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ABSTRACT 

A winëlowl_ess 2 rr -proportiOcl9.l COU!lter which can be 

used :::1s a detector :::~.nd R spectrometer for the study of 

radiations v-ms constructeCL And c&librated.. The instrument 

can be operated at various nressures. One of the applicRtions 

was to determine the disinte~ration rqte of nuclides (Z<7'0) 

decaying by orbital canture. Various factors, such 8.S the 

resolving power for X-rR.y enerr~ies up to 20 kev r-md dener~dence 

of the qas multilJlication fnctor "A." for different counter 

geometries (8node to cntbode rati.o) 8nd counter ~ases (nature 

r1nd pressure) were investigEd::eé!. Exuerimental results were then 

com9ared wi th theoreticF~l cP lculr---'- ti ons. Fourteen rMlio-nuc lides 

were studied. The half -life of C::: 41· re-r'leterl"Tlined "nd 

also re -investiga tec'l.. K-fluorescence vi_e lri s of' "'rgon ?rn iron were 

of t~e cG.pture Y)"~"'Ob2b:i l.i.ti.es ,~nr'l of' t"be hr::>nchin~ r:""'ti n of 

inte~P~l bre~sstro~ 1 un~ nhotons to V-c~pture events of we5S 

were determi.nec'l. 
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A. INTRODUCTION 

l) PREFACE 

In the field of nuclear science, the radioactive 

species encountered will decay by alpha emission, by beta 

emission or by capture of one of the orbital electrons. 

Sometimes, the nucleus resulting after decay will be left in 

a metastable state and will lose its excitation energy by 

emitting a multipole radiation. If the excited state has 

a measurable half-life (>lo-11sec.), the nuclear metastable 

state is called a nuclear isomer. 

Nuclear chemists and technologists are greatly 

concerned vdth measurements of these radiations. In 

radiochemistry laboratories, for instance, many problems 

often require the absolute determination of disintegration 

rates of many radioelements. In the past years, many 

scientists and engineers have spent a great deal of time and 

effort in developing accurate instruments for measuring and 

detecting nuclear and atomic radiations. This effort was 

increased with the advent of nuclear reactors and charged

particle accelerators. The methods of measurement became as 

varied as the properties of the radiations of the artificially

produced radionuclides. 

The alpha particle emission rate can now be measured 

with an accuracy reaching 0.1 per cent. One of these methods, 

which is now widely used, suggests a flow proportional counter 

with a geometrical efficiency of 2~-steradians. A recent 
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publication by Curtis et al. (1) used this method to study 

alpha absorption. Another technique, which was developed 

by Robinson (2) uses a phosphor coupled with a phototube. A 

third method applied at the National Bureau of Standards by 

Mann (3) employs a sensitive twin eup Peltier-effect 

microcalorimeter. 

For beta emitters having a maximum energy greater 

than about 0.3 mev, the best and most widely used method of 

standardization is that of 41'(-beta measurements. The 

application of this method was first suggested in 1944 by 

Simpson (4) who used a counter which appeared to have somewhat 

appreciably less than a 4~ geometry. The first such counter 

to attain to what is now regarded as essentially a 4q geometry 

was designed by Schutzmeister-Meyer and described by Haxel and 

Houtermans in 1948 (5). These counters have since been carried 

to a high standard of working efficiency, for example by Pate 

and Yaffe (6), (7), (8), (9), and (10). If sufficient care 

is taken to ensure that all absorption corrections are accurately 

applied, these counters can indeed be used with beta emitters 

of lower maximum energy. 

In sorne cases, gas counting techniques appliedto low 

energy beta emitters are very useful for precision work. 

Depending on the investigators that have used gas counters, two 

general philosophies prevail: one which advocates the use of a 

long counter tube having negligible or calculable end 

corrections (11) and one which promotes the simultaneous use of 
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a compensated set of counters, thus enabling end corrections 

to be made (12). Workers of both predilections have also 

performed experiments with counters of varying radii, with 

a view to determining the magnitude of the wall correction. 

The method of beta-gamma or gamma-gamma coincidence 

measurements for beta emitters that have one or more gamma 

rays in coincidence is sometimes a powerful standardization 

aid. When very little precaution was taken to prevent self

absorption of the beta particles, Gunnink et al. (13) have 

found that in most cases, the counting efficiency varied 

approximately exponentially with the energy. Recently, 

Campion (14) has described a 41t beta-gamma system whose 

performance suggests that accuracies of the order of 0.1 per 

cent (15) are now feasible. 

The remaining group of radionuclides, which sometimes 

requires absolute knowledge of the disintegration rate, involves 

nuclides decaying by capture of an orbital electron. This 

need is often stimulated by problems met in Nuclear Physics 

and in Nuclear Chemistry. Examples of these are the determination 

of fluxes by the activation method (16), the determination of 

the excitation functions of absolute yields of nuclear reactions, 

the investigations of distribution of mass and charge among 

the product of spallation, and also, the search for decay 

constants of long-lived radioisotopes (17). Frequently, in 
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the field of medicine, the absolute determination of the 

disintegration rates of sorne particular nuclides decaying by 

electron capture is important in the preparation of standard 

doses for diagnostic or therapeutic uses. 

Moreover, from the absolute study of such nuclides, 

accurate experimental data permit the measurement of transition 

capture probabilities, branching and internal bremsstrahlung 

ratios and fluorescence yields. These measurements are very 

powerful aids to the theoretical physicists in the elucidation 

of the structure of matter. 

On the other hand, if these radionuclides are used 

only as tracers in various fields such as chemistry, a griculture 

and industry, the experiment can be designed so that no 

knowledge of the disintegration rate is required. For example, 

in most tracer experiments, only relative disintegration rates 

need generally to be known accurately when the samples are to 

be measured under similar exactly reproducible conditions. 

Nuclides decayin8 by electron capture are usually 

the result of charged-particle irradiations of a stable element 

by accelerators such as electrostatic generators, accelerating 

tubes, linear accelerators, cyclotrons, synchrocyclotrons, 

betatrons, or synchrotons. These irradiations normally lead 

to the formation of a new nucleus where the proton to neutron 

ratio is greater than that required for stability. In turn, 
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the proton in excess will decay by one or two different 

modes, namely positron emission and/or capture of one of the 

orbital electrons. 

The two transformations can be represented as a 

nuclear transition from a proton state to a neutron state 

with accompanying neutrino (V) emission in the following 

schematic picture: 

......... (1) 

p+e ----.n+\1 
K,L,M ••. 

. . . . . . . . . (2) 

The first transformation can be determined either 

by measuring the positrons themselves using one of t he accurate 

methods previously proposed for the standardization of beta 

emitters or by measuring the radiation due to the annihilation 

of the positron. Accurate methods of measurements of the 

latter suggest t he followi ng applications: (a) high pressure 

ionization chamber (18), (19), (b) large Nai(Tl) crystal 

having a high eff iciency well established (20), or (c) gamma-

gamma coincidence mea surement of the annihilation radiation. 

The second transformation can be described by the 

following energy diagrarr1 which will be further elaborated in 

the section of this thesis treating the theoretical aspect 

of nucl i des decaying by electron capture . A parent nucleus 
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with atomic number (Z+l) captures one of its ovm orbital 

electrons and emits a neutrino transforming itself to the 

nucleus with atomic number (Z). 

----- ~--
Subsequent de-excitation by gamma-ray emission may 

occur with energy E ( • Thus, the total energy for the 

transi ti on equals ( E
0 

+ Er), where Er may be zero. Furthermore, 

E0 = (Ev + ER) where E~ is the energy available for t he 

neutrino and ER is the energy of t he radiation characteristic 

of an atomic shell re-arrangement i.e., a characteristic X-ray 

or an Auger electron. 

In a small fraction of t he cases, a photon called 

internal bremsstrahlung may result from the sudden change of the 

nuclear char ge . In thi s case, the photons will have an energy 

which will be shared with the energy of the neutrino , (EV). The 

energy distribution will t hen give rise to a continuous 

spectrum wher e the upper limit will be equal to t he energy 
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available for the transition. 

As explained earlier, one often needs to know the 

absolute rate of disintegration of such nuclides. Various 

methods have been tried with varying degrees of success (18), 

(20), (21), (22), (23), (24), (25), (26), and (27). 

Since most nuclides of interest vlhich decay by 

electron capture lie in the low atomic number (Z) region of 

the periodic table, the energy of the X-ray following K capture 

is low. For example, when the nucleus of Fe 55 captures a K 

electron and changes to Mn55, the energy of the X-ray emitted 

by the manganese atom when the K vacancy is filled is only 

5.9 kev. The probability of L capture further complicates the 

picture. This probability will depend on the atomic number 

and the energy available for the transition. Also, one has to 

consider the fluorescence yield which represents the probability 

of the X-ray actually 11 escaping11 from t he atom when a 

radiationless transition occurs. The process of radiationless 

re-organization of an atom ionized in an inner shell is usually 

known as the Auger effect, and the ejected electrons are known 

as Auger electrons (28). This is an alternative mode of 

p~otoelectric emission and the yield becomes very important 

for elements of low atomic number, (Z~ 40), (29). The energy 

of the Auger electrons is slightly less tha n that of t he 

characteristic X-rays, and therefore very diff icult to use for 

direct assay. 
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A good approach to the problem of the standardization 

of nuclides decaying by electron capture would be the absolute 

measurement of the emission rate of the characteristic x-rays. 

This thesis will describe experiments aimed at improving the 

accuracy of such measurements with the help of a windowless 

2Jt proportional counter which can be used at elevated pressures. 

According to criteria that will be enunciated later, this 

counter can be satisfactorily operated as a detector and a 

spectrometer. 

Some of the nuclides were prepared locally in the 

McGill proton synchrocyclotron and were separated almost 

"carrier-freett from their target. To verify the purity of the 

separated radioelements, their half-lives were determined. 

In the following sections of this general introduction, 

we shall briefly give a theoretical and descriptive picture of 

these nuclides and study the fundamental properties of 

proportional counters. Various methods of determining 

disintegration rates will b~ discussed, whereafter our method 

will be described. The correction factors which had to be 

used will also be discussed. 

2) THEORY OF NUCLIDES DECAYING BY ORBITAL CAPTURE. 

Until 1933, two kinds of radioactive transformations 

vmre known: alpha radioactivity where an element (A,Z) decayed 

to form t he element (A-4,Z-2) after emission of an helium 
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nucleus, and beta radioactivity where an element (A,Z+l) gave 

the neighbouring isobar (Z) after emission of a negatron; 

Z and A are respectively the atomic number and the mass n'lL'nber. 

The first radioelements prepared artifically were discovered 

by Joliot and Curie in 1934 (30) and these, namely p30 and Nl3, 

supplied two examples of another mode of transformation: 

ele~ent (A,Z) giving (A,Z-1) after emission of a positron. 

At that time, no theory could explain such atomic 

transformations. Hmvever, some kl'lmvledge about t he struchiTe 

~f nuclear ~atter ca~e s aon after the positive evidence of t he 

existence of the neutron inside the nucleus. THo EJ.Onths after 

the discovery of the neutron by Chadwick in 1932 (31), 

f eisenberg (32) considered the int8r action cf 11?latz1·1echsel'' 

between the neutrons and the protons inside the nucleus. This 

'i..ras followed by ii'ermi in 1934 (33) who treated the problem of 

beta decay based on the neutrino hypothesis sugzested by Pauli. 

The theory considers the interaction bet·vreen 2 ~1eutron and a 

)raton l eadin(:: to the enission or the a'Jsor ·d::ion of' o.n e::..c ctron -
• t_ - · 

neutrino pair . 

. :n:L"ort:.mately, the i ntGr action e21el..,CS ccü cuü.<. ted vli th 

such ;:·. ssu,:n tions is much too s:;lG.ll to accou.:1t :!"or t :·e bir:di ng 

enerRie s of neutrons snd protons (34), 2nd (35) . To remove 

this defe ct, Y1J.J::::,=.\va (36 ) hs.s hypothesized the creation of a 

r:1assi ve quant um :::~ ccomps.nying the se !'T.tcleD.r t r ans i t i ons . During 
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the transitions of a heavy particle from a neutron state to 

a proton state, there is not always an emission of light 

particles, i.e., a neutrino and an electron, but the energy 

liberated by the transition is taken up sometimes by another 

heavy particle, which in turn will be transformed from a 

proton state into a neutron state. Such intervention does not 

alter essentially Fermi's theory which is based on the hypothesis 

of direct coupling of a heavy particle and a light particle. 

It only accounts for larger interaction energies between the 

nucleons. 

Yukawa and Sakata have calculated in 193 5 (3 7), (38), 

the possibility of an isobar (Z) changing into (Z-1) by 

absorbing one of the orbital electrons in the K state on the 

basis of their knowledge concerni ng the interaction between 

elementary particles and utilizing the suggestion that it will 

be very rare{ that tvm iso bars wi th consecutive atomic number 

happen to be both stable. Independently, f"i~ ller ( 39) and Bethe 

and Bacher (40) have also shown the theoretical possibility of 

such a radioactive transformation. In 1942, Ivlarshak (41) 

considered the possibility of a nucleus capturing an orbital 

electron in an L state and special attention was paid to the 

energy and degree of forbiddenness of such transitions. 

Within the framework of Fermi's theory, t he most 

complete calculations on the probability of e lectron capture 
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h~ve been 1)Ublished (37), (33 ), (3 S· ), (4C') , ( ~-l) , (4 2), (43), 

( l.l.) (L-5 ') (Lt'::\ (1.7) ( ~q , (1•C· ) (h'C' ) 'T'T , , , '·-' ; , 'T , t-u ; , 'T 7 , .J ' , ::.nd ( 51 ). ~-'he usual 

theory is based on the description of t he Coulomb shells by 

:Jeans of indi vidu.:;ü states for the e le ctrons. ~ : or C:. if:'. erent 

order of forbiddenne s s, one calculates the probabilities of 

cap ture of as, ~ , ~ .....•. -elect~on sep[ r at e ly. The capture 

r:;f an electron i n. é't.J:1 n -st;_;.te is :o.1··:mys E. CC:O!::·_,)é\Ei ed >:Ti th the 

e:1lission of a net1.t r ino he..vin.:; the ener gy E\.1 ~.-Ihich is the 

available ener gy, (E0 -Bn ), for the transition. T;l 1 L' 
~0 , as ,)e.L ore, 

is the energy diff erence between the initial and the final 

atom and En is the total energy of the captured electron, the 

difference between its rest mass energy and its binding energy 

in the shell. 

The allowed transitions are those in which the total 

angular momentum change ~J and the change of parity c~,-) 

between the initial and the final nucleus lead to the most 

favoured transition probabilities. According to the type of 

interaction selected between the nucleons and the field of 

leptons, (electron-neutrino), one essentia lly characterizes 

two types of allowed transitions: 

~J = ü; no pari ty change: lï'ermi int er 2.ction. 

~J = o, + Î • -..... , no p ~rity change: Gamo-vl-'l'eller interaction. 
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However, in the formulae giving the total probability 

of disintegration by electron capture, the terms which depend 

on the nature of the chosen interaction factor and the unknown 

wave functions of the nucleus in its initial and final state 

can be replaced by terms which will only depend on the 

transition energy E0 and electron wave functions of the shells. 

This would enable us to carry on a discussion of the capture 

probabilities without introducing the following inherent nuclear 

concepts: (a) the coupling term, G, related to the universal 

Fermi constant, g , which depends upon the selected interaction 

between the field of nucleons and leptons, and (b) the square 

of the element of nuclear matrix, 1Mf 2
, which depends on the 

wave functions of the nucleons and the selected interaction 

factor. 

For an allowed transition, s(j = 1/2, ~ = 0) or 

p1 (j = 1/2 , ~= 1)-electrons have an appreciable capture 

probability. For an s-electron, it is proportional to 

and for a p1 -electron, it is proportional to 

2 2 
(E0 - En) .fnp(R). 

The factors for proportionality are of nuclear origin 

and are essentially the same in both cases. The terms g~s(R) 
2 and fnp(R) are bound to wave f unction components of s and p1 -

electrons in the nuclear field at a distance R from its centre. 
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The total disintegration probability of electron 

capture during an allowed transition will be equal to the 

summation of the capture probabilities for different s and 

p1 -electrons. Hence, it is proportional to 

where nK' Q , n ••••• are the number of electron K(n = 1, 
L1 1 11 

j = 1/2, ). = 0) , 1 1 ( n = 2, j = 1/2, ). = 0) , 111 ( n = 2, 

j = 1/2, ~ = 1) •••..•••• appearing in the atom. With respect 

to 1 1 , the 111 -electron capture is less probable in an allowed 

transition. One canuse the following expression for f
1
2 (R), 

l.l 

2 2 2 
_]__ • " • ZL • gL ( R ) ' 
16 l. 

= . . . . . . . . . . . ( 4) 

where o( is the usual fine structure constant and z
1 

is the 

effective Z corrected for screening effect. 

The study of electron wave functions in the 

neighbourhood of the nucleus has drawn solutions proposed by 

Marshak (41), Hartree, (52), and Reitz (53). Their results were 

compared by Benoist (45). Hartree's non relativistic function 

for atomic number up to 25 and Reitz's relativistic wave 

function for atomic number greater than 25 seemed to be the most 
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consistent. Rose and Jackson (54), have also calculated elect ron 

densities 
2 2 
~1 (R)/gK(R) at the limit of the nucleus as a 

function of the atomic number and their results are reported 

in Fig. 1. 

According to the theoretical Eq. (3) for the total 

probability of disintegration by electron capture, the ratio 

PL
1
/PK, that is, the L to K capture probability, for an allowed 

transition will be: 

• 
/'~, (R) + f~11 (R)) 

,- g2(R) 
K 

• • • • • • • ( 5 ) 

In general, EL and EK are experimentally known with 

precision. A table of the K and L X-ray emission and critical 

absorption energies for all the elements was published by 

Fine a nd Hendee in 1955 (55). 

If E0 is known, the experimental value of PL/PK 

will supply a direct test of the validity of t he curves shown 

in Fig . 1. The small correction due to f 2 (R) can be 
Ll.l. 

evaluated according to t he Eq. (4). 

When t here i s a compet i tion between electr on capture 

and pos itron emission for t he same nuclide, E
0 

is given by the 

upper lirnit of the positron spectrum. Consequently, E
0 

will be 
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Figure 1 

Electron Densities Calculated at t he Limit of the Nucleus 

when using 

{l) Reitz Relativistic Wave Function with Thomas
Fermi Field plus Exchange. 

(2) Hartree Self-consistent Field Wave Function. 

From, Rose, Ivl.E. and Jackson, J.L., Phys. Rev., 'J2., 1540 
( 1949). 
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greater than one and the rat~o between 1.2 and 1 

G
o - EL)2 

Eo - EK 

for Z = 90. For Z<.90, the ratio will tend towards one. In 

such a case, for an allowed transition, the ratio PL/PK is in 

the order of ~~/g~, that is, it will increase slowly from 

about 0.02 to 0.20 from low to high atomic number z. The 

ratio PL/PK, in this case, is relatively small and L capture 

is experimentally difficult. 

becomes sm::l::s::::no:::s::::eis{~:e~g;~)ic~llyi:m::::::~e:h:: 
~o- EK 

one and increases rapidly when E0 tends towards +EK. L capture 

will be relatively more important but new experimental 

difficulties aris e especially for low atomic number Z where 

the lifetime of the nuclide increases with decreasing E and 
0 

the L characteristic X-rays are very low in energy. 

In contrast to allowed transitions and according to 

the nature of t he selected interaction factor s be tween the 

nucleons and t he field of leptons, forbidden transitions do 

not only lead to different selection rules , but different 

expressions in the terms where the electron wave f uhctions 

intervene. Ivloreover, in sorne cases, for a particular /:lJ 

and for a given change of parity (+,-) the theor y does not 
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permit the factorization of the nuclear factors before the 

electron wave functions (4·1). Furthermore, in the study of 

the relative probabilities of K and 1 capture, an estimation 

of the nuclear factors will be required. 

In the framework of the actual theory, experimental 

and theoretical results for forbidden transitions are not 

compatible for many cases. For this reason, the above 

theoretical description must be confined to allowed transitions 

only. 

However, advanced theoretical predictions for 

nuclides decaying by electron capture were published in 1958 

by Brysk and Rose (51). They discussed transition 

probabilities and branching ratios for K shell and the L 

subshells for allowed through second-forbidden captures. Also, 

the figures supply the values of the bound electron radial 

wave functions with corrections for the finite size of the 

nucleus, t he effect of screening and take into account the 

variation in the electron wave functions over the nuclear 

volwne. 

3} DESCRIPTIOi'! OF NUCLIDES DECAY ING BY ORBITAL CAPTURE 

(a) Fermi Energy Diagram. 

In calculating the energy available f or an electron 

capture, it is not possib le to use atomic masses M instead of a 
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nucleé:ir masses lvin without due caution. For instance, the 

considerations of the binding energies of the electrons must 

be brought in to make the discussion more complete (56). The 

decay can be written symbolically as: 

(Z + l) + e --• (Z)* + neutrino 
K,L,M... ' • • • • • ( 6) 

(Z) + radiations 

When the nucleus captures an electron, a neutrino 

leaves the atom simultaneously and carries with it the 

available energy EV which is necessary for the transition. 

Thereafter, a subsequent radiation is emitted following the re

arrangement. Let EH denotes its energy and Bz+l and B
2 

the 

total electron binding energies of the two isobars and me the 

mass of the electron. Then, we have: 

M (Z+l)c2 
n 

+ 

Obviously, the difference between B and B
2 

would 
Z+l 

not appear if one uses exact atomic masses. Thus, the available 

energy for the transition would be reduced to: 

M (Z+l)c2 - M (Z)c2 - E a a R • • • • • • • ( 8) 

Electron-capture transitions can be clearly displayed 

on an energy diagram shown in Fig. 2. This picture is 

originally due to Fermi (57) when he attempted to give a 



- 19 -

Figure 2 

Descriptive Fermi Energy Diagram for Beta 

Decay. 
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descriptive image of beta decay. E is the total energy of 
0 

the transition (E~ +ER) where ER is the energy of the 

radiations emitted during the atomic re-arrangement. The 

zero of the scale is taken so (Z+l) plus the free electron at 

rest have total energy zero. The total energy of the neutral 

atom (Z+l) is therefore equal to the negative value of the 

first ionization potential of the atom. 

Suppose E lies below E but is greater than 
Z ( Z+l) 

-2mc2 , the transition (Z) ~ (Z+l) is impossible because the 

Pauli exclusion principle operates. However, the transition 

(Z+l) ~ (Z) will be possible if the available energy allows 

the nucleus (Z+l) to absorb an electron from those of the 

discrete levels. Usually, the K shell supplies the electron, 

but L, M, •••• capture is also possible. The new atom (Z) is 

produced in an excited atomic state (Z)* corresponding to 

K, L, M, ••• shell vacancy. 

If the level (Z)* corresponding to K-shell vacancy 

is above E(Z+l) but (Z)* for L excitation is below, then only 

L, M, ••• capture can occur. In addition, there are two cases 

where electron capture is impossible. The first one is when 

(Z)* for mi nimum excitation, (valence electron vacancy ), is 

above E(Z+l) and the second case is if the level of (Z) is 

below the level at which an electron can be created into a 

discrete state of atom (Z). The latter case is unlikely since 
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the discrete energy levels occupy only a small energy range 

compared to the actual energy differences between isobars. 

The competition between electron capture and positron 

emission will happen when the available energy will be less 

than zero by -2mc 2 or more. In such a case, the nucleus will 

capture an orbital electron or/and will take an electron from 

the sea of electrons in negative energy states, thus creating 

a positron which will be emitted. 

(b) Atomic Re-arrangement. 

The hole created in the inner shell is filled by an 

electron coming from an outer shell where the binding energy 

is weaker. The liberated energy of the process is equal to 

the difference between the electron binding energy in its 

initial state and final state. This energy will appear in 

form of an electromagnetic radiation or will be used to eject 

another electron of lower binding energy. The former case 

is currently called characteristic X-ray emission while the 

latter is the emission of Auger electrons. 

(I) Characteristic X-ray Emission. 

Barkla and Saddler, (58},were the first to study 

characteristic X-rays by classifying them into different types, 

namely K and 1, and according to measurement of their 

absorption coefficient. Soon after the discovery of X-ray 
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diffraction in 1912, Moseley (59) was able to use an X-ray 

spectrometer to study the characteristic wavelengths. For 

one series, the most intense were called K~ lines and the 

less intense, K /!1 lines. Various L lines \"lere also designated 

by Greek letter subscripts. The respective intensity of 

different lines Koe and K ,_ of K X-radiations does not vary 

sensibly with the atomic number (2:1). Meyer (60) has found 

sorne experimental results for 24 elements and agreement between 

observation and theory for these is excellent. 

Beside the intensity rules, selection rules derived 

from theoretical considerations in optical spectra also apply 

in X-ray spectrometry. The relative probabilities of 

transitions between the various level are predicted by wave 

mechanics. For various quantum numbers, n(principal number), 

~(subshell number) and j(spin number), the selection rules 

for the allowed transitions are: 

= any integer greater than zero 

= -1 or +1 

= -1, 0 or +1 

Regarding higher energy levels, the various 

transition probabilities are sketched in Fig. 3. 
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Figure 3 

Transition Probabilities in the Higher Energy 

Levels. 
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(-II) Auger Electron Euission. 

Auger electrons I:Jere discovered by Auger in 1925 

(_30). 'fhey are errdtted 1vith dis crete energy from any lo-v.rer 

shells exceyt the K shell. It is an alternative mode of 

characteristic X-ray emission. According to ~3nrhop' s 

theoretical calculations (61), it is i~nmaterial v.rhether the 

phenomenon is regarded as an internal conversion of the 

characteristic X-rays or the result of a direct interaction 

between the two electrons. 

>fany possibilities are expected, namely K-LL, 

K-LX, or K-LY, 1.-rhere X and Y represent shells of lower 

order than L. The importance of group K-.LX increases with 

the _atomic number and groups K-+LL and K-.LX are far from 

the most important (62). 

A similar effect to that of Auger was discovered by 

Coster and Kr8nig in 1935 (63). In fact, they have found that 

for atomic numbers Z <.50 and Z > 75, the energy difference between 

L1 and L11 or L111 levels was higher than the binding energy 

of the M and N-electrons. Consequently, M-electrons could be 

ejected after a L-subshell transition, that is L1-.L11' or 

L1 ...... L111' and this effect bears the name of the discoverers. 

The results of K X-rays emitted relative to K 

capture events (K-fluorescence yield) have been collected by 

Broyles et al. (29). The values are fairly scattered and for 
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low atomic numbers, the error is at least of the order of 10 

percent. However, within the deviation of the experimental 

points, theoretical non-relativistic calculations worked out 

by Burhop (61) and by Pincherle (64) and relativistic 

calculations by ~assey and Burhop (65) agree fairly well. 

The work of Broyles et al. (29) is reported in Appendix 1 

and these reported data will be very useful in the application 

of the final equation for the determination of disintegration 

rate of nuclides decaying by electron capture. 

In a recent publication, Robinson and Fink (66) 

have reported a private communication of Roos in which the 

best measurements on K-fluorescence yields are given. They 

write that for atomic numbers greater than 26 and smaller 

than 50, the measurements delineate the steeply rising portion 

of the K-fluorescence yield (WK) versus atomic number (Z) 

and the errors are said to be of the order of 2 to 3 percent. 

A pictorial atomic re-arrangement is described in 

Fig . 4 for a K oranL capture. Each time the intensity of 

the process is considered and there is no distinction betweenan 

1 process having origin in different subshell 11 , 111 , or 1 1 11. 

(c) Internal Bremsstrahlung 

Another type of radiation that appears when a nucleus 

captures an orbital electron and falls to a stable state is an 
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Figure 4 

Re-arrangement after a K or 1-electron Capture. 

Terminology: 

x = number of K-capture event. 

y = number of 1-capture event. 

k = K-\ to Kl6 ratio. 

k' = 1-ionization after K-Auger electron emission. 

WK = K-fluorescence yield. 

WL = 1-fluorescence yield. 
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i~ternal bremsstrahlung photon. The origin of this radiation 

is due to a sudden change of charge when the nucleus captures 

an electron, and its energy is shared with the neutrino. 

This primary radiation is in coïncidence with the secondary 

radiations, namely the characteristic X-rays or the Auger 

electrons. The intensity and energy depend on the atomic 

number and the energy available for the transition. 

This process was first investigated theoretically 

by Morrison and Shiff in 1940 (67). Allowed transitions for 

ls-electrons were the only ones considered. Later, Glauber 

and Hartin (68), (69), (70), and (71) made a more detailed 

study of this phenomenon when they considered 2s and 2pl-
2 

electrons. In the low energy part of the continuum, a major 

contribution due to 2pt-electrons was theoretically predicted. 

This prediction was experimentally confirmed by Nadansky and 

Rasetti in 1954 (72). Further theoretical and experimental 

details will be given in the part of this thesis dealing with 

miscellaneous results. 

