture of the isotopes can be produced both by the (n, y) and the fission reactions. 
The two components of the mixture, however, cannot be obtained separately because the 
half-lives are very much alike. - > 
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l3'cs 
The most widely usedradioisotope of caesium is commonly looked upon as a y-emitter of 
medium energy, although in its application use is made of the 662 keV energy y-photons 
produced by l 3 '~arn  formed in 8--decay. As a result of the relation between the 
corresponding half-lives, the 137Cs-137Bam system is in secular equilibrium, i.e., the 
activity of the parent is equal to that of the daughter, and the total activity decreases 
according to the half-life of the parent isotope. 

The 13'Cs is applied primarily in sealed sources and sometimes in high activity 
irradiation facilities. 

The 13'cs is available as a fisbion producl generally nearlj currier-frre and/or 
eventually with barium as a carrier. Its most common marketed form is, however, the 
hydrochloric and nitric-acid solution. 

l4'Prn 
Since promethium is not found in nature. it is not used in chemical tracer studies; however, 
it offers some advantages in certain fields (luminous paints, statlc eliminutors, thickness 
gauges, etc.) that require isotopes emitting only weak P-radiation and have longer half- 
lives. 

14'Prn can be obtained fromjssion products or produced from neodymium by the (n, 
P - 

./)--- nuclear reaction and subsequent separation. Both methods give carrier-free 

products that reach the user generally in the form of hydrochloro-acidic or nitric acid 
solution. 

lq21r 
1921r y-radiation sources have great importance in the field of non-destructive testing of 
materials. Besides the general requirement of being properly sealed, the major demand 
with respect to the sources is that the specific activity be as high as possible, that is, the 
sources should have a total activity of the order ofTBq, and that the dimensions of a point- 
like source be approached. 

It is a hard task to fulfil these requirements, mainly because the absorption cross- 
section of the metallic iridium, which is the target material of the (n, y) reaction during 
production, is comparable with the cross-section of activation. Besides, the y-radiation 
intensity of the solirce is about 20% lower than that calculated from the decay-the reason 
being that the high density (p=22420 kg/m3) gives rise to a greater extent of self- 
absorption. Recently, however, the application of reactors with high neutron fluxes as well 
as the appropriate selection of the dimensions of the targets, have led to the elimination of 
most of the difficulties. 

1 9 8 A ~  
It is not only in therapy that radioactive gold has obtained widespread usage but also in 
tracer studies where its chemical resistivity offers some advantages, besides the 
possibilities given by the medium energy y-radiation and the half-life of 2.7 days. This is 
illustrated by the investigations carried out on stream deposits with fine-grained sand 
labelled with ' 9 8 A ~ .  

1 9 8 A ~  is produced in the (n, y) reaction with relatively high specific activity due to the 
great cross-section of activation. During preparation, the successive (n, y )  reactions cannot 
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be avoided therefore the product is always contaminated by 5 to 15% 199Au, which has a 
similar half-life; this condition, however, does not generally cause problems. 

The isotope can be obtained either in the solid state, in the form of metal foil, or as a 
metallic colloid with a grain size of 10 to 100 nm, or dissolved in aqua regia in the form of 
hydrogen tetrachloro-aurate(II1). 

97Hgm-'97Hg 
As mercury is one of the very few liquid metals, its isotope has some special fields of 
application. Unfortunately, from the currently used mercury isotopes the one having a 
half-life of 65 h and a relatively high specific activity, 197Hg contains always certain 
amounts of the isomer, 19'Hgm, with a half-life of 24 h, causing difficulties in the 
interpretation of data. One has to take into account the presence of a small percentage of 
203Hg as well, the relative contribution of which to the over-all activity increases with 
time. 

This isotope is commercially available in the form of the metal, in addition to the acidic 
(aqueous) solution of its different compounds. 

203Hg 
203 Hg preparations differ from those containing 197Hgm and I9'Hg formed in the 

analogous (n, p) processes mainly in that '03Hg has a longer half-life (46.9 days), 7- 
radiation of higher energy, a higher radionuclidic purity and, at the same time, a much 
lower specific activity. The field of application of ' 0 3 ~ g  is determined by the properties 
mentioned above. 

4Tl 
'04TI is used mainly as a medium energy P-radiation source, although, as a consequence of 
the relatively low specific activity attainable by the (n, p) reaction and the significant extent 
of self-absorption, it is gradually losing its importance compared with the 85Kr sources 
emitting fi--radiation of similar energy, but only a negligible amount of y-radiation. 

Thallium naphthenate labelled with 204TI is produced from the solution of 
2 04 TI(NO,),, making use of the isotope exchange reaction, and is applied in the petroleum 
industry as a tracer. 

'lop0 

Besides the transuranium elements. "'Po is a nearly unique a-emitting isotope in that it is 
produced artificially and has obtained a wide range of applications. 

The isotope, that has a half-life of 138 days, is used, in part, as an x-radiation source 
and, in part. as a filling in portable x-neutron sources, corresponding to the '~e(x,  n)12c 
nuclear reaction. 

lf 
I t  is producd in the 20'Bi(n, ;.)'"'Bi ---+2 loPo nuclear transforma tion and, thus, the 

reaction results in the formation of carrier-free preparation, a fact that is of great 
importance when talking about 3-emitting isotopes. 

2 5 2 ~ f  
Of the transuranium elements, has become significant in the common practice of 
isotope techniques, the reason being that i t  decays via spontaneous fission accompanied I . ~  

by emission of neutrons, a-radiation and minor amounts of y-radiation. 
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This isotope, with a half-life of 2.65 years, is produced by irradiation of 239Pu or 244Cm 
in a reactor of extremely high neutron flux. Its field of application is primarily related to 
the development of laboratory scale neutron sources (1 mg of it emits 2.3 x 1 O9 neutrons 
per second). 

1.4.2. MAIN PROPERTIES OF SEALED SOURCES 

A special requirement for sealed sources is that the radiating material be properly 
encapsulated so that direct contact with the environment be avoided and, at the same time, 
the particles or photons emitted by the isotope enclosed in the source do exert their 
intended effect more or less unlimitedly, owing to the penetration ability of the radiation. 
The main features of particular types of radiation sources are determined by the properties 
of the radiating material (see Sections 1.3. and 1.4.1 .). 

The sources are composed of the radiating isotope contained in thefilling, the single or 
double isotope holder that partially or totally surrounds the filling, the outer cover that 
contains the parts mentioned above and the capsule closed air-free by welding or some 
another method. The capsule is to be tested for leakage occasionally (see Section 8.4.1.). 

The main features of radiation sources are: 
- the characteristics of the active filling (radioisotope); 
- the activity or the resulting ionization current or particle flux; 
- with a, and y-emitting sources, the intensity of radiation; with neutron sources, the 

neutron emission; 
- the outer dimensions of the active filling and the capsule; 
- further requirements raised by the particular mode of application (corrosion 

resistance, resistance to heat, stability. absence of leakage, etc.). 
The commonly used classification of sources according to the type of radiation and the 

points of view in the application is: 
- a-radiation sources; 
- /I-radiation sources; 
- y-radiation sources; 
- neutron sources; 
- other sources for special uses. 

1.4.2. I .  a-RADIATION SOURCES 

The most important requirement is the strong local ionization and the limited 
penetration range of radiation. An essential point is that there be no or only minor 
amounts of radiations except a-particles. There is only a very limited number of sources 
commonly used, the reason being that the energies of the a-particles are very much alike 
and the half-lives of the isotopes to be taken into consideration are unfavourable. 

The homogeneity of the active filling is very important because of the relatively short 
range of radiation; in order to fulfil this requirement the a-emitting isotope is prepared by 
electroplating or powder metallurgy. 

In order to achieve a proper encapsulation, the active filling is usually covered with a 
window made of noble metal foil in a thickness of a few pm-s. Autoradiography (see 
Section 7.6.2.) is used to check for homogeneity. 
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The following a-emitting isotopes have become commonly used in the sources: 
loPo (half-life 138.4 days; E, = 5.30 MeV); the penetration range of the particles in air 

and aluminium is 38 mm and 59 g/m2, respectively. 
2 4 1 ~ m  (half-life 458 years; Ea= 5.53 MeV); the penetration range in air and aluminium 

is 41 mm and 63 g/m2, respectively. 
The maximum value of the activity at the surface of the sources mentioned above can 

be as high as 100 GBq/m2. 

1.4.2.2. #I-RADIATION SOURCES 

The most important requirements are as follows: 
- emission of any kind of radiation except /?-particles is undesirable; 
-- in order for the applicability to be maintained for longer times the half-life of the 

radioisotope is expected to be neither too short, nor too long, so that a satisfactory particle 
flux is achievable; 
- the fastener, the holder and the window of the source is expected to be totally 

transparent to the radiation, but not for other types of radiations brought about in the 
interaction of the ,!-radiation with matter; 
- the radioactive filling is required to be fixed properly to prevent the radiating 

material from moving on to the surface thus changing the sealed source to an unsealed 
one. 

From the purely /?--radiating isotopes listed in Table 1.2 the aforementioned are used 
in practice. The design of radioactive fillings as well as the technique of fixing them is 
largely dependent on the given kind of isotope. 

The 14C radiation sources are made of polymethyl-methacrylate (lucite) foils to allow 
for the preparation of sources with large active surface. As in the processing the monomer 
is labelled with 14C, after polymerization a homogeneous distribution in the activity is 
obtained. Similar sources are made with tritium for special needs. 

63Ni can be fixed by electroplating on thin foils; alternatively, thin and nearly 
homogeneous active layers can be produced by thermal treatment and isotope exchange. 

In the case of" Kr, the frozen gas is transferred into a thin-walled (10 to 50 pm) copper 
or nickel cylinder, which is kept air-tight, then sealed, and placed in a stainless steel box. 
Using another method, radioactive krypton is adsorbed on activated charcoal or bound 
with hydroquinone as a clathrate, in the solid state. The common disadvantage of the 
latter methods lies in the fact that the radiolysis places limits on the time the capsule can 
exist without leakage. 

The construction of 90Sr-90Y sources requires special design because of the higher 
energy of ,!--particles and the extreme radiation hazard. Radioactive strontium is 
generally built in a glass having a higher melting point and special chemical composition; 
the process combined with sintering and subsequent heating results in a homogeneous 
active source. 

l o 6 ~ u  is usually electroplated on to silver or platinum plates. As a result of the 
interaction with platinum minor amounts of bremsstrahlung generally cannot be avoided. 
I t  should be noted that the two isotopes formed in the decay of '06Ru, viz., lo6Rhrn and 
l o 6 ~ h ,  emit high energy y-radiation. 

147  Pm can be fixed, for example, on ion exchange resins, or in certain other versions, 
using powder metallurgy. 
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Radiation sources containing 204T1 are also prepared by electroplating or powder 
metallurgy. It is very difficult to achieve a satisfactory degree of homogeneity, as the value 
of the specific activity is relatively low and the metallic thallium is very sensitive to 
oxidation. For this reason a protective cover is often used. 

Other kinds of radiation sources used for special purposes can be built with other 
methods corresponding to the given requirements. 

1.4.2.3. y-RADIATION SOURCES 

The y-radiation sources are prepared in a broad range of design and activity. 
Radiation sources having an activity in excess of thc order of 100 TBq are used in 
teletherapeutic devices and in irradiation facilities; these sources have individuai design 
and are therefore not treated in this section (see Section 6.5.1. for details), but a schematic is 
glven here on the msthods applied in the construction of some active fillings. 

The sources filled with 2 2 ~ a  can be looked upon as -/-radiation sources, however in 
their field of application one can make use of positron radiations as well, if they are 
equipped with a window made of mica. The radiating nuclide can be deposited on the plate 
of the desired dimensions using electroplating or evaporation in vacuum. When it is 
expected that the source would meet higher temperatures during application, the isotope 
can be incorporated in enamel. 

"Fe sources are used only in special cases when the weak X-rays of 5.9 keV energy are 
applicable. The active layer made of "Fe is generally electroplated on to a copper disc. 
The usual value of the activity is of the order of 100 M Bq. A source of 100 MBq(2.7 mCi) 
activity emits 8 x lo6 photons per second into a 27r solid angle. 

60Co sources are the most widel) used ones from all the known sources. The active part 
is usually a cylinder made of an alloy composed of 50% cobalt and 50% nickel, or metallic 
cobalt. Higher activity sources can be made with a specific activity of 4 PBq/kg ( z  100 
Ci/g), in order to decrease the dimensions of the active part. 

The relatively inexpensive sources offer a wide range of applications, owing to the 
considerable dose constant, the favourable half-life and energy of the y-photons (1.1 7 and 
1.33 MeV). 

60Co sources are prepared not only for irradiation plants but also for radiography. 
The activity of a source of 1 g-radium-equivalent 'OCo equals 24 GBq (0.65 Ci). 
The application of lZ4Sb y-sources is justified primarily in those cases when a high 

energy y-radiation having a long penetration range is necessary to solve a given task. High 
activity sources filled with metallic antimony can be prepared with relatively low costs, but 
the application of the source is rather limited in time due to the short half-life of the 
isotope: 60.9 days. 

Radiation sources containing I2'I have found widespread application only in the past 
two decades. The 1 2 = 1  isotope emitting 35 keV energy y-photons and 28 keV energy X-rays 
is placed behind a window of 100 pm thickness in the form of an insoluble compound, in a 
holder having the smallest possible dimensions. 12'1 sources having an activity of the 
order of IOGBq are produced to substitute X-ray machines. In the case of an activity of 10 
GBq, the yield of photons is equal to 5.4 x 109 per second in a solid angle of 2x. 

The sources containing 137Cs (137C~-137Bam) can be rated between 170Tm and lg21r. 
From the point of view of the K, dose constant, however, the higher energy of the y- 
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photons allows them to pass through a wall of nearly the same thickness as the one that 
can be handled by the photons of a 60Co source. 

In sources built on 1 3 7 C ~  isotope, the carrier-free isotope is incorporated into glass or 
ceramics. The prices are nearly the same as those of the 170Trn or '921r sources of the same 
activity, but the application of the former sources is more favourable from the economic 
point of view as the half-life of '37Cs is much longer. 

The activity of 1 g-radium-equivalent 13'Cs equals 92.5 GBq (2.5 Ci). 
152  Eu-lS4Eu y-sources have a remarkably long half-life. Irradiating sintered 

europium oxide, high activities can be achieved in relatively small dimensions. The 
application of these sources has not become particularly widespread, the reason being the 
too complex y-radiation emitted. 

170Trn sources can be applied for the radiographic study of relatively thin layers 
because the 7-photons have low energy and the value of the dose constant is also rather 
small. The advantage in using 170Tm instead of '921r lies in the fact that the former nuclide 
has a longer half-life. However, the smaller specific activity of the sintered '70Tm,0, 
filling, as well as the higher price in the world market is a serious drawback. 

1921r sources are applied exclusively in radiography. Correspondingly, the high 
activity and the small dimensions of the active part (i.e., a nearly point-like source) form 
the major requirements in manufacturing 1921r sources. It is not easy to fulfil these 
requirements, even if the irradiations were carried out in reactors having high neutron 
fluxes. Given optimum conditions for irradiation, an activity of about 2 TBq (ca. 50 Ci) can 
be produced using an active filling of 2 x 2 mm dimensions and about 6 TBq (ca. 160 Ci) 
with a filling of 3 x 3 mm, the usual values being, however, much poorer. 

The activity estjmated from the measured dose and the activity produced in reality can 
be different, the reason being the significant extent of self-absorption (10-30%). 

The activity of 1 g-radium-equivalent of '921r is 60.6 GBq (1.6 Ci). 
24'Am emits a- and y-radiation when decaying; the 2 4 1 ~ m  sources made with a 

shielding for the a-radiation enable the measurement of the surface mass of thin layers, 
making use of the 60 keV energy y-photons. The sources have been rather expensive so far, 
but in spite of this their application is becoming more and more widespread. Sources 
carrying activities of the order of 10 GBq (0.3 Ci) are prepared nowadays; in the case of 10 
GBq (0.27 Ci) activity, the yield of photons is 4 x lo9 per second in a solid angle of 2z. 

1.4.2.4. NEUTRON SOURCES 

The principle data of usual laboratory scale neutron sources are summarized in Table 
1.4. The following properties of the sources are given: the nuclear reaction producing 
neutrons, the half-life of the nuclide that undergoes the reaction, the approximate yield of 
neutrons, and the mean energy of neutrons emitted by the source. 

Neutron generators will not be treated here because this kind of equipment varies 
greatly depending on the manufacturer (see Section 4.2.2.). 
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Table 1.4. The most important neutron sources 

Mean energy 
of neutrons, 

MeV 

1.4.2.5. SPECIAL RADIATION SOURCES 

Source 

Only those special sources will be discussed here which are mass produced but which, 
for some reason, cannot be included in the above grouping. 

'Be(a, n)I2C 138.4 d 6.11 / lo7 2.5 x loh 
IIB(a, n)I4N 138.4 d 2.4 / lo7 9 lo5 
1"F(z,n)22Na 138.4 d 1 . 1  / f07 4 x lo5 
7Li(a, n)I0B 138.4 d 2.4 A lo6 9 x lo4 
%@a, n)12C 1602 y 4.5 x 10' 1.7 x 10' 
llB(z, n)14N 1602 y 1.8 x 10' 6.8 x lo6 
'Be(z, n)I2C 2.44 x lo* y 4.8 lo7 1.8 x lo6 
'Be(z, n)12C 458 y 5.7 A 107 2.1 x lob 
"Be(z, n)' 'C  I63 d v ,  lo7 2.5 x 10" 
'Be(7, n)'Be 105 d 2.7 / 10'' I x 10q 
'Be(;', n)'Be 60.9 d 5.4 x lob 2 x 1OS 
'Be(;: n)'Be 1602 y 8.1  x lo5 3 x 10" 
'H(7, n)'H 1602 y 2.7 x 10' 1 lo4 

Spontaneous 2.65 y 1.2 x 10" 4.3 10' 
fission + 
neutron 
emission 

Half-life of the 
radioisotope, 

t1,2 

Nuclear 
reaction 

Table 1.5. Mossbauer radiation sources 

Yield of neutrons 

Fe, with natural 
isotopic abundance 
KAFe(CN),.3 H 2 0  
Na2Fe(Ch'),N0. 2 Hz0 

For (z, n) sources: 
I / (TB~ s); for 
(y ,  nj  wurces: 

I/(TBq s g) target 

Pair of 
isotopes 

Room temperature 

For (z, n) sources: 
1(Ci s): for 

(i'. n) sources: 
1(Ci s g) target 

Liquid nitrogen 
temperature 

tt:2 

Liquid nitrogen 
temperature 

Room temperature 

Utilizable pho- 
ton energy, keV 

Liquid helium 
temperature 

Room temperature 

Absorbent 

Liquid nitrogen 
temperature 

Temperature appropriate 
for the experiment 
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The operation of sources emitting bremsstrahiung is based on the interaction of 8- 
particles with matter: the slowing-down of the particles gives rise to the emission of 
secondary electromagnetic radiation with continuous spectrum of energy. In principle, this 
kind of radiation can be observed in any Pemitting source; however, using the 
appropriate Pemitter and absorbent, sources can be manufactured for special uses and 
with required maximum energy. The sources most commonly used are composed of pure 
B-emitters 'H, '%r, 90Sr-90Y and 14'Pm, and absorbents such as aluminium, titanium, 
zirconium and platinum. The maximum energy of the electromagnetic radiation is in the 
range 5 to 100 keV, depending on the composition and construction of the source. The 
activity of the sources can approach the order of PBq; a spectrum of the y-rays is generally 
attached to the certificate of the sources. 

Mossbauer sources are composed of a weak yemitting isotope distributed homoge- 
neously in an appropriate matrix and an absorbent suitable for the investigations to be 
carried out. The commonly used isotopes in Mossbauer sources, the corresponding 
photon energies, the requirements raised to the absorbents and the temperature required 
in the application are summarized in Table 1.5. 

Table 1.6. Simulator ("Mock") radiation sources 

Fission 
products 

60Co 

"Na 

5 7 ~ ~  

I4'Ce 

' W e  + 
L44Pr 

zJyPu 

"Ba+ 
i . \ 7 ~ S  1 3 7 ~ a m  

"Sr + 
'"Sr t 
"Zr + 
'"'Ru + 
'""Rh + 
' "Cs + 
141Ce+ 

+ 
I4'Pm 

Isotope to be studied 

5.26 y 

2.62 y 

267 d 

33.1 d 

285 d 

2.44 x 10'' y 

10.7 y and 

20 y. resp. 

Variable 

Symbol 

Major properties of the source 

Mixed 
7-spectrum 

Isotope or 
mixture of 
isotopes 

4 ;2  

Major 
I112 ?-energies, 

MeV 

Major 
?-energies, 

MeV 
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Simulator ("Mock") radiation sources are used to facilitate the measurement of the 
relative activity of short-lived isotopes, as well as for the calibration of instruments. These 
sources are filled with an isotope having a longer half-life; they can simulate every 
characteristic of the nuclide to be studied, except its half-life, primarily its y-spectrum 
(eventually by proper discrimination carried out using a pulse-height analyser). Some 
commonly used simulator sources are summarized in Table 1.6 together with data 
necessary for comparison. 



2. NUCLEAR INSTRUMENTS 
AND MEASUREMENTS 

Industrial applications of isotopes utilize the radiation of radioactive materials 
(radiation sources). Depending on the&e of industrial application, information is in 
most cases obtained through the eflects bf materials n radiation, about, e.g., the qualitative 
and quantitative material properties. The fundamen f&-j a requirement to obtain and process 
the desired information about technological processes is the detection and numerical 
evaluation of radiation. 

Radioactive radiation cannot be sensed in a direct way; however, the interaction 
between radiation and suitably chosen media placed in the radiation path and within its 

- - 7  - 
effective ra%elnduc~~~#Tie~Fi which can be used to determine the intensity and, in some 
cases, the en.e.r=of -I the radiation by __C____ electrical _ or eleqtronic kchniques, using appropriate 
in.$-umeaation. The component of the total measuring system sensing and converting 
radiation into electrical signals is the radiation detector, the unit processing and recording 
signals from the detector is the measuring equipment or instrument. 

The principal purpose of nuclear measurement technology is to determine either the 
integral radiation parameters or the partial parameters of particles or quantas 
constituting certain portions of radiation. 

2.1. NUCLEAR RADIATION DETECTORS 

The stringent requirements set against radiation detectors for nuclear instruments are: 
- sensing radiation with high efficiency; 
- performance independent of or proportional to the energy of radiation; 
- providing high-level electrical signals to make the electronic equipment as simple as 

possible; 
- requiring the lowest possible supply voltage; 
- operation not sensitive to supply voltage fluctuations; 
- operation not sensitive to changes of ambient temperature and of other climatic 

parameters; 
- high resistance against shock and vibration; 
- long service life with stable operation; 
- relatively low costs. 
At present, not all the requirements listed above are satisfied simultaneously by the 

detectors in general use. The type of detector should always be chosen in accordance with 
the nature of a given problem to meet the most suitable conditions for that particular 
problem. 

The most extensively utilized effects for radioactive radiation detection are: 
- ionization: The atoms of gases or solids (e.g., semi-conductors) penetrated by 

radiation are ionized at a degree proportional to the intensity of radiation; 
- luminescence: The absorption of radiation induces light flashes or scintiilations i n  

certain substances. 
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Field of application Measurements of high activities Primarily for particle radiation 
measurements 

Table 2.1. Features 

Measurement efficiency Energy-dependent elliciency For particle radiation near 100%; for 
electromagnetic radiation 1 or 2% 

Dead time < 1 0 p  

Proportional counter Properties 

Energy selectivity Non-selective Selective 

Ionization chamber 

Costs Low Low 

Other aspects Without precise calibration, only for Well-stabilized power supply 
high-energy (100 keV) radiation required 
measurements 

In addition to the above effects, other physical phenomena can also be used for 
detecting radiation. The radiation-induced blackening of X-ray films (Section 6.2) is 
applied in nondestructive testing (radiography, see Section 7.1.3) and in radiation 
protection (Section 8.3.1.1). The track detection methods (Wilson cloud chamber, bubble 
chamber, nuclear emulsion detector, spark counters, spark chambers, etc., Section 7.6) and 
Cherenkoo radiation are not utilized for nuclear measuring instruments. 

The nuclear radiation detectors used for industrial isotope measurements can be 
classified according to their operation principles, i.e., to the nature of the interaction. The 
main detector types and their important characteristics discussed below are summarized 
in Table 2.1. 

No single radiation detector of the different types in general use can be ranked above 
any other, as every one of them possesses certain advantages and disadvantages from a 
technical poipt of view (e.g., energy selectivity, resolving power, eficiency) that require or 
exclude their application in the particular case at hand. Besides, for industrial purposes, it 
is always more expedient to use the most economic detector that suits the given task and 
can reliably fulfil the technical requirements. 

2.1 . l .  GAS IONIZATION DETECTORS 

Two major detector types can be distinguished according to the media where the 
ionization takes place, viz., gas ionization and solid state (semiconductor) detectors. 

The common structural design of the various gas ionization detectors is that they 
consist of two merullic. electrodes connected to a power supply with a gas betwwn them 
which can be ionized by rradiouctive radiation. The neutral gas molecules are ionized by the 
incoming radiation causing the production of pairs of positively charged ions and 
negatively charged electrons. In the electric field between the electrodes the positive ions 
and the electrons migrate to the negatively and positively biased electrodes, respectively. 

Their operation is demonstrated by the experimental arrangement shown in (Fig. 2.1). If 
a positive potential is applied through a resistor R to the central wire electrode (anode) and 
the negative terminal of the Uo voltage route is connected to the outer metal case (cathode) 
then the degree of ionization can be obtained from the voltage U of electrical pulses 
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For particle radiation near Generally good 
100%; for electromagnetic 
radiation I or 2 % 

of main detector types 

Generally good strongly temperature 
dependent at some types 

Non-selective Selective Very selective 

Semiconductor detector GM counter 

Low High, due to accessories High 

Primarily for particle radiation Measurements ef any radioactive Measurements of any radioactive 
measurements radiation types radiation 

Scintillation detector 

Limited but usually long life High counting rates For drifted semiconductors, cooling 
required both for measurement 
and storage 

Radiation source 

Central electrode 

Fig. 2.1. Gas ionization detector arrangement for experimental investigations 

appearing across the resistor shunted by a capacitor C. The time const~,nJ~_RCkshig_her 
than the time needed to collect the overwhelming myority of charged particles produced 

-. -. .. - -.--.*.-- . -.-, .. - . . ., . .. __ -,_ _ , __.._ ... - . . . . . . . . - .  . 
i n i e  gas space. 

- ~ h k  performance of gas ionization detectors depends strongly on the electric field 
between the electrodes. Figure 2.2 shows the operational diagram of a detector presenting 
the supply voltage (U,) depende_ncc of the-average number of ion pairs N produced ___- --- - --- I___-_I 

d i r ~ t l y  o L ~ n ~ E e c ~ y  impact ionization by ----_-.------- a single ----- ionizingparticle. --- Curves I and 2 
show the numbers of io~@S~nZFZted^ by the weakly ionizing P-particles ,and the 
strongly ionizing a-particles, respectively, as long as they induce distinct effects in the 
detector. From a threshold voltage U, the operation is independent of the ionization 
capability of the incident primary particles (see Curve 3). From an analysis of F ie  2.2Lsix 
distinct operational ----- regions .-"L-------- can be observed, their respective names are indicated. The 
recombination, the restricted proportional and the self-discharge regions are not used for 2 - - 

< ". 
rn 
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" 
U, supply voltage. V - 

Fig. 2.2. Supply voltage dependence of the number of ion pairs related to a single ionizing particle in a gas 
ionization detector 

measurement purposes. Detectors operating in the three remaining ones will be described 
later under names similar to the respective regions. 

Because of their simple design, gas .-- ionization _ __--- detectors are currently the most 
extensively used radiation sensing devices. Though similar in _ operation _-- - principles, actual 
detectoi~d~stiuctions din be widely different from each other in order to achieve optimal 
behaviour within their voltage ranges. 

2.1.1 .l. IONIZATION CHAMBERS 

Ionization chambers are in most cases cylindrical detectors of different sizes, -- filled with - 
air or rare gases. They are provided with two electrodes isolated from each other, one is 
usually the metal wall of the chamber; the other, the so-called c-ollector, is a coaxial metal 
r o ~ n i i I I F a ~ - i X i S c d f  the-cylinder. The ionization chamber can be regarded as a 

-T--T-- - condenser charged by radiation-produced ionpairs2- 
Flgure s ows t e structure and circuit scheme of an ionization chamber with plane 

parallel electro configuration. 7- --- As a resul of the ionization of gas molecules in the gas space of the chamber by the 
incoming radiation a current of the order of about 1 FA is induced in the circuit due to the 
potential difference between the electrodes. For suitably chosen voltages (region between 
U, and U2 in Fig. 2.2) the current depends only on-thc-interni$' of the.~@ioac-tive 
radiation causing ionizatiorThe saturation current corresponding to this saturation 

-_I_ 

regio;rbelongs to a voltage range where the primarily generated ion pairs from radiation 
do not recombine and they do not yet undergo an avalanche ion multiplication process 
due to impact ionization. The metal holtsing of the chamber is grounded to reduce leakage - 

currents from the signal ekctrode. 
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Metal house 

---* 

Elect rode 

Power supply 

Fig. 2.3. Structure and circuit scheme of an ionization detector. U,,, = A . T, . R; I,-chamber current intensity A- 
amplification of preamplifier 

Radiation from radioactive samples placed either &&e or outside the chamber can be -- -. -- -A- - 
measured __- byjt. For the latter case, however, both the chamber waiithickness dependence - - - ---- - - - - - - 
of absorption ----.-- and the secondary - effects in the wall and measurement geometry should also - --- 
be taken into - -  consideration. 

The ionization chimber is usually used in the current mode which means that the 
instrument connected to the detector measures the ionization current induced 
continuously by radiation. 

In the circuit arrangement of ionization chambers shown in Fig. 2.3 the current 
intensity (I,) is determined by the equation 

where kc is the so-called chamber constant representing chamber sizes, gas pressure etc., I, ---- ---- - - + is the radiation intensity reachi-ngthecham-ber. 
\- - -- 

The chamber constant kc and thus the chamber sensitivjty, too, can be increased by - - -  - ---.- ".-- .--. ----- - . _ - -  ,* ---- - - 
high-pressure - - rare gas filling. Though there are chambers filled with gas up to 150 kbar - - -  

pressures the optimal pressure range, taking ii%iYaccountleaks --.+--- . and . other pressure losses, 
is 20 to 30 kbir. In Fig. 2.4,-a-set of characterist& for ionization chimb&s with theddse 
raFas  is shown. The dotted line represents the minimum working voltage. The 
figure indicates clearly a long straight (saturation) region of curves implicating high 
internal resistance which allows the use of high resistive load impedances (R z 10'' a). The 

4_ 

ionization ---..... chamber sensitivity can be increased by scaling up_itsvolume, 
Electrometer -- -- - - type amplifiers are used generally for processing signals from ionization 

chambers. They can beoperated either directly or-indirectly. The input of the direcisystem - .- --- 
IS a fiddeffect -- -- transistor - impedance matching stage. The indirect system converts the d.c. 
voltage to be measured to an ax. voltage then the amplified signals are converted back to 
d.c. by a phase sensitive rectifier circuit. 

The extended use of ionization chambers in nuclear industrial measurements is due to 
the fact that they satisfy most of the requirements of. detectors. Its prominent 
characteristics are the infinite lifetime, on the one hand, and the qapacityl~r- mgasllring ______..# - -- - --- 
unlimited dose rates, on the other, provided, of course, that the construction is adequate.:i. - - ---*..- - --- 
for -. ~hegivenpurpuses. Its design is resistant, it works on a rather low voltage supply (a few .. P 
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Fig. 2.4. Ionization chamber characteristics: 1,=,f(IJc) 

100 V)--a particularly important feature in industrial applications. Its .- - disadvantagg . .- lies in 

2.1.1.2. T H E  PROPORTIONAL COUNTER 

Proportional counters belong to the class of ionization detectors, too. Their 
o~erational ~ r i n c i ~ l e  differs from that of ionization chambers in that the ~otential 

.. 
- -  ~ 

I 1 - 
difference between the electrodes of the proportional .. counter-tube (region U,-U3 in Fig. 

-_I_ " . ._ .* .  .... _,_,._,_,". Î...-.-..'-. 

2.2) reaches? value to accelerate erectrons producedby fidiatioqjo, such an ................ extent that 
-.,."rr."-.r --. .,...... .. . . . . . . .  . " .  -.- - 

t h e m t e  further --__.__.-c____ ionization _..L.,,. by .. collisions _ .-. _- . . .  _ with . gas . ___C-.. molecules. Thus, the --.-..I primarpprocess, 
is repeated --- several -- times ...---.....-..- in an enhanced way and it will have been completed when the 

- - . . _ . , , Y _ _ ^  . * . - . . . I .  ... . 

generated __-_ ions __.-_..m and/or -..-. electx~"~,. rgacRt&.g~eapde~. 
The ratio of the number of electrons generated secondarily in the gas space relative to 

that produced by the primary radiation is called the multiplicationfort~r. It depends nearly 
eyonentially --.---.-.-...- on the voltase ..................... and the filling gas .- pressure. Its typical value is betweenlo' -- I_C -_"- ...... 
and 10'. The electrical signal height is proport~onal to t h k n s ~ t y  and energy of the - 

_ _ , _ i _ r _  I. ,. *.-__. _ _ ._ .-. -._..-. '.. -- - -- 
i7.radiation i%%+pmportlo&l _Ij___..___.. .L -... counter .... ...-_.. . .  _ tube . . . .  filled . -. with . .  .- - . - .... rare -..-.. ... gases sw ..r.p.l....- and -.- --_--.- some 
hydrocarbons ---- -I. ii a __ pressure usually lower than atmospheric. It means that instruments ...... " . . . . . . .  
connected - to the de'tectors in ------Me., pulse mode -"...--6---.--* can meaiure ,.-., indirectly .,-, both the number and 

--." i'*ZC.--Pn.c--r;-~.,.--"-# -... ..... 
energy of the incldent particles. -I---.   he destgn and clr& of the proportional detector are shown in Fig. 2.5. The supply 
voltage Uo of the counter is chosen to lie in the proportional region of the characteristics 
and is connected through a load resistor R across which a voltage pulse is induced by the 
amount of charge of a single puise. The preamplifier, d.c. isolated by a capacitor C , ,  
increases the low level (amplitude) of the detector signal to the necessary extent. If the time --- 
constant RC of the load resistance R and - -  the --q-..,- combined s t r g  .. . . -  capaci2 ,.L C of -...--....,.. the circyt of 

---J---Y 

the capacitor are &nificantly l o w F t G  the positlve ion collection time of 0. I to 1 ms but 
--w-w., ..-----" -,.--",..- ..-* . ..%.----: -- ...-- .-- -.. 

R c , M  In\. C+[\.L N o , /  - 



NUCLUR RADIATION DEWTORS 57 
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Fig.  2.5. Construction and circuit layout of a cylindrical proportional detector 
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hi&erthan that of electrons then very short detector pulses can be obtained. The peak 
amplitude of pulses is given by the equation 

where k is a proportionality factor. e the electron charge, E,  the particle (quantumlenergy, 
A, the gas amplification. C, the stray capacity and Wthe p d e r  needed to produce an ion 
pair in the gas space. K , L , l ~ l .  I ,? 

e ,  

~ r o ~ o r t * o n a l -  counters are extensively used in nuclear instruments designed for 
chemical analysis problems, to detect mainly low-energy (soft) radiation by an energy- 
selective technique (see Section 2.2.3). 

Proportional detectors with BF, gas filling are used in nuclear moisture gauges (see 
Section 2.4.6) for detecting thermal neutrons produced by a-particle conversion. Figure 2.6 
shows the suppl~voltage --- -. dependence . . . . .  of gas amplification factor (AJ for three different 

. .  ...-..a. ........ .--,.. . . .  . --- -. . .  
proportional counter types with BF,-gas fiIli.ng. According to the manufacturers (e.g., 20th 
Century ~iectronici ~ t d ,  UK), the bperating point should . be ... -. chosen . .  in the shaded .............. region . -._ ..,."-.- *.....--*.. -- 
for stable operation . . . . .  and long life. . - .  . . .  

Of the advantageous of the proportional counter, the one that should be 
mentioned with special emphasis is h--CI.- that in _--__-_ spite .-------.-.- of the multiplication * .... .,.-.-.-...-..-.....-... effect .--.. brought-about 
in the - +.- gas .... the pulsegroduced -. -- -.-.. will have ....... ar! a~mpl~.udegDro,gortional to the energy of the 

'.. -------. *,, ,,:<-. . 
incident particle and, thus, it can be used also in energy-selective . . . . .  techniques providedthat --- ----- .. - - -----.--I_ ^_.. ... -. . .  - _ . 
appropriat~eEctronic -- .- .....-. ,. _ ._.. signal _ processing . _  . 

_ )  

is available.Its time .......................... resolution is good, its --___ lifetime 
. . .  ... ... . ..... 

is long. and -._.___ it is particularly .._ ._._._.._ __-- .. -- applicabl,~ -.- -. t,o ... the _- d e t e c t G f  _._- -._ -,...... . . . . .  8- , and-weak.y-radiatip-ns. . Its 
* disadvantages _ ..... .... _ ..... lie _-_ in . _ . .  the fact t hat its performanceisdependent on the temperature and the 

.......... , . ,..- .. 
voltage supply q d  --,- that it is working on a power supply providing v'oftages higher than 

........... ... ... - . ,,-,,-,-,. -.l-....- ^ I.- ..- ...... n c  --. r.........". . . . .  .,.,..-.. .-. .;,.,r..'r --.-.. .-.- 
lo00 v, 
,d-'"'.--' 
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Uo supply voltage. kV - 
Fig. 2.6. Bias voltage dependence of gas amplification. Curve I - 0 25 x 120mm dimensions, 260mbar 
pressure; Curve 2 - $3 25 x 120 mm dimensions, 530 mbar pressure; Curve 3 - 0 50 x 150 mm dimenslons, 

900 mbar pressure - 

Geiger-Muller (GM)-counters differ from ionization chambers and proportional 
counters in their high internal electric field-this having been chosen to induce high 
mu&licBt-&~-msgni&de) within the detector. The quantitative 
change in the multiplication factor invokes also a qualitative one: the primary ions are 

9 accelerated by the voltage difference up to a value where an avalanche ionization process 
1 3  - 3 . "  develops in the gas space which will propagate along the anode wire to the total length of 

the tube within several hundred nanosecs. 
In addition to ionization, a secondary effect of the partial recombination of ions leads to 

the appearance of excited gas atoms; they release their excess energy by photon emission. As 
a result of the combined effect, a gas discharge - appears betweenthe . .el* - - electrodes and the 
pulse height will be indepndent of the numbG of pcmafy Ions. w, the resisi&y -".. - IS----C.. "" Lt- -.3-*-*.. Cs--..-r --..------,- - - - -- 
between the electrode~~~~~~-r@u~d,a.n_d, if no provisions for ma~nta~nlng the potential 
difference were to be made -.-- the --- ionization -.-"... would-Continue - I-- -̂ .---.- -- even ----- without -. the arrivaibf - -- new 
p a z l e s  - -..P- orquanta. It means that the tube would -@=equate for further radiation 

~4rray-.--='- -' -.:-" - 
detect 1 on because no&~~i2~~!zat~,0~~0,EsscOu1d, bjnytmed m the "e. 

The q u e n c c o f  the discharge process and thus the reduction of dead t m e  can be - - 
realized by self-quenching counter tubes, i.e., detectors filled by special gas. They contain, 
in addition to the high ionization-energy rare gas (usually argon), alcohol or other volatile 
organic compounds, too, in order to ensure the collision of organic molecules with photons 
emitted after the excitation of rare gas atoms prior to their arrival to the cathode. In this 
way they release their excess energy without additional electron emission, converting it 
into chemical energy by dissociation (see Chapter 6). The - dead time of t h i s m o f  .'-ti--2_- tube is 
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Glass envelope Synthetic resin 

Fig. 2.7. Structure and electronic circuit of a cylindrical Geiger-Miiller (GM) counter tube 

se--e_dmrqpy&s but the _-- life time _ _____ is limited, _-  . after the arrival of about lo8-lo9 
-------i--- - - 

pulses the d~ssociable molecules vanish from . the .- -- gas filling. 
Tubes containing h&de quenching gases are more beneficial with regard to life time 

because their dissociation is reversible, i.e., the halogen atoms generated are converted 
back into the original gas molecules. 

Figure 2.7 shows the structure and electronic circuit of a cylindrical GM-counter tube. 
The useful signals are obtained from a load resistor R with a resi?_ta-o 3 MQ. The 

- .-*--- - "rcrrrc 

limiting resistor R' separates the stray c a p a c ~ t a n c e s ~ ~ - t u b e  operates between 
voltages U ,  and U ,  of Fig. 2.2. The operation of the counter tube is represented by the 
characteristics shown in Fig. 2.8, similar to the plots for the respective ranges in Fig. 2.2. In 
the counter tube used in the circuit according to Fig. 2.7, pulses are &nerated by the 
radioactive radiation of a given dose rate I,. The voltage U, represents the counting 
threshold where the gas amplification starts. By increasing the voltage, the number of 
detected pulses changes slightly in the region Ul-U, . This region is called the plateau of 
the couj-iter, its centre should be v-4.------- chosen 3s - =... the -.-.--. working --. . point. - - The longer tgblateau and -- ---- -. - 
the -+ less its ase (the pulse number difference q n , ) ,  the better the counter. 

.__^ ---- -. 
The slope of plateau M is expressed numerically b p e  equation 

ut u1 - u2 
Voltage, V 

Fig. 2.8. Char3cteristics of a pulsed counter tube 
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If the slope is given in percent and is related to I00 volts then we have 

n2 - nl 
M = 2 x  104x - "i/ lo0 V 

(n2+n,)(U2- U , ) '  

EXAMPLE 2.1 
The beginning of the plateau of a counter tube is at U ,  =400 V, its end at U2 = 700 V. 

According tomeasurements, the pulse numbers for voltages U ,  and U2 are t1 = 100 and n, 
= 103, respectively, at a dose rate of 7 x 10- l 1  A/kg (= l mR/h). 

The plateau slope of the GM-tube, according to Eq. 2.4, is 

which is acceptable for industrial applications because it  means a measurement error of 
+0.1% using a supply voltage with an easily achievable stability of f 2%. - 

Figure 2.8 shows the characteristics of a GM-counter for two types of radiation with 
different dose rates. With increasing intensity the plateau shifts to higher values - --,-... .- .; . . ,* , . - .. , . ~... .. ,.. .. - , , .-. .. 
accompanied by a _.._ simultaneous.shrft .. ._I-- -- . in  77-  . . . 2 to ...- . the ....,. ,, right. - .. .- Thepxxetjonal characteii3ics , .. . . . . . . . 

s h o ~ l d ~ n ~ d _ t n ~ ~ ~ c ~ ~ d , ~ ~ n . ~ ~ ~ , ~ ~ , t h  -I._.... the ~,..._._II..~,., parameters -,..... _ _,. of ..._ a ...._ given ..__ ~._. _ _ _ _  appl'iCa'iiaiibn. __.___ . . . 

The dead time (within which the GM-counters cannot detect new particles) depends- 
on the geometrical dirnensiocs, the -.-? composition -------...+-- and pressure --- of ----. the - ----- filling -- pi, thesupply. 
voltage at the wvkingeoint, -..__ ... .-,_ the ~~ulj~c~mponents,,a,nd,the rate of detected pujses. Its 
value under normal operational conditions for a typical counter @&.*sign is in the - , . - . " - , - -- .. 
region from 50 to_-3@.43, - 

't .. The dead time effect is disadvantageous if the number of particles to be detected in unit 
timeis high. If one detects m/s particles by a counter then there was no detection for a time 
of about m . t,. If there were no dead time effect then a count number of ws > m/s would be 
detected. Within the period m . t,, the number of particles undetected is n - m - t,. The 
difference in the two pulse numbers is equal to the number of undetected particles: 

By reducing this equation one can obtain the true particle number Ns in terms of the 
measured count number and dead time: 

The dose rate dependence of the average pulse number for constant voltage in a typical 
GM-counter is shown in Fig. 2.9. Obviously, the relationship between the average count 

. number (n/s) and the dose can be regarded as linear up to about 2000 counts per second. At 
higher dose rates, however, due to the dead time effect, the slope of the curve decreases 
strongly before reaching a saturation. 

A general drawback of cylindrical GM-counters is a reduction of efficiency due to 
absorption effects of the tube wall. For activity measurement of soft fl-ray emitting 
isotopes the use of special tubes with end windows of a few mg/cm2 thickness, made usually 
of mica, is recommended (Fig. 2.10) or, alternatively, so-called flow- through type tubes 
(Fig. 2.1 1) are used with the active sample introduced into the tube itself. 
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Fig. 2.9. Dose rate dependence of the average pulse number in a GM-counter tube 

The detection efficiency of GM-counter tubes for z- and /?-particles is close to 100 
percent but for electromagnetic radiation 0- or X-rays) it rarely exceeds 1 or 2 percent. 

The life-time of G M-tubes was a major problem at one time. The life time of the present 
halogen-filled GM-tubes in terms of count number is in the order of 10" pulses, against 
the former value of lo8-lo9. This means that, for continuous operation, a life time of about 
10 years is feasible which is quite acceptable for practical purposes. 

Window I o 
 n node 

La 

Fig. 2.10. Scheme of end-window type GM-tube 

Fig. 2.11. Scheme of flow-through type GM-tube 
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A feature of GM-counter tubes not yet noted is the "zero eflect" giving the number of 
electrical pulses for a specified tube type, induced by natural background radiation. 

GM-counters are the most suitable for constructing the simplest detector systems. 
These counters work on a few 100 V power supply whose instability has an almost 
negligible effect on the performance of the detector, provided that the instruments are 
appropriately set to the conditions. The pcrformancc of the detector is. to a minor extent. 
dependent on temperature; it provides reasonably large electric signals, thus the 
requirements for signal processing are rather moderate. Its disadvantages lie in the low 
sensitivity for ;,-radiation, the limited (and unique for a given type of instrument) range of 
dose rate, the inapplicability for the discrimination of energy and its finite life-time. In spite 
of these disadvantages, the GM-counter is the most widely used detector, mainly because 
of the low costs. 

The parameters of an advanced GM-counter (Valvo 18552, Germany, F. R.) are 
presented as an illustrative example: 

Starting voltage 
Plateau 
Plateau slope 
Dead time 
Zero effect 
Tube diameter 
Tube length 

400 v 
from 450 to 800 V 

2 percent for each 100 V 
70 ps 

30 pulses/min 
18 mm 
143 mm 

2.1.2. SEMICONDUCTOR DETECTORS 

The basic principle of radiation sensing by semiconductor detectors is the ionization 
interaction process identical to that in gas ionization detectors. The semiconductor 
detector or the particle-counting diode as it is called can also be considered as a planar- --- 
electrode ionization chamber with a semiconducting crystal substituting the filling gas. 
The ---_c stopping power of solid-state detectorsgrepared from semiconductor materials is 
several times --- higher -- than .__  that - - _  of the gas filling in ionization detectors, due to the difference 
in specific weights of these --- materials. 

An elementary p a z l e  incident on a germanium or silicon single crystal semiconductor 
detector and causing ionization there is stopped rapidly, within 10- " s. During slowing- 
down, its energy will be transferred to the electrons of crystal atoms (ionization) which in 
turn can give rise to secondary ionization if the absorbed energy is high. In the 
semiconducting material charge carrie&sfi~trons and-holes) are produced directly 
by electrically charged p a r t i c l w r  #?-pa&les) or indirectly by X-ray, y- or neutron 

i 

radiation, in the latter cases through the charged particles from some radiation interaction - - - 
process. The energy needed to generate an electron-hole pair is 3.6eV in silicon ---- and 
germanium, respective1 y. - 

The electro&hole &rs induced by the ionization effect of radiation can be separated 
[and collected in the semiconducting material by the application of an electric$eld. Due to 
khe relatively high conductivity of pure ~emic&nduct&~ substances, the production of an 
qlectric field required for carrier collection is difficult, therefore a diode structure _with a ---- 
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p - u w g o n  is favoured for thi? purpose. The resistivity of the bardersJugh enough to 
y---.-.- --- -- .I.. - ---- ._- _ ___. - - .- ---I I 

achieve a suitably high electric field. The free carriers released by the ionization process are 
separated in the junction layer. According to the arrangement and circuit in Fig. 
2.12, a current pulse corresponding to the integrated value of charges generated by the 
absorption of a charged particle in the semiconductor appears. This current pulse causes a 
voltage drop across the load resistor R; that is, it results in an electrical pulse. The 
amplitudes of the electrical pulses are low, therefore a special (usually charge sensitive) 
low-noise preamplifier is needed to process the semiconductor detector signals. The 
linearly (undistorted) amplified detector signals can be counted, integrated, recorded or 
amplitude-discriminated by suitable electronic equipment. 

During carrier production by charged particle or photon absorption the number of 
resulting carrier pairs will be W/w, where W is the particle energy and w the energy required 
to produce an electron-hole pair. The charge produced by the collected electrons and 
holes is Q which is expressed with elementary charge ( e =  1.6 x 10-19) as follows: 

This amount of charge can be collected when the collection process is fast (there is no 
recombination) and every carrier generated will be collected. The carrier~c~ollection ......__._ ._ time . . 

taking into account the detector geometry and carrier mobility is inversely proportional 
---_. -..--.--. ---. ..-.- .. .., . .  . .. 

to the field streath370 Increase the &Id ~treri~th~'~arela~ifiiie1~~high detector voltage of 
several hundred volt is applied. To reduce ----a noise &&cts,,accompanying-the operation of 
detectors they ace, in general. cooled - below - _- 190 "C by liqyid gir or liqQjd~,**~rogen. Under 
these conditions the noise equivalent power-of a good detkctor is lower than 200 eV. 

. . . -. -. . : . . ---. ._ __ - - - 

Rad~atron source 

Ring-snaped metal 

/ electrode 

I \ T 1 - 
0 0 

p-n junction ;", 

m 

Trace 

I Preamplifier power supdv 

Pulse output h m A ' ,  - 

Fig. 2.12. Design and basic circuit of a surface barrier semiconductor detector 
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Silicon semiconductor detectors can be used at room temperature too, but naturally 
with a higher background noise. Their.detection efficiency for a- and /?-rays is 100 percent 
and a high value also for y-radiation. 

In the nieasurement of monoenergetic radiation by semiconductor detectors the 
standard deviation in pulse amplitudes is very low because the energy required to produce 
a single carrier pair is low. Hence, by discriminating the semiconductor detector pulses, 
good distinction of different radiation energies can be achieved. 

The most extensively used semiconductor detector types are summarized in Fig. 2.1 3. 
Figure 2.1 3/1 shows the structure of a b'&omopnrous" type detector made of a uniform - --..+LI 

semiconductor material withour --*.- .- . a . -. , p-niuncrion. <- ~--- The carriers generated within a crystalline 
semiconducting material by ionization are separated and collected by a bias applied to 
metal electrodes on the two opposite sides of the crystal. Their practical application. 
however, is limited by several facts, mainly by the in2dequately ___..-_._ low resistivity ., of presently 
available -.. semiconducting materials. Homogeneous detectors can be prepared fiom 
gallium --- a r s e j$ l e~~6 i i an i&  silicon and other semiconductors. Detectors from cadmium 

.,%- -- -__, - -- . . - -cC 

Radiation 

eiectrodes semi- 1 
conductoi 

e.g. s ikon dtsc + uo 

Radiation Rad~atton 

electrode 1 
+UO 

I Metal I I 
eiectrode 1 

+Uo 
-- 

I n - layer 

Fig. 2-11 Basic t y p s  of semiconductor detectors. I - homogeneous 2 - surface barrier; 3 - diffusion; 4 - 
planar pi-n; 5 - coaxial pi-n semiconductor detector structures 
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sulphide (CdS) crystals have already found practical application, namely in dose rate 
measurements of high intensity y-rays. _Z_q_ _ __-_ . .-.---- 

.-.-.- ---.,..-" ---, --.--- " 

T h e ~ i u n c t l o n  - type -,.--- diode - semjconductor - detectors _. .,--- are -r- produced L - fco-m ---I silicon ----.- or 
germanium. The properties of these materials are different, the densityof silicon of atomic ----- - - 
number 14 (,,Si) isp= 2330 kg/m3, while that of ,,Ge isp= 5330 kg/m3. They differ also in 
various other factors, like the ranges of absorbed particles, their penetration depth 
maxima (e.g., the ranges of 1 MeV electrons or /3-particles in silicon and germanium are 
1.6 mm and 0.8 mm, respectively), the mobilities of free carriers in the crystal, the 
temperature dependences, the backward currents, the noises, etc. Hence, the starting 
material is either silicon or germanium according to the purpose of particular detector use 
and the preferred properties during their specific applications. 

The structure of the surface barrier type detector is shown in Fig. 2.1312. The detector 
material is a high resistivity, carefully cleaned n-type siIicon disc of 1 or 2 mm thickness. 
The detector surface is covered with a 10 pm thick protective coating of evaporated gold --- -.. -- -.---.- .-. - -- -_, . _ . . 
film connected to a Gi&iitive metal rhgelectrode. The surface barrier is formed by the 
oxidation of the previously polished and etched surface yielding a smooth mirror-like 

. - 

appearance. The effectiveness of the surface barrier forming is enhanced by the negative 
charge on the n-type semiconductor crystal surface due to internal space charges which 
alone would be enough to produce a surface barrier. The detector operates under reverse 
bias. 

In the diffusion type ~emic~onductor detectors (Fig. 2.13/3) the p-n junction is formed by 
a diffusion brocess. An -.- n-type i&urity _._ _ _- is . diffusedinto ---_ the p-type semicanductor on the 
side of radiation incidence. ~ h e  condition of good performance is that a relatively wide, 
continuouSifiather than abrupt p-n transition should be located close to the surface of 

- - 
radiation incidence in order to minimize absorption in the overlying dead layer. The active 
volume of diffusion detectors is the barrier layer widened and depleted by the electric field 
of the reverse bias. The t h i c k n ~ s  of the-astfie zone-i.s in. t4e-orrder-of l,5-mm-Lthus-this type 
of counter is used mainly for charged particle (a- and jg-rays) detection. . 

The introduction of lithium ion drijliny has made it possible to detect, by total -__ __.---- ..- .-.- - -- . - - - r  - - 
absorption, radlatlon with ranges - exceeding 1.5-mm.  he relatively large radiation- 
sen36ve volume having a thickness of at l&t 10 mmcan readily be formed using a p i - n  
detector structure (Fig. 2.1 314). In this configuration, an intrinsic layer (i) has been formed 
by drifting lithium ions between the p and n layers which constitute part of the active 
detector volume. The thickness of the i layer in a silicon (SilLi) detector is 5-6 mm, in a 
germanium (Ge/Li) detector it is 10-12 mm. Due to the different absorption properties of 
silicon and germanium and because the penetration depth of particles or photons in 
germanium is less than that in silicon at equal energies, the Si(Li) detectors can be used for 
the measurement of X-rays -- - - and are applicable to sofi;-raisjtheGe(Li) detectors are 

L- 

applicable also for hard y-radiation measurement. 
-----.--" ---- . - - 

The cousiul-structure or coaxiully driJred p-i-n detector was developed for those 
situatio6hhere the planar Ge(Li) pi-n detector does not ensure total absorption (Fig. 
2.1315). The active volume of these p-i-n counters detects radiation arriving from any 
direction and, though the maximum radial extension of the i layer is 12mm, the 
absorption path of radiation entering the front face can be as long as 60 or 70 mm. With 
these very high sensitive-volume detectors extremely hard y-radiation can also be 
measured. 

Semiconductor detectors have been developed rapidly in the past years utilizing recent " "  ' 

advances in semiconductor device technology. It means that their growing use can be 



anticipated ,both in scientific research and engineering applications. Their principal 
advantages are: - 

- excellent energy discrimination; 
- IineAr energy-to-pulse height conversion (for total absorption); 
--- short pulse generation; 

; -- non-sensitivity to magnetic fields; 
- low supply voltage requirement; 
- vibration and impact resistance; 

- -- long service life. 
On the other hand, there are some drawbacks of semiconductor detectors, such as 
- relatively high, supply voltage dependent self capacity; 
- disturbances in operation by lattice defects in the crystal; 
- the signal-to-noise ratio at room temperature is low compared with other detector 

types; 
- surface effects of atmospheric contaminations can increase the inherent noises; 
- long term irradiation can cause damage in the crystal structure leading to the 

degradation of detector characteristics; 
- the geometrical dimensions are limited. 
In  spite of these disadvantages the field of semiconductor~detector~plications -- is 

grcrc~jng, mainly due to its feature of good' energy discrimination for particles or photons 
constituting the radiation. In other words, the ':energy resolution" of semiconductor --.. - - -- 
d e t e c t ~ ~ ~  is the hest of all c o u e y  typz!.,- 

Energy resolution as an important detector property can be interpreted according to 
Fig. 2.14. Even if a monoenergetic radiation of E, energy is detecrcd, the pulse heights are 
unequal but they are located in the vicinity of the amplitude value corresponding to E,. 
The pulse numbers stored in the measuring channels differing by small steps during a 
measurement period t,,, are represented on the ordinate. The energy scale on the abscissa 
expresses also the pulse height relations. T k a q l i t u d e  distribution of pulses gives the 
shape.of a bell diagram shown by the Figure. If n denotes the pulse n-umber at the peak ___ I I- --- - - -.---- 

Energy (amplitude) 

Fig. 2.14. Energy distribution of pulse numbers for monoenergetic rrrciiation measurement 
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corresponding to Eo, and the energies El and E, corresponding ... _ ......I.._. to pulse number 4 2  are 
recorded then the differential energy resolution AE of the detector, the full widih at half 
maximum ( F W H M )  is equal to the difference of the two energies (AE= E2-E,). The 
detector resolution belonging to F WHM can also be given as a percentage of the nominal 
energy: 

which is strongly energy (E,) dependent. 
The excellent energy resolution on semiconductor detectors makes them suitable for 

solving several analytical and material composition determination problems by nuclear 
methods-as will be discussed in Chapter 4, mainly in Section 4.2. If, for example, there are --- 
two different chemical elements .. with . -- closely -spaced nominal characteristic radiation 
energieS,txeef&h resolution __-_. of the detector _ _.  . __. allows . . the ._ _..-.. sep&itioq and . . . . .  distinction pf these - .  
t w o  -_. radiations. __r_-.r - . 

Semiconductor detectors can be connected practically to any measuring equipment. 
Their benefjcial . . .  properties can, however,. be economiciiiy ................ .... utilized . .  . mainly .. for energy ---" - .  - -. * - ,  . . .  . .  ..--.-. 
selective _ measurement or sorting of radiation (amplitude analysis). . _  _ .  . . . . . . . - .  .~ - - -  

2.1.3. SCINTILLATION DETECTORS 

The operation principle of scintillation detectors is based upon the specific property of 
some organic and inorganic substanc.e.s, viz., light-flush generution or 1uminr.scenc.e induced 
by radioactive radiation. The weak flashes or scintillations are detected and amplified by a 
photomultiplier used as a light-to-electric signal transducer. The scintillation is 
proportional to incident particle energy; thus, from the voltage output of the 
photomultiplier, due to its linear characteristics, information on particle energies can be 
obtained. 

Substances possessing this luminescence property are called scin tillators in radioiso- 
topic measurement techniques. Thc scintillation mechanism is a complex process. 
Initially, the scintillator absorbs radiation energy resulting excited or ionized states of 
some of the atoms. They will fall back into their ground state in a very short time 
accompanied by light, or by photon emission. The higher the energy absorption from the 
traversing particle in the material, the more scintillating atoms will be excited. The energy 
transfer from individual particles of photons will depend on the interaction process. 
Figure 2.1 5 shows the principal interaction processes between scintillator material and r -  
or /?-particles and y-photons. respcctivcly. 

The penetration depths ofa-pccrticles is small though their energy can be several MeV, 
therefore theenergy transfer takes placc in a very thin layer. They ionize atoms along their 
paths strongly, producing secondary electrons which excite the atoms. 

The penetration depths of /I-purtichs can be several mm depending on tiwir energies. 
During penetration they ionize more or less strongly, causing secondary electron 
production which in turn excite the atoms. 

During the well-known interaction processes of y-quuntu such as photoeffect, 
Compton scattering and pair production, electrons are created which ionize and excite the 
atoms similarly to the direct effect of /)-rays. In Compton scattering, also a secondary y- 
radiation appears which transfers its total energy through repeated interaction processes 
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2' 

Fiy. 2.15. Interaction processes of elementary particles in a scintillator material 

to the atoms provided the scintillator is large enough in size. The B+-particle (positron) 
generated during pair production ionizes as well but when it combines with an electron a 
?-radiation arises (annihilation radiation) which can be absorbed through additional 
interaction processes by the scintillator. Thus, provided the crystal sizes are adequate, the 
total energy of ;I-radiation will be expended to excitation through several intermediate 
processes. 

Neutron radiation can be detected by scintillators containing boron .- -- or - lithium where 
the neutroris protiuce r-radiation which gives -- r i ~ s g j n t ~ l l a ~ i o n  in the. above described - - --. - - - * -  

way. 
The total amount of light energy resulting in scintillator materials during the various 

scintillation processes, perhaps in different ways, is called light yield. The reference 
scintillation light yield is that of an anthracene scintillator considered to be unity or 100%. 
The light output intensity from scintillators rises abruptly up to a'maximum followed by 
an exponential decay. It has a tail so the luminescence is maintained for a while 
(afrerylow). The light output (afierglow) time constant denoted by 7, is the time needed 
for intensity reduction down to 37% of its maximum (initial) value; normally, its range is 
from 3 ns to 10 p. 

There are three groups of scintillator materials, inorganic single crystals, liquid 
scintillators and plastic scintillators. 

The most frequently used inorganic scintillator single crystal is thallium-activated 
sodium iodide. Due to its relatively high density, it is suitable mainly for the detection of 
strongly penetrating electromagnetic y- or X-radiation (Table 2.2 a). 

The most important liquid scintillator compounds are 2,s-diphenyloxazol (PPO), 
2-phenyl-5-(4-diphenyl)- 1,3,4-oxadiazol (PBD), 2-[4'-tert-but ylphenyl-5-(4"-dipheny1)l- 
1,3,4oxadiazol (butyl-PBD), 1 ,4di  (5-phenyloxazol-2-yl) benzene (POPOP), and W b i s  
2(4-rnethyl-5-phmyloxazolite) benzene (dimethyl-POPOP). They are k d  in solutions of 
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about 1 g/l concentration in cyclic hydrocarbons (mixed with toluene or xylene or 
cyclohexane, for example). The specimen tested is dissolved in the liquid allowing high 
efficiency soft 8-ray counting, in particular (Table 2.2 (b)). 

Plastic scintillators (scintillator materials embedded in polymers) have found wide use 
due to simpler techniques for obtaining sizes and shapes most suitable for detector 
operation by controlling the polymerization process than those for inorganic single 
crystals. 

The characteristic data of the significant solid scintillator materials are summarized in 
Table 2.2 (a, b). The Table shows which radiation types can be detected by the scintilIator 
selected. The light emission spectra of scintillation materials have maxima at well defined 
wavelengths depending on the host material and activators used; the relevant numerical 
values are also given in Table 2.2. 

The arrangement known as a scintillation counter includes a scintillator and a 
photomultiplier optically coupled to it (Fig. 2.16). The detection of a particle takes place in 
several steps: 
- the scintillator material absorbs an impinging particle or quantum inducing 

scintillation, -- _ _ .  - i.e., photon emission; 
- the photons produced this way are transferred by light guiding to the cathode of the 

photomultiplier -.- &be; 
- the bombarding photons cause photoelectron emission from the photomultiplier - 

cathode; 
--- 

-- the photoelectrons leaving the cathode are directed by a focusing electrode to the 
first anode . . - . - .  called the dynode. 

Tkdynode  -- anode is prepared from materials possessing the feature of providing - -- 
several secondary electrons for each single photoelectron reaching its surface. The 
electrons pGduced by th; voltage dependent secondary emission process are accelerated 
in the field of the next dynode and this electron multiplication process wijlpe repeated --.-- - - - -  -. -- 
again. On increasing the number of dynodes a significant gain may result, owing to the --- - . 
progressive n a K ~ o f  the %uEpiiEation. The voltage-steps needed for the dynodes are ---_ 
produced by a voltage dividiing reiistoi chain. The ieco>dary emission factor 6 is defined 
a ~ ~ n ~ b e i o ~ s e c o n d a r i e s  --- - produced by-a single primary electron. The strongly supply 
voltage dependent gain of an-n-stage-huitiplier tube with n dynodes is given by the 
equation 

In case of the typical values n = 10 and 6 =4, the numerical value of G is about lo6. 
As the output of the scintillation detector, a current pulse is generated at the last 

electrode, the anode. Using a load resistor connected to the anode, the current pulses will 
be converted into voltage pulses with amplitudes from a few millivolts to several volts, 
depending on the impinging particle energy, taking into account the usual load resistor 
ratings. 

The scintillation spectrometry is based on this effect. The load resistor R, in Fig. 2.16 is 
shunted by various stray capacities, their combined values denoted by C, . Under practical 
conditions, the value of R, is chosen to satisfy the expression 

R, x C,=.to (2.10) 

where T o  is the decay time constant of the scintillator (see Table 2.2). 
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Scintilhtor ,ScintiU,ation I 
Photoelectron multiplier Light - tight and magnetic 

shielding cover 

Fig. 2.16. Construction principle and circuit arrangement of a scintillation counter. PC - Photocathode; Fe - 
Focusing eleclrode; D, . . . D, - Dynodes 

Both the number of photons produced in the scintillator and that of the photoelectrons 
are proportional to the energy of the absorbed particles. At the end _.__- of a- the - - process an 
electrical pulse with an . amplitude - . . - - U, I 

propor!ional tothe par t icmergy  Eis induced by 
the rnulti$E bum%&f --- photoelectrons~gain). -- - The-athe amp~itud;will, ho-wever, flictuate 
s t a t i s t i c a ~ l ~ ~  ----.- -- t h e x g e  - . - .  --- U, due to t g  fact that the photon production, the 
photoelectron generation and rnult{pficatjon~ are a priori statistical ~henbmena. 

- - e F  .- --. .. 
Categormng pulses by their amplitudes into channels of Au-widths, the diagram shown 
by Fig. 2.1 7 (a) is obtained. The spectrum of .- - - - mo,nochromatic - . . y-rays obtained by pulse- 
height discrimination ___--- i~ char'd-iTby-a so-called phoropeak-de~ned by the F WHM 
value corresponding _.-_ -- -_.- - - to the photoeffect.. 

The flat region (u,-u,) in the supply voltage dependent characteristics, similar to the 
plateau of GM-counters, is obtained for scintillation detectors only when the radiation is 
monochromatic. If that is the case, the working point should be set at voltage Urn to 
achieve some stabilization of operation. 

The efjlciency, counting probability of scintillation detectors is high. For a- and 8-rays it 
can be as high as 100% but it can also reach 20 to 30% for y-radiation. However, the 
scintillation counter is composed of elements which themselves depend on many factors, 
too, and it can be operated conveniently only if its components are carefully matched to 
each other and to the particular measurement problem. Thx@ntiI_!ator crystal should be 
selected a c c ~ n + , t g ~ ~ e - ~ a ~ t " g l -  radiation type (a, J, y or neutron radiation) and, 
a d d i m y ,  a hlgh radiation-to-light conversion efficiency should be ensured. 

Ibc"c----- - - - -  - - 
The crystal sne, encapsulation and its incorporation in the sensor are determined by 

the radiation energy. To achieve suitable performance of the scintillator Crystal, t h e a c t  
should be taken into consideration that the lightyield - -., is temperature - --- dependent and that 
the r a d ~ ~ - n ~ 6 - 1 i g T ~ o n v e r s i o n  I ____- __ process --_- _ _ has _ _ .- a - maximum -___.____ at a & e n  _ .-. wavelength. 
~ d d i t i a ~ ,  a ~ossless transfer of light C----.. to t hephotomuItiplier~liB&ht~~uPling~ ___ --_. _ _ s h o u l d b  
provided - for. 0- omultiplier tubes with .--- cathode-material dependent spectral 
responses coincident with light &maxima ---- ofthe scintillator shoafi-"ii~d::-- sY voltage, its sGbility limits a ? i a Y t I e ~ E g F ~ % ~ ~ e ~ s T o r  chain 
components should be chosen very carefully. The output of the multiplier tube has to be 

-- - - ---- 
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photopeak 
1 
I 
I 

uo 
Pulse amplitude - 

(b) I 

Plateau -.d 
Uthr. U1 "rn U 2  

Supply voltage, V - 
Fig. 2.17. Energy spectrum of;.-radiation detected by scintillation counter (a) and counting characteristics of the 

detector (b) 

matcheci electrically to the measuri-ng uni t  characteristics. The electron multiplication 
L -...-a --.--.--.- --- - .- ----..----. --.- , -- -. 

process and, consequently, the multiplier .performance is sensitive to temperature and 
magnetic field variations. 

mcfact that the performance of the scintillation detector tends to be dependent on the 
working conditions is highly disadvantageous if these disturbing factors are not properly 
eliminated. provided that a good protection against these effects has been worked out, the 
use of the scintillation - -- -- -- counter is advantageous, mainly in industry, because of its features -- - I - - -__ .- . 
listed as follows: 
- a quite good time-resolution; 
- the proportionality of the signal to the energy; 
- the great amplitude of the elcctric signal; 7 e -7 

- the high efficiency detection (also for y-radiation); 
- the (practically) infinite lifetime. 
In the foregoing discussions, several important dependences were dealt with, to be 

borne in mind when using scintillation detectors. The long-term stability of scintillation 
-̂ I--.. ....< - _ ____ . -... 

counters wi~kp,u_t--protective ---,----- measures (e.g., ternpera&wsta,hz,a_tion) is insufficient both 
for laboratory 2pectrometry and ~ndustrial measurement purposes. The instabilities result 

__,_lC---.--...-lll--- --- -.. 
usually in the change of detected average counts in unit t~me even if the measuring 
arrangement is unaltered. According to experience, neither the pulse number nor the peak 
amplitude is stable. To avoid these insufficiencies, various automatic calibration andlor 
stabilization schemes have been developed; the most convenient one is the autpmak- .. = - 

electronic compensation. 
. . - - -l .-.-- -* 
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u1 u2 
E energy, MeV, U pulse amphtude, V 

(b) 
Auxlirary 
cx-ray emitter 

0 
detector 

power 

Fig. 2.18. Operation stabilization of scintillation 

Linear Signal 
amplifier processing 

Error signat 
generator rectifier 

counters by peak rectification. (a) signal spectrum; (b) block 
diagram 

The block scheme of a well-known approach to electronic stabilization is shown in Fig. 
2.18, in two versions, with and without an auxiliary a radiation source. The scintillation 
counter output signals after distortionless amplification are, partly, subjected to further 
processing or, partly, coupled to a peak rectifier stage. The _- average --,-- o u p u t  of the latter, 
corresponding @her to the energy El,,., _-.-_-- of the detected lxay_s or  tofheergy E,,,., of 
the2t ional  .-ray e ~ t ~ d 6 ~ i ; o l ~ ' ~ h i ~ h ~ o 1 _ t ~ w e r  --_ supply _ .._-_ to maintain --.- - the pulse 
height maximum and, simultaneously,~ .-. - the awage_count number-t_~noanJ. levels. 

The intenrati& c i r c u ~ ~ ~ i ; m ~ e ~ m n ~ a n t  of the peak rectijier is chosen to provide a 
relatively h e a l u e  for the high-pulse-rate monochromatic y-rays and, o n m F K a n d ,  
a low value -- for the infrequent - -..-- noise pu --!- ses. By a z n e d  circuit array faults resulting 
from both-rature effects and aging degradation can be compensated. The smil i ty  
maintainable by the system described is in the order of 1 per mil which means that high 
precision industrial measurement can be performed within an error of & 1%0, too. 

Using a well-adjusted and stabilized scintillator detector with an electronic equipment 
capable for amplitude discrimination, energy selective m e a s u r e m e m b e  ..-.__-- performG3. In 
Chapter 4 examples for element~dentification by scintillator spectrometry are given. 
Figure 2.19 shows a charachteristic K-radiation spectrum of "Fe recorded by a 
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0 1  2 3 4 5 6 7 8 9 1 0  
Energy, keV -- 

F'iy. 2.19. Comparison of energy resolutions of (a) scintillation and ( h )  semiconductor detestors at 5.89 keV 
55Fe K-radiation 

scintillator counter. From the analyses of the spectra, a high FWHM value (55",, 
3.25 keV) band centered around 5.89 keV is observed which can be explained by the 
superposition of multiple statistical processes. For comparison, also the spectrum -- 
obtained for this particular radiation bya semiconductor detector is plotted in Fig. 2.19 --___..---- -----I-. . "_. . .-- . .__ I-_ 

showing an F WHM value _ .  as ____-  low - -  as -- 300eV -- (5%). From an evaluation of these curvesthe - 
energy reso7ution of the semiconductor detector an order of magnitude higher in this - -  
energy region'than th2fofIhiF~6tillatiot-i . .-- _ _ _ _  _ . counter is concluded. For ?-radiation with - - ,.- . 
higher e-wrgies be ----_. relative __ ,- resolution I of scintillator detector improves significantly, - 
accompanied by a simultaneous monotonic growth of the FWHM value. 

--- -- - 

2.2. BASIC TYPES OF RADIATION MEASURING 
AND ANALYSING INSTRUMENTS 

The information carrying output from nuclear detectors as discussed in Section 2.1, 
appears in the form of d.c. signals or of pulses. Accordingly, the electrical signals can be 
processed by electrometers or by pulse mode instruments. A condition of reliable and 
reproducible measurements is the use of stabilized power supplies to the detectors. The 
detector supply voltages lying typically in the range of 0.5 to 5 kV providing adjusted and 
stable nominal values are generated by so-called high-voltage power supplies. Their 
nornal stability requirement is a voltage variation ofleGThan30~' t o  'times the - -.- 
pr~est._va~lue,- under any operational conditions. 

gectrorneters are used to amplify the d.c. output from a detector (ionization chamber) - 
producing a t~me  averaged output proportional to the radiation dose rate. _..- _.-- ---* ..' - 

Measuring instruments connected t'iij5Xse-type detector amplify and analyse pulses. 
They can +---- anal se ' thetpu[$eju~bers proportional to dose rates or pulse heights - - - - - -  -_ ._ _^ 

associated wlth radiagon energy. The f o m m d  - rate meters and scalers tJre&t.tt~ 
pulse-height analysers: In recent years the pulse-type instruments have been used more 
extensively in practice. 

t 
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The pulse-height discriminator is a usual componen t of pulse-type equipment: it is used 
to reduce disturbing low-energy radiation effects sensed by the detector and other noise 
effects from the amplifier. photomultiplier and other electronic components, commonly 
known as backgro;nd effects; additionally, it performs classification of radiation by 
energy. This latter function of pulse amplitude analysers is unavoidable because their very 
purpose is to determine the energy distribution of radiation. 

Background reduction can be accqmplished -- also by coincidence circuits; the function 
of these is to reject sign~sn~t_-s~m_uf~a~ne~sly arrivl~g _from J,wo or. more det_ectors. 
Antico.ncidence cirr&functi,on in the a_ _ _  _ opposite - .  way: they deliver --a pulses from a detector to 
the measuring unit only if no pulse is obtained simultaneously from another one. 
\___--- - -- ...- ̂ _. _____._.__. - ,. - -- 

2.2. I .  COUNTING RATE METERS 

Rate meters measure the average -. number -. - of . pulses .- . produced . .- by adetector . . . in . . a . unit 
$nm.eperii~d. The block scheme of a typical measuring configuration is presented in Fig. 
2.20. Detector pulses are amplified and occasionally discriminated, followed by a shaping 
process. The output pulses identical in height and width from the forming stage will be 
summed by an integrating stage. A d.c. -__.- voltage~.p~oportiona1 .-- - - to .. the pulse .. . . . number will 
appear .at .. .-. the .,_.. integrating . . . .~ ,*.. . - stage .. -- . output .,.. .. which,c.a~. -becontinuously . . . . .. measured ., - , . . , 

by an 
electrpnr& _--> voltage meter .. .. p n d  ,monitored'by an ,... instrument _ , _  I . , . . . . , . . ._1._.  or ri.~i._.II.....=. -a 'recorder. . .. An - important .. . 

parameter of the equipment . . . i s  . , th; .. .. time . ,. .. - ... constant -.- d . ., ,. defining the time of averaging. 
The instruments can indicate the dose rate in A/kg or mR/s unitsif the combined 

measurement eficiency is known; commercial portable dose rate meters usually have this 
feature (see also Section 8.3.2.1). 

Pulse Pulse 
Detector --c - Discriminator --, shaping 

amplifier stage 
C - 

Integrating 

6 
Mains 

Fig. 220. Block scheme of a pulse-rate meter with auxiliary units 

2.2.2. SCALERS 

For counting detector pulses, scalers operating in conjunction with electronic dividing 
circuits said (Fig. 221). ~ h c  output signal from such an equipment following suitable 
preparation (amplification, discrimination, pulse shaping) is fed into a counting unit 
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Detector 0- 
J 

t Discriminator - 
. 

f 
Oigi tal displa h?' 

I 2 t t 4 4 

High -voltage - Low-voltage -Pulse shaping * Counting 
power supply power supply stage r stage 

r .  

C 
Reference 

control 
Time base - ~ o g i c  control (quartz' - (time preset) 

+ 

Reset 
oscillator 

Fiy. 2.21. Block scheme or a laboratory pulse scaler 

through a logic control device. To this unit, also a time base signal controlled by a - 
reference (quartz) oscillator is delivered. 

The zero setting of the scaler is carried out by a manually operated reset control. 
1-... 

When the sturt control is switched on pulse counting and time measurement begin. Once - - - - -  -- I__-- - ----  - _ _  _ _ -_ 
the time preset value chosen in time base units is finished, the logic control-3191s the 
operution of the scaler. The number of pulses that arrived during =measuring period is 
displuyed digitally. In some equipment types, punch tape devices and printers can be 
connected to the counting unit for recording. 

2.2.3. AMPLITUDE ANALYSERS 

For pulse-height sorting ofsignals from a properly chosen detector, pulse amplitude 
analysers are used. They collect undistorted amplified pulses characterized by their 
voltages in one or more channels, the channel voltage range or channel width can be 
varied as desired. 

In the block scheme of a single-channel pulse-height analyser presented in Fig. 2.22, 
employ a pair of discriminators with different threshold levels. The passing-through level 
is determined by voltage level to be varied continuously by the potentiometer PI. The 
difference between the shifted threshold levels or the so-called channel width (or window) 
can be adjusted by potentiometer P z  independently of the setting of PI . The function of 
the anticoincidence stage is to transmit pulses through the lower discriminator but not 
through the upper one into the shaping stage because their amplitudes lie in the voltage 
region from Uo to Uo + AU. The signals from the shaping stage can be evaluated by 
analogue or digital techniques, 

For a better understanding of the operation, the signal shapes at points denoted by 
letters in the diagram of a single-channel analyser are shown in Fig. 2.23. From a 
comparison of figures it is obvious that signals with voltages higher than Uo are passed 
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I 1 
3 1 -  I r 

Linear Upper * Anticoincidence 
amplifier discrim~mta + stage 

2 A - 

Pulse shaping 
stage 

(rate meter) 

i l l  

Fig. 2.22. Block scheme of a laboratory single-channel pulse-height analyser. P ,  - Threshold level control; P, - 
Channel width setting 

only by the lower discriminator, while those higher than Uo + A  L; are passed by the upper 
one, too. T h m k o i n c i d e n c e  - circuit _ _- - . suppresses - .- --- - - -- all . signals transmitted by both 
discriminators. A single-channel analyser allows spectra to-be recorded by subsequent 
measuremc%;s through quantized alterations of the voltage U, . 

In contrast, the multichannel analyser classifies detector pulses one by one and collects 
signals belonging to the same channels in corresponding storage blocks following pulse- 
height discrimination. In accordance with this, each detector pulse is evaluated 
individually excluding those which arrive within the time period required for amplitude 
determination (dead time). 

Figure 2.24 illustrates the amplitude determination principle by voltage-to-frequency 
conversion, as most frequently used in multichannel analysers. The detector signals 
delivered to input A are processed by a linear amplifier with a linear gate circuit connected 
to its output through a delay line L. The linear gate circuit allows pulses to pass, 
distortionless, only if it is not prohibited by the discriminator or  by the dead-time 
generator. The discriminator provides protection against long-term paralysis of the 
system by high amplitude signals beyond the analysed region. Pulses transmitted by the 
linear gate circuit will charge a condenser C up to the amplitude of the signal from the 
detector. A constant-current discharging circuit will start to discharge the condenser after 
the charging has been fully completed (rise time completion). At discharge starting the gate 
circuit G opens and the frequency signal from a reference oscillator starts flowing to 
output B as long as the completion of discharge is indicated by a zero-level comparator. In 
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Fig. 2.23. Signal shapes in the single+hannel pulse-height analyser (a) at linear-amplifier output; (b) at upper- 
discriminator output; (c) at lower-discriminator output; (d) at anticoincidence-stage output 
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Fig. 2.24. Block scheme of an amplitude-to-frequency converter for a multichannel pulse-height analyser. A - 
Pulse input; B - Channel number output; L - Delay line; G - Gate circuit: D - Detector; C - Condenser 
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a suitably designed system, the pulse number transmitted by gate circuit G from the 
reference oscillator is proportional to the detector pulse amplitude. By counting the 
transmitted pulses, the number or the address of that relevant storage channel is obtained 
whose content should be increased by one. 

Pulse-height analysers are suitable mainly for measuring radiation energy spectra and 
for identification or purity monitoring of radionuclides. Therefore. they are especially 
important tools in radiochemical analysis (see Chaptcr 4). 

2.3. BASIC PRINCIPLES FOR INDUSTRIAL USES 
OF NUCLEAR MEASUREMENTS 

The interaction processes bet ween radioactive radiut ion urrd mcrrc~riuis res tcd are the 
bases for information gathering in measurements with isotopes. The_f,a.tal-mwing. 
system is co__111~~ose~d--~f an isotopic -... ~ -.,,..- radiation .. . . . ....._.-__ source ..._ with ..- a . protectit-r s h i ~ f d ,  u radiurion ~. 

~ e n s i n ~ x v i c e  - . . . - e I . -  (detector) in suitable geometrical .. . . arrangemen - . . . . , . .. . t. clrct _ . _ , .  ronic . . . .. unit . ( s l  ----- .. . . .- . " -.-,... -.... ,. - 

processing detector signals and an instrument or a recorder displaying or storing the 
measurement results. Isotopic instruments can also be connected to csomputev.s for data 
storage or process control as data acquisition elements in the system. The components of 
the measuring line in the system should be chosen so that any measurement functions 
induce changes as high as possible in the measured (sensed) radiation signals for unit 
variations of the parameter to be measured. 

Nuclear or radioisotopic industrial measurements are used as advanced monitoring, 
controlling and automation tools for technological processes. In  a measuring system using 
isotopes the directed radiation from a radioisotope source equipped with protective shields 
penetrates the sample where i t  will be partly absorbed and partly .sc~trrtrrc.ti irejlected) by 
the sample. During penetration or scattering, the number, energy andlor direction of 
elementary particles or quanta of which the radiation is composed, will change due to 
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Radiation source object 

container 

----- Alternative 

Fig. 2.25. Common basic concept for nuclear mcasurcments 
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radiation absorption and reflection. From the changes in propertics of particles or quanta 
observed by a radiation sensing detector, the meusuriny equipment determines the values of 
the parameters to be measured (Fig. 2.25). 

Industrial nuclear measuremen ts are characterized 
advantages of this are: 
- contuctless detection and measurement-meaning _ _ _  that neither the measuring - 

"signal" emitter, nor its receiver ~ i i l x ~ ~  ehysical contact with the material tested; -_ -- *.__ _------- --- .-- -*-_- -. .. %. , . . -.. .- , - 
- absence of the ~nlTuence by unvironmmtul furtors (pressure, te-u1eJ vibr_atlon, 

humidltydltyad others) on the origin of radioactive radiation, with no maintenance 
requirements of the &opic radiation source used as a signal source in the system; 
- data obtained are usually uveruyed over lurye muteriul qutintities; 

-11--- 
__  -_-.- ___--.---. " . _ _ _  

- measurement r e s u G r w u c i a  by electronic equipment with o u t ~ u t s  in digital - - 
or analogue forms, according to the particular problems, appropriate for display, 
rc.cwrdiny or connecting to control systems; 
- the resulting values are obtained in real time, without any delay during .-______C--^.-.-. - -- - - 

measurement. 
In a s~i tuhle  mewiremunt conjigguti,o.n .- and with favourably chosen source -.c -_.. .-_ 

character&tics -- .-.--... in terms -.- of energy. -. radiat~on type and activity, together. with an 
, .---_.,-_.. -1--.-.,-..- 

----I_ 

appropriate detector system, the physicul parameters (level, density, thickness, quantity) 
------1-. - "-- .-. .. . -<.,.,.-....,- :-- -. 

~ e o s u r ~ n ~  line ~easurement centre 
6 .  

Fkq. 2.26. Alternative structur:~l schemes for industrial nuclear measuring systems 
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and the chemicul features (moisture, metal content, sulphur content, etc.) of dynamically 
varying or statistically stored materials in technological processes can be obtained. 

nte utrernuticr strucrurul schemes for nuclear measuring systems with suitably selected 
components for various measurement problems in industry are shown in Fig. 2.26. The 
principal elements of the system are: 
- rudiurion sources emitting r ,  I), ;,, or neutron radiation: 
- inreroction processes, such ab absorption, scattering (reflection), ionization or 

secondary radiation generation; 
- detectors, such as various types of GM-counters, scintillation counters, ionization 

chambers or semiconductor detectors. 
The presented .--- -.-. elements - - - of-the - --- - measuringline, .---.* -- depending o_n thestate of-material and 

its properties to be measure, can be a r r a n ~ d  in akcombination, the only restriction ..------>. -.-*- ..- ..-- - - -NI .&.. ;L --.LC-- 
bein-@ neutron r a d i a t G  not directi!y-wze. Bearing in mind that the 

--y--..---- 

different radiation types (as far as thelr energ~es are concerned), t he~e  can be ---- numerous 
different ways of obtaining information in gractice, therefore the requirement. arises to 
xlec7ikee%ost appropriate one for a&en measurement plpblem. 

I-- --.- -- - 2 -- 

2.3.1. RADIATION SOURCES AND CONTAINERS 

In nuclear industrial measurements generally sealed radiation sources can be utilized. 
The various radiation sources, their configurations and their other radiation character- 
istics are discussed in Sections 1.3 and 1.4; the overall radiation protection problems are 
treated in Section 8.4. No more than a few dozen of the thousands of natural and artificial 
radiation isotopes - - -  known in -- ph$ics - ------ and f .-- chemistry providing _ _ _  --. individually_diffe~nt I _-I-L- types- 
and-es of radiation --- - &- are used in industrial measurement technology. 

This reduction in choi26-ii%a;skd either by the short half lives of the majority of 
radiation sources or by the problems associated with the dificulties of their production in 
satisfactory forms. The most frequently used isotope sources for nuclear measurements 

_.. -- -- ---1- are: 
- a-ruy emitters: 210Po, 2 3 9 P ~ ,  241Am; 
- /I-ray emitters: 85Kr, 90Sr, 147Pm, 204Tl; 
- y-ray emitters: 60Co, 7 C ~ ,  "OTm, 241Am; -* ,. . 
- neutron emitters: 206Ra-Be, 210Po-Be, 241 Am-Be. ;'-c! 
Detailed data on the listed sources are given in Section 1.3. 
One of the conditions .c-----,,...-, for reliable -.. --a infonxttipn is the constant -.-- A .- -- intensity of radiation 

entering the measuring line. It means that, in &xiple, the half-life dependent and - 
exponentially decreasmg mtensity of radiation from radioisotopes may cause problems in 
the measurements. The magnitude of the intensity reduction with respect to half-life in 
terms of t/tl , ,  time units is given in relative values in the inside cover. 

As shown above for industrial measurements, only isotopes with relatively long half- 
lives (from 0.5 to 30 years) should be used. However, even when using 13'Cs with an 
approximate half life of 30 years, consideration must be given to the physical effect that an 
intensity drop, e.g, of 2% @,/Io =0.98), appears at t/t,,, = 0.02; if the half-life tllz = 30 years, 
this reduction occurs in t=0.02 x 30 x 12 = 7.2 months, but if the half-life is shorter, say 3 
years or 0.3 year, the same error occurs after 21 or 2.1 days, respectively. An intensity drop 
of 2% may result in considerable errors in measurements characterized otherwise by a 
high accuracy of e-g., 0.1% in order of magnitude. 
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Fiy. 2.27. Construction of a 1-ray source container 

The sealed mechanical structure containing the radiation source is called the isotope 
container. It has the dual function of providing the prescribed radiation protection at the 
location of radiation source application and, if necessary (e.g., during maintenance), it has 
the function of preventing the emission of radiation (shut-off) by manually or remotely 
operated insertion of strongly absorbing shields. The mechanical design of containers 
depends on the actual radiation type. Radiation protection for a- or @-ray sources can 
be readily provided for while that for the penetrating ./-ray and neutron sources is 
accomplished by containers produced from very high-density metal (lead, tungsten, 
uranium, etc.) content materials as y-radiation absorbers and from neutron stopping 
materials to provide environmental protection against neutron radiation. 

Figure 2.27 shows the schematic structure of a container for disc-type @-sources (see 
Section 1.4.2.2). The intensity of radiation emitted through a hole (window) in the front face 
of the steel cover serving as a mechanicai shield can be varied by changing the absorber 
discs of different thicknesses. The source is held in position by a plastic (vinidur) structure 
to minimize bremsstrahlung. 

Figure 2.28 shows a commercial container designed for industrial y-source appli- 
cations (see Section 1.4.2.3). The source is fixed on one end of a spring-loaded, axially 
movable cylindrical rod protruding from the right-hand side of the lead container. In 
opened position achieved by pulling and twisting the cylindrical rod and fastening it there, 
the radiation source is moved in front of the bore and collimated radiation will be emitted. 
The container is protected mechanically by a welded steel shell. The mechanical driving 
mechanism defining the radiation source position is covered by a protective cup and 
secured against unauthorized handling by a lead seal and a lock. To shut off, the source is 
introduced by pushing into the interior of the container thereby ensuring that no radiation 
is able to emerge through the aperture. The source container is designed so as to enable the 
insertion of standard absorber plates into the radiation path even in mounted position, il;' 
order to provide a controlled reduction of radiation for calibration purposes. - 



2 - radiation 

Fig. 2.28. Construction of a ;.-ray source container 

The geometrical dimensions of the container and the thickness of the built-in lead 
shields are determined by the activity of the source applied and the energy of radiation 
emitted (see Section 8.1.4.2). In the particular arrangement shown schematically by the 
figure, if the lead shield is, for example, 9 cm thick, equivalent to a mass of about 120 kg 
(dm., - 200 mm), then a h°Co source with an activity up to 400 MBq ( - 10 mCi) or a '"Cs 
source with an activity up to 200 GBq ( -  5 Ci) can be placed into the container. 

The neutron sources are shipped and stored in parafln-loaded containers. 

2.3.2. RADIATION DETECTION 
IN INDUSTRIAL ENVIRONMENTS 

Nuclear radiation detectors discussed in detail in Section 2.1 are employed also in the - - 
radiation sensing gauges of industrial nuclear instruments (Fig. 2.26). For measurements 
in industrial environments, __-- -- however, - _ -_ -_._ the __. actual Id- -  detector should be coupled fo electronic 
equipment.(;?mwfier, impedance i,*yerter, voltage-converte~ etc.) providing remote 
operation capabilities and, in addition, it should be protected against environmental 
influences by suitable covers. The protective shield or encapsulation of the industrial 
radiation detector generally provides protection against dust and water drops though it 
can also be made explosion-proof by appropriate design. The detector metal housing is 
utilized to mount and fasten it in a measuring position within the total arrangement. For the 
detection of Iow-energy or corpuscular radiation (a- or /brays) a window in the housing is 
unavoidable. The characteristics (material, thickness, etc.) of the window is determined 
according to the type and energy of radiation measured. 

The industrial radiation detector is often called a radiation gauge or probe. The -.- =-Y---y-.-."" .,..A -.- ---- 
examae shown i i  Fig. 2.29 1s a hard y-rayBeTector with GM2~0-fikotected 
against atmospheric dust and dropping water by a double rubber o-ring-sealed cylindrical 
steel tube envelope. Inside the steel tube housing two GM-counter tubes-for higher 
sensitivity-with high-voltage power supply and preamplifier are placed. The cable 
containing wires for supply voltages and for detector signals is introduced across a sealed 
lead-t hrough. 
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,High voltage power supply Gauge 

,Protecting cap 

$-radiation Terminal 

Fig. 2.29. Structural scheme o f  a ;.-radiation detector for industrial applications 

For universal industrial measuring systems various gauge types are needed even if 
different versions of a single radiation detector type (say a 5M-tube) is to be used, 
depending on the actual radiation type (r ,  b, y or neutron radiation) to be sensed. 

2.3.3. MEASURING SYSTEMS 
FOR INDUSTRIAL PROBLEMS 

The conceptual construction of most industrial nuclear instruments can be derived 
from some common measuring arrangements. 

The simplest configuration for the measurement of material properties is the direct 
measuring sJstem shown schematically in Fig. 2.30. Radioactive radiation from source 
following interaction with the material tested, enters detector. Detector signals are 
processed by electronic unit and converted to results displayed by instrument. The 
electronic equipment contains amplifiers, discriminator, pulse shaping, integrating or 
counting circuits; display can be performed by line recorder, compensograph, pointer 
instrument, etc. The measured value can be compensated electrically, in this case the 
instrument indicates deviations from a nominal value. 

De e&-jx@ Electronic Instrument 

signal Id~spIay) 
processor 

Fig. 2.30. Arrangement of direct measuring system 
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Dzgerential-type measuring systems can be constructed by using dual measuring 
positions. They provide results of higher accuracy compared with direct systems and, in 
addition, the resulting values are free from environmental influences (atmospheric 
pressure, humidity, etc.). The arrangement in Fig. 2.31 is characterized by the dual 
detection technique. The radiation from a common source is emitted in two directions: one 
beam interacting with the substance tested, the other with a rcfcrcnce spzclmcn of 
standard properties (thickness, density), The difference between radiation levels assessed 
by detectms is processed by an electronic unit and indicated by an instrument. When 
suitably designed, the detected differences in radiation levels are proportional to the 
deviation of the tested sample properties from those of the standard specimen. In practice, 
another version using two different radiation sources has found application due to its 
simpler handling. Automatic servo compensation versions of the difference technique which 
are suitable for displaying absolute values will be discussed in Section 2.4.4, in relation to 
thickness monitors. 

Detector 

specimen 

Instrument (display) 

Radiation &wStOnCe 1 '~[ectronic difference 
forming and error-signal 

tested amplifier unit 

Detector 

Fig. 2.31. Measurement arrangement for obtaining values by comparison 

The nuclear measuring systems for industrial uses have been classified and produced 
according to their measurement functions. Consequently, the following instruments were 
regarded as different equipment types: 

devices for the measurement of 
- level (see Section 2.4.1); 
- thickness (see Sections 2.4.4 and 2.4.5); 
- density (see Section 2.4.2); 
- moisture (see Section 2.4.6); 
- soil testing devices (see Section 2.5); 
- instruments for analytical measurements (see Section 4.1). 
For wider application possibilities, a certain degree of standardization has been 

accepted within some instrument types. As an example, four or five types of measurement 
stations (measuring lines) combining radiation source and detector have been developed 
for a thickness monitor, each for different problems or measurement ranges. 

The advance and miniaturization of electronic components (semiconductor devices, 
integrated circuits) has provided the possibility, while the need for more economic 
equipment production has required the solving of different problems by a single universal 
measuring equipment with the opportunity to connect various information acquisition 
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Fig. 2.32. Various measurement configurations for universal industrial nuclear measuring equipment (analogue 
version) 

measuring stations to i t  as shown in Fig. 2.32. The measuring station including radiation 
source, and industrial detectors, should be arranged according to the particular 
measurement function. 

7he central unit of the unit;er.sul nuclear measuring system for industrial use can be 
operated in different ways depending on the preferred mode of signal processing and the 
detector system chosen (see Fig. 2.26). For ionization chamber detector units with 
analogue-input A/A and A/D systems are applied. The results are displayed by indicating 
instruments or recorders in the former and in digital form in the latter case. For pulsed 
detectors (GM-counters, scintillation and semiconductor detectors) universal industrial 
radiation measuring units with digital-input-analogue-output (D/A) or digital-input- 
digital-output (DID) can be applied. The central component of the measuring system on 
Fig. 2.32 is a D/A mode radiation gauge (rate meter) because its output signal set is 
compatible with numerous industrial needs (measurement, recording, control). 

7he advance in digital techniques und c-omputerized monitoring and control supports the 
expansion of digital mode instrumentation. The nuclear digital measurema: s y s t m  h i t h  
its block scheme (Fig. 2.33)can adopt both pulsed detectors and analogue radiation sensor 
by inserting an A / D  converter. The introduction of operational units or modules into the 
signal processing system operating by the counting principle is useful for the following 
reasons: 
- the characteristics of the rneasuring:system can be linearized by computer 

techniques; + ;A 

- the measurement results can bc converted into direct physical parameters; 
- correction characteristics measured by non-nuc1c:tr methods can also be 
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Fig. 2.33. Block scheme of a digital universal nuclear measurement system 

considered (temperature, pressure, humidity, flow rate, motion velocity and any other 
signals to In, ,  In, and In,). 

The measurement results displayed digitally in physical units (m, kg, etc.) can also be 
produced as analogue signal forms (current-voltage) through D/A conversion if such need 
arises. 

In the digital nuclear measurement systems presented here the information gathering 
rate can be limited, for example, by the activity of radiation sources satisfying safety 
requirements, by the precision needed for the particular measurement and by the 
operating speed of the detector. The time needed for the specified measurement accuracy is 
in the order of 1 to 100 s, which is satisfactory from process dynamics aspects but exceeds 
significantly the signal processing time. In view of this, a single signal processing 
equipment can serve several measuring stations or points in multi-channel mode of 
operation if the input and output circuits allow it. The multiple utilization ability can, 
however, present itself as a requirement from the problem side in many cases. In certain 
technological systems, several identical measurement functions need to be solved 
simultaneously (for instance, level monitoring or control). 
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Form the comparison of various views it is concluded that the functions expected from 
nuclear instruments tend to those requiring microprocessors; this implies that in the 
construction of the equipment for universal nuclear measuring systems the introduction of 
microprocessors by the vendor5 is expected. The development of the general industrial 
measurement and control technology shows also the trend of minicomputerization and 
microcomputerization (Direct Digital Control, DDC). The need for nuclear measuring 
lines connected directly or indirectly through data preparation to minicomputers arises (Fig. 
2.34). In  such systems the detector unit contains the power supply and the necessary signal 
amplification and signal matching stages. For uniform signal processing and multichannel 
operation the calibration of the measuring lines can be reasonably performed by 
geometrical adjustment and radiation influencing techniques. 
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Fig .  2.34. Microprocessor versions for multipoint nuclear measurement systems 

Advanced nuclear measurement systems also contain some auxiliary monitoring 
elements and devices. They can include radiation sources for testing, standard absorbing or 
reflecting elements, electronic devices for checking and dose rate meters. The electronic 
checking monitor is an auxiliary instrument with power supplied either from a battery or 
from the apparatus tested; it can be a replica of the measurement system except for a 
pulsed oscillator substituting the measuring line. In the construction shown in Fig. 2.35, 
the monitor can be used to measure the power supply voltages of the main equipment and 
the voltage pulse rate from the detector so as to check the operational power of the 
measuring line. If a failure occurs in the line, the signal processing system can be tested 
with the aid of the pulsed oscillator in the monitor. The nuclear detectors attached directly 

* .  

to the control equipment can be calibrated as well resulting in uniform output for identical 
measurement values, by the monitor presented schematically in Fig. 2.35. 
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Fig. 23.5. Checking system for nuclear industrial measurement equipment 

A separate group within industrial nuclear instruments is the category of portable 
instruments, primarily soil testers. Their major requirements are lightweight design, 
simple operation and battery power supply. With this type of instrument all 
measurements, to be presented in Section 2.5, can be performed by a single portable 
control equipment with many different probes. The central unit usually operates in 
counter mode but it also operates in combination with a rate meter. 

2.3.4. STATISTICAL MEASUREMENT ERROR 

The concept of statistical error (standard deviation) is treated in Section 1.2. Its 
degrading effect in industrial measuring systems can be reduced by an appropriate 
selection of the elements in the measuring line. 

The product RC defined by the components of the electronic network is called the 
effective integration time, ti, of the simple averaging integrating stages. If we introduce the 
notation i for  the particle number detected during unit time, an average pulse number iiinst 
= 2tiiiwiIl be displayed by the instrument. The relative single, double and triple statistical 
errors (fluctuations) of the mean values are, respectively, 

For simple instrument designs, the double standard deviation on 95.4% of the 
measurement results, for higher accuracy applications the triple standard deviation on 
99.7"/, of the results should be taken into consideration.. 
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In addition to statistical errors, other types of errors expressed in a, relative values 
may arise, depending on equipment data and on changes in measurement conditions. 
Their effects can be combined with those of the standard deviation by 

The statistical error can arbitrarily be reduced by increusiny the rudiution source 
uctirity and the detector sensitiuity, by an optimal meusurement station conjiyurution and 
by choosing an adequately high time constunt. In advanced equipment, one third of the 
total measurement error is the statistical error. Therefore, for fast acting nuclear 
measuring devices (i.e., assuming a low time constant), relatively high activity radiation 
sources, in the order of 100 GBq (several Ci) should be employed. 

I t  should be noted here that precise and detailed determinations for the concepts and 
definitions used in Sections 2.1,2.2 and 2.3 can be found in the relevant publications of the 
International Electrotechnical Commission. (For example: Publication No 259; 
Expression of the Functional Performances of Electronic Measuring Equipment; Draft 
45-73: General recommendations concerning electrical measuring instruments utilizing 
radioactive sources.) 

2.4. DETERMINATION OF PHYSICAL MATERIAL 
CHARACTERISTICS BY NUCLEAR MEASUREMENTS 

In industry a number of physical parameters are used to characterize material flow and 
product properties in technological processes, almost any of which can be followed by 
suitably chosen nuclear measurement configurations. However, usually but a few physical 
material parameters (level height, bulk density, thickness, moisture, quantity) are 
determined by isotope techniques because in many other cases conventional measurement 
methods are preferred (as for instance, in temperature measurements, length 
determination). 

2.4.1. LEVEL HEIGHT DETERMINATION 

Level height is an important feature in several pieces of technological apparatus, in 
material storing or transportation systems, both from process control, either automatic or 
manual, and from quantity monitoring considerations. For monitoring the material level 
in a given system, level height indicators and level measuring devices are used. The level 
indicator is suitable for sensing and remotely indicating a specified extreme value 
(minimum, maximum, etc.). The level mrtc;urinu device can be a p e  through continuous 

1-̂  _ - . ._--- 
level height monitoring for measurement and recording as well as for level height - 

telemetering. Both instrument types can be used as control elements, typically as process 
sensors. / - 

Even though reliable level monitoring is extremely important under industrial 
conditions, universal techniques for any - types of applications could not have been 
developed because, due to the diversity in the-properties of stored or transported materials 
(state, physical conditions, temperature, etc.) on one hand, and those of storage vessels, 

' 

tanks and transportation means on the other, the requirements can only be satisfied by 
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siynifcantly diflerent equipment constructions. A wide variety of measurement principles 
used so far in industrial electronics have already been utilized for the construction of level 
indicators and level gauges. If the various methods applied in technology are compared 
with each other and with the isotope techniue only the latter can be considered as the --..-----------. ,._....- -.._...__ ._ _._.__ /__. 

most universal one because, aZuming thFchoice of devices needed Kr  real~zatlon, only 
_CI-----..-.-A.--I_._ __.__.C-..*l,- .-.. ...-_.--. - ..._.._ _..__ .. 
nuclear - measurements can satisfy _.-_ all ._...._.__ of the __.___ .__._. following ,_ .,_ ,. requiremcnts: -. . 

discrete t:ulue ind i cu th  or continuous level monitoring by the same measurement 
principle; 
- applicabiIity in closed and open systems; 
- level monitoring of material in di,!ji)rrnt stutcs (solid, liquid, particulate, etc.); 
- resistance to uyyressiue properties of the meusured material; 
- negligibility of environmental influences (temperature, pressure, humidity variations 

and supply voltage fluctuations); 
- transmission of proportional electrical output for control purposes. 
"Conventionaf' 1ez;el measuremenrs can possibly be reaiized in a simpler, more accurate, 

easier and, perhaps, in a more economical way t h a n  those by nuclear techniques if but 
some of the requirements listed are to be met. However, isotopic techniques should be 
preferred for problems where this more expensive method is safer from operational aspects 
and provides more reliable information than its conventional counterparts. Taking this 
into account, nuclear techniques have found wide applications for level monitoring 
problems under hard operational conditions like in mines, raw materiai transportation, ore 
processing, chemical technology, coal supply for power stations and others. - -. 

Is- letiel sensors ._____._.l___.r contain - a ._.__ shielded rudiouctiue __.__.__C___I____._..-.-.~.- source as a .  sign&--spurce _.__ 

(transmitter) and a dge_c_t_or.c.onv.e~tjng~~~~oactive radiation to electrical pulses . ,.. (receiver). ---- 
/--.- ..".". .-.--.* .. .-.. _._.. . - 

The basic requirement of radioisotope level monitor~ng is the implementation of 
measurement configuration capable either of provoking abrupt changes or gradual - 
cariations (level indication and Ievel measurerxr,t, respectively) in the radioactive 
radiation interacting with the measured material when the level has been altered. 

2.4.1.1. LEVEL HEIGHT (EXTREME VALUE) INDICATION 

The basic version of the isotope level switch (;)-relay) measurement arrangement is 
presented in Fig. 2.36. These measurement systems, called absorption types after the 
particular interaction process involved, offer an indication of appearance or disap- 
pearance of material level in the measuring line defined by the geometrical positions of 
radiation source and detector. The advantage of nuclear sensing in this case is that the 
indication depends only on relative absorption variations caused by material level changes. 
The influence of tank walls in the radiation path presenting a steady absorption can be 
compensated by increasing the radiation source activity. 

The sensing system is coupled with the material in the monitored vessel via radiation 
thus the sensing is physically contactless. Figure 2.36 shows both a total transradiation 
(using external source) measuring station -..--- arr-ingement and an i r n m g s e d ~ o u r f i ~ ~ ~ i o n  
used mainly for verv largg tanks. 

The ty&d activity of radLGion sources is determined b y  the measurement function. 
For isotope level gauges, usually y-rays from sealed 60Co or 13'Cs radiation sources are 
employed. Their activity values in industrial applications range from about 40 MBq to 4 
GBq (1 to  100 mCi). For measurement of q d l  b@ density substances (like foams) or 
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Contact output  
Fig. 2.36. Schematic principle of nuclear level indication 

with a small quantity of material available for measurement (as in the case of dental paste 
quantity indication in the tube), the use of P-rays is recommended. As a /?-radiation 
source, typically 90Sr isotope with an activity range from 40 to 400 MBq (1 to 10 mCQjs 
used. Level indicators for high hydrogen-content substances -.. such .- . . . . as petroleum products 
are activated wi~~ t ron~ad i ' a t l onnnsou ' r ces ,  .t..- --- --... . - .. . .-. . . .,... :- . .. as a consequence of the fact that in some 

____. _ __  ,_,- _ _ _ _  . - -  I--... ---.>--.-- ' 

cases --.-- thesci f ic  neutron ..__ ___-..  moderation characteristics.o~~ydrogen make the measurement 
- '--" ...( . __.__"__ -.-_......- - . 24-,- --- 

more selective than ..,. . .. . that . .. .. using , y-radiation. The source used is Am-Be, with activities in 
the range of about 1 to 10 GB~-QO- To 300 mCi). 

The detgcio_r. type  ,,use,d__rnore frequently js the G-eiger-Muller-counter but also 
scintillator counters ---- with .. _ higher .-- sensitivities than the former and io&ationc.hambers . 
with viitually unlimited life are applied a s  well. F O ~  level indication, the use of 
semiconductor detectors has been rapidly growing, too. The power levels of electronic 
signals are low, therefore they are inappropriate for driving instruments or trigger - - 
switching relays directly. In engineering practice, analogue or digital electronic equipment 
types are used to amplify and convert electronic signals from the detectors. Their functions 

- .. 

are to determine the variation oflevel from stepwise or continuous change of radiation and 
to produce an output in any desired form like a pointer instrument deviation, a light or - 
sound indication, contact configuration change and so on. 

The block scheme of a levei indicator is shown in Fig. 2.37. According to the most 
extensively used solution in industrial practice, the pulses from a GM-counter trigger a 
signal shaping circuit through an amplifier or an impedance inverter, producing pulses of 
identical amplitudes and defined widths. The shaping stage is followed by an integrating 
stage providing an output signal with a voltage proportional to the number of pulses, to 
drive a flip-flop circuit. The contacts of an electromechanical relay in the flip-flop can be 
coupled either to light or sound indicators or to control elements. The power supply 
provides d.c. power and stabilization for the equipment to avoid disturbances by the 
voltage fluctuation of the mains. 

The operational diagram is given in the coordinate system of Fig. 2.38. The pulse 
number corresponding to the dose rate at the detector site is c o n v e r t e d , f o ~ . ~ ) ~ ~ c t i o n a l  

--~~-,-.-- -- --- --- -4-- - -_--- --I- - 
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Fig. 2.37. Block scheme of ;ln nuclc;~r Icvcl indicator 
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Fig. 2.38. 0peration;ti diagram of nuclear level indicators 

Ax. voltage by the integrating circuit. The level indicator output, up to the integrated d.c. 
voltage U, c o r r e s s m d o s e  mte I , ,  0. At this critical point the relay will be 
switched over and its output turned to the state designated by logical 1. Switching back 
takes place at a lower U, voltage and I, dose rate, due to the hysteresis effect of the 
electromechanical system. The hystcrcsis is an inherent property of every piece of 
equipment and can be decreased or increased electronically to an arbitrary extent. 
Though, for accuracy of level indicatim by relay switches a lower hysteresis would be 
preferable, it is a necessary effect, toc.. because of statistical fluctuations in radioactive 
radiation. If there were no hysteresis. the device would be switched perpetually from one 
state to the other, as a consequenct. of statistical fluctuation. In properly designed 
equipment, U, or a dufluctuation belonging to U, or Uz would never reach a value of 
U2-U,, even in extreme cases, so the device could not be triggcrcd by statistical 
fluctuation. 

The transition state, that is, if the detector is exposed to an intermediate radiation level 
between I, and I, which can last a fairly long time due to technological reasons (tank refill 
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is slow), this state is the most critical situation from the point of view oferroneous readings. 
Under such circumstances a "stummeriny" of the relay occurs frequently, i.e., switching on 
and back for positive and negative fluctuations, respectively. This error is less pronounced 
in equipment with higher hysteresis and using radiation sources with collimated beams. 

A complete meusurement urrunyrment is characterized by the following parameters: 
-- sensitiuity: minimum dose rate measured at the detector site needed for the reliable 

switching of a built-in electromechanical relay (e.g., 0.7 to 3.5 x 10'' A/kg=O.l to 0.5 
m Rlh); 

- hysteresis: dose rate ratio required for the switching over and back of the level 
indicator device (e.g., 3 :  1, 4: 1); 
- time constant: the time constant of the RC integrating circuit in the level indicator; 

its value is related to the sensitivity: due to the statistical character of radiation, a high time 
constant, e.g., between 2 and 30 s, is needed to achieve a high sensitivity (to avoid 
erroneous switching). 

Other important parameters are data on climatic resistance, on power fluctuation 
toleration and on output signals which are characteristic of parameters of other kinds of 
industrial electronic equipment, too. In certain industrial environments, including mines, 
equipment with explosion-proof housing should be used. The wide application range and 
rapid installation of equipment can be achieved by a complete set ofaccessories. Major 
accessories are the various source containers, detectors, indicator units and dedicated 
monitoring instruments. 

The starting point in the systems myinwring ussessment of meusuriny stations is that 
both the multipositional level monitoring and the simple level indication functions occur 
usually in the forms of multiple, similar requirements, even within the same plant. This 
implies a technological and economic justification of multipoint, multichannel let'el 
monitoring equipment. From the instrumentation point of view, the sameconclusioncan be 
drawn because a centralized measurement system has several merits compared with a 
system with a number of individual dcvices, viz. 

-- elements of the measuring system can be combirted; 
-- combined units can be constructed to have better performance; 

- srtr~ltl-hj. elcrnc)nr.s can be included in case of failures; 
- - cquipmcnt production and installation is easier; 
- rnonitoriny .sy.stems can be developed to reduce failure elimination time and for 

systematic maintenance; 
-- eq ltiprnvnt mciintenunce is simpler. 
There are two basic versions for tnttltipoint measuring systems in electronic 

measurement techniques. Also for a combined solution of n different measurement 
problems, one needs n radiation sources and n detectors. In a time division multiplex 
multichannel system, a synchronized witching device connects sequentially, in a specified 
order, the sensors to the input of a single central unit and, simultaneously, the relay units 
indicating ttic rcsults from each channcl and storing them unti l  the next cycle, are coupled 
to the output. The measurement cyclc time per channel should be chosen so as to ensure 
unambiguous determination of the level state or its shift in the measuring line. The 
drawbacks of the system with a high number of channels are, from measuremefit 
technological and instrumental aspects, the time delay for rapid changes and the 
insufficient reliability of a simple synchronous switching device or, for higher reliability, it 
is expensive. In addition, interfacing single channels of the system to different 
measurement functions is difficult or impossible. 



Parallel multichannel s y s t e m  can be characterized by parallel operations of stages for 
independent measurement functions in each channel. In such a system, the auxiliary or 
peripheral units and the mechanical framework can be combined. The system design 
allows individual adjustments and applications of each channel, rendering possible their 
most flexible matching to industrial requirements. 

Multichannel equipment tFpes are cspcciallj suitcd for ccnrmlizcd ~coordinrrtcd) 
control of technological processes. A typical application is the multipositional fullness 
indication of large vessels designed for storing several hundred cubic meters of loose 
material. The use of a single measuring line for detecting changes of material quantity in 
high storage-capacity vessels is not reliable. due to different ramp inclinations. different 
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Fig. 239. Basic versions of nuclear absorption level indicators. D - Detector; R - Relay &it; L - Lamp 
indication; Rs - Radiation soura; N - Normal; E - Empty; I - Output information; F - Full; 1 - Level 
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downflow, replenishment on many inlets, material sticking, etc., making thc i t \ t ' t ~ r m ~ t i ~ ~  
inadequate for actual level state determination. 

Relay operated instruments are mostly used for level indication problems. 'I'hcse can be 
single-, double- or rnultipositional (quasicontinuous) systems depending on tltw. storage 
or processing conditions of the material. Control signals for two-position s\\ itches are 
generated by a single indicator or several ones. Measurement station co~~ t iyu ra t i~n~ ,  
operational principles and transfer functions of problems occurring most frcqnently in 
technology are tabulated in Fig. 2.39. The ?-ray absorption measurement rJrr,lnyements 
presented are used for extreme-level indication of material undergoing processkbs in closed 
or open storage systems or tanks, for technological or safety purposes (c.p,. f i l l ing  of 
propane-butane gas tanks, level indication of chlorine storage tanks). 

output 
m D - detector 

Fig. 2.40. Level sensing with special measuring line arrangements. ( a )  ;.-ray reflection intrudins probe version; 
( b )  pray reflection surface probe version; ( c )  neutron moderation version for hydrogen co~~[.iining media 

Measurement station versions for level indication with special mcxuring line 
arrangements are presented in Fig. 2.40. Versions (a) and ( b )  respectively. use intruding 
and surface probes fastened on the tank surface operating by pray reflection. I f  no material 
appears in the sensing zone of the probes, the reflection is low, due to interaction restricted 
to the protective cover of the probe or to the tank wall. With rising material level, the 
reflection increases significantly, an electronic relay connected to the probes indicates the 
level-height extreme. The level indication accuracy of 7-ray reflection gallgcs is lower 
compared with absorption gauges but in many instances installation of the former type is 
easier. Version ( c )  is the neutron moderation level indicator mentioned earlicr used for 
substances with high hydrogen content (petroleum products). 

In addition to storage vessel level indication, relay operated nuclear nlcasurement 
systems can be used for several other performance monitoring purposes, extrcme-value 
indication or simple control purposes. Loaded and unloaded conveyor hrlts can be 
distinguished by a y-relay and a suitable absorption-type measuring h e .  Thc apparatus 
makes the unloaded belt stop for power saving. With an absoqtion measuring line, 
material jamming at reload points can be sensed and indicated. 
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Charge level height in melting furnaces should be kept at a steady value for uniform 
operation. As the level moves downward corresponding to the charge reload increment, 
refeed is needed. Instead of a visual inspection for judging the amount, a y-ray level gauge 
can be used. Transmitted radiation below the charge-level maximum corresponds to the 
feeder vessel volume. When the sensing zone becomes unblocked with diminishing charge 
level the y-relay instantaneously triggers the control of feeder equipment to discharge the 
content of the feeder into the furnace. The charging is stopped when the radiation path is 
blocked again. Obviously. here the ;.-relay controls only the feeder equipment; forward- 
ing, discharging, returning and reloading of the vessel is controlled by its own control 
unit. 

A three-positional level indicator of high-capacity storage bunkers for lumpy solid 
material is shown in Fig. 2.41. The full load-when charging has to be stopped-is sensed 
by the measuring line Dl-Rs, ; the line D,-Rs, induces a signal at an intermediate state 
when chargingcan be restarted due to  free storage capacity in the bunker. The line D,-Rs, 
built into the walls indicates level height minimum when discharging should be stopped or 
reloading should be started immediately. 

Discharging 

Fig. 2.41. Three-positional level indication for high-capacity material storage bunkers 

Charging of shuttle truck transportation systems from bunkers can be automated by y- 
relays (Fig. 2.42): The isotopically or by other means sensed position of an empty truck 
moved into the charging station induces a signal which starts the loading conveyor belt if 
the line D,-Rs, indicates the presence of an adequate amount of material in the bunker. 
The y-relay situated at a level lower by Ah than the allowable charge level height maximum 
(D,-Rs, line) stops the loading belt when this height is achieved. The Ah value should be 
chosen so that the additional charge loaded during the period between the instances of 
switching and actual belt stop could find room in the car. 

The most extensive field of application of fi-ray relay systems is piece counting. The 
nuclear radiation characteristics of P-rays allow the counting even of extremely small 
cases, foils, etc., due to total absorption occurring when the objects block the radiation 
from the source. Large objects like coal-loaded mine shuttle trucks are counted by prays 
to  distinguish between empty and full-loaded trucks while the /I-ray equipment is used for 
shuttle truck traffic monitoring. 
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Fiy. 2.42. Automatic control of shuttle truck charging by ;-relays 

EXAiMPLE 2.2 
Calculate the ;)-ray source activity needed for level height indication using the 

following data (based on Fig. 2.43): 

R tor 

Fiq. 2.43. Geometrical and material characteristics of a level indication station necessary for calculating the 
required radiation source activity 

dose rate required at the detector for an empty tank: 

instrument hysteresis is 4 : 1, hence I2 =0.75 x 10 - ' ' A/kg (0.1 mR/h); 
wall thickness of a steel plate tank: I, = 1 cm= m; 
wall density: p, = 7800 kg/m3; 
tank cover thickness: 1, = 10 cm = 0.1 m; 
cover density: p, = 2300 kg/m3; 
inner diameter of tank: d= 1 m; 
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density of aqueous solution stored: p, = 1 OOO kg/m3; 
estimated distance of radiation source and 
detector: I= 1.5 m. 

As a first step in the calculation, the activity value of the source yielding the specified 
dose rate at the detector site in the empty state should be determined. Next, the expected 
change in the absorption when the tank is full, should be checked from the instrument 
hysteresis. 

For the solution of the problem, a 60Co y-radiation source will be chosen taking into 
account the relatively large source-to-detector separation and the long absorption path. 

Data needed for the measurement design are: dose constant of ""Co: 

KY=22.5O9 x 10-I* Cm2/(kg Bq) 

(1.29 R x m2/h . Ci); 

mass absorption coeficient of iron: 

pm, = 519 x m2/kg 

(0.05 19 cm2/g); 

mass absorption coefficient of concrete: 

p,,,=541 x 1 0 - b 2 / k g  

(0.0541 cm2/g); 

mass absorption coeficient of water: 

The dose rate at the detector site with free radiation transmission (without tank walls 
in between) can be obtained from the equation 

where A is the source activity in Becquerels (Bq). 
The relation between the specified dose rate I,  and I, is, due to absorption by 

substances present, exponential: 

With equations (2.13) and (2.14), 
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Substituting the data given, one obtains 

A = 728 MBq 

Obviously, the same result can be obtained from the calculation with conventional units: 

A = 19.7 mCi. 

If  t he specified dose rate of 3 x 10 - ' ' A/kg (0.42 mR,/h! does not belong to the relay 
activation in the most sensitive range of the level indicator then, in practice. a radiation 
source with an activity of 1000 MBq ( - 25 mCi) should be chosen instead. In the opposite ; 
case, when the sensitivity maximum is equal to the specified dose rate, a radiation source of; 
approximately double activity (1.5 GBq, ~ 4 0  mCi) is required to cope with the source 
decay, in order to have a level indicator with a reliable operational life of about 5 years, 
taking into account the half life of "Co sources. The higher dose rates occurrjng initially 

-_/- - - - -  -----" 
could be reduced, for example. by the insertion ofalead plate (see Fig. 2.28). 

-- Y __-_ - - 
For comparison, if a L 3 7 C s ~ ~ r ~ e  preferred because of its l o k e r  half life is applied, an 

activity of about 20 GBq (500-600 mCi) is required for the same problem. 
The hysteresis can also be verified by extending the above equations to include the 

terms p, and d. A simpler way of doing this is, however, the computation using the half 
layer thickness. 

The ?-radiation dose rate from a "Co source is reduced to half of its initial value by an 
about 20cm thick layer of water-density solution. With an absorption path of 1 metre, the 
radiation will be halved five times yielding an intensity reduction ratio of 25 = 32. Hence, 
the ratio of dose rates is I, : I, = 32, a value significantly higher than the specified ratio of 
4: 1. I t  means that the level indicator will work correctly because, with full tank, the 
dose rate will be reduced to 3x, of its initial value which is obviously lower than the 
2.5'7) limit. 

2.4.1.2. CONTINUOUS LEVEL HEIGHT MEASUREMENT 

Several nuclear measurement techniques have been developed for continuous level 
height determination. They are, however, different versions of three basic types: 
- absorption measurement methods; 
- servo-controlled hunting level measurements; 
- pray location profile measuremefits. 
The ubsorption type level gauges with suitable measurement configurations are used to 

convert level height changes into proportional absorption variations so that the level of 
stored material could be obtained from the intensity reading of the instrument attached to 
the radiation gauge. 

The mdtiple ' 11  position) l e d  indicutors ctln he rqurded as an approuch to continuous 
level monitoring (see Fig. 2.39, version 3). Normally, of the 11 gauges applied only those are 
exposed, in practice, to radiation which have been fixed at positions above the actual 
material level, therefore the approximate level height can be dcducod from their number. 

In principle, the most accurate level measurement can be ,implemented by an array 
consisting of an infinite number of lejeJ switches. However, ixa  real system3-a sinAe __-.._ linear 

a=."-#. 
60Co wire with a specificxtivity between 4and 40 MBq (0. I source madeafJ~wiample, ...----.- ------- - -...-.---- %..-,..% ... ...--..__ - -* 

and 1 mCi/(cm) substituting n = co radiaticn s o u r c e s ~ d ~ a d ~ ~ n ~ a _ ~ L L ~ , r ~ a _ y a _ y o ~ g ~ u _ g e s  for the'.: 
-------I . . . . ____---_ _ - -_  --.- 

equal number of det&TE?~-$pplit.d (see Figx.39, version 3). The material to be measured 



(i.e., the tank) is between the verticully ussrmhlc.dsource and the sensor array. In the absence 
of material in the tank and with full charge in it, a radiation dose rate of I, and I ,  is 
detected, respectively. If  the level of the monitored material is at a height of h, of the total 
height h in the system and assuming a proportional screening of the radiation source, we 
have 

where I, is the dose rate measured. 
The dose rate I, can be made arbitr;lrily small either by nuclear or by electronic 

methods relative to I,, hence 

This system has proved to be suitable f o ~  industrial purposes up to 50-100 cm ranges. 
The linear source -- can be-s_ubstitutedFy - wveral point sources because of radiation 
scatterins effects (Fig. 2.44). For high abswption bath lengths even a single pointsource 
(the uppermost one) could be adequate. in this case the instrument scale will be nonlinear. 

Electronic 
unit 

b 
Recorder 

E'iy. -7.44. Con~inuous level monitoring with point-type radiation sources and linear detector 

Acwrdiny to  the d u d  version of'the mtBtrsitrement scheme (Fig. 2.45), a linear radiation 
source and a point-type detector is used. I n  this technically simpler solution a linear source 
made of a wire with a length equal to the Ilwasurement range is placed on one side of the 
tank, or possibly inside a tube. The detcc*tor, a counter tube for lower accuracy or a 
scintiIIation detector for higher accuracy 1.r-quirements, is mounted at the top end of the 
range. 

The variation of the radiation -- ittcensit! tc;ic$ng the~t_e~,t~o_r~s~_10t.t~ed~~~s~t_h.,level 
height as shown at the right-hand side of Fig. i.45(heights areequal to those oflevels in the 
tank, for i~ustraTve reasons, the coordi&tc-~~stern is rotated). According to curve b, the 
relationshipdeviates from linear towards t Iw lower end of the range. It can be corrected by 
using an additional point source (curve t r ) .  The continuous level gauges produced by the 
Instrument Factory Luhoratory Berthold {( icrmany, F. R.) have 60Co wire y-sources with 
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I U U r l I  I 1- - - - - - - 1  Recorder - - - - - -  

Fig, 2.45. Continuous level monitoring with linear source and point-type detector 

downward denser thread pitches coiled around a core rod to achieve complete linearity up - -- < ---- 
to a b o ~ t 3 % n > e < ~ - t ; l h i ~ h e ;  ranges, u.g., up to 6 m, a source wilhlinear d i m e ~ i e n  - - - -- - - . - .- -- 
equal t i t h e  range and two detectors are applied with one of them placed in the centre of ____- --... ^--- -- - 
the -...-- ra&. T h e  detector pulses are processed by a common electronic unit. In such ----- -----I- .--..- 
equipment a zero shift a n s a  dev~ation extens~on (electronic scale correction) is required to 
provide matches between the ranges and scale calibration of instruments or recorders. 

EXAMPLE 2.3. 
Set us take h= 1.5 m in an absorption measurement system. If the tank is empty, a dose 

rate meter coupled to a linear detector indicates a voltage of 32 V proportional to the 
intensity; for a full tank, it reads 2 V. Let the measurement system be compensated by a 
voltage of 2 V with reverse polarity yielding 0 V for the empty tank. Determine the level 
position and the measurement accuracy when the output voltage fluctuation is + 0.5 V for 
a mean value of kIx = 2 1 V. 