4) FTnST EXPER.D>ŒNTAL EVIDENCE OF DECAY BY ORBITAL CAPTURE NUCLIDES 

Three years after the theoretical calculations on 

the probability of nuclides decaying by capture of one of the 

orbital electrons, Jacobsen (73) in Copenhagen attempted in 

vain to detect the characteristic X-rays resulting from the 
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disintegration of sc43. The detecter that he used was a 

~ilson cloud chamber. A few months later, in California, 

Alvarez (74) successfully showed the absorption of the 

X-rays of ti tanium \•Then thin aluminium foils were interposed 

between a source of radioactive vane.diu'Yl and a proportional 

counter filled with argon gas at one atmosphere. 

The first L-electron capture was experimentally 

confirmed, in 1948, by Kirlcwood et al. (75) in Chalk River. 

The ionization chamber was operated in the proportional region 

and A37 vlô.S stu.died. 

5). DISINTEGRATION RATE DETERl-~HTATION 

(a) Nature of the Radiations. 

On~ may attempt to me~sure the disintegration rate 

of nuclides decaying by electron capture in three ways: (1) 

absolute measurement of the internal bremsstrahlung photons; 

(2) absolute measurement of the Auger electrons; (3) absolute 

measurement of the characteristic X-rays. 

An elegant proposal for the first method was suggested 

by Rasmussen in 1955 (25). The method is based on coincidence 

measurements of the internal bremsstrahlung photons and the 

characteristic X-rays. The method would be applicable for 

exceptionally pure radionuclides and especially those in which 

lOO percent of the transitions go to the ground state of the 
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daughter nucleus. Recent theoretical calculationsby Glauber 

and Martin (71) and experimental results by Hayward (76) have 

demonstrated the impracticability of the method for low energy 

transitions and radionuclides of high atomic numPer where the 

apportioning of the photons due to internal bremsstrahlung 

and the characteristic X-rays becomes very difficult. Also, 

the background interference and the low probability (~0~001 

percent) of such emission per capture event dŒ not militate 

in favour of such a method of standardization. 

The second method, the absolute measurement of Auger 

electrons, is also not very suitable on account of the 

experimental difficulties encountered in preparing the source 

in such a manner that there will be no _self~absorption or 

backscattering of the Auger electrons. According to the K

fluorescence yield reported in Appendix I, elements with 

atomic number smaller than about 35 have a high probability of 

Auger electron emission and the energy of these Auger electrons 

is only few kev. 

A most profitable approach to the problem would then 

be through the third method, namely the absolute measurement 

of the characteristic X-rays, irrespective of whether photons 

of high energies are emitted in coincidence or not. In the 

next few paragraphs, we shall briefly study the interaction 
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of these X-rays with matter. 

(b) Interaction of X-rays with Matter. 

In sharp contrast to the _relation between energy 

and range which characterizes the absorption of a heavy 

charged particle, a bearn of X-rays exhibits a characteristic 

exponential absorption in matter. The reason is as follows. 

In the process of absorption or scattering which removes 

X-ray photons from the incident bearn, each photon is eliminated 

individually in a single event. If we denote by c- the total 

cross-section per atom for either the scattering or the 

absorption of a photon of the original energy, the bearn intensity, 

Ix, at the distance t centimeter within the absorber will have 

the following form: 

I = I e-Ncrt = I e-l"'t 
x 0 0 

• • • • • • • ( 9) 

where I is the incident intensity, N is the number of atoms 
0 

of the absorber per centimeter cube, and J4 = N.- (cm.)-1 , the 

linear absorption coefficient of the impinging radiation. 

Apart from resonance effects at special frequencies 

which correspond to atomic or nuclear transitions, there are 

three main processes, all smooth continuous functionsof the 

photon energy contributing to the total cross-section tl". 
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These are: (l) photoelectric absorption (77), (78), and (79); 

(2) Compton scattering (80); and (3) pair production of a 

positron-electron in the field of the atom ($1}. For the 

range of X-ray energies which concerns us (up to 25 kev) and 

according to the results of White (82) reported in Appendix II, 

processes (2) and (3} have a negligible cross-section when 

argon is the gas undergoing ionization. 

In the photoelectric process, all the energy (hV) of 

the incident photon is transferred to a bound electron which 

is emitted from the atom with a kinetic energy T=(hV- I), 

where I is the ionization potential of the particular shell in 

which the electron is originally found. The effect for a given 

shell in the atom is largest at photon energies close to the 

ionization potential for the shell and falls off rapidly with 

increasing photon energy, (see Appendix II). In 1930, Bethe 

(83) published a theory of the energy lost by a fast electror; 

undergoing inelastic collisions with atomic electrons. The 

average energy expended in forming one ion-pair is larger than 

thé ionization potential I, since many of the collisions lead 

to excitation of the gas without ionization. In the case 

where those collisions lead to ionization, fast secondary 

electrons may in turn lead to secondary ionization and various 

forms of ionization will be measured in terms of the primary 

or total specifie ionization respectively. 
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(c) Basic r.Iethods of Measurement.' 

The measurement of disintegration rates depends on 

the detection and the assessment, by vario~s methods~ of 

radiations emitted by a source. The methods most successfully 

used may be divided into two groups, namely the energy emission 

and the radiation measurement. 

(1) Energy Emission Methods. 
' 

The energy methods can be subdivided into three: 

calorimetrie, loss of charge by the source and ionization 

current measurements. The applicability of these methods was 

thoroughly detailed by Pate in his Ph.D. thesis ($4). A 

major reason which does not permit us to use such methods is 

due to the low specifie ionization of X-rays. 

(2) Radiation Measurement Methods. 

The most direct approach is by the measurement of the 

radiations leaving the source. Hence, individual disintegrations 

are detected and specificity may also be rneasured since the 

nature of the radiation and its energy are characteristic of 

the nuclear transition. With the advent of refined techniques 

in chemical separations ($5) and in source preparations ($6) 

the method is unquestionably the best. Moreover, the availability 

of standard electronic equipment militate in favour of this 

method. 
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Two main types of radiation detectors, namely 

sèintillation and ionization, have been employed. Attempts 

were made to use solid (87) and liquid scintillators (88), 

and (89), for the detection of the soft characteristic X-rays 

but no successful measurements were reported on account of 

sorne intrinsic instrumental factors. The main ones are: 

(l) high voltage applied on the photomultiplier tube 

which lead to the distortion of the pulses and the 

arising of low level spurious noise. 

(2) high amplifier gain (20 to 40 x 103) applied on the 

photomultiplier tube. 

(3) poor energy resolution of the detecter (70 to 80 

percent for energies in the range of 6 kev). 

(4) an escape peak probability of about 40 percent for 

energies above K binding energy of the detecter 

and having a mediocre geometrical efficiency (< 2~ ). 

(5) finally, chances of incomplete photon absorption if 

thin scintillators are used. 

Gas scintillation techniques using rare gases of 

high atomic humber have show.n almost complete intensitivity 

to electromagnetic radiations (90), and no one has yet attempted 

to standardize nuclides decaying by electron capture in this 

manner. This leaves ionization methods and in the next 
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paragraphs, we shall investigate the properties of various 

counting chambers. 

Counting Chambers. 

The modesof operation of ionization chambers, 

proportional counters, and Geiger-rvlüller counters constitute 

a voluminous literature (91), (92), (93), (94), (95), and (96). 

The first publication goes back to•l908 when Rutherford and 

Geiger (97) wrote on the detection of single alpha particles 

passing through a gas. 1\luch work was done from 1908 onwards, 

but little progress is the understanding of the mechanisms of 

operations has been made. 

The basic circuit of a gas-discharge counter is 

diagramatically described below and was used by Geiger nnd 

!-1üller in 1928 (98). 

A 

B 

c R 

It consists of an anode A and a cathode B. The field between 

is energized by the application of a potential difference 
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supplied by a voltage set v. The passage of an ionizing 

radiation v1ill cause a momentary discharge in the cülmter 

triggered off by primary electrons and runplified by secondary 

electron collision processes inside the counter. After the dis

charge has caused a momentary voltage pulse to appear on the 

wire, the whole system returns to its quiescent state, in readiness 

for the next discharge. To prevent counter break down into a 

steady glow discharge, high input resistance R matched with a 

low capacitance C v10uld lead to a circuit time constant of the 

order of lo-2 second. Neher and Harper (99) have developed a 

quenching circuit in vlhich the recovery of the system ·would be 

controlled by an RC time constant of a grid circuit and may 

be made of the order of lo-4 sec. Another solution to remedy 

the very long resolving time constants of early Geiger-Hüller 

counters was proposed by Rossi (lOO) in \vhich tHo or more counters 

are used in coïncidence. Hany aspects of counter work including 

Rossi coïncidence counting were revolutionized by the appearance 

of a series of papers by Trost in 1937 (101), (102), and (103). 

He noted that the addition of small amounts of complex poly

atomic organic vapors to the more usual simple gas such as 

argon, radically altered the type of gaseous discharge taking 

place and very low values of R, still enabled the 
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chamber to produce a pulse. The discharge appeared to be 

quenched inside the counter and not, primarily, by circuit 

action. A voluminous literature on the mechanism of this 

quenching action exists. 

Counter Characteristics. 

A complex relationship exists between the voltage 

applied to a discharge counter and the current passing through 

it. The counter characteristics operated within the basic 

circuit previously described are explained in Fig. 5. The 

collected charge (pulse size) is plotted against the anode 

voltage for two different initial ionizing events. The 

ionization is initiated by an alpha particle and a beta particle, 

each producing different number of ion-pairs in the primary 

ionizing event. 

These curves can be divided into four main regions. 

In region I, there is a competition between the loss of ion

pairs by recombination and the removal of charge by collection 

on the electrodes. With increasing field the drift velocity 

of the ions increases; therefore the time available for 

recombination decreases a nd the fraction of the charge which 

is collected becomes larger. In region II, the recombination 

loss is negligible and t he charge collected is equal to the 

number of electrons formed in t he primary ionization. This 
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re.g ion is referred tc as the saturation region or the ionization 

cham ber region. i1ose and Ramsay ( 104), in particular, have 

successfully studied the u j9er limit of this region. As the 

voltage is raised further, we reach region III, in \vhich the 

collected charge is i ncreased by a gas :nulti:Jlication f actor 

"A" through the phenomenon of the familiar Tovmsend avalanche. 

The electrons which are rele ::,sed in the prir.aary ionization are 

accelerated sufficiently to produce additiona l ionizations and 

thus add to the collected charge. At the onset of region III, 

the gas multiplication "A" for a given applied voltage is 

independent of the amount of the initial ionization, thus preserving 

the proportionality of pulse sizes. This strict proportionality 

breaks dovm wi th increase in applied voltage vrhere the upper 

limit of region III, until at the pulse size becomes independent 

of the amount of the initial ionization. J'his region in vJhich 

gas multiplication is employed while, at the same tirne, sorne 

dependence of the collected charge on the initial ionization 

remains, is la1own conMonly as the proportiona l regi on and its 

upper limit is designated as the region of limited proportionality. 

On the basis of a dischc.rge mechanism in Hhich the gas 

multiplication factor "A" is due to e.n electron avalanche , 

theoretical and experimental investigations of the onset of 

region I II were made by Rose and Korff (105). Their calculations 

relied on the fact that the factor could be expressed in terms 
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of the first Townsend coefficient ~ as: 

A = • • • • • • • • ( 9) 

This equation assumes a coaxial cylinder geometry in which 

the mechanism of the pulse formation is examined electrostatically. 

The lower limit x1 and the upper limit x2 may be set equal to 

r 1 , the w'ire radius and to re, the critical radius where the 

electric field become high enough to initiate the avalache. 

At the threshold, re equals the wire radius r 1 , and never 

becomes much greater. From this crude remark based on involved 

calculations made on the "mean free path for ionization", we 

may assume an approximately linear dependence on the voltage. 

Hence, we may relate t he radius re where the t hreshold voltage 

vp initiates the multiplication to the operating voltage, vo, 

applied to the chamber by the following relation: 

r 
c = 

v 
0 • • • • • • • • ( 10) 

At this point, Rose and Korff have given a new 

treatment to the problem, assuming an ionization cross-section 

linear with energy above the threshold. The addition of the 

assumption that the electron-energy spectrum shows a monotonie 

decrease at the ionization potential leads to an effection~, 
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the reciprocal of the mean free path for ionization or the 

first Tmmsend coefficient, of the form: 

o( = t·li~c. V)! • • • • • • • • (11) 

Hence, combining this with Eq. (10) and using the definition 

of "A~' from Eq. ( 9 ), \-Te obtain: 

- 1 
(12) 

vJhich defines the gas multiplication factor "A" in terms of 

experi11entally measurable quanti ties, na.mely the rate of 

increase of cross-section ionization, a, of the counter gas, 

the pressure, N, of the counter gas , a constant, c, \vhich is 

the capacity per unit length, the anode wire r adius, r 1 , 

the operating voltage, V
0

, across the chaDber and fina lly, the 

threshold voltage, Vp, at which the avalanche stc:.rts. ?urther 

discussions of Eq. (12) will take place in part D of this 

the sis which vrill deal vri th the experimental verif ica tion 

of Rose and Korff's theoretical equation. 

·di thin the region rv, true proportionali ty is not 

obtained, hence the charge col :.ected is independent of the amount 

of the ionization ini tiating i t. An important cri teri on vre can make 

here is this: purely from pulse size measurements, no inf ormation 
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as to the nature of the primary particle can be obtained. The 

gas multiplication increases the charge to a value that is 

limited by the characteristics of the chamber and the external 

circuit. This region is known as the Geiger region. In 

general, in regions II and III, the ionization is localized 

and confined to the neighbourhood of the path of the triggering 

electron or electrons the discharge spreads to sorne extent 

in region III; and all pulse sizes are equal due to spreading 

of the discharge to the ends of the counter at each count in 

region IV. 

In this thesis, we will use a counter operated in 

region III, namely the proportional region where, for a 

constant voltage across the chamber, the pulse sizes will be 

proportional to the number of ions formed in the initial 

ionizing event. From this qualitative property, and when 

they are matched ·with electronics which permits the differentiation 

into various pulse heights, such counters are also called 

spectrometers. 

The curves of Fig. 5 are not to be confused with the 

high anode voltage characteristics of a chamber, which is the 

relationship between the counting rate observed and the 

polarization voltage, with a given number of particles entering 

the chamber per unit interval. Fig. 6(a) displays the shape 

of such curves, called plateaux. They are the regions in which 
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Figure 6 

General Characteristics of Proportional Counters 

(a) Voltage-plateau for two different )articles 
of different energies. 

(b) Bias discrimination properties for two 
different )articles of different energies. 

(c) Differentiation of the count rate with respect 
to the energy of the respective particles versus 
bias discriminator. 
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the measure:nents are performed und are partly a function of 

the counter gas (nature and pressure), the anode to cathode 

ratio, and the electronic circuit coupled Hith the counter. 

Eere, the counter is operated in the proportional region and 

the radiations are monoenergetic alpha particles and also beta 

particles which have an energy distribution. The starting 

voltage VA for the alpha plateau represents the conditions for 

which the most energetic alpha particles dissipate their entire 

energy in the counter and the gas multiplication factor is just 

sufficient to allow the pulses to trigger the recorder or pass 

over the discrimination line. As the voltage is increased 

further, VB, the region is reached where all the alpha particles 

produce pulses which pass the discriminator line; this condition 

leads to the alpha plateau. As the applied voltage is increased 

above VC' the count rate starts to rise again. This occurs when 

the gas multiplication becomes sufficiently great that sorne 

beta particles are counted. After a transition region, a beta 

plateau is obtained. 

Another characteristic often given in the literature 

for counters of various type is the discriminator bias. Such 

a characteristic curve is represented in Fig. 6(b). For 

example, if one tak.es a fixed polarization anode voltage i.vi th 

the gas multi:_)lication high enough so all the pulses vrill pass 

over the minimum discrimination line, then at low bias discrimination, 
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VA' all the pulses will trigger the recorder. As the volta~e is 

increased, a bias-plateau due to all beta and alpha particles 

will be screened out until VB is reached for another bias-plateau 

only due to pulses from alpha particles. At higher bias voltages 

such as V , the rate falls due to the fact that sorne pulses 
c 

from the ionizing events fail to re gister. In Fig. 6(c) t he 

differentiation of the integral count rate with respect to 

bias voltages is plotted against the bias voltages. One can 

then obtain the relative distribution of the two different 

particles on an energy scale. 

Counting chambers operated in the ionization chamber 

region and in t he proportional region enable us to evaluate, in 

principle at least, the nwnber of radiations emitted by a source 

in two diff erent ways . Although they are t he same in origin, 

one can measure the integral counting rate on a scaler or 

measure the count i ng rate beneath the a r ea of t he photopeak 

afte r a pulse height analys is. 

The proportional counters have numerous advantages over 

the ion-chamber counters . The most i mportant a r e the following . 

(1) Smaller cha nces of recombination aft er primary 

ioni zation. 

(2) Easier di s crimination between nois e level s and primary 

ionization levels . 
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(3) A gas multiplication factor which serves to amplify 

the pulses and which is constant at any definite voltage. 

(4) Linearity of the gas multiplication factor with the 

variation of the polarization voltage. 

(5) Requirement of standard electronic equipment having 

moderate gain amplification (about 5,000). 

Proportional counters also have sorne marked advantages 

over the Geiger-MUller counters. The main ones are the following. 

{1) A reasonable resolving time ~0.5 JASee. compare to 

~ 400 psec. for the Geiger-I•1Uller counters. The re sol ving ti me 

of a Geiger-MUller counter also varies with counting rates while 

that of a proportional counter does not. 

(2) The counter gas pressures can be varied over a wide 

range and the use of flow systems is very suitable. 

(3) The use of a smaller anode voltage to create a field 

across the chamber. 

(4) Less chances of gas discharge, especially corona

discharges. 

(5) Spectrometrie properties which allow. the discrimination 

between charged and uncharged radiations. 

(6) The proportional counter can tolerate the presence of 

sorne "contaminative" gases such as air, organic molecules, etc., 

which is intimately mixed with the counter gas, whereby such 
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"contaminativett gases would alter the flatness of the Geiger

MUller plateau sensibly. 

(7) The fact that the background counting rate decreases 

with decreasing anode voltage, while the sample counting rate 

does not is also a subtle advantage that proportional counting 

offers over Geiger-MUller counting. This advantage has a 

marked effect for samples wherethe radiations have specifie 

ionization which is hi~h. 

From the above advantages, the use of a proportional 

counter in an attempt to solve the problem of disintegration 

rate determinations of nuclides decaying by electron capture is 

presumably the most convenient. Now, we shall proceed to discuss 

·various methods of such absolute disintegration rate measurement 

which have employed radiation detectors. 

(i) Coincidence. 

The coincidence methods of absolute standardization 

of nuclides are applicable whenever a radioisotope with a 

simple decay scheme emits simultaneous radiations (within a time 

which is short compared with the electronic resolving time) (106). 

In 1954, Putman and Allen {24) proposed three different 

coincidence methods of standardizing nuclides which decay by 

electron capture. In the first method, they suggested the 

measurement of the characteristic X-rays in coincidence with 

the gamma rays using counters external to the source for both 
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measurements. The second method is the measurement of the 

characteristic X-rays plus the Auger electrons with a 4~ 

Geiger-Müller or proportional counter which is in coïncidence 

with the gamma rays measured with an external gawna counter. 

The third possible method would be the measurement of the 

characteristic X-rays in coïncidence with the gamma rays using 

two scintillation counters. 

Although the second method will establish the 

efficiency of the 4 f1. counter for a particular source, the 

calibration cannot, unfortunately, be used for other sources 

of the same type because of self-absorption variations. 

Methods one and t hree will consist in mounting a 

source in which the Auger electrons will be filtered out and 

thereafter be placed between an X-ray detecter and a gamma-ray 

detecter so that disintegration rates will be recorded by each. 

From the number of coincidences observed, the absolute 

disintegration rates may be estimated. If the overall efficiency 

of the X-ray detecter is Ex, that of the ga~na-ray detector 

€1 and N0 is the number of disintegrations of the source in 

unit time, then, the counting rate, Rx, in the X-ray detecter 

will be 
~= E:x.No, . . . . . . . . . ( 13 ) 

wh ile in the gamma-ray detector, 

R = t Er.No· • • • • • • • . ( 14) 
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The coïncidence rate of counting is Rx -li= ~x· f.~ .N0 since 

of ExN0 counts recorded in the X-ray detector a fraction 

causes counts in the garnrna-ray detector. Elimina ting é.. X and 

€. "({ from the se equations, we get, 

No = Rx·Rt- ' 

Rx-r 
........ (15) 

from vlhich the disintegration rate may be deduced without 

knowledge of the counter efficiencies. 

According to Putman (107), the eq. (15) for the 

disintegration rate N0 will hold if any two of the three 

following criteria are valid. 

(1) Uniformity of the activity over the whole source area. 

(2) Constant efficiency of the X-ray detecter to X-~ 

radiations. 

(3) Constant efficiency of the gamma-ray detecter to 

grunma-radiations. 

Although the theory of coïncidence methods measurements 

is relatively simple, difficulties may arise in the following 

cases: 

(1) nuclides exhibiting a branched scheme when gamma rays 

may accompany only a proportion of the characteristic X-rays or 

Auger electrons. It is assumed that for a branched decay scheme, 

the K/L r atio is equal in different branches, but the X-ray 
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detector has a different efficiency for K and LX-rays. Also, 

many nuclides decaying by electron capture have sometimes an 

alternative mode of decay, namely positron or ne gatron emission. 

In such cases, the coincidence counting technique is not 

applicable. 

(2) nuclides in which internal conversion is important. 

This concerns
1
especially7 nuclides emitting low energy de

excitation gamma rays. In such a case, if the low energy photon 

is internally converted in the K shell, this will lead to an 

additional characteristic X-ray. Also, the X-ray detector will 

invariably be sensitive to low energy photons v.;hich are not 

internally converted. 

(3) incorrect compensation for dead time losses in the 

separate counters. This may be considerable since quite 

intense sources need to be used if coincidence counting rates 

are to be measured to good statistical precision. 

(4) incorrect compensation for background effects. The 

natural background counting rate of the two detectors separately 

and in coincidence must be substracted from the relevant reading. 

(5) incorrect compensation for random coincidences . Although 

the counting rates of the gamma and the X-ray detectors may not 

be directly related, a certain random coinciàence rate is always 

observed. The random coinc idence rate is Rx .R\' ( tx+t r ) where 

Rx and R 't are the o bs erved a c ti vi ti es and tx and t r are the 
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resolving times of the two detector assemblies. 

(6} the method is definitely not applicable to riuclides 

which decay directly by electron capture to ground state. At 

least, thirty-four such nuclides are known in the literature. 

(7) the possibility that sorne error may arise in such 

coincidence method due toX-ray--gamma-ray or Auger electron-

gamma-ray angular correlation. The X-ray--gamma-ray angular 

correlation in orbital electron capture has been theoretically 

investigated by Brysk and Rose (108). Their work suggests that, 

while an~ular correlations exist in general, selection rules 

enforce isotropy in most cases where nuclear information is 

available. 

The coincidence method is easily and with good accuracy 

applicable only to nuclides which decay by a single capture 

event to an excited state {metastable state) of the product 

nucleus of very short half-life, { <lo-~0 sec.). The nuclides 

satisfying this criterion form a very small proportion of those 

it is of interest to . observe. 

(ii) Gas Counting. 

For · standar~ization of low atomic nurnber (Z) nuclides 
~ 

decaying by electron capture {~20), the radioactive material 

can · sometimes be introduced into the counter itself in gaseous 

or vapor form {91). The gas must he suitable for operation in 
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the region of ionization. For beta-ray measurements of this 

type, much is gained by having no self-absorption or source 

backscattering problems. On the other hand, in X-ray counting, 

self-absorption and backscattering are not major sources of 

error. Kirkwood, Pontecorvo; and Hanna (77) in 1948 were the 

first to use this technique with nuclides decaying by electron 

capture. They studied for the first time L capture of A37 

and applied the properties of the proportional counter to 

calculate the L/K capture ratio. In the same field of research, 

Fink (109) has published extensively giving experimental data 

on L/K capture ratios. This method is incontestably the best 

for the relative study of capture ratios and for the detection 

of very low X-ray energies. However, no attempt was made to 

apply the method, in a general manner, to determine the 

disintegration rate of nuclides decaying by electron capture. 

The following sources of error are inherent in the 
• gas counting me.thod and corrections for these must be applied. 

(1) The sensitive volume. The sensitive volume of a gas 

counter is approximately that enclosed by the cathode if the 

centre wire passes right through it. In sorne designs, the 

sensitive volume i s governed by the exposed length of the centre 

wire. The distorsion of the field at both ends (end effects) will 

invariably alter the disintegration rate. A lo ss of counts may 

also occur near the walls of t he cathode corresponding to those 
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radiations which escape without producing ionization. This wall 

effect was investigated by Engelkerneir and Libby (11) in 

the case of beta particles. Concerning the dead volume at both 

ends, Mann and Parkinson (12) have proposed an elegant method 

of correction by use of a set of compensated gas counters. If 

this gas counting technique is applied to nuclides decaying 

by electron capture, the same factors of sensitive volume 

corrections can be app1ied even to a greater extent to X-rays. 

( 2) Cross-contamination, which is ca11ed 11memory effectu by 

Bernstein and Ba1lentine (llO). This contamination is due to the 

adsorption or exchange with the wall of the counter. 

(J) Complete transmission of the X-rays through the counter 

gas which does not 1ead to backscattered fluorescence

excitation radiations. 

(4) Quenching of the counter gas due to addition of the 

radioactive gas (111), and (112). 

(iii) Defined Angle. 

The radiations from a radioactive source are isotropie 

except to the extent that they are modified by absorption and 

scattering. In the 1ow geometry counting methods, the 

conventional Geiger-Müller end-window counter represents a 

system amenable to absolute disintegration rate determinations. 

However, its application to the problem at hand necessitates a 
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careful evaluation of the many correction factors which are 

necessary. 

Burtt (113), and Zumwalt (114) have determined an 

expression relating the count rate, R, to the disintegration 

rate, N0 , of the source. The relation is, 

• • • • • • • • ( 16) 

where G is the solid angle subtended by the counter at the 

source divided by 41'( -steradians and the f' s are the factors 

due to 

W -- absorption of the radiations in the counter window and 

air bet-v;een the source and the counter. 

A scattering of radiations into the counter. 

B backscattering of radiations from the source mount. 

H -- scattering of radiations due to counter support and housing. 

S absorption and scattering of radiations within the material 

of source itself. 

In addition to the above, corrections need to be made 

for the counter background, the counter dead-time, the excitation

fluorescence radiations and the transmission of the X-rays through 

the chamber. It i s clear that in view of the multitude of 

corrections t hat has to be supplied, it is difficult to obtain 

great accuracy with this method. With a counter of low 

geometrical efficiency ( 1... 2 l'{ ) , namely an end-window-type 
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proportional counter, Lyon and Reynolds (27) have applied this 

method in 1957. 'l'hey attempted to standardize nuclides decaying 

by electron capture emitting X-rays in the range between 5 and 

13 kev. 

4[(-steradian Counters. 

In 1957, Allen (26) used a 41"( -steradian cy1indrica1 

proportional counter which can be operated at elevated pressures. 

The source is sand1.viched bet\veen nlurninum foils thick enough 

to fi1ter out the Auger electrons and is p1aced between the two 

halves of the detector. The observed count r ate is p1otted 

on a semi-logarithmic scale as a function of reciprocal pressure. 

Extrapolation to infinite pressure gives the total X-ray 

absorption inside the sensitive volume. The methoà is very 

ingenious since it gives an absolute measurement of the X-rays 

leaving the source. However, one difficulty which arises from 

the method is due to the geometrical arrangement of the anodes 

vdth respect to their r espective halves. This leads to sorne 

restrictions concerning the energy resolution and energy 

linearity. 

In the same year, Campion and Merr i tt (27) described 

a method similar to that of Allen. They employed an 8 in. 

diameter spherical 4rt-steradian proportional counter. This 

coQ~ter can be operated a t pressures high enough to get total 
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absorption of the X-rays. Utilizing this method, samples 

of Fe5 5 were standardized. 

For routine work in radiochemistry laboratories, the 

ab'ove two counters are not too versatile. Moreover, one often 

needs to standardize nuclides decaying by electron-capture having 

atomic number (Z) greater than 30. We have attempted to use a 

counter which has simultaneously the properties of a detector 

and a spectrometer. The elèctrodes are cylindrical ana ·coaxial 

and the geometrical efficiency was found to be 2~-steradians. 

6) 21'{ PROPORTIONAL COUNTER 

(a) History 

Since 194Er, the proportional counter, as we now know 

it, has been developed rapidly. It is true that prior to this 

time it was widely appreciated that counters could be used at 

voltages such that. the output pulses differed according to the 

nature of the ionizing particle passing into or through the 

vessel. 

The first study of the proportional counter defined 

as an aid to analyze a spectrum of various radiations was made 

in the year of 1948. It was shown by Curran, Angus, and 

Cockroft (115) that the chamber could exhibit the complete 

spectrum of the beta rays of tritium, each beta particle emitted 
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by the source giving rise to a pulse of amplitude proportional 

to the energy of the primary beta itself. The energy scale 

was fixed by means of the photoelectrons produced in the gas 

of the counter by virtue of the photoelectric absorption of 

standard characteristic X-rays. In the same year, Kirkwood, 

Pontecorvo, and Hanna (77) examined K and 1 capture phenomena 

in A3 7 using the same method. 

These developments were highly significant for they 

demonstrated that in the nev.; type of proportional counters, 

one had a deviee which was capable of detecting and analyzing 

in energy the whole range of the radiations, from those of 

minimum specifie ionization to those of high specifie 

ionization, i.e., fission fragments. 

The application of the spectrometrie properties of 

such counters to determining the rate of disintegration of 

nuclides decaying by electron capture goes back to 1950, when 

Friedlander et al. (22) studied Ni 57 • 

In recent years, different schools (22), (26), and 

{27) have used the same method with varying degrees of success. 

Using similar instrumentation with improved characteristics, we 

have attempted to increase the accuracy inherent in the method. 
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{b) Advantages of the Hethod. 

The design is not original but the instrument has 

sorne properties which offer sorne advantages over all the 

ethers. The most important are the follO\ving. 

(l) A source-to-counter geometry of 2 n -steradians. 

(2) A counter Hhich can be used as a windowless detecter. 

(3) A counter having an additional thin vrindmv made of 

beryllium. This window will be very useful for external source 

measurements or for simultaneous energy calibration such in beta 

spectroscopy. 

(4) The operation of the counter at low or high pressures. 

(5) The use of the counter as a gas-flow counter. 

( 6) The radial displacement of the source \vi th respect 

to the anode when a movable platform is used. 

( 7) Abili ty to change the anode 1.vire readily. :.fuen high 

pressures or high atomic number counter gases are required the 

use of proper anode size enables one to use a lower voltage 

across the chamber. 

(c) Correction Factors. 

To determine a d i sintegration rate, one has to apply 

sorne correction factors to the observed counting rate. The 

relation bet'l.-reen disintegration rate and the counting rate vJill 

be given by, 

• • • • • • • • (17) 
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where, R is the counting rate observed on the scaler or beneath 

the main photopeak, and N0 is the disintegration rate. 

A foil of sufficient thickness is used to screen out 

any contribution due to the Auger electrons. The data, 

reported in Appendix III, give the thickness of aluminum or 

beryllium necessary for the screening of Auger electrons at 

various energies. 

The correction factors are as follows: 

(1) a factor G due to the source-to-counter geometry. This 

is equal to the solid angle subtended between the source and the 

counter di vided by 4 rr -steradians. 

(2) a factor fe which will correct for the probability that 

a characteristic K X-ray of the counter gas will escape detection. 

(3) a factor fA correcting f or lack of total absorption of the 

X-rays inside the sensitive volume. X-rays have a high probability 

of transmission through matter and therefore an average path 

length must be derived if one wants to correct for the X-rays 

passing through the vessel without ionizing the counter gas. 

(4) a factor fT correcting for the absorption of the 

X-rays inside the foil which screens the Auger electrons. In 

1957, Campion and Herritt (27) derived an accurate equation 

which can be applied here. 
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(5) a factor fw which is due to the total absorption of 
K 

the K ·Auger electrons inside the filter. Data concerning the 

K-f~uorescence yield are reported in Appendix I. 

(6) finally, a factor fR correcting for the contribution 

due to 1-capture events (51), and (66). 

The last two factors, of course, do not depend on 

the counter itself, but are inherent in the electron-capture 

process. 

Other factors of correction, very small in nature, 

are (a) the failure of the counter to respond to every 

ionizing radiation, (b) the statistical fluctuations in the 

disintegration rate of the source, (c) the natural background 

which will be discussed in the second part of the experimental 

work and finally (d) any effects which cause an apparent 

decrease in the gas multiplication. 

Since most of the radionuclides can be separated 

almost carrier-free, with the help of refined chemical 

techniques, the factor due to the self-absorption of the 

soft X-rays in the source itself does not concern us 

appreciably. In the next part of this work, we will apply 

one of the se chemical t echniques , namely ion-exchange 

reactions. Sorne results concerning the half-li ves of the 

separated nuclides will also be given. 
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B. PREPARATION OF RADIONUCLIDES 

1) INTRODUCTION 

The investigation of the properties of a proportional 

counter to be used as a spectrometer necessitates examination 

of various calibration factors such as energy 1inearity and 

energy resolution. To perform these calibr~tions, emitters 

of monoenergetic radiations are required in order to produce 

pulses of known size. 

In the early studies with proportional counters (116) 

the bearn from an ordinary A.C.-operated X-ray generator was 

adjusted to operate at a small output intensity. This emitted 

soft radiations which were allov,red to fall on a thin foi1 and 

the scattered radiation was detected in the counter at an 

angle to the bearn direction. This radiation entering the tube 

consisted mainly of the fluorescence X-rays of the scattering 

element. However, the size of such an X-ray generator makes it 

cumbersome and the method is not ideal. Also, it may give rise 

to spurious pulses (due to electrical interference) and the 

calibration pulses are usually accompanied with an increase in 

the "background" of the counter. 

Alternative sources of X-rays which are chea p, compa ct, 

easily transportable and simple to use have been made from (a) a 

thin foil bombarded with atomic or nuclear low energy photons, 
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(b) a thin foil bombarded with charged particles and (c) 

relatively long-lived radioactive species decaying by orbital 

electron capture. 

The first method is presumably based on the photoelectric 

absorption of the photons in the inner shells of the scattering 

element. It was first applied by Insch (117) in an attempt to 

do an energy calibration on proportional counters. The 

fluorescence radiations were excited with the help of radioactive 

nuclides decaying by electron capture or decaying by low energy 

isomerie transitions. However, the technique suffered from the 

accompanying "background" due to the radioactive sources. 

Moreover, it required many sources to cover the range of X-rays 

needed for t he investigation. This is due to t he rapid variation 

in the absorption cross-section with t he energy. 

In the second rnethod, the excitation is ascribable 

either to direct interaction between a charged particle and 

an atom or to the photoel ectric absorption of bremsstrahlung 

photons emitted by a charged particle in the Coulomb field of 

the nucleus. Charged particles such as alpha rays or beta 

rays may be used. 

Joliot and Curie (llS) have depos i t ed and volatilized 

an intense sourse of polonium on nickel, copper, and zirconium. 

The alpha rays from t he polonium produced the characteris tic 

X-rays of the element used as a source mount. However, there 
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is a limit in the energy scale beyond which the X-rays cannot 

be produced by the nuclear alpha particles. Simple considerations 

of conservation of linear momentum and energy, taking account 

of the motion of the K-electrons, set this limit at an X-ray 

energy of about 14 kev. · Ip fact, the most energetic X-rays 

that were obtained in this manner had an energy of about 12 kev 

(119). These came directly from the polonium source and are 

probably theL X-rays of either lead {Z=82) or polonium {Z=84). 

With beta particles, Edwards and Pool (120) and later 

Siegbahn and Slatis (122) obtained characteristic X-rays when 

nuclear betre interacted with metallic radiators. However, no 

details of the dependence of the X-ray yield on the radiator 

thickness or atomic number and the maximum energy of the 

particles were available. In 1955, Reiffel (122) estimated 

the K X-ray yield versus the beta energy v;hen the particles 

of a Sr90-y90 mixture were filtered through lucite and a 

radiator made of lead was used. Hore accurate results were 

obtained by Starfelt et al. (123) when measurements were made 

with beta particles of various energies. They showed how the 

yield and purity of the K-radiations varied with radiator 

material and thickness and with the beta spectrum. 

In a recent publication, Cameron and Rhodes (124) 

encapsulated one millicurie of Kr85 in a small nickel tube and 
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excited fluorescence radiation of various metallic foils. The 

energy of the characteristic X-rays obtained ranged from 5 to 24 

kev. 

interact 

These methods of producing X-rays when beta particles 

with a metallic radiator are very elegant, but 

bremsstrahlung photons leading to a continuous spectrum 

interfere with the main photopeak which is under inspection. 

Moreover, chemically pure radiators in the form of thin foils 

for particular elements are not always available. Hence, the 

number of calibration points in the range of energy of interest 

will be limited. 

The application of the third method, namely the use 

of relatively long-lived radionuclides decaying by electron 

capture is for many reasons desirable. These could readily 

be produced in the l\iicGill proton synchrocyclotron*. Then, the 

radionuclides could be directly used for calibrating the counter. 

Once the correction factors were established, disintegration 

rates could then be obtained. Also, the project of preparing 

sorne radionuclides decaying by electron capture was undertaken 

because of difficulties in obtaining nuclides of interest. 

This unavailability is probably due to the inherently hieh cost 

in producing relatively small quantities of long-lived species 

* The author is indebted to Dr. H. Taniguchi for supervising the 
bombardments. 
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in large and eostly charged-particle accelerators. 

The series of radionuclides that we used for 

calibrations of the counter is summarized in Table I. Nine 

of them were prepared in this laboratory while five others 

were purchased. The energy of the characteristic X-rays to be 

studies ranged from 3 to 24 kev. The upper limit of 24 kev was 

chosen because our èounting room is equipped with a 3 in. by 

3 in. Nai(Tl) crystal which is calibrated for absolute 

measurements of X and gamma ray energies having a lower limit 

of about 25 kev. 

As a guide in planning irradiations, cyclotron yield 

data reported, in 1952, by Martin and Breckson (125) were used. 

When available, chemically pure metallic foils were mounted 

directly on the probe. Otherwise, powdered targets were inserted 

into aluminium tubing. Thick targets were always used and the 

duration of the bombardments depended on the lifetime of the 

particular radioactive species. 

To avoid absorption and energy degradation problems 

due to thick sources, attempts were made to achieve carrier-free 

separations from the targets. Then, the radioactive material 

would be mounted by one of the most common methods, namely the 

evaporation to dryness of the source after the mounting foil had 

been moistened with a hydrophilic agent. More refined source 
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TÀBLE I 

Characteristics and Source of Supp1y of Nuc1ides 

Nuc1ide Ha1f-1ife Iviode of Energy~ 
Decay kev 

Be7 54 da ys E.C. and 'If .052 
ca41 105 years E.C. 3.3 
v48 16 da ys E.C.,~+ andr 4.5 
cr 51 28 da ys E. C. , andr 4.9 
Mn 54 291 da ys E. C., andr 5.4 
Fe 55 3 years E.C. 5.9 
co 57 270 da ys E.C., and~ 6.4 
zn65 245 da ys E. C. , t> + andr 8.0 
se75 125 da ys E. C. , and r 10.5 
Sr85 64 da ys E. C., and r 13.3 
Nb92 10 da ys E. C. , anctt 15.7 
Pd103 17 da ys E. C., and~ 20.2 
cd107 6.7 hours E. C., and t 22.0 
sn113 120 da ys E. C., and~ 24.0 

* U.S.A.: from Atomic Accessories Inc., 
Be11erose, 26, N.Y. 

** Energy of Characteristic X-rays taken from Fine, S., 
and Hendee, C.F. Nucleonics 12, 36, (19 55 ). 

Source of 
Supp1y 

lvlcGi11 

Cha1k River 
HcGi11 
I·kGi11 
u.s.A. 
Cha1k River 
u.s.A. 

McGi11 
IVicGi11 

Iv1cGi11 
EcGi11 

r·1cGi11 
r~IcGi11 

McGi11 
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preparation techniques were recently investigated and published 

by Blanchard, Khan and Birkhoff (86). 

The foils for mounting the radioactive species were 

made of aluminium. The reason for this choice is the commercial 

availability, chemical resistivity, and the added advantage 

that no precautions are necessary to prevent charging of the 

source. 

Various chemical procedures have been reported for 

radiochemical separations of many elements artifically produced 

(126), and (127). However, these separations involve the addition 

of stable isotopes of the same element as carrier, so that the 

chemical operation can be performed with minute quantities of 

the radioactive species sought. Since carrier-free radioelements 

are the desired products, these separ&tions are unsuitable for 

our purposes. Chemical separation procedures for sub-microgram 

quantities of radioisotopes must be those which are practically 

mass independent such as ion-exchange (cation and anion) (88), 

paper electrophoresis or chromatography (128), solvent 

extraction (129), (130), vacuum thermal volatization (131), 

spontaneous or induced electrodeposition (31), co-precipitation 

("scavenging11 ) with non-isotopie carriers (132), and a few other 

particular methods. 

The anion exchange technique was the one most 
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generally used. This is due to t he great versatility which 

the method offers (133). The radionuclides which were separated 

are summarized in Table II. For every separation, a standard 

column of 6 mm. inside diameter and 20 mm. total length was 

used. The bed, made of Dowex I (200 to 400 mesh), was 10 mm. 

long. As a check, the half-lives were followed with a 1 in. 

by l in. well-type Nai(Tl) counter and with the proportional 

counter described in this thesis. In the following pages, 

carrier-free separations procedures will be given and t hese 

are suitable for routine work. 

2) CARRIER-FREE SEPARATIONS AND RESULTS 

(a) Beryllium from Lithium. 

The bombarded Li 2 C03 target was dissolved in dilute HF. 

The Be++ ions were complexed as (BeF4 )-- (134) while the Li+ 

ions remained as cations (135). The solution was evaporated 

to dryness, redissolved in wat er and passed through the column 

which had been previously washed with water. All containers, 

including the ion exchange column were made of polythene. 

Fig. ?(a) shows the elution of the complexed (BeF 4 )-- with 

0.5M HCl. 

(b) Vanadium from Titanium. 

For the sepa ration of vanadium from the titani um· 

target, a method originally due to Walter (136) was applied. 
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TABLE II 

Carrier-free Separations 

Target Nuc1ide Time of 
Separated Separation 

minutes 

Li2 C03 Be7 10 

Ti v48 5 

v cr51 5 

RbC1 Sr85 15 

Rh Pd103 120 

Ag Cd107 5 
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Figure 7 

(a) Elution of Beryllium 

(b) Half-life Determination of Be 7: 53.5 days. 
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The target was dissolved in a warm solution of 0.5M HCl. After 

dissolution, an equal volume of O.livi H2 C2 0 4 was added and the 

solution vras passed through the column which had been 1.-.:ashed 

with the eluant (0.5M HCl + O.lM H2 C2 0 4 ). As shown in Fig. 8 

(a), the vanadium came out after the first fevl column volumes 

while the titanium could be eluted vfith O.Ul HCl. 

(c) Chromium from Vanadium. 

The radioactive vanadium foil was dissolved in hot 

"aqua regia", dried and redi s solved in (O.liv1 HCl + O.JJ'l H2 C2 0 4 ). 

Then, the solution was passed through the column which had been 

washed vdth the eluant (O.lM HCl + O.lr·•I H2 C2 0 4 ) and a strong 

green band due to the complexed (VC16)-- appeared at the top 

of the column. As shovm in Fig . 9(a), t he chromium came out 

at the very beginning while the vanadium could be eluted with 

a mixture of (0.51-I HCl + O.H:l H2C 2 0 4 ). 

(d) Strontium from Rubidium. 

The bombarded RbCl target was dissolved in O.ll-i di

sodium EDTA (ethylenediaminetetraacetic acid) hydrate solution 

buffered with NH 4 0H to a pH of 9. The solution was then 

passed through the column a nd the rubidium came through v-Thile 

t he strontium could be eluted VIi th D~i HCl as shovm in Fig. lü (a). 

Rb86 as a radioactive tracer was mixed with the t a r get. 
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Figure 8 

(a) E1utions of Vanadium and Titanium 

(b) Half-life Determination of v48 : 16.5 days. 
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Figure 2 

(a) Elutions of Chromium and Vanadium 

(b) Half-life Determination of Cr5l 27.7 days. 
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Figure 10 

(a) Elutions of Rubidium and Strontium 

(b) Half-life Determination of Sr85: 65.0 days. 
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(e) Palladium from Rhodium. 

The irradiated rhodium rod was placed into a thick 

wall glass vessel containing sorne 11 aqua regia11 • The glass 

vessel was sealed with a flame and placed in a pressurized 

steel bomb which was placed into a oven and heated at 300°C. 

for about lOO minutes. The apparatus for this method was 

developed and applied by G.R. Grant of this laboratory. After 

dissolution, the solution of rhodium containing the radioactive 

palladium, was dried three times and subsequently redissolved 

in 3H HCl. 

To separate the palladium from the rhodium, a method 

due to Berman and I"IcBryde ( 137) was applied. Fig. ll(a) show 

the elution of Pd 103 when the column was eluted v-ri th W.!i HCl. 

(f) Cadmium from Silver. 

The irradiated silver foil was dissolved in conc. 

HN03 and the dried salt was redissolved in 0.00~1 HCl. Then, 

the solution was passed through the column which had been 

previously washed with O.OOlM HCl. The radioa ctive cadmium 

came out at the very beginning while a bro~n ring of s ilver 

oxide formed at the top of the column. The silver could be 

eluted with conc. HCl. Ag110 was added to Cdl07-l09 as a 

tracer. The resulting separation is shown in Fig . l2(a). 
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Figure 11 

(a) Elution of Palladium 

( ) 103. b Half-life Determination of Pd . 17.0 days. 
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Figure 12 

(a) Elutions of Cadmium and Silver 

(b) Half-life Determination of Cd107: 6.7 hrs. 
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(3) DISCUSSION 

In the carrier-free separations described above, 

an attempt v:as made to keep the chemical separations to a 

minimum. With the exception of Pd103, every separations could 

be realized within 15 minutes. However, the separation of 

Pd103 from t he metallic rhodium target could be achieved 

within 20 minutes, if a soluble salt of rhodium would be 

used as a target. 

Recently, one of few papers on cyclotron-produced 

carrier-free radioisotopes \vas published by Kruverman and 

Kruger ( 13~. These authors have utilized the technique of 

co-precipitation with non-isotopie carriers. This can lead 

to large reagent volumes and concentrations, anà poor 

separation yields or incomplete decontaminations might result. 

The time of separations for various nuclides (17 of them) 

is reported as being between 2 and 12 hours. 

vii th the exception of Be 7 and sr85, the half-lives 

of the separated nuclides were followed un til the activity 

died away. According to the Table III, a fair a greement with 

the most recent values published in the literature was obtained. 

The Be7 activity measurements are still in progress 
after a period of 26S days. The decay of sr85 was followed only 

for a period of 120 days anà no attempt was made to repeat the 

decay curve. 

Appendix IV gives complete details of t he total decay 

curves. In the case of Cd107 and v48 , long lived components 

presumably due Cdl09 and v49, were found and substracted from 

the main component. 
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TABLE III 

Experimental Half-life Determinations 

Nuclide Detector tl/2 t1/2 

ours others 

Be7 
53.6 days( 152 ) 

a* 53.5 days 52.9 days(153) 
53.0 days( 154) 

v48 b* 16.5 days 
15 9 days( 155) 
16.4 days(156) 
16:1 days(l57) 

27 8 days(l5B) 
cr 51 b* 27.7 da ys • ~159~ 27.7 days 160 27.9 days 

sr85 b* 65.0 da ys 64 0 days( 16l) 
65:0 days(l~2 ) 
65.0 days(l63) 

Pdl03 
17.0 days(l64) 

a* 17.0 days 17.0 days(165) 

cctl07 b* 6.7 hours 6.7 hours( 166 ) 
6.7 hours(l67) 

*a: 1 in. by 1 in. Nai(Tl) Well-type Counter. 

*b: Proportional Counter described in this Thesis. 
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C. COUNTING APPAHATUS 

(-1) INTRODUCTION 

The second part of the experimental ivork will be 

especially devoted to the description and discussion of the 

construction of a proportional counter and its preliminary 

calibrations. Also, various auxiliary apparatus such as vacuum 

and electronic accessories will be mentioned. Sorne importance 

\vill be gi ven to an evacuation and filling system and two 

cathode followers, namely a conventional and a :·fuite type that 

were constructed and calibrated for optimum performances. 

Nuch of the investigations \vhich are now considered 

as secondary \vere achieved wi th the help of a commercial soft 

X-ray proportional counter originally obtained from "Beta 

Counter Laboratories", Patchogue, lJ.Y. It had an outside window 

made of beryllium (l in. diameter by 0.040 in. thicl-c) vJhich 

was affixed on to the cylindrical brass cathode. The anode 

wire, comrnonly called the collecter, had a diarneter of o.oül+ in. 

while the cylinder had a length of 12 in. by ~ in. inside 

diameter. 

Although the operational characteristics of the 

above mentioned counter were found to be essentially the same 

as those of the counter calibrated in this thesis, sorne 

inherent disadvantages of the former were caused by the presence 
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Qf the beryllium vrindm,r ( thicl-G.1GSS and size) and i ts 

geometrical position \'lhich lead to a reduction of the sensitive 

aperture. These undesirable features did not corresp ond to 

the desiderata expressed in the general introduction, and for 

this reason, another pro::Jortional counter 'tvas Sl.:tbsequently 

constructeëi.. 

The res1J.:T.ts vrhich Hill be reported in the next 

following pages will concern the basic calibrations of (a) an 

evacuation and filling system, (b) two cathode followers, and 

(c) either one of the two proportional counters constructed. 

The calibrations concerning the evacuation and filling system, 

in particular, are called primary because they can be applied 

for routine work with either of the counters which were 

constructecl. 

Unless otherwise mentioned, a mixture of argon-methane 

(9~1) at a pressure of one atmosphere was usually employed as 

counter gas. The ionization inside the sensitive volume of the 

counter was induced by a source of iron-55 (~6 x 104 cpm.) 

which emi tted the characteristic X-rays of manganese \-li th an 

energy of 5. 9 lee v. 

(2) CONSTRUCTION AND PRELD'~Ill~ARY CALIBRATIONS 

{a) Evacuation and Filling System 

The glass and metallic system shawn in Fig. 13 was 

designed and constructed for the evacuation and filling of the 
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Figure 13 

Evacuation and Filling Apparatus. 
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pronortional counter Hith various gases at different pressures. - -
The commercial availability of counter gas mixture (154) in a 

chemically pure state enabled us to construct an apparatus which 

was not too elaborate in design and operation. 

Before describing the apparatus, it might be interest

ing to point out that in 1939, Jentschlte and Prankl (155) were 

the first to suggest the cycling of the counter gases over calcium 

turnings heated at about 3oo0 c. This treatment would facilitate 

the removal of lowest traces of impurities which can have 

undesirable electronegative affinity. A1though this extra 

precaution was recommended and applied by other investigators 

(91), (93), (156) and (157), it has been disregarded during 

the past few years (26), (27), (115), (158), (159), and (160). 

This is probably due to the advent of cornmercial availabi1ity 

of chemically pure Eases. For examp1e, the argon has a guaranteed 

purity of 99.9 per cent, and a representative analysis (161) 

gave 99.92 per cent argon, 0.08 per cent nitrogen and 0.001 

per cent each of hydrogen and oxygen. A sample of methane 

contained 99.2 per cent methane, 0.5 per cent ethane and 0.3 

per cent nitrogen. 

Horeover, during the course of this work, the 

reproducibility of our results, in a quantitative and a 

qualitative manner, did not suggest the necessity of such a 

purification technique. 



~egarding the description of the apparatus shown 

in Fig. 13, a11 stopcocks Here high vacuu.rn stopcocks. The 

adapters for the counter and gas cylinder were interchangeable 

glass ball and socket joints (28 mm. ball diameter and 12 mm. 

inside diameter tubing). A spring-activated pinch clamp, \dth 

a screw-locking deviee which augmented the spring action, 

provided a tighter joint between the socket and the ball. For 

the reliability of the operations of the system, waxes, cements 

or rubber tubing must be omitted, and glass-to-kovar seals are 

recommended. 

A Welch Duo-Seal No. 1405 evacuation pump, having an 

air-free capacity of about 58 liters per minute was used as a 

forepump. As \•Till be demonstrated later, the du.re.tion during 

which the counter must undergo evacuation and the number of 

flushings are important criteria for optimum performances. 

According1y, the rate of evacuation was plotted in Fig. 14, 

when t he system was connected to t he counter and the gas cylinder. 

A liquid-air trap was also used to accelerate the evacuation. 

Accurate vacuum measurements were r ead either on a 

IvlcLeod manometer or a Pirani gauge . For r outine Hork, t he 

pressures can be measured on rJ.etallic-3ourdon-type cœnbination 

gauges which were adapted to the vacuum system and to the 

proportional counter . The va cuum s i de reads f rom 0 to 30 inches 

of Hg. while the pressure side reads f rom 0 to 30 pounds per 
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Figure 14 

Rate of Evacuation of the Overall System. (counter 

and gas reservoir connected to the system). 
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square inch. The gauge was calibrated against an U-shaped 

tube filled with mercury and , according to Fig. 15, no 

departure from linearity was encountered either on the vacuum 

side or on the pressure side. This result applied for both 

combination gauges. 

It has been recommended (91), (93), in order to secure 

an ultra high vacuum, that the counters be baked in order to drive 

off gases which might be occluded on the inner wall surfaces. 

This is probably correct for Geiger counters, but such 

requirements were found unnecessary when the counter was operated 

in the proportional region and at a pressure of one atmosphere 

or so. An exception to this was made for the first time when 

the counter was used. Prolonged evacuations were required. 

Otherwise, flushing (once or twice) of the counter was sufficient 

to give reproducibility. Every flushing was preceded by 

evacuation during short lapses of time (about 30 sec.). Applying 

this treatment, the results plotted in Fig. 16(a), (b}, and (c) 

show three different ways of obtaining reproducible resul ts 

when the counter was operated a s shown in the block diagram 

in Fig. 22. The solid curves representing the plateaux and 

the spectra were fixed as standards of optimum operations . 

Everytime, before experimenting with a new evacuation condition , 

the counter was initially f illed with air. 

When the newly constructed counter was evacuated fo r 

the first time, 
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Figure 15 

Calibration of Combination Gauges, (vacuum 

apparatus and counter). 
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.Figure 16 

~alibration of the Evacuation and Filling System for 

Proper Counter Operations. 

(a) Three 15 second evacuations with intermediate 

(twice) gas filling. 

after first gas filling. 
after second gas fillin~. 
after third gas filling. 

(b) Two 30 second evacuations with intermediate (once) gas 

filling. 

after first gas filling. 
after second gas filling. 

(c) 60 second evacuation without gas flushing. 
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the evacuation was carried out for 5 or 6 hours. Simultaneously, 

the counter was heated with the radiations from an infrared lamp 

situated about 6 inches away from the counter. 

(b) Cathode Followers 

Normally, -the drop of the anode voltages resulting 

from an ionizing event inside a chamber operated in the ion

chamber or proportional region are detected with the help of 

preamplifiers. These instruments consist of two or three stages 

of amplification having an overall gain of about 25. They are 

very sensitive to pulses of the order of microvolts and when 

matched with large counters, adequate shielding must be considered. 

A preamplifier, Baird Atomic Instruments model 219A, 

\va s used fo r preliminary studie s. "iihen coupled v:i th the counter 

and various electronic equipments described in Fig. 22, 

anomalously high voltage characteristics of t he counter were 

obtained f or counting r at es of about 5 x 104 cpm. The higher 

the counting rates the more distorted were the plateau curves. 

Also, careful shielding of t he counter did not prevent t he 

preamplifier from picking up microvolt pulses. 

I ns t ead of trying to modi f y sorne of the ele ctronic 

parts of the preamplifier, it was decided to construct two 

cathode fo llowers \vhich had a lesser sens itivity to small 
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input pulses but were known to be very efficient and reliable. 

The first onewhich is shown in Fig. 17(a) is called the 

conventional cathode follower, (CCF). It utilizes a 6AK5 

pentode tube and its output impedance is of the order of 

200 ohms. The second one had intrinsic qualities which 

militated in favour of its application. It bears the name 

of White cathode follower (WCF) and was patented by E.L.C. 

White in 1944 (162). The details of the wiring diagram are 

shown in Fig. 17(b). This particular type employs a 6AN8 

triode-pentode coupled with a VR150 acting as stabilizer. The 

output impedances are smaller than 50 ohms. 

Sorne elementary tes~ such as rise time determination 

and linearity were applied to each of them. In Fig. 18, a 

comparative study of the rise time is shown for input pulses 

ranging between 2 and 16 volts. The pulses were obtained from 

a calibrated AEP pulse generator, model 1607. Concerning the 

pulse linearity dependence, Fig. 19(a) expresses the results 

of the investigation. The WCF followed a straight linearity 

for pulses up to 60 volts while the CCF started to show 

saturation at pulses of the order of about 20 volts. For 

both experiments, the shape and the size of the pulses were 

read on a Tetronix oscilloscope, model 532. 
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Figure 17 

(a) Wiring Diagram of a Conventional 6AK5 

Cathode Follower. 