Substituting the known data into Eq. (2.18), we have 

To calculate the accuracy the heights corresponding to the extreme values (lower, 
upper limit) around the mean measured value should be determined as well: 

The height measurement error is half of the difference of the two extremes: 

Hen&, the average level position (45 an) is obtained with an accuracy of_+ 2.5 cm or .-- _ _  __- -- - .- -- 
+ 5  57' 

---- -.,t -- - 0' 

+ 

r i i r  
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\Guiding / 
tubes 

Fig. 2.46. Principle of hunting level gauges 

The measurement uncertainty of absorption level gauges is always higher at onc cnd of 
the range than at the other, because the pulse number referring to the integrat~rlg time 
which determines the accuracy is not constant. The so-called hunting level gaugs  ;m free 

I--_'...____C-_ .... -. ..- 
from this drawback -- and -, @l._fiam..t he..restrjcfem t -&he - range. .". - -- 

~un-el gauges operating with isotope gauges and seruo systems track thc lcvd of 
material and if found they stop there. The tracking _-I 

_ . ._ and .,-... ._,. servo . systems . .%-,. ." are controllctf by the 
nudear sensing and signal processing; the actual level height can be read l o  or ---. _...* ..__- ----" ---- -...-_ _ _  ".i.*-". --.._ _ , , .. . . . 

remotely from the -__ servoposition. -.__.. ....... This t y ~ . o % % e l  .~ monitors ...., . . .. . ... is characterized by a amslant 
absoTiife measurement error ( + 0.5-2 cm), equ..aj..for..e-a,ch point within the range. 'I'hc Jevel . .._ # -..- i_-YLW-4.. . -..(.... ,. - --.--- ..+. -:.. 

.-L.<_*.-__ ...- . -  
limit depends only on the servomechanism, there are typeswith ranges up to 4 0 5 0  m. 
Their design principle is shown in Fig. 2.46. The detector and the-sou%Gire moved - - 
synchronously in vertical guiding tubes. If their common _I .-_-_ position _-.__ is ... &--  above -..-,, .-.. the bvek the 
servomotor _ -.._-_- is+driven.~nward~~,jy * - - + - -  the control ... _ - _  unit _ _ _ to ._ a _ point where the detector will be 
exposed to a specified radiation dose, e.g., half of the maximum. d n  the other hand. i f  the -----.. .- - ,.-,--*- .- ... - .--,... -.-' 
sensor submerges in the material, because no radiation is observed by the detector, then 
the servo motor is driven upwards by electronic control to the point where the specified 
radiation level is reached. T h e  level height is transferred from the cabledrum to the 
recorder by an angular position transducer. It follows from _--- the - self-compensating .___ . nature of 
the measurement that there -.. - e ~ i ~ t ~ a ~ o ~ ~ t , a ~ ~ n ~ t , r u m e n t ~  L ,- error -., depending __ - .  on the vertical 

. d i m e n s i o n m e  detector as well as  on the radiation sensing and signal processing 
.-,wr.--- '--..--- ---- -.-.. , . .--. .c,, +..- ..- --: ...- 

~ ~ ~ e n .  1 fiilevel tracking speed is about 5 to 20 cmfmtn. The system can be operated -------- by the y-ray reflection principle, too. 
If the measurement range is smaller, it is sulficient to move the detector alone (Fig- 2.47). 

If this case exists the detector is exposed to a varying though always high radiation field in 
the space above the substance level and to practically no radiation below it. T b ~ v o -  
motor drives - . _ _ -  the detector --y--...".--. into a partially - irnm~~fsed-pasition in. the monitor@ mate@.$ a 
point until it detects a preadjusted dose rate. The advantage of this technique is to be able 

.---.10.mC->-.r.M. .lp -".,-_I - - "̂- 
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Fig. -7.47. Hunting level monitoring with fixed radiation source 

to monitor a number of level heights with one or two fixed radiation sources even for 
horizontally large tank dimensions. 

The USSR-made URMS-2 charge-level hunting monitor with fixed radiation sources 
is used to measure churye lecels in blust furnuces as a special dedicated instrument. In 
addition to charge level measurement it can also be used as a recorder or for feed control. 
Its range extends from 0 to 5 m with an accuracy of + 2.5 cm at any point in the range, the 
level tracking speed is 3 m/min. 

The operation principle of the equipment is as follows. Two 60Co radiation sources, of 
about 20-25 GBq (600 mCi) activity each, are placed at the upper part of the furnace shaft 
(at the top of the measuring height) at two opposite end points of a selected diameter (Fig. 
2.48). The directional radiation from the isotope sources enters the interior of the blast 
furnace. To guide the detectors, four tubes surrounded by cooling jackets are built into the 
furnace walls, two of them facing each source. The detectors are introduced into the 
guiding tubes by a cabledrum under electromechanica! control of the tracking me- 
chanism. The signals from the GM-counter are fed into an electronic comparator 

Feed control 
I 

Radiation source 

D - Detector 

Fig. 2.48. Scheme for incorporating the (USSR) hunting level monitor type URMS-2 into the blast furnace 



following integration providing three types of output depending on the relative positions 
of the detector and the charge level: commands to raise or to lower the detector or 
standstill. According to the signal received, the relay amplifier controls the hunting 
mechanism either to raise or to lower the detector until the zero output of the comparator 
is : e x k c !  [c?r?ndstill position). 

The self-contained automatic four-channel measur~ng system w ~ ~ n  ~ht :  ~~ir f tgur ; : i \ ; i i  
outlined can track the charge level in the blast furnace. Four measuring channels are 
needed to cope with the spatially nonuniform distribution of the charge level as a 
consequence of the large (4 to 6 m) inner diameter. The transition state between total 
absorption and free radiation is determined solely by the geometrical dimensions of the 
GM-counter which are negligible compared with the monitored level heights. The 
"standstill" output of the comparator unit can be set somewhere between the two states 
inducing a stop when the detector is immersed to about half of its size into the charge. 

The position ofthe cable drum dri~iny the detectors is in all cases proportional to the 
charge level in the blast furnace. The cabledrums are equipped with induction transducers 
to transmit the instantaneous positions of the cabledrum, i.e., of the detector. to a remote 
level recorder in the control room of the plant. The remote level recording system can both 
indicate an instantaneous situation and monitor the charge level variation in the blast 
furnace. Under normal furnace and instrumentation operation conditions a saw-tooth 
shaped diagram appears on the recorder with a period of 5-6 minutes. For automatic feed 
control a switching system can be included in the equipment which can be assigned to any 
point within the recorder's range. 

The stringent requirements of the URMS-2 equipment are the consequences of 
experience with continuous blast furnace operation for several years under hard 
conditions. The detectors are exposed to 600 "C ambient temperature so they need water 
cooling. Should a failure occur in the water supply, the detectors have to be removed from 
the furnace walls immediately, otherwise the whole electrical installation together with the 
cable insulation will burn within minutes. The tracking mechanism at the top of the 
furnace should be water cooled as well. An additional difficulty is that the tracking system 
will sometimes be completely covered by flying dust or falling charge material. Also the 
amplifiers and recorders in the control room work under severe conditions, in dust. 

The level measuring techniques described above are not suitable for accurate level 
determinations in large vclume or large cross-section storage systems of solid materials, 
the level information supplied by them are averages and, normally, restricted to relatively 
small portions of the material surface area. 

The 11-location technique is used for spatial determination of stored lumpy solid 
material surfaces by ;,-ray scattering measurements. If this method is used both the mean 
value and the profile of the surface along a diameter in simple cases or throughout the 
whole surface area with more complex equipment can be obtained. The principle for such 
measurements is presented in Fig. 2.49. A radiation source providing a collimated beam 
and a direction sensitive detector is placed at the top part of the storage vessel. The 
directional sensitivity is achieved also by strong collimation. The radiation impinging on 
the surface is scattered from it in every direction. By changing the angular position of the 
detector the most intensively reflecting point of the surface can be observed which may be 
regarded as the point of radiation incidence. Using appropriate servosystems, the 
radiation source can be moved automatically and the incident radiation can be tracked at 
the surface by a sensor system applying self-adjustment or optimum finding. A suitable 
mechanical system plots the surface profile of the solid material at  given periods from the 
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Radiation A 

Fig. 2.49. Principle of y-location (profile measurement) technique 

angular coordinates of the source and the detector. This technique has been successfully 
utilized for level measurements and to achieve stable operation of huge blast furnaces in 
the volume range of 1000 to 1500 m3. 

2.4.2. DENSITY MEASUREMENT 

The density of substances is a significant factor in numerous chemical engineering 
processes, in raw material processing technology, in the building industry, in hydraulic 
material transport systems, etc. The condition of automation is to carry out continuous, 
satisfactorily accurate and possibly contactless density measurements. In a number of 

c-.- - 
problems the most convenient techniques are nuclear measurements. Nuclear density -_.- --  -- 
measurements are based on the absorption of radiation in matter. 

During --- absorption . measurement, the --.- radiation- passing * - through the material is 
weakened by an extent depending on the elementary composition, thickness and density 
of the substance in the radiation -__- path, according to the equation 

where I, is the, dose rate of the incoming radiation in A/kg (mR/h), p is the linear 
absorption coefficient in l/m, and I is the material thickness in m (cm). 

cc Introducing the concept of mass absorption coefficient p, = - , we have 
P 

where p is the density in kg/rn3. 
According to Eq. (2.20), the degree of radioactive radiation absorption is determined 

for a constant material composition by the product of thickness and density. Using a 
suitably arranged measuring station, one can always ensure a constant absorption path 
l e n g & 0 f r G f ~ ~ 0 n  -in tfie subitince so that the measured radiationintensity depends 
e?2jionentiailydiily o .  the ----- rnare&l density. 

T h e p r o b l e m i s ~ a l l y  to measure continuously and perhaps to record the density of a 
substance flowing in a pipe. An example for solving the problem is to apply a radiation 
source in a lead container at one side of the pipe and a detector at the other (Fig. 2.50). The 
electronic unit amplifies, integrates and converts the signals from the detector into a form 



Fig. 2.50. Configuration for absorption density measurement 

appropriate for recording. The measured values which are proportional to the density can 
be recorded, e.g., by a line plotter. 

The measurement sensitivitj. depends on the extent of dose rate changes produced by 
density variations. To determine how strict this relationship is, the dqdsity derivative by 

, . -. . "-" 
the measurement path length of Eq. (2.20) is given as , f ,  c. .,.- + _ 

or, substituting the expression for I from (2.20), 

It follows from Eq. (2.22) that, for a given ______.-- variation in denSi!ty, high changes in _ . intensity . _  . . ~ 

can be obtained if a well absorb~ny.ya~~ja_tion_has,b~e n,_ch.oseen, i.e., by using -- a high -._ p, value, 
a long measurement path length ........., and . a high radiation ~ .<..... . . intensity. Obviously, the minussign 
indicates a decrease in radiation intensity with increasing density. The value of the mass 
absor&~on coefficient ___ p, _ _  is __. _ specified -- by the i s o t o ~ u g d  or, rather,.% the type and energy - - .- 
of radiation from the isotope source. For dens~ty measurements, mostly pray absorption 
m-efti-oa's3r~~Gddih6ugh &ray absorption techniques exist, too. 

As y-ray sources, taking in to account half-lives, generally t h e ~ s & o t ~ e  sources can 
be of best - - -  use in nuclear - -- --- den-a_uges; however, for large .- ---....-- diameter pipes, also 60Co 
sources canhappl ied  -- _- while __I__U~.-~..I__C____ for small (a few crn _ _ in diameter) pipes 24!~k s6;rces can-be 
applied. 

The consequence of increasing the measurement path length is an improvement in the 
accuracy; in practice, path lengths from 300 to 600 mm are normally employed. If the pipe 
diameter is less than that required by the minimum Ivalue for areasonable accuracy then 
care should be taken to provide a suitably high path length for interaction between 
radiation and matter, either by direction breaking or by an increase in the measurement 
station dimensions. 

The increase of dose rate has its practical constraints. For high resolution detectors, the 
limiting factors are associated with radiation protection and price. For a G M-coun ter, the 
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operation is limited by the device life and by the radiation maximum with counting losses 
taken into consideration (practically 600 to 1000counts/s if the dose rate at the detector is 
3.5-7x 1 0 - l o  A/kg or z5-10 mR/h). 

Compgnsation - .  - techniques are also used for density measurements. The absolute value 
of d e s t y  can bi.SbsFVi3 by finding the zero position of a compensating device. The 
principle of the double path density measurement compensated by radioactive radiation is 
presented in Fig. 2.5 1. The source is made to emit radiation in two directions, one to be 
absorbed by the material tested, the other by a compensating wedge made of a high 
density substance. The difference in the current intensities corresponding to the two 
components of radiation detected by ionization chambers induces a voltage drop across 
the load resistor R. By wedye position setting, the current difference and thus the voltage 
drop can be reduced to zero; hence, for identical measuring vessels or pipes, the wedge 
adjustment mechanism can be calibrated to absolute density values. The voltage 
difference across the load resistor is amplified prior to measurement to ensure a more 
precise zero setting. 

M/ittlfi.ued wedge setting in an otherwise similar arrangement, the value read on the 
instrument scale is proportional to the difference between the actual density and the preset 
nominal value. The equipment can be used for absolute density readings as well, with a 
motor connected to the amplifier output to drive the compensating wedge in a correct 
phase for eliminating the difference. 

Any oj' the three --  -- ~ i n c i p a l  - -  detector .. types (ionization chamber, GM-counter, 
scintillation detector) can be used for isotope density gauges. Bearing in mind the detector 
resolution and-response time, G m u n t e r s - a r e  preferred for moderate accuracy density 
moniloring; ionization chambers and scintillation counters in proper measurement --.-- 
station configurations are suitable for high accuracy density measurements. Moderate -- - 
accuracy equipment can detect density changes of 1-2%, those detected by high accuracy 
equipment can be as low as 0.05-0.1':(& 

Ionization 
chamber 

/ 
Compensating 

wedge 

source 

L Instrument 

- 
Fig. -731. Schcmat~c principle for a density measurement equipment with radiation compensation p- 

*'. 
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A given density measurement problem can be accomplished optimally by a suitably 
arranged measuring scheme. The measuring vessel or pipe section in the measurement 
station should be fully charged all the time to avoid erroneous results caused by, for 
instance. air bubbles. Therefore, if possible, an overflow bin should be used with the 
measuring pipe or vessel or, alternatively, they should be positioned vertically. The bubble 
formation resulting from possible pump failures should be eliminated to avoid 
measurement errors and damage to the pump. Material deposits at the measurement 
station and wear of the measuring pipe can cause disturbances leading to shifts in the set 
(electrically or radiation compensated) zero position and to sensitivity changes due to 
absorption path length changes. Small deviations can be overcome by recalibration but an 
extensive deposition (solid precipitation) prevents the measurement completely. Isotope 
slurry bulk density measurement duringjlotation can effectively be performed using the 
measuring vessel shown in Fig. 2.52. 

High accuracy isotope density measurements have found wide application in the 
petroleum industry. In the pipe lines between the oil refinery or, considering sea transport, 
between the port and the distribution plant, petroleum product batches of more or less 
different densities are forwarded successively or alternately which, obviously, should be 
stored at the receiving station separately. To eliminate interference by air pockets and air 
bubbles moving in the pipe, it should be irradiated horizontally at the measurement 
station. For oil density monitoring in large pipes of 800 to 1000 mm in diameter, 
equipment with 60Co radiation source and scintillation detector has been found most 
suitable because of the much lower eflkiency for y-ray detection of the other two detector 
types, in addition to the inadequate resolution of the GM-counter for that purpose, with 
the consequence of requiring a radiation source with unreasonably high activity. 

The alteration of petroleum product batch transported in pipe lines can easily be 
monitored by density measuring equipment with recorders if a density difference exists 
between two successive batches (Fig. 2.53). Knowing the speed of the recording paper type 
and based on the recorded densities, the mass of material transported in unit time, 
together with the material mixed during transportation, can be calculated. 

Bubbling 
out '. 

I 

Overflow Sand ,slurry 

Fig. 252. Measuring vessc~and measurement configuration for technological density mwurement applications 
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Fig. 2.53. Record from a density gauge used for a petroleum pipe line 

Moderate accuracy density gauges are used mainly for density and solid content 
monitoring of slurries handled by slime pumps; such apparatus has proved to be 
advantageous also for automatic control of suction dredger slime pumps. The accuracy 
required for slurry bulk density monitors is an order of magnitude lower than that for 
petroleum product monitoring. 

y-ray absorption density gauges can be applied effectively for process measuring 
purposes in chemiccl engineering, the building materials industry, etc. Figure 2.54. shows 
an absorption density measuring scheme equipped with a rod driving mechanism to move 
the source (13'Cs) between its shut and fixed open positions, used for blending vessels in 
chemical engineering processes. Shut-off is needed for repair and maintenance of the 
vessel. At the outer wall plane of the tank the dose rate measured by detector is a function 
of density, because the absorption path length inside the vessel is constant. The 
instantaneous densities at any time can be determined by density gauge, for recording and 
control purposes. 

For density measuring of material transported by conveyor belts, reflection-type 
density gauges with 13?Cs radiation sources and scintillator detectors are recommended. 
For reflection measurements on conveyor belts either a radiation source for which the 
layer thickness is infinite or a layer thickness kept constant is needed. 

The density gauge can be used as a sensing element in automatic control loops (Fig. 
2.55). In binary systems, blends with required densities or compositions (e.g., for dilution), 
can be produced by controlling the feed of one of the components. In the outlined 
arrangement the output from the density gauge is fed by base value compensation into a 
control amplifier. Its output controls a regulator valve used as an actuator. The recorder 
coupled to thi: equipment monitors the results and effectiveness of the control. 

The pray  density gauges discussed so far are suitable for measurements and recording 
in engineering facilities. Portable instruments applied in field measurements for soil density : 
and soil compactness testing will be discussed below, in Section 2.5. , 
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Fig .  2.55. Isotope density gauge applied in automatic control loops 

The only extensive application field of /?-ray absorption density measurement is the 
continuous monitoring of tobacco trunk density in cigarette manufacturing machines. The 
charge packing can be automatically controlled through the measurement. 

EXAMPLE 2.4. 
Density gauges for technological applications satisfy their specified accuracies only if 

two conditions are met. First, the dose rate measured at the detector site should be equal to 
or slightly higher than a predetermined value (Li) and, second, the numerical value of 
radiation attenuation by the material tested (dl,) should be lower than a specified value 
( 4 1 3 ,  that is, S-. A b  S, - + A l l ,  dlm, z A l l .  If S, is extremely low then, according to Eq. 
(2.21), the sensitivity becomes lower than required. 

Let the specified dose rate and radiation values be I,,,. and dl,  < lj4, respectively, in 
the scheme shown by Fig +@, as a basis for source activity calculations. 
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The dose rate at the detector location supplied by a source of an activity A and a dose 
constant K7, with a source-to-detector distance I,-,, is 

The inner diameter of the measuring pipe defining the measurement path length is di its 
outer diameter is do. In our case, the measurement path length for a substance-filled pipe is 
equal to dl. The mean bulk density of the substance - -  investigated_.is- _ p l  and its mass *.._c-. 
absorption coefficient is p,. j. The bulk density and the mass absorption coefficient of the 
pipe wall are p,  and c(,. L ,  respectihj? The numerical values of p,. , and p,. , can be 
'obiained from~nucle~rTdta manuals (or Fig. Appendix A/5) as functions of pray energies 
of the particular source (13'Cs, for the present case). The effects of the material in the 
measu;ing line and the tube walls on the radiation are considered by the exponential 
equations 

Imin=I0expC-~m,1 XP1 ~ d i - ~ m . 2  ' ~ 2  ~(do-di)I  (2.23) 

with JI,=exp(-p,. ,  x p ,  xd,) (2.26) 

and J 1 2 = e x p [ - ~ m , 2 ~ p Z x ( d o - d i ) ]  (2.27) 

During rating, factors d l ,  and dl, or the substance flowing in the available pipe and 
for the walls are determined, respectively, then the activity of the required radiation 
source, according to the condition for I,,,. will be calculated. If the dl,,, > A I ,  condition 
cannot be satisfied, then the measurement path length should be increased, using a special 
measurement station configuration, because the required d l  value can be provided by 
increasing the absorption path length. 

In the present case, the density of a salt solution circulating in a steel pipe with inner 
and outer diameters of ai =0.2 m and do =0.22 m, respectively, should be determined 
continuously. The accuracy of the measurement sys tern is satisfactory if the radiation dose 
rate at the detector site is I,,, 2 3.6 x 10- l o  A/kg ( -  5 mR/h) and the radiation attenuation 
in the measured substance (A I,) is numerically less than Al,,, = 0.25. 

Due to the longer isotope half-life and to the higher absorption, the system is operated 
with a "'Cs radiation source (K.,,=6.59 x 10- l 9  A m2/(kg Bq) or 0.34 mR x m2/(h mCi). 
The mass absorption coefficient of the salt solution with a density of p, = 1200 kg/m3 
(1.2 g/cm3) is p,, , = 9  x m2/kg (0.009 cm2/g), for 13'Cs ./-radiation. 

With the data given, the value of the coefficient 31, will be 

which is lower than the specified value of 0.25, implying that the measurement is feasible 
using a 13'Cs source. It is noted, however, that the real attenuation value ofradiation 
differs from the calculated theoretical result, due to the strong absorption dependence on 
the measurement configurati~n. 

Considering the theoretical values alone, the pipe diameter minimum can also be 
determined by reversing Eq. (2.26): 

. . 
8 Foldilk SL,\* 
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exp 10.8 x d i ,  = 4 

The source activity can be obtained from Eq. (2.24): 

The distance between detector and source is chosen to be I,-, =40 cm = 0.4 m taking 
into account the gaps for container and mounting. The p, density and p,,, mass 
absorption coelficient of the measuring pipe walls are 7800 kg/m3 and 7.5 x 10 ' m2/kg 
(0.075 cm2/g), respectively. Substituting the known numerical values, 

+ 7.5 x 10- x 7800 (0.22 -0.2)] = 3.50 GBq ( -  96 mCi) 

for which, in practice, a 13'Cs source activity of 4 GBq (z 100 mCi) is applied. 
In this case, the dose rate at the detector is 

a more preferable value than the starting condition. The same results are obtained if the 
conventional units given in parentheses are used during the calculations. 

2.4.3. QUANTITY MEASUREMENT 

A frequently occurring problem is that of measuring material flow in transportation 
systems. The problem can be solved by nuclear means for solid material transportation by 
belt conveyors, hydraulic or pneumatic (pipe line) technology. The measurement is based 
upon the radiation absorption dependence on the p x lproduct according to Eq. (2.20), the 
product being equal to the mass of material per unit surface area in the radiation path. 

The nuclear conveyor belt weigher used for quantity measurement at belt transporters 
consists of a linear radiation source with its length equal to the belt width and a detector 
array of the same length. In the fork-shaped measuring line arranged perpendicularly to 
the belt advance direction, the conveyor belt loaded with material moves between the 
source and the detector. The system does not contain any mechanical parts and there is no 
contact with the transported material. 

The 60Co or 13'Cs y-source of the isotopic belt weigher is placed underneath the belt 
and the detector is positioned above it. The radiation emitted by the source (assumed to be 
constant in intensity from the measurement aspect) is partly absorbed by the substance 
transported on the belt. An unloaded belt absorbs approximately 5 to 10% of the radiation 
and the variation in radiation attenuation by the transported material depends on the 
instantaneous thickness (or, sometimes, density) of the layer at the measurement point. 
Therefore, the detected radiation intensity is proportional to the transported material 
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Fiy. 2.56. ,Measurement station configuration and block scheme of an  isotopic belt weigher system 

thickness at the measurement point or, indirectly, to the instantaneous quantity passing 
through the measurement lines. 

In the isotopic belt weigher shown schematically in Fig. 2.56, the instantaneous 
quantity value is determined by the "instrument" unit. Its output is fed into the "multiplier 
unit" where it is multiplied by the motion speed and, simultaneously, the belt width 
correction is set. The output from the muitiplieriunit yields the.transported quantity in 
transportation power (t/h) units which can be integrated over arbitrary time periods to 
obtain material quantities handled by each production cycle or shift. 

The isotopic belt weigher has found extended use in cod mines and cod-fired power 
plants to measure the quantity of produced and consumed fuel, respectively. 

The solid material quantity handled by hydraulic-pipe transportation syslems can be 
obtained by y-ray absorption density gauges in conjunction with electronic equipment. 
The output from the nuclear density gauge can be made zero by electrical compensation 
(zero shift) if there is no solid content in the carrier medium (e-g., water). In order to have a 
correspondence between the output signal maxima (20 mA or 10 V, for example) and the 
transportable solid quantity maxima, the instrument scale should be extended or reduced. 
The output signal of the density monitor is proportional to the instantaneous value of the 
forwarded solid content i f  the measuring system contains a linearizing circuit. 

Figure 2.57 shows the measurcment station configuration and the block scheme of the 
total system. The carrier media motion speed is measured by an induction-type flow 
velocity meter to obtain transportation rate and transported material quantity from 
instantaneous solid content values, through multiplying them by velocity data aqd, in the 
latter case, by integrating them over given periods of time. The meter M, coupled to 
density gauge and meter M, connected to the electronic unit of the induction flow velocity 
gauge indicate the instantaneous solid content values and speed, respectively. The 
multiplier unit produces an electrical signal proportional to the transportation rate by 
multiplying the readings of density gauge and electronic velocity measurement unit; their 
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product will be indicated by the instrument M, calibrated in t/h units. The multiplier 
output is delivered also to the integrators, the one denoted by I for transportation output 
indication by shifts, the other denoted by 11 for that by months or decades. 

For the determination of the produced solid quantities byfloating suction dredgers and 
of the disposed quantities by hydraulic fly ash removal at powrr plants, the apparatus 
illustrated in Fig. 2.57 is used extensively. 
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In pneumatic pipe-line transportation systems, the solid quantity flowing in the gas (air) 
carrier can also be obtained by radiation absorption techniques. The instantaneously 
flowing masses are determined by the instruments based on 8-ray and y-ray absorption for 
low-mass and high-mass material transportation, respectively. The construction of the 
equipment is similar to the measuring system presented in Fig. 2.57. 

A well-known application field for nuclear quantity measuring devices is the 
continuous monitoring of gravitationally flowing crude powder quantity in cement 
munufacturing heat exchangers (Fig. 2.58). Due to gravitational material delivery, no 
velocity measurement is needed, the output of the nuclear density gauge is proportional to 
the falling solid quantity in the heat exchanger. The continuous material transfer 
monitoring offers the capability of predicting the tendency of the material to stick on the 
walls and to estimate the extent of sticking which could have taken place. 

2.4.4. THICKNESS MEASUREMENT 

The surface mass or, for constant density, the thickness of various materials should be 
instrumentally monitored during continuous technological processes, in order to comply 
with quality requirements (tolerance limits). This is motivated also by the need to save raw 
materials. The accuracy of sampling techniques can be improved almost arbitrarily- 
though due to its batch character, it is not suitable for continuous production control or 
for automatic control purposes. 

Judging by experience, of all known continuous thickness measurement techniques the 
one using isotopes meets the most general requirements and, consequently, is the most 
suitable solution in an industrial environment. Concerning the principle of measurement, 
two basic types of isotope thickness gauge exist: absorption gauges and reflection gauges. 
In thickness measurements by absorption, the source and the detector are positioned at 
opposite sides of the tested material [Fig. 2.59(a)], whereas in thickness measurements by 
reflection they are placed at the same side of the specimen [Fig. 2.61(b)]. 

The fundamental principle of nuclear thickness measurement is expressed by Eqs 
(2.19) and (2.20) in Section 2.42. Accordingly, provided the density and the elementary 
composition of a substance are constant, a reasonable requirement for most rolled products 
and for those produced by other processes like casting or material deposition by spreading, 
then the degree of absorption depends on the thickness of material alone. For some 
substances, e.g., paper, instead of its thickness in mm units, the surface mass expressed in 
g/m2 units, or the surface mass (mass per unit area) is the significant term because the 
products are specified commercially by this value ( A l = p  x d) .  

The reflection arrangement [Fig. 2.59(b)] is favoured in frequent practical situations 
when access to both sides of the tested substance is impossible. Reflection-type gauges can 
also be used under the special conditions when the dead time resulting from the great 
distance between the measurement point and the actuator device needs to be reduced for 
proper control; reflection sensors can be placed near the point of action, e.g., on the 
spreading roller mantle. The electronic equipment of the reflection principle is essentially 
similar to that of the corresponding absorption gauges. 

A crucial point inthe solution of thickness measurement problems is the correct choice 
of the pGticular radiation source. The options available, restricted in the first place by 
short life times, are .further reduced by the specified measurement accuracy, due to 
radiation energy requirements. Satisfactory systematic error can be- obtained only by 
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Fig. 2.59. Basic versions of nuclear thickness measurement techniques. (a) absorption arrangement, (b) reflection 
arrangement 

using an optimally absorbing kind of radiation and, consequently, for gradually 
increasing thicknesses, radiation with increasingly higher penetration power (higher 
quantum energy) should be applied. The absorption curves (I ,Io)  of radiation sources for 

a ' I 0  thickness monitors and the characteristic relations of relative measurement errors --- 
dS/So 

versus the surface mass S are summarized in Fig. 2.60, in the order of growing penetration 
power: the maxima of part (b) of the Figure correspond to the optimum surface weight 
region measurable by a given radiation source. 

a-radiation can be used for the thickness measurement of very thin samples or, in other 
words, substances in the thickness range of 5 to 50 g/m2 can be measured only by a-ray 
emitting isotopes (for instance, loPo, 39P~) .  

Thickness gauges with 8-ray emitting isotopes ("Kr, 90Sr, 147Pm, 204Tl) can be 
prepared for the thickness range of 50 to 10000 g/m2, corresponding to steel plates with a 
thickness up to 1.2 mm. 

The thickness range of lo4 to lo5 g/m2 can be covered by the absorption of prays (from 
6 0 C ~ ,  13'Cs, 241Arn sources) or of g-rayinduced bremsstrahlung. r 

Ionization chambers, scintillation counters or proportional counters can be used as 
detectors for thickness gauges. The most extensively used detector for nuclear thickness 
measurement is, however, the ionization chamber, due to its infinite life and high 
resolution. 

It is obvious from the basic expression (2.20) of nuclear thickness measurement that the 
dose rate varies exponentially with the surface mass. To achieve high accuracy and 
quasilinear operation, the electronic equipment of most thickness monitors uses 
compensation-enabling electrical and isotope compensation to be distinguished. The 
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Fig. 2.60. Absorption curves of various radiation sources (a) and relative measurement sensitivities (b) versus 
surface mass 

operational principles of nuclear thickness gauges are tabulated in Fig. 2.61, It follows 
from the table that eight versions exist for continuous thickness gauges, two for periodic 
types. Of the eight versions, four are absorption-type. four are reflection-type gauges. 
Within each group, both relative and absolute value indication can be accomplished either 

lsotoplc 
thickness gauges 

Continuous type; : Sampling type 
measuring equiprn:nt mf.asuring equipment 
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Absorption tipe 
gauges ', 

I ,  

I Relative -vaiuk, ; : ~bsolute value 
indication gauges ' 1  1 '  indication gauges I 

Electrical Radiation 
compensat~on compensation 

Fig. 2.61. Classification of nuclear thickness gauges by principle of operation 



by electrical Or isotopic compensation. I3ecause of the similar design of absorption and 
reflection measurement systems, the owration principles of an absorption-type system 
will be described. 

Thickness gauges utilizing the c(mpmsation principle and providing results in relative 
values, indicate ihc dcwiation from n munually adjusted nominal r d u e  of the measured 
parameter. Both the radiation and thc clcctrical compensation types of cquipmen t with 
absolute readings control an automatc compensation system by the deviation from the 
value indicated. The eff'ct of the molcw-driven regulation is to eliminate that deviation. 
The instrument in this case indicates lllc position of the compensating system which is, when 
in equilibrium, proportional to the ilhsolute value, because the condition for the system 
standstill is that the compensating dosc rate or voltage be equal to the dose rate or voltage 
proportional to the measured pararncrcr. 

The common construction pr~r~cildc of nuclear thickness monitors operating with 
ionization chamber &lectors and providing relative readings is shown in Fig. 2.62, both 
for electrical and radiation compcns:~lion. The current from the ionization chamber IC, 
depending on the thickness or surfxc mass of the specimen flows into the current- 
summing amplifier A ,  . A compcnwt ing direct current with opposite sign flowing into the 
same amplifier and IO the nominal thickness or surface mass is produced 
either by a helical potentiometer I I (dctc.trical compensation) or by the irradiation of the 
ionization chamber IC, at appropri;itc level (radiation compensation). If a difference exists 
between the absolute values of currctl(S flowing into A, ,  the amplifier output will be in 
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~ i ~ .  2.62- Conaructian principle of relative-value indication thickness monitors with electrical or radiation 
compensation using ionization chamber detector 
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Fig. 2.63. Construction principle of absolute-value indication thickness monitors with electrical or radiation 
compensation using ionization chrmber detector 

phase (with positive or negative deviation) with and proportional to the difference from 
the nominal value. The separating and range-setting amplifiers A, . . . A, are used for 
providing a more effective display of the results. In the described measurement system the 
absolute thickness or surface mass values can be read from the compensating device 
position calibrated in suitable units, if the deviation indicator meter M reads zero. 

The same system in a modified design shown by Fig. 2.63 is suitable for continuous 
absolute value indication. A phase-sensitive motor (M) is connected through amplifier A, 
to the output of current-summing amplifier A,  with the motor mechanically linked to the 
compensating system. If a deviation from the instantly indicated value occurs, motor M 
sets the compensation system back to the neutral position through phase sensing (plus or 
minus deviation). Here again, the compensation can be electrical (helical potentiometer, 
H) or isotope (IC,, Rs,,,,). The absolute specimen thickness or surface mass is read in 
either case from the mechanical or geometrical position of the compensating system. 

!$ Potentiometer, P,, in conjunction with the mechanical system, can be used for absolute 
value telemetering. The voltage proportional to the absolute value and generated across 
potentiometer P, is applied through amplifiers A,. . .A, for remote indication, recording 
and/or for control purposes. 

The major advantage of isotopically compensated thickness monitors is that they are 
less sensitive to environmental factors (atmospheric pressure, temperature, humidity, etc.). 
Additionally, the correspondence between specimen thickness or surface mass and the 
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Fig. 2.64. Measurement station versions of nuclear thickness measuring equipment 

preset nominal value is not influenced by isotope decay effects (contrary to electrically 
compensated systems). The isotope decay results, however, in a sensitivity reduction, it.. 
errors occurring less indication than those with initial activity of the source. 

Thickness measurements for industrial purposes can be performed with any types of 
the above discussed thickness measuring equipment if they are supported by thc 
peripheral units (gauge heads, radiation sources and mechanical framework) required in 
an industrial environment. Thickness gauges for industrial uses are presented by a system 
engineering approach in Fig. 2.64. Universal measuring systems are equipped with various 
types of detector and racks. The information gathering line (detector + source) can be 
arranged to suit both the absorption and the reflection version. The mounting of the 
measuring line allows eitherfixed or transverse regimes, in the latter it can be moved back 
and forth, transversely to the direction of advance. The strap versions of absorption-type 
lines are produced with different intrusion depths. 

The second indicator instrument provides measurement information at remote 
locations. Complex measurement stations (assuming transversing detector systems) can 
perform profile measurements at preselected time intervals (say, each 15 minutes) with 
individual interim results displayed independently by a built-in second recorder or stored 
until the next run. During profile measurement, the sensor scans as quickly as possible the 
specimen thickness across its widths followed by its return to a selected stationary position 
where the measurement is continued longitudinally. 
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The most difficult problem of a thickness gauge installation is the proper measurement 
station set-up. It is especially difficult to find a suitable position for incorporating the 
device in technological apparatus of older construction types, taking into account both 
radiation protection and instrumentation requirements. Most thickness gauges use B-ray 
sources, their sealings cannot be oversized mechanically because it may result in no "dose 
rate ejection". With intrusion into the radiation path, significant doses can be obtained 
due to the absorption of all elementary particles. The measurement requirements include 
strictly keeping to the source-to-detector distance, to guide the material to be tested all the 
time as centrally as possible and to protect the equipment from impurity, dust and dirt 
deposition. An additional important requirement is--especially with monitors for low 
surface mass materials-that of maintaining the ambient temperature and humidity in the 
measurement gap at constant values to avoid measurement errors due to their variation. 

Nuclear thickness monitors are used mainly for paper manufacture, for metal sheet and 
foil rolling and for machines manufacturing rubberfoiI and plastic foil-though they have 
found successful applications in contactless continuous surface mass monitoring in the 
case of plate glass, textile,fibre slab, etc., production technologies. 

A p-ray isotope thickness monitor and control system utilized at an artificial 
leatherboard manufacturing line is presented in Fig. 2.65. If there is a deviation from the 
present nominal surface mass value, the control knife position of the spreading roller will 
be automatically controlled so as to etiminate the error (deviation). The control system 
manages to keep the nominal value within the measurement accuracy. 

Measuring 
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Fig .  2.65. Isotopic control equipment for artificial leatherboard manufacturing line 
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@-Ray surface mass monitors are utilized for paper sheet manufacturing machines. 
They are sometimes combined with dielectric moisture gauges using either fixed-strap or 
transversing type probes, depending on the particular purpose. Similar gauges can be used 
for rubber or plastic calenders. 

To measure metal sheet and foil thicknesses in cold rolling mills, mostly p-ray monitors 
are utilized up to the 5000 g,'m2 square weight rangc. &The hard operating conditions at 
rolling mills should be considered for the aforementioned appropriate probe selection. 
Above the mentioned thickness range, mainly bremsstrahlung sources are applied. 
Recently. the use of 241Am source with a half-life of 458 years has grown rapidly, due to its 
:-ray emission in the energy range most suitable for this particular application field. 
Radiation sources of 10 to 40 GBq (20.3 to 1 Ci) activities are applied for these 
measurements. 

Figure 2.66 shows the operational principle and actual design of a programmable 
nuclear thickness measuring and control system which can be mounted on a reversible roll 
stand. It contains seven individual potentiometers for nominal-value setting (Nv, . . . Nv,) 
with a selector switch So to preadjust each step according to a rolling schedule. Prior to 
rolling. the roll throat and the nominal value should be set followed by a draw-in of the 
particular measurement line corresponding to the rolling direction from the stand-by 
units (A, B) at the side. When the normal operational speed (revolution) is reached, the 
control equipment can be turned on by the switch S ,  which provides for roll throat 
correction if necessary. When the deviation indicator of the central measuring unit 
indicates an error relative to the preset nominal (basic) value (error voltage generation) 
then the throat will be opened or closed to eliminate the error. 

Measuring Line change-over switch 

- 7 /. \ 

Roll stand D - Detector draw-in draw-out draw-in 

and calibration electrical link 

Rs - Radiation source 
Rr - Reeling roll stand 
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Fig. 2.~56. Thickness monitoring and control on rtvmiblt roll stand 
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Fig. 2.67. Tube-wall thickness measurement by reflection principle 

The extremely hard working conditions at steel plate hot rolling plants make the 
requirements for pray thickness monitors very strict. High-temperature protection of 
measuring components is accomplished by utilizing the source and the detector at suitable 
distances. Radiation sources of activities as high as 300 to 600 GBq (ca. 10 to 20 Ci) are 
located usually beneath the sheets tested while the detector above them in an independent 
mechanical structure to avoid vibration and shock effects by rolling mills. 

The thickness of plate glass can be measured by the prays from 241Am. The hard 
manufacturing conditions mean that the thickness determination of plate glass presents 
difficulties similar to those of hot-rolled iron plate measurement: the detector works in a 
high-temperature environment and protection against mechanical damage by glass 
fragments should be provided for in case of fracturing. The ambient temperature when 
drawing vertical glass plates is around 150 "C at which the ionization chamber does not 
need cooling; however, for horizontal glass plate drawing, measurements at temperatures 
as high as 600 "C should be carried out only where water-cooled detectors can be 
employed. 

The wall thickness of steel pressure bottles can be measured by y-ray absorption or 
reflection techniques. Even though, in practice, direct radiation transmission methods 
have also been applied, their limited accuracies makes them ineffective because during 
measurement the radiation passes through the bottle walls twice resulting in cumulative 
errors (deviations of identical magnitudes but opposite signs apparently compensate each 
other. Wall thicknesses of tubes with diameters greater than 40 mm can be measured, 
a c ~ ~ i d i ~ g  tc the sihcmr: in Fig. 2.37, also by the r&c;iion technique. Provisions for 
sensing reflections from the tube wall next to the detector are only made by an appropriate 
measurement configuration. The measurement accuracy for a 241Am source of 10 GBq 
(200 mCi) activity is approximately I%, a t  a time constant of 1 s. 

Portable reflection monitors for measuring wall thicknesses of steel plate tanks or 
vessels will be discussed below, in Section 2.5. 
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2.4.5. COATING THICKNESS MEASUREMENT 

There are several surfuce protecrion and surfuce rLtfininy technotogies in industrial 
manufacturing processes. Due to the growing use of protective coating techniques, an 
increasing interest for objective layer thickness measurement arises. Such measurements 
are important both from economical reasons (raw material requirement) and from quality 
control point of view. 

Coating thicknesses can be determined by destructive or nondestructive techniques. 
The accuracy of measurement for the former is higher than for the latter, though 
destructive thickness measurements do not yield results immediately because of the 
necessary preparation of the samples. Film thicknesses can be measured with isotopes in 
various ways (XRF, activation. scattering, etc.). In this chapter only the most extensively 
used /3-ray reflection techniques for coating thickness determination will be discussed. 

During 8-ray scattering or reflection, the intensity of scattered particles for 
homogeneous material composition is propvrtionul to the thickness, up to a saturation 
material thickness; it is the basic law of reflection thickness measurement. The saturation 
thickness of solids is a few mm or, in other terms, lies in the surface mass region from 500 to 
1500 dm2,  depending on the primary radiation energy and on the material properties. 

The /?-radiation reflectivity of substances thicker than the saturation value depends on 
the atomic number 3 of the element (Fig. 2.68). This relationship is expressed 
mathematically by 

The factor k includes all the "geometrical dependences" of the measurement station 
and the energy relations of the primary radiation; its numerical value should be 
determined experimentally in each situation. 

The simultaneous atomic number and coating thickness dependence of /&ray scattering 
offers the possibility of thickness measurement of materials composed of different layers. 

Fig. 2.68. Atomic number dependences of scattered pray intensities for various primary energies 
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The measurement system arrangement at industrial plant laboratory level is shown in Fig. 
2.69. The collimated beam from an encapsulated /?-ray source incident on a coated 
substrate will be partially absorbed and partially reflected. The intensity of the reflected 
fraction for zero coating thickness increases monotonically up to the saturation layer 
thickness I, of the substrate, above this value the intensity does not vary (Fig. 2.70). Under 
unaltered measurement conditions, if the thickness ofcoating, made of a substance with an 
atomic number differing by at least 2-4 from that of the substrate thicker than L,, is 
increased continuously from its initial zero value, the intensity variation of the scattered 
radiation will depend on the atomic numbers of the substrate and coating substances. If 
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Fig.  2.69. Measurement station configuration and system arrangement for Fray reflection coating thickness 
determination 

I * 
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Fig. 2.70. Scattered 8-ray intensity versus substrate thickness (- ) and coating 
thickness (---;-..-) 
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the atomic number of the coating (f ,) with a film thickness X is higher than that of the 
substrate (ZJ then the intensity of the scattered radiation continues to increase with X or, 
in the opposite case, it decreases, according to the basic equation and to Fig. 2.68. Based on 
the described relations, coating thicknesses in the range of 0 to 50 pm, with accuracies of 3 
to 8%, can be measured using 8-ray sources, in accordance with industrial requirements. 

The measuring line of P-ray reflection thickness gauges (Fig. 2.7 1) includes a radiation 
source, a source container and a detector for scattered radiation measurement. The 
selection of the radiation source is influenced by the required meas~rement region and the 
difference in atomic numbers. For thin coating, soft (low-energy) fl-ray emitters are 
needed. If a rather wide region should be covered by a single measuring equipment, two 
/?-ray sources, one with soft, the other with hard radiation, should be employed 
simultaneously. The radiation source activity varies as a function of the tested area, 
between 100 kBq (a few pCi) and 0.4 GBq (10 mCi). The most frequently used sources for 
films thickness measurements are, in the order of increasing energy, the isotopes 14C, 
14'Pm, 204Tl and 90Sr. 

Due to the high eficiency of /3-ray measurement, any detector type can be used. At 
industrial laboratories, systems using end-window GM-counters or scintillation counters 
are the most popular ones, though the semiconductor detector offers a more advanced 
solution for this problem. In the case of continuous processes, the ionization chamber is 
advantageous, especially in the diflerential regime. In this case, an uncoated reference 
sample should be applied in one of the measuring lines and a coated specimen in the other. 
Using current subtraction directly, the difference current is proportional to the coating 
thickness implying that a display unit controlled by the output of the electrometer-type 
measuring system can be calibrated directly in thickness values. 

Industrial laboratory test equipment is used for individual measurements with random 
sampling. For this purpose, time-gated digital electronic counters are considered as the 
most favourable processing units with pulsed-type detectors. The characteristic feature of 
such equipment is that a gate circuit is opened up by the frequency-division signals of an 
internal quartz oscillator for specified periods (say, 10 to 100 s) allowing one to count all 
pulses detected during these intervals by the counter and to display the results at the 
completion of each period. The displayed numerical value stays until resetting or until it is 
substituted by that of the following cycle. A calibration diagram can be used for thickness 
readings from the displayed pulse numbers. 

The most advanced nuclear gauges display directly the actual physical parameter 
(coating thickness) in absolute units as a consequence of a zero shift, a continuously 
variable scale extension and in some cases of linearization. 

The provision for stable measurement geometry is absolutely important at the 
different measurement arrays. The 8-ray reflection type monitors for coating thickness 
measurements are provided with precision instrument frames even for industrial plant 
laboratory applications to maintain a strictly constant sample-to-detector distance and 
angular position. 

B-ray reflection thickness gauges are extensively used especially for copper, gold, silver, 
tin and zinc coating thickness determination, as well as being used for oxide film, paint 
layer and plastic coating thickness measurements, provided that the atomic number 
difference relative to the substrate is at least A 3 = 2  to 4. 

An example for thickness measurement in technological processes is shown in Fig. 
2.71, illustrating the thickness monitoring of Zn-layers deposited by hot-dip coating on 
steel plates. Because both sides of the plates are coated with zinc, two separate detecting 
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Fig. 2.71. Continuous thickness monitoring of protective layers deposited by hot-dip coating using p-ray 
reflection techniques 

and measuring systems should be applied. If the steel plate substrate is thinner than the 
infinite backscattering layer, the measurement is performed at the direction-breaking steel 
cylinder mantles. 

2.4.6. MOISTURE CONTENT MEASUREMENT 

In certain industries processing moist or wetted substances, the problems associated 
with control requirements and quality improvement make necessary the knowledge 
within well-defined limits of the moisture content in processing stuffs, in starting materia-1s 
or in mixtures. This problem can be solved only by continuous moisture measurement. 
The major requirements are rapid and continuous measurement systems with possible 
interconnection capabilities to control equipment. 

To satisfy requirements, conventional techniques like conductivity measurement, 
relative permittivity measurement and mass determination before and after drying are in 
some respects not suitable. The industrial application of these methods is restricted by the 
corrosion, contamination and mechanical damage sensitivity of the electrodes, by the 
strict requirements concerning measurement geometries, and by the relatively small 
volumes of the materials measured typical of these measurement techniques. For 
continuous moisture determination during technological processes, nuclear techniques 
based on neutron stopping have proved to be valuable. 

' Neutron scattering and moderation can be used for moisture content determination - 
because of the excellent neutron scattering properties of hydrogen atoms in water. Fast 
neutrons during collisions with hydrogen atoms lose most of their energies resulting in 
their slowing down. This is so due to the fact that the neutron mass and hydrogen nucleus 
mass are almost equal thereby leading to nearly inelastic collisions. 

On the other hand, if a neuiron coll~des with nuclei of higher atomic number elements, 
neutron energy moderation becomes relatively small because a practically elastic collision -. 

process is involved in that case. Therefore, ifffor example, an ' " A ~ - B ~  rudiation source 
with an activity range of 4 to 10 GBq (100 to 300 mCi) emitringfirst . . . . . .  neutrons ......... .- is . introduced 

\_ 

into .._ the media ...... tested and detectors sensitive to slow neutrons are applied,-iFien the 
._.,___---.- ._ ---- <- - . .- - ................. 

h y d r o e o n t e n t  _-__.,_ _ or, in most cases~Tri5m the _____..____.-.---- hydrogen data -- . - . . . .  also the-water ........ content of the 
substance under investigafion-can . . . ,  be . ., ........... determined, _ -  using low-energy (k., do@-neutron ' .  

. . - -. . . 

intensities measured by t he-'detector near the sourcCiThe giiuge-construction and its 
. . .  ___-____"__ .. .̂. . . . .  . -:+: .  
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Fig .  2.72. Measurement station configuration for neutron moderation moisture content determination with 
inlrusion probes 

arrangement for measurement application is illustrated by Fig. 2.72. Apart from this 
mentioned, the other neutron sources used in practice are the 210Po-Be, 226Ra-Be and 
'3'Pu-Be systems. 

Though neutron moderation is independent of temperature, pressure, pH-value, state 
of material and some other factors, moisture measurement by slowing down of neutrons 
does, however, have its restrictions. The reason is that, during this measurement, hydrogen 
content rather than free water content is obtained and, consequently, also the crystal water 
and the chemically bound hydrogen in compounds will be determined simultaneously. This 
means that reliable measurements can be performed only if the bound hydrogen is low or, 
at least, of constant composition. An additional disturbing effect is the presence of highly 
neutron-absorbing substance (B, Cd, etc.) and the variation in the low atomic-number 
elements ratio (Cl, 0, S) which are possibly detectable in the media under investigation (for 
instance, the effect of a sulphur content higher than 1 percent is equivalent to the moisture 
content being higher by 0.5%. 

Though the moisture content determination is related to the volume, the results, 
however, are false if the volume mass of the material in the test vessel (filling compactness) 
varies. Consequently, either the constancy of the volume mass or a continuous monitoring 
of it should be provided for. The density has to be determined if the moisture content is 
given in weight percentage; density can be measured by nuclear techniques (see Section 
2.4.2). Density compensated moisture measurements can be carried out either by two distinct 
radiation sources (a y-ray and a neutron source) and two corresponding detectors or by 
two sources again and a single detector sensitive to both radiation types. In the former 
option two independent measuring systems have to be applied; in the latter one a double- 
channel signal processing unit capable of distinguishing between y-quanta-induced pulses 
and slow-neutron-induced pulses has to be applied. \ 

The 24'Am-Be neutron source is used almost exclusively for moisture measurements, 
due to its high neutron yield and because the accompanying low-energy y-radiation can 
easily be handled by shielding. The complementary density measurement is usually 
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Fig. 2.73. Arrangement principle of a combined probe for density-compensated moisture measurement with a 
single detector and two radiation sources 

performed with 13'Cs sources in the activity region of 0.4 to 1 GBq (10 to 30 mCi). For the 
single-detector option, a scintillation counter can be utilized with the two radiation 
components separated by a discriminator (Fig. 2.73). 

Nuclear moisture gauges are applied mainly during concrete fabrication, ore dressing, 
blending of ceramic materials, glass production and foundry sand conditioning processes as 
well as during the production of building materials, for fast, continuous, reliable, 
sampling-free and contactless monitoring at various blend and aggregate concentrations. 
In their application for concrete slab manufacturing the monitors included in the blending 
process are used to determine the moistures of the "dry" blend components (cement, 
pebble, river sand) to be able to control the metering of water according to rated water 
ratios. 

Automatic moisture content control can be realized by nuclear moisture gauges, too. 
Figure 2.74 shows the schematic outline of a continuous moisture measuring and control 
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Fig. 2.74. Schematic optlint of nuclear moisture measurement and control proccss 
e 
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Fig. 2.75. Block scheme of an automatic coke stoker 

equipment used infoundries or at continuous concrete mixers. The ability to maintain the 
specified water content ratings is provided by a controller with an output controlling 
water rationing (command signal), according to four input parameters: 
- a setting signal (base signal) X, corresponding to the specified moisture content; 
- a signal X, characterizing the moisture content of the basic material, provided by a 

nuclear measuring system M, at the hopper wall; 
- a signal X, , a quantitative property measured by a scale: the control unit produces 

from X, and X, the water dose required for adjusting the moisture content corresponding 
to the base signal X, and it sets the water valve correctly via its output signal. The supplied 
water is distributed uniformly by a stirring machine; 
- finally, the moisture of the material to be utilized is measured by a measuring 

system M, to provide an X, quantity, generated for continuous self-checking of the 
controller from the measurement results. 

In Fig. 2.75, the schematic diagram of an automatic twin-arranged alternate-mode coke 
stoker with a nuclear moisture gauge is presented. Its function is to provide an even coke 
supply for the blast furnace. The coke stoking in metallurgical plants and at blast furnaces 
should be accomplished so as to provide for identical and specified dry coke content in 
each batch. To meet these requirements, an automatic coke stoker has been developed 
using neutron moisture gauges with the probes intruding into the scale pan for moisture 
sensing. The moisture content detector is connected to a computing unit to obtain a mass 
correction for the specified base signal of the elctronic scale system by the measured 
moisture characteristics. The weighing corrected by moisture content ensures identical 
dry coke contents in each batch. An accounting machine records and sums up the real, 
accountable wke masses of the individual batches. The correction procedure can be 
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extended also by nuclear techniques to include ash content fluctuation determination as 
well, to eliminate an effect which may lead to disturbances similar to those resulting from 
moisture content fluctuations. 

2.5. PORTABLE NUCLEAR INSTRUMENTS 

Portable nuclear instruments are used for field or for in situ measurements for quick 
surveying, requiring no sophisticated preparatory work. The most common measurement 
principles involved so far are: 
- soil bulk density measurement with depth probes in boreholes; 
- surface bulk density measurement by the reflection technique; 
- surface bulk density measurement by the absorption technique; I 
- moisture measurement with depth probes in boreholes; I 

- surface moisture measuremeni; 
- level detection (level finding by the absorption technique); 
- reflection wall thickness measurement (corrosion and deposition testing). 
A measurement system includes an appropriate source with radiation protection 

(shielding), a detector, and electronic equipment for signal evaluation: 
- the radiation source, depending on the particular measurement problem, can be 

13'Cs or, occasionally, 60Co isotope ;,-ray sources (100 to 200 MBq, - 3 to 5 mCi) for 
density and wall thickness measurements; Pu-Be and Am-Be neutron sources for moisture 
determinations. The x-ray excitation source activity lies in the range from 1 to 3 GBq or - 30 to 100 mCi; 
- as detector, a GM-coun:er or a scintillator counter can be used; 
- the electronic unit is either a portable scaler or rate meter (see Section 2.3.3). 
The instrumentation for field measurements by the soil testing techniques listed above 

includes a single item of central equipment with a number of various optional probes. 
They are designed to comply with the different specified requirements and contain 
radiation sources in fixed geometrical configurations (Fig. 2.76). 

Soil density gauges operate in the reflection or the absorption mode with y-ray sources. 
The so-called density-sensing depth gauges include 0.4 GBq ( -  10 mCi) activity 13'Cs 
sources, separating lead shields,  counter -"--- - detectors and-$eamplifiei<~hkgauge .. - -- .- .- ----. in its 
container is placed on the top of the borehole and The gauge head is lowered into the hole 
supported by its cable. The measurement result is a value inversely proportional to the 
density of soil surrounding the borehole. The quantity of material - participating - ,  in the 
interaction process can be considered as infiniie i/n the vicinity df the gauge, implying that 

-- -- _._ - - .  - -  I, I_ _ _ , --  -- 
the number of reflected particles will be jdentical in any --. - .. case. ~owever , - the-$dCk --.------. 
number counted by the detector decreas& with increasing bilk density, due to partlcle 
absorption, hence, an inverse pibpbrtionality exists between the density and the obtained - 
intensity. .. - 

?he structure compactness, for example, damming works and road construction can be 
determined using surjace compactnesi gauges based upon the reflection measurement 
principle. At one end of the flat gauge is an automatic locking-device-equipped radiation 
source and at the other end a GM-counter detector. The probe laid on the tested structure. 
monitors the material compactness and density at the surface by a principle similar to that 
used for hole density measure'inent with the difference of referring to the measurement 
hemisphere (2x sr space angle) in the present case. The locking design of the radiation 
source involves an automatic closure of the source on lifting the gauge head. 
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Fig. 2.76. Instrumentation for isotopic soil testing 

Using an absorption flat probe, the radiation source has to be introduced into the soil 
tested to a specified depth. The sensitivity of the absorption measurement along a slant 
path is usually higher compared with reflection probes, though its drawback is that the 
obtained value is characteristic but to small material quantities. By introducing the 
radiation source at different depths, the measurement geometry and thus the soil layers 
tested can easily be altered. 

Soil moisture gauges operate under the principle of the technological moisture gauges 
discussed in Section 2.4.6. Construction and application schemes of these gauges are 
also presented in Fig. 2.76. In the given case, a cylindrical depth gauge contains a 
1 GBq (- 30 mCi) activity fast neutron source and BF,-fdled slow-neutron-sensitive GM- 
counter tubes or scintillation detectors with lithium glass scintillators. The construction 
and method of application is similar to those of the soil density gauge. The moisture 
content in volume percent is obtained from the values determined by a portable counter 
(radiation gauge) using a calibration curve. 
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The moisture content in surface layers can be tested by neutron-source-activated flat 
gauges. They are used in the moisture concentration range of 0 to 50 volume percent, with 
a mean error of 2% in order of magnitude. 

The accurate knowledge of soil and surface moisture concentration is important both 
in civil engineering for road and railway construction, for damming works and other 
groundworks as well as in agriculture. 

Apart from the portable instruments listed so far there are some special instruments for 
related purposes such as those for absorption measurements between parallel driven 
boreholes, to be used also for moisture content determination through density 
measurement knowing when the density data of the dry measurement site is known. 

The gauges of the most advanced soil testers use two radiation sources, a dual- ) 
sensitivity detector and a two-channel signal processor to perform simultaneous soil 
density and soil moisture measurement. 

Material tested 

Fig. 2.77. Detector arrangement of the reflection wall thickness measurement gauge 

Levelfinding gauges can be used, for example, for height determination when filling 
steel pressure bottles with liquefied gas. The gauge head geometry of the device is forklike, 
with the source in one arm and the detector in the other. The radiation source is typically a 
40 MBq ( -  1 mCi) activity 13'Cs isotope, the detector is a GM-counter tube in 
conjunction with a rate meter. The measuring fork is arranged so that the gauge is 
movable in the axial direction down the bottle; on reaching the fluid level, the rate meter 
indicates an abrupt intensity rise. The technique is suitable for determination of the filling 
height with an accuracy of 1-2 cm. 

Rgection thickness measurement is based on the fact that the intensity-ofscattered --- -_ _ 
y-rays ---- depends -- onithe thiikne& of the reflecting surface, provided that any other factors 
including density, geometry, source activity and radiatio-n e E g y  Content d o  not change 
durhgthe  measurement; the observed.average --- pulse number is higher with increasing 
thickness. In the  ---___ detector ___ arrangement according to Fig. 2.77, 'thdrgct-iadiation is 
s=-by a tungsten cone. The crystal of the scintillation counter senses, with high 

i: probability, only scattered radiation. In this way, using suitable equipment in appropriate 
I configuration, steel cv- late&-i&nZZ _- . -- - -  from 1 to 20 mm can be measured. Thickness 

- -- 
determination from one s ~ d e  of the object o n i I y ( s u c ~ w a I 1  TliicknGS testihg of closed 
containers or corrosion and deposit thickness measurement) gives an average thickness 
across about a 30 mm diameter circular area. The source applied is a 4 MBq (-0.1 mCi) 
6 0 Co isotope or a 20 MBq (-0.5 mCi) Is7Cs isotope. The thickness limit of 18 mm is 
restricted by the penetration depth maximum, or the total absorption of particles reflected ' 

from deep-lying layers. 
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Fig. 2.78. Characteristic calibration curves for probes of portable nuclear instruments 

Figure 2.78 summarizes the characteristic calibration curves for various measurement 
problems. In density measurement applications, the plots are descending for increasing 
densities even for reflection measurements. During -.-.- moisture dee~~kn.a!ion, the --I--_ curves are _ 
r m ,  resulting . from the _-... growth ---.._ in the number of moagrated thermal neutrons with 

-____-__)__ -I--.." --- - - 
increasing A-d_ hydrogen~ogtg t .  The rising character of the calibration curves for reflection 
wall thickness determination is due to reasons discussed earlier. For level finding 
instruments, an abrupt intensity rise is detected around the unknown level height, hx . 

Industrial or field applications of the portable nuclear instruments outlined in this 
Section have considerable advantages over conventional techniques. These advantages 
include the possibility of in situ observation. short measurement times, etc. 
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3. RADIOTRACER TECHNIQUES 

3.1. GENERAL CONSIDERATIONS 

Tracers can be used ;c; i:'rrd ssuk;:::o._-c~ ~r nhiccfs in order to distinguish them, to -- 
follow ._-.-. their __ti_..-_L-.- movement, changes - . - . . . - . of concentration, distribution _ _  ... _ . _  . . _. between ..___ -.-. ..- phases. ..-.... . - ctc. The 
tracers should allow sensitive and%ipiddefect'i:6n, they should not change the properties 
of the material, i. e., the labelled entity should behave during the whole period of 
investigation identically with the non-labelled one. 

If radioactive isotopes are used as tracers, the object or substance to be studied is 
labelled with a radioactive isotope prior to the experiment. If such a preliminary labelling is 
impossible owing to radiation hazard problems (e.g., in the food or cosmetics industry) 
then an inactive substance is added to the system which can easily be activated by 
subsequent neutron irradiation, due to its high activation cross-section. This process is 
called subsequent or reverse labelling. 

Two group  can be distinguished within the radioactive tracer technique; i t  is not 
possible, however, to confine them within strict limits. In the case of chemical labelling, the 
radioactive isotope must follow the movement, reaction or metabolism of a particular 
element; in this way it is possible to draw conclusions about the chemical changes in the 
system. The isotope, of course, must be in the same chemical compound as the component 
of the system to be followed. In the case ofphysical labelling _--- the radioactive nuclid is not an 
essential part of the system, therefore the chemical pr_opxdes of t_h_e..isotqpe are -- of - .- minor 
impor&nce;it is important only that its radiation is detectable and it is able to be attached _._--. - - - * -  " - . .- ...-- =-. 
in some way to the-object- or-miidium to be studied. 

------_----, ---_ ---.---- - -' - --- --c 
The following scheme Gemonstrates the essence of the radioactive tracer technique: 

System S containing x atom of A type and y atom of radioactive isotope A, named A*, gets 
into states Z and Z'. Since isotope effects are negligible in the cases discussed here, from the 
physicochemical point of view isotopes of the same element behave identically. Hence, 
Eq. (3.2) will hold: 

Equal fractions of inactive and radioactive atoms will get into the intermediates or end- 
products of the transformation. 

There are several advantages ------... to  th_e appIica>on_of radios-c,t-iivVe isotopes ->__I--. as tracers: _ __. 
- their amount -tax determined quantttattvely ---.- --- with hrgh-sensitivity even in low 

-7-u - --- ,,.- -- 
concentrations; this-apart ----.---. from-other factors-is generally likely to __ result m shorter 
i n ~ e ~ g a t i o n  times; -- 

- C  -ling is possible with radioactive isotopes only (apart from the stable 
isotope technique requiring very expensive instrumentation and being impossible in 
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several cases) because-in spite of the isotope effect of low atomic number elements-the 
best tiahel for every element is its own isot-opei 
- the isotopes can be detected through the wall of the tube or reactor, thus sampling or 

instrument installation-caused disturbance in material flow can be avoided; 
- the data of field measurements can be obtained in a computer-compatible fbrm, thus 

if the instrument has an adequate program, tables or diagrams can be constructed shortly 
after finishing the experiment. 

When planning tracer studies, the disadvantages of radioisotopic experiments should 
also be considered: 
- it is essential to ensure the radiation protection of both the experimenters and their 

environment; health physics instructions are complex and render the work tedious and 
expensive-especially when open preparations should be measured in a factory; 
- plant experiments can be made and the samples measured and analysed only if a 

well-equipped isotope laboratory is available as a "background"; the necessary 
investment, including the measuring instruments, is added to the experimental costs; 
- special personal qualification is required for work with radioactive isotopes. 
When a tracer study is planned, the selection of the method should -k preceded by a 

-._._ .--., -_.c--* 
- _ + _  *_w .--. _ _  -_.- .--,I... . _<.:_ _<_ _ .:__ _ .- .. . .. .. 

careful mm&i%hsn__c~~e a d v a n t a ~ a n d  disadvantages, and a rigorous estimation of ----?--.. -.-.... -.-- ..-- -.... 
the cost-effectiveness . . - . . -- - - is . . - . - required. . . . On -- t h i ~ _ ~ a s l s .  -. it. is .possible.to . declde . whether it is 
reasQnable to use radioactive -, ,-. isotopes - . . . -. for - the solution of the given problem, if there is a __-- 
possibiiity ______ of using another tracer adequate from the scientific or technical point of view. -. -- - 

The most importint possible industrial applications of radioactive tracers are 
summarized in Table 3.1-grouped according to branches of industry as well as the nature 
of application. 

Tracer techniques in nuclear geophysics is discussed in Section 5.4, autoradioyraphy 
in Section 7.6. 

3.1.1. PREPARATION OF THE INVESTIGATION 

The preparation of a tracer study includes the selection of the labelling radioisotope, the 
elaboration of the method for measurement, i.e., the determination of the activity of the 
necessary isotope, as well as the planning of the health safety measures. These steps cannot 
be separated strictly, because they are not independent. The final plan must be an 
optimum compromise developed considering all the above factors. 

3.1.1.1. SELECTION O F  THE TRACER ISOTOPE 

The isotope for labelling should be adapted to the nature of the process and the 
properties of the material to be studied. It is essential that the chemically labelled and non- 
labelled substance should be chemically identical when reaction mechanism, metabolism, 
physical processes depending on the intrinsic properties (solubility, adsorption, diffusion, 

I 
etc.) are investigated by this method: the identity is not confined to the atomic number, but 
also to the chemical compound including the isotope. The selection involves here that 
between various isotopes of the same element. The decision should be based upon the 
possibilities of measurement as well as heulth physics problems, considering also economy. 
For example, the labelling of a sodium compound can be done by 22Na or 24Na: both emit 
?-radiation. As far as the frequency of the emitted y-quanta and their detectability are 
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Table 3.1. M;~itr fields of application of radioactive tracers in industry 

Mining 

Food industry, agriculture, forntt.! and fishing 

Field of 
application 

Machinery. transport equipmrnt 

Identification of mine cars; location of un- 
exploded charges 

Water seepage in mines; underground 
gasification 

Velocity of suspensions: air movement in mines 
Mechanism of flotation 
Faults In pipelines; correlations between lubrl- 

cants and machine part wear 
Homogenization of dr! materials 

Character of 
application 

Evapotranspiration rates; effects of fertilizers, 
soil composi~ion and irrigation on crop 
yields; identification of wines; fish waste in 
rivers and seas, distribution of sewage in 
rivers and seas 

Defects in irrigation canals and pipes 
Flow rates in irrigation systems; water move- 

ments; water storage capacity of soils; capac- 
ity of beer and wine storage tanks; air drying 
in crop stores; ventilation in storage rooms 
and factories 

Flow patterns in sugar mill settlers 
Washing efiiciency studies; transfer of contami- 

nants and additives from wrapping; extrac- 
tion ofsugar from sugar beet; water content of 
food pulps; air filter testing 

Efficiency of food mixers, distribution of 
vitamins, fats, additives and trace elements in 
foodstuffs 

Effect or operation studied 

Distribution of cement and asphalt injections, 
identification of special concretes 

Leakage in dams; newly laid water mains 
Retention, distribution, flow patterns of cement 

in rotary kilns; flow patterns in glass furnaces 
Air movement in hospitals, libraries, stores 
Lifetime of brick, refractory materials; wear of 

grinding balls in cement mills and of refrac- 
tory linings in glass furnaces; corrosion of 
glass 

Mixing of concrete, asphalt and additives; 
distribution of additives and cement in 
concrete 

Eficiency of combustion in internal combustion 
engines 

Fuel and gas leaks in automobiles and aircraft 
Flow rates in cooling systems; flow rates of fuel; 

air movement in railway cars, automobiles 
and aircraft 

Study of fuel, lubricants and air filters 
Wear of cutting tools, gears, turbine blades, 

bearings, pistons, piston ,rings and plastic 
components; corrosion of metal pans, mea- 
surement of peak temperatures of machine 
parts in operation 

Mixing of liquid and solid fuels 
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Metallurgy, casting, metal products 

Field of 
application 

I Movement of charges in blast furnaces; flow 
patterns in aluminium castings 

V Gas velocity in blast furnaces; flow patterns of 
molten metals 

MT Material flow in digestion equipment 
M Solid-liquid interface phenomena; exchange of 

iron between slag and metal 
W Wear of linings; corrosion of tanks, etc. 
H Distribution of alloying components, e.g., 

tungsten and cobalt in steel; homogeneity 
studies in mixing tanks 

Light industry (textile, wood, paper printing) . I 
v 

MT 

Character of 
application 

Chemicals and chemical products (rubber, I 
petroleum) L 

Effect or operation studied 

Impregnation of wood by fungicides 
Flow rate of water, pulp, chemicals, emuent in 

paper industry; waste dilution studies 
Flow patterns in process vessels in textile 

industry; movement of chips and liquid in 
continuous digesters; dynamics in bleaching 
towers; flow patterns in paper machines 

Washing efficiency in textile industries, transfer 
of printing inks 

Wear of fibres; wear of wood cutting tools; 
abrasiveness of filler and fibrous material (e.g., 
asbestos) 

Dye and colour distribution studies; distribu- 
tion of lubricants on artificial silk and nylon; 
distribution of wool fibres during carding; 
distribution of glue in laminates; penetration 
and distribution of printing ink 

Location of go-devil in pipelines 
Leaks in heat exhangers, double-walled process 

vessels, underground pipelines, pressure 
vessels 

Dilution of wastes in rivers and seas 
Residence time and mixing studies in reactors 
Permeability of gases and liquids through 

plastic and vulcanized materials 
Type wear; corrosion of tanks 
Mixing of carbon black, zinc oxide, fuels and 

distribution of final products 

Water economics I Silt and sand movement in harbours and rivers 
L Tan%-s,-wXer mains- 
V - Flowrate.-of ,w?_tp +and .sewage - 
M Efficiency of sewage settlers 
W Turbine blades 

Labour safety M Efficiency of bacterial filters and gas masks 
4 H Distribution of stack gases and dust 

I = Identification of materials and following their movement (Section 3.2.1). 
L = Detection of leaks and cracks (Section 3.2.2). 

-V  2 Determination of flow rates (Section 3.3). 
MT = Material transport in industrial processes (Section 3.4). 

M = Determination of the amount of mass (Section 3.5.1). 
W = Wear btudies (Section 3.5.2). 
H = Study of homogeneity of mixtures (Section 3.4.4). 



concerned, 22Na is more advantageous, but health physics regulations allow the use of 25 
times more 24Na. There are essential differences between the half-life of the two isotopes 
(Z4Na: 15h, 22Na: 2.6 years) and their price (24Na is hundred times more expensive). For 
these reasons, if the rate of the process to be studied pcrmi ts. "Ns is sclccted; in the case of 
slow processes (e.?.. dissolution of sodium from enamels) the use of "Na is advisable. 
Several other elements provide similar possibilities, e.g., '4Mn or '"Mn, "CO or 6 0 C ~ ,  
65Zn or 69mZn, ""Kr or "Kr, llomAg or II1Ag, I1%n or 12'Sn, 122Sb or 1 2 4 ~ b , 1 2 5 ~  or 
1311, 19'Hg or '03Hg. 

For application in an identical chemical fi~rrn, it is often ncccssary to develop the 
method of synthesis of the labelled compound or to carry out a known synthesis. 

Labelling of inorganic substances and metals is possible also by reactor activation of the 
appropriate inactive compound or metal. I f  the tracer study is to be performed by means of 
a given component of the activated compound or alloy, the other isotopes activated 
should be left to decay before the investigation, or the radiation must have a given energy 
selected by gamma-spectroscopy. 

For physical labelling, a tracer of different chemical property can also be uscd. The 
movement, flow, mixing of liquids and gases do not depend on their chemical properties, 
rather on the physical ones (density, viscosity, etc.); dissolved tracers do not change these 
properties because of their small amounts. The tracer should fulfil the requirements 
discussed above even in such measurements because if the concentration ratio of the traccr 
and the substance to be studied are altered (e.g., due to the adsorption, condensation, 
precipitation of the tracer), faulty results will be obtained. In the presence of a multiple 
amount of an inactive carrier, the losses due to adsorption can be minimized. 

Some recommended tracers for gases, water and aqueous solutions, solid inorlrunic 
substances and organic systems have been summarized in Table 3.2, together with their 
suitable chemical form. 

For labelling water and aqueous solutions, water soluble salts of the isotopes (shown in 
Table 3.2) are advantageous. In more difficult cases, e.g., for labelling subsurface water- 
where minerals with considerable sorption ability may be present-strong complexes of 
the metals should be used, e.g., "CrNa,-EDTA (sodium ethylenediaminetetraacetate 
acid) complex, or 60Co-cyanido complexes. A further possibility is to use tritiated water, 
which is a good tracer, yet it has two disadvantages: its long half-life and that its detection 
requires a soft p-counter. 

The movement and mixing of solids is determined by the size and shape of the granules, 
in addition to the density. Hence, for this purpose, the most suitable tracer is the activated 
sample of the material participating in the process. Ifdirect activation is impossible, e.g., in 
the case of organic substances or elements having low cross-sections for (n, y )  reactions, 
surface labelling can be used. This can be performed by electrolysis, by adsorbing 
radioactive colloids on the surface of the grains, or by reducing negligible amounts of 
noble metals-' ''"Ag or '98Au--onto the surface. 

The use of model substances, easy to activate, imitating the physical properties ojthe 
material is not a perfect solution, but acceptable in some cases. e.g., activated glass fibre 
with identical dimensions as those of the cellulose fibrils can be used in paper 
manufacturing, or a 60Co rivet may be inserted into the wearing surfacc of an cngine 
cylinder in wear studies. 

The above examples demonstrate that in physical labelling, as a rule, scveral isotopes 
may give principally equivalent solutions. The selection is important for field or  industrial 
measurements in view of the stricter regulations valid for the activity uscd outside the 
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Various organic compounds 

Various organic compounds 

Naphthenate, salicylate 

Various organic compounds 

Chlorobenzene 

Tuhle 3.2. Recommended chemical composition for isotopes applied in the labelling of various substances 

3~ ,O 

- 

Water soluble salt 

- 

Isotope 

- 

Na,C03 (polypropylene balls) 

- 

Recommended chemical composition for labelling - 
gases I aqueous solutions ( solid inorganic substances 1 organic substances 

- 

Sc,O, 

Adsorbed on quartz 

Metal 

- 

Water soluble salt 

- - 

Dicyclopentadienyliron 
(ferrocene) 

Naphthenate 

Naphthenate 

- 

Metal 

c u o  

ZnO 

- 

- 

Water soluble salt 

- 

Stearate, oxalate 

Various organic compounds - 

Water soluble salt Bromobenzene, 
p-dibromobenzene 

- 

Water soluble salt 

- 

- 

Water soluble salt 

- 

- 

- 

- 

- 

Adsorbed on solid particles 

Metal Triphenylstibine 

Iodokerosene, iodobenzene 

- - 

1 . ; 1 , 0 ,  (polypropylene balls) 

C 4 ,  

Ta 

Au('1, adsorbed on powder Cyanide solution, arnine 
salt, colloidal gold 



isotope laboratories. If several-principally equivalent-isotopei are available, it is 
reasonable to select which has 
- lower toxicity and---due to its half-life being shorter than 60 days--can be applied 

in higher concentrations; 
- y-radiation and can thus be measured in larger samples, eventually through the 

wall; 
- a higher y-radiation intensity (number of y-quanta pro decay), since in this case a 

sample with identical activity gives more counts per unit time. 

3.1.1 -2. PREPARATION OF THE MEASUREMENT, 
CALCULATION OF THE NECESSARY AMOUNT OF ISOTOPE 

Owing to the random character ofthe radioactive decay, increase of the specific activity 
of the tracer enhances not only the sensitivity of the measurement, but also its statistical 
accuracy: the relative standard deviation (a) decreases. The statement is, of course, also 
true in the reverse sense: if the deviation of the measurement with a given isotope is fixed 
then lower activity than a corresponding given value cannot be used. The most reasonable 
way to increase the accuracy is to use higher specific activities. This, however, is limited by 
health physics regulations, especially in the case of industrial and field measurements. 
Instead of increasing the specific activity, such an isotope may be found and such a 
measuring arrangement developed which will ensure the proper sensitivity even at a 
relatively low activity. 

I n  plant experiments, as a rule, y-radiation is used for tracer purposes. This involves 
incomparably lower losses due to absorption and self-absorption than /I-radiation. This 
further limitation determines the measuring instrument. Since g-quanta are detected with 
the best efficiency by scintillation counters, this is the most widespread detector type for 
plant or field tracer measurements. 

The following equation (3.3) expresses the correlation between the count rate. I,,, (its 
usual unit is counts per second), and the activity, A (its SI unit is disintegration per second 
= 1 Bq, 1 Bq=2.7 x 10-'' Ci): 

where 6 denotes the number of y-quanta per disintegration, and q-is the efficiency of the 
measurement. 

The value of q is determined by several factors: 

where f denotes the seFabsorption rate in the source itself together with the ubsorprion and 
scattering between the source and the detector; E is the eficiency of'the counting, i. e., the 
probability that a photon will produce a detectable interaction in the sensitive volume of 
the detector; the geometry factor G expresses the ratio of the radiation getting into the 
detector to the total amount emitted into 4z solid angle. 

The following example will be of assistance in finding the correlation between I,,, and 
A. How large I,,, imp/min count rate can be expected if a section of a tube of Vvolurne is 
measured by a scintillation detector with a counting efficiency of E,  the geometry factor of 
the arrangement is G, the absorption and scattering factor isf, the tracer isotope has an A 
activity and emits 6 number of y-quanta per disintegration? The radioactive concentration 
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is thus c = A/ V ~ ~ q / d m ~ .  On the basis of Eqs (3.3) and (3.4), 

I,,, = 6 x 1 O7 c VG f&G irnp/min (3-5) 
I,,, = 6 x 1 0' AGfeG imp/min (3-6) 

The attempt required is obvious: c and A should be kept at a low value and, at the 
same time, all other factors determining the value of I,,, should be selected in a way that the 
count rate should be as high as possible. However, this gives rise to a very complex 
problem: 

8, f and E are independent: the values of all three are inseparably connected with the 
properties of the tracer isotope: 6 is determined by the decay scheme of the isotope, f 
increases and E decreased with increasing energy of the y-quanta; 
- Vcannot be increased beyond certain limits because this involves the decrease of 

both f and G; 
- ;he value of G can be improved by modifying the relative position of the sample to 

the detector, this, however, also involves a change off: 
Considering these factors, a given I,,, ensuring a pre-determined accuracy can be 

achieved partly by selecting an isotope advantageous for detection (increasing 6, E and f), 
and partly by ensuring a favourable geometry (increasing the value of G). The value of V 
should be adjusted according to the purpose of the study and other possibilities. If these do 
not impose any limitation, the increase of the volume is, as a rule, advantageous for 
obtaining a higher count rate. in spite of the simultaneous decrease off and G. 

Even if the values of V,  6, f ,  E and G are selected to be at optimum, it may occur that the 
minimum I,,, count rate necessary for the given accuracy of the measurement can only be 
achieved at such a high radioactive concentration, c, which does not allow safe handling 
and may be hazardous. In this case the tracer study has to be given up-e i ther  on the basis 
of preliminary calculations or preliminary laboratory experiments-and the problem 
should be solved in another way, e.g., by subsequent activation. 

The values of 6, f and those of the absorption coefficients determining the latter factor 
can be found in various manuals C3.6, 3.7, 3.101. 

7he calculution of the geometry fuctor, G is illustrated below by a few simple examples. 
In the case of a point source of radiation, let its distance from a detector window of R 

radius be I, and let the distance between the source and the sensitive volume be r=I+m. 
The ratio of the radiation getting into the detector to the total radiation emitted will be the 
ratio of the area of the corresponding spherical calotte to the total sphere (Fig. 3.1): 

Detector 

r'ig. 3.1. Point source of radiation 



If a disc-shaped source with a radius of R, is at a distance of I from the detector with a 
radius of R, the series of curves depicted in Fig. 3.2 give good information about G. 

For linear sources (e.g., a thin tube filled with a liquid of homogeneous specific activity), 
Fig. 3.3 gives an illustration. If the length of the source is 2L and the number of y-quanta 
emitted from unit length of the radiation source is n, the radius of the detector being R, 
then the number of y-quanta arriving at the surface of the detector (n') will be: 

L 

m R 2  nR2 dx nR2 L 
dx=- -=- arc tan - 

2 x 2 + P  21 I 

and the geometric efficiency will be: 

d R2 L 
G =  - = -arc tan- 

2nL 4L1 I 

f / R  

Fig. 3.2. Calculation scheme for determination of the geometry Factor of a disc-shapcd radiation source 

Detector 
Fig.  3.3. Linear radiation source 
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Fig. 3.4. Well-type scintillation crystal 

For a well-type scintillation crystal (Fig. 3.4). the calculation is based on the fact that the 
radiation is emitted in every direction; its downwards directed part also gets through the 
crystal and may interact with it. The upwards part is determined by RL and can be 
calculated on the basis of Eq. (3.7), although there is a fraction which is lost under any 
circumstances for detection. 

If a cuvette with a radius of R, , height of L, emitting n y-quanta per cm3 and unit 
time, filled with a radioactive liquid up to the line L- b is placed into a hole with a radius of 
R,*. the number of 7-quanta passing through the crystal (n') will be: 

The geometric efficiency is as follows: 

If  a detector with a radius of R is used for detection of the ?-radiation emitted by a tube 
surjbce of D diameter and I length, the question can be formulated; how many ;*-quanta 
pass through the detector if the liquid in the tube emits n ;/-quanta per unit volume and 
time? If  absorption and scattering are neglected. the following estimation can be 
performed: 

The number of ?-quanta leaving the tube per unit surface is 4 : 

Thus, the number of y-quanta passing through a detector with a radius of R is: 
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It is necessary to know the counting eflciency, E to be able to calculate the I,,, count rate 
after having calculated the f absorption-scattering factor and the G space angle fact or, 
using Eqs (3.3) and (3.4): 

If d y-quanta get into a crystal with a thickness of land an absorption coeficient of p, 
the counting efficiency is: 

n'C1- exp ( -PI ) ]  
E =  -- = 1 - exp ( - 1 )  

d 

This is illustrated schematical by Fig. 3.5. 

3 - Radiation beam 

Fig. 3.5. Interaction between ;.-quanta and a scintillation crystal 

,Radiation source 

Fig. 3.6. Interaction 

I---L--I 
between yquanta from a point source and scintillation crystal 



I- Igurc 3.6 illustrates the intcrrtctiou of a point .source and a crystal. The value of c is an 
intcgral form and can bc calculated by numerical methods only: 

Differential equations describing the interaction of an extended source and a 
scintillation crystaI are even more difficult than Eq. (3.15), and are unsuitable for direct 
calculations. There are, however, diagrams available for the so-called total efficiency, i.e., 
the cC product. These have been calculated by computers and give the above product as a 
function of the radiation energy, considering also such parameters as the crystal 
dimensions, the distance between the source and crystal, etc. Such diagrams can be found 
in several handbooks (e.g., C3.6)); some of them will be discussed also here. 

Total :m Nal(T11 crystal 

Figure 3.7 illustrates the total eficicncy values for y-quanta emitted by a point source 
placed at various distances from a NaI(T1) crystal with dimensions of 4.5 x 5.1 cm, as a 
function of the y-energy. The total efficiency decreases with increasing energy and distance. 

A cylindrical vessel with a height of 5.1 cm is filled with a radioactive solution up to a 
height of L. The count rate is measured with a NaI(T1) scintillation detector at a distance of 
lo = 1 cm, with a height of 5 cm and diameter of 5.1 cm. The functions EG = q ( E J  are shown' 
in Fig. 3.8 for different L paramoters. 
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7he Marindli-vessel (Fig. 3.9) ensures a very advantageous arrangcmcnt for 
measurement. The total efficiencies for this arrangement are shown in Fig. 3.10. 

A well-type scintillation crystal is suitable to measure the activity of even very small 
amounts of liquid. The total efficiencies for this device are shown in Fig. 3.1 I ,  for different 
radiation energies. The data relate to liquid samples filling the hole completely. 

e 18 7.6 x 7.6 

0.01 
0.05 0.1 0.2 0.5 1 2 5 

Energy, MeV 

Fig. 3.10. Total enciency values for a M~rinclli-vessel 
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Fig. 3.1 1. Total efficiency values for a well-type scintillation crystal. Crystal diameter: 3.8 cm, height: 5 cm; bore 
diameter 1.3 cm, depth 3.8 cm 

0.0 

As a result of various calculations, using Eq. (33 ,  if c, V, d,f, E, G (or EG) are known, I,,, 
can be performed, or for a fixed I,,, , the necessary radioactive concentration can be calcu- 
lated. Plant and field experiments have demonstrated that these data provide useful 
information, but--owing to errors in the estimation of individual factors-they cannot be 
considered more than a technological estimation. This is particularly important and must 
be seriously considered if the calculation has consequences as far as health physics is 
concerned. In such cases, the activity values obtained by careful calculations have to be 
corrected by a safety factor of at least 1.5. (Chapter 8 and Section 8.5 deal with the health 
physics problems connected with the tracer technique.) 

I I I I I 1 

EXAMPLE 3.1 
To demonstrate the sensitivity of the radio-tracer technique, let us calculate the m 

amount of radioactive substances (in gram-moles) with various t , , ,  half-lives (in minutes) 
necessary to ensure a count rate of I,,, =40 imp/min, if the B-radiation is measured by 
means of a GM-tube and the counting efficiency is 4%. 

The number of disintegrations per minute is: 

0 0.5 1.0 1.5 2.0 2.5 
Energy, MeV 

The number of radioactive atoms present in the sample (n) can be calculated on the 
basis of the disintegration constant (1) or the half-life (t,:,): 
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To& 3.3. Amounts of isotopes detectable at a count rate of 40 implmin, in the case o f  the measurement of  
/%radiation by a 4% efficiency GM-tube 

The amount of tracer in gram-moles is: 

Half-life 

Conventional units I Minute 

For fictitious isotopes with half-lives oft,,, = 1 h, 1 day, 1 month, 1 year and 10 years, 
calculations have been carried out, the results are summarized in Table 3.3. 

Amount of labe1 in the sample 

Number of atoms Mole 

EXAMPIJ: 3.2 
The tightness of tins with 5.1 x 5cm dimensions are studied in an  experimental 

pressure holler imitating the conditions of the canning factory. The boiler contains water 
labelled with 24NaC1 and the tins contain inactive water. If the tins are not closed 
hermetically, 24Na will appear in them in c MBq!cm%adioactive concentration. 

Let us sclect the preferable method for measuring the radioactivity of water samples 
withdrawn from the tins, regarding that method as the more advantageous which results 
in a highcr count rate a t  the same radioactive concentration. 

The two measuring systems are the following: 
- thc count rate is I,,,, , if the activity of a 15 cm3 sample is measured by a well-tjrpe 

crystal of 55 mm 0. D. and 55 mm high, with a bore of 25 mm I. D. and 42 mm in depth; 
- thc count rate is I,,,. ,, if the activity of a total amount of 100 cm3 liquid is measured 

in a c.vlintiricu1 vessel placed onto a crystal with 51 mm 0. D. and 51 mm high; the dia- 
meter of the vessel is 50 mm. 

According to  Fig. 3.1 1, in the case of a well-type crystal, the value of EG corresponding 
to  the most frequent 2.75 MeV ;.-quantum of 24Na, is about 0.1 7. This has t o  be substituted 
into Eq. (3.5): 

I hour 60 8.66 x 104 1.44 x lo-" 
I day 1 . 4 4 ~  lo3  2.08 x loh 3.45 x 10- lu  

1 month 4.32 x lo4 6.23 x lo7 1.03 x lo - ' '  
1 year 5.26 x los 7.58 x lon 1.26 x l o - ' "  

I0 ye;lr\ 5.26 x IOh 7.58 x 10' 1.26 x lo-'' 

In the case of a-cylindrical vessel, L z 5  cm corresponds to  V =  I00 cm3 and 50 mm 
0. D. As shown in Fig. 3.8. cGz0.026 for a y-quantum of 2.75 MeV, thus: 

Dividing the two equations: 

If the radioactive concentrations are the same, the arrangement with a bored crystal 
allows a less sensitive measurement because the counting rate is lower by about 2%. 
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3.2. IDENTIFICATION O F  MATERIALS 
AND DETECTION OF FAULTS 

The purpose of a considerable part of industrial tracer applications is to obtain 
qualitative information. Such a task may be the identification of materials or  objects, their 
location, the establishment of their presence or absence, the tracking of their movement, or 
the discovery of cracks and leaks. 

3.2.1. IDENTIFICATION O F  MATERIALS 
AND TRACKING THEIR MOVEMENT 

Special purpose or special quality products can be labelled by radioactive isotopes in 
order to facilitate their identification or recognizability. For example, the special stainless 
steel alloy tubes for heat exchangers of nuclear reactors can be labelled by 82Ta or lg21r 
with a specific activity of about 40 MBq/t. Machine parts or the position of the blind 
splicing of wire-ropes can be labelled during their welding by a welding electrode 
containing 1921r. 

So-called go-devils are used for the cleaning of petroleum and gas pipelines: if they are 
used only to separate two different kinds of liquids, they are called pigs. Especially in new 
pipelines, where the welding is not perfect, or after the formation of a lot of deposits go- 
devils may get stuck and their search is a laborious and costly procedure. If, however, a go- 
devil labelled with 60Co isotope is started after the stuck device, its passing can be 
observed at detecting stations along the pipeline. The location of the stuck device can thus 
be limited and--examining the critical section by means of sensitive radiation detectors on 
the surface-its exact place can also be established. Since pipelines are, as a rule, about 
1-1.5 m deep below the surface, the necessary 60Co activity is about 7-20GBq 
(200-500 mCi). 

Figure 3.12 gives an example for the shielding of the source by lead. The radiation 
source s is built in the metal cylinder B. This is inserted into the bore of the lead block C 
during assembling. As the go-devil moves forward, the oil deforms the bellows, D, 
consequently the oil content E will push the cylinder, together with the source, out of the 
bore of the lead block. Under atmospheric conditions, the force of the spring F is sufficient 
to push back the cylinder into the shielding block. 

The wearing of the refractory lining of blust-furnaces can be checked by installing, e g ,  
60Co sources into the lining at appropriate places, in different depths. By recognizing the 
disappearance of the source it can be shown when the lining becomes so thin that it 
threatens the safety of the plant and it is time to reconstruct the furnace. Another variant of 

Fig. 3.12. Go-devil with a lead-shielded radiation source 



1 54 RADIOTRACER TECHNIQUES 

the method checks the radioactivity of the cast iron or the dross; the appearance of 
radioactivity is an indication that the wear has reached the radiation source built into the 
lining. This latter method allows to draw conclusion on the extent of the wear only if 
different types of isotopes are built in different depths. These can be distinguished by y- 
spectroscopv 

The movement 01 silt and ooze in rivers and sea can also be tracked by radioactive 
tracers. A possible tracer for this purpose is glass powder containing about 5% of 4 " S c 2 ~ ,  
with a specific activity of 1,5G x Bq/g. The dispersion of the tracer can be followed by a 
detector towed b y  a boat. Thus the origin of the silt can be determined. 

EXAMPLE 3 3  
Special purpose steel tubes made of a special alloy are labelled by a radioactive isotope 

in order to facilitate subsequent identification. ' 92 Ir is selected which has a half-life of t ,  ,, 
=74.2 days. The conditions of measurement are given. The purpose is to calculate the 
activity of IP2Ir necessary to add to a 10 t ingot in order to ensure a 99.99% probability of 
identification after t= 1 year. 

The necessary activity can be calculated from Eqs (3.3) and (3.4): 

The count rate is determined according to the arrangement depicted in Fig. 3.3, by 
means of a 2.5 by 2.5 cm NaI crystal, with a background of 2000 imp/min, in 30 s runs. 
Equation (3.9) can be used to determine the geometry factor G of the arrangement: 

R2 G =  - 
L 

arc tg - 
4 L I  f 

The data necessary for the calculation of G are as follows: R = 1.25 cm, 2G- 20 cm and 
I=  5 cm. 

1 - 5 3  1 .563 
G =  arc tan 2 = x 1.1071 = 8.65 x 

4 x 1 0 ~ 5  4 x 1 0 ~ 5  

The numerical values of factors necessary for the calculation of A are the following: 
6 = 2.5 (from the decay scheme of * 921r), f= 1, E = 0.55 (for the given scintillation counter, 
on the basis of calibration), G=8.65 x (as calculated above). 

The 99.99 probability means that the net count rate (after the deduction of the 
background) should be at least five times higher than its standard deviation. This 
condition can be expressed as follows for a background of 2000imp/min and times of 
measurement as long as 30 s: 

I,,, = 473 imp/min = 7.9 imp/s 

Now we have every numerical data necessary for the calculation of A: 
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The A activity is the total activity of a tube section of 20 cm length, with an outer 
diameter of 2 cm and a wall thickness of 1 mm. Knowing the density of iron (7800 kg/m3 
= 7.8 g/cm3) we can calculate the necessary a specific activity of the alloy at the moment of 
activity measurement: 

Before 1 year, i.e. at the moment of the labelling, the a, specific activity is 

a, = a exp (0.693t/tI,,) = 7.13 exp (0.693 x 365/74.2) = 2 15.6 kBq/kg = 5.82 nCi/g 

Thus the 10 t ingot should be labelled with 2.2 GBq (60 mCi) ' 9 2 ~ r  in order to be able to 
identify the tubes made of it with a 99.99% probability even after a year. 

3.2.2. DETECTION OF CRACKS AND LEAKS 
- 

No problem of principle arises in the detection of cracks in gas pipelines by means of 
radioactive tracers, yet, from the practical point of view, it is a very dificult task. If gaseous 
isotopes were introduced into a volume of several hundred or thousand cubic meters of 
gas, even a small leak could result in an uncontrollable escape of high amounts of 
radioactive gas. This fact limits the applicability of the method to low-volume systems. 

A typical field of application is the detection of leaks in pressure power cables filled 
with, e.g., nitrogen. Earlier, radon produced as a decay product of radium was used as a 
tracer, and the activities of its solid daughter elements were measured. 85Kr can also be 
well applied as a tracer. 

Leaks in gas-filled telephone cables can also be detected. Underground cables are 
placed, as a rule, into hard, e.g. ceramic, tubes in order to protect them against corrosion 
and also to facilitate the removal offaulty sections. The arrangement suitable for detecting 
leakages is shown in Fig. 3.13. The examination can be performed, e.g., by means of ethyl 
bromide labelled with 82Br. The air in the ceramic tube enclosing the cable is continuously 
sucked through an activated carbon filter. The cable to be examined is connected to a 
pressure vessel containing the labelled ethyl bromide. If there is a leak, the radioactive 
vapour gets into the ceramic tube, and further to the filter, where activated carbon adsorbs 
the bromide with high efficiency; its appearance can be detected here. Subsequent 
examination of each tube section leads to an almost certain discovery of the leak. 

Filter 

I Suction 

High pressure 
tank \ 

Fig. 3.13. Arrangement for determining gas leakages of underground telephone cables 
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Cracks ;?nd leaks in pipelines and tanks for liquid can be detected by labelling of the 
liquid, thus ;i part of the considerable cost of dismantling the whole system can be saved, 

I f  concrc.tr. rnnks with an inner bitumen coating suffer a crack, the liquid leaking througfl 
the bitumc.11 twitkg travels a lot before appearing at the outer surface of the vessel. 
The:eforc. f 1 ~ -  location of the surface trickle does not give a reliable information about the 
location of hc crack on the bituminous coating. If  the problem is to be solved by the tracer 
technique. tllc tank is filled with water and about 100 M Bq (3 mCi) of sodium hydrogcn 
earbonatc 1.1tdled with 24Na is dissolved in it. After allowing the solution to stand in the 
tank Ovcr~ , t t : l t t .  it isemptied and the inner walls are washed with a strong waterjet in order 
to remove ;irisorbed 24Na. Sensitive detectors can then trace the path of the radioactive 
solution k ~ ~ ~ I k r  the bituminous coating, thus the crack can be located unambiguously. 

When ;t ~rtrtermain network is laid down it is assumed that, in the optimum case, one 
joint is faul I \  of every ten thousand. The economy of pipeline installation requires that the 
ditch sho~~lA be filled up as soon as possible, because if the earth becomes wet in the 
meantime. t t  will not fill properly; it will sink causing harmful deformations. Before tracer 
applicatic~11 the rapid filling of the ditch was impossible because all joints had to be viewed 
during the Imssure test. 

For tr;t~.rng, tablets of sodium hydrogen carbonate containing '4Na are dissolved in 
uarm dillltr acetic acid diluted with water in a tank up to about 450 dm3. When the 
~ a t e r  is fl,w-ing in the watermain from valve A toward valve B, the tracer solution is 
pumped from the tank into the pipeline and the activity change is monitored at B (Fig. 
3.14). 

After 11.1\.ing attained a constant activity level, valve B is closed and the flow stopped. If  
L alve A is .ilso closed, the system will be under pressure due to the operation of the pump 
between th,. tank and the main. Maintaining the pressure for one or one and a half hour is 
sufficient I,> msure the flow of the tracer through leakingjoints into the surrounding soil. If 
the waterrll.~in is new, the sites of the joints are well known and they can be approached by 
GM-tuk.. rnserted into holes bored near to them into the earth. Leaks are revealed by the 
appearan~x* of radioactivity in the soil. 

Leakillp of petroleum pipelines must be stopped, partly because of the value lost 
through thcm, partly to protect the environment against the petroleum flow. For a tracer 
study, a liquid labelled with a y-emitting radioisotope is injected into the pipeline. The 
tracer is wpidly mixed with the petroleum and as it proceeds, small amounts of i t  get into 
the envircmment through the leaks. One hour after the tracer injection a detector installed 
into a h\,iraulically driven go-devil is started to monitor the remaining activity. The 
signals the battery-operated GM-detector are recorded, e.g. by a tape recorder. The 
detector n-veals the radioactive substance in the soil as it passes before the leaks. The 

n . . - I . . -  Tank I . ..-. 
0 - varve 

1 

Pipeline section investigated 4 
Fig. 3.14. Injection of radiotracer into a watcrmain systcm 
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Fig. 3.15. Detection.of leaks in a petroleum pipeline 

intensity is proportiona! to the radioactivity recorded by the tape recorder. At the end of 
the tube, the recorder is dismounted, the tape is played back and its signals are recorded by 
a recorder. As a result, a diagram such as shown in Fig. 3.15 is obtained. Cracks are 
represented by the small peaks when the count rate is plotted as a function of the distance. 
Large peaks correspond to reference radiation sources with known activity placed at well- 
known spots. These serve to check the reliability of the device and to facilitate exact 
location. 

EXAMPLE 3.4 
A pulse-like injection of 133Xe is introduced into the flow of warm nitrous gases before 

the heat exchanger of a nitric acid factory. The gas flow is monitored by detectors, counters 
and magnetic recorders installed into various spots of the system as shown in Fig. 3.16. 
The background is measured for 10 minutes before the injection and also for several 
minutes after the passing of the tracer. 

Label T_W-1 4 

Detector  '4 

End gas Oxidat ion 
and 

E'iq. 3.16. Determinitlion of losses of nitrogen oxides in the heat exchanger of a nitric acid plant 



Table 3.4 shows the count number obtained from the magnetic recorder installed on 
the final gas line at the outlet of the heat exchanger. Also count differences between given 
time values are shown. What are the qualitative and quantitative concIusions with respect 
to the gas permeability of the cooler tube bundle? 

Table 3.4 shows that in the t,  time interval, background values are obtained. The flow 
of small amounts of active substance is recorded for 0.5 min after the injection (1, time 
interval). During the subsequent r, in ter~al  again background counting is observed. The 
bulk of the labelled gas flows before the detector in the t, time interval. Table 3.4 

demonstrates that the passing of the gases from the site of the injection to the detection 
point (through the heat exchanger and the acid manufacturing towers) required 2.5- -3.0 
min. No active gas was detected in the t,  time interval. 

The facts indicate that the activity recorded in the f, period is the consequence of a 
short-circuit: some of the gas (with 10% N O  content) entering the heat exchanger nevcr 
gets to the absorption towers, but flows directly to the outlet gas through leaks and cracks 
of the cooler tubes or separation walls, and is lost. 

The quantitative determination of the loss can be achieved by the following 
calculation. 

Table 3.4.Pulse counts at the measuring point shown in Fig. 3.14 and their calculated differences 

Count difference 

- 10 0 0 
- 9 625 625 
- 8 1270 545 
- 7 1905 63 5 
- 6 2550 645 
- 5 32 16 666 
- 4 3862 646 
- 3 4505 643 
- 2 5 127 622 
- I 5774 647 

0 6392 618 

0 Injection of the tracer 
0.5 7922 1530 

Total counts Time interval Time, min 
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The background, from the average of 15 data obtained during t, and t,, is: 

Considering this, the count values exceeding the background during time intervals t, 
and t, are: 

The loss in the heat exchanger due to leakage is: 

Interval 

length, 
min 

3.3. DETERMINATION OF FLOW RATES 

Radioisotope tracers are often used for the determination of flow rates of yases, liquids 
and solids transported pneumatically or hydraulically. Since the method is applied first of 
all for tracing liquid flow, our subsequent discussion, as far as quantitative considerations 
are concerned, will be related to the flow of labelled liquid substances, but these can be 
generalized also for gases and-with some modifications-also for the determination of 
flow rates of solid substances. 

7he principle of' the determination ($flow rare by tracers is as follows: a tracer is 
introduced into the liquid stream either pulse-like or continuously, and the activity 
changes of the liquid is measured at different distances from the site of injection. The 
distuncefbr mi-uing is selected so that by that distance the tracer be completely mixed with 

Counts measured 

'Ti~hlr 3.:. Relative standard deviations charactrristic of the extent of mixing at various mixinpdistances and with 
dirkrent ways of injection 

(Reynold\ number: 7.7 x lo1*) 

Background measured 

* According to Fig. 3.17. 

Net counts 

Relative 
standard 

Distance of mixing. L D 

Wav of iniection* 
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the liquid, i.e., the relative standard deviation of the activity distribution should not exceed 
2-5%. The distance for mixing is expressed by relative LID ratios, where Ldenotes thc 
distance between the site of injection and that of the measurement and D is the tubc 
diameter. The distance for mixing is a function of the flow characteristics of the liquid 
(Reynolds-number) and the method of injection of the tracer. Table 3.5 summarims 

Fiy .  3.1 7. Different methods of tracer injection 

relative standard deviation values for various LID values, for four different methods of 
injection (denoted by a, b, c and d in Fig. 3.17) if the Reynolds number is 7.7 x lo4. As i t  is 
seen, the shortest distance for mixing can be achieved by method (d). 

3.3.1. PULSE-LIKE TRACER INJECTION 

This method involves the injection ofa tracer with A activity into the flowing liquid at 
the moment of t=O .  The radioactive isotope distributed uniformly throughout the whole 
cross-section, flows at a rate identical with that of the liquid but, owing to longitudinal 
mixing, it appears in an increasing volume of the medium to be investigated. The farther 
the site of measurement from the site of injection, the less pulse-like will be the passing of 
the tracer before the detector. This is illustrated in Fig. 3.18. If several detectors are 
installed at various distances from the site of injection in order to monitor the radioactive 
concentration (c), the "pulses" will be more and more diffuse in time, as longitudinal 
mixing increases. If there is no activity loss, the peak areas are equal to each other, i.e., the ------- ---..---- -".-.-..."-., 
following equation 1s valld for every p o i G f  a c t i o n :  . . . -__- _ ___ __ e_*yuUI--r--"------*.-- 

OD volume 
vV j ~(r)dr=A, x Bq x time = Bq 

0 time volume 

Rearranging this equation, we obtain the formula for the volume flow rate (v,): 
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" 

Time 

fie. 3.18. Radioactive concentrations measured at increasing distances from the point oI'~njection as a function of 
time 

According to Eq. (3.3), A and c(t) can be substituted by I.., (imp/min) and i (imprmin. 
cm3) values, respectively, if both are determined with the same q eflicienc~. 

In practice, the initial ( t , )  and final ( t2)  times of the passing of the ridioactive tracer are 
selected as the limits of integration. 

t 2  

Several methods are known for determining the value of i( t)dt:  the methods based 
t l 

upon pulse-like injection will be classified according to these: 
Sampling technique: Several consecut~ve samples are taken at the monitoring point at 

short intervals and, on the basis of their radioactive concentrations. the i(t) functions are 
constructed. The function is integrated by a graphical method. I.., is determined from an 
aliquot part of the tracer, under identical conditions of measurement as in the 
determination of i(t). The aduantuye of the process is that the sample volume and the 
period -_. _ of - counting .._-. __ __.__ can __._-_._-_ b e k e ~ f r e e ~ ~ ~ i t < d i ~ d v u n t a ~ e  -_ _._ __.. - _  *_-__--- is that -- &h flow fati% cannot be 

I -., -- _ -.,. - - 
monitored by sampling. - 

Full sumple technique: During the flow of the radioactive tracer thc system is tapped at 
a constant flow rate of vvm + v,: the liquid sample is collected and its radioactive 

volume) uni t  
Vv,  

Q- n, impulse 
Scaler Scaler 

(c) 

I,,,, implmin 

Scaler -d-L- 
t, time 

fio. 3.19 Methods bawd on pulse-like introduction of a tracer for determining flow rates 
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concentration is determined (expressed as imp/(min cm3)): see Fig. 3.1 9(a). The value 
obtained is an integral average, 

Thus, it is true that: 

where t, and t, are the initial and final moments of the tapping, respectively. I,,,  is 
determined as mentioned for the sample series technique. 

Total count technique: Ifthe medium flows through a pipeline, a scaler connected to a 
detector mounted on the pipeline can also serve as an integrator (Fig. 3.19(b)). The 
recorded ncount number is higher if the injected total activity is larger and if the flow rate 
is smaller: 

Bq imp/time -Q=n,  x =counts 
Vv volume/t ime Bq/volume 1 

where Q is a conversion factor: the count rate given by the detector if the tube section 
around it is filled with a liquid with a radioactive concentration of 1 Bq/volume unit. 

If a is measured and Q is determined by means of calibration using a model with 
identical diameter and wall thickness as the tube to be investigated, v, can be calculated 
with known A value: 

AQ vv = - 
n 

If a bypass is applied, the integration can also be performed by a scaler (Fig. 3.19(c)). A 
fraction of the liquid flow is led continuously through a measuring vessel of Vvolume; the 
flow rate of the side circuit is constant and equal to vVm. A detector and a scaler is attached 
to the measuring vessel. The total count number measured by the scaler will be (after 
deduction of the background): 

counts 
time-counts 

volume x time I 
.It follows then that: 

I,,, denotes the counts per unit time caused by the total amount of the tracer solution in 
the given measuring vessel of V volume, measured by the given detector; it can be 
determined from the aIiquot fraction of the tracer, after diluting it several times. 

Measurement on the basis of the velocity of the pulse. The linear flow rate of the liquid 
can also be determined by measuring the speed of the advancing of the injected tracer. The 
detectors are installed at distances L,  and L, with respect to the injection point (Fig. 
3.19(d)). The time interval t2 - t, = tcan be determined and the linearflow rate of the liquid 
is as follows: 
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If we know the cross-section (q) of the tube, also the volume rate (v , )  can be calculated: 

If  the measurement for determining the linear flow rate (v) on the basis of the pulse rate 
is com bined with one of the methods of determining the volume flow rate (v,), the "actual 
flow-through cross-section" of the tube can also be measured: 

EXAMPLE 3.5 
The rate of a water flow is measured by means of pulse-like injection of 24NaCI, using 

the full sample technique (Fig. 3.19(c), Eqs (3.2 1) and (3.23)). Let us calculate the v, volume 
flow rate on the basis of the given data. 

Using the full sample technique, about 10 dm3 of sample is collected 600 rn away from 
the site of injection of 24Na, from t l  = 5 min to t,  = 25 min after injection. A 500 =cm3 
portion of the sample is poured into a Marinelli flask surrounding a 50 by 50 mm NaI(T1) 
crystal. A count rate of 4000 imp/min is measured. On this basis: 

150 cm3 of 24NaCI solution is used for labelling. Its count rate is determined from 10 
cm3 samples. In a dilution of 50 000 times, the same Marinelli flask gives 27 900 counts, on 
an average: 

Hence the volume rate, v, is: 

Using the bypuss totul count technique. water is pumped through a 390 cm3 measuring 
vessel at a constant flow rate during thc total period of the experiment. The count rate is 
measured continuously by means of scaler. The net count number (corrected for the 
background) is n= 37 940. 

150 cm3 of 24Na solution is uscci for labelling. The count rate of the tracer solution is 
determined in the samc vessel (of 3'10 crn"), from a 10 cm" sample, at a dilution of 50 000 
times. The average count rate is 17 280 impimin. 

1 50 
I,,, = 1 7 2 8 0 ~  - x 50000= 12.96 x 10" imp/min 

10 

Thus: 
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3.3.2. CONTINUOUS TRACER INTRODUCTION 

This method involves the continuous introduction of a tracer with a radioactive 
concentration ofcj  and at a volume r;itc of v,., into the liquid flow to be measured having a 

n r .  9 6 : .  - . , . ~ ~ , . ~ ~ - t ~ - - ~ t ; r r n  I .  , RQ per unit volume. The cv 
~u;Llli1~ , LL  ' v *  ;..;< ;. % \  -..: -. 
radioactive conantration is detcrlnind at a distance necessary for oompiete mixing (Fig. 
3.20). The following mass balance can 5e written: 

Rearranging the equation wc have: 

The value of c, is, as a rulc, zero, except for systems with recirculation. 
On the other hand, r j  9 c,. Considering this: 

The values of radioactive concentrations (expressed in Bq per unit volume) can be 
substituted by count rate per volume values (expressed, e.g., as imp/(min cm3) if the 
measurement is carried out with the same detector and in the same arrangement: 

The tracer should be diluted several times for determination of the value of i j .  

EXAMPLE 3.6 
In u water luhr/ling srud~,, the purpose is to determine a flow rate of vv z5 m3/s with a 

relative standard deviation of 1%, N H , ' ~ B ~  produced in a reactor is used as a tracer. 
What is the necessary activity (A) of "Br to carry out this relatively accurate 

measurement? 
Considering industrial conditions and other aspects, a conrinuous tracer introduction 

method will be applied to measure the flow rate CEqs(3.31) and (3.32), Fig. 3.201. The tracer 
"Br with a radioactive concentration of c j  is introduced for a period of t = 5  min at a rate 



of vv, j.into the liquid flow having a rate of vv. The value otcV is determined by scintillation 
counting of a 10 dm3 sample in an arrangement having a sensitivity to 82Br as high as 
405.4 imp/(s. M B ~ . ~ ) )  11 1.0 imp/(s nCi m3)]. The samples and the 6ackground can be 
measured for 10 min, the background count rate is 100 imp/s. 

The accuracy of measurement of vv will depend on the error in the values of vv, j, cj and 
c,. Since vv, can be regulated with an accuracy of 0.5% (AV,. j/vv, x 10050.5%) and the 
radioactive concentration k j )  of the tracer can also bc adjusted very accurately, it is 
obvious that the error of vv will be determined by the deviations in the measurement of c, 
(iee-, Ire])- 

The following correlation can be written between the net count rate I,,, necessary for 
achieving the required 1% relative deviation and the background and the period of 
counting: 

On this basis: 

I,,, = 66.7 imp/s 

Considering the sensitivity of the measuring system, the count rate of 66.7 impis 
corresponds to a radioactive concentration of c, = 0.1645 MBq/m3 (4.5 pCi/m3). 

The activity necessary for measurement is: 

3.3.3. EXAMPLES O F  APPLICATION 

Radiotracer methods are often used for the culihrution ojjlow meters, both of liquids 
and gases. This is necessary when the arrangement of the pipelines cannot comply with the 
prescriptions for installation of the measuring elements, consequently the calculated 
values should be checked. 

The models and equations discussed above hold good also in measuring and 
calculating flow rates of gases, just as well as for liquids: e.g., for a study of ventilation, for 
the determination of the flow rates of air and heating gases in Siemens-Murtin steel 
production, methyl iodide labelled with I 3 ' I  can be applied C3.71. 

The radiotracer technique is especially suitable for the measurement of the flow rate of 
liquids, as it is proved by the widespread application of the method. The cooling hater 
requirement of petroleum refineries can be determined by the total count technique. Water 
requirements of water turbines, the cooling water consumption of thermo&ctric porwr 
stution can be investigated by the continuous tracer technique. Checking of the .w\r.uyr 
outlet of factories requires continuous tracer technique in some cases, combined kith the 

measurement by the pulse velocity method; in other cases the full sample technique is 
advantdgeous. The methods are not restricted to aqueous solutions: they are well suited 
for determination of flow rates of petroleum or other oryunic liquids if a tracer with 
appropriate solubility is available. 

If the liquid does not till the whole cross section of the tube, or if the flow occurs in an* 
open system where the flow-cross section fluctuates between wide limits, radiotracer 



technique is about the only method permitting the determination of the flow rate and 
velocity. This is the case in measurements of riwrs, brooks, cavern waters. and sewage or 
irrigation water flowing in surface canals. 

Radioactive isotopes have become competitors of tracer dyestuffs or salt solutions 
used in studies of surface or subsur/ace water systems; the advantage is the extremely high 
sensitivity of their detection. The selection from among the radioactive isotopes listed in 
Table 3.2 should be done in consideration of several factors characteristic of the given task. 
Owing to the rapid development of the measuring technique of soft p-emitters. tritium has 
become more and more widespread in water labelling studies. 

The flow rate of solid substances can be measured by hardly any other method than 
using radioactive tracers. Pulse-.like injection and measurement of the pulse flow rate (Fig. 
3.19(d)) is the most advantageous technique here. 

The mass flow rate can be determined in this manner in rotary kilns of'ccmenr.facrories 
(Fig. 3.21); in general. '*'La isotope is used. In a given study i t  was found by means of 
measuring the tracer with detectors along the kiln that the mass flow was very slow in the 
first 30 m of the oven, presumably owing to a slowdown caused by the chains installed 
here. Granulation is characteristic of this section; as a result of this process. the flow rate is 
doubled along the further kiln section (about 90m). In the final section of the kiln. the mass 
flow is again slower: this can be attributed to softening, aggregation. due to the formation 
of clinker. 

In a continuous paper d i g r s t i ~ ~ ~  rower " 4 C ~  fibres are used to study the flow rate of 
chips. It was found that the flow rate decreased gradually along the height of the tower 
(Fig. 3.22). From the technological point of view it is essential to prove that the chips flow 
through the tower under identical time. independently of their point of entry into the 
tower. 
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Fiy. 3.22. Determination of the flow rate of ground wood in a digestion tower of a paper factory 
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3.4. STUDY O F  MATERIAL FLOW 
I N  INDUSTRIAL PROCESSES 

e 
3 

'x 

Various types of material flow are required in different continuous systems. For 
example, the ventilation of a room is ideal if fresh air flows through the full cross-section, 
i.e., there are no unventilated dead volumes and, further, if the fresh air is practically not 
mixed with the vitiated one but i t  displaces the latter. In other cases the purpose is to 
produce a homogeneous composition; in such cases the substances introduced should be 
mixed with each other and with the substances being already in the system as completely 
as possible. 

3.4.1. BASIC PRINCIPLES OF UNIT OPERATIONS 

Mixing during flow determines the residence time distribution of the flowing substance 
in the system. Hence the concept of residence time distribution function can be used to 
characterize the mixing during flow, and thereby the flow itself. 

The residence time is the time t during which a volume element of a given material can 
be found within an operation unit  (tank, reactor, tube, etc.), i.e., the time between the entry 
and exit of the volume element. 

The age oj'the volume element denotes the time elapsed since the time of its entry into 
the system. 

I n  a butch type unit the period of time between the entry and exit of each volume 
element is identical with the time between the charging and emptying of the reactor; 
therefore, if the durations of the charging and emptying operations are relatively 
negligible, the residence time and the age of each element are equal. 
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Continuous units are simultaneously and continually charged and emptied. One of the 
characteristics of the residence ofmaterial in these units is the mean residence time 6 which 
can be calculated a s  the ratio of the full i,olume of the unit ( V) to the volume rate of the feed 
(vv): 

The mean residence time is. however, characteristic of the total fluid flow only, because 
it  would be an ideal limiting case if every portion of the flow spent identical time in the 
apparatus. In this case no volume element of the feed would get ahead of another, so the 
volume elements would leave the unit in the order of their entry. 

This ideal case is called plug or pistonf2ow and this is similar to the movement of a 
plunger in a cyIinder. Such a flow is characteristic of ideal tube reactors. 

Perfect mixing would be characteristic of stirred ranks, where the entering volume 
elements would be divided instantaneously over the full volume of the unit. Neither of 
these limiting cases can be reaiized in practice. 

The character of fluid flow in industrial units is be twen  these two i d d  cases because 
there is a more or less complete mixing in them. Longitudinal mixing causes some volume 
elements to be fast, others to be late. Therefore the flow leaving a continuous operation 
unit consists of uolume elements wi th  carious residence times. 

In order to investigate processes in industrial operation units precisely. i t  is necessary 
to know the functions describing the residence time distributions and their interrelation- 
ships. These distribution functions are age distributions. They will be discussed in a 
dimensionless system. where tA= r ? 

Internal residence time distribution. i.e., the aye qfthe material in the reactor can be 
characterized by the I(tA) distribution function. The fraction of V volume in the unit with 
an age between t, and dt, is /(t,) dt,. 
Since 

3( 

f I(tA) dtA= 1 (3.34) 
0 

the fraction of material in the unit with an age lower than fis: 

and similarly, the fraction with an age higher than Tis: 

The mean age of the material in the reactor is: 

The shapes of the I(t,) functions are shown in Fig. 3.23 (a)  for plug flow, in Fig. 3.23 (b) 
for perfect mixing and in Fig. 3.23 (c) for a practical unit. 

The external residence time distribution, i.e., the distribution of the age of the material 
leaving the unit is shown in Fig. 3.24 (a) for plug flow, in Fig. 3.24 (b) for perfect mixing and 
for a practical case in Fig. 3.24 (c). 
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(b )  

A 

Fig. 3.23. Internal residence time distributions: (a) for plug flow; (b) for perfect mixing; (c) in actual practice 

Fig.  3.24. External residence time distributions: (a) for plug flow; (b) for perfect mixing; (c) in a practical case 

According to the definition of the E ( t A )  function, the fraction of the total outflow from 
the unit the age of which is between tA and tA + d t ,  is E(t , )  d t , .  Since the total amount is 
between tA = 0 and tA = GO, 

$ E(t , )  d t A  = I (3.38) 



The fractions having lower and higher ages than i, rcspectivcly, are: 

The mean age of the material leaving the rcactor is: 

The following correlation exists bctwccn I(t,,) and li(t.,l: 

The distribution function of the residence time 1. ' ( ( , )  givcs the rchtivc occurrence Of 

ages lower than 

Figure 3.25 shows the shapes of the function F(t,,) for the basic types of flow. 
Various factors have been proposed to chcrnv.r~riru rhr tJ.yrenr ~i'der.iorion j rom the 

ideal cuses of plug flow and complete miring. These lilctors ;tssumc the k noulcdge of the 
residence time distribution functions of the given system. 

If there are dead volumes (V,) in the Vvolume of the apparatus. thc actual volumc 
participating in the mass flow is K =  V- V,. In this case, the ;lctual value of rcsidencc 
time, <, is different from the value calculated from the volume rate v, by means of 
the formula t= V/vv: 

- v-v, - v t, = < t = (3 .43)  
d 

"v 
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The relative size (4' the decid oolume is: 

The H hold-buck expresses the fraction of the original filling of the reactor being still in 
it after the flow of Vvolume, i.e.. at t, = 1, if the mass composition is changed at the initial 
moment. H expresses the fraction of material older than t,, = I :  

In  the case ofplriyjlorv H =0, ix., the value of hold-back reflects the deviation from this 
ideal case, in other words. the extent of mixing. Since----as it can be derived-for complete 
mixing: 

F(t, ,)  = I - exp ( - t,,) (3.46) 

the hold-back in this case is: 

The mixing of the material (equalization of concentration) often depends on factors 
other than turbulence, recirculation, etc. in the tank. The actual process may' involve 
irrcgularitics in the fluid f l ~ w :  short circuits, or conversely, dead or partly dead volumes, 
where the material stagnates or flows very slowly. The two types of effect can be 
distinguished on the basis of the intensity function j.(t.,): 

I f  the i.(t,,) function has a maximurn or decreases monotonically, this indicates 
stagnation of the fluid flow. In the casc of regular mixing characteristic of ideal stirred 
tanks or tanks and plug flow volumcs linkcd in series, E.(t,,) is constant or increases 
monotonically. 

3.4.2. DETERMINATION O F  RESIDENCE TIME DISTRIBUTION FUNCTIONS 

I n  order to obtain information about the flow or mixing in a given unit, some property 
of the entering material should be changed. This can be done according to an arbitrary 
time function. The shape of this signal is modified by mixing and flow in the unit: rheoutput 
sigqncil hns changed us compurecl with tho input. The shape of the output signal is a function 
of the flow and mixing phenomena occurring in the reactor, thus, with a given input signal, 
its change at the output can give sufficient information to calculate the distribution 
functions of the residence time of the material. 

Rudiocicriiw lohellin{/ is a concentration labelling as far as its essence is concerned; i t  is 
generally applied according to two types of time functions: 

Pulse-like tracing means the injection of a tracer of A Bq activity during an 
infinitesimally short dr time period. The radioactive concentrdtion (e) of the input 
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material changes according to the following time functions: 

0, t t o  

.t)= (w, 1-0 and + f c ( t ) d t = ~  - 00 (3.49) 

0, t > O  

Figure 3.26 (a) shows the shape of the input signal. The output signal is the radioactive 
concentration of the material leaving the unit, as a function of time: [cl(t)]. Let us 
investigate-with a given input signal-the correlation between cl(t) and the frequency 
function of the external residence time distribution characteristic of the system. When 
doing so, it should be considered that cl(t) is the radioactive concentration of the material 
leaving the system between t and t + d t  (expressed in Bq per unit volume). 

If the flow rate is vv, the activity leaving the system between t and t+ d t  is v,dtc1(t) Bq. 
The same activity can also be expressed by the frequency function of the external residence 
time distribution: AE(t)dt activity leaves the system at t time, of the total input activity of 
A. 

Comparing the two expressions: 

(a l 

c It. 

Fig. 326. introduction of a rddiotracer: (a) pulse-like injection; (b) continuous introduc&m 
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Obviously, until t= co, the total activity leaves the unit, thus: 

'0 m 

A=v, Ic'(t)dt, since I E(()dt=l 
0 0 

From Eqs (3.50) and (3.51) we have: 

The c1(t) radioactive concentration can be substituted in Eq. (3.52) by the specific count 
rate, i(t), expressed in imp/min. 

The above discussion shows the method of determination of the E(t) function: a tracer 
pulse is injected into the fluid flow entering the operation unit, and the count rate of 
samples taken from the output flow, or the count rate measured at a section of the outlet 
tube, is used to construct an i us. tdiagram. The i value corresponding to any ttime divided 
by the area under the curve gives the value of E(t). 

Continuous tracing involves the dosing of a radioactive tracer, at a constant input rate 
from t=O onwards, into the input stream. Thus, the radioactive concentration in the fluid 
will increase by a sudden jump up to c, at t = O .  and remain constant at this value, 
Accordingly, the input signal (Fig. 3.26 (b)) will be as follows: 

As a consequence of labelling, the output stream becomes radioactive; its radioactive 
concentration, i.e., the output signal increases from ct(t)=O up to c,. 

According to the definition of the F(t) distribution function of the residence time (Eq. 
(3.42)), the correlation existing between the input and output signals is the following: 

The value of c'(t) can be substituted by the specific count rate. 
Even the shape of a residence time distribution function determined by radiotracers 

may give useful information in a qualitative sense. but i t  can also be quantified if the 
above-discussed characteristics. the real mean residence time. the dead volume, the hold- 
back and the intensity function are calculated. 

In  the knowledge of the distribution functions and the above-mentioned character- 
istics. the modelling of the svstem to be investigated can be attempted. This isjustified if the 
evaluation points to consiberab~e differences between the real system and either of the 
ideal limiting cases. Modelling involves the construction of a system resulting in a 
residence time distribution similar to the one to be investigated. The construction can be 
done by coupliny ideal stirred tanks (creating a so-called cu.sc.udt. (tanks-in-series)), or by so- 
called dispersion spaces or by combining various flow spaces. 

EXAMPLE 3.7 
In a sugar factory the liquor to be purified passes through a subsider where the sludge 

precipitates. The residence time of the material, t, should be determined in the tank of a 
volume V= 3260 dm3, at a volumetric flow rate of v, =61 m3/h. The task is solved by a 



pulse-like injection of 200 MBq of *'Br into the tank. The radioactivity of the outflow is 
measured. 

If a well-soluble material is added into a tank into which a liquid is flowing at a 
constant rate and outlet stream is leaving it at  the same rate, ~ h c n ,  assuming idea2 nixing, 
the following differential equation will describe the concentration change in the tank and 
in the outflow, respectively, as a function of the time: 

where cdenotes the concentration of the material at t time; v, is the flow rate of the liquid 
and V the volume of the tank. 

The solution is the following (with the initial condition: if f =  0, c= c,): 

c=co exp (- v,t/V) (3.56) 

Let us introduce the half-life for characterizing the process; accordingly, if t= t,,, then 
c= co/2: 

The residence time is characterized in our example by the half-life according to Eq. 
(3.57) as follows: 

3260 
tl" = 61MX) 0.693 x 60 = 2.2 rnin 

Figure 3.27 shows the actual concentration change: the decrease is initially faster, 
afterwards slower than expected on the basis of the theoretical calculation. The 
experimental half-life is 2.9 min, and this is rather close to the calculated value. 

The result indicates that the mixing in the settler approaches ideal conditions fairly 
well. 

0 20 LO- 60 80 100 120 \LO 
Time, min 

Fig. 3.27. Changes of the count rate of "'Br in a sugar factory subsider 



STUDY OF MATERIAL FU~W IN INDUSTRIAL PROCESSES 175 
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Fig. 3.28. Tracer study of a tube reactor: (a) the count rate, with a pulse-like tracer injection. at the outlet of the 
reactor as a function of time: (b) distribution functions E ( t )  and F(t) calculated from the above data 

Tuhle 3.6. Data and results to Example 3.8 

Remurks: 
( 1 ) Taken from Fig. 3.28 (a) 
( 2 )  Taken from Fig. 3.28 (a) 
( 3 )  A t = 5  s 

.. I .  

T= f t E ( t )  d r t  ,C t E ( l ) A t  
i~ i s 0  
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EXAMPLE 3% 
A liquid flow entering a tube reactor is labelled in a pulse-like way and the count rate is 

measured at the outlet as a function of time, i.e., the i(t) function (Fig. 3.28 (a)). 
Data have been summarized in Table 3.6. Let us calculate the following characteristics: 
- the frequency function of the external residence time distribution E(t) according to 

Eq. (3.52); 
- the distribution function of the residence time, F(t), according to Eqs (3.52) and 

(3.42); 
- the mean residence time, 6 according to Eq. (3.40); 
- the percentage of outlet material with t=20 s residence time (Eq. (3.42)); 
- the percentage of the material in the reactor, the residence time of which is between 

15 =< t 6 20 s according to Eq. (3.42): I(tA) = 1 - F(t,), but since tA = t/< I(t) = l/$1 - F(t)]. 
The solution of the first three parts of the example can be read from the Table: 

functions E(f )  and F(t) have been plotted in Fig. 3.28 (h); f= 27.58 s. 
As Fig. 3.28 (b) shows, F(20)=0.4, ie., 40% of the material leaves the reactor with a 

residence time t g 20 s. 
The fraction of the material with a residence time between t and t +  A t  corresponds to 

I(t)At. We look for I(15): 

Thus, 16% of the material in the reactor has a residence time t between 15 and 20 s. 

3.4.3. INDUSTRIAL EXAMPLES OF MATERIAL FLOW STUDIES 

In the production of alumina, the slurry flow was studied in two continuous bauxite 
digesting autoclave series by means of a bauxite labelled with 59Fe. Analysis of 
distribution functions of the residence time revealed the presence of considerable dead 
volumes in the autoclave battery stirred with direct steam blow, and smaller dead volumes 
in the battery equipped with mechanical stirrer. The study indicates that a change in the 
way of stirring may be advisable, as this could lead to an increase of the useful volume of 
the autoclave battery. 

The flow of red mud and that of the slurry in Dorr thickeners of alumina factories can 
be investigated by red mud labelled with 59Fe and aluminate liquor labelled with 24Na. The 
study allows the construction of the hydrodynamical model of the thickener. 

I n  the paper industry, tracer studies can detect dead volumes in the bleaching process of 
cellulose fibres. The real residence times may be considerably lower than those calculated 
from the volume of the system and the flow rate. This can be attributed to the gradual 
breaking of Raschig rings and channelling in the tower packing. The fluid will pass 
through these channels instead of being distributed over the entire cross-section. Glass 
fibres activated by neutron irradiation (24Na) can be used as tracers. 

I n  petroleum pipelines, e.g., l4'La-naphthenate may serve as a tracer. In this way, the 
mixing of various types of petroleum with each other, as well as that of gasoline and Diesel 
fuel during flow can be studied. The plots of activity us. time give almost regular Gaussian 
curves at various detection sites, their maxima decreasing and the half-width-valves 
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Fig. 3.29. Investigation of 
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E'i!q. 11.30. Mixing of hot a~td  cold water in an clcc~ric hoilcr 
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increasing as the distance from the injection point increases (Fig. 3.29). The purpose of 
W C ~  studies is to determine the amount of mixtures formcd when different liquids are 
Pllmpcd after each other. eventually requiring repeated refining. A mathematical analysis 
1 4  1f1c distribution curves allows the solution of the problem. 

I n  ctlor.tric. hoilrr,s, a flow study with ~ a ' j ' I  tracer demonstrated that the mixing of 
w r r n  and cold water displacing the former showcd hardly any dependence on the 
' , r ~ I ~ ~ t u r ~  and shape of tllc r ,~~r; t l isd hcatcr In some con\tructions, but there \\as a close 
~~) r rc l ; i l ~on  with the temperature of the hot water found in the boiler. If  the hot water 
Impcritlilrc was 80'C, its disptacement by cold watcr occurred almost like a plug flow, 
wI~crc;i\ ;t very intense mixing with the inlet cold watcr occurred when the water 
fcmpcraturc was 50'C. This is unambiguously demonstrated by the shape of the 
~ll~lribution functions of residence time, shown in Fig. 3.30. 

1 3rd sampling, 
VI. 39.3 m 

Tracer, 1st sampling, 2nd sampling, , 9.8 m 

Feeding 
trough 

.g lass  
chines 

10 m 
6 t h  sampling, 

39A m 

4 0 
1 - 6 : Poinis of sampl ing  

0 50 150 250 350 450 550 650 
Time, !I 

Fiq. 3.31. Flow stuuies in a tank furnace of a plate-glass factory 

'h flow in a 720 t continuous tank furnace of a plute-yluss factory was studied by a 
)..lils~ ctlntirining "Cr tracer. The experimental arrangement and the activity US. time plots 

~ i v c l ~  sm~pl ing  points are shown in Figs. 3.31 (a) and (b), respectively. The analysis of 
tk C U ~ V C S  shows that the bulk of the material flows in the middle of the first quarter of the 
rklrW~c. Later on. the flow is distributed throughout the whole cross-section, but the last 
third of the furnace responds very sensitively to the loading changes of the continuous 
l~l;lk-glitss pulling machines. Axial dispersion characteristic of the flow is rather high and 
rc~irculution flows also contribute to it. 
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3.4.4. STUDY O F  THE HOMOGENEITY O F  MIXTURES 

Homogeneity in a chemical sense means the unifbrmity of the chemical composition. In 
multiphase disperse systems, the individual chemical properties are bound to well-defined 
particles, e.g., in solid mixtures, to macroscopic granules of the components. Obviously, 
the uniformity of chemical composition of such systems depends on the spatial 
distribution of the granules. 

Two extremes can be distinguished: 
- the particles of each component are found in separate groups; this is the state of 

maximum inhomogeneity: 
- the particles fill the space in a random way; this is the state of maximum mixing or 

random homogeneity. 
These two extreme cases are the initial and final states of a batch-like mi-uiny 

(homogenizing) process; during mixing, the former state transforms into the latter 
continuously. 

The concentration of a given j component related to the whole system (i.e., its average 
concentration, C) remains unchanged, but the spread of this average concentration to 
samples taken from various points of the system gradually decreases. 

The measure of the homogeneity of the system at time tis the standard deviation (a) of 
the differences between the concentrations measured in samples taken from various places 
(c , )  and the mean concentration (4. 

If the value of c ,  is determined at time t, in sample n and is calculated, the following 
values are obtained for the standard deviation (a) and the relative standard deviation (a,,,), 
respectively: 

The relatioe stundard deviation is a more advantageous characteristic of the 
homogeneity of the system, because its value is independent of the concentration unit 
(mole fraction, mass (weight) fraction, rel.%, etc.). Its value remains unchanged even if the 
concentration is expressed in specific activity (a [Bq per mass]), radioactive concentration 
(c  [Bq per volume]) or specific count rate (i, e.g., imp/(min g)). 

The tracer study of granulated materials in batchwise mixing or homogenizing 
processes can be carried out by admixing a radioactive tracer before starting the mixing. 
The most advantageous tracing may consist in the neutron activation of a small sample of 
one of the components, most suitably that of the important agent of the blend. Several 
samples should be taken at various time intervals during mixing and the relative standard 
deviation of their specific activity should be determined, according to Eg. (3.59). The 
progress of homogenization can be checked by the gradual decrease of the relative 
standard deviation of the specific activity with time. When the state of random 
homogerieity is reached, the relative standard deviation does not change any more. This 
indicates the time necessary for homogenization with given materials and a 
apparatus. 
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This technique is applied for the study of mixing of glass, refractory materials, starting 
materials for artificial carbon, synthetic fertilizers, ayc7nts and carriers for herbicides, petrol 
plus ethylfluid, PVC powder and ingredients for plastics production. The results can be used 
for characterizing of the homogeneity of the products, too. as well as for classijyiny mixing 
machines of uarious design. 

EXAMPLE 3.9 
50 kg cobalt and tungsten carbide 450 kg powder are homogenized in a drum mixer 

for hard metal production. Determine the time necessary to reach homogeneity! 
Tungsten carbide containing ls7W produced by neutron irradiation is used as a tracer. 

One hundred gram of this tracer is added to the mixture. Samples of 10 g each, 10 at the 
same time, are withdrawn and their relative count rates determined (i values are shown in 
Table 3.7, expressed in imp/(min g)). 

Table 3.7. Specific count rates (imp/(min g)) of samples taken at various moments of mixing and their relative 
standard deviations 

0 5 10 15 20 25 30 35 
Time, rnin 

Number of the 
sample 

Fig. 332. Homogenization of tungsten carbide powda 

Specific count rate, i, irnpimin g 

t,= 30 min t, = 20 min t, = 2.5 min t, = 10 min 
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The mean value of the specific count rates (i) is determined, then the relative standard 
deviation (a,,,) of the measurement series is calculated. The results of the calculation are 
also given in Table 3.7. Figure 3.32 shows the values of a,,, as a function of time. 

The figure indicates that the value of a,,, does not decrease any more after mixing for 20 
minutes; the given blend has become randomly homogeneous, its uniformity cannot be 
increased by further mixing. 

3.5. MEASUREMENT OF MASSES OR VOLUMES 
AND MASS TRANSFER 

3.5.1. DETERMINATION OF MASSES OR VOLUMES 

The method is based on the same principles which are used in isotope dilution or 
reverse isotope dilution analysis (see Section 4.3.1), independently of the fact whether a 
simple mass measurement or measurements repeated several times in connection with 
mass transfer processes are made. The method can only be applied in systems where the 
homogeneous mixing of the isotope is ensured. Homogeneity should be checked 
separately. 

If a tracer with a volume of Vj and with a radioactive concentration of cj is dispersed in 
a material of V volume and c, radioactive concentration, and the radioactive 
concentration after homogenization is ci, the following mass balance can be written: 

The equation can be solved for either V or 5; the former is the basic equation for 
isotope dilution unul?..sis, whereas the latter is the same for reverse isotope dilution analysis: 

If co = 0 and cj 9 c, ,  we have: 

If specific activities (a , .  a j ,  a , )  are used (expressed in Bq/g) instead of radioactive 
concentrations. it is possible to determine the mass of the material (m, m j )  instead of their 
volume: 
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Absolute activities (A,,  A,), radioactive concentrations (c,, ci) and specific activities (a j ,  
a,) cab be substituted in Eqs (3.62) and (3.63) by the count rates (Ire1, j, Ire,,i, impjmin) and 
count rates per volume unit (i,., and i,.,, imp/(min cm3); ij,, and i,.. imp/(min g)) 
determined in the same arrangement. The determination of Ire,. and ij should be carried 
out after a manifold dilution. 

In the case of the application of the isotope dilution method, the material to be 
investigated is labelled with a tracer of known absolute and specific radioactivity; after its 
homogeneous dispersion the resulting specific activity is determined, and the quantity of 
material is calculated by Eqs (3.61a), (3.62a) and (3.63a). 

For determination, of the urnaunt of dross in blast or cupola furnaces. a rare earth metal 
oxide (e-g., 140La,0,) is used as a tracer. because it is not reduced to metal and certainly 
remains in the dross. 

I n  electric furnaces, the amount of the molten metal should be known with certainty in 
order to be able to calculate the dosage of expensive alloying metals. The isotope dilution 
method can be used with advantage to solve this problem in metallurgy. Procedures using 
short half-life 6sNi isotope for this purpose are, as a rule, successful. 

From time to time, the "stock-taking" of mercury in alkali chloride electrolysis cells 
should be performed. If a ,03Hg tracer is used, switching off the cell and emptying the 
mercury are unnecessary. The accuracy of the tracer method is higher than that of 
weighing, because graphite elements of the cell sometimes retain as much as 100-1 50 kg of 
mercury. The accuracy of this dilution method is 0.8 rel.7;. 

A reverse isotope dilution method is applied when a small fraction of a large amount of 
material is admixed to a known amount of another substance and the determination by 
chemical methods is-owing to the low concentration-uncertain. Equations (3.61 b), 
(3.62b) and (3.63b) should be used here. 

The method was used to detect leaking of the cooling water into tins after the 
sterilization process. Such a leaking may cause spoilage of closed cans or jars. The cooling 
water was labelled with 2 4 ~ a  in an experimental autoclave. In order to avoid adsorption 
of 24Na, the tins and jars to be investigated were filled with brine. I t  was possible to detect 
the leaking of such a low amount of cooling water as 0.2 pl. By means of this examination 
various methods of sealing could be compared to establish their eficiency (see Example 
3.2). 

Material loss in manufacturing processes is an interesting and important technological 
characteristic. For example, the mercury stock in certain alkali chloride electrolysis cells 
should be labelled with ca. 10 GBq (0.1-1 Ci) 203Hg per cell. This allows the determination 
of the Hgcontent in the CI, and H, gases, as well as in the NaOH and NaCl solutions even 
if the mercury concentration is as low as 0.1-1 pg/cm3. Thus, in the knowledge of the mass 
balance of the manufacturing, the sources of the mercury loss can be discovered. 

In  nitric acid factories, gases leaving the ammonia oxidation plant and containing 
about lo"/, nitrogen oxides are cooled by the cold end gases leaving the absorption system. 
Labelling the hot gas with 33Xe, it can be traced if even 1-2% of it is mixed to the end gases 
throu~,h the leaks of the cooler, avoiding thus the absorption system. This fraction of the 
gas is lost (see Example 3.4). 

Quantitative data can be obtained as far as the losses of the platinum net catalyst in 
nitric acid production are concerned. The method gives information about the sites of 
concentration of platinum powder carried over by the gas stream. The process is traced by 
1921r; the net with a given mass has a known specific activity with respect to the radioactive 
isotope. 
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In petroleum refinery, entrainment in vacuum distillation towers is determined by 
reverse isotope dilution technique. From lower trays, not only vapour gets to the upper 
ones but also liquid drops entrained by the vapour. Consequently, low-boiling distillates 
taken from the upper trays are contaminated with high-boiling fractions. If the liquid on 
the lower tray is labelled by a nonvolatile substance (60Co-naphthenate, triphenyl 
antimonate labelled with 12'Sb, etc.), then any radioactivity appearing on the upper trays 
is the indication of entrainment. 

Corrosion studies are carried out according to the reverse dilution method. The 
advantage of the procedure is that corrosion losses are determined by measuring the - 
activity of the dissolved metal instead of following the loss of activity of the solid plates. 
The latter technique would ensure much less sensitivity. The examinations can be 
extended to the study of corrosion of nonmetallic coatings: e.g., the dissolution of enamels 
can be studied by enamels containing 22Na tracer. The same method may be used for the 
determination of chemical resistivity or the solubility of glasses. 

The study of action mechanism of detergents is an important field of application in mass 
transfer research. Appropriate tracers enable us to check the efficiency of de-greasing 
before electroplating or to study the efficiency of washing ingredients or that offlotation as a 
function of the used additives (wetting agents or modifiers). 

Mass transfer studies have been carried out also in welding. The application of a 5LCr  
tracer may help to decide the origin of chromium in arc welding of stainless steels. This 
may be important in the reduction ofchromium losses. By labelling either the substance to 
be welded, or the electrode, or the welding rod, it can be decided whether the chromium in 
the weld originates from the'welding rod. The optimum chromium content can be 
controlled by a reasonable increase of the chromium content of the welding rod. 

3.5.2. WEAR STUDIES 

The importance of tracer investigations of mass transfer processes increases as longer 
and longer lifetimes in machine industry are required. The determination of smaller and 
smaller changes in dimensions means, from the point of view of metrology, that negligibly 
small amounts have to be measured in comparison with the original dimensions of a 
wearing machine part. 

Traditional wear studies-such as the measurement of mass or dimensional changes of 
the machine part in question, the application of arched scratches or C'ickers-traces, as well 
as the chemical analysis of wear products accumulated in the lubricant-have limited 
sensitivities, require lengthy experiments and are expensive. Only the last method on the 
above list does not require periodic dismantling of the unit containing the machine part to 
be investigated. Hence, the wear plot is determined by most methods in a discontinuous 
way, involving also the disadvantage of repeated running-in after reassembling. A further 
disadvantage of traditional methods is that the factors causing wear should be maintained 
at a constant level and this requirement can be fulfilled with difficulties in practice. The 

,above-mentioned principial and practical difficulties have been eliminated to a large 
extent by radioactive wear studies. 

The machine part to be investigated is labelled with a radioactive isotope. The active 
part is built in the appropriate machine unit and operated properly. The activity of worn 
products getting into the lubricant and suspended there is measured by a detector. The 
extent of wear is indicated by the count rate being proportional to the amount of worn % $L +. 



products. The proportionality factor is determined by appropriate calibration; in this way 
it is possible to obtain information not only about the changes of the nature of the wear 
curve, but also about the absolute amounts worn off. 

Several possibilities are possible for labelling. I t  is possible to label the metal during 
casting, in the molten state, before preparing the labelled object. This method requires the 
use of a relatively large amount of radioactive isotope and this is undesirable from the 
point of view of radiation protection. In the dif'Sision process, the tracer is made to diffuse 
into the surface. In this case it should be considered, however, thal the spccific activity M. i l l  
decrease toward the bulk of the solid from its surface. Gultwnic. cwuirny of the surface by a 
tracer alter the surface parameters and falsifies thus the results of the wear studies, except 
for the case when the worn surface is electroplated anyway (e.g., chromium plated piston 
rings). The "forced wear" principle involves inserting radioactive rivets into holes bored 
into the surface whose wear is to be studied. This mcr~surcmcnt givcs, howcvcr, w r y  
uncertain information only, as far as the behaviour of the whole surface is concerned. The 
most suitable method is the neutron acti~ation of the whole object to be investigated--if 
this is possible-although inhomogeneities in the neutron flux may cause specific activity 
differences in larger objects. The chemical analysis of worn products can also be performed 
by subsequent neutron uctivation-when justified-this is, as a matter of fact, an activation 
analysis (see Section 4.2). 

Isotopic wear studies are successfully used in the motor rehick industry. The wear of 
piston rings, cylinders, bearings, fuel pumps of engines, etc. can be determined by detecting 
the radiation of radioactive worn products getting into the lubricating oil or fuel. Wear of 
piston rings is studied not only as a function of the engine parameters (number of 
revolution, loading, etc.), but one can also draw conclusions about the effect of outcr 
factors, because the ring wear is influenced by the quality of the fuel and lubricant, as well 
as by the efficiency of the oil and air filtration. 

Figure 3.33 shows an experimental arrangement for the determination of radioactive 
piston ring wear of a diesel engine built in an autobus. Figure 3.34 shows a scheme for a 
better understanding of the operation of an apparatus suitable for the measurement of 
wear of piston rings in an air compressor. Compressors 1, driven by electric motors 13, 
compress air into the air tank 2 (with a blow-off valve, oil separator I2 and a common 
pressure regulator 3), from where i t  goes off into the atmosphere through an adjustable 
valve 11. Two independent lubricating circuits serve for oiling the compressors. A n  exactly 
known amount of lubricating oil is filled into the oil tanks 4. The oil is thermostated by the 
water circuit of a thermostat 8 (e.g., at 80 "C) and is pumped by centrifugal pumps 
immersed into the tanks toward the measuring elements 5, from whcre i t  gets i n t o  the 

Scaler Am~lifier Lead shield Oil filter 

motor I 1 counter \ \ 
~enerd.tor stabilizer ~ittereb oil bctive oil 

Fig. 3-33. Study of  the wcar of a radioactive pislnn ring mounted inlo a vchiclu cnginc 
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I 

[.%I. 3.34. Laboratory device for wear studies of piston rings in an air compressor 

compressors. Scintillation counters are immersed into the measuring elements shielded 
with lead (7). The pulses are recorded by the counters 6. The measuring of standard 
preparations from time to time serves for checking the proper operation of the counters 
and measuring elements. Three-way stopcocks 10 render i t  possible to make samples from 
the oil at regular intervals. The oil leaving the oil outlet orifices of the compressors is led 
back to the oil tanks. Lead shields 9 protect both the measuring elements and the 
experimenters from the radiation of the radioactive piston rings. 
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Fkl. 3.35. 7-Spectrr~ of nornlal ;tnd ri~dioiridium-1;tbclled piston ring surnplcs 
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y-spectrometry opens up the possibility to perform wear studies in multicomponent 
systems, i.e., by simultaneous labelling of two or more parts. Different parts worn in the 
same process are labelled by different isotopes emitting ?-quanta of different energies. 
Abrasion products are analysed by single- or multichannel analysers. Figure 3.35 shows 
the ;.-spectra of piston rings labelled with ' 9 2 ~ r  and ""Fc, worn in the apparatus shown i n  
Fig. 3.34. The simultaneous wear of the two types of ring can be determined by thc 
measurement in the two channels of the spectrometer (Fig. 3.36). 

Motor car tvres can also be labelled to study their wear: the running surface can be 
prepared of rubber labelled with triphenyl phosphate containing 32P. The outer 4 rnrn 
thick layer of the tyre shouid m i l i j i n  ,in asiiiitj ds  high JS about 7 GBq (0.2 Cij. The 
dispersion of worn off rubber in air is monitored by a detector installed in the car; the worn 
substance adhering to the road surface can be determined by autoradiography. 

The kryptonate technique has brought interesting results in the field of both wear 
studies and investigations of other surface changes of solid objects. Since 85Kr is a noble 
gas, it belongs to the least dangerous radioisotopes from the biological point of view. 

Diffusion or the ion implantation bombardment, technique is used for incorporation of 
85Kr of high radioactive concentration into the surface layer of the solid to be examined. A 
pressure of 30-40 MPa (300400  bar) is necessary for the diffusion method. For ion 
bombardment, a discharge tube is used; the "kryptonation" process involves the 
ionization of krypton gas by electrons accelerated by high voltage, followed by the impact 
of the positive krypton ions into the target switched as a negative electrode. The impact 
causes incorporation of the ions (Fig. 3.37) into a depth of 0.1-10 pm. This fact explains 
why the desorption of "sorbed" noble gas atoms is influenced very strongly by any 
interaction involving the surface. This makes the kryptonate technique suitable for studies 
in the field of reaction kinetics, analysis, solid state physics, wear, corrosion and surface 
deformation. 

When measuring peak operation temperatures, the metal part to be studied is 
kryptonated by, e.g., ion bombardment, then mounted into place and let to operate. The 
extent of desorption of krypton will depend on the maximum operation temperature. 
After dismantling, the part is heated gradually, starting from room temperature, and the 
count rate proportional to the 85Kr content of the surface is measured at the various 
temperatures. There is a "memory effect" indicating the maximum operation temperature; 

Fig. 336. Wear flats of normal and radioiridium-labelled piston rings 
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Fig. 3.37. Device for 
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Fill. 3.38. Peak temperature mcawrement h kryptonation technique 

owing to this. the radioactivity of thc part begins to decrease only at temperatures 
exceeding the value which had been attained before. Figure 3.38 shows a typical plot 
indicating the count rate of kryptonated piston rings as a function of the temperature. 

EXA.MPLE 3.10 
The wear of balls in a ball bearing is studied. by labelling the balls by neutron 

activation. The composition of the material is as follows: 1.5% C, 0.3'5; Mn and 98" Fe. 
The wear rate under the conditions studied is about I pg/h. The thermal neutron flux 
available in the reactor is $= 8 x 10' ncutron/(m2 - s). The wear study of the greased 
bearings can be carried out 48 h after completing the irradiation. and the bearing is 
operated for I h. The worn particles arc quantitatively separated from the grease by 

I, treatment with a solvent, and their activity is measured. 
Table 3.8 gives information about the radioactive nuclei formed and their properties. 
The radiation of 56Mn cannot be detected 45 h after irradiation, owing to its short half- 

life. 55Fe captures K-electrons, its determination is impracticable. The experiment should, 
therefore. be based on the 1- and ?-radiation of 5 9 ~ e .  
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Table 38. Radioactive nuclei formed during thermal neutron irritdiation in a specilied ball bearing material 

Carbon - - - - 

Manganese "Mn 2.58 h /I. ;. 1.16 x loi4 3.49 x 10" 

'SFe l ron 2.7 y K 1.41 x 10" 1.37 x l o i 2  

" Fe 44.6 d P. ;' 2.89 x 1 O 1 O  2.81 x l o f 0  

Two detectors are available in the laboratory. The questions are: which of them allows 
a more sensitive measurement, what are the specific activities obtainable under the given 
circumstances, and how long should be the irradiation time? 

The background of the given GM-tube is I,,,,, = 10 imp/min. We wish a 2% relative 
error in the net count rate; then, the following count times and count rates should be 
selected: 

Element 

t, = 30 min; n, = 3300 counts; I,,,,,, = 1 10 imp/min; 

t, = 10 min; n, = 100 counts; I,,,,, = 10 imp/min; 

Radionuclide Half-life 

- 
I,,,. , -, = 100 imp/min 

Then: 

Radiation 
em~ttcti 

The self-absorption of the sample is neglected, and it is assumed that the /?-particles of 
59Fe, with maximum energies of 0.27 and 0.46 MeV, pass without energy loss through the 
GM-tube having a mica window of 1&20 g/m2. Equation (3.3) is reduced then to a form of 
I,,, = GA. 

Equation (3.7) serves for calculation of the G geometry factor; I= 0.3 cm and R= 1.3 
cm: 

100 imp/min divided by 0.4 is equal to 4.17 Bq (0.1 1 nCi). After an operation period of 1 
h, the sample contains about 1 pg of abrasion product, i.e., its specific activity is 4.17 Bq/pg 
= 4.17 GBqFg (0.1 1 Ci/kg). The 48 h elapsed from the completion of the irradiation can be 
neglected as compared with the 45 days which is the half-life of 5gFe, thus let us study how 
long the irradiation time (3 should be to ensure the 4.1 7 GBq/kg (0.1 1 Ci/kg) 59Fe activity 
in the ball material. 

4.17 = 28.1211 - exp ( - 0.693 t/tl ,2)]; hence, we have: 

Saturation activity, Bq 

t z 10 days 

' 

for 1 kg 
element 

The other measuring device consists of a scintillation well-type crystal (O.D. 3.8 an, 
height: 5 cm, hole diameter: 1.3 crn, hole depth: 3.8 crn). Its background is I,,,,, = 2000 

for 1 kg 
bearmg mater~al 
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imp/min. We wish a 2% relative error in the net count rate (I,,,,, -,); then the following 
count times and count rates should be selected: 

t, = 30 min; n, = 85 800 counts; I,,,., = 2860 imp/min 

Then: 

t, = 10 min; n, = 20 000 counts: I,,,. , = 2000 imp/min 

I,,,. -, = 860 implmin 

59Fe emits 6 z 1 ?-quantum per disintegration. The efficiency of the well-type crystai 
with respect to the 1.1 and 1.29 MeV ?-quanta of 59Fe is 0.22 (see Fig. 3.1 1). A relative 
count rate of I,,,, , -, = 860 corresponds to the following activity: 86010.22 = 3909 
disintegration/min = 65.15 Bq (1.76 Ci). According to the above reasoning, this means a 
65.15 GBq/kg (1.76 Ci/kg) 59Fe activity in the bearing material. 

Since the thermal neutron flux available is not sufficient to produce the activity of 65.15 
GBa/kg (1.76 Ci/kg) required for the scintillation measurement. it is evident that the GM- 
tube arrangement should be selected. In this case-as it has been shown-the necessary 
time of irradiation is t= 10 days. 

3.6. TRACER STUDIES IN PHYSICAL 
AND CHEMICAL RESEARCH 

The first radiotracer studies--carried out by the Hungarian-born Nobel prize winner 
G. Hevesy as early as in 191 2-aimed at solving scientific problems. Radiotracer methods 
have remained useful for scientific research up till now. Such appiicatioris are to be 
mentioned also in this book. because both the principles and the methods are the same as 
in industrial tracer studies. The systems investigated are often of practical interest and, in 
addition, the results may be useful for industrial applications. 

Applications in selected fields of physics and chemistry will be illustrated by examples 
which are thought to be typical. I t  should be noted that stable isotopes as tracers partly as 
one of the double tracers are gaining more and more importance due to the development of 
increasingly sophisticated techniques. The simplicity of radioactivity detection represents, 
however. such an advantage that radiotracers have not and expectedly will never become 
obsolete. 

3.6.1. TRACERS IN PHYSICAL OPERATIONS 

Radiotracer methods used in scientific research are usually connected with mass 
transfer studies. This chapter will deal with those applications which do not involve 
chemical reactions, 



3.6.1.1. TRACERS IN SEPARATION PROCESSES 

The distribution of t~ microcomponent between a solution and the crystals of a 
macrocomponent precipitating from the solution can be expressed by the following 
equation: 

X U - X  
- = D- 
Y b- Y 

where a and b denote the initial amounts of the micro- and macrocomponents (g), 
respectively, x and y their precipitated amounts (g) and D is the recrystallization or 
fractionation parameter. D is related to the K partition coeficient by the following 
equation: 

where cis the concentration of the macrocomponent in the saturated solution (kg/m3) and 
p is the density of the crystals (kg/m3). The above equation expresses an equilibrium 
situation. In rapid crystallization, under nonequilibrium conditions, the following 
equation will hold: 

a 
log - 

b 
=llog- 

a-x 6-Y 

where 1 denotes a constant. 
D is a thermodynamical and l is a kinetic constant; in an ideal limiting case, D = A .  The 

assumption of a transition layer on the surface may help to resolve the apparent 
contradiction. 

These theoretical studies have gained particular interest in separation methods of 
radioisotopes. Together with other partition methods (ion exchange, chromatography), 
coprecipitation methods are suitable for the separation and enrichment of very dilute 
isotopes. 

It is also necessary to take into consideration similar adsorption processes in the 
electrolytic separation of radioisotopes. Exchange processes may be rate determining 
during electrolysis, too. The application of an anode with very small surface area promotes 
these exchange processes to a very high extent. 

The eflciency of aerosolfilters is investigated by test aerosols. These aerosols should be 
as monodisperse as possible to avoid the separation effect according to particle sizes. 

A very monodisperse lg21r aerosol of spherical particles can be produced by a low 
intensity, high voltage "Tesla" arc discharge. A constant air stream blows the aerosol 
through a buffer tank and through the filter to be investigated. After the tested filter, a so- 
called "absolute" filter is switched into the gas stream. This, in principle, retains all aerosol 
particles present. The radioactivity of both filters is measured in a specially constructed 
high cross-section lead shielding. 

The relative activity measured in the filter I r , l , f  is proportional to the amount of 
aerosol retained by it. If we relate this value to the amount of aerosol retained by the 
absolute filter (I,,,,,), we get the retention (R) of aerosol by the filter in question: 

r e .  - r e .  - . Ire,." R =  - I - - .  
Ire1.1 Irc1.f 
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The penetration (D) is defined as follows: 

D= 1 - R = f r e ~ , u / I r e ~ . f  (3.68) 

Typical results obtained with a I9'Ir aerosol (most frequent particle size: about 0.3 pm) 
are shown in Fig. 3.39. Of the subsequent cellulose fibre filter layers, for the sake of clarity, 
only retention by layers Nos 1,4 and 8 are shown. The loss through the absolute filter was 
less than 0.0025';/, and could be neglected. 

Fig .  3.3Y. Filtration efliciency ( E )  of fibrous viscose filters of different compactness as a function of filter loading 
(Q). Solid line: loose filter; dotted line: filter compacted in wet state and dried: * first layor (surface mass: 1.5 
kg/rn2); fourth layer (surf~rcc r n i i h h :  6 kg,  nl'); ' . eighth layer (surface mass: 12 kg;rn2). Reproduced by 

perrnis5ion of Hiding [3.22] 

As the filter loading increases, the retcntion decreases to a fairly constant value. The 
logarithmic scale shows that the filtration process can well be followed even in the range of 
almost complete aerosol retention (abovc 99:';). A loose filter has a higher cfticiency than 
more compact layers, because of the higher residence time of the air in it. 

With a 24NaC1 test aerosol it is possible to study the bchaviour of cubic particles. 

Radiotracers can be applied succu~sfully for the dctcrrnination of thc very slow 
diffusion and self-diffusion processes taking place in solids; this is the only mcthod for 
following the latter phenomenon. 

Two main measurement techniques can be distinguished for thc study of soif-diflitsion t 2 4  

processes in solids: 



( a )  A thin labelled layer is applied over a thick metal plate, e.g., by electrolysis. After 
keeping the system under the conditions to be investigated (at a given temperature), thin 
layers are cut or dissolved parallel to the surface. The radioactivity of subsequent fractions 
indicates the extent of diffusion. The dependence of the activity on the depth permits one 
to calculate t he diffusion coefficient. 

fh) A thin layer of an a- or P-radiating isotope is applied to the surface. The intensity 
measured by an outer detector decreases with time, thus the rate of disappearance of 
radioactive surface species is proportional to thc rate of diffusion. 

The so-called capillary technique serves for studying dijj'usion processes in liquids. A 
capillary with one open end is filled with a radioactive liquid. The capillary is immersed 
into the inactive liquid which is stirred intcnsivuly. The change of radioactive 
concentration in the capillary as a function of time is used to calculate the diffusion 
coefficient. 

3.6.1.3. TRACER STUDIES IN SORPTION 
A N D  SURFACE CHEMISTRY 

The measurement of radioisotopes uttuched to  a solid surfucr is possible by means of a 
device the principle ofwhich is shown in Fig. 3.40 (a). Counter 2 monitors the radioactivity 
in the gas phase plus that adsorbed on the surface I. Gas phase counts can be subtracted 
either by removing / from the device or by applying a second "blank" chamber with the 
same geometry and flow conditions, but without the adsorbent. This latter solution has 
also been described with thin-window GM-tubes. The catalyst sample can be moved by 
means of a magnet to and from a furnace. Another, more recent version permits in situ 
heating (Fig. 3.40 (b)). Similar devices can be used for detecting radiotracers adsorbed on 
electrodes from liquid electrolytes. 

The purtition cJf' un isotope between a solution and a crystalline substance may give 
information about the surface of the solid. 

Krypton adsorbate isoften used for sensitive surjuceurea determination of solids by the 
BET method. If  radioactive 85Kr is added to the adsorbate, pressure measurement can be 
substituted by radioactivity measurement. Surfaces as small as 100 cm2 have been 
measured by this method. The application of '33Xe as adsorbate permitted the 
measurement of a surface area as small as 1 cm2. Similar sensitivities can be attained if the 
radiation of "Kr actually adsorbed on the solid surface is directly measured as an 
indicator of the adsorbed amount. 

Fiq. 3.4O.(ajThe principleof measurement of;dsorbed radioactivity. I - catiilyst or electrode; 2 - scintillator; 3 
photomultiplier. Reproduced by permission of Mink rt ul. L3.21). (b) High temperature chamber for the 

conrinuous monitoringof radiotracers on a catalyst surface. I - -  GM-tube; 2 - -  - rubher seal; 3 Trflon gasket; 4 
bri~ss clamps; 5 catalyst; 6 heating coil; 7 thermocouple. After Norval and Thomson C3.351. 

reprtnluced by permission of The Chemical Society. London 
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Aluminate hydrate adsorbs readily chemical impurities from the aluminate liquor 
during decomposition. The radioactivity of alumina precipitated from a liquor labelled 
with 65Zn (measured after drying) reaches a saturation value as a function of time of 
contact with the labelled solution according to a Langmuir isotherm. The adsorption 
capacity of alumina was found to be about 10 pg Zn/g hydrate at 293 K. Experiments 
carried out with 59Fe-labelled solutions have shown that iron behaves similarly to zinc in 
the aluminate liquor. 

I n  corrosion studies (see also Section 3.5.1), it has been demonstrated by the use of 
labelled corrosion protective agents (such as ['4C]-labelled sodium benzoate and sodium 
cinnamate) that a coverage as little as 7-10% of a monolayer can ensure corrosion 
resistance. Obviously, the agent occupies the most active surface sites where in its absence 
also corrosion would commence. Autoradiographies (Section 7.6) have confirmed that the 
distribution of the protective substance is not uniform on the surface. 

Surface heterogeneity in chemisorptibn (Example 3.1 1) or the lifetime of molecules 
adsorbed or reacting on a catalyst surface (Example 3.12) can also be followed by 
radiotracers. 

EXAMPLE 3.11 
Radioactive benzene is adsorbed over a nickel catalyst at 423 K and displaced first by 

an inactive benzene (423 K) flow and then by hydrogen flow (from 423 up to 653 K). The 
substance removed from the catalyst surface is trapped in a 1 : 1 cyclohexane-benzene 
mixture. The cyclohexane and benzene are separated by column chromatography and 
their radioactivities determined. The following results are obtained: 

Relative radioactivity, 
Removing 

agent - 1 in cyclohexane I in benzene 

Benzene 260 4350 

Hydrogen 2360 320 

Let us determine the ratio of reversibly and irreversibly adsorbed benzene. 
The total count is 7290. Of this, the ratio of reversibly adsorbed benzene is 

260 + 4350 
Reversibly adsorbed = x 100=63.2% 

7290 

The amount of cyclohexane within this value is 5.6%. Thus, 5.6% of the reversibly 
adsorbed benzene transformed under the conditions applied, i.e., at least this fraction of the 
reversible adsorption, took place by chemisorption. 

1 The amount of irreversibly adsorbed benzene is 36.8% of the total adsorption, this is 
40 
iY 
.*C' '? 

certainly chemisorbed by dissociation of one or more C-H bonds C3.261. 

EXAMPLE 3.12 
Chlorobenzene is passed in a hydrogen stream over a Pd/SiO, catalyst promoting 

dechlorination (practically without any other reaction) C3.35): 



Using the device shown in Fig. 3.40 (b), let us determine the mean lifetime of the molecules 
on the surface of the catalyst and the SiO, support alone. Let us determine the ratio of 
molecules leaving the Pd/SiO, catalyst with and without reaction. 

The mass of the catalyst is m = 250 mg; the flow rate: F = 22.0 x 10' molecule/s (over 
the Pd/SiO,) and 15.1 x 10'' molecule/s (over the SO2), respectively. 

Let us regard the catalyst surface as a "chamber" with a capacity of C, molecules. Let 
us inject a radiotracer with a total activity of A Bq into the flow. The number of total 
counts n is obtained by integrating the time-dependent count rates (Ircl): 

where r,= C,/F is the "occupancy", i.e., the mean time of sojourn of a molecule on the 
surface. The Cc capacity can be calculated as follows (a and I,,, being the difference of the 
values measured in the catalyst chamber and the "blank" chamber): 

If a rectangular pulse of ["CI-chlorobenzene is passed through the system, during its 
desorption the count rate r,,, wi~r vary rccurding to -dIrcjdt= Irel/rs. On integration we 
have: 

The logarithm of count rates as a function of time are shown in Fig. 3.41. The mean 
lifetime of molecules on the catalyst, determined graphically, is 7, = 0.8 1 x 1 O 3  s, and on the 
support: r,= 3.04 x lo3 s. This shows that the support serves as a reservoir for the 
chlorobenzene molecules; the catalytic reaction ensures an enhanced opportunity for 
them to leave the surface after reacting. 

The "turnover number" (j.,), i.e., the probability of desorption of any molecule in unit 
time, is given by the reciprocal value of the mean lifetime: is= l/r,. This consists of two 
parts: the probability of desorption after reaction (2,. l/s) and that without reaction ( lC ,  
11s); the turnover number for reaction i r ,  11s is the probability that a molecule will leave 

Fig. 3.41. Plot of the logarithm ofthe count rate, I, I/s, as a function of the time f during the desorption of I4C- 
chlorobenzene. A - Experiment with Pd/SiO,; X - Experiment with SiO, support alone. After Norval and 

Thomson [3:35]. reproduced by permission of The Chemical Society, London 
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the surface as benzene in unit time. Its value is given by w/C, where w is the reaction rate 
and C ,  the capacity ofcatalyst surface. The latter is calculated from Eq. (3.71) and its value 
is C, = 4.64 x 10' ' molecule/(mg catalyst). 

A, = A, - i,, gives the probability that a molecule will desorb without reacting. 
The reaction rate in a flow system is (with a measured conversion of x =0.15): 

Fx 2 2 ~ 1 0 ~ ~ ~ 0 . 1 5  
W =  - - - = 1.32 x 10' molecule/(s g catalyst) 

m 0.25 

Since is= l / ~ , =  1/0.81 x 103 = 12.3 x lo-, s, i t  can be seen that 23% of the molecules 
react on the surface. The turnover number of molecules not reacting i., = (1 2.3 - 2.84) 
x 10-,=9.46 x lo-,, and this corresponds to 77% of the total flux. 

3.6.2. STUDY OF REACTION MECHANISMS AND KINETICS 

Radiotracers may be very useful in elucidating reaction pathways, kinetic parameters 
and mechanisms. Apart from earlier reviews C3.14, 3.151, a recent excellent book is cited 
here dealing with the applications of isotopes (stable and radioactive) in heterogeneous 
catalysis l3.361. 

3.6.2. I. ISOTOPIC EXCHANGE 

Isotopic exchange is essentially a "nonreaction", because the chemical nature of the 
starting material and end product is the same, only their isotopic compositions change. 
This reaction cannot, in principle, be studied without (radioactive or stable) tracers. Stable 
isotopes (using mass spectrometric analysis) ensure the additional advantage that also the 
isotope distribution can be determined. 

Exchange reactions give information about the character and strength of chemical 
bonds and the mechanism of the reactions accompanying the exchange. The possibility of 
exchange should always be considered in chemical investigations and care must be taken 
to ensure that exchange processes do not falsify the results. Applications of exchange 
reactions in chemical analysis are shown in Section 4.3.6. 

If metals are immersed in the solution of their ions, a rapid heterogeneous exchange 
occurs up to several monoatomic layers. For example, about 400 monoatomic layers can 
be exchanged within 30 minutes between Mn and a radioactive 0.5 M MnSO, solution; in 
systems like Pb/Pb(NO,), and Bi/Bi(NO,),, the extent of exchange can be nearly 1000 
layers. The rate of the exchange is influenced by the nature of the anion and increase with 
higher acid concentration. Although inert metals undergo exchange to a lesser extent, 
there is no direct correlation with the electrode potential. 

Such investigations may serve as a basis for corrosion studies (see Section 3.5.1). If 
inactive nickel is electroplated over an iron plate containing 59Fe, radiactive iron 
"clusters" can be observed in the coating. A rapid exchange must have taken place between 
the galvanizing bath (nickel solution) and solid iron, as confirmed by the appearance of : 
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radioactivity in the bath. Surface iron deposits are the starting points of later corrosion, as 
indicated by autoradiographs. 

Catalytic exchange reactions between organic molecules and radioisotopes have been 
studied extensively (e.g. C3.371). 

3.6.2.2. THE INVESTIGATION OF INTERMEDIATES 
AND REACTION PATHWAYS 

Radiotracer methods may help to elucidate whether a given intermediate is formed or 
not in a reaction. 

If the starting substance is labelled and its mixture with inactive moiety of the assumed 
intermediate is made to react, the molar (or spec@) radioactivities of the individual 
components after the reaction can give useful information about the reaction pathway. If 
the specific activity of the intermediate is as high as that of the end product, its 
intermediate character is verified. 

In heterogeneous catalysis, the desorption of the intermediate may be hindered. Then it 
may not appear in the final product; the intermediate is "masked". This difficulty may be 
overcome if the intermediate in question is produced in the reaction system. If the 
difference in the reactivities of the two components is very high, one of the components 
may be consumed entirely. This will falsify the results, because the radioactive starting 
material will thereafter react as if it had been fed alone. 

Both features are illustrated in Fig. 3.42. Here the role of cyclohexene was studied as a 
possible intermediate in benzene hydrogenation. The starting mixture consisted of 

Fig. 3.42. Molar relative radioactivities a of the individual fractions of benzene hydrogenation (cyclohexane: a; 
cyclohexene: B; benzme: 7 )  and the value of P/rr as a function of the degree of benzene conversion over various 
amounts of Ni catalyst. Starting mixture: "C-benzene + inactive cyclohexadiene. After Derbentsev el al. c3.281, 

reproduced by prmission of Akademische Veriagsgesellschaft, Wiesbaden 
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Hexane Hexene Benzene Hexane Cyclohexane Benzene 

Fig. 3.43. Relative molar radioactivity values (a) in the aromatization of a mixture of radioactive hexane plus 
inactive hexene (a) and radioactive hexane plus inactive cyclohexane (b) on Pt-black. (Empty columns: starting 

mixtures, shaded columns: after reaction.) After Ttttnyi et al. 13.291 

['4C]-benzene plus inactive cyclohexadiene; thus any cyclohexene found in the product 
was necessarily formed on the catalyst surface. Its radioactivity increases with increasing 
conversion (as cyclohexadiene is consumed). 

Instead of the molar (or specific) activities, another, relative calculation method can 
also be used. If the distribution of the individual components is calculated from both the 
mass and radioactivity analyses (e.g., from the chromatograms), two compositions are 
obtained, consisting of the mass-or  molar--(m%) and radioactivity (r%) percentages. If 
the molar (or specific) radioactivities of all components are equal, dividing the two 
percentage series gives unity for each peak (r"/,/m%= 1). If, however, radioactivity is 
distributed nonuniformly between the components, the r%/rn% values will vary. It is just 
the extent of nonuniformity which gives the answer required by the tracer study. Instead of 
the molar or specific radioactivities of the components, the r"//m% ("relative molar 
radioactivity") values can be used to characterize radioactivity distributions (Example 
3.13). 

Radiotracer studies have shown that cyclohexane is not an intermediate in the 
platinum- and nickel-catalysed dehydrocyclization of n-hexane, but 1 -hexene is (Fig. 3.43). 
Hexadienes and hexatriene-1,3,5 have also been found to be intermediates of the 
dehydrocyclization. This has rendered it possible to develop the so-called "stepwise" or 
"hexatriene" mechanism of dehydrocyclization. The scheme shows the reactions proved 
(thick arrows) and disproved (crossed arrows) by the radiotracer method, including also 
the triangular scheme proven for the hydrogenationdehydrogenation of cyclohexane- 
cyclohexene-benzene: 

cyclohexane + benzene 

n- hexane cyclohexene cyclohexadiene 

The manufacture of hydrocarbons or methanol from synthesis gas is gaining more and 
more importance. The mechanism of the Fischer-7i-opsch synthesis was studied by adding- 
"C-labelled ketene (0.25-2%) to a mixture of CO + H, reacting over a Co and Fe catalyst. 

- 
a 



Ketene (CH,=C=O) undergoes dissociation under these conditions. If the label was in 
the methylene group, the molar radioactivity of ethane produced was equal to that of the 
added ketene, in the presence of iron catalyst. The molar radioactivities of higher 
hydrocarbons increased in proportion to their carbon number. With cobalt catalyst, the 
molar radioactivity was lower and independent of the chain length. 

If the C=O group of the Letcnc was labelled, thc molar radioactivity of ethane was 
very low, but that of higher hydrocarbons increased proportionally with the chain length, 
in the presence of either both catalyst. 

These results point to the role of active surface =CH2 groups in initiating the chain 
growth which, afterwards, takes place via incorporating CO units. 

Methanol synthesis may, in principle, take place by the following two reactions: 

Tracer studies (Table 3.9) point to the occurrence of reaction (3.74). Carbon monoxide 
reacting with water dilutes the radioactive CO, in the final mixture. Iron catalyst 
promotes direct hydrogenation of CO to methanol. 

Tuhk 3.Y. Tracer studies of methanol sqnlhesis from CO, CO, and H ,  ober CuO'ZnO A120, catalyst 

* Expressed per mg BaCO, after processing the samples. Reproduced after Kagan et ul. C3.381. 

Component 

3.6.2.3. REACTION PATHWAY STUDIES BY 
THE DETERMINATION O F  THE POSITION O F  THE LABEL 

Sometimes the mere detection of radioactivity in any given product does not provide 
the necessary information; in this case the product of the reaction should be isolated and 
the position of the label determined by its chemical processing. This involves, as a rule, 
laborious and sophisticated processes (Example 3.14). Therefore, they are used only if no 
other experimental technique would give the necessary information. Sometimes stable 
isotope studies (applying, e.g. 2H, 13C, etc.) are more useful for this purpose, expecially if 

' sophisticated instrumentation (microwave or nuclear magnetic resonance spectroscopy) 
is available for analyis. These methods generally allow the direct determination of the 
position of the label, but they require much higher amounts of isotopic species than 
radiotracer methods do. 

Ethylcyclohexane isomerizes catalytically to give 1,2-, 1,3- and 1,4-dimet hylcyclo- 
hexanes. Distinction between the theoretically possible two mechanisms (A: side methyl 
transfer; B: ring concentration-expansion) is possible by means of radioactive tracers. 

Specific relative radioactivity,* impulse (s mg) 

Mixture 1 Mixture 2 

initial initial final final 
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.-b etc. 

"C H 

0 'cH3 - c H 3  ] bcH3 - etc. 

L 

14C-labelled ethylcyclohexanes were passed over a nickel-silica-alumina catalyst. 
The product was chromatographed over a silica column, dehydrogenated, then the 
aromatic fraction was oxidized with potassium permanganate and the resulting benzoic, 
phthalic, isophthalic and terephthalic acids were separated. These acids originated from 
ethylcyclohexane, 1,2-, 1,3-, and 1,4-dimethylcyclohexanes, respectively, as illustrated on 
the example of isophthalic acid: 

Specific relative activity values (a,,,) from typical runs are shown in Table 3.10. The 
decarboxylation of the acid gives Cot  plus benzene. If the a,,, values of these fragments are 
related to that of the original acid, the fraction of label in the side chain and the ring, 
respectively, is obtained. 

The-considerable ring activity of 1,3-dimethylcyclohexane points to the validity of 
Mechanism B and points to several subsequent ring contraction-expansion steps during 
one run. Other isomers gave analogous results. 

Table 3.10. Specific radioactivity values of isophthalic acid and its degradation products obtained in the 
isomerization of labelled ethylcyclohexanes 

Ethyl-l-['4C]cyclohexane Acid 6728 
Benzene 3486 
Carbon dioxide 3222 

Ethyl-2-['4C]-cyclohexane Acid 1648 
Benzene 1272 
Carbon dioxide 336 

100 
Ring 52 
Side: 48 

100 
Ring 77 
Side: 20 

Percent activity distribution 

* Expressed as impulses/[min (mass unit BaCO,)] and corrected for the number of unlabellcd carbon atoms -n 

in the parent molecule. After Pinq and Shaw C3.301. 

Specific relative activity* Feed Product 
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3.6.2.4. THE KINETIC ISOTOPE METHOD 

This method has been developed for following complex reaction sequences by tracers. 
The theory and practice of the method have been described in detail in Refs C3.161 and 
C3.17-J; the basic principles will here be illustrated by a few examples. 

(a) Let us consider a reaction sequence: 

If a small portion of labelled X (with a total activity of I,) is introduced into the system, the 
specific activity of X 
following equations: 

denoted .by a, and Y denoted by P can be characterized by the 

At t=O,  8=0. As time elapses, the specific radioactivity of Y (i.e., /?) increases. At 
maximum, dg/dt= 0, and z=g.  Thus, the value of fi as a function of the time gives a 
maximum curve which intersects the plot of cx us. time at the maximum of the former curve. 

( b )  In the case of another reaction sequence, 

a similar maximum curve is obtained, but the value of /? will never reach that of a; there is 
no intersection of the two curves. 

( c )  In a third case: 

the intersection of the specific activities of X and Y is not at the maximum of the specific 
activity of Y. A similar picture is obtained with a triangular reaction scheme, too. 

The reaction of xylene isomerization was studied over a technical Pt/AI,O, catalyst. 
The feed is p-xylene with 10% of labelled m-xylene and 1% of o-xylene added. The specific 
radioactivities of the individual fractions obtained in the presence of hydrogen are 
depicted in Fig. 3.44. 

The specific radioactivity curve of o-xylene intersects at its maximum with that of m- 
xylene. A similar curve is obtained for p-xylene when labelled m-xylene is added to an o- 
xylene feed. Therefore, case (a) is valid here, and the reaction can be characterized by the 
scheme: 

The isomerization of xylene with the same starting conditions as before was also 
studied in nitrogen atmosphere. The results are shown in Fig. 3.45. 

The specific activity plot of rn-xylene intersects here with that of o-xylene at the left of 
the maximum of the latter. This points to  case (c). At the same time, another curve 
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Fig. 3.44. Isomerization ofp-xylene in hydrogen flow. The specific relative activities (a,,,) of the individual xylene 
isomers are plotted as a function of the time of residence (t). Reproduced by permission of 

Dermietzel et al. 13.31) 

t \ 
'X 

x'-,.~ m - xyiene 

'2'2?<\, ----\-. 
p-xylene &-4 

Fig. 3.45. lsomerization ofp-xylene in nitrogen flow. The specific relative activities (a,,,) are plotted as a function 
of the time of residence (t) .  Reproduced by permission of Dermietzel et al. C3.311 

appears characterizing the specific radioactivity of C,-aromatics and toluene (present in 
equimolar concentrations). This maximum curve does not intersect with that of the m- 
xylene, i.e., for these substances case (b) is valid. 

Therefore, the reaction pathway in nitrogen involves a triangular scheme. Trimethyl- 
benzenes (first of all, 1,2,4trimethylbenzene) are the intermediates of the pathway of 
transformation of 0- and p-xylenes into each other. The following scheme can be written: 



0-xylene ) m-xylene 

3.6.2.5. DOUBLE LABELLING 

The simultaneous use of two isotopic species permits one to carry out more refined 
kinetic or mechanism studies. The apparatus required is, however, more complicated. If 
two radioactive isotopes are used (e.g., 14C and 3H), energy-selective detection is necessary 
by using at least a two-channel instrument. If  one of the isotopes is stable (eg.,  deuterium), a 
mass spectrometer is required in addition to the radioactivity measurement. 

Acetylene hydrogenation on a catalyst surface occurs according to the following 
mechanism: 

If 14C-labelled acetylene is hydrogenated by means of deuterium, any 
CHD, produced (especially near to zero conversion) would allow not only the 
measurement of the formal rate of "direct" hydrogenation of acetylene to ethane, but it 
would also show the existence of a concerted mechanism of ethane formation. The use 
of 14C-ethylene may, however, give more information, since even if the adsorption/ 
desorption equilibrium for ethylene is not established, the rate of decrease of its specific 
radioactivity is a measure of the ethylene formation by hydrogenation of its nonradio- 
active surface precursor. 

If a mixture of acetylene plus [14C]-ethylene is hydrogenated over a palladium 
catalyst, the specific radioactivity of ethane extrapolated to zero conversion is zero. Hence, 
ethane must have been formed-at least initially-from acetylene, via a concerted 
pathway. The ethylene radioactivity decreases simultaneously owing to the hydrogena- 
tion of inactive acetylene. At the same time, considerable amounts of C2H2D, appear, the 
quantity of which decreases with the time elapsed. Careful analysis of the distribution of 
the deuterated products also confirms the existence of a concerted mechanism of acetylene 
hydrogenation to ethane C3.393. 

EXAMPLE 3.13 
Inactive ethylene reacts with tritium "retained" over a platinum catalyst. Product 

analysis is carried out by gas chromatography; radioactivity counts are monitored by a 
scaler. The results of measurements are shown in Table 3.1 1. Let us calculate the relative 
molar radioactivity values in terms of r"/Jm"/,. 
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Table 3.11. Input data and results for the calculation of the relative molar radioactivities in Example 3.13 

Results: 
m% 

Data 

After Pail and Thornson 13.321 

Peak no. 

1 (methane) ( 2 (ethane) I 3(ethylene) 

The molar and radioactivity compositions, respectively, are calculated from Eqs (3.77) 
and (3.78) (with 3 peaks): 

Peak height, rnrn hi 17 58 135 
Peak half-width, mm W i 2.5 4.5 8.7 
Sensitivity factor Si 10 10 20 
Time, s t 140 (0-1) 140 (1-11) 140 (11-111) 
Pulse counts n 3900 (at I) 12350 (at 11) 1915 (at 111) 
Background, imp/s 4 6 6 6 

The results are also tabulated in Table 3.1 1. 
Comparison of the relative molar radioactivity values shows that the tritium uptake of 

methane is about twice as high as that of ethane. Thus, the hydrogenolysis of ethylene 
must involve more dissociated surface species than its hydrogenation. Ethylene 
underwent hydrogen isotope exchange to some extent, and it was the least radioactive 
C3.321. 

EXAMPLE 3.14 
The n - ~ e ~ t a n e - ~ ' ~ ~ ]  is aromatized over a chromia-alumina catalyst. The position 

of the label is determined in the product toluene according to the scheme shown in Figure 
3.46. This degradation procedure allows one to determine all label positions except for 
Position 4 with respect to the methyl group 13.33 1. Let us calculate the relative importance 
of the individual dehydrocyclization pathways. 

The following data were obtained in a typical run (counts per 10 min per 
100 mg BaCO,) 13.331: quinolinic acid decarboxylation 128; nicotinic acid decarboxyla- 
tion 2660; nicotinic acid combustion 488; benzoic acid decarboxylation 92; benzoic acid 
combustion 874. 

The methyl activity is 

(since there are six inactive carbon atoms in the benzoic acid for each radioactive carbon). . 
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Fig.  3.46. Reaction scheme of the degadation of the dehydrwyclization product of n-heptane-4-["C] for 
clarification ofthe position of the label in the product. After Feighm and Davis [3.33]. reproduced by permission 

of Academic Press, New York London 

The rclative activity of the total combustion of nicotinic acid contains half of the 
activity dC-3 and C-2 and the total activity in C-1 (because half of the original activity in 
the C-2 and C-3 positions was lost when the quinoline was oxidized to quinolinic acid). 
The relative activity of nicotinic acid must be multiplied by 6, because there are five 
inactive wrbon atoms in the molecule for each active carbon. The situation is represented 
in the following scheme: 

The activity in Position 1 will then be 2928 -(2660+ 128) = 140 counts. 
The total activity in the ring is: 

Are,= l4O+(2 x l28)+(2 x 2660)=5716. -, 
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The percent activity values will be (considering also the 1.5% methyl radioactivity): 

Methyl C- 1 C-2 C-3 
1.5% 2.4% 4.4% 9 1.7% 

The 91.7% C-3 activity corresponds to C,-ring closure without isomerization; nearly 
10% of the heptane underwent some kind of skeletal rearrangement during aromatization. 

3.7. RADIOTRACERS IN STUDIES 
O F  BIOLOGICALLY ACTIVE CHEMICALS 

Commercially available isotopes such as 3H, 14C, 32P and 35S and the development of 
sensitive instruments make possible to apply the radiotracer technique for testing the fate 
and behaviour of chemicals in biological systems. The method has an outstanding 
importance in pharmacokinetic and metabolic studies of drugs, as well as in the evaluation 
of ayrochemicals. 

3.7. I. PHARMACOKINETIC 
AND METABOLIC STUDIES OF DRUGS 

Pharmaceutical industry producing compounds for the treatment of sick human 
beings, animals or plants is interested in learning the mechanism of the biochemical action 
of these agents and their fate within the organism. 

In the last two decades, new drugs are being submitted to stricter and stricter safety 
testing prior to their commercial production and marketing. At the same time, also the 
scope of testing methods has become wider and wider. The strictest criteria are applied 
when a decision is made about the acceptance or application of a drug. The substance 
must meet several biological requirements and more and more profound safety testing is 
required to detect potentially harmful (toxic) side-effects. These tests are called the pre- 
clinical safety evaluation of a new drug. 

In addition to investigations such as that of chronic toxicity (over 30 days), teratology 
(whether there is a harmful effect on the development ofembryos), carcinogenesis (whether 
the compound may cause cancer or not) and mutayenesis (a study of possible effects on the 
chromosomes), the pharmacokinetic and metabolic study of pharmaceuticals belongs 
also to the compulsory pre-clinical safety evaluation. Pharmacokinetic studies support, 
explain and complete other pharmacodynamic data. 

3.7.1.1. PHARMACOKINETIC STUDIES 

The scope of pharmacokinetics is to find quantitative correlations between the living 
organism and a potential drug taken by it, in order to attempt to answer the following 
fundamental questions of determining whether the compound may become a drug or not: 
- is the compound absorbed or not from the gastrointestinal tract of laboratory 

animals? 
- how is the pharmacon distributed between the individual organs and in the aqueous 

phases of the organism? 
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- is it bound by proteins in the serum or in the tissues? 
- does it show a specific accumulation in any of the organs? 
- what is the extent and pathway of its elimination, i.e., excretion? 
High resolution and sensitive methods are required to answer these questions, because 

the concentration of the compounds in question in the blood and tissues is usuallj 
15 I pg, cm3 or less. Using C-labelled compounds, thc conccntrrition of the prr;,.., 

compound and/or metabolite(s) can be determined with high accuracy, even if they are 
present in the biological samples in amounts as low as a few ng. 

The distribution of the drug in the tissues and its accumulation in separate organs can 
also be studied by radiotracer methods provided that a radionuclide with appropriate 
molar (specific) activity is built into a suitable position of the molecule. Pharmaceuticals 
labelled with 14C isotope have considerably broadened the spectrum of pharmacological, 
toxicological and teratological research. 

The metabolism of normal body-constituents and the fate of foreign substances within 
the organism (decomposition, excretion, etc.) can equally be studied by labelled 
compounds; these substances get into the organism together with the food or are just 
pharamaceuticals. 

Radioactive tracers must be considered potentidly hazardous to individual organs 
or tissues. No results have been reported, however, that soft /?-emitters (such as 3H and 
I4C) in amounts as low as 30-50 kBq (ca 1 pCi) would actually cause even the slightest 
damage in laboratory animals. Yet, because of potential genetical radiation damage, the 
kinetics and metabolism of labelled pharmaceuticals is studied mainly in animals. On the 
other hand, histological data are available that the harder (higher energy) radiation of 32P 
caused damage in the brain tissue of young rats when applied with specific activities higher 
than 400 kBq/kg (10 pCi/kg). The radiation dose considered safe in a single application 
of the isotope also depends on the nature of the carrier molecule. 

In the case of intravenous studies (i.e., when the compound containing an isotope is 
injected intravenously and is detected subsequently from consecutive blood samples), the 
combination of several single exponential equations are used to describe the concen- 
tration decline of the compound. This latter is caused by the distribution of the substance 
between various liquid spaces-compartments-of the organism. If, however, the 
different compartments have already been equilibrated, the concentration changes of the 
compound in the blood can be further described by a single equation: 

where dy/dtis the rate of elimination of thembstance; k2 is the elimination coefficient and 
y is the actual concentration of the compound in the blood. The elimination coeficient can 
be obtained by integrating Eq. (3.79): 

where t, and t, denote the times of blood-taking; y2 and y, are the appropriate 
concentrations, a, and 8, the specific activity values. 

In the case of intravenous application of labelled compounds, the specijk activity is 
determined instead of the concentration of the compound in the blood. The "blood level" 
of a compound determined by measurement of its radioactivity represents, therefore, not 
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only the elimination of the parent compound, but also the rate of disappearance of its 
radioactive metabolites. 

In elimination studies, radioactive substances present in the blood are separated (e.g., 
by thin-layer chromatography) and their activity is determined (e.g., by liquid scintillation 
counting). Elimination coefficients characteristic of the original substance and the 
metabolites are calculated from the metabolite concentrations belonging to different time 
values. 

If the application is not intravenous, the invasion (absorption, distribution within the 
organism) precedes elimination. In this case the rate of the increase of drug concentration in 
the blood is proportional to the amount of unresorbed drug. 

An equation disregarding elimination, describing invasion only, is as follows: 

dy - = k , (a-y) 
d r 

where dyldt is the rate of invasion; k, is the invasion coefficient, and a-y denotes the 
concentration of the unresorbed drug. 

The invasion coefficient can be expressed by integrating Eq. (3.81): 

where a is the saturation concentration; t the time of the investigation. 
In the case of oral administration, incusion and elimination take place simultaneously. 

Considering both processes, the actual blood concentration pertaining to a given time is as 
foilows: 

where y is the "blood concentration" belonging to the t time of the measurement . 
(Bateman-function). This is valid for any natural process involving two processes of 
opposite direction both of them characterized by exponential functions. 

By measuring the time of the maximum "blood concentration" (t,,,) and by a 
preliminary calcuiation of the elimination coefficient, k,-i.e., the coefficient characteristic 
of the invasion of the given compound-can be calculated by Eq. (3.84): 

If the c r=  k,/k, substitution is introduced: 

This equation cannot be solved for r but, knowing the values of k,t,,,, the value of a can 
I be taken from appropriate tables (Table 3.12). Knowing a and k , ,  the k ,  invasion 

coefficient can be calculated. 
As far as the type of the applied technique is concerned, pharmacokinetical methods 

for studying the fate of labelled drugs in the organism can be divided into two groups: 
- whole body autoradiography; 
- liquid scintillation counting of organs, tissues, body liquors, excreta. 
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1 
Table 3.I2. Data table for the function kZtm.,= -In a 

z -1  

In the case of whole body autoradiography (see also Section 7.6), the laboratory animal 
(e g., mouse, rat, rabbit, monkey) receives the labelled compound in the most suitable dose 
as indicated by preliminary pharmacologicail investigations. The animals are narcotized 
by ether each at different times after the dosing and placed into a dry ice-hexane mixture 
(t = - 78 "C). The frozen and solidified animals are embedded in carboxymethylcellulose 
and sliced at temperatures between - 20 and - 15 "C by means of a microtome-cryostat. 
The slices are placed on a transparent tape, lyophilized and autoradiographed (Fig. 3.47). 
Dark spots on the film indicate the accumulation of the labelled substance in various parts 
of the animal. 

Whole body autoradiography-though elegant and documentative-gives only semi- 
quantitative information about the fate of a compound within the organism. 

Liquid scintillation methods are, as a rule, more complicated but allow a quantitative 
evaluation. 

For "blood concentration" studies, the labelled substance is administered to the 
laboratory animals in various amounts and blood samples are taken at predetermined 
intervals. The blood is dissolved in a tissue solvent (e.g., in TEH = tetraethylammonium 
hydroxide or Soluene of the firm Packard, or Hyamine lox of the firm FLUKA), 
discoloured by hydrogen peroxide and added to an appropriate liquid scintillator. About 
50 mg blood is generally used for an activity determination. The samples are placed into a 
liquid scintillation counter and measured. 

Figure 3.48 shows the concentration of a labelled compound in blood, as a function of 
the time. 

The treatment involved an intravenous dose of 3 pg/g and an oral dose of 100 pg/g. It 
can be seen that oral administration is followed by a rapid and complete absorption 
through the intestinal tract. Fifteen minutes after the treatment the concentration in the 
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Fig. 3.47. Autoradiography on the distribution of Pr~bon-['~C] (made by Chinoin, Budapest) in whole body, 
30 s after intravenous injection 
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Fig. 3.48. Blood level of '4C-labelled P-adrenerg in rats after oral and intravenal dosing 

blood is as high as 3 pg/cm3. Elimination starts rapidly and, after 3 h, the residual blood 
concentration is hardly detectable. In the case of intravenous dosing, a blood con- 
centration profile characteristic of intravenous drugs can be observed. 

When the binding to proteins is studied, the blood of animals treated with labelled 
compounds is centrifuged, then the aliquot part of the serum is precipitated by 
trichloroacetic acid. The sample is centrifuged again, and the activity of the supernatant 
and the precipitate is measured. The radioactivity in the precipitate will be characteristic 
of the drug present in free state in the serum. 

The strength of binding to the protein can be determined by dialysis. The serum is 
dialysed against physiological salt solution for 24 h and the radioactivity in the dialysate 
and the dialysing liquid is determined. 

4 

A .  
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In the case of a chromatographic analysis of the serum, after having carried out the 
"blood concentration" determination, the serum is analysed by an appropriate 
radiochromatographic method (Section 4.3.5) in order to determine whether the 
radioactivity in the blood originates from the original compounds or its radioactive 
metabolites. The serum is extracted by an organic solvent after precipitation of the 
protein; the extract is then analysed by thin-Iayer chromatography. The qualitative and 
quantitative analysis of the chromatograms is carried out either radiometrically (Section 
4.3.5.6), or, after autoradiography, densitometrically (Section 7.6.3). 

The purpose af "blood concentration" investigations after subacute treatments is to 
determine whether the labelled compound or its metabolites are accumulated in the blood 
or not. Rats are treated with the labelled compound for 10 days. Blood is taken prior to the 
treatment and after it-at the moment of the maximum of blood concentration caused by 
the acute, i.e., the first treatment-and the activities of the samples are measured. 

-+- before treatment - after treatment 

t t + t t f t t $ . t  
Fig. 3.49. Blood level of a '4C-labelled compound after 10 days of subacute treatment 

Figure 3.49 shows the blood concentration of a labelled antihyperlipidic compound 
during a 10-day subacute treatment. It can be seen that the daily oral doses led to the 
increase of the blood concentration for 3 days by a value of 8 ~ g / ( c m ~  day); on the fourth 
day, however, the maximum level was reached. On proceeding with the treatment, the 
blood concentration decreased by a value of about 3 ~ ~ / ( c r n ~  day). After stopping the 
dosing, the rate of elimination of the radioactivity accelerated. The phenomenon can be 
explained by the enzyme inductive effect of the compound, proved also by pharmacolog- 
ical and toxicological investigations. 

Distribution studies should be carried out at different times. Experiments performed in 
the early post-treatment period are aimed at the study of the initial distribution of the 
compound; subsequent investigations may supply information about the eventual organ- 
specific accumulation of the compound. 

The organs to be studied in these experiments are selected according to a preliminary 
whole-body autoradiography. The organs are homogenized and suspended in distilled 
water. Aliquot amounts of the suspension with known organ concentration are measured 
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into a liquid scintillation cuvette, discoloured and measured as described for blood- 
samples. 

The method used in elimination studies depends on the main route ofelimination of the 
compound: by the exhaled air, urine, faeces or bile. In the first case, the animal is treated 
with the labelled compound then placed in a metabolic cage (Fig. 3.50). The metabolic 
cage is constructed so that urine and faeces can be collected separately. It is possible to 
pass air through it by means of a vacuum pump; a gas washer is installed into the vacuum 
line. The washer is filled with a 25% solution of tetraethylammonium hydroxide absorbing 
the radioactive carbon dioxide exhaled by the animal. If the radioactive concentration of 
the alkaline liquid is measured, the amount of the exhaled radioactive carbon dioxide can 
be established. 

Fiq. 3.50. Metabolic cage 

Radioactivity eliminated viu urine and f k e s  can be determined by the liquid 
scintillation method. If the volume of the urine and the amount of the faeces are known, the 
percentage of the introduced substance eliminated in the urine and f.1 cccc c a n  he 
calculated. This allows also to calculate the biological huljllife of the substance. 

The measurement of excretion through bile is carried out on rats narcotized with 
urethane. The ductus choledochus is cannulated, i.e., bile is made obtainable, through a 
plastic tube. The labelled compound is then introduced, and the amount and radioactivity 
of the bile is measured in every hour. The amount of the radioactive material eliminated , . 
through the bile can be calculated on the basis of these two values. 
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Compounds eliminated through the bile get into the small intestines and can be 
reabsorbed. Blood takes them into the liver from where they can be eliminated again either 
in unchanged form or after having suffered some chemical transformation. This process is 
called enterohepatic circulation and can be followed by several methods. The most 
frequently applied procedure is as follows: the duc.tu.s c-holrdochus of rats previously 
starved for 18 h is cannulated, and the b~le is passed through a plastic tube into the duo- 
denum of another animal. The biliary canal of the second animal is also canuled and the 
bile is passed into the duodenum of a third rat. This method permits one to determine the 
activity of the excreted bile, as well as the frequency and extent by which the compound is 
circulated. 

Studies on pregnant animuls can determine whet her the compound or its radioactive 
metabolites can get into the rat embryo; important information is thus obtained for 
subsequent teratological experiments. In these studies, rats in the 18th day of their 
yruridity are treated with labelled compounds and, at the moment of the maximum acute 
blood concentration, an operation is carried out in ether narcosis. Several embryos are 
taken out of the animal together with the amnion. The radioactivitics of the embryo, the 
placenta and the amniotic fluid are determined. 

3.7.1.2. METABOLIC STUDIES 

Drugs in :he human and animal organisms are treated as foreign substances and are, 
therefore, eliminated as soon as possible. This, however, takes place only if the compound 
is polar enough to be water-soluble, because the kidney cannot excrete lipoid-soluble 
apolar substances. The enzyme system of the organism attempts to transform any foreign 
su.bstance into a polar compound which can be rapidly eliminated from the organism. 
These transformation processes in the organism are called metabolism. 

Metabolic studies are primarily designed to detect transformation processes and to 
decide whether a compound can be administered safely. Additional information, however, 
can be obtained about the fact whether the original compound or  one/some of its 
metabolites is/are responsible for the pharmaceutical action. The importance of such 
investigations is con tinually increasing. 

In the case of an advantageous metabolism, sometimes a pharmacologically more 
active substance is obtained than the one introduced originally, or the metabolite with the 
desired action may not possess any harmful side-effects. Thus, metabolism studies can 
promote and render more expedient the research and synthesis of biologically active 
substances. 

For rapid and successjid metabolism studies, as a rule, 14C-labelIed substances are 
applied. This is due to the fact that (as shown in Section 3.7.1.1) compounds introduced 
into the animal or plant organism are there distributed, transformed and the resulting 
concentration of the metabolites in the body fluid is so low that common chemical or 
physical methods are not sufficiently sensitive to detect them properly. Amounts as low as 
a few ng can be detected by radiometry or contact autoradiography, provided that 
preparations with proper specific radioactivities are applied. Of course, some metabolic 
studies can also be carried out by classical analysis; in this case, however, the time 
requirement of the experiments increases, identification becomes uncertain, and several 
very expensive instrumental analyses may be necessary. - 
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Metabolic studies can be divided into four groups: 
- determination of the location of the metabolism; 
- isolation of metabolites; 
- elucidation of the structures of metabolites; 
- determination of the concentration of metabolites. 
Various methods are used to determine the location of metabolism. Metabolism may 

commence during the passage of the drug through the intestinal tract, but it takes place in 
most cases in the liver or in the kidney. The changes of the compound introduced into the 
isolated stomach or intestine can be monitored by radiochromatography (Section 4.3.5); 
the same method can be applied for bile secreted by the liver. The metabolizing role of the 
liver can be proved by "liver perfusion" studies carried 3u t  on the isolated liver. In most 
cases, however, metabolites are identified from human or animal urine. 

The steps of metabolite isolation are as follows: 
- removal of endogenous substances; 
- extraction; 
- separation; 
- identification. 
The biggest problem is represented by the total or partial removal of endogenous 

substances from the urine. Organic solvents dissolve not only the drug or its metabolites, 
but they may also extract some endogenous physiological substances. The presence of 
such substances makes the isolation of metabolites considerably difficult. 

Apart from various salts and colouring substances, the most important disturbing 
material is urea. The first task is, therefore, the removal of urea from the urine. Urine is, as a 
rule, supersaturated with respect to urea, thus some of i t  precipitates spontaneously and 
can be removed by sedimentation. The removal can be enhanced by keeping the fresh 
urine between 0 and +45 "C for 24 h, and decanting the liquid after the sedimentation of 
urea. The quantitative removal of urea is only possib!e by digesting with an urease enzyme. 

The removal of colouring substances and other impurities can be attempted by 
treatment with Florisil. Care should be taken, however, to avoid the loss of radioactivity 
during this process. 

After having removed the endogenous materials. the metabolites can be extracted from 
the urine. They are present either in the free state or as various conjugates (sulphates, 
glucuronides, etc.). 

After extraction, the metabolies are separated by means of various separation methods. 
Preparative thin-layer chromatography is the method employed most frequently. 
Detection is carried out by contact autoradiography (Section 4.3.5). The preparation of 
the layer requires special care because its material may contain several impurities. They 
can be removed by multiple pre-running. 

The first step of identification is autoradiography; the spots detected this way are 
eluted and the structures of the compounds are determined by gas chromatography 
and/or mass spectrometry. 

Application of radioactive substances and their detection by autoradiography ensures 
such advantages in thin-layer chromatography which make this process unique. No other 
separation methods possess such advantages. Metabolites produced from the introduced 
compound can be detected in most cases only on the basis of their radioactivity because, 
owing to their unknown chemical structure, no chemical investigations are possible. 

7 1 
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3.7.2. RADIOTRACER TECHNIQUE IN PESTICIDE RESEARCH 

Agrochemicals include fertilizers and pesticides. Pesticides are compounds of specific 
toxicity and their combinations can exterminate certain harmful or pathogenic species (as 
total killers) while they are harmless to human organism. Modern pesticides, such as 
organophosphoric esters, have extremely high toxicity but. having low persistency 
(chemical stability), their human toxicity is very low. 

The following classes of agents belong to the group of pesticides: 
- herbicides (against weeds); 
-fungicides (against fungi); 
- insecticides (against insects). 
In addition, special pesticide groups are: regulators (plant growth substances), 

bactericides (preventing the reproduction of bacteria), rodenticides (killing rodents), etc. 
Pesticides are. in some respect, similar to human or veterinary drugs (see Section 3.7.1). 

The most significant difierences are found in the amount and quality of the chemicals used, 
as well as in the specificity of action: 
- whereas human or veterinary drugs are applied in doses as low as a few mg or g, the 

usual dose of pesticides is 10-100 kg per hectare; 
- whereas drugs act with sparing one or a few species (human or domestic animal), 

pesticides should spare several plant species and, at the same time, kill as many species as 
possible of harmful fungi, weeds and insects, respectively. 

Research in the field of pesticides has accelerated considerably during the last decade, 
therefore the metabolic studies of these agents has to be accelerated, too. Acute and 
subacute toxicological and kinetic studies, applied generally in earlier years, have been 
completed with other studies such as mutagenesis, teratology, as well as the inves- 
tigation of possible changes in the organisms under the effect of chronic exposure (very low 
doses for very long time). Comparison of the biological activities of decomposition 
products of a parent pesticide permits one to recognize the active ingredient on a 
molecular level, i.e., to interpret the correlation between chemical structure and biological 
activity. 

Environmental protection requires long duration studies as far as potential damage to 
human individuals and the whole population is concerned. In addition to the protection of 
human genetics, the potential effects on the soil, on surface waters and subsurface water 
reservoirs, on different categories of plant and animal species are also to be investigated, 
together with the protection of nature (wild-life and aesthetics of the surroundings). For all 
these purposes, rapid and sensitive analytical methods have to be developed and applied; 
among these, radiotracer technique and radioanalytics (see Section 4.3) occupy an 
important position. 

Of toxicity studies, the investigation of acute toxicity takes the first place. First of all, 
the value of lethal d o s e ( ~ l ) )  should be determined. As a rule, the dose causing 50% lethality 
(LD,,) is established, mainly on rats, and also on mice and rabbits. If several laboratory 
animals are used in these experiments, the toxicological characterization of lethality 
becomes also possible, namely by comparing sublethal doses. The determination of LD,,  
values is necessary mainly with respect to labour nutrition hygienics; the characterization 
of lethality in subacute doses is important for the same reasons. -Directly connected with 
these studies is the research in the field offirst medical aid and antidotes; this latter is aimed 
at the elimination of toxicosis caused by the pesticide. In addition to LD values, eye 
irritation hazard, skin sensitivity and allergic effects are also to be determined. 
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In the case of more detailed studies, the dose causing 90% lethality (LD,,) is also 
determined, 

When chronic toxicity is studied, subacute doses are administered for longer periods; 
thus the accumulation of pesticide can be detected in certain special organ(s). 
Accumulation is usually accompanied by cellular damage. Tracer methods permit one in 
such cases to verify directly certain cellular localizations and to study the biological effects 
of pesticides and their metabolites on cellular structures. 

The mutagenic action of a pesticide is tested by means of cultures of special 
microorganisms, as a rule, bacteria. This follows directly acute toxicological studies. It is 
the protection of human genetics which peremptorily necessitates the widening of the scope 
of mutagenetic studies as well as the qualifying of general biological comparisons. 

The testing of teratogenic activity of pesticides is also of basic importance. The tests can 
be performed by treating one or several generations of pregnant rats. In addition to the 
determination of the number of progeny and the birth weight, measurement of the 
absolute and relative masses of endocrine glands gives also important information, first of 
all, when histological and radiopharmacological methods are used in combination. 
Fundamental information can be obtained in many cases by chronic toxicological studies 
of one or several generation(s) on the basis of profound histological and organological 
studies of new-born offsprings in the early stages of their life, because sometimes this is the 
only stage when chronic toxicological defects appear. 

Biological effectiveness as far as carcinogenesis is concerned, requires particular 
experiments, either with tissue cultures or with laboratory animals. Tissue cultures used 
in the study of carcinogenesis consist usually of leukocytes (lymphocytes); thus the 
specific hindrance and/or stimulation of mitosis can be evaluated also in a quantitative way. 
Investigation in other types of cultures is more clumsy and the evaluation of results is also 
more difficult. hence the generalizations are valid in a smaller circle. Tracer technique or 
cellular localization carried out with leukocytes is often used for studying leukocytosis. 
These latter studies in tissue cultures are, however, not regarded as full value 
carcinogenetic evaluations; a carcinogenic induction is only stated when abnormal cell 
(tissue) growth can be observed after treatment of living laboratory animals. In  cases of 
verified carcinogenesis, i t  is necessary to apply also radiopharmacological methods. 

From the point of view of the development and selection of pesticides, it is very 
important to learn as much as possible about the reaction mechanism and the kinetics of 
the processes. One of the most important data is the knowledge of uptake (absorption) of 
the model substance or the pesticide developed to a ready preparation. This is important 
from the point of view of application of active ingredients. These latter substances get into 
the living organism through lipoidic membranes, thus lipoid solubility influences directly 
or indirectly the absorption of thesc agents into the tissues exposed. The study of the 
uptake by means of labelled pesticides supplies well evaluable data for both intact 
organisms and isolated organs. I 

I t  is very important to study the distribution of pesticides. Active ingredients are 
transferred from absorbing cells to other ones ( t rans /ocu i r~ /~~ ,  "I ~ P L L L L I  ~ i c i ~ q ~ r t 1 i 1 . g  

tissues (transport) thus they are distributed in the organism. The distribution is, however, , 

almost never uniform: absorbed active ingredients are generally accumulated in certain 
organs or tissues (e.g., DDT is accumulated in fat tissues of insects-apart from nervous 
and brain tissues--due to its favourable solubility in lipoids). Agents well absorbed 
through roots and distributing favourably (systemic pesticides) are accumulated 
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predominantly in dividing (meristematic) tissues, thus uniform distribution is more and 
more distorted. Continuous growth makes the situation even more complicated. 

The effect of active ingredients on the metabolism (ghost organisms is studied by means 
of radiotracer-labelled active ingredients in large series and by several tests. Such tests on 
plants are: the study of intensity of 14C0, fixation in photosynthesis, the study of protein 
synthesis by means of incorporation of amino acids labelled with radiocarbon or tritium 
the investigation of the extent of evaporation using HTO, etc. 

The determination of stability and pursistency of an active ingredient in the treated 
organisms, in products to be utilized, in soil, in watcrs, etc. is, by far, not a negligible task. 
There is a dose positive correlation between the effectivity and persistency of pesticides. 

Metabolism and the decomposition mechanism of pesticides are analogous processes: 
active ingredients are generally oxidized or fragmented cia enzymatic or abiotic (e.g., 
photochemical) transformations. If active ingredients are introduced in which the label is 
in a predetermined position, radiochemical identification of the unchanged agent and its 
partially fragmented metabolites gives precise information about the mechanism of 
decomposition. The identification of parent and secondary compounds in host organisms 
or in laboratory animals is necessary not only in order to determine the direction and 
extent of the decomposition, but also because decomposition may produce toxic products. 
An example is shown in Fig. 3.51 depicting the metabolism of 2,4,5-trichlorophenoxy- 
ethanol (TCPE) applied to maize root. It can be seen that the concentration of the parent 
pesticide decreases as a function of time, that of its metabolic products (e.g., 
2,4,5-trichlorophenoxyacetic acid = 2,4,5-T) increases. The constancy of the overall 
radioactivity indicates a negligible translocation. 

The figure shows that some of the metabolites could not be identified, although their 
amounts and concentrations may not be negligible. Therefore, potential derivatives, 
which are the most important from the point of view of labour- and food-hygienic effects 
and hazards, are to be studied separately: a comparison with synthetic reference 
substances of known composition may clarify whether various proper ties of the unknown 

Other 

2,4.5 - T  

6 15 
Days elapsed after the treatment 

Fig. 351. Changes in the quantity of metabolites after the treatment of maize mot; - x - TCPE;-. - . 2,4,5-T; 
-0- other metabolites (the 6day value of the latter in breakdown is shown in a separate column; TCP: 
trichlorophenol; P: chlorinated polyphcnols; X4: unidentified metabolite presenl in highest amount; NT: toral 

amount of all other unidentified metabolites) 
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metabolite are the same as those of a hazardous key compound. If a radiochromato- 
graphic analysis points to the opposite, it can be regarded as proven that the given 
hazardous substance is not produced during the metabolism of the active ingredient. 

Since the purity of pesticides is, as a rule, of technical grade, a detailed study of 
contaminations (accompanying substances) is also justified: e.g., 2,4,5-trichlorophenoxy- 
acetic acid (2,4,5-T) is usually contaminated with dioxin (2,3,7,%tetrachlorodi- 
benzodioxin, TCDD) which has a chronic toxicity, causing teratogenesis. 

Localization of labelled pesticides in organs, tissues and cells can be directly studied by 
autoradiography (Section 7.6). In addition to the specific and extensive accumulation of the 
original substance and its decomposition products, the mechanism of their elimination 
(excretion) can be studied directly and reasonably by tracer technique only. 

When the effects of plant growth substances are studied, the label is not introduced into 
the biologically active substance itse!f, but into those metabolic intermediates which 
directly participate in the metabolism. Thus, stimulation of the accumulation of dry 
constituents can be measured by the extent of stimulation of the photosynthetic fixation of 
14 CO,. Alternatively, the effectiveness of bioactive substances stimulating protein 
synthesis can be tested by following the incorporation of amino acids labelled with 
radiotracers (3H, 14C, 35S) into the proteins. The increase of radioactivity can be 
correlated with the extent of stimulation. 

The determination ot the level of pesticide residues in products of plant or animal 
origin represents a fundamental task from the point of view of environmental protection. 
For this purpose, it is advantageous to label the product with a radioisotope, followed by 
radiochromatographic separation and quantitative evaluation (see Section 4.3.). The 
application of this method permits not only the radiochemical identification of the 
original pesticide but also the quantitative determination of its metabolites. 

It is possible to determine the optimal concentration of a nutritive solution and the 
optimal dose (kg/ha) 'of a pesticide; isotopic tracers also allow to decide whether multiple 
washing (watering) will result in the complete ren-ioval of the pesticide from the plant, i.e., 
its translocation into the soil. 

Radiotracer studies may answer the question whether the application of a biologically 
active agent through the root or through the foliage is more advantageous or more 
economical. 

3.8. RADIOISOTOPIC AGE DETERMINATION 

In technology it may be important to check the age of rubber and plastic articles liable 
to aging. Double labelling (see also Section 3.6.2.5) renders this possible; one of the 
isotopes should have a long half-life (serving as the basis of comparison), the other a short 
half-life. If the two radioisotopes are introduced in an appropriate ratio of activity, the age 
of the object can be determined. Suitable pairs of isotopes are, e.g., 36CI--54Mn, 36CI-95~b 
and 9 9 T ~ - 9 5 ~ b .  

Natural radioactive elements are from the beginning "multiply labelled". Mother 
elements decay, as a rule, very slowly (the half-life of ')*U is, e.g., 4.5 x 109,years, that of 

1.4 x 1010 years). The half-lives of the daughter elements derived from the long-living 
heavy elements are much shorter. Daughter elements decay further-according to the 
well-known decay schemes--until an end-product, such as a stable isotope of lead, is 
obtained. 
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The half-life ofevery daughter element of the 2 3 8 ~  family is incomparably shorter than 
that of the mother element, except for 234U with a half-life of 2.5 x lo5 yesrs. Thus, an 
isolated sample of uranium represents a decay series in equilibrium within itself. If it can be 
assumed that no member of the decay series is lost, the rate of formation of the end 

2 3 8 ~  product, 206Fb, will truly correspond to the decay of . 
In minerals conrcrininq uranirtm, the products are tr;rpped with high probability, hence 

comparison of the lead content of the sample with its uranium content gives information 
about the age of the mineral. The value obtained is the time which has elapsed since the 
solidification of the mineral: when the "trap" for the products was formed. 

Eight members of the 2 3 8 ~  family emit 2-particles, i.e., each 23" atom in the ore 
generates eight a-particles. Their absorption results in the formation of helium, which 
cannot escape from many types of ores. Consequently, the amount of helium produced 
from uranium may also give useful information about the age of a mineral. Since helium is 
a noble gas, it can be separated by simple dissolution of the ore: l g of 23" gives 0. I2 cm3 
NTP of helium during 1 million years. 

The natural radioactive isotope of potassium, 40K, gives rise to argon by K-electron 
capture. If the amount of argon in a lava is related to that of potassium, i t  is possible to 
estimate the time elapsed since the solidification of the lava, i.e., since the eruption ( . fa  
volcano. 

Cosmic rays induce free neutrons by colliding with the atoms of the earth surface and 
the atmosphere; therefore the whole earth is exposed to a low-level but more or less 
uniform, neutron bombardment inducing an extremely low level of radioactivity. 

The neutron capture cross-section of chlorine is high, thus the natural 35CI isotope 
gives relatively considerable amounts of radioactive 36C1 under the effect of this 
background neutron irradiation. The measurement of the activity of radioactive chlorine 
isotopes permits one to determine the lifetime of surface minerals, if this is lower than one 
million years. 

Radiocarbon is produced under the effect of cosmic rays from the nitrogen of the 
atmosphere. The half-life of 14C is 5730 years, i.e., by several orders of magnitude lower 
than that of isotopes discussed above. This half-life corresponds to the order of 
magnitudes of historical, and not geological, periods of time (2000-30000 years). 14C 
transforms, as a rule, into carbon dioxide, which is assimilated by green living plants by 
photosynthesis. General experience has shown that the I4C isotope concentration of 
living organisms is the same all over the world. If an organism dies, the accumulation of 
14 C stops, and decay will occur, Hence, the specific radioactivity of the carbon decreases 
during the time between the death of a specimen of plant or animal origin, and the date of 
measurement. This method is suitable for determining the age e.g., of peat, wood 
(charcoal, wooden objects), leaves, hair, leather, charred bones, clothes, paper. Petroleum 
and coal had been formed so long ago that its radiocarbon content cannot be measured 
any more and their formation cannot be dated by this method. 

Tritium with a half-life as short as 12 years, is also produced continuously in the 
atmosphere under the effect of cosmic rays. Hence it can always be found in atmospheric 
water. Its activity is too low for direct measurement, therefore it should be enriched, e.g., by 
electrolysis. The radioactivity of water samples from subsurface water layers is much lower 
than that of surface waters; the extent of the difference is characteristic of the age of the 
water below the surface, i.e., it  indicates the date when the interaction with the cosmic rays 
ceased. This way the age of a water layer can be determined (between 1 and 30 years) and 
even the amount of subsurface water supply can be estimated. 
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EXAMPLE 3.15 
Let us calculate the age of an uranium ore with a mass ratio of 238U to *06Pb, B = 30. 

Let us assume that every 238U atom which disintegrated up to the time of measurement 
gave ,06Pb. - 

If the mineral contains nu 'j8U atoms at the moment of the measurement, and it 
contained n; atoms when it solidified, the correlation between these two values is given by 
the following expression: 

n u = @ ,  exp(-At) (3.86) 

where t denotes the age of the ore. 
The amount of 206Pb atoms will be 

n, ,=n t  -n ;  exp(-It) 
and 

nu K =  - = 
exp ( - It) 

n,, 1-exp(-It) 
Thus 

K + 1  
exp (It) = - 

K 
and 

K + 1  
At= In - 

K 
Considering that 

In 2 A =  - 
ti12 

the t age of the mineral can be calculated: 
K + 1  

In - 
1 K + 1  t =  - In = t 

K 
A K ' I Z  In 2 

where t,,,, is the half-life of 23sU, i.e., 4.5 x lo9 years. 
The atomic ratio can be obtained from the B mass ratio by multiplying i t  by the ratio of 

mass numbers (.d): 

The age of the uranium ore investigated is: 

EXAMPLE 3.16 
Wooden rcsiducs have bccn found which originated assumedly from glacial drift. The 

specific relative radioactivity of CO, formed when burning these wooden pieces was 3.8 
disintegration,'(min g). The "C "cuntcnt" of living organisms is at present 15.3 
disintegration/(min g). How old is the finding? Its: age could be dated back to the end of 
Pleistocene glaciation of the earth. 

n = no exp (- I t )  (3.93) 



where tis the time that elapsed between the decay of the plant in the glacial period and the 
date of measurement. 

The half-life of radiocarbon 14C is 5730 years, k., 

The ratio of the 14C concentration of living organisms (no) to the concentration of the 
found sample (no) is: 

thus the age of the finding is: 

In 4 
I = .  -. 1 1457 years 

I , L I  X i G  

Radioactive dating on the basis of 14C determination is a measurement demanding 
care. The low-energy P-radiation of ' jC can be determined by special detectors, e.g., liquid 
scintillators. The low absolute difference of the count rates is another problem: in the 
example, 15.3 imp/(min g) was compared with 3.8 imp/(min g). 
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4. RADIOANALYTICAL METHODS 

The analysis of trace elements represents an up-to-date field of analytical chemistry: i t  
has an outstanding importance in nuclear energetics, in electronics and in computer 
technology with regard to the investigation of high purity materials; it is also of 
outstanding importance in biology (trace elements of vital importance and toxic ones, 
environment pollution). This area was first exposed by the requirements for extremely 
pure materials used in nuclear reactors (beryllium, thorium, uranium, etc.); here the 
amount of impurities must not exceed 10-"-1° 4%, especially of elements with high 
neutron capture cross-section, such as boron, europium, gadolinium, cadmium, etc. 
Purity requirements are also very strict for some metals and alloys (e.g., cobalt, copper, 
molybdenum, nickel, titanium, tungsten, vanadium), as well as for semiconductors 
(germanium, silicon, etc.); e.g., contamination with antimony, arsenic, bismuth, cadmium, 
lead, tin should not exceed 10-~-10-~"/,. This means that these elements must be 
determined with high sensitivity (10-9-10-6%) not only in the end products, but also in 
raw materials. 

Apart from "classical" chemical methods and optical spectroscopy and spec- 
trophotometry, the most suitable ways of trace analysis are atomic absorption, 
radioanalytical and mass spectrographic methods. The combination of various methods is 
often advantageous. The scope of application of some microanalytical methods is shown 
in Table 4.1. 

Table 4.1. Application ranges of microanalytical methods 

Atomic absorption 
X-Ray fluorescence 
Emission spectroscopy 
Fluorescence 
Isotopic dilution 
Kinetic methods 
Flame photometry 
Neutron activation 
Spectrophotometry 
Mass spectrometry 

Analytical method 

Several radioanalytical methods are also suitable for rapid (express) chemical analysis. 
The purpose of such measurements is generally the determination of chemical 
components present in considerable amounts; in field work or in the production process 
such measurements should be carried out, if possible, without any loss of time. These 
methods may also be used for controlling automatics. 

Geophysical rapid methods will be discussed in Sections 5.2 and 5.3. 
Many of the nuclear analytical methods developed in the last decade are only applied 

for scientific purposes, therefore they d o  not belong to the scope of this book and here we 
refer only to some excellent monographs C4.24-4.26). 

Number of elements detected in various ranges 

Total 1,900-10) I '10-o.l )lo-'% I 0 . 1  
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4.1. ANALYTICAL METHODS BASED ON PHYSICAL 
INTERACTIONS WITH RADIATION 

Phenomena involving absorption or scattering of radiation, as well as excitation or 
ionization of the electron orbitals, represent the simplest forms of interactions between 
radioactive radiation and material. The analytical applications of interactions between 
radiation and matter are based on the differences between individual elements. Because 
the energy of radioactive radiation generally exceeds by several orders of magnitude that 
of chemical bonds, it is only possible to determine elementary composition. Only refined I 

measurement techniques allow sometimes to detect differences between compounds and 
to apply these differences (e.g., Mossbauer effect). 

4.1.1. GAS ANALYSIS BASED ON IONIZATION 

If a radioactive radiation passes through a gas, it will ionize and excite gas atoms and 
molecules; if an electric field is applied, electrons and positive ions move towards the 
respective electrodes and are neutralized there. This is detected as an "ionization current". 
Electrons moving towards the positive electrode can be captured by atoms, molecules and 
even aerosol particles; therefore the speed of their migration decreases. Hence the 
probability of their coliision and recombination with positive ions increases by several 
orders of magnitude. The outward manifestation of this phenomenon will be the decrease 
of the ionizatior, current. The energy of excited noble gas atoms-produced by ionizing 
radiation or even by ion collisions under the effect of a sufficiently strong electric field-is 
high enough to ionize other (generally organic) molecules if they collide with them. The 
presence of low amounts of easily ionizable substances, under otherwise identical 
conditions, leads to the considerable increase of the basic ionization current-up to 
several orders of magnitude. 

It follows that ionization gas detectors are such ionization chambers (Fig. 4.1, see also 
Section 2.1.1.1 .) in which ions are produced by radioactive irradiation and the changes of 
the current are used to draw conclusions about the composition of the gas. Depending on the 
fact which of the basic phenomena is favoured by detector geometry, by the applied 
electric field and by the carrier gas used, there are cross-section, electron capture and noble 
gas (e.g., argon) ionization detectors. 

Fig. 4.1. Simple scheme of a gas ionization detector. I - Detector, 2 - Radiation source; 3 - Anode; 4 - , 

Cathode; 5 - Direct current supply; 6 - Input resistance; 7 - Amplifier; 8 - Reading instrument 



Ihe sensitivity of these detectors is determined mainly by the number of primary ions, 
hence suitable radiation. sources are a- and j?-radiating isotopes with high specific 
ionization ability, such as "'Po, 241Am, 2 2 6 ~ a ,  241Am and 'H, 6 3 ~ i ,  "Kr, 9 0 ~ r - 9 0 ~ ,  
99Tc and I4'Pm, respectively. The main factors in selecting the isotope are the half-life and 
the danger from the point of view of radiation protection. 

The ionization currents are in the order of magnitude of 10-'4-10-7 A, i.c., 
appropriate amplification is indispensable (see Section 2.1). 

Ionization detectors are extensively used in gas chromatogruphy and in industrial gas 
analysis. 

Cross-sectional detectors ( C S D )  are generally much smaller than the maximum action 
radius of the ionizing radiation in the carrier gas of the chromatograph; in such cases the 
ion current can be written as follows: 

where 4P is a constant depending on the geometry, p and 
temperature (K) of the gas in the detector, R is the universal 

T are the pressure and the 
gas constant, ci is the molar - 

fraction of the i-th component and Qi is the relative ionization cross-section of the i-th 
component (as a rule, that of the carrier gas is taken as unity). 

The ionization cross-sections of the elements increase generally with increasing atomic 
number, therefore He or H, can be used as carrier gases. The ionization cross-section of 
molecules can be calculated from elementary constants by simple methods. These 
constants can be found in tabulated form in handbooks (e.g., [lo]). 

Isotopes emitting B-radiation are preferred to a-radiating ones for the purposes of gas 
chromatography, because the same ion current is produced in the latter case by fewer r- 
particles, therefore the statistical fluctuation and thus the noise background of the 
detector is higher. 

The great advantage of CSD is its sturdiness; it is simple to select its feed voltage ( 1 0 0 -  
200 V), and it is linear from up to 100%. Its selectivity is small (Example 4. I). 

Noble gas detectors (argon or helium detectors, ArD, HeD) are based on the fact that 
the energy of the metastable excited state of noble gases is very high (Ar: 11.5-1 1.7, He: 
19.8, 20.6 eV), exceeding the ionization energy of most substances. The voltage of the 
chamber is generally chosen to be high (1000-2000 V) in order to render it possible that 
also electrons from the secondary ionization may participate in the production of the 
metastable excited state. 

The detector has an extremely high sensitivity (10- l4  g/s), but is very sensitive to 
impurities as well as to pressure and temperature changes. 

Electron capture detectors ( E C D )  are extensively used in gas chromatography and also 
in other fields, e.g., as aerosol detectors. Their operation is based on electron capture and 
recombination following primary ionization. The probability of the electron capture can 
be characterized by the electron affinity of the atom, molecule or aerosol particle. This is 
equal to the energy necessary to remove the captured electron. 

The electron affinity coefficient K can be calculated by an exponential function from 
the electron affinity energies and extends over seven orders of magnitude for organic 
substances; if the value for benzene is taken equal to unity, that for carbon tetrachloride is 
lo7 [4.10]. This principle ensures very high selectivity, because the coeficient affects the 
ion current exponentially: 

i=i ,  exp (-KC@) (4-2) 
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and if c--+O, then 

where i and io denote the ion current intensity in the presence and absence, respectively, of 
a substance with c concentration and K coefficient; 4 is a constant representing a 
geometric and dimensional factor. 

Using nitrogen as a carrier gas, the sensitivity can be increased up to lo-'' g/s for 
substances having strong electron affinity, such as halogenated hydrocarbons. 3H and 
(j3Ni isotopes are the best radiation sources. 

Aerosol detectors are special types of the electron capture detectors, which have found 
industrial application is some fields, and are thought to become more wide-spread mainly 
for air pollution measurements in environmental protection. There are two new problems in 
connection with the measurement of aerosol concentration by means of electron capture 
detectors: 
- the measurement is, of necessity, to be carried out in the presence of a strong 

electron captive substance (0, of air); this disturbing effect can be decreased by increasing 
the electric field, because the electron capture by 0, decreases if the electrons have higher 
energies (0.1-1 eV); 
- the electron captive properties of aerosol particles increase in proportion to their 

diumeter, therefore reproducible concentration measurement can only be expected with 
homodisperse aerosols. If, however, the concentration is expressed gravimetrically (in 
mg/m3), this type of aerosol detector gives a higher sensitivity for submicrometer particles, 
whose detection is, in general, impossible by traditional methods of measurement and 
separation, but which are more hazardous for health. 

Smoke detectors (Fig. 4.2) are based on the same principle as aerosol detectors and 
contain a double ionization chamber. One of these is closed; the other is in contact with the 
air space to be monitored. In the case of smoke appearance, the equilibrium of the 
chambers is disturbed and a warning signal is generated. 

For the meusurement of concentrcltion of an air pollutant, the high sensitivity of aerosol 
detectors can also be utilized in such cases when the pollutant itselfgives no signal, but can 
be transformed into an aerosol by means of a suituhle chemicul reaction. For instance, 
sulphur-containing pollutants (H,S, SO,, organic sulphur compounds) can be measured 

d", 

Fig.  4.2. Smoke detector. I - Open measuring chamber; 2 - Closed reference chamber; 3, 4 - Radiation 
sources mounted on electrodes; 5 - Thyratron; 6 -- Relay; 7 - Alarming hooter 
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Fig. 4.3. Detector ofa Sulphodet instrument. I Pump; 2 - Reactor; 3 - Anode; 4 -- '"C radiat~on sour~e; 5 -- 
I\lea.;uring electrode (carhode) 

after their oxidation over a Pt-catalyst to SO,, as in a portable device (Fig. 4.3), 
whose sensitivity is ir. the range of mg/m3. Owing to requirements in environmental 
protection, t h ~  detector has a sealed 14C radiation source of 200 MBq ( -5  mCi) 
activity. The same device can measure the c~ncentration of dus t  and smoke; with a glow- 
ing tungsten filament, it is suitable for the measurement of aerosols generated by thermal 
decomposition, such 3s metal carbonyls and organometallic compounds, e.g., gasoline 
lead additives. By applying triethylamine vapours, the measurement of acidic pollu- 
tants can be carried out in a sclcctive way. 

EXAMPLE 4.1 
Let us calculate the percentage change of the ion current in the ionization cress- 

sectional detector, if 0.01 volume-:/; ethane (C2H6) appears in the H, carrier gas. If we 
apply a '0Sr-90Y source of 400 MBq ( -  10 mCi) activity, can this concentration be 
detected? Basic data are as follows C4.101: Q, = 1, Qc= 1.16, the time constant of the 
electronic device is r = 1 s. 
Calculation: 

QH,=2 x I = 2  (because H ,  contains two hydrogen atoms) 

Q,,,,=2 x4.16+6 x 1 = 14.32 

From Eq. (4.1): 

At the same time, based on Eq. (2.4), the statistical fluctuation sf the ion current is as 
follows: 

I t  follows that 0.01 vol.-';/, of ethane can be detected with a high certainty, because the 
fluctuation of the basic ion current is below 5.0 x in 68% of the cases, according to 
the definition of standard deviation, 7 calculated from the above equation and the signal of 
ethane in the given concentration does exceed this value more than ten times. 

EXAMPLE 4.2 
The sensitivity of an electron capture detector for a given pesticide is 40 A/(g s). Let us 

calculate how large concentration of the given pesticide will result in a change of the ion 
current of 3 nA by 30% (which is still in the linear range). Let us calculate the concentration 
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of the pesticide in a sample of 1 mm3 (1 MI), if the peak of the pesticide is about 1 min long. 
The flow rate of the carrier gas (w) is 3 dm3/s. 

This is the pesticide concentration in the carrier gas causing a 30% ion current decrease. 
Since 3 dm3/h = 0.05 dm3/min, this pesticide is dispersed in 50 cm3 of carrier gas. (The 

volume of the detector is neglected here.) The Gaussian distribution of the concentration 
can be approximated by an isosceles triangle; the area of the triangle gives the mass of the 
pesticide: 

fp lz  l o p 3  g, so the pesticide concentration is: 

4.1.2. ANALYSIS ON THE BASIS O F  p-ABSORPTION 
AND SCATTERING 

The rules of elementary analysis bssed on the absorption and scattering (/?-reflection) 
of P-rays have been studied in detail. but there is still no consistent theory permitting one 
to predict the experimental results on a theoretical basis. Distinction between absorption 
and reflection has a technical meaning only: the method consists in the studying of the 
same interaction from two different aspects. 

The regularities of /?-ahsorption can be approximated by Eq. (4.4) in the range of a layer 
thickness of about 20-80'z of the maximum action radius: 

where I,, and I are the radiation intcmities before and after passing through a layer of p 
density and Ithickness. F , . ~  is the mass absorption coefficient of the i-th element and ci is 
the mass fraction of the i-th element. 

nre muss ahsorntion c.ot$/kic~rrr for a given element is roughly proportional to the 
sprcijic elrcrron density, but i t  also depends on the geometry of the measuring derice and 
even on the nature of the detector (ionization chamber or GM-tube) and on the maximum 
energy of the radiation source. The mass absorption coefficient of hydrogen is about twice 
as high as that of other low atomic number elements and, further on, from atomic number 
3 = 12 it increases slowly with increasing atomic number (the exponent of the atomid: 
number is about 0.3). The increllse is not independent of the energy of P-radiation. 
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Hydrogen determination is the only measurement of analytical importance, because 
other, more sensitive methods are available for the other elements. Some of these are also 
nuclear methods, such as y-absorption, X-ray fluorescence. 

The measurement of the hydrogen content is important in the analysis of liquid 
hydrocarbons (petroleum products); here the material to be anzlysed is regarded as a two- 
component system consisting of carbon and hydrogen only. The other elements are 
regarded as impurities the concentration of which has to be known from independent 
measurements and taken into consideration. If the layer thickness is constant, the density 
must be known with great accuracy (kO.1 kg/m3). It  is possiblealso to measure a constant 
amount of sample into a measuring cell with constant cross-section; in this case, the 
density measurement can be omitted because the condition p . l= constant is fulfilled. 

In practical measurements, the absorptivity of unknown samples is related to one or 
more well-known standards (e.9.. pure hydrocarbons); in this case, the determination of I, 
can be omitted. The advantage of using several standard materials is that the deviation 
from Eq. (4.4) can also be taken into cons~deration, and an error no: :Acx2i7.g - 1).C2", 
(w/w) hydrogen can be ensured. 

The low limit ofexperimental error involves very strict requirements with regard to the 
measuring technique, too. Two cuuettes can be found in the absorption section of the 
device shown in Fig. 4.4; one contains the liquid to be analysed, the other a standard 
sample. Two opposite beams of the radiation source (isotope: 90Sr-90Y; activity: 700 MBq 
= 19 mCi) irradiate the cuvettes; the digerence of the intensities is measured by two 
ionization chambers, switched in opposite way to each other. The difference of ion 
currents brings about a potential difference in the input resistance of an amplifier; a two- 
decade compensator decreases it to a value to be recorded; the uncompensated voltage can 
be read from the recorder. 

In order to eliminate any temperature effects, the ionization chamber, the amplifier, the 
input resistance and the cuvettes themselves are thermostated. It is advisable to carry out 
the measurement in the order of increasing densities and to insert at least three pure 
hydrocarbons (n-heptane, cyclohexane, benzene, decaline, tetraline, etc.) between the 
unknown samples. 

. . . . . . . . . . . . . . . . . . . . 

Fig. 4.4. A *Sr-90Y radiation absorption instrument for determination of the hydrogen content of liquid 
petroleum products. I - 90Sr-90Y radiation absorption instrument; 2 - Radiation soura; 3 - Cuvettcs; 4 - 

Ionization chambers; 5 - High voltage supply; 6 - Input resistanct; 7 - Amplifier, 8 - Line recorder 
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Fig. 4.5. Dust measurement by /j-absorption. I -Sampling tube: 2- Filter paper strip; 3- Strip forwarder; 4- 
L4C-radiation source; 5 - GM-tube: 6 - Gas line; 7 - Suction 

Several authors have dealt with the development of a continuous method of 
measurement, but there is no practicable method as yet, since the small differences in the 
mass absorption coeficients raise so strict requirements with regard to the device which 
cannot be satisfied with mechanically moving structures (as opposed to y-absorption 
analysers) (Example 4.3). 

The continuous measurement of immission or emission dust concentrations is also 
possible by means of a p-absorption method (Fig. 4.5). The air to be examined is sucked 
through a strip of filter. A given section of the filter is placed by the programmer between a 
14C-source (activity: 4 MBqz 100 pCi) and a thin-window GM-tube, and the 
corresponding radiation intensities are measured. 

Owing to the low range of the a-radiation of 14C (140 g/m2) and to the presence of 
other absorbing media (filter, GM-tube window, etc.), the loading of the filter may not be 
higher than 20-30 g/m2. Nevertheless, by proper selection of the suction rate and time, the 
range of the measurement can be between a few times 10 pg/m3 and about 5 mg/m3. The 
accuracy of the measurement is sufficient for practical purposes if the disturbing effect of 
air humidity is eliminated by heating the air prior to filtration up to 90 'C. Measurement 
of, and correction for, the accidental radioactivity of the dust is also possible. 

Figure 4.6 depicts the principle of the P-reflection technique. Arrangement (b) is more 
advantageous, because the detector is shielded from the primary radiation; at the same 
time, the intensity of the radiation towards the sample considerably increases due to 
reflection on the shielding. 

The main re_eularities of /I-reflection and the consequent conclusions are as follows: 
- (a) With increasing layer thickness, the mtensity of the reflected beam increases first 

proportionally, then, at a thickness equal to about 113 of the maximum range of P- 
particles, a constant saturation value is reached. This principle rimders the determination 
of layer thickness possible. 



Fig. 4.6. Principal scheme of a /&reflection measurement. I - Detector: 2 -- Sample to be analyzed: 3 - 
Radiation source; 4 - Shielding 

- (b) The intensity belonging to the saturation layer thickness of various materials is 
proportional approximately to the square root of the atomic number. The only exception 
is hydrogen, having an extremely low (negative) value; these values may depend on the 
geometry and j'l-energy. This correlation renders the measurement of coating thickness 
possible (e.g., Sn-coating on iron). 

Some authors believe that the G reflection factor expressing the fraction of the reflected 
primary particles, can be calculated as follows: 

Other researchers propose its approximation by straight lines, the slopes of which 
decrease as the elements are in higher and higher periods of the periodic table. Practice 
shows that the function is dependent on the apparatus, thus the reflection factors should 
be determined experimentally for each arrangement. 
- (c) The /&reflection of compounds or mixtures consisting of several elements can be 

calculated from the mass fraction, considering the elementary values. On this basis it is 
possible to determine the composition (or rather the average atomic number) of two- 
component systems. Within the linear section, the layer thickness should be constant; 
above the saturation value, the thickness is indifferent. 
- (d) The average energy of radiation reflected from higher atomic number elements 

is higher than in the case when the reflecting elements have lower atomic number. This 
phenomenon makes possible to sensitize the measurement to the higher atomic number 
component by placing a thin absorber in the way of the reflected radiation. It has been 
reported that this phenomenon is valid only for separate layers and not for homogeneous 
two- or multicomponent systems. 

, - (e) As opposed to B-absorption, B-reflection shows a minor dependence on the 
density, consequently, it may be better suited-from this respect--e.g., for hydrocarbon 
analysis. 

Several sources of error originating from the change of geometry, surface impurities, 
bubble formation, etc, are serious disadvantages of the reflection method. 

The measurement of ash content of coals is based on the fact that the components of the 
coal (H, C, N, 0) have lower atomic numbers than those of the ash (Mg, Al, Si, S, Ca, Fe). In 
this respect, coal can be regarded as a two-component system, i.e., the intensity of the 
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reflected beam-with the same ash composition-is an unambiguous function of the ash 
content. This simple measuring technique permits one to eliminate the time-consuming 
and expensive combust~on (calorimetric) method. Thc rapidity of the measurement is a 
great advantage, because it allows adjustment of the operation parameters to the current 
ash content, whereby the operation of a power plant becomes more economical. 

At the same time, the sources of error are also to be considered (sensitivity to the 
changes in the humidity and ash composition, as well as ti, geometric factors); they can be 
decreased by drying, milling, layer uniformization, etc. In this way an accuracy of + 0.4- 
1% ash content can be achieved. 

Several methods of determining compositions have also been recommended; examples 
are determination of the salt content of aqueous solutions, the concentration of As, Bi, Br, 
Cu, Fe, I and Zn in medicines, of W in steels, as well as the measurement of the elementary 
composition of hydrocarbons. 

EXAMPLE 4 3  
Let us calculate the necessary accuracy of density determination in a p-absorption 

hydrogen analysis where the error should not exceed 10.02 mass-"/, hydrogen. The mass 
absorption coefficients of hydrogen and carbon are C4.41: 

If we substitute the relationship Cc, = 1 into Eq. (4.4), express c, and form a total 
differential, we obtain: 

The first term of the expression in brackets denotes the effect of intensity measurement, 
the second, that of the inaccwacy of the surface mass, the third, that of foreign elements on 
the hydrogen determination. Let us assume 750 kg/m3 for density, 4 mm for thickness (as a 
usual value) and 14% for hydrogen content; the following expression is then obtained on 
the basis of Eq. (4.4): 

EXAMPLE 4.4 
Let us estimate the error of a /I-reflection ash content measurement around 40 mass-% 

ash content. 
Let us assume that the coal consists of carbon with the atomic number 22'' = 6, and of 

w/, s io2:  8 
- 28x  14 2x16xl.6 

J,io2 - 60 
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Thus, the mean atomic number is: w 
9 = 0 . 6 x 6 + 0 . 4 x  1 d = d 4  292 

In the range between 3 = 2 10 i t  holds true for the correlation between the reflection 
factor G and the atomic number [ I  7) that: 

The correlation between the atomic number and rhc c o n i c r l t  u111 DC '15 i c t ~ r ~ ) b b .  

3=6+(15 .1  -6)=6+9.1 (ash mass fraction) 
Thus: 

G x t 00% = 1.23 1 1 x (6 + 9.1 ash mass fraction) - 2.157 
and 

AC x loo('/, = 1 1.2 x (ash mass fraction change). 

Let us assume that we count 10' pulses; its uncertainty is from Eq. (2.4): 

This corresponds to 
0.1 
- =0.009, i.e. + 0.9 mass-';/, ash content. 
11.2 

Practical measurements give + 0 . 7 O ; ,  the deviation is not significant. 

4.1.3. ANALYSIS BY ABSORPTION A N D  SCATTERING OF 
X- AND ;I-RAYS 

In radioanalysis it is justified to discuss X-rays and y-radiation under a common 
heading; sometimes these two radiations are called quantum radiation, disregarding the 
fact that the first of them originates from the electron shell, the later the nucleus. 

Of the three main mechanisms of the interaction of quantum radiation and matter- 
photoelectric effect, Compton scattering and pair formation-only the former two have 
analytical importance. 

Equation (4.4) holds good also for the absorption of radiation-disregarding the way of 
interaction-if the beam is sufficiently collimated, "monochromatic", and the absorber is 
not too thick. 

Since the sum of the mass (weight) fractions is equal to unity, for the total elementary 
analysis of a multicomponent system, the number of the necessary absorption 
measurements is equal to the number of components minus one; in practice, however, only 
two-component (or practically two-component) systems can be analyzed. 

The I, intensity passing through the empty cuvette is practically so high that it cannot 
be measured exactly, owing to the limited resolving power of the detectors. Therefore, the 
measurement of the radiation intensity is related either to a basic material with a 
concentration of c, =O, or to a standard solution with known c, ,,, concentration. Hence 
Eq. (4.4) is modified as follows: 
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where I denotes the intensity belonging to the substance of c, concentration, I' that 
belonging to the solution of c, = 0 concentration, and I,,, is the intensity belonging to c, ,,,, 
concentration (the mass absorption coefficient of the solvent being p,,,). 

The values of the mass absorption coefficients depend considerably on the 
predominating way of interaction. 

In the case of photoelectric effect-predominating, e.g., for A1 under 50 keV, for Pb 
under 500 keV-the mass absorption coefficient increases for a given energy with the 
fourth power of the atomic number; or else, for a given element it increases considerably 
with decreasing energies, except for the position of absorption maxima where there is a 
sharp decrease (Fig. 4.7). This strong dependence on the atomic number of the 
photoelectric effect makes possible the determination of any high atomic number 
components in a medium with low mean atomic number (e.g., hydrocarbons, water), by 
measuring the absorption intensities. 

1 0 - ~  ! I I I I I I I I I I 

0 10 20 30 LO 50 60 70 80 90 100 

Fig. 4.7. The energy dependence of rhr mass absorption coefficients of some elements 

There are relatively few isotopes suitable for radiation absorption measurements, 
owing to the strict requirements concerning the radiation source (long half-life, 
"monochromatic" radiation, low price, high specific activity, etc.). Such isotopes are: "Fe 
(5.9 keV), 1°'Cd (22 and 87 keV), which are K-radiating; 3H/Ti, 3H/Zr, l4'Pm/A1 (with an 
average bremsstrahlung of 5.8 and 92 keV); 241Am and l7'Trn radiation sources are often 
used for the determination of the ash content of coals. 

Figure 4.7 suggests that sources such as 55Fe and 3H/Zr (and occasionally 3H/Ti) can 
be used for the determination of elements between Y = 6  and 24 in a hydrocarbon 
medium; sources like lo9Cd and 14'Pm/AI are suitable for elements above 9 = 20, and the ,, ., 

87 keV radiation of '09Cd is useful for heavy elements. 
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Tahle 4.2. Main features of laboratory analysis methods based on radiation absorption 

Recommended surface mass. 
kg mZ 

The error of analysis (a) 
in absolute ",, of the 
element studied 

Isotopic radiation source 
(symbol, radiation type, 

energy, half-life) 

Permissible error of density 
measurement. kg m" 

Time requirement of one 
measurement. min 

+ 0.057 S - 
-i- O.04X c1 - 
F0.01 1 Co 
i0.004 Pb 
i0.01 Ba 

and Zn 

55Fe K 5.9 keV 2.6 y 

In the analysis of liquid hydrocarbons, the most advantageous surtace density depends 
on the energy of radiation used for absorption measurement, and even on the activity of 
the source and on its radioactive impurities. These also influence the accuracy of the 
analysis. Table 4.2 summarizes the main parameters of the determination of individual 
elements in a hydrocarbon medium by means of "Fe. 'H/Zr and loYCd (22 keV). These 
calculated data have been verified by practice. 

Figures 4.8 and 4.9 give information about the constructional details of the devices. 
The "Fe radiation absorption device operates with beryllium \t*indo~* cuvet tes and the 
liquid layer thickness is constant. Consequently, the density of the liquld sample to be 
analysed has to be known with an accuracy of f 2 kg/m3. The device can be used mainly in 
the petroleum industry, for the determination of the sulphur content in Diesel fuels and fuel 
oils. As it can be seen from Table 4.2, the 3H/Zr target can be used practically for the same 
purposes as a 55Fe source, with the difference that the higher half-life involves some 
advantages; at the same time, the continuous energy distribution of the radiation results in 
a nonlinear calibration equation (see Example 4.5). 

For determination of the concentration of motor oil additices. measurement with a 
'09Cd radiation source is advantageous, especially if the additive contains Ba, Ca. or Zn. 
The method substitutes combustion analysis requiring ~everal  hours by a measurement 
taking only a few minutes, and the nuclear method is more accurate Density measurement 

Fig.  4.8. A '"e radiation absorption instrument. I - 55Fe radiation absorption instrument; 2 - Radiation 
source; 3 - Cuvette; 4 - GM-tube; 5 - Pulse counter: 6 - Time switch 

"H/Zr-target 8 keV 12.3 y 'O'Cd K 22 keV 1.3 y 
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F ' l q .  4.9 4 '"'Cd radiatioit absorption instrument. 1 - 'OVCd radiation absor~tion device: 2 - Radiation 
source: 3 - Measurmp vessels; - Scintillation counter: 5 - Ratemeter: 6 - Voltage compensator and 

recorder 

means no problem here because the mass of the sample to be poured into the constant 
cross-section cuvettes should be identical. If  the 87 keV energy of '09Cd is used for the 
determination of Ba, the presence of sulphur and phosphorus in the sample disturbs only 
insignificantly. 

Continuous analysis nyethods can be developed, because the use of mechanical density 
compensators permits one to cu: free the measurement from the changes of the density 
(and. consequently. from those of temperature, too). Thus, the radiation intensity depends 
only on the elementary composition. Figure 4.10 depicts a device for the continuous 
determination of the sulphur content in gas oil. The apparatus shown in Fig. 4.1 1 is used for 
the monitoring of lead udditice in motor yasoline. The former device has to be adjusted once 
or twice a week on the basis of data obtained from combustion measurements; at  the same 
time, the lead measuring device can be zeroed to lead-free gasoline and the decay of the 
isotope can be corrected by adjustment of a potentiometer. 

Fig. 4.10. The scheme of a continuous sulphur analyzer. I -Gas oil pipeline; 2- Control room; 3- Measuring 
section; 4 - Instrumental section; 5 -Radiation absorption device; 6 - Ionization chamber; 7- Flow meter, 8 
- Control valve and filtration equipment; 9 - Preamplifier; 10 - Electric cable (max. 120 m); I1 - Power 

supply: I? - Electrometer; 13 - Recorder 
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Fig. 4.11. A continuous equipment for measuring the lead content of motor gasoline. 1. 2. 3 - Valves: 4. 5 - 
Pneumatic valves: 6 - Filter and control valve: 7 - Rotameter: 8 - Radiation absorption device: 9 - 
Scintillation counter: 10 - -  industrial ratemeter: I1 - Recorder; 12 - Adjusting valve for the pneumatic valves; 
13 - Gasoline mains; 14 - Additive mixer: 15 - Measuring section; 16 -- Five-core electric cable: 17 - 

Control room: l h  - Blow-down: 19 - Compressed air 

Compton scattering is brought about by the interaction of the q:.anta with the electrons 
of the absorbing matter. Consequently-as it was seen also for /3-absorption (see Section 
4.1.2bthe effect of the specific electron density of the matter can be seen in the mass 
absorption coefficient. 

In the range of energies between 100 keV and 1 MeV-which is characteristic for 
Compton scattering-the hydrogen content and moisture content of the substances can be 
measured. The 662 keV radiation of I3'Cs can be used well for this purpose. The surface 
mass (i.e., the layer thickness and the density) of the liquid should be known here. The 
principle of the measurement is not very practicable because of the considerable layer 
thicknesses to be used here (the mass absorption coefficients are equal to 60 cm2/kg, except 
for hydrogen, in which case it is twice as high), further owing to the considerable activities 
necessary in view of collimation, the necessity of measurement or adjustment of the surface 
mass and the inconvenience of the large shielding against hard ?-radiation. 

The measurement of reflection of quantum radiation requires such a geometry in which 
the detector is placed on the same side of the sample as the radiation source, because the 
radiation intensity deflected by 90-180" from the direction of the original beam is 
measured here. The layer thickness (or more correctly, the surface mass) of the medium is 
"infinite"--or at least, constant-here. The regularities of reflection of quantum radiation 
are rather complex, due to  the complexity of the scattering processes: 
- ( u )  with a given primary energy and scattering angle, the scattering abilities of 

the elements decrease exponentially with increasing atomic numbers; this is the basis of 
the analytical applications; 
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- f h /  using higher energies, the extent of the above decrease is smaller, consequently, 
lower energies are more advantageous for analytical purposes. 

The intensity of the scattered radiation greatly depends on the apparatus (on the 
geometry, on the quality of the detector, etc.), therefore calibration is necessary. 

The measurement of the ash content of coals has a great practical importance. Mining 
itself requires a rapid qualifying method suitable for monitoring the stopping. Apart from 
this, rapid control measurements are necessary for coal separation. Direct information 
about the actual ash content, calorific value of a solid fuel used in power plants is similarly 
valuable. The necessity of development and introduction of appropriate radioanalytical 
methods is obvious in view of the laborious sampling for combustion ash content and 
calorific value determinations, as well as the time requirement of this measurement lasting 
several hours. The above-discussed regularities of absorption and reflection of quantum 
radiations-especially the strong dependence of the reflection and photoelectric 
absorption on the atomic number-permit one to apply a rapid nuclear measurement for 
determination of the ash conten:--consequently that of the calorific value-af coals, 
regarding them as two-component systems, the two components having different mean 
atomic numbers (see Section 4.1.2). 

Coal analysis based on the absorption of quantum radiation in the energy range 
between 20 and 100 keV can be applied both in laboratories and under plant conditions, if 
the identical surface density of the irradiated layers is ensured (Figs 4.12a and 4.12b). 
Targets containing 90Sr-90Y, 206TI, 14'Pm #&radiating isotopes as well as "OTm isotope 
were used for this purpose initially; recently 241Am isotope has been applicd which is more 
suitable in view of both its energy (59.8 keV) and half-life (458 years). 

The disadvantage of this method is that the sample preparation (grinding, drying and 
weighing) is time-consuming and expensive; occasional changes in high atomic number 
ash components (e.g. Fe) can cause a considerable error. The advantage is that the method 
gives information on a relatively large sample (about 1 kg). 

Two-beam measurement represents a considerable improvement in the method; this 
applies a second radiation with an energy higher than 100 keV (here the dependence on the 
atomic number is not significant); this gives information about the surface mass of the coal 
layer measured. Thus, by applying a scintillation detector and two-channel energy 
selection, the measurement can be rendered independent of the changes in the surface 
density. At  the same time, the grinding and drying of the sample remain necessary in order 
to ensure a higher accuracy. 

Fig. 4.12. Ash content measurement by y-absorption. (a) - Laboratory device; (b) - Industrial device. 1 - - 
Radiation source; 2 - Detector; 3 - Sample; 4 - Conveyor belt; 5 - Layer thickness adjustment; 6 - Coal 

layer 



Fig.  4.13. Ash content measurement by ;+-reflection. 1 - Radiation source; 2 - - Detector: 3 - Cod layer; 4 
Conveyor belt; 5 - Shielding 

The error of ash content measurements based on radiation absorptior! is between 0.6 
and 2% (absolute). 

The ash content measurement based on reflection (Fig. 4.13)  has a few advantages as 
compared with the absorption measurement: 
- (a) as a result of compact geometry, the radiation source and the detector are 

placed on the same side of the coal layer; 
- ( b )  if the layer thickness exceeds a given value (1  2-1 5 cm), the surface mass of the 

sample need not be known; 
- ( c )  by ensuring a high space angle geometry, information can be obtained about a 

high mass of coal (25-30 kg). 
The accuracy of the measurement is influenced by the uniformity of the coal layer (its 

degree of coarseness), by the, moisture content and by the changes in the ash composition 
(e.g., iron content). The latter effect can be eliminated by electronic correction, on the basis 
of measurement of the intensity of the Fe K,-radiation excited by a 3H/Zr source. 

Both portable andfixed devices can be used for reflection ash content determination. 
Portable devices are especially suited for the rapid monitoring of coal contents of mine 
cars. The qualification can be carried out by a three-minutes measurement, with an error 
of + 2-5% (absolute). 

Fixed devices are suited for the monitoring of coal quality on conveyor belts. The 
radiation source is, as a rule, 241Am; scintillation counters, and also GM-tubes switched in 
parallel can be used to advantage. The signal of the detector is led to an industrial 
ratemeter which can be rendered more sensitive by shifting its zero. 

The ash content can be read from an instrument or from a recorder, after appropriate 
calibration. At the same time, the output signal can be used for operating automatic 
controls of the power plant system. 

EXAMPLE 4 5  
La us calculate the percentage intensity decrease of the 5.9 keV radiation of Fe when 

passing through a 0.4 cm thick layer of gas oil with 1% sulfur content (p  = 820 kg/m3). 
The mass absorption coefficients of the eIements present are C4.41: 
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From Eq. (4.4): 

Thus: 

and 

The intensity of the 55Fe radiation decreases to 2.7% of the original value. 

EXAMPLE 4.6 
Let us calculate the percentage transm~ttance of the above gas oil with respect to 

cyclo hexane. 
The density of cyclohexane is 779 kg/m3, its hydrogen content is 14.4 mass-"". 
From Eq. (4.4): 

Using the results of Example 4.5: 

The fransmittance of the gas oil with respect to cyclohexane is 45.9",,. 