(b) Wiring Diagram of a White 6AN8 Cathode 

Follower. 
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Figure 18 

Study of the Conventiona1 6AK5 and the White 6AN8 

Cathode Fo11o~er Rise Times. 
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Figure 19 

(a) Linearity Response Comparison between a 

Conventional 6AK5 and a White 6AN8 Cathode 

Follower. 

(b) Counter High Voltage Characteristics obtained 

with a Conventional 6AK5 and a White 6AN8 

Cathode Follower. 
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In Fig. 19(b), the high voltage characteristics of 

the counter are compared when the CCF and ~CF are interchanged 

in the block diagram shown in Fig. 22. As can be noticed, 

the CCF mode! gave seme distortion in the upper limit of the 

plateau. l•Iore distorted shanes T.Nere met at higher counting 

rates. 

In addition to low output i mpedences, fast rise time, 

and linear response, the 'JCF has a push-pull circui try permi tting 

the transmission of pulses of either polarity with minimal 

distortion. 

Very recently, a transient analysis of the ~ICF was 

compared to the CCF by Brown, (178). QuRntitative aspects of 

the effect of various circuit parameters on the transient 

response are discussed in the paper. A. few months la t er, 'another 

work was published in which Read (164) describes an ultra linear 

WCF. This instrument is said to be a WCF which was slightly 

modified and possesses an extremely linear r e sponse, a voltage 

gain of essentially unity and a calculated output impedance of 

2 x lo-3 ohms. 

(c) Prooortional Counter 

Proportional counters can be constructed with an 

astonishingly wide variety of characteristics and physical 

dimensions . To ill u s t rate the possible r anges in sizes , 
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counters 0.2 in. in radius and 1 in. long (108), may be 

contrasted with others 6 in. in radius and 36 in. long (161). 

Usually, the nature of the problem to be studied 

determines the size and the shape of the co~~ter to be used. 

If absolute standardization of nuclides decaying by electron 

capture is attempted wi th an end-1t~indow-type counter, three main 

desiderata must be fulfilled: (a) a relatively large sensitive 

are a, (b) a thin \vindow having a thickness which will virtually 

permit total transmission of the radiations, and (c) an accurately 

lmown source-to-counter geometrical efficiency. When the 

commercial counter with the beryl lium window was used, desideratum 

(a) was met to a certain degree of satisfaction but (b), and (c) 

did suffer from severe limitations. For example, it was 

experimentally found that, at least, 50 per cent of the X-rays 

emitted by Fe55 were absorbed inside the thin beryllium window. 

Horeover, the reinforcement around the ï.vindow did reduce the 

sensitive aperture by an adO.itional 20 per cent. Also this 

correction is s ome\vhat difficult to evaluate accurately thr ough 

experimental means. 

Furthermore, thin beryllium windows are very hard to 

obtain because of the brittleness of the metal. I f obtained, 

they usually suffer from sorne physical imperfections which 

might lead to a possible source of error. 
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For routine work, the commercial counter was fragile 

to handle, was of inconvenient form, could not be used as flow 

counter unless the construction was altered, could not be 

employed for soft beta spectroscopy, did not possess an 

additional window which is recommended for simultaneous energy 

calibrations, and finally, the anode wire could not be interchanged 

in a simple manner. 

Therefore, it was decided to construct two proportional 

counters, essentially the same, but with the following desirable 

features. 

(a) A source-to-counter geometrical efficiency having a 

solid angle of 2r{ -steradians. 

(b) A detector having no window. This v;ould permit the 

entrance of all the radiations when required. 

(c) An additional window made of beryll ium, (thickness of 

0.009 in.) thus permitting simultaneous calibrations without 

removal of the radioactive source under investigation. 

(d) An adaptation to gas-flow system. This extra 

attachment became mandatory with energy linearity calibrations 

and with the mea surement of sorne beta-spectra . 

( e ) A system whereby the anode wire can be interchanged 

readily. Sometimes, the collecter must be changed or replaced 

for the opt imum performance. 
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Th~ design of the counter is drawn to scale in Fig. 

20. The details of the construction of the most im9ortant 

parts are also shown in Fig. 2l(a), (b), and (c). 

During the construction of the counters, various 

precautions suggested by Korff (91) were scrupulously observed. 

However, the following considerations must be emphasized in 

addition. 

(a) The cathode, made of hard dravm brass, was alternately 

washed 1vith dilute ni tric ac id solution, buffed wi th sorne 

abrasive solution such as commercial 11Brasso", and then cleaned 

~Tith ethanol. 

(b) The ends were soft soldered to the cylinder while 

the terminals were silver soldered to the ends in order to 

ensure good electrical and leak tight contacts. 

(c) The weld between the collecter and the support 

was made smooth and, as rouch as possible, freed from physical 

imperfections. Otherwise, these imperfections would create 

(as it was found in mru1y cases) local irregularities in the 

electrical field, which in turn may cause local ionization, 

leading to the formation of spurious pulses. For further 

protection, insulating sleeves were used. 
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Figure 20 

Description of the Proportional Counter. 
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Figure 21 

Construction Detail of the Proportional Counter. 

(a) Counter Aperture, 

(b) Aàditional Beryllium Window, 

(c) Terminal Arrangement. 
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Once all the parts were assembled, the thoroughly 

cleaned counter was attached to the evacuation and filling 

system. During the evacuation which lasted overnight, the 

cathode was heated with an infrared lamp situated about six 

inches underneath the counter. This treatment facilitated 

the removal of gas molecules or atoms that might be occluded 

on the in...'1.er surface of the cathode. Like\vise, both ends of 

the anode were connected in series to a Variac and a few volts 

\vere enough to produce incandescence. In order to see the 

process, the beryllium window was replaced by a window 
, 

transparent to light (lucite). The ·mportance of heating 

the anode has been emphasized by Loc er (165) who points out 

that it not only burns off dust and harp edges oh the wire 

but also alters the crystalline ture to give greater 

uniformity and reduces die-scratches on the wire. 

Finally, the counter was tested for pinholes. No 

noticeable variation in the readings of the combination g2.uge 

was registered when the counter was left either under vacuum 

or pressure ( "'2 atm.) for a period of 48 hours. 

After proper evacuation and flushing, the counter was 

coupled with the auxiliary electronic circuits represented in 

Fig. 22. This block diagram shmvs how the pulses could be 

measured, controlled, and recorded. The electric field 
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Figure 22 

Block Diagram of the Overall Assembly. 
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across the chamber is provided by a 0 to 5000 volts D.C. power 

supply produced by John Fluke, Seattle, Wash. As required 

for this type of work, this set is highly stable. In fact, it 

has about 5 millivolts ripple at any output voltages. The 

linearity of the output voltages was calibrated against a 

voltmeter and according to Fig. 23, very little departure from 

linearity was found. 

When an electric field was applied across the chamber, 

the pulses resulting from ionizin~ events inside the counter 

were detected vdth the help of u vVhi te cathode follO\'ler 

previously discussed. Thereafter, they were fed into a non

overloading 215A Baird Atomic Instrument amplifier. A C.D.C. lOO 

channel pulse-height analyser differentiated the pulses and the 

spectrum could be automatically recorded or printed. Alternatively, 

the number of pulses could be integ:cally counted if t :1e output of 

the White cathode follower fed the pulses into a A.E.P. 1448 

amplifier and finally into a A.E.P. 2005B scaler. 

We now propose to calibrate the counter and investigate 

its characteristics. 

(I) Background. 

Any ionization detector will exhibit a certain 

background and it is the statistical fluctuation in this background 

which setsthe fundamental limit to the smallest amount of 

ionization detectable in the instrument. Normally this background 
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Figure 23 

Output Voltage Linearity of the High D.C. 

Voltage Power Supply. 
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is caused by three types of radiations; (a) alpha particle 

contamination of the inside of the chamber, (b) cosmic 

radiations and (c) the radioactivity of the surroundings (natural 

and artificial). 

Burden (166) has studied the amount of natural alpha 

radioactivity in various materials used to construct ion chambers. 

For example, brass gave an average counting rate of 5 alphas 

per 100 cm2 per hour. This, of course, is of negligible 

importance when compared to the experimental backgrounds shown 

in Fig. 24 (a) and (b). However, when a lead housing having a 

thickness of 1.5 in. shielded each counter, an effective 

decrease of about 65 per cent was attained. From these results, 

it is fair to assume that sorne contribution to the background 

counting rate must be due to the radioactivity of the 

surroundings. 

A spectrometrie study of the background was made 

during a period of eight hours. The results are shown in Fig. 25 

and gave an average background counting rate of 2 to 3 counts 

per minute per channel. This background was studied for the range 

of energy which concerns the problem under investigation. 

The use of a lead housing for the lowering of the 

background counting rates has supplied an additional feature 

which i s important in the realizations of our aims. In fact, 

one can now apply electronic amplification gain of 6,000 

without any pick up of microphonic noises. Otherwise, the 
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Figure 24 

(a) Background Study of Counter I. 

(b) Background Study of Counter II. 

(): Without Lead Shielding. 

~: With L~ad Shielding. 
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Figure 22_ 

Spectrometrie Analysis of Background. 
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maximum gain amplifier could not be higher than 2,000. Now, this 

additional feature will enable us to use smaller anode voltages, 

hence better performances of the counter in the proportional 

region. 

(II) Choice of Counter Gas 

The operation of an ionization chamber depends mainly 

on the four following characteristics: (a) the auxiliary 

electronic circuits, (b) the size of the anode wire, (c) the 

pressure of the counter gas, and (d) the nature of the counter 

gas. 

The auxiliary electronic equipment has already been 

discussed. The characteristics resulting from the variation 

of the size of the anode and the variation of the pressure 

will be discussed in the next section. The remaining variable, 

namel y the nature of t he counter gas was studied and we now 

propose to give sorne general results. 

First of all, there are at least fi~e desirable 

criteria which must be realized when a counter is used with a 

particular gas. These are (a) low operating voltage of the 

chamber, (b) long operating voltage range of the plateau, 

(c) flatness of the plateaux, (d) high eff iciency of the counter 

gas, and (e) stability of the counter gas with use and time. 

Among these desideratn, (c) and (e) did not concern 

us appreciably since all the plateaux which were obtained had 
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a negligible slo9e and the counter was always rejuvenated 

\vi th sorne fresh counter gas for every experiment. Consequently, 

attempts 1-vere m&de to fulfil the requirenents (a), (b), and 

(d). For the pur;>ose of the experiments the counter had an 

anode diameter of 0.002 11 and the counter was operated at a 

pressure of one atmosphere. Four different gases were employed, 

and inspection of Table IV shows that no gas in particular 

corresponded to the three requirements together. However, the 

mixture of A-CE4 (ih l) seemed to be the sensible choice for the 

following reasons. 

(a) Relative high efficiency. 

(b) Reasonable plateau length. 

(c) Reasonable operating voltage. 

(d) Con~ercial availability ~nd relatively low cost. 

In Table rv the mixture of ~~-CH4 (9~ 1) 1vas assumed 

to have a relative X-ray efficiency of lOO per cent for energy 

radiation of 5.9 kev. This assumption enabled us to compare 

the efficiency of the counter gases. However, involved 

experiments were carried out for the absolute determination of 

the X-ray efficiencies and the results will be treated in nart 

F of this thesis. 
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TABLE IV 

Relative Counter Gas Efficiency 

Vs ÂV Relative 
Counter Gas Starting Plateau Efficiency 

Voltage Length 

Kilovolts volts per cent 

1.2 700 8 

A-CH 4 (9:1) 2.1 300 97 

Kr-CH 4 (9:1) 2.6 400 lOO 

3.3 500 6 
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(III) Anode Diameter.and Counter Gas Pressure Effects 

In the investigations of the characteristics of 

proportional counters, some attention must be paid to the 

influence caused by the variation of the anode diameter and/or 

the pressure. In order to get a clear picture of the effects 

caused by the se factors, they viere treated independently. 

The study was also undertaken because of the lack 

of helpful data available in the literature. Authoritative 

books (91), and (93), in the field of proportional counter 

construction suggest the use of anode wires of 0.003" or O. Oo4" 

diameter and recommend operating the counter at a pressure of 

one atmosphere. Hevertheless, in the following investigations, 

we have covered anode diameters r an E?: ing from 0.001" to 0.005" 

and pressures from 0.33 to 2.0 atmospheres. 

In Fig. 26, a mixture of A-CH4 (9:1) was used as 

counter gas, and a study of the starting voltages, (Vs), of the 

plateaux i s shown for various anode diameters and pressures. By 

"starting voltages" of the plateaux are neant the "foot" of the 

plateau -,.rhich corresponds to the intercept on the voltage axis. 

At this intercept, it was experimentally found that pulses 

had a voltage height of 3 millivolts. Similar experiments on 

plateau starting voltages were done with a mixture of Kr-CH4 

(9tl). The results ar e shown in Fig. 27. 
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Figure 26 

Plateau Starting Voltages, (Vs), for various 

Anode Wires and Pressures of A-CH4 (9:1). 
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Figure 21 

Plateau Starting Voltages for various Anode Wires 

and Pressures of Kr-CH 4 (9:1). 
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The solid curves represented in Fig. 26 and 27 are 

the results of calculations based on the application of Eq. 

(12) derived by Rose and Korff (10$). However, the 

exponential factor of the equation had to be modified for 

correct application. This modification will be extensively 

treated in part D of this thesis. 

Another desirable characteristic for the proper 

functioning of a counter is the plateau length. A study of 

this was made when the anode size and pressure were varied 

in 41 different ways. According to the experimental results 

shown in Fig. 2$, these conditions gave plateaux whose lengths 

were as short as lOO volts while sorne were as long as 1.7 

kilovolts. 

Up till now, we have discussed background counting 

rates, high voltage characteristics, Vs and ~V, and choice 

of counter gas as important factors for the quality of t he counter. 

Since the determination of disintegration rates is intended to be 

based on an instrument used as a detector and a spectrometer, 

these three criteria are not completely adequate tests. A more 

thorough investigation depends on the examination of the formation 

of the pulses produced by a soft monoenergetic radiation when 

the anode size and pressure are varied. This examination leads 

to the discussion of the energy resolution, ~E , which is 
E 

related to the statistical fluctuation in the formation of the 

pulses. 
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Figure 28 

Plateau Lengths (~V) for various anode Wires, 

Counter Gases and Pressures. 

•= Kr-CH 4 (9:1)' 0.002" diameter. 

•= Kr-CH 4 (9:1)' 0.001" diameter. 

~:::.. . A-CH4 {9 :1)' 0.002", 0.003", o.oo4u, 0.005" 
diameter. 

0: A-CH 4 (9:1)' 0.001" diameter. 
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According to Fig. 29 (a), i t -,..,as experimentally found 

th~t the energy resolution varied linearly with increase in the 

anode wire diameter. This phenomenon is presumably due to the 

variation in the distribution of the electric field when the 

anode radius is changed. The smaller the diameter of the wire, 

the shorter the critical radius, r
0

, will be. Hence, on this crude 

assu.rnption, one can predict less perturbation in the Townsend 

avalanche. The critical radius, as defined in the general 

introduction, is the radius where the avalanche in the proportional 

region is initiated. In this particular experiment the counter 

11as operated at one atmosphere. 

On the other hand, if the anode diameter is 1:cept constant 

and the pressure is varied, the mean free path of the electrons 

producing secondary ionization ''rill invariably be altered. In 

sorne calculations made on ionization of gases by Korff (91), 

the average mean free path is assumed to be approximately 

inversely proportional to the pressure. Then, as the pressure is 

decreased, the statistical fluctuation in the pulse formation 

would increase in the fashion described in Fig. 29(b). 

During the course of these studies, it 1vas interesting 

to note the reproducibility of the plateau counting rates when 

the conditions were changed. The results are summarized in 

Table v. As mentioned previously, a source of Fe~~ was used as 

a reference. 
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Figure 29 

(a) Energy Resolution versus Anode Wire 
diameter. 

(b) Energy Resolution versus Pressure. 
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TABLE V 

Reproducibi1ity of Counting Rates 

0.001u 0.002" 0.003" 0.004" 

corn cpm cpm cpm 
x io-3 x 10-3 x 10-3 x 10-3 
---

29.5 30.6 29.7 30.3 

40.6 40.5 40.7 40.3 

44.3 44.6 44.6 44. 8 

46.7 4b.6 46.5 46. 5 

47.1 47.2 47.0 47.3 

47.7 47.7 47.7 47.6 

0.005" 

cpm 
x 10-3 

30.5 

40.8 

44.7 

40.5 

47.2 

47.8 
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(IV) Gas-flov;r Counter Characteristics 

Although the principle of the gas-flow counter does 

not restrict it to the proportional region, many of these 

detectors are operated as proportional counters. For instance, 

the application of this principle is in wide use for detectors 

of particular geometrical forms and for counters detecting 

radiations of high specifie ionization. Obviously, the geometrical 

form of our counter and the nature of the radiations under 

investigation do not militate in favour of t .i1e application of such 

a system. However, it has been found necessary to use the 

counter as a gas-flow at least in t\<IO cases, namely for energy 

measurements and for the study of beta spectra. The application 

of a gas-flow system would enable a constant pressure inside the 

counter. Hence, a t constant anode voltages, slight changes in 

ambient t emperature v..rould not essentially alter the magnitude of 

t he gas~multiplication factor. The counter was initially filled 

v.fith air and t hen operated with the gas flov-.ring a t a rate of 

2 bubbles per second. According to Fig . 30, the plateau counting 

rates became reproducible after 80 minutes of gas -flow. On the 

other hand, the plat8aux could be superposed after a period of 

about 220 minutes. 

Although the flow rate could be increased and less t ime 

would be required for more adequate flushing, this is not very 

good for routine work. A way to remedy the situation would be to 



- 118 -

·Figure 30 

Gas-flow Counter, (counter initially filled 

':Ti th a. ir) • 
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flow the gas through the counter which was initia1ly fi11ed with 

the same gas. This treatment was applied and in Fig . 31, 

improved results were obtained. The manipulations invo1ved were 

the fo1lowing. 

(a) Fi1lin8 the counter through the evacuation and filling 

apparatus at a pressure of one atmosphere. 

(b) Removal of the threaded cap and placing the source in 

position for measurement. 

(c) Replacement of the cap by the one especial1y designed 

for gas-flow system. 

(d) Starting the flow at a rate of about 2 bubbles per 

second. 

The results shown in Fig . 31 (a) show that the plateau 

counting rates were reproducible any time after the operation of 

flo~ing the gas had started. The plateaux could be superposed 

after about 10 minutes. 

Spectra were also taken at different interva1s and t he 

results are shawn in Fig . 31 (b). Reproducibility could be 

achieved after about 35 minutes. 

In both figures (a) and (b), the s olid curves a re 

considered as standard and they were reproducible unl ess the 

conditions f or operation are changed. 
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Figure 31 

Gas-flow Counter, {counter initially filled with 

the counter gas). 

(a) High Voltage Characteristics. 

----- 4 minutes 

-·-10 minutes 

----standard, ( 15 minutes). 

(b) Fe55 spectra. 

-----10 minutes 

---20 minutes 

---standard, ( 35 minutes). 
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(V) Air Tolerance in Counter Gas 

One should alway9 be aware of gas impurities in the 

counter gases. The most are those having high electronegative 

affinities, such as oxygen, nitrogen, halogen, etc. 

In 1954, Wakefield (167) investigated the operation of 

a proportional counter when increasing amounts of air were mixed 

to chemically pure CH 4 counter gas. He found that for 

concentrations up to 14 per cent, plateaux having a length of 

300 volts were still obtainable. 

Similar experiments were made in this laboratory with 

the counter herein described, but the counter gas used was a 

mixture of A-CH 4 (9:1). The detector was initially filled with 

various pa rtial pressures of air and t hen equilibrated at 

atmospheric pressure with the pure counter gas. As suggested by 

Korff (91), one hour at least was allowed for diffusion 

equilibrium to be established after the mixture was made. 

The experimental resul ts obta ined show a set of pla teaux 

having reproducible counting rates when the counter gas was 

"contaminated" with air for concentrations up to 10 per cent. 

A comparison between Wakefield and our results was 

made and it may be pointed out that the effect of addition of 

air is more pronounced in the shifting of the starting voltages, 

Vs, and t he plateau lengths, ~V, when a mixture of A-CH 4 (9:1) 

i s us ed . However, in both ca s es a nd fo r r easonable percentage of 
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Figure 32 

Effect on the High Voltage Characteristics of the 

Counter when the Counter Gas is Contaminated 

with air. 
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air, the flatness of the plateau is not materially reduced. 

(VI) Pulse Amplifier Discriminator Calibrations 

The apparatus for measurement can be considered as 

consisting of three different units. These units were (a) a 

AEP 1448 amplifier, (b) a built in discriminator, and (c) a 

2005 B scaler. Through the amplifier, the pulses are usually 

shaped. Thereafter, the amplifier discriminator will pass only 

the desired pulses. Finally, the scaler counts the pulses passed 

through the amplifier and the discriminator. 

On account of its crucial importance in the study of 

the intrinsic properties of proportional counters, sorne 

consideration must be given to the pulse-ruaplitude discriminator. 

First of all, the linearity was verified when varying pulse 

amplitudes r,..rere fed into the amplifier. The pulses were supplied 

by a mercury-r,vetted-contact-relay pulse genera tor. Simultaneously, 

the linearity of the amplifier could be checked. The results in 

Fig. 33 show no deviation from lineari ty tvhen the discrimina tor 

bias was varied. 

Now, that it had been established that the properties 

of the electronic measuring apparatus were reliable at least in 

the range of pulse heights corresponding to our counter, further 

studies of the properties of the counter could be made. 

In Fig. 34 is shown a series of characteristics obtained 
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Figure 33 

Pulse Amplitude Discriminator Bias Calibration. 
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Figure 34 

High Voltage Characteristics of the Counter 

as a Function of Applied Discriminator Bias. 
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using a source of Fe55 and anode diameter of 0.002 in. The readings 

\vere taken at increasing discrimina tor bias values. It is 

noticed that the plateaux are displaced to higher anode-voltage 

values since increased gas multiplication factors are necessary 

to produce pulses larger than the increased bias level. 

From the same ex9eriment, the discriminator bias 

characteristics for the same nuclide are shmm in Fig. 35 when 

the anode voltage is kept at 2.6 kilovolts. 

typical of those needed with this equipment. 

This voltage is 

The results 

demonstrate the usual absence of low amp.li tude spurious pulses 

and show a constant counting rate. 

An important application of discriminator bias is the 

study of the pulse amplitude distribution. The anode voltage 

was adjusted so that the bias voltage at rnaximum setting was 

suf ficient to screen out all pulses. Then, the counting rates 

were determined with decreasing settings. The so-cal led "integral 

bia s curve" was differ entia ted with respect to bias settings and 

Fig .36 (b) shows the distribution on an energy scale. This 

demonstr ates that with an elementary instrument such a s a simple 

dis cri minator, fundamental properties of a counter operating in 

the proportional region can be investiga ted. 
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Figure 35 

Discriminator Bias Characteristics at an 

Anode Voltage of 2.6 Kilovolts. 
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F-igure 36 

Discriminator Bias Characteristic for a Sample 

of Fe5'5' at an Anode Voltage of 2.35' Kilovolts. 

(a) "Integral Bias Curve" of the Pulse Heights. 

(b) "Differentiai Bias Curve" of the Pulse Heights. 
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(VII) Pulse shape and Dead Time of the Counter. 

Pulse Shape. 

The most important property of a proportional counter, 

apart from its gas amplification, is the fact t hat t he pulse 

size is independent of the position of the track within the 

sensitive volume of the counter. This follows at once from the 

fact that most of the ionization occurs very close to the wire. 

The pulses v1hich are r·orrned have the same form and the same 

fraction is always recorded even though the auxiliary electronic 

may have a 11 clipping11 time much shorter than the pulse length. 

Although no information can be obtained as to the 

orientation of the ionized track, it will be of interest to 

calculate, on the basis of electrostatics, the profile of the 

pulse. This would enable a verification of our ideas concerning 

counter mechanism and the desi .e;n of correct electronic equipment 

to be matched with the counter. 

From energy considerations, one can obtain a description 

of the mechanism of pulse formation. Since t he gas multiplication, 

for practical work . is about 103, the \·wrk done by the field in 

moving the electron into position for the initiation of the 

Townsend avalanche can be neglected in comparis on to t he work 

done by the field in moving the ions after the avalanche has taken 

place. Considerations of mean free path, gas ionization 
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potential and electric field strengt h have lead Korff (91) to 

say that the positive ion sheath's outer periphery is within 

a wire diameter from the center wire. 

Let us assume t hat tile center of gravi ty of the 

positive ion sheath is at a point r = (a + a/4) as shawn in 

Fig. 3 7 {a) . 

The energy of the system can be written as 

+ 
[

QdV 

a + a/4 

= 
2 

1/2 cvo . • • • • . • ( 19) 

where, 

C = capacity of the collector electrode with respect to the 
high voltage electrode, \vhich has an initial potential 

V0 with respect to the collector. 

V = new potential between the electrodes. 

Q = total electronic charge collected on the collector. 

a = collector radius. 

b = cathode radius. 

When Eq. (19) is rewritten, it gives, 

Let 

= (V - V) 
0 

= f QdV 

a + a/4 

where Vp is the proportional counter pulse. Then, 

• • • • • • • • • ( 20) 
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[ Jb b 
vP = l • QdV = î Edr = _ç_ 

V0 dr 
CV0 cvo cvo 

rlnli 
• • • • ( 21) 

a+a/4 a+a/4 a 

a+a/4 

where E is the electric field. 

The voltage pulse due to the motion of the positive 

ions will be 

v + = _Q_ 
p ~ 

a 

= Q • 1~ 
ClrJ2 a 

• • • • • • ( 22) 

Similarly, the voltage pulse due to the motion of the electrons 

will be, 

f
a 

~ dr 
Cln~ r 

a+a/4 

= ~ 
Clnb 

a 

• • • • • • ( 23 ) 

Therefore the ratio of the pulse amplitude due to each 

compone nt is, 
v 
~- = 0.031 
Vp+ 

wh en b = 1.875 in. 

a = 0.001 in. 

Obvi ous ly, from the results of the se calcula tions, the 

electrons contribute only a f ew per cent to the total pulse height. 

~he relative pulse shape and the amplitude can be calculated from 
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considerations of only the positive ion motion. 

Consequently, the concepts on heavy ion mobilities 

must be known. 

Wilkinson (97) in sorne elaborate discussions on 

ionization chambers and counters wrote that the heavy-ion 

mobilities, v, are found to be related to E/p (E is the electric 

field and p is the gas pressure) through the expression 

v= KE ........... (24) 

where K is the ionie mobility. During the argument, the 

pressure will be considered as one atmosphere. 

Eq. (24) can be rewritten as, 

dr = K vo 

dt r lnb 
• • • • • • • • • • • ( 25) 

a 

or 

irrdr =fa\ vo dt 
r ln!l a 

• • • • • • • • • • • ( 26) 

whence r2 2 2KV0 t a = • • • • • • • • • • • ( 27) 

lnQ 
a 

Sin ce 
t 

Q !a 1 dr dt c lnh ; dt 
a 0 

• • • • • • • • ( 28) = 
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when Eq. (25) is substituted into Eq. (28), then, 

~t v + = ç KVO 1 
b • p c :-15 2KV

0 
ln-

olna 2 a + a 
lnb 

a 

v + p 
= Q 

C lnÈ
a 

ft(+ . h.vo ) dt 
} 0 r ln~ 

When Eq. (27) is substituted in Eq. (30), then 

v + = 
c~nli . [,t KVO 1 • p 

lnÉ. 2KV a a 0 + a2 
lnÈ. 

a 

Integrating Eq. (31) yields 

= ç 
2C ln~ 

ln + 

Since the final pulse height is given by 

= g 
c 

dt 

• • • • • • • • • ( 29) 

......... (30) 

• • • • • • • • . ( 31) 

. . . . . . . . . . ( 32) 

. • . . . . . . . . ( 3 3 ) 

the time taken for the pulse to rise one half of its final height 

calculated from Eq. (32) and Eq. (33) 

= 0.9 x 10-6 sec. 
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V0 = 2,300 volts, and 

K =cm/sec per volt/sec for argon (16$). 

From the àbove discussion, one may say that all 

proportional counter pulses will have the same rise time and 

that the rise time is independent of the location of t he initial 

ionization in the counter. To confirm this, experimental work 

carried out with various beta emittersfor instance have indicated 

on the oscilloscope that the pulses had approxirnately the sarne 

rise time. 

Combining Eq. (32) and Eq. (33) and using the same 

parameters as above, the time required for a full pulse length 

(unclipped) was calculated at about 1,700 rnicroseconds. 