4.1.4. ISOTOPIC X-RAY FLUORESCENCE ANALYSIS 
(IXRF) 

Discovery of the principle of X-ray fluorescence analysis (XRF) can be dated back to 
19 13 when Moseley stated that the anticathode of an X-ray tube emits X-rays whose lines 
are characteristic of the element prcscnt in the anticathode and this X-ray spectrum is an 
unambiguous function of the atomic number. I t  was also Moseley who drew conc!usions 
from the line intensities of brass anodes on their copper and zinc contents, laying thus  the 
foundations of XRF. XRF spectrometers have found increasing use from the 1930s: they 
diffract the X-rays according to their energy by a crystal dispersion technique, 
corresponding to Bragg's law. 

The beginning of I X R  F can be dated to the 1950s. when radioisotopes became more 
widespread, These measurements were based on  energy dispersion, i.e., on the energy 
sensitive response of various detectors (proportional and scintillation counters). 

As far as its analytical performance is concerned, IXRF can be compared with other 
branches of modern instrumental analysis (atomic absorption, neutron activation, gas 
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chromatography, etc.), yet such a comparison would lead too far; a comparison, however, 
with its closest competitor, crystal diffraction X-ray analysis, can be very enlightening. 

The advuntuyes of I X R F  are as follows: 
- ( u )  its source-sample-detector ussc.rnhly is simplc und compuct, the device does not 

contain any moving, i.e., wearing parts, it does not require mains current, water, vacuum, 
therefore its volume is small and the d e v w  IS pc,rtablc; thc price is lower than that of rt 

comparable crystal dispersion apparatus; 
- t b )  its operarion is stuhle. rind the hundliny is w.sjt: therefore i t  can be readily applied 

in an on-stream and automatic on-line way of operation; 
- ( c )  it hus better resoluinq power, ifa semiconductor detector is applied in the 20-100 

ke\' energy range, than a crystal dispersion instrument of medium resolving power has; by 
applying a generally monochromatic and high-energy exciting radioisotope radiation 
source, the disturbing effect of other elements (matrix effect) will be less; 
- ( d )  it simultaneously merisures the intensity of the characteristic radiation of each 

corn ponent; this is especially advantageous with multicomponent samples, encountered, 
e.g. in environmental control studies. 

The disuduuntayes of I X R F  are: 
-- ' u )  it has u poorer rusolriny po\tw uhen samples with low and medium atomic 

numbers are analysed; 
- ' h )  the re1utit.e error c,f the mcwsurernent is luryer due to the lower radiation 

intensity; this results in a worse detection limit. 

4.1.4.1. THEORETICAL BASIS 

Let us outline the part-processes as a result of which X-rays, emitted by the substance 
to be analysed under the exciting effect of the nuclear radiation and reaching the detector, 
carrj all information permitting onc to obtain qualitative and quantitative data 
characterizing the sample under investigation. The transformation of the radiation into 
electric pulses and their further processing will be discussed in the next section. 

The radiation of a given radioisotope falls o n  the sample to be studied and the 
radiation emitted by the latter is detected by the detector (Fig. 4.14). The following main 
part-processes of the interaction between radiation and matter should be considered here: 
- (a) the exciting radiation is ;~bsorbed and scattered in the sample (primary 

absorption); 
- ( b )  as a result of the absorption, the atoms of the sample are excited; 
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- ( c )  the excited statecoilapses into the ground state and a characteristic X-radiation 
or Auger electrons are emitted; 
- (d) the characteristic X-rays of various elements interact with one another; as a 

result, secondary absorption and secondary excitation may occur; 
- ( e )  since the part-processes listed above take place in space, and the radiation 

source, the sample and the detector have finite dimensions, and their distance from one 
another should also be considered, the geometry of IXRF is also important, especially as 
far as absolute intensities are concerned. 

The regularities of radiation absorption, especially those of the photoelectric effect, 
which is of primary importance in XRF, have already been summarized in Sections 4.1- 
4.3; here it is sufficient to  point out some consequences: 
- ( a )  a small layer thickness of the sample has a role only in determining the intensity 

relations of the X-ray fluorescence, because the intensity of the exciting radiation decreases 
exponentially with increasing layer thickness and the characteristic radiation emitted has 
always a lower energy than the exciting one, thus its absorption is greeter. It follows that it 
is advisable to select an exciting energy just above the characteristic X-ray energy, because 
excitation with high energy radiation becomes ineffective in far away layers owing to 
secondary absorption; 
- (b)  the surface roughness, grain size, inhomogeneity of the sample are of 

considerable importance, especially in the analysis of low atomic number elements; this is 
due also to absorption phenomena (see Section 4.1.4.2); 
- ( c )  matrix e f i c t  is also mainly due to secondary absorption; as a result, various 

elements influence the intensity conditions of each other (decrease or increase by 
secondary excitation). 

Scattering is. as a rule, negligible as compared to the absorption of the exciting 
electromagnetic radiation; the intensity of the scattered radiation can, on the other hand, 
be used for consideration of the matrix effect (Section 4.1.4.1). 

The fundamental precondition of the generation of characteristic X-rays is that the 
exciting radiation should transfer its energy to one of the electrons of the atom and the 
electron with excess energy should leave the electron orbital. The orbital can achieve 
stabilization either by emitting an Auger electron. or bq' electron transition from an outer 
shell. The ratio of electron transitions resulting in X-raq fluorescence to the total number 
of excited states is calledfluorescenct, c$ic.it.nc~-: this efficiency starts from zero with low 
atomic number elements and reaches the value of unity at high atomic numbers by an S- 
shaped curve (Fig. 4.14). Depending on the Fact whether the original excitation of the atom 
occurs on the K, L, M, N, etc. shells. the fluorescence X-ray is called K, L, M, N. etc. 
radiation; the fact that electron transition occurs from the neighbouring shell or from a 
farther one is denoted by indices r, /I. etc. Within this, various energy levels are denoted by 

r r r  1 I numbers. Thub ,  fit: can >pc,ifi ", .,,, . K,, . , , . .-,, . I ,, , . . . L,, ,, radiation, provided that 
the atomic number and consequently the structure of the electron shells permits such a 
variety. Handbooks contain energy valucs for the characteristic X-rays of various 

6 elements [4. t 31. 
The follow~ngcorrelation can be writtcn bt'tkheen the frequency ( v )  and atomic number 

f (3) of various elements, as far as the K- and L-series are concerned (after Moseley): 
for the K-series: 

,/;=0.498 x 10R(Y- 1) (4.8) 
for the L-series: 

t /; = c ( 9  - 7.4) 
where c is a constant. 
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The relative intensities of the individual series are the following: 

The above correlations can be used for corrections for overlapping energies. 
Quaiitatilie analysis by means of I X R F  presents no particular problem. especially in tl 

case of higher concentrations of the components. The identification of trace components 
a more complicated task, especially if thzy are present together with other elements wit 
close atomic numbers. The solution of this problem is related to quantitative analysis. TI 
energy calibration of the device can be performed by means of available elements ( 

compounds, or b j  csing M C ! ! - ~ , E O ~  n rdiation energies. The signal of an energy-sensiti~ 
detector increases, as a rule, proportionally to the energy, still, extrapolation requirt 
caution. Some detectors are extremely sensitive to the changes of operation parametel 
(voltage, temperature, gas pressure, etc.); other instruments exhibit energy shifts as 
function of the intensity. 

Qualitative identification can be disturbed by scattering phenomena occurring in t F  
detector and in the surroundings. as well as by fluorescence of the detector material an 
the appearance of an escape peak. Qualitative analysis is the more reliable. the better t h  
resolving power of the detector and the lower the background due to scattered radiatio~ 
When identifying individual lines, the simultaneous appearance of several lines of the Sam 
element should also be considered. 

The measurement of K,-radiation intensity serves generally as a basis for quantitatit. 
analj.sis. This is the most intensive radiation and the least sensitive to disturbing effect 
(matrix, grain size, etc.). The intensity of K,-radiation of a sample consisting of even 
single element depends on several factors: 
- l a )  the nature of the radiation $ource. the intensity of the exciting radiation; 
- ( b )  the thickness, surface roughness, particle size of the sample, the fluorescenc 

efficiency of the element; 
- /c) the efficiency of the detector; 
- ( d )  the absorptivities of the radiation source, the sample, the detector window, a 

well as of the medium between them (air, or He, eventually H, with low energies: 
absorptivity depends on the nature of the material and its thickness; 
- ( e )  the geometry (the surface and distance of the radiation source, the sample an( 

the detector) and the arrangement of them. 
Measurement of the thickness of coatings is based on the phenomenon that with a giver 

radiation source, detector, geometry, instrument, etc., the IA intensity of X-raj 
f hmxence  first increases in proportion to the I layer thickness to reach a saturation value 
(see also Section 4.1.4.3). The intensity of an "infinitely" thick layer (as a rule, a few mm) i s  
denoted by I,, ,,,. If the amount of the sample allows it, the layer thickness should be 
selected high enough to exceed the saturation value for all the elements present with 
certainty; in this case, the dependence of the intensity on the thickness can be eliminated 
and the measurement becomes simpler. 

Generally, if it is valid that 

P A ~ @ ~ . A  SO-1 (4.10) 

we are in the proportional range, and if 
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we are in the saturation range of the intensity us. layer thickness function. Here p, is the 
density, kg/m3, I is the-layer thickness, m, and j,, , denotes the combined mass absorption 
coefficient, m2/kg: 

P ~ , A L  Pm AE2 FmVA= - + 11-- (4.12) 
sincp sin$ 

where cp is the incidence angle of the exciting radiation of E, energy, $ is the emission angle 
of the X-ray fluorescence radiation with E2 energy, F , . ~ , ,  and pm.,E2 are the mass 
absorption coefficients of element A with respect to E, and E2 energy (Fig. 4.15). The linear 
section may extend up to 0.3-5 pm with Ni, Fe, Cr, and up to 20 pm with Sn, depending on 
the exciting energy and on geometrical factors (see Example 4.7). 

Atomic number 

Fiq .  4.15. Dependence of fluorescence efficiency on the atomic number 

In the case of two- and multicomponent samples. the quantitative analysis in the linear 
range has several advantages as compared to the saturation range. This is utilized 
especially in analyses for environmental protection measurements where the amount of 
the available sample is generally small. The advantages are as follows: 
- ( a )  the intensity of the characteristic X-rays is proportional to the surface mass of 

the elemen~s to be analyzed (kg/m2); 
- ( b )  interactions between elements are negligible: 
- ( c )  the ratio of fluorescence to scattered radiation increases, thereby the sensitivity 

becomes higher: 
- (d) correction for the uepcncl~n~c:  un p d r l i c ; ~  b i f c  ib  t x i b l ~ 1 .  

On the other hand, the relative accuracy is lower in the linear range. 
Further on, the regularities of analyses with "infinite" thick layers will only be 

discussed. 
One can use the method of basic parameters (based on the parameters of the material: 

mass absorption coefficients, excitation eficiencies, etc.) for converting measured 
radiation intensities into concentration values; this, however, requires corhputer- 
processing of several parameters. Therefore, more wide-spread are the methods based on 
intensity measurements of samples of known compositions. These empirical methods will 
be dealt with in detail below. 
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The presence of a second (B) component may increase or decrease the X-ray intensity 
emitted by the element to be investigated, depending on the fact whether absorption (due 
to accompanying elements with lower atomic number) or secondary excitation (in the case 
ot accompanying elements with higher a;"mic i;r;xhcr) i~ ~ d n m i t l a t i n ?  

The consideration of the absorption interaction can only be ensured by the 
introduction of the regression coeff-icient (r,,); the form ot the correlat~on k A  = i ( ~ - ~ ,  
(radiation intensity us. concentration) will then be as follows: 

where c, denotes the concentration in mass fraction, cA + c, = I ;  the rAB regression 
coeficient can be calculated from the mass absorption coefficients of components A and B 
with respect to the characteristic radiation of component A, as calculated by means of Eq. 
(4.12): 

is the intensity belonging to the pure component A. 
The value of rAB is positive, lower or higher than unity; if rAB = 1, the above equation is 

linear for both components. Since rAB is constant, in principle it is possible to determine 
the functions I= f(c) for both components on the basis of a sufficiently accurate analysis of 
a single sample with known composition. 

It follows from the definition of the regression coefficient according to Eq. (4.14) that it 
also depends on the energy of the exciting radiation (see Example 4.8). 

At low concentrations, the form of Eq. (4.13) will be as follows: 

The intensity of the X-ray fluorescence of substance A being present in trace 
concentration in a matrix M of constant composition, is inversely proportional to the 
mass absorption coefficient (pmME,) of the matrix with respect to the exciting radiation (El )  

C A  I, = prop ---- (4.1 6) 
P r n ~  EI 

At the same time, it can be shown that the intensity of the diffuse scattered radiation 
with respect to the El excitation energy (U&) is also inversely proportional to the mass 
absorption coefficient of the matrix M; consequently, measurement of the intensity of 
scattered radiation permits one, in principle, to calculate the concentration according to 
Eq. (4.16), especially if the proportionality factor is known in a standard matrix. 

The calculation according to Eq. (4.13) is rather complex with three- or multicompo- 
nent samples, and is also inaccurate because the equation does not take into consideration 
mutual secondary excitation effects of the components. At present, the most accurate 
equation, suitable also for computer data processing is as follows 14.161: 
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where A, is a constant expressing the effect due to the absorption of k element, exerted on 
the concentration of the i-th element, Bik is the same, but with respect to the excitation 
effect. 

In principle it is possible but it has never been observed that one of the two constants 
be not equal to zero; thus the calculation of the constants from calibration data is 
considerably simplified. 

The determination of the calibration constants is based m the intensity measurement 
of samples with known composition. The authors propose an approximation method for 
the calculation of concentrations in samples with unknown composition. This can be 
easily performed by a computer; as a rule, the second approximation gives already* 
sufficiently accurate results (Example 4.9). 

In industrial practice, the following equation is useful, especially within a narrow 
concentration range: 

where a and b are empirical factors and can be found in tables for- various alloys C4.231. 
7he statistical error of the concentration measurement of a given element depends on 

several factors-like absolutely intensity itself-but here only the problems connected 
with intensity measurement will be considered. 

If n pulses are counted for the calculation of a concentration value, the relative error of 

the concentration measurement (?%) cannot be lower than permitted by Eq. (4.19): 

This correlation is an accuracy limiting factor of paramount importance, especially with 
multichannel analysers. If the value of n is increased by two orders of magnitude, the 
relative error decreases by one order of magnitude only (see Section 4.1.4.2). Practically 
this decrease is still lower because the n net count is calculated as a difference of the overall 
count and the background. The calculation of this difference also results in the 
propagation of the errors; it should also be considered that the background count cannot 
be measured directly and the extrapolation or interpolation has its own error. This latter is 
the larger, the smaller the resolving power of the detector used. 

Consequently, a relative error of 0.3% can be ensured only exceptionally; 1-2% can be 
regarded as a good accuracy. 

The detection limit is also very important in view of the analysis of components present 
in trace amounts. This cDL value is defined as the lowest concentration or amount of an 
element which can be detected with certainty above the background value, i-e., the count 
rate of which is higher, with 99% certainty, than the lowest standard deviation of the 
background, 6: 

I 

where ndenotes the net count rate obtained for a cstandard concentration; 2.3 is the factor 
corresponding to the 99% certainty. 
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The detection limit is a function of theexcitation efficiency and the matrix: for medium 
and high atomic number elements in a matrix consisting of low atomic number elements 
its value may be a5 low as a few thousandth percent; in other cases a value between 0.01- 
O.f"/, is acceptable. Lowering of the detection limit is especially important i n  

environmental protection mcasurcments. 
If'u polurizud exciting radiation is applied, the ~ntcnslty 01 Lnc bacbgrourlcl raulatlurl 

can be decreased by a factor of three; this improves the detectability, although the intensity 
of useful radiation also decreases by a factor of two, and this is disadvantageous for the 
sensitivity. 

Several possibilities are available for decreasing the instrumental errors. The increase 
of the resolving power of the detector, the use of selecrive filters, sample preparation 
(grinding, melting, etc.), the use of various background correction methods, the 
application of internal or external standards--they all help to decrease the experimental 
error. Ample literature is available concerning this problem C4.13). 

4.1.4.2. INSTRU M ENTS 

Figure 4.16 shows the scheme of an X-ray fluorescence apparatus working with 
isotopic excitation. The exciting radiation originating from the radiation source excites 
the X-rays of the sample; these X-rays reach the detector, eventually through filters, and its 
pulses, proportional to the radiation are transformed in the preamplifier to voltage pulses. 
The energy-selective separation of the pulses occurs in an analyzer. This is followed by 
data processing and data recording, or displaying. As a rule, a separate high-voltage 
power supply is necessary for the detector. 

Isotopes emitting r-, p-, g- and K-radiation can be used as radiurion sources. 7uryet.s 
emitting secondary radiation may serve as an alternative solution. No generally applicable 
radiation sources exist; even for the same purpose more than one isotope can be used, as a 
function of the type, energy, activity of the emitted radiation, of the half-life of the isotope, 
of its specific activity, price, class of danger, etc. 

a-Radiating isotopes (e.g., *loPo) are recommended for exciting low atomic ;lumber 
elements, owing to their good fluorescence efficiency and weaker background radiation; 
the increased radiation hazard is a disadvantage. 

p-Radiutinq isotopes are not used directly for excitation because the characteristic 
X-rays of the sample are accompanied by a considerable background, due to 
bremsstrahlung. The application of targets ( e g  3H/Ti, 3H/Zr, '47Pm/A1, "'Sr-"'Y/U) is 

I 

Fig. 4.16. Schemc of X-ray fluorescence analysis. I - Radiation source; 2 - Sample; 3 -- Filter; 4 - Detector; 5 
- Preamplifier; 6 - High-voltage power supply; 7 - Analyzer; 8 - Recorder; 9 - Printer (puncher, tape 

recorder); I 0  Screen; 11 Cornp~~ter 
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E'iy. 4.17. A secondary radiation target. I -Shielding; 2 -Radiation source; 3-Target;4- Primary radiation; -. 
5 - Fluorescent radiation 

much more widespread, they are necessary far excitation of low atomic number elements. 
Owing to secondary excitation, the necessary activity is higher by 2-3 orders of magnitude 
than otherwise (see Example 4.10). 

p- and K-radiating isotopes predominate among radiation sources: "Fe, lo9Cd, lZ5I, 
1°Pb, 'j8Pu and 241A1n emit in the range of low energies (4-60 keV), 57Co and lS3Gd in 

the range of medium energies (60-150 keV) and 1921r, ' j7Cs and 60Co in the range of high 
energies (above 150 keV). 

The development of secondary radiation targets (Fig. 4.17) has been promoted by the 
attempts to bring near to each other the energy of the exciting radiation and that of the 
characteristic X-ray emitted, in order to obtain as good an excitation efficiency as possible. 
The primary radiation source is fixed inside a cavitated target having the shape of a 
truncated cone, and the primary radiation is shielded in the direction of the emission; thus 
practically only the X-rays emitted by the target material reach the sample. A 
disadvantage is that such targets are not pinhole-like radiation sources and their use 
ensures a relatively low intensity below 3 = 30. lo9Cd, 14'Pm/AI and 241Am are suitable 
as primary radiation sources. 

The sumple may be solid or liquid. seldom gaseous. The analysis of liquids and gases 
presents no particular problems. In several cases it is possible to immerse the detector and 
the radiation source into the medium to be analyzed; this is an advantage especially with 
continuous analysis. The main requirements with respect to the window of the sample 
holder are low radiation absorptivity and the stability ofits shape; these are of importance 
especially with low energies. Beryli~um, polypropylene and Melinex (polyethylene- 
terephthalate) films are the most suitable materials for window preparation. 

The intensity of X-rays is also influenced by the surface roughness of the solid samples; 
this disturbing effect is more serious with components of low atomic numbers. For 
example, a surface roughness of 50 pm can cause an intensity decrease of 1% with Cu, but 
1 '",, with Al. The same effect is found In the case of powdered samples; another inaccuracy 
may originate from the different wcar rates of various particles in ore and mineral samples, 
together with the tendency of scparat~on according to density or size. The intensity 
correction of powdered samples can be carried out by applying a factor of ( 1  + b ~ ) ~  
[4.6] where (1 denotes the particle size, pm, b is a factor, l/pm, depending on the material; 
this latter value can be found in tables of this Section. 

In order to eliminate problems arising from particle size effect as well as from the 
influence of the matrix, the mrltiny ($the sample with borux-or lithium borate is widely used. 
This increases the time and labour requirement of the measurement, but the results 
become more reproducible and more accurate. The sample added to the borax is, as a rule,* 
between 1 and lo:,; five minutes at 1000T is sufficient time for homogenization. 



Ionization chambers (Section 2.1.1. I), proportional counters (Section 2.1.1. I ) ,  
scintillation counters (Section 2.1.1.2) and semiconductor detectors (Section 2.1.1.3) can be 
used as detectors. Each type has its particular advantage and disadvantage in X-ray 
analysis; tne appiicaomry ior a giierl p ~ i  p o x  5iicru:J 5.: cx;k!crc:! in !bc !-::.- !:_":: - 
these. 

The great advantage of ionization chambers used in the mode of operation for current 
measurement is their insensitivity to disturbing effects (e.g., changes in the voltage and 
temperature); their disadvantage is that they can be applied only if the intensity of one 
single component 1s to be measured (eg ,  measurement of layer thickness). The application 
of filters increases the selectivity. 

The resolution, the efficiency and the simplicity of operation are the factors which 
should be considered when the other three detector types are compared. As far as 
resolution is concerned, scintillation counters are the poorest, proportional counters are a 
little bit better (recently the resolving power has been increased to 8%) and the 
semiconductor detector is by far the best. In respect of the measuring efficiency, acceptable 
vahes are obtained with proportional counters, from the lowest energies (e-g., the K- 
radiation of carbon) up to about 20 keV: with Si(Li) detectors, between 3 and 30 keV; with 
Ge(Li) detectors, above 3 keV. The appropriate selection of the so-called counting gas in 
the proportional counter (argon, neon, xenon, etc.) can ensure a kind of selectivity, due to 
the different efficiencies; at the same time, X-rays originating from the gases may appear in 
the spectrum and interfere with the measurement of some components. 

It is a difficulty that Si(Li) and Ge(Li) semiconductor detectors require cooling with 
liquid nitrogen not only during measurement, but also during storage, although pure Ge 
detectors can be stored at room temperature without any damage. Scintillation detectors 
are less sensitive to the changes of the voltage supply, but industrial conditions 
accompanied by higher temperatures do them more damage than to proportional 
counters. 

Filters should be placed between the samples and the detector; their task is to improve 
the discriminating power of the detector. Simple filters such as aluminium foils can be used 
for filtration of low energies if the energy differences are not higher than a few keV. Their 
effect is based on the difference of the mass absorption coefficients. The sharp changes of 
the mass absorption coefficients at the absorption edges (see Section 4.1.3, Fig. 4.7) can 
also be used for selective energy filtration. For example, a 10 pm thick Al filter absorbs the 
K, radiation of Si almost completely, at the same time, that of aluminium only to 50%. 

In the atomic number range between 20 and 30 (where technologically important 
metals such as Co, Cr, Cu, Fe, Mn, Ni, Ti, V and Zn are found), the energies of the K- 
absorption edges of elements differ from each other by about 8% each. This serves as a 
basis for the differential filtration method of Ross applying a pair offilters made of two 
elements for the selective measurement of fluorescent X-rays of a given element. One of the 
filters has an absorption edge just below, the otherjust above the energy to be investigated. 
In the range outside the absorption edges both filters have identical absorptivities. For 
example, a filter pair made of Mn and Fe (K-absorption edges: 6.5 and 7.1 keV, 
respectively) can be used for the measurement of the K-radiation of Co (6.9 keV). Mn has a 
mass absorption coeficient about eight times as high as that of Fe at the given energy, yet 
hardly any difference can be observed in other energy ranges, and even this small difference 
can be eliminated by the appropriate selection of the surface masses. By applying filter 
pairs, the resolving power may attain the efficiency of semiconductor detectors; by virtue 



BASED ON PHYSICAL INTERACnONS WITH RADIATION 249 

of this, the simultaneous analysis of several components can be carried out if suitably 
selected filters are used for each component. 

The geometry of the system source-sampledetector (Fig. 4.14) has an important role as 
far as sensitivity and reproducibility are concerned, as well as the easy handling of the 
apparatus. The great advantage of energy-dispersive X-ray analysis is that the radiation 
source and the detector can be built together, into one single compact unit, which can be 
immersed into the liquid to be analysed or fitted to the solid sample surface. The optimum 
geometry is determined mainly by the dimensions of the source, the sample and the 
detector, its determination should be carried out experimentally. 

The instruments can be divided into three main groups: 
Portable devices are operating with proportional counters or scintillation counters and 

can be battery-operated. They are used in geology, ore mining and for the identification of 
metal products in metallurgy. Several devices apply filter pairs. Recently. devices with 
digital instruments are preferred, but integrating analysers can also be found together with 
those using traditional ratemeter switching. Miniaturization is a general trend: a device as 
light as 2.5 kg can be found on the market. Some items can be used for multipurpose 
analyses, by using exchangeable sources, detectors, filters. 

The supply is very abundant as far as laboratory instruments are concerned. Their 
characteristic detector is a semiconductor cooled by liquid nitrogen; they usually apply a 
built-in multichannel analyser (lo6 counts per channel), they display the spectrum on a 
(coloured) screen during measurement (continuously), the evaluation (background 
correction, resolving of overlapping lines, calculat~on and integration of intensity data, 
eventually concentration calculation) and recording (by typewriter or on a punched type, 
on an X-Y recorder or magnetic tape) are usually automatic. The time requirement of the 
analysis is determined, in general, by the lowest concentration element and the relative 
error demanded. For example, if a component present at a concentration of 10- 3% has to 
be analysed with an error of f lop4"/,, with an X-ray intensity of 2 x 104/s, the apparatus 
should receive lo7 photons: theoretically this requires 500 s, but practicaily the time 
requirement is 2-3 times greater, due to the operation conditions of multichannel 
analysers. Built-in programs facilitate the work to a great extent. but they often introduce 
instrumental errors which are difficult to control. 

Industrial on-line or off-line instruments are used for both the monitoring and control 
of production. X-ray analysis is especially suitable for this purpose because it is rapid, 
accurate, reproducible and is based on purely physical phenomena. The main 
characteristic of such instruments is high-level automatization extending to sampling, 
preparation, weighing, data processing and data output. 

The apparatus grinds the solid average sample, taken with special care, to the fineness 
required, then a tablet of standard compactness is pressed or melted from the sample. The 
X-ray intensity of the tablet is then measured for a predetermined period. Some devices are 
capable of the on-stream measurement of material flow, e.g., by measurement of the 
thickness of coatings, by the analysis of slurries or powders. Metal samples are fed 
generally by hand into the device; the sample preparation includes surface etching and 
polishing only. Some more will be written about these devices in Section 4.1.4.3. 

As a rule, microcomputers (with a capacity of 10, occasionally 20 Kb) are apgkd in the 
on-line way of operation. Of this capacity, 4 K generally controls the operation, the rest 
carries out data processing including intensity-corrections and the calculation of 
composition. A great advantage of such systems is rapidity whereby the analysis data can 
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be used for direct production control. A further advantage is that the computer checks 
directly the work of the measuring device and detects any error instantaneously. 

If the X-ray intensities of various elements overlap owing to the limited resolving 
power of the apparatus, it is necessary to use big computerc I..: i:L r: :::;xi4: ?f ?" '"Q, .;.- 
o y r r - -  _ , _.- 7 M  Y )  in  +he  nff-line wpv nf nneration Rackrrround correction should precede line 
~rocessing (the correction uses generally linear interpolation and gives the net spectrum). 
After resolving the lines, matrix corrections can be introduced. thus the composition data 
can also be calculated. 

Since a big computer can serve several instruments, its application for IXRF purposes 
may be cheaper than the use of a small computer in the on-line way of operation for each 
instrument. Off-line operation is accompanied, however, by the loss or decrease of the 
advantages of rapidity and direct operation control. 

4.1.4.3. PRACTICAL APPLICATIONS 

The measurement of thickness of coatings is a separate group within IXRF analyses; 
affording higher accuracy, it has. in several fields, replaced reflection measurements which 
were in general use earlier (Section 2.3.3). The predominant majority of applications 
involves the measurement of Sn and Zn coatings on iron. The analysis can be carried out, 
in principle, by both direct and indirect methods with both coatings; with Sn, the X-rays of 
the coating, with Zn, the absorption of X-rays by the iron base is measured. 

The measurement of t in coatings (thickness: between 0.1-2.3 pm) can be performed 
either directly or indirectly. The excitation of the K,-radiation of Sn (25.2 keV) can be best 
effected by a 241Am source or by a 241Am/Cs target; proportional and scintillation 
counters are equally suited for detection. With a time constant of 1.5 s, the relative error of 
the measurement is between + 5-1 %,decreasing with the thicker layers. If the analysis is to 
be carried out by the measurement of the absorption of the &-radiation of iron, excitation 
can be carried out by a 3H/Zr target, and the best detector is an ionization chamber. An 
aluminium filter can easily eliminate the disturbing effect of the L-radiation of Sn 
(3.4 keV). A current of about 10- 'I  A corresponds to uncoated iron; the relative error is 
+ 0.2% with a time constant of 7.5 s. - 

A zinc coating can be prepared by electroplating or by an immersion technique; the 
typical thickness is 5 pm in the former, and 80 pm in the latter case. The thickness of the 
Zn-coating can be measured by the indirect method up to 5 pm (by exciting the 8.6 keV 
K,-radiation of Fe by a 3H/Zr target and measuring its intensity). The filtration of the Zn 
K,-radiation can be effected by means of a Ni filter; the detector is an ionization chamber. 
Only the direct method can be applied for coatings prepared by the immersion technique 
(Fig. 4.18); use of the combination of a 241 Am source and an ionization chamber is the best, 
but interference from Fe should be eliminated. This can be done by a simple A1 filter, or by 
using a double ionization chamber in a differential mode of operation, one of them 
provided with a Ni, and the other with a Cu filter. Thus the differential current of the two 
chambers is a function of the thickness of the Zn coating only. 

Reliable measurement of the silver content in photographicjilms and papers is possible 
by means of a 241Am/Sb target and a scintillation counter. The range is between 1- 
40 g Aglm', the error being $. 0.24.5 g Ag/m2. 

The thickness of nickel-ironfilms evaporated onto glass (between 20 and 200 nm) can be 
measured by the decrease of the intensity of the K,-radiation of Si or Ca. 
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Fig. 4.18.Zinc-coating thickness measurement. !' - 241Am radiation source; 2 - Ni filter; 3 - Cu filter; 4 , 5  - 
lonltation chambers 

The application of X-ray analysis 111 iron and steel manufacturing is very widespread. 
Several elements should be analysed hcre: Co, Cr, Cu. Fe, Mn, Mo, Nb, Ni, Si, Ta, Ti, V, W, 
Zr, etc. owing to this complex compositwn, the necessary resolving power can be ensured 
by crystal dispersion devices only; hmcver, strong interactions can often be decreased by 
dissolution in acids, by melting with borax, by adding BaO, , etc. (Section 4.1.4.2). 

IXRF is very suitable for measurenicnt of the iron content of ores. The radiation source 
used almost exclusively for excitation of the K,-radiation of Fe is a 3H/Zr target. If a 
'-OTm/Cd target is used, changes in thc mean atomic number are corrected on the basis of 
the fl-reflection of a 90Sr-90Y sourcc. Reproducible geometry is a precondition of 
continuous measurement; this is the critical factor determining the error being, as a rule, 
+ 0.5% Fe. - 

A method has been developed for t hc measurement of titanium and zirconium content in 
ores, using a 5 5 ~ e  radiation source. 

In slag analysis, the determinatitw of its Fe and Mn contents is important together 
with that of alkalinity, as calculated from the CaO : SiO, : P,O, ratio; the problems of the 
measurement oft he latter elements arc pr:ictically the same as those in cement analysis (see 
there). 

Portable IXRF devices proved to tx very useful in the classification offinished and semi- 
finished goods. The identification is hmed on the measurement of a few key components. 
The instruments are characterized hy easily replaceable radiation sources (55Fe, lo9Cd, 
loPb, 2 3 9 P ~ ,  241Am) and by the appl~c:~tion of selective filter pairs. The measurement of 

the concentration of each componc~it lasts about 1 minute; a planar surface with a 
diameter of 2 cm is sufficient for thc measurement. 

In the production of tool steels, ths (ask is generally the determination of Co, Cr, Mn, 
Mo, Si, V, W, etc. 

IXRF devices are very efilcient in the analysis of metals and their ores. A considerable 
demand is already evident in mining. Unfortunately, the accuracy is very limited, partly 
because the required planar sample surface can seldom be ensured, and partly because of 
the inhomogeneity of ores. Yet, semi-quantitative data provided by such devices may be 
very valuable in mining. j 
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By analysis of drilling cores the requirement of reliable geometry can be more or less 
fulfilled. Heterogeneity, however, still remains a problem. Rapid information and sample 
selection are the advantages offered here. The analysis of drilling holes is also possible, but 
development has not reached the level of industrial application. 

For ore analysis, mainly laboratory methods have been developed; the measurement 
itself is carried out with powdered samples in most cases. Ag, Co, CU, Mo, Ni, Pb, Sn and 
Zn are analysed most frequently. Various radiation sources are used. Because of the poor 
resolving power of scintillation detectors used almost exclusively, the use of filter pairs is 
general. 

The application of IXRF is very important in s lu r r~  analpis in ore enrichment, because 
it makes possible an on-stream measurement. I t  is widely used for the analysis of both 
concentrates and refuses. Intensity data with respect to the elements to be measured are 
still insufficient for the unambiguous calculation of the concentrations, therefore the 
density of the slurry is measured separately by a radiation absorption technique (Section 
2.3.3) and used for correction (Fig. 4.19). Industrial analyses of Ba, Cu, Mo, Nb, Pb, Sn 

Fig. 4.19. Slurry analysis in a flotation plant. I - Density measurement; 2 - Zinc analysis; 3 - Lead analysis; 
4 - Radiation sources 

have been introduced in practice. The detector is, as a rule, a scintillation counter provided 
with a filter, but in some cases, proportional counters filled with xenon or argon and even 
ionization chambers are used. The relative error has been given to be between 1 and 10%; 
this is satisfactory for industrial purposes. 

The traditional X-ray technique is generally used for the analysis of light metals and 
alloys; the applicability of IXRF is still unexplored, although aluminium production is an 
important branch of industry. Besides Al, elements such as Cr, Cu, Fe, Ge, Mg, Mn, Si, Ti, 
V, Zn, etc. occur in aluminium, in its raw mateeals and products of processing. 

The application of IXRF in silicate industry is very wide-spread. Though crystal 
dispersion devices are used mostly in cement industry, the IXRF technique (Fig. 4.20) will 
be able to substitute a considerable number of traditional devices in the near future, first of 
all because of its lower investment costs. The problems of applications of I X R F  in this field 
are due to the low energies to be detected and to the low excitation efficiencies, the main 
components of cement being Al, Ca, Mg and Si, i.e., elements with low atomic numbers. 
Apart from these elements, the properties of cement can be influenced by the presence of 
Fe, and traces of Mn, P, S, Sr and Ti may also be present. 

a-Radiating 210Po with an activity between 150-400 MBq (-4-10 mCi) is a good 
exciting source; good efficiencies can also be obtained with 3H/Ti and 3H/Zr targets using 
an activity higher by three orders of magnitude. The use of windows with low 
absorptivities is very important; absorption conditions are improved by purging the 
device with helium or by evacuation. Proportional counters filled with 90% Ar 
+ 100/,CH, are used most frequently as detectors. The electronics is conventional: 
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u 
Fiy. 4.20. Scheme of a cement analyzer. 1 -- Radiation source; 2 - Sample; 3 - Absorber; 4,s - Proportional 
counters; 6, 7 - Preamplifiers; 8 - High-voltage power supply; 9, 10 - Linear amplifiers; 11-1,7- Amplitude 
analyzers; 18 - Double amplitude stabilizer; 19-23 - Scalers; 24 -Timer: 25 -Control unit; -76 -Computer 

preamplifier, amplifier, amplitude discriminator, timed scaler, computer. Grounding is 
very important in order to decrease the noise level; the stabilization of the amplification 
can be ensured by a special pulse-height stabilizer of the high-voltage part. 

Direct analysis of powder samples is not possible, due to variations in particle size and 
density, therefore the sample is melted together with Li2B,0, or with borax. Typical 
analysis data and crrors for the individual components are as follows: Fe203:  2 
+ 0.05 mass-"/,, C a 0  : 44 + 0.16 mass-';/,, SiO, : 14 10.18 mass-';/, and AI,O, : 3 + 0.09 - 
mass-%. The analysis lasts for 20 minutes; of this, sample preparation requires I0 minutes. 

The analysis of CaCO,, being the most important raw material of cement 
manufacturing, is very important, becausc its concentration has to be known in the 
75-85% range with an error of 1 I%, with 9596 certainty. The continuous analyser works 
with a 55Fe radiation source of an activity of about 100 MBq ( -  3 mCi) and with an 
argon-filled proportional counter. If the particle size of the sample is smaller than 
50 pm, the standard deviation of the analysis is +0.35?~ CaCO, . 

Besides the atomic absorption method, also crystal dispersion X-ray analysis finds 
increasing application in the analysis of .silicates and glasses. In plate glass manufacturing, 
the main analytical problem is the control of the prescribed quality of the product, in case 
of container glasses (bottles, etc.). however, dangerous elements (Cd, Pb, etc.) eluted by 
their liquid contents, are to be determined. International standards (the so-called EC- 
series of the European Co-operation) are available for checking the various analytical 
methods. 

The analysis of minerals presents similar problems as discussed in the case of cement, 
but the composition expected is much more complicated ( A l , 0 3 ,  CaO, Fe203 ,  K,O, 
MgO, MnO, Na20,  P,05 , SiO, , TiO, , etc.). Therefore. the use of traditional X-ray 
devices is general in this field. 

The application of X-ray analysis in petroleum industry is not new. This is attributed to 
the fact that the elements to be determined are in a hydrocarbon matrix and usually in 
liquid medium, thus their mutual interference and the sample preparation present no 
particular problem. Above a few times lod4';/, concentration. elements can generally be 
determined directly; below this value combustion in the presence of sulphuric acid can be 
recommended; in the latter case, Co  or Cr is added as an internal standard. 
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The determination of C1, S and V is important in petroleum products. Sulphur 
determination is possible by means of a commercial instrument in the range between 
0.0054%. The experimental error is +0.0015% in the lowest concentration range. The 
exciting source is 55Fe, the detector a neon-filled proportional counter. The device should 
be purged by He or N, , because the argon content of the air interferes with the 
measurement of the K,-radiation of sulphur. 

The determination of chlorine content is important because this element poisons some 
catalysts: the measurement is similar to the proccdurc, dcssribcd for sulphur. 

The lead content of motor gasolines can be determined generally with the excitation of 
the La-radiation of Pb. The excitation of the Kg-radiation would require the use of ' 5 3 ~ d  

0' - 
0 1 2 3 L 0 0.05 0.10 0.15 

Mass X of sulphur 

Fig. 4.21. Sulphur determination in petroleum products by X-ray fluorescence analysis 

of high energy; this source has, however, several disadvantages: relatively short half-life, 
the requirement of a considerable radiation shielding and large samples. Both 2 3 8 ~ ~  and 
'09Cd are suitable for exciting the L,-lines. When using the former one, a correction 
should be applied for the bromine content of the additive and the error is still twice as high 
as with ' 09Cd; the 86 years' half-life is, however, an advantage. The half-life of logCd is 1.3 
years only, but the error can be as low as + 70 kg/m3, provided that Ge and Ga filter pairs 
and xenon counting gas are applied. 

Additives of lubricating oils improving their quality contain Ba, Ca, CI, P, S and Zn. 
The measurement of their concentrations is, as a rule, directly possible, moreover their 
surface concentrations on engine parts can also be studied (between 0 and 750 mg/m2). 

Deposits, corrosion products in engines and oil furnaces can also be analysed by IXRF. 
The determination of Cu, Fe, Ni, Pt and V in catalysts may also be important; Co is 
recommended as an internal standard for this purpose. 

In coal ash analysis, the Fe content gives rise to an unacceptable error in the isotopic 
measurement; its correction can be carried out by an IXRF measurement. 

Purely analytical-chemical IXRF applications are not very significant. The deter- 
mination of Br, C1, I, P, S and metals in organic substances can be carried out with the 
advantage that usually no sample preparation is necessary. In some cases the products of 
certain compounds or functional groups with selective reagents (e.g., those of olefins with 
bromine, NH, with Hg-containing Nessler reagent) can be utilized for IXRF purposes. 
Determinations of Al, C1, Co, Fe, Mn, Sb, Ti and Zn in plastics have been reported in the 
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literature; the analysis of pharmaceutical products as far as their As, Cu, Hg, Ni, Pb and Se 
content is concerned, can also be mentioned. 

The XRF method is very useful for the analysis of elements which are diflcult to 
separate (such as Hf in Sc, Zr and Y in rare earth metals, actinides, the parallel 
determination of Mo and W, etc.); most methods have been developed, however, for 
crystal dispersive spectrometers. 

IXRF has some advantages over all other analytical methods in the field of 
environmental protection. This can easily be understood if it is considered that by minimal 
sample preparation and by the use of maximum 3 or 4 radiation sources, it is possible to 
determine simultaneously all elements between Na and U with a generally satisfactory 
accuracy. At the same time, the noise level is only a fraction of that observed with X-ray 
tube excitation-owing to the monochromatic excitation-and the matrix effect is usually 
negligible. There are also problems, of course. With elements of low atomic number, the 
criterium of proper thin layers (i.e., the linear relationship between layer thickness and 
intensity-see Section 4.1.4. I )  can hardly be fulfilled; corrections should be applied in the 
case of fine powder samples, due to multiiayer deposition, and the calibration problem of 
quantitative evaluation is not entirely solved. Best calibration standards are thin layers of 
elements or compounds prepared by evaporation onto the sample holder. 

I X R F  is used for the analysis of both molecular and serosol particles in the 
examination of air pollution. A known amount (a few cubic meters) of air is sucked through 
an appropriate filter in both cases. There are very strict requirements concerning the filter 
material; they can be fulfilled in practice only partially: it should consist of low atomic 
number elements, its very thin layer should ensure a 100% filtration efficiency, and it must 
not be hygroscopic. Cellulose-based filters are the best suited to these requirements. For 
the selective measurement of air pollutants in molecular dispersion, the filter is treated with 
a reagent: for example the C12 content of air can be measured in the range between 
0.3-13 g/m3 using a filter treated with o-toluidine; for the analysis of H,S and SO,, the 
appropriate reagents are AgNO, and NaOH, respectively. 

Particle collection is the main problem in the analysis of aerosol particles. It has been 
established that Br, Ni, Pb and Zn are bound to small, V to medium, Ca, Fe. Mn and Ti to 
large particles. Therefore, instead of filters, devices ensuring separation according to 
particle size are often used. They work generally on the basis of kinetic principles. Some 
authors assign various elements to definite pollution sources: Fe. Ga, Mn and Ti come 
from the soil, Br, Fe, K and Mn from coal, Br and Pb from petrol, Ni and V from fuel oil, S 
from coal or petroleum. Fe from steel manufacturing, A1 and Si from other branches of 
industry. 

Water analysis (Fig. 4.22) shows analogous features with air pollution measurements. 
Dissolved and suspended 'pollutants can be distinguished in the phase of sample 
preparation. Direct measurement ofdissolved impurities is possible only with concentrated 
sources of contamination. such as sewage from factories; dilute solutions require 
preconcentration. A possible way of doing this is precipitation or co-precipitation (e.g., the 
concentrating of Pb and Zn by means of iron hydroxide). Extraction can also be used; 
sodium diethyl-dithiocarbamate and ammonium I-pyrrolydine-dithiocarbamate witt 
low sele~iivity ~ I C  au~table for this purpose. They permit one to measure metal traces in 
concentrations as low as a few times 10 - '%. Ion exchange resins are extensively used for 
binding cations; either the resin or the solution displaced from the resin, sometimes both, 
are measured by IXRF. Finally, the simplest, but most time-consuming concentrating . 
operation, i.e., evaporation should also be considered. Literary data are available 
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Fig. 4.22. X-ray fluorescence spectrum of the evaporation residue of a river-water 

mainly with respect to the analyses of As, Ba, Ca, Cd, Co, Cu, Fe, Mn, Ni, Pb, Sr and Zn in 
water. 

Filtration is generally used for determination of colloidal or suspended contaminants; 
another required property of the filter is that it should be wettable by water. 

The investigation of materials in the food chain can also be carried out by IXRF 
analysis. Trace contaminations in the fodder can be studied after concentration by drying 
and powdering, occasionally by combustion. Gelatine standards are used for trace 
analysis ofcontaminants in meats and canned food. The lead content of a drop of blood on 
filter paper can already be determined with sufficient accuracy; about of As, Br, Cr, 
Cs, Hg, Sr and W can be determined in dried blood. Urine samples are concentrated 
usually by ion exchange in order to meassure traces of Br, Cu, Pb, Sr and Zn. 

EXAMPLE 4.7 
A Cr coating on iron is excited by a 55Fe radiation source. Let us calculate the layer 

thickness up to which the Ka-intensity of Cr increases linearly, and determine the thickness 
where its value becomes constant. 

The mass absorption coefficient of Cr with respect to the Mn Ka-radiation emitted by 
"Fe is 50m2/kg, with respect to its own radiation it is 6 m2/kg. The density of Cr is 
p= 7lOO kg/m3. 

For the linear section: 
Pcr IF'". c r  1 0.1 

Assuming that the surface is perpendicular to both the incident and emitted radiations, 
from Eq. (4.10) we have: 

7 1 0 0 ~ 1 ~ 5 6 ~ 0 . 1 ,  and 1 1 0 . 2 5 p  
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Thus, the K,-radiation intensity of Cr  increases linearly up to a layer thickness of 0.25 pm. 
Saturation thickness begins at  2.5 pm. 

If a lo9Cd radiation source is used for excitation (22 keV), then 

The extent of the linear section depends strongly on the exciting energy. 

EXAMPLE 4.8 
A mixture of Nb,O,-Ta20, is excited by the 84 keV energy radiation of 170Tm. Let us 

calculate the regression coefficients determining the correlation Lzetween the concen- 
tration and intensity on the basis of the following intensity values: 

If CYb205 =0.5, the count rate is 24 600 pulses and 

ifc,,,,5 = i.0, the count rate is 57 220 pulses. 

From the definition of the regression coefficient according to Eq. (4.14) it follows that 

Thus, for the K,-radiation of Nb. a negative, for that of Ta, a positive deviation will be 
experienced from linearity. 

EXAMPLE 4.9 

The following relative intensities --- 

( 1 2  
are measured in a Fe-Ni-Cr alloy of 

unknown composition: Fe 0.4659, Ni 0.0684, Cr 0.21339. Let us calculate the composition 
of the alloy! 

By exciting samples of known composition, the following constants of Eq. (4.17) have 
been determined experimentally for the K,-radiations of the cornponents: 

The calculation can be carried out by an iteration technique. As a fitst approximation, 
let us neglect the interactions (A, and Bik are zero) and let us calculate the concentrations 



which are then equal to the relative intensities. Then, substituting these into Eq. (4.1 7) we 
get: 

Since the sum of the concentrations is equal to 1.098, the calculation should be continued. 

Therefore, the previous concentration values are normed to unity multiplied by - ( 
and the calculation is carried on with these concentration values until the results of two 
subsequent calculations are equal to each other within $. 0.001, and their sum is equal to 
unity. 

The final result is 

These data are equal to those obtained by chemical analysis within a few tenths of 
percent. 

EXAMPLE 4.10 
Let us estimate the necessary activity (A)  of a 3H/Zr target when the required K, 

intensity (I) of S is 102/s crn2 for a gas oil with 1% sulphur content. 
The efficiency of generation of bremsstrahlung ( E )  by the 0.018 MeV @-radiation (Em,,) 

of 3H in an elcrnent of atomic number 3 is calculated from the following equation [4.8]: 

The fluorescence efficiency (w) of S (Fig. 4.15) is 0.1. 
Geometry gives a multiplication factor (8) of about if the distances between the 

source-samplc-detector are taken equal to 1 crn each, and the corresponding space angles 
are also considered. Two orders of magnitude arise from the 1% concentration (c=0.01) 
and a decrease of one order of magnitude may arise from the absorption ( r  = 0.1) of the K,- 
radiation of S. 

Summarizing: 
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4.1.5. ANALYTICAL METHODS BASED O N  NEUTRON 
ABSORPTION, SCATTERING AND MODERATION 

Neutrons interact with the nuclei of the medium only. The interactions include elastic 
and inelastic scattering, absor.ption and neutron formation (nuclear fission). The 
interactions are discussed in the present section from the side of the neutrons; processes 
and applications connected with the measurement of t  he activity of a substance (activation 
analysis, see Section 4.2), as well as those involving fission or neturon emission will not be 
discussed. 

At the same time, humidity measurements by neutrons belong to the determinations of 
purely physical parameters (Section 2.3). Owing to their special character, a separate 
section (Section 5.3) will deal with applications belonging to nuclear geophysics of deep 
drilling. The considerations discussed here, however, serve as a basis of those applications, 
too. 

High energy neutrons from a neutron source collide elastically with atoms of light 
elements, thus they lose their energy gradually (they are "moderated"); at the same time the 
path of their travel is altered: they are scattered. Energy loss in elastic collision can be 
described by purely mechanical laws. The collision number is used to characterize the 
slow-down ability of various substances; this is the number of collisions necessary for 
decreasing the neutron energy from a level of 2 MeV to the thermal level, i.e., to 0.025 eV. 
This number is 18 for hydrogen, 1 14 for carbon, 150 for oxygen and 21 50 for uranium. At 
the same time this number itself is not sufficient to characterize the moderating ability 
which is an outstandingly high value for hydrogen: if the number of atoms per unit volume 
is also included, the value of linear slow-down ability is obtained; its value for water is 153, 
for graphite, 6.4/m. The neutron decelerating ability of hydrogen and water serves as a 
basis of moisture determination (Section 2.3) and of the measurement of hydrogen contents 
in general (e.g., Section 5.3.1.1). The measurement itself requires the use of such 
instruments and detectors which can distinguish between high energy and thermal 
neutrons. 

The concentration distribution of thermalized neutrons can be described on the basis of 
the gas diflusion theory (C4.971 and Section 5.3.1.1). Accordingly, the concentration of 
neutrons is the highest near to the source, and exponentially decreases in radial direction. 
Thus, the detector has to be placed as close to the source as possible; only with extremely 
low (hydrogen) concentrations may modify this situation because in this case the neutrons 
have to travel far until they are thermalized. 

Inelastic collisions of neutrons occur parallel with elastic collisions; this is considerable 
with medium or heavy nuclei and above 1 MeV neutron energies. The energy loss of 
neutrons due to inelastic collisions is higher than calculated on the basis of the mechanical 
laws of collision; the energy difference is expended on the excitation of the nucleus. 

Neutron absorption takes place parallel with the collision processes; it is characterized 
by the cross-section value of absorption and can be given in m2. This is not necessarily 
identical with the cross-section of activation (Section 4.2.1). The absorption cross-section of 
some elements--or rather some isotopes-may be higher by several orders of magnitude 
than that of other elements. This is the basis of the determination of these elements by 
means of high sensitivity neutron absorption analysis. Some nuclei absorb neutrons 
having a given-discrete energy with high cross-section; this phenomenon is called 
resonance absorption. Its analytical application would require, however, sophisticated and 
expensive instruments. 
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The following analytical applications have to be mentioned: 
7he determination of the hydrogen content of liquid hydrocarborts is possible on the basis 

of both neutron scattering and neutron absorption. Both methods are suited for 
continuous industrial measurements. The scattering technique requires a minimum 
sarnnle vnlllme of 5 r^m3 the ahwrntion method. 10 cm3. These measurements are 
practically insensitive to thechanges of thedensity; the experimental error of the scatter~ng 
method is k0.02, that of the absorption technique, +0.05-0.l% hydrogen. Owing mainly 
to difficulties accompanying the application of a neutron source, these methods have not 
spread in practice. For laboratory purpose only the absorption determination can be 
utilized; one measurement lasts about 10 min. 

Neutron absorption analysis is advantageous in  such cases when the absorption cross- 
section of some elements is much higher than that of other elements being present 
simultaneously; at the same time, nuclear reactions which do nat result in induced 
radioactivity are preferred because of practical reasons. Neutron absorption can be 
described approximately by the following correlation: 

where I, and Iare the neutron intensities before and after passing an absorbing layer of Im  
thickness, ni is the number of atoms of the i-th element in 1 m3 sample, and ai denotes the 
absorption cross-section of the i-th element. (In the case of deviations from the natural 
isotopic composition, every isotope has to be regarded as a separate component.) Mainly 
at higher concentrations, the validity of Eq. (4.21) ceases (the corre1a:ion becomes 
nonlinear). 

The importance of the concentration measurement of boric ucid is that i t  is applied in 
concentrations of 0-20 kg/m3 in the cooling water of nuclear power plants, for stabilizing 
the neutron flux. The apparatus uses a Pu-Be neutron source and a BF, detector; is 
operates continuously, and shows the H3B03 concentration in a digital form. The error is 
+ 0.02-0.1 kg/m3. 

In addition to boron (I%), Cd (3.2%), Li (6.4%j-e.g., in castings--Gd (0.273 Hg (36%), 
In (42%) and C1 (71%) can be determined by neutron absorption (the percentage values 
written after the symbol of the elements denote the concentrations belonging to identical 
neutron absorption). 

4.1.6. ANALYSIS BASED O N  THE MOSSBAUER EFFECT 

The Mossbauer effect, besides its applications in nuclear physics and solid state 
physics, is a sensitive and effective tool for solving chemical-in particular, analytical- 
problems. 

The Mossbauer effect is based on resonance absorption: if strict physical and chemical 
conditions are fulfilled, the nuclei of a given isotope with a high cross-section absorb 
exactly the same energy which is emitted by the nuclei of the same isotope. The 
detectability of this resonance absorption requires the simultaneous fulfilment of several 
conditions as far as the radiation source and the absorber are concerned. 

In the case of a constant E, energy nuclear radiation of the radiation source, the natural 
spread of energy has a band width of f; for a given Eo energy, f can be calculated from 
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Heisenberg's principle: 

where t is the average lifetime of the excited state in seconds. if the value of s is about 
lo-' S, the natural spread of the emitted radiation is very low: 6 x lo-' eV. The recoil 
energy taken up by a free atom in the disintegration process should be subtracted from E,; 
this recoil energy is, however, higher by about six orders of magnitude than the above 
value. 

The disordered movement of gaseous radiating isotopes due to Doppler's principle may 
also exceed the natural energy spread of the emitted quantum by about six orders of 
magnitude. In this case (and likewise in liquids) the number of photons having just the 
energy which can be taken up by the absorbing nuclei is undetectably small. 

In solid substances, the conditions of recoil-free energy loss are not fulfilled above the so- 
called Debye temperature which is characteristic of the substances. The Debye temperature 
for various materials is between 80 and 440 K; those values which cannot be found in 
tables can be estimated on the basis of the molar heat: the Debye temperature is that 
temperature where the molar heat reaches the value of 23.630 kJ/(mol K). 

Below the Debye temperature the solid can take up energy quanta only. If the energy of 
the quantum is much higher than the recoil energy of the atom, energy loss due to recoil 
will have a low probability, thus the quantum emission will occur with the neutral band 
width, because the recoil energy will be taken up by the whole crystal lattice. 

The energy uptake cia resonance absorption by the absorber also has several criteria. 
Like for the emitting atom, the condition is valid for the absorbing atom, too, that 
quantum capture should occur recoil-free, i.e., below the Debye temperature, in the solid 
phase. At the same time, the energy necessary for excitation is influenced-although to a 
minor ex ten t-by the changes 
- in the structure of the electron shell (chemical bond) and 
- in the surroundings of the atoms (the presence and distance of other atoms). 
These may result in the necessity of changes of the photon energy with natural band 

width in order to obtain a resonance absorption. 
The change of' quantum energies can be achieved by moving the absorber and the 

radiation source with respect to each other (by changing their relative speed), i.e., on the 
basis of the Doppler-efict. The sensitivity of the method is demonstrated by the fact that a 
few hundredth mm/s speed change may cause in several cases considerable absorption 
changes. The scattering geometry may be advantageous in some cases (surface analysis, 
thick sample. high internal conversion, etc.); here the intensity of secondary radiations 
accompanying absorption is measured. instead of the weakening of the primary radiation. 
Absorbing nuclei either emit another ;.-photon or transfer their energy to the electrons on 
the s orbital (internal conversion), which results in the emission of characteristic X-rays 
and electrons with discrete energy. The two sorts of geometry are depicted in Fig. 4.23. 

Figure 4.24 shows an example of ,Miisshnuer ..;:.ctrn. The ordinate shows the radiation 
intensity, the abscissa, the speed of the radiation source(or that of the absorber). The most 
characteristic feature of the spectrum is the positions of the absorption (or scattering) 
maxima. 

Changes in the electron density of the atom are accompanied by isomeric shifts in the 
spectrum. Such changes are induced by different chemical binding. different oxidation 
state, by exchanging the neighbouring atoms in the compound, etc. The quadrupolesplit iq, 
the spectrum is the result of an electron orbital of nonspherical symmetry and permits one 



Fig.  4.23. Recording of Mossbauer spectra. (a) Absorption geometry; (b) scattering geometry. 1 - Radiation 
source; 2 - Moving device; 3 - Absorber; 4 - Detector; 5 - Sample; 6 - Shielding 
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Fig.  4.24. Mossbauer spectrum of iron, based on the measurement of conversion electrons; two layers of different 
thickness evaporated onto stainless steel 

to study the character of the chemical bond and the intramolecular symmetry. An external 
magnetic field, as well as the magnetic field of the electrons of the atom itself, may cause a 
magnetic split in the spectrum, which may solve problems concerning the electron spin. 

The application of the Mossbauer effect is the most important in the chemistry of 
complex and organometallic compounds. The method is mainly helpful in the study of Fe-, 
N p ,  Ru-, Sb-. and Sn-complexes, together with organometallic compounds containing 
Fe and Sn. Information can be obtained, among others, about the oxidation state, the 
covalent character (the strength) of the chemical bond, the coordination number, ligand 
symmetry, as well as about the high and low spin number transformations of the electron 
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structure of complexes containing Mossbauer atoms. Molecular bonds, symmetry and the 
structure of organometallic compounds can be studied by Mossbauer investigations. 

The number and importance of metallurgical applications is also very great, because 
natural iron-although the concentration of the Mossbauer-active "Fr: is only 2.19% in 
it-is suitable for resonance absorption studies without any enrichment. The following 
investigations can be mentioned: 
- qua11 tative and quantitative studies of different phases; and 
- the measurement of properties of individual phases. 
A deeper understanding of the mechanism of hardening is promoted by the Mossbauer 

studies carried out with iron samples containing carbon. The carbon atom is built in the 
lattice of;,-Fe (austenite) as detected by the change of the lattice constants. The next step is 
tht: rearrangement of the lattice: the carbon-austenite system becomes martensite. 

In multiphase systems, the quantitative evaluation of the complex Mossbauer spectra 
can be facilitated by the stripping technique, where the evaluation is carried out by a 
computer using reference spectra (see Section 4.2.3.2). 

4.2. ACTIVATION ANALYSIS 

4.2. I .  THEORETICAL BASIS 

4.2.1.1. NEUTRON ACTIVATION 

Activation analysis is a method of nuclear elementary analysis giving information by 
means of a nuclear reaction about the qualitative and quantitative elementary 
composition of the substance to be investigated. The radiation induced by nuclear 
reaction, e.g., ?-radiation, neutron, charged particle (proton, deuteron, triton, 3He, etc.), 
transforms a fraction of the nuclei in the substance to be investigated. Study of the 
churacteristic properties of the products of transformation permits one to  draw conclusions 
about the total or partial elementary composition of the substance and about the amount 
of the elements identified qualitatively. in practice, the majority of activation analysis is 
still based on neutron activation, but one comes across charged particle and high energy ;r- 
photon activation more and more frequently, because complex accelerators-first of all, 
cyclotrons-are installed at  several places where activation analysis laboratories are 
organized. 

On  the basis of radiation inducing nuclear reaction, three types of activation analysis 
can distinguished: 
- neutron activation analysis ( N  A A); 
- charged particle activation analysis (CPAA); 
- photon uctivation analysis (PAA). 
The study of the irradiated substance may be carried out by a consecutive (delayed) or 

a prompt (parallel) measurement. The delayed method may be destructive (D) or 
nondestructi~e (ND). 

A characteristic up-to-date trend is the widening of the circle of nondestructive prompt 
methods (activation spectroscopy) in activation analysis. 

Activation analysis (reliably applicable also in the 10- concentration range) 
takes a special posltion among high sensitivity instrumental analytical methods due to its 
complexity and seemingly high costs. High performance radiation sources are necessary 



to achieve an appropriate high sensitivity--e.g., a nuclear reactor, or a cyclotron-and 
sample processing requires, in most cases, well-equipped radioanalytical laboratories. ,411 
this is true, but it is the apparent surface only, because the radiation sources are installed in 
most cases for other than analytical purposes and an additional activation analysis 
application improves the degree of utilization, while its contribution to the total operation 
costs is small. Radiosnalytical laboratories are suitable for several simultaneous works 
and they operate in several places. 

Table 4.3 compares the detection limits for some elements using NAA and other 
anal) tical methods. 

Table 4.3. Absolute detection limits of some elements, ng 

The following are the most important steps of the consecutive method (Fig. 4.25): 
- sample preparation; 
- production of radioactive isotopes by irradiation; 
- total or partial chemical separation of the individual radioactive elements; 
- measurement of the radioactivity induced; 
- evaluation of the measured data. 
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Fig. 4.25. Main steps of the consecutive activation analysis 

4 

c 
Irradiation 

b , 

Flame 
photometry 

Swctro- 
photometry 

Radioactivity 
measurement-) 

. 
Evaluat~on 
Ofthe 

measurement 



ACTIVATION ANALYSIS 

The nuclear reactions applied are as follows: 
The (n, y) process is the most common nuclear reaction, e.g.: 

;:As + An-+ ;:As + ;t 
l ~ ~ C s + ~ n - + l ~ ~ C s + y  

or, by a simpler denotation 

7 5 ~ s  (n, y) 76As 

1 3 3 C ~  (n, 7)134Cs 

If the target is placed into a neutron beam, the nuclear reaction between the neutrons 
and the target nucleus takes place in two steps: first the target nucleus absorbs the 
bombarding particle and an excited transition nucleus (complex nucleus) is formed, then 
this decomposes and emits (as a rule, promptly) photons or nucleons and stable or 
radioactive product nuclei are formed. For example, the following processes take place 
with irradiated aluminium: 

The probabilities of the four simultaneous nuclear reactions at a given neutron energy 
are very different. With thermal neutrons (En 0.025 eV), practically the (n, y )  process is the 
only reaction. The target atom captures neutrons, i t  emits one or more ?-quanta (prompt 
g); the atomic number remains unchanged and the radioactive element stays in the target 
which is chemically identical with it. 

In (n, n') reactions i t  may occur that the analysis can be carried out by the investigation 
of the nucleus remaining in excited state, for example in the case of the 

' 51n (n, n') ' 5mIn 

reaction. The cross-section for the (n, n') nuclear reactions can reach the value of m2, 
because of the low threshold energy (0.2-1 MeV). 

For effecting (n, p) reactions neutrons above 1 MeV are usually necessary. The atomic 
number decreases here by one unit, the target atom is transformed into another element: 

The (n, a) reactions similarly to the (n, p) reactions, take place under the effect of high 
energy neutrons. The atomic number of the target atom decreases by two 11nits: 

::A1 (n, a) :fNa 

In the case of nuclear reactions accompanied by the emission of charged particles, (e.g., 
p- or a-particles), the energy of the bombarding neutron should be above a given value 
(threshold energy) in order to help the emitted positive particle to overcome the potential 



barrier (Coulomb barrier) in the close vicinity of the nucleus. The values of such threshold 
energies are, e.g.: 

E, = 4.7 MeV for the reaction 52Cr(n, P )~*V 

E, = 8.3 MeV for the reaction "Mn(n, u ) ' ~ V  

Using appropriate detectors, it is possible to identify the characteristic radiations and 
half-lives of the components of the activated sample. 

The rate of formation of a radioactive isotope produced by a given nuclear reaction 
from a given isotope is: 

dn* 
- = nu@- An* 
d ti 

where n* denotes the number of radioactive nuclei, n the number of target nuclei to be 
transformed, a the cross-section in mZ, @the flux 1/(m2 s), ti the irradiation time, s, L the 
disintegration constant of the radioactive isotope, 11s. 

Assuming that n, a and @ are constant, the activity of the given radioactive isotope 
after an activation period of ti can be calculated by integration: 

where A denotes the activity, Bq, t,,, the half-life, s, and A, =na@ is the so-called 
saturation activity. 

The value of n can be calculated by the following formula: 

where N A  is the Avogadro number, 6 x l/mol; m is the weighed mass of the element in 
question, g, 8 denotes the mass fraction of the isotopic abundance and d the atomic mass 
of the element. 

The factor [ I -  exp (- Ati)] in Eq. (4.24) is called the saturation factor and is denoted 
by S. If the time of irradiation is relatively high as compared to the half-life of the nucleus, 
i.e., ti & t,,,, then the saturation factor is about unity and the activity is 

After activation, the activity of the radioactive isotope decreases, the sample is "cooling". 
With a simple decay, the A, activity of the isotope after a t, cooling time will be 

A, = A exp (- At,) (4.28) 

Natural isotopic abundance is very important with respect to the calculation of the 
sensitivity and also for determining the nature of radiation measured when the given 
element is determined. The different stable isotopes of the elements do not behave 
identically when irradiated. For example only one natural gold isotope exists, ' 9 7 A ~ ,  
giving by an (n, y )  reaction 198A~,  but there are four stable iron isotopes: 54Fe (5.82%), 
56Fe (91.66%), 57Fe (2.19%) and "Fe (0.33%). Since only 54Fe and 58Fe give active 
products in (n, y) reaction, 6.15% of the iron can be activated. 
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The cross-section (see Section 1.2) is characteristic of the extent of interaction between 
the target nucleus and the bombarding particle, but its value is also a function of the 
energy of the latter. If, e-g., the bombardment is carried out by thermal neutrons, the 
thermal cross section should be considered when the induced activity is calculated. The 
cross-section is sometimes given for individual nuclei (isotopes), in other cases for the 
natural isotopic composition. It is very important that these two versions should be 
distinguished when the calculations are carried out. 

By increasing the neutron flux, the number of atoms activated during irradiation can 
be increased. 

The activity is a function of the irradiation time, too. 
If the flux, the cross section, and the activity of the radioactive isotope formed from the 

given element are known, the amount of the element in the sample can be calculated by 
using Eqs (4.24)-(4.27). 

The relative method is. however, used much more often than the calculation because it 
does not require the measurement of absolute activity, and the errors from flux 
fluctuations are eliminated. In this case, the unknown sample and the standard pure 
material (containing the same elements as the sample and having a known mass) are 
irradiated at the same place of the reactor for the same time and with the same flux; under 
real conditions, the specific activity should be the same in the standard and the unknown 
sample. If the measurement of both samples is carried out under identical conditions, i.e., 
the efficiency of the measurement is the same, then 

where m and m, are the masses of the unknown and the standard, respectively, A and A, 
their activities, n and n, their pulse counts measured under identical conditions. 

The comparator method is the most up-to-date procedure in neutron activation 
analysis by reactors. The above-mentioned relative method is laborious, time-consuming 
and has several possibilities of error when a standard of each element should be irradiated 
and measured in the case of the analysis of several (20 or more) elements. The comparator 
method has retained the advantages of the classical relative method, its precision and 
accuracy is practically the same, but in serial analyses it saves a lot of time and it has the 
advantage that it aIlows the determination of one (or more) unexpected element(s) 
quantitatively. 

The essence of the comparator method is that the ratio of the specific count rates (I,,) of 
the analytical y-lines arising from the products of the (n, y) reactions of the elements to be 
analysed as well as f r o ~ l  those of thc comparator elements, the so-called k-factors, are 
determined experimentally (the asterisk denotes the comparator): 

where 
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and cr8 is the atomic mass, Oi the isotopic abundance of the target nucleus, f, the absolute 
frequency of the measured y-radiation, F. the efficiency of the detector at the y-energy in 
question, 4, the conventional thermal neutron flux, a,, the cross-section for the capture of 
thermal neutrons, and A the epithermal neutron flux per unit In E neutron energy 
interval: 

31) 

the resonance integral together with the so-called "I/P contribution (where v is the 
velocity of neutrons), Em = 0.55 eV, the cadmium cut-off energy, N the area of the peak of 
the total energy of the measured y-radiation; S denotes the saturation factor, according to 

1 -exp (-At , , , )  
Eq. (4.24), D = exp (- It , )  the so-called "cooling" factor, C = R 

the so-called 

correction factor of the measurement. correcting the measured peak area for unit time and 
for disintegration per the t ,  measuring interval, rn is the mass of the given element. 

Since k is the function of the neutron energy spectrum of the radiation source (as a 
matter of fact, of the ratio of the t#+,ltj, thermal/epithermal fluxes) the k factors obtained 
from Eqs (4.31H4.32) are valid for a given site of irradiation. De Corte et al. have made the 
method generally applicable by showing that the kt,, factors determined with a so-called 
reference irradiation channel can be converted for any other so-called analytical site of 
irradiation by means of Eq. (4.33): 

The application of Eq. (4.33) requires the knowledge of the gb, J+, flux ratios. This can 
be determined on the basis of the measurement of the so-called cadmium ratio, using Eq. 
(4.34): 

where (ISPI,, is the specific count rate of the peak of total energy of the sample irradiated in 
a cadmium holder (with usually 1 mm wall thickness). Mostly Ig7Au isotope is used for 
this measurement, having an &/aIh ratio of 15.7, which is a generally accepted reference 
value. 

The methods recommended for determination of the (Qbt$t)e)ana, in Eq. (4.33) have 
developed parallel to the comparator method itself: 
- in the twoTfoi1 method two isotopes with considerably different Io/a,, ratio are 

irradiated together with the unknown sample (e.g., lg7Au and SgCo); 
- in the multiisotopic foil method such an element is used as a flux ratio monitor (and if 

possible at the same time as a comparator, too) which forms several radioisotopes. A 
necessary precondition is here, too, that the Io/a,, ratio of these isotopes should be as far 
from each other as possible. Such elements are ruthenium, tin, zirconium, etc. 

The introduction of so-called k, factors further simplifies and widens the method. The 
ko factors are to be determined experimentally, by measuring relative intensities. They can 
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be regarded as combined nuclear constants according to Eq. (4.39, and their application 
eliminates the necessity of determination of the k,,, factors. Apart from the known value of 
I&,, and the experimental value.of (q5,,,/qb,)ana,, the only necessary function is the relative 
efficiency curve of thp  emi icon duct or detector used for measurement (see Eq. 4.36). 

and 

One or the other version of the above-outlined method can be used for the analysis of 
trace elements in most various samples, e-g., pure metals, geological samples and biological 
subs:ances. 

The minimum detection limit of a substance (m,,,) depends on thz specific activity of the 
isotope formed and on the minimal activity detectable by the instrument: 

The minimal detectable activity is determined by the background measured by the 
scaler, the confidence level and by the time of measurement: 

where k is a constant. I,,,., the background, imp/(s pg), and t, is the measuring time. 
The specijic count rate of' the elc~ment to he mrusured with respect to lpg irradiated 

substance is: 

where m is the mass of the irradiated sample. N A  the Avogadro number = 6  x loZ3 1 ,mole, 
a the effective microscopic cross-secfion, m'. 0 the natural isotopic ratio, 4 the irradiation 

In 2 
fiox I,'(m2 s), .i the atomic mass of thc atom investigated; 5 = 1 e r p  (- - ti) the 

4 2  
saturation factor. D = exp ( - A t , )  thc "cooling" factor, E the absolute efliciency of the 
detector in the given system, q the ratio of the measured radiation intensity to the whole 
radiation intensity, ti the time of irradiation, s, and t, the "cooling" time, s. 

EXAMPLE 4.11 
Copper has two stable isotopes; upon irradiation, both give isotopes with well- 

measurable y-radiation. Calculating the sensitivities from Eq. (4.39) for both isotopes, let 
us state the measurement of which isotope can be performed with higher sensitivity. 



For the nuclear reaction 63Cu(n, Y ) ~ ~ C U :  

0=69.1%; a=4.1 x 10-28m2 (4.1 barn); r,,,= 12.8 h 

E, = O S  1 1 MeV annihilation radiation; q = 2.19%: 

C =  io",; ; r , = i  h; 4 - 2 ~  I O I 7  l , ( : : ; ' ~ )  

t,,,=looOs 

The count rate per mass unit (i) will be: 

. 6 x 1 0 ' 3 ~ 4 . 1 x 1 0 - 2 H ~ 0 . 6 9 1 x 2 x 1 0 1 7  [ (- 0.693 x lo)] 
I = 1 - exp X 

63.53 12.8 

When the efficiency of E =  was given, it was assumed that the detector is a 75 x 75 
mm NaI(T1) scintillation counter. In order to eliminate background radiation, the 
detector is usually placed into a 80 x 80 x 80 cm inner dimension iron cage having a 10 cm 
wall thickness. The measured background with the given system is in the 200 keV-2 MeV 
range 

Ire,. R ,  total 

Of the background determined in the 2000-200= 1800 keV energy range, a fraction 
corresponding to the double of the f half-width value is the share of the peak to be 
measured. Assuming a detector with a resolving power of 9:,;, the range to be evaluated for 
the 662 keV line of1 "Cs is 2 x 60 = 120 keV, thus the average background under the peak 

The energy dependence of the background should also be considered for more accurate 
calculations. 

From Eq. (4.38), on the basis of the data already calculated, we have: 

since, with a 95% confidence, k = 2. 

The course of calculation is the same for the 65Cu(n, y ) 6 6 C ~  reaction. The initial data 
a r e : 0 = 3 0 . 9 1 ~ a = 2 x  10-28m2(2.0barn);t,,,=5.1 min; E,=l.O4 MeV;q=9%;~=5%; 
t i= tc=5  min; 4 = 2  x 1017 l/(m2 s). 

On the basis of Eq. (4.39): 
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Ire,. min - mmin = ---- - 3.6 x 
= 2-74 x i.tg 

z 131.32 

To sum up, with the same neutron flux and measuring system, by irradiating copper 
isotopes nearly to their half-life, the sensitivity of the determination is higher if the 
6 3 Cu(n, y )64C~ reaction is used. 

Disturbing nuclear reactions can increase the error of activation analytical deter- 
minations considerably, or decrease their sensitivity. 

In the case of primary disturbing reactions, contaminations give rise to the same 
radioactive isotope as the element to be determined, e g :  

Secondary disturbing reactions are those in which the radioactive disintegration 
following the nuclear reaction gives such a stable isotope whose further activation 
produces a disturbing isotope; e.g., the nuclear reaction 75As(n, ;l)76As is disturbed by 7 6 ~ s  
produced by the activation of germanium: 

P 
74Ge(n, 7)75Ge -- 75As[n. ;,)76A~ 

82 min 

The two origins of 76As cannot be distinguished here. but it can be calculated how 
much 76As is produced in the sccondary disturbing reaction. 

Another example: 

Errors arising from the selJlahsorption of neutrons can be attributed to the presence of 
elements with high capture cross-section in the sample. 

Consideration of the disturbing effect offission products is required when uranium and 
thorium compounds are investigated. Owing to the high number of fission products, 
several elements must be considered. For example, the determination of molybdenum by 
the nuclear reaction "8Mo(n, Y ) ~ ' M O  is disturbed by the reaction 235U(n, flq9Mo. 

EXAMPLE 4.12 
Neutron-induced nuclear reactions give rise to the formation of "Al from both 

aluminium and silicon. Activities originating from each element are determined by the so- 
called double irradiation technique. The sample to be analyzed is irradiated byfluxes of 
different neutron energy distribution and the activities are measured. The aluminium and 
silicium content of the sample can thus be determined separately. 



In a simple case, the different energy distribution is effected by irradiating the sample 
without a cadmium casing, then, after complete decay of the induced activity, once again in 
a cadmium casing. The following system of equations helps to determine the aluminium 
and silicon content of the sample: 

Here a,,, asi, and aAl.e,it and as,.epit denote the measured activity of the 1 pg aluminium 
and silicon standard irradiated without and with cadmium casing, respectively: m,, and 
msi the aluminium and silicon content of the sample, mg; A and A,,,, the activities of the 
samples irradiated without and with cadmium casing, respectively, A, and A,.epit the 
respective background activities 

Solving the system of equations for msi: 

The minimum detectable amount of silicon cannot be calculated in this case from the 
usual Eq. (4.25), because the sensitivity of silicon determination is limited by the reaction 
27Al(n, y)28Al leading to the same radionuclide, i.e., by the aluminium content of the 
sample. 

The error of msi calculated by Eq. (4.42) can be determined on the basis of Gauss' law 
on the quadratic error distribution. If the statistical error of the standards is neglected, and 
it is assumed that the minimum detectable amounts are 

the value of, e.g., msi, is given by the positive solution of a quadratic equation; a is the 
standard deviation and a the reciprocal value of the desired relative standard deviation 
(Currie). 

Knowing the parameters to be measured, the values of ei,,, can be calculated as a 
function of the values of m,,. 

Let us assume that the following pulse counts were measured in a given experimental 
arrangement: 

i,, = 2460 imp/(pg 100 s) 
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Let us solve the quadratic Eq. (4.42) in order to determine the detection limit of Si: 

5.14+,/106.9+240m~, 
4 i .  min = 5.32 

If the sample contains no aluminium, i.e., mA, =0, then 

m i ,  min = 2.9 Fg 

Analogously, the detection limit of Si in the presence of 10 pg A1 is 10.4 pg, with 100 pg 
Al, 30 pg. Obviously, the increase of the concentration of the disturbing element is 
disadvantageous for the detection limit. 

A similar calculation can be carried out for the minimum detection limit of aluminium 
as a function of the silicon concentration. 

The technique of activation analysis carried out by high energy y-photons is similar to 
that of the neutron activation. The most frequent nuclear reactions induced by high energy 
photons are (y, n) processes. The maximum cross-section with light elements is at 
20-25 MeV, with other elements, at about 15 MeV. The method is especially well-suited 
for the relatively sensitive determination of low atomic number elements. It has the 
advantage that by changing the photon energy, given nuclear reactions can be induced 
selectively, i.e., the determination is selective, if the threshold energies are selected 
appropriately. Although investigations with high energy y-photons are often very 
sensitive, the measurement of most elements can be carried out with a lower sensitivity 
than with neutron activation. 

In some cases, the determination of elements difficult to determine by other methods is 
possible. Such elements are fluorine, oxygen, carbon (see also in Section 5.2.3). It is a 
disadvantage that usually positron-emitting isotopes are produced, always giving rise to 
an annihilation y-radiation of 0.51 MeV energy. This can be detected easily, but if more 
than one /I+-radiating isotope is produced in the sample, the determination of the half-life 
is-also necessary for identification. The determination of impurities in elements of high 
neutron absorption cross-section is more advantageous by this method than by neutron 
activation analysis, because the self-absorption of the matrix should not be considered 
here. 

One of the variants of activation analysis based on (y, n) nuclear reactions is the 
method where the neutrons produced during nuclear reactions are measured instead of 
determining the radioactivity of the isotope formed (e.g., deuterium measurement by 
means of a 24Na or 228Th ?-radiation source). 

i High activity y-radiation sources with lower energy (about I MeV) can also be used for 
analytical purposes. The theoretical basis of these methods is that in the propss of 
inelastic scattering of y-photons on the nucleus, the latter transforms into its excited 
isomeric state according to the equation: A(y, yl)A. Such an effect was shown in the 
determination of about 25 elements (e.g. Ag, Br, Se, Sr by means of the y-radiation of 60Co, 
' 161n and '82Tl). The advantage of the method is its favourable selectivity and, as a rule, 

18 Foldiak 
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the lack of disturbing reactions; the low sensitivity of the measurement is a disadvantage. 
By increasing the activity of the y-radiation sources and the dose rate of the radiation, 
sometimes a sensitivity as low as in the range of a few pg-s can be attained. 

4.2.1.3. DETERMINATIONS BY MEANS 
OF CHARGED PARTICLES 

Activation by charged particles is one of the rapidly developing fields of activation 
analysis. 

An ion beam produced by an accderaror is used for the determination. The beam 
collides after the necessary focussing into the target and induces a reaction of A(a, b)B type 
where A is the nucleus of the sample, B that of the product, (a) the particle of the beam, (b) 
the particle(s) produced promptly on the reaction. The bombarding particle may be a 
proton (p), deuteron (d), triton (t), 3 ~ e Z +  or 4He2 + (a-particle). 

The threshold energy is an important characteristic of nuclear reaction induced by 
charged particles; the amount of nuclear reactions is a function also of the flux density of 
the beam (in practice, the ion current is usually given in pA which can be measured more 
easily), of its energy, the irradiation time, of the thickness and density of the matrix; 
therefore the specific activity decreases toward the bulk of the sample. The integral cross- 
section of the nuclear reaction, as well as the specific energy loss of the bombarding ion in 
the substance of the target should also be taken into consideration. Since the 
mathematical calculation of the specific energy loss of the bombarding particles and that 
of the consequent changes of cross-section is dificult, the actual reaction rates are 
determined empirically. 

The requirement from the accelerators is that the particle beam should be stable, well 
reproducible, occasionally of variable energy (between 0 and 50 MeV); it should be well- 
focussed, have an identical flux rate within a well-defined cross-section with sharp limits, 
and even the type of the partic!es should be changeable according to the purpose. Analysis 
by accelerators puts forward strict requirements concerning the physical properties of the 
sample to be investigated, too; thermal and electrical conductivity and smooth surface are 
important. If an average concentration with respect to the whole sample has to be given, it 
is important to ensure that the impurities have a homogeneous distribution within the 
sample, or measurement of the inhomogeneity within the sample should be possible. Since 
the corresponding facilities are at present very expensive, their application in activation 
analysis has a secondary importance as yet. 

The detection of the reaction products can be realized by means of the measurement of 
the annihilation radiation, because the products are in most cases b+-radiating isotopes. 
The simultaneous determination of several Bf-emitting isotopes is possible by 
decomposing the combined decay curves graphically, or using a computer provided that 
the half-lives are sufficiently different (see Section 4.2.3.2). In cases when the isotope to be 
determined is stable or has a very long half-life, the detection of prompt particles is more 
suitable: the sensitivity of the measurement can be as low as I g/m2 in the determination of 
surface oxygen and carbon. Prompt protons can be detected by a semiconductor silicon 
detector, neutrons e.g., by a BF, counter. 

The range of application is wide; the sensitivity of determination of light elements, such 
as beryllium, boron, fluorine, sulphur, nitrogen, oxygen and carbon is below about 10- 6%, 

that of phosphorus, calcium, chlorine, nitrogen and silicon, about below lo-'%, if the 
energy of the beam is as high as 20 MeV and the ion current is at least 50 PA. The 
determination of surface layer thickness is a frequent task. 
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It is possible to produce charged particles in a nuclear reactor by means of secondary 
nuclear reactions, induced by high-energy charged particles produced in neutron-induced 
primary processes (see Section 4.2.1. I). The particle flux produced in this way is generally 
lower by 3-5 orders of magnitude than that of accelerators. This causes a considerable 
decrease of the sensitivity of the analysis. The most frequent neutron reaction used to 
produce charged particles is the process 6Li(n, 3H+)4He2+ giving rise to a- and 'H+- 
particles, as well as the reaction 1°B(n, a)'Li producing also a-particles. Triton produced 
from 6Li (2.75 MeV) is often used in the determination of oxygen. The powdered sample 
has to be mixed with LiF powder, because the range of triton is low in the sample (about 
30 pm). To determine the surface oxygen in GaAs, LiF powder is suspended in polystyrene 
swollen by benzene and applied as a layer; after irradiation it is removed by dissolving it in 
benzene. The process has the advantage that the oxygen of Li2C03 always present in 
cnnsiderable amounts in LiF does not interfere with the analysis. 

4.2.2. RADIATION SOURCES USED FOR 
ACTIVATION ANALYSIS 

The main characteristics of neutron sources used for activation analysis are shown in 
Table 4.4. 

Tuhlr 4.4. Neutron sources for activation analysis 

Nuclear reactor 
Experimental nuclear 

reactor 
Training reactor 
Pulse reactor 

Character of 

Neutron generators 
Ng-2 neutron generator 

Average intensity of 

Closed tube generator 
(Soviet NG-2) 

Isotopic neutron sources 
2 ' 0 ~ o - ~ e ;  " ' A ~ -  Be; 
2 3 q P ~ - B e  

Type of the source 

hzutron multipliers 

radiation 

"Cf ( I  mg) 

Accelerators 
Linear accelerator 
Betatron (30 MeV) 

Microtron (30 MeV) 

Van de Craaf acceler- 
ator ( 5  MeV) 

Cyclotron (25  MeV) 

Slow and fast (about 
2 MeV) neutrons 

Slow and fast neutrons 
Slow and fast neutrons 

Fast ( I4 MeV) and 
slow neutrons 

Fast (I4 MeV) 
and slow neutrons 

Slow and fast 
( 1 6 MeV) neutrons 

Slow and fast (below 
c;~drniurn) neutrons 

Fission spectrum 

p, d, tie, ;-mdiation 
Fast neutron, 

y-radiation 
Fast neutron 

y-radiation 
Proton. deutron, 

helium 
He. p. deuteron 
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Nuclear reactors. It has been shown above (see e.g., Eqs (4.23), (4.24)) that the sensitivity 
of activation analysis is directly proportional to the flux density of the bombarding 
particles; highest fluxes can be obtained in the core of nuclear reactors. Reactors are used 
most often as radiation sources for activation analysis. The thermal neutron flux produced 
by reactors is about 1017 l/(rn2 s) in most cases, but some special reactors may reach the 
value of 1019 l/(rn2 s). Table 4.5 shows the sensitivity of neutron activation analysis if the 
flux is as high as 10' l/(m2 s). 

In addition to the overall value of the neutronflux. its energy and distribution in space 
and time are also important. Nuclear fission produces fast neutrons that are slowed down 
by the moderator; therefore we can distinguish in, or near to. the active zone of any reactor 

Table 45. Detection limits for some elements by a thermal reactor 
@,, = 10' l/(m2 S) 

Hydrogen 
Lithium 
Beryllium 
Boron 
Carbon 
Nitrogen 
Oxygen 
Fluorine 
Neon 
Sodium 
Magnesi um 
Aluminium 
Silicon 
Phosphorus 
Sulphur 
Chlorine 
Argon 
Potassium 
Calcium 
Scandium 
Titanium 
Vanadium 
Chromium 
Manganese 
Iron 
Cobalt 
Nickel 
Copper 
Zinc 
Gallium 
Germanium 
Arsenic 
Selenium 
Bromine 
Krypton 
Rubidium 
Strontium 

12.26 y 
0.83 s 
2.5 x 10" y 
0.027 s 
5730 y 
7.35 s 
29.3 s 
1 1  s 
20.3 s 
15.05 h 
9.5 rnin 
2.3 rnin 
2.6 h 
14.28 d 
87.9 d 
37.5 min 
1.8 h 
12.36 h 
8.8 rnin 
83.9 d 
5.8 rnin 
3.75 rnin 
27.8 d 
2.58 h 
45.6 d 
10.5 rnin 
2.56 h 
12.8 h 
13.8 h 
14.1 h 
1.33 h 
26.5 h 
57 min 
35.9 h 
1.88 h 
17.8 min 
2.8 h 

Sensitivity. pg 
Atomic 
number Nuclear reaction Element Half-life 
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39 
40 
4 1 
42 
44 
35 
46 
47 
48 
49 
50 
5 1 
52 
5 3 
54 
55 
56 
5 7 
58 
59 
60 
62 
63 
64 
65 
66 
67 
68 
69 
70 
7 1 
72 
7 3 
74 
75 
76 
77 
78 
79 
80 
8 1 
82 
8 3 
90 
92 

Comments: 

Atomic 
number 

Yttrium 
Zirconium 
Niobium 
Molybdenum 
Ruthenium 
Rhodium 
Palladium 
Silver 
Cadmium 
Indium 
Tin 
Antimony 
Tellurium 
Iodine 
Xenon 
Cesium 
Barium 
Lanthanum 
Cerium 
Praseodymium 
Neodymium 
Samarium 
Europium 
Gadolinium 
Terbium 
Dysprosium 
Holmium 
Erbium 
Thulium 
Ytterbium 
Lutetium 
Hafnium 
Tantalum 
Tungsten 
Rhenium 
Osmium 
Iridium 
Platinum 
Gold 
Mercury 
Thallium 
Lead 
Bismuth 
Thorium 
Uranium 

n9Y(n. Y)~OY 
96Zr(n, 7)97Zr 
93Nb(n, y)94mNb 
IoOMo(n, 7)1°'Mo 
lo4Ru(n, .i)'05Ru 
lo3Rh(n, 7)'04"Rh 
lonPd(n, y)'09Pd 
lo9Ag(n, y)' lomAg 
' 14Cd(n, 7)' 15Cd 
llsln(n, y)Il6In 
'22Sn(n, y)lZ3Sn 
121Sb(n, y)12zSb 
I 'OTe(n, 7)' "Te 
lZ71(n. ;1)lZ8~ 
132Xe(n, y)'33Xe 
33Cs(n, 7)' 34mCs 

lJaBa(n, 9)lS9Ba 
139La(n, y)140La 
'40Ce(n, y)14'Ce 
'41Pr(n, y)"2Pr 
14'Nd(n, 7)149Nd 
lS2Sm(n, y)'53Sm 
151Eu(n, 7)'52Eu 
I "Gd(n, y)lS9Gd 
' 59Tb(n, 7)160Tb 
lh4Dy(n, y)16'Dy 
165H0(n, ,J)'66Ho 
170Er(n, 7)17'Er 
169Tm(n, y)' 70Tm 
174Yb(n, y)175Yb 
176Lu(n, ,1) '77L~ 
179Hf(n, y)laO"Hf 
lslTa(n, 7)' n2mTa 
In6W(n, y)ln7W 
ls5Re(n, y)ln6Re 
1920s(.n, y ) L 9 3 0 ~  
1931r(n, Y ) " ~ I ~  
196Pt(n, y)lV7Pt 
L 9 7 A ~ ( n ,  y)19'Au 
'96Hg(n, y)l9'"Hg 
205Tl(n, y)'06T1 
zo6Pb(n, y)207"Pb 
'09Bi(n, y)210Bi 
232Th(n, Y)233-(h 
z3nU(n, y)239U 

Element 

6 4 h  
17h 
6.6 rnin 
14.6 rnin 
4 2  h 
4.5 rnin 
13.5 h 
255 d 
53 h 
54 min 
40 min 
2.8 d 
25 rnin 
25 rnin 
2.3 d 
3.2 h 
1.42 h 
40.2 h 
33.1 d 
19.2 h 
1.8 h 
47 h 
9.2 h 
18h  
72.1 d 
2.32 h 
27.3 h 
7.5 h 
134d 
4.2 d 
6.8 d 
5.5 h 
16.5 rnin 
24h 
3.8 d 
32 h 
19h 
18h 
2.7 d 
24h 
4.2 min 
0.8 s 
5.01 d 
27 d 
23.5 min 

1. Nuclear reactions induced by thermal neutrons with the maximum yields and minimum disturbing effect 
are shown; all processes are (n, y) reactions. in some cases (such as B, Be, C, Fe, N, 0 ,  P, Si) the reactions given are 
unfavourable o r  unpracticable. In these cases it is advisable to use the fast neutron spectrum of the reactor. 

2. Isotopes with very short half-life are not shown except for B, Li and Pb. 
3. Sensitivity data (detection limits) are disturbance-free values extrapolated from actual measurements; 

detector: 75 x 75 mm NaI(Tl) crystal. 

Nuclear reaction Half-life Sensitivity, pg 



the following classes: fast neutron flux (above 0.1 MeV), epithermal flux (between 0.2 eV 
and 0.1 MeV) and thermal neutron flux (below 0.2 eV). Figure 4.26 shows the energy 
distribution of the neutron flux of a research reactor. Since quantitative activation analysis 
used in most cases a relative method, i.e., the activity of the sample is compared with the 
activity of a standard irradiated under identical conditions, accurate and reproducible 
results can only be obtained if the distribution in space and time of the reactor flux is 
constant, or if we know the eventual changes exactly. The separation of the sample and the 
standard in space may cause considerable errors even if they are irr;lAi.ted 
simultaneously. 

5 I I I I I 

, Most probable energy: 

- Fission 
spectrum 

Energy. eV 

Fig. 4.26. Energy spectrum of reactor neutrons in a nuclear reactor moderated with light water 

The irradiations can be carried out in the channels of the reactor used also for isotope 
production, or in pneumatic or hydraulic systems built specially for this purpose. The 
dimensions and cooling of the reactor channels are, as a rule, satisfactory and several 
samples can be irradiated simultaneousIy, even for a longer time. The removal of the 
samples from the channels and their delivery to the laboratory is difficult without a 
pneumatic system; therefore, this technique is suitable for activation of isotopes with half- 
lives of about 1 h or longer. 

A great advantage of the pneumatic system is that it permits one to carry out activation 
for shorter times and the measurement can be commenced a few seconds after stopping the 
irradiation. This renders possible the determination of radioactive isotopes with half-lives 
of a few minutes or even shorter. 

Neutron generators (Fig. 4.27) are not too large accelerators producing a deuteron ion 
current of 1-2 mA intensity by means of a voltage of 100-200 kV. By appropriate selection 
of the ion source, ion energy and the target, neutrons of different energy can be produced. 
One of the most frequently used method produces fast neutrons of an energy of 14.7 MeV 
by irradiating a tritium target by deuterium ions, based on the nuclear reaction: 
:H(d, n);He. If the tritium target (of 5-25 x lo1' Bq= 15-70 Ci activity) is absorbed by 
titanium or zirconium, most facilities produce a flux rate of about 10'' l/(m2 s). 
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Fig. 4.27. Main units of a neutron generator. I - Ion source; 2 - Accelerator tube; 3 -Target holder; 4 -Joint 
for water cooling of the target; 5 - Sample holder (terminal of the pneumatic system); 6 - Vacuum pump; 7- 
Forevacuum pump; 8 - Automated heavy water decomposer (deuterium source); 9 - High voltage source joint 

If slow neutrons are to be used, the target is surrounded by paraffin or water. The 
sample to be irradiated is fed to the neutron generator by a pneumatic system; the same 
carries the sample after irradiation to the scintillation counter. 

High energy and high intensity neutron sources require considerable radiation 
shielding: Figure 4.28 shows the radiation protection of a 100 kV generator. Heavy 
concrete walls, concrete bricks and paraffin blocks are used for this purpose. A wall 
thickness of 1 m decreases the flux of fast neutrons below the permissible value of 
10' l/(m2 s). 

About 60 elements can be determined by irradiation by a neutron generator in the case 
of macroquantities; the irradiations should not exceed 10 min. About 20 elements can be 
determined in the range of about 100 pg. Table 4.6 contains the detection limits of elements 

Fig. 4.28. Arrangement of a laboratory for neutron generator activation analysis. I -Neutron generator; 2 - 
Target; 3 - High voltage power source (125 kV); 4 - Generator control unit; 5 - Twochannel sample 
transporter, 6 - Electronic program control unit; 7 - Multichannel analyzer and data transmitter system; 8 - 
Pneumatic program control unit; 9 - Low background measuring site for the sample; I0 - Low background " 

measuring site for the monitor; 11 - Sample detector; 12 - Monitor detector, 13, 14 - Shielding 
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Table 4.6. Detection limit of elements by a neutron generator (@= 10') I/(mZ s), energy: 14 MeV) 

Atomic I Element I Nuclear reaction I Half-life I Sensitivity, pg 
number 

Lithium 
Beryllium 
Boron 
Carbon 
Nitrogen 
Oxygen 
Fluorine 
Neon 
Sodium 
Magnesium 
Aluminium 
Silicium 
Phosphorus 
Sulphur 
Chlorine 
Argon 
Potassium 
Calcium 
Scandium 
Titanium 
Vanadium 
Chromium 
Manganese 
Iron 
Cobalt 
Nickel 
Copper 
Zinc 
Gallium 
Germanium 
Arsenic 
Selenium 
Bromine 
Krypton 
Rubidium 
Strontium 
Yttrium 
Zirconiurh 
Niobium 
Molybdenum 
Ruthenium 
Rhodium 
Palladium 
Silver 
Cadmium 
Indium 
Tin 
Antimony 
Tellurium 
Iodine 
Xenon 
Cesium 
Barium 

'Li(n, d)*He 
"Be(n, %)*He 
' ' B(n, a)'Li 
"C(n, p)12B 
IJN(n, k ) ' - ' N  
160(n, p)I6N 
IQF(n, 2n)''F 
'ONe(n, p)'OF 
23Na(n. a)ZOF 
24Mg(n, p)14Na 
"Al(n, p)17Mg 
"Si(n, p)18AI 
31 P(n, a)'%I 
34S(n, a)"SI 
"CI(n, a)34P 
40Ar(n, p)40Cl 
"K(n, P ) ~ '  Ar 
04Ca(n, p)44K 
"Sc(n, 2n)44S~ 
4sTi(n, P)~'SC 

'V(n, P ) ~ ' T ~  
52Cr(n, p)"V 
55Mn(n, a)"V 
56Fe(,n, p)'*Mn 
59Co(n, y)60mCo 
5sNi(n, p)S8mCo 
W u ( n ,  2 n ) W u  
"Zn(n, 2n)6 'Zn 
69Ga(n, 2n)6sGa 
76Ge(n, 2n)75mGe 
'As(n, 2n)74As 
lSe(n, 2n)' ' "Se 

s'Br(n, 2n)80mBr 
"Kr(n, 
'5Rb(n, 2n)e4mRb 
'%r(n, a)""Kr 
89Y(n, 2n)"Y 
90Zr(n, 2n)89"Zr 
93Nb(n, 2n)92Nb 
'OOMo(n, 2n)99Mo 
96Ru(n, 2n)95Ru 
'03Rh(n, y)'04"Rh 
1°Pd(n, 2n)'09"Pd 
09~g(n ;  2n)'08Ag 
' 06Cd(n, 2n)' 05Cd 
'l51n(n, y)'161n 
' 14Sn(n, 2n)12)Sn 
' 21Sb(n, 2n)lZ0Sb 
' 30Te(n, 2n)' 29Te 
171(n, y)'181 
' %3e(n, 2n)'35mXe 
"Cs(n, 2n)'32Cs 

lJ8Ba(n, 2n)13'"Ba 

0.83 s 
0.83 s 
0.84 s 
20 ms 
10.0 rnin 
7.2 s 
110min 
11.0s 
11.0s 
15.05 h 
9.5 min 
2.3 rnin 
2.3 min 
2.6 h 
12.5 s 
1.4 min 
1.85 h 
22 min 
4 h  
1.8 d 
5.8 min 
3.77 min 
3.77 rnin 
2.58 h 
10.5 rnin 
9 h  
9.9 min 
38 min 
68 min 
49 s 
18 d 
57 min 
4.5 h 
1.86 h 
20 min 
4.4 h 
108 d 
4.4 min 
10 d 
66h  
99 rnin 
42 s 
4.8 min 
2.4 rnin 
55 min 
54 rnin 
40 rnin 
16 min 
67 min 
25 min 
15 min 
6.6 d 
2.6 rnin 
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57 
58 
59 
60 
62 
63 
64 
65 

66 
67 
68 
69 

70 
7 1 
72 
73 
74 
75 
76 
77 
78 
79 

80 

8 1 
8 2 

8 3 
90 
92 

Comments: 

Atomic 
number 

Lanthanum 
Cerium 
Praseodymium 
Neodymium 
Samarium 
Europium 
Gadolinium 
Terbium 

Dysprosium 
Holmium 
Erbium 
Thulium 

Elemen t I Nuclear reaction 

Ytierbium 
Lutetium 
Hafnium 
Tantalum 
Tungsten 
Rhenium 
Osmium 
Iridium 
Platinum 
Gold 

Half-life Sensitivity, pg 

Mercury 

Thallium 
Lead 

Bismuth 
Thorium 
Uranium 

40.2 h 
55 s 
3.4 min 
1.8 h 
9 min 
96 min 
18h 
I 1  s 

1.3 min 
39 min 
2.5 s 
86 d 

4.2 d 
3.7 h 
19 s  

8.1 h 
C i s  
d.- 

90 h 
31.5 h 
1 .l min 
20 h 
10h 

7 i  h 
& - 

I 2 d  
0.85 s 

2.6 ms 
26 h 
6.75 d 

I .  Nuclear reactions with the maximum yields and minimum disturbing effect are shown; they are gt-nerally 
(n, 2n),(n, p) and (n, 7) reactions, except for the (n. d)  process for Li and the (n. z) processes for B, Be, Cl, Mn. Na, P, 
S and Sr. 

2. Isotopes with very short half-lives are not shown except for C and Bi. 
3. Sensitivity values (detection limits) are calculated data, free of disturbing effects. The assumed detector 

efficiency is equal to unity. 

measurable by means of neutron generators. The sensitivity values are related to a flux of 
1013 l/(m2 s) and to a 75 x 75 rnm NaI(T1) detector. 

The selectivity of the determination can be increased if the activation is carried out by 
neutrons of diflerent energies. B y  changing the material ofthe target, the type or the energy 
of the accelerated positive ions, it is possible to produce nearly monoenergetic neutrons in 
the energy range between a few keV and several MeV. For example, if fluorine is 
determined by means of 14 MeV neutrons in the presence of oxygen, the necessary 16N 
isotope is produced not only in the reaction 19F(n, a)16N, but also in the process. 
16 O(n, p)16N. If the bombardment is carried out by 10 MeV neutrons, oxygen does not 



interfere any more, because a 10 MeV neutron energy is sufficient to effect the 19F(n, a ) 1 6 ~  
reaction, but the activation of oxygen requires neutron energies above 10.4 MeV. The 
fluorine content of oxygen can thus also be determined in this way. 

Isotopic neutron sources. The most frequent types utilize an (a, n) nuclear reaction; their 
application is, for the time being, limited because most sources available at present have 
much lower neutron fluxes than neutron generators (Section 1 A.2.4). Isotopic neutron 
sources are well-suited for direct industrial application, e.g., for the continuous monitoring 
of bauxite or stainless steel, because the handling of the source is simple. 

Nuclear reactions with relatively low threshold energies are suitable neutron sources. 
Such is the reaction 9Be(y, n)8Be with a threshold energy as low as 1.67 MeV. This reaction 
permits one to determine low amounts of beryllium by means of 88Y or 124Sb isotopes. 

In neutron sources of sponraneousfission, the isotope itself produces neutrons: 1 mg of 
252Cf emits about 2.3 x 1 O9 l/s. This is about 100 times higher than the neutron yield of the 
most active isotopic source known at present. The spectrum of these neutrons is nearly the 
same as that of the unmoderated fission neutrons of 23W: the mean neutron energy is 1-2 
MeV. 

For y-uctirurinn studies, hremsstruhluny induced by linear electron accelerators, 
betatrons or microtrons, as well as the ?-radiation of isotopes are used. 

4.2.3. MEASUREMENT OF RADIOACTIVE SAMPLES 

In most cases of activation analysis, the ?-radiation emitted by the activated sample is 
measured, because this is the method where the radiation energy can be best determined, 
and self-absorption in the sample iseither negligible or can be taken into correction. In the 
few special cases when the element to be determined has no suitable y-radiating isotope 
and the measurement should, therefore, be carried out on B-erni tting systems, the latter are 
measured, as a rule, as radiochemically pure samples, after an appropriate "cooling" 
(decay) period and chemical separation. It is sufficient here to detect the p-particles 
(sometimes together with energy discrimination) by means of, e.g., a thin-window GM- 
tube or a scintillation counter suitable for #&counting. 

4.2.3.1. DETECTORS 

The spread of activation analysis is due, first of all, to its high sensitivity; this, however, 
can be achieved by high efficiency detection only. 

The most frequently used detectors in activation analysis are high efficiency crystal 
scintillation counters (e.g., NaI(T1); see Section 2.1 -2). Individual y-radiating isotopes can 
be identified by means of the peak corresponding to the total energy loss. The probability of 

- + 
photoelectric absorption decreases rapidly with increasing photon energy; thus, in order 
to increase the intensity of the total energy peak, the probability of secondary absorption 
should be increased by increasing the dimensions of the crystal. Above a certain limit, this, 
however, leads to the deterioration of the resolving power, due to technical reasons. 
A practicable compromise is to apply a 75 x 75 mm NaI(TI) scintillation detector as the 
spectrometer crystal. In order to decrease background radiation, the detector is 
surrounded by a large lead or iron shielding having thick walls. If the resolving power of 
the NaUTI) crystal is not sufficient, i.e., neighbouring peaks originating from different 
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radioactive isotopes cannot be distinguished, the components have to be separated by 
chemical operations (see Section 4.2.3.3), and the spectrometry has to be carried out with 
systems which are, at least partially, radiochemically pure. Hence the fact whether 
chemical separation, i.e., a destructive activation analysis, is necessary or not, is 
determined partly by the resolving power of the detector used. 

The application of semiconductor detectors (see Section 2.1. . . .) helps to overcome this 
difficulty, although the efficiency of such detectors available at present is only 5-10% of 
that of the 75 x 75 mm scintillation detectors in the energy range analysed most frequently, 
i.e., around 1 MeV. The use of semiconductor detectors does not eliminate the necessity of 
chemical separation, but the range where these laborious operations are necessary can be 
considerably decreased. A lithium-drifted germanium detector, e.g.. can distinguish 
between two y-quanta with an energy difference as low as 2-4 keV; with scintillation 
detectors an energy difference higher by an order of magnitude can hardly be detected. 

4.2.3.2. RECORDING AND EVALUATION O F  y-SPECTRA 

The heights of the signals of a detector are proportional to the energy of the radiation 
absorbed in the detector. Therefore, in the measurement of particle energy, the detector 
signals should be classified according to height. The most suitable instruments for this 
purpose are multichannel analysers. 

Multichannel analysers (see also Section 2.2.3) are suitable for storing the signals 
detected and amplified in several, as a rule, 256-4000 channels, according to their quantum 
energy, and measure the intensity in each channel. This renders possible the simultaneous 

1 Measured 1 / 

condition 

Digital 
Data output 

stabdizer 

Fig. 4.29. Block scheme of the measuring system 
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recording of the total energy spectrum of the y-radiating isotopes produced. This 
considerably accelerates and facilitates activation analysis studies. For some special 
purposes, the use of a single-channel analyzer (see Section 2.2.3) can be the most 
economical. 

It is possible to connect various accessories to up-to-date analysers. For example, they 
automatically draw, print or record e.g. on magnetic tape the data stored in the memory 
after completion of the measuring cycle. Figure 4.29 shows the block scheme of such a 
system. It is advantageous, especially in the case of totally unknown samples, ~f the 
spectrum can be monitored continuously on the oscilloscope screen of the analyzer during 
measurement. 

If a monoenergetic y-radiation is measured and the memory content of the 
multichannel analyser is drawn, a spectrum like the one shown in Fig. 4.30 is obtained. 
This simplest y-spectrum consists of two main parts: the total energy peak (so-called 
"photopeak") and the Compton-range. A pulse corresponding to the total energy peak is 
induced if the total energy of the radiation to be measured is absorbed in the detector; thus 
the determination of the position of the peak can be used for measurement of the radiation 
energy and, by doing so, often for the identification of the emitting radionuclide. 

Ey,total 
energy peak 

7- Bremsstrahlung 

6 - 
0 

5- 
X 

Y 

2 r-  
U 

w Compton - range 3 3- 
a 

2 - 

1 - 

0 I 

0 100 
Channel number, n 

Fig. 430. Spectrum of a monoenergetic y-radiation as measured by a scintillation detector 

The Compton-range, beginning from zero energy, can be attributed to the elastic 
scattering of the y-photon on one of the electrons of the detector; the photon transfers its 
energy to the electron only partially. The following peaks are in the Compton-range: the 

2 

back-scattering peak (energy 2-300 keV): 

E,, = EY 
2EY + 1 - 
0.5 1 

the annihilation gak due to the annihilation of positrons (0.51 MeV) and, with Ey > 1.02 
MeV, the pair formation or escape peaks having discrete energy values: E, - 0.5 1 MeV and 
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E,- 1.02 MeV. Although every part of the spectrum is characteristic of a given y-energy, 
only the total energy peak is evaluated in practice; the rest of the spectrum is regarded as 
an unwanted background even if the energy measured is lower in this way. 

Owing to the statistical character of radioactive transmutation and the processes 
taking place in the detector, the spectral line corresponding to the total energy peak 
widens. The envelope curve of the peak can be approximated by a Gaussian curve: 

where n,, denotes the pulse count in the n-th channel; no the channel corresponding to the 
peak of the curve; no the pulse count measured in the channel of the peak-i.e., the 
maximum count; adi is the deviation owing to the statistical character of the radioactive 
disintegration; this latter can be characterized by a Poisson-distribution. 

The peak area is 

where r is the half-width = 2.35 adi (the difference of channel numbers belonging to pulse 
counts equal to no/2, see Fig. 4.30). 

In the simple case when the total energy peak does not overlap other peaks in the 7- 
spectrum of the activated sample and the background below the peak can be regarded as 
linear, the quantitative determination can be carried out simply by comparing the 
maximum no counts or the n, areas of the corresponding total energy peaks of the sample 
and the standard. The determination of no is generally less suitable for intensity 
measurements, because various effects causing line widening (instability, pulse count 
changes, partial peak overlapping) result in a decrease of the pulse count in the peak, 
whereas the n peak area remains the same. 

The peak area method is also suitable for manual calculation, with a limited accuracy. 
Figure 4.3 1 shows a total energy peak over a background which can be regarded as linear. 
If p channel number is considered on both sides of the peak maximum, the n, peak area, 
i.e., the detected pulse number is: 

I I I 1 .  

no-p "0 "0'P 

Channel number. n 

Fig.  4.31. Determination of tht: total energy peak by the peak area method 
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Assuming that the pulse counts detected in ( 2 p +  1) channels follow a Poisson- 
distri'bution, the error of pulse count number under n, is as follows: 

With complex y-spectra, the peak area calculation method cannot be applied generally. 
For example, in the y-spectrum taken by a scin~illation detector shown in Fig. 4.32, the 

0 0.5 1.0 1.5 
Ea.MeV 

Fig. 4.32. Analysis of the spectrum of composite ?-radiation as measured by a scintillation detector 

intensive radiations of 4 6 S ~ ,  6 0 C ~  and 95Zr overlap the total energy peak of 54Mn so that 
the latter does not even appear; at the same time, the peak at about 1.1 MeV is composed 
of the lines of 4 6 S ~  and 60Co. Several processes have been developed for decomposing 
complex y -spectra. 

The stripping method. The spectrum of each component is deducted in an appropriate 
x ratio, commencing from the peak of highest energy; the deduction is carried out 
subsequently, separately for each component and in a stepwise way; finally nearly zero 
count remains in each channel (Fig. 4.33). The amount of the component investigated can 
be calculated from the spectra of the sample in comparison with that of the standard 
spectra, knowing the above-mentioned x ratio. By up-to-date multichannel analyzers this 
operation can be cam& out directly and the result of each deduction can be followed on 
the screen of the analyzer visually. 

The greatest disadvantage of the method is that the statistical error of low energy 
peaks increases considerably as a consequence of the subsequent deductions, and the 
result becomes inaccurate with more complex spectra. 

The method of least squares can be applied for spectrum decomposing if the number of 
components in the sample and their spectra are known. The description of spectrum 
decomposition can be found in several handbooks, therefore only the most important 
steps will be mentioned here. 

Assume that a spectrum of 1 . . . j . . . m components is measured by a spectrometer, in 
1 . . . i . . . n channels and the n channel spectra of standards of each component with 
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Fig. 4.33. Decomposing of a three-component p-spectrum by the sthipping method 

known A, . . . Aj . . . A, activity are available. The standards and the sample are 
mkasured under identical conditions. 

Denote the activity of the standard of component j in the i-th channel by Aji, the total 
activity in the i-th channel by Aj. If the ratio of the unknown activity of component j to 
that of the appropriate standard is denoted by x,, it  can be written: 

where xi denotes the total error of the measurement. 
The total activity A is obtained by summing Eq. (4.48) for i. This spectrum artificially 

composed from the A, standards approximates the best the spectrum measured originally, 
if the quadratic sum 
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is at its minimum, i.e., 

KAUIOANALYTICAL METHODS 

In order to solve this problem of extreme value calculation, the expression (4.51) 
should be differentiated according to parameters x, . . . x,, one after the other; equating 
the derivatives to zero, a system of equations consisting of m equations and containing m 
unknowns is obtained. The differentiation gives the following result, for example 
according to a parameter with index k (x,): 

and consequently: 

Since the k running index can take every value between 1 and m, a homogeneous linear 
system of equations is obtained to calculate x, relative components. 

In the simple case when the number of unknown components is three, the following 
equations will be obtained from (4.53): 

The system of Eqs (4.55) can be solved for the wanted components x,,  x,, x,. If the 
number of components is m 3, the system of equations can be solved manually, or by a 
small calculator; with higher m values, however, the lengthy calculation requires a high 
capacity computer. 

Practical spectrum decomposing programs are based on the principles discussed 
above, but they contain several reasonable modifications and auxiliary steps. I t  should be 
considered, for example, that the standard deviation of pulse counts in individual channels 
is the function of the number of counts in the channel, thus various reliability weight 
factors (w)  should be selected for each channel to minimize the squares of differences 
between the measured and composed program. If the statistical error of the pulse counts in 
the standard spectrum is negligible as compared to that in the composite qpcctrurn, i.e., 
a,, @ f l f  9 then a? = A i  and the form of Eq. (4.53) will be, considering also the weight factor, 
mi= l / q  = l/Ai: 

In order to decrease statistical errors, the standard spectra are generally smoothed 
beforefitting. If the smoothing process considers, e-g., 5 points, the pulse count in the i-th 
channel of the smoothed spectrum is obtained by fitting a parabola to the 5 experimental 
pointscorresponding to the channels between ( 1  - 2) and (i + 2). The fitting is carried out by 
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Fig.  4.34. Block scheme for the computer program of spectrum decomposing based on the method of least 
squares 
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the method of the least squares; the value of the fitted parabola in the i-th channel is 
regarded as the actual pulse count in the i-th channel. 

The main steps of spectrum decvmposiny proyrums are shown in Fig. 4.34. The number 
of channels and samples to be evaluated and the masses of the samples and standards, as 
well as the spectra of the background and the standards are given as input data. The 
spectra are smoothed in order to decrease the statistical error, then the background and 
the standards are normed to unit measuring time and unit mass. Since these spectra ,are 
stored during program running in a magnetic memory, by using them, complex specira 
can be decomposed one after the other; from the measured data, the machine calculates 
the amount or̂  each impurity and the error of the determination, using the method of least 
squares. 

i 

EVALUATION 
by the method of 
weighted least 

squares 
I 
I I 

h 

RESULT 
printing of each 

component and 7C2 
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If the fitting is not satisfactory, the equipment prints the difference between the fitted 
and measured spectra; this facilitates to discover the reason why the fitting was poor; e.g., 
the spectrum measured contained a component the standard of which had not been 
supplied. The disadvantage of the method of weighted least squares is that if only one 
component is missing from among the standards, the fitting can only be carried out with 
errors or not at all. If there is a large number of components (10-20), the preparation, 
irradiation and measurement of the standards present a problem. 

The increasingly widespread use of semiconductor detectors simplifies computer 
evaluation. As opposed to the poor resolving power of scintillation detectors, the total 
energy peak measured by semiconductors is limited to such a narrow range where the 
background can be regarded as linear (or, sometimes, quadratic). Thus computer fitting 
may be limited to  the total energy peaks instead of the full spectrum. This facilitates the 
solution, because it allows the use of a method analogous to the peak area method 
discussed for evaluation of monoenergetic spectra. 

If Ge(Li) detectors of high resolving power are applied, at least 3000-4000 channels are 
necessary to obtain a spectrum in the range between 0 and 2 MeV; this large number of 
data can only be evaluated by a computer. Therefore, the recent trend is that small 
computers are applied instead of analysers containing a very large number of channels. A 
part of the memory of the computer (30004000 bytes) takes the spectrum directly; the rest 
of the memory stores the programs necessary for the controlling and evaluation of the 
measurement. The advantage is that, after having finished the measurement, the machine 
carries out evaluation and commands to start the next measurement. This method has a 
bright future, especially in serial analyses. 

EXAMPLE 4.13 
Let us assume that the following spectrum was determined by a semiconductor 

detector: 

Channel number, n Pulse count, n 
110 7 5 
111 79 
112 76 
113 9 5 
114 192 
115 856 

no= 116 no = 1520 
117 712 
118 1 64 
119 85 
120 8 1 
12 1 75 
122 74 

The position of the peak is no = 116th channel; the range to be evaluated is p =  + 3 
channels. The starting data for the calculation are: 

pulse count in channel no - p = 1 13 : n,, - , = 95 

pulse count in channel no + p = 1 19 : n,, + , = 85 
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According to Eq. (4.46): 

The standard deviation of the mzasurement according to Eq. (4.48) is 

The calculated peak area is 

n, = 2994 + 68 pulses 

4.2.3.3. CHEMICAL SEPARATIONS (DESTRUCTIVE METHODS) 

Chemical separation is necessary in the following cases: 
- the sample contains more than one element producing radionuclides emitting 

radiations with similar energies and half-lives; the total 7-energy peaks of these elements are 
so close to one another that their separation is impossible in the instrument of a given 
resolving power; 
- the sample contains such elements whose radiations overlap the radiation of the 

element to be investigated, although the spectra of the interfering elements may be 
different from the spectrum of the element to be analyzed; this may be due to the activation 
of the disturbing elements to a high degree, owing to their amount, cross-section or half- 
life; this is the situation, e.g., in the case of sodium or tungsten when trace elements are 
determined in them; 
- the activation produces B-radiating isotopes only from the element wanted, and this 

cannot be separated from the other types of /3-radiation of similar energy in the sample; 
- the muximum sensiticity of measurement requires the separation of the element to be 

investigated in a radiochemically pure form, because all other radiations should be 
regarded as a background in the measurement, and this decreases the sensitivity. 

Chemical separations are usually carried out after activation, in order to avoid any 
error owing to the presence of impurities in the reagents. Methods well proved in classical 
chemical analysis are applied here; but whereas in classical analysis the specific and 
quantitative character of the separations is very important, these requirements are less 
important in activation analysis. If the isotope to be measured can be separated from those 
emitting interfering radiations, this selectivity is sufficient in view of the accuracy of 
activation analysis. 

Of the methods of chemical separation, the most suitable has to be selected; this depends 
mainly on the chemical composition of the elements present in the sample. The fact should 
also be often considered that the short half-life of the isotopes to be measured demands 
very rapid work in chemical operations. The processes used most frequently are the 
following. 

Precipitation separation is one of the most common methods in classical chemical 
analysis. In activation analysis the direct precipitation of very low amounts is, in general, 
necessary, therefore a sufficient amount of carrier is added to the sample after dissolving it, 
or prior to its precipitation. me carrier is usually chemically identical with the element to- * 
be determined, but sometimes it is sufficient if their chemical properties are similar. The 



precipitation method is especially advailtageous if an appropriate carrier prevents the 
precipitation of the disturbing components. Precipitations are generally carried out in 
acid medium; separation is here more selective. 

Solcent extraction is a very rapid and simple separation method (see also Section 
4.3.2.1). It is based on the partition of the disiolved substance between two immiscible 
solvents. whereby the concentrations will be different in the two phases. Rapid separation 
requires a simple, special device, which is particularly important when processing highly 
radioactive samples. U p  to now. extraction methods haw been developed for the 
separation of rnore than 75 elements. Various solvents are used for this purpose; in several 
cases cheiates or ion association complexes are formed prior to extraction. Of complexing 
agents. dithizonc, cspferron, diethyldithiocarbar~~ate are particularly suitable for the 
separation of metals or groups of metals. Figure 4.35 shows the scheme of separation of 
impurities in gallium arsenide by means of extraction. 

I Operations requiring 
1 an enhanced 
I radiation protection 

I K- Na- tartarate 

I 
I Active 
I 
I coliectior 

I 

I ' Recording of the %-spectrum 
I 

Fig. 4.35. Block scheme of the extraction separation of impurities in gallium arsenide 

Very sdecrit:e suhstoichiometric extraction methods (see Section 4.3.2.2) are efficient 
means of radiochcmical separation. 

Ion exchange methods can also be used for selective separation, especially in the case of 
rare earth metals, actinides and alkali metals; since the method is rather time-consuming, 
the precondition of its application is that the isotopes should have rather long half-lives 
(Section 4.3.5.1). 

Various chromatographic methods (column-, paper- and thin-layer chromatography) 
can be equally suitable for the separation of radioactive isotopes. The chromatograms are 
evaluated on the basis of the activity of the individual fractions. The disadvantage of the 
method is that the separation usually requires long times (see also Sections 4.3.5.3 and 
4.3.5.6). 

Electrolysis can also be applied to separate disturbing elements in destructive 
activation analysis. The advantage of the method is that it is relatively rapid and selective 
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in separating the occurring small amounts; it can be applied with success for the 
separation of, e-g., Ag, Au, Co, Cu, Hg, Pb and Pt and some other metals. 

If isotopic exchange is applied, this is based on the fact that different isotopes of the 
same element are exchanged between various chemical compounds and phases; after the 
establishment of the equilibrium, the ratio of isotopes will be the same in every phase or 
component. The main advantage of isotopic exchange is its rapidity (see Section 4.3.6). 

Distillation is used if one has to get rid of the bulk of a high activity main component. 
This is, e.g., a successful method for the separation of the bulk of arsenic and gallium if 
trace elements are determined in GaAs. It is also possible to utilize the voIatiIity differences 
of mainly halogen compounds in order to separate noble metal isotopes. 

Destructive chemical methods are more sensitive. but they require much time and are 
laborious. For routine analysis, the application of nondestructive methods without any 
chemical separation are more advisable but--especially in the case of the determination of 
several elements in the presence of each other-the accuracy of chemical methods exceeds 
that of y-spectrometry. The question whether the analysis be solved by destructive or 
nondestructive method is decided in many cases by the nature of the problem. By 
combining the methods, the advantages of both processes may be exploited, e.g., by using a 
chemical separation of the dissolved sample in a way that only a few (3-4) elements remain 
together in each group. The ;.-energies of these elements should be sufficiently far from 
each other; the resulting, not very complicated ;.-spectrum can then be evaluated rather 
easily. 

4.2.4. PRACTICAL APPLICATIONS 

Table 3.7 summarizes methods applied in telecommunication practice. Semiconductor 
diodes and transistors of good quality can only be prepared of very high purity materials, 
because the electric properties are considerably influenced even by trace impurities. 
Earlier the products were prepared of raw materials whose purity or appropriate 
composition was checked on the basis of chemical analysis; subsequent experimental runs 
decided whether the raw material was satisfactory or not. By using activation analysis, as 
low amounts as of the most important impurity, copper, can be detected; this 

Table 4.7. Main impurities in telecommunication materials to be determined by activation analysis 

Material investigated I Element to be determined 

Silicium 
Germanium 
Gallium arsenide 
Zinc sulphide 
Nickel 
Tcngsten 
Copper 
Aluminium 
Molybdenum 
Indium 
Yttrium oxide 
Uranium oxide 
Thorium oxide or nitrate 
Zirconium nitrate 

As, Au, Cu, Ga, Ge, La, Na, P, Sb 
As, Au, C1, Cu, Mo, Sb, W 
Au. Cd. Co, Cu, F, Ge, Hg, Mn, Ni, Se, Te, Zn 
Al, CI, Cu. Mn, Na, Sr 
Al, As. Bi, Cu, Mg, Mn, Sb, Zn 
Al, As, C, Cu. Ga, In, K, Na, Ni. Re, Se. Si 
Ag. As, Mn, 0 ,  P, Sb, Se, Sn, V 
Ag, Au, Ba, Cd, Co, Cu, Fe, Mn. Ni, Pt, Os, Se, U, W, Zn 
Ag. Cd, Co, Cu, Fe, Hg, Mn, Zn 
As, Au, Cu, Sb, Zn 
Ca, Ce, Co, Cu, Dy, Eu, Fe, Gd, L a  h4n. Nd, Ni, Tb, V 
A& Au, Cd, Co, Cr: Cu, Fe, Mn, Mo, Ni, P 
Cd, Co, Cr, Cu, Mn, Zn 
Cd, Co, Cr, Cu, Mn, Zn 
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Table 4.8. Amount of impurities found in silicon 
- 

Average impurities investigated 
regularly 

satisfied technological requirements (Table 4.8). The purity of distilled water and various 
reagents (acids, alkalis, organic solvents) in semiconductor production has to be often 
determined by the same method and accuracy. 

Average impurities investigated 
from time to time 

Element 

Activation analysis is successfully applied for the determination of trace elements in 
pure metals (Al, Cu, Ni, W) and alloys containing additives in as low amounts as 10- '";, in 
fine metallurgy for telecommunication purposes. 

Activation analysis often finds increasing application in industrial practice to 
determine the main components ofminerals and ores (e.g., Al, Si), ccmsidering the demands 
of mining (e.g., of bauxite) and geochemical research. A similar method can be applied for 
the analysis of meteorites and lunar dust. 

Trace elements in agricultural products (foodstuffs). e.g., pesticide residues, such as As, 
Br, Hg are determined more and more often by mezsurements following neutron 
activation. 

In biological systems, substances controlling life functions are often present in such low 
amounts that they can only be detected by activation analysis. Processes have been 
developed for the determination of about 20 elements so far, e.g., in blood, hair and skin. 
For example, zinc is very important in living organism being the constitutent of ferments, 
hormones, vitamins. The absence of zinc is harmful to animal and plant organisms. The 
nondestructive method for determination of zinc is based on the measurement of 65Zn. 

0 .  
o 

The relatively high amount of iron in blood interferes with the measurement, therefore, 
using the 1.3 MeV total energy peak, the amount of iron is deducted from the spectrum, 
and the iron content is determined simultaneously. 

In forensic analysis, the determination of the amount and distribution of antimony and 
barium may clarify the question what type of weapon was fired, how many times, and in 
what body position. On the basis of traces found on the victim, the distance of firing the 
shot can also be determined. Fractions of Ba and Sb leave the barrel of the gun together 
with the bullet and are distributed over a funnel-like volume. The higher the diameter of 
the circle containing these elements around the bullet on the victim, the farther the shot 
was fired. 

Of museum pieces, antiquities, the composition of various coins, metal objects (damask 
steel), ceramic utensils, enamels can be determined by nondestructive activation analysis. 
The age of paintings can also be established on the basis of determination of trace elements 
in white lead, because their ratio was different in different ages. 

Activation analysis can monitor the concentration of substances (not necessarily trace 
components) during production processes in cases when conventional methods of 
chemical analysis are very lengthy. Thus, if a composition different from the prescribed 
one is detected, the necessary intervention can be done, possibly automatically, before 
producing higher amounts of refuse. 

Elcment 0 

I] 
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Fig.  4.36. Block scheme for oxygen determination in steel. I - Sample from the furnace; 2 - Sample from 
casting: 3 - Sample from rolling; 4 - Sample preparation: 5 -- Neutron generator; 6 - Detector; 7 - 

Measuring system and automatic control; 8 Printer 

7hu oxygen content of' steels can be determined relatively rapidly by activation analysis 
in steel works. Under the effect of f ~ s t  neutrons of a neutron generator, an (n, p) reaction 
produces 16N from 160; the former has a half-life of 7 seconds and emits a y-radiation of 
about 6 MeV energy. Since all other elements present in steel emit photons with much 
lower energy, the intensity of the high energy ?-radiation serves as a good basis for 
determination of the oxygen content. Thus a simple single-channel analyzer is sufficient for 
this measurement. The neutron generator laboratory and its connection with the steel 
work is shown in Fig. 4.36. 

On-line slurry analysis is carried out usually by '"Cf neutron sources ensuring high 
local neutron flux rates, because they are nearly pinhole sources. The irradiating and 
measuring cells constructed for this purpose must ensure the homogeneous composition 
throughout the total volume-i.e., no scttling must occur. The most important elements in 
the system are hence the irradintins and measuring cells. Multistepcounterflow mixers are 
built in the cells; the radiation source is  located in the cavity in the axis of the mixer in the 
irradiating cell, the scintillation counter is placed into the measuring cell. 

The method has been successfully used for CaF, analysis in aflotation plant; the two 
nuclear reactions used for this purpose are 

4"a(n, ir)49Ca ( t , , ,  = 8.8 min) 

19F(n, y)20F ( t , , ,  = 10.7 s) 



Because of the short residence times, both radioactive isotopes can be measured and, by 
applying a two- or three-channel measurement, the apparent shift of the Ca: F ratio may 
provide additional information: 
- if the volume flow rate (v) is constant or is measured separately, the change of the 

total calcium content can be determined; 
- if v is not constant or is not measured separately, i t  can be determined on the basis of 

the changes of the relative dose rates of the two radionuclides, after calibration. 

4.3. ANALYTICAL APPLICATIONS OF TRACER METHODS 

Chapter 3 has discussed industrial uses of tracer studies and also applications in some 
related fields. 

The present section will deal mainly with microanalytical methods based on the tracer 
technique: these include isotopic dilution, the application of radioreagents, radiometric 
titrations, radiochromatography. as well as the analytical applications of isotope 
exchange reactions. 

These methods are independent unulyticul procedures, but separation methods 
(extraction, ion exchange chromatography, isotopic exchange, etc.) can also be used as 
au-uiliary methods in actioation analysis (see Destructive activation analysis, Section 
4.2.3.3). 

4.3.1. ISOTOPIC DILUTION 

The method is of great importance in the analysis of structurally similar, dificultly 
separable substances. It can be used successfully for solving analytical problems of this 
kind in organic and biochemistry, especially since compounds labelled with 3H, 14C, 35S, 
etc. have become available. The rules of isotopic dilution are valid also for the carrier 
technique applied in destructive activation analysis. The principle of the method is applied 
in industrial tracer technique, e.g., for determination of the amount of masses (see Section 
3.5.1). 

During the application of isotopic dilution methods, a solution of the sample is mixed 
with a radioactive isotope of known amount and known activity. The isotope of the 
component to be determined should be added in the form of the same compound or as an 
ion in the same state of oxidation as characteristic of the unknown component. 
Subsequently, the component is separated from the system in a state as pure as required 
for determination by y- or /I- spectrometry. The separation need not be quantitative and 
any appropriate separation method may be applied (extraction, sublimation, precipita- 
tion, electrolysis, chromatography, etc.). The total activity remains unchanged during 
chemical operations, but the specific activity decreases owing to the dilution with an 
inactive substance. Several variants of isotopic dilution are known; selection between the 
methods depends on the sample to be analysed. 

4.3.1.1. SIMPLE ISOTOPIC DILUTION 

The unknown amount of an inactive substance can be determined by adding the 
radioactive isotope of the substance to be determined to the system (see Section 
3.5.1). 
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According to those mentioned in the introduction: 

m, :(m,+m,)=a,:a, 

mx=m, 

where m, is the amount of the inactive sample to be determined, g or mg; m, the known 
amount of the radioactive isotope added, g or mg; m, = mCarr+m* where mCarr is the . 
amount of the carrier, m* that of the active isotope; as a rule, m* 6 mcarr; a, = AJm,, the 
specific activity of the radioactive isotope added; a, = A,/m2 the specific activity of the 
component separated in appropriate form, expressed in the same units; m, is the amount 
of the separated material, g or mg. 

In the case of a carrier-free radioactive isotope, the pulse counts can also be used for 
calculation, if they are measured under identical conditions: 

Simple isotopic dilution analysis is not suitable for the determination of micro- 
amounts. If a very low amount of m, inactive substance is added to the relatively high 
amount of m, radioisotope, a, and a,  will be almost equal, and the accuracy of the 
determination will be very low. 

EXAMPLE 4.14 
Phosphate ions are determined by simple isotopic dilution. One cm3 of carrier-free 

radioactive phosphate solution (32P) is added to the solution to be analyzed and the 
volume is increased up to 10 1. Then 1.00 cm3 of stock solution is evaporated to dryness on 
an aluminium plate, under an infrared heat lamp, and the activity is measured. I,,, 
= 2530 imp/min. Phosphate ions are precipitated from 5.00 cm3 stock solution as 
MgNH4P04. 6 H,O. The precipitation need not be quantitative. The dried precipitate is 
powdered and its given amounts are measured into aluminium holders. In order to avoid 
the error due to self-absorption. maximum 120 mg of the precipitate may be measured into 
a holder of usual dimension ( - 30 mg/cm2). 
Measured data: 

I,,,. , = 12 650 imp/min (for 5 cm3 solution) 

Precipitation m, , mass of Ire , .  Total Total 
MgNH4P0,. 

imp/min h.fgNH,PO,. Po: - 

6 H20.  6 H20, content, 

Sample 1 90.3 3620 3 15.5 122.1 
Sample 2 79.4 3209 3 13.0 12 1.4 
Sample 3 108.5 4327 3 17.2 123.1 

Mean value: 122.3 
The PO: - content of the solution is 244.6 mg/lO cm3. 
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4.3.1.2. REVERSE AND DOUBLE ISOTOPIC DILUTION 

Reuerse isotopic dilution can also be applied as a micro method; i t  is used when the 
amount of the radioactive isotope is unknown and is determined by diluting it with a 
known amount of inactive isotope: 

where m, is the unknown amount of radioactive isotope: m, = m,,,, + m*, where m,,,, is 
the amount of the carrier, m* that of the active isotope; as a rule, m* -4 m,,,, ; m, is the 
known amount of the inactive diluent; a ,  the specific activity of the component to be 
determined in the mixture to be analyzed; a, the specific activity of the substance 
separated. 

The limit of detection of m, is decided by the material requirement of the measurement 
having a, specific activity. From the analytical point of view, reverse isotopic dilution is 
valuable not only as a micromethod. It can be applied for several determinations where 
the microcomponent is made to react with a compound labelled by an appropriate 
radioactive isotope and the amount of this new, already radioactive compound obtained is 
determined by the method of reverse isotopic dilution. This method, called derived isotopic 
dilution in the literature, is used first of all in the analysis of organic compounds. 

The specific activity a, cannot be measured in several cases because the amount of 
substance is so low that its separation in a pure form is impossible. The measurement of 
the specific activity can be obviated by the method of double isotopic dilution. 

If the method of double isotopic dilution is applied, the mixture to be analyzed is divided 
into two identical aliquot parts; both contains the same mx amount of the radioactive 
substance to be determined. Of the inactive diluent, m,, and m,, amounts are added, 
respectively, to the two aliquots; m,, #m,, . The total mass of the substance to be 
determined in the two aliquot parts is: 

The component wanted is separated from both solutions in pure form, and the specific 
activities are determined (a,, and a,,). According to Eq. (4.56): 

By combining these two equations, the unknown a, can be eliminated: 

EXAMPLE 4.15 
Let us determine the phosphate content of a phosphate solution labelled by 32P by 

double isotopic diIution. Solutions containing 60 and 100 mg inactive phosphate ions, 
respectively, are added to two 10 cm3 samples of the radioactive phosphate solution. The 
phosphate ions are separated as a MgNH4P04. 6 H 2 0  precipitate from both solutions 
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(the separation need not be quantitative). The activity of 100 mg precipitate each is 
measured on aluminium sample holders, after drying and powdering: 
I,,,, ,,, = 8950 imp/min, I,,,, ,, = 12 150 implmin. The specific activities are substituted by 
pulse counts in Eq. (4.62): 

12150x60-8950x100 
m, = = 51.9 mg PO:- in 10 crn3 solution 

8950- 12 150 

4.3.1.3. PRACTICAL APPLICATIONS 

Of inorgunic substances, the analysis of alkali metal salt mixtures may be of interest. By 
using 42K, potassium can be determined in such mixtures with 1% accuracy; the 
separation can be achieved in the form of potassium perchlorate. The following method 
has been developed for the determination of strontium and arsenic in sea water: the tracer 
is 89Sr as strontium chloride; separation is effected as strontium sulphate; its precipitation 
can be promoted by co-precipitation together with barium sulphate. Traces of arsenic can 
be determined by means of arsenic acid labelled by '6As: the activity of the reduced arsenic 
mirror is determined. Several works deal with the measurement of phosphates by means of 
32P. e.g., pyro- and trimetaphosphates can be determined by appropriate labelled 
phosphates. 

Isotopic dilution methods are suitable for solving analytical problems in organic 
chemistry and biochemistry. For instance, various reaction products: alcohols, aldehydes, 
peroxides are produced in hydrocarbon oxidation. The determination of alcohols is 
important in elucidating the reaction mechnism. 14CH,0H and CH,"CH,OH 
radioactive preparations are necessary for isotopic dilution analysis, and the reagent is 
3,5-dinitrobenzoyl chloride; this gives benzoates with alcohols. Methyl and ethyl 
dinitrobenzoate can be separated by paper chromatography. The penicillin content of 
various penicillin products is determined by means of 35S-labelled benzylpenicillin which 
can be readily synthesized. The penicillin is precipitated partly as the N-ethylpiperidine 
salt during isotopic dilution. The analysis of amino acid mixtures resulting from protein 
hydrolysis is a very difkult problem. The compound called pipsy: chloride 
(p-iodobenzenesulphonyl chloride) is used most frequently as a radioactive reagent; this 
gives labelled monopipsyl derivatives with amino acids. A known amount of the 
p-iodophenylsuphonyl derivative of the amino acid to be determined is added as a diluent 
to the mixture. The separation can be carried out by multistep extraction and repeated 
recrystallization, Paper chromatographic separation may also be used for low amounts. 

Other examples of applications have been described in Sections 3.3.3. and 3.5. 

4.3.2. SUBSTOICHIOMETRIC ISOTOPIC DILUTION 

Substoichiometric isotopic dilution as a simple isotopic dilution renders possible the 
high sensitivity determination of trace amounts of metals; as a reverse isotopic dilution, it 
can be applied as a separation method for destructive activation analysis. The principle of 
substoichiometry, i.e., the application of the reagents in amounts lower than stoichio- 
metric, makes possible the separation of exactly identical .amounts of metal ions from 
solutions of different metal ion concentration. 
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Simple isotopic dilution: inactive metal traces arc determined by means of a solution 
containing known concentrations of radioactive metal ions. The separation is carried out 
by identical amounts of reagents, less than stoichiometric, from two solutions: one 
containing a known amount of the active substance, and the other an identical amount of 
the active substance diluted with the inactive substance to be measured. Owing to the 
dilution with inactive substance, the activity becomes lower. Because ident~cal amounts 
were separated from both solutions, the measurement of specific activities is not necessary. 
The m, amount wanted can be calculated on the basis of the activity values or the count 
rates measured under identical conditions: 

and 

where m, is the known metal content of the solution containing the hbelled metal ion: A ,  
and I,,,. , are the activity and count rates, respectively, of the separattd fraction before 
dilution, A, and I,,,., are the same after dilution. 

EXAMPLE 4.16 
Let us determine zinc by extraction of the zinc dithizonate complex by means of 

carbon tetrachloride. 
The amount of Zn in the zinc stock solution labelled by 65Zn is m, = 3.08 pg/cm3. 
In a separating funnel, 4.00 cm3 of dithizone solution in carbon tetrachloride (about 

20 PM), 2.00cm3 of radioactive zinc stock solution and 3 cm3 of 10% sodium acetate 
solution, purified previously by means of dithizone, are mixed and the volume of the 
aqueous phase is made up to 15 cm3 by ion-exchange purified distilled water. After 
shaking for 20 minutes. the carbon tetrachloride phase is transferred into a 20 ern3 
volumetric flask and made up to the mark with carbon tetrachloride. The activity of 
10 cm3 of the carbon tetrachloride phase is measured. I,,,, , = 1279 imp11 00 s (background 
subtracted). 

The extraction is repeated with 4.00 cm3 of dithizone solution (about 20 PM), 2.00 cm3 
of radioactive zinc stock solution, and 2.00 an3 of unknown zinc solution containing 
inactive zinc. I,,,, , = 994 imp/100 s (background subtracted). 

The concentration of the dithizone solution need not be adjusted accurately. The 
stoichiornetric dithizone consumption of the solution containing the metal ions can be 
established by a simple titration with colour indication. 

Reverse isotopic dilution. The advantage of the substoichioinetric principle as a 
separation method in destructive activation analysis is that the chemical yield need not be 
determined and the selectivity of the separation is enhanced. 

The sample and the standard activated simultaneously are dissolved, the carrier of the 
radioactive element to be determined is added, and the qolutions are allowed to react with 
the appropriate reagent, applied in a less than stoichiometric amount. The activity of the 
element to be determined in the sample is A,. 
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where a, is the activity of the separated amount, m, ; mCa,,,, denotes the amount of carrier 
added to the sample. 

The activity of the element to be determined in the standard is A,, . 

where as, is the activity of the separated amount, ms, ; mCarr.,, is the amount of the carrier 
added to the standard. 

- If mc,rr,,-mcar,,,t and m,=nrs,, then for simultaneous irradiation, the following 
equation is valid: 

am 
Y x  = - Y s t  

4 1  

where yx is the unknown amount of the eiement to be determined in the sample and ys, its 
kilown amount in the standard. 

The condition mcar,,,= mc,rr,,t can be met easily because an identical amount of 
carrier can be added to the sample and the standard without any dificulty. The condition 
mm = mst is fuifilled due to the substoishiometric separation. 

For substoichiometric separation, the following methods can be used: solvent 
extraction of a metal chelate, extraction of ion association complexes, formation of 
chelates soluble in water (ion exchange resins or solvent extraction of the metal chelates 
can be used for separation from the free metal ions), displacement substoichiometry, etc. 

The typical concentra;ion of solutions in destructive activation analysis is 1-10 mM, if, 
however, inactive metal traces are determined, the concentration is, as a rule, lower than 
1 ~ g / l O  cm3. The chemical conditions of separation are much more severe in the latter 
case. 

4.3.2.1. SOLVENT EXTRACTION O F  METAL CHELATES 

The extraction of chelate complexes is one of the best methods for substoichiometric 
separation of metal ions. Let us investigate the conditions of extractability, with particular 
emphasis on the pH range of extraction and on the effect of auxiliary complexing agents, 
and compare the selectivity of substoichiometric extraction with that carried out by an 
excess of reagents. 

fie pH range of extraction. The basic equation of extraction is as follows: 

where M is a metal ion, HA an organic chelating agent, e.g., dithizone; MA, stands for the 
metal chelate (charges have not been denoted, for clarity). 

The equilibrium constant of the process is the extraction constant: 
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If the value of the extraction constant (Table 4.9), the equilibrium concentrations of the 
metal complex ([MA,,IOr,) and the organic chelating ([HAl0.,)in the organic phase and the 
equilibrium concentration of the metal ion ([MI) in the aqueous phase are substituted into 
Eq. (4.661, the lowest pH at which the extraction can be carried out can be calculated. 

Ag+ 
~1~ + 
~~2 * 

Be" 
B13 ' 
caZ - 
Cd2 ' 
Col + 

Cu2+ 
Dy3 - 
Er3+ 
Eu3+ 
.Fe2 + 

Fe3+ 
Gaj * 

Hg2 + 

HP' 
Ho3- 
l n 3 '  
La3 + 

Lu3 ' 
Mg2 + 

Mn2' 
Nd3+ 
Ni2+ 
Pb2 + 

Pd2+ 
Pm3 + 

Pr3 + 

Sc3 + 

Sm3+ 
Sn2+ 
Sr2 + 

Tb3+ 
Th4+ 
TI + 

~ 1 3  + 

Tm3+ 
u4 + 

Y 3 +  
Yb3 + 

Zn2 + 

Zr4 + 

Oxine. 
C'HCI, 

1- Nitroso- 
/I-naphthol. 

CHCI, 

- 

Theno! Irn- 
fluoroactwne, 

CbH, 

i Dirthyl- 
dithiocarha- D~thizone. 

CHCI, 
Dlthizone. Cupfcrron. 

CtiC.1, CCI, 
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The [MA,],,, equilibrium concentration is calculated on the basis of the assumption 
that more than 99.9';/, of the organic chelating agent added substoichiometrically is 
consumed in complexing the metal: 

where V,,, is the volume of the organic phase, and cHA the initial concentration of the 
chelating reagent in the organic phase. This condition ensures that the same amount of 
metal ion is separated with an accuracy higher than 0.1%. 

The equilibrium concentration of the metal ion, [MI, is given by the following 
equation: 

where Vis the volume of the aqueous phase and cM denotes the initial concentration of the 
metal ion in the aqueous phase. 

The following relation holds for the equilibrium concentration of the organic chelating 
agent, [HA],,, : 

CHAIor, Vorg 50-001 C H ,  Vorg (4.72) 

Substituting expressions (4.70), (4.71) and (4.72) into Eq. (4.69) and expressing the 
hydrogen ion concentration from the latter, applying negative logarithms, the following 
equation is obtained for the lower pH limit of the extraction: 

An analysis of Eq. (4.70) shows that the decisive factor in determining the lower pH 
limit is represented by the two latter terms of the inequality. 

In  destructire cictircition unulysis, generally 1-10 rng of carrier is added to the sample; 
the solution will then have a concentration of about 1-10 mM. The concentration of the 
organic chelating agent should be in the same order of magnitude, thus the simplified form 
of Eq. (4.73) will be 

1 
p H 2 6 -  -logK, 

n 
(4.74) 

Correlation (4.73) is valid strictly only if the organic reagent is not dissolved in the 
aqueous phase. owing to its dissociation, ix., if: 

where pKHA is the dissociation exponcnt of the organic reagent as an acid, and q,, is the 
partition coefficient (Table 4.10). Eq. (4.73) gives the upper pH limit of extraction with 



Table 4.10. The pKHA and log q,, values for some chelating reagents 

Diethyldithiocarbamic acid CCI, 
Dithizone CCI, 

CHCI, 
Cupferron CHCI, 
z-Nitroso-/I-naphthol CHCI, 
Oxine CHCI, . 

Thenoyltrifluoroacetone C d L  

1% %A 

respect to the organic reagent. For example, extraction with dithizone dissolved in carbon 
tetrachloride can only be carried out if 

PK ,'A Reagent 

otherwise dithizone undergoes dissociation and is dissolved by the aqueous phase. 

Solvent 

EXAMPLE 4.17 
What is the lover pH limit of the extraction if bismuth ions are extracted by means of 

dithizone solution in carbon tetrachloride? KBi = BiDq , i.e., n = 3. c,, = 1 mlzl. 

I 
p H >  - - logKBi-  lcg 10-6>2.7  

n 

The effect of auxiliarj. complexiny agents. The upper pH limit of extraction, apart from 
Eq. (4.73), also depends on the fact whether insoluble metal hydroxides are formed or not 
when the aqueous solution is made alkaline. This disturbance can often be prevented by 
using auxiliary complexing agents, such as cyanide ions, oxalic acid, tartaric acid, 
nitrilotriacetic acid, ethylenediamine tetraacetic acid (EDTA), 1,2-diaminocyclohexane 
tetraacetic acid, etc. 

If the auxiliary complexing agent gives a water soluble complex with the metal ion, its 
effect can be considered by means of the r, functions: 

where [M'] is the total concentration of the metal and [MI is the free metal ion 
concentration in the aqueous phase. Rearranging Eq. (4.77) considering the (4.75) 
formulae 
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we obtain: 

where P I ,  p,. . . . p,, are the product of the stepwise stability constants (K,  , K,, . . . , K,) of 
those metal complexes which are formed by the metal ion and the H,B auxiliary 
complexing agent: [B] is the equilibrium concentration of the auxiliary complexing anion 
at the given pH value. Table 4.1 1 shows log P  values for some metal ions and some 
auxiliary complexing azents. 

The c, total concentration of the auxiliary complexing agent can be included into the 
calculations if its protonation is considered: 

where K ,  , K ,  . . . are the corresponding protonation constants given in Table 4.12. 
If the protonation of the auxiliary complexing agent is considered, Eq. (4.76) can be 

written as follows: 

In the presence of a HnB auxiliary complexing agent, the apparent extraction constant 
of the metal chelate should be used in Eqs (4.73) and (4.74): 

The pH range of the extraction is usually shifted towards higher pH values in the presence 
of auxiliary complexing agents. 

EXAMPLE 4.18 
Extract gallium(II1) ions by means of an oxine solution in chloroform, using the 

substoichiometric method. The composition of gallium oxinate is Ga(Ox),, its extraction 
, if we use a reagent solution of 1 mM concentration, the lower pH constant KM = lo3."- 

limit of extraction is, according to Eq. (4.71): 

Gallium suffers, however, hydrolysis commencing from p H  - 4. The extraction is therefore 
carried out from a tartarate medium. Let us calculate the values of the a,(,, and z,(,, 
functions by means of expressions (4.77) and (4.78) for p H  = 5, and the lower p H  limit of 
extraction with the apparent extraction constant; c, = 5 mM. The protonation constants of 
tartaric acid are: K ,  = 104.54; K ,  K2 = the complex product of the tartarate 
complex of gallium(II1) ions is /3, = 109-8. 
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k ,  , k , ,  . . . are the acid dissociation constants 

Table 4.12. Protonation constants (K) of H,B auxiliary cornplexing agents 

HCN 9.2 
Oxalic acid 4.2 L 1.19 
Tartaric acid 4.54 3.02 
Nitrilotriacetic acid 9.73 2.49 1.89 
Ethylenediamine tetraacetic acid 10.3 6.2 2.0 
1.2-Diaminocyclohexane tetraacetic acid 11.78 6.20 3.60 

First approximation: 

Second approximation: the values of z,,,, and a,(,, should be calculated for pH =6.5: 

Selectiuity. A metal of higher extraction constant can be separated from another metal 
having a lower extraction constant. Substoichiometric separation has a higher selectivity 
than that carried out with excess reagent. 

Let two metal ions, charged identically, be present in the solution. It follows from the 
extraction equilibria that 

The requirements of the quantitative separation of M' from M" are: 

CMIAnlorg CM'I 2100 and - 10.01 
CM1'AnIorg - [M"] - 

Substituting preconditions (4.84) into Eq. (4.83), it can be seen that the precondition of 
a quantitative separation by means of excess reagent is that: 



Applying substoichiometric separation, if only 50% of the metal with higher extraction 
constant is extracted: 

the ratio of the extraction constants according to Eq. (4.80) will be 

If metal ions with drfferent charges are separated, the selectivity is a function of also the 
pH value of the aqueous phase and the starting concentration of the organic chelating 
agent. 

The selectivity can be increased by adding masking ruugents. Copper determination by 
means of dithizone is disturbed by the presence of mercury(I1) ions. If the extraction is 
carried out from a solution of 0 . 1 ~  potassium iodide, dithizone extracts copper only, 
because it cannot decompose the iodornercurate complex (H&-; K = 1030.5). 

If inactive metal traces (10-*-lo- g)  are determined by the single isotopic dilution 
method, the lower pH hmlt of the extraction is shifted toward higher pH values according 
to the approximation 

since the values of c,, should also be between 10- 8-10 - M. The upper pH limit remains 
unchanged, thus the pH range of extraction is narrowed. Only such organic chelating 
agents can be applied for which the extraction constants of the chelate complexes are high 
enough so that the pH of the aqueous phase need not be adjusted to a too alkaline value, 
which would lead to hydrolysis or to the adsorption of the trace metal on the wall of the 
vessel. When selecting the reagent it should also be considered that it must be stable 
against light, oxidizingagents, etc., even in the very large di!ution required, although such 
effects may be eliminated by simultaneous extraction of the sample and the standard. Well 
proved organic chelating agents are: dithizone(Pb2 +, Cu2+,  Hg2+, Ag', Zn2 +), a-nitroso- 
B-naphthol (Co2+), cupferron (Fe3+), etc. 

4.3.2.2. OTHER SUBSTOICHIOMETRIC SEPARATIONS 

Solvent extraction of ion association complexes formed with heavy organic cations such 
as tetraphenylphosphonium, -arsonium and -sulphonium can be successfully used for the 
substoichiornetric separation of anions. The simplified precondition of reproducible 
separation is that the extraction constant should correspond to Eq. (4.85): 

where c, is the starting concentration of the heavy inorganic cation. In the case of 
activation analysis, c, = 1-10 mM, thus 

On the basis of the extraction constants, manganese can be extracted as permanganate, 
rhenium as the perrhenate ion, and also other metals which form stable chlorocomplexes: 
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AuCI,, HgCIi-, PdC1:-, etc. In the case of simple isotopic dilution 

c,= 1 0 - 6 ~  and thus 

Water soluble chelate complexes, if they have a negative charge, can be separated from 
free metal ions which did not react in the complexing process by means ofcation exchange 
resins, e.g., Dowex 50. The following requirement should be fulfilled by the stability 
constant of the chelate complex: 1 

where cHm, is the starting concentration of the chelating agent. In nctiuarion analysis, 
- 1-10 mM, thus C ~ , ~  - 

PMy 2 lo6 (4.92) 

In the case of simple isotopic dilution, cHny = 10- lo-lo-' V, thus 

Several metal complexes of EDTA and 1,2-diaminocyclohexane tetraacetic acid fulfil the 
requirements concerning the stability constant. Processes have been developed mainly for 
the determination of iron(II1) and indium(II1) ions. 

For selectivity, those described in Section 4.3.2.1 apply to the formation of both ion- 
association and chelate complexes. 

The principle of displacement substoichiometry can be illustrated by the following 
example: 

n(MA,),,, + mN~m(NA,),,, + nM 

where M and N are cations of m f  and n ' charge, respcctliely; A is the one-valence anion 
of the chelating agent. For example, the determination of gold traces in high purity lead, 
biological substances, in silicon of semiconductor grade purity is possible by destructive 
activation analysis ("'Au(n, g ) ' 9 8 A ~ )  by reacting the gold(II1) ions in a displacement 
reaction with a substoichiometric amount of copper diethyldithiocarbamate. The amount 
of gold can be obtained on the basis of the measurement of the activity in the organic 
phase. 

The substoichiometric principle can also be applied for precipitate separation in 
activation analysis; by doing so, the selectivity of precipitation methods can be increased. 

4.3.3. RADIOREAGENTS 

One possible application of radioreagents can be characterized by the following 
schematic reaction: 

The labelled reagent B (of a known total activity) is added to substance A to be determined 
and, after separation of the reaction product C, either its activity is measured, or the 
decrease of the activity of B is used to estimate the amoun-t of substance A. The evaluation 
method is the construction of calibration curres with solutions of A of known 
concentrations. 
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Most determinations of this type are based on precipitation. The precipitate is 
separated from the excess reagent by filtration or  centrifuging. 

In the first experiments natural radioactive elements were used as tracers. For 
example, chromate ions were precipitated by an excess of a solution of lead ions labelled 
with 212Pb (ThB): 

and the activity of the solution separated from the precipitate by centrifuging was 
measured. This method was called originally radiograt.itnutry, although it lacked just the 
weighing process characteristic of gravimetry. 

The abundant supply of artificial radioisotopes permits one to carry out several such 
determinations. The determination of thallium is important from the toxicological point 
of view. Thallium(1) ions can be precipitated as thallium(1) iodide: 

I t  is advantageous to apply dismountable polyethylene centrifuge tubes of about 10 cm 
length for centrifuging the low amounts of precipitates; they have a small metal plate at 
their bottom permitting one to measure the principitate directly. If [hexaminecobalt(III)] 
chloride is used, a precipitate with the composition of [Co(NH3),]T1CI, can be separated. 
The reagent can be labelled with ,OCo and the precipitate dissolved in the mixture of 
hydrogen peroxide and acetic acid; the activity of the evaporation residue is measured. 

The determination of potassium (sometimes that of low amounts of barium) is 
important in liquids or samples of biological origin. Sodium [hexanitrocobaltate(III)] 
labelled with 60Co is a sensitive reagent for potassium; barium ions can be determined by 
means of 35SOi - reagent. 

The determination of low amounts of fluoride ions is still a problem for the analyst. By 
means of 45CaC12 radioreagent the determinations can be carried out rapidly and with 
1% accuracy. The solutions precipitated are centrifuged for 5 min. If the activity of the 
pure reagent solution and that of the solution over the precipitate is measured, the fluoride 
content can be read from preconstructed calibration straight lines (Fig. 4.37). 

If the component to be determined is gaseous, it is adsorbed by a solution of radioreagent 
forming a precipitate. 

The sulphur content of steel and cast iron can be determined by the radioactive 
variation of the well-known Schulte method as follows: hydrogen sulphide liberated from 

0 200 LOO 600 800 1000 1200 pg 
Ire,. r . Fig. 4.37. Calibration curves for the determination of fluoride. U = - , I,,,., - the original count rate of the 
Ire,. c 

added reagent; lm,., the count rate of exeess reagent 
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the sample by concentrated hydrochloric acid is led into cadmium acetate solution 
labelled with 5Cd. The " 'CdS is filtered off or centrifuged, and the activity of the 
precipitate is measured. The method is simple and rapid. 

The radioreayent may also begaseous. Phase separation means no difficulty in this case. 
because the excess gas can be removed easily from the system. Of course, it is the activity of 
the reaction products only which can be measured in this case. The determination of metal 
traces by 3cS-labelled hydrogen sulphide can be mentioned as an example. 

Radio exchange reactions represent another possible field of application of 
radioreagents. An excess of the radioreagent in another phase is added to the solution 
containing the component to be determined. As a result of a substitution or redox reaction 
occurring between the radioreagent and the component in question, an equivalent 
amount of the radioactive component is liberated and transferred to the other phase. 
Calibration curves are necessary here, too, for concentration measurements. 

As an example for the exchange between a solid and liquid, the determination of oxygen 
dissolved in water by means of 204T1-labelled thallium metal can be mentioned. Under 
the oxidizing effect of oxygen, an equivalent amount of labelled thallium(1) ions are 
dissolved: 

4 204Tl(s, + 02(,,, + 2 H 2 0  = 4 204TlGq, + 4 OH - 

The sensitivity of the determination is 2 x of oxygen. 
The following exchange reaction is suitable for determining microamounts of chlo- 

ride, bromide and cyanide ions: 

203Hg(I0,),(,, + 2 X- = 203HgX2(,q) + 2 IOy(aq) 

where X = C1-. Br- or CN-. The solubility of 203Hg-labelled mercury iodate precipitate 
can be suppressed by adding inactive iodate solution. 

The following process was developed for determination of the thiosulphate and 
polythionate contents of sulphite liquors in paper industry: 

The exchange of radioprecipitates can be combined with other analytical processes, 
e.g., the reaction 

can be carried out by paper chromatography in a circular oven; in this case, traces of 
metals-silver, copper, etc.-forming a more insoluble sulphide than cadmium, can be 
determined by measuring the activity of the zone containing cadmium ions. 

By exchange between solid and gaseous components, the determination of low amolints . 
of gases is possible. The gas mixture to be analyzed is passed through a column. The 
column packing gives off a radioactive gas when it reacts with the gas to be determined. 
The measurement of the activity of the secondary gas renders possible the determination 
of the original gas concentration by means of a calibration curve. The sensitivity of the 
method is determined by the conversion factor of the exchange reaction and by the specific 
activity of the radioactive isotope. 

The measurement of ozone may be necessary in monitoring air pollution. This can be 
determined by the solid 85Kr hydroquinone clathrate: 



The method is as sensitive as ozone. 
Sulphur dioxide which is an important component in analyses for environmental 

protection, can be determined indirectly in as low concentrations as lo-':/,: 

SO, + CIO, +C10, 

where chlorine dioxide oxidizes then a radioactive clathrate. Traces of oxygen can be 
determined by kryptonated copper, etc. 

4.3.4. RADIOMETRIC TITRATIONS 

Radiometric titration curces show the changes of activit~ of a solution to be titrated as 
a function of the volume of the titrating solution (percent neutralization, percent oxidation 
or reduction, degree of titration, etc.). Equivalent consumption can be determined from 
the break point on the curve. Since the total activity of the solution remains unchanged 
during titration, end-point indication is possible only if phase exchange can be carried out 
by means of precipitation, solvent extraction, etc. 

In precipitation titrations (e.g., radioargentometry), phase exchange follows from the 
nature of the chemical reaction. In all other types of titration (complexiny, redox and acid- 
base titrations) the titration itself does not involve a phase exchange in the vast majority of 
cases; this must be ensured by an appropriate auxiliary process, e-g., soloent extraction, ion 
exchange, or the application of labelled solid indicators. 

It is worth carrying out radiometric titrations in coloured, turbid solutions, in 
nonaqueous media, where radioactive indication has objective advantages. One of the 
advantages is that two or three components can be determined simultuneously. In trace 
determinations, extractive radiometric titrations based on the formation of metal chelates 
are important. 

4.3.4.1. RADIOACTIVE ISOTOPES SUITABLE AS INDICATORS 

Suitable radioactive indicators are, as a rule, those which have a half-life between one 
week and a few months. Those with longer half-life have insufficient specific activity; if the 
half-life is too short, activity values measured during titration should be corrected for 
radioactive decay. The use of harder B- (Em,,>0.3 MeV) and y-emitters is convenient in 
view of the measuring technique. 

The indicator should be radiochemically pure and, if possible, should be in an identical 
chemical form as the element to be labelled. This is important especially with elements of 
varying oxidation number. The specific activity of the component to be labelled should be 
adjusted experimentally, if possible, by adding a carrier-free preparation. The high 
sensitivity of radiometric titrations can be attributed to the tracer technique; its full 
utilization can be ensured by the appropriate selection of the conditions of the chemical 
reaction. 

4.3.4.2. EXTRACTION TITRATIONS 

Extractive radiometric titrations are carried out utilizing such reactions of complex 
formation the product of which can be extracted by an organic solvent immiscible with 
water. The activities of both phases change as a function of the volume of the titrant. Two 
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Fig. 4.38. Extractive radiometric titration curves. (a) -The titrated solution is radioactive, the titrating solution 
IS inactive; (b) - The titrated solution is inactive, the titrating solution is radioactive; I -Aqueous phase; 2 - 

Organic phase 

types of titration curves can be obtained if one component is titrated; their idealized shape 
is shown in Fig. 4.38. 

The component or ion to be determined is lubelled with a radioisotope and the solution is 
titrated by means of an inactive standard solution dissolved in an organic solvent. Another 
possibility is the use of an aqueous titrating solution in the presence of an organic solvent. 
The reaction product can beextracted by the organic solvent which is immiscible with water. 
The activity of the aqueous phase decreases, that of the organic phase increases during 
titration. After the point ofequivalence has been reached, the activity of the organic phase 
becomes constant; that of the aqueous phase will be equal to the background. If the 
volumes are equal, the activity of the organic phase will be nearly as high as the initial 
activity of the aqueous phase. If a preparation with a carrier is used for labelling, the 
volume of titrant consumed by the indicator should be taken into account as a correction. 

If an inactive solution is titrated by u radioactive titratiny solution and if the product is 
solubie in the organic solvent, the activity of the aqueous phase is practically zero (or 
rather, equal to the background) until the equivalence point has been reached, afterwards 
it increases sharply. The activity of the organic phase increases gradually up to the 
equivalence point, it remains then constant. The ascendent sections of the two titration 
curves are parallel to each other. 

Titrations are generally carried out step by step, in separating funnels. Continuous 
titration and its automatization are difficult because of the extraction step. 

7he end-point can be determined by graphical evaluation of the titration curves, but an 
extrapolation method of calculation based on the determination of two points can also be 
used. If the activity of the aqueous phase is measured, the end-point determined by 
extrapolation for curve a in Fig. 3.38 ( Vex)  is: 

where I,,,,, is the count rate in the aqueous solution before titration, imp/min; I,,,, , 
denotes the count rate after adding V, cm3 of the titrant (V, < V,,). 

Dithizone (diphenylthiocarbazone, abbreviated as HDz) can be used to advantage for 
the titration of several kinds of labelled metal ion, in carbon tetrachloride or chloroform 
solution (see Fig. 4.38, curve a). In the appropriate pH range, dithizone forms coloured 
internal complexes with more than thirty different cations; the formation of "full" 
dithizonates-with composition MDz, , where n is the valence of the metal-%an be used 
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Table 4.13. Metal dithizonales CCI, 

I'OrnAg+ Orange 
I l s ~ d z +  Pink 
6 0 ~ ~ 2  - Red-violet 

Red 
203Hg2' Yellow 

Brownish-violet 
Red 

6 5 ~ ~ 2  + Red 

Metal dithizonate 

for titration. Table 4.1 3 contains characteristic properties of a few metal dithizonates and 
the appropriaie tracer. The general equation of the titrations is: 

where (aq) denotes the aqueous. (org) the organic phase. 
Processes have been developed for the titration of mercury and silver in acidic 

medium, of cobalt in acetate buffer, of zinc in nearly neutral solution, etc. Cobalt labelled 
with 60Co can be titrated in pyridine with a titrating solution containing ammonium 
thiocyanate. The [cobalt-pyridine-thiocyanate] complex can be extracted by chloroform. 

Tracer 

HCJ~* 6 5 ~ n 2 +  Dithizone, cm3 

Fig. 4.39. Simultaneous titration of two metal ions 1 - Aqueous phase; 2 - Organic phase 

Two metal ions can be determined simu~taneously if the values of the extraction 
constants are sufficiently different. The metal ion with the lower extraction constant 
should be labelled. Figure 4.39 shows the titration curves of mercury (11) and zinc ions with 
dithizone, the tracer is 65Zn. Simultaneous titration with dithizone is possible also for the 
pairs silver and zinc (65Zn), copper and zinc (6sZn), zinc and cobalt (60Co), lead and cobalt 
(60Co), nickel and cobalt (60Co), etc. 

I 

The titration of three components can also be carried out simultaneously; in a 
favourable case, also the accuracy is sufficient. The metal ions with the lowest and highest 
extraction constants should be labelled here. Figure 4.40 shows the titration curves of 
mercury ('03Hg), silver and zinc (65Zn) in aqueous solution, as an example. 

An example for curve b in Fig. 4.38 is represented by the titration of thiocyanate ions by 
a 60Co-labelled cobalt suiphate titrant. The complex produced can be extracted by iso- 
amyl alcohol. 

Colour 
plf range of 
extraction 

Extraction 
constant, log K 
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203 Hg2+ ~ g *  6 5 ~ n 2 +  Dithizone, cm3 

Fig. 4.40. Simultaneous titration of three metal ions; aqueous phase 

The sensitivity and accuracy of extractive radiometric titrations depend on all factors 
to be considered in complex equilibria and extraction technique. Under proper 
conditions, amounts as low as a few pg can be titrated. The error is generally + 1 rel.%. 

4.3.4.3. EDTA TITRATIONS 

A "OmAg-labelled silver iodate precipitate can be used as an end-point indicator of 
titrations carried out with EDTA (et hylenediamine tetraacetic acid, Na, H,Y). EDTA 
reacts first with the "free" metal ions quantitatively, giving a water soluble complex, e.g., 

It reacts with the labelled silver iodate precipitate only after the end-point has been 
reached: 

Before the end-point, the activity of the solution over the precipitate is minimum, 
afterwards it increases gradually, owing to the dissolution of silver iodate. 

4.3.4.4. PRECIPITATION TITRATIONS 

In precipitation titrations, the activity of the liquid phase over the precipitate is 
measured as a function of the volume of the titrating solution added. Three types of 
titration curves may be obtained, depending on the way of labelling (Fig. 4.41). 

If several points of the titration curve have to be determined experimentally, one 
titration may last as long as 40-50 minutes. For serial analysis, the well-working 
extrapolation method is rather applied. 

E In the case of an L-curve: 

where Vex is the equivalent consumption, cm3; I,,,, , the initial count rate of the solution to 
be titrated, imp/min; I,,,., the count rate after adding V,  cm3 of the titrant. 



V - curve 

Fig. 4.41. Titration curves for precipitation radiometric titratwns. (a) - Thr: titrated solution is radioacti~e. the 
titrant is inactive;(b)- The titrated solution is inactive, the titrant is radioactiw: (c) - Both the titrated and the 

titrating solutions are radioactive 

In the case of a J-curve: 

Ire,, , is the count rate in the aqueous phase after adding V ,  cm' and I,,,, , the same after 
adding V ,  cm3 of the titrating solution. 

Ire,,, is the count rate in the pure solution saturated with the precipitate; its value can 
be read from a basic titration curve predetermined by means of several experimental 
points. This value can be used well in routine analysis when amounts not very different 
from each other are to be determined. 

For simuItaneous determination it is necessary that the solubilities of the precipitates 
should differ considerably; this can be achieved by the proper adjustment of the pH or by 
using complexing agents. 

Figure 4.42 shows the titration curve of a solution containing copper(1I) and zinc ions; 
the titrating solution is [hexacyanoferrate(II)]. First, the more insoluble copper 

Fig. 4.42. Simultanccwi precipitation tltratwn of t w o  ions 
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cm titr~ting solution 

Fig. 4.43. Smultaneous precipitation titration of two ~ o n s  by a radioactive titrating solution 

precipitate is separated during titration; separation of the less insoluble zinc precipitate 
starts only at the first end-point. The less insoluble precipitate should be labelled, therefore 
65Zn is the tracer in our case. 

Thallium(II1) and indium(II1) ions can be titrated simultaneously by 35S-labelled 1- 
dithiocarboxy-3-methyl-3-phenylpyrazoline sodium salt, as the titrating solution. Under 
its effect, first thallium ions precipitate from a solution of about pH 14, then the activity 01 
the solution over the precipitate begins to increase after the "TI end-point". Then the pH of 
the solution is adjusted to about 7; this is accompanied by the precipitation of the white 
indium precipitate, whereupon the activity of the solution decreases to a minimum value 
corresponding to the solubility product; i t  begins to increase again only after the total 
precipitation of indium (Fig. 4.43). 

Sulphide and iodide ions can be titrated simultaneously, after labelling with 13'1, by an 
inactive silver nitrate solution. First, the more insoluble silver sulphide precipitates; the 
activity of the solution is constant until the "sulphide end-point" is reached, then the 
precipitation of silver iodide begins and the activity of the clear solution decreases 
gradually until the "iodide end-point" has been reached; at the end-point and after it, a 
practically constant, minimum value is measured which corresponds to the solubility of 
silver iodide. 

I n  developing simultaneous determinations, chemical and radiochemical possibilities 
can be combined successfully. 

Stirrer 

Injection 
syringe 

Fig. 4.44. Titruting device for precipitat~on titrations 



During titrations, the count rate of the solutions can be measured, e.g., by a 
scintillation detector, after filtration or centrifuging of the active precipitate. Radiometric 
titration devices should be constructed in the laboratory. Figure 4.44 shows such an 
apparatus. 

Precipitation titrations can be used in the mg range, their error is + 3-4 re1.X. 

4.3.4.5. REDOX AND ACID-BASE TITRATIONS 

The end-point of redox titrations can be detected by a luhelled solid indicator, hj) solvent 
extraction or labelled amalgam. Each principle will be illustrated by an example. The 
indicator in the titration of iodine solution by thiosulphate can be llOmAg-labelled silver 
thiocyanate precipitate; this is gradually dissolved under the effect of the titrant as a 
complex; the activity of the solution sharply increases after having reached the end-point. 
The determination can be carried out with 1 0 - 4 ~  solutions. 

The principle of solvent extraction can be utilized in radiometry: if a slightly acidic 
labelled iodine solution is shaken with an equal volume of carbon tetrachloride, 99.5% of 
the iodine is transferred to the organic phase. If, however, the aqueous phase contains 
labelled iodide ions only, a minimum activity is dissolved in the organic phase. Thus, e.g., if 
thiosulphate is titrated by labelled iodine solution, the activity of the ~rganic  phase begins 
to increase only after the reaction 

has taken place, and excess iodine is present. 
Labelled cadmium (llSCd) or zinc (65Zn) amalgam can be used as an indicator for 

hydroquinone determination by means of iron(II1) chloride titrant. After having reached 
the point of equivalence, cadmium and zinc ions are dissolved from the amalgam under 
the effect of the excess oxidizing titrating solution, thus the activity of the solution begins 
to increase. 

For example, radioactive kryptonates such as [h4g8'Kr] and [ZnssKr] can be used as 
end-point indicators of acid-base titrations: the strong acid titrating solution liberates 

whose radioactivity is measured by an appropriate detector. The activity is very low 
until the end-point has been reached, afterwards it increases. The end-point can be 
indicated also by labelled metal salts, first of all a zinc salt (65Zn label); 65Zn precipitates as 
a hydroxide at pH z 7; if a strong acid is titrated with a strong base, the activity of the 
solution begins to decrease at the end-point. If the concentration is lower than 0.05 M, a 
65Zn-labelled zinc dithizonate can be used as the indicator. The zinc dithizonate can be 
extracted by carbon tetrachloride between pH = 5-8, i.e., in the range of equivalence points 
of acid-base titrations. 

4.3.5. RADIOCHROMATOGRAPHIC METHODS 

Chromatography is an eEcient tool for the separation of small amounts of substances. 
The following sections give information about the main application possibilities of ion 
exchange radiochromatography, radio paper chromatography, radio paper electropho- 
resis, fwussing paper electrophoresis, radio thin-layer chromatography and radio gas 
chromatography. Knowledge of the corresponding inactive methods is supposed. 
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4.3.5. I.  ION EXCHANGE RADIOCHROMATOGRAPHY 

Ion exchange chromatography is widely applied as a radioanalytical method. Ion 
exchange techniques permit one to separate, concentrate and purify various radioactive 
species on a scale from trace amounts up to a few moles. 

Of polymerization type ion exchange resins, the polystyrene-divinylbenzene 
copolymer-based cation and anion exchange resins are most often used. High selectivity 
and high radiation resistance are characteristic of inorganic ion exchangers such as 
zirconium phosphate, chromium(II1) phosphate, etc., but their chemical resistance is low. 

The elution method of ion exchange column chromatography is most suitable for the 
separation of ions of similar charge and similar properties. The ions to be separated are 
eluted in a stepwise or a gradual manner either by a solution of an ion bonded less 
strongly, or a solution of a complexing agent of appropriate concentration or pH. Metal 
ions can be chromatographed on an anion exchange column, too, if appropriate 
complexing agents are used. As the stability of neutral or negatively charged complexes is 
higher, the partition coefficients of the metal ions on an anion exchanger will also increase. 
The order of elution of the ions to be separated will be opposite on a cation and an anion 
exchange column. In practice, cation and anion exchangers complete each other well. Of 
anion exchange resins, those with strong basicity can be applied. 

Chloride ion, which forms chlorocomplexes of various composition and stability with 
several metal ions, is often used as a complexing reagent. The metal ions of the 
chlorocomplexes can be bound on anion exchange resins with high selectivity, even from 
solutions of very low concentrations. The extent of binding can be regulated by changing 
the concentration of the carrier electrolyte containing the halides. 

The binding of an ion on an ion exchange resin can be characterized by the partition 
coeficient (D): 

where [MIr and [MI denote the metal ion concentration in the resin phase and in the 
"4 

aqueous phase, respect~vely. Partition coeficients are well utilized by the analysis, because 
they permit them the planning of separations by ion exchange resins, i-e., the selection of 
experimental parameters theoretically. Equation (4.98) describes the adjustment of 
partition coefficients by means of experimental parameters such as complexing, pH, etc.: 

log D = log K - log a,,,, + n log Q - n log [A] 

where K is the equilibrium constant of the 

ion exchange process, n the valence of the metal ion, Q the capacity of the ion exchange 
resin, mval,'cm3, [A] the concentration of the eluting ion--e.g., NH:, Na+, H + ,  etc.-in 
the eluent; for functions a,(,, and a,(,, (the latter should be considered if the complexing 
reagent is protonated), see Section 4.3.2.1. 

The technique of measuring. The amount of radioactive substances is determined in the 
eluate leaving the ion exchange column by measuring the count rate. The simplest 
equipment for this consists of a test tube and a well-type scintillation crystal. The 
continuous measurement of the activity can also be readily effected by passing the eluate 
through a glass spiral placed in a well-tvm - - scintillation crystal. A ratemeter can be used for 
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0.5MHCI , 0.1 M HCI 
I 

C' 

Fig. 4.45. Elution curve of a separation by ion exchange 

continuous activity monitoring; a recorder attached to it can plot the elution curve after 
appropriate amplification. 

Practical applications. For analytical purposes, ion exchange chromatography is 
advantageous for separating components of complex systems. Figure 4.45 shows the 
elution curve of the separation of 24Na and 13'Cs from each other; the ion exchanger is a 
superficially sulphonated resin in hydrogen form, the eluent is hydrochloric acid. The 
separation of alkali earth metal ions (Mg2 +, CaZi, s r2  +, Ba2+) can be achieved by means 
of a cation exchange column in the NH,-form, by elution with ammonium acetate-acetic 
or ammonium lactate-lactic acid buffers. Rare earth metals of similar behaviour can be 
separated by eluents of appropriate pH, such as lactate, citrate, a-hydroxyisobutyrate, etc. 
Transuranium elements can be separated similarly to the rare earth metal ions. 
Complexing agents allow the separation also of groups of elements; for example, if six 
ehents of different pH and containing different complexing agents are used, 36 fission 
products can be separated into six groups during about 3.5 h. 

Ion exchange chromatography is an advantageous method of separation in destructive 
activation analysis. The complex system produced during irradiation is separated 
generally to groups of elements, which can be easily examined by y-spectroscopy. No or 
minimum amounts of carriers should be used. 

Ion exchange chromatography can be favourably applied for the separation of carrier- 
free daughter elements from their mother element, e.g., for the separation of 140Ba frcm 
140La or 90Sr from 90Y. 

Ion exchange resins are well-suited for the preparation of radioactive isotopes with long 
half-lives. For example, radium should be separated mainly from barium, present in the 
original raw material or added as a carrier; strongly acidic Dowex 50 cation exchange 
resin can be applied for this purpose. Every rare earth metal can be separated from the 
fission products of uranium, in a measurable quantity and high purity. The method is 
useful in the preparation of transuranium elements, such as curium, berkelium, 
einsteinium, etc. 

The application of labelled ions greatly facilitates the development of new ion exchange 
techniques and the determination of partition coeficients. 
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4.3.5.2. EXTRACTION RA-DIOCHROMATOGRAPHY 

Extraction chromatography is a partition chromatography with reversed phases. The 
stationary phase is a liquid extracting agent, chelating reagent or liquid ion exchange resin 
on a hydrophobic support, such as polytrifluorochloroethylene, polytetrafluoroethylene, 
polyethylene, polyvinyl chloride or even hydrophilic cellulose powder; the moving phase 
is an aqueous solution which may also contain a complexing agent to improve selectivity. 
A column of appropriate dimensions may comprise as many as 500 theoretical plates. The 
separation is thus much more efficient than attainable by repeated batch extraction. The 
method is especially advantageous in hot chambers, where remote manipulation can be 
used. 

Practical applications. Extraction chromatography can be applied advantageously in 
analyses offission products, fuel reprocessing, burn-up determinations; in radioroxicology, 
for the determination of incorporated radioisotopes (such as uranium, thorium, enriched 
uranium, plutonium) in daily urine; for the sepuration of radioactive elements of similar 
properties (e.g., 45Zr and "Nb, 233Pa, 95Nb and lS2Ta), etc. 

4.3.5.3. RADIO PAPER CHROMATOGRAPHY 

Paper chromatography is a method of high efficiency suitable for the separation of very 
small amounts of material. Radio paper chromatography and common paper chroma- 
tography differ from each other only as far as the method of evaluation is concerned. 
Ascending or descending, as well as two-dimensional paper chromatography can equally 
be applied. Evaluation may involve autoradiography or radiometry. 

Autoradioyraphic et.aluation. For contact autoradiography, in general, an X-ray film is 
used. This method is discussed in detai! in Section 7.6. The duration of the exposure 
depends, besides the nature and energy of the radioactive radiation, on the radioactivity of 
the chromatographic spot, the properties of the emulsion and its distance from the 
chromatogram, as well as on the thickness of the chromatographic paper. Radioactive 
spots appear on the X-ray film as dark spots. Quantitative evaluation is based on 
densitometry (Section 7.6.3). 

Radiometric evaluation is a more sensitive, more rapid and more accurate method than 
autoradiography. If the radioactive spots have been previously located by autoradiog- 
raphy or chemically, the substance to be determined can be eluted after cutting out the 
spot, or the spot can be mineralized. This is followed by activity measurement. 

A rather frequently used evaluation method consists in moving the paper strip at a 
uniform rate automatically, beginning from the starting line and proceeding to the front, 
undw a detector with a transversul slit. The activity is continuously monitored by a 
ratemeter, and a recorder connected to it takes the radio paper chromatogram (Fig. 4.46). 

Besides continuous evaluation, a stepwise forwarding technique can also be applied; 
e.g., counts are measured in every section of the paper for a preset time, or the strip is 
stopped from time to time until a preset number of counts have been reached. The time 
values belonging to the preset counts reflect the activity values. Several commercial 
devices are available for evaluating radio paper chromatograms. 

The value of the R,  retention factor on the radio paper chromatogram is obtained by 
dividing the distance of the maximum activity from the starting line by the distance 
between the solvent front and the starting line. The activities of the individual spots, i.e., 



Fig. 4.46. Radio paper chromatogram of Rose Bcngal contaminated with iodide ion 

the amounts of substances chromatographed are proportional to the peak areas. The base 
line should be drawn at the level of the average of the background. For quantitative 
determinations, calibrating chromatograms should be made with solutions of known 
concentrations. 

Practical applications. It is possible to chromatograph a mixture of radioactive 
substances, i.e., to apply paper chromatography as a method of separation in destructive 
activation analysis; one can add a radiotracer to the sample to be investigated, combining 
thus isotopic dilution (Section 4.3.1) with paper chromatography; it is possible to prepare 
radioactive derivatives of the substances to be investigated by appropriate radioactive 
reagents, and separate them afterwards by paper chromatography. 

It is also possible to run an inactive mixture; the developed chromatogram is then 
treated with a radioactive reagent, or subjected to neutron activation. 

If paper chromatography is applied in destructiue activation analysis as a separation 
method, it is advantageous to carry out chromatography after irradiation. Separation can 
be carried out together with small amounts of a carrier or without it if the mixture of 
solvents contains a strong a'cid. Selection of the proper developing solvent mixture is very 
important: e.g., a mixture of 420 cm3 of ethanol, 30 cm3 of conc. HCI and 150 cm3 of H,O 
is suitable for the separation of 18 metal ions in one single run. Paper chromatography can 
be well combined with y-spectrometry. After a preliminary approximative evaluation, the 
ready radiochromatogram is cut into several parts which can be evaluated accurately by y- 
spectrometry. 

Neutron activation after development is suitable, e.g., for the determination of 
impurities in uranium compounds. The bulk of uranium is removed prior to irradiation by 
paper chromatography using such experimental conditions that impurities should remain 
at the starting line. After incinerating the paper strip it is activated by neutrons; the active 
impurities are separated by repeated paper chromatography. Neutron activation by 
irradiation of the paper is generally less advantageous because radiation can easily 
damage the paper. Trace impurities of the paper also disturb. 

Radio paper chromatography can be applied for testing the radiochemical purity of 
organic and inorganic radioactive preparations used in medicine for diagnostics and 
therapy. The method is suitable for the separation of amino acids; even amino acid isomers 
can be separated. It may also be used for the determination of nucleic acids and their 
components, vitamins, hormones, etc. Monosaccharides and polyols can be determined 
by means of Tollens reagent (silver nitrate containing ammonia). The developed paper 
chromatogram is sprayed with Tollens reagent; dispersed elementary silver is formed on 
the reducing spots which reacts rapidly with l3'I. 
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4.3.5.4. RADIO PAPER ELECTROPHORESIS 

In paper electrophoresis the migration of charged particles under the effect of an electric 
field is utilized to achieve separation. Generally a high field strength (50 V/cm) is used; thus 
the duration of the run is much shorter and a sharper separation is ensured; the higher 
Joule heat should be removed. 

Radio-electrophorograrns can be evaluated by autoradiography (Section 7.6) or 
radiometrically (Section 4.3.5.3). 

Practical applications. The method is used both in inorganic and organic analyses. A 
few interesting applications are as follows: very rapid separation of short half-life 
radioactive isotopes; the separation of a minimal amount of a daughter element from the 
irradiated target; separation of transuranium elements; separation of fission products 
from each other; investigation of radiochemical impurities in radioactive preparations 
used in medicine; the study of incorporation of "P in individual phosphate components of 
haemolysates of red blood corpuscles; the investigation of bonding of 13'1 and 1 3 1 1 -  

labelled thyroxine and triiodothyronine to proteins. The electrophoretic technique is 
especially advantageous for the separation of proteins. 

13'Cs and 13'"Ba can be separated from each other within 30 s by high voltage paper 
electrophoresis. The time of separation is shorter and its efficiency higher if the two 
components of a given mixture travel in opposite directions. This can be ensii~ed by 
appropriate complexing electrolytes, e.g., by EDTA. The end-products of the following 
nuclear reactions have been separated with high eficiency, in a carrier-free state: 

P ' 7cEr(n, ?)' 7 1  Er----+ "Tm, etc. 

The ratio of irradiated and isolated amounts of substances is lo8: 1. 
I, and 10, may form from carrier-free Na13'I during storage. Iodine in various states 

of oxidation can be readily detected by paper electrophoresis. The method is suitable for 
the detection of the Hg2+ ion content of organic mercury preparations labelled with 

2 0 3  19'Hg or Hg, of Cr3+ impurities in Na,51Cr0,, the iodide ion content of 
l 3  'I-thyroxine, etc. 

4.3.5.5. FOCUSSING PAPER ELECTROPHORESIS 

Focussing paper electrophoresis is suitable for separation of amounts as little as a few 
micrograms. The scheme of an apparatus is shown in Fig. 4.47. 

The cathode vessel contains a Bm - complexing anionic solution, e.g., NTA, EDTA, 
giving a negatively charged complex with the metal ion; the mode vessel contains an acid 
solution decomposing the complex, e.g., HCI, HNO,. The two vessels are connected by a 
paper strip cooled in a stirred carbon tetrachloride bath. Before inserting the paper strip 
into the vessels, one half of it is wetted by the anodic solution, the other by the cathodic 
solution, so that the whole strip be wetted by one or the other of the electrolytes. Switching 
about 500 V direct voltage on the electrodes, H 3 0 +  and Bm- ions travel toward each 
other on the paper strip and react with each other. As a result, a pH-p, gradient is formed 
on the paper strip, similar to the titration curve of the complexing agent by a strong acid. 
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Fig. 4.47. Scheme of apparatus used for focussing paper electrophoresis 

The metal ion is present on the anodic section of the paper strip in the form of M n +  
cations, on the cathodic section, in turn, as a complex anion. The electric field causes these 
ions to travel toward each other; at a certain pH-p,  value, the resulting movement is zero. 
Here is the so-called focus. Its location on the paper strip is determined mainly by the 
stability constant of the metal complex. If more than one metal ion is prese~t  in the 
solution, each of them forming complexes of various stability with the ligand, each metal 
will appear In a well-defined focus. The more stable the complex, the nearer the focus to the 
anode. 

Practical applicutions. The method can be used for separating trace impurities in 
destructive activation analysis if the bulk of the matrix coulJ previously be separated from 
the impurities. I t  is possible to separate fission prod!icts, natural radioactive substances, 
241 Am and 242Cm from the rare earth metal carrier, etc. 

4.3.5.6. RADIO THIN-LAYER CHROMATOGRAFHY 

The advantage of thin-layer chromatography (TLC) as compared to paper chro- 
matography is that the similarly small amounts of substances can be separated within 
much shorter periods (10-30min); a fwther advantage is that the spots or lines are 
separated from one another much more sharply. Thin-layer chromatography can be used 
both for analytical and micropreparative purposes. 

Radio thin-layer chromatography is suitable for measuring low activities, as well as for 
operations with soft 8-emitters. The most generally used isotopes are as follows: 3H, 14C, 
32P, 35S, 1 2 5 ~ ,  j3'I. The conditions of separation are the same with radioactive substances 
as with inactive ones; evaluation, in turn, can be carried out by autoradiography or 
radiometry (see Sections 7.6 and 4.3.5.3, respectively). 

Autoradioyraphic evaluation. A "No-Screen Medical X-ray Safety Film" grade is used 
usually for autoradiography (see Section 7.6); this film has a very sensitive emulsion. A 
good contact should be ensured between the film and the thin-layer chromatogram. 
Traces of solvents have to be removed carefully and reducing spots must be absent on the 
chromatogram. It is advantageous to coat the plate by silica gel mixed with anthracene if 
the chromatogram is run with 3H-labelled compounds. These 'tfluorograms" are very 
sensitive, especially at lower temperatures. 

Radiometric evaluation. If the position of the spot is known, the determination can be 
carried out by removing it, followed by the elution of the radioactive substance with an 
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appropriate soivent and measurement of the activity of this solution. It is advantageous to 
apply the liquid scintillation technique for measuring sofc p-emitters. Several scintillators 
can be used as eluting agents, too. If the material of the removed spot is mixed to a liquid 
scintillator, the radioactivity of this suspension can be measured. Alternatively, the 
developed chromatogram is sprayed with aqueous polyvinyl propionate. After drying, the 
th in  layer adheres to the thin plastic film and can be removed from the glass plate. Then the 
other side of the thin layer can also be sprayed and the radiometric evaluation carried out. 
This process is suitable for isotopes emitting harder radiation. Devices suitable for the 
direct quantitative evaluation of radio thin-layer chromatograms are available commerci- 
ally. Some devices designed for the evaluation of radio paper chromatograms have been 
adapted for evaluating thin-layer chromatograms, too. 

The sensitivity of the method with a given radioactive isotope depends on the detector; 
open methane flow-through proportional counters have the highest efficiency and are 
suitable aiso for the measurement of 3H. The accuracy of the measurement and the 
resolving power of the apparatus depend on the rate of movement of the plate and on the 
width of the slit of the detector. On well-designed devices these two parameters are 
adjustable. 

Practical applications. It is possible to apply onto the thin !ayer a radioactive mixture, 
i.e., labelled substances, to use the isotopic dilution method, or to prepare a radioactive 
derivative by means of an appropriate reagent. An  inactive mixture may also be run and 
the ready chromatogram is then treated with a radioactive reagent. 

Thin-layer chromatcgraphy has been app!ied in inorganic analysis for the separation 
of several radioactive cations. It is widely used in organic analysis to separate labelled 
compounds of the most various structures especially for the elucidation of biochemical, 
pharmacological and toxicoloyicul problems; it is also used to check the purity of 
pilurrnaceuticul and diagnostic preparations. 

4.3.5.7. RADIO GAS CHROMATOGRAPHY 

Radio gas chromatography is applied first of all for the separation and determination 
of 3H- and "C-labelled compounds. The technique of the method differs from inactive gas 
chromaiography only in that the radioactivity of gases or vapours leaving the column is 
also monitored by an appropriate radioactivity detector. For separation, the elution 
method is used almost exclusively. 

Batch type analvsis is carried out, in general, with low specific activities. In this method, 
individual fractions leaving the column are trapped separately, e.g., in traps cooled by dry 
ice or liquid nitrogen, or by adsorption on activated carbon or molecular sieves of the 
proper pore size. 

Radioactive isotopes emitting hard a- or y-radiation are detected by a GM-tube or by 
a NaI(T1) scintillator; for monitoring soft 8-emitters such as 3H and 14C, the vapours 
leaving :he column are condensed, e.g., over anthracene crystals coated with silicon oil. 
The separated traction is dissoi\ed in thc siiicon oil, its radioactivity may be measured by a 
scintillation spectrometer. A gas fraction collecting adapter is available, for special liquid 
scintillation spectrometer. 

In the case of continuous monitoring, the radioactivity detector is connected after one of 
the usual gas chromatographic detectors. The latter measures all components, the former 
labelled compounds only. The two measurements occur in a parallel way; signals are 
recorded by two synchronized recorders. 



The properties of the radioactive radiation and the experimental conditions of gas 
chromatography must be considered together in determining the type of radioactivity 
detector to be used, Hard 8- or y-radiations can be monitored in the effluent by a GM-tube 
c r  by a well-type NaI(T1) scintillation detector. Ionization chambers, gas flow-through 
proportional counters, liquid or plastic scintillators can be used for measuring the activity 
of soft b-emitters (3H, 14C). 

Gasflow-through proportionul counters have an efficiency of IOU& for '"C and 60';, for 
3H with a sensitivity of 4-40 Bq (0.1-1 nCi). Methane gas ensures an excellent counting 
eficiency, but it is disadvantageous in view of the sensitivity-of the gas chromatographic 
detector and may deteriorate, in general, the whole chromatographic system. The usuil 
carrier gases such as H,, He and Ar are disadvantageous for the counting efficiency. An 
appropriate mixture of the counting and carrier gases is used, as a rule. It is advisable that 
the radioactive component should have as long a time of residence in the radioactivity 
detector as possible. This time is determined by the volume of the detector and the flow 
rate of the carrier gas. Elution should be effected with low gas volumes in order to get a 
significant signal as compared with the background noise. 

The specific activity can be determined from thc ratio of the peaks on the mass 
chromatogram and the radiochromatogram, comparing this ratio with a standard. The 
position and the shape of the two peaks help to identify the radioactive substances and 
their purity can be checked. If traces of radioactive impurities are present, they may distort 
the peak on the radiochromatogram as compared with the mass chromatogram. 

The method of burning has some advantages over the direct activity measurement of the 
effluent. Organic substances leaving the chromatographic column are burned to give 
carbon dioxide and water; the latter is reduced to hydrogen gas and the activities of 14C0, 
and 3H are then measured separately or simultaneously. For this the apparatus need be 
calibrated for two gases only, the most suitable radioactivity detector can be applied, etc. 

Pructical applications. Radio gas chromatography is suitable for yus analysis, e.g., it is 
possible to distinguish hydrogen gases of different isotopic composition. Other 
applications are the separation of artificial radionuclides obtained by activation with 
neutrons or charged particles, the analysis of hydrocarbons labelled with 3H and/or 14C 

Fig. 4.48. Radio gas chromatogram of an irradiated equirnolar CCI,-C,H,Cl system 
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(Figure 4.48), purity control of labelled compounds, the preparation of labelled, mainly 
organic compounds. It can be used advantageously in hot atom chemistry as a method of 
separation, especially for the isolation of short-lived radioactive isotopes. 

4.3.6. ISOTOPIC EXCHANGE REACTIONS 

Isotopic exchange reactions (see also Sections 3.6.2.1 and 3.8.2) are exclusively 
radiochemical methods; they have no inactive analogies. They can be used first of all as 
rapid separation processes in destructive activation analysis, but independent analytical 
procedures have also been developed for trace determinations on the basis of isotopic 
exchange. 

Every reaction is called isotopic exchange reaction where different isotopes of a given 
element are exchanged between two or more states of the element, being in equilibrium 
apart from isotopic distribution, e.g.,: 

Different states may mean different physico-chemical states, different molecules of 
different types of bonds. 

Heterogeneous isotopic exchange reactions are suitable for separation: amalgam 
exchange, precipitate exchange and isotopic exchange on ion exchange resins. 

The general equation for amalgam exchange is as follows: 

where MO(Hg) is the appropriate inactive liquid amalgam and *My$) denotes the 
radioactive isotope in the aqueous phase. When shaken, the radioactive isotope goes from 
the solution to the amalgam, e.g., 65ZnZ+ ions into the zinc amalgam. If a carrier-free 
radioactive isotope is to be separated, the ratio of inactive to active atoms can be as high as 
1 O6 : 1; this makes possible a very high efficiency. Amalgam exchange takes place within a 
few minutes, it is rather selective and--even though it is not always quantitative-it is 
useful because of its simplicity and rapidity, especially in the separation of short-lived 
radioactive isotopes. If the task is more complicated than to separate disturbing metals 
and also includes the determination of the metal incorporated into the amalgam, then, 
after the exchange, the radioactive isotope is displaced from the isolated amalgam by an 
inactive solution containing the same of foreign ions. Amalgam exchange processes have 
been developed first of all for the radiochemicaf separation of Bi, Cd, Ga, TI and Zn. Active 
Hg(I1) ions can also be bound by metallic mercury even if the mercury is present as a 
complex in the solution. 

Ionic precipitations can be used to advantage in several cases to bind radioactive trace 
elements from their ionic solutions. Binding is the result of various processes such as 
i w w p i r :  o . \ c h l t g e ,  ddbu;p~;u,l, ;LUX reaction, ion exchange or selective sorption. Some 
examples are the following: the reaction between silver chloride precipitate and silver ions 
can be used to separate silver; the exchange between silver iodide precipitate and iodide 
ions is suitable for the isolation of iodides; strontium can be separated by means of 
strontium sulphate o r  oxalate, antimony by antimony trioxide, tin by tin dioxide hydrate. 
By using metal sulphide precipitates corresponding to the order of the solubility products, 
it is possible to separate the corresponding radioactive isotopes from the solution. Among- 
others, the separation of 203Hg2 +, 65Zn2+ and 24Nat is possible as follows: the strongly 
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acidic solution is passed first through a HgS precipitate which binds radioactive mercury; 
the acidity is diminished and the radioactive zinc is isolated by ZnS; disturbing radioactive 
sodium remains in the solution. Radioactive ions present in trace amounts are practically 
totally bound by the relatively high amounts of inactive precipitates. 

Theflow-through technique is advantageous for carrying out these reactions rapidly; a 
small filtration crucible required for this purpose is depicted in Fig. 4.49. By measuring the 
activity of the separated precipltutes, it is possible to detcrnline the amount of impurity in 
question when simultaneouslp irradiated standards are also used. I f  biological substances 
;;s activate2 .., . ~ ~ u l n l a i  nruLr~)ns, the acuvity originating from 24Na is, as a rule, very 
disturbing. T h ~ s  can be bound by hydrated antimony pentoxide (HAP) used as a 
chromatographic column through which a strongly acidic solution is passed. 

lon exchange resins can also be used as a solid phase for separating a radioactive 
matrix element irom radioactive trace elements. If the resin binds the matrix element 
selectively, then the solution is passed after destruction through a column containing the 
ion exchanger in the form of the matrix element; the breakthrough of the radioactive 
matrix element is delayed owing to isotopic exchange, whereas radioactive trace elements 
are readily eluted from the column. 

Heterogeneous isotopic exchange between u solution und u yus, between metal 
components in an aqueous and un organic solution can also be applied for analytical 
purposes. The exchange reaction between mercury(I1) ions in acidic aqueous phase and 
mercury di(n-butylthiophosphate) in carbon tetrachloride can be utilized for the 
determination of small amounts of mercury (10- '-10 g); the tracer is lo3Hg. Similarly. 
mercury can be determined in biological samples (urine, tissues) by addlng a 203H g + 

solution to the sample, binding the mercury by cysteine and leading mercury vapour 
through the solution. Isotopic exchange leads to the appearance of radioactive mercury in 
the vapour phase, and this can be monitored continuously. The half-life of the exchange 
reaction (t,,,) is proportional to the mercury concentration of the aqueous phase: 

where V is the volume of the solution, cm3; v, the rate of flow of the mercury vapour, 
pg/min; c,,,,, the mercury concentration of the aqueous phase, pg/cm3. 

Glass ring 

Precipi tote 
Perforated glass plate 

Glass funnel 

Fig. 4.49. Filtration crucible for isotopic exchange 
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Isotopic exchange in the homogeneous phase can be used for analytical purposes only if 
one of the components can be separated after the exchange equilibrium has been 
established. According to one of the processes developed for the determination of micro- 
quantities of iodine, an iodide solution labelled with carrier-free I3'I is allowed to react 
with methyl iodide, then, after an hour, methyl iodide is removed by heating The activity 
of the remainder dissolved in acetone is measwed: 

where c, is the unknown amount of iodide to be determined, mol; c, means the molar 
concentration of the methyl iodide solution; A. arld A, are the activity of the sample to be 
investigated and that of the remainder, respectively. 

The rapid exchange reaction between the chelate complex and the simple coordination 
complex of a metal in organic phase can be utilized for the determination of traces of metal. 
The two types of complex can be readily separated: simple coordination complexes can be 
transferred into the aqueous phase by a slightly acidic washing. The specific activity of the 
metal in the two complexes is the same after the isotopic equilibrium has been attained: 

where A, and A, are the activities of the phases containing the metal chelate and the 
coordination complex, respectively; m, and m2 are the corresponding amounts of metal in 
the two types of complex. 

The principle can be used for determination of traces of bismuth. Bismuth is extracted 
from tke sample to be investigated into diethyl dithiocarbamate in carbon tetrachloride, 
the excess reagent is removed by alkaline washing, then the solution of the chelate complex 
in carbon tetrachloride is shaken with a known amount of "OBi (RaE)-labelled [HBiI,] 
complex dissolved in amyl acetate. The two solvents are miscible. After the exchange 
equilibrium has been established, the [HBiI,] complex is transferred in to the aqueous 
phase by an acetate-acetic acid buffer of pH 4 and the radioactivity is measured in the 
organic and the aqueous phase. 

Traces of other metals can be determined according to the same principle. 
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5. NUCLEAR BOREHOLE GEOPHYSICS 

Well logging (horehole geophysics! includes varic,us ph) sical and ;:h j sico-chemical 
measurements and techniques applied ir, drilled holc~s for the determination of different 
properties of the penetrated rocks. the  conditions of the well. etc. Well logging is carricd 
out with a sonde containing tr,tnsmitter-receiver pairs; the sonde is lowered into the 
borehole using a logging cable of appropriate breaking strength and electrical insulation. 

Nuclear logging is a branch of well logging that is of great importance in mining for oil, 
coal and ores as well as in the exploration of water The main advantages of nuclear 
methods can be summarized as follows: 
- they give information even on the chemical composition of the rocks penetrated by 

the hole, whereas this property is inaccescible to most other logging methods; 
- they can be applied in cased holes and in wells drilled by uslng non-conductivc 

drilling fluids. 
Their disaduantayes are: 
- their limited radius of investigation; 
- their application tends to be labouv-consuming in comparison to other logging 

mcthods; 
- their response is strongly influenced by statistical fluctuations; 
- a quantitative interpretation of the measurement results is complicated and not 

easily understandable; 
- extreme carc nezds to be exercised in view of the possibility of radiation hazard. 
The principal design of the instruments applied to nuclear logging is generally the same 

as that used in other fields of isotope techniques (Section 2. I) ,  though obviously the way 
they are constructed differs. 

The most important peculiarities of nuclear logging instruments are as follows: 
- the detectors are operated at a considerable distance (up to several kilometres) from 

the recording equipment; thus, the transmission of the signal is by no means perfect; 
- only a limited number (1-7) of conductors are available for power supply, control of 

the sonde, and transmission of the detected signal; 
- the sondes need to be able to withstand severe operating conditions, viz. a 

temperature of 250-300 "C pressures of 120-160 MPa (1200-1600 bar); 
- the dimensions of borehole instruments are limited; 2tandard logging tools have 

diameters of 65-90 mm, but considerable benefit would be gained by their reduction to a 
range of, say, 24-40 mm. 

During logging, the sondes, which contain detectors, an electronic cartridge (high 
voltage power supply, amplifier, etc.) and a suitable radiation source (Fig. 5.1.), are 
lowered into the borehole using a cable of $80 kN breaking strength which is spooled off 
and on by a truck-mounted winch. 

The detected signals are transmitted through the cable to a suitable surface panel 
where, after having been amplified, selected, or unified and integrated, they are finally 
recorded as a function of the depth. 

Earlier, GMcounters were exclusively used in well logging for detecting y-photons but 
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4 Drilling rig 

Logging unit 

I t 

Fig. 5.1. Principal s h r m c  of well :egging methods 

now, in boreholes with a bottom temperature not higher than 200 "C, scintillation 
detectors are more commonly used. Scintillation detectors have been found to be the most 
suitable for detecting neutrons but helium proportional counters are also gaining in 
importance. Semi-conductor detectors have been app!ied (in through-turbing instru- 
ments) but maidy for studying slim holes. 

In well-logging practice, the nuclear methods can be divided into three main groups: 
-- mpasurement of natural radioactivity; 
- detection of radiation induced by outer; 
- isotope trucrr techniques used in borehoies. These groups could be subdivided even 

further in accordance with the emitted and detected radiation (Table 5.1). 
According to the purpose and conditions of application these measurements can be 

grouped as erploratiorz logging, production logging, or open hole and cased hole logging. 
The methods will be discussed here in accordance with the system presented in Table 

5.1; reference will be made to the field and the way the methods are applied. 

5.1. NATURAL 7-RAY LOGGING 

The medsurement of natural y-radiation along the borehole, is called natural y-ray 
logging. Two types of this method can be distinguished, namely 

; < ) ~ L J :  . : ~ ; i n .~ i t j~  n;c.:l.surcment (independent of energy) is called natural y-ray logging 
or, in brief, ;:-logging (symbol: GR); 
- energy selective measurement which is also known as y-ray spectral logging (more 

exactly, natural y-ray spectral logging). 
The radioactrvity of rocks results from radioactive elements accumulated in them; such 

elements are uranium, thorium as well as the products of their disintegration, and 
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potassium. When radioactive isotopes disintegrate, a-, /?- and y-radiation is emitted, but 
only g-radiation has the ability to penetrate the media so that it can be detected under 
borehole conditions. 

In the decay of some isotopes neutron emission can also occur; its detection, however, 
has not become widely used because of the accompanying y-radiation. 

5.1.1. GEOCHEMICAL CHARACTERISTICS O F  ROCKS 

Uranium (238U) is present in nature in both tetra-valent and hexa-valent forms. It has 
an amphoteric character, i.e., it forms uranates and diuranates in alkaline media; these 
products hardly dissolve in water. 

Radium (226Ra), when reacted with acids, produces salts such as carbonates and 
sulphates which are almost insoluble, as well as halides and nitrates which easily dissolve 
in water. It does not form minerals itself, but occurs generally in a dispersed form. 

Table 5.2. Radioactive material content 
(a) Igneous rocks 

Acidic 1.40 
Neutral 0.5 1 
Basic 0.38 
Ultrabasic 0.20 

Rock 

(b) Sedimentary rocks 

-- -- -- -- 

Radioactive elements, kg/kg 

Shale 
Limestone 
Dolomite 
Sandstone 

Ra, 10-12 

Rock 

Thorium (232Th) is always a tetra-valent element and it can commonly be found in 
nature in the form of insoluble oxides, silicates (e.g., thorite) and of complex salts (e.g., 
monazite). 

Potassium (40K) is present in the majority of minerals (feldspars, micas, glauconite, etc.) 
although generally in small quantities. In sedimentary rocks, mostly in shales, besides the 
chemically bonded potassium, the amount of adsorbed potassium is also significant. 

The specific natural g-radioactivity of a rock, which is generally measured in Bq/kg or 
10- l 2  g Ra-equ/g, is determined by the amount of the radioactive isotopes accumulated in 
them. Since the main radioactive elements occur in various forms of minerals, the 
radioactivity may change even within the same minerals. 

Table 5.2 shows the radioactive material content of some igneous (a) and sedimentary 
(b) rocks. Figure 5.2 gives an overview of the radioactivity of different minerals. 

U, I Th, 

Radioactive elements, kgkg 

K, l o -2  

U, 
I 
I Th, K, 



Fig. 5.2. Radioactivity of some rock-foming minerals 

5.1.2. THEORY OF THE METHOD 

The data obtained in well logging are influenced by many factors; because of this, an 
:xact mathematical-analytical solution of the problem has not been found for the general 
case. In a system of cylindrical symmetry, commonly used in borehole geophysics, the 
problem can be described by an exponential integral equation whose numerical solution 
leads to the conclusions necessary for us (Sections 5.3 and 5.4). 

Figure 5.3 shows relative y-ray curves, obtained with theoretical calculations, based on 
a system of cylindrical symmetry, for beds of thickness h, penetrated by a borehole of 
diameter do. The following conclusions can be drawn from the figure: 
- the value of the anomalies observed in certain beds is dependent on the thickness of 

each bed; 
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Fig. 5.3. Configuration of I,,,, curves against layers of different thickness. - Point detector; - - - - 
Detector of 40 cm length 

Fiy. 5.4. Relationship between apparent thickness h* and true thickness h. Point detector; - -- - - 

Detector of 40 cm length 

Fig. 5.5. Variations of I,,, , deflection at different running speeds (time constant ti = 6 s); (direction of running 
marked with an arrow); speed I = 0 m/h; sped 2 = 300 m/h; speed 3 = 600 m/h; speed 4 = 900 m/h 
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- the boundaries of thick beds should be located at the half-values of the intensity 
maxima; those of thinner beds shift towards the intensity-maximum values. The distortion 
is shown in Fig. 5.4. 

Although the above equations were derived assuming that the measurements are 
performed with a stationary instrument, in practical use, the sonde is run at  a speed of 50- 
900 m/h up-hole. The movement of the sonde causes distortions on the curves, in accordance 
with the integration time constant of the recorder (Section 2.1.4). The measure of 
distortion can be calculated on the basis of Kirchhoff's rules; curves derived in this way are 
shown in Fig. 5.5. As seen in the Figure, with increasing running speed the indication 
becomes deformed and is shifted in the direction of movement of the sonde. Figure 5.6 
presents correction charts necessary for routine work. 

The area-method is generally used in ore mining where the thickness of beds is small; 
the reason for this is that the correction of the apparent values using the diagram in Fig. 5.5 
would lead to inaccurate results, Ifit is assumed that the density of the bed studied and that 
of the adjacent formations are the same, the following equation can be written for the area 
below the recorded anomaly: 

where S is the area of.the recorded anomaly (Fig. 5.7); his the thickness of the bed; I,,,, (z) 
and I,,,, (z) are relative dose rates observed against the actual formation and at a point (z) 
outside the formation. Making the proper substitution and finding the integral function 
we get S = I,,, , h (5.2) 

Whenever S and h are known, the true activity of the bed can be determined. 

Fiy. 5.7. An aid to bed-thickness correction 

5.1.3. INTERPRETATION OF NATURAL ;,-RAY LOGS 

The purpose of interpretation is to locate the formation homdaries. to divide the 
. . 

formation into homogeneous zones and to determine thc naiurdi ; - : ;~ . ! l t l . r ; t !~  I * !  ;lnd the 
content of radioactive matter of each bed. In geophysical practice, :he latter q~i~;:,-;. i.: 
generally given in units of N Ra equ/MN (for example. pGq 's. Bq'kg. or u R  h). 

In the United States the logging service companies use API (American Petroleum 
Institute) standard units so that the logs can easily be compared. The "API Gamma R~i4  
Unit" was determined in test-pit at the University of Houston and this represents a two- 
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Table 53. Units of transformation for natural pray logging 

Schlumberger 

Service Company 

Lane Wells 1 arbitrary unit 2.16 

PGAC (Pan Geo Atlas Co.) 70 nA/kg (1 R/h)  15.0 

Company standards 

hundredth part of the difference between the values measured at two different sections of 
the model. Re-calibration of the logs can be made on the basis of Table 5.3. 

Proper quantitati~e interprctation requires well calibrated instruments. Calibration is 
carried out with the aid of a point-source located at different distances from the instrument 
or in a culibrution pit. The logging speed and the time-constant of the instrument-as far as 
the statistical fluctuation effect is concerned-should be adequately controlled. 

If E is the permissible error and &,, is an average count rate, the integration time 
constant can be given by the equation: 

API units 

If the time-constant and the minimum bed thickness are known, the maximum permissible 
value of the running speed can be given by 

where v is the logging speed, m/h; t is the time-constant of integration, s; h,,, is the 
thickness of the thinnest bed, m; a is the length of the y-detector, m; b is a constant whose 
value is about 2-3. 

The first step of interpretation is the determination of the measure of statistical 
fluctuations. In the classical interpretation, this means the estimation of the probability 
level of fluctuations. With the use of a computer, however, even some type offiltering may 
be carried out. 

The next step is the correction of the logs according to the following parameters: 
- thickness of the bed; 
- logging speed and time constant; 
- borehole diameter and tool excentricity; 
- mud density and radioactivity of the borehole fluid; 
- features of casing and cement-sheath. 
The boundary ofthe bed has to be marked out at the half-value of the deflection for a 

formation having a thickness of higher than 1 metre and at four-fifths of the deflection in 
the case of thinner beds. If necessary (if vt, > 1 S O ) ,  the correction for bed-thickness should 
be made using Fig. 5.6. The nomogram in this Figure allows a correction for the effects 
of logging speed and timeconstant. 

The correction related to the diameter of the hole depends on the type of borehole tool. 
This kind of correction chart is shown in Fig. 5.8, for tools of large diameter (a) and small 
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diameter (b). The position of the sonde in the borehole is not an unimportant point either. 
The radioactivity measured by a detector located at the hole-axis decreases to the activity 
level of the mud on increasing the hole diameter; on the other hand, with the detector 
moving along the hole-wall the arithmetic mean value of radioactivity of the rock and the 
mud will be approached (Fig. 5.9). 

The influence of sonde excentricity is a function of hole diameter too; for this reason, 
when quantitative evaluation is made, the correction on ihese two parameters should be 
performed simu1taneously, as seen in Fig. 5.10, where 

dm is the diameter of the tool, cm. 

ia 
1800 

(b) 

1600 1800 
3 1600 

1 LOO 
1300 

1400 

1200 
1300 

- 2  1100 -2 
C 1000 c 

1M 
1000 

1 1 

0 0 
20 30 LO 50 20 3 0 LO 50 

Borehole diameter, cm Borehole diameter. cm 

F i g .  5.8. Diagram to correct borehole diameter (q,)  as a function of mud density (parameter of curves). (a) - 
90 mm; (b) - 60 mm 

Borehole diameter, cm 

F i g .  5.9. I,,,., values as a function of detector position. 1 - With a centralized tool in the hole-axis; 2 - With a 
tool forced against the wall of the borehole 

I 
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A d ,  cm A d .  cm 

Fig. 5.10. Diagram to correct the effect of Ad,  the difference in diameters of hole and sonde, mud 
activity of mud ( a )  

weight ( Q J  and 

When using Fig. 5.10 the radioactivity of the mud must be known which has, however, 
quite often been neglected even by experts in the field; this is determined from the 
expression: 
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where a is the specific radioactivity of the mud, a,,,, is the specific radioactivity of the clay 
used to make the mud, @,,,, is the porosity of the clay, c,,,, is the volumetric clay content of 
the mud, kg. 

When y-ray log is runin a cemented casing, the absorbing effect of the casing and the 
cement must also be taken into account. The nomogram in Fig. 5.1 1 is provided for this 
purpose. 

5.1.4. APPLICATION O F  THE y-RAY METHOD 

Among the applications of general interest, the most important ones are: 
- Identification of geological sections, locating the boundaries of formations, selecting 

marker-la yers. 
- Finding correlations between wells. An advantage of the y-ray method as compared 

to other procedures is that it can be used even in cased holes and its indication is not 
influenced by the fluid content of formations (water, oil, gas), the salinity of formation 
water and borehole fluid, and, moreover, it can be used for logging in non-conductive mud 
and empty holes. Its drawback lies in the fact that the statistical fluctuations can obscure 
fine details. 
- Studies on lithology; preparation of radioactivity maps. In oil and gas mining, this 

method makes it possible to reconstruct paleogeographical and sedimentary conditions. 
- Base or reference logging. In tracer techniques, base (reference) logs are of great 

importance. Their usage allows a great reduction in the quantity of isotopes needed and 
thus even minor deviations can be detected. 

In oil and gas mining, the y-ray log is used mainly for the following purposes: 
- Shale content determination in the formations penetrated by the hole. The principle 

of the method is based on the fact that the radiation intensity of sandstones is much lower 
than that of shales (see Table 5.2). 

It is not an absolute but a relative method which uses the relationship 

p = O  
- I r e l y  - re ly  

A L l Y  - I"= LOO p = O  
r e l y  re ly  

where Ife;,? and are the relative intensities of clean sand and clay, respectively. 
The actual relationship between the above AIrely and the shaliness of formations must 

be determined separately in each area. 
- Permeability and productivity estimations. The method to be followed is nearly the 

same as that used in the procedure of shaliness determination. 
- In coal-mining y-ray measurements have an important role in locating coal-layers. 

The effectiveness of the method strongly depends on the radioactivity of adjacent 
formations. This is illustrated in Fig. 5.12 where curves from two different coaI basins are 
shown. As seen in the Figure in one of the curves (case a) the coal layer is easy to locate 
using a y-ray log, whereas it is inapplicable in the other case (b). 
- I n  the exploration of radioactive ores, pray logging is the most important method. 

In an infinitely thick bed, the y-log response is directly proportional to the uranium 
(radium) content of the layer (c): 
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*re1 1 I re1 1 
0 200 LOO 600 0 200 LOO 600 8 

Fig. 5.12. Detection of coal beds using ;.-ray log. I - Conglomerale; 2 - Sandstone; 3 - Silt; 4 - Shale; 5 - 
Coal 

where k is aconstant to be determined for each instrument. Substituting Eq. (5.2) into (5.7), 
we get 

S 
c= - x 0.01% uranium 

k h 

Equation (5.8) serves only as an illustration of the possibility how, in principle, the 
uranium content could be determined. In practice, a number of different factors must be 
taken into consideration (e.g., thorium content, radioactive disequilibrium). 
- Potassium deposits can be distinguished very well from salt and anhydrite on the 

basis of pray logs because the latter's radioactivity is the smallest among those of the 
rocks. To determine the potassium content, a relationship analogous to Eq. (5.8) is used. 
As a disturbing factor, borehole enlargement ,must be mentioned. 

5.1.5. NATURAL pSPECTROSCOPY 

y-Spectroscopy is a more advanced version of natural y-logging. In a number of 
applications y-spectroscopy may give extra information on the structure and mineral 

E composition of formations on the basis of the characteristic spectra of their radioactive 
components.-Two groups of borehole spectrometers have been developed: 

Total spectrum borehole spectrometers, single- or multichannel type instruments, 
designed for point-by-point measurements. Their application is rather labour-consuming 
and is, therefore, limited to special cases only. 

Energy-selective borehole spectrometers (equipped generally with 2-4 channels) 
produce continuous curves. Under borehole conditions, NaI(T1) scintillation detectors 
give the best results at the energy levels as follows: 
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40K : 1.46 MeV 

226Ra : 0.68 MeV 

232Th : 0.98 MeV 

The optimum gate-width is 0.2 MeV. In each case it is recommended that a background (b) 
curve also be recorded up to a maximum energy level of 3 MeV. The following 
relationships apply to each channel: 

Coefficients r,  B and y are determined by calibration using appropriately selected and 
well-defined materials; A values are estimated by extrapolation from an exponential noise 
measured up to an energy level of 3 MeV and using energy levels corresponding to Ra, Th 
and K gates. 

The main applications of ;,-spectroscopy are as follows: 
- e.uploration of'rudioactit.t. materials; 
- solution of general yeoloyical r.~ploration problems (study of a sedimentation, 

tectonic regions, correlation between "dumb zones", etc.). 
- determination of my clay minerals. 

5.2. METHODS USING 7-RADIATION SOURCES 

Several methods, although different in their physical principles. belmg to this group, 
their common features being the application of a sealed y-source (Section 1.4.2) and the 
fact that their operation is related to the interaction ofg-radiation with matter (see Section 
4.1). 

According to the detected radiurion two different methods can be distinguished: the y-;, 
method and the y-neutron method. The former can be subdivided further in accordance 
with the energy of the source and that of the detected radiation. 

5.2.1. y-y DENSITY LOGGING 

Whenever g-rays irradiate the formation rocks penetrated by a hole, scattered y- 
radiation is generated due to the Compton effect: its recording along the hole-axis is called 
g-y density logging, which is the most important y-met hod. In practice, it is known simply 
as 7-7 or density logging. 

The theory behind the method was developed using the diffusion equation used in 
neutron physics (Section 5.3). On the basis of this theory the following approximation can 
be derived for a homogeneous medium: 



NUCLEAR BOREHOLE GEOPHYSICS 

Fig. 5.13. y-7 Deflections 

1000 3000 5000 
Formation density, kg/m3 

function of formation densities; the parameter of the curve is the spacing 

where - - -- Ajs activity -_ __.__ __ of I the _- source, p the bulk density of the material, I _A- the distance A-1.- between 
source and detector, I., and I., ~ e ~ w ~ ~ e ~ s S o f  emitted and absorbed quanta, 
res@ctively, Lo is the total range of - a - quantum, - . --- -- referring to the average density, and q is a 
parameter d m - - o h '  - ..- source and - -- medium?- - 

Figure 5.13 shows a pldt of I,,,,, = f ( p )  calculated by Eq. (5.13). Note that the relative 
intensity decreases exponentially with the increase of formation bulk density; the rate of 
decrease is controlled by the sonde spacing. 

5.2.1.1. PROCEDURE AND INTERPRETATION 

It was concluded from theoretical and model studies that the radius ofinvestigation of 
the y -y  procedure is rather small. The basic formula is 

where R is the depth of investigation, i.e., that of radial penetration. I is the distance 
between source and detector, which is also called spacing. 

An increase in the spacing results in the improvement of the sensitivity of the method to 
density, and the range increases, as well (Fig. 5.1 3). However, the range will be limited by 
the intensity of the radiation source (5&75 GBq, 1.5-2 Ci). For this reason, in practice, a 
spacing is chosen not greater than 3&50 cm, the actual value depending on the hole- 
diameter and the density of formations, and so the investigation radius commonly 
achieved is only about 15 cm, when p is 2600 kg/m3. 

It should be borne in mind that the y-y method is strongly influenced by the 
intermediate zone (materials located between the detector and the rocks), by the roughness 
of the side-wall, as well as by the presence of mud cake. The latter is of particularly great 
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importance in oil mining, since mud cakes readily form on the sidewall against permeable 
beds. Care should be taken not to forget about the correction for the effect of mud cake; 
such correction factors are given in Fig. 5.14. 

The influence of the intermediate zone can be reduced by forcing the tool with springs 
against the wall of the hole. In this way the results may improve, however, in some cases 
deviations which cannot be corrected will persist because of micro-caverns. In order to 
eliminate these errors, a number of procedures are available: 
- The sonde pressed against the sidewall is equipped with a microcaliber which 

measures the clearance between the sonde and wall of the hole. This solution is simple and 
produces good results, but cannot be applied in the presence of mud cake, because of this i t  
is used only in ore-mining. 
- Logging with dual-spacing sonde. This procedure is complicated, but it has been 

proved to be suitable even in the case of holes drilled for the exploration of hydrocarbons. 
This method makes use of the different responses of the sondes with different spacings to 
changes in density (see Fig. 5.14). For the sake of better differentiation, the short-spaced 
(5-8 cm) sonde is designed in such a manner that it is affected predominantly by mud cake. 

Figures 5.15 (a) and (b), respectively, represent the conditions with both absence and in 
the presence of mud cake of 1500 kg/m3 density, in a formation density of 2500 kg/m3 
density; the general trend for different rocks is shown in Fig. 5.15 (c). If the density of the 
mud cake is known, the bulk density of the formation can unambiguously be determined 
even if the thickness of the intermediate zone is not known. This procedure, known as 
FDC (Formation Density Compensated), utilizes a small analogue computer mounted on 
the surface panel to calculate the density log from the two recorded curves. 

The dual radius method is based on another principle, however, using two detectors in a 
similar fashion. Here, the single-scattered quanta are detected since it has been verified 
that the ratio of the detector responses is not affected by the intermediate zone: 

where p, and pz are values of the linear absorption coefficient before and after collision, 
respectively, and u 
reach the detector 

and t. are the excess distances the 7-quanta have to travel before they 
located further, before and after collision, respectively. 

cm 

crn 

Thickness of mud 
cake, cm 

Fig. 5.14. y-y Indications as a function of thickness of mud cake in a limestone of 2400 kg/m3 density; the 
parameter of the curve is the spacing 
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- - 
o (a) (b l  ( c )  

Ire1 a.d (measured by short spaced tool) 

Fiy. 5.15. Interpretation of compensated ;+-;a log for a mud density of 1500 kg1m3. Thickness of mud ~ d k e :  I - 
1.9 cm; 2 - 1.27 cm; 3 - 0.64 cm. Formation density: q 

This method has a rather poor radius of investigation when used with sealed sources 
and it is, therefore, used only in ore-exploration. 

In the USSR, the sensitivity of this method to density has been successfully dmbled by 
applying a high-output (1 0' quantals) neutron-generator of 0.5 MeV energy. 

5.2.1.2. APPLICATION OF' THE METHOD 

The y-y method has two main fields of application: 
- determination of rock density; 
- solution of certain technical problems. 
g-y Logging is extensively used in oil- and gas-drilling and coal-mining for the 

determination offormation densities. but it has been also used in exploration for water and 
ores (in the latter case it is combined with a selective y-y method, as described in Section 
5.2.2). 

In the oil and gas industry, this method is of great importance, since it makes it possible 
to determine the porosity of formations. Porosity can be derived from the relationship: 

where O is the formation porosity, pis the average bulk density of the rock matrix, and pf is 
the density of the pore fluid and p, the density of rock-matrix. If the equation is 
rearranged, the following expression is obtained for the porosity: 

The rock-matrix and fluid density values are found in Table 5.4. The determination of 
porosity from density logging has the advantage over other methods in that it is not 
affected so strongly by shaliness. 
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Table 5.4. Rockmatrix and fluid densities 

Rock I Density, kg/m3 

Salt 
Gypsum 
Quartz 
Calcite 
Dolomite 
Anhydrite 
Sha!es 
Feldspars 

Petroleum 
Water 

In gas-bearing formations the residual gas content of the invaded zone makes the 
porosity calculation inaccurate, especially if the invasion is shallow; the density of gas 
ranges from 60 to 750 kg/m3. In combination with sonic or other logs the 7-7 method 
renders it possible to determine both the porosity and the gas content, simultaneously. 

In both hydrocarbon and coal mining, density logging is used for lithology 
determination. As seen from Table 5.4, in a carbonate formation limestone can effectively 
be distinguished from dolomite, and anhydrite from gypsum. An important point is that 
coal layers can be separated from the barren ones because the densities (Table 5.5) of 
various types of coal differ considerably from those of the barren rocks. Therefore, 7-7 
logging is an effective tool in coal mining. 

Table 5.5. Density of organic materials contained in various types of coal 

Rich coal 
Coal-coke 
Semi-anthracite 
Anthracite 

Grade of coal 

y-7 Logging gives the possibility not onij to locate the coal layers (Section 4.1.31, 
but also to determine the ash content. For an estimation of the ash content, among others, 
the following empirical formula is used 

Density of organic materials, kg/m3 

where p is the mean value of bulk density, p, is the density of the organic content, a is the 
percentage ash-content in coal, and S is the percentage sulphur content in coal. 

The nomogram shown in Fig. 5.16 was derived using a similar equation. In order to use 
this equation, one has to know the actual values of the ash density and the organic content 
density, from laboratory analysis. 

Since the densities of the ash components, SO, ,  A1703, CaO and MgO are nearly the 
same, i.e., about 3 160 kg/m3, the analysis of coals having a low ash content is not needed. 
In the case of highly sulphuric coals, the pyrite of 49OO kg/m3 density must also be taken 
into consideration. 



NUCLEAR BOREHOLE GEOPHYSICS 

Density of Ash= 4370 kglm3 
2000- 

C 

Ash content, % 

Fig. 5.16. Relationship between coal density and ash content: the parameter of the curves is the density of barren 
materials 

In recent years, the range of technical problems has considerably widened. In oil and 
gas producing wells, the measurement of thefluid-density as a function of depth has become 
of great significance. This procedure has proved very useful-among others-for locating 
the depth of water, oil or gas inflow (for two or three phase flows), for the determination of 
the bubble-point of the gas, etc. These measurements are carried out with strongly 
collimated beams of a y-source (generally 70Tm) and a collimated detector. Using a sonde 
of the appropriate design a closely linear relationship is found between the recorded curves 
and the bulk density. 

Fig. 5.1 7. Casing thickness and caliper logs. I - Casing brcak-oE 2 - Heavy corrosion on the casing 
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Fig. 5.18. Control times (1-6) 

The location of cement top and quality control of cement sheath beyond a casing is based 
on the shallow penetration range of the radiation. The y-beams which have passed 
through the casing reflect only the presence ofcement surrounding the pipe (the density of 
cement is about 1800 kg/m3; that of mud is much lower), however, owing to the small 
penetration range of radiation, the beams are not affected by the rocks. For the purpose of 
this measurement, various types of 3- and 4-channel rotating-detector systems have been 
developed. With the introduction of'sonic procedures, the importance of these methods 
has been very much reduced. 

Recently, for detecting the corrosion of the casing column and locating the perforation 
intervals (in old wells), a special type of y-y tool has been developed which uses very short 
spacing (6-8 cm) and a 75Se source with energy. of the order of 0.1 MeV. A typical log is 
shown in Fig. 5.17. 

The determination of the fluid level relating to artiJicial underground oil storage in salt 
domes, is an important task. In caves formed in salt blocks great amounts of oil products 
can be stored. which float on the saturated salty solution. This storage process is 
illustrated in Fig. 5.18 (see also Section 2.3.3). As seen from the data the indication changes 
markedly at the contact level formed between the petrol and the salt solution. 

5.2.2. SELECTIVE y-y METHOD 

The registration of the absorption ofphotoelectrons brought about by y-beams in hole- 
penetrated formations, along ure hole-axis, is known as selective y-y logging. This method 
strongly resembles the density logging used in coal and ore-mining. However,in contrast 
to density logging, where use is made of the Compton effect and, therefore, a relatively high 
energy y-source (> 1 MeV) is necessary, the present procedure works in the range of lower 
energies (75Se, li3Sn, 137Cs and 203Hg). It is used to obtain information on density as well 
as on the chemical composition of the matter studied-first of all on the presence of heavy 
elements (i.e., elements with high mass number). 

The principle of selective y-y logging is practically the same as that of density logging 
(see Section 5.2.1). The results obtained using Eq. 5.13, which has been justified 
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Lead content. % 

Fiy. 5.19. Relationship between spectral 7-7 log deflection and lead content of a rock; the parameter of the curve 
is the spacing 

experimentally. are shown in Fig. 5.19; note tha! the lead content of the rocks can also be 
derived from the selective y-;. log. The method has proven to be particularly effective when 
the materials to be explored differ from the surroundings in atomic numbers rather than in 
densities. The effective mass number of the rocks (d) can be obtained from the 
relationship 

r 

where c is the mass percentage of i-th component, .di is the mass-number of the i-th 
component, and n is the number of components. 

The mainfield of application of selective y-y logs is in coal- and ore-mining. In mining for 
coal it is used to determine the ush content of coal. The effective mass-number of the 
organic content in coals is about 6, independently of the quality of the coal, that of water is 
about 7.69 and that of the ash content ranges from 12 to 22. Once the ash material is 
known from laboratory analysis, a relationship can be set up between selective y-y 
intensity and ash content, so that the ash content can be determined (see Section 4.1.3). 

The following relationship is generally used: 

Lead. content, '10 

Fjg. 5.20. Quantitative determination of lead content using y-ray log. I - Selective y-y log; 2 - y-y log 
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Fiy. 5.2f. Determination of lead content in formations of different densities; the parameter of the curves is the 
percentage of lead content 

where and I:e,,,s, are the respective selective ;:-7 intensities measured in coal with 
known ash content and in that with no ash content (graphite); a is the ash content, %. 

When e.uploring for ores the percentage of lead or other ores can often directly be 
established using selective 7-'J logging provided that the density of the barren rocks is 
constant. I t  can be seen from Fig. 5.20 that the selective method shows a considerably 
higher sensitivity than that of the density log. 

When the barren density is not constant, it is a straightforward matter to use a 
combination of the two versions of the y-y procedure: this makes it possible to determine 
the ore grade accurately (Fig. 5.21). 

5.2.3. OTHER y-y METHODS 

Numerous experimental techniques are known that represent further developed 
versicns of the selective 2-7 methods or utilize physical phenomena related to y-radiations 
of energies not higher than 1 MeV (these radiations fall into the range of X-rays and the 
probability of the occurrence of Compton scattering can thus be neglected) or higher than 
2 MeV. 

The critical energy method using y-radiation with lower energy than I MeV, detects 
;:-quantum energies related to the intensity maximum of the scattered y-radiation. For 
elements having a mass number less than 50, the critical energy is in a well-defined 
relationship with the equivalent mass number of the rock. This is of adxwtage in coal- 
mining as well as in lithology determinations. 

The spectrum-ratio method consists of the recording of the scattered y ~ y  logs 
corresponding to two different energy intervals (40-90 keV and > 120 keV), the latter 
depending only on density and the former also on mass number. 

Spectral logging, The spectra of scattered y-rays render it possible to detect materials in 
which the binding energy of the K electrons of the constituent atoms is much higher than 
the average value such as Ba (37.4 keV), W (69.3 keV), Pb (87.7 keV) and Hg (89.8 keV). 
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0 50 100 150 200 250 300 
E,. keV 

Fig. 5.22. ?-spectrum oi scattered 7-radiation. I - In sand; 2 - In sand with W content as high as 0.V.; 3 - In 
sand with Pb content as high as 2:", 

Some spectra are shown in Fig. 5.72; at energies lower than the binding energy, a rapid 
decrease of intensity is observed. 

The critical energy, the spectrum-ratio and the spectral logging methods use 
scintillation detectors and 1540 GBq (0.5-1.0 Ci) '37Cs sources, i.e., the same as those 
used in the selective 7-7 method. 

y-X-ray logging is a new method in the exploration for ores and is based on the 
recording of characteristic X-rays generated by y-radiation (Section 4.1.4). The advantage 
of the method lies in the higher sensitivity compared with 7-;l spectrum logging, and can be 
applied to detecting elements with mass numbers higher than 40. Its drawback is that it 
has a low range of investigation depth (max. 1.5 cm) and requires rather complicated 
instrumentation. 

The Mossbauer effect is also based the X-ray fluorescence (Section 1.4.1.6), and 
represents a special version of y-7 logging. Its principle lies in the resonance absorption of 
radiation. Due to the very weak radiations involved, the investigation depth of the method 
is as low as 2-3 mm; it can therefore be used in empty holes only and even so a number of 
technical problems remain to be solved. The resolution of the method is fairly good; for 
instance, a tin content as low as 0.01"/, can still be detected. 

The X-ray drffusion procedure is characterized by the fact that it does not use a 
radioisotope for generating low energy (50 keV) primary radiation and that the secondary 
radiation detected is of very low energy (0.1-50 keV). The latter feature of the method gwes 
rise to great technical difficulties: the mud cake must be removed completely from the wall 
of the hole and, at the same time, the detectors equipped with minimum shielding, must be 
forced against the wall of the hole. 

Procedures using very high (higher than 3 MeV) energy y-radiation apply borehole 
accelerator sources (such as a betatron), because even the highest energy y-radiation 
provided by sealed 24Na sources is of an energy not higher than 2.76 MeV (see Section 
7. I .  1)- 

In the USA, a linear accelerator has been constructed that enables photons of 20-25 
MeV to be produced under borehole conditions. This achievement may give rise to rapid 
progress in high-energy y - y  and y-neutron procedures. 
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Tahle 5.6. Minimum quantity of materials which can be detected using photo-activation 

Barium 
Cadmium 
Gold 
Hafnium 
Indium 
Iridium 

Element 

100.0 Mercury 
1 .O Platinium 
2.3 Selenium 
0.25 Silver 
0.1 1 Strontium 
1.3 Yttrium 

Tahle 5.7. Activation properties of some rock-forming minerals 

Minimum quantity, mg Element Minimum quantity, mg 

12 s 0.44 
60s 0.4-1.61 
4.2 s 0.84 
2.3 s 1.78 

6.6 min 1.28-4.43 
2.6 s 1.27 

32.4 rnin 0.14-3.3 
7.7 min 2.1 

0.9 s 2.5 
9.0 min 0.37 
9.8 rnin 0.66-2.24 
38 min 0.67-2.9 
4.4 rnin 0.59-1.5 
24 rnin 0.51 

72 s 0.13-0.20 
6 s 0.83 

0.8 s 0.57-1.06 

Isotope to be 
activated 

The photo-activation method is based on the measurement of radioactivity of excited 
nuclear isomer nuclei generated by the inelastic (g-y) scattering of y-radiation (Section 
4.2.1.2). The method uses sources of high activity since the probability of interaction is low 
and will be effective only if relatively high energy (2-3 MeV) y-radiations are applied. It is 
of primary importance in the detection of heavy elements. The minimum masses that can 
be detected are shown in Table 5.6. 

y-Resonance logging is based on the elastic scattering of 7-radiation. It needs much 
higher energy radiation sources than the previous methods (e.g., y-y logging). The method 
is used for detecting light elements. 

Even though it is not yet commonly used in practice, y-activation analysis (Section 
4.2.1.2) seems to be fairly promising. It is based on the detection of isotopes of short half- 
life generated by high-energy (max. 30 MeV) y-radiation in (y, n) and (y, p) nuclear 
reactions. A significant feature of y-activation analysis is that both threshold- and 
resonance energy photoneutron- and photoproton-interactions are characteristic of the 
elements to be detected. The activation properties of the most easily detectable elements 
are summarized in Table 5.7. 

Percentage found 
in natural 
mixtures 

Energy of reaction, MeV Maximum 
cross-section 
of reaction at threshold at maximum yield 

Product 
of 

reaction 
Half-life 

Energy of 
7-quantum, 

MeV 
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5.2.4. 7-NEUTRON METHOD 

The method known as ;,-neutron or photo-neutron logging implies the recording of the 
neutron flux formed along the borehole as a result of (7, n) reactions brought about by the 
interaction of high energy p-radiation with the material of the formations penetrated by 
the borehole. This reaction (see ?-activation analysis in Section 5.2.3) takes place only 
when the radiation energy r x c e r i $  a threshold r v f u ~ .  Since in nature only the threshold 
energies of ----. beryllium - -- and deuterium (1.63 MeV and 2.23 MeV, respectively) fall within the 
energy range of isotope sources, a logging method has been developed for these twc 
elements only. Other elements have threshold energies as high as -- 8-1 6 MeV and. therefore, 
the use of an accelerator-(e.g., a betatron) is needed for their detection. 

For the determination of hrryllium a I2'Sb source can be used. I t  comes from the 
theory of the method that the density of photoneutrons is proportional to the beryllium 
content of the formations, but in addition, it strongly depends on their slowing-down and 
absorption~characteristics, as well. This feati;e must be taken into consideration in the 
expIoratk,p for beryllium. - The m~croscopic cross-section of beryllium for the ( :  n) 
reaction is low (a,." 2 9  x 10- j7 mZ)  and therefore i t  is practical to run natural neutron 
beam and neutron-neutron logs simultaneously with the ;-neutron logging. when the 
former ones serve as reference or base logs. This procedure is justified by the fact that 
beryllium-ores are found usually together with lithium and rare earth metals: since the 
la~ers'neiitrori~kapture cross-sections are anomalously high. they might falsify the results. 
The neutron-neutron logging is carried out with a Sb-Be source. In this way, by 
comparing the ?-neutron log with the neutron-neutron log we can obtain detailed 
information on the presence of absorbing materials. 

Based on the determination of deuterium --_ with _ the ;.-neutron method. oil can be 
distinguished from water. As a source first of all 2 4 ~ a  is used. 

--- -- 

5.3. METHODS USING NELTRON SOURCES 

5.3.1. METHODS BASED ON ISOTOPE NEUTRON SOURCES 

Rocks are activated by neutrons generated by an isotopic neutron source and a 
secondary neutron or y-radiation is detected. Based on the time delay between irradiation 
and measurement, methods can be grouped into two classes: 
- conventional neutron methods; 
- neutron activation methods. 

5.3.1 .l. CONVENTIONAL NEUTRON METHODS 

On the basis of recorded radiation three conventional neutron methods can be - - - - - - -  
distinguished: 
- determination of the intensity of epithermal neutrons slowed down by scattering; 
- measurement of the spatial distribution of thermal neutrons evolved in the slow- 

down of fast neutrons; 
- recording of y-radiation induced by the capture of thermal neutrons. 
As a radiation source, a Po-Be or Pu-Be systems of 4-5 MeV or Ra-Be systems of 0.5 - - 

MeV energy the same energy and of 100-300 GBq activity-are used. 
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Among the theories the best result is given by the "transport-theory" for the spatial 
distribution of the neutrons (5.10). However, this theory is usually not at all satisfactory for 
practical purposes, and therefore it can be used only for drawing approximated 
conclusions of limited validity; the correction curves necessary for more exact geophysical 
calculations must be determined by model studies. Values obtained for the neutron 
distribution using the "neutron-gas diflusion theory" are close to the results given by the 
transport theory, especially at larger distances from the radiation source. The diffusion 
theory is based on the equation 

dn 
where - is the change in the number of neutrons in a volume dVduring unit time interval; 

d t  
q is the number of particles formed in or entering the volume element dV; f is the number 
of neutrons leaving the dvelement, and p is the number of particles absorbed in unit time 
in unit volume. 

After substitutions, we get the following differential equation for stationary conditions: 

where D is the diffusion coefficient; @, the neutron flux; C, the macroscopic capture cross- 
section; S(I) the so-called source density, and A is the Lupluce operator. 

The spatial distribution of neutrons for given geometrical conditions can be 
determined by solving Eq. (5.22). Assuming a homogeneous space of infinite dimensions 
and a point thermal neutron source with Q neutron/s intensity located in the origin we get 
the equation 

where I is the distance from the origin (source) and L,, is the length of diffusion ( L i  = g). 
The physical possibility of applications is offered by the different behaviour of the 
individual rock forming minerals towards neutrons, the most important parameters being 
the elastic scattering (a,) and capture (a,) cross-sections. In the majority of studies the 
macroscopic cross-section (C) or other equivalent expressions are used for defining the 
neutron response of rocks, instead of the microscopic cross-sections. 

The macroscopic scattering cross-section of rocks is given by 

the capture cross-section can be expressed as 

where p, is the density of the rocks, A is Avogadro's constant, 6.02 x lo2' molecules,'mol; 
ci is the percentage ofthe i-th component; di the mass number of the i-th component, n is 
the number of components. 
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Table 5.8. Neutron properties of some rocks and minerals 

The knowledge of slow-down (L,,) and difSusion (L,) lengths is necessary for the 
determination of the radius of investigation (i.e., the depth of penetration) of the different 
methods. 

These parameters for some rocks and rock forming minerals are given in Table 5.8. 
When using the neutron-epithermal neutron method, the neutron intensity measured 

from a given neutron source depends exclusively on the neutron slowing down properties 
I of rocks. With elastic scattering, the energy-loss of neutrons can be calculated from the 

following equation if the mass number of the material is known 
'I ., - - 

8 .  , ' , - & I  '1 

(d- 1I2 cg,-'l 8 .  r . '  ,a I .  
1 

5 = 1 +  , . , - ----- + . 
2,d d+ 1 2 /- 

b ~ 5 . 2 k )  i 

where r is the effectivity of slow-down (mean logarithmic energy-loss). 
The smaller the mass number d, the higher the effectivity of slow-down (tH= 1, 

rD = 0.725, r,, = 0.209, rc = 0.158). 
This method is unambiguously suitable for the detection of hydrogen as its r value is at 

Clay, wet 2200 4.0 
Clay, dry 2880 14.7 
Anhydrite CaSO, 2920 0.01 19 0.348 27 8.2 
Anthracite 1500 1.9 
Brown coal 1300 2.6 
Dolomite C a ! ~ l g ( c O , ) ~  2850 00046 0 441 9 2 

- - Gypsum CaSO,.2 H , o  - . > t m j  o t r l h  1.51 I I 3.2 
Hematite Fez03 5100 0.tN.i 0.666 34 1 3  
Sand, wet 2050 20 
Sand, dry 2 300 14 6.0 
Calcite CaCO, 2720 0.0071 0.432 3 5 9.5 
Corundum A1,03 4000 0.0102 0.364 9.3 
Halite NaCI 2150 0.7 1 1 0.3 10 1.2 
Coal 1350 2.9 
Quartz SiO, 2650 00034 0.268 37 17 
Magnetite Fe3O4 5000 0.0948 0.648 19.6 2.3 
Oil 875 9.3 2.0 
Water H z 0  1000 0.022 2.68 7.7 2.3 

, I , ,  I 

- 

least five times greater than that of any other rock forming element. With - sedimentary -. 

rocks, the majority of hydrogen is in the water filling up the pore volume of the rock and 
B i e f o r e  the hydrogen content of these rocks is directly related to their porosity. The effect 
of the rock-m~tfif  ?an be observed onlyin t h w  p~19sity range (@ c 5%). This is shown 

-1___-- _L 

in Fig. 5.23. 

Density, kg/m3 Rocks and minerals 

In shaly-rocks there is water in the rock-matrix, too. Because of this, the term 
"hydrogen-porosity" is more appropriate for the porosity determined by neutron methods 
as this value is influenced both by the effective porosity and the water of the clay minerals. 

The neutron-thermal neutron method is based on the measurement of the intensity of 
neutrons slowed down to the thermal energy levzl. The intensity depends mainly on the 
capture cross-section of the rocks besides their slowing down properties. I-sence of 

L,,, cm Composition 

strongly absorbing elements (B, C1, Li, Mg, etc.), the response of the thermal neutron 
method is practically equal to that of the epithermal method. The advantage of the 

L,,cm 
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Fig.  5.23. Slow-down length L, vs. formation porosity. I - Sandstone; 2 - Limestone 

procedure is its larger investigation depth range compared with the epithermal method 
and, therefore, i t  is less sensitive to the sidewall rugosity, to mud-caking and to hole- 
enlargements. 

The neutron-resonance method was developed primarily to detect minerals containing 
B, Gd, Sm. Detection is performed using cadmium and hafnium ( E , =  1.1 and 7.8 eV, - -  

respectively), or indium (1.45 eV) foils equipped with a 2-3 cm thick lead shielding. ' 
The neutron-;, method is based on the detection of quanta generated by captured 

thermal neutrons. This is. perhaps, the most complicated procedure, because the intensity 
of ..-. the - .- induced ;.-radiation is affected not only by the neutron scattering and capturing 
properties of the rocks, but also by the energy and intensity of the generated y-quanta as 
well-& by the interactions between ;'-radiation and the rocks. This method is, however, 
commonly used neutron procedure in the practice of geophysics for the following reasons: 
- the radius of investigation is considerably larger than that of any other neutron- 

neutron method; 
-- using a proper tool spacing the intensity of y-radiation is determined primarily by t 

neutron slowing down since the capture cross-section of the rock-matrix is, in general, 
smaller than that of hydrogen; 
- the detection of y-radiation can be regarded as a much simpler task than that of 

neutrons. 
The main drawback of the neutron-y method, compared to the neutron-neutron 

methods, is that the sensitivity to porosity of the neutron-neutron method is about ten 
times higher than that of the neutron-y method. 

In order to present a correct irzrrrpretation i t  is important to select an appropriate 
sonde length, i.e., to choose a proper spacing between source and detector. The thermal 
neutron density of some materials with different hydrogen porosity determined with 
different values of spacing is shown ir: Fig. 5.24. The "inversion" of the curves occurs in the 
15-30 cm range, the value 1s depending o_n porosity. Below this~ange, !I,, is directly, ---__-__ ______-- --- --- _-- - --2_ _- 
whereas above this range, it is inversely proportional to-&. For numerobs reasons2ong 
spacing tools have become commonly used in practice. Table 5.9 shows spacings used in 
different methods. 
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Zone of 
inversion 

Spacing. cm 

Fig. 5.24. Relation between thermal neutron intensity and spacing; the parameter of the curve is the hydrogen 
index 

Table 5.9. Spacing of tools used in neutron methods 
.? . *., :< ; 

Proper calibration of the measuring system is a necessary precondition of quantitative 
interpretation. During the logging operation arbitrary units or (for an uncalibrated tool) 
relative dose-rates measured in counts are used. The most simple arbitrary or conditional 
unit is counts/min, measured in a homogeneous water medium (this is used, for example, 
in the USSR). 

Logging companies in the USA and some other countries calibrate sondes in a test pit 
at the University of Houston in accordance with API standards. This artificial well was 
built from three rock blocks, each of them with a diameter of 1.8 m and different porosities 
(Carthago marble: 1.9%; Indiana limestone: 15%; Austin limestone: 26%); thus, the 
characteristic curve of neutron sondes can be determined. Equation (5.4) can be used to 
determine the appropriate recording speed of logging by taking the sum ofthe tool's and 
the detector's half-length. 

The process of interpretation is about the same as that described at the natural 
y-method (see Section 5.1.3), the only exception being the neutron-y method where it is 
necessary to take into account the background radiation. With thermal neutron and 
n e ~ t r o n - ~ h ~ s ,  correction should be made regarding the chlorine content of the mud and 
the water contained in the formation. 

Sonde spacing. cm Method 

Neutron-epithermal neutron Filled with water 3 0 - 4  
Neutron-thermal neutron Filled with water 40-50 

Dry 5 0 6 0  
Neutron-7 Filled with water 45-65 

Dry 60-8 5 

Condition of the borehole 
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Fig. 5.25. Effect of thickness of mud cake on neutron-neutron log in boreholes of different diameters, 1=40 cm 
- - - 2 cm; - 0.5 cin 

Fiq. 5.26. Effect of chlorine content of drilling mud on neutron-neutron log for ddferent holediameters, 1=40 cm 

NaCI. kg/m3 
Fig. 5.27. Effect of the salinity of formation water on the neutron-neutren log, I =  40 cm, hole-diameter = 25 an 

! - Eorehole filled with salty water; 2 - Borehole filled with fresh water 

The most important 61r,, correction curves are shown in Figs 5.25 (mud cake), 5.26 
(chlorine content of mud), 5.27 (chlorine content of formation water) and in Table 5.10 
(borehole diameters). 

In recent years several new versions of the neutron-neutron method have been 
developed and have made interpretation easier and more accurate. 

The sidewall neutron porosity ( S N P )  method was developed in analogy with the y-y  
apparatus equipped with two detectors (see Section 5.2.1.1). The SNP procedure utilizes a 
source combined with two detectors pressed against the wall of the borehole. 

The compensated neutron log method also utilizes two detectors pressed against the wall 
(Fig. 5.28) but the spacing is larger. The ratio of counting rates obtained using short-spaced 
and long-spaced detectors is directly proportional to the porosity. Figure 5.20 suggests 
that in order to perform a correct porosity determination the constituents of the rock must 
be known very accurately. 
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Table 5.10. Porosity corrections for various borehole diameters 

Neutron porosity, I$I ,, OIO 
@ 1972 Schlumberger 

Porosity, 
0,' 
10 

Fig. 5.28. Determination of neutron porosity in differcnt rocks by means of compensated neutron logg~ng 

As a consequence of the fact that during measurements the sonde is pressed against the 
wall of the borehole, the so-called excavation Gec t  arises opposite to gas-bearing layers 
resulting in a neutron porosity value smaller than the real one. The nomogram shown in 
Fig. 5.29 can be used to make the correction for this effect. 

Hole 
diameter 

cm 

Porosity correction. 7, 
NGM-60 I N N T-40 NNT-50 

thickness of caked mud, cm 

1 1 - 1 I I 2 2 
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- Dolomite 
-.-. Limestone 

@ 1972 Schlumberger 

Fig .  5.29. Correction curves for the excavation effect as a function of S,,; H,=O; for three values of porosity 

In the oil industry, neutron methods have become widely used: 
- to identify the lithological units in the section; 
- to measure the porosity of rocks; 
- to determine the gas-content of formations; 
- to determine the oil-water contact; 
- to estimate the clay content of the rocks, in combination with the 7-7 method; 
- to control production of gas-wells; 
-- to examine technical conditions of wells, etc. 
Lithological identification is the same as described at the yray method (see Section 

5.1.4). 
Porosity determinution can be regarded as the most important field of application: a 

number of procedures are available for this purpose. Nomograms, such as those shown in 
Figs 5.30 and 5.31, are used together with calibrated sondes to determine hydrogen 

0 2 5 10 20 50 100 

Porosity. Ye 
Fig. 5.30. Neutron-y resh,::se as a function of porosity for different borehoie diameters, I = 6 0 a  
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0 2 5 I0 20 50 100 
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Fig. 531. Neutron-neutron response vs. prosity for different borehole diameters, 1= 50 cm 

porosity, after making the necessary correction for hole diameter. mud cake, etc. These 
types of nomograms must of course be determined individually for each kind of sonde. 
This is the so-called "ubsolute method" which is, however, less accurate than the relative 
methods,even ifcalibrated instruments are used (if the tool is not calibrated, m l y  the latter 
method can be applied). 

Among the relative procedures !he method of two  husic zones is the most accurate. The 
q factor serves as the basis of interpretation: 

where Ire,,, is the measured intensity of the investigated zone; I r e  and Ire,,,, are 
measured intensities of the two basic zones. 

A layer of great hydrogen porosity (clay, gypsum) and a layer of small porosity 
(compacted limestone: O = 1-2%, anhydrite: @ = 0.5-1%) must be selected for the first (b,) 
and second (b,) base zones,.respectively. Knowing the q value. the porosity of each zone 
can be determined, e.g., using the curves in Fig. 5.32. 

The one basic zone method is less accurate: the determination is performed by making a 
comparison with a zone of known porosity and using the nomograms shown in Figs 5.30 
and 5.31. 

From all the logging procedures which are presently available nowadays the ones 
which utilize neutron methods are unique for determination of gas content in the 
formations in that the gas content of rocks can be determined by using them. The basis of 
the method lies in the fact that the hydrogen index of water is taken as 100 and that of oil as 
97; the value of the index for a gas can range from 3 to 50 depending on the pressure in the 
formation and the chemical composition of the gas. Accordingly, gas-bearing zones 
display extremely high intensities.  his effect is particularly strong in cased holes without 
no mud. 

Gas saturation can also be determined in cased holes, if the infiltration has already 
been drawn back. The nomograms necessary for the interpretation are shown in Fig. 5.33. 

'TO detect gas-bearing zones, the so-called "dual spacing method" was developed. In 
addition to a long-spaced detector which is sensitive primarily to the gas content, a short- 
spaced detector close to the inversion range is also used, this latter having a shallow range 
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Porosity. % 

Fig.  5.32. Determination of porosity in limestone on the basis of the q factor; the parameter of the curves is the 
borehole diameter 

Gas. '10 Gas, '10 

Fig.  5.33. Neutron-;-response vs. gas content; the parameter of the curves is the formation pressure in MPa. 
I =  63 cm (a) - Cased well: dry; (b) - Cased we3: filled with water 

of investigation and, consequently, reflecting mainly the parameters of the invaded zone. 
Gas-oearing zones are reflected by the separation between the two curves. The 
compensated neutron log method described before in connection with Fig. 5.28, was 
developed from this technique. 

Detection ofoil-wuter contact in cased holes is possible only with high formation water 
salinity (higher than 80 kg/m3 NaCI). The method is based on the great neutron capture 
cross-section of chlorine (a,,, = 3.2 x I0 2 7  mZ = 32 barn). 

The interpretation procedures based on "c.rossplot tuclrrriqurs" have great importance 
since the last decade. In  general, various physical parameters (porosity, clay content, etc.) 
and the components of the rocks arc determined by comparing the results obtained using 
two different methods: GR-CNL, GR-SNP, GR-SHC, CNL-SNP (see also Section 5.2.1). 

Quality control and correction of the logs is performed in the same fashion. The 
simultaneous determination of porosity and lithology is rendered possible by using the 
following equations and their combinations: 
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where I ,,,, , and I,,,, , are the data measured by methods a and b, respectively; I ,,,,, w ,  

I l r e l .  hw , re,, a , Ire., , Ire], , Ire,, b2 are the data obtained using methods a and b in water, 
and in the first and second rock-forming mineral, respectively; @, is the porosity, 45, , @, 
are the relative porosities of the first and second rock-forming mineral, respectively. 

Neutron methods have grown in importance also in the field of ore-mining. Their 
application is advantageous mainly in cases when particularly high or low neutron 
cap1 ure cross-sections are involved. 

A classical field of application is boron-prospecting (an = 7.52 x 10- 2 6  m2). Rocks with 
0.05"/, boron content can also be reliably detected by the thermal neutron method. The 
resonance method, however, has recently superseded the thermal neutron method because 
of its better linearity and higher accuracy. Using the same principle we can estimate the 
possibility of prospecting some other materials as follows 

where a, and a, are neutron capture cross-sections of boron and the material to be 
prospected, .a', and ,atx are the mass numbers of boron and the material to be prospected; 
c, is 0.05';0 and c, is the minimum amount of the material studied detectable using the 
method. 