In Fig. 37(b) two pulse profiles are shown, namely (a), 

which was derived from calculations and (b) which was the trace 

of Fe5 5 obtained on the oscilloscope. 

Dead Time 

From the preceeding paragraphs, one can assume that 

gas-filled deviees acting as counters will have the inherent 

disadvantage that the response rate will be lirnited by the 

de-ionization time of t he tube. This limitation leads us into the 

discussion of a new concept, namely the dead time of a counter, 
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Figure 37 

(a} Proportional Counter and Input Circuit. 

(b) "Clipped" and "Unclipped" Pulse Profile 

of the Proportional Counter. 
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vlhich corresponds to the minimum time elapsed betl>~een the start 

of two pulses if they are to be measured electronically as two 

pulses. Evidently the electronic circuit should have a resolving 

time smaller than the counter dead time. Otherwise, the response 

rate would be limited by the electronic circuitry. 

In the determination of the disintegration rate of a 

source, a correction vlill be mo..de if tvTO radiations enterine; the 

counter within the time required to detect them separately. 

To investigate the ability that a counter nossesses to 

resolve consecutive ionization events, five di~ferent methods 

can be &p)lied. 

(a) The dilution technique. A source having a high 

disintegration rate (about 106 cpm) is diluted and the 

acti vi ti es are r.1easured independently. 

(b) The "paired-source'' technique. TI\'O sources are mounted 

and measured individuQlly and totally. 

(c) The direct picture given on a triggered oscj_lloscope. 

(d) The delayed count measurer.1ent. This r1ethod vras al)Plied 

by Curran and ~ae (169) and in it, the out~ut pulse of the counter 

is sent to t,,JO channels, one of vlhich is delayed. The pulses 

c..re mixed at the output and coïncidences measured; they vTill 

be observed v.rhen the delay is grea ter than the de2..d ti1:1e. 

(e) Decay of a short-lived radionuclide. The decay of an 

intense .source of a radionuclide, ,_·rhose hal:'-life is :Y,nmm 

accurately is measured. The departure from linearity on a ser.::ti-

logarithmic plot is taken as the loss due to resolution. 
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The method (b) was a:pplied and an empirical calibration 

is given in Fig. 38. The coincidence losses and the observed 

counting rate are plotted on a "log-log" scale. The data obtained 

clearly illustrate the loss in counting rates of this counter 

assembly with increasing disintegration ra.te. Hhen disintegration 

rates of nuclides decaying by electron capture are to be determined, 

the correction curve for Fe55 can be used for our arrangement up 

to an apparent counting rate of 2 x 105 counts per minute. 

(VIII) Energy Calibration. 

The energy expended by a primary radiation may affect 

sorne imlJortEmt aspects of the counter performance. For example, 

we have first to consider 1..rhether t:here is any variation of the 

energy expended in the production of ~~ ion-pair as the energy 

of a yrimary radiation chant;es. If such an effect vTOuld be 

present, then the counter would not give pulses linearly proportional 

to the energy of the radiations detected. It is also important to 

consider another aspect of energy expenditure, the value per ion 

T:)ê.ir may be different for different types of primary radiations 

and this would mea.."Yl that direct comparison of pulse amplitude 

could not be made . The first of these possibilities can be dis 

counted at least for electrons in the range of investigation here. 

A great deal of v10rk has been done on the second aspect. 



Figure 38 

Goincidence Loss of the Counter. 
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"Vicr1~ prior to 1944 has been revievmd by Gay (170) and 

since then a series of accurate studies have been made which 

were possible to a large extent by virtue of the introduction 

of the modern proportional counter. In fact, relatively recent 

work (116), (171), (172), and (173) report new and very direct 

series of measurem.ents failing to reveal any clear evidence of 

departure from constancy, at least for the following gases: 

argon, heliu~, hydrogen, nitrogen, air, oxygen and methane. It 

is probably safe to assume that for electrons, (photoelectrons 

in our case), as primary particles and for energies in the 

range of 200 ev to at least 200 kev, the energy per ion pair 

is constant to within 2 per cent. 

However, the energy required for the for~ation of one 

ion-pair is different for different primary particles in the 

same gas and care must be exercised 1.vhen comparing ampli tude 

of pulses produced by different radiations. Thus, alpha 

particles often show a slight decrease in the energy required 

to form one ion pair when compared to electrons in the same gas. 

A rem.arkable r -Gature is the approximately consistent decrease 

vThich is obs Grved (174), (175), and (176). Values of the 

energy per ion pair are listed in Appendix V, together ,,,i th 

values relative to that of argon as standard. It follOi:Ts from 

this work that the proportional counter can be calibrated with 

radiations of well-defined energy and the energies of other 

radiations deduced directly from the observed ratios of the 

pulse amplitudes. 
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Regarding this work, we have confined ourselves to 

photoelectrons as primary radiations. Various sources emitting 

characteristic X-rays ranging from 3 to 24 kev were prepared. -The 

solid sources were measured internally with the counter operated 

as a gas-flow system. Employing a mixture of A-CH4 (9:1) as 

counter gas, the known quantum energies of the emitters are 

plotted in Fig. 39 against the average output pulse size · read 

on a pulse~height analyzer. Apart from a slight departure at 

higher energies, it is observed that the points lie on a 

straight line which passes close to the origin. The departure 

may be due to the finite range needed by photoelectrons for 

total absorption inside the sensitive volume. 

At these energies, the majority of the quanta will 

initially produce photoelectrons in the . K-shell of argon. These 

photoelectrons will be emitted with energies less than those of 

the quanta by about 3 kev. The characteristic X-rays which would 

be emitted subsequently by the atoms are very largely internally 

converted in the outer shells, thus producing one or more Auger 

electrons. The Auger yield is about 93 percent (177). This 

high value together with the fact that t he few X-rays which 

appear will be rapidly absorbed in neighbouring atoms of the 

gas means that in the absorption process the total energy of 

the photoelectrons will appear as Auger electrons with energy 

very close to the energy of the original quantum. 



' 
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Figure 39 

Energy Calibration with A-CH 4 {9:1) as Counter 

Gas. 
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We have likewise investigated the variation of the 

pulse size with quantum energy for a mixture of Kr-CH 4 (9:1). 

The experimental conditions were as previously described. In 

this case, Fig. 40 demonstrates that the variation is remarkably 

close to linearity including high energy quanta. This is 

probably due to the relative higher atomic number of the counter 

gas leading to a greater reabsorption of the photoelectrons 

inside the sensitive volume. The straight line also provides 

evidence in favour of the view that the energy expenditure per 

ion pair by a photoelectron in this case is constant with 

increasing energies. 

(IX) Gas Multiplication Linearity 

The photoelectrons which are produced by the impinging 

radiations are accelerated towards the anode. As these 

photoelectrons are accelerated, they collide with the gas atoms 

and in turn excite these atoms. In the high field regions near 

the centre wire, the electrons will gain enough energy in the 

mean free path to ionize the counter gas. As previously, discussed, 

the production of secondary electrons has been described as the 

Townsend avalanche. The magnitude of this discharge was defined 

by the first Townsend coefficient,~, which can be defined as the 

average number of ion pairs produced by an electron falling through 

a potential difference of one volt. If the quantity ~ which is a 

function of the field strength, the nature of the gas and its 

pressure, is 
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Figure 40 

Energy Calibration with Kr-CH 4 (9:1) as Counter 

Gas. 
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independent of x the distance from the anode where the avalanche 

is initiated, we can assume the following equation. 

N 
Cl\ X 

= N e 
0 • • • • • • • • • { 34) 

where N
0 

is the initial number of electrons and N, the final 

number after the avalanche. From this, it can be resolved that 

N/N
0 

will equal the gas multiplication factor A and it will also 

be an exponential function of the distance x or the voltage across 

the chamber. Hence, the pulse height from the proportional counter 

will vary exponentially with the voltage as shown in Fig. 4l(b). 

These results were obtained from a pulse height analyzer when the 

gain of the amplifier, the discriminator bias and anode voltages 

were varied. The high voltage characteristic of the counter is 

shown in Fig. 4l(a). A point of cons~deration in Fig. 4l(b) 

suggests the use of a well-regulated high voltage supply for the 

proportional counter when used as a spectrorneter. This would assure 

stability of the pulses 1:Jhen energy measurements are required. 

(X) X-ray Backscattering 

A phenomenon which is often met in photon spectrometry 

is the Compton scattering. This effect depicts the scattering of a 

photon of initial energy ~ by an atomic electron, so that the 
. 0 

photon has a degrad ed energy ~ , and the recoil ele etron has acquired 

a kinetic energy equal to ( .,(. 0 - a(). The express ion for G( as a 

function of ~0 and the angle of photon scattering G is usually given 



- 145 -

Figure 41 

(a) High Voltage Characteristics with a Source of 

Fe55• 

(b) Linearity of Gas Multiplication Factor when the 

Impressed Voltage on the Anode is Varied. 
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by the following non-relativistic equation 

oCo 
1 - o( ( l-cos8) 

0 

. . . . . . . . . . ( 3 5 ) 

In 1929, Klein and Nishina (83) derived an expression 

giving the differentia! cross-section for the scattering of a 

photon in the direction & per unit solid angle. The theory assumes 

photon energies so great compared to the electron binding energies 

and motion within the atom that the electrons are considered as 

free and initially at r est. Unfortunately, thi s assumption 

limits the application to the theory especially for low energy 

photons. 

To overcome t his limitation Nelms (178) in 1953 started 

a survey of the literature. The available i nformation was 

applied and calculations were derived permitting the tabulation 

of the Compton energy versus angle relationship and diff erential 

and integral Klein-Nishina cross-s ection for high and low energy 

unpolarized photons. 

Accordingly, for energies below 30 kev, incoherent 

scatter i ng (Compton Effect) was r eported as negligible . This 

was experimentally confirmed when nuclide de caying by el e ctron 

capture were spectrometrically studied. 

Further investigations wer e made fo r the detection of 

coherent ba ckscat te ring (Rayle i gh Eff ect). The source of 

radioactive Fe 55 was mounted on an aluminum foil thick enough 
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.(about 0.8 micron) to filter out the Auger electrons. The 

ac ti vi ty \vas measured and !Hore m.easurer:wnts \·rere ta}{en Hhen 

aluminum. backscatterers i>Iere added. According to these measure

ments, which are shawn in Table VI, no noticeable increases in the 

counting rates were found within the standard deviations. These 

results merely confirm that the backscattering of soft X-rays 

can be disregarded. 

(XI) Auger Electron Distribution of Fe55 

AS has already been mentioned, the probability of 

internal conversion of the characteristic X-rays after a 1=

capture event becomes larger for law atomic number. Problems 

due to self-absorption of these soft radiations Hill become 

important when the se are to be :!leasured absolutely. To 

demonstrate the importance of this phenomenon, an attempt was made 

to measure a source of Fe55 with and without an absorber for the 

Auger electrons. A drop of Fe55 solution was evaporated to dry-

ness on an allli~inum mounting. ~he results spectrometrically 

studied are shawn in Fig.42. The spectrum (a) represents the K X-ray 

( 5. 9 lee v) photopeak ~vhen the source is covered \vi th an allli!l.inuu 

absorber vrhile the spectr'W!l. (b) corresponds to the same source but 

unfiltered. In the latter case, the Auger electrons are uniformly 

distributed in energy from zero to the maximum energy. This 

experimentally demonstrates a loss of energy of the electrons from 

the source. 

Horeover, this absorption was confirmed \vhen i(-fluorescence 

yield of iron was derived by comparison of the two spectra. The 
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TABLE VI 

X-ray Backscattering 

Anode 
Voltage Al Backscatterer 

0 0.8 1 . 6 2.4 3.2 
Kv. x lo-4cm. x l0-4cm. x 10-4cm. x l0-4cm. 

cpm cprn cprn cpm cpm 
x lo-3 x lo-3 x lo-3 x 10-3 x 10-3 

2.3 88.1 87.7 87.1 87.6 87.5 

2.4 88.0 88 .0 88 .1 87.9 88.0 

2.5 88 .1 88 .5 88.1 88.4 88 .4 

2 6 • 88. 4 88.4 88 .6 88.3 89.0 

2.7 88 .5 88 .1 87 . 8 88 . 2 8$. 6 
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Figure 42 

Comparison of Fe55 Spectra. 

(a) ',..Jith Auger Electron Absorber, (0 .8p.- of Al). 

(b) Without Auger Electron Absorber. 
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_results of the calculations gave a yield of 50 per cent ~:vhich 

is about 20 per cent higher than the value lmown according to 

the literature. 

(XII) Counter Wall Effects. 

If the counter is operated with a mixture of A-CH4 

(9~1) at one atmosphere, the probability of trru1sn1ission of the 

photons w·ill increase exponentially '.t.Ti th energy for X-ray energies 

greater than 3 kev. Hence, the )I'Oportion of these photons hitting 

the vmll of the counter would increase accordingly. For trans

mitted photons having an energy greater than about S kev, a nevl 

secondary effect -v.rill take place. This effect is essentially 

due to a photoelectric phenomenon inside the wall of the counter 

leading to the rise of fluorescence excitation radiations. As a 

result of this, additional characteristic X-rays and/or photo

electrons t,vill be detected inside the sensitive volume. 

The source of origin of these radiations is schemetically 

represented in Fig. 43(a) and (b). Obviously, the effect (b) 

will be more important than the effect (a) for photons having 

low energies, but i t will decrease more rapidly than (a) 1-1hen 

the energy increases. 

Calculations of the dependence of the coefficient of 

absorption (jU) for the photoelectric effect on the atomic 

number (Z) and the energy (hv) of the impinging photon have been made 
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Figure 43 

Description of the Counter Wall Effect. 

(a) Secondary Photoelectrons 

(b) Secondary X-rays. 
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by Heitler {80) and others (179). A special case which holds 
2 for E (.C.. h ~' mc is 

K 

. . . . . . . . . . (36 ) 

where N is the number of atoms per unit volume and EK is the 

binding energy of the K-orbital electrons. 

During the course of this work, the effect (b) when 

compared to (a) was always predominant. This, of course, is due 

to the low energy range under investigation. 

A typical example of the effect (b) is shown in Fig. 44. 

The main photopeak is the distribution of the characteristic 

X-rays of Sr85 (13.3 kev). The second peak, less in intensity, is 

due to the secondary effect which is the fluorescence excitation 

radiations due to the counter wall. 

3) CONCLUSIONS 

On the basis of the preliminary investigations discussed 

in this part C, one can say that the above described proportional 

counter can be useà as a detecter and a spectrometer for the 

measurement of soft X-rays. 

For routine work, the 6AN8 White cathode follower was 

used in conjunction with the counter and various auxiliary 

electronic components. 
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Figure 44 

Counter Wall Effect with 13.3 kev X-rays. 

{a) Secondary {Wall) Effect. 

(b) Counter Gas Escape Peak. 

(c} K X-ray Photopeak. 
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T!).e evacuation and filling system 1-1hich v.ras calibrated 

for operations vri th the proportional counter could be used to 

fill the detector at various pressures. Within 60 seconds after 

changing the source, the counter could be ready for use. 

A1so, the investigation of the properties of the counter 

has revealed that the counter with its proper attachments could 

be used either as a flow-gas counter or a variable pressure 

counter. However, when the flow-gas system is ayplied, it is 

recommended that the counter be filled ini ti ally lo.Ti th the 

counter gas. 

The anode 'N'ire which vias selected for routine \o.Tork 

had a di arne ter of 0. 002 in. This diameter vras chosen be cause (a) 

i t gi ves a flat and long plateau ( ~ 600 volts), (b) i t requires 

a reasonable operating voltage, (c) it gives a good energy resolution 

( 1'117 per cent wi th 5. 9 kev X-rays) vJhen the co1.mter \vas operated 

at atmospheric pressure, and (d) it produces a gas multiplication 

factor "A" which dicl not vary too rapid1y \>Then the anode voltage 

Has changed. 

The counter gas \.Yhich is su.ge:ested for determination of 

disintegration r&tes of nuclides decaying by electron capture is 

a mixture of A-CH~ (9~1). This is mainly due to (a) its relatively 

high efficiency which Has determined for X-ray energies between 3 

and 2~ kev, (b) to the small escape probability of the character

istic X-rays of the counter gas after its atom underwent ionization 

in the K-shell, and (c) its re1atively low cost. 



-= 155 -

D. GAS NULT IPLICAT ION FACTOR 

1) INT!-WDUCT ION 

Gas discharge tubes operated in region III of Fig.5 

have received considerable experimental study from various 

investigators (116), (181), (182), (183), and (184). They 

have established that for voltages well below the Geiger 

threshold and over most of the sub-threshold region, the pulse 

size on the central system would be proportional to the initial 

ionization produced by the primary particle. Consequently, the 

intensification of the initial ionization was only considered 

to be directly due to the passage of the radiation through the 

gas and the movement of the primary electrons in an electric field 

which was sufficiently intense to give them energies adequate 

to create an avalanche of secondary electrons. 

In 1941, Rose and Korff (105) became interested in 

the gas discharge mechanism in proportional counters. They 

investigated the following two questions, namely the more 

qualitative question as to what type of gas (nature of gas) 

fillings should be used and the quantitative dependence of 

counter properties on gas pressure, relative concentration 

in the case of a mixture and on geometry, (cathode, anode 

diameter). In their original discussion (105), they made 

four important assumptions. 
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(a) The emission of photoelectrons or ultra-violet light 

of low energy photons at the cathode was negligible. 

(b) The recombination and electron attachment to neutral 

molecules was negligible. 

(c) There was no fluctuation in energy loss and in specifie 

ionization. 

(d) The rate of increase of ionization cross-section with the 

electron energies is linear for energies above the ionization 

potential threshold of the counter gas. According to t he literature 

(105) and (185), it is indeed linear for energies up to 40 to 50 

volts. 

Experimental and theoretical data were found to be 

compatible by Rose and Korff for gas multiplication factors between 

102 and 103 and for t he investigation of various parameters of a 

counter. We have attempted to extend the application of their 

theory to a proportiona1 counter operated at gas multiplication 

factors ranging .between 103 and 106 • For this purpose, different 

counter gases were used, namely pure CH 4 , mixture of A-CH 4 (9:1), 

and mixture of Kr-CH 4 (9:1). VJith a mixture of A-CH 4 (9:1) in 

particular, the following anode wire diameters were studied: 

0.001 in., 0.002 in., 0.003 in., 0.004 in., and 0.005 in. Likewise, 

t he following pressures were also investigated: 0.3 atm., 0.6 atm., 

1.0 atm., 1.3 atm., 1.6 atm., and 2.0 atm. 
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Comparison of experimental results with the theory were 

substantially correct if an additional variable was placed in 

the exponential factor of the theoretical equation. This will be 

subsequently described. 

2) DERIVATION OF ROSE AND KORFF'S THEORETICAL EQUATION 

When the primary radiation has produced the initial 

ionizing event, the electrons and positive ions will find themselves 

in the field produced by the voltage V
0 

across the chamber. 

Accordingly, they will start to drift toward the appropriate 

electrode. If V0 is greater than Vp, t he threshold voltage of a 

proportional counter or the minimum voltage required for secondary 

processes, the electrons resulting from t he primary ionizing event 

will gain enough energy in one mean free path between collisions 

to produce further ionizations. 'l'he total number of electrons will 

increase rapidl y, and we will have the be ginni ng of the famili ar 

Townsend avalanche. 

The arrival of this avalache of electrons on the 

central wire will produce a change in the potentia l of t he wire . 

The voltage of the central wire will change by an amount given 

by âV volts. 

/lV = A,N,G,g 

c 
• •••••••••• (37) . 
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where, 

A = additional number of electrons produced by collisions 

processes plus the original one. 

N = number of ion-pairs produced in the initial ionizing event. 

G = voltage gain of the allied electronic circuits. 

q = electronic charge. 

C = distributed capacity of the central wire and those portions 

of the detecting circuit connected electrically to it. 

The gas multiplication factor "A11 may vary from unity 

up to many millions. Naturally, for voltages smaller than the 

proportional threshold voltage and high enough to prevent 

recombination of primary ion-pairs, this factor will be equal to 

unity. 

Prior to 1941, secondary processes occuring in 

ionization chambers were well known in gas discharge phenomena. 

As early as 1900,Townsend in his discussion on the formation of an 

electron avalanche leading to a spark, was utilizing basic 

arguments similar to those given by Rose and Korff (186). For 

instance, he believed that at sufficiently high electrical field, 

the "negative ionsn received enough energy from the field so t hat 

they could ionize neutral atoms or molecules on impact. Thus he 

argued that, if the negative ions could create D( new ions in a 

path of one centimeter in the field di re ction, the i ncrease in 

number of ions dN produced by N ions in a distance dx in the field 
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whence, 
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dN = N o<dx 

N 
o(x 

= N e 
0 

• . • . . . • • . • (3 8) 

• • • • • • • • • • ( 3 9) 

where the constant of integration N is the initial number of 
0 

electrons and~ is the first Townsend coefficient,empirically 

found .by hirnself, which is independent of the distance x. 

If the process starts with a single electron the N 
0 

is unity, and the number N is, by definition, the sarne as the gas 

multiplicatfon factor. Then, 

Cl( x 
A = e • . . . . . • • • . ( 40) 

More generally, since in a counter,cC. may depend on the distance 

x, and since the number of ionizing collisions will depend on 

the energy, which in turn will increase as the electron enters 

the high-field region near the wire, then the equation 

~dx 
A = e . . . . . . . . . . (41) 

may serve to relate the first Townsend coefficient to the gas 

multiplication. 

Rose and Korff (105) applied the above reasoning to the 

problem of proportional counters t o eva l ua t e the factor A in terms 

of the parameters usually known in the case of proportional 
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counters. They assumed an ionization cross-section of the 

counter gas linear viith the electron energy above the threshold 

and the added assumption that the electron-energy spectrum shows 

a monotonie decrease at the ionization potential. This leads to 
' ' 

an effective Dl of the form 

• • • • • • • ( 42) 

where, · 

a = the rate of increase of ionization cross-section with electron 

energy. 

N = the number of atoms or molecules per centimeter cube in the 

counter. 

C = the capacitance of the counter per unit length. It is equal 

to l where r 2 and rl are the radii of the cathode 

and anode. 

V = the operating voltage across the chamber. 
0 

r = the distance between the cathode and the anode. 

Before going into further discussions, we must introduce 

another term re which is the critica l rad i us where the avalanche 

starts. At the threshold, re is equal to the wire radius rl. 

Now, re in the region of proportiona l counting never becomes very 

much greater than rl, and we may therefore assume an approximately 

linear dependence with the voltage . Hence, we may relate the 
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radius r at which the avalanche starts. when the voltage applied c' 
is V

0
, to the thr~shold voLtage Vp by the relation, 

( 43) 

Thus re i~ defined in terms of the directly measurable voltages 

. and wire radius. 

If an electron which started to produce ions at a 

radius re created N(r) ion-pairs by the time it arrived at a 

distance r from the axis, .and since oC. is the average number of 

collisions per unit path, then, 

-dN(r) = N(r) ~dr ........ ( 44) 

Integrating over the whole path from re to r1, 

!
re 

ln N(r1 ) =ln A= ~dr 

r1 

• • • • • • • • ( 45 ) 

and 

[c ~dr -1: c ( aN:Vo J dr = 2(aNCr,v0 )l/ ( ~: ) 1
/

2 
- 1 

• • . • . • ( 46) 

when Eq. (42) and (43) are used. 
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Hence, 1/2 
2(aNCrl.V

0
) • 

A = e • • • • • • ( 4 7) - 1 

Eq. (47) is the one which Korff and Rose used in the 

limited range of gas multiplication factor "A" • 

. 3) EXPERil\!JENTAL TECHNIQUES 

At least three different methods can be applied to 

measure the gas multiplication factor "A". 

The first method was suggested by Rossi and Staub (99). 

They have assumed that both the primary ionization and the gas 

multiplication are suffiently small so one can neglect the 

modification of the electric field near the wire which is caused 

by the space charge. Then the gas multiplication factor, for 

a given gas, will be a function of t he diameter a of the wire, 

of t he diameter b of the cathode, of the pressure p, and of the 

voltage V across the counter. All significant phenomena will 
0 

take place at a very small distance from the wire and the factor 

"A" will not change if V
0 

and b are changed without altering the 

field at the wire. It follows tha t t he factor A can be expressed 

as a function of the ratio V0/ln~ and of the product pa: 

A = A ~Vo 
1~ a 

• • • • • • • • • ( 48) 
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The second.fuethqd makes use of an oscilloscope. When 

the sweep of the os,cillqscope is· triggered at the beginning of 
~ . . ... . 

the cdunt. and the dÈüâ.y circuit insur6is that the pulse height, 
oC 

~Y, appears' on the osciiloscope screen in its entirety, then 

Eq. (37) may b~~app}i\ed and •the factor A derived from it. 

The last method compares the t .otal electronic charge 

collected on the ~ire•to the charge liberated by the initial 
. 

ionizing event. Referri~g to Fig. 5, this method compares the 

charges collected. in region III ta those in region II when the 

same radia tian is .. used .. . 
~ 

The application of the second method .will . nece~sitate 

> the measurement of the capacita,nc.e C of the system and this 

should be a voided wh en go'od 
0 

accuracy is required. Moreover, i t 

will involve accurate measurements of the other parameters of 

Eq. (37). In practice, the gas multiplicatio~ factor is usually 

experimentally determined and not calculated. Therefore, the 

second method is very rarely used. On the ether hand, application 

~f t he first method will imply accurate knowledge of the gas 
/ 

multiplication factor for a given counter geometry and will be 

especially suitable for low multiplic~tion factors. This, of 

cours e, ca nnat serve our purposes since we are i ntere s ted i n the 

application of Rose· and Korff's theoretical equation. Consequently, 

the third method was employed. 
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The instrumentation used in obtaining the gas 

multiplication factor "A" is shown in the block diagram of Fig. 22. 

The following parts were employed. 

(a) Countef with sources of Po
210 

and Fe 55 • 

(b) Two high voltage supplies, namely a Dynatron set for 

voltages between 250 and 500 volts and a Fluke set for voltages 

· higher than 500 volts. · 
' 

(c) Cathode Follower 6AN8. 

~· (d) A Baird Atomic Inst. 215A linear and non-overloading 

amplifier. 

(e) A Tetronix oscilloscope, type 532. 

The pulse heights were measured on the screen of the 

oscilloscope and the gas multiplication factor A was derived when 

comparing the pulses in the proportional region to the pulses 

in the ionization chamber region. 

To perform experimental investigation in the ion

chamber region (region II of Fig. 5) a source emitting radiations 
210 

having a hig~ specifie ionization was prepared. Po was 

electrochemically deposited on polished silver foils (5 by 5 by 

0.5 mm.) according to a method described by Bouissieres (187). 

The procedure was as follov1s: 

(a) The dried salt of RaDEF chloride was dissolved in 
210 

absolute ethanol ~ndlthe activity of the RaF (or Po ) present 
) -

in the solution was about 6 x 103 cpm per microliter. 
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(b) A volume of 10 microliters was transferred from the 

stock solution into each of 5 vials (screw-cap type, 15 mm. 

outside diameter and 45 mm. in length) and each one initially 

contained the silver foil and 200 microliters of absolute ethanol. 

The rate of electroplating was determined by measuring 

the activity of each foil in a 2q-counter for different durations 

of plating. The results are shown in Fig. 45. 

However, at higher gas multiplication values, a source 

of Fe55 which has a lower specifie ionization was used. 

4) COMPARISON OF EXPERI~ŒNTAL RESULTS WITH THEORY 

For gas multiplications greater than 103 , it was 

possible to use a form of Rose and Korff's equation if an additional 

variable, f{o), was inserted into the exponential factor according 

to the following fashion: 

A = e 2(aNcr.Vor(o) )1/.2 G:) 1/2 - l • • • . . • ( 49) 

The factor f(o) was experimentally determined for various pressures 

and anode wire diameters. 

The first experiment was performed with pure CH 4 as 

counter gas and 5.3 mev alpha parti cles from Po 210 • In this 

particular case, the anode wire was kept constant at 0.002 iri. in 

di ame ter. The change of f( o) is shb\.;n in Fig. 46 and com'parison 

between the exp~rimental r esults and Eq. (49) is expressed in F i g . 47. 
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Figure_lt2. 

Rate of Electrochemical Deposition of Po
210 

on to Silver Foils. 
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Figure 46 

Variation of f(o) for Various Pressures of 

CH 4 • Anode Diameter: 0.002 in. 
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Figure 47 

Comparison between Experimental and Semi

theoretical Gas Multiplication Factor, "A", 

(Eq. 49) when CH 4 is used as Counter Gas. 

---Semi-theoretical 

0 Experimental 
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At a pressure of two atmospheres, the observed pulse amplitude 

was independent of the anode voltage between 250 and 800 volts. 

Here the chamber was acting as a saturation ion-chamber and the 

gas multiplication was unity. 