The detection limits computed by Eq. (531) are shown in Table 5.1 1. 
The following conclusions can be drawn on the basis of the Table: 
- lithium can be detected only in materials in which it has accumulated to a great 

extent; 
- the possibility of detecting manganese is satisfactory for industrial needs; 
- sensitivity to cobalt, silver and cadmium is one or two orders of magnitude lower 

than that required by industry; 
- rare earths can be detected in any concentration important for industry. Thus, 

elements such as titanium, niobium and others having no uncommon neutron capture 
cross-sections but occurring together with rare earths can also be detected. 

No reference has been made to iron in the Table, although it can be measured @,, = 2.53 
x m2 =2.53 barn), in principle. Determination of iron is difficult because of the 
variable and locally high porosity of iron ores (45 = 3-50%) causing serious alterations in 
the slowing down of neutrons. 

Detection of maynesite is rendered possible by the extremely small neutron capture 
cross-section of magnesium (pa,,=6.23 x m2 =62.3 mbarn). It follows that the 
effective range of neutrons is four times longer in magnesite than in limestone. 

? W e  5.11. Detection limits of elements based on their neutron capturing properties, % 

Element B Li CI Mn Co Ag Cd Rare earths 
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5.3.1.2. NEUTRON-), SPECTROSCOPY 

With neutron-y-spectrum logging, the y-spectrum generated by capture of thermal 
neutrons is recorded along the borehole. In the oil-industry only one version of the 
method, the so-called "chlorine logging", is used to determine oil-water contact. Logging is 
carried out in the 5-6 MeV energy range, where 38Cl displays several peaks. Although the 
majority of 7-peaks emitted by chlorine falls into the energy range below 3 MeV, this 
fraction of the spectrum cannot be utilized because of the presence of hydrogen and rock 
minerals. Figure 5.34 shows a log and a spectrum run in an oil-prospecting borehole. 

Integral Caliber Differential 
curve [W cut ~e 

1m- 

800- 

'c. 
600- 

C - r 
4 

LOO- 

200 - 

I 1 I I I 1 
0 2 3 1 5 6 7 8  

E,, MeV 

Fig. 5.34. Neutron-y longs and spectra. 1 - Shale; 2 - Limestone; 3 - Oil-bearing sandstone; 4 - Water- 
bearing sandstone. I - Comparative cement spectrum; I1 - Spectrum of water-bearing sandstone; 111 - 

Spectrum of oil-bearing sandstone 

In ore-mining , neutron-y spectroscopy is used to detect Fe, Hg and Ni. In these cases, 
logging is carried out in the energy ranges: 5.0-6.5,6.3-6.9 and 8.2-8.8 MeV. Sensitivity of 
the method to Hg is 0.1%. 

A modern digital data recording equipment can record the whole spectrum along the 
borehole and then the spectra belonging to different depth points can be evaluated by the 
computer. 

5.3.1.3. NEUTRON ACTIVATION METHODS 

Neutron activation logging can ae regarded as a variant of neutron activation methods, 
adapted specifically to borehole measurements-the original technique being developed 
for laboratory analysis. The principles of this method are discussed in Section 4.2. With 
respect to well-logging the following limitations of the method should be considered: 
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- under borehole conditions, high activity radiation sources cannot be used: in 
general, Po-Be and P e B  sources of 70-400 GBq (2-10 Ci) activity have proved good; 
- detection is limited to elements with their corresponding isotopes having a half-life 

shorter than 1-2 h; 
- when selecting the appropriate method attention should be paid to the fact that, 

besides the element to be studied, some (or some tens of) other elements are also present, 
in unknown concentrations. 

From a technological point of view, two methods can be distinguished: 
- measurements carried out at discrete points (stations), and 
- continuous logging. 
The station measuring technique is used only for the solution of special tasks as i t  is 

rather time-consuming. By this method, the logging sonde is lowered into the well to a 
given depth and after having activated the rocks the tool is lowered deeper so t h ~ t t  the 
detector will be located at the same depth whcre the source had been earlier. The 
maximum difference between depths must be kept smaller than 2 cm. Thus, the activating 
and measuring operations can be performed repeatedly, step-by-step. 

Continuous logging is carried out by lowering the tool downwards a~ a speed 
appropriate to the half-life of the material to be acti~ated. The maximum permissible 
logging speed can be determined using the approximate equation 

where a is the measured specific activity, a, is the saturation specific activity, L, is the 
slowing down distance (see Section 5.3.1.1), L is the decay constant, v is the logging speed, 
and I is the distance between source and detector. 

If the distance between source and detector is increased the a/a, ratio decreases, and 
therefore a minimum distance must be chosen at which the neutron-y effect can be 
neglected (1= 1.5-2 m). 

The method can be used to detect the following elements: 
- aluminium is detected using a Po-B neutron source, because Po-Be sources might 

induce the 28Si(n, p)28A1 reaction, as well (the threshold energy being about 5 MeV). In 
principle, Si0,/A120, could also be determined by logging with two different neutron 
sources (e.g., Po-B and Po-Be), with a logging speed of about 40-80 m/h. This method is 
important in bauxite prospecting; 
- in copper-ores (e.g., in calcedone), the detection of 6 6 C ~  having a short half-life 

(t,,, = 5.1 min) can be performed successfully using continuous logging at a speed of 30- 
40m/h. This isotope is produced by activation of 6 5 C ~ .  Earlier, the 6 3 C ~  isotope was 
irradiated and the 6 4 C ~  thus generated (t,,, = 12.84 h) was measured at each point. 
- detection of fluorine is most efficiently done using Po-Be or any other sources of 

fast neutrons since the 19F(n, a)16N reaction is of major importance with regard to this 
technique. The cross-section of thermal neutrons in the reaction 19F(n, y )  20F is one order 
of magnitude smaller than that of fast neutrons in the former reaction, and besides, the 
radiation emitted by ,OF is softer (1.63 MeV) than that of 16N (6.13 and 7.13 MeV). 
Logging speeds as high as 500 m/h can be used with this method. 

Activation analytical methods were developed to detect oil-water contact by 
determining the 38Cl isotope (t,,, = 2.6 h) of chlorine and the 24Na isotope (tin = 15.4 h) of 
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sodium in the formation water as well as by determining the 52V isotope (t, , ,  = 3.75 min) 
of vanadium which is found in some oils. These methods, however, have not become 
widely used because they are time-consuming procedures. 

5.3.2. METHODS USING NEUTRON GENERATORS 

The appearance of the borehole size neutron generators contribute very much to the 
progress of nuclear methods in geophysics. The reaction 3H(T) + 2H(D)-+He4+n is used 
for generating neutrons; as a result of the reaction neutrons of 14.1 MeV energy are 
obtained. The borehole generators operate in pulsed mode and yield lo7-5 x lo8 
neutrons with a pulse width of 5-200 ps and a repetition frequency of 5-20000 Hz, 
depending on the requirements of the studies at hand. 

R mm 
Fiy. 5.35. Radial characteris!ics of methods using a pulsed neutron source. / - Oxygen activation procedure; 

2 - C,.'O logging (sonde length: 55 cm); 3 - C/O logging (sonde length: 7 0 m )  

The great advantage in utilizing a pulsed mode is that in addition to fast neutron 
activation inelastic scattering (n. n') and neutron life-time logging can also be performed. 
Figure 5.35 shows radii of investigation determined by laboratory experiments for various 
methods using neutron sources. 

5.3.2.1. METHODS BASED O N  INELASTIC SCATTERING 
OF NEUTRONS (FAST NEUTRON-NEUTRON LOGGING) 

Assuming that only those neutrons undergo inelastic scattering which have not been 
scattered previously, the following equation can be written on the intensity of y-radiation 
accompanying reaction (n, n') in a homogeneous medium: 

where A is the activity of the radiation source; i is the number of y-quanta produced in the 
(n, n') reaction; C,,, ,. and C, are inelastic and total scattering cross-sections, respectively; p 

24 F6ldiak 
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is the density of the medium; I, and I, are distances of the site of the (n, n') reaction from 
radiation source and detector, respectively; V is the volume. 

The first approximation in solving Eq. 5.33 shows the application possibilities of 
prospecting for oxygen, carbon, silicon and some other elements. The method is of 
importance for two reasons: 
- this is the only procedure usable to detect carbon directly; 
- it makes it possible to detect oil-water contact in formation waters having low 

chlorine content (see Table 5.12). 
Registration is performed by energy-selective detectors working in the ranges 

3.2-4.8 MeV and 4.9-6.4 MeV. with a time-gate of 5-7 s. The .;-spectra recorded in tanks 
containing oil and water are shown in Fig. 5.36 to assist in selecting the proper energy 
range for a given measurement. For practical purposes high pulse rates should be used 
even though the higher level of background radiation might cause difficulties in detection. 

Neutron capture spectra measured in limestone and sandstone are shown in Fig. 5.37. 
There are several peaks related to Si and Ca in the detection range of C and 0. Therefore, 

Table 5.12. Intensity of 7-;. radiation accompanying inelastic scattering of neutrons, 
in relative units (clean coal = 1 )  

I 7-radiation intensity in (n, n') 

carbon I oxygen 

Name of rock 

Coal, clean 
Coal, 10% ash content 
Coal, 25% ash content 
Coal, 40% ash content 
Sandstone, OOd porosity 
Sandstone, 5% porosity oil filled 
Sandstone, 10% porosity oil filled 
Sandstone, 25% porosity oil filled 
Sandstone, 40% porosity oil filled 
Sandstone, 100% porosity oil filled 
Sandstone, 5% porosity water filled 
Sandstone, 10% porosity water filled 
Sandstone, 25% porosity water filled 
Sandstone, 40% porosity water filled 
Sandstone, 100% porosity water filled 

reaction in relative units, when 
detecting 

0 :  
---- 

I l l  i i I 1 + 

0 1 2 3 4 5 6 7  
E t .  MeV 

Fig. 536. pspectra measured in oil- and water-filled tank. - Water, - - - - Oil 
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Fig. 5.37. y-spectra measured in sandstone and limestone. - Sandstone; - - - - Limestone 

Zone of transformation 

Fig. 5.38. 

O i l  

Water 

1.1 1.2 1.3 1.4 15 1.6 1.7 1.8 1.9 2.0 23 SiICa 

Interpretation curves for the evaluation of sandstone reservoirs 

devices are constructed for recording not only the Si/Ca ratio but the C/O ratio, as well 
(C/O is detected using an earlier time-gate and Si/Ca a later one). 

The procedure renders it possible to determine also the lithology of rocks, in addition 
to a more accurate detection of oil-zones (Fig. 5.38). 

keactiun (11, n'j is aisu u i ; ; ; d  ;u detect sulphur, magnesium, silicon and iron. 

5.3.2.2. ACTIVATION USING FAST NEUTRONS 

In addition to the (n, n') reaction, fast neutrons can undergo the reactions (n, p), (n, 2n) 
and (n, a), too, the last of these reactions also being applicable in well-logging. 

Table 5.13 shows some important properties of rock-composing elements which can 
be activated by neutrons. Special attention should be given to oxygen which generates a 
particularly hard y-radiation, useful for the detection of oxygen (see Section 4.1.4.6). As 
carbon does not produce y-emitting nuclides, the C/O ratio cannot be determined by fast 
neutron activation. The only field of application of the method developed so far implies 
activation of oxygen for detecting water circulation behind a casing. 
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5.3.2.3. PULSED NEUTRON-NEUTRON METHOD 

Table 5.13. Main properties of elements exposed to fast neutron activation 

The pulsed neutron-neutron method is widely used. However, a predictive theory 
applicable to a broad range of physical conditions has not yet been elaborated. 
Considering a fast neutron source producing Q neutrons/s in a homogeneous field, the 
distribution of thermal neutrons in a medium of low hydrogen content can approximately 
be given by 

where D is the diffusion coefficient, 7 is the average Iifetime of thermal neutrons, t is the 
time measured from the generation of neutrons, L, is the slowing down distance, I is the 
spacing of the borehole tool. 

Substituting the fast neutron source with a thermal neutron source, that is, t>  L:L/D, 
Eq. (5.34) will approximate (5.35), asymptotically: 

It follows from Eq. (5.35) that with increasing t, n,, will first increase and then decrease, the 
latter portion being described approximately as an exponential function of the form 

IhO 99.961 n- P 10.2 IhN 0.090 7.35 s 6.13 (76) 
7.10 (6) 

I9F 100 nl P 5 .O lvO 0.089 30.0 s 0.2 (96) 
1.36 (54) 

n, a 3.1 IhN - 7.35 s 6.13 (76) 

23Na 100 n, P 4.6 23Na 0.034 40s 3.0 
n, r - 0.0004 11.6s 1.64 (100) 

25Mg 10 "7 P - 2 5 ~ ~  0.045 62 s 0.98 ( IS) 

0.58 (15) 
0.40 (15) 
1.61 

2% 92 n, P 4.4 Z%l 0.222 0.3 m 1.78 (100) 
3 1 ~  100 n, 2 2.0 2 8 ~ ~  0. 146 2.3 m 1.78 (100) 
'C1 24.6 n, 2 - 0.052 f 2.4 s 2.1 (25) 3" p 

1.190 3.0 (0.2) 

n, z 10 37S - 5.0 m 3.1 (10) 
51V 99.7 n, P - 5'Ti 0.027 5.8 m 0.32 (96) 

0.93 (4) 
0.61 ( 1 )  

'*Cr 84 n, P 1.9 52V 0.01 5 3.8 m 1.44 (100) 
5%n 100 n, r - 52V - 3.8 m 1.44 (100) 
"Zn 28 n, P - W u  0.100 5.1 m 1.044 (9) 

Product of reaction (radioactive isotope) Stable isotope 

Tyw of 
reaction Isotope 

Threshold 
energy, 
MeV I S O ~ ~ P ~  

Relative 
abundance . 

rn the product, 
% 

Half-time, 
t1~2 

u,,, for 
14 MeV 

neutrons. 
m2 

Energy of 
neutrons, 

MeV frequ.. 
% 
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According to Eq. 5.34, in materials having nearly the same hydrogen content (D, - D,), the 
following ratio can be formed: 

where a is a constant, characteristic of the device. 
The main feature of neutron life-time logging is expressed by Eq. (5.37): if neutron life- 

times do not differ too much, the ratio of neutron fluxes can be chosen rather freely by 
taking appropriate values for r; e.g., assuming t , / t ,  = 3 and t= 1000 p, n,, ,/n,,, = 10 and 
at t = 1 600 ps the same is about 50. 

The main advantages of the method are as follows: 
- the lower limit of sensitivity can be as low as 20-30 kg NaCl/m3, compared with a 

value of 80 kg/m3 obtained using the conventional method. In spite of this, the value t 
cannot be increased beyond a certain limit because of the rapid decrease of neutron flux; 
- the method can be applied to depths much greater than that with conventional 

methods; the limiting value of the depth can be estimated by the formula 

~ = 2 . 1 @  '(5.38) 

- in the case t is greater than t,,,,,,,,, , the distribution of neutrons is independent of 
the construction of the well, provided that fro,, is greater than t,,,,,,,--a condition 
most commonly fulfilled. The presence of the borehole results in a parallel shift of the curve 
and, considering a logarithmic scale, this is equivalent to a decrease of the intensity of the 
neutron source. 

Table 5.14. Behaviour of rocks towards neutrons 

Name of rock 

I 

Clay 2 100 
Cemen t 2000 
Sandstone, compacted 2700 
Sandstone, oil-bearing 

20°{ porosity 2500 
Sandstone. water-bearing 

204,; porosity 24X) 
Halite 2100 
Coal, 10% ash content 1300 
Limestone, oil-bearing 

20% porosity 2 400 
Limestone, compacted 2 700 
Limestone, water-bearing 

20% porosity 
200  kg/m3 NaCl content 2400 

Oil 'X10 
Water lo00 

Slowing down 
length, cm 

15A 
12.0 
42.0 

coefficient 
D x m2/s 

Average lifetime 
of neutrons, ps 
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Some important parameters of the interaction between neutrons and rocks studied 
most frequently in oil-recovery, are shown in Table 5.14. 

Based on theoretical considerations, the optimum spacing of the sonde can be 
determined from the expression 

where E is the anticipated uncertainty in the determination of l/K The optimum sonde 
length used in oil-recovery is 35-40cm. 

The pulsed neutron-neutron method is applied most frequently in oil-recovery. It is 
used also to trace the movement of oil-water contact in oil reservoirs during the process of 
recovery. Figure 5.39 shows an example of application: the log was recorded at a NaCl 
content of 25 kg/m3, with a sonde-length of 40 cm and a time delay of 1700 ps. 

Fig. 539. Movement of oil-water contact during exploitation. I -Gas; 2- Water; 3 -Oil; 4 -Shale. The pore 
content in the first (I) and seventh (11) years, respectively 

The pulsed neutron method is useful also in prospecting for different salts (CaC12, 
KCl, NaCl) and in detecting other materials having great capture cross-section, such as B, 
Cs, Li, etc. 

5.3.2.4. PULSED NEUTRON-? METHOD 

The y-radiation field produced by a pulsed neutron generator is basically different 
from the field of a thermal neutron which has created it. This can be explained as follows: 
the y-radiation induced by capturing neutrons; neutron travels wit4 the velocity of light 
and thus th_e y-radiation will leave behind slow thermal neutrons. In a homogeneous 
medium of infinite dimensions the field of y-radiation formed on neutron capture can be 
described by the approximative formula: 
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exp (- tJR) d V  

where i is the intensity of quanta formed on neutron capture, f(4 I) is the distribution of 
thermal neutrons (this can be determined, for example, by Eq. 5.34) and t, is the linear 
attenuation of y-radiation at a distance 1,. 

If Eqs (5.40) and (5.34) are compared and other (more exact) equations are considered, 
the following conclusions can be drawn: 
- on increasing the spacing of the sonde the intensity of y-radiation decreases more 

slowly than that of neutrons; 
- n, = f(t) approaches more rapidly the asymptote exp (- t/q than the n,, -f(t) 

function; 
- the optimum spacing of the sonde is about 48f60 cm; 
- the depth of investigation can be two times more greater than that of the neutron- 

neutron method. 
As a result of the above factors, pulsed neutron y-logging has grown in importance in 

recent years, whereas pulsed neutron-neutron logging has lost some of its importance. 
The only disadvantage of the former method is that the level of background radiation is an 
order of magnitude higher but manufacturers try to reduce this effect by providing a 
proper discrimination of energy. Itsfield of application in oil-recovery is the same as that of 
pulsed neutron-neutron logging. The method can be used to detect elements having high 
resonance capture cross-secrions, e.g., silver, cadmium, indium, europium and gadolinium. 

5.4. TRACER TECHNIQUES IN WELL LOGGING 

Tracer techniques in well logging can be classified according to the phases of drilling 
and completing activities as follows: 
- measurements carried out during drilling of the well (e.g., detection of mud-loss); 
- measurements carried out during cementation (e.g., during the so-called reversed 

cementation when cement-milk is forced directly into the annulus (between the casing and 
the formation); 
- testing of cement (e.g., determination of the top of the cement in the borehole); 
- determination of the technical conditions of the borehole (e.g., locating any damage 

of casing, detection of the circulation behind the casing, etc.); 
- determination of the site of the formation-perforation and qualification of the 

penetration; 
- measurements in producing wells (recording of production logs); 
- measurement carried out in boreholes to assist recovery. 
From a methodological point of view, tracer techniques can be divided into three 

groups. Operations carried out 
- using radioactive mud; 
- in a mud (or cement-milk) traced by a radioactive isotope just before the 

measurement; 
- in a mud traced by a radioactive isotope during logging. 
From the three last methods, the first group is not recommended for with regards to 

health protection; the second group is, however, widely used both in measurements . 

carried out during drilling, and in solving a number of special technical problems. The 
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third group is applicable, in general, in cased holes when the flow rate of fluids is studied 
(e.g., in producing and water-injecting wells). 

In the practice of borehole well logging, tracer techniques utilizing isotopes with a 
minimum half-life and activity are selected. The isotopes most commonly used in geo- 
physics are summarized in Table 5.1 5. 

Detection of mud loss, recording of the permeubility profile log and location of the 
casing damage, are regarded as the most important fields of application. 

A "mud-plug" traced by an isotope is placed above the zone of interest and is forced into 
the rocks behind the casing. Thereafter, the hole is flushed over. with fresh mud and 
radioactive logging is performed: the location of the mud loss and other irregularities in 
the log appear with high amplitudes I,,, (Fig. 5.40,). 

Applying a more up-to-date technology, logging is carried out during the injection of 
the radioactive mud-plug. In this case, the logging tool is placed first at the top of the 
investigated section and so it detects the radioactive mud passing through it. Then the 
sonde is lowered 2-20 m deeper into the borehole and the mud injection is continued until 
the isotope disappears in the formation. The depth determined by this method is the 
location of mud-loss. 

Duringcementing operations a radioisotope is mixed with the first dose of the cement- 
milk, end it is forred into the annulus between the formation and the casing. After setting, 
the radioactive log shows the top of the cement sheath. At reversed cementing operations 
the radioactive logging tool is placed near the bottom of the borehole, this means that the 
sonde is lowered to 100-200 m above the casing shoe before starting the injection of the 
radioactive cement. The cementing process can be followed by detecting the isotope as it 
reaches the detector in the outside space of the casing. 

Table 3.15. Radioisotopes used in tracer techniques in well logging 

45 A commonly used isotope with a 80 1.4 
disadvantage: in cased holes it sticks (30) (0.5) 
to the casing. It can be useful in 
making radioactive sand 

65Zn ZnC1, 245 Because of its long half-life, it can be 160 2.7 
ZnSO, used only in special cases (60) ( 1 .O) 
Zn(N03), dissolved in 

water 

19 Primarily at hardly accessible places, it 810 13.5 
can be used instead of iodine (300) (5) 

Field of application 

Recommended radioactive 
concentration (MBq) m3 in 

60 It is used in boreholes having multiple 50 0.8 
casing (20) (0.3) 

Half- 
life, 
day 

Isotope 
cased 
wells 

l3'I Nal, KI, I, dissolved in 8 The most widely used isotope,. also 220 3.5 
water dissolved in oil (80) (1.3) 

Application method 
uncased 

wells 

1921r Ir salts dissolved in 74 Used for preparation of active sand 190 3.2 
water and in injection works (70) (1.2) 
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Ire1 

Fiy. 5.40. Detecting mud-loss zone by using the tracer technique. I - Base log; 2 - Log detected after tracing 

Men control of the formution perforation is to be carried out, the isotope is mixed with 
the sand (adsorbed on the sand or on plastic balls). 

Production and water-injection profiles are recorded by another technology. In this 
case the radioactive device is lowered into the borehole in such a manner that an isotope 
injector can be placed below or above it depending on the direction of the fluid stream. A 
few cm3 of isotopic solution is injected into the fluid and the time taken by the isotope to 
travel between the injection point and the detector is measured. Then the device is pulled 
up by 20-100 cm and the procedure described above is repeated until the whole section is 
measured. Applying this method, we get flow rate and flow velocity logs. The advantage of 
the injection method is that only small amounts of radioisotopes are required. 

In addition to the method described above, there are several other applications of 
isotope tracer techniques in well logging. A new branch of tracer techniques used in 
geophysical prospecting utilizes stable instead of rudiouctire isotopes. In this method, 
materials containing eleinents of large neutron capture cross-section (B, Cd, C1) are 
injected into the investigated section of the borehole (e.g., aqueous solution of CdCI,) and 
then they are studied by neutron logging. The advantage of this technique lies in the fact 
that there is no radiation hazard, but it should be noted that they cost more than the other 
techniques described above. 
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6. RADIATION TECHNOLOGIES 

Radiation technologies are practical processes for use in industry, agriculture, etc. 
which are based on the temporary or permanent changes in the physical, chemical or 
biological properties of matter under the effect of radiation. 

Radiation physics processes deal with the changes in the physical properties of solids 
under the effect of a-, /3-, y- and X-rays, fast neutrons; accelerated electrons, protons, 
deuterons, as well as atoms and ions produced by nuclear reactions. These charges are, in 
most cases, of crystallographic character (e.g., formation of defect sites). If the lattice defect 
is induced by the appearance of a new dement as a result of nuclear reaction, the process 
belongs rather to radiation chemistry. The transformation of nuclear energy to heat or 
light energy, as well as the increasing of the conductivity of the medium by radiation- 
induced ionization belong to radiation physics. 

Radiation chemistry deals with chemical reactions induced by the radiation types 
mentioned above and by nuclear reactions. Radiation chemistry in the wider sense 
includes photochemistry treating reactions induced by visible or ultraviolet light; electric 
discharge chemistry and plasmochemistry studying processes occurring under the effect of 
various electric discharges (silent, glow or plasma discharge); and even sonochemistry 
being the science covering the chemical utilization of ultrasound. If the radiation energy 
exceeds about 30 eV, it causes partial ionization of matter which is the reason for it being 
called ionizing radiation. Radiation chemistry in a stricter sense includes processes 
stimulated by ionizing radiations only, i.e., it excludes e.g. photochemistry (Fig. 6.1). 

Radiation biology involves the planned and desirable modification of the life functions 
of different kinds of organisms by radiation. These processes are utilized on a commercial 
scale by agriculture and by the food industry (stimulation, production of mutants, plant 
and animal protection, upgrading and conservation of agricultural products, etc.), as well 
as by the pharmaceutical and medical instrument industries (sterilization). 

The following parameters are important for quantitative characterization of these 
processes from the viewpoint of radiation technologists: 
- The absorbed dose; its different units can be converted into each other on the basis of 

Table 6.1. 
The eneryy of radiation: the units can be compared with Fig. 6.1. 
- Linear eneryy trunsfer (LE7)  gives the energy loss of particles (quanta) passing 

through matter per unit path length (its dimension is dE/dx, its commonly accepted 
unit is eV/nm). The characteristic LET-values of some radiation types are shown in 
Table 6.2 
- ?he radiation chemical yidd (G) reflects the efficiency of radiation chemical 

processes; it gives the number of transformed or produced molecules, atoms, ions or 
radicals per 100 eV absorbed energy. G-values can be calculated on the basis of the dose 
rate of the radiation (Iabs) and the reaction rate (dxldt): ! 

dx/dt G =  - 100 particles per 100 eV 
labs 
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k w h  3.6 x 1013 3.6 x lo6 1 8.60 x lo5 3.6 x 10" 2.247 x lo2' 
cal 4.186 x lo7 4.186 1.164 x 1 4.18 x lo5 2.612.x 1019 

Table 6.1. Conversion table: energy equivalents 

Table 6.2. LET-values of various radiations 

Unit 

a-Particles 
1 MeV 264 
10 MeV 56 

Deuterons 
2 MeV 28 
10 MeV 8.2 
100 MeV 1.26 
1000 MeV 0.28 
10000 MeV 0.2 1 

erg 1 10- 7 2.78 x lo-'' 2.39 x lo-' 6.242 x 10' ' 

erg 

Radiation 

Protons 
1 MeV 28 
10 MeV 4.68 
100 MeV 0.74 
1000 MeV 0.22 
2800 MeV 0.20 
10000 MeV 0.23 

LE7; eV/nm 

Electrons 
0.01 MeV 2.32 
0.1 MeV 0.42 
1 MeV 0.18 
10 MeV 0.30 

y- Radiation 
6OCo 0.2 

J=kgGy 

Special care should be taken with regard to the consistent use of units: mol/J = 9.648 x 1 O6 
x 100/eV. 

kwh cal 

or, on the basis of the dose (D) and the conversion (dx): 

d ?c 
G = - 100 particles per 100 eV 

D 

g rd 

Plotting G-values as a function of the duration of irradiation or the dose rarely gives 
straight lines because the products of the reactions, as a rule, decrease (in a few cases, 
increase) the reaction rates. In view of this, it is generally more reasonable to extrapolate 
the reaction rates to zero conversion value. Conversion values as is usual in the practice of 

eV 



physical chemistry are not utilized in radiation chemistry because the overall conversion is 
extraordinarily low (generally below I%), thus the consumption of the starting substance 
cannot be followed analytically. 

In the case of mixtures, the ratio of absorption exerted by their individual components 
can be Calculated on the basis of the electron fractions (eJ; i.e., by calculating the ratio of 
the number of electrons in the A component in question (EA) to the total numbe; of 
electrons in the mixture (EA + E ,  + . . .): 

For heterogeneous systems the concept of G-values is even less unambiguous than for 
homogeneous mixtures. G-values can be calculated taking it into account that energy is 
absorbed in the whole system or, otherwise, as if it were absorbed in one phase only (e.g., in 
the liquid). This latter assumption is'evidently incorrect, since it gives smaller G-values 
than the actual ones. If, however, the calculation is based on the assumption that the 
absorbed energy is distributed between a solid and a gas phase in proportion to their 
respective masses or electron fraction; the calculation obviously does not give a correct 
result either, because the energy absorbed by the solid phase can be-completely or 
partially-transferred to the gas phase. All corrections proposed until now are arbitrary. 

Catalysts are irradiated simultaneously with the reactants or alone; in this latter case, 
the catalytic processes occur over irradiated catalysts. The following factors have to be 
considered when the simultaneous irradiation is applied; 
- energy transfer from the solid to the surface reactant, i.e., the energy absorbed by the 

latter increases; 
- kineticchanges due to the modification of the structure of the catalyst, as a result of 

irradiation (e.g., formation of defect sites). Kinetic changes may give rise to alteration of 
the selectivity, the reaction pathway, improvement of yields, etc. 

The change of the catalytic effects may be permanent, i.e., the radiation effects remain 
after irradiation, too, as opposed to energy transfer which occurs only during the 
irradiation. The effect exerted on the crystal structure of various heterogeneous catalysts 
depends on the fact whether there are any nuclear transformations under the effect of 

Tdle 63. Duration of various radiation chemical elementary processes in liquids 

Duration, 
- log t, s 

Passing of an ionizing particle through a molecule 

One fluorescence vibration 

Intramolecular vibration, instantaneous dissociation 

Time beiween two collisions of small molecuks 

Duration of transversal motion of a small molecule due to Brown-motion as far as its diameter at 
room temperaturt (e.g., in the case of water molecules) 

Slowing down of ekctrons (tbermolization) 

Time of excitation of permitted states 

T i i  of reactions of ions or radicals in molar concentrations 
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irradiation or not. This is one of the reasons why the results obtaned with neutron or y- 
radiation are not the same: in the latter case the annealing of the crystals can occur, e.g., at ' 

higher temperatures. Changes in the catalytic properties are observed only if the effects 
caused by irradiation are not negligible compared with the pre-irradiation state. 

The G-values observed are, as a rule, between and 10'; high G-values indicate 
chain reactions. 

Radiation chemical changes followed by analysis are the results of several partial 
processss: the time required by partial processes occurring in the liquid phase is shown in 
Table 6.3. 

6.1. RADIATION PHYSICAL PROCESSES 

6.1.1 CHANGE O F  MATERIAL STRUCTURE 

The primary effect of radiation on metals, semiconductors and ionic salts consists in 
the changing of the positions of elementary particles in the lattice. Thus, the radiation 
physics of inorganic crystals is basically different from the radiation chemistry of crystals 
of organic polymers having relatively large molecular masses; in the latter case the main 
radiation effect is the induction of decomposition or rearrangement of covalent bonds. 

The crystal structure is modified by direct impacts of energy-rich particles (quanta) as 
well as by further collisions. The removal of particles from their original positions in the 
crystal lattice is possible if the impact delivers an energy higher than a threshold value 
characteristic of the substance in question; the threshold is generally between 20 and 
30eV. y-quanta and high energy electrons have a very low efficiency in this respect; 
measurable effects can be expected from heavy particles (a-particles, deuterons, fast 
neutrons). Primarily displaced particles may acquire a kinetic energy so high that they 
may be effective in causing secondary, etc. displacements. These particles are ac- 
commodated in interstitial (irregular) positions in the lattice giving rise to Frenkel-type 
defects. Extremely high doses can completely disrupt the crystal lattice. 

Another reason of c-langes may be a temporary (10-'1-10-'0 s) heating of regions in 
the crystals up to 7W800 "C, i.e., a "thermal spike ". Such a melting is brought about by 
radiations with high LE T-values (i.e., having high specific ionization). This is the situation 
also with larger particles, e.g., in the case of the final stage of the path of displaced lattice 
elements. Molten regions solidify rapidly, but it is not the originally damaged region 
which serves as the centre of crystallization. Resolidified regions contain anomalies other 
than Frenkel-type defects: e.g., microcrystals which are oriented in a way different from the 
general orientation of the original crystal. 

New elements are produced practically only under neutron irradiation; the properties 
in this case are influenced by the chemical "impurity". This may be important in 

s" 

semiconductor production, e.g., for telecommunication, or in catalyst manufacturing. 

6.1.1.1. ELECTRIC CONDUCTORS 

A decisive factor for radiation effects in metals and alloys is the temperature. This 
determines the mobility of removed particles and, consequently, whether they can be 
removed far enough from their original site to be accommodated in a new position. 
Another factor influencing radiation physical processes is the pretreatment of the metal 
(q., cold-working), because this is in close correlation with eventual lattice anomalies. 



Irradiation can change, in addition to the mechanical properties of metals, their electric 
and thermal conductivity, optical properties, etc. 

It is a general experience that irradiation of metals and alloys improves some of their 
properties and damages others; tTo a given limit, both processes are in a positive correlation 
with the dose. Properties of pre-tempered metals are modified to a greater extent than 
those of cold-worked ones. The range of changes under irradiation is between a few per- 
cents and 100-200%. No general conclusions could be drawn up to now; experiments are 
necessary to determine the behaviour of every structural material under the effect of 
irradiation. 

If the irradiation does not involve transformation of elements, lattice defects are more 
or less annealed at higher temperatures and the original properties can be restored. The 
thermal stability of defects is, as a rule, higher as far as electric properties are concerned 
than in the case of mechanical properties. 

Graphite lattice transformations brought about by irradiation have been studied very 
thoroughly, first of all, because graphite is used widely in nuclear reactors as moderator. It 
was shown that irradiation dislocates several carbon atoms from the lattice layers; these 
take inter-layer positions subsequently. As a result, a crystal contraction occurs parallel to 
the crystal base, together with a dilatation in a perpendicular direction (about 15%). Both 
the volume and the thermal conductivity changes are reversible at higher temperatures- 
the regeneration involves a considerable change of the heat content. 

6.1.1.2. SEMICONDUCTORS 

Semiconductors like germanium, silicon, indium-antimonide, etc. conduct electricity due 
to their "anomalies" (lattice defects, impurities) and the electric properties depend first of 
all just on these anomalies. These may be permanent or temporary: the former group 
contains vacancies, interstitial and dislocated particles; one of the latter group is ionization 
which lasts up to 10- ' s after the ceasing of irradiation. The classical method of producing 
defects is to admix very small amounts of contamination to the liquid substailce before its 
solidification; or, afterwards, they are introduced by diffusion or ion implantation into the 
bulk of the crystal. Ionizing radiations represent a tool suitable to remove lattice elements 
from their original position, creating thus defects. Cavities and vacancies remaining in the 
lattice have electron acceptor properties (pconductors). The effect of the defect is 
determined by the character of the energy anomaly or location of the barrier layer about 
by the vacancies and interstitial particles. 

The effect of different types of radiation is qualitati4ely identical, but there are 
quantitative differences. There are also temperature effects: at lower temperatures more 
defects are produced, but they are completely or partially annealed by heating. No defects 
are produced by high temperature irradiation (e.g. at 450 "C for germanium). In many 
cases, impurities produced as stable (nonradioactive) products of nuclear reactions are 
important as far as semiconductor technology is concerned. 

For dosimetric purposes, semiconductors are used as continuous dose rate dosimeters; 
their use is more and more widespread (see also Section 6.6). 



6.1.1.3. INSULATORS 

Glasses are important from both the technological and dosimetric points of view; some 
of their properties change considerably under the effect of radiation: they are discoloured, 
some types exhibit fluorescence. Figure 6.2. depicts the blackening (S) of a sodium glass as 
a function of the dose. Equation (6.4) gives the correlation between the blackening (of a 
1 mm thick glass) and the dose: 

S = 0.42 [l - exp ( - 0.36 D)] (6-4) 

where D denotes the dose in lo4 Gy or in Mrd. 
Blackening brought about by irradiation is completely or partially reversible as shown 

by Fig. 6.3, which plots various relationships belonging to different temperatures. 
Blackening decreases first rapidly, then the decrease slows down; the overali rate of the 
decolouring is higher at higher temperatures. The regeneration of some colour centres 
involves thermoluminescence, which can be measured by an appropriate instrument-thus 
it is possible to draw conclusions on the absorbed dose (see Section 6.6). 

Borosilicate glasses (e.g. Pyrex types) are used in reactor technique for neutron 
shielding although their radiation resistance is not high: boron undergoes nuclear 
reactions and gives, e.g., helium and lithium in an (n, a) process. Lead glasses are suitable 
for shielding against hard y-radiation, i.e., for radiation protection. Admixing 1-2% of 
ceric oxide to common glass gives cerium glass; this has the highest radiation resistance 
among all types of glasses: therefore, in cases when low discolouring is important under 

00 
0  25 50 7 5 100 

Dose, kGy 

Fig. 6.2. Blackening of glass plate under the effect of radiation 

0 OC 
20 OC 

41 OC 
63 OC 

97OC 

0 1 2 3 4 5 6 7 8  
Time-of treatment, h - 

Fig. 6.3. Regeneration of glass blackened under the effect of radiation 
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radiation effect (e.g., for medicine ampoules to be radiation-sterilized, see Section 6.3.2), 
the use of cerium glass is recommended. 

Oxide ceramics (aluminium oxide, beryllium oxide, titanium dioxide, etc.) are more 
radiation resistant than glasses, but less so than metals. 

6.1.2. TRANSFORMATION O F  NUCLEAR ENERGY 

6.1.2.1. RADIOACTIVE LIGHT SOURCES 

Luminescent substances on luminous dial plates are stimulated to emit light by a- or p- 
radiation. 

In the simplest case an a-radioactiue substance is admixed mechanically to the 
luminous paint, e.g., 226Ra to zinc sulphide. The disabantage of applying radium is its 
high energy a-radiation (4.8 MeV) and the concomitant y-radiation, as well as its 
decomposition product being radon: all these facts render radium processing hazardous. 
The luminous eficiency of such systems (Table 6.4) cannot be high, because high LETa- 
radiating substances damage luminescent paints relatively rapidly; such systems remain in 
operating condition for 5-6 years only. 

Table 6.4. Light density of luminescent paints excited by radioactive isotopes 

I Activit vl~aint mass 

B-Rudiating isotopes (e.g., )H, 85Kr, ''ST, 147Pm, 204Tl) permit one to eliminate some 
of the disadvantages medtioned. Luminescent systems with 90Sr built in enamel are 
suitable for safety indicators and for lighting in mine% the necessary surface radioactivity 
is about 4 x lo7 Bq/cm2 (1 mCi/cm2). 

If light is stimulated by 3H or "Kr gas, objezts of the appropriate shapes should be 
formed from thin-walled.glass tubes, the inner,welI of which is coated with zinc sulphide. If 
the vessel is filled with radioactive gas and closed, the whole system will luminesce. 

Light density, 
kcd/cm2 

Gaseous isotopes are not hazardous for their surrounding, because their activity is low 
and, advantageously, their lifetime is long (as a rule more than 10 years). 

The advantage of isotopic Mety mrd light signals in mining, over emergency exits in 
airplmres, etc, is that they do not require any electricity or any maintenance. If suitable 
isotojxs (mainly 3H, *=Kr or 'OSr) and appropriate constructions are applied, it is possible 
to recognize objects with isotopic illumination from a-distance as great as 500 m. 

- #  

for 226Ra 

1 o s ~ g  I PW 

* 

for I4'Pm 

10' ~ q / g  m ~ i / g  



RADIATION PHYSICAL PROCESSES 387 

EXAMPLE 6.1 
What is the necessary radioactivity of 147Pm or 226Ra to produce 5 g of luainescent 

paint to give a light density of 4 kcd/crn2? 
An interpolation of the data in Table 6.4 indicates that the necessary activities are as 

follows: 3.8 x 10' Bq (10.4 mCi) 147Pm or 2.22 x lo6 Bq (60 pCi) 226Ra. Although the 
necessary amount of 14'Pm is about 170 times higher than that of radium, its p-radiation 
is more advantageous as far as health protection is concerned, partly because the energy of 
the radiation is low, partly because no ?-radiation is emitted. 

6.1.2.2. RADIOACTIVE ELECTRIC POWER GENERATORS 

Nuclear radiation can directly be transformed into electricity: if the electrons leaving a 
p-radiating radioactive isotope are collected, a negative pole is obtained. The radiation 
source is placed on an insulated central electrode surrounded by a conducting collector 
system (Fig. 6.4). This arrangement produces a current intensity of 10-"-10-'0 A, at 
several thousand volts. 

source 

Collector - 

Fig. 6.4. Electric power generator based on charging by electrons 

If semiconductors are irradiated by 8-radiation, it is also possible to produce electrical 
voltage; suitable radiation sources have low energy p-radiation (max. 0.2 MeV, e.g., 3H, 
63Ni and '"'Pm). The charge can be multiplied by germanium or silicium semiconductors 
with p n  barrier layer: e.g., every B-particle leaving a 90Sr isotope produces about 200000 
free electrons and positive holes. The disadvantage of this device is that the radiation 
destroys the semiconductor completely after a few weeks. The voltage produced is low 
(0.2-0.3 V), but the power is relatively significant (about 0.01 mW); the eficiency is about 
2.5p/,. 

Neutron irradiation of semiconductors is also suitable to produce electricity. Boron 
layers or powder irradiated by thermal neutrons emit a-particles and lithium ions: 
voltages in the order of magnitude of millivolts can be produced in this way; the efficiency 
is about a few per mille. Higher effectivity can be achieved by fast neutrons: 0.5% with Si, 
1% with GaAs and 8% with Pm; a performance of 1 mw/cm2 and the temperature of 80 "C 
cannot be exceeded. 

Photocell electricity sources are based on a different principle: if a radioactive light 
I source provided by a luminescent paint on both sides (see Section 6.1.2.1) is built in a 

system of photocells, electricity is produced (Fig. 6.5). Their performance and etficiency are 
similar to those of the above-mentioned systems. 

Thermoelectric generators supply much more power (up to 100 W) and a voltage not 
exceeding 100 volts. These are used as electricity sources for sea. buoys, arctic 
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+ 

Luminescent paint 

.Loading 

Radiation source 

Electric power generator based on the combination of radiation with photocells 

Fig.  6.6. The structure of a thermoelectric generator. I - Shielding; 2 - Radiation sources in holders; 3 - 
Thermocouples; 4 - Thermal insulation 

meteorological stations, space rockets, pacemakers, etc. These devices produce electricity 
out of the heat of radiation of high activity (up to 1016 Bq or 0.1-1 MCi) by thermocouples 
or thermocolumns (Fig. 6.6). It is important that these devices concentrate maximum 
possible radioactivity in a minimum possible volume, thus the temperature in the core be 
high (about 500 "C). Suitable radiation sources are 'loPo, 238Pu and 242Am, as well as 
90SrTi0,, being both heat and radiation resistant. The overall efficiency with respect to 
the consumer is about 6%. 

EXAMPLE 6.2 
What is the overall efficiency (q)  of an isotopic electricity source of 10 W if it contains 

'loPo of 2 x 1014 Bq (5400 Ci) activity? 
Since the activity in becquerel is equal to the number of disintegrations per second, the 

given system produces 2 x 1014 disintegrations per second. Since each disintegration 
produces an energy of (5.3 + 0.8) x lo6 = 6.1 x lo6 eV (see Section 1.3), the total energy 
given off is: 
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i.e., according to Table 6.1: 

The efficiency is: 

6.1.3. CHANGING THE CONDUCTIVITY OF THE MEDIUM 

6.1.3.1. ELIMINATION O F  ELECTROSTATIC CHARGES 

Electrostatic ,--_ charges -- accumulate __ _- __  _ _ when ,- insulators are-rubbed against each other at a 
high - speed. This high voltage electricity (frictional electricity) may be disturbing or even 
hazardous in several industries. For example, the charging of paper produced 
continuously on a paper manufacturing mill is disadvantageous because repulsion 
deviates it from its path: In printing, repulsion between sheets hinders binding. Analogous 
phenomena can be observed with rubber sheets and plastic foils, too. In the textile industry, 
the spinning and weaving of silk, viscose. and other man-made fibres induce identical 
charges over neighbouring threads; therefore they repulse each other and this is harmful 
for processing. In order to decrease e!ectrostatic charging, the speed of machines has to be 
decreased; this, in turn, sets limits to productivity and lowers the economy. At the same 
time, charged threads attract dust particles of the opposite charge causing thus a 
contamination which cannot even be removed completely by washing. 

Where there --- are inflammable or explosive vapours - - (gasoline, - * - . -  benzene, etc.) or solids 
(dust) in the air, sparks - - ----- diie-fserectx-ic - discharges can cause fire or explosion. In surgeries, 

--,- --7. ..< 

the friction of rubber or plastic gloves, foils, threads may indub sparks exploding narcotic 
vapours (e:g, ether). Ifinflammable liquids are poured from one vessel into another, both 
the liquid and the vessel may gather electric charge, the discharge of which can alsostart a - ----_ - - - 
fire or explosion. -- .T,. . . . - .- . . . 

Static electricity _._.__._ may . ... . also play a part in corrosion, because it  produces ozone . .-.; .... which ~ . . . can 
damage several structural materiis.(s&-also Section 6.2.1.1). 

7 -.,.....I-- -.I-.-- 

Radioactive isotopes -..... - ...-- are . . suitable .. . .. . for ~ the elimination of electric charging. Radia- 
tion (especially a highly specific ionizing radibt&) will __..-.- ionize __..- the __.. air molecules; _ ----- as a resu l t  .. -- 
highly mobile ions .- are .-.--. produ~d~whi~, . j ,nceah.condu_c_t .~~i ty . .of_t~e .  -.... -. . . gas permitting a 
current .---. to -tween - the differently charged . .. locations .. or objects. . .. . Thereby eieitric 

. .  -.. , . . 

charges -.-- are .. . -- neutralii 
- ' 

- . . -. .. -- .-- 
As radiation-s.ou~s, a- or b-radiating i s o t o p c s a ~  s u i @ b l e _ - - ~ ~ g e , - o f ,  their low 

penetration, and from health protection viewpoints it is advantageous if they have no y- 
e- 

-- -_-. _ -- --..- -_ _I___)_4 - . 
radlatton at all. Isotopes with a-radiation ( 2 1 0 ~ o ,  2 2 6 ~ a ,  -.------ 241Am, etc2 can ~ o n ~ z e  sayer of 
air oT-hickness; for iollizing thicker layers, 8-radiating isotopes are necessary, such 
as 3 5 - ~ ~ i > ~ ; 1 - x 0 4 1 1 .  _ _ _  Their surface _._----- activity _ _ _ sh&d-i&t _ _ . _ G ' b s s .  than - 4 - ~ ~ q / c m ~  
(0.1 mCi/crn2). Both types of isgto'opes are applied as a coating on appropriate ptates (e.g., 
silver, gold, platinum, steel); a-radiation --_._. sources -. - cannot _ -- -- be . - covered perfectly safely due 
to their low penetration (at most, a thin varnish can be applied), but the hermetic sealing of 

--------A ___-__ -."cc-.r-- L.-__l- - ;---- 
~radia t ion  sources tspoisible usmg a few tenths mm Thick aluminium foXOr3imm ----------- -----*- ._._-_ ___ . 
plexiglass plate. The warranted duration of tightness should always be considered; during 
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warranted time, as well as afterwards it is very important to check whether the system 
remained sealed. The advantage of "Kr is that-being a noble gas-there is no incor- 
poration hazard even in the case of an explosioil. 

The removal of charges can be solved by irradiat~on of the air layer between the two 
objects in question by an isotope layer applied as a coating on an earthed plate, i.e., ions 
are produced in the space between the two objects (Fig. 6.7). This technique can be applied 
only if the object to be irradiated is radiation resistant. In the opposite case (e.g., in 
photographic industry) the air is ionized in an earthed small dimension cavity(which has 
an appropriate radiation shielding) and this pre-ionized air is blown over the 
electrostatically charged objects. The principle of this technique is analogous to that of the 
hair drier. This method can produce a current of about 0.1 PA. 

The amount of the charge to be neutralized determines the activity of the radiation 
source. Another important factor is the position of the source. If we know the amount of 
electrostatic charge produced over the surface of the object per unit time, the required 
activity can be calculated (Fig. 6.8). 

Surface of the charged insulator 

Ionized air 

Ionizing radiation 

Laminated radiation source 

Radiation source holder 

Earth connection - 

1- I I I - 
0 50 100 150 

Distance of the radiation source, crn 

Fig. 6.8. Intensity of the ionizing current as a function of the distance of the radiation source 
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Fig. 6.9. Isotopic and traditional lightning conductor 

Isotopic lightning conductors have a more or less analogous purpose. A radioactive 
isotope is inserted in the top or the shielding rings (60Co or 226Ra may be suitable). 
Isotopic lightning conductors are effective in an electric field weaker than necessary for 
traditional lightning conductors; if the field is as strong as in-the case without any isotope, 
the current intensity is 6-15 times higher. In the case of a device shown in Fig. 6.9, the 
"effective height" of the isotopic device exceeds that of the traditional lightning conductor 
by about 50 m. 

Ice fomt ion  on airplane wings is accelerated by static electricity induced by friction 
with air. The danger can be decreased by inserting isotopes in critical positions. 

EXAMPLE 63 
The velocity of paper on a printing machine is v= 5 m/s, its width is a = 1 m, its surface.. 

charge is a= C/m2. If we apply a 226Ra source of a 50 MBq (1.4 mCi) activity, how 
far should it be placed to achieve elimination of all the surface charge? 

Since the current intensity of the discharge ( I )  is 

then in our case 
I = 1  x I O - ~ X  1 x 5 = 5 x  10-8A=0.05fl  

It follows from Fig. 6.8 that the radiation source should be about 55 cm near to the 
paper. 



392 RADIATION TECHNOLOGIES 

6.1.3.2. IGNITION OF ELECTRIC DISCHARGES 

I n  discharge tubes, electron tubes, fluorescent lamps, voltage regulators, etc., electric 
discharges occur during operation. Since gases are insulators, the initiation of discharge 
by rendering them conductive requires a relatively longer period. The discharge is initiated 
by the presence of a few ions or electrons in the gaseous phase; these are accelerated by the 
electric field, collide then with other gas molecules, ionize them and an avalanche-like 
discharge is developed. 

Primary ions and electrons are produced under the effect of cosmic rays and cold 
electron emission between the two electrodes if there is no radioactive substance in the 
system. The time distribution of these relatively few ions is subjected to large statistical 
fluctuations. Discharge cannot be started within a short interval or, if it is necessary to 
ignite several subsequent times, the operation of the discharge tube is poorly reproducible. 

If a radioactive isotope is built into the discharge tube or electron tube, a constant 
concentration of primary ions can be ensured. Such isotopes may be 60Co, 226Ra, etc.; /?- 
radiating ones are, however, more advantageous in many respects. Of the latter type, gases 
(3H, 85Kr, etc.) can be admixed in a homogeneous gas phase, or encapsulated in a metal 
tube. Other methods include absorption or powerisation of the surface. This method of 
ignition allows to produce pulses shorter than 1 ps-this is important in radar technique. 

Radioactive isotopes can facilitate ignition in internal combustion engines, too; the use 
of such isotopes as 60Co, 2 1 0 P ~ ,  226Ra in low amounts [e.g., 5 x 10' Bq (1.4 mCi) 2 1 0 ~ o  
per sparking plug] decreases the ignition voltage considerably. The engne supplied with 
radioactive plugs starts with less revolution, thus the load on the battery is reduced. 

The stabilizing of arc discharge is possible by adding 232Th isotope to the tungsten 
electrode; thus the uniformity of welding in argon atmosphere can be improved. Carbon 
electrode gives a whiter light with such an additive. 

EXAMPLE 6.4 
Is it sufficient if we use a 60Co radiation source with a 4 kBq (0.1 pCi) activity to ensure 

the ignition of a diode protecting transistor (so-called shunt gas diode limiter)? 
Let us assume that the diameter of the diode is 10 mm, its length is 20 mm, it is filled 

with a 2.5 kPa (25 mbar) pressure argon gas and its ignition voltage is higher by 10% than 
the minimum ignition voltage. 

The ignition process consists of two parts: the generation of the first ion pair and the 
developing of the avalanche. If there is at least 1 ion pair in the gas volume, the avalanche 
develops within less than 1p. 

The radiation source is placed as a 0.5 mm wide strip around the tube, at about its half- 
height. As a first, rough approximation, let us assume that a half of the emitted y-quanta 
can get into the gas volume and is not absorbed either in the wall or in the radiation source 
itself. 

There are 4 x lo3 disintegrations per second in the source of the given activity per 
definitionem. Each disintegration produces a 1.17 MeV and a 1.33 MeV y-quantum from 
60Co (see Section 1.3); the concomitant B-radiation is absorbed in the wall. The dose 
rate in the tube is as follows: 

4 x 103 
I= (1.17+ 1.33) x lo6 =5.04 x lo9 eV/(g s) 

2 
The active volume of the diode tube is 0.S2 x 2 x n = 1.6 cm3. The relative atomic mass 

of argon is 40, the density of argon at the given pressure is: 
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The mass of argon in the tube is 

m= 1.6 x 4.5 x =7.2 x g 

The energy absorbed per second is 

Ia,=I[:l -exp (-p,~l)] =!El -exp (-0.0055 x 0.045 x 0.01)] = 

= 5.04 x 10' x 2.5 x eV/(g s)= 1.26 x 104eV/(g s) (6.6) 

where p, is the mass absorption coefficient of argon with respect to the y-radiation of 60Co 
its value being 0.0055 m2/kg (0.055 cm2/g). 

Since 26 eV is necessary to produce an ion pair in argon 

The number of ion pairs per second produced in the tube is: 

Vact = "spec x m=4.8 x lo2 x 7.2 x 10-5/~=3.5 x 10-2 /~  

Let us assume that ion pairs are consumed by recombination only, and the 
recombination factor (the number of ion pairs recombined per time unit) is a= 10-6/s. 
Since dn 2 - -  = an 

d t 

Thus, under the effect of 4 kBq (0.1 pCi) 60Co, the steady state 
pairs is about 200 in the tube; this is sufficient to ensure ignition. 

(6.7) 

(6.8) 

concentration of ion 

6.2. RADIATION CHEMICAL PROCESSES 

6.2.1. INORGANIC SUBSTANCES 

We shall confine ourselves to the radiation chemistry of gases, water and aqueous 
solutions, as well as ion exchangers; aqueous solutions 
dealing with chemical dosimetry. Radiation-induced 
materials have been discussed in Section 6.1. 

6.2.1.1. GASES 

will be treated also in Section 6.6 
changes in important inorganic 

Ozone is produced mainly by high LETradiations from oxygen, in a yield as low as 
G = 6. The radiation chemical decomposition of ozone is, however, a chain reaction with 
G = lo3-lo4 favoured by higher gas pressures. 

Ammonia synthesis presents the difficulty that low temperature is favourable from a 
thermodynamical viewpoint, whereas reaction kinetics require higher temperature. The 
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Fig .  6.10. Scheme of the radiation chemical synthesis of hydrazine 

application of irradiation was intended to bridge these opposite requirements, but the G- 
values proved to be low: at room temperature, in homogeneous phase, G = 2; with alumina 
adsorbent, values of G z 200 have been reported. 

Hydrazine can be produced by the irradiation of ammonia; simultaneously hydrogen 
and nitrogen are formed, and at higher doses hydrazine also suffers decomposition. The 
reaction rate can be increased by applying noble gas additives (such as krypton) and a 
platinum catalyst. Since hydrazine is important for rocket propulsion, a pilot plant has 
been projected for its radiation chemical synthesis (Fig. 6.10). Such a synthesis appears to 
be technologically advantageous; in spite of this fact, as far as we know, no commercial 
realization followed the pilot experiments, presumably due to economic reasons. 

Radiation chemical synthesis of nitrogen oxides from air may be important for nitric 
acid production although the yield of nitrogenfixation camed out with fission products or 
with the mixed radiation of nuclear reactors is low: G = 5-10. Nitrogen oxides decompose 
under the effect of irradiation. 

6.2.1.2. WATER AND AQUEOUS SOLUTIONS 

The knowledge of the mechanism of water radiolysis is important in nuclear reactor 
technique (water is used as moderator and/or coolant, as well as in fuel element processing) 
and for a better understanding of radiobiological processes. 

P. Curie observed as early as in 1901 that hydrogen and oxygen are given off from 
aqueous solutions of radium salts, i.e., under the effect of a-radiation. Later it was shown 
that oxygen is a secondary product: it is formed via hydrogen peroxide. The radiolysis of 
water is very sensitive to dissolved substances (e.g., copper sulphate, organic impurities) 
and is in positive correlation with the LET value of the radiation. 

The decomposition can be characterized as follows: 
(a) for low LET radiations: 

H20-tH, e;, OH', HZ, H202, H,O* 
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(b) for high LET radiations: 

H,O-+H, e,, OH', H,O +, HO;; H,, H,O, 

where e, denotes a solvuted electron. This latter species is the simplest possible ion: its 
lifetime is as short as a few microseconds. It has a reducing nature and consists of an 
electron surrounded by liquid molecules. In aqueous systems it is called hydrated electron. 

Since the processes are reversible, irradiation decomposes water up to a certain degree 
depending upon conditions. If ampoules totally filled with water are irradiated (in this case 
gases are not able to leave the liquid system) the equilibrium is established at low 
conversions. In turn, the presence of a gas phase over the liquid water promotes 
decomposition, since the hydrogen produced can leave the liquid phase (where it would be 
able to react by several orders of magnitude more rapidly). Thus, reverse processes are 
prevented. Every dissolved inorganic and organic substance which is able to react with 
OH' radicals and/or H-atoms accelerates the radioiysis of water because the probability of 
reverse processes is thus decreased. 

Wuter in nuclear reactors suffers radiation damage under the effects of /I-, g-, proton 
and neutron radiation, combined with the kinetic energy of fission products, and its 
behaviour deserves separate treatment. In water-water type reactors water has a triple 
task: moderation, heat transfer and radiation protection. As long as the water is pure, 
reverse reactions can occur without any hindrance and water hardly decomposes. As a 
result of radiolysis of air and corrosion, the water in the reactor becomes more and more 
contaminated and decomposition G-values increase. The extent of decomposition is the 
function of temperature, too. If the water is boiling, hydrogen is removed rapidly; the 
remaining OH' radicals afford hydrogen peroxide which, in turn, gives water and oxygen. 
Thus, oxygen and hydrogen are present simultaneously over irradiated water representing 
an explosion hazard. 

The yield of water decomposition in the vapour phase is about G z  12, in the liquid 
phase G z 4 ,  in solid ice even less. The decreasing yields can be interpreted by the 
decreasing mobility of the free radicals, i.e., by the increasing probability of recombination 
reactions. 

Impurities change the extent of water decomposition at very low concentrations; even 
t ridistilled water suffers radiolysis to a much higher extent than specially purified water 
(the purification can be done, e.g., by preliminary radiolysis). This is an important problem 
also in chemical dosimetry with aqueous solutions (see Section 6.6.1). In dilute solutions it 
is assumed that the radiation interacts primarily with the solvent and primary radiolysis of 
the solute can be neglected. Scavengers are such substances which are able to react 
quantitatively with radicals produced from water. Such scavengers are, e.g., oxygen, 
diphenylpicrylhydrazine (DPPH). 

The existence of H and OH' in neutral form is not proven unambiguously, but it is a 
fact that irradiated water exhibits simultaneously both reducing and oxidizing properties. 
The former indicates the presence of H-atoms, the latter that of OH' radicals. Inorganic 
substances with lower redox potential than 0.9 V undergo radiation chemical oxidation in 

I aqueous solution [e.g., Fe(I1) ions are oxidized to Fe(III), in the presence of sulphuric acid 
the redox potential being 0.75 V]; substances with a redox potential higher than 0.9 V , 

undergo reduction [e.g., Ce(IV) ion with a redox potential of 1.44 V is reduced to Ce(III)]. 
Organic substances are oxidized in irradiated water. 



6.2.1.3. INORGANIC ION EXCHANGERS 

Several natural and synthetic inorganic substances possess ion exchanging properties. 
These are clay minerals or synthetic zeolites containing titanium, tin, chromium, 
zirconium (permutites), salts of polyvalent metals and polyv;ilent acids, oxides and oxide- 
hydrates of polyvalent metals, heteropolyacids and their salts and cyalio complexes. 
Owing to their relatively lower ion exchange capacity and poorer mechanical stability, 
they are less widely used than organic ion exchangers (see also Szction 6.4.3.5). Their 
radiation resistance, however, exceeds that of organic ion exchangers, although this 
also depends on their chemical composition as well as on the conditions of irradiation. 

6.2.2. ORGANIC SUBSTANCES 

6.2.2.1. HYDROCARBONS 

Investigation of the radiation chemical behaviour of hydrocarbons has led to 
technological utilization in the plastics industry, and also to the development of relatively 
radiation-resistant structural, lubricating, etc. materials for nuclear reactors. Table 6.5 
summarizes G-values of the formation of hydrogen and hydrocarbon fragments from 
some important hydrocarbons, indicating also the type of radiation and the state of 
hydrocarbons, both being significant factors influencing product composition. 

The following primary reactions are important in alkane (paraffin) radiolysis: 
(a) molecular hydrogen formation: 

(b) C-H bond rupture: 

(c) C-C bond rupture: 

(d) ion-molecule interactions, e.g.: 

Alkanes give, in addition to hydrogen, saturated and unsaturated hydrocarbon 
products with lower and higher molecular mass than the parent hydrocarbon: gases, 
oligomers and polymers. On longer irradiation, insoluble and non-melting compounds 
are also formed. 

The changes in the mel t ing  po in ts  of some alkanes under the effect of room temperature 
irradiation have been collected in Fig. 6.1 1. The initial melting point depression is 
attributed to the formation of hydrocarbon fragments with lower molecular mass than the 
starting compound. At the minimum, the compensating effect of crosslinking due to 
irradiation can be observed; this, at higher doses, outweighs other processes. The 
molecular mass increases from lo2-103 up to the order of magnitude of lo5, as a 
consequence of crosslin king. 
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Table 6.5. Informatory data on radiation chemical decomposition of hydrocarbons 

Cycloaikanes 
Cyclopropane 
Cyclobutane 
Cyclohexane 
Methylcyclohexane 
Cycloheptane 

Hydrocarbon 

Aliphatic olejins 
Ethylene 
1-Butene 
1 -Hexene 
3,3-Dimethyl- 1-butene 
l,5-Hexadiene 
1-Octene 

Cycloolefins 
Cyclobutene 
Cyclohexene 
3-Methylcyclohexene 
1,4-Cyclohexadiene 
Cycloheptene 
Cyclooctatetraene 

Aliphatic alkanes 
Methane gas 5.7 - 
Propane liquid 4.9 2.0 
n-Hexane liquid 5.0 2.1 
3-Methylpentane liquid 3.4 4.7 
n-Heptane liquid 4.9 1.9 
2,2,4Trimethylpentane liquid 3.5 8.0 

Phase 

Aromatics 
Benzene 
Toluene 
Naphthalene 

Hydrogen I Fragment * 

formation, G, 
molecule/100eV 

liquid 1.1 2.2 
liquid 1.7 6.0 
liquid 5.6 0.3 
liquid 4.8 0.3 
liquid 5.8 0.2 

gas 1.3 0.2 
liquid 0.7 0.8 
liquid 0.9 0.6 
liquid 0.4 0.6 
liquid 0.5 0.2 
liquid 1 .O 0.3 

liquid 0.6 3.0 
liquid 1.2 0.2 
liquid 1.3 0.4 
liquid 0.9 <0.1 
liquid 1 .O 0.1 
liquid 0.02 0.02 

liquid 0.04 0.02 
liquid 0.14 0.03 
solid 0.09 < 0.02 

"Fragments" are hydrocarbon products with less carbon atoms than the parent hydrocarbon; thecolumn 
contains their summarized G-values. 

Heterogeneous catalysts, e.g., finely dispersed silica, alumina and aluminium silicates 
may increase the radiation chemical yields considerably, but several other contact 
substances have no such effect, and what is more, some conductors (metals) decrease the 
reactivity as compared with the homogeneous processes. 

Alkenes (olefins) suffer polymerization as their most important radiation chemical 
transformation; at the same time, the G-values of gaseous decomposition products are 
about 113 of those observed for saturated hydrocarbons. This phenomenon can be 
interpreted on the one hand, in terms of "physical protection", i.e., the loss of radiation 
energy without chemical reaction, on the other hand, by reactions between free radicals and 
double bonds, i.e., by scavenging processes. Mass spectrometric studies have demonstrated 
the role of very rapid ion-molecule interactions, especially at low temperatures. 
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Fig. 6.//. Melting points of irradiated n-alkanes 

Acetylene gives cuprene at room temperature and ambient pressure as the main 
product, apart from l5-2W of benzene. The G-value of acetylene decomposition is about 
70, that of benzene formation is G z 5. 

Aromatic hydrocarbons are distinguished for their very high radiation resistance; this 
statement is especially valid for polycyclic ones such as terphenyls: their GH, values are, as 
a rule, lower than 0.05. 

Mixtures containing alkene or aromatic components exhibit physical and chemical 
"protection": the compounds mentioned "protect" more radiation sensitive components 
(e.g., alkanes) according to the mechanisms mentioned for alkenes. "Physical protection" 
in mixtures is achieved by transferring radiation energy from higher ionization potential 
(so-called donor) components to molecules of lower ionization potential, practically 
without chemical reaction. These latter (so-called acceptor) molecules may react 
chemically, or the energy taken up is dissipated as heat or light. 

Alkylaromatic homoloyues are less radiation resistant than those without side alkyl 
groups, but the aromatic ring exerts an intramolecular "protecting" effect on the side chain 
for both gas and polymer formation. 

In the foregoing the radiation chemistry of hydrocarbons at room temperature has 
been discussed. In practice, however, several hydrocarbons or petroleum products are 
subjected to irradiation at elevated temperatures. Lubricants in nuclear power stations are 
kept at about 100°C, but reactor coolants and moderators must operate at about 400°C 
without damage exceeding permissible limits (see also Section 6.4.3.1). High temperature 
irradiation can have also useful effects (apart from harmful ones): in principle, radiation 
chemical cracking, alkylation and hydrogenation at about 300-400"C and radiation 
chemical isomerization at about room temperature can produce engine fuel in better yields 
than traditional processes. 
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6.2.2.2. PREPARATIVE PROCESSES 

Radiation chemical oxidation of technical parafin proceeds at a high rate at such a low 
temperature where there is no reaction at  all without irradiation and, what is more, the 
chain reaction initiated by an irradiation of appropriate duration is continued at nearly 
identical rate after stopping the irradiation. Radiation chemical oxidation permits one to 
avoid some undesirable side reactions, as well as the contamination of the product with a 
catalyst. The experience of a pilot plant indicates that solid parafin should be irradiated 
for 1.5 h at 120°C with a dose rate of 55-1 10 mGy/s (20-40 krd/h); this leads to a product 
with an acid number as high as 60 mg KOH/g; refining this technical fatty acid gives a 
product with an acid number of 160 mg KOH/g. 

Chlorination processes are important as far as insecticide and herbicide manufacturing 
is concerned. For example, Gammexane ti-isomer of 1,2,3,4,5,6-hexachlorocyciohexane) 
and octachlorocyclopentene can be produced in this way. It has been stated that 
photochemical and radiation chemical chlorinations occur by the same mechanism, but 
the latter process is more economical. 

Chlorination of toluene can lead to substitution in the side chain or addition of the 
chlorine atoms to the aromatic ring. Visible or ultraviolet light does not induce this latter 
reaction, only high energy (e.g., 7) radiation does. 

Manufacturing ojethyl bromide was the first radiation chemical synthesis realized on a 
commercial scale. This was reported by Dow Chemical Company (USA) in 1963. The 
process having a chain character is nearly quantitative. The irradiating reactor lies 1.3 m 
deep underground and is supplied by a 60Co 7-radiation source of an activity ofabout 1014 
Bq (several thousand Ci). The sectional view of the apparatus is shown in Fig. 6.12, the 
process chart in Fig. 6.13. The pump circulates liquid ethyl bromide in the system through 
an appropriate heat exchanger (at a circulation rate of 6-9 m3/h); the feed of hydrogen 
bromide and ethylene is continuous and so is the unloading of the product. Raw ethyl 

Fig. 6.12. Reactor for the radiation synthesis of ethyl bromide. 1 - Locking bar; 2-Cover plate; 3 - Moisturc 
sight glass; 4 - Outer N2 purge inlet; 5 - Inner N2 purge outlet; 6 - Reactants in; 7 - Product out; 
8 - Inner N 2  purge inlet; 9 - Outer N2 purge outlet; 10 - Closure plug with N2 line; 11 - Steel silo jacket; 
I2 - Source well in vessel; 13 - Source carrier; 14 - Locking dog; 15 - Shielding plates; 16 - Lift rod; 

17 - Reaction vessel; 18 - Distribution ring 



Fig. 6.13. The scheme of radiation synthesis of ethyl bromide. I HBr gas; 2 - C2H, gas; 3 - N, purge inlet: 
4 - K ,  purge outlet: 5 -- Control instruments; 6 - Cooler: 7 - Overflow tank; 8 - Product overflow; Y - 
Distillation column; I0 - Product outlet: I f  - Neutralizing column; I - Drier; 13 - Ethyl bromide to 

storage; 14 - Reactor: 1.5 - Ethyl bromide solution: 16 -- Steam in- and outlet 

bromide is purified by distillation, neutralization and drying. The process is a chain 
reaction (G  = lo5); the yield is 98- 1 OW&. 

Sulphoxidation of hydrocarbons is carried out by their irradiation in the presence of 
SO, and 0,; the process results in the formation of liquid and solid sulphonic acids, 
thiosulphonic esters, sulphinic acids, etc. C,-C, , n-paraffins and cyclohexane can be 
sulphoxidated at a high efficiency: the yields are high (G = 300-7000). The process may 
have a potential importance in detergent manufacturing because its products are 
biodegradable which is advantageous from the point of view of environment protection. 

Sulphochlorination is less economical than sulphoxidation, although its radiation 
chemical yield is higher (G = lo3-lo6). Saponified sulphochlorides are used as detergents, 
like the products of direct sulphoxidation (both giving sulphonates). There exists a pilot 
plant in the USSR using radiation chemical sulphochlorination process. 

6.2.2.3. POLYMERS 

Radiation effects on polymers are similar to those exerted on analogous monomers. 
Crosslinking (dimerization, oligomerization, polymerization), chain rupture (giving 
gaseous products of low molecular mass), dehydrogenation and hydrogenation are the 
most important processes. Of these reactions, crossiinkrng and chain rupture have 
particular importance. It is possible to carry out radiation polymerization in the solid 
phase, too. 

Crosslinking leads to the increase of the molecular mass; as a result, insoluble and non- 
melting products are obtained which may represent one single giant molecule; on the 
other hand, chain rupture decreases the molecular mass. Both processes-like in the case 
of low molecular mass organic substances--occur simultaneously and the net result of two 
opposite reactions is observed. Accordingly, if the number of ruptures of the main chain 
per unit time is higher than the number of formation of crosslinks, the polymer suffers 
degradation; in the opposite case it undergoes crosslinking. Those polymers which contain 
at least one hydrogen atom on each carbon atom in their main chain are usually prone to 
crosslinking. Those containing at least one quaternary carbon atom per monomer unit, 
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suffer degradation (Table 6.6). Stereochemical aspects are also important. It is another rule 
for orientation that the tendency for crosslinking is higher with polymers which have a 
high heat of polymerization. 

Oxygen influences not only the rates of crosslinking and degradation. but may also 
change the direction of the resulting process. Whereas, e.g., PVC, polystyrene, 
polypropylene, undergo crosslinking if irradiated in vacuum, they suffer degradation in 
the presence of oxygen. This effect is especially important with plastic objects of high 
specific surface, such as films, powders, chips, and it is not significant for spheres. Additices 
may exert a considerable effect. 

Graft copolymerization renders possible the colouring of polymers which could be 
coloured only poorly otherwise (e.g., polypropylene). If an appropriate polymer is 

Table 6.6. Radiation chemical transformations of polymers (at room temperature, without oxygen) 

Buna Cellulose 

Compounds undergoing mainly crosslinking 

Natural rubber 
Polyacrylamide: 

Compounds undergoing mainly degradation 

Cellulose derivatives 

--CH2--CH--CH2--CH- Poly-z-methylstyrene: 

LONH, LONH,  CH, I CH, I 

Polyacrylonitrile 
Polyamide 
Polyester 
Polyethylene: 

Polypropylene: 

Polysiloxane 
Polystyrene: 

Polycarbonates 
Pol yfluorochloroethy lene 
Polyfluoroethy lene 
Polyisobutylene: 

Poiymethacrylamide: 

CH3 CH3 

- - C H 2 ~ - - C H 2 d -  

AONH, L O N H ,  

--CH,--CH--CH,--CH- Polymethacrylate: 

Polyvinyl alcohol - C H , J - - C H , d -  
Polyvinyl chloride: 

--CH2--CH--CH2--CH- 

(51 LI Polyvinylidene chloride: 

Thiokol 
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irradiated in the presence of a monomer, free radicals produced from the monomer initiate 
the polymerization and the polymer formed is attached to the originally added polymer. If 
molecules of monomer B are incorporated into the main chain of the polymer A, a block 
polymer is obtained: 

If B is attached as a side group, a graft copolymer is formed (apart from low molecular mass 
radicals): 

Radicals may induce homopolymerization of the monomer: 
RS+nB-. , .  . . -BBBB-. . . 

The three following methods are used mainly for radiation grafting: 
(a)  the polymer is irradiated in vacuum and subsequently the monomer is added; 

grafting occurs on the free radicals of the polymer; 
( b )  the polymer is irradiated in the presence of air and subsequently the monomer is 

added; grafting is initiated by heating when the peroxides and hydrogen peroxide during 
irradiation decompose into free radicals; 

( c )  the polymer and monomer are irradiated simultaneously. 
Grafting of a polyethylene foil with styrene gives ion exchange membranes; the 

polystyrene is sulphonated to produce ion exchanging groups. Such membranes can tie 
built in electrolysers and they allow the passage of either positive or negative ions only, 
thus they are suitable to effect special electrodialysis. 

The grafted copolymer obtained from chlorinated polyethylene and a mixture of 
acrylonitrile and styrene is very suitable for injection moulding; similar substances can also 
be used as glues and syntheticfibres. Grafting of ethylene with carbon monoxide gives a 
cheap polymer having many advantageous properties. This substance cannot be 
produced by any other method. Very hard moulded pieces can be made from PVC-styrene 
copolymer if the latter is prepared at low temperatures. 

The first radiation chemical process in the textile industry was the grafting ~ z f  
polyester-cotton mixed fibre to give a permanent pressing; this can be done on the r ~ a d y  
textile. The process improves the colouring of man-made fibres, also its water absorptivity 
and several other properties of cellulose-based fibres. At the same time, decreased uptake 
of contamination by the textile is another advantageous result. 

Plastic-wood combinations can be produced if the appropriate wood is first vacuum- 
dried, then impregnated with a monomer (such as methyl methacrylate, vinyl acetate, 
styrene). The impregnated system should be irradiated with a dose of 104-1 O5 Gy (a few 
Mrd). The hardness, compression, bending and shearing strength of these wood-polymer 
combinations are greatly increased. The products have improved chemical, tropical and 
dimensional stability and lower water absorption. Better machine workability represents 
a special advantage in the wood industry; furthet the product looks nicer than wood. 
Paper-plastic combinations can be prepared similarly. 
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There have been experiments to produce concrete-polymer and glass chips-polymer 
systems by irradiation. Polymerization of styrene, methyl methacrylate, etc., in cavities of 
such systems leads to materials having a high resistance against sulphate iots, hot sea 
water, freezing and melting and, what is more, tubes manufactured in this way are cheaper 
than coated or enamelled ones. These products have extraordinarily high compression 
strength. 

Hardening of paints and varnishes ("curing", "drying") can be carried out by electron 
accelerators, as opposed to the y-irradiation used for producing plastic-wood and 
concrete-plastic combinations. The necessary energy is only about 0.2-0.5 MeV instead of 
1-3 MeV used commonly. This method of suTface treatment permits one to carry out a 
faster and cheaper fixation of thin paint layers and other coatings on metal, wood, paper, 
etc. surfaces than possible by the traditional hardening in ovens. The omission of solvents 
represents a great advantage from the viewpoint of energy saving and environment 
protection. Polyester monomers are the most suitable for this purpose; these can be 
apglied by hardly any other technique. 

Crosslinked polyethylene was the first and has remained the most _ _ important _ -  - -  _-_- radiation 
chemical product. It is uiGlly produced from polyethylene by its subsequent irradiation. 

---. - - 
The radiolysis of gaseous ethylene gives a product with relatively low molecular mass; 
polyethylene with the usual properties can only be obtained in the pressure range 4-10 
MPa (40-100 bar) and somewhat above room temperature. The properties of 
polyethylene produced by radiation are between those of high and low pressure 
polyethylenes: e.g., its density is 940 kg/m3, its crystallinity being 77%. It contains no traces 
of metallic catalysts, therefore its insulating properties are excellent. 

When protected against oxidation, polyethylene crosslinked by irradiation withstands 
high temperatures; e-g., a crosslinked polyethylene film is not damaged by molten 
soldering metal even at 165-180°C. At room temperature, its mechanical properties are 
practically the same as those of traditional polyethylene (i.e., it is not brittle). Above 10O0C, 
keeping partly its strength, it behaves elastically, like rubber. Non-irradiated polyethylene 
flows above 100°C, but a product irradiated with a dose of 100 kGy (10 Mrd) has a tensile 
strength of 1 Mpa/cm2 (10 kp/cm2) even at 160°C. Below the melting point the crystalline 
structure, above it crosslinking ensure the mechanical strength. Crosslinking also 
influences gas permeability; besides the irradiation, this also depends on other 
experimental conditions (solvent, temperature, etc.). The product has no melting point if 
10-20% of it has become insoluble. 

Crosslinked polyethylene is suitable to protect wires, cable end insulations and electric 
coils against the heat effects of electric discharges lasting not too long. This polymer can 
also protect the axles of heavy duty rotors (e.g., in electric locomotives) during high 
temperature impregnation. From this respect, poor adhesion of polyethylene represents a 
particular advantage; thereby the polyethylene which has become damaged, softened, 
welded (but not molten) during discharge, can be easily taken off from the protected coil 
after having fulfilled its protecting duty, and replaced by a new one if necessary. This sort 
of polyethylene is used, for example, in cable industry for the insulating of high temperature 
cables (e.g., for geophysical purposes), but it is aiso suitable for corrosion-resistant gaskets. 

Memory effect is a particularly interesting property of slightly irradiatd polyethylene. 
This is utilized in upto-date electrotechnics and packaging. Pol yet h ylene is irradiated in 
the required shape; it is then expanded with warming up. After cooling, the cable end or 
wire to be insufated is inserted, or the plastic is filled with the material to be packed 
(generally a liquid, plastic or granulated material). When warmed up again above its 
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softening temperature, the polyethylene resumes the original size and shape "prescribed" 
during irradiation, as required for the insulating or packaging purpose. 

m e n  polyvinyl chloride (PVC) is made by the irradiation of vinyl chloride, the 
polymer segregates from the monomer, thus the prows5 ib  heterogeneous. Primarily 
produced PVC is a white powder; hr::l:r ;r:a;ii:t: ::E, r'\ c" i n c f u c ~ c  thi. wleasing of 
hydrogen chloride and a characteristic discolouration. If the radiation polymerization is 
carried out at - 20°C, the transition temperature to the glassy phase is higher than that of 
common PVC. 

Polyvinyl chloride has an intermediate position between crosslinking and degrading 
polymers. The main radiation chemical reactions are the formation of hydrogen chloride 
and double bonds. The evolution of HCl can be used for dosimetric purposes; it can be 
followed analytically or spectrophotometrically; the latter requires special preparations. 
Dose indicators made on this basis are also of importance (see also Section 6.6.5). 

Polyacrylonitrile is produced in a heterogeneous reaction because the polymer 
segregates from the monomer as a solid. Radiation polymerization gives hard, ceramics- 
like materials, which can be worked mechanically well. If the dose rate is too high (above 
14 Gy/s, i.e., 5 Mrd/h) polymerization proceeds like an explosion; even the reactor may 
burst. 

Polymethyl methacrylate (Plexiglass, Lucite) becomes slightly yellow when 
irradiated with even relatively small doses (1-5 x lo4 Gy; 1-5 Mrd). This discolouring 
can be rendered characteristic by means of appropriate additives: this is how Perspex-type 
chemical dosimeters work (see Section 6.6.4); spectrophotometrical measurement is 
necessary to obtain information about the zbsorbed dose. 

Small gas inclusions formed during irradiation expand in the soft polymer to 6 8  times 
of their original volume when the material is warmed up; in this way plastic foams are 
obtained, which are useful for thermoinsulation. There is an inverse correlation between 
the dose and the necessary temperature: e.g., with 290 kGy (29 Mrd) 70°C, with 46 kGy (4.6 
Mrd) 140°C, and with 4.6 kGy (0.46 Mrd) 200°C is necessary to start foaming. 

The radiation chemical preparation of polystyrene is a homogeneous reaction, because 
polystyrene remains dissolved in the monomeric styrene. This material has the best 
radiation resistance among all pure polymers; its copolymers which contain less aromatic 
rings are more sensitive to radiation. 

The radiation resistance of silicons depends on their structure: those containing 
benzene rings are almost as resistant as aromatic hydrocarbons. With decreasing aromatic 
content the G-values increase. The crosslinking G-values of dimethyldiphenylsiloxanes 
also depend on the ratio of the components: with 5% phenyl content, we have about G = 1; 
with 25 mol-% phenyl groups, G <0.1. 

Natural rubber, being a polyisoprene, belonkli to the group of crosslinking polymers. 
The elastic modulus is proportional to the degree of crosslinking to a certain degree of 
vulcanization; above this it remains constant. Literature data suggest that there is no 
significant difference between the products of chemical and radiation vulcanizing. 

EXAMPLE 65 
A sample of 8.8 cm3 of n-octane is irradiated with 60Co y-radiation at a dose rate of 3.5 

Gy/s (1.25 Mrd/h). After 30 rnin, 0.53 crn"as is given off. The pressure in the room is 
atmospheric, the temperature is 20°C. What is the value of G,, , if the gas contains 98 mol- 
% of hydrogen? 
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The normal volume of the gas produced during 30 min is as follows: 

273 
V ,  = 0.53 - = 0.49 cm3 

293 
of this, 98% is hydrogen: 

Using Avoyadro's number we can calculate the number i i f  hydrogen molecules produced: 

The rate of hydrogen formation is then 

-- d n ~ 2  - 1.30 x 1019/0.5 = 2.6 x 10'' molecules per hour. 
d t  

Since the density of n-octane is 703 kg/m3 = 0.703 g/cm3 at 20°C, the mass of the irradiated 
n-octane is: 

The energy absorbed per unit time by the irradiated substance will be: 

and this, according to Table 6.1 is equal to 

dx/d t 
Since G = - 100 particles per 100 eV [see, Equation (6.1)], in the given case 

l a b s  

2.6 x 1019 x lo2 particles/h 
= 5.3 molecules per 100 eV 

4 . 8 7 ~  1020x 100eV/h 

this is the radiation chemical yield of hydrogen evolution from n-octane. 

EXAMPLE 6.6 
Let us attempt to calculate the G-value of nitrogen formation from N,O if the 

irradiation is carried out by y-radiation, in the presence of uranium-impregnated silica gel. 
The experimental data are as follows: amount of catalyst 1 g (13.2% U, 86.8% SiO,); 

volume of reaction vessel: 3 cm3; volume of the solid phase: 0.4 cm3; gas volume 3 -0.4 
= 2.6 cm3; pore volume: 0.9 - 0.4 = 0.5 cm3; amount of N,O: 2.25 x 10- mole; total 
absorbed dose: 100 kg Gy (6.24 x 102%V); amount of nitrogen produced: 26 x mole 
= 1.56 x 1019 molecules; radiation chemical yield of nitrogen formation in the homo- 
geneous phase: GN2, ,,, = 8. 

(a) Let us assume that the solid adsorbs the whole amount of nitrogen. 
The radiation energy is distributed according to the ratio of electrons in each phase: 

2.25 x lo3 mole of N,O contains 2.25 x lo3 [(2 x 7) + 81 = 4.95 x electron moles; the - 
132 x 10-3 868 x 

solid phase contains 
92+ 28 +(2 x 16) 

(14 + 2 x 8) = 48.5 x 10'' electron 
238 

moles per gram. 
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Thus, the energy absorbed-by the gaseous phase is: 

Consequently, 

(b) Lkt us assume that no N,O is adsorbed by the solid: 
The pore volume is 0.5 em3, the free volume between the grains-i.e., outside the 

pores-is 2.6-0.5 = 2.1 an3. The process in the pores is heterogeneous, because the mean 
free path and pore diameter are comparable. Between the grains the situation is the 
opposite: here the mean free path is lower by about 5-6 orders of magnitude than the 
dimensions of the vessel. 

It was calculated above that the gaseous phase absorbs an energy of 5.9 x 1019 eV and 
a part of it reacts according to a homogeneous, another part according to a heterogeneous 
mechanism. The energy share of homogeneous phase will be: 

Since GN2,, = 8, the number of nitrogen molecules produced in the homogeneous 
phase will be 4.7 x 1019 x 8 x = 3.76 x 1018. 

This has to be deducted from the total number of nitrogen molecules. The result gives 
the number of nitrogen molecules produced in heterogeneous reactions: 1.56 x lo1 - 3.76 
x iol8 = 1.18 x 1019. 

The energy share of heterogeneous reactions is: 

Thus, 

( c )  Comparing the two calculations with each other and the homogeneous process, it 
is obtained that the radiation chemical yield of nitrogen formation from N 2 0  irradiated 
by y-radiation in the presence of uranium-impregnated silica gel should be between 
GN2,h,,a= 26.9 and GN2.het,b = 110, i.e., it is 3-13 times higher than the value of GN2,h, = 8. 

6.3. RADIOBIOLOGICAL PROCESSES 

Whereas earlier emphasis was put on the harmful effects of radiation and the necessity 
of radiation protection (see also Chapter 8), nowadays the biological effects of radiation - 
are applied-in addition to medicine-in many fields of a o n a l  economy: - - rn agricultsii-Z in plant improvement, animal breeding, as well as in plant, animal -- . _ _ -  C- -- - . -  - . - - - *  

and environmental protection; --C 

- in& .food industry: for preservation, for m a d i n ~ a n d  -- against parasites; 
- i n w e u t i c a l  industry=n the manufuturing qf medical tools: for the 

sterilization of the products. 
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Table 6.7. Doses necessary to achieve various biological effects with 8- agd y-radiation 

Stimulation of plants and animals 
Plant breeding by mutation 
Destruction of insects by the sterile male method 
Sprouting inhibition (potato, onion) 

?hl Destruction of insects and their eggs ( O h ; n + %  & 
Disinfection (radicidation) / 
Pasteurization of food (radurization)vl 
Sterilization of pharmaceuticals and therapeutic 

equipment 
Sterilization of food (radappertization) 
Inactivation of viruses 
Inactivation of enzymes 

Effect 

The essence of radiobiological effects consists in the modification (damage) of --- cells - --- 

sensitive to radiatioG.-AS &dose absorbed by-a cell increases, the - damage -- can attain the 
l$a[ - -.. ,__ effect. Table 6.7 gives illustrative data about the doses necessary for biblogical 
purposes. 

Necessary dose 

GY I rd 

The first theory in radiobiology explaining cellular damage was the theorv o u k e c t  
t a r s t :  if a high-energy particle or quantum impacts against a vitally important molecule 
7-- - 
In the sensitive part of a cell (e.g., in a chromosome), it alters and eventuauy kills the cell. 
Later research has shown, however, that ason~der-able part of radiobiological effects is 
due to ---.---__. indirect __ processes. . These indirect --...--- effects - - are related to ;he radiolysis of water 
molecule~s (see Section 6.2.1.2). Free -------. radicals formed ...- from - water molecules can oxidize 
v~tally important -- molecules, -- they callcause --- chain . . -. rupture, _ __ _ - d&intggration of colloid 
systems, etc.; as a final result, an abnormal metabolism and the death of the cell will &sue. - - --.---- - - .. -.- .- 

6.3.1. PROCESSES IN AGRICULTURE AND 
THE FOOD INDUSTRY 

The individual processes will be treated in the order of increasing dose requirements: 
Stimulation reauires small doses and causes non-inheritable alterations. Irradiations 

- L .  ---- - .--- - --..--- 
with doses between 0.1 andi0  Gy(l0-1000 rd) ma~have  a stimulating effect, e.g., th%may 
result - -  in a richer - -. harvest. --- This technique is promising especially in the case of small-seed--< --* 

-. -- - _ _ _  .- ---.. - -c - - _ _  
plants (e.g., tobacco, grass, clover, cot ton, poppyseed, tomato, psprika), because the 
4 --- 
volume of thFseed necGiary?or large cultivafd areas - is - rezively small. The costs of 
irradiaGdn are, as a rule, directly proportional to the volume of the substance to be 
irradiated (see also Section 6.5.2). 

Mutations are abrupt changes which are inheritable; the individuals carrying 
1-7'--- --- -. -- -------- -- - 1̂ -. --I---- 

mutations are the mutants. Mutations may be spontaneous or induced by man. Under _.. 
gwe~conditions, mutations can cease ----.--LI----.-------,-..- to exist or can be reversed. 

Induced ( ; ; r t i f i c i a ~ ~ u ~ n t s  can be produced by chemicals, by radiation 
(electromagnetic, e.g., y-radiation, fast or thermal neutrons, electron irradiation, ionic 



radiations and, by a-mesons of much higher doses than necessary for stimulation), -_ or by 
the combined -----rrr7-u- effect of chemicals . and , . . radiation. . - The purpose of irp-$@,qnVb~g@in@ to 
p r o F l a n l s _ h ~ c b ~  resistant to winter -- - cold, -, diseases (often against a - given .. -< special 
disease), to ensure earlier-i@"lpg, to e-&an= $raw s t ~ n g t h  (to f a g i k ~ m a n i c a l  - --_C-. _ - _  
hcz,t jng),  to provide male sterility (for the hybridization of self-pollinating plants), to 

7----- - -  
promote hybridization etc. 

-- 3.. Mutations can also be induced in animals and microorganisms: the investigation of 
lower moulds, fungi and bacteria have shown that their mutants can be utilized in the 
pharmaceutical industry. For example, penicillin is sometimes used to cure cows If. 
however, penicillin_gets -. - lnto the milk, it kills lactobacilli and this is.disadvantageous for 
cheese _*._I_..---- and butter -- - ---.--- manufac&ng. . A - . By irrad,ation it was possible to develop penicillin- 
resistant lactobacilli. & &k 

- - - Tubersand bulbs(potato, onion) will not sprout after irradiation; inhibition of sprouting 
was the first legally approved m h o d  of radiation utilization in agriculture and in the 
food industry. Irradiation of potato and onion has obtained-general or limited--official 
permission from the health authorities of many countries. The doses to be used are 
between 50 and 400 Gy (540 krd). 

_ _._..- 't.- ~ t e r i l i . z a t i ~ ~ t & s  a ,  more -____I._C_. economic __...__.. .. . tool .__.____.__.. for .. plant ..- or animal protection than 
k m t h e  .- parasites, because a dose .____- as low as 50-200 _... ._-... Gy .-. (5-20 krd) brings --.. about -. .-- such 
modifications . in . the male ._ ____ sperm ,. .., .. that . offsprings - ... cannot ,, -.-.,-,. be . generat~d, although .---.. -.- the -. , ... . ability .- - . 
to mate ____-_-- remainsmtact. The precond~ion-o~hesU,C,CCess,~f t.!is~,method . is that -.,. ~... the inkcts be 
confined __----__ to __ a ~_ .  more _ _ .. . or . less . . ~ ~ localized . area; the method is promising on islands being far 
away from the mainland, orin the'case of a strict and concerted international cooperation. 
The male insects to be raaiatlon-sterilized-are. bred .-.LA-.. in . the laboratory. After irradiation 
they _-. -- m % - d % @ t ~ i @ i f b ~ l ~ : ~ t  . . .....---. e is -c7ec.- very important -.. . .-. that -. .- their$umershould . . . . .- . . exceed the 
number of males in the natural populatton by several orders o f  magnitude; even in this 

--'._..-.___ . .  . . - -  ....,.. _ _  . .- -.. 
case the - .  process __.____ _.__ ~i@@-x repeated . .. . . . .. . . . . .. . . . . ... with - -- sei.iiil -. .. -. breeding .-.-- cycles. &A , ,. 

C 
. , d  ' .-. . 

Irradiation can also be used for insecticidal, v ~ i c z d a l  . , an&acaricidal purposes. This 
,i method has been developed for cereals, because their 10s owing to such pests is large: 

about 5% of the world harvest, but under tropical conditions it may be as high as 25-50%. 
The damage can be eliminated by applying a dose of 300-750 Gy (30-75 krd), if the re- 
infection of the irradiated product can be avoided, e.g., by storage in closed silos. Killing 
insects in dried vegetables, dried fruits, and dried srnokedfish by radiation is also effective; 
they must be irradiated after packaging. The quarantine irradiations of plants are also 
important; a similar task is the killing of insects in stored products. A peculiar field of 
application is the killing of worms in wood; this requires, according to presently available 
data, a dose of 5-30 x lo2 Gy (50-300 krd). The killing of insects in museum exhibits is 
based on the same principles. 

Radicidation is a radiation disinfection: Salmonella species can be eliminated from 
frozen meat, egg yoik, poultry, fish meal, feed premixes by applying a medium (1-10 kGy 
or 0.1-1.0 Mrd) dose. The number of ~alntoneila cells (causing paratyphoid) can be 
decreased by seven log cycles by applying 3 kGy (0.3 Mrd) for liquid egg, and 7 kGy (0.7 
Mrd) for powdered egg. As a rule, 3-5 kGy (0.3-0.5 Mrd) irradiation causes no 
organoleptic changes; also the off-flavour brought about by higher doses disappears 
during spray drying or frying. It is important that the radiation disinfection of egg is 
possible also under frozen conditions. 

Irradiation of sewage and waste aims at killing pathogenic microorganisms, as well as 
facilitating coagulation of the colloid system; thislatter promotes filtration. 
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Radiation pasteurizing is called radurization. Relatively low doses (2-6 kGy; 0.2-0.6 
Mrd) are sufficient to remove a considerable fraction of the microflora present in food- 
stuffs; this prolongs the shelf-life of the product. However, killing of the remaining 0.1-1% 
of the microflora (to ensure sterility) requires incomparably higher doses. 

The radiation resistance of vegetables and fruits, as well as juices, is very different. For 
instance, tomato and orange juices are very sensitive, whereas apple pulp is radiation 
resistant. The irradiation of champignon mushroom and strawberry with doses up to 2.5 
kGy (250 krd) has been permitted in some countries, partly to a limited extent. 

Spices are irradiated generally with higher doses (3-15 kGy; 300-1500 krd). 
In the case of meat, the irradiation or pre-packed slices is the most reasonable. There& 

are combined processes preventing the discolouration of even the very sensitive beef. The 
problems are much less with poultry: simple irradiation is sufficient for this purpose 
requiring 3-6 kGy (300-600 krd). 

Fish has to be conserved by irradiation due to the continuous increase of the operating 
distance between the shore and the fishing fleet; the radiation sources are installed on the 
ships themselves. If cooling is combined with irradiation, the time of preservation of 
marine products can be increased by 2-5 times. 

Wine-as far as experiments up till now suggest--cannot be conserved by irradiation 
without a considerable and disadvantageous change of its flavour. 

Nutritive materials (proteins, carbohydrates, fats) suffer so little chemical changes 
under the effect of irradiation that they can be followed analytically only in cases of doses 
exceeding several times those necessary for radiation preservation. On the other hand, 
vitamins behave very differently: their radiation resistance depends very much on the 
conditions of irradiation and the composition of the food. 

Radappertization is the radiation sterilization of food: the dose should be selected here 
to be so high that all bacteria, moulds, fungi and yeast be killed (i-e., their number be 
decreased by 10" times). The necessary doses are high: 25-56 kGy (2.5-5.6 Mrd). A 
disadvantage of the process is that enzymes in tissues and toxins cannot be inactivated 
even by these high doses, In addition, high dose requirements make the process very 
expensive and most food-stuffs are damaged as far as their flavour and aroma are 
concerned. This technique works with some sorts of food and with some combinations, 
but practically it is limited to 'the purposes of military supplies and space research. 

Milk can be sterilized by considerably lower doses than meat (5-15 kGy, i-e., 0.5-1.5 
Mrd), but it is a problem that doses as low as 100-200 Gy (10-20 krd) give rise to off- 
flavour and taste. Milk products are similarly sensitive to irradiation. If irradiation is 
combined with vacuum distillation, the organoleptic changes can be eliminated: 
undesirable materials are eliminated and even a dose as high as 20 kGy (2 Mrd) causes no 
unpleasant flavour. 

One of the main problem. in the radiation sterilization of food is the change of 
organoleptic properties (flavour, aroma) upon irradiation. These determine an upper dose 
limit for most food-stuffs. The critical dose is thus different for each food and depends on 
the conditions or irradiation. Radappertization can be used for the conservation of bacon, 
minced meat, canned ham, pre-packaged porkfillets, ready-made dishes, spices (e-g., paprika), 
as well as for decontamination of enzyme preparations. 

Combination of radiation pasteurization with other preservation methods edvances 
the effects without undesirable side phenomena. Most obvious is the combination of 
irradiation and refrigeration: storage even at 5 "C has a selective and advantageous effect 
on the microflora of food-stuffs because refrigeration prevents the multiplication of 
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pathogenic and radiation resistant germs; on the other hand, food stored in refrigerated 
state before irradiation contains cold-resistant germs which are not radiation resistant. If 
irradiation is carried out in the frozen state, most of the water content of cells freezes and 
the critical doses causing organoleptic changes are usually much higher than with room 
temperature irradiations. On the other hand, the radiation resistance of vegetative 
microorganisms is increased by freezing. The optimum irradiation temperature will be a 
compromise between these two opposite factors. 

Mild heat treatment before irradiation inactivates radiation-resistant enzymes and, in 
addition, considerably decreases the initial number of viable microorganisms. Thus the 
required dose decreases. The product of such a combined method wili have a better 
organoleptic quality than when irradiation is used alone. The combination is more 
effective from the microbiological point of view if heat treatment follows irradiation. 

- The purpose of additives is to prevent or decrease the undssirable organoleptic changes 
or to enhance --- ihF%timkrobialeff%c;t(antibiotics, - etc.). Ascorbic a&d and its deiivatives 

-.- --- - 
are suitable additives: lf 0.5% ascorbic acid is added to minced meat, radiation sterilization 
brings about no organoleptic changes. . . - , -  Improvement of quality can also be achieved in f o o d - s t u f f s - b ~ ~  
7- ,--- - --' -___ n: the coptr~lled 

riy-dfirt - __ and C-- veg_etg&will be possible. ~riedfri i t  _.... - and __ vegetables ------ irradiged _ _ _  with ____ 3- 
6 kGy (0.M.0 Mrd) can be cooked more easily (e.g., prunes, green beans, peas, carrot, 

A-*--- - - -  --- 
cabbage, onJon andFCto).).The taste of canned strawberry is improved upon irradiation. -- -.- '-----------. --- .. .. ---- ----- -. . ---.-. 
Irradiation of raw coffee beans and cocoa beans (with 10-90 kGy, i.e., 1-9 MFd) Eads to a 

-- . . -  --- - - 
shor-t tingame, as well as to better aroma,jlavour and colour. In alcoholic beverages 
(such as brandy, whisky) axs t& &ing canw& achieved. 

The utilization of radiation in the food industry and agriculture spreads rather 
sluggishly. This can be attributed to the slow procedure of premission granting by health 
authorities-which can be understood, but may not be always justified-rat her than to 
technological reasons. In 1983 the specialized organizations of the United Nations 
Organization (FAO, IAEA, WHO) recommended for the member states to authorize the 
irradiation H a n ~ f o o d  --,- - by . an average -- - -- - -- z d m g h i r 3 h a n  . + . - ..-. 10 * kGY (1- Mrd). ----- .__ 

6.3.2. STERILIZATION O F  PHARMACEUTICALS 
AND MEDICAL INSTRUMENTS 

Radiation obtains more and more importance in sterilization of medical instruments, 
in addition to generally accepted high temperature and gas sterilization by ethylene oxide. 
The fact that irradiation is a cold process allows to sterilize preparations and packaging 
materials sensitive to heat, permitting thus the industry to introduce new products. 

Radiation sensitivity is the average dose necessary to kill a given fraction of germs (e.g., 
a dose which decreases the number of microorganisms to l/e times as compared with the 
original): 

where no is the number of microorganisms in the system before irradiation, n is their 
number after irradiation, D is the dose and k,,, denotes a const.ant --- characteristic - - of the 
radieon resistigxe, the value Swhich is t z s a m e  within a wide dose range b i t  depends 
on the temperature, the age of the microorganisms, the temperature, the presence of 
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O L 8 1 2  
Dose, kGy 

Fig. 6.14. Radiation damage of Bacillus pumilus E. 601 suspended in a phosphate buffer. The two lines represent 
radiation effects with and without oxygen 

oxygen or 
decreases in 
> tiruses. 

water, the pH, etc. The radiation sensitivity of various microorganisms 
the following order: vegetative forms > moulds > yeasts > bacterial spores 

The exact determination of the dose applied is very important because a complete 
sterility should be achieved even if the substance was contaminated with germs prior to 
irradiation (Fig. 6.14); an overdose, on the other hand, involves chemical pyrogenic 
decomposition and the substance becomes pyrogenic. The exact dose should be checked 
by simultaneous irradiation of an ampoule containing radiation resistant bacteria, e.g., 
Bacillus pumilus (see Section 6.6). Since the dose necessary for sterilization is inversely 
proportional to the viable cell count in the product to be sterilized, no general sterilizing 
dose values can be given, and it is recommended to determine the permissible maximum of 
the number of microbes before irradiation. 

Sometimes pyroyenic decomposition-which can be judged on the basis of the change 
of the chemical composition followed analytically-as well as discolouration of the 
product (or a change in some other respect of the appearance) occurs under the effect of 
even lower doses than necessary for sterilization; in these cases radiation sterilization 
cannot be applied. 

The radiation sterilization of solutions, suspensions and emulsions is more difficult 
than that of solid substances, because the solution or the colloid system itself may suffer 
damage. Several materials gve  off gas. Some additives-added irrespective of the 
irradiation--can increase or decrease the extent of radiation damage (e.g., sugars have a 
protecting effect). 

The advantages of radiation sterilization compared to thermal sterilization are as . 
follows: 
- previously hermetically closed packages can be sterilized; G- 

- in some cases more suitable packing materials can be used; - I . 
- sterilization can be adjusted to continuous manufacturing technology; 
- the sterility is more certain. &-- 
At the same time, the costs of radiation sterilization at present exceed those of thermal 

sterilization and, in some cases, even those of ethylene oxide sterilization; therefore it 
should be considered in such cases only when this method must be applied, due to the 
chemical composition of the substance to be sterilized. 
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lnocula (serums and antiserums), microbal and viral vaccines, as well as microbe-antigen 
complexes are obtained mostly by inactivation. In the case of smaller viruses larger doses 
are necessary. 

Sterile tissues for transplantation of biological organs (skin, nerves, blood vessels, 
heart valves) can be radiation sterilized in the frozen state, at temperatures as low as - 80 
to - 50 "C, without the appearance of microscopic or other changes. 

Bone transplantation and the creation of humane "bone banks" requires a particular 
sterility requirement. Irradiation is important although a radiation-stei-ilized bone 
expecting transplantation suffers slight changes even when stored in a deep frozen state. 

E n z p e ~  are, as a rule, more radiation resistant; thus ---- :heir total inactivatioq requires 
very largedQses, especially if th&iare--irKa-diated in dhed state. Mucklower doses are 
sufficient 2_ to inactivate - .  __ them--either instantaneously or in a delayed manner411 aqueous 
sol - utio-ns- 

- - Of antibiotics, salts of penicillin and streptomycin can be radiation sterilized either in 
the dry state or in oily su&nsions. The dose necessary to decrease an initial viable cell 
count of 10'' down to 1 damages maximum O.1X of the penicillin. 

As far as other pharmaceuticals are concerned, eye drops, ointments, capsules, pills can 
T. 

be radiation sterilized and also the radiation treatment of some cosmetics is spreading. 
Radiation sterilization of therapeutical and medical tools has evsn greater importance, 

among others, to fight infectious hepatitis. Bandages, surgical rubber gloves, scalpels, 
various vessels, instruments for taking and transfusing blood, injection needles, catheters, 
disposable syringes (of these, some nypoaeimis ones; tilt: 5yringt.b may be Giied with r-i 
.-I---- > , . f i , , 4 ; n , . l l  - I < , " * : -  < . I - : -  - . Y - ? . n " q t a -  n 4 -  ,./"" -""-L."'--  ,, r-* ..-- .,A .--. - - A  - -=-+-- '-Jnm: to rnxmercially radiation sterilized 
products in several countries. Radiation sterilization also increases assortment: bandages 
treated with heat-sensitive additives can only be radiation sterilized. C-ut -- --- thread .- is 
suc~ssfully radiation-s~erilid; its m e i n  -__. content _ .. ___._.---__ is very .-.- sensitive - to heating, especially 
in the ._ _. presgn~e-of -water. All these p~&ucts_are sterilized in the factory: attempts to re- 
sterilize used devices in hospitals proved to be unsuccessful in practice. At the same time, 
the importance of radiation sterilization of artificial kidney and similar equipment joined 
directly to the organism is increasing. 

Of all radiobiological processes, radiation sterilization of therapeutical equipment 
proved to be the most suitable for industrial purposes. 

EXAMPLE 6.7 
Compare the radiation resistance constant k,,, of Bacillus pumilus E. 601 in air and in 

nitrogen. 
As shown by Fig. 6.14, the number of surviving microorganisms after an irradiation 

with a dose of 8 kGy (0.8 Mrd) is 7 x lo-' times less in air and 4 x times less in 
nitrogen than the starting value. 

According to Eq. (6.9): 

Using Eq. (6.10) the result is as follows: 

Hence, the radiation resistance constant of Bacillus pumilus in air is lower by about 
70% than in pure nitrogen. 
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6.4. RADIATION RESISTANCE OF STRUCTURAL 
MATERIALS 

By a careful and proper selection of structural materials it is possible 
- to decrease considerably (or even eliminate) radiation damage; 
- to decrease the time necessary for maintenance. 
The radiatim resistance of organic materials, e.g., polymers, is, as a rule, lower than 

that of inorganic ones. This, together with the increasing importance of plastics as 
structural materials, explains why an overwhelming majority of the literature in this field 
deals with problems connected with polymeric materials. Table 6.8 demonstrates the 
limits of radiation resistance of various substances. It can be seen that some materials do 
not lose their excellent physical and chemical properties even under the effect of high 
doses. 

Table 6.8. Radiation resistance of some structural materials 

Transistors 
Glass 

Material 

Teflon 
Plexiglass 
Water 
Natural and butyl rubber 
Graphite 
Liquid organic substances 
Polyethylene 
Phenoplasts with 

mineral filiers 
Hydrocarbon-based oils 
Polystyrene 
Special polymers 
C e r q i c s  
Carbon steel 
Stainless steel 
Aluminium alloys 

0.1 
0.1-1 As a transparent material 
> lo6 As an insulator 
0.1-10 
10-100 

1 4  > lo6) Depending on the purpose 
10-100 

1&(  > lo6) Depending on the purpose 
100-lo3 
10-103 

100-103 
100-lo3 
lo3-lo4 
104-lo5 
104-los 

1034 > lo6) Depending on the purpose 
lo5-( > lo6) 
1064> lo6! 

Remark 
Limits of application* 

Informatory value pennitting consideraLle variations depending on the purpose of application. 

MGv 

6.4.1. INORGANIC MATERIALS 

Mrd 

Sections 6.1.1 and 6.1.2 deal with processes induced by radiation in inorganic 
structural materials. Only a few additions should be made here. 

6.4.1.1. AIR 

Ozone and nitrogen oxides are the chemically most active substances formed from air 
under the effect or irradiation. An air of 60% relative humidity at room temperature will 
have its dew point at about 10-15 "C. The condensing water interacts with nitrogen oxides 
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and as a result extremely corrosive nitric acid is formed. This-especially in the presence 
of ozone-very rapidly corrodes metal structures. Therefore the concentrations of these 
corrosive products should be limited, and it is a practical method to decrease corrosion by 
coating the metal walls and structures with acid resistant paints or coatings. 

6.4.1.2. WATER AND AQUEOUS SOLUTIONS 

With high LET radiations (see Table 6.2) or in the case of high dose rates, the G-values 
of the radiolysis of water are relatively small, which is advantageous from the point of view 
of nuclear reactor technique. 

Purity has a paramount importance in water radiolysis; it can be checked by 
measuring the electric resistivity. To reduce decomposition, the system must always be 
charged by de-ionized (or distilled) and de-gassed water; corrosive products should be 
continuously removed from closed systems, e.g., by ion exchange. If possible, it  is 
advantageous to dissolve small amounts of hydrogen in the purified water. 

The value of pH should be at its optimum. Alkaline medium reduces corrosion; for steel 
structures the best pH is between 9 and 11. The corrosion resistance of copper and its alloys 
is not particularly good: slightly alkaline medium (pH = 8-9) is recommended for them. 
For aluminium and its alloys, a slightly acidic medium is necessary, the optimum pH being 
about 6.5. 

Inhibitors may decrease analytically observable corrosion caused under irradiation by 
some ions; nevertheless, they may cause increased damage by poisoning the ion exchanger 
purifiers, decreasing their capacity and their efficiency. 

Other aspects of radiolysis of water and aqueous solutions are treated in Section 
6.2.1.2 in detail. 

Radiation effects on polymers are of importance in the technologies of nuclear 
reactors, high energy accelerators, high activity radiation sources, fuel element 
reprocessing plants and spaceships. 

General aspects of radiation damages in polymers have been discussed in Section 
6.2.2..3; the next section will treat mainly the consequences of irradiation. 

Table 6.9 summarizes data with respect to the radiation damages in some polymers. 

6.4.2.1. MAJOR TECHNOLOGICAL CONSEQUENCES 
OF RADIATION DAMAGES 

In addition to changes in the chemical composition (and in connection with it), 
radiolysis modifies mechanical, electrical, optical, etc. properties. 

Of the mechanical properties, crosslinking increases the softening point, Young's 
modulus and the tensile strength; at the same time, solubility and ultimate elongation are 
decreased. Apart from this, gas evolution and brittleness may result. With decomposition 
as the main process, reverse effects are observed. 

The electrical properties will also differ during and after irradiation from those of the 
non-irradiated sample. Direct current conductivity increases considerably during 
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Table 6.9. Radiation resistance of plastics 

I Approximate limit of ap~lication 
- - 

Plastic I Almost no damage I Often acceptable 1 Limited 
- -  

1 MGy I Mrd I MGy I Mrd I MGy I Mrd 

Acryl rubber 
Aniline-formaldehyde resins 
Aromatic epoxy resins 
Aromatic polyarnides 
Cellulose 
Cellulose acetate 
Cellulose nitrate 
Ethyl cellulose 
Furan resin 
Natural rubber 
Neoprene rubber 
Nylon 
Phenoplast (cast) 
Phenoplast (paper-filled) 
Polyacrylonitrile 
Polyamide 
Polycarbonate 
Polyester (glass-filled) 
Polyester (unfilled) 
Polyethylene 
Polyformaldehyde 
Polyimide 
Poly(methy1 methacrylate) 
Poly(methy1 vinylsiloxane) 
Polypropylene 
Polystyrene 
Polytetrafluorethylene 
Polyurethane 
Poly(viny1 acetate) 
Poly(viny1 alcohol) 
Poly(vinylcarbazole) 
Poly(viny1 chloride) 
Poly(vinylidene chloride) 
Silicon (glass-filled) 
Silicon (unfilled) 
Styrene-butadiene rubber 
Urea-formaldehyde resin 

irradiation due to the charged particles formed; the conductivity of epoxy resins, 
polyethylene, poly(methy1 methacrylate), polytetrafluoroethylene (Teflon), etc. increases 
rapidly to a saturation value and remains then unchanged under further irradiation. The 
dose rate and temperature determine the actual value of conductivity of a given irradiated 
polymer. 

If the irradiation ceases, the conductivity of the polymer decreases again; its initial 
value is reached (or approached) after a certain time, depending upon the nature of the 
polymer. The conductivity of most non-polar polymers decreases abruptly after stopping 
the irradiation. I I 

Some electrical properties undergo permanent change as a result of irradiation; these 
can be attributed to permanent, radiation-induced chemical changes. The deterioration of 
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mechanic31 properties, as well as gas evolution may lead to electrical breakdown in many 
cases. The failure of electrical insulation due to radiation effects can primarily be 
attributed to the loss of mechanical strength and formation of gas inclusions and not to the 
alteration of the dielectric properties as a whole. 

The optical properties-first of all the colour of the polymer-are changed by higher 
doses, depending on the conditions (vacuum, air, temperature, dose rate), on the size of the 
sample, on it; chemical composition, etc. Additives in small amounts (e.g., plasticizers) 
may alter the colour effects-this has been utilized by dose indicators (see Section 6.6.5). 

The colour of most polymers turns yellow to brown (eventually black) under 
irradiation. With a dose of 100 kGy (10 Mrd) of y-radiation, under atmospheric 
conditions, polyvinyl chloride becomes dark green, poly(methy1 met hacrylate) (Plexiglass) 
yellow-green, polystyrene light yellow and polyethylene remains unchanged. Most epoxy 
resins become dark brown under the effect of 10' Gy (1000 Mrd). 

Whereas the discolouration of silicate glasses can be reversed by heating (see Section 
6.1.1.3), polymers behave in a different way. Radiation induces the formation of 
unsaturated bonds in polymers and these contribute to discolouration since, as a rule, 
conjugated double bonds are responsible for the colour of organic compounds. Since these 
double bonds do not disappear on heating. it is obvious that an elevated temperature 
cannot reverse the darkening of the polymers; it will even deepen the colour by promoting 
further decomposition. 

6.4-2.2. FACTORS INFLUENCING DFCOMPOSITION 

The effect of chemical composition 
Crosslinking polymers give off mainly hydrogen under irradiation; those undergoing 

degradation give off such gases which contain cracked products (e-g., hydrocarbons) 
pointing to the splitting of bonds in the vicinity of quaternary carbon atoms. The absorbed 
d x e  and the temperature also influence the composition of the gases. 

The: presence of halogens decreases-more or less-the stability of plastics against 
irradiation. 

A rigid molecular structure is generally more radiation resistant than a flexible one. 
Thus, thermosetting resins are more radiation resistant than themoplastics or elastomers. 
Of thermoplastics, hard, glassy types (e.g., polystyrene and polyimide) are the most 
resistant. 

The degree of crystallinity has also an influence on the ratio of crosslinking and 
decomposition. Crystalline regions stop (or at least hinder) the movement of the polymeric 
radicals formed under the effect of irradiation in the amorphous regions and, by doing so, 
disturb recombination processes. In addition, polymeric radicals are produced within the 
crystals; they are practically unable to react with each other, because they do not have the 
sufficient mobility. These "frozen" radicals have a long lifetime and may lead to 
subsequent changes; their stability is, of course, a function of the temperature. 

The number of crystalline regions decreases upon irradiation. Above a certain dose, 
not only their effect disappears, but also the polymeric structure is destroyed. This 
influences, of course, all the physical properties. 

The method of production has also an effect on the radiation resistance; e.g., low 
and high pressure pol yet h ylene behave differently. 
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The eflect of conditions 
Temperature has hardly any effect on the radiation chemistry of polymers, especially 

under the transition temperature. The radiolysis of most kinds of thermoplastics cannot 
be influenced by changing the temperature, under the temperature of formation of the 
glassy polymer. At the same time, most polymers exhibit an increased temperature 
sensitivity in radiolysis above this temperature. This can be attributed, to all probability, 
to the enhancement of decomposition chain reactions as opposed to competing 
crosslinking. 

In spite of rough similarities in heat and radiation resistance, polymers which are 
resistant to high temperatures are not necessarily also radiation resistant: e.g., the 
thermally very stable polytetrafluoroethylene is very sensitive to radiation. 

The stretching of the target can influence the mechanical properties after irradiation; 
e.g., some stretched elastomer gaskets are shortened to 10% of their original size. Internal 
stretching causes an increased damage in polymers. This is due to the enhanced 
crystallization ability of elastomers under stretching, at room temperature. Under 
pressure, radiation effects are less expressed than without it. 

In the presence of oxygen, also the dose rate has an effect on free radical reactions. In 
the case of polyethylene and polypropylene, if the bulk is irradiated in air with a high dose 
rate of 300 Gy/s (100 Mrd/h), the result is similar to that obtained with an irradiation in 
vacuum. On the other hand, with a low dose rate (1 Gy/s or 400 rd/h), the same polymers 
undergo oxidation in the presence of oxygen. 

If the polymers are irradiated in the presence of air, the aggressive gaseous products 
formed from air (ozone and nitrogen oxides, see Section 6.2.1.1) also attack them. In 
addition to the direct radiation effects, this also gives rise to various decomposition 

' products, as indicated, e.g., by the behaviour of rubber: its double bonds are sensitive to 
ozone, therefore, it decomposes if irradiated in oxygen, but no decomposition occurs if the 
irradiation is carried out in vacuum. At the same time, polymers resistant to ozone do not 
become brittle even if they are irradiated in air. 

The lifetime of free radicals is especially long in crystalline systems; hence, when the 
oxygen of air penetrates into the target subsequent to irradiation, it reacts continually with 
"frozen" free radicals and the mechanical, optical, etc. properties of the sample keep on 
changing. 

Humid atmosphere has a considerable influence on radiolysis, especially if-as 
mentioned in Section 6.4.1.1-the condensation of water occurs owing to lowering of the 
temperature. The extent of sorption of condensed water depends on several physical 
properties of the material, e.g., on its porosity. Of course, the radiolysis of sorbed water 
gives hydrogen and oxygen; these gases cause stresses in the sample, accelerating thus 
mechanical damage. The presence of water in the sample may lead to undesirable chemical 
processes: e.g., some elastomers undergo hydrolysis and this decreases their radiation 
resistance further. This effect is especially significant if polyurethane is irradiated in the 
presence of water; this increases its radiation sensitivity ten times as compared to the 
value observed in air. 

The eflect of additives 
Low concentrations of organic protecting agents may exert an advantageous influence 

on the ratio of crosslinking and decomposition. For example, if such substances are added 
to natural rubber, they inhibit chain rupture and/or hinder crosslinking. 1. 
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So far the mechanism of effect of such additives has remained unknown. The general 
opinion is that those substances may act as anti-radiation additives in elastomers, which 
have the same properties as antioxidants: e.g., p-naphthol and pyrogallol act equally in 
both ways in natural rubber. r-Naphthylamine is a good anti-radiation additive in 
styrene-butadiene rubber and nitrile rubber; quinhydrone decreases radiation damages in 
Hypalon rubber. The radiation resistance of epoxy resin adhesives increases upon the 
addition of 2,5-diphenyloxazole. 

Inorganicfillers-besides ensuring a lower price for the product-may enhance the 
radiation resistance of polymers. As opposed to organic additives, relatively large 
amounts of mineral fillers are necessary. Although no general rules could be recognized 
until now, the favourable results may be due to the formation of a solid structure, or to the 
fact that a fraction of the radiation energy is transformed to heat without chemical 
reaction in the inorganic additives. The addition of alumina to polyester or epoxy resin, 
and the addition of silica to rubber can be mentioned as examples. 

Radiosensitizers have an opposite effect: they accelerate the decomposition of 
polymers even in low concentrations. These substances increase the flexibility of 
polymeric systems (e.g., aliphatic flexibilizers in polyester and epoxy resins) and decrease 
the price (e-g., in the case of phenoplasts filled with paper). 

6.4.3. VARIOUS ORGANIC MATERIALS 

6.4.3.1. LUBRICANTS AND ORGANIC MODERATORS 

Up to 50 kGy (5 Mrd) lubricating oils and greases suffer practically no damage 
under the effect of radiation, i.e., their viscosity does not increase above 125% of the 
original value. The technologically decisive interval is between 5 x lo4 and 10' Gy (5 and 
lo4 Mrd), within this, first of all, above lo6 Gy (100 Mrd). If the lubricated machine is 
shielded against radiation, the change of lubricants may be performed after a longer 
period, but this renders the availability and maintenance of the device more difficult. 

The radiation resistance of lubricating oils is generally measured by the viscosity 
change of a sample irradiated by a dose of about lo6 Gy (100 Mrd), eventually by plotting 
the viscosity changes as a function of the time or the dose. In agreement with the 
statements of Section 6.2.2.1, paraffinic lubricants are more rapidly damaged, i.e., 
irradiation for the same period causes a more severe damage in them than in aromatic 
ones. 

Radiation stability is determined mainly by the chemical nature of the basic oil. Table 
6.10 contains summarizing data related to an inert atmosphere, i.e., to irradiation in 
nitrogen or argon gas, or in vacuum. Oxidation decreases the lifetime of lubricants 
drastically or, in other words, irradiation accelerates oxidation processes. 

Some analogy can be observed with the radiation chemistry of polymers discussed in 
Section 6.4.2. Lubricants based on alkylaromatic compounds (ethers or petroleum 
products) are, e.g., very resistant to radiation. The limit of their use is about 5 MGy (500 
Mrd), but for special products this value may reach 100 MGy (lo4 Mrd). On the other 
hand, lubricants containing phosphorus, fluorine or chlorine and fluorine are not resistant 
to radiation: their properties are changed even by a dose of 10 kGy (1 Mrd). Of 
conventional lubricants, esters, silicones and polyglycols are utilizable up to a dose of 
about 6 x lo5 Gy (60 Mrd). 
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Table 6.10. Radiation resistance of lubricants without additives 

As a rough approximation, it can be stated that heat resistant lubricants are also 
radiation resistant: e.g., polyphenyl ethers possess excellent thermal stability, they can be 
applied up to 400 "C, and the same substances also withstand the highest doses of 
radiation without considerable damage. At the same time, there are some basic 
controversies, too: the thermal stability of fluorine compounds is excellent, but their 
radiation resistance is poor. 

If the lubricant contains additiws, the effects of radiation are not unambiguous: both 
the hydrocarbon and the additive suffer simultaneous and-more or less-independent 
radizition chemical degradation. Additives decompose generally more rapidly than the 
basic oil, consequently they lose their effect within a relatively short time. 

Lubricating greases contain petroleum products and gelling agents. They suffer more 
radiation damage than lubricating oiis; both the oil and gelling agent may change- 
interacting with each other, but basically independently of each other. The same is true 
also for additives. This is the reason why the direction of the changes is not unambiguous, 
especially for soap-based greases. If some properties are plotted as a function of the dose, 
curves with extreme values are obtained. 

Of synthetic lubricants, good experiences have been obtained with the following oil 
types: octadecylbenzene and di-(2-ethylhexyl) sebacinate containing additives, as well as 
with alkylbenzene type greases containing didodecyl selenide ( e g ,  Du Pont's "Estersil") or 
a terephthalate gelling agent (of a relative molecular mass of about 250). These substances 
preserve their advantageous properties even above 50 MGy (5 x 10' Mrd), and what is 
more, they possess optimum properties above 30 MGy (3 x lo3 Mrd). Some data for APL 
(Atomic Power Lubricants) oils and greases of the Shell company have been summarized 
in Table 6.1 1. 

Dry lubrication involves different problems. Graphite, molybdenum sulphide and their 
mixtures are suitable lubricants even at temperatures as high as 260-320 "C. It has been 
shown that a dose of 1 MGy (100 Mrd) decreases the lifetime of the lubricated machine 
part in some cases, but lubrication improves again above 26 MGy (2.6 x lo3 Mrd). 

Moderators in nuclear reactors slow down fast neutrons produced during nuclear 
fission in order to make them suitable to maintain the chain reaction. In most cases 
hydrogen (sometimes deuterium) is used for this purpose, mainly as water (heavy water). 
Experience in nuclear technology pointed to some disadvantage of water as moderator 
(and coolant), therefore investigations were camed out to replace water by hydrocarbons. 

Lubricating oil type 

Fluorinated compounds 7 x lo3 0.7 9 x lo4 9 !06 100 
Chlorofluorocarbons 7 x lo3 0.7 8 x l V  8 7 x lo5 70 
Phosphates 1 o4 1 2 x lo5 20 3 x 10" 300 
Silicones 2 x lo4 2 3 lo5 30 7 x lo6 700 
Polyglycols 5 x lo4 5 6 x lo5 60 9 x lo6 900 
Esters 9 x lo4 9 lo6 100 lo7 lo3 
Petroleum-based oils 5 x lo5 50 2 x lo7 2 x lo3 10" lo4 
Ethers 2 x lo6 200 7 lo7 7 lo3 10" lo4 
Alkylaromatics 8 x lo6 800 7 x lo7 7 x lo3 lo8 lo4 

Approximate limit of application 

Almost no damage 

GY Mrd 
Often acceptable 

GY I Mrd 

Limited 

GY 1 Mrd 
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Table 6.12. Radiolysis of polyphenyls at high temperature, under the effect of the mixed radiation of nuclear 
reactors 

Diphenyl 0.1 12 0.159 - 0.82 1.13 - 
o-Terphenyl 0.080 0.108 - 0.63 0.70 - 
m-Terphen y 1 0.069 0.08 1 - 2.58 0.64 - 
p-Terpheny 1 0.062 0.073 0.1 56 0.47 0.54 1.32 
Santowax-R 0.064 0.080 0.153 0.5 1 0.59 1.30 

Compound 

Of hydrocarbons, parafins have most advantageous moderator effect because the 
hydrogen/carbon ratio is the highest in them; but of all hydrocarbons, paraffins have the 
poorest thermal and radiation resistance. Aromatic hydrocarbons--e.g., diphenyl, 
terphenyl and their homologues, methylphenyl and mono-(isopropy1)-biphenyl-have 
highest thermal and radiation stability; they and their mixtures can be applied the most 
reasonably as moderators (Table 6.12) although their moderator effect is not so good, due 
to their lower hydrogen content. In practice, therefore, one has to be satisfied with a 
compromise. 

6.4.3.2. TEXTILES 

G t o t a ~  gas 

300 "C I 350°C ( 400°C 

Textile reinforcement is often used for flexible cable joints and for other types of 
electrical insulation. 

Syntheticfibres are, as a rule, more radiation resistant than natural ones: the most 
sensitive is cotton and the most resistant are aromatic polyamides. The highest 
permissible dose for natural fibres is 50 kGy (5 Mrd), for synthetic ones, it is higher by an 
order of magnitude (500 kGy or 50 Mrd), except for aromatic polyamides (eg, Nomex) 
which can withstand a dose as high as 1 MGy (100 Mrd) (see Table 6.9). 

If possible, glass fibre reinforcement should be applied. 

Gpolpmer 

300°C 3 5 0 ° C  4 0 0 ° C  

6.4.3.3. PAINTS 

The radiation resistance of paints is determined first of all by the medium. In addition, 
the state of the material as well as the technique of painting (the temperature of treatment, 
atmospheric conditions during drying) are also important. Table 6.13 summarizes the 
doses corresponding to the limits of radiation resistance; as can be seen, most 
advantageous are polyurethane type paints which can be used up to a dose of 18 MGy 
(!03 Mrd). 

Several types of damages are caused by irradiation in organic paints: they are blown up 
by gas evolution, they become porous, their permeability increases, cracks are formed 
because of the degradation of the polymeric structure, they peel off due to worsening 
adhesion, etc. 