However, if the CH 4 gas was substituted for a mixture 

of A-CH4 (9:1), and Po 210 and Fe55 being alternatively used, f(o) 

varied according to Fig. 48 when the anode diameter was 0.002 in. 

Comparison between experimental results and the modified Rose and 

Korff's equation is shown in Fig. 49. 

Using Fe55, a series of experiments were made for various 

anode diameters and pressures of A-CH 4 (9:1). The values 

corresponding to the experimental term f(o) are represented in 

Fig. 48 while the comparisons are shown in Fig. 50 (a), (b), (c), 

(d), and {e). The proportional threshold voltages were obtained 

through extrapolation of the linear region for various experimental 

gas multiplication factors. The results of these extrapolations 

are shown in Fig. 51. 

Similar experiments were carried when the counter was 

operated at various pressures of Kr-CH 4 (9:1) and for an anode 

diameter of 0.002 in. The variation of f(o) is shown in Fig. 52 

and comparison between experimental results and Eq. {49) is 

expressed in Fig. 53. 

The rate of increase of cross-section ionization of 

krypton was derived from recent experiments made by Tozer and 

Craggs (185). According to these authors, this was the first 

publication of measurements of the ionization cross-section of 
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Figure 48 

Variation of f(o) for Various Pressures of A-CH 4 

(9:1) and Anode Diameters. 
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Figure 49 

Comparison between Experimental and Semi-theoretical 

Gas I•Iultiplication Factor, "A11 , ( Eq. 49) when A-CH-4. 

(9:1) is used as Counter Gas. 

---Semi-theoretical 

• 0 Experimental 
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Figure 50 

Comparison between Experimental and Semi-theoretical Gas 

Multiplication Factor, "A", (Eq. 48) when A-CH 4 (9:1) is 

used as Counter Gas. 

(a) anode diameter: 0.001 in. 

(b) anode diameter: 0.002 in. 

(c) anode diameter: 0.003 in. 

(d) anode diameter: 0.004 in. 

(e) anode diameter: 0.005 in. 

Semi-theoretical 

0 Experimental 
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Figure 51 

Proportional Threshold Voltages for various pressures 

of A-CH 4 (9:1) and Anode Diameters. 
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Figure 52 

Variation of f(o) for Various Pressures of Kr-CH 4 (9:1). 

Anode diameter: 0.002 in. 
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Figure 23 

Comparison between Experimental and Semi-theoretical Gas 

Multiplication Factor, "A", (Eq. 48) when Kr-CH 4 (9:1) 

is used as Counter Gas. 

-------Semi-theoretical 

0 Experimental 
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krypton. It was assumed that their value for krypton was 

reliable since similar experiments under same experimental 

conditions were made with other rare gases and agreed very well 

with reliable data published by other investigators. 

An empirical equation was derived to satisfy the 

experimental points shown in Fig. 50 (a), (b), (c), (d), and (e). 

This equation which is written below relates the gas multiplication 

factor "A" to (a) pressure of A-CH 4 (9:1), (b) anode diameter, and 

(c) the operating voltage across the counter. 

log A = mV
0 

+ b • • • • • • • • • • (50) 

where, 

rn= e2.3(~log d-1 +km) 

b = e2.3(m_blog d + k_b) where d is the anode wire diameter. 

V
0
= operating voltage 

For various pressures, the values for mm, m_b, km' k_b 

are summarized in Table VII. 

Calculations resulting from application of the empirical 

Eq. 50 are shown in Fig . 54 (a), (b), (c), (d), (e), and (f). 

The experimental points are compared to the calculated solid 

curves. 
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TABLE VII 

Determination of the Variables of Eq. 50 for Various 

k 
rn 

Pressures. 

P~ 1 atm. 

0.155 

0.057 p + 0.29 

-0.140 p- 2.77 

0.13 p - 1.3 

P 6 1 atm. 

0.04 P-2 + 0.12 

-0.391 p-l+ 0.739 

-0.02 P-3 - 2.89 

-0.92 p-l + 2.34 
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Figure 54 

Comparison between Experimental Points and Calculations 

derived from an Empirical Equation, {Eq·. 50). 

{a) pressure 0.33 atm. 

{ b) pressure 0.66 atm. 

{ c) pressure 1.00 atm. 

( d) pressure 1.33 atm. 

( e ) pressure 1. 66 atm. 

( f) pressure 2.00 atm. 

.Calculated 

0 Experimental Points. 
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5) DISCUSSION 

As suspected, the above experiments have demonstrated 

a reasonable linearity of the gas multiplication factor nA" 

when low energy radiation measurements were made. 

However, it was noted that when the pressure and anode 

wire diameter were decreased, the magnitude of the factor A 

became more drastically dependent on the voltage V across the 
0 

chamber. In practice, a rapid rate of increase of A is not 

recommended when V is varied slightly, and for this reason, the 
0 

use of an anode diameter of 0.002 in. and of the counter operated 

at atmospheric pressure was suggested. 

On the other hand, if the pressure is increased to two 

atmospheres, for instance, a stronger departure from linearity is 

met for low gas multiplication factors, (A'- 10
2

). This phenomenon 

is depicted in Fig. 47 and 49. This is probably due to (a) 

recombination and electron attachment to neutral molecules, (b) 

fluctuation in energy loss and in specifie ionization, and (c) sorne 

distortion of the electric field, especially at both ends of the 

counter. 

For high energy radiation measurements, smaller gas 

multiplications will be required to trigger the input electronic 

amplification circuits. Under these conditions and according to 

Fig. 47, a lack of linearity in the factor A became apparent and 

it was particularly more pronounced as the pressure of the counter 
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was increased. The deviation of the upper limit or more precisely, 

the .spa ce charge distortion was explained by Hanna et al. ( 188) 

by means of the following relation. 

8 
E. x A = constant "'lÜ 

J. c 
• • • . • • • • • ( 51) 

·They assumed that the multiplication factor Ais independent of the 

energy of the impinging radiation (E. ) , and tends toviards a 
J. 

critical value equal to Ac. 

When Fig. 46, 48, and 52 are compared, it may be noted 

that the variation of the factor f(o) has a similar trend. Naturally, 

if f(o) is equal to unity, the modified Eq. (49) will become 

equivalent to the theoretical equation derived by Rose and Korff, 

i.e., Eq. (47). The direct application of Rose and Korff's 

theoretical equation will become possible at pressures lower than 

0.3 atmospheres. In their original paper (105), Rose and Korff 

have verified the theory for proportional counters operated at 

pressures smaller than 0.5 atmospheres and in particular at a 

·pressure of 0.13 atmospheres. 

Concerning the empirical Eq. (50) which enables the direct 

calculation of the factor "A" for va rious voltages, (V
0

), anode 

diameter, (d), and pressure, (P), its practical application was 

limited to a mixture of A-CH 4 (9:1) as counter gas. Different 

gases will, of course , have different ionization cross-sections 

and will require appropriate empirical factors. 
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E. PULSE STATISTICAL FLUCTUATION 

1) INTRODUCTION 

The output pulse size of a proportional counter arising 

from full energy absorption of a monoenergetic radiation in 

the counter gas is subject to statistical fluctuations. Actually, 

there are fluctua tions in the number of ion-pairs which are 

initially released by a monoenergetic radiation and in the size 

of the avalanche resulting from the secondary ionizing processes. 

The problem has been treated theoretically by Frisch (189). He 

established that the relative variance (mean square relative 

standard deviation) of the output pulse size, ( dip/P) 2, was 

given by, 

where, 

(~A)2 = 

(:Ny = 

1 
AN 

• • • • • • ( 52) 

relative variance in the number of ions produced in an 

avalanche by a single ionization. 

relative variance in the number of initia l electrons. 

A and N are respectively the gas multiplication f actor and the 

primary number of electrons. For A equal to unity, (no gas 

multiplication) the last two terms will cancel, as they must. 

Hov-.rever, we are interested in working wi th A much grea ter than 

unity (about 104), and consequently, the last term can be ignored. 
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The contribution to the relative variance, \ 

1/N( <rp;p) 2, du~ to the gas multiplication was theoretically 

evaluated by Frisch (189) and Snyder (190) and found to be equal 

to 1/N. This was derived un~er the assumption that the 
.. 

instantaneoua probability for an electron to ma~e an ionizing 

collision was mere~a function of the electric field and not of 

the previous history of the electron. 

Hence, if ~ 2 
is equal to N, as for a Poisson 

N 
distribution, the right hand side of Eq. (52) will become 2/N. 

This assumption will imply that the initial ionization has a 

normal Poisson distribution (191). 

Using a proportional counter, Hanna et al. (18S) have 

measured the fluctuations of t he pulse size for various energies. 

They obtained fluctuations wnich were definitely less than 

predicted from Eq. (52). Also, they found that the relative 

variance of the output pulse size was practically independent of the 

multiplication factor. 

On the ether hand, Curran et al. (127) have measured, 

in a very ingenious manner, the fluctuation of the process alone. 

This was done by detecting single slow electrons liberated from 

a tungsten filament situated at the cathode. The photoelectrons 

were not sufficiently energetic to produce ionization so that, as 
2 far as the recorded pulses are concerned, ~ equals zero. The 

N 
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resulting pulse size distribution at high gas multiplication 
2 

enables a direct determination of ~ to be made. Their 

results showed that the relative variance was, 

1 
N ~?) = 0.6$ 

N 
. . . . . . • . (53) 

which is a value smaller than the theoretical estimate of Frisch 

(189) and Snyder (190). 

If the value of Eq. (53) is inserted into Eq. (52) this 

will lead to, 

+ 0,6$ 

N 

• • • .. • • • (54) 

and this relation (semi-theoretical) will be employed to compare 

our experimental results. 

Concerning the fluctuation of the number of primary 

ions for a given initial energy, this problem was theoretically 

treated by Fano (192). Its relative variance was due to the fact 

that sorne collisions are ioriizing ·while ethers are not, and to 

the statistical fluctuation of energy loss in the ionizing and in 

the exciting collisions. His results were partially supported by 

measurements of the total fluctuations in pulse size made by 

Hanna et al. (188) and by Curran et al, (191). The energy of the 

radiations investigated were: 0.25 kev, 2.$ kev, and 17.4 kev, 

(Hanna et al,), $,0 kev, and 17.4 kev, (Curran et al.). 
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In this present work, an investigation of Eq. (54) 

has been made and for energies ranging between 3 and 25 kev. 

Hence, the dependence of the total relative variance of the 

pulse size distribution and the relative variance in the nmnber 

of initial electron were studied. 

2) EXPERIIviEN'f AL TECHNIQUES AND RESULTS 

Before describing the experimental techniques, it 

should be mentioned that the spread of a pulse distribution 

might not be caused only by the statistical fluctuations but also 

by additional fluctuations arising from the experimental apparatus. 

Although they were neglected, the main ones are: 

(a) Non-uniformity and eccentricity of the wire. 

(b) End and wall effect. 

(c) Electron attachment to gas molecules. 

(d) Instability of D.C. power supply. 

(e) Amplifier noise . 

The radioactive species surnrnarized in Table VIII were 

mounted on the platform of the counter and the Auger electrons 

were s creened off with the proper aluminum thickness. The anode 

wire had a diameter of 0.002 in. while the counter gas was a 

mixture of A-CH 4 (9:1) at a pressure of one atmosphere. 

Using Fe55, in particular, t he statistical spread in 

the pulse size was f ound to be independent of the multiplication 
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TABLE VIII 

Results on the Statistica1 Spreaà of the Pulse Size from 

a Proportional Counter. 

Nuc1ides E Theo. Exp'1 Exp'1 x 
kev (f""p 

CSP;P 
(iN , 

/p . IN 
Per cent Per cent Per cent 

ca41 3.3 13.9 9. 8 7.5 

cr 51 4.9 10.8 7.8 4.7 

Mn 54 5.4 10.3 7.7 4.7 

Fe 55 5.9 9.9 7.5 4.8 

co 57 6.4 9.4 7.6 5.2 

Zn65 8.0 8.5 6.0 3.5 

Se75 10.5 7.4 5.0 4.3 

Sr85 13.4 6.5 5.2 3.5 
PdlOJ 20.2 5.3 4.0 2.5 
Sn112 24.0 4.9 3.4 1.9 
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factor A for values of A up to 105. 

The observed distributions were gaussian over an energy 

range of ± 3 standard deviations. The standard deviation ,.\lp 

could therefore be obtained by measuring the width of the peak 

at half maximum through the following relation 

= 

where, 

,6p 
p 

= 2.36 ap 
p 

~E = full width of the peak at half height. 

E or P = energy of the impinging radiation. 

. . . . . . . . . . (55) 

~p = standard deviation of the pulse height distribution for a 

gaussian distribution around the most probable value. 

The results of our measurements are summarized in 

Table VIII. For the purpose of the calculations of Eq. (54), we 

have assumed that the average energy loss in argon for the 

formation of one ion pair was 28.5 kev as did Curran (193). These 

results are shown in Fig. 55 (a) and (b). 

3) CONCLUSIOHS 

As may be seen from Fig. 55 (a), the root mean square of 

the total relative variances for various output pulses are smaller 

than would be expected from a Poisson distribution. The simplifying 

assumptions used by Snyder (190) and Frisch (189) in the 

derivation of Eq. (52) are probably at fault. In fact, the 

probability that an electron can ionize in an avalanche depends on 

its previous history as well as on its position. Immediately after 
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Figure 55 

Statistical Spread in Pulse Size and Primary Ionization. 

(a) Total Relative Standard Deviation of Pulse Size 

as a Function of the Energy. 

--- Theoretical or Poisson Distribution 

0 ---- Experimental 

Â Curran et al. ( 127). 

0 Hanna et al. (188). 

(b) Relative Standard Deviation in the Number of Initial 

Electrons as a Function of the Energy. 

--- Fano Theory 

0 Experimental. 
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having produced one ion pair, it will have to travel sorne distance 

towards the wire before its energy is sufficient to produce 

further ionization. If that distance was sharply defined, then 

the avalanche would be predictable (non-statistical) and crA2 

would be zero. For this reason, we have used Eq. (54) to derive 

our results illustrated in Fig. 55(a). 

In the range of energy investigated, the total standard 

deviation of the pulse size was found to be related to the energy 

as follows: 

op = 0.17 E-l/2 • • • • • • • • . (56) 
p 

Thus, 
Resolving Power = 0.42 E-l/2 

• • • . • . • • • (57) 

where the energy E is in kev. 

Last January (1960), Husain and Jaffe (194) have described 

a sensitive proportional counter used as a charged particle 

spectrometer. They have found that the relation, 

Resolving Power ii 2.4 N-1/ 2 S: 0.415 E-1/2 • • • . • • ( 58) 

held for proton energies up to 8 mev, i.n argon gas. Comparison 

between their relation and ours shows a striking similarity. 

It i s clear that in addition to t he above uncertainty 

in the contribution due to the gas multiplication factor itself, 

t here is a definite difference in the nature of t he fluctuations 
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in the primary number of ion pairs created along t he complete 

track of a particle of definite energy . As ment ioned previously , 

this fluctuation would be due to the fact that sorne collisions 

are ionizing while others are not, and to statistical fluctuations 

of energy loss in the ionizing and in the exciting collisions. 

According to the estimate of Pano (192), the relative variance 
2 

( o-NjN) be cornes 1/kN, wi th "k" between 2 and 3, that is, smaller 

than that obtained with a Poisson distribution. 

From Eq. (52) and on the basis of the results of 

Curran et al. (127) concerning t he relative variance of ions of 

a single avalanche, we have attempted to deduce the fluctuation 

of the primary ionizing event. The results shown in Fig . 55 (b) 

were in fair agreement with Fano's theoretical predictions. 

The value for "k" was taken as 2.5. 
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F. DISINTEGRATION RATE DETERNINATION 

1) INTRODUCTTON 

In the general introduction, we have related the 

counting rate, R, to the disintegration rate, N
0

, of nuclides 

decaying by orbital capture through the following equation, 

• • • • • • • • ( 59) 

where, 

G = source-to-counter geometrical efficiency, 

fe = correction for the counter gas escape radiations, 

fa = correction for the transmission of the X-rays through the gas, 

ft = correction for the absorption of the characteristic X-rays 

inside the Auger electron absorber, 

fw = K-fluorescence yield, 
K 

f = correction for the neglected 1-capture events. 
r 

In this section, we will evaluate the factors which 

were experimentally obtainable in the scope of this work. These 

are: G, fe, and fa. To correct for the others, namely ft' fw , 
K 

and f , the most recent and probably the most accurate data from 
r 

the literature will be used. For instance, Campion and Merritt (27) 

have derived an accurate equation to evaluate f • Their relation 
t 

uses the equation normally used for the transmission. of photons 

through matter plus a factor correcting for the radiations 

traversing the Auger absorber in an oblique direction. A great 
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amount of data regarding the factor fw , have been published 
K 

in the literature, and Broyles et al. (29) have reported the 

compilation of these data in a paper published in 1953. Their 

compilations are reported in Appendix I of this thesis. However, 

Robinson and Fink (66) have recently written that, for 26< Z <.50, 

the best measurements on K-fluorescence yield are probably those 

of Roos (195). These measurements delineate the rising portion 

of WK vs Z and are given to sorne 2 to 3 per cent. Finally, the 

last factor, f , will correct for the contribution of L-capture 
r 

events not being detected by the counter or being neglected in 

the spectral analysis. To correct for this factor, a great deal 

of experimental data were published in 1960 by Robinson and Fink 

(66). These data are in good agreement with the theoretical 

calculations made by Brysk and Rose (51)~ 

The possible contributions due toM, N, ••• -capture 

events will be neglected on account of the low probability of 

occurrence. This a ssumption i s quite true f or the range of 

atomic numbers which we are dealing with, (up to Z =50). 

To determine the counting rate, R, the two following 

procedures will be possible: (a) the summation of all pulses in 

a ll channelsunder the main photopeak, or (b} the comparison of 

the area under the main photopeak to the area of a gaussian 

distribution f or the normal curve of errors, (196). 
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We will now proceed to the experimental evaluation 

of the first three factors, namely the geometrical, escape, and 

absorption factors. 

2) CORRECTION FACTORS EXPERir,lENTALLY EVALUATED 

(a) Source-to-counter Geometrical Efficiency. 

The correction factor, G, which appears in the Eq. (59) 

for the determination of disinte gration rate of electron capture 

nuclides might lead to a source of error if not accurately 

evaluated. Normally, three different methods can be applied to 

determine the factor G. These are (a) mathematical calculations, 

(b) use of a solution where the specifie activity is known 

absolutely a nd (c) comparison of t he counter to be calibrated with 

anot her counter having a geometrical efficiency absolutely known. 

Although the description of the counter shown in Fig. 

18 and the details of t he window in Fig. 19(a) seem to display 

an inherent geometry of 2 rt -steradi ans . · t he third method was 

applied to verify it with more precis ion. Fo r t h is purpose, the 

unknown geometry was compared wi th two 41'{ -steradian counters 

which are di f ferent in principle... . These a re (a) a 41{'-beta 

proport i ona l counter calibrat ed in t hi s l aborat or y , (6 ) and (b ) 

a high pressure 41'( -proportional counter used for s oft X-ray 

detection (27). 
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In both cases the bottom half was used, thus 

contributing to a geometry having a sol id angle of 2 rt -steradians. 

Four nuclides, namely Fe 55 H3 Ni63 and c14 were mounted on 
' ' ' ' 

the platform which is sketched in Fig. 19(a}. The beta emitters 

were measured in the 41'{-beta proportional counter while the 

nuclide decaying by electron capture was measured in the high 

pressure 4q-proportional counter. The resu1ts of t he comparisons 

are summarized in Table IX, and from these data, one can assume 

that, within the standard deviation of the counting rates, the 

counter has a source-to-counter geometrical efficiency, G, equal 

to a sol id angle of 2 rt -steradians. 

(b} Counter Gas Escape Radiations 

A way of explaining t he occurrence of counter gas 

escape radiations leading to an "escape peak" accompanying the 

main photopeak in soft X-ray measurements may be made through the 

following argument. 

First of all, we shall consider an impinging radiation 

whose energy E is greater than t he K-binding energy EK of 

the counter gas. When this radiation interac-ts wit h the gas 

atoms, there is sorne probability that an electron from the 

K-shell will be released with a kinetic ener gy equal to (E - EK). 

Simultaneously, tha t is within a time which is not detectable with 

instruments normally used, the ionized atom in t he K shell will 
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TABLE IX 

Geometrica1 Efficiency 

Nuc1ide This work Hi gh Pressure 4fT..-
4/T-Prop ' 1 Prop'1 # • 

Counter Co un ter 

-3 1o-3 10- 3 cpm x 10 cpm x cpm x 

Fe 55 34.00 ± 0.05 34.07 ± 0.07 

H3 41.2 ± 0.2 41.5 ± 0.2 

Ni63 47.3 ± 0.2 47.5 ± 0.2 

c14 46.2 ± 0.2 46 .7 ± 0 .2 
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,re-organize itself either by emission of a characteristic K 

X-ray having an energy EX' or by emission of Auger electron 

having an energy Ee. The energy of the Auger electron is slightly 

smaller than the energy of the characteristic X-ray. Evidently, 

this assumes that only one Auger electron is emitted when a 

radiationless transition occurs. Depending on the atomic nurnber, 

the ratio of these two different modes of re-organization will 

vary. The higher the atomic number, the greater the probability 

of characteristic X-ray emission will be. Renee, the pulse height 

resulting from total absorption of the incoming radiation will be 

detected by the auxiliary electronic circuits and 1,vill be 

proportional to (E - ~K) or (E - ~) 

when the characteristic X-ray \Till be emitted in the re-organization 

of the K-ionized atom, there will be a distinct probability of 

escape of such radiation from the gas, (Ex is unobserved), and the 

energy exyended in ionization will be less th~~ E, ( ] ossibly 

E - ~). Pulses arising in this vmy will give rise to an "escape 

peak" in the observed spectrum of the incident radiations • . They 

can be identified by the fact that they occur at constant energy 

inter vals belm>I t he main photopeak. '1'ii th diîferent counter gas es , 

this phenomenon is depict ed in Fig. 56 (a), (c) and (d ). However , 

if the incoming radiation has an energy E which is greater than the 

K-binding energy of the gas, then the higher the atomic nwnber 

the grea ter vTill be the magnitude of the "escape peak". This is 
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. . Figure 56 

K X-ray Spectra. 

(a) Fe 55 (5.9 kev). 

Counter gas: A-CH 4 (9:1), 1 atm. 

( b) Fe 55 ( 5. 9 kev). 

Counter gas: Kr-CH 4 (9:1), 1 atm. 

( c ) Nb92 (15.7 kev). 

Counter gas: A-CH 4 (9:1)' 1 atm. 

( d) Nb92 ( 15.7 kev). 

Counter gas: Kr-CH 4 (9:1)' 1 atm. 



If) 

'o (a) (b) )( 

2 8 & r- ~ -.. 
"' ... 
c a: 6 1--

... 
z 
;::) ~ f. 
0 
() 

4~ ~ 

"' > ... ~ 

c 
.J 
l&J 2r-- ~ a: 

f- ~ 

.. . . 
~·· ....... . 1 1 1 1 • • • 1 ... 

20 40 60 20 40 60 

CHANNEL NUMBER 

., 
~ (c) (d) 
)( 

s 8 r- ~ 

~ -• 
UJ 

~ 

... c 
6t-a: 1--

... 
z ~ 1-
;::) 
0 
0 

4r--
Ill 

~ 

> 
~ ~ f. c 
.J 

1 2- ~ 

.. ~ 

1 1 1 
.......... 

1 1 

20 40 60 20 40 eo 

CHANNEL NUMBER i 



.,. 197 -

,shown in Fig. 56 (c) and (d). 

There are, at least, three different lcno1~ methods 

of elimina ting "escape pealŒ". They are the follmüng. 

(a) The utilization of a counter gas having a K-binding 

energy greater than the energy of the impinging photon. 

(b) The use of a pressure high enough to absorb essentially 

all the X-rays resulting from the re-organization of the atom. 

( c) The use of a multiï.·rire cou..r1ter such as vms recently 

applied by Scobie et al. (197) in the determination of L/K 

capture ratio of Fe55. This elegant method which already had in-

contestable applications was originally introduced by Drevcr et 

al. in 1957, (198). 

Results from the application of the first method are 

shown in Fi g . 56 where the diagrams (a) and (b) can be compared. 

The second method was also attempted for different 

pressures of A-CH4 ( 9 ~1). The pressures were varied from 0.3 

atmospheres to 2.0 atmospheres while the X-rays were emanating 

from a source co57 (6.4 kev). The results ~mich are shown in 

Fig. 57, represent the variation of the ratio of "escape peak" 

to K-photopeak f or various pressures. 

The counter gas escape radiations wer e investigat ed 

for different X-ray energies. The re sults which are sho-w.n in 

Fig . 58 give the ratios of the "escape peak" to the K X-ray photo

peak for energies be tween 4. 8 kev and 20. 2 kev. The counter gas 

was a mixture of A-CH4 ( 9 ~ 1 ) at a pressure of one atmosphere. 
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Figure 57 

Escape Peak to Photopeak Ratio of Co57 for Different 

Pressures. 

Counter gas: A-CH 4 (9:1). 
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Figure 58 

Escape Peak to Photopeak Ratio for Different X-ray 

Energies. 

Counter gas: A-CH 4 (9:1) at one atm. 
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(c) Counter X-ray Efficiency 

Due to the geometrical arrangement of the counter and 

the high power of transmission of X-rays through matter, there 

will be a finite probability that these X-rays Hill travel 

through the sensitive volume of the counter VIithout producing 

ionization. From this phenomenon, a factor fa l.vhich vlill correct 

for lack of total absorption of the photons in the counter will 

arise. To determine this factor, an average path length was 

derived. This was experimentally obtained when four different 

. 54 ( 5 4 ) 55 ( 5 ) nuclides \vere used. The se \..re re: lvlll • kev , Fe • 9 kev , 

co57 (6.4 lŒv), and zn65 (8.0 lcev). To enable the determination 

of these four individual path lengths the pressure of the gas, 

a mixture of A-CH4 (9~1), was increased up to a value where, if 

the relative counting rates were plotted against the reciprocal 

pressures, a "plateau" occurred at high pressures. The results 

are shown in Fig. 59 \..rhen the pressures \vere varied from 0.3 

atmospheres to 3.0 atmospheres. The region where a "plateau" 

appeared was taken as total absorption of the X-rays in the cormter. 

The idea of such plots viaS originally due to Allen (26) ".vho, in 1957, 

published a paper in which he erroneously assumed a linear extra

polation of such ctiTves. 

From our experimental data, an average path length 

could be deri ved from the equation 'l.vhich relates the intensi ty 

of the incident photons, I , to the intensity of the transmitted 
0 
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Figure 59 

Relation between X-ray Counter Efficiency and Reciprocal 

Pressures. 

Counter gas: A-CH 4 (9:1). 

(Escape peak included). 
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photons, I. The equation is the following. 

• • • • • • • • • • ( 60) 

where, p is the linear absorption coefficient of the gas in 

cm-1 , and t, is the path length in cm. The linear absorption 

coefficients were obtained from reported data as shown in 

Appendix VI. However, since a gaseous mixture was used, a slight 

correction was applied for the contribution of methane. Values 

for p can be obtained from the 11Handbook of Chemistry and 

Physics" published in the 1957-5$ edition. 

The results of "t" which are summarized in Table X 

gave an average path length of 6.8 centimeters. Four of these 

path lengths were obtained from the plateau counting rates at 

total X-ray absorption while the other four were derived from 

integrating the counting rates beneath the K X-ray photopeak plus 

the es cape peak. 

Applying these above experimental path lengths, the 

efficiency of the 2 'l -proportional counter used as spectrometer 

was derived for K X-rays energies between 5 and 24 kev and this 

was evaluated for ~~y pressure. When a mixture of A-CH 4 (9:1) 

was used, the r esults are shown in Fig. 60. The procedure was as 

follows: at a pressure of one atmosphere and for a particular 

energy between 5 and 24 kev, the area under the K X-ray photopeak 

plus the area under the escape peak were normalized to the 
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TABLE X 

Average Path - Length Determination 

Nuclide t * p t** s t 
cm. cm. cm. 

Ivrn54 6.18 ô.05 

Fe 55 6.75 6.95 6.8 

co 57 7.35 7.10 

Znô5 6.90 7.05 

* tp = average path length based on calculations on the 

plateau. 

** t
3 

= average path length based on calculations on the spectra. 



- 204 -

Figure 60 

Relation between X-ray Counter Efficiency and 

Reciprocal Pressures for A-CH 4 (9:1). 

(Escape peak included). 
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-corresponding efficiency obtained from Eq. (60). Then, the 

areas for various pressures vrere adjusted to the normalized 

area and plotted accordingly. 

For X-ray emitters having energies greater than 14 kev., 

it was desirable to use a mixture of Kr-CH4 (9~1) in order to 

take advantage of the enhanced absorption. The efficiencies 

\-.rere derived as before 'l.vith the exce;;>tion that the proper value 

for the para;.neter fl' in Eq. (60) vias ap)lied. The result 'l.·thich 

\vere obtained are shovm in Fig. 61. 