Table 6.13. Radiation resistance of paints 

Cellulose esters 
Poly(methy1 methacrylate) 
Neoprene 
Chlorinated rubber 
Sulphochlorinated polyethylene 
Poly(viny1 chloride) 
Silicons 
Polyesters 
Polyurethanes 
Phenol derivatives 
Melamine resins 
Epoxy resins 

Medium of the paint 

6.4.3.4. ADHESIVES 

Approximate limit of application 

GY 1 M rd 

Adhesives are damaged by radiation in several ways: e.g., crosslinking increases their 
fragility, the decomposition of molecules contributes to gas formation, decreases* the 
adhesiveness and elasticity. In addition, the danger of corrosion increases to an extent 
depending on the chemical nature of the adhesive; the resistance against solvents 
decreases, cold flow increases and also thermal properties change. 

The following groups can be distinguished from the point of view of radiation 
resistance: 
- some heteroatomic polymers, e.g., polybenzimidazole and its copolymers keep 

their excellent thermal and oxidation properties up to 108 Gy (lo4 Mrd); 
- adhesives withstanding a dose of 107 Gy (lo3 Mrd) or higher are radiation resistant; 

such are epoxy-phenol, vinyl-phenol, modified nylon-phenol, polyurethane and 
polyimide type adhesives; 
- the following systems can be used up to 5 x 1 O6 Gy (500 Mrd): epoxy adhesives, 

epoxy-thiokol, nitrile rubber and nitrile rubber-epoxy-phenol systems; 
- neoprene-phenol systems can be used up to lo6 Gy (100 Mrd); neoprene-rubber- 

nylon-phenol systems can withstand even lower doses: up to 5 x lo5 Gy (50 Mrd). 
Phenol derivatives containing also mineral fillers are, as a rule, more radiation 

resistant: e.g., filled epoxy and silicone preparations and mixed rubber-resin types have a 
medium position as far as resistivity is concerned. 

6.4.3.5. ION EXCHANGE RESINS 

The properties of organic ion exchangers change linearly or abruptly as a function of 
the dose, above a certain threshold value: their functional groups suffer chemical 
decomposition, their mechanical resistance decreases; as a result, their most important 
property: the ion exchange capacity is deteriorated. In addition, their colour and swelling 
are altered, but this has no technological importance. The different properties can undergo 
modification into opposite directions, too (Fig. 6.15). The influence of conditions may also 
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0 0.5 i 1.5 2 
Dose, MGy 

Fig. 6.15. Radiation damage in a polystyrene sulphonic acid ion exchange resin (Katex S) in water (60Co-~). 
I - Change of the ion exchange capacity on the basis of determination of sulphonic groups; 2 -Change of the 
capacity on the basis of titration of the functional groups; 3 - Water content: 0 - 0.13 Gy/s (47 krd/h); 

A - 0.23 Gy/s (83 krdh); - 0.44 Gy/s (158 krd/h) 

Table 6.14. Radiation resistance of ion exchange resins 

I .  Irradiated in aqueous medium 
(a) Cation exchangers 
Phenol condensate -SO,H Katex FN (Duolite C 

3) 0.8 

Matrix 

Polystyrene -SO,H 

(b) Anion exchangers 
Polystyrene -N+(CH3)3 

Functional 
group 

Polystyrene -N+R;RU 

11. Irradiated in air, in dry state 
(a) Cation exchangers 
Phenol condensate -SO,H 
Polystyrene -SO,H 

Commercial name 
of the resin 

(b) Anion exchangers 

Phenol or polyamide - NR2 
condensate -NHR 

Polystyrene - N +(CH3), 

Polystyrene -N+R;RU 

Go, ion/ 
100 eV 

Amberlite IR- 120 1.6 
Dowex-SOWx12 1.4 

Approximate limit of 
application 

Gy 1 Mrd 

Amberlite-IRA-400 1.6-3.2 
Dowex- 1 x8 1.7-3.4 
Amberlite-IRA410 1.7-3.4 

Duolite C 3 0.3 
Amberlite-IR- 120 1.6 
Dowex-SOWx 12 1.4 

be of importance, e.g., that of the pH or the fact whether the irradiation is carried out with a 
dry resin, in air or in an aqueous system (Trttyle 6.14). 

Cation exchangers containing carboxyl functional groups are the most radiation 
sensitive. 



The following resins were found to be the most suitable for use under the conditions of 
radiation exposure (e.g, for isotope production or purification of radioactive waste): 
polyfunctional polycondensed sulphonic acid resins, polymerized and polycondensed 
mono- and bifunctional resins containing phosphite groups and anion exchangers 
containing a pyridine group. They can be used up to a dose of about lo7 Gy (lo3 Mrd). 

6.4.4. COMPOSITE SYSTEMS 

Technological practice often requires composite systems consisting of various 
materials: e.g., cables and coils containing metals and insulators, laminated metallic- 
organic systems (e.g., condensers), glass windows and T V  cameras with polymeric 
adhesives. The lifetime of such systems is determined, as a rule, by the radiation resistance 
of the organic substance. 

In organic materials, used as glues for glass or metal pieces, suffering some radia- 
tion damage, the equipment becomes unserviceable when maintained or repaired even if 
it could have served some more time under normal conditions. 

6.4.4.1, CABLES 

PVC can be used for cable insulation up to 20 kV. Its radiation resistance is accept- 
able from the mechanical point of view up to 1 MGy (100 Mrd). 

Thermoplastic polyethylene has a low dielectric loss even at high frequency, therefore it 
is suitable for insulating radiofrequency cables and power cables up to 50 kV. From the 
mechanical point of view, it can be used at 20 "C up to 1 MGy (100 Mrd). 

Crosslinked polyethylene has better mechanical properties than thermoplastic 
polyethylene: it can be used at room temperature up to 5 MGy (500 Mrd). 

Polytetrafluoroethylene has excellent electrical properties, even at high frequency and 
elevated temperatures but its radiation resistance is poor: its mechanical properties 
remain acceptable up to 10 kGy (1 Mrd) only. 

Mylar, polycmbonates (Makropol) and polyimide (Kapton film) have good electrical 
and thermal properties; e.g., Kapton resists high temperatures up to 400 "C, whereas 
polycarbonate can insulate cables up to 300 kV. The radiation resistances are different: 
polycarbonates can be used up to 2, Mylar up to 5, polyimide at least up to 20 MGy (i.e., 
200,500 and 2000 Mrd, respectively) as far as their mechanical properties are concerned. 

6.4.4.2. ELECTRONIC PARTS 

Table 6.1 5 gives informative data on the radiation resistance of electronic parts against 
mixed y- and fast neutron as well as electron irradiation; these values are influenced also by 
the circumstances. 

Main radiation effects on electronic devices are as follows: 
- in condensers, the insulating resistance decreases, dielectric loss increases, the 

capacity is altered and some organic materials become defective due to gas evolution in 
the dielectric; 
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Table 6.15. Radiation resistance of electronic parts 

Semiconductors 
Organic 

insulators 
Resistors 
Transducers 
Electron tubes 
Condensers 
Magnetic 

materials 
Piezoelectric 

crystals 
Inorganic 

insulators 

Type of parts 

- the natural frequency of oscillator crystals is changed: the extent of this change 
depends on the direction of crystal cleavage and the construction; 
- gas-filled electron values will have altered conductivity and gas ionization; other 

electron tubes exhibit an accelerated aging of the cathode, due to secondary electron 
emission. An altered impedance and increased stray currents on the insulating and glass 
parts are observed, together with an increased tendency of glass parts to break or crack; 
- in inorganic insulators stray currents increase and eventually chemical changes also 

occur; 
- the same is the case with organic insulators; chemical changes, as a rule, cause 

brittleness or softening, together with gas evolution; 
- in magnetic materials, coercivity, remanent magnetism and permeability all change; 
- the stray current grows over resistiuities causing the decrease of their nominal 

value; 
- in semiconductors, the stray current increases; in transistors, amplification de- 

creases, saturation voltage increases; operating voltage data are changed in silicon 
rectifiers; 
- in transducers, the stray current increases, disturbing noise is generated and the 

calibration curve is altered. 

6.5. THE TECHNOLOGY O F  IRRADIATION 

Approximate limit of application 

6S:l. RADIATION SOURCES 

Almost no damage 

GY 1 M rd 

The structures of irradiating facilities are determined first of all by the nature of the 
task to be performed and the character of the radiation. Either electron beams or y- 
radiation are used for technological purposes. 

Electron irradiation is camed out on a commercial scale with accelerators, but the 
utilization of an isotopic /?-irradiation with 90Sr is also investigated because this isotope, 
being in equilibrium with its daughter element, can be obtained relatively 
economically from spent fuel elements. 

Often acceptable 

GY I Mrd 
Limited 

GY I Mrd 
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Electrons are accelerated by "generators"; such are, e.g., linear accelerators, van de 
Graaggenerators, cascade generators and resonance transformers. The maximum energy 
of practically applied accelerators is 8 MeV; the power is maximum 200 kW. 

The advantage of an electron beam is--owing to its high dose rate-that it can be 
readily applied in continuous technologies (Fig. 6.16), e-g., for the treatment of polymers, 
conservation of food, or to produce special technical rubber products. Its disadvantage is 
the rather low penetration, which is only a fraction of that of a y-radiation having the same 
energy. This disadvantage can often be eliminated by irradiating the target from both 
sides; in this way the dose absorbed by the material as a whole is much more uniformly 
distributed. In some cases, e.g., for the surface treatment of polymers, the inhomogeneity of 
the dose rate can be advantageous: if the energy is correctly selected, the bulk of the 
polymer remains undisturbed, at the same time, the surface layer can be grafted. Another 
disadvantage of electron accelerators from the point of view of operation is that they 
require several and highly qualified persons for maintenance; their advantage is that after 
switching off there is no remaining radiation hazard at all. 

7he ;1-irradiation facilities sre loaded as a rule. with 60Co (less often 13'cs); their 
maximum activity is about 1017 Bq (i.e., 2-3 MCi). The design of the irradiation chamber 
is, in principle, analogous to those of radiographic laboratories (see Section 7.2. I), but the 
radioactivity, being higher by several orders of magnitude, requires a much more 
elaborate safety system. Owing to the high penetration of y-radiation, it is essential to 
provide an optimum geometrical arrangement of the radiation sources and the target (Fig. 
6.17) in order to ensure the economical utilization of the dose. 

Fig. 6.16. Scheme ofa continuous electron irradiator. I - Accelerator; 2- Instrument rack; 3 - Switchboard; 
4 - Shielding 
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Fig. 6.17. The operation scheme of a stationary continuous y-irradiator. 1 - Plate-like radiation source system; 
2 - Pneumatic plungers for box moving; 3 - Hanging frame 

The optimum arrangement of the transportation system in the irradiation chamber 
requires a verv high level of engineering skill in the case of both electron and ./-irradiation 
stations. Undisturbed operation requires a caretul construction, raaiation-resistant 
lubrication, etc. Radiation shielding may be either concrete--completed with iron or 
sand--or water of an appropriate depth (5 m). 

In addition to stable failities, mobile irradiation systems gain more and more in 
importance, first of all in the food industry and agriculture. They may be installed on 
railway waggons, trucks (Fig. 6.18) or ships. Overland mobile irradiators can be used, e.g., 
for sprout inhibition of potato and onion, or deworming of cereals. Radiation sources on 
sea vessels are used for fish conservation on commercial scale. Another promising 
economic use is the killing of insects in agricultural products during their transport from 
tropical areas (tropical products being highly contaminated by insects). Thereby the 
importation of such products becomes permissible without any further quarantine. 
Whereas the most suitable isotope for stable sources is 60C07 it is more economical to use 
IJ7Cs for mobile irradiators. This latter isotope has a lower energy y-radiation, therefore 
the mass of radiation shielding sufficient for the necessary safety is lower. This is 
advantageous from the point of view of both investment and transportation costs. 
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Fig. 6.18. Mobile continuous irradiation station (installed on a truck trailer). 1 -Truck; 2 - Switchboard; 3 - 
Feeder; 4 - Spoon conveyor; 5 - Irradiator; 6 - Conveyor; 7 - Filling funnel; 8 - Holder; 9 - Bag 

Irradiation with spent fuel elements of nuclear reactors was expected in the early 1960s 
to have a bright future. More thorough studie; have revealed, however, that the use of such 
irradiation sources is disadvantageous from both the technical and economical aspects. 

Nuclear reactors are suitable for irradiations with chemical or biological purposes, but 
their principal disadvantage is that the neutron-irradiated targets may become 
radioactive. Nuclear reactors have been constructed for expressly radiation chemical 
purposes; they utilize the kinetic energy of fission products in chemical processes, 
improving thus the economy of the process (e.g., synthesis of nitrogen oxides; see also 
Section 6.2.1.1). 

Reactor loops may combine the advantages of nuclear reactors and radioactive 
isotopes. They use molten metals or alloys with high activation cross-section (e.g., indium- 
gallium, magnesium, sodium). These metals can be activated rapidly in the active core of 
the reactor and they give off their radiation energy as y-radiation in the outer half of the 
loop ensuring thus a high efficiency for the chemical reactor. Although their utilization on 
commercial scale has not been reported so far to our knowledge, it is possible that under 
appropriate investment conditions (e.g., if the nuclear reactor and the chemical plant are 
built on a common site) loops will become an economical type of radiation source, 
especially if the reactor provides also the necessary heat. 

6.5.2. ECONOMIC FACTORS 

The capacity of radiation chemical technologies can be calculated from the following 
formula: 

k = 3.7GMIm lo-.' (6.1 1) 

where k denotes the product produced per unit time, t/h; G the radiation chemical yield of 
the product, molecule per 100 eV; M the relative molecular mass of the product; I the 
applied dose rate, Gy/s, and m is the quantity of the irradiated material, t. 

The speciJic energy requirement is also determined by the G-value and the relative 
molecular mass. 

The specific cost of radiation energy depends, in addition, on the physical properties of 
the target and of the radiation source. The nomogram depicted in Fig. 6.19 helps to 
estimate the costs of irradiation. 
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I 
Relative Absorbed 

I 
S /O.iS kg 

molecular 
mass G-value $/absorbed 1 

Fig .  6.19. Nomogram lor calculating irradiating costs 

It is very difficult to suggest anything definite in connection with the economy of 
commercial scale irradiation technologies, because the available data on both the 
investment and operation costs are mostly approximate and often contradictory. It should 
also be remembered that many countries have a monopoly of isotope production, hence 
they may determine the costs oiisotopic products more or less arbitrarily. This may have a 
paramount importance as far as apparent economy is concerned. At the same time 
geographical circumstances (e.g., the availability of hydroelectric energy) determine the 
costs of electric energy and, thereby, that of radiation energy produced by electron 
accelerators. 

There are cases, however, where economy IS of no decisive importance because there 
is no substitute for radiation energy: such is the killing of Salmonella species in, e.g., 
frozen eggs (see Section 6.3.1). 

6.6. THE CONTROL O F  IRRADIATION 

The purpose of dosimetry is to check regularly the dose absorbed by a system during 
the period of a technological process or during a given time. This is basically another 
concept than dosimetry in the sense of health physics (see Chapter 8), although practical 
wording often mixes .the two. 

The most precise method of physical dosimetry is calorimetry providing direct data on 
the value of the radiation dose absorbed by a given system. Physical dosimetry also ' 



includes glass dosimetry, thermoluminescent dosimetry (see Section 6.1.1.3) and 
dosimetry with semiconductors (see Section 6.1.1.2). Special instruments or devices belong 
to the methods of physical dosimetry; they are used according to the instructions issued by 
the manufacturers, therefore they will not be discussed here in details. 

Chemical dosimetry is based on the determination of chemical changes brought about 
by irradiation, i.e., the energy absorbed can be followed by the radiation chemical change 
occurring in the system. These methods are of secondary character, because they have to 
be calibrated on the basis of physical dosimetry (e.g., by ionization chamber or 
calorimeter), but they are well reproducible and relatively simple. The best known 
dosimeters suitable for practical purposes are: the F r i c k  dos~meter using iron(l1) sulphhte 
solution, the modified Fricke dosimeter uslng irurqI i )  and copycr(I1) sulphate, the 
cerium(1V) sulphate, the oxalic acid, the alcohol-chlorobenzene, the film and th: Perspex- 
type dosimeters; of these four procedures (Fricke, ceric sulphate. chlorobenzene and the 
Perspex methods) will be discussed in detail. Approximative chemical dosimeters, called 
dose indicators (monitors), will also be described shortly. 

Biological dosimetry draws conclusions about the absorbed dose on the basis of the 
radiation damage of bacterial, etc. cultures [see Eq. (6.911. It is used generally as a test 
method, it., radiation resistant bacteria are irradiated under the same circumstances as 
the target (product) to be sterilized; if the bacteria are killed, the target can also be regarded 
as sterile. 

6.6.1. FERROUS SULPHATE (FRICK E) DGSIMETRY 

The iron(I1) sulphate dosimetry elaborated by Fricke and co-workers can be regarded 
as a secondary standard for dosimetry. It is suitable to determine the energy absorbed 
from y- and electron radiation both in static and pulse type operation. 

It is based upon the oxidation of iron(I1) ions to iron(II1) ions under the effect of 
radiation. The dosimetric solution consists of iron(I1) sulphate in air-saturated aqueous 
solution containing also 0.4 M sulphuric acid: 

rapid 
0H '+Fe2+ -., OH-+Fe3+ 

slow 
H 2 0 2 + F e 2 +  -, OH'+OH-+Fe3+ 

If the water contains dissolved oxygen, HO, is also produced with high efficiency. 
Dissolved oxygen reacts with H atoms: 

rapid 
H +02 --+ H 0 2  

rapid 
H+ + Fe2+ + H02-Fe3+ +H20 ,  

The latter two equations demonstriite that a good oxygen supply is of paramount 
importance for the Fricke solution: some methods use saturation with oxygen in order to 
extend the limit of the measurement. 

0rganlc.compounds present in the system change the yield of Fe3 + ions because of the 
occurrence of the 

OH' + RH-*H20 + R' 
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process competing with the oxidation of iron(I1) ion by OH' radicals. The resulting R' 
organic radical 
- either reacts with oxygen and gives RO; radical which, in turn, oxidizes Fe(I1) ions, 

i.e., the value of G(Fe3 +) increases, e-g.: 

- or reduces Fe3 + ions, i.e., the value of G(Fe3 +) decreases: 

The presence of organic impurities can be checked by adding chloride ions (e.g., a 1 m M  
NaCl solution); in this case the following reaction also occurs: 

The chlorine atom produced oxidizes a Fe(I1) ion similarly to the OH' radical, 
therefore the value of G(Fe3+) remains unchanged: 

Since chlorine atoms react more rapidly with Fe2+ ions than organic radicals, the 
change of G(Fe3 +) observed upon adding chloride ions indicates the presence of organic 
impurities. 

The radiation chemical yield is: G ( F ~ ~ + ) =  15.6 ion per 100 eV. 
The scope and limits ofapplication are the following: 
- Dose: a linear correlation exists between the absorbed dose and the chemical 

transformation between 40 and 400 Gy (4-40 krd). 
- Dose rate: the accuracy of determination of y-doses does not change up to 40 Gy/s, 

i.e., 150 kGy/h (4 krd/s, i.e., 15 Mrd/h); with electron pulses, the corresponding values are: 2 
Gy per pulse=2 G ~ / 1 0 - ~  s (200 rd per pulse=200 rd/10-6 s). 

Temperature: the variation of temperature between 10 and 50°C has no effect on the 
accuracy of the measurement. 
- Energy dependence: the method is energy independent between 0.1 and 1.6 MeV. 
The procedure is as follows: The solution is prepared with water purified by ion 

exchange, then distilled from potassium perrnanganate and potassium bichromate. The 
concentrations are: 1 mM for iron(I1) sulphate, 1 mM for sodium chloride and 400 mM for 
sulphuric acid. The solutions should be kept in dark bottle, exposure to sunshine must be 
avoided. In this case they can be preserved for several months. Complete purity of the 
vessels, the reagent and the water is essential. The ampoules should be open and their inner 
diameter must-be at least 8 mm to ensure an appropriate diffusion rate of oxygen. If the 
oxygen in the solution is used up during irradiation, the data will be faulty. 

The concentration of Fe3' ions produced by irradiation is determined spec- 
trophotometrically. The absorbance (optical density) of the solution is measured against 
400 mM sulphuric acid at 3Q2 nm in a 1 crn thick quartz cuvette. 

The Lambert-Beer law gives the absorbance of the solution as follows: 
A = ECI (6.12) 

and A c= - 
d (6.13) 

where E denotes the molar absorption coeficient (212 m2/mol); c the molar concentration, 
M; and I the thickness of the cuvette, m. 



With a 1 cm thick cuvette, the absorbed dose will be as follows (at 20°C): 

D=0.285A kGy=0.0285A Mrd 

For the purpose of checking, several measurements with different exposures should be 
carried out in the same selected point of the irradiation chamber. The dose data are correct 
if the dose values plotted as a function of the time of exposure give a straight line passing 
through the origin. The slcpe of the straight line gives the dose rate. A straight line can be 
obtained even if the dosirnetric solution contains organic impuritiei but. according to 
general experience, this straight line does not pass through the origin, but gives a positive 
intersection with the ordinate. In this case, the slope gives a faulty value for the dose rate. 

The exact description of the method can be found, e.g., in the US standard ASTM-D 
167 1-63. 

The accuracy of the method is 5 1--2%. 

EXAMPLE 6.8 
The dose rate is determined by Fricke dosimetry in a small volume of the irradiation 

system. At the same time, the purity of the distilled water is checked by carrying out 
parallel measurements with Fricke solutions with and without NaC1. An appropriate 
spectrophotometer should be used for the measurements. 

The results have been tabulated in Table 6.16. The absorbance of the Fricke solution 
containing also NaCl is before the irradiation 0.038, at 22"C, against 200 m M  H2S04.  

Table 6.16. Experimental results obtained by Fricke dosimetry 

* Sample with added NaCl 

No- 1 Time of irradiation, 
min I A X W m ~  

The calculated dose is at 22°C: 

DZ2 = O.285(A - 0.038)kGy = O.OZ8YA - 0.038) Mrd 

Absorbed dose 

Gv I krd 

where A denotes the absorbance of the irradiated solution. 
Since the molar extinction coefficient is given for 20°C and has a rather large 

temperature coefficient (+ 0.7% per centigrade), the D2, value should be recalculated to 
20°C: 



Time of irradiation. min 

Fig. 6.20. Dose determination by means of Fricke dosimetry 

Plotting these doses as a function of the time of irradiation, Fig. 6.20 is obtained; the 
slope gves the dose rate value: 

6.6.2. CERIUM SULPHATE DOSIMETRY 

Cerium sulphate dosimetry is used mainly for calibration purposes, for the 
determination of doses absorbed in liquid systems from static and pulse type electron or 
electromagnetic irradiation. 

The method is based on the fact that intermediates produced from water under the 
effect of ionizing radiation reduce cerium(1V) ions to cerium(II1) in a reversible process 
taking place in aqueous solutions of cerium(IV)-cerium(III) systems: 

The above equation shows that the process requires no oxygen. 
Various organic impurities--even if present in very low amounts-have an extremely 

great influence on the chemical processes and their G-values. Therefore reproducible 
results can only be obtained under very strictly controlled conditions, after a lengthy 
preparatory work; a large practice is required. The procedure should exclude the 
possibility of getting organic impurities into the system, either from the air or from the 
glass vessels. 

Another precondition of the application of this method is the complete purity of the 
water used; this can be checked in a separate sample by adding NaCl, similarly to thec 
Fricke method. 

The yields of G(Ce3 + j have been reported to be between 2.0 and 3.4 ion per 100 eV; the 
great dispersion can be explained by the extremely strong influence of organic impurities, 
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which increase the radiation chemical yleld even if present in a concentration as low as 
lo-=%. 

The scope and limits of application are as follows: 
- Dose: 0.5-40 kGy (0.054 Mrd). 
- Dose rate: the accuracy remains unchanged for y-radiation up to 1 MGy/s % 4 x 1 O9 

Gy/h, i.e., 100 Mrd/s ~4 x lo5 Mrd/h and, for electron pulses, up to 1 Gy per pulse = 1 
Gy/l.l x lov6 s (100 rd per pulse= 100 rd/l.l x s). 
- Temperature: its effect is within the error of the method between 5 and 50 "C. 
- Energy dependence: the accuracy is energy independent between 0.1 and 10 MeV. 
As mentioned. when efiiecting the measurement, complete pirrity is essential. Thus the 

water has to oe tridistiiled, the Fyrex glass vessels heated for 8 h at ca. 530 "C, .mi 
afterwards rinsed with the dosimetric solutions three times, etc. To avoid con tamination 
by direct contact with the atmosphere, it is necessary to apply traps cooled with liquid 
nitrogen. 

One of the methods is described in the US standard ANSIIASTM D 3001-71 
(Reapproved 1977). 

Recently there has been developed a less sensitive procedure. In this method an 
aqueous solution of both Ce4+ and Ce3+ ions is used, the latter ions are produced by the 
irradiation of an aqueous Ce(S04), solution. The irradiation products not only to Ce3 + 

ions, but simultaneously also oxidizes the impurities in the solution: thereby the necessary 
purity of the system is established. Since this method is not so sensitive to impurities, it is 
sufficient to use monodistilled instead of tridistilled water, it is possible to omit the baking 
of the glass vessels, the use of cooled traps, etc. 

The concentration of the solution should be selected such that no less than 10% and no 
more than 80"/, of the Ce4+ ions are reduced during the irradiation. The dosimetric 
solutions are prepared with a 100 mM Ce(S04), stock solution: 20.2165 g of 
C&SOJ2 x 4H,O is dissolved in about 250 cm3 of 400 mM H2S04 and completed to 500 
cm3 by dilution with 400 mM H2S04. For the determination of dcses between 0.5 and 5.0 
kGy (5&500 krd) the cerium ion concentrations are about 1.0-1.5 mM Ce4' and 2.0-2.5 
mM Ce3 +; between 5.0 and 40 kGy (0.540 Mrd), these values are 8-10 mM Ce4' and 8-1 0 
mM Ce3 + The Ce3 + ions are produced by irradiation of the dosimetric (not of the stock) 
solution. 

The concentration of Ce4+ remaining after irradiation is determined spec- 
trophotometrically. In order to improve the accuracy of the measurement, both the 
irradiated and non-irradiated solutions are diluted to 0.04-0.2 r n M  with 400 mM sulphuric 
acid. Photometry is carried out in a 1-cm quartz cuvette at 320 nm, against 400 mM 
sulphuric acid solution. The molar absorption coefficient of the Ce4+ ion is 561 m2/mole 
at room temperature, in 400 mM sulphuric add. 

The dose can be calculated from the following equation 

AAf D= 8.23 - kGy = 0.823 - Mrd 
G G 

where AA denotes the change of the absorbance (20 "C), f is the ratio of dilution 
and G = 2.04 Ce3 +/lo0 eV. 

Cerium sulphate dosimetry is used mainly for the measurement of high doses (above 
400 Gy or 40 krd, representing the upper limit of Fricke dosimetry), as a comparative 
method, because its range of application is wide and its error is small. Because of its very 



high sensitivity to impurities-menttc)ned several times above-this method has not 
gained widespread acceptance for r,wtine measurements. 

The accuracy of the method is aMut f 3%. 

The only considerable disadv;i~tuge of Fricke dosimetry is its unsuitability for 
measuring doses above 400 Gy (40 i t , ! ) .  At the same time, the cerium sulphate method, 
suitable for dose checking in a m~litt wider dose range, is very sensitive to impurities. 

Although the accuracy of alcohcit,.~hlorobenzene dosimetry does not reach that of the 
Fricke method or cerium sulphate ,!,wnetry, but it is much more applicab!e for routine 
measurements owing to its simplicit\. ~clative insensitivity to impurities and wide range of 
measurement. 

The mechanism of the basic radln(tcjn chemical process has not been clarified yet; the 
following reactions of chlorobenzerr~. suggested: 

The product to be measured I t r  rhe alcohoiic chlorobenzene system is basically 
hydrochloric acid formed from chl,.~ I I IC atoms. HCI is radiostable in solution even when 
present in high concentrations (e.g.. m ~ ) .  Ethyl alcohol, acetone and water are zdded 
in order to stabilize the chlorine ; I I I I I I I S  produced in the free radical reaction and to 
promote their transformations to c h ~ , l ~  rtle ions. Ethyl alcohol serves a!so as an inhibitor of 
a chain type oxidation reaction I (  is a very good solvent of hydrochloric acid. 

The radiation chemical yield i n  .tlcoholic solution containing 25% of chlorobenzene 
is Gc, = 5.5 ion per 100 eV, 

The scope and limits of a p p l i c ; l l ~ s t ~ ~  of chlorobenzene dosimetry are the following: 
- Dose: there is a linear coracI 11l0n beiween the dose and the chemical trans- 

formation between 500 and 4 x 1 0 %  ( t y (0.05- 40 Mrd). 
- Dose rate: the accuracy of , I &  cl-~minafion remains unchanged between the dose 

rates 0.045 and 2 j Gyls = 16&9 . 1 0 '  Gylh, i.e., between 4.5-2.5 x lo3 rdjs = 0.016-9 
Mrd/h. 
- Temperature: the method is r ,  tlrperature indepenaent between 20 and '90 "C. 
The solution necessary for dosilll4 1 1  y contains 24% of chlorobenzene, 4% water and 

0.04% acetone and alcohol. In gc l t ,  ( ~ 1 ,  analytical grade reagents and distilled water 
should be used. 

Correct dose data are obtaineti ,., , I I  I!' the irradiated ampoules are kept in darkness for 
several years and evaluated afterw:4*(lJ 

The titration of hydrochloric ac.i,/ r a i o d ~ ~ e d  by the radiolysis of chlorobenzene can be 
based on the determination of hv,l,ligen ions in the presence of Bromophe~ol Blue 
indicator: 

or on the determination of chloride i r r ~  in the presence of diphenylcarbazone indicator: 

J-J~(No,), I ?HCI = HgC12 + 2 HNO j 



The value of the absorbed dose can be calculated from the following formula: 

where c denotes the hydrogen chloride concentration in the irradiated sample. 
The absorbed dose can also be determined by oscillometry. Oscillometry belongs to the 

group of conductivity measurements and is carried out by means of a high frequency 
alternating current. Its considerable advantage is that the measurement can be carried out 
without any galvanic contact with the solution to be studied, thus valuable information 
can be obtained on the composition of the sample even without opening the ampoule. 

A calibration curve can be constructed by measuring the high frequency conductivity 
for several ampoules containing chlorobenzene solutions irradiated with known doses; 
the values obtained at a given frequency are plotted. It must be remembered that not only 
hydrochloric acid, but also other products of irradiation may contribute to the alteration 
of conductivity and capacity of the so!ution, Therefore the calibrating samples should be 
produced by irradiation, and the chloride ion concentration in each ampoule should be 
determined after oscillometric measurement by titration with mercury(I1) nitrate. This 
measurement gives the value of absorbed dose for each calibration ampoule. 

I t  is essential that ampoules with identical diameter and wall thickness should be used 
both for calibration and measurement. For checking, about 50 ampoules of each series of 
production should be measured in every sensitivity range; these, when filled with nqn- 
irradiated chlorobenzene solution should give practically the same deviation in a given 
range of the instrument. The structural change of the ampoules (discolouring) has no effect 
on the accuracy of t h  . measurement. 

After having measured the calibrating series and plotting the values of absorbed dose 
as a function of the scale reading, we obtain a calibration curve. The ampoules for 
dosimetry are then measured, and the absorbed dose values are read from the calibration 
curve. 

Systems with various electron densities have different properties as far as their 
?-radiation absorption is concerned. Therefore dose values measured with different 
systems should be recalculated on the same basis. 

If the Fricke dosimetry is selected as a secondary standard (D,), then the dose obtained 
by alcoholic chlorobenzene dosimetry (D,,) should be corrected: 

DF= 1.01 Dcb (6.1 7) 

The accuracy of the measurement is f 5%. 
The irradiated ampoules can be preserved in darkness for at least three years without 

change in their high frequency corlductivity. 

EXAMPLE 6.9 
The absorbed dose is determined by alcoholic chlorobenzene dosimetry at a given spot 

of an irradiation system by both the oscillometric and titration methods. 
The sensitivity of the instrument is adjusted in a way that the full range can be utilized, 

i.e., the ampoule with the highest and the lowest conductivity can be measured withm the 
same range. The dose values shown in Table 6.17(a) and Fig. 6.21 are obtainable by 
titration. 

First the doses corresponding to the contents of the ampoules to be investigated are 
determined by oscillometry [Table 6.17(b)J; the ampoules are then opened and their 
contents titrated [T~hle  6.17(c)J. 
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Table 6.17. Experimental data for chlorbenzene dosimetry 

(a) Data of calibration (see Fig. 6.21) 

(b) Data measured by oscillometry 

No. of ampoule 

(c) Measured by titration 

Dose 

I ~ G Y  Mrd 

No. of ampoules 

Instrument reading 

1 25 4 22.7 2.27 
4 84.5 8 12.0 1.20 

10 40 4 27.3 2.73 
12 16 4 25.0 2.50 

Instrument reading 

No. of 
ampoule 

10 r n ~  H&N03), 
solction 

consumed, cm3 

Instrument range 

Volume of the 
sample, cm3 

5 m ~  KHCO, 
solution 

consumed. cm3 

Absorbed dose 

Dose . 

~ G Y  

GY 

Mrd 

Mrd 



438 RADIATION IECHNOLOGIB 

The doses are calculated on the basis of the equation (6.16) considering also the factor 
of the titrating 5 m M  Hg(NO,), solution (being equal to 0.97 1, related to 10 m M  NaCl). 

A comparison of the titration data with those obtained by oscillometry shows that the 
deviation exceeds & 5:l0. 

Instrument reading 

Fly. 6.21. The calibration curve 01 me osm~onizier for i h ; o r o ~ n ~ e l ~ t  ~ o ~ s  !r, 

5.6.4. POLYMERIC DOSIMETERS 

Films and pieces of pc~lyrners are more arid more often used for the chemical dosimetry 
of both 7- and electron radiations. Of these, poly(methy1 methacrylate) (PMMA) 
dosimeters are relatively new. The red Perspex dosimeter should be mentioned here, used 
mainly for routine checking in y-irradiation technique. 

The essence of the method is the irradiation of PMMA foils or cylinders containing 
appropriate dyestuffs; these change their colour in a close correlation with the dose (see 
also Section 6.4.2.1). The absorbancy changes can be measured at, e-g.. 656.5 nm and ths 
dose can be determined by means of a calibration cwve. 

The limits of application are: 
- Dose: it should be between 5 x 1 0 3 4  x l(r G y  ( 0 . d . 0  Mrd) ifa calibration curve is 

used. 
--- Dose rate: 0.14-2.8 Gy/s x 5W104 Gy/h (14-280 rd/s ~0.05-1.0 Mrd/h) are the 

limits of dose rate values where the cdour change does not depend on the dose rate. 
- Temperature: the absorbance change is temperature indepcnden t between 10 and 

32 "C. 
- Energy dependence: the method can be used for energies up to 4 MeV in the case of 

both 7- and electron radiations. 
The method should be carried out according to the instructions for use of the 

evaluating spectrophotometer: the colour chanps give informarion about the absorbed 
doses. 

The accuracy of the measclrement is +2-3:/; if the e ~duat ion  is carried out 
instantaneously after irradiation. The absorbancq changes rapidly even at room 



THE CCNTROL OF IRRADlATlON 439 

temperature; there are appropriate correction curves permitting one to make recal- 
culations, however, not without non-negligible errors. 

6.6.5. DOSE INDICATORS (MONITORS) 

As radiation sterilization gains ground on the commercial scale, efforts to produce 
handy radiation indicators becomes more and more actual. These should indicate the fact 
of irradiation at a first glance. 

Every dose indicator makes use of the discolouring of polymers under the effect of 
irradiation. They utilize the evolution of hydrochloric acid from PVC owing to the 
radiation chemical reaction; this is detected by a coloured acid-base indicator admixed to 
the polymer. Such radiation indicators are sold as tags or adhesive tapes, eventually in 
printed form. 

Dose indicators have a f 20-30% accuracy in the dose range suitable for sterilization, 
e-g., most indicators can be used between 2 and 30 kGy (0.2 and 3 Mrd) with the accuracy 
mentioned, independently of the dose rate. Good dose indicators are insensitive to visible 
and ultraviolet light, to heat, humidity and chemical reagents and remain unchanged for a 
long period. 
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7. INDUSTRIAL RADIOGRAPHY 

The nondestructive testing (NDT) methods which use ionizing radiations (X-ray, y- 
source, et'~.) to detect defects of nontransparent materials or apparatus or to discover their 
internal construction belong to industrial radiography. The attribute industrial 
distinguishes them from the medical application which utilizes similar methods. In the 
following we will restrict the term radiography to its industrial application. 

There are additional NDTmethods such as ultrasonic, magnetic or eddy current NDT 
method or crack detection using penetrants. The different NDT methods may also be 
applied in combinations. Radiography is combined frequently with ultrasonic methods to 
find defects of welded joints. Frequent checking of the quality of welded joints is performed 
byfluorescent liquids, by magnetic particles or by soap solutions since radiography is not 
very suitable for crack detection. 

X-ray diffraction methods do not belong to the armoury of NDT methods becruse 
they give information on the lattice. Bearing in mind the radioisotopic theme of our book, 
we shall only deal with radiography carried out with radioactive sources. This procedure is 
analogous to radiography using X-ray apparatus or accelerators, apart from their specific 
operational properties. 

7.1. CLASSIFICATION OF RADIOGRAPHIC METHODS 

The methods of radiography are open to arbitrary classification. 

7.1.1. CLASSIFICATION ACCORDING TO 
TYPE O F  RADIATION 

Type of radiation 
I 1 

X-ray radiation 
7- 

brems- characteristic 
strahlung radiation 

nuclear radiation 

The high energy bremsstrahlungs of accelerators (e.g., betatron, linear accelerators) 
also belong to X-ray radiations. Characteristic X-ray radiation can be generated by X-ray 
tubes or by electron capture (Kcapture, see Section 1.2) isotopes and can be used for X-ray 
diffraction methods as mentioned above: for X-ray fluorescent analysis (see Section 4.1.4), 
for continuous testing of coatings (see Section 2.2.3). 

Only the high energy electromagnetic radiations (bremsstrahlung, y-radiation) are 
generally accepted in industry. These two methods have similar techniques-apart from 
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the radiation sources. At one time, industrial radiography used only X-ray radiation and 
even today it does so to a great extent, though for testing thick slabs, welded joints and 
concrete structures accelerators, mainly industrial betatrons are, for example, now being 
used more and more. 

Gamma-radiography (gamma-defectoscopy) is based on the application of y-radiating 
radio isotopes and it has the following advantages over X-ray sources: 
- the radiation source has small dimensions thereby enabling it to be placed almost 

anywhere in a complex construction; 
- the radiation is homogeneous in every direction which enables it to be used for 

panoramic exposition; a single exposure is sufficient instead of many individual collimated 
ones; 
- high energy radiating isotopes enable the testing of greater wall thicknesses than 

does X-ray radiation; 
- external parameters have no influence on the radiation of the isotopes (this means 

that the method has considerable stability); 
- the method needs no special supplies such as electric energy, cooling water, etc.; this 

makes it cheaper and simpler to use. particularly in outdoor testing; 
- the cost of radiation sources is relatively low. 
Gamma-radiography also has some disadvantages in that y-sources: 
- have a smaller dose rate than X-rays, therefore longer exposure time is necessary 

(which influences economy); 
- with smaller wall thickness the radiograms are of poorer quality (the image contrast 

is worse); 
- their geometricul size may sometimes be larger than that of the focal point of the 

X-ray tubes, therefore the outer (geometrical) unsharpness of the radiograms is increased; 
- they need to be exthmged from time to time due to radioactive decay, which 

operation involves special experience; 
- they radiate continuously, therefore radiation protection has to be carefully 

considered; 
- they decay continuously, therefore efficient time utilization is an important 

economic factor. 
Apart from y-radiation, other radioactive radiations are also used for radiography- 

though within a fairly limited field. 8-Radiation is suitable to penetrate thin sheets of low 
density materials (rubber, plastics) because of its limited penetrability (8-R Beta- 
radiography). 

Samples containing elements with different thermal neutron attenuation (H, B, Cd, Eu, 
Gd, Li, Sm) are investigated with neutron sources. Neutron radiography has found only 
special applications because the sources are not easily available. This is even more true of 
proton radiography-though this has some other advantages (see Section 7.5). 

7.1.2. CLASSIFICATION ACCORDING TO THE 
ENERGY O F  RADIATION SOURCES 

In radiography the spectral distribution of the radiation energy of the source is of little 
interest; the source can either be bremsstrahlung or it can originate from the nuclear 
energy transitions. The only important factor is the peak energy of the radiation (for X-ray) 
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Fig. 7.1. Energy ranges of different radiation sources and the corresponding steel thickness ranges which can be 
tested economically 

or the prevailing (average) energy (for -/-radiation), since it is these that characterize the 
penetrability. 

The energy ranges and the optimum thickness of a steel sheet for radiography are 
shown in Fig. 7.1. 

7.1.3. CLASSIFICATION ACCORDING TO 
THE DETECTION OF DEFECTS 

The detection of defects by ionizing radiations can be carried out by different methods: 

Detecting method 

photosensitive 
film 

visual 
met hod 

instrumental 
met hod 

screen vacuum tube solid state xeroradiography 
image amplifier image amplifier 

-Y-ruyfilm (less frequently X-ray paper) is the most commonly used defect detector so 
we shall first deal with this. 

11' we put a film against the side of a sample opposite to the source we obtain an 
intensity distribution which corresponds to the thickness distribution and gives the, . 
internal structure of the sample (Fig. 7.2). 
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Fig. 7.2. Change in pradiation intensity passing through samples which contain inclusions. 1 - Radiation 
source; 2 - Film; 3  distribution of intensity at the film; 4 - Inclusion; 5 - Sample being tested 

As a result ofinteraction between the ionizing radiation and the sample to be examined 
in the presence of the amplifying screen, a latent image will develop in the photographic 
emulsion which can be made visible by photographic processing (developing, fixing, etc.). 

The intensity of the primary radiation decreases exponentially with the penetration 
depth in the materiaI, but at the same time the intensity of the scattered (Compton-) 
radiation, which originates from the interaction between the radiation and the material 
increases and will be added to the actual value of the primary radiation (Fig. 7.3). As a 
result of the interaction secondary electrons form whose number is proportional to the 
radiation intensity at a depth larger than the mean range of the electrons. Where the layer 
thickness is smaller than their mean range the electrons leave the material. This 
phenomenon can be used tc ieduce the exposure time: the film is placed between two metal 
foils (amplifier foils) whereupon the electrons leaving the foils produce a latent image in a 
shorter time (see Section 7.3.2.2). 

Visual defect detection has two advantages: it is rapid and it saves film costs-which 
comprise a considerable part of the whole cost. The disadvantages are: its application has 

7 0  
Fig. 73. -tribution in the arrangement of y-radiography. I - Std-thickness; 2 - Film; 3 - Gross- 
radiation; 4 - Gross secondary electroas; 5 - Secondary electrons rising in kad-screens; 6- Direction of 
radiation; 7 - Primary radiation; 8 - Scattered radiation; 9 - ! k ~ n d a r y  electrons risiqg in stel and screens; 

10-Ltadscxecns 
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limitations, defect evaluation is more difiicult, it gives no documentation of the results. For 
visual investigation mostly X-ray sources are used. The most important methods are the 
following: 

The (invisible) X-rays will be transformed to visible radiation on the screen. The 
luminescent (generally ZnS) screen shows a magnified picture which must not be viewed 
directly but through a lead glass sheet or in a mirror. The image on the screen can also be 
ampIified and transmitted to a television set. The defects appear on the screen-opposite 
the film-as brighter spots. 

Vacuum tube image amplification aims at reducing the dose necessary for image 
formation. Instead of a luminescent screen a particular vacuum tube is applied which has 
an electron emitter layer on its front surface. The electrons generated by the X-ray 
radiation will be accelerated and focused on a fluorescent screen by means of an electron- 
optical lens and the screen can be directly observed. It is a great advantage that the defects 
can be detected using only a 1/100 dose rate. 

With a solid state image amplifier the X-radiation reaches an electron emitter layer. The 
emitted electrons form an image with the help of a semiconductor layer. The necessary 
radiation intensity is only 1/3000 of the direct method. 

Xeroradiography detects defects by semiconductors. Instead of a film a charged 
semiconductor layer is applied on which a charge loss corresponding to the dose rate takes 
place. The dose rate follows the shape of the sample. The image becomes visible by blowing 
powder particles on to the layer. The powder distribution and density depend on the local 
charge. 

The major disadvantage of instrumental non-destructive testing (which uses radiation 
detectors) is that it presents no visible image of defect distribution and size but gives only 
numerical values. This limits its applicability. Theoretically it agrees with the method of 
thickness measuring described in Section 2.4.4. The information presented by these NDT 
instruments is often processed by computer. The radiation intensity data are compared 
with those of a standard sample and defective specimens will be discarded automatically. 

7.2. TECHNIQUES OF GAMMA-RADIOGRAPHY 

There are numerous control methods, but as far as samples are concerned, there are two 
main groups according to whether the samples are transportable or not. Thcse two-groups 
need different equipment, radiation protection and techniques. If transportation costs are 
not too high the transportable samples should be tested in a laboratory where suitable 
radiation protection can be ensured. Local testing is more common and it requires that 
great attention be paid to protection. 

7.2.1. LABORATORIES FOR RADIOGRAPHY 

Gamma-radiography of samples which can be transported economically, is carried out 
in special laboratories under the safest conditions. The basic types of laboratories for 
gamma-radiography are shown in Figs 7.4 and 7.5. 

Among the laboratories with panoramic exposures large multipurpose chambers are 
fairly common (Fig. 7.qa)): they have dimensions of 10 x 10 m; they are equipped with a 
suitable portal crane, with transport way and have a trac maze. They generally have a 
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Fig. 7.4. Basic laboratory types for gamma-radiography. .4 - Crane track; B - Site of radl.tt~on source; C - 
Exposure room; D- isotope store; (a) - Laboratory with transporter and maze for staK (b) Isotope store and 

laboratory with entrance for staff and for transport; (c) - Simple laboratcv 

U U 

Fig. 7.5. Twin laboratories w 
CI 

collimated radiation source 

Fig. 7.6. Laboratory for gamma-radiography with isotope well 

so-called isotope well (tile hole) type radiation source (Fig. 7.6). The isotope well is an 
approximately 10 m deep tube with closed bottom which contains the radiation sour= f 

and the necessary electromechanical parts for moving the source. The correct localization 
of the source for irradiation is carried out by means of an expansion tongs and for its 
observation either a periscope or a television system can be used. All doors are locked and 
should there be unauthorized opening the radiation source is Wediately directed back ! 
into the well in order to avoid any accidents. i 
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Figures 7.4(b) and 7.4(c) show smaller, more simple labomtsh\ws but still with 
panoramic exposures (without service rooms and photographic hh*ratory; Fig. 7-71. 

Laboratories for gamma-radiography generally have a muzts I,, diminish the 7- 
radiation; this maze ensures that the intensity of the scattered raci~.ri:,,~ decreases to a 
permissible level. Protecting doors are large and heavy, thus they are wL4 only r n o  maze 
can be built. 

Among the laboratories with oriented radiation beams, twin htb,-ratories are very 
convenient for controlling small items, first of all castings (Fig. 7.5). \ h, two laboratories 
have a common, portable gamma-radiographic unit (isotope contltt t ,~ for radiography) 
which irradiates with a collimated beam in one of them while the s-l~!:~\ies and films are 
prepared in the other. In such cases only a part of the radiation solid .t;rde, about 50-900 
can be used. 

Laboratory isotope containers may be of different constructior~ S\>rne of the most 
common types are shown in Figs 7.8-7.12. . 

Isotope containers with a verticaljrame (Fig. 7.8) reduce the tint,- I,,,,. Samples and 
films are placed on the platform of a small trolley which is then pushed :inder the gamma- 
radiographic unit which has a radiation beam directed downward \Vhile exposure is 
taking place the next trolley is prepared. The radiation beam is enablr,i ,,, prevented with 
the help of a remotely controlled tong. 

Fig .  7.7. Panoramic exposure for simultaneous radiography of sever.,! ,.imples 

Fig. 7.8. Isotope container with vertical frame 
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Fig. 7.9. Combinad'laboratory y-ra~~ographic unit, I - Storage container; 2 - Radiation source; 3 - Upper 
moving tool and bowden; 4 - Fork lock; 5 - Panoramic final position; 6 - Collimator stopper; 7 - Upper 

fnllimator head: 8 - Lower moving tool and bowden; 9 - Inner maze chznnel; 10 - Stopper 

Fig. 7.10. Concrete storage shelter for isotope container 

T k  combined laboratory y-radzographic unit (Fig. 7.9) has two heads. The lower one 
(1) is a storage container for the radiation source (2) when it is not in use. For exposure 
the source can be lifted up to the arrester (4) by the upper trigger unit and cable (3) or to 
the final position (5). If the arrester is locked the source is held in the centre of the funnel 
shaped collimator (6) and it irradiates an oriented beam if the funnel plug is taken off. If 
the plug is replaced by one with a smaller hole a very fine beam can be collimated and used, 
for example, for instrumental NDT. Opening the arrester the source can rise above the top 
of the upper head (7) and can be used for panoramic exposures in about 37r st (steradian, 
270") enabling several samples to be irradiated simultaneously. After exposure the source 
is returned to the container with the help of the lower trigger unit (8). In order to prevent 
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Fig. 7.11. Telemechanical ?-radiographic unit and its application. 1 - Control mechanism; 2 - Crank; 3 - 
Tube for carrying the radiation source; 4 - Cable for moving the source; 5 - Isotope container; 6 - 

Changeable source; 7 - Exposure head; 8 - Multichannel isotope container 

Fig. 7.12. Pneumatically remote controlled gamma-radiographic unit. 1 - Steel flask for comprased air with a 
pressure of. 120 bar; 2 - 250/160 press reducer; 3 - Electromagnetic air ventiles; 4 - Flow indicator; 5 - 
Isotope container with tungsten shield and with maze exits, 6 - Flexible tube for leading out the radiation 

source; 7 - Exposure terminal for the source; 8 - Multichannel isotope container 

radiation escape the inner channel (9) is convoluted. The radiation source is changed by 
taking off the plug (10) which contains the source holder, too. The combined 
gamma-radiographic unit can be turned around a horizontal axis and can be fixed in any 
position. The equipment can contain 2 x 10" Bq (5 Ci) 60Co isotope. Its mass is 250 kg 
and it is easily portable on a two wheeled trolley. 

'It is advantageous to have industrial control laboratories joined to the technological 
line. This ensures homogeneous product quality and decreases transportation costs. 

Production quality control can be performed inside the workshop but care has to be 
taken of radiation protection. However as the area of the workshop is of a high value and-- - 
the need to keep sufficient distance between the radiation source and the workers, as a 
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usual protection method, cannot be applied, it is thus, a more economical solution to 
separate a part of the building with a wall built of concrete blocks. This has the advantage 
that it can easily be demolished or rebuilt in another form if necessary. For one-storey 
buildings no protecting roof is needed and even big samples can be moved by a crane from 
above. Personnel movement takes place through a small maze. For unusually-shaped 
samples, special structures like tunnels, shelters, pits should be built. The thickness of the 
protecting wall or the size of the separated area can be reduced considerably if a shield 
reduces a part of the radiation solid angle with suitably formed (conic or panoramic) 
collimators (Fig: 7.13). 1 

Dimensioning of wall thickness for radiation protection of laboratories and containers 
is given in Section 8.1.4.2. 

7.2.2. GAMMA-RADIOGRAPHIC FIELD-TESTS 

Ra+n_eraphic field-tests are essential for the safety of fixed steel  ons st ructions like 
pipelines, vessels, steel frames or buildings. Local radiographic tests requir;. q x l a l  
protection measures. For this reason the isotope containers and the radiographic 
technique differ from those of laboratories in the ways given below. 

Field tests need easily transportable containers which can be controlled from a largg 
distance. The radiation sources can be moved from the mobile containers to the required 
position by mechanic, pneumatic, hydraulic or electrical equipment. Present-day 
containers (y--radiographic units) not only have a lead protection shield but also a tungsten 
or uranium one which results in a considerable weight reduction and in easier 
transportation. (Uranium with reduced i35U content is subject to the control of the 
Nuclear Non-Proliferation Treaty (NPT); it has therefore to be registered in countries 
which have signed the treaty.) 

Multichannel storage containers are able to contain 4-5 radiation sources simulta- 
neously: the required source can be directed to a less protected, remotely controlled single 
channel working container under completely safe conditions. The radiation protection of 
the storage container has to ensure a surface dose rate less than 20 pSv/h (2 mR/h) as 
opposed to working containers, for which 100 pSv/h (10 mR/h) is allowed. In a suitably 
protected area the source can be stored in the working container too. The shelter for the 
portable single channel working container (Fig. 7.10) must be closed with a safety lock. It is 
advisable that an area of 5 x 5 m around it be protected with a 2 m high fence. 

An underground waterproofed conrete pit closed with a safety lock can be used as a 
simple (temporary) storage. 

Remote controlled gamma-radiographic units are used mainly for local radiographic 
testing. There are several constructions for this purpose and two of them are described 
below. The usual telemechanical gamma-radiographk unit (Fig. 7.11) has two flexible 
tubes, a larger diameter one (3) and a smaller diameter one (4) containing a flexible cable 
to move the source, and join to the working container (5) covered with a uranium or a 
tungsten shield. At one end of the larger diameter tube there is a small case (7) with or 
without collimators. The smaller diameter h b e  has, at one end, an apparatus (1) with a 
crank-arm (2). From the apparatus a steel cable (4) can be wound out, the other end of 
which is fixed to the source (6). When making a radiogram, the container is transported 
close to the position where it will be used. 

Having removed the protecting shields of the pipe junctions the flexible pipes are fixed 
onto them. The exposure head on the end of the larger diameter tube, either the panoramic 



one or that with the collimator will be located to where it will be most effective in terns of 
radiography. The transport container will be taken as far as allowed by the tube. The 
remote control mechanism ( I )  should stay in the direction of the axis of the larger 
diameter tube. The source is moved by the control mechanism into the exposure head (7) 
and after the exposure back into the working container (5). At the end of a particular task 
the source (6) has to be replaced by remote control into the storage container (8). 

The pneumatically remotely controlled gamma-radiographic units (Fig. 7.12) operate 
by means of compressed air originating from a steel flask (I). The pressure is controlled by 
a reducer (2). The path for the compressed air is determined by magnetic valves (3) which 
are controlled electrically from a distance of 3-5 m. The air current can be controlled by 
means of the flow indicator (4). The spherical source having a diameter of 3.5 mm can be 
moved by the compressed air and the valves, either from the tungsten shielded working 
container (5) through a flexible tube (6) into the exposure position (7) or into the 
opposite direction. Signals show .the actual position of the source. 

The length of the outgoing tube can change from 6 to 30 m, the only difference being 
caused is in the air consumption. The tube must be resistant to twisting, bending and 
external pressure. After the termination of the preselected exposure time the source is 
directed back to the working container (5) by a timer. At the end of the day's shift the 
exposure head (7) is removed, the tube (6) is joined to the multichannel storage container 
(8) and the source is moved into it. An about 1T Bq (30 Ci) lg21r radiation source is used. 
The exposure head (7) can be partially shielded if necessary. The mass of the whole 
apparatus is about 32 kg. It works either by, e.g., a silver-zinc battery or on mains current. 

Source 

Fig. 7.13. Collimators for remotely controlled gammaddcctoscopes. (a) - For oriented radiation; (0) - For 
annular arrangement 
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Panoramic exposures can be prepared without collimators and an oriented radiation 
beam can be formed by use of coflimators (Fig. 7.13 (a), (b)). 

For the testing of welded joints of self-propelled gamma-radiographic units, so-called 
radioisotope pipeline crawlers are the most economical ones. The source is in the centre of 
the pipe thus the radiation passes through the wall of the tube only once. This reduces the 
exposure time 20 to 30-fold and gives better image quality. Without using pipeline crawler 
the introduction of the source into the tube is a complicated procesq. To simplify the 
examination of annular welded joints self propelling pipeline cralniers have been 
developed with or without wire control. 

The remotely controIIed radioisotope pipeline crawlers (Fig. 7.14) generally consist of 
4 main parts: the radiating head (I), the vehicle (2) with drive and control, the energy 
supply (3) and the control apparatus which operates from outside the pipe (4). As a result 

Fig. 7.i4. Remotely controlled automotive gamma-radiographic unit (pipeline crawler). I - Radiating head, 2 - 
Vehicle with drive; 3 - Batteries for energy supply; 4 - Isotopic control apparatus; 5 - GM-tubes for the g- 

relays; 6 - Film; 7 - Apparatus for moving the radiation source 

of an external signal the pipeline crawler advances inside the pipe from one welded joint to 
the next where it waits for the signal of the gamma-relay (Section 2.2.1.1) with an accuracy 
of +4-5% as a function of the pipe diameter. A film (6) is placed on the welded joint 
outside and on a next signal a retarded (10-20 s) driver (7) releases the 1921r radiation 
source for an exposure time of between 3 and 999 s. After exposure the source will pushed 
back to be container whereupon the crawler moves automatically to the next joint or, at 
the end of the day's shift (if need be moving backwards) it leaves the pipeline, running 1- 
2 km distance. The signals are relayed by a 13'Cs radiation source of about 200 MBq 
(6 mCi) to the instrument. The instruments are manufactured in two sizes: e.g., for 200- 
400 mrn and for 300-800 mm pipe diameter. There is a possibility for broadening the 
testing range up to 1500 mm dia by applying an additional instrument. The respective 
masses of the instruments are 40 and 70 kg. The radiation source is up to 4 TBq (100 Ci) 
192~r  isotope. The pipeline crawler moves at a speed of 8-lOm/min. The maximum 
gradient allowed is 5545%. If the maximum gradient exceeded this, the four driven 
wheels may skid even on a dry inner surface of pipeline. The mean range of the machine is 
1.5 to 4 km per battery charge. 

Collimators (Fig. 7.13) limit the solid angle of the radiation to a useful beam around the 
exposure head of the remotely controlled gamma-radiographic unit. Collimators are 
prepared either for forming oriented radiation beam (Fig. 7.13 (a)) or annular-shaped 



radiation beam (Fig. 7.13 (b)). Their radiation protection is generally not enough to enable 
one to approach them (as in the case of the working containers), but the radius of the 
evacuated zone can be reduced significantly (see Section 8.4.4.2). This is particularly 
important for exposures in places where there are likely to be many people (residential 
areas, factories, etc.). By using a collimator, the work and traffic around the radiographic 
workplace is less limited. 

7.2.3. PREPARATION FOR RADIOGRAPHY 

As far as the quality of a radiogram is concerned, it is not- the external conditions 
(outdoor or indoor testing, kind of the applied isotope container) but rather the previous 
preparation for radiography that is important, though the external conditions are of 
course important from the viewpoint of radiation protection of persons. 

7.2.3.1. SELECTION O F  RADIATION SOURCE 

The selected radioactive isotope should have the best radiation parameters (first of all 
the energy) from the viewpoint of the material quality and the wall thickness (Fig. 7.1). If 
many different radiation sources are available for the given thickness range, the 
advantages and disadvantages described in Section 7.1.1. have to be considered. The 
detailed data of y-radiation sources are given in Section 1.4.2.3. 

Thicker walls have to be irradiated by a radiation source of higher energy in order to 
achieve a measurable dose rate on the other side. Higher energies have higher dose 
constants (Section 1.3) therefore a more economic exposure time also means the 
application of higher energy, as opposed to the quality needs of a radiogram due to 
contrast. 

An isotope can be considered to be optimum if the thickness of the investigated sample 
is between two and fourfold of its-attenuation half value thickness for the given material. In 
the case ofsteel: for the range of 16-65 mm ihickness a lg21r, for 20-90 mm a 137Cs, for 40- 
150 mm a 60Co source can be recommended. For samples thinner than 16 rnm either X- 
ray radiation or soft y-radiation (l7'Tm, lace, lS5Eu, 169Yb, etc.) should be used. A wall 
thicker than 150 mm can be examined mostly with high energy accelerators (betatrons, 
linear accelerators). If the wall-thickness is less than the optimum, the quality of the 
radiogram worsens; if it is more, the exposure time is unecon~mically long. 

7.2.3.2. PLANNING THE ARRANGEMENT 
FOR RADIOGRAPHY 

The direction of the beam and the distance between the source, the sample and the film 
also determine the quality of the radiogram. In the stage of selecting (see Sections 7.2.1 and 
7.2.2) the number of exposures and the positions have to be determined, as an optimum. 

One should get maximum information from the lowest possible number of 
radiograms. For a sample with difierent wall thicknesses the exposure time has to be 
calculated either for the dominant or for the critical thickness, because on the other parts of 
the sample a limited detection of the defects might also be satisfactory. If each part is 
essential, a number of radiograms have to be prepared with different exposure times. 
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The radioactive radiation sources radiate in all direction. This can be utilized covering 
as great part of the irradiated area with samples and films as possible. For this purpose in a 
hollow sample the source is placed inside or in the case of more samples to be tested a 
panoramic arrangement has to be made. In this second case samples of different wall 
thicknesses can be tested by a single exposure because the attenuation differences can be 
equalized by selecting various distances. 

In order to obtain the best possible detection of a defect the correct direction for 
radiography is essential. Defects on the film-side of the sample can be recognized more 
easily. With the thicker walls of hollow castings the external side of the casting cools down 
faster thereby causing e.g., shrinkage cavity defects mostly at the inner third of the wall- 
thickness: therefore in critical cases instead of the more economical inside exposure it is 
more reasonable to place the source outside the casting. Cracks and other nearly two 
dimensional de$ects can be detected if their plane deviates not more than about TO0 from 
the direction of radiation. 

In the case 3f double wall samples (tubes, closed vessels) the exposures through both 
walls might be avoided. The defects of the wall at the source-side cannot be seen on the 
radiogram and the quality of the latter is poorer because of the scattered radiation. It 
sometimes helps to bore a hole and to pass a small source (e.g., 0.5 mm dia) through it into 
the sample, and sub:~quently to seal the hole. 

Figures 7.15 (a), (b), jc) show some special arrangements for radiography. 

7.2.3.3. DETERMINATION O F  EXPOSURE TIME 

Exposure time depends on the following: the kind of radiation source, its total and 
specific activity (its sizes), the quality and thickness of the sample, the type of film and 
intensifying screen, the absorbancy (optical density, blackening), the distance bet ween the 
source and the film, the processing techniques, etc. These effects can be taken into 
consideration partly on the basis of mathematical relations and partly on the basis of 
empirical data. 

The use of exposure nomograms is the simplest way to determine the exposure time. 
The nomograms fix some of the parameters and generally give the exposure-time, i.e., the 
product of activity by time in GBq.h (Ci.h) vs. the wall-thickness. The trajectories of the 
nomograms show the film-densities at definite source-film distances or inversely. If 
commercially produced nomograms are not available they can be prepared'by making 
radiogram with standard steel sheets of different thickness. 

The exposure time can also be calculated using the dose values in the equation of the 
radiation absorption (2.13): 

D, = 1, texp ( - p x )  (7.1) 

where D, is the dose needed for the required film-density in units of pGy in air (where 1R 
= 8690 pGy); I. is the dose-rate without any absorber sheet at the site of the film, in pGy/h 
in air (R/h); p is the linear absorption coefficient, m - '; x is the thickness of the sample, m; t 
is the exposure time, s; 

In another form 
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where A is the activity of the source, Bq (Ci); K, is the dose constant pGy . m2/(GBq h) 
[R . m2/(Ci. h)]; I is the distance between the source and the film, m. 

It is known that 

exp (px) = 2%'" (7-3) 

where xIl, is the half value thickness, m. 
The exposure time is 

Df X l2 X 2XIX1 
t= 

A x K, 

The iough values of Df for some films and isotopes are shown in Fig. 7.16, but these can 
easily be determined experimentally for other films or conditions too. 

On the basis of such calculations a disc has been constructed to determine the exposure 
time (Fig. 7.17), for steel samples and for a 1921r source. Using the logarithmic circular 
nomogram, the inner disc ( I )  is moved till the mark (5) reaches the required film dose 
value. In this position it is fixed by a screw (2). 

The required source-film distance value on the middle (mobile) disc (3) is fitted by 
means of a pin (6) to the corresponding source activity value on the inner disc ( I ) .  In this 
position the exposure time for any steel wall thickness (see the outer scale of the middle 
disc) can be read on the time-scale of the outer disc (4). 

For materials other than steel (copper, aluminium, etc.) the exposure time has to be 
determined experimentally, because it depends on the composition and density of the 
alloys. Table 7.1 gives some attenuation half value thickness which can be used to calculate 
exposure times. 

EXAMPLE 7.1 
Calculate the exposure time for the following conditions: steel wall thickness: 

x = 100 mm; radiation source: 60Co [300 GBq (8 Ci)]; film type: Agfa-Gevaert D7; 
distance: I =  0.7 m; intensifying screens: lead of 0.15 mm before the film and of 0.45 mm 
behind the film; required film-density: S =  2. 

(a 1 (bl 
Calculated dose in air, Gy Calculated dose in air, Gy 

Calculated dose, rad Calculated dose, rad 

Fig.  7.16. Density curves of some well-known film types under different conditions. (a) - Density curve of 
Gevaert D7 film exposed behind 40 mm thick steel sheet. Developer G 209 A; temp. 20 "C; time 5 min. I - 60Co; 
2 - 1 3 7 ~ ~ ;  j - 1 9 2 1 ~ ~ -  0.15/0.45 Pb; - - - Without foil; - .-. - M 200 foil. (b) - Density curves of 
different film types for lg2  Ir isotope and 40 mm steel sheet. I - Ada-Gevacrt DID, 2 - Ilford G; 3 - Fcnania 
ID; 4 - Kodak Industrex D, 5 - Agfa-Gevaert D7; 6 - ORWO Texo; 7 - Word CX; 8 - Agfa&acrt D4 
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Fig. 7.17. Disc for determination of exposure time. 1 - Inner fixed disc; 2 - Fixing screw; 3 - Mobile disc; 4 - 
Outer fixed disc; 5 - Mark for film factor; 6 - Pin 

Table 7.1. Approximate half value thicknesses of attenuation 

I thickness, mm 

Steel, cast iron 20 15 14 
Non-ferrous metals (copper, bronze) 18 13 12 
Light metals (Al) alloys) 58 43 40 

~ c t a l  

The following data should be ustd: Df=3.4mGy (0.39 R) (from Fig. 7.16 (a)); 
x,,, = 20 mm (from Table 7.1); 4 = 305 pGy - m2/(GBq . h) C1.3 R m2/(ci h)]. 

On t& basis of Eq. (7.4) using SI units: 

Radiation source 
6 0 ~ ~  I lJ7cs 1921r 
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in conventional (non-SI) system: 

0.39 x 0.72 x 2100/20 
t= = 0.59 h = 35 min 

8 x 1.3 

EXAMPLE 7,2 
At what distance should the x=42mm thick castings be placed around an 

A = 2.10' ' Bq (5.4 Ci) 1921r source to obtain a film-density S = 2 on a Ferrania ID film after 
a t= 16 h exposure time? 

Data: D, = 3.9 mGy (0.45 R from Fig. 7.16 (b)); x,,, = 14 mm (from Table 7.1); 
ir, = 11 7 pGy . m2/(GBq . h) [OS ~.m~/(Ci.h)]. 

Expressing the distance from Eq. (7.4) in SI-units: 

in the conventional (non-SI) system: 

7.2.3.4. COMPLEMENTARY PROCESSES OF RADIOGRAPHY 

During the preparation of the exposure, first of all the sample has to befixed so that it is 
t.ibration-free and cannot be displaced. After that an image quality indicator, e.g., a series of 
steel wires (I.Q.I.; see Section 7.3.1), corresponding to the quality and thickness of the 
sample, are placed at a convenient site (they will help later to qualify the radiogram). To 
determine the correct location of the defect, certain marks or a series of leadfigures are used. 
Lead figures are also used to mark the location and the serial number of the film whose 
shadow remains on the film. If possible the sample should also be marked by means of 
marking tool. The position of the source has to be determined correctly and finally the 
waterproof film-marked with a serial number-is placed on the corresponding side of 
the sample. The films can be fixed with magnets, with rubber bands, with adhesive tape or 
may only need to be supported. 

For outdoor work the films must be protected from sunshine or from high temperature: 
therefore, if temperature isolation is not possible, it is reasonable to work at night in order 
to avoid the melting of the emulsion. The danger zone has to be marked with warning signs " 

and closed off with great care; only after that may the source be directed into the exposure 
position. 

During exposure the operators must remain at a reasonable distance or behind a 
shielding. For this period nobody is allowed to pass the safety zone (see Section 8.4.4.2). 
The size of the safety zone depends on the kind and activity of the source and can be 
calculated on the basis of Fig. 7.18. The dose rate should decrease to 20 pSv/h (2 mR/h) on 
the border of the zone. The relatively long distances can significantly be reduced by 
applying collimators or by taking advantage of the shielding effect of buildings, other 
constructions or even of the sample itself. In such cases the border of the zone must be 
determined instrumentally. 
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Distance, m 

Fig. 7.18. Protection distances corresponding to the 20 pSv/h (2 mR/h) dose rate, for different source activity 
values 

For radioisotope pipeline crawlers no constant safety zone can be determined. In such 
cases audible and visual signals remind people of the radiation danger. In cases of on-site 
testing this generally causes no problem. 

After the exposure the source is directed back into the container and the films will be 
processed as described in the following section. 

7.2.3.5. PROCESSING AND HANDLING O F  FILM 

The detector material is a cellulose acetate based double coated X-rayfilm sensitized 
for ionizing radiations. The silver content ofits emulsion is about 40% higher than in usual 
photographic materials. 

In the emulsion of the exposedfilm the silver bromide decomposes as a result of the 
ionizing radiation, a latent image is formed which can be developed and fixed by usual 
photographic processing techniques. Great care and purity are needed because of the 
danger of artifacts which may result in wrong decisions. The usual processing technique 
will not be described but attention needs to be paid to some aspects of the handling, viz. the 
age of the developer solution considerably influences the quality of the radiogram. The 
storage possibilities under different conditions are as follows: 
- in a full, closed bottle for 6 months; 
- in a half filled, closed bottle for 3 months; 
- in a developer tank for 1 month; 
- in a developer tank over 24°C for 2 weeks; 
- in open air for 1 day. 

These figures should be treated as approximations. 
Temperature is an extremely important factor and is closely linked with the developing 

time. This time is given by the producer: it is generaIly 5 4  min at 20°C. Over 25°C only 
tropical developers should be used. During developing, or at least in the first 30 s the film 
should be moved to remove gas bubbles and to obtain a homogeneous chemical effect. 

Before fixing the developed film, it is rinsed for 20 s then allowed to fall in drops for a 
few s. The ooersxposed film also has t o  be developed for the prescribed time but later it hill 
be reduced with a special solution. With underexposed film the developing time can be 
doubled without any damage to the image quality. 
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During developing the solution will be partly exhausted, and partly removed from the 
vessel on the film (about 113 l/m2 film), on the developer frame, etc. This loss should be 
made up with the same volume of so-called replenisher solution. One litre of the developer 
solution is generally enough for one m%f film but 10 m2 can be developed in the same 
quality if replenisher is used. 

The film should be moved for 30 s in thefixing bath which contains twice as much as 
needed for the disappearance of the yellowish colour of the emulsion. But this time 
depends very much on temperature, on the grade of depletion and on the composition of 
the fixer solution (acidic, hard, or normal). The fixing time is generally 6-15 min. The"_ 
temperature does not play such an important role as in the case of developing, but a 
similar temperature is desirable in order to avoid the "marbling" effect of the film. 

The film is washed in running water: 40 min at 5-12°C; 30 min at 13-25"C, or 20 min at 
2630°C. After washing the water drips oflfor 5 min, but this time can be reduced to 2 min, 
on applying hydrophobic solutions. 

The film should be dried in a clean air-flow not warmer than 35°C. Scratches and 
breakage of the film should be avoided. 

7.3. RADIOGRAPHIC SENSITIVITY OF IMAGES 

The measure of the detectability of the defects is called radiographic sensitivity. The 
reliability and the economy of a construction increases with increasing sensitivity, i.e., with 
the decrease in the size of the detectable defects (e.g., cracks). 

Sensitivity depends partly on the image projected by the radiation, and partly on the 
quality of the film and on its handling. When judging the image quality one should ignore 
the presence of the film (like a photographer, when he controls the sharpness of the image). 
The factors which determine the radiographic sensitivity, are summarized in Table 7.2; the 
details are given in Sections 7.3.2 and 7.3.3. 

7.3.1. MEASURE OF THE RADIOGRAPHIC SENSITIVITY 

The quality of radiograms, made in order to detect internal defects, depends on the 
radiographic sensitivity. In other cases, when, for example, the structure of constructions or 
the location of the iron framework inside concrete pieces needs to be discovered, the 

T i l e  7.2. Factors determining radiographic sensitivity 

Differences in tluckness Geometrical conditions Type and age of the film Thickness of the emulsion 
and/or the ratio of the (outer sharpness and layer 
dose reduction maflcation) 

Energy of radiation Application of intensifying Type and age of the Turbidity of the emulsion 
screens developer 

Film quality 

Contrast 1 Contour sharpness 

Image quality 

Intensity of the scattered Secondary radiation inside Conditions and measure Size and distribution of 

Contrast 

radiation the material of the dcveiopment the silvcr halide grains 

Contour sharpness 
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sensitivity is negligible compared to the accurate, proportional projection of the details. 
The radiographic sensitivity may have different interpretations but it is expressed in all 
cases as the visibility of a special image-quality indicator on the film. 

The indicators are either series of wires with increasing diameter or stepholes or plaques 
with inireusing thickness. The sensitivity is given as the serial number (the thickness or the 
diameter, etc.) of the smallest (thinnest) element of the indicator recognizable on the 
radiogram. It can be expressed also as a percentage value related to the material thickness. 
h u g e  quality indicators ( I . Q . I . )  are used either according to the recommendations of the 
International Standards Organization (ISO) standard or in other forms and may be 
different in vanous countries. 

Radiographic sensitivity is not identical with flaw sensitivity, which relates to 
undetermined defect sizes and therefore it cannot be defined accurately. 

Bejbre making a radiogram the indicators have to bejixed to the source-side of the 
sample. If this is impossible (ex., in the case of a pipe). the film-side can also be used, but 
this fact should be noted in the record. In the case of international deals it may happen that 
not only the standardized indicator of the producer country but that of the buyer country 
also has to be visible on the radiogram. 

The wire type indicator consists of wires (needles) whose diameter changes according 
to the completed number series R 10 (the series coefficient is lo0.' = 1.2589). In the various 
countries a smaller or a wider range is taken from the wire diameters (0.032,0.040,0.050, 
0.063,0.080,0.100,0.125,0.160,0.200,0.250,0.320,0.400,0.500,0.630,0.80,1.00,1.25,1.60, 
2.00,2.50,3.20,4.00 mm); moreover the different diameters may get a serial number (code 
number) too. Not only is it ~ossible that the range of wire diameters and the serial 
numbering may change in different countries but it IS also possible that then sequence 
direction may change too. According to British BS 3971-1966, number 1 is a wire of 0.032 
mm diameter and it increases up to number 21 and 3.20 mm. The USSR GOST 751 2-75 
has no serial number and the range is from 0.08 up to 4.0 mm. According to the 
recommendations of the DIN 54109/1,2-1964 FRG, TGL 10646/4 (GDR), MSZ 15963 
(Hungary), IIS/IIW 340-69 (International Institute of Welding), serial number 1 belongs to 
a diameter of 3.2 mm and the diameters decrease with increasing numbers. Number 16 
rebtes to 0.100 mm. The. tolerance zone of the wire diameters according to ISO/R 1027- 
1969 (E) are given in Table 7.3. 

The wire type indicator (Fig. 7.19) has to be embeuae~ in flexible materials (such as 
PVC), whose radiation absorption is insignificant, and which are oil-, petrol- and water- 
resistant. The distances between the axes of the wires must not be smaller than three times 
the diameter but at least 5 mm. The length of the wires is 25 mm and they are made of 
unalloyed iron (Fe) for testing iron and steel: For testing aluminium and its alloys pure A1 
wires are used. For copper, zinc and their alloys pure Cu is applied. The following have to 
be embedded into the elastic material also using lead number and letters: the number of 

Table 73. Tolerance zone of the wire diameters 
-- - 

Wire diameter d mm 1 Tolerance, mm 
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Norm and material marking 
I 

Reference to- wire diameter 

Fig. 7.19. Wire series type indicator (MSz 15963-67) 

the particular standard, the kind of material tested (for example, k'e) and the serial number 
of the thinnest and thickest wire according to the national standard. 

The measure of image quality used to be given earlier (and in certain countries even 
today) as the percentage of the diameter of the thinnest wire visible on the film related to 
the thickness of the sample. The interpretation of this non-standard measure was 
sometimes disputable. 

At present, the visibility of a defined, thinnest wire (and naturally all the thicker ones) is 
demanded for a certain sample thickness range. The required image quality can vary 
depending on the kind of radiation source (X-ray, lg21r, 6 0 C ~ )  and on the sample thickness 
according to the standards I S 0  2504 and BS 3971-1966. Other standards (DIN 54109)1,2, 
TGL 10646/4, MSZ 15963, etc.) do not differentiate according to source, but have 
descriptions of radiogram quality classes I and 11. The expert has to determine what kind 
of source should be used in order to fulfil the quality requirements. 

According to GOST 7512-75 for wire type indicators, the sensitivity K is equal to the 
diameter of the thinnest recognizable wire expressed in mm. The sensitivity can be 
determined also as a percentage of thickness. In the USSR the obligatory sensitivity of a 
testing is half of the allowed maximal defect size for pores and inclusions, expressed in mm. 

Decause of the different practice of different countries the test record must contain the 
standard to which the wire series (or other indicators) correspond, and also the serial 
number of the recognizable thinnest wire. According to the recommendations of the ISO, 
if a wire of 1.25 mm diameter (serial number 11) is recognizable: I.Q.I. ISO/R 1027, 11 
wires, 1.25 mm. 

Stephole type indicators, corresponding to IS0  R 1027-1969 E recommendations, are 
used in different forms and size mainly in France (AFNOR-04-304, IIS/IIW 340-69) (Fig. 
7.20). These standards are bodies (prisms or hexagonal bodies having triangular or 
quadratic steps) consisting of stepwise bored metal pieces whose thickness steps increase 
according to the geometrical progression of R-10. The diameters of the boreholes are the 
same as the thicknesses of the steps. The thickness of the steps increases according to the 
following series in mm: 0.125,0.16,0.20, 0.25,0.32,0.40,0.50,0.63,0.83, 1.0, 1.25, 1.6, 2.0, 
2.5, 3.2, 4.0, 5.0, 6.3. The steps (and holes) have the serial numbers 1-18 in the British 
Standard BS 3971-1966. The steps of the standard bodies of different shape and size 
overlap~according to the French AFNOR standard. 

The two thlckest steps of a standard are as thick as the thinnest steps of the 
neighbouring one. The following code numbers involve the step ranges as follows: 
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Code number Step range, mm 

k'ig. 7.20. Stepnole type indicators (AFNOR) 

For the steps 0.63 mm or less two holes are bored and the visibility of both of them is 
required. The upper four indicator ranges cover the testing of samples 4-300 mm thick. 

The tolerance zones of the step thicknesses and of the borehole diameters (6) are given 
in Table 7.4 according to ISO/R 1027-1966 (E). 

For judging the image quality the number of visible boreholes and the diameter of the 
thinnest visible borehole has to be determined. These two data give the percentual 
semi tivity 

E, = (dm, Jl) x 100% (7-5) 

and the detectability of the borehole 

Table 7.4. Tolerance zones of the steps and holes 

Step thickness or borehoie 
diameter d, mm 

Tolerance, mm 
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where dm,, is the diameter of the thinnest visible borehole, mm; I the exposed wall- 
thickness, mm; a the number of visible boreholes; b the number of boreholes with the same 
or larger diameter than 5% of the wall-thickness. 

In some countries, among them the USSR and the USA, other indicator types are also 
standardized besides the acceptance of the image quality indicator recommended by the 
ISO. 

The USSR standard GOST 7512-75 allows the use of notch indicators in addition to 
the wire series indicators. Notch indicators are made in three different sizes with notches 
increasing according to arithmetical progression (Fig. 7.21, Table 7.5). 

Notch indicators give an excellent basis for judging the dimensions of notch-like 
defects (cracks) in depth. The K sensitivity for notch indicators is 

where hmin is the smallest depth of the notch still detectable, mm; hs is the thickness of the 
sample, mm; hi is the thickness of the indicator, mm. 

Fig. 7.21. Notch indicator (GOST 7512-75) 

Table 75. Sizes of notch indicators in mm, with the code numbers given in Fig. 7.20(accordin~ to GOST 7512-75) 

Serial 
number 
of the 

indicator 

Notch depth 
Tole- 
.ran= 

zone of 
notch 
depth 

b6 b~ 

Main sizes of the indicator 

62 
a 

+0.1 ' 63 
b 

+0.1 b., C 6, b L 
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- 
Fig. 7.22. Bored plaque type indicators (ASTM) 

Bored plaque-type indicators (Fig. 7.22) have been standardized in the USA 
(ASTM E-142 59 T) and are called penetrameters. These indicators are rectangular metal 
plates whose thickness (T) is about 2% of the samples, and they contain mostly boreholes 
with diameters of 47: 17: 27: The mark of the standard, the kind of material and the code 
number expressing the thickness in mil units are gven on the indicators (e.g., the code 
number 10 means 0.010 inch = 0.254 mm). The indicators with code numbers as given 
above have to be used in the following wail thickness ranges (measured in inches): Code 
No. 5 up to 114" (6.35 mm) Nos 7,10, 12,15, 17 and 20 up to 1" (25.4 mm) with 118" steps, 
and i t  continues as follows: 

Code number Upper thickness limit 

in inches in mm 

etc., up to 8 inches (203.2 mm). 

Two test levels are given for the evaluation: the level 2-2Tmeans, that at least the 
borehole of 2Tdiameter must be visible; according to level 1 - 1 Tthe hole of 1 Tdiameter 
(i.e., all three holes) must be recognizable. The latter one naturally means more strict image 
quality requirements. 

The GOST 7512-75 standard of the USSR also allows the use of bored plaque-type 
indicators. The plaques have the following sizes: 10 x 25,12 x 35 and 14 x 45 mm, and have 
the same 16 thickness values (I) as the notch indicators. Each plaque contains two 
boreholes: one of them has the diameter of the plaque thickness, the other is twice as big. 
The determination of the sensitivity is the same as given in the case of the notch indicators. 

The judgment of the image quality has subjective and objective requirements. 
Subjectiue requirements: the person making the evaluation needs good eyes; his vision 

has to be checked annually. The use of glasses or a 3-4 fold rnasnif~er might be obligatory. 
He must be able to read without error from 40 cm distance the 0.5 mrnbigh letters given on 
the 4th side of the IS0 2504-1973 E recommendation. 



Before commencing evaluation the person's eyes must accommodate to the darkness 
of the room. On coming from sunshine, the waiting time is 10 min; it is 30 s if the direct light 
of the illuminator (negatoscope) blinds the person. 

The objective requirements are connected with the illuminator. The transilluminating 
light intensity cannot be less than 30 cd/m2 but, if possible, it should be 1 0 0  cd/m2 or more. 
The light intensity of the illuminator should be fitted to this requirement according to the 
following: 

Film density 
1 
2 
3 

Light intensity, cd/m2 
300 

3000 
30000 

7.3.2. INFLUENCE O F  IMAGE QUALITY O N  
RADIOGRAPHIC SENSITIVITY 

The quality of the projected image appears in two parameters. They are the contrast 
and the contour-sharpness. 

7.3.2.1. FACTORS DETERMINING IMAGE CONTRAST 

Radiographic image contrast is the ratio of dose rate values corresponding to the 
sample thickness and/or to the material density differences: 

highest dose rate I,,, 
k =  -- - 

lowest dose rate Imi, 

To investigate the effect of sample thickness difirences steplike samples have to be 
taken a part of which is of 4x1,, , the other part being 2x1,, thickness (Fig. 7.23a; x,,, is the 
attenuation half value thickness for the given material at an energy of radiation El). The 

Source - I.. Source - 1 En- > E *  

u 

Fig. 7.23. Influence of sample thickness and of radiation energy on image contrast 
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radiation intensity coming through the thicknesses 4 ~ , , ~  and 2x1,, decreases according to 
the ratios 1 : Z4 = 1/16 and 1 : Z2 = 1/4, respectively, and the value of the image contrast is: 

The half value thickness obviously differs for materials of different densities and this 
also influences the image contrast. The greater the difference of the material thickness (the 
size of the defect) the better the contrast, or the density difference between the basic 
material and material being in the defect is a gas pore better recognizable than a sand or a 
slag inclusion. 

TO study the efect of radiation energy the sample described above should be exposed 
with a source whose radiation energy is E'> E. Its attenuation half value thickness is 
x;',, =2x;,, (Fig. 7.23(b)). In such a case the contrast is given by the equation: 

The comparison of k ,  and k ,  5 1 7 ~ ~ 5  ihat i, is half of k ,  only because of the higher 
radiation energy. As the image quality increases with increasing contrast, the smallest 
radiation energy possible which is stilljust enough for exposure of the sam~le  should be used. 
The exposure time increases uneconomically with decreasing radiation energy and also 
results in worse contour sharpness; in view of this a compromise generally has to be found. 

Scattered radiation increases the background and reduces the contrast. Let us assume 
that scattered radiation changes the intensity as much as one attenuation half value 
thickness in the sample of Fig. 7.23(a). In this case the contrast wilI be 

instead of the original k ,  =4 value, which means 25% reduction. In order to reduce the 
intensity of the backscattered radiation, the use of collimated radiation beam, a larger 
laboratory and lead shields put behind thefilm is advisable. 

7.3.2.2. FACTORS DETERMINING CONTOUR SHARPNESS 

The image quality is much better if the contrast change occurs along a sharp edge, i.e., if 
the half shadow of the radiation is as small as possible. This is characterized by the 
geometrical or outer unsharpness (Fig. 7.24). 

If the defect of the sample is at a depth Id, the geometrical unsharpness U,, is 

where d is the diameter of the radiation source, em; I' is the distance between the defect and 
the film, cm; 4 is the distance between the source and the film, cm. 
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Fig. 7.24. Scheme of outer unsharpness for (a) - normal (b) - and magnified defectoscopy 

11 I, = Ii which means that the distances between the defect and the film (Id) as well as 
between the indicator and the film (4) are equal to the sample thickness, the geometrical 
unsharpness of the indicator U~ is 

If the film is at a distance 4 > O  from the sample, the image is enlarged. In this case the 
geornetrical unsharpness (U,) increases according to Eq. (7.10) using the terms of Fig. 
7.2qb): 

The magnification (m) is 

The geometrical unsharpness can be reduced by using small radiation sources or larger 
source-film distctnces. Based on experience the source-film distance must not be smaller 
than that corresponding to the Ugi=0.4 mm value. 

The application of a n  intensifying screen results in an image of better quality and in a 
more economic exposure time (see Section 7.1.3). Lead screens are most frequently used 
and are placed on both sides of the film. The exposcro r i-.: ri?.rr?pared with that without an 
intensifying screen can be reduced by a factor of 2 by applying the optimum foil thickness 
(about 0.1 mm). The specific effect increases with decreasing radiation energy. 

Fluorescent materials as intensifying-screens reduce also the exposure time: the salt- 
intensifying screen placed beside the film transforms y-radiation to visible or UV light. 
Fluorescent screens can be made of zinc sulphide, cadmium sulphide (with copper and silver 
activator) and of zinc and cadmium silicate (with manganese activator), but mostly calcium 
tungstate screens are used. As the films are double coated, two screens are applied like a 
sandwich. In favourable cases the amplification can be as much as an order of magnitude. 
The worsening of the image quality limits the application of fluorescent screens because 
the film- or inherent unsharpness (see Section 7.3.3.2) increases due to its grainy property. 
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?he contour sharpness decreases very much if the contact between the film and the screens 
is not perfect. Secondary radiation develops also as a result of different interactions 
between the y-radiation and the absorbing material (see Section 7.1.3.h and it can be 
scattered in different directions. Because of the scattering the decrease of the contour- 
sharpness will be the greater the larger the distance between the defect and the film: for this 
reason the wire series indicator must be placed on the side of the sample opposite the film. 

7.3.3. INFLUENCE O F  FILM QUALITY ON 
RADIOGRAPHIC SENSITIVITY 

The quality and handling of the film influence the radiographic sensitivity through the 
fiIm-contrast and the contour sharpness of the image. 

7.3.3.1. FACTORS DETERMINING FILM CONTRAST 

Film contrast-contrary to image contrast--depends on the type and age of the film, 
on the type, age and level of oxidation of the developer solution, and on the time and 
temperature of the developing process-as described in details in Section 7.2.3.5. 

7.3.3.2. FACTORS DETERMINING CONTOUR 
SHARPNESS O F  THE FILM 

The appropriate type offilm and its careful, not too long, storage result in good contour 
sharpness. The choice of film determines the main parameters: first of all the layer 
thickness and the turbidity of the emulsion, the size and distribution of the silver-halide 
grains. 

Thefilm or inherent unsharpness (U,) is the measure of the contour sharpness: it is 
double the mean range of the photoelectrons produced by the y-radiation from the 
emulsion and from the intensifying screens. It can be determined experimentally in the 
following way: a radiation beam of small, known diameter (0.01 mm) is radiated onto the 
film and the diameter of the image is determined. The usual values of the film unsharpness 
are: 

0.2 mm for a film without intensifying screens; 
0.3 mm with fine intensifying screens; 
0.4 mm with salt-intensifying screens; 
0.7 mm for conventional fluoroscopy (screen without film). 

Film unsharpness cannot be avoided but an effort should be made so that the 
geometrical unsharpness is not greater than it. The same is also valid for motion 
unsharpness which is caused by removing the radiation source, object and/or the film. 

Equation (7.10) of the total unsharpness (U,) describes the summarized effect of the 
geometrical and film unsharpness 
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7.4. EVALUATION OF RADIOGRAMS 

Evaluation requires the great experience of an expert, because he has not only to 
recognize the image of different defects of castings or of welded joints on the films, but he 
must also be able to draw conclusions about the influence of these defects on the strength 
of a construction. He has to consider circumstances originating from the technology and 
from the later use of the product and then he must give an unambiguous decision about its 
state and use. Standard prescriptions help one to judge the effects of defects and to fix the 
conditions of the acceptance of a product. 

7.4.1. DETERMINATION OF WELDING DEFECTS 

The inner welding defects detected on the radiograms of butt joints made by fusion 
welding technique have to be determined according to their type, size and frequency. For 
the qualification of welded constructions the tolerance limits of other defects of the butt 
joints (deviations from the mechanical requirements, misfits, the slope and meltings-out of 
the joint edges, the height of reinforcements, etc.) must also be taken into consideration. 
Only the defects detected on the radiograms are not enough for the qualification ofjoints. 
The preparation of radiograms is prohibited if a welding has visible outer defects (detected 
by means of a magnifying glass or penetrant). 

The defects detected by radiography can be evaluated as follows: 
- according to their characteristic defect size and frequency; 
- on the basis of their radiographic defect grade calculated from the size and 

frequency data; 
- on the basis of the largest defect size or defect area. 
The classification of welding defects is described in national standard based on 

recommendation of international organizations (International Institute of Welding, 
CMEA, etc.). The defect classifiq,tion system (RS 4670-74) valid in the CMEA countries 
describes six main types of defects similar to the IIW document (IIS/IIW 340-69). The six 
main types of welding defects are marked in capital letters, and the subtypes are marked in 
lower case. 

A gas pore 
Aa spheroidal gas pore; 
Ab tubular porosity; 
Ac linear porosity; 
Ad group of gas pores; 
Ae elongated gas pore 

B slag or metallic inclusion 
Ba spheroidal slag inclusion; 
Bb elongated slag inclusion; 
Bc metal inclusion 

C lack of fusion 

D root or concavity 
Da root; 
Db lack of root fusion; 
Dc lack of penetration 

E crack 
Ea longitudinal crack; 
Eb transverse crack; 
Ec radial crack 

F surface (shape) and other defects 
Fa excessive penetration; 
Fb irregular surface; 
Fc undercut 
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Further surface defects (distortion of the cross-section, high reinforcement, etc.) should 
be described in the record. 

The size and frequency of the defects are characterized by index numbers. The number 
and the area of the defects are related to a so-called normal range of the radiogram. The 
length of the normal range N (mm) depends on the main wall-thickness s (mm), which is 
generallv equal to the thickness of the e!ements to be wclded. For different elements it is 
equal to the thickness of the thinner element. The main wall-thickness s determines the 
length of the normal range N as follows: 

if s<  10, N =  100 mrn 
if 10< s<30, N =  1Omm 
if s > 30, N = 300 mm 

With thin sheets the main wall thickness is equal to the sheet-thickness plus half of 
the reinforcement thickness. The latter value is limited according to the following: 

Sheet thickness, 
mm 
1 -4 
5-6 

over 6 

1 12 Reinforcement 
thickness, limit, mm 

5 2  
< 1 
0 

The index number ofthe defect size has two parameters: the characteristic defect size 
depends on the type of defect, whereas the relative characteristic defect size W does not. If 
the two parameters are different, the index number is determined from the greater one. The 
characteristic defect size x is either h, the depth of the defect (the largest size of the defect 
perpendicular to the surface of the joint) orb, the width of the defect (the largest measurable 
defect perpendicular to the longitudinal axis of the defect). 

7he characteristic defect size is the depth for defects with indices of the type C, Da, Db, 
Dc, Fc. This is determined by means of density measurement on the parts of the radiogram 
exposed from the perpendicular and inclined directions. From the latter a modified 
thickness can be calculated (X = h). For three dimensional defects which have the type 
indices Aa, Ab, Ac, Ad, Ae, Ba, Bb, Bc, the width is characteristic (X = b). The relative 
characteristic defect size, W%, is the ratio of the characteristic defect size x and of the main 
material thickness 

The index number of the defect size has to be determined on the basis of Table 7.6. 
The index number of the defect fiequency-determined on the basis of occurrence 

frequency n%-is the ratio of summarized defect length, L, mm (i.e., the sum of the length 
values of defects of the same type measured along the normal range of a radiogram) and 
normal range, N, mm, expressed as a percentage: 
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Table 7.6. Deterrninaiion of the index number of the defect size 

According to W% 
independently of Ws 10 10< W120 20< W530 30< Ws50 W> 50 
the type of defect 

Method of the 
determination 

According A and B X 1 3  3 < X 1 5  5 < X s 7  7 ~ x 1 9  X > 9  
to X, mm, C and D X 1 1.5 1.5<X12.5 2.5<X.(3.5 3 .5<Xs5  X > 5  

Index number of the defect size 

1 I 2 I 3 I 4 5 

depending Fc X10.5  0 . 5 < X I  1.0 1.0<X51.5 X >  1.5 - 
on  the type 
of defect 

Ea* Eb' Ec' It does not have to be determined 
Fa, Fb 

The defect frequency has the following index numbers: 

index number 
1 if n l l O %  
2 if 1 0 % ~  n l 2 0 %  
3 if 20% < n l 3 0 %  
4 if 30% < n l  50% 
5 if n > 50% 

For defect frequency calculations the defects of types Aa and Bb have to be considered 
identical and their frequencies have to be summarized. The length of parallel defects and of 
those lying close to each other is the distance between their most distant points. The 
frequencies of defects of types Ea, Eb, Ec, Fa, Fb are to be ignored when determining the 
index number. 

In order to have uniform interpretation of the effect of defects in welded joints, the joint 
defects need to be categorized into radiographic grades (Rl-R5) as shown in Table 7.7, on 
the basis of their types, sizes and frequencies (e.g., Aa 1 1, Da 13, etc.). The first figures of the 
two figure numbers in Table 7.7 are the index numbers of the defect sizes, the second ones 
are those of the defect frequencies. 

Table 7.7. Categorization of joint defects into radiographic grades (according to the standard RS 4670-74) 

Aa, Ad, Ba, Bc 1 1 ,  12 13, 21, 22 14, 23, 31, 32 15, 24, 33, 41.42 All other index 
Ab, Ac, Ae 1 1  12,21 13, 22, 31 14, 23, 32 numbers which 
Bb - 1 1 ,  12 13, 21, 22 14,23,31,32 arenotlisted 
C - - - 11 ,  12 in R1-R4 
Da - 1 1 ,  12, 13, 14 15, 21, 22 23, 31, 32 
Db, Fc - 1 1  1221  
Dc - - 11 ,  12 13, 14,21,22,23 
Ea, Eb, Ec - - - - 
Fa, Fb Listing according to additional prescriptions ' 

Defect types 
Radiographic defect grades 

R 1 I R2 R3 I R4 I R5 
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EXAMPLE 73 
Two steel sheets, one of which is 22 mm, the other 24 mm thick, are welded together on 

one side, having a 2 mm joint reinforcement height. In the 10 x 36 cm size radiogram of the 
joint, 3 slag strips can be seen each of which is 30 mm long and 4 mm wide. The distances 
between them are 20 and 40 mm, respectively. In which radiographic defect grade should 
the sample be categorized? 

Solution: elongated slag inclusion; mark Bb. Main material thickness I= 22 mm (the 
thickness of the thinner sheet). The height of the joint does not have to be taken into 
consideration. 

Length of the normal range: 10 < I= 22 < 30 

For defects of type Bb the characteristic defect size is equal to the width of the defect: 
x = b = 4 mm. The index number of the defect size according to x is 2 (from Table 7.6). The 

4 x 1 0 0  
relative characteristic defect size: W= ( x / l )  100 = 

22 
= 18.2. The index number of the 

defect size according to W is also 2 (from Table 7.6). The summarized defect length: 
L = 3.30 = 90 mm. The distances between the defects are 20 + 40 = 60 mm. The sum 90 + 60 
= 150 is less than the normal length, therefore they should be evaluated together. 

9Ox 100 
The defect frequency is n = ( L / N )  100= =40.9%. The index number of the 

220 
defect frequency is 4 

(because 30°/, < n = 40.9% < 50%) 

The defect is Bd 14 which should be categorized as radiographic defect grade R4 (see Table 
7.7). 

7.4.2. CLASSIFICATION AND EVALUATION 
O F  CASTING DEFECTS 

The classification of the casting defects seen on radiograms is complicated because of 
their great variety, therefore no comprehensive standards exist for judging them. Any 
particular standard classifies the casting defects according to their kind, size and 
frequency. 

Marking of different types of defects: 

A: gas pores; 
B: sand and other non-metallic inclusions; 
C: porous, slack, spongy structures; 
D: hot and cold cracks; 
E: cracks (heat crack, cold tear) and cold lap; 
F: surface, shape and size defects. 

The size of defects is characterized by numbers 1-4 on the basis of the percentage of 
defect size related to wall-thickness, according to Fig. 7.25(a). With varying wall size the 
thickness of the thinner wall is considered. 
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0 L 8 12 16 20 2 0 20 50 100 200 500 1000 
Characteristic size of the defect. mm Total a rea  of characteristic defect, mm2 

~ i g .  7.25. Measures of (a) - the size and (b) - frequency of casting defects. I - Steel-thickness; 2 - 
Characteristic size of the defect, mm; 3 - Area of radiated field, mm2; 4 - Total area of characteristic defect, 

mm2 

Table 7.8. Classification groups of castings 

defect Kind Of I Numbers characterizing the size and frequency of defects 

Mark of the 
defect group 

A 11 12 21 13 31 22 23 32 
B - 11 12 21 13 22 According 
C - 11 12 21 13 22 to special 
D - - - - - agreement 
E - - 12 21 13 22 
F According to the prescriptions of the drawing of the casting 

The frequency of defects is also characterized by numbers 1-4, taking the percentage 
value of the characteristic defect areas (Q)  related to the exposed areas (A) of 1 dm2, 
according to Fig. 7.25(b). The characteristic defect area is the sum of the areas of each 
defect. If the tested area is larger than 1 dm2, then 1 dm2 part of the film has to be 

I 

considered which has the high& defect content. 
For classification the defects can be categorized into five groups according to Table 7.8. 

The first figures of the numbers give the defect size, the second ones the defect frequency. 
In the presence of different defect types the classification occurs according to the size -, 

and frequency index numbers of the largest characteristic type. 

7.5. NEUTRON AND PROTON RADIOGRAPHY 

I1 

Radiations containing heavy particles (neutron, proton) extended the radiography to 
such areas where classical X-ray or gamma-radiography was not applicable. 

The main advantage of neutron radiography is that it dserentiates in many cases 
neighbouring elements (e.g, Co and Fe); moreover, it differentiates between different 
isotopes of the same element (for example '*B and "B, ')'u and 2 3 8 ~ )  because the 

I11 IV v 
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absorptioncoefficient for the neutrons is independent of density but it is determined by the 
characteristics of the nucleus. 

For neutron radiography mainly thermal neutrons (0.02 eV < E< 0.3 eV) are used as 
they have greater absorption differences. Recently epithermic neutrons (0.3 eV < E< 10 
keV) have been applied for the testing of nuclear heating elements. Neutron radiography 
applies mainly two methods: direct exposure and the transfer technique. 

Mth the direct exposure method a converter material (foil) and an X-ray film are placed 
behind the sample. In the foil either prompt (n, y )  reactions, or electron emitting nuclear 
reactions take place. These secondary radiations cause a proportional optical density of 
the film. In most cases foils of large activation cross-section (e.g., 12.5-25 mm thick 
gadolinium foils), or a neutron scintillator (e-g., 6Li and 'OB powder mixed with ZnS/Ag 
"phosphor")re applied. The latter emits visible light. 

Wth the transfer technique (autoradiographic transferring method) no film is present 
during the irradiation, only trangerring foils made of materials having large activation 
cross-section and radioactive isotopes with a proper half life (Au, Cd, Dy, Ga, In, Rh) are 
applied. After the irradiation the image-carrying foil is placed on X-ray film, and it is 
handled as in case of regular autoradiography (see Section 7.6). The method has great 
importance for investigating nuclear fuel elements, when photosensitive materials cannot 
be used because of the high y-background-radiation level. 

As radiation sources, mostly nuclear reactors, neutron generators or radioactive 
neutron sources (Am-&, Cm-Be, Po-Be, Pu-Be, 252Cf) are used (see Section 1.4.2.4). The 
integrated flux levels needed for the method are the following: 1019 neutron/m2, if a 
scintillator is applied; 3 x 101° neutron/m2 for fast X-ray film with metal foil; this value can 
increase to 3 x 10' neutron/m2 with a high resolution, single coated, fine-grained (Kodak 
R) film. 

For a high quality radiogram a neutron beam collimated in the ratio 1 : 500 is needed. 
With smaller neutron sourer : .30 or 1 : 20 ratios can also be used, but the quality will be 
worse. A well collimated, high flux beam can originate only from a reactor, which is not 
mobile and not easily available. 

For proton radiography radiation sources (cyclotrons or other high-energy ac- 
celerators) are needed which are even much less available. The protons, similarly to other 
charged particles, penetrate only to a defined depth in the material. At 90% of the mean 
range the intensity decreases considerably. At this depth very small differences of the 
thickness (0.05%) are also detectable. A further advantage of this method is that the beam 
of charged particles can be well colIimated electromagnetically. 

The techniques of detection are similar to that of neutron radiography. One difference is 
that polaroid and colourfilms are also regularly used, and Cd, Cu, Pr, Se, or Zn converter 
foils are applied for (p, n) reactions. The electronic image transferring methods are well 
applicable in both cases as are scanning detectors and solid state track detectors (see 
Section 7.6.5). 

7.6. INDUSTRIAL AUTORADIOGRAPHY 

Autoradiography is a method for detecting the distribution of radioactive materials in 
the solid state and for quantitative determination of their local concentration (under suitable 
conditions) both for macro- and for micro-structural testing. The distribution of 
radioactive tracers contains informations concerning the structure of the base material. 
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Whereas in the case of y-radiography an outer radiation source helps to detect the defects 
in the macrostructure of the material, in autoradiography no outer source u utilized 
because it is the radioactive tracer content of the sample itself which photographs (see also 
Chapter 3). (This, as is known, was the means by which Becquerel discovered the natural 
radioactivity of uranium in 1896.) 

Autoradiograms show the radioactive tracer distribution in the form of blackening 
diflerences in photosensitivejilms whose optical density originates from the photographic 
effect of the nuclear radiation (see Section 7.2.3.3). 

In recent years, solid state track detectors (mainly in the form of different plastic foils) * 
became commonly used, their application being based on the interaction of heavy charged 
particles, e.g., a-particles, with the material of the detector. This method enables the 
localization of distribution of such stable, mostly light elements, which cannot be located 
by the classical silver halide emulsions because of the lack of suitable radioactive isotopes. 
Solid-state detectors fix the tracks of particles developed in nuclear reactions, e.g., (n, a) 
reactions. In this method no radioactive tracer is needed (see Section 7.5.5). It obviously 
has a disadvantage, this being that it needs a neutron source. The method itself is generally 
known as induced autoradiography. 

Autoradiography has two main fields of application: 
- investigation of inorganic solid state materials; 
- investigation of biological samples. 
The techniques used for these two fields differ. For industrial purposes mostly metals 

and alloys, semiconductors or ceramics are studied, therefore our description will be limited 
to them. For the autoradiography of biological specimens see Section 3.6.2. 

7.6.1. EFFICIENCY OF THE AUTORADIOGRAPHIC METHOD 

The parameters expressing the eficiency of autoradiography are less exact than are 
other experimental methods. Similarly to radiographic sensitivity (see Section 7.3.1) the 
efficiency depends on 
- subjective factors (e.g., the skill and experience of an expert); 
- objective factors (e.g., the parameters, such as density, chemical activity of the 

material to be investigated, the radiation properties of the radioactive isotope, the 
properties of the emulsion). 

As far as objective factors are concerned, the efficiency to be expected for a certain 
system can be calculated and optimized. The eficiency of autoradiography can be 
described by its resolution power and by its sensitivity. 

7.6.1.1. RESOLUTION POWER OF AUTORADIOGRAPHY 

The resolution power of autoradiography means the smallest distance, for which two 
radiation sources can be separately detected. This value depends first of all on the 
broadening of the autoradiograph as compared to the diameter of the radiation source 
(Fig. 7.26). 

The differences between the peak and the saddle point of the blackening curve have to 
be measurable. Effects increasing the broadening of the optical density decrease the . 
resolution power. Such effects are: 
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Fig .  7.26. Resolution power of the autoradiogram. S, and S, - radiation sources; d - resolution Power, f - 
density curve 

- thickness of the radiation source, 
- distance between the emulsion and the radiation source, 
- thickness of emulsion, 
- radiation energy. 
Microautoradiography is a high resolution method which reflects fine details of the 

radioactive material distribution of the sample. The method can be realized by carefully 
controlling the techniques. 

The distance between the radiation source and the emulsion has the greatest influence 
on the resolution power therefore attention has to be paid to the good contact between the 
sample and the emulsion. 

Liquid emulsion and the stripping film give a perfect contact, but this contact has 
sometimes to be reduced artificially. When investigating metallic samples which are able 
to reduce the silver halides-this takes place in the case of most metals-an insulating 
layer has to be placed between the emulsion and the metal samples and the contact will 
thereby be worsened artificially (see Section 7.2.2). The thickness of the insulator layer is 
generally about a few tenths of a pm. 

The emulsion thickness can be decreased to a monolayer, which is realized in the case of 
electronmic~oscopic autoradiography; the commerc~ally available Pms utilized In practice 
have a lower thickness limit of 5-10 pm which means about 15-30 monolayers. Below this 
size the treatibility and the sensitivity of the film decreases rapidly. 

Radiation energy cannot be influenced, but it is to be considered that, because of the 
decreasing mean range, smaller radiation energy means better resolution power. 

In autoradiographic practice, mostly p-radiators (e.g., "C, 32P , "S , 45C a, "Fe, 185W) 
are used. Their mean range in the sample is in the order of 10-100p. Because 
preparation of thinner samples presents great difficulties in laboratories with normal 
equipment it is pointless to attempt this. The increase in sample thickness may result in an 
increase in the background; this is caused either-by y-radiation or by the bremsstrahlung 
originating from the b-particles; there is, however, a considerable difference between the 
linear deceleration (LET-value, see Chapter 6) of the electromagnetic and corpuscular 
radiation, therefore the small, homogeneous increase of the first one does not affect the 
evaluation of the autoradiographs. 

There is the realistic aim of reaching a resolution power between 3-10 pm with present 
materials and with the usual equipment of an applied laboratory. 



7.6.1.2. SENSITIVITY OF AUTORADIOGRAPHY 

The sensitivity of autoradiography can be defined either by the number of photons or 
charged particles needed to make a grain developable, or by the blackening caused by a 
certain radiation dose. As it depends on the energy loss per unit length of the radiation in 
the emulsion, i.e., on the linear deceleration, the sensitivity varies with the type and energy 
of radiation. 

Both the grain size and the grain density have an influence on the energy loss: their 
increase increases the sensitivity. Naturally, larger grain size means smaller resolution, 
power of the emulsion. Relatively sensitive autoradiographic emulsions with high 
resolution power are fine-grained and of high grain density. They can be well evaluated 
microscopically if exposed with 1012-1014~-particles/m2. X-ray films, which are more 
sensitive but have worse resolution power, need 1-2 orders of magnitude less exposure. 
With X-ray or y-radiation 10-100 fold exposure is necessary because of the much smaller 
linear deceleration of these radiations. As shown above, sensitivity depends very much on 
the conditions, therefore-first of all in the case of quantitative evaluation-preparation, 
exposure and developing process should be kept constant. 

Underexposed pictures can be intensified by double autoradiography if the necessary 
exposure cannot be ensured otherwise. The underexposed, but developed autoradiogram 
should be soaked into a 35S containing aqueous solution, e.g., into a thiocarbamide 
solution. Ag,S will be formed on the silver grains and the dried film can be used as an 
identical sample for preparing another autoradiogram. Such intensified pictures cannot 
be evaluated quantitatively but they give excellent qualitative information. 

7.6.1.3. ERROR SOURCES OF AUTORADIOGRAPHY 

The quality and the evaluability of autoradiography is influenced by different 
parameters: 
- chemical efects (e.g., the reduction of the silver halide) transform unexposed grains 

rendering them developable (chemgram); 
- mechanical efects (pressure, scratch) result in developable grains (mechanogram); 
- too long or improper storage of thefilm can cause a background; 
- during too long exposure a fading effect takes place (the latent image fades away) and 

some exposed grains lose their developability. The danger of fading increases with 
increasing relative humidity: 30"/, relative humidity has a negligible effect. Under 
conditions of higher relative humidity the approximate density decrease over a period of 6 
weeks is: 

rel. humidity density decrease 

7.6.2. TECHNIQUE OF AUTORADIOGRAPHY 

The advantages of autoradiography become obvious immediately on use. No special 
condibcgs are needed apart from those normally available in a chemical laboratory for 
tracer application.-The only special material required is the photosensitive detector film 
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which can easily be bought. Manuals are available giving details of the method; 
furthermore, the suppliers give prescriptions for the processing of the films. In the 
following we give the main steps of autoradiographic investigation. 

7.6.2. I .  SAMPLE PREPARATION 
For good contact between the specimen and the emulsion Iayer a smoothflat surface is 

needed on the sample. This can be prepared by mctaltographic methods. Preparation of 
very thin samples to increase the resolution power is generally unnecessary as mentioned 
already, because the mean range of fl-particles is in the same range as the thickness of a 
thin sample prepared with usual equipment. 

The flat surface of the sample is covered directly with the film in the case of the contact 
method, but if wet methods (e.g., strippingfilm) are applied, an insulating layer might be 
needed. 

For insulation any hydrophobic material can be used (e.g., polyvinylalcohol, paraffin, 
Canadian resin) which does not react with the emulsion. A diluted solution of a few per- 
cent concentration has to be prepared with a volatile organic solvent. The sample is 
dipped into the solution and dried. A 0.1-1 pm layer will be formed which hinders the 
electron exchange between the metal sample and the emulsion. For ceramics and for 
metals which do not reduce silver halides, insulators are not necessary. 

7.6.2.2. LABELLING THE SAMPLE WITH RADIOACTIVE ISOTOPES 

The material to be investigated has to be labelled with a radioactive tracer before 
industrial treatment. The methods can be diffusion, melting, sintering, etc. (see Section 
3.1.1.1). 

If the matrix consists of atoms which have isotopes of short half life (such as silicon or 
aluminium), the tracer atoms can be added in inactive form. After the necessary 
technological treatments (mechanical deformation, annealing, etc.) which result in the 
material distribution to be investigated by autoradiography, the sample will be activated in 
a reactor. After a calculated cooling period the matrix no longer has a considerable effect 
on the autoradiogram. This method offers great advantages if large amounts of material 
are to be labelled under industrial conditions and the direct application of radioactive 
isotopes would be dangerous. 

7.6.2.3. CHOICE OF EMULSION AND ITS HANDLING 

Nowadays, industrial autoradiography applies practically only the contact and the 
stripping film methods. 

The contact method is generally used if small resolution power is needed. A single 
coated X-ray film or an autoradiographic film is pressed gently on to the polished, flat 
surface of the sample. A soft, elastic material (e-g., a rubber sheet) is desirable between the 
film and the jaw of the press in order to avoid inhomogeneous pressing which can cause 
mechanograms (Fig. 7.27). 

The film should be exposed in a closed container. The quality of the autoradiogram can 
be improved (particularly with a long exposure time), if exposure takes place at low 
temperature (around 5 "C) and under low relative humidity conditions, and applying some 
drying chemicals. 
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F i g .  7.27. Preparation of contact autoradiogram. a -Clamp jaw; b - Elastic pressure equalizer sheet; c - Film; 
d - Sample 

The optimal exposure time may be calculated either from the activity and radiation 
energy of the sample and from the sensitivity of the film or determined experimentally. 
After exposure the film should be processed and dried as in the case of radiography (see 
Section 7.2.3.5). 

The stripping film method is the most frequently used high resolution method of 
autoradiography. Its popularity is based on the uniform quality, on the photographic 
sensitivity and on the relatively simple handling. The film is delivered on glass sheets and 
before use it should be stripped off the glass base and taken over on to the sample. The 
minimum thickness of the sensitive layer is 5 pm strengthened with a 10 pm thick gelatine 
support. The structure of the film is shown in Fig. 7.28. 

A suitable piece of film is cut with a sharp knife, stripped off the glass base and placed in 
water with its sensitive side down. After 1-2 min of immersion in water the sample is taken 
out so that the film covers the polished surface to be investigated (Fig. 7.29). During drying 
the film shrinks and makes excellent contact with the sample. 

The exposure time will be determined-similarly to gamma-radiography-mostly by 
the quality of the film and by the activity of the sample: a good picture needs 1010-1014 
radiation particles/m2. Increasing activity results in shorter exposure time but the activity 
of the sample is limited by the specific activity of the radioactive tracer, by the efficiency of 
the labelling process and by the radiation danger during the sample preparation. 
Sxposure times are usually between a few hours and several weeks. 

Fig. 7.28. Structure of the stripping film. a - Photosensitive layer; b -- Gelatine support layer; c -Glass carrier 
sheet 

Fig. 7.29. Handling technique of the stripping film 
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7.6.2.4. FILMS FOR AUTORADIOGRAPHY 

For industrial autoradiography two basic types of films are utilized: 
-films with X-ray emulsion for short exposure time, with poor resolution power; 
--films with nuclear emulsion for longer exposure time, with good resolution power. 
Many well-known firms deaIing in photographic material produce films for 

autoradiographic purposes (Table 7.9). 

Table 7.9. Characteristic data of some photosensitive autoradiographic films 

Kodak Ltd AR-50 X-ray 12 1.2 
Kodak Ltd AR-10 nuclear 5 0.2 
ORWO K-102 nuclear 5 0.11 
ORWO K-106 nuclear 5 0.12-0.16 
Ilford G-5 nuclear (Liquid emulsions, 0.27 
Ilford K-5 nuclear but also available 0.20 
Ilford L-4 nuclear in the form of 0.15 

stripping films 

Product firm I Commercial name 

7.6.3. QUANTITATIVE AUTORADIOGRAPHY 

Average grain size, Type and thickness of emulsion, 

The quantitative evaluation of an autoradiogram is based on the proportionality 
between the local concentration of a radioactive isotope in a sample and the optical 
density caused by its radiation in a photosensitive film. The accuracy of the evaluation 
depends on the practical realization of the conditions for this proportionality. 

Fig. 730. Exposure diagram for autoradiography 



A main point of the quantitativity is a well-dejined exposure time. When applying an 
isotope with a short half life, the decay during the exposure has to be taken into 
consideration. The exposure time can easily be determined using the diagram of Fig. 7.30. 
It shows, for example, that if the sample is labelled with 32P (half-life 14 days), and the 
surface activity of the sample was 1000imp/min measured with a GM-end-window 
counter, an exposure time of 4.5 days is needed applying highly sensitive X-ray films. 

The exposed strippingfilm is processed on the sample itself: After processing it will be 
taken off under water and replaced on a glass sheet (usually a microscope slide) where it 
dries. It can be studied by microscope and can also be compared with the metallographic 
picture. 

If the handling conditions (preparation, film selection, exposure, processing) were 
appropriate, the autoradiogram can be evaluated quantitatively, in most cases by 
densitometry and sometimes by track counting. 

W t h  a high resolutionfilm the resolution power of the microdensitometer has to be 
comparable with that of the film, i.e., absorbance (optical) density, blackening 
measurement is to be carried out on a surface area of a few pm diameter. The average 
optical density of a larger area leads to "saturation" as a function of dose or time, because 
the background of the unexposed areas increases only slowly, and on the exposed areas 
even a several-fold overexposure does not result in an optical density increase. 

Microdensitometers work basically in two modes: in theflying spot mode a light spot 
scans the sample. In most constructions the autoradiogram moves in X-Y directions over 
the light source and a slit whose dimensions can be controlled. 

7.6.4. APPLICATION OF AUTORADIOGRAPHY 

Industrial research and development utilizes autoradiography in several fields. Some 
of the most important applications are mentioned below. 

7.6.4.1. INVESTIGATION OF DIFFUSION PROCESSES 

The study of diffusion is probably the most frequent application of autoradiography. A 
radioactive tracer deposited on the surface of a sample diffuses into the matrix during the 
heat treatment. After a certain annealing time the sample is cut in the direction of the 
diffusion and an autoradiogram will be made on the new surface. The density curve is 

Fig. 731. Sample for investigation of difiusion. a - Radloactlve layer; b - Matrix of the sample; c - Direction of 
cut after anneal; d - New surface for autoradiography 



484 INDUSTRML RADIOGRAPHY 

proportional to the tracer penetration profile and enables one to calculate the diffusion 
coeficient. A cut which is not parallel with the diffusion direction but at an angle to it 
magnifies geometrically the diffusion path and makes the density measurement more 
accurate (Fig. 7.31). 

Not only can a penetration profile be observed on autoradiograms but also local 
diflerences. This is of importance, for example, for polycrystalline materials because of 
grain boundary diffusion and metallographic structure is as illustrated in Fig. 7.32. 

Fig. 7.32. (a) - Self diffusion of lZ3Sn in polycrystalline tin (166 hours, 449 K, 40 pm depth from the original 
surface). The enhanced diffusion along the grain boundaries and the orientation dependence of the volume 
diffusion in the tetragonal lattice can be observed. M: 4 x ; (b) - Metallography of the sample; (c) - Diffusion of 

59Fe in polycrystalline tungsten C0.05 rad (3") cut angle, 5 hours, 1881 K]. M:80 x 



7.6.4.2. INVESTIGATION OF SEGREGATION 

During the solidification of multicomponent melts some components concentrate 
locally and will distribute inhomogeneously in the solid state. Such inhomogeneities are 
not always desirable and can be influenced by certain treatments. Figure 7.33 provides an 
example of segregation during the dendritic solidification of a melt. 

Fig. 7.33. Segregation of '"Ag in tin during dendritic solidification. M: 4 x 

7.6.5. SOLID STATE TRACK DETECTORS 
IN AUTORADIOGRAPHY 

Autoradiography based on photosensitive films is not applicable if the element to be 
investigated has no suitable radioactive isotope. This represents a limitation primarily in 
the case of elements with a low atomic number. But even the light elements have such 
nuclear reactions which result in the emission of heavy, charged particles [e.g., (n, a) or (n, 
p)]. This helps us to locate the reacting element by means of a hot-atom chemical reaction 
between the charged particle and a suitable detector material, the so-called solid state 
track detector. The method is analogous to the reversed labelling technique (see Sections 
3.1 and 3.8.8). 

Solid state track detectors are mostly cellulose-based thin foils which are known under 
different commercial names (Table 7.10). The detector types differ in the minimum a- 
particle energy needed to form a developable track. 

The particles cause radiation dumage to the detector: the destroyed material becomes 
soluble in strong alkaline solutions and will be visible under a microscope. The damaged 
part corresponds to the site of the atom taking part in the nuclear reaction, because of the 
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Table 7.10. Solid state track detectors 

Bayer Macrofol-E 
Bayer Macrofol-G 
Kodak-Pathe LR-115 I, I1 
Kodak-Patht CN 85 
ORWO T-Cellite 
Pershode Ltd. CR 39 

MOM MAND/s 

Layer thickness, pm 

Polycarbonate 
Poiycarbonate 
Cellulose nitrate 
Cellulose nitrate 
Cellulose acetate 
Allyl-diglycole- 
carbonate 
Allyl-diglycole- 
-carbonate 

Material Producer firm 

very short mean range of the particles. As for the necessary radiation damage, at least the 
mass of an a-particle is needed; smaller particles (protons, neutrons, electrons) or photons 
do not cause a background, therefore the sample covered with the detector can be put 
directly into the suitable channel of a reactor or other neutron source where the nuclear 
reaction takes place. In order to eliminate the tracks of other reactions, e.g., those of 
recoiled nuclei of the detector material, it is expedient for comparison to put an empty 
detector foiI into the reactor too. 

Recently, encouraging experiments have been carried out to produce proton-sensitive 
detectors too. 

The tracks formed in the irradiated foils are developed in 2-6 M KOH or NaOH 
solutions, at 50-70 "C, within 20-60 min. The process is interrupted several times and 
microscopic obseruation informs us when it should be finished. 

Commercial name 
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8. RADIATION PROTECTION 

8.1. GENERAL ASPECTS OF RADIATION PROTECTION 

8.1.1. THE ROLE OF RADIATION PROTECTION 

The application of radioactive materials is always accompanied by an amount of risk. 
This risk appears in two forms: the exposure of humans to ionizing radiation increases the 
probability of some detrimental somatic and hereditary effects ("stochastic" effects) and 
relatively high doses may cause harm to particular tissues or organs ("non-stochastic" 
effects). 

In addition, deleterious effects other than detriment to health may also occur, such as 
the restriction of some areas or products from use. 

The risk may be reduced by appropriate measures but, in general, it cannot be entirely 
eliminated. Penetrating radiation around radioactive sources and radioactive contami- - 
nants in consumer products contribute, even if at an almost negligible level, to the 
exposure of individuals coming into contact with them. Careless handling of radioactive 
materials or their abnormal release into the environment (i.e., pollution) may lead to 
accidental exposure of individuals. However, the risk associated with the application of 
radioactive materials--as has been proved by experience gained during the last few 
decades-is not higher than the risk of industrial activities in general C8.11. 

It should also be taken into consideration that the number of persons likely to be 
effected is relatively small as is the probability of serious harm to health. Despite this, the 
hazard arising from the use of radioactive materials should not be underestimated, but all 
possible practicable measures should be taken to minimize risk and harm. Before reviewing 
the methods and devices of protection, the detrimental effects of ionizing radiation are 
outlined. 

The deleterious health effects of ionizing radiation are developed on a complex 
biological mechanism which cannot be discussed here, but just to outline the 
consequences, it is mentioned that high doses damage the cells and tissues and impede the 
normal function of that organ; moreover, apart from local injury the whole organism will 
be affected. For example, irradiation of the blood forming tissues (e.g., bone marrow) leads 
to a depletion of blood cells which will obviously inhibit the normal functioning and 
protective ability of the organism as a whole. 

Higher doses lead to somatic detriment to individuals, mostly to local injuries. Mild 
forms of somatic injuries appear in temporary erythema, loss of hair and opacity of the 
lens; severe forms lead to ulceration and/or disorders of internal organs. The severity of 
these so-called non-stochastic effects depends on the magnitude of the dose received, and 
there may be a threshold dose below which no detrimental effects can be observed. 

The effects of small doses near background level or below it are hardly predictable. 
Although the relationship between dose and biological response is not yet fully 
understood, it is now accepted that exposure of individuals or the population at large 
increases the risk ofhereditary and of some somatic (malignant) diseases. These effects are 
stochastic, thus the risk is proportional to the dose received. However, it is clear at present 
that risk associated with the application of radioactive materials is much lower than the 
risk due to other man-made and natural sources of radiation. Despite this, the application 
of radioactive methods is advisable only in those cases when the benefit is obvious and 



there is no other non-radioactive and so less harmful method available hr 1 1 , ~  yi,, 
purpose. 

n e  aim of radiation protection is threefold: 
- to establish safety standards which ensure that the individual dekterh,ay rl\;k4s are 

socially acceptable; 
- to take preventive measures in order to limit the exposure of indi\h\,,,lk to a 

reasonably achievable low level-also bearing in mind the risk of incidents :lnd ,rlCl,tS; 
- to carry out monitoring and surveillance in order to make protection all,\ ,i,Pty 

measures effective. 
The special feature of the industrial application of radioisotopes from t lrc ,,,,,,t of 

radiation protection is that the place of work is generally not an adequately ~,,llll ,l , , , , i  and 
controlled laboratory and persons specialized in isotope technique arc il\;tllitl,\,, ,,nly 
temporarily and in a limited number. 

For this reason, the technical protection of such work should he l ~~ , l , l I , , . , l  i,nd 
controlled with a higher degree of safety-as in special laboratories. 

Because this chapter deals mainly with the health physics problems ;ill,,,,, ,ram 
nuclear radiation utilized in industry, radiation protection problems c ~ l ~ . ( . ~  ,,,.,I with 
laboratories specially designed and equipped for the regular use of radia ti011 ,. ,. \, ,clcd. 

8.1.2. DOSE CONCEPTS 

The definitions of radiation quantities and their units are f o r m o ~ . l ~ ( . ~ ~  ,,, the 
International Commission on Radiation Units (ICRU) 18-21, partly h;~:.~,l ,,,, the 
recommendations of the International Commission on Radiological P r ~ t c ~ l ~ ~ , ~ ,  , ,( .Rp, 
[S. 11. 

Radiation protection needs such definitions of dose that characterix i ,,,, 
field through directly measurable quantities and that account for the I I I I ( . ~ ~ ~ ,  Of 

radiation with biological objects, too. Such conditions cannot be fulfilled by ,,,,,, dose 
definition because of the variety of interactions and biological consequence, 

Exposure, X .  The SI unit is C/kg; the special ~ o n - S I  unit is the roentgc~,, where 
1 R = 2.58 x lo4 C/kg (see Section 1.2). The exposure is applicable to a wide cla-l # Y  , of 
X- and y-radiation and it is more or less proportional to the biological effal  N ~ , , , , ~ , , , ~ ~ ~ ,  
the use of exposure is not recommended: it should be replaced by absorbd (I(,,,. air 

Absorbed dose, D. The SI unit is joule/kg, a special name for this is the gr;ly, c , Y ,  wh,rd 
1 Gy = 1 J/kg. The non-SI unit is the rad (radiation absorbed dose), its symh(,l ,, , ,,,, ,,r rd 
where 1 Gy= 100 rd (see Section 1.2). The absorbed dose characterizes l l l r  ,,llysical 
interaction of radiation with matter even for corpuscular radiation, e.g., [or ,,, ,I and 
neutron radiations. It should be noted that the dose absorbed in a mater~:il p ~ . , ~  e,j  i n  a 
radiation field depends also on the material (density, ekmental composih, ,  ,,,,.,. T~~ 
absorbed dose by itself is insuflicient as a means of predicting the severity or 01 ,,ll,,llty Of 
deleterious effects for all kinds of radiation and irradiation conditions ill Kc,l,., For 
radiation protection purposes it has been found convenient to i n t r d t u  ,, 
quant i tydose  equivalent-whi~h reflects better the harmful health effect:, 

Dose equivalent, H. The S1 unit is the sievert, symbol Sv where 1 Sv = 1 J/L& ( , I  L! 
= 1). 'I'he non-S1 unit is the rem (see Section l.2), 1 Sv= 1 0  rem. 