To procure a ::,>icture of the enhanced efficiency of 

Kr-cH4 (9:1) over A-CH4 (9~1), the ratio of the X-ray ef ficiencies 

for the t-.,-ro counter gases as a function of the energy was 

experimentally derived and. calculated vlith the help of Eq. (60). 

Comparisons bet\veen both results are ex;_:>ressed in Fig. 62. 

3) DISCUSSION. 

To determine the disintegration rates of nuclides, 

(Z <.50), decaying by orbital capture, one 1...rill need to introcluce 

the correction factors that Here experimentally determined on the 

one hand and suggested from the literature on the other. 

Hmvever, in the ap ·: lication of Eq. (59), it must be 

pointed out that the factor f 8 1-rhich corrects for the gas escape 

radiations vrill be unity. In J?igs. 60 and 61, the escape 

radiations 1.>1ere included in the K X-ray photopeak e:f:'ficiencies. 

This was done for the two following reasons: 
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Figure 61 

Relation between X-ray Counter Efficiency and Reciprocal 

Pressure for Kr-CH 4 (9:1). 

(Escape peak included). 
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Figure 62 

Ratio of the X-ray Efficiencies for two Different 

Counter Gases for Various Energies. 

0 Experimental 

-- Calculated. 
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{a) Because of their dependence on pressure and energy. 

Other\-rise, this factor would have to be evaluated using elabora te 

experimental methods. 

{b) Because this secondary phenomenon is the result of 

the incomplete absorption of the K X-ray in the gas of the 

detector. 

Then, Eq. (59) will become, 

R = N 0 • G • fa. ft • f WI(" fr • •••• 0 •• 0 ( 61) 

During the process of the above investigations, a 

report dealing with the standardization of nuclides decaying by 

electron capture was \ITitten by Campion and Merritt (27). These 

authors used an 8 in. diameter proportional counter having a 4n -

geometry. It could be operated at elevated pressures, and the 

radioactive sources were sandwiched between aluminum foil being 

thiclc enough to screen off the .àuger electrons. Standardization 

of Fe55 radionuclides was pa.rticulB.rly successful. Using an 

equation similar to Eq. (51) but Hith the exception that the 

source-to-counter geometrical efficiency was unity, the overall 

accuracy was claimed to be !. 4. 5 per cent. The K X-ray absorption 

efficiency was assumed to be 99.9 per cent. 

Utilizing Campion and l4erritt's instrument and alternat

ively the one which is calibrated in this thesis, a source of Fe55 

was measured and the neasurements \vere compared at various 

pressures. The results of the 
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investigations are shown in Fig. 63 and, at pressures for total 

absorption of the X-rays (saturation pressures), the two 

detectors have shawn the same efficiency. For the purpose of 

the experiment, the bottom part of the 4~ counter was used. 

According to Fig. 62, and for energies greater than 

the K-binding energy of krypton, (14.3 kev) a definite increase 

in X-ray efficiency is rea1ized when Kr-CH 4 (9:1) is emp1oyed 

instead of A-CH 4 (9:1). However, on account of the relatively 

high value of the K-fluorescence yield for krypton (67 per cent) 

the probability of counter-gas escape radiations will be increased 

a great deal. In fact, it was experimentally found to be at 

least ten times greater than the escape radiations from A-CH 4 (9:1). 

A typical example of this increase is shown in Fig. 56 (c), and 

(d). When Kr-CH 4 (9:1) is used, the resulting escape peak may 

have a considerable nuisance value in the analysis of the X-ray 

spectra, so that the relatively clean results observed with A-CH 4 

(9:1) are often desirable. 
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Figure 63 

Comparison between Two Different High Pressure Counters 

used for X-ray Measurements from Fe 55 • 

Counter gas : A-CH 4 (9:1) 

(a) Our Instrument. 

(b) Campion-Merritt Instrument. 
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G. SPECTHm'iETHIC APPLICATIONS 

l) STANDARDIZATION AITD flALF-LIFE DETERND~ATION OF ca41 

(a) Introduction 

The currently accepted ideas of shell structure (199) 

suggest that the transition (ca41...li_r~41 ) should be Cf7;
2
-d3; 2 ), 

that is wi th a change of angular momentum of tv1o uni ts and wi th 

a change of parity, (-, + ). The selection rules for beta decay 

would then predict the transition to be a first order forbidden 

(unique) having a value of ft of the order of 109 seconds. 

In 1950, ~ichards et al. (200) oeasured the threshold 

of the reaction K41Cp,n)ca41 and have subsequently derived that 

the energy available for the decay of ca41 by K-capture would be 

0.440 :t 0.020 mev. This value vJas quoted by ":lay et al. (201) five 

years 1ater. The ha1f -li fe of Ca ltl •:ms experiraentally eva1uated 

by Brown, Eanna and Yaffe in 1953 (202). TJncler difficult 

conditions, due main1y to the presence of calt5 (t.;~ = 160 d.ays) 
2 

and the low specifie activity of the ca41 component (about 4.9± 

0. 7 counts ·per minute), the half -li fe of calt1 vras deterrnined 

and :::·otmd to be (1.1 ± 0.3) x 105 years. 

~Vhen the aforementioned value for the transi tien 
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_energy and for the half-life \'lere inserted in the nomographs 

pu'blished 'by Hos zko-vrsld ( 203), a value of ft of the or der of 

8 x lolO seconds Has derived. This value is higher than 

the one predicted by the selection rules derived from Fermi 

theory. ~'lith a vie\'/ to re-examining this value, the half

life of ca4l vras re -measured wi th a sarnple in Hhich the ca45 

had decayed to such an extent that it did not produce any 

interference. The disintegration r ate was determined with 

the proportional counter described in this thesis. 

In the follovring paragraphs, \ve shall gi ve the 

experimental procedures that were applied und determine the 

disintegration r ate of the radioactive ca41 , thus enabling 

the evaluation of its hal f' -lif e. 

(b) Zxper imental and Results 

(I) Irradiation 

A s arnpl e of Caco3 v.ras irradiated in the ERX nuclear 

reactor at Chalk River f or a period of about 10 months. In 

Table XI the maximum fluxes and integrated f luxes are given for 

various time intervals which the s ampl e was irradiated. The 

total i ntegrated flux wa s calculated as 8 . 08 x 1020 neutrons/cm2. 

In order to ensure comple te decay of the ca45 component 

( t _J._ = 160 days), the deter mination of the disintegr ation r ate of the 
2 

ca41 "\vas per for med about 9 years after the neut r on activation. 
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TABLE XI 

Irradiation History of CaC0 3 

Ti me I~1ax. Flux. Integrated 
Flux 

da ys n/ cm2/ sec. n/cm2 

10.20 l. 8 x 1013 1.59 x 1019 

12.166 3. 2 x 1013 3.36 x lo19 

6.366 1.84 x 10 
13 

1.01 x lo19 

46.63 3.82 x 1013 15.39 x lo19 

88.80 . 13 
3.87 x 10 29.69 x lo19 

66.466 2.79 x 1013 16.02 x 1019 

40.966 3. 87 x 1013 13.70 x 1019 
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(II) Chemical Analysis 

The CaC03 target was dissolved in 0.3H HN03. The 

dried salt was re-dissolved in water and a master solution of 

1 mlf was made from it. The master solution was analyzed for 

calcium content through volumetrie method analysis. For this 

pur pose, a technique which is described by \velcher ( 204) was 

applied. Aliquots were diluted with distilled water to a volume 

of 100 mls., buffered to a pH of 11 and titrated with a solution 

of. O.OlM EDTA (di-sodium ethylenediaminetetraacetic acid di-hydrate). 

The indicator used was made of 0.01 per cent solution of o

cresolphthalein complexone. 

The solution of EDTA was standardized against an 

accurat·ely knovm amount of calcium nitrate dissolved in distilled 

water. The results of t he calibration are shown in Fig. 64. 

The calcium content of the master solution v1as then 

evaluated. Two aliquots, namely lOO and 200 microliters were 

withdrawn from the master solution and analyzed with the 

standardized EDTA solution. The results shown in the bottom 

of Fig. 64 gave an accurate weight of 0.42 mg. of calcium per 

100 microliters. 

(III) Disintegrat ion Rate Determination 

A volume of 100 microliters was pipetted out from the 

master solution and mounted on the platform which has been shown 
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Figure 64 

Standardization of EDTA Solution and Determination of 

Ca Content in the Master Solution. 
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in Fig. 20 and 2l(a). Prior to this, the mount was treated 

with a solution of about 5 per cent of insulin and rinsed 

several times with distilled water. The aliquot of the counting 

solution was evaporated to dryness. During the process of 

evaporation, the mount was continually rocked in arder to keep 

all parts of the area originally covered (1 cm2 ) wet until the 

last possible moment. When the sample was dried, the radioactive 

source was covered with an absorber thick enough (0.8 micron . of Al) 

to screen off all the Auger electrons emanating from the source, 

(see Appendix III for range of electrons in Al). 

The source was placed in the counter, operated as 

a gas-flow system, and the characteristic K X-rays were 

identified when compared with various X-ray energies. The results 

are shovvn in Fig. 65. 

The counting rate of the source was followed for a 

period of 3 hours and in Fig. 66 is shawn the K X-ray photopeak 

resulting from the measurement. In this range of operation, 

the background was found to be slightly less than one count per 

minute per channel, and was automatically substracted by the 

instrument for the same period of time. 

To obtain a disintegration rate, one will need to add 

another correction factor into the Eq. 61 which relates the 

counting rate to the disintegration rate. This factor which was 

found to be important for such low energy X-rays is due to the 
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Figure 65 

Identification of Ca4l K X-rays. 
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Figure 66 

Spectrum Resulting from a Source of Ca4
1

• 

(K X-ray energy, 3.2 kev). 
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2 superficial density of the source, (0.42 mg.Ca/cm ). This 

factor was eva1uated when known amounts of an equirnolar solution 

of inactive material were added to the source itse1f. For 

different arnounts, the counting rate was determined and the 

results are shown in Fig. 67. From these results, one can 

estirnate a value for the self-absorption equal to 14 per cent. 

When the counter was operated at a pressure of one 

atmosphere and alternatively at two atmospheres, the counting 

rates were reproducible within the standard deviation. This 

implies that the factor which would correct for total absorption 

in the counter can be neglected. 

The number of K X-rays beneath the photopeak in Fig. 66 

was calculated as 594.1 counts/min. and the following correction 

factors were app1ied. 

(a) Absorption of K X-rays in the Auger electron absorber. 

Uti1izing the proper rnass absorption coefficient for aluminum 

(see Appendix VIII), that is 600 cm 2/gr for 3.2 kev, and the 

equation which was derived by Carnpion and I·-1erritt (27), an 

absorption of 33 per cent was found. If the usual equation for 

transmission of X-rays through matter was employed, an 

absorption of only 12 per cent would be found. This value assumes a 

co1limated bearn of X-rays and is definitely erroneous in this 

particular experiment. 
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Figure 67 

Self-absorption Correction for 3.2 kev X-rays. 

(counting rate versus superficial density). 
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(b) As experimentally derived, in Fie. 67, a factor due to 

the self-absorption must be used and the value as determined 

is 14 per cent. 

(c) 'l'he latest, and presumably the most accurate, results 

of Hagedoorn and ·.'lalJstra (205) vJCre a~Jplied for the K-

fluorescence yield of calcium, (~/K == 0.120). 

( d) Due to the forbidden nature of the tl~ansi ti on, Lrr and 

Lrn:. - ca~:>ture ilnst ,:>e a·.:!.c:s~. to the Lr capture and. from theoretical 

results of Brysk 2.nd Rose (5:!..), the 1/K ca::_:>ture ratio was 0.089. 

(e) Fin~lly, the results ~ust be ~ultiplied by a factor of 

tvm since the source-to-counter geometrical efficiency was already 

determined as 2 re -steradians. 

The results of the calculations are S1.ll"llllarized in 

Table XII. From these, the specifie disintegration rate of 

Ca4l 1>1as found to be 7.57 X 102 dps/mg.Ca. 

(IV) Half-life Calculation 

The specifie activity was found to be 7.57 x 102 

dps/mg.Ca. Contributions to the activity by other calcium 

isotopes (ca45 and ca47) Here neglected. The abund&nce of 

ca4° relative to other calcium i sotopes is 0.97. 
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TABLE XII 

Disintegration Rate of Ca4l (0.42 mg.Ca) 

K X-rays 3 .594 x 10 cpm. 

Al Absorber . 886 x 103 . cpm • 

Self Absorption 1.031 x 103 cpm. 

Auger Electrons 7. 732 x 103 cpm. 

K-events 8 . 763 x 103 dpm. 

L-e vents 0.780 x 103 dpm. 

(K+L) events 9. 543 x 103 dpm. 

Geometry 19.087 x 103 dpm. 
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Let, 

N4l. and N40 = nurnber of ca41 and ca
40 

atoms. 

<S"'= neutron cross-section for ca4°(n, r )ca41 reaction 

( () = 0. 22 x lo-24 cm2• according to Po me rance (206 ) • 

(nv}t = integrated flux: 8.0763 x 1020 neutrons/cm2• 

À= decay constant of ca41 • 

Therefore, since, 

dN 4 1. 

dt 
= Disintegration Rate 

knm.dng ~' one can calculate N4 1. and derive the decay 

dt 
constant 'X from Eq. ( 62). 

(62} 

To calculate the n~ber of ca41 atoms, one can apply, 

• • • • • • • • ( 63 ) 

Therefore, 

N41. = 6.023 x 1023 x lo-3 x o.97 x 0.22 x 10-24 x 8.076 x 1o20 

40 

N41. ; 2.59 x 1015 atoms. 

If one uses this value in Eq. (62), then 

?\x 2.59 x 1015 = 7.57 x 102 

therefore, 
= 2.59 x lo15 x 0.693 

7.57 x 102 x 3.65 x 8.64 x 106 

t 1; 2 = 7.53 x 104 years. 
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{c) Discussion 

Errors involved in the actual measurement are small, 

· of the order of 0.3%. Other er1"'ors include neutron flux 

determination, the fluoresc8nce yield value used, etc. An error 

of 15% is felt sufficient to cover these as well as systematic 

errors. 

This gives a value of (7.53 ± 1.1) 104 years. This 

value is slightly lo~·rer than that found previously by Brown et 

al. (202) but the limits overlap. 

~·fuen the value of 0.44 mev. (200) is used for the 

transition energy of ca4l ____ K __ K41 , and also the new 

experimental half-life of 7.53 x 104 years, the "comparative 

half-life" \vas derived from Ivioszkowski' s tables (203) as equal 

to 3 x lolO sec. This value is in fair agreement with the value 

of (rvlo9) predicted by the Fermi selection rules for beta decay. 

2) :BETA RAY S:?ECTH.ill·1 FROH r-:r3. 

(a) Introduction 

As rnentioned in the general introduction, the pro)ortional 

counter \Ü th a coaxial geometry, is very 1 . .J'ell sui ted to the 

investiga tion of the beta spectra of radioelements. For this 

purpose very thin sources are necessary. A report on 

"?reparation of Thin, Uniform Sources for a :Geta-ray 

Spectro:meter'' by Blanchard et al. ( 86 ) sm1.marize s many 
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methods. Also, one can enhance the use of this counter as a 

spectrometer if one uses counter gases possessing proper atomic 

numbers. 

The first application of beta spectrometry with 

proportional counters was proposed by Curran et al. (115), in 

1948. Thereafter, various investigators have pursued applications 

with the view of obtaining more refined results. In particular, 

Preiss et al. (207) have studied the spectrum of a 11weightless 11 

source of carrier-free Ni63. A Fermi-Kurie plot applied to the 

spectrum was linear down to an energy of 7.5 kev, thus enabling 

more predictions to be made regarding the decay scheme. 

Obviously, the study of beta spectra will be of 

interest because one can obtain from their shapes sorne information 

regarding the angular momentum change of the transition which 

is an important link in describing not only decay scheoe but also 

* nuclear structure. 

Until late 1956, beta spectra were used in describing 
parity changes for certain nuclear transitions. However, Lee 
and Yang Phys. Rev. 104, 254, (1956) have shown that the laws 
of conservation of parity are violated by "weak" interactions 
of this type. However, this violatio~ of parity rules does not 
affect the study of the spectrum

3
of H jince in the old system, 

there is no pari ty change for ( H ...._....He ) • 
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Also, a study of the shape of the spectrum gives 

data about a more or less unique type of nuclear interaction 

similar in many respects to electromagnetic processes of 

emission and absorption of light, that is, particles are created 

(or destroyed in the case of positron emission) at the instant 

the particle appears outside the nucleus (208). For instance, 

+ )) . . . . . . . . . . (64) 

where, a nucleon in a neutron state (n) would disintegrate into 

a nucleon in a proton state {p).with the simu:Ltaneous creation 

of a pair of leptons {negatron and neutrino). 

T~e theory of beta decay has been discussed extensively 

and developed by many authors (57),(208), (209), and (210). 

Here, we will ~escribe it only in the following general terms. 

As a basic principle, it is required that the process 

of beta d'ecay be subject to the laws of conservation of energy, 

linear and an6ular momentum, statistics, and charge. 

In 1933, Pauli (211) postulated an ~nigmatic particle, 

called the neutrino, which was associated with the beta decay. 

This assumption could explain the coritinuous energy distribution 

of the beta particles and hence the nucleons were existing in 

\'lell-defined energy levels within the nucleus. 

This sttrange particle ( V ) which served to carry off 

the excess energy and to conserve . spin of the reacting system 
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of the nucleus and t he beta particle was observed in 1953 by 

Reines and Cowan (212). 

So, to have conservation of energy, momentum and spin, 

there must be an interaction betv:een the beta particle and the 

neutrino. 

In 1934, Fermi (57) expressed t he intensity of emission 

of a given beta particle at a given energy, E, for allowed 

transitions by considering the distribution of the energy of 

the particles in phase space. The probability N(E) of th~ emission 

of an electron with energy E between E and dE was found to be: 

~(E)dE = C F(E,Z).(E0 - E) .(E - 1) E dE 
( 

2 2 1/2 ) • • • . • • • • ( 65) 

where, 

G .= constant. 
' 

F(E,Z) = correction for the Coulomb:ic) interaction of beta 

particles and the fields of the nucleus and e lectron 

c1ouds. 
2 

E = total energy of the transition in units of m
0

c . 
0 . 

Z =· charge of the product nucleus. 

· From Eq. (65), it is obvious that the probability of 

1'")1 

ï 

emission will approach zero for very 1ow or very high values of E. 

The constant C is given by, 

C = g2.mo5.c4 

21'(3.h7 

• • • • . • • ( 66) 
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where g , is a universal constant equal to 4 x lo-5° cm3/erg, 

h is Planck's constant, rn is the rest mass of the electron 
0 

.and 1 r-r r' is the nuclear ma trix element who se form is not 

known, but is essentially constant for a given system. Five 

-fprms of JMI 2 
are consistent with t he theory. These are: scalar, 

vector, tensor, axial-vector and pseudoscalar. All, but the scalar 
--... --

and axial vector interaction are of ne gligible magnitude. 

From Eq. (65), converting the energy E into units of 

momentum (p) we get, 

2 2 N(p)dp= C.p .• (E0 - E) .F(Z,p)dp ....... (67) 

It is assumed that C and F(Z,p) are constant f or a 

given value of Z and given daughter nucleus; therefore 

substituting a thi rd constant, G, called the "coupling constant 

for beta decay", for these terms, 

N(p) 
2 2 

= G.p ~(E - E) 
0 

or in the more commonly used form, 

(Eo E) =t;~~J
2 

= (N~p ) ) 2 

• • . . . . . . . . ( 68 ) 

• • • • • • • • ( 69) 

In pract i ce, values of G are ca lculated as functio ns 
1 2 

of (p) , and t heir product is represented by f which i s the 

so-called "Fermi Function". 

Experime ntally, it is almo s t imposs i ble t o determine E
0 

of t he beta partic~es from a beia spectrum. This is ma inly due 

to t he infinitely small mass of the neutrino and the experimental 
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conditions, i.e., the fini te resolution energy of t·he 

instrument. To overcome this difficulty, by plotting ~'I~P9 1/2 

against energy, one can obtain a straight line for allowed 

transitions, so that extrapolation of this line to the energy 

axis will intercept values equal to E
0

• 

The selection rules are related to-the ~comparative 

half-life", (ft). This is a means of expressing half-life in 

a system comparable for all decays, since "f" converts the 

observed half-life by correcting for nuclear charge and energy 

effects. The product ft is defined as ~(Z,E0 ).t112 where, 

f(Z,E 0 ) = time probability of the decay or the so-called "Fermi 
.) 

Function" f. 

• observed half-life in seconds which is related to the 

interaction matrix IMI 2
, through the mean life ~ defined 

as (57). 

~= i = . . . . . . . . . ( 70) 

where ~ is the decay constant of. the transition. 

Since it can be shown that, 

t = 
l/2 

0.693 • • • . • . . • ( 71) 

we may write 

ft = 0.693 = constant 

IMI2 lr-112 
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Usually, it is more convenient to speak of log{ft) 

rather than ft itself since these values are relatively large 

and generally change by factors of ten from one type of 

transition to another, (i.e., log(ft) for allowed transitions 

has values from 3 to 6 and for first forbidden, 6 to 8, etc.) (210). 

(b) Experimental Technique and Results 

Sorne dried tritiated benzidine was dissolved in absolute 

ethanol. The activity of the solution was about 4 x 103 cpm 

per microliter. Twenty microliters were withdra~TI from the 

stock solution and mounted on a saturation thickness aluminum 

backscatterer. The use of ethanol as solvent allowed a very thin 

source to be mounted. This sample was then placed under the 

beryllium window counter. 
4 

With a gas multiplication factor of about 10 and the 

counter operated as a flow- gas system, the beta-ray spectrum 

of H3 was obtained by pulse height analysis. The results are 

shown in Fig. 68. The energy calibration was made by using 

the beryllium window with the follovdng external radioactive 
55 65 . 85 

sources: Fe (5.9 kev), Zn (8 kev), Sr (13.4 kev), and 

Pd103 (20.2 kev). The background was automatically substracted 

by the pulse height analyzer 

The appropriate tables were used to evaluate the Fermi 

functions (213), and the "Fermi-Kurien plot was obtained from 
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Figure 6$ 

Beta Spectrum of Tritiated Benzidine. 

(background substracted). 
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the beta spectrum. The plot of (N(p)/f(p))l/Z versus E 

(in kev) was constructed according to the results shown in 

Fig. 69. The plot was linear to a lower limit of about 3 kev 

and exhibited an endpoint energy of 18.2 kev. This result is 

consistent with the value of 18.0 kev which was found by Curran 

et al. ( 214) • 

(c) Discussion 

The experimental energy transition of 18.2 kev and the 

half-life of 12.4 years (214) enabled us to make precise 

evaluation of the "comparative hali'-life" of the (H3....!.He3 ) 

transition. The result from the calculations of ft*- gave a 

"comparative half-life" of 1.08 x 103 seconds or log ft = 3.03. 

According to the selection rules for beta decay, this transition 

should be "super allowed". This is in agreement with the 

experimental ttFermi-Kurie" plot which was found to be linear ,, o..~'i~ 

to energies down to 3 kev. Likewise, the nuclear shell model 

would predict a transition with no change of angular momentum 

and conservation of parity. 

A theory of Owen and Primakoff (215) which demonstrates 

that the measured spectrum N(E) should be corrected to give the 

implied 11 true 11 spectrum M(E) v.Jas applied to the beta spectrum of 

K The value of "ftt was calculated from eauation A6 and A7 given 
byE. Feenberg and G. Trigg in Rev. Mod. Phys. 22, 404, (1950). 
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Figure 69 

"Fermi-Kurie" Plot from the Beta Spectrum of Tritiated 

Benzidine. 

Maxi~um Energy, E
0 

= 18.2 ± 0.4 kev. 



1 ... 

f' 

• 
• 

•-

.Z3 3 cl. 

Il) 
(\1 

Il) 

0 

-> 
L&J 
~ -.. 
> 
(.!) 
a:: 
L&J z 
L&J. 



- 234 -

H3. The equation which would correct for this, is the following, 

M ( E) = N ( E ) - c. E 
0

• dN ( E) - ~ • d 2N ( E ) 

dE 4 dE
2 

........ (72) 

where, 

c = full width a half maximum which was already investigated in 

part E of tbis thesis. (see Fig. 55a, where 2.36 ap = c) 
p 

E0 = endpoint energy . 

The second derivative term is usually considèred as negligible, {216). 

No significant effect on the spectral shape and endpoint 

energy were encountered when Eq. (72) was applied. The data, in 

Fig. 68, therefore were not corrected for changing resolution. 

Further analysis of beta ray spectra were made with 

sources of Ni63, and c14 , but the spectral shape were distorted 

in the low energy region. This distortion can probably be 

ascribedto the problems of self-absorption in the mounted sources. 

For an allowed spectral shape, the ttFermi-Kurie" plot 

will be sensitive t o slight deviations. From t he spectrum 

obtained in Fig. 68, one can conclude that there was no marked 

backscattering effect leading to distortions. This is in agreement 

with the results on monoenergetic electron scattering presented 

by Schonland (217) who showed that the magnitude of saturation 

backscattering of monoenergetic electrons was independent of 

energy be low 90 kev. 
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H. I\;IISCELLANEOUS RESULTS 

1) INTERNAL BRE!VISSTRAHLUNG PHOTON FROM Fe 55 

(a) Introduction 

As previously discussed, an element decaying by 

orbital electron capture to the ground state of the daughter 

element is principally detected by the characteristic X-rays or 

Auger electrons of the daughter element. There are, however, 

in addition an undetectable neutrino and a weak (in intensity) 

but detectable X-ray continuous spectrum. The origin of the 

latter is due to the sudden change of charge from atom to nucleus. 

This continuum was first investigated theoretically by I•1orrison 

and Schiff (67). It is analogous to the continuum accompanying 

beta decay (218), (219). In the former case, the spectrum extends 

to the transition energy E
0 

minus the energy obtained from a K

electron, (EK)' while in the latter, it extends up to the maximum 

energy of the beta particles. 

By the use of highly simplifying assumptions, i.e., 

considering only K capture from allowed transitions, a spectrum 

from magnetic dipole radiations only, and neglecting Coulomb effects, 

I•Torrison and Schiff have de ri ved a theoretical spectrum of the 
2 

form x(l - x) where x = E/E . Later, Jaunch (220) extended the max 
theoretical investigation with minor revisions. 

The ratio of the total number of bremsstrahlung photons 

N(E~) to the number of K-capture events N(K) was given for ls 
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capture by the following relation (67), 

0 

where (E 
0 

E 
max 

N(E~) dE 

N(K) 
= o( 

121{ 

• • • • • . . • ( 73 ) 

2 
EK) is the available energY. rn c is the energy of 

' 0 

the mass of an electron at rest, and~ the usual fine structure 

constant. 

From this relation, the ratio v.;ill be roughly 
2 

proportional to (E
0 

- EK) ; therefore, it is easier to detect the 

bremsstrahlung from an electron capture process of high transition 

energy value. 

However, experimental investigations (74), (221), (222), 

on the distribution of internal bremsstrahlung photons from 

electron capture processes have shown that the aforementioned 

calcula tions were not qui te ade qua te _ir! interpreting the low

energy region of the distribution. From these experimental pieces 

of evidence, r•Iartin and Glauber ( 71) have reconsidered t he 

Morrison-Schiff theory taking into consideration (a) both 

magnetic and electric radiations, (b) both s- and p-electron 

capture, and (c) all effects of the Coulomb field. In the low 

energy region, they have demonstrated that the electric dipole 
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radiation accompanying the capture of p-electrons is primarily 

responsible for the large intensity increase. The processes of 

interest combine both radiation and capture; that is, an electron 

initially in an s or a p-state will ordinarily emit a photon 

during a virtual transition to an s-state from which it is 

subsequently captured by the nucl'eus. However, the virtual 

transitions to s-states already occupied in t he atom are 

forbidden by the Pauli principle. Nevertheless, in their~uation 

dealing with the summations over intermediate states, they have 

shown that the absence of these terms was compensated for by the 

occurrence of transitions in which the capture of an electron 

from an occupied state precedes the radiative transition. 

In particular, the internal bremsstrahlung photons from 

Fe55 were studied with sorne !"'recision, in 1954, by I'Iadanski and 

Rasetti ( 74). At that time, . the Ivlartin-Glauber theory was not 

known and therefore, no comparison could be made. We have 

attempted to repeat the experiment and compare t he results with 

both theories, namely l!;.artin-Glauber and Morrison-Schiff. Also, 

a determination of the disintegration rate of t he source and a 

determination of the absolute number of internal bremsstrahlung 

photons enabled us to compare the results with Eq. (73). 
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(b) Expe~i~ental Tec~niques and Results. 

First of all a 3 in. by 3 in. Nai(Tl) crystal which 

was calibrated* for the absolute measurement of gamma rays having 

energies between 0.030 mev and 1.40 mev was utilized. Then, 

the crystal was calibrated for energy linearity and energy 

resolution. The results for various gawna-ray energies are 

shown in Fig . 70 (a) and (b). Also a correction must be applied 

to the continuous spectrum to correct for the iodine escape 

radiations. Experimental and theoretical data which are reported 

in Fig . 70 (c} were obtained from McGowan (223) and Axel (224). 

The second part of the experimental \'ll'Ork consisted 

encapsulating an aqueous solution (2 mls.) of F 
55c1 e 3 in one 

the standard vials which are normally used in this laboratory 

the measurement of gamma rays. By means of the proportional 

counter, which was calibrated for standardization of nuclides 

in 

of 

for 

decaying by orbital capture, the total activity of the solution 

was determined and found to be 2.28 x 108 disintegrations per 

minute. The vial ·containing the radioactive Fe 55 nuclides was 

placed on the crystal and the energy distribution of the photons 

was recorded for a period of 60 minutes. The spectrum which was 

obtained, is expressed in Fig . 71 where the background has been 

automatically substracted. 

K Calibrations of the crystal for tota l efficiency were made by 
G.R. Grant , G.V. S . Rayudu and r:ï . Ivlay from this laboratory, 
(see Appendix VIII). 
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Figure zo 

(a} Energy Calibration for Various Energies. 

(b} Instrumental Resolving Power for Various Energies. 

(c) Ratio of Iodine Escape Peak to Gamma-Ray 

Photopeak for Various Energies. 

------ Theoretical, (224) 

0 Experimental, ( 223) 



2 

-Gj 
~ 
-1 

>' 
(.!) 
a:: 
w 
Z90 w 

0 
c5 
0-
...J 1.2 

4 

30 

2.0 

60 
CHANNEL NUMBER 

(a) 

90 

• .,.2 
RES. POWER • 2.6 E-

(b) 

Se7S 
0 203 

Hg 

2.2 

L00.0 <KEV) 

2.4 

60 
ENERGY, ( KEV) 

112 . 

~ 
2.6 

(c) 



- 240 -

Figure 71 

Continuous Photon Spectrum from Fe55 • 
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An inspection of the continuous spectrum shown in 

Fig. 71 and of Eq. (73) shows the similarity to the relation 

for the beta-ray distribution given by Fermi theory. When the 

experimental distribution was treated the same way as done for 

beta rays by Kurie et al. (225), we derived a "Fermi-Kuriett 

type plot which is expressed in Fig. 72. The plot was 

approximately linear, thus demonstrating that the transition is 

allowed and intercepts the energy axis at (E
0 

- EK) equal to 

220 kev which was the available energy for the transition. This 

experimental value is fairly consistent with 206 kev and 220 kev 

respectively found by Bell et al. (220) and Madanski and Rasetti 

( 7 4). 

The experimental spectrum in Fig. 71 was corrected 

for iodine escape effect and crystal efficiency. Then, the 

corrected spectrum was compared with the theoretical spectra 

derived from Martin-Glauber and Morrison-Schiff theory. The 

results which were obtained are shown in Fig. 73. 

To correct for iodine escape effect, data reported in 

Fig. 70(c) were utilized while the data for total photopeak 

efficiency which are a lso reported in Appendix VIII were used for 

the second correction. Two theoretical spectra were obtained 

according to Morrison-Schiff and Martin-Glauber theory. To derive 

the former, Eq. (73) was used while the latter was obtained f rom 

results published by the authorsthemselves, (249 ). 
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Figure 72 

11 Fermi-Kurie 11 Type Plot of Continuous Spectrum from Fe55 • 
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The results VJhich were obtained are shovm in Fig. 73. 

Good agreement is particularly observed when the experimental 

spectrum is compared to Martin-Glauber theory. 

(c) Discussion 

When the experimental spectrum was corrected, 

contributions for Compton electrons and backscattered photons 

(coherent and incoherent scattering) were neglected. In this 

case, this is probably safe since the energy of the photons is 

relatively low. Also, the experimental spectrum was not corrected 

for instrumental resolution. 

From the transition energy that was experimentally found, 

we have attempted to derive the ratio of the capture probabilities, 

P1/PK. This could be calculated according to the formulae given 

by I·iarshak ( 41) in the case of allowed transitions: 

• • • • • • • • ( 7 4) 

where E and E are the 1- and the K-sh~ll electron binding energies: 
1 K 

~ (R) fL (R) 
1 and l.J. 2 ( ) (~K(R) ) gL, (R) 

are the ratios between Lï and K-shell 

(see Fig. 1) and between 111-and L1.-shell electron densities (54) 

at the nuclear radius (R). 
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Figure 73 

Comparison between Experimental and Theoretical 

Distribution of the Internal Bremsstrahlung 

Photons from Fe55. 

(a) Uncorrected Spectrum 

(b) Corrected for iodine escape effect 

e spectrmn corrected for escape and efficiency. 

OMorrison-Schiff Theory Eq. (73) 

eMartin-Glauber Theory {226). 
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( ~J. (R))

2 

= 0.092 

\~K(R) 

3 . (z -4.15)

2 

1.37.3 
= 

16 
• • • • • • • • • ( 7 5) 

and with the known values for E
1 

and EK, we obtain for the capture 

probabilities: 

= 0.096 

This ratio is in good agreement with theoretical results 

(0.097) derived from Brysk and Rose (51) and recent experimental 

results (0.10$) obtained for the first time by Scobie, Moler and 

Fink (218). 

With the simple Iviorrison-Schiff theoretical equation 

Eq. (73), we have derived the number of photons perK-capture 

events and compare the result of the calculations with the 

experimental number of internal bremsstrahlung photons. In the 

former case, we obtained 3.5$ x 10-5 photon per disintegration 

while in the latter, a value greater than 4.6 x 10-6 photon per 

disintegration was experimenta1ly derived. 

The series of nomographs which were published by 

Moszkowski (203) enabled us to derive the logarithm of the 
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"comparative half-life" log (ft). When a half-life of 2.69 years, 

(158) and an energy transition of 226 kev were used, the log (ft) 

was found to be 6.3. From the selection rules for beta decay, 

this transition Fe 55~ Mn55 can be classified as allowed. 

According to the currently accepted ideas of the nuclear shell 

model, this transition should be (2p l ~f l ), that is, with 
3 2 5 2 

a change of angular momentum of one unit and with no parity change, 

(-,-). 

Recently, Lee and Hooring (227) have published an accurate 

measurement of the ground-sta te Q-value for the t.rn5'5' ( p ,n )Fe 55' reaction. 

From their reported value of -1.011 ± 0.005 mev, the energy 

transition, (EV + EK), of Fe 55....!5....Mn55 could be derived through 

calculations employing the energy balance of the reaction Mn55 
55 (p,n)Fe • The value obtained was 223 kev which is also in good 

agreement with our experimental result. 

2) K-FLUORESCENCE YIELD fvlEASUREI~JENTS OF ARGON AND IRON 

(a) Introduction 

In the experimental determination of K-fluorescence 

yield values, the inner shell ionization has most commonly been 

produced by X-ray excitations (61), (194). However, when a 

radioactive nuclide undergoes an orbital capture of an electron, 

in the K-state for instance, a vacancy is created in the K-shell. 

Similarly, if a nuclear photon is internally coverted in the K-shell, 
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the same vacancy occurs. Subsequentl y, a characteristic X-ray 

or Auger electron will be emitted. The K-fluorescence yie ld, WK 

of the K-shell will be defined as the number of K X-rays emitted 

per K-shell vacancy. It can be derived if t he number of K X-rays 

or K Auger electrons per K-shell vacancies can be measured. The 

same phenomenon can occur in the 1-shell and t he same treatment can 

be adopted. However, with nuclides decaying by orbital capture, 

K-shell vacancies have a preponderance over 1-shell vacancies. 

The development of proportional counter techniques 

for electron and X-ray detection has provided anothe r method 

with considerable merit for the determination of fluorescence 

yields (75), (127), and (228). Two diff erent methods employing 

a proportional counter were used t o determine t he f luorescence 

yield of argon and iron. These two elements lie in the low 

region of the W versus Z curve and in t hat portion of t he curve 
K 

(Z~26), the uncertainty in t he interpretation of t he experimental 

results, published during the past years, represents a scattering 

of at least 10 percent (60). 

(b) Experimental Technique and Result s 

I. K-fluorescence Yi eld From Argon 

The probability that a K X-ray escapes from t he 

counter following a photoelectri c absorpti on i n the K- shell 

depends mainly on the value of the K-fluorescence yield fo r the 
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individual gases and the value of the pressure. 

We have studied this escape probability when K X-rays 

from a source of Fe 55 ( 5. 9 kev) and Mn 54 ( 5. 4 kev) vve re 

alternatively interacting with a mixture of A-CH 4 (9:1) at 

various pressures. The two peaks (escape and K-photopeak) were 

observed in the pulse-size distribution and the K-fluorescence 

yield of argon could be determined from t heir relative intensities. 

Due to its small photoelectric absorption coefficient, the 

contribution of CH 4 was neglected. 

Assuming I 1 and I 2 as respectively the intensity of 

the radiations contributing to the escape peak and the main 

photopeak, the following relation could be written (171), 

= 

where 

W' 
K • 1 - . 

v . 

la n;.A.dV r: f(.dV 

V = sensitive volume of the counter. 

~.dV = probability that an impinging X-ray will be absorbed in 

the element of volume dV. 

A = probability that a chara cteristic X-ray of a r gon genera ted 

in the sarne element · of volume dV will be absorbed i .n t he 

counter. , , 
W' = K-fluorescence yield assuming the X-rays are absorbed in 

K 
the K-shell only. This value will be treated later. 
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Hence, the term 

i
v 

I(.A.dV 

• • • • • • • • • • • ( 77) 

will take care of the re-absorption of the characteristic X-ray 

of argon. As the pressure is decreased, this term will vary 

linearly with the pressure, and at pressures approaching zero, 

its value will be negligible. On this assumption, I1. 

I1. + I2 
was plotted for various pressures and according to Fig. 74, the ex-

trapolation to a pressure equal to zero gave a value of 0.081 

for \'J'. 
K 

Now, W' must be corrected for the contribution of the 
K 

photoelectric effect occuring in the L-shell of argon. The 

photoelectric coefficient of argon, "tK, "[.L' and 't. for this 
M 

range of energy was obtained from Bethe (256). Obviously, ~ 
M 

will be neglected on account of its small value. Integrating 

the values of ~K' and tL in the following equation, 

• • • • • • • • • ( 78) 
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Figure 74 

"\fk" as a fnnction of pressure. 

e l-In54 ().4 kev) 

0 Fe55 (5.9 kev) 
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where, = 0.071, WK was found to be 0.086. 

According to the literature (31), experimental values 

of the K-fluorescence yield of argon are scattered between 0.06 

and 0.149. Nevertheless, two values which were reported in 1955 

deserve to be mentioned. Both experiments utilized proportional. 

counter techniques. The first value, 0.081, was reported by 

Heintze (230) while the second one, 0.129, was reported by 

H~rrison, et al. (231). At the present days, the adopted value 

is 0.100 ± 0.020 (205). 

II. K-fluorescence Yield of Iron 

Sorne dried Fe55cl was dissolved in absolute ethanol. 
3' 

Then, 20 microliters containing about 2 x 105 dis./min. were 

mounted on an aluminum foil. The activity was measured in the 

upper part of a calibrated 4~ proportional counter which can 

be used at elevated pressures for t he measurement of soft X-rays, 

(27). Alwninum absorbers having a thickness of 0.8 micron were 

·integrally adcted over the source and corresponding counting rates 

were measured. The results are shown in Fig. 75 . 

To obtain the number of K-capture events, two corrections 

were applied, namely a correction for the dead time of t he 

counter and a correction for the t ot al absorption ~f t he counter. 

The former correction was of the order of one pe r cent. This 
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Figure 75 

Transmission of Radiations from Fe 55 through Various 

Aluminum Absorbers. 
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assumption is fair since according to Fig. 38 a coincidence loss 

of about one per cent was experimentally obtained at counting 

rates of the order of 105 counts per minute. This, of course, 

is a reliable assumption since the counter v.Jas connected to 

the same auxiliary electronic equipment used previously and the 

gas multiplication is roughly the same. To correct for the 

second factor, namely the total absorption of the X-rays 

inside the sensitive volume, data shown in Fig. 63 were applied. 

The results of the corrections are shown in Table XIII. From 

these experimental data, and calculations, the K-fluorescence 

yield of iron was derived and gave 0.28. For the same nuclide, 

Roos (195) has reported an experimental value of 0.308 . 

(c) Discussion 

As expressed in Table XIV the experimental results 

are not inconsistent with those derived from the semi-empirical 

formulae of Burhop ( 61) Hagedoorn and Vwapstra ( 205) , and 

Laberrique-Frolow (232). In particular, the formula of Hagedoorn 

and Wapstra which is effectively Burhop's semi-empirical equation 

having t he constant slightly modified seemed to be t he most 

compatible with our results. 

However, for 26< Z~ 50, recent data from Roos (195) 

are quoted by Robinson and Fink (116) to be t he mos t accurate, 

(±2 to 3 percent), and Hagedoorn and Wapstra have written that 
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TABLE XIII 

. Determination of K-events 

Counting Rate: 103.4 x 103 cpm. 

Corrected for Dead Time: 1o4.4 x 103 cpm. 

Corrected for X-ray Transmission~ 106.2 x 103 cpm. 

Number of K events: 106.2 x 103 cpm. 

Number of K X-rays: 29.8 x 103 cpm. 
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TABLE XIV 

Element \VK w 
K 

w 
K 

Exp'l {a) ( b) 

Argon 0.086 ± 0.004 0.081 0.095 

Iron 0.28 ± 0.01 0.29 0.31 

(a) Semi-empirica1 from Hagedoorn and Wapstra. 

(b) Semi-empirical from Laberrique-Frolow. 

(c) Semi-empirical from Burhop . 

WK 

( c ) 

0.095 

0.33 
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for this region, the Laberrique-Frolow equation would be the 

most suitable to reconcile the experimental results obtained by 

Roos. 

Our values for the K-fluorescence for argon and iron 

are shown in Fig. 76 and within the deviation of the values 

of various investigators which were reported by Broyles et al. 

(31), they agreed well. 

3) CAPTURE PROBABILITIES OF Fe 55 

(a) Introduction 

In general, three fundamental techniques are available 

for the determination of the probabilities of orbital capture 

ratios. These are briefly described. 

(i) External source spectrometry. The radioactive material 

is placed outside the sensitive volume, and the relative 

intensity of K and L X-rays is measured. The application of this 

method would involve absorption and self scattering, if present, 

and in sorne cases self-excitation of f luorescent X-rays (233) 

for differentia! air and window absorption and for K and 1-

fluorescence yields. One must also consider that a K-shell 

vacancy may be filled by an 1-electron either by a radiative 

transition (X-ray) or by a radiationless (Auger electron) 

transition. In cases where electron capture is followed by 

gamma-ray emission, the conversion of t he gamma ray in one of the 
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Figure 76 

K-fluorescence Yield vers. Atomic Number 

Our measurements 

Other investigators reported by Broyles, C.D., 

Thomas, D.A., Haynes, S.K. Phys. Rev. ~' 

715' ( 19 53 ) . 
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shells must be taken into account. 

The X-ray intensity ratio I
1
/IK will be related to t he 

ratio of capture probabilities P
1

/PK by the following expression 

(174)' 

+ • • • • • • • ( 79) 

where, 

~- = number of L-shell vacancies produced in the filling of a K,L 
K-shell vacancy. This value was computed f or various 

atomic numbers, (234). 

WK and w
1 

= K-f luorescence yield and mean L-fluorescence yield . 

For the heaviest elements, in particular, this technique has 

been applied to many nuclides (235), (236). The intensit i es 

of the X-rays have been measured carefully by the use of 

proportional counters and a bent X-ray spectrometer. However ; 

mos t of the se nucl ides ha d l ow-energy gamma trans itions wh ich 

were highly converted in the 1-shell so t hat the int er pr etation 

of X-ray intensities was tenuous. 

(ii) Interna l source spectrometr y . The r adioactive mat eri a l 

(in gaseous or vapor form) is conta ined within the sens i tive 

volume of the detector. The detector can either be a proportional 

counter or a solid or a liquid scintillator . The te chnique 

employi ng a pr oportional counter was pioneered by Kirkwood et al. (75). 
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It is the most widely used method since it has the advantage of 

determining the L/K capture ratio without requiring the 

knowledge of the 1-fluorescence yield. The ratio of the intensity, 

of the K and L peaks I
1
/IK' arises from K-Auger electrons and 

K X-rays following a K-capture and from 1-Auger electrons and 

L X-rays following directly in a gas proportional counter. The 

L/K capture ratio is given by (174) 

P1 ~I) - L -----
PK IK 

• • • • • • ( 80) 

P = probability that an impinging X-ray will escape from the 

counter without being detected. 

k = fraction of K~ in the K series. 

Usually, one chooses P so it approaches either unity or zero. In 

the former case, low pressures and lo~tr atomic number counter 

gases are required and the results are critically dependent on 

W (237), (238). In the latter case, this can be easily 
K 

realized with the use of p~oper counter gas condi tions, (nature 

of the gas and pressure) and proper geometrical arrangement. In 

this case the r esults are independant of WK. Another elegant 

approach to the problem was suggested by der J.;Iateosian and Smith, 

in 1952 (239). Traces of radioactive elements were grown into 

scintill~tion crystals. In the opinion of the author, no 
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attempt has yet been made to obtain P
1

/PK through homogeneous 

dissolution of sorne radioactive material into a liquid 

scintillator. 

(iii) Coincidence spectrometry. This technique is particularly 

useful for relatively complicated decay schemes, provided that 

there is a high energy gamma-ray transition di r ectly to t he 

ground state or to a low-lying state. It was developed by Gupta 

and Jha in 1957 (240) and it consists in the absolute measurement 

of the characteristic K X-rays in coincidence with the de

excitation photon, IK-r , and t he absolute measurement of the K 

X-rays, IK. Then, the following relation will hold, 

• • . . • • • • ( 81) 

= 
1 

• • • • • • • • ( 82) 

l+G:) 
where, 

NK = number of K electron capture leading t o excited state. 

N = total number of capture event. 

S = solid angle subtended by the source at the crystal . 

EK = K X-ray efficiency of t he crystal. 

e -&&t 
1 = absorption of the K X-rays i n the cover of t he crysta l. 
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Once the factors are ascertained, capture probabilities 

can be derived directly from the measurements. 

Another method which deserves to be mentioned utilizes 

the absorption technique. This involves sorne absorption 

measurement of 1 and K X-rays intensities and it has been 

reported by Wilkinson and Hicks (241) and Chu (242). 
. 

In our determination of the capture probabilities 

of Fe 55 , a technique sim~lar to the first one was applied. This 

particular method was chosen because in our experimental conditions 

I and I could be measured directly. At that time (July 8, 1958) 
1 K 

Fe55 offered sorne interest since no one had yet attempted this 

measurement. 

(b) Experimental Technique and Results. 

Th Of F 55 d . h e source e , was mounte ln t e sarne manner as 

the source used for the determination of the K~fluorescence yield 

of iron. The Auger electrons were screened off with sufficient 

thickness of a luminum absorber, that is, with 0.8 micron, (about 

0.4 micron is enough to screen off all Auger electrons). Then, 

the source was placed in the proport ional counter and the relative 

intensities of 1 and K X-rays were s pe ctrometrically measured. 

The results of the analysis are shown in Fig . 77. 

Applying the correction f actors, f , f , which were already 
e a 

experimentally evaluated and f from the Cnrnpion-Merritt equation, 
t 
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Figure 77 

55 Spectrum of Fe • 

Counter gas: A-CH 4 (9:1). 

Pressure: 1 atmosphere. 

(a) 1 X-ray Intensity. 

(b) Escape Intensity (mu1tip1ied by 10). 

(c) K X-ray Intensity (mu1tip1ied by 10). 
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(see Appendix VII) for the mass absorption coefficient of 

aluminum for various energies t he disintegration rates for K 

capture events, NK' and 1 capture events, N
1

, were respectively 

determined. Then the capture probabilities could be derived 

through the following relation, 

N 1 1 = (83) . . . . . . . 
N + N +(:L) 1 K 1 

K 

By integrating the experimental va lues for N and N , the ratio 
1 K 

P
1

/PK was found to be 0.011. 

(c) Discussion 

The experimental result obtaineà for the determination 

55 of P /P for Fe does not correspond to the theoretical value 
1 K 

of 0.096 which was already derived from Marshak's general formulae 

for an alloweà transition. Moreover, the theoretical curves of 

Brysk and Rose (51) gave a ratio of 0.097. The incompatibility 

between experimental and theoretical results must be due to 

unobserved source of errors in the application of the method. 

Sorne of them could be due t o t he self-absorption of the s oft 

radiation component within the source and the lack of accuracy ofthe 

Campion-Merritt equation for such low energy X-rays. Also, the 1 

X-rays (about 650 kev) would have a short r ange inside the 
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sensitive volume of the counter and sometimes the electric field 

might not be high enough to produce the first Townsend avalanche. 

A way to correct for this would be the positioning of t he source 

close to the anode. 

Recently, Scobie, Moler and Fink (21$} have successfully 

determined the 1/K capture ratio of the same radionuclide. They 

have utilized vaporous ferrocene containing Fe
55 

Their 

experimental result which was O.lOS agreed very well with the 

theoretical predictions. 
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Appendix I 

K-F1uorescence Yie1d versus Atomic Number. 

From Broy1es, C.D., Thomas, D.A., and Haynes, S.K. 

Phys. Rev., 89, 715, (1953). 
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Appendix II 

Absorption Coefficient for Argon versus Photon Energy 

(partial absorption coefficients included). 

From Vfhite, G.R., Natl. Bur. Standards (U.S.) Circ. 

5 $) ' ( 19 57 ) • 
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Appendix III 

Range of Electrons in Hetallic Beryllium and Alurninurn. 

From Nelms, A.T., Natl. Bur. Standards, U.S. Circ. 577, 

( 1958 ). 
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Apnendix IV 

(a) Decay Curve of Be7 

(b) Decay Curves of vY-8 

(c) Decay Curves of cr 51 

(d) Decay Curves of Pdl03 

(e) Decay Curves of Cdl07 
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A ppe nd :t!S . ..Ï 

Energy Dissipation per Ion-Pair, 

Data taken from Valentine, J.A., Proc. Roy. Soc. 211A, 

75, (1952). 



Appendix V 

Energy Dissipation, \Jl' per Ion Pair. 

Alpha r2.ys from Protons 
Electrons Polonium 340 Mev. 

Gas \v W gas/ w ;I gas/ \v 
in ev \vA in ev \JA 

gas/ 
WA 

A 27.0 1.00 25.9 1.00 1.00 

He 32.5 1.20 31.7 1.22 1.17 

H2 -38.0 1.41 37 .o l. 43 1.38 

N2 3 5. 8 1.32 36.0 1.39 1.31 

Air 35 .o 1.29 35.2 1.36 1.30 

0 32.2 1.19 32.2 1.24 l. 23 

CH 4 30.2 l.ll 29.0 1.12 
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Appendix VI 

Mass Absorption Coefficient versus Photon Energy. 

For Xenon, Krypton, and Argon: 

from Hagedoorn, H.L., and Wapstra , A.H., Nuclear Physics, 

1.2_, 146, (1960). 

For Neon and Helium: 

from Handbook of Chernistry and Physics, Edition (1957-1958). 
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Appendi?C VII 

Mass Absorption Coefficient for A1uminum versus Photon 

Energy. 

Taken from Handbook of Chemistry and Physics, Edition 

(1957-1958). 
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Appendix_VIII 

3 in. by 3 in. Nai(Tl) Photopeak Efficiency. (sample 

resting on the crystal). 

Data obtained from G.R. Grant, M. May and G.V.S. Rayudu 

from this laboratory. 
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K. SID/JMARY AND CON'I'RIBUTION TO KNmJLEDGE 

1. A survey of the literature on t he most recent methods 

available for the absolute measurement of nuclear and atomic 

radiations (alphas, betas, gawnas, and soft X-ray~was made. 

The application of each individual method to the problem of 

standardization of radio-nuclides ( Z (.50) which decay by orbital 

capture was analyzed. The method that was adopted employs an 

ionization chamber which is operated in the proportional region 

and the radio-nuclides are standardi zed by spectrometrie 

analysis of the characteristic X-rays. 

2. Sorne fourteen radio-nuclides which covered an energy 

range between 0 .7 kev to 24 kev were studied. Among the radio

nuclides that were prepared in an almost 11 carrier-free" f ashion 

three of them employed a method which was developed in this 

laboratory. When possible, the decay was followed and t he 

experimentally determined half-life was compa red with va l ues 

in the recent literature. This enabled us to verify the purity 

of the chemical separat i on. 

3. An eva cuation and filli ng system, t wo cathode fo llowers, 

and two windowless 2rt-proportional counter were constructed and 

calibrated. Fundamenta l propert ies a nd char a cteristics such as 

energy and gas mult iplication f actor trA", linearity , dead time, 

and background corrections, gas-flow system, air tolerance, nature 
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and pressure of counter gases, varia tion of the anode wire 

diameter, escape radiation of the counter gas, and counter wall 

effects were investigated. 

4. The linearity of the gas multiplication factor "A" was 

studied for values 10
3 ' A '10

6
• The anode diameters which were 

used were: 0.001", 0.002", 0.003'', 0.00411 , and 0.005n. 'rhe 

counter 8ases were a mixture of A-CH 4 (9:1) and Kr-CH 4 (9:1) 

at pressures between 0.3 atm. and 2.0 atm. Rose and Korff's 

theoretical equation was compatible with our experimental results 

if an adài tional variable f( o) vlas used in the exponential factor. 

For krypton, the r ate of increase of ionization cross-section 

with impinging energy was published recently and these data were 

used for t he first time to compare the experimental factors "A" 

to the calculateà cnes. 

5. The statistical fluctuation in the pulse formation and 

in t he primary ionizing event were investigated fo r e nergies 

between 3 kev and 20 kev. In both cases, t he experimental results 

were compared with theory and goo d agreement was observed. 

6. The application of t he calibrated ~roportional counter as a 

spectrometer enabled the determination of disintegration rates 

of radio-nuclides decaying by orbital capture. The investigation 

covered atomic numbers smallcr than 50. The X-ray effic iency was 

found for any pressures smaller than 2.0 atmospheres and for 
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different gases such as A-CH 4 (9:1) and Kr-CH 4 (9:1). For 

a 2~-steradian geometrica1 efficiency and with a mixture 

of A-CH 4 (9:1) as counter gas, the ratio of the escape radiation 

to K-photopeak was found for energies between 3.2 kev and 20.2 

kev. 

7. The absolute disintegration rate of a source of ca41 

was measured and the half-life of ca41 was re-determined to be 

(7.5 ± 1.1) x 104 years. 

8. For the first time, the beta spectrun of tritium was 

obtained when the solid radioactive source was made of tritiated 

benzidine. A Fermi-Kurie plot was derived and linearity down 

to an energy of 3 kev was obtained. The end-point energy was 

found to be 18.2 ± 0.4 kev. 

9. Experimental resu1ts on the distribution of the internal 

bremsstrahlun~ photons from Fe 55 were compared with the Morrison-

Schiff and Glauber-hartin theories and good agreement was obtained 

vvhen compared with the latter. 

10. The K-fluorescence yield for argon and iron were 

experimentally determined and the results agreed very well with 

a semi-empirical formulae de ri ved by Hagedoorn and \·lapstra. 
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L. SUGGE::>TIONS FOR FUR'fHER \/ORK 

Regarding the continuation of this work, the 

following suggestions are made. 

1. Further studies on the capture probabilities, (PK to 

P1 toP ... ) and Auger yields of nuclides decaying by electron 
M 

capture. 

2. In the field of beta spectroscopy, further applications 

to other beta emitters. In particular, this would enable 

possible investigations on sources self-absorption and backscattering 

phenomena. 

3. Since most of the radio-nuclides which decay by orbital 

capture are accompanied by positron emission, studies on 

branching rat i os would be particularly interesting when comparisons 

are made between the calibrated 2'f- proportional counter for soft 

X-rays and a calibrated detecter for positrons. 

4. The invest igation of t he low energy end of the distribution 

of the internal bremsstrahlung photons of nuclides decaying by 

orbital capture would be possible vd th the detecter which was 

described in this thesis. Particularly, in the low energy region, 

this would enable a better comparison of the Gl auber-Martin theory 

with experimental results. Up to now, these spectra were studied 

to an energy dawn to about 25 kev. 

5. Search fo r the po ssibilities of using gaseous and 

va po rous radioactive sources internally mixed 1."Vi t h the counter gas. 