Table 8.1. Relationship between linear energy transfer. L,  in water and quality factor (Q); and approximate 
values of Q related to various tyjm of primary radiation 

3.5 (and less) 1 X-rays, y-rays and electrons 1 

L,  in water 
(keV/m) 

7 2 Thermal neutrons 2.3 

5 Neutrons, protons and other singly- 
10 charged particles of unknown energy 

Q 

175 (and above) 20 n- and other multiply-charged particles 
of unknown energy 20 

Note: Interpolated values for Q vs. L ,  are given, e.g., in Ref. C8.41. Average quality factor 

Type of radiation 

where Q is the quality factor depending on the linear energy tranger of a given radiation 
(see Section 1.2, Chapter 6 and Table 8.1). The average value of Q (see Table 8.1) can be 
applied if the distribution of L ,  is not known in detail; N is the product of modification 
factors taking,into account the space and time distributions of absorbed dose. According 
to the present standpoint of the ICRP 18.11 the value of N is taken as 1. 

The use of detectors calibrated directly in dose equivalent is advantageous in radiation 
protection practice because the effects of different types of radiation can be summed up. 

There are some other dose definitions too, such as effective dose equivalent, dose 
commitments, collective doses, etc. but they are not very often used yet in practical 
radiation protection for industrial radioisotope applications. However, one of them, the 
effective dose equivalent, which accounts for the total detriment, whatever the dose 
distribution in the body is, should be mentioned here. 

Eflective dose equivalent, HE. The SI unit is the sievert, SV. 

Q 

where H, is the mean dose equivalent in tissue T and w, is a weighing factor representing 
the proportion of the detriment from stochastic effects resulting from tissue T to the total 
detriment from stochastic effects when the body is irradiated uniformly. 

The values of w, are specified by ICRP C8.1) and are: 

Tissue WT Tissue WT 

Gonads 0.25 Thyroid 0.03 
Breasts 0.15 Bone surfaces 0.03 
Red bone marrow 0.12 Remainder 0.30 
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Dose index (absorbed dose index, D,, or dost: equivalent index, H,) is the maximum 
absorbed dose or dose equivalent referred to a given point within a 30 cm diameter sphere 
consisting of tissue equivalent material with unit density and centred at this point. The 
unit of dose index is J/kg. The 30 an diameter tissue equivalent sphere is a model 
simulating the trunk of the body. (Note that the centre of the sphere cannot be closer than 
15 cm from a surface or a source!) To make provision for radiation which is strongly 
attenuated in the sphere (i.e., soft y-, X- and 8-rays) the sphere is divided into 2 shells and a 
core. The outer shell (0.07 mm) reflecting the basal layer of the epidermis with radiation 
effects negligible, is ignored; the next shell extends to a depth of 1 cm; the inner core has a 
radius of 14 cm. Thus the 2 maxima in the intermediate shell and in the core are termed the 
shallow and deep absorbed dose or dose equivalent indices, with symbols H,,, and H,,,, 
respectively. Dose indices are not yet widely used in health physics, but it is expected that 
in the future they will be used in setting and controlling external radiation levels. 

0.54 .....* - : :' Fat 

0.01 0.1 1 10 100 
2- energy, MeV 

Fiy. 8.1. Relationship between absorbed dose (rad) and exposure (R) for air and certain body tissues vs. ?-ray 
energy 

Relationship between dose concepts. Although we are interested primarily in the dose 
equivalent delivered to the whole-body or a certain tissue, we often measure air dose in the 
place of the body, and tissue dose is established by calculation if necessai-y. Fortunately- 
at least for y-radiation of usual energy-the absorbed dose in air is a good approximation 
of both soft and bone tissue doses (see Fig. 8.1). For 13'Cs and 60Co, e.g., in soft tissue 
D (Gy) = 1.1 D in air (Gy). This consideration is more or less true also for the non-SI 
exposure unit, R,  as 1 R =0.869 rd (or 8.69 mGy) in air. 

Therefore, if instead of dose equivalent rate tor y-radiation at about 1 MeV energy, 
absorbed dose rate in air (or even exposure rate) is considered, the error introduced can be 
neglected for practical protection purposes. On the other hand, if the dose rate of soft X-, 
p- or neutron radiation is established from the reading of a radiation monitor calibrated 
only for y-radiation, the result may be quite misleading. 

8.1.3. THE DOSE LIMITATION SYSTEM 

Radiation protection standards are incorporated in the national regulations on the 
basis of the International Commission on Radiological Protection (ICRP) recommenda- 
tions. These standards are revised from time to time by the ICRP in the light of up-to-date 
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scientific achievements. The following text is based on the latest ICRP recommendations 
[8.1], C8.31 and C8.14) appearing with some delay in other international re- 
commendations (e.g., International Atomic Energy Agency) C8.41, and in national 
regulations. Where it is necessary, concepts from earlier ICRP recommendations-stil1 in 
practice in many countries-are also mentioned. 

The population, from the viewpoint of radiation protection, is divided into two 
categories: 

Category A: all persons concerned with work involving ionizing radiation: e.g., 
persons who are engaged in tracer experiments, radiographic work or in mounting 
radioactive sources of gauges. 

Category B: members of the public who may be exposed to radiation due to different 
applications of radioactive materials; e.g., persons living or working in the vicinity of 
nuclear facilities but not directly involved in radiation work, generally belong to this 
category. 

The radiation dose (see Section 8.1.2) is the most important factor determining the 
biological effect: the dose corresponding to the acceptable risk for the individual is the 
dose equivalent limit (DEL), its former name is the maximum permissible dose ( M P D ) .  The 
dose limit is not a tolerance dose because, to our present knowledge, even the smallest dose 
corresponds to a certain risk. However, it is reassuring to know that radiation injuries 
could only be observed at several times higher doses than the dose limits as proved by 
many years of experience. Higher doses may cause acute radiation sickness: a single 
irradiation of the total body with a dose of 2 Sv (200 rem) is highly likely to be lethal. 

The biological effects depend to some extent on dose rates. With lower dose rates or 
protracted irradiation a higher dose is needed to cause the same injury, e.g., skin erythema, 
lens opacification compared with higher rates, and even a dose of 2 Sv (200 rem) to the 
total body will not lead to severe injury if it is delivered uniformly over the occupational 
lifetime, i.e., about forty years. However, the long-term effects of radiation (cancer) have to 
be considered because in the case of these late effects there is no threshold dose and the risk 
is proportional to the dose. 

The ICRP recommendations C8.13, when establishing the dose equivalent limits, takes 
the stochastic and non-stochastic effects into account separately. 

Table 8.2. Annual dose equivalent limits 

Effective dose equivalent limit 50b 5 5' 0.5 
Dose equivalent limit 
- for eye lenses 300 30 50 5 
- for other tissues 

and organs 500 50 50 5 

Limits 

a Resulting from justifiable and optimized practices, and not to be fully exploited by any single soura or 
practice. 

b Long continued exposure of a considerable proportion of workers near the dose equivalent limits would 
only be acceptable if it is justified by a careful cost-benefit analysis. 

If the exposure of the same individuals approaches this limit over many years, an average annual effective 
dose equivalent of 1 mSv (0.1 rem) should be maintained. 

For occupational exposure 
of workers 

m ~ v  I rem 

For exposure of members 
of the public' 

m ~ v  I rem 
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The dose equivalent limit for non-stochastic effects is relatively high, equal to 0.5 Sv 
(50 rem) except the lens for which the limit is 0.3 Sv (30 rem). The dose equivalent limit 
recommended for stochastic eflects makes allowances for organs and tissues subject to 
special risk in such a way that the risk of uniform exposure of the whole body should be 
equal to the risk of non-uniform exposure: 

where w, is the risk weighting factor of the tissue; HT is the annual dose equivalent in 
tissue; H W B , ,  is the annual dose equivalent limit for uniform irradiation of the whole 
body, namely 50 mSv (5 rem). 

The dose equivalent limits ( D E L )  are applied to the sum of external and internal 
irradiation. 

No persons under the age of 18 shall be allowed in radiation Working Condition A, 
in which exposures might exceed three-tenths of the basic dose limits. 

Workers or students between the ages of I6 and 18 are allowed to work in Working 
Condition B for training purposes, where it is most unlikely that the annual exposure will 

Table 8.3(a). Denved limits for soluble compounds of selected radioisotopes, corresponding to occupational 
exposure of workers (Category A) 

Total body 
Fat 
G. I.* tract 
Bone 
Testes 
G. I.* tract 
Spleen 
G. I.* tract 
G. I.* tract 
Total body 
Total body 
Total body 
Bone 
G.  I.* tract 
Thyroid 
Total body 
G. I.* tract 
G. I.* tract 
Bone 
G. I.* tract 
G.  I.* tract 
Kidney 
G. I.* tract 
Bone 
Bone 
Kidney 

* G. I.: gastrointestinal 
Note: MPBB: Maximum permissible body burden 

MPC: Maximum permissible conan tration 

MPC,,,, kCi/crn3 MPBB, pCi Radioisotope Organ ~ I / Z . ~ U ,  days 
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exceed three-tenths of the DELs, i.e., 15 mSv (1.5 rem) annual effective dose equivalent. 
Under the age of 16 years no person is allowed to work as a radiation worker. 

The occupational exposure of women of reproductive capacity shall be permitted only 
under such conditions that: 
- the resulting dose equivalent shall not exceed the dose limits provided that 

exposure is received at an appropriately regular rate, if pregnancy is not known; 
- the women continue to work in Working Condition B only, if pregnancy is known. 
The dose equivalent limits, as recommended by the ICRP [8.1] are summarized in 

Table 8.2. 
The dose equivalent limits given in Table 8.2 are often converted to derived limits, such 

as for example pSv/week (mrem/week) and pSv/h (mrem/h). Basic derived values for 
planning purposes are 25 pSv/h (2.5 mrem/h) and 1 mSv/week (100 mrem/week). These 
values are calculated with the annual dose limit, 50 mSv/year (5 rem/year), and 40 working 

Table 8.3(b). Annual limits of intake and derived air concentrations for selected radionuclides 

* for 40 h/wetk 

Nuclides 

3 x  lo9 
2 x lo8 
3 x 1 0 7  

2x10' ( i ) 6x108  
(ii) 5 x 1 O8 

4 x 109 2 x 109 
1 107 

7 x lo6 6  x lo6 
1 x 109 
1 107 
2 x lo8 

2 x lo7 7 x  lo5 
6 x lo7 
2 x  lo6 
6 x 106 
5 107 
5 x lo7 
3 107 
1 1 0 7  

4 x  10' 
( i )  5 x lo7 
i i )  3 x  lo7 

2x10' 
2 x lo6 2x102 

'2x102 

Note: ALZ: Annual Limit of Intake; D A ~  Derived Air Concentration; a-h: refer to speafic compounds as 
given in Table 8.3 (c) and in Refs C8.3, 8.4 and 8-13] for each radionuclide. (i) and (ii) set Table 8.3 (c). The 
relationships between DAC and ALI is: DAC= ALZ/2000 x 60 x 0.02 = ALl/2.4 x 10' Bq/m3 where: 0.02 m3 is 
the volumt of air breathed at work by 'Referma Man" per minute under working conditions of 'light activity" 
C8-51 

Oral 

ALI, Bq 

a I b 

Inhalation 

ALI, Bq 

c I d I e 

DAC, Bq/m3* 

f I 9 I h 
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Table 83 (c). Compounds or physical form of radionuclides listed in Table 8.3 (b) with reference to classes a-h 

Oral Inhalation 
Nuclides 

a b c z f  d = g  e ~ h  

HTO 

All 

Dietary 

HTO Elemental 

All 

All other Phosphates 
than in d 

(i) Sulphides, Elemental sul- 
sulphates other phides of Sr, 
than in d Ba, Ge, Sm, Pb, As, 

(ii) Vapours: SO,, Sb, Bi, C y  Ag, Au, 
H2S or CS, Zn, Cd, Hg, Mo, W, 

sulphates of Ca, Sr, 
Ba, Ra, As, Sb, Bi 

All inorganic Elemental 

All other than Halides, nitrates Oxides 
in d, e hydroxides 

All other than Oxides, hydroxides, 
in d halides 

All 

Organic, all 
inorganic 
with carrier, 
except oxides, 
hydroxides 

All other than 
in d Oxides, hydroxides 

hahdes, nitrates 

Inorganic in 
tracer quan- 
tities, 
oxides and 
hydroxides 

All 

All 

All 

All bromides of 
H, Li, Na, K, 
Rb, Cs, Fr 

All soluble 
except 
SrTiO, 

Elemental, all 
other than 
in d, e 

All 

All 

All other than 
in d 

All 

All other than 
in d. e 

All other than 
in d, e 

( i )  Sulphates 
( i i )  vapour 

All other, bromides 

All insoluble Soluble SrTiO, 

All 
Nitrates, sulphide Oxides, 

hydroxides 

Oxides 
hydroxides 

Oxides, 
hydroxides 

All 

All 

All Oxides, 
hydroxides 

All 

All HalLdes, nitrates, 
elemcn tal 

Halides, nitrates All 

Oxides, hydroxldcs, 
nitrates, sulphides, 

halides 

All inorganic 
. . 

All All 

All other than 
in d 

All other than 
in b 

Oxides, 
hydroxida 

All All 
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Table 8.4. Physiological data of Reference Man 

Weight of total body: 70 kg (male) 

Litres of air breathed for Reference Man (adult man) 

8 h working 'light activity" 9600 
8 h nonoccupational activlty 9600 
8 h resting 3600 

Total 2.3 x lo4 1 

Water intake for Reference Man (adult man), ml'day 

Milk 300 
Tapwater 150 
Other lSOO 
Total fluid 1950 
In food 700 
By oxidation 

3 50 of food -- 
Total 3000 ml/day 

hours per week. However, when an individual receives a few mSv (a few hundred mrem) 
during a week or even during a shorter period, it is not regarded as an overexposure if the 
dose does not exceed the annual dose limit. 

The dose limit for individual members of the public, Category B, is equal to 5 mSv/year 
(0.5 rem/year). This dose limit concerns all man-made sources of radiation, medical 
applications excepted. The permissible levels for all special activities (e.g., nuclear power 
industry, industrial application of radioisotopes) are determined by the competent 
national authority after a risk-benejit evaluation of that given activity. 

Internal doses due to the incorporation of radioisotopes (radionuclides) cannot be 
determined directly in health physics practice; their calculation is also difficult. In view of 
this, derived quantities are introduced which can substitute the dose limit values and can 
be measured directly. 

The incorporated radioisotope may be accumulated in certain organs, but finally is 
excreted both from the organ and body. The process is governed by the biological half-life 
which, in turn, depends on metabolic processes. Parallel the radioactivity decreases due to 
physical decay. The effective haljlife of these two processes is: 

where t,,, is the half-life. 
The secondary limits for internal exposure are the annual limits of intake (ALI) by 

inhalation or ingestion related to adult Reference Man, (see Tables 8.3 and 8.4 Refs C8.3- 
8.51). The incorporation of the activity of the ALI value leads to the occupational dose 
equivalent limit in a person. Appropriate AW values are also defined for different groups 
of population. For practical radiation purposes, derived limits are defined: e.g., derived air 
concentration (DAC), this represents that concentration of a radionuclide in air (Bq/m3), 
which breathed by Reference Man for a working year of 2000 h (50 weeks at 40 h per week) 
under conditions of "light activity", would result in the ALI by inhalation. The DAC 
equals the ALl (of a radionuclide) divided by the volume of air inhaled by Reference Man 
in a working year (that is, 2.4 x 1013 m3). These concepts are intended to replace the former 
limits, the so-called maximum permissible levels: 
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- the maximum permissible body burden, MPBB, is the activity delivering the 
maximum permissible dose to the critical organs if the burden is continuous, (sce Table 8.3), 
- the maximum permissible concentration, MPC, is calculated in such a way that the 

dosecommitment to thecritical organs will beequal to the MPAD when the contaminated 
air or water is continuously consumed by Reference Man at the permissible levels, (see 
Tables 8.3b, crand 8.4). Appropriate ALI values are also defined for different groups of 
population. 

The activity, inhaled via contaminated air may be calculated using radioactive 
concentration data which are easily measurable. 

Similar considerations can be applied for the ingested activity but the process here is 
more complex due to the complexity of nourishment. However, food is usually not directly 
contaminated, thus water has primary importance in establishing the dose burden of the 
population. 

The maximum permissible surface contamination levels are determined on the basis of 
incorporation hazard due to ingestion or inhalation probabilities of contaminants. These 
levels are applied only at radioisotopic 1abora;ories where the handling of unsealed 
radioactive materials is a matter of routine; no contamination is allowed on surfaces of 
equipment, floors, etc. during or following the industrial application of sealed radioactive 
sources. 

With industrial tracer experiments using unsealed radioactive materials, the 
permissible contamination levels of products, wastes and materials affected by the 
experiment have to be determined in advance. It is very unusual that a contaminated 
product can be followed precisely: how it comes into contact with individuals or groups of 
tile population. For this reason the MPC (or DAC) values have to be used together with 
appropriate safety factors. 

EXAMPLE 8.1 
Mercury of an electric cell is traced with 'OJHg. The mass of mercury is 1500 kg and the 

tracer activity is 200 GBq (5.4 Ci). 
The average concentration of mercury on the premises is 10- l o  kg11 air. What will the 

expected 203Hg concentration in the air be, and what will the body burden of workers be 
after eight hours work? 

The specific activity of 203Hg 

200 GBq 5400 mCi 
= 133 MBq/kg = 3.6 mCi/kg 

1500 kg 

which, after the equilibrium of evaporation has been reached, results in a '03H g 
concentration in air of 10- l o  ke/l x 133 MBqIkg = 1.33 x l o d 2  Bq/l (= 3.6 x 10 - ' O  

pCi/ml). The MPC,,, value for 203Hg and for Category B is 2.6 x Bq/m~ =0,26 Bq/l 
(7. pCi/ml) (see Table d . j ) ,  therefore the dose burden of personnei ~orking on the 
given premises, due to the continuous incorporation of radioactive mcrcuzy is 

1.33 x B q ,  
x 100=5.1% of the MPD 

0.26 Bq/l 

The activity of incorporated 203Hg, during eight hours work, using Reference Man 
data will be: 1.33 x lo-' Bq/l x 104 1 = 133 Bq (3.6 x 10- lo pCi/ml x lo7 ml=0.0036 pCi). 
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This activity is only 

of the MPBB value, see Table 8.3 (a) for Category B, and even a smaller fraction of the ALI 
(see Table 8.3(b) and (c)). 

8.1.4. CALCULATION O F  DOSE RATE 

8.1.4.1. DOSE RATE IN AIR 

The distribution of radiation flux density and dose rate around a point source is 
spherically symmetric and if there is no absorber it is proportional to 1/R2, where R is the 
distance from the source: 

Equations are valid precisely in a vacuum and approximately in most practical cases, 
in air. 

The flux density of a point source at a source distance R metre is 

where A is the source activity, Bq; n is the number of particles or photons per decay, I( is the 
linear attenuation coefficient; exp (-pR) is the transmission in air, is taken as unity for 
y-radiation but is < 1 for p-radiation. 

The dose rate from a point source at a distance of R, is 

where A is the source activity; p is the linear attenuation coefficient; Kis the dose constant 
which is the dose rate measured at unit distance from a given radioisotope having unit 
activity (see Section 1.2). If the radiation is complex the partial dose rates have to be 
calculated and summed up. The unit of dose is determined by the unit of Kchosen. The flux 
density and the dose rate Eqs (8.5) and (8.6) can be generalized for interposted absorbers. 

where lis the thickness of the absorber;! is the linear attenuation coefficient, which may be 
interpreted for narrow or broad beams, and also for complex absorbers. 

The range of a-radiation is only a few crn in air, therefore in radiation protection 
practice there is no need for external dose rate calculations. 
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In the case of @adiation Kg may also be introduced but Eq. (8.6) loses its validity in 
practical cases, because of self-absorption in the source. An approximative rule may be 
applied here 

p A Ipv8=45.7E'-- -exp(--pR) mGy/h 
P R2 

(8.8a) 

where A is the source activity, MBq (mCi*); is the mean energy of bet:! particles, MeV, 
this is approximately equal to one-third of the maximum &energy; R is the distance from 
the source, cm; p is the linear attenuation coefficient of the medium (air), l/cm; it can be 

0.001 f I I r l i  I I I 1  

0 0.1 0.5 1 

E n  max' MeV 

Fig. 8.2. Mass absorption coefilcient of fl-radiation, p,. cmL/g, vs. maximum energy of the P-partlcle 

obtained by multiplying p (density of the medium, g,'cm3) by p,, cmZ/g obtained from Fig. 
8.2. 

If EBmax > 0.5 MeV, then instead of Eq. (8.8) the following expression serves well for 
practical purposes: 

IP. B ~ 0 . 8  A mGy/h (8.9a) 

where A is the activity, MBq (mCi*). This expression gives the dose rate at a distance of 10 
cm from the source, neglecting self-absorption and absorption in the air. 

For larger distances, even at 1 m, the expressions based on Eqs (8.4 a, b) are not valid 
even approximately (Fig. 8.3). 

Equation (8.6) gives a good approximation for ?-radiation if the medium is air. Taking 
into account the absorption, the dose rate for a narrow beam will be: 

where A is the activity, Bq (mCi*); R is the distance from the source m (an*) KAK;) is the 
y-dose constant,* * pGy - m2/(GBq . h) [R . cm2/(h . mCi)*[; p is the linear attenuation 
coeficient l/m (llcm*). 

* appl~ed to the equation in brackets 
** K,[pGy.m2/(GBq. h)]=23.5 Ky[R-cm2/Ch.rnCi)]=235 Ky[Rm2/(h.Ci)] 



RADIATION PROTECnON 

Fig. 8.3. Dose rate of a 37 GBq (1 Ci) b-point source 

The y-dose constant is strongly energy-dependent, (see Fig. 8.4). 
The values of K,, for the most important radioisotopes, are tabulated in Table 1.1. 
When K, is unknown and the energy of y-radiation is in the range of 0.3-3 MeV, the 

dose rate in air at 1 m from the source is 

IRY z0 .15AE nGy/h (8.1 la) 

where A is the activity in GBq (Ci*), E is the total y-energy per decay in MeV. 

Fig. 

Y - 
0 I t ' 1 1 '  1 1 '  

0 0.01 0.1 1 5 
E 3, MeV 

M The pray dose constant, Y, , as a function of y a m g y  
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where ni is the number of photons with energy Ei per decay. The values of ni and 4 are 
given in Table 1.3. 

Eq. (8.6) is  alqo a good approximation for neutrons: 

where Sn is the neutron yield of the source s- l ,  Kn(K *) is the dose constant, pSv x m2 
x s/h (mrem m2s/h*), R is the distance from the, l/s, source. 

Table 8.5. Dose constants of neutron point sources, pSv m2 . s/h (mrem mZ . s/h). Neutron fluence rate ( h x  
density), l/(cm2s) corresponding to 10 pSv/h ( I  mremlh); and the average quality factor as a function of neutron 

energy* c8.4, 8.131 

Thermal 
0.005 
0.02 
0.1 
0.5 
1 
5 

10 
14 
20 

Neutron energy, MeV 

* For unidirectional broad beams of monoenergetic neutrons at normal incidence 

K ,  x lo6 (mrem . m2 s,h) 
K, x lo5 (pSv . mZ . s$) 1-1 low Sv/h Average quality factor. Q 

The rounded values of K,, (Kn) are given in Table 8.5. This table gives the neutron fluxes 
corresponding to the dose equivalent rate of 10 pSv/h (1 mrem/h), too. The following 
expression is useful for practical purposes giving the distance in m from an unshielded 
neutron source at which the dose equivalent rate is 10 pSv/h (1 mrem/h) 

where A is the 226Ra-Be equivalent activity in GSq (Ci*) (see Section 1.4.2.4). 
From Eqs (8.14) and (8.4b) 

where R is in m and A is the 226Ra-Be equivalent activity in GBq (Ci**). 

* Avolied to equations (8.1 1b) and (8.13b) 
** Ci applied to equatton (8.14b) and (8.15b) 
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l o o o ~ l o O  

i-r 
0 2 

Distance, crn 

Fig.  8.5. y- and neutron dose rates, mSv/h (rem/h), for a 2 2 6 ~ a - ~ e  source from Ref. C8.51 

Figure 8.5 gives the neutron and y-dose rates of a 226Ra-Be source as a function of 
distance from the source. The calculation of neutron dose attenuation due to absorption 
tends to be complicated because of the strong energy dependence of the dose equivalent. 

Expressions describing space distribution of fluxes from extended sources are usually 
very complex even if the absorption is neglected; in practice such expressions are utilizable 
only with the help of computers. Figure 8.6 shows some cases for which calculation is 
comparatively simple. 

Line source [Fig. 8.6 (a)]. Flux density from a line source, having a length of L cm and 
an activity of A Bq, at a point taken at distance d cm from the straight line through the 
source (d =O is excluded) and neglecting the absorption in air is given by 

where n is the number of particles or-photons per decay, x is the distance between the 
perpendicular through the given point and the end of the line source, cm. 

(b) 

Fig. 8.6. Parameters for extended sources. (a) - Line source; (b) - Disc sourct; (c) - Cylindrical source 
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When x equals to L/2 (the point is on the perpendicular through the centre of the 
source) the flux density will be 

An L 
+L= ~ n ~ d  arctan - l/(cm2s) 

2d 

The equation for the dose rate is 

L - x  + arctan - 

and if x = L/2: 

where A is the total activity, Bq (or mCi) of the source of L m (or an); Kis the dose constant; 
d is the distance in m (or cm) on the normal from the source, Bq or mCi and m or cm to be 
used appropriate to the unit of K, which also determines the unit of dose. 

Disc source [Fig. 8.6(b)]. The flux density on the axis at a distance of d crn of a disc 
source having a radius of R cm and activity of A Bq. 

and the dose rate 

All units should correspond to the unit of K used here. 
Cylindrical source [Fig. 8.qc)J. The dose rate from a cylindrical source with a radius of 

R cm and height of h cm at a point d cm from the axis of the cylinder is 

where A is the source activity in Bq, G(h, R, d) is a tabulated function given in Ref. C8.61. 

I I I , 3 , 8 1 1  I I I ' o  
0.1 0.2 0.5 , 1.0 2 3 

E -j or Eo, MeV 
Fig. 8.7. Energy loss of y- and /?-radiation in 1 cm water (McV/cm) as a function of energy 
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The absorbed dose rate can be calculated/rom theyux density data, too. In the case of 
soft tissue (px I), for #I- and y-radiation 

4,, = 5.75 x (AElcm) mGy/h (8.23a) 

where d is the flux density, l/(cm2 . a,: and the values of AE/cm. in MeV/cm can be taken 
from Fig. 8.7. 

The absorbed dose rate in air (or the exposure rate) of y-radiation in the energy range of 
0.0-7-3 MeV is given by 

I, = 1.62 x l o v 2  EO pGy/h 

where E is the photon energy, MeV, O is the flux density, l/(m2s). 
Dose rctcr cf r:u!rons and 7-radiation corresponding to unit flux density. are g i ~ ! ~  in 

Figs 8.8 and 8.9. 

Fig. 8.8. y-Flux density equivalent !o - 10 mGy/h In air ( lR/h)  as a function of y-energy 

Fig. 8.9. The ratio of flux density, l/(m2 - s) and dose rate, pGy,'h or pSv/h (rad/h or rem/h) of neutrons for tissue 
as a function of neutron energy. The applied values of quality factors are 2.5 for slow and 10 for fast neutrons 

EXAMPLE 8.2 
The activity of a point source is 70 MBq (1.9 mCi), 1 particle is emitted in each decay, 

absorption is neglected. What is the flux density at 50 cm from the source? 
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From Eq. (8.5) 

EXAMPLE 8 3  
Consider a line source of length 30 cm and activity of 70 MBq (1.9 mCi). Then n is 

taken as unity and there is no absorption. What is the flux density at a point located 50 cm 
on the perpendicular through the centre of the source? 

From Eq. (8.17) 

7 107 
@ - 

30 
L- 2 n x 3 0 x 5 0  

arctan ----- = 2 164 particles/(cm2 s) 
2 x 50 

EXAMPLE 8.4 
Consider a flux density of 1 MeV ;.-radiation of 2000 photons/(cm2s). What is the 

absorbed dose rate in soft tissue? 
From Fig. 8.7, AE/cm is approximately 0.03 i:ieV/cm, using Eq. (8.23). 

What is the absorbed dose rate in air or the exposure rate at the same point? 
Using Eq. (8.24) 

l,= 1.62 x lo- '  x 1 x 2000=32.4pGy/h 

Iy=4.8 x 10-lo x 1 x 2OOOz9.6 x C/(kg h)(z3.2 mR/h) 

8.1.4.2. SHIELDING CALCULATIONS 

The limitation of personal exposure simply by remaining at an appropriate distance is 
usually impossible or uneconomic and in many cases even not safe. Before building a 
shield, it is necessary first to determine 
- the reduction factor for the given source distance, and then 
- the thickness of a shielding material that reduces the dose rate to the required level. 
The first step in determining the reduction factor is to estimate the distance that will 

exist between the source and the body or hand of the worker. The typical mean or smallest 
distance between an installed radioactive source and members of the public, ie., persons 
working or living in its neighbourhood should also be estimated. Then the dose rate I, is 
calculated for this estimated distance and, taking into account the suitable dose limit (DL 
or MPD for a year or week or other period as appropriate) and the occupancy time, t(e.g., 
yearly or weekly working hours), the necessary reduction factor will be: 

where lo is the dose rate for unshiclded source, t is the occupancj timc, h, for example 
pSv/h working hours per year (or week), S is the safety factor, its usual value is 2 or 3 if not 
otherwise prescribed by regulation, DL is the dose-limit for the same period as for 
t, pSv/year or pSv/week. 
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DL 
Rearranging Eq. (8.25) the denominator can be written as - , which is the maximum t 

dose rate at places occupied by radiation workers or members of the public, 
depending on the values chosen. 

Assuming whole body exposure their values will be for Category A and for 36 working 
1000 i r ~ v / ~ &  k 

hours per week z 28 pSv/h (2.8 mrem/h); for Category B, i.e., for mem- 
36 h/week 

loo 
bers of the public including non-radiation workers, this value is e.g., - =2.5 

40 
pSv/h (0.25 mrem/h). 

The required thickness of a shielding material is determined by using the equation 
expressing the attenuation of a narrow beam 

I= I, exp ( - pl) (8.26) 

where I is the thickness, cm; p is the linear absorption coefficient, l/cm which is dependent 
on energy of radiation and on the atomic number of the absorber. 

Broad beams are more common in practice than narrow ones and due to scattering in 
the absorber an increase in the intensity-with respect to a narrow (collimated) beam-is 
observed. This can be taken into consideration using the build-up factor, B: 

I= B(1) I. exp ( - p1) (8.27) 

The build-up factor depends on radiation energy, and on the type and size of material 
applied, its value is determined from calculations, graphs or by using the tables in Refs 
C8.7 and 8.81. The build-up factor can be built in the exponent 

I =  I, exp (- pl) 

where p depends on thickness I, too. 

Fig. 8.10. Maximum range of jbparticles in some selected materials as a function of their maximum energy 
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a-Radiation does not need shielding because a-particles are totally absorbed within 
a few cm of air or in the dead layer of the skin. 

The absorption of /?-particles more or less follows the exponential law but the 
protection against /?-radiation is facilitated by its finite range. This range is energy- and 
medium-dependent. For a given radioisotope the maximum range of /?-particles is 
governed by the maximum energy of pdecay (Fig. 8.10). For the most important 
/?-energies in practice, i.e., 2-3 MeV, the maximum range is about a few metres in air but a 
thickness of 10-15 mm of a plastic (e.g., Perspex) is quite sufficient to absorb them fully. 

Bremsstrahlung due to absorption of /?-radiation is a more penetrating radiation, 
therefore a few mm thick plastic will not significantly reduce its intensity. The 
bremsstrahlung yield is low, its intensity is lower by three or four orders of magnitude than 
the primary /?-radiation, so it becomes important only when sources have higher than 0.5 
GBq (10-20 mCi) activity. For example, the dose rate from a 350 MBq (10 mCi) 3 2 ~  source 
at a distance of 10 cm, after absorbing the /?-radiation in a light absorber, is approximately 
10 pGy/h (1 mR/h) in air. 

Absorption of prays follows well the exponential law (see Eq. 8.10). 
Quick estimations can be made using some aids: 
- the half-, or tenth-value thicknesses as a function of energy can be obtained from 

tables and graphs, e.g., from Fig. 8.11; 
- knowing the prescribed reduction factor, graphs and tables give the necessary 

thickness for various energies C8.91 and C8.101. 
Quick methods are also useful far radioisotopes emitting more than one photon with 

different energies when the transmission (reduction factor) for the given radioisotope is 
given C8.91. 

Fig. 8.11. TentR-vaiue thicknessa of various materials for y-radiation (nanow beam) 



508 RADIATION PROTECnQN 

Other methods of calculation are: 
- use of tables containing the necessary thicknesses as a function of energy and 

reduction factor [8.6(b)] 
- graphical method applied for broad beam. The first step is to form an auxiliary 

value, U :  

where R is the distance, m; A is the activity. MBq (mCi*); DL(MPD), , , , , ,  is the weekly 
dose limit, pSv/week (mrem/week); tWcek,, is the number of working hours per week. An 
occupancy factor may also be used here, 

The desired lead thickness for a given radioisotope can be determined from Fig. 8.12 - 
using the predetermined value of U .  Conversion factors, when using materials other than 
lead, are given in Table 8.6. 

Protection against scattered radiation is also required especially with provisional 
shields which are sufficient to attenuate the direct beam only. Intensity of scattered 
radiation behind the shield due to the scattering of y-radiation on  the walls and even in the 
air at relatively high activity GBq-TBq(Ci-kCi) sources may exceed by orders of 
magnitude the intensity of the primary but attenuated radiation. 

In such cases, protection has to be extended against scattered radiation, too. The 
calculation of scattering and shielding is complex because the energy of the scattered beam 

Lead thickness, cm 

Fig. 8.12. Diagram for lead shielding thickness calculation 
* applies to equation (8.29b) 
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Table 8.6. Multiplication factors of lead equivalent thickness calculated for various materials 

Iron 4.5 4 2.7 2.2 2.1 - 7 1.9 1.9 
Barytes concrete 13 10 8 5.7 5 4.8 4.7 4.7 
Ordinary 

concrete 18.5 14.5 10 8.1 7.3 6.7 6.5 6.8 

decreases due to scattering in the shield and the initially discrete energy spectrum becomes 
continuous. The flux density of the scattered beam depends on the angle of scattering, on 
the distance, on the size and composition of the absorber and of course on the flux density 
and energy of the primary radiation. Detailed calculations are available in the literature. 
e.g., Ref. C8.71. 

The energy of neutrons depends on the type of source: neutron generators produce - 14 MeV neutrons, sources utilizing the (3, n) reaction give neutrons with a mean energy 
of 4-5 MeV, (y, n) sources emit neutrons of about 0.1 MeV, (see Section 1.4.3.4 and Tables 
1.4 and 4.3, respectively). 

Fast neutrons passing through a medium gradually lose their energy due to elastic and 
inelastic collisions and after reaching thermal equilibrium they are captured by nuclei. As 
the energy loss of neutrons is the greatest using shields of small atomic number, mostly 
those rich in hydrogen, the commonly used shielding materials are water, concrete, 
parafin and polyethylene. Fast neutrons cannot be absorbed efficiently, but neutrons 
slowed down are easily captured by, say, boron or cadmium. 

The attenuation of neutron flux density is calculated by expressions similar to Eq. 
(8.10) but with neutrons, attenuation of the dose equivalent rate is more important because 
of the strong energy dependence of the quality factor hence the dose equivalent. 

Exact calculation requires large computational and measuring apparatus and it is 
usually impractical in industrial applications. Radiation transmitted through a shield 
having a thickness common in practice ( a b ~ u t  100cm) will mainly consist of neutrons with 
energy of 0.5 eV-100 keV and the dose contribution of thermal neutrons will be negligible. 

The dose attenuation factor is: 

Values of Rn for 14.2 MeV neutrons can be found in Fig. 8.13. 
Attenuation of the fast neutron flux density of a Po-Be source is given in Fig. 8.14. 
With neutron sources emitting y-radiation too, it is effective t o  line the light element 

neutron absorber with iror, or led; this results in more efficient neutron shielding and it 
also saves space. 

Thermal neutrons are fully captured by an 0.5-1 mm thick Cd foil. 
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Thickness, cm 

Fig.  8.13. Dose attenuation coeficient R,, , of a 14 MeV neutron source plotted vs. thickness of shielding material 

Thickness of paraffin, cm 

Fig. 8.14. Fast neutron flux density of a "'Po-Be source vs. thickness of a parfin absorber expressed as a 
percentage of primary flux density 

EXAMPLE 8.5 
What is the required wall-thickness of a working container made of lead or iron 

containing a 60Co source of 130 MBq (3.5 mCi) activity if the permanent place of work is 1 
m from the source? 
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From Eq. (8.29) determine the ratio U, assuming that the DL (or MPD) is 100 
pSv/week and Gee, 

from Fig. 8.12 the lead thickness is 6 cm and using the multiplication factor from Table 8.6 
this corresponds to 6 x 2.1 = 12.6 cm thick iron. 

EXAMPLE 86 
The yield of a 14 MeV neutron generator is lo9 n/s. 
How high is the dose rate at a distance of 2 m from the source behind a 1 m thick 

concrete wall? 
From Eq. (8.13), using Table 8.5 

The dose attenuation factor R, for 1 m concrete taken from Fig. 8.13 is - 150, therefore 
according to Eq. (8.30) 

I,, 3350 I= - = .- x 22.3 pSv/h (2.2 mrem/h) 
R* 150 

which level is permissible for personnel. 

8.1.5. MEASUREMENT OF DOSE AND DOSE RATE 

A dosimeter has to measure a quantity which is proportional to the physical or 
biological dose. 

This requirement is not fulfilled by all types of dosimeters and cannot be met in ail 
conditions. The types of personal dosimeters are outlined in Section 8.3.1. In radiation 
protection practice the dose rate measurement is also important and the industrial 
application of radioisotopes needs portable, easy-to-handle dose rate meters (see Section 
8.3.2.1). The main requirements of such equipments are: 
- energy independence; 
- better than 20% accuracy; 
- independent measurement of different types of radiation; 
- maximum response at dose rates higher than the upper range of the monitor; 
- small detector and instrument size; 
- battery life of at least 8 h; 
- high stability and reliability. 
The dose rate of a-radiation cannot be measured by simple devices. 
The dose rates of p-radiation, except for those of very low energy, can be measured by a 

thin-walled ionization chamber but the measured value tends to be informatory only. The 
determination of p-radiation flux densities is more evident in health physics routine than 
of the dose rates. 

The exposure rate of y-radiation, above 100 keV is approximately equal to the dose rate 
absorbed in soft tissue. The exposure rate can be well established through the 
measurement of ionization chamber current. 
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The measurement of low dose rates (around 1 pSvjh (0.1 mrd/h)--important in 
radiation protection practice-can be carried out only by relatively large, about 1 litre 
volume ionization chambers. Such large chambers are inconvenient for portable monitors 
and disadvantageous for narrow beam measurement. Radiation monitors with GM- 
counters (see Section 2.1.1.3.) are the most widespread; their responcp ;. np:arly cncrgy 
independent for y-radiation in the range of 0.3-3 MeV. The scintilluriciri detector (see 
Section 2.1.3) is also very sensitive but it is strongly energy dependent. These two latter 
types of detectors can usefully be applied for contamination surveys. 

Table 8.7. Classil-?ation of neutrons and detectors used for their measuremznt 

Thermal 
- 10 MeV 

Neutron 
- 

"rem" counter 

Boron plastid with holes Potyethylene 
Fig. 8.15. Detector for neutron dose equivalent rate measurrment (Anderson-Braun type "rem" dosimeter) 

Slow <O.5 eV BF, counter of ZnS-B or LiI(Eu) scintillator 
Intermediate 0.5 eV- ZnS-B scintillator + moderator 

0.5 MeV 
Fast >0.5 MeV ZnS(Ag) polystyrene scrnlillator or proton recoil counter 

En 

Neutrons can be measured only indirectly through the detection of ionizing particles 
produced by them. The dose rates are measured in practice by detectors, as proportionai 
counters or scintillation detectors, operated in pulse counting mode but these can only be 
used in specific energy ranges (see Table 8.7). If a thermal neutron counter is covered by a 
suitable polyethylene-boron layer (see Fig. 8-15), its sensitivity will correspond to the dose 
equivalent from 0.025 eV to 10 MeV. Using a 20 or 25 cm diameter paraffin sphere, the 
energy dependence is adequate up to 10 or 14 MeV, respectively. With a suitable boron 
layer the moderator mass can be reduced by a factor of two. 

When simple neutron counters are calibrated by a standard neutron source, it should 
be kept in mind that the calibration is valid precisely only for the given neutron spectrum. 

Detector 

8.2. METHODS OF PREVENTION 

7he objective of prevention is to limit the individual dose of all people who are directly 
involved in the application of radioisotopes or who live in the vicinity as well as to keep 
population doses to a safe level. 
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8.2.1. TECHNICAL PROTECTION 

The objectives of the technical protection are 
- limitation of external radiation by maintaining a distance and by absorption or 

attenuation of radiation by shields (manipulators, containers, lead-, concrete-, etc. walls); 
- prevention of dispersion of radioactive materials, i.e., contamination, which may 

lead to incorporation (source encapsulation, hermetization, etc.). 
Technical protection sometimes also needs special means; these will be discussed in 

Sections 8.4 and 8.5. 

8.2.2. ADMINISTRATIVE AN3 ORGANIZATIONAL MEASURES 

The prescriptions and regulations contain the rules for safe working and instructions 
for handling the protective devices. First of all the related acts, standards, code of practices 
have to be applied but special instructions have also to be prepared for certain special 
operations. 

For further details, see Sections 8.4 and 8.5. 
Training. Persons, working with radioactive materials (Category A), should be 

qualified for such work by special training prescribed by the competent authority. For 
persons not directly involved in tracer experiments or in the installation of instruments 
containing radioactive sources (Category B), special instructions given in advance are 
satisfactory. 

Fiy. 8.16. International symbol of radialion hazard (the shaded part is red against a yellow background) 

Authorization, licensing. The use of radioactive materials in most countries must be - 
licensed by the competent authority. Radioactive materials, instruments or equipment 
containing radioactive sources may be delivered to the user only if such a licence is 
provided. This is the case when radioactive products are intended to be borrowed from 
other institutions, too. The trunsporc of radioactive materials might also need 
authorization. 

However, the application of a radioisotope with activity below the so-called "exempted 
quantity" can be carried out without requesting a licence. 

Radiation hazards can be indicated by barriers, notices, and audiovisual signs together 
with the international radiation hazard symbol (Fig. 8.16). 

R 

33 Foldiik 



A health physicist (radiological ofker, etc.) is required to be appointed in all 
laboratories or at other premises where work with radioactive materials is carried out. 
Generally it is advisory to designate a person as a factory (facility) health physicist (whose 
duties are listed below), where instruments with radioactive sources are permanently used, 
even if the licence does not contain such a requirement. 

With regard to temporary tracer experiments with open radioactive materials the 
necessary protection measures are fulfilled by the health physicist belonging to the 
institution or firm carrying out the experiment. 

The terms of reference of the factory health physicist include 
- arranging any necessary licences for using radioactive materials or equipment; 
- taking part in any installation work; 
- obtaining necessary operational and safety instructions and technical data relating 

to radioactive sources; 
- keeping records on radioactive sources. A record must first of all contain the 

technical data of sources (name, activity, date of production, description, serial number, 
etc.), the date and place of installation, and all relevant later events (checks, damage, 
replacements. etc.); 
- regularly inspecting the integrity of sources, the conditions of containers or 

installations and that the barriers and signs are adequate; 
- keeping survey instruments needed for monitoring at hand; 
- taking part in all preventive and counter-measures concerning incidents (accidents, 

breakdowns) and reporting all radiation accidents to the health authority and to the 
manufacturer or institution that installed the equipment. 

8.2.3. PACKAGING AND TRANSPORT O F  
RADIOACTIVE MATERIALS 

8.2.3.1. PACKAGING 

Packaging means an assembly of components necessary to ensure compliance with the 
packaging requirements of transport regulations. It is usually known as a container, which 
is correctly a component of the packaging, or it is a freight container. The packaging has to 
comprise the radioactive material, to attenuate the radiation and to protect the source 
against mechanical effects and fire. A packaging is generally required to consist of: 
- receptacle (for liquid or gas it must be able to be hermetically sealed); 
- absorbent material to damp vibrations and to absorb liquids if they spill; 
- radiation shielding to attenuate radiation; 
- devices for absorbing mechanical shock and thermal insulation; 
- an external covering. 
The main requirements to be applied: 
- the packaging has to be securely closed with a positive fastening device such that it 

will remain closed during transportation even if subjected to tossing, etc.; 
- the maximum dose equivalent rate is limited: it may not exceed 2 mSv/h (200 

rnrem/h) on the surface and 0.1 mSv/h (10 mrem/h) dose equivalent rate at 1 m from the 
surface of the package at any moment during the transport; 
- the mtximum activity of radioisotopes allowed to be put in one package depends 

on the type of package and on the toxicity of the radioactive material, ag., the maximum 
\ 
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activity of 1921r in special form transportable in packaging type A is 740 GBq (20 Ci) and 
for packaging type B, which is constructed in such a way that it is able to withstand more 
severe traffic accidents, the activity is unlimited but clearly specified in its approval 
document; 
- radioactive contamination is limited on the package surfaces; 
- the package has to retain its containment and shielding integrity during transport, 

i.e., to the extent required by specified tests; 
- the package has to bear specified labels (including symbol in Fig. 8.16) and any 

others required by transport regulations. 

8.2.3.2. TRANSPORT 

People and radiosensitive goods, e.g., undeveloped films affected by the transport of 
radioactive material, should be protected against external radiation, and radioactive 
contamination has also to be avoided. Transport may be by regular transport means: 
road, rail, or by special conveyance, e.g., by the firm's car. In all cases, regulations of 
packaging, loading, etc. must be followed, but other regulations concerning transport of 
goods must be complied with as well. 

Instruments, manufactured articles such as clocks, electronic tubes or apparatuses having 
radioactive material as a component part shall be exempted, provided that these items are 
securely packed and the conditions such as stated below are fulfilled: 
- the dose equivalent rate at any point on the external surface of the package shall not 

exceed 5 pSv/h (0.5 mrem/h); 
- the dose rate at 10 cm from the surface of any unpacked equipment shall not exceed 

0.1 mSv/h (10 mremlh); 
- the activity of an instrument or article and per package is limited, see Table V in 

C8.l I]. 
In cases when the above mentioned requirements are not met the source must be 

dismounted and transported separately or the whole consignment should be considered as a 
radioactive package. 

Main transport and loading regulations: 
- the number of packages allowed to be put into one vehic!e or aircrrtft is generally 

limited; 
- the dose rate shall not exceed 2 mSv/h (200 mrem/h) on the surface of the vehicle; 
- safe segregation distances must be kept from places occupied by people; 

undeveloped photographic films can be exposed to a maximum of 0.1 mGy (10 mrad); 
- the radioactive shipment is required to be indicated on the outer surface of the 

transport vehicle by the prescribed signs. 
Wth a full load, i.e., the consignor has the sole use of a vehicle, all the above mentioned 

regulations are required to be kept except the requirements of loading and the surface dose 
rate df ihc p~izkage is allowcd to exceed the value of 2 mSv/h (200 mrem/h) up to a 
maximum of 10 mSv/h (1 remfi). However, in such cases all initial, intermediate and final 
loading and unloading has to be carried out in accordance with the directions of the 
consignor or consignee. 

The contamination of the vehicle should be checked after final unloading. 
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8.2.4. HANDLING OF WASTES AND CONTAMINATED 
PRODUCTS, DECONTAMINATION 

In tracer experiments using unsealed radioactive substances all procedures for 
handling and disposal of contaminated products, materials and wastes should be planned 
in advance. 

If the radioactive concentration is higher than the limit given in Section 8.1.3 or as 
stated by any other regulations, then the products before their commercial use should be 
stored until their concentration decreases to the prescribed level. For products whose route 
can be followed and whose ultimate destination is definitely known the permissible 
concentrations should be determined separately. 

If these levels are exceeded the product or material should he kept separately from the 
production process for the necessary period. 

If it cannot be expected that the activity of the product will decrease to the permissible 
level within a reasonable time then i t  should be handled us wmte and should be disposed qf 
Discharge of low activity or low concentration waste intp the public sewage system or into 
the air is regulated by the relating standards and codes of practice. 

Radioactive waste is also produced by the decontaminution of wor king surfaces, having 
been contaminated during the normal operations of a tracer experiment, or either, 
accidentally. It should be noted that sealed sources, if they are damaged, may also 
contaminate their environment. 

Great attention and experience is needed in carrying out decontamination because of 
the higher risk of incorporation and spreading of contamination. The main rules are: 
- selection of the proper and safe procedure (dust cleaning, washing with dissolvers 

or with detergents. scrubbing the  surface^, etc.); 
- the proper order of actions; 
- the use of protective clothes and devices; 
- continuous monitoring; 
- safe collection of contaminated wastes. 
Wet decontamination can be started by washing using diluted solutions of household 

washing agents or detergents. In the case of metal surfaces the composition of one of the 
recommeilded solutions is 20-30 g sodium- or ammonium-citrate and 1-2 g of detergent 
per litre; in the case of glazed pottery, glass, plastic and rubber, a mixture of 5 g acetic acid, 
10 g oxalic acid, 10 g sodium-hexa-meta-phosphate and 2 g detergent per litre water can 
be applied. If these solutions do not prove to be eficient enough, then 0.1-2 M solution of 
sulphuric acid or nitric acid can be applied. In certain cases special chemicals give the best 
results, e.g., the water solution of Na-EDTA or citric-acid in concentrations of a few 
thousandths per mille in most cases eliminates cations but for anions the best 
decontamination agent needs to be found experimentally. 

8.3. SUPERVISORY METHODS 

Checking the efficiency of protection includes: 
- determination of personal doses; 
- medical supervision; 
- radiological investigation of working places and tbeir surroundings; 
- record keepin'g, *- 



SUPERVISORY IbOTHoDS 

8.3.1. PERSONAL DOSIMETRY 

The most adequate method would be the detection of biological changes produced by 
radiation but the applicability of such methods is limited to higher doses only. Moreover, 
the direct measurement of dose absorbed in the body or in a particular organ should be 
substituted by estimation based on indirect measurements. The dose can be determined in 
the case of 

external irradiation: 
- by individual dosimeters on the body surface; 
- through the measurement of dose rate at the work place and estimating residence 

time (see Section 8.3.2); 
internal irradiation is determined through the measurement of activity incorporated: 
- direct measurement of radiation emerging from the body; 
- excretion analysis. 

8.3.1.1. PERSONAL DOSIMETERS 

?he condenser chamber (pocket ionization chamber, pen dosimeter) is a small 
ionization chamber which is charged from time to time. The chamber potential de- ~reases 
as the charge produced by ionizing radiation discharges the chamber. The decrease of 
chamber potential is proportional to the dose delivered to it or to the exposure at the 
location of the chamber. The momentary chamber potential is measured directly by a 
built-in electroscope or by an external reader. 

One of the desired features of personal dosimeters is energy independence. This can be 
achieved by using an air-equivalent chamber wall of appropriate thickness. 

These requirements can be met theoretically for the ?-energy range of 0.05-3 MeV but 
many existing constructions do  not realize this and they are significantly energy 
dependent at energies lower than 0.2 MeV. For low energies, i.e., for soft 7- or X-radiation, 
only special thin-walled chambers can be used. 

The self-reading condenser chamber consists of a built-in electroscope (Fig. 8.17): the 
dose is read directly with the help of an optical system. The chambeis most commonly 
used in practice have a range of about 2.0 mGy in air (200 mR) but other types with higher 
dose ranges up to about lOGy in air ( -  1 kR) are also used mainly as accidental 
dosimeters. 

The use offilm badges is based on the blackening of silver-bromide emulsion due to 
ionizing radiation (see Section 8.1.3) so this blackening determined, e.g., by absorbance 
(optical density) measurement can be a measure of the dose. The sensitivity of film badges 
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Fig. 8.17. Self-reading condenser chamber 
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Plastic 13- hole Slit 

Fig.  8.18. Film badge 

depends on the y-ray energy but correction for this can be done at the evaluation if the 
radiation quality has been determined by a suitable filter system. The films, cut and packed 
to size by the producer, should be used in a plastic badge (Fig. 8.18). The common film 
badges cover a y-dose range of 100 pGy-5 Gy in air (-  I0 mR-500 R). Film badges under a 
suitable window measure also the 8-doses if the energy is higher than a few tenths of an 
MeV. The dose of thermal neutrons is determinable if the badge contains Cd and Sn filters; 
in this case the difference between the readings under these two filters will be proportional 
to the thermal neutron dose as y-radiation causes equal absorbancy (blackening) under 
both filters. The dose determination of mixed radiation is also possible by using 
appropriate filter combinations. 

It is a timeconsuming as well as a delicate task to develop, evaluate and calibrate film 
dosimeters, so it is usually centralized. One of the advantages of film badges is that 
developed films can be preserved as documents. 

Luminescent dosimeters utilize the luminescence phenomena also exhibited by many 
natural substances, when after exposing them to ionizing radiation they emit visible light if 
they are stimulated by ultraviolet radiation or heating. The former is called radio-photo- 
luminescence, e.g, on silver activated phosphate glass, the latter is called thermolumines- 
cence, usually on activated (Mn, Dy, Ti, etc. doped) LiF, CaF,, CaSO,, Li,B,O,, Be0 and 
Al,O, crystals. The luminescence intensity is measured by a reader consisting of a 
itimulating deliice (Uvlight source or heater), photomultiplier and auxiliary electronics. 
The light intensity vs. time or i.e., temperature, in the case of heating can be recorded by a 
plotter (glow curve), and/or it can be integrated in fixed intervals and displayed directly as 
electric charge (integrated photomultiplier current) or converted to dose according to 
calibration. 

Nowadays, thermoluminescence is a widely used method due to the highly 
sophisticated readers and good quality dosimeters available on the market. 

Luminescent dosimeters are small, applicable in wide dose and energy range and their 
evaluation is simple and quick. The measurable dose ranges from pGy up to kGy (from 
lo-* up to lo5 rd) and besides 8- and y-radiation they may be used for neutron dosimetry 
as well. 

7tack detectors are suitable for neutron fluence measurement. If an appropriate 
nuclear emulsion is used the tracks of protons knocked out by fast neutrons may be 
counted by a microscope, but the dose range of this method is narrow: only 1-20 mSv 
(0.1-2 rern). Solid state track (or etch-pit) detectors utilize the damage caused in certain 
materials (mica, plastics) by the penetrating particle. The tracks become visible and 
countable after etching. Their important advantage is the lack of y-background. 

1 



Accidental doses of fast and slow neutrons are generally measured by activation 
methods, using, for example, P, Rh or  S and Au or In foils, respectively. The dose is 
calculated by the use of the neutron spectrum but this is rather complicated because the 
activation foils are sensitive only to certain parts of the spectrum. 

8.3.1.2. DETERMINATION O F  INCORPORATED 
RADIOACTIVITY 

Direct measurement of radiation emitted from the body can be done in the case of y- 
emitters and with a strongly limited sensitivity at harder p-radiation through bremsstrah- 
lung measurement. The composition and amount of incorporated radioactive material 
can be determined from the y-energy spectrum usually taken by scintillation detectors. In 
some cases a well-shielded detector is put close to the organ or part of the body where the 
given radioisotope is concentrated most, e.g., radioiodine measurements at the thyroid 
gland. It is a more complex but usually a more sensitive method when the whole body 
together with the detector are put into a large and well-shielded room-into the so-called 
whole body counter. The shield of such chambers (Fig. 8.19) is usually made of iron free 
from radioactive contamination. The sensitivity of whole body counters is high, a small 
fraction of the MPBB (or ALI) can be determined. 

Iron shield 

Fiy. 8.19. Whole body counter 

Excretion analysis is based on the fact that incorporated radioactive materials are 
excreted through metabolic processes from the body. The body burden can be estimated 
from the radioactive concentration of the excreta (urine, faeces, expired air, etc.) assuming 
that the fate of the radioactive material in the body is also known. These methods are 
important especially for a- and soft /?-emitters (3H, 14C) because such nuclides cannot be 
measured directly. The method is useful also for pemitters to obtain additional 
information or maybe the only method when the whole body counter is not available. 

The results of an excretion analysis, under the conditions of the industrial application 
of radioisotopes, may be used to establish or exclude the fact of an incorporation, but the 
burden of a particular organ can only be roughly estimated because the metabolic 
processes are not fully understood. 

In case of significant incorporations observed whole body counting and/or exerction 
analysis should be continued to determine individual parameters for more accurate organ 
dose estimation. 



8.3.2. WORK PLACE MONITORING 

Work place monitoring generally consists of: 
- dose rate measurement in the close proximity of radioactive sources; 
- radioactive contamination r,~easurements on the surfaces of equipment and in rooms, 

in the laboratory air, in wastes (sewage water, etc.), and in industrial products. 

8.3.2.1. DOSE RATE MEASUREMENT 

The main aim is the measurement of dose rates of y, sometimes #l- or neutron radiation 
from a few pSv/h (a few tenths of mR/h) up to a few mSv/h (few hundreds of mR/h). Here 
only portable monitors are discussed. 

Monitors with ionization chambers must have quite a large chamber in order to reach 
the desired sensitivity (see Section 8.1.5). Such monitors can be used in not very 
inhomogeneous fields even to measure soft y- or P-radiation if their wall is thin enough. 
Their great advaatage is then energy independence. 

Monitors with proportional counters are, in principle, similar to ionization chamber 
monitors except that their sensitivity at small detector volume, is increased by the gas 
amplification due to the high voltage applied to the counter. The proportional chamber 
can be used both in current and pulse (counting) mode. 

The most common radiation monitors use GM-counters; many versions of such 
monitors are commercially available. With suitable GM-counters a-, #l-, y-radiation and 
neutrons can be detected but as a dose rate meter it is good only for y-radiation in a limited 
energy range, i.e., 0.2-3 MeV, and with an error which cannot be disregarded. For 
practical purposes it works well, it is cheap and the desired accuracy ir, practice can be 
achieved. 

Care shouid be taken in the use of GM-monitors when soft y-radiation is measured 
because the sensitivity ofthe GM-counter becomes strongly energy dependent, and also at 
high intensities, e.g. when searching for a source which has been dropped and has rolled away, 
many types of mqnitors wil; give a false response or no response at all. 

Among the scintillation detectors, sodium iodine, activated with T1 [NaI(TI)] and, 
more rarely, plastic scintillators have found a use. Scintillation detectors are more 
sensitive than the detectors discussed previously: a dose-rate of a few tens of nGy/h (pR/h) 
is measurable but the upper range is also low, around a few tens pGy/h(mR/h). Their 
further drawback is the strong energy dependence and insensitivity below 0.05-0.1 MeV. 
Fw fast neutron flux density measurements ZnS(Ag)-plastic scintillators are widely used 
but these have to be calibrated with known neutron sources, or  more precisely with a 
known neutron spectrum. 

8.3.2.2. SURFACE CONTAMINATION MONITORING 

For direct measurement the detector sensitive to the particular radiation is brought 
close to the surface and the particle flux density IS counted. From this measurement the 
contamination can clearly be located and if the detector is calibrated, the contamination 
can be expressed in units used by the regulations (e.g., in k£lq/cm2 or )rCi/cm2). However, 
the numerical value of such calculation is uncertain even if the radioisotope is known and 
appropriate calibration has been done because it may be uncontro11ably altered by the 
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surface quality. In some cases, especially in industrial conditions where any contamination 
should be completely removed, it is sufficient to measure particle flux and decide whether 
the surface is still contaminated or not. 

a-Emitters could be measured by endwindow GM-counters, if the window thickness is 
less than 20 g/m2 (2 mg/cm2), but ZnS(Ag) scintillators are more frequently used. 

Hard /3-emitters, when the energy is higher than 0.3-0.5 MeV, may be detected by most 
of the portable GM-monitors. Special, portable /&contamination meters or detectors 
connectable to ratemeters or counting devices, are also produced. Such equipments 
usually have a large sensitive surface using several GM-counters or plastic scintillators. 

/?-emitters, when the energy is around 0.06-0.5 MeV, could be monitored by 
endwindow type G M  or proportional counters. The measurement is more convenient and 
efficient if larger surfaces are used; such larger surfaces can be achieved by putting more 
detectors together or by using a multiwired detector having a common gas atmosphere. 

/?-emitters with energy less than 0.05 MeV, basically this refers to tritium, cannot be 
detected even with such kinds of detectors. Recently, windowless proportional and special 
scintillation counter probes are available for direct tritium monitoring. However, the 3H 
concentration of air exhausted from the surface can be directly measured by flow 
chambers or counters but this is, in principle, a sampling method. 

There are only a few pure y-emitters among the radioisotopes therefore the 
accompanying /I- or a-radiation is measured to which the monitor is more sensitive. A /?- 
radiation monitor is sensitive to y-rays, too. When there is no accompanying charged 
particle or it is too weak or contamination is fixed to a deeper layer, the scintillation 
monitors discussed previously are useful for contamination detection. 

General purpose meters detect all types of contamination and most of the dose rate 
measurements could be carried out by them. 

With regard to procedures based on sampling, the surfaces are wiped with some soft 
material and the activity of this sample is measured. Scraped samples may also occur but 
they are rarely used for quantitative evaluation. 

The material used for wipe tests is usually a filter paper, cot ton-wool or textile which 
may be dry or wetted with water or special dissolving agent. For quantitative evaluation 
the size of the tested surface and the efficiency of sam?ling (wiping) has to be known. The 
sampling efficiency is variable and uncertain, it depends on the force and speed of wiping 
as well as on the type of dissolver, isotope, surface quality etc. For a given case, sampling 
efficiency can be estimated if sampling is repeated. 

Smear test samples can be measured by portable monitors but for more precise 
determination or analysis laboratory instruments are needed (see Section 2.2). 

8.3.2.3. AIR MONITORING 

The continuous measurement of radioactive concentration of gas or oapour 
contaminants, such as 3H, 14C, Ar, * 5Kr, 203Hg, and their compounds may be carried 
out by a flow type ionization chamber. In order to reach the desired sensitivity a chamber 
volume of about a few or  a few tens of litres is required. The current produced in such a 
chamber is measurable by an electrometer (Fig. 8.20), e.g., the sensitivity of a chamber with 
20 1 volume i3 25 mBq 3H/cm3 (- pCi/cm3) which corresponds to one-frfth of the 
MPC,,. Recently, more sensitive flow type proportional counters have become 
commercially availabk; their sensitivity is around 0.25 mBq 'H/an3 (- lo-" pCi 3H//an3). 



Ionization chamber 4 Power unit I 

I 
Fan (U )-fa ) Gas meter 

Fig. 8.20. Air monitor with ionization chamber 

The most common method used for aerosol monitoring is tofilter out and then to 
measure the activity of the aerosols. Using a filter moving slowly in front of the detector 
the air contamination can be controlled continuously assuming that the air flow-rate is 
known. The use of such highly sophisticated laboratory instruments under industrial 
conditions is not reasonable because of their cost and, furthermore, the average 
concentration may be determined by discontinuous sampling, too. 

A discontinuous sampler consists of a sample holder, a flow-rate meter and an air 
blower. If the flow-rate is known the anemometer may be omitted. A vacuum pump or a 
suitably modified vacuum cleaner can be utilized as an air blower. Activity, filtered on 
glass fibre, plastic or cellulose filters, should be measured by sensitive laboratory 
instruments because of the usually low activities. 

8.3.2.4. INDUSTRIAL PRODUCTS AND WASTES 

Air contamination monitoring of gas products may be carried out by the methods 
discussed above. 

The control of liquid and solid end- or by-products or wastes does not usually require 
special instruments because most of the radioisotope applications are camed out by 
sampling, and instruments used for sample measurement can be used for health physics 
purposes, too. In other cases, activity of a solid waste can be determined from dose rate 
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Fig. 8.21. Detector arrangement for activity measurement of liquids 
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measurements performed on the surface of a vessel or at a given distance from it. The direct 
measuring method of a product should be specified separately. 

The activity of sewage water or other liquid wastes can be controlled directly by 
immersion or bell type detectors (Fig. 8.21). If higher sensitivity is required the sample has to 
be concentrated by evaporation, chemical precipitation, ion exchange enrichment or by 
some other way before its measurement. 

8.3.3. RECORDS 

Record keeping (accountancy) specified by regulations gives information on the 
amount, location, movement, etc. of radioisotopes and may thus be considered as a direct 
control method. For example, a measurement made around a container and showing a 
dose rate lower than permissible does not mean a reduced radiation hazard if the reason 
for it is the loss of a part or the whole source. 

All other kinds of recording are regarded as indirect methods, these are any which have 
a bearing on safety. 

The usually recorded data are: 
- approval of investigation or instrument installation; 
- transport licences, transport documents; 
- radioisotope orders; 
- records of radioisotopes (shipping documents, registration book, storage register); 
- instructions concerning the investigation or installation; 
- minutes relating to investigations or installations; 
- documents relating to special training materials; 
- notifications (on loans, damage, etc.). 

8.4. USE OF SEALED SOURCES 

8.4.1. DEFINITION OF SEALED SOURCE 
AND LEAKAGE TEST 

A sealed source is a radioactive material embedded in a material and/or permanently 
sealed in a capsule in such a way that under normal conditions no leakage can occur (see 
Section 1.4.2). In this case only the outcoming radiation is utilized; therefore first of all the 
hazard from external radiation has to be considered but the possibility of contamination 
due to fracture of the capsule should not be disregarded. 

Capsules, e.g., of welded steel for sources of penetrating radiations (y, neutron), shoula 
resist all expectable thermal, mechanical and chemical effects. Experience has shown that a 
proper level of safety can be achieved only by using double encapsulations therefore 
nowadays sealed sources with higher activity are prepared in such a way (see Section 
1.4.2). 

a- and B-sources, because of the strong absorption of these radiations need only be 
covered with thinfoils (see Section 1.4.2). These foils, such as beryllium, aluminium, etc., 
under normal handling ensure the integrity of sources but they are very fragde, can easily 
be perforated and are less resistent to corrosion. For this reason radioisotopes are 
frequently embedded into glass, ceramic or glaze. Using such sources contamination of the 
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environment can be avoided or reduced and uptake of contaminants to the body may be 
prevented even if the protective foils are damaged. 

Before use of a source all data relating to the design and construction materials should 
be requested from the manufacturer or supplier. Leakage testing of the source must be 
done not only during production but regularly because, especially in industrial conditions, 
it is liable to be subjected to thermal effects, shock, vibration and to corrosive atmosphere. 
If the producer does not supply instructions for leakage testing and for its frequency, it is 
advisable to check the source by  wiping (smear test) or soaking according to the existing 
regulations with a frequency depending on the circumstances. 

If the smear test (see also Section 8.3.2.2) is used, the source surface should be wiped 
with a tampon wetted in a dissolver, e.g., water, toluene, dioxane. With the soaking 
method the source should be kept for eight hours in dissolver at 50 "C or for thirty minutes 
in boiling dissolver. The dissolver used should not attack the capsule. Sources may be 
regarded as sealed if the activity of the tampon or dissolver is less than - 2 kBq ( - 50 nCi). 
Sources covered with thin foils should be wiped veq carefully; such tests should be done 
solely by experts in a suitably equipped laboratory. 

Leakage testing of a source built into a working container may be done, by an adhesive 
tape put on the radiation exit if this is not an obstacle to its normal use. The adhesive tape 
should be changed from time to time, its activity checked, and incidental contamination 
revealed without dismounting the source. However, this method cannot substitute the 
regular test discussed before by which damage of the capsule may be discovered at an early 
stage. 

8.4.2. CONTAINERS FOR SEALED SOURCES 

Radioisotopes can be transported to the place of installation in transport containers 
(i.e. packagings) or in instruments in which they are incorporated (see Section 8.2.3). 
Construction of a transport container is such that 2 mSv/h (200 mrem/h) of surface dose 
rate is allowed according to the IAEA recommendation (see Section 8.4.4.1) but the 
permissible dose rate on surfaces of working and storage containers is lower, according to 
some current national regulations, e.g., max. 0.2-1 mSv/h (20-100 mrem/h). If the dose 
rate on the surface of a transport container exceeds the limit prescribed for storage 
conditions, the source immediately after its arrival 
- must be put in a working or storage container; or 
- the shielding of the transport container must be strengthened by distance-keeping 

or by additional shielding. 
Storage containers are needed if radiation sources are used temporarily, under 

supervision, but without complete shielding, e.g., portable devices, radiography. The 
containers should be lockable and should bear identification labels and the radiation symbol 
(see Fig. 8.16). Transport or working containers may be used as storage containers if the 
dose rate on their surfaces does not exceed the prescribed level. Generally, it is reasonable 
to have a storage container constructed as an addition to the working container instead of 
replacing the source occasionally into a separate holder. It is practicable to determine 
experimentally the "capacity" of a storage container with those amounts of radioisotopes 
which, if they are put into the container, give the maximum permissible surface dose rate. 
The values so obtained should be indicated on the identification law1 and noted in the 
records. 
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With high activity sources (irradiation or radiographic facilities), the storage container 
is substituted by the installation itself (Figs 6.15, 6.17 and 7.6). 

The working container is a device which contains the radioactive source during its use 
and fulfils the following functions: 
- it attenuates the radiation, except for the useful beam; 
- it protects the source against mechanical and corrosion effects; 
- it prevents unauthorized access to the source. 
The maximu'm permissible surface dose rate of a working container is, e.g., 0.2 mSv/h 

(20 mrem/h); in some special cases it is 1 mSv/h (100 mrem/h) according to the field of 
application (see Section 8.4.4.1). The dose rate at a distance of 1 m is also limited because 
without such a limitation the dose rate would be significantly high even for large distances, 
because there is no restriction on container size. 

Construction of a working container depends on the type of source and on the 
conditions of application. Containers for a- and /?-sources are usually made of aluminium 
or steel, sometimes plastic. A thickness of a few mm, fulfilling mechanical requirements is 
usually sufficient to absorb fully the primary radiation. Most common containers of 
y-sources are made of lead or steel; tungsten or depleted uranium have also come into use. 
Typical working container designs are shown in Figs 2.1, 7.8 and 7.13. 

Iron vessels filled with paraffin usually serve as a neutron source container. A layer of 
parafin of abnut 20-30cm is sufficient to thermalize fast neutrons. Sometimes boron is 
added to the parafin ta capture thermalized neutrons. If the source also emits intensive ;(- 
radiation as in the cilse of 226Ra-Be, an additional lead shield should be used around the 
source. The necessary thickness of this shield can be calculated as shown in Section 8.1.4.2. 

8.4.3. GENERAL ASPECTS 

8.4.3.1. METHODS OF PROTECTION 

When using sealed sources, hazards arise mainly from external radiation. Protection 
has three direct forms: 
- distance keeping: in most cases the working container, mode of installation, the 

equipment itself all ensure a safe distance between the source and personnel. Safe distances 
needed for an unshielded source (e.g., replacement of source) may be estimated in 
accordance with Section 8.1.4.1. Touching the source with bare or gloved hands could be 
very harmful even with very low activities; 
- use of shields: containers, shielding slabs constructed from materials selected and 

designed according to the type and activity of radiation source (see Section 8.1.4.2) reduce 
radiation to the prescribed level; 
- time shortening: needlessly remaming near to the source should be avoided. Careful 

planning, preparation and training of personnel must be carried out in advance of every 
dangerous operation. 

Indirect methods of protection are regarded as those preventive and control measures 
which ensure efficiency of protection. For details, see Sections 8.2 and 8.3. 

Incorporation hazards when using sealed sources do not arise normally but leakage 
testing should be done regularly, because, neglecting the possitibility of contamination, 
may lead to severe injury to people or damage to goods. The importance of leakage tests is 



emphasized by the fact that sealed sources frequently contain radioisotopes which are ve; 
toxic and have long half-lives. The maximum permissible body burdens for Category 
and for continuous intake (see Section 8.1.31, are, for example 7.4 kBq (0.2 pCi) of 'OC 

0.37 kBq (0.01 pCi) of 226Ra and 0.1 85 kBq (0.005 pCi) of '"Am. These amounts, relatc 
to the total activity applied, are so small that even a very slight leakage may lead to serio 
health hazards. The same is valid if ALI values are considered [see Table 8.3 (b)]. 

8.4.3.2. PREPARATORY M E A S U R E S  

Prior to using sealed sources the following radiation protection measures shop 
usually be taken: 
- application for licence (for details see below); 
- selection or construction of working contuiner (duty of the manufacturer 

institution installing the source) (see Section 8.4.2); 
- obtaining or preparation of the operationul instructions, safety regulations ( L  

Section 8.2.2); 
- training of operators and instruction of personnel (see Section 8.2.2); 
- transport of radiation source (see Section 8.2.2). 
Requests submitted for registration or licensing based on national regulations genera 

differ in their form according to the field of application but in all cases the requests rnl 
contain data of the radiation sources and instruments, purpose, description and place 
application, data on all responsible personnel, and the radiation protection measures to 
applied. 

8.4.3.3. INSTALLATION AND CONTROL 

Radiation hazards arising during the installation of radioactive sources . 
determined by the type and activity of sources and by the form of application. 

At permanently installed sources, e.g., with sources incorporated in instruments, c' 
should be taken regarding permissible dose rate levels around the source where people : 
working continuously (see Section 8.1.3). In many cases the radioactive source has to 
transported in a separate container and transferred from it on the spot. Such operatic 
are hazardous in themselves (the source may become unprotected for a short time; it n 
roll away and then be handled incorrectly, thereby leading to overexposure) therefc 
loading operations should by done only by qualified staff. 

Sources in portable instruments need a lockable store with proper shielding andlo: 
fence at safe distances, if necessary. Warning signs (notices, audiovisual warnin; 
specified by regulations should also be used. 

Monitoring with an appropriate radiation measuring instrument (see Section 8.3.2 
z , I should be done immediately, e.g., dose rates around the equipment ought to be measur 

in order to show that their values do not exceed the prescribed levels (see Section 8.1. 
This checking may reveal the necessity for additional shielding. Safety measures (sig7 
locks, etc.) should be inspected, too. The inspection of source integrity, signs, barrie 
locks should also be carried out regularly after installation. 
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8.4.3.4. SERVICE, MAINTENANCE 

Service or maintenance of equipment containing the source may be required during its 
operation. If the source is built in a separate unit then if the beam shield is closed or the 
source holder dismounted, servicing could be carried out, but the source holder unit 
should be dealt with only by qualified personnel. 

Special care should be taken when the source does not have a separate holder but is 
directly built into the industrial equipment. Those operating such equipment should be 
instructed which parts may be serviced by them and which need the supervision of an 
authorized person. It is advisible that the factory health physicist is notified about all 
service, maintenance and modificatiod of equipment because such work is dangerous, 
frequently leading to overexposure, damage or even to loss of the source. 

8.4.3.5. INCIDENTS, ACCIDENTS 

The breaking down of industrial equipment involving radioisotopes or any accident 
(fire, explosion, etc.) in the surroundings, may result in unexpected situations in which 
radiation hazards (if sources become unprotected or damaged) arise too. Even if the source 
has remained unchanged there is still the possibility that it may become damaged during 
emergency operations. In view of this, and provided that the source is in a separate 
shielded unit, it is advisable to take the unit immediately to a safe place. 

If an accident occurs the operating engineer in charge should act with ah possible 
speed-as it is unlikely that there would be time to seek a health physicist's advice. 
However, the factory health physicist should be notified immediately since it is his duty to 
deal with emergency actions. Interests both of production and safety (including radiation 
protection) should be balanced, though obviously the matter is rather complex and 
difficult. Therefore, it is recommended that operational instructions together with factory 
regulations include an emergency plan taking into account radiation hazard, too. A 
radiation protection inspection is recommended after all factory incidents. 

Accidents in which a source becomes unshielded or the environment contaminated may 
lead to injury to individuals even if such injuries cannot be observed directly. Therefore in 
such cases the competent authority must hmediately be notified. Actions to try to prevent 
the likely consequences of an accident should be taken by experts, the area must be closed 
until their arrival and persons thought to be contaminated, should not leave the territory: It is 
emphasized that decontamination procedures require considerable experience (see 
Section 8.2.4). 

8.4.4. SPECIAL DUTIES 

8.4.4.1. INDUSTRIAL NUCLEAR INSTRUMENTS 

Activity of sources used in industrial nuclear instruments is generally in the range of 
MBq-GBq (cca. mCi-Ci); built-in calibration sources have an activity around kBq 
(nCi-pCi). Activities are determined by conditions of measurements but maximum 
permissible dose rates, depending on types of application, should also be considered. 

The International Organization for Standardization (ISO) classifies equipments 
according to its shielding properties: 
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- Category I-equipment which itself ensures a high degree of protection; 
- Category 11-equipment which itself ensures acceptable protection; 
- Category 111-equipment which needs additional shielding. 
7he maximum permissible dose rate equivalents are set according to these categor 

The shielding design of working containers (see Section 8.4.2) may be done accordin. 
Section 8.1.4.2. Barriers or fences should be placed so that the dose rate behind them 
not exceed the appropriate h f P D ,  e.g., for Category B (factory employees), 2 p5 
(0.2 mrem/h) (see Section 8.1.3). If there is a permanent working place close to the barr 
then a safety factor of two is recommended. Containers and barriers should bear 
standard radiation symbol (see Fig. 8.16) and a warning label. If constructior 
equipment is such that one could place one's hand in the radiation beam, barriers, scrr 
or guards should be used to prevent this. 

General aspects relating to industrial nuclear instruments are discussed in Sect 
8.4.3. Operational irzstructions of instruments are especially important and they sho 
contain in a clear, comprehensible form, the safctj prccaut i o n  r u l s  t,w. 

8.4.4.2. INDUSTRIAL RADIOGRAPHY 

Laboratory work may be carried out with relatively high activity sources beca 
permanent installations can be individually designed enabling effec ive shielding to 
provided and a high level of safety to be achieved. If the radio-isotopt storage well ( e . ~  
steel-lined pipe) is deep enough and the sources are handled by manipulators, operatic 
will be safe and radiation burdens low. The entrance door of the irradiation room sho 
be supplied with an automatic locking system which ensures that if the entrance doo 
open the sources are retained in their storage position and they can be lifted up only a 
the room has been vacated (see Fig. 7.6). 

With the use of medium or lower activity sources there is no need in every case 
individually designed installation, the protection of the environment may be achieved 
using suitable storage and working containers and, if it is necessary, the shielding of 
laboratory walls may be strengthened. For design instruction see Section 8.1.4.2. 

The maximum permissible dose rate on storage container surfaces is also limited. 1 
example, in some countries it is equal to 20 pSv/h (2 mremlh). This value for a work) 
container, if it is movable only by hand and by one person, is (in many countries) equal 
0.1 mSv/h (10 mrem/h). However, if it is possible to keep a distance of at least 1 m, e.g.. 
hanging the container on a bar and having two people to carry it, the value will be 1 mS1 
( 1  00 mrem/h). 

With investigations made on site the same or similar portable devices are used as w 
laboratory work so regulations of working and storage containers are the same. Recent 
containers with remote control operation (Figs 7.9-7.1 3)  have become more widely ust 
this is also justifiable from the point of radiation protection. If there is no laboratc 
assigned for radiographic work then a lockable store or storage container should be ust 
Sources are allowed to be transported in their working containers within the facto 
because the dose rate requirements of transport containers are not so strict. Not 
working containers are suitable for transport outside the factory because most of them ( 
not fulfil all the requirements set for regular transport. In such cases, it is more reasonat 
to use the company's car for transport but road transport regulations should 
considered. 



USE OF SEALED SOURCES 529 

Areas where operation is being carried out should be fenced o f  and warning signs 
placed. Supervision is needed throughout the whole time of the experiment to keep 
unauthorized persons from the sources. Barriers should be set up in such a way that the 
dose rate behind them will be lower than the level permitted for Category B, e.g., 2 pSv/h 
(0.2 mrem/h). 

EXAMPLE 8.7 
An 1921r source with activity of 40GBq (1.1 Ci) is used for on-site work. How far 

should the barriers be placed from the unshielded source? 
If Eq. (8.6) is applied, taking it into account that the maximum permissible dose rate is' 

equal to 2 pGy/h in air (about 0.2 mR/h) and K,= 104 pGy x m 2 / ( ~ ~ q  x h) or k", 
=4.44 Rcm2/(h mCi); see Section 1.3): 

or in old units 

8.4.4.3. RADIATION TECHNOLOGIES 

Equipment and devices utilizing the physical effects of radiation are very different in 
form and construction so radiation protection problems also vary; in most cases they are 
specific. 

Static charge eliminators use a- and /?-sources. The precautions applied are similar to 
those discussed in Sections 8.4.1-8.4.3. It should be noted, however, that static charge 
eliminators are used in fields where fire and explosion hazards are considerable. For this 
reason, the use of very toxic and high activity sources should be avoided and preventive 
measures, besides other hazards (e.g., fire), should be extended to take into account 
possible damage of sources and contamination of area. 

Besides a- and /?emitters, y-sources are also used for the sparking of electric discharges. 
Usually, these devices are adequately sealed and their construction elements reduce 
external radiation to a negligible level, but the intensity of external radiation may become 
significant if a piece of equipment contains several devices. Similar problems may arise in 
the storage and transport of the product and especially during production processes when 
the whole amount of radioactive material is present. If the production of such equipment is 
on a large scale, detailed safety instructions should be applied regulating the handling, 
storage, transport, etc. of radioactive material. 

Radioactive light sources (see Section 6.1.2.1) can be divided into two groups from the 
viewpoint of radiation protection. Components of watches or instruments marked with 
fluorescent paints cannot be regarded as sealed sources but the whole device may be 
considered sealed. The mounting processes of such devices and especially the washing off 
of the paints may be very dangerous. Unfortunately many luminescent paints contain 



530 . KADIATION PROTECTION 

226Ra which besides a- and /?- also emits y-radiation which is in any case inefficient 
terms of its light yield. It is more safe to use non-penetrating a- and ,%emitters embedd 
into glass or some other non-dispersible solid material. The use of 3H or 'IKr is especia 
advantageous because neither of these presents a significant incorporation hazard ek 
with their slow leakage from the luminescent sources. 

Radioactive electric power also utilizc z- and ,&emitters. Such batteries ; 
produced for various purposes (e.g., pace-makers) and for devices used in space resear 
(see Section 6.1.2.2). 

The chemical and biological eflects of radiation are utilized primarily in irradiati 
facilities containing high activity sources (see Section 6.4)- 

Small samples may be irradiated in a specially constructed container W I  

appropriately designed shielding to limit external radiation to an acceptable lei 
However, sample handling should be done carefully; hazards due to contaminatic 
intensive narrow beams and, in first place, the source becoming unshielded should 
avoided. 

Essential precautions are that there be continuous monitoring in the maze, and t t  
operators are supplied with "uccidentul" personul dosemc~ters (having wide measur: 
ranges) and with porruble rudiution meters. Checking or replacement of sources ma! 
done only by qualified staff. 

Sources of an irradiation facility are transferred (usually lifted up) to the irradiati 
chamber or room from their shielded (usually underground) store only for the time 
exposure, therefore materials, products to be irradiated should be positioned in advan1 

The operator's room is protected by suitably designed walls while the irradiation c 
may be reached usually through a maze (Figs 6.15 and 7.4). Irradiation facilities genera. 
utilize sources with TBq-PBq (cca. kCi-MCi) activities, thus a few seconds' exposure m 
be lethal if the sources did not reach their storage position in due time. 

Because of the extremely high radiation hazard, besides shielding, an automa 
locking and warning system must also be used to eliminate, as far as possible, t 

consequences of false operation. This technical safety system should provide: 
- distance handling of sources between the storage and irradiation positions; 
- indication of source positions in the operational zone; 
- locking of the entrance door: it should be openable only if the sources are in tht 

storage position; 
- immadiate transfer of the sources to the storage position if the door is opened. 

there is a breakdown, if the main's supply is interrupted, etc.; 
- the possibility for visual inspection by TV monitor or periscope; 
- continuous dose-rate monitoring in the operator's room and at the entrance; 
- display of radiation level in the operator's room and the connection of the signal 

the locking system. 
All information on the source positions and about any false operation should ' 

displayed clearly in the operator's room and, finally, the whole system must be designt 
and constructed in such a way that accidental exposure of persons becomes impossib; 
: The integrity of sources should periodically be inspected by wiping the parts ( 

instruments in direct contact with sources; moreover, continuous or discontinuous bi 
regular checking of air and cooling water contamination should be carried out. 

The loading and unloading of the sources is a very dangerous operation and to make 
more safe and convenient, the use of a pool filled with a few metres of water is suggestel 
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8.5. APPLICATION O F  UNSEALED 
RADIOACTIVE SUBSTANCES 

8.5.1. GENERAL ASPECTS 

8.5.1.1. METHODS O F  PROTECTION 

The methods of protection against external radiation are the same as applied for sealed 
sources (see Section 8.4.3.1), i.e., distance keeping, time shortening and shielding. An 
additional important danger associated with even the most simple operations regarding 
unsealed radioactive substances other than those prescribed in Section 8.4.1, is the 
incorporation of radioactive material; this is even more likely in indxstrial applications than 
in laboratory use. Protection against undesired contamination and incorporation needs 
well planned preventive measures (see Section 8.2) and monitoring (see Section 8.3). These 
special duties will be discussed further for cases when the radioactive material is 
introduced into the technological process. 

8.5.1.2, PLANNING AND DESIGN 

When a radioisotope is selected for use, isotopes having lower radiotoxicity (Table 8.8), 
shorter half-life and radiation of lower penetrating ability are preferable with regard to 
radiation safety. The radiation protection aspects of the experiment should be examined 
beforehand and a suitable plan should be prepared in which the expected qualitative and 
quantitative transformations of the tracer and products during the technological 
processes can be calculated, taking into account events, even if their occurrence is rare, 
which may lead to irregular processes or products. 

Tuhle 8.8. Classification of selected radionuclides according to their relative radiotoxicity [S.13*] 

Very high *lOPb, 2ZbRa+decay products, 233U, 23yPu, 24LArn, other trynsuranic nuclides 

High 45Ca, "OCo, 'OSr, llOmAg, ' Z S I ,  I 3 ' I ,  14'Ba, '70Tm, 19'Ir, 'O4TI, natural Th 

Moderate 14C, 24Na, 3ZP, 35S, lZK.  5'Cr, 54Mn, 55Fe, 6 4 C ~ ,  65Zn, "Br, 140La, lJ7Cs, 14'Pm, L '8A~  

Low 'H. natural U** 

The classification may be somewhat different in other international and national regulations. E.g. 'OSr is 
in the very high radiotoxicity group in scvcr;il cases. 

**  1 Bq U,,, corresponds to 151 Jislatcgration per second (0.489 dps of "'L, 0.489 dps of ' jqU and 
0.022 dps of 235U). 

As part of the precautions, precise muterial balance and analysis of physical and 
chemical processes should be performed. Such analysis gives information on the expected 
contamination of products and materials, about the incorporation hazard and on the 
necessity. for separate handling of products. Furthermore, all preventive actions and 
monitoring programs of the tracer experiment can be based on this, too. The operational 
plan usually involves: 
- preparation of tracer material and its transport to the place of use; 



- preparation of preventive devices used against external radiation and cor 
tamination on the site; 
- introduction of the tracer into the technological system; 
- monitoring during and after the tracer work; 
- estimation of expected concentration of contamination in materials (products); 
- estimation of external and internal personal doses. 
All tracer work should be licensed by the competent authority. 
Trial experiments using non-radioactive substances should be performed in order t 

get practice and to check the design of the investigation and the effectiveness of tf 
preventive actions. It is suggested that besides laboratory modelling, an experiment 
simulate the radioactive tracing is carried out in the field. 

As a part of the preparation procedure, everything necessary for safe handling ( 

radioactive material (manipulators, shielding slabs, plastic foils, containers for waste 
means of decontamination, individual protective devices, barriers, warning signs, etc 
should be located and employees of the factory involved in the tracer work should be give 
special instructions. 

If at all possible, preparation of the radioactive tracer should not be done on-site but 
the laboratory because the introduction of a radioactive isotope into material suitable fc 
tracing is usually a complex operation (involving the possibility of considerable radiatic 
and contamination hazard). The use of unsuitable places for such operations may well lea 
to serious injury to individuals and a great deal of other damage. 

In-plant transport from the laboratory to the field may be done using commo 
transport containers, except for materials with larger volumes for which special 
constructed containers should &used. Packaging and transport regulations are discusse 
in Section 8.2.3. 

8.5.1.3. INTRODUCTION OF A TRACER 

In industrial investigations, the introduction of a radioactive material into the syste 
has &n the most hazardous operation of all so far as radiation is concerned. The tracer 
at its most concentrated form at the injection site therefore it is here that the hazard I 

external and internal exposure is the highest. 
The procedure for tracer introduction varies from experiment to experiment: 

depends on the physical and chemical form of the material, on technological paramete 
and on the tracer method. Pulsed injection and the use of a closed, shielded injector 
preferable from the viewpoint of radiation protection. Injection should be carried out aft 
thorough preparatory work together with appropriate safety precautions which can on, 
be specified in the given case. 

The objective is to prevent the contamination of the environment and incorporatic 
and injection must be done within the shortest possible time to minimize extern: 
exposure of individuals. 

For protection of the environment it is reasonable to line surfaces with strippab 
paints and/or plastic foils, to use trays to collect spillage and to supply personnel wit 
individual protective devices, e.g., breathing masks, gloves, overalls, aprons, shoes. 

The selection of the appropriate breathing mask is extremely important. The use ( 

oxygen rescue fiilities or plastic suits supplied with fresh air, providing complete safety, i 
some cases cannot be avoided. However, exaggerated prudence may hinder work so muc 
that in the last analysis safety will suffer. /' 

In most cases, dust- and gas-masks or fresh air respirators are suitable. 
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8.5.1.4. SURVEILLANCE 

Industrial investigations using unsealed radioactive substances should be continuous- 
ly monitored during the whole experiment. Practical methods of such control are 
discussed in Section 8.3. 

The monitoring of personal doses is generally carried out by personal dosimeters and 
by activity measurement of incorporated materials if internal exposure is likely or may be 
suspected (see Section 8.3.1.2). Radiological monitoring should be extended to all 
employees in the factory who are involved in the experiments. 

Workplace monitoring (see Section 8.2.2) is based on dose rate and contamination 
measurements. 

Dose rates (see Section 8.3.2.1) should be checked on the accessible surfaces and at 
places where personnel are usually to be found. 

Surface contamination (see Section 8.3.2.2) should be measured after all critical 
operations (introduction of the tracer, sampling, etc.). Because of the increased 
background due to the radioactive material, smear tests are usually needed. On 
completing the experiment direct instrumental control is absolutely necessary. 

Air contamination must be measured whenever the tracer material is in the gaseous 
phase or its dust or vapour may be released to the atmosphere. In general, portable 
samplers are suitable for the monitoring program. 

Checking to see whether industrial products (see Section 8.3.2.4) are contaminated may 
also be necessary during the experiment but the final overall check after completing the 
investigation is especially important. Decision on the fate of products involved in the 
experiment is based on such measurements, furthermore the contamination of 
apparatuses and workplaces can also be revealed. 

A careful weighing material balance must be done to check the possible retention of 
radioactive material in the equipment or elsewhere. In addition, dose rate and 
contamination measurements should be carried out at all places (traps) where 
radioactivity might have been concentrated or released unexpectedly. Serious difficulties 
may arise if the tracer does not dilute completely and radioactivity is concentrated at some 
places. 

It cannot be too highly stressed that the final surcrillance, a)er completion of the 
experiment and the removal of the contaminated products undlor wastes, should be extremely 
rigorous. There should be a careful check of all equipment and the surroundings, and it is 
suggested that the results be recorded. 

8.5.1.5. RELEASING MATERIALS, P,RODUCTS 

Materials in which radioactive isotopes may be incorporated during the experiment 
are: 
- consumer products, e.g., glass; 
- raw materials, by-products and semi-manufactured products to be reprocessed; 
- materials remaining in the technological process, e.g., mercury in electrolytic cells; 
- wastes which are partly collectable, partly released to the environment through 

liquid wastes and discharged air. 
General permissible levels of radioactive concentration of materials (also semi- 

manufactured products) cannot be established: such levels had to be determined 



preliminarily during the planning of the experiment assuming that individuals or grour 
will not receive doses higher than the permissible limit. 

If the radioclctiue conc.entrution of the  product is hi!lhc*r than the permissible level, t h  
product or materials must be kept isolated in controlled .;!wage untii,  due to physic; 
decay. the permissible Icvc! is reitchcd or thcv  should hc handled as rad~oactive was[( 

Rudio~criuu \.rltr.stc~.s should be collected a n d  transported to a central waste procrssirt 
plant or burial site (see also Section 8.2.4). Wastes are not regarded as radioactive if the 
radioisotope concentration does not exceed the limit given by the related standards and i 
which case they may be handled as common wastes (rclcascd into drains, surface wate 
air). 

Radio~~ct ice  concwrrarion can frequently be lowercd by simple on-site methods aftc 
which the waste can be discharged. One such method is dilution but in this way the tot, 
amount of released radioactivity cannot be decreased. I t  is more reasonable if the liquid ( 
solid wastes are stored or chemically concentratcd, and if gascs and vaporous products ar 
filtered. 

8.5.1.6. IhC'IbENTS. ACC'I DENTS 

During the planning and design of an investigation a detailed emergency procedur 
taking into account all possible incidents: breakdowns, factory accidents, should b 
prepared and agreed with the technologists of the fxtory. 

Protective devices (masks, respirators, manipulators, detergents) should be kept or. 
site and at hand ready to be used even if the likelihood of their being needed is very Ion 

8.5.2. SPECIAL DUTIES 

8.5.2.1. TRACER EXPERIMENTS 

The whole of Section 8.5 is relevant to industrial tracer experiments but may also b 
applied to most yeoloyical and mining inuestiyutions. With these latter types o 
investigations. however, even greater care should be taken in selecting and introducinl 
radioisotopes and the same is true with regard to monitoring because the contaminatio? 
of food, drinking water and, in general, man's environment is more likely than wit; 
laboratory or with industrial work. 

8.5.2.2. RADIOANALYTICAL WORK 

Radioactive samples are usually handled in a properly equipped isotope laboratory. 
but sources used for activation and transfer devices of radioactive samples (e.g., rabbit 
systems) are often located at separate places in the factory. 

When installing neutron sources used for activation analysis not only the external 
radiation but additional radiation due to the activation of samples and structural material 
should be shielded and contamination avoided, too. Tritiated targets used with neutron 
generators may lead to significant tritium incorporation therefore their handling should 
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be carried out in ventilated boxes. Environmental contamination can be avoided by using 
a proper, hard-wearing packaging for activated samples. 

The source containers and shielding walls should be designed according to Section 
8.1.4.2. 
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APPENDIX 

In recent years, the countrleh aczcp~irlg Lilt. conipclcrlce of the International Bureau of 
Weights and Measure (Bureau International des Poids et Mesures, BIPM) have decided ir 
favour of the inauguration of the international system of units (SI = Systeme Internationa 
d'unites) instead of the CGS system earlier commonly used. The exact date of the official 
inauguration and the days of grace granted for the use of the conventional units vary from 
country to country, however, not very far in the futurc the new system of units will 
certainly be applied all over the world. 

The switch-over is proving to be no easy matter; in order to facilitate readjustment, in  
the following tables a summary will be given on the basic SI units and those derived unit: 
which are generally encountered in the application of radioisotopes. 

The conversion factors between conventional and SI units are given with an accurac) 
generally sufficient in engineering practice. Correspondingly, the numerical values were 
rounded-off thereby ignoring precision for its own sake. The mode of application of Table 
A/4 is illustrated by two examples. 

1. What is the activity of an 80 kCi radiation source in SI units? From Table A/4 it is 
clear that 1 Ci corresponds to 3.7 x 10'' Bq. Thus, 80 kCi represents an activity of 8 x lo4 
~ 3 . 7 ~  1010=2.96x 1015 Bq=2.96 P B ~ .  

2. What is the K.,, dose constant of a nuclide, in conventional units, for which this value 
is equal to 7.0 aA m2/(kg Bq)? As seen from the table, the value of the conversion factor 
"SI/conventional units" equals 5.163 x 1 0  ', that is, converting SI units into conventions. 
ones, the dose constant is equal to K = 7.0 x 0.5 163 = 3.61 R m2/(h Ci). 
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Fiy.  .A 2. homogram for the detrrmina~ion of the exrent of radioac!ive decay h m  the given half-life or deca! 
constant 
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Density, 

p, l f 3  kk/rn3 

Thickness, Surface mass, 

1, m d, kg/rnZ 

Fig. A/3. Nomogram for the evaluation of the thickness of absorbents in units of m and kg/m2, with the density 
given 
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b y .  A,#. Mass absorption coefficient as a function of maximum value o f  /j-energy 
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Fig .  AIS. Value of mass absorption coefficient as a function of the energy of the y-radiation and atomic number of 
the absorbent 



Fig. A/6. Nomogram for the determination of the relative scattering in percent corresponding to the standa- 
deviation (statistical confidence of 0.683). A-relative scattering in percent; &-counts registered 
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Table A / I .  Basic SI units and their definitions 

Length met re m 
Mass kilogram kg 
Time second s 
Electric current ampere A 
Thermodynamic temperature kelvin K 
Light intensity candela cd 
Amount of material mole mol 

Physical quantity 

Table A/2. Complementary SI units and their symbols 

Unit 

Name 1 Symbol 

Planar angle radian rad 
Solid angle steradian ST 

Physical quantity 

Table A/3 .  Standard multiples and fractions of units* 

Unit 

Name 1 Symbol 

exa 
W a  
tera 
@ga 
mega 
kilo 
milli 
micro 
nano 
pic0 
femto 
atto 

* In special cases, some other prefixes can also be 
used, such as hecto (h)= lo2, deca (da)= lo', deci (d) 
= 10- ' and centi (c) = 10- ', primarily to respect certain 
traditions 

Multiplication 
factor 

Prefix 

Name Symbol 
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APPENDIX 

Table A/5. Density of some important substances 

Substance Density. kg/m3 

Aluminium 2699 
Antimony 669 1 
Beryllium I848 
Bismu t h 9747 
Boron 2340 
Cadmium 8642 
Carbon (diamond) 351 3 
Chromlum 7190 
Copper 8960 
Iridium 22420 
Iron 7874 
Lead 1 1350 
Mercury 1 3546 
Molybdenum 10220 
Platinum 2 1450 
Silicon 2330 
Silver 1 0500 
Tantalum 16654 
Thallium 11850 
Tin 7310 
Tungsten 19300 
Uranium 18950 
Vanadium 61 10 
Zinc 71 33 
Zirconium 6506 
Air 1.293 



Number 

Table A/6. Decimal logarithms of numbers 

Logarithm 



9666 
; 566 
3066 
5986 
3186 

fLL6 
-ZL6 
)896 
:E96 
,856 

ES6 
18P6 
W 6  
)6E6 
W 6  

:8Z6 
:EZ6 
'816 
:E 16 
: LO6 

..LO6 
168 
; I68 
3 8 8  
1088 

;PL8 
2898 
LZ98 
-9S8 
10s 8 

;mX 
:ncn  
i I C8 
7528 
58 18 

7518 
;SOX 
-861 
161 

9P8L 

PLLL 
IOLL 
L Z ~ L  
1 SSL 
PLPL 

I666 
8P66 
E066 
6S86 
PI86 

89L6 
ZZL6 
SL96 
8296 
1856 

EES6 
S8P6 
SEP6 
S8C6 
SEE6 

P8Z6 
ZEZ6 
08t6 
8216 
PL06 

0206 
S968 
0168 
PS88 
L6L8 

6tL8 
1898 
1298 
19S8 
00s 8 

6EPX 
9LCX 
ZICX 
8P28 
2818 

91 I8 
8WX 
0861 
0161 
6E8L 

L9LL 
P69L 
6191 
EPS L 
9991 

L 866 
EP66 
6686 
PS86 
6086 

E9L6 
L I L6 
IL96 
PZ96 
9LS6 

8ZS6 
6LP6 
OEP6 
08E6 
OEE6 

6LZ6 
LZZ6 
SL I6 
2216 
6906 

5 I06 
0968 
W68 
8988 
1618 

EEL8 
S L98 
S198 
SSS8 
P6t8 

Z E t X  
OLE8 
90 i  8 
IPLX 
9118 

6018 
1 Po8 
ELbL 
COOL 
ZESL 

WLL 
9891 
Z l Y L  
9ES L 
6SDL 

E866 
6E66 
P686 
0S86 
SO86 

6SL6 
EIL6 
9996 
6196 
I LS6 

EZS6 
PLP6 
SZP6 
SLC6 
SZE 6 

PLZ6 
5226 
OL I6 
1116 
E 906 

6 0 6  
PS68 
6688 
ZP88 
S8L8 

LZL8 
6998 
609% 
6PSX 
XXt'8 

92PX 
E9EX 
66LX 
SEZX 
69 1 %  

5018 
Sf08 
996 L 
96XL 
sZ8L 

ZSLL 
6LYL 
POYL 
8ZSL 
1 SPL 

8L66 
PC66 
0686 
SP86 
0086 

PSL6 
80L6 
I996 
PI96 
9956 

81S6 
69V6 
OZP6 
OLE6 
0ZE6 

6956 
LIZ6 
59 I6  
Z I  I 6  
XSO6 

P(X% 
696% 
E6XK 
LC88 
6LLX 

ZZLX 
E99X 
E(HX 
CPSX 
ZXPX 

OZVY 
L$\ Y 
tea 
XZZK 
2'31% 

960% 
XZOX 
hL0L 
OXXL 
Y l X L  

iPLL 
Z LOL 
L6SL 
OZS L 
LPPL 

PL66 
Of66 
9886 
1986 
56L6 

0s L6 
COL6 
LS96 
6096 
2956 

EIS6 
5996 
SIP6 
S9C6 
S1E6 

E9Z6 
Z 156 
6516 
9016 
ES06 

8668 
CP68 
1888 
IE88 
PLL8 

91L8 
LS98 
L6S8 
LCj8 
9LPX 

PltX 
l S i x  
L8;X 
ZSLX 
95 I 8 

6808 
I COX 
Z56L 
Z88L 
OlXL 

XiLL 
WYL 
685 L 
ClSL 
SCPL 

6966 
9166 
1886 
9E86 
16L6 

SPL6 
6696 
ZS96 
SO96 
LSS6 

6056 
09P6 
OIP6 
09E6 
6056 

8SZ6 
9026 
PS I6  
1016 
LW6 

E668 
8C68 
Z88X 
5588 
8918 

OIL8 
I S98 
16SX 
I CSX 
OLPX 

LOtX 
tviX 
OXZX 
S 1 ZX 
6P18 

5808 
PIOX 
SPhL 
GLXL 
EOXL 

1 ELL 
LS9L 
58SL 
soj L 
LZPL 

5966 
1266 
LL86 
ZE86 
98L6 

1PL6 
P696 
Lt796 
0096 
2556 

WS6 
SSP6 
SOP6 
SSE6 
WE6 

ESZ6 
IOZ6 
6P16 
9606 
2M)6 

L8h8 
LC68 
9LX8 
OS88 
Z9LX 

0018 
SP98 
S X S X  
SLS8 
C9P8 

I O t - X  
SCCX 
PLZX 
6K X 
Zt.18 

SLOX 
LOOX 
8C6L 
XWL 
961 L 

S;LL 
6PY L 
PLS L 
LbPL 
61PL 

I966 
1166 
ZLX6 
LZX6 
5816 

YE16 
6896 
Em6 
5656 
LPS6 

6696 
OSP6 
0096 
0SE6 
6626 

SP26 
96 16 
EP16 
0606 
9E 06 

Z868 
1268 
lL88 
PI88 
9518 

8698 
6E98 
6LS8 
6 158 
LSP8 

S6EX 
I CE8 
19CX 
LO28 
9E18 

6 0 8  
OOOX 
I C6L 
0YXL 
6XLi 

91LL 
2WL 
99SL 
O6P L 
Z IPL 
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Table A/7. Natural logarithms 



APPENDIX 

Table A,%. Time dependence of the decay factor* 

exp ( - 0.693 t / t ,  i 2 )  exp (-0.693 r/r,,J 

0.84 1 
0.835 
0.829 
OX24 
0.81 X 

0.8 I:! 
0.807 
0.80 I 
0.7% 
0.790 

0.785 
0.779 
0.774 
0.768 
0.763 

0.758 
0.753 
0.747 
0.742 
0.737 

0.732 
0.727 
0.722 
0.717 
0.712 

exp ( - 0.693 r;r, .-,) 

A 
* -  - exp( - i t )=  exp 

A0 



exp ( - 0.693 t / t ,  ,,) 

APPENDlX 

Table A/8. (Cont.) 

exp ( -0.693 t / t l , , )  exp (- 0.693 t / t , , , )  
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heavy elemcnt 75.5 
helium 218 
herbicide 2 13 
heredi!cry c f l i c t  3SP 
heterogeneous catalysis 196, 397 
- system 382 
Hevesy, G. 189 
high atomic number component 233 
- voltage paper electrophoresis 323 
historical time 2 18 
hold back 171 
hollow casting 456 
homogeneity 1 79 
homopolymerization 402 
hospital 412 
host organism 2 16 
hot atom chemistry 327,485 
hunting level gauge 104 
hydrated electron 395 
hydraulic pipe transportation 1 15 
- system 278 
hydrazine 298 
hydrocarbon 234, 326,349, 396 
hydrogen detection 228, 236, 260,-358 
- porosity 358 
hydrogenation 196,201, 398 
hysteresis 94 

IAEA 41 0,492 
ice formation 391 
ICRF' 491 
ICRU 489 
ideal tube reactor 168 
identification of materials 153 
igneous rock 335 
ignition of electric discharge 392 
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image amplifier 445 
- contrast 467 
- quality 463, 466, 468 
-- indicator 459, 462 
immersion type detector 523 
implantation 384 
impurity 395,414, 43 1,  434 
incident 527, 534 
inclusion 47 1, 474 
incorporated radioactivity 496. 513, 519, 531 
index number 472 
indicator 312, 462 
indirect target, theory of 407 
indium 375 
- antimonide 382 
induced autoradiography 477 
- mutant 407 
industrial autoradiography 476 
- gas analysis 224 
- nuclear instrument 51, 80, 527 
- radioactive waste 522 
- radiography 441,  528 
- X-ray fluorescence instrument 249 
inelastic collision of neutrons 259 
inflammable vapour 389 
inflow 50 
ingredient 183 
inhaled activity 497 
inherent unsharpness 470 
inhibitor 414 
inject~on moulding 402 
- profile 377 
inocula 4 I2 
inorganic ion exchanger 396 
- scintillator 68 
- substance, radiation chemistry of 393 
--- stabiliq of 413 
insecticide 2 14, 408 
instrumental non-destructive test 445 
insulator 385, 425 
intensifying screen 469 
intermediate 196 
- zone 346 
internal combustion engine 392 
- dose 496 
- irradiation 493. 51 7, 5 19 
International Atomic Energy Agency 4 10, 492 
International Commission on Radiation Units 489 
International Commission on Radiological Protect- 

ion 491 
International Organization for Standardizition 527 
interstitial particle 384 
intravenous study 206 
intrinsic layer 65 
invasion coefficient 207 
iodine 4 1, 46 
- determination of 329 
ion association complex 308 

- bombardment 186 
- exchange 292, 396. 422 
-- membrane 402 
-- radiochromatogrrlphy 3 I9 
-- resin 328 
- implantation 186. 384 
- precipitation 327 
ionisation 5 1 ,  222 
- chamber 54. 87. 913. 520 
- cross section 224 
- gas detector 223 
ionizing radiation 379 
I.Q.I. 462 
iridium 42. 47 
iron 37,46, 251, 366. 371, 461 
- industry 25 1, 263 
irradiation facility 426. 530 
irrigation water 166 
IS0  527 
isobaric nuclide 2 1 
i s o l a t ~ ~ n  213 
isomeric shift 26 1 
isomerisation 200, 398 
isomer 198 
isotonic nuclide 21 
isotope 21 
- concentration 22 
- container 83, 447 
- dilution analysis 18 1. 296, 300 
- distribution I95 
- effect 20 
- exchange 195, 293, 327 
- laboratory 144, 532 
- well 446 
isotopic 8-source 425 
- light signal 386, 529 
- lightning conductor 391 

- neutron source 282, 356 
- nuclide 1 1  
- safety signal 386 
- X-ray fluorescence 239 
IXRF 239 

juice 409 

K-radiating isotope 247 
kalium 37 
kerrna 19 
kinetic isotope method 200 
Kirchhoffs rule 339 
krypton 39. 45 
kryptonate technique 186, 3 1 1, 3 I8 

labelled compound 138, 142, 144, 313 ' , 

laboratory for radioactive isotopes 144, 532 
-- radiography 445 
lack of fusion 471 
Laplace operator 357 
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latent image 444 
layer thickness 125, 229 
lead determination 235, 254 
- glass 385 

,,, drzction 450 
- screen 469 
leak detect of 155. 182 
least square method 286 
LET-value 23, 379, 490 
lethal dose 214. 410 
level gauge 135 
-- hunting 104 
- indicator 91, 101 
- measuring 91 
- tracking 104 
licensing 513, 526 
life time (1) 17, 19 

(11) 61 
light coupling 7 2  
- element 355 
- metal 252 
- signal 386 
lightning conductor 391 
linear absorption coefficient 20, 107 
- accelerator 426, 441 
- energy transfer 23, 379. 490 
- flow rate 162 
- source 101, 146 
liquid scintillator 35, 68, 325 
lithium borate 347 
- determination 366 
- ion drifting 65 

, lithological identificatior, 363 
lithology 343, 349, 363 
loading of radiation source 530 
locating of boundaries of formation 343 
-- cement top 35 1 

logging 332 
- speed 340 
- time constant 340 
loss detection 182 
lubricant 183, 418 
Lucite 404 
luminescence 5 1, 67 
luminescent dosimeter 5 18 
- screen 445 
- substance 386 
luminous dial plate 386 
lunar dust 294 
lymphocyte 2 15 

machine test 183 
macroscopic scattering cross-section 357 
magnesite 366 
magnesium 37 1 
magnetic material 425 
magnification 469 
maintenance 527 

male sterilization 408 
manganese 366 
marbling effect 461 
Marinelli-vcsscl 1 50 
masking reagent 308 
mass absorption coefficient 20, 107. 22-  
- determination 18 1 
- transfer 183, 189 
maximum permissible body burden 43' 
-- concentration 497 
-- dose 492 
- - surfacr contamination 497 

maze 426.447 
mean energy of radiation 20 
- residence time 168 
measuring instrument 5 1 
meat 409 
mechanogram 479 
medical tool 106 
medicine 322 
membrane 402 
memory effect 403 
melting furnace 98 
mercury 43 
- determination of 328 
metabolic study 205, 2 12, 2 1 6 
metal radiation, stability of 383 
- sheet thickness 123 
- test 294, 300, 30 1, 3 14, 3 19, 329, 477 
metallic inclusion 47 1, 474 
metallurgy 263 
meteorite 294 
methanol synthesis 198 
micro autoradiography 478 
- cavern 347 
- computer 249 
- densitometer 483 
- processor 90 
milk 409 
mineral test 253 
mining 25 1, 294 
mixed radiation 518 
mixing 167, 179 
mobile container 450 
- irradiator 427 
mock radiation source 50 
moderator 4 18 
moisture content 129, 236, 259 
molar activity 23 
mother element 2 1 7 
motor gasoline additive 235 
- oil additive 234 
- vehicle 184 
moulded piece 402 
Mossbauer effect 20, 49, 260, 354 
MPBB 497 
MPC 497 
MPD 492 
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- cake 346, 360 
- loss detection of 376 
- plung 376 
multichannel analyser 78, 283 
- foil method 268 
- logging 344 
- mode of operation 88 
-- system 96 
multicomponent sample 243 
multiple level indicator 101 
multipoint measuring system 95 
multipurpose irradiation chamber 445 
museum piece 294, 408 
mutagensis 205 
mutation 407 

I Na I (TI) detector 68 
natrium 35, 46 
natural ?-logging 333 
- rubber 404 
- spectroscopy 343 
needle indicator 462 
neutron 21, 509 
- absorption 259 
- activation 184 
-- analysis 263 
-- logging 367 
epithermal neutron method 358 
flux density 2 1 
7-logging 359, 367, 374 
gas diffusion theory 357 
generator 278, 369, 372 
logging 356 
porosity 36 1 
radiation 67 
radiography 422, 475 
rele 92 
resonance logging 358 
source 47, 278, 282. 369, 372 
- isotopic 282 
thermal neutron method 358 
nickel 45 
niobium 366 
nitrogen fixation 394 
- oxide 394, 4 1 3 
noble gas detector 224 
noise effect 63 
nominal value 85 
non destructive test 441 
- stochastic effest 488, 493 
notch indicator 465 

I 
i 

NPT 450 
nuclear borehole geophysics 332 
- detector 51, 84, 144, 248, 282, 438, 5 17 
- energetics 222 
- energy 386 
- fission 2 1 

- gauge 84 
- instrument 51, 80, 527 
- isomer 21 
- logging 332 
- measurement 5 1 
- radiation 387 
- reactor 275, 394, 414 
Nuclear Non Proliferation Treaty 450 
nuclide 21 
nutritive material 409 

oil additive 234, 254 
- drilling 332, 348, 363, 367, 374 
- industry 97, 110, 156. 160, 165, 176, 183. 253, 452 
- recovery 374 
- test 234 
- water contact 365, 368, 370, 374 
olefin 397 
one basic zone logging 364 
onion 408 
ooze 154 
open hole logging 333 
optical density 5 1, 385. 43 1,  434, 477, 483, 5 17 
ore dressing 13 1 
- mining 252, 294, 332, 348, 351, 354, 366 
organic compound, analysis of 296, 298 
-- radiation chemistry of 396 
--- stability of 414 
- moderator 41 8 
- scintillator 68 
organo chemical industry 32, 35 
organoleptic property 409 
organometallic compounds 262 
oscillator crystal 425 
oscillometry 436 
outer unsharpness 468 
overexposed film 460 
oxidation 399 
ox~dt: ceramic 385 
oxkgen 370 
- content 295 
ozone 380, 393, 413 
packaging of radioactive material 514 
paint 403, 421 
pair production 2 
panoramic exposure 445 
paper chromatograph) 3 1 I ,  321 
- electrophoresis 323 
- Industry 123, 166, 176, 389 
- plastic composite 402 
paraffin 396, 399 
particle flux density 22 
partition coefficient 3 19 
PBD 68 
peak area method 285 
- rectifier 74 
- temperature 186 
penetrameter 466 
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penetrahn 191 
perforation 377 
periodic table 15 
permeability estimation 343 
- profile logging 376 
personal dosimeter 5 1 1, 5 17 
Pcrspey d~-i-t:=: P 
~ C & ' I C , U C  2 i4, 254 
petrochemistry 193, 196, 198,200, 202 
petroleum industry 97, 1 10, 156, 160, 165, 1 76, 183, 

253,452 
pharmaceutical industry 32, 205, 255, 406, 412 
pharmacokinetic study 205 
pharmacology 325 
phosphorus 36 
photo activation logging 354 
- a l l  387 
- chemistry 379 
- electric effect 22 
- electron 351 
- graphic processing 460 
- multiplier 69 
- neutron logging 354, 356 
- peak 72,284 
photon activation analysis 263 
physical dosimetry 429 
- half-life 17, 19 
- interactions with radiation 223 
physical labelling 142 
- protection 397 
piece ccunting 98 
p-i-n junction 65 
pipeline 156, 176, 452 
- crawler 452 
piston flow 168 
- ring 184 
plaht growth substance 2 17 
plague indicator 462 
plasmachemistry 379 
plastic 217 
- composite 402 
- foam 404 
- foil 123 
- industry 254, 389 
- scintillator 69, 147, 521 
plate glass 125 
plateau 59 
Plexiglass 404 
plug flow 168 
PMM 404 
p n  junction 64 
pneumatic system 278, 451 
point source 102, 145, 149,498 
polarized excited radiation 246 
polaroid film 476 
polonium 43.45 
pol yacrylori trile 404 
polymeric dosimeter 438 

polymer 400.414 
polyrnethylmethacrylate 404 
polystyrene 404 
polyvinil chloride 404 
POPOP 68 
porosity determination 348. 363 
portable instrument 90, l l I ,  133. .' tS. 249, 51 1 ,  5 
position of label. determination c.1' 1 %  

positron 15 
- radiation 22 
potassium .37. 335. 343 
potato 40s 
power plant 1 15 
PPMA dosimeter 438 
PrU OX 
preamphiicr 63 
precipitation wparation 291. 303 
- tests by 3 10, 3 12, 31 5. 328 
pregnancy 494 
pre-ionized air 390 
preparative process 399 
prescription 5 13 
pressure bottle 125 
prevention of I adidtion sickness 5 I 2 
production logging 333 
promethium 42, 45 
proportional counter 56, 520 
protection 397, 488 
proton 22 
- detector 486 
- radiography 422, 476 
pulse high analyser 75 
- like tracer injection 160. 537 
- mode activation 369 
- neutron- y-logging 374 
- neutron-neutron logging 372 
purity 414, 431, 434 
PVC 404 
pyrogenic decomposition 41 1 

quadrupole split 261 
quality factor 18 
quantitative autoradiography 482 
quarantine 408 
quenching of discharge 58 

R 19,489 
rad 14,489 
radappertization 409 
radiation biology 379, 394, 406 
- chemical yield 379 
- chemistry 379, 393 
- damage 414 
- detector 51, 84, 144, 438, 51 7 
- hazards 513 
- pasteurization 409 
- physics 379, 383 
- protection 488 
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-- standard 49 1 
- reflexion 17, 80, 223, 227, 232. 345, 356, 508 
- resistance 41 3 
- scattering 17, 80, 223, 227, 232, 345, 356, 508 
- sensitivity 410 
- shielding 82, 427, 505, 525 
- sickness 488, 492 
- source 44, 51, 80, 82. 145, 149, 224, 228, 234.260, 

273, 345, 356, 425, 498. 502. 529 
- technology 379. 529 
radicidation 408 
radioactive concentration 72 
- decay 14 
- electric power generator 530 
- indicator 3 12 
- light source 386, 529 
- materials, exploration of 345 
- ore 343 
- symbol 513 
- waste 516 
radioactivity 14 
- map 343 
radio analysis 534 
- analytical method 282. 534 
- argentometry 3 12 
- biology 379, 394, 406 
- chemical purity 22 
- chromatography 3 18 
- exchange reaction 3 I I 
- gaschromatography 325 
- graphic image control 467 
.- - sensitivity 46 1 
- graphy 441, 528 
- gravimetry 3 10 
- isotopic purity 22 
- luminescent dosimeter 5 18 
- radiometric titration 3 12 

-- nuclide purity 22 
-- paper chromatography 321 
~- - paper electrophoresis 373 
-- - photoluminescent dosimeter 5 18 
-- reagent 309 
-- sensitiser 41 8 
- - thin-layer chromatography 324 
.- - toxicology 32 1 

- tracer technique 138. 375 
radium 335 
- equivalent 22 
radurization 409 
railway construction 135 
rapid analysis 222 
rare earth 366 

rate meter 75 
rcaction mechanism 195 
- kinetics 195 
reactor loop 428 
recoil 24 
- free energy 26 1 

record 462, 523 
recorder 80 
redox reaction 3 1 1 
- titration 318 
reduction factor 505 
reference logging 343 
reflexim 17, 80. 223. 227. 232, 345, 356. 508 
- thickness gauge 1 17 
registration 526 
regulation 5 13 
regulator 2 14 
relative biological efficiency 18 
- method 267, 364 
releasing of radioactive material 533 
rem 18, 489 
remote controlled gammi-radiographic unit 450 
removal of electrostatic charge 389 
replenisher solution 461 
reprocessing 32 1 
residence time 167 
-- distribution 171 
resistivity 425 
resolution power 477 
resonilnce absorpion 260. 354 

capture cross-section 375 
respirator 537 
retention of aerosol I90 
reverse isotope dilution analysis 181. 298. 300 
- labeling 138 
risk-benefit evaluation 496 
river 166 
road construction 133 
rocket propulsion 394 
rodenticide 2 14 
roentgen 19, 489 
rolled product 1 17 
rolling mill I25 
rvot 472 
rotary kiln 166 
rough value 457 
roughness of the side-wall 346 
rubber 184, 2 17, 404 
- foil 123, 389 
rubidium 39. 45 

safety signal 386 
Salmonella 408 
salt content of solution 23 1 
- dome 351 
-- tntenslfying screen 469 

sdrnplmg tcchn~que 16 1 
smd inclusion 468 
saturation acttvlty 23 
- factor 266 
scaler 75 
scattering 17, 80, 223, 227, 232, 245. 356. 508 
scavenger 395 
Schulte method 310 
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scinti~lation detector 67, 147, 282, 5 12 
- spectrometry 69 
screen 445 
sealed source 44, 523 
secondary electron 444 
- radiation 246 
sedimentary rock 335, 358 
sedimentation 345 
segregation 485 
selective y-? logging 35 1 
self absorption 23. 144 
- diffusion 191 
- reading condenser chamber 5 17 
semiconductor 384. 387.425, 477 
- detector 62. 283 
sensitivity of autoradiography 479 
- of detector 224 
.,.,.d.L.;,I1. 3f isotopes 312, 315. 318, 321. 325 
- process 190 
serum 2 10 
service 527 
servo compensation 86 
sewage outlet 165, 408 
- water 523 
shadow 468 
shale content determination 343 
shaliness 343, 348 
shaly-rock 358 
sharpness 468, 470 
shield 82, 427. 505. 525 
shuttle track transportation 98 
SI 13, 536 
side-wall 346 
- neutron porosity logging 361 
sievert 18, 489 
Si(Li) detector 65, 384, 430 
silicate industry 35, 252 
silicon 370, 375, 384. 404 

- -  detector 64. 384, 430 
silt 154 
silver content 250, 366, 375 
simulator source 50 
single-channel analyser 77, 284 
-- logging 344 
- crystal scintillator 68 
slang inclusion 468, 471 
slow-down length 358 
slurry log 252, 295 
smear test 52 1, 524 
smoke detector 225 
smoothed spectrum 288 
soil compactness 90, 1 l I, 133 
- density 90. 1 1 I, 133 
- moisture 133 
solid content 1 15 
- indicator 318 
- state detector 62, 485 
-- image amplifier 445 

-- track detector 447, 5 18 
solidification of the mineral 218 
solvated electron 395 
solvent extraction 292. 301, 318 
somatic effect 488 
sonde excentricit y 33 1 
sonochcmistry 379 
sorption 192 
source 44,s 1.80.82, 145, 149,224,228,234,260,25 

345, 356, 425, 498, 502, 529 
spsrkiny o f  clcctric discharge 529 
specific activity 33 
- cost of irradiation 428 
- energy requirement 428 
specific exposure rate 17 
-  oni is at ion 23 

spectral logging 353 
spectromctry 69 
spectrophotometcr 431. 434 
spectrum of borehole spectrometer 344 
-- decomposition 288 
- ratio logging 353 
spent fuel element 428 
spice 409 
spontaneous fission 282 
stabilized power supply 75 
stabilizing of discharge 392 
stable irradiator 427 
- isotope i 89. 377 
standard deviation 23, 90. 179 
standardisation 86 
static charge elimination 389, 529 
statistical error 90 
steel industrv 251, 295 
- manufacturing 251 
- plate 1 18, 125 
- pressure bottle 125, 135 
stephole indicator 462 
sterile male technique 408 
sterilization of males 408 
-- medical instrument 410 
-- pharmaceutical 410 
stimulation 407 
stirred tank 168 
stochastic effect 488, 493 
storage bunker 98 
- container 450, 524, 528 
- well 528 
stretching 41 7 
stripping film 480, 483 
- method 286 
strontium 39, 45 
substitution reaction 3 1 1 

I 
substo~chiometric extraction 292, 308 
- isotope dilution 299 
subsurface water 166, 218 
sulphochlorination 400 
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sulphoxidation 400 
sulphur 36, 234, 254, 371 
supervisory method 5 16 
surface area 192 
- contamination 520 
- defect 472 
- density 24 
surface mass 24, 1 17 
- roughness 247 
- treatment 403 
- water 218 
surveillance of activity 533 
Sv 18, 489 
symbol 513 
synthetic fibre 402 
- lubricant 419 
Systeme International d'Unites 536 
Szilard-Chalmers effect 24 

technetium 40 
tectonic region 345 
teenager 493 
te~ecommunication 293 
tenth value thickness 19, 507 
teratology 205 
teratogenic activity 21 5 
textile 389, 402, 421 
thallium 43, 46 
theory of direct target 407 
-- indirect target 407 
therapy 322 
thermal spike 383 
thermoelectric generator 387 
termoluminescence 385. 518 
thickness measurement 117, 135 
thin-layer chomatography 324 
thorium 335 
threshold energy 21. 265, 274, 356 
tile hole 446 
time shortening 525 
tin content 354 
tissure 41 2 
- damage of 488 
- solvent 208 
titanium 366 
titration 312 
Tollens-reagent 322 
top of cement sheath 376 
total count technique 162 
- energy peak 284 
- intensity measurement 333 
- spectrum borehole logging 344 
- unsharpness 470 
toxicity 205. 2 14 
toxicology 3 10, 32.5 
trace elements, analysis of 222 
tracer analytical method 296 
- experiment 516, 531. 534 

tracer technique 138, 222, 269 
-- logging 375 
track detector 485, 5 18 
tracking of movement 153 
I 
training 5 13 
transducer 425 
transfer technique 476 
transferring foil 476 
translocation 2 15 
transport of pesticide 215 
-- radioactive material 5 13, 5 15 

- theory 357 
tritium 32 
- unit 35 
TU 35 
tube-shaped radiation source 147 
tuber 408 
tungsten protection 450 
turbine 165 
twin radiography laboratory 447 
two basic zone logging 364 
- beam measurement 237 
- channel instrument 202 
- component system 230, 243 
- foil method 268 
tyre 184 

underexposed film 460 
- ground oil storage 35 1 
unit operation 167 
universal nuclear measuring system 87 
University of Houston 340 
unloading of radiation source 530 
unsharpness 468, 470 
uptake of pesticides 2 1 5 
uranium 321. 335 
- protection 450 

vacancy 384 
wccine 4 12 
vacuum tube image amplification 445 
van de GraatT generator 426 
vapour contamination 52 1 
vegetable 408 
ventilation 165 
vermicid 408 
visual defect 444 
vitamin 409 
volcano 2 IS 
voltage regulator 392 
volume flow rate 160 

wall thickness measurement 125 
washing ingred~ent 183 
waste 408. 516 
water 332, 348, 394. 414, 433 
- analysis 755, 294, 299 

rnjcotion profile 377 



wear 183 
wedge 109 
welding 183, 452, 471 
well-type scintillation crystal 147, 250 
- logging 332 
wetting agent 1 83 
WHO 410 
whole body counter 5 19 
-- autoradiography 208 
Wilzbach-method 35 
~ ~ : I U O L \  83, 234 
H I & < :  lL!3 
wipe test 521, 524 
wire indicator 462 
work place monitorrng 520 
working container :i!). _"4, 5 3  
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World Health Organisation, UN 410 

X-ray 
- diffusion logging 354 
- film 443, 460, 477, 480 
- fluorcsccnce 24, 239, 246, 249, 354 
- radiation 16, 18, 441 
xenon 41 

Young's modulus 414 
yttrium 30. 45 

zinc coating 250 
-- silicatc 469 
- sulphide 469 




