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A. Th"l'RODUCTION 

l) PREFACE 

The type of radiation observed to be emi tted in a nuclear 

transition is related to the lifetime of the initial state, from which 

the transition occurs. Both are dependent on the change of angular 

momentum and pari ty, and on the energy available 1 from the transi ti on 

between the initial and final states. 

Thus neutron and proton emission is general~ associated with 

1. 

the d.ecay of highly exci ted nuclear states wi th lifetimes less than 

lo-18 seconds. T'ne emission of a.- and (3-particles, and electron-capture, 

is observed àuring the decay of the ground states or low-l.ying isomerie 

states of nuclides wi th an unstable nuclear n:p ratio. The decay of 

such states is characterized by lifetimes with respect to o.-emission 

of 10-6 seconds to 1017 years. Lifetimes with respect to (3-emission 

may be as short as lo-3 seconds, but are generally between a few 

seconds and about 1ol2 to 1015 years. 

There are exceptions to this general picture since o.-emission 

is also found to be associated with the decay of very highly excited 

states, and of the ground states of very unstable species such as He5 

and Li 5• 

y-emission is observed in transitions between the excited states 

of a single nuclear species, the lifetimes of the decqying states being 

general~ of the order of or greater than lo-14 seconds. States of which 

the lifetimes are so long, due to a large change in angular m.omentum 

being involved, as to be observable experimentally, are tenned nuclear 

isamers, and the y-transitions from these states isomerie transitions. 



Consequentl.y from the above, i t is t:rue to say tha.t the 

nuclear species customarily encountered in nuclear chemical work, 

being of a ha.lf-life grea ter than a few seconds, will decay by o.­

or ~-emission, by electron-capture, or by isomerie transition. 

y-radiation will also be observed fram short lived excited states, 

when these are fed by an~- or ~-transition. 

2. 

Further, nruch of the counting work to be perfonned involves 

~--radiation. This is due to the fact tha.t two of the principal types 

of nuclear reactions studied by radiochemical techniques, namely 

radiative capture of neutrons, and the low-energy fission reaction, 

lead to neutron-excessive nuclides, which decay by emission of negative 

electrons. Hence in this thesis we shall be interested mainl.y in the 

determination of ~--disintegration-rates. 

For most purposes in 1-.'uclear Ph;ysics and many in Nuclear 

Chemistr,y, the measurement of the disintegration-rates of samples of 

radioactive material relative to a suitable standard, or the comparison 

of two or more such disintegration-rates wi th an uncalibrated measuring 

system, supplies the required anal.ytical data. Such would be the case, 

for example, in all tracer work involving onl.y one radioactive species, 

and where sample preparation and mounting can be performed in a stan­

dardized way. In these circumstances relative activity measurements 

are possible with care to wi thin a few percent. 

Frequently, however, the best experimental method for a given 

purpose involves d.etennination of disintegration-rates in an absolute 

way. This is the case, for example, in nuclear physics and nuclear 



chemistr,y experimental work auch aa the determination of fluxes of 

neutrons, protons, deuterona, or a-partiales by the activation method, 

the determination of croas-sections or absolute yields of nuclear 

reactions, and the investigation of the distribution of mass and 

charge among the products of a spallation or fission reaction. It 

is also the case when tracer methods are used, in which a comparison 

of the disintegration-rates of two or more differing nuclear species 

is required, or in a tracer application involving a single species 

when the samples for assey can not be mounted identical:cy. 

An accurate knowledge of the disintegration-rate of radioactive 

material for therapeutic use is also important, and much of the effort 

expended on improving the accuracy of absolute counting methods bas 

been concerned wi th standardization of these materials. The llUClides 

most commonly met wi th under these circum.stances are Na24, co60, rl31, 

Aul98 and p32. 

3. 

Di.sintegration-rate determinations to a precision of ± 20 percent 

present little difficulty. Determinations to ± 2 percent are much 

more difficult, and most of the experimental work bas, up until quite 

recently, been reported with an eiTor limit of at least this magnitude. 

Certain problems in radiochemistry, bowever, will benefi t from 

an analytical method of greater precision. As an exemple we may cp.ote 

the investigation of the fine structure in the mass-yield curve from 

a fission-reaction, where significant effects may be observed as the 

small difference between two larger quanti ti es, such as the yields of 

f3-d.ecay chains of neighbouring mass numbers. Clearly the precision 

to which the difference may be measured is markedly dependent on the 



precision with which the chain yields themselves are lalown, and hence 

on the precision of the original disintegration-rate d.etennina.tions. 

4. 

This thesis will describe experimental work aimed at improving 

the accuracy attainable wi th the most promising and wid.ely applicable 

method o-r disintegration-rate detennination, namel.y 4Tt-counti.ng. It 

will be shown that detenninations are now possible to better than 

± o. 5 percent for :nueil des emi tting ~-radiation of modera te or high 

energy, and prelilninar,y re sul ts presented from experimental work on 

self-absorption phenamena indicate that a comparable accuracy will 

shortly be possible with a-emitters and low-energy ~-emitters also. 

In this section we shall briefly describe and compare the 

various methode of absolute disintegration-rate determination available, 

diseuse in detail the prlnciples of 4tr-counting, and emunerate the 

several sources of error to whi.ch this method is subject. 

2) ABSOliJTE DISINTEXmATION-RATE D.ErEW,JlNATION 

The methode which have been successt'ully used for this purpose 

may be divided into two nurln groups. Firstly, there are those methode 

which rely on a measurement of the rate at which energy is emi tted by 

the radioactive material. The result is then used to calculate the 

rate of disintegration N0 by the relationship 

N0 = E / ë ••••• (1) 

where E is the observed rate of energy emission and ë is the mean 

energy release per disintegration. The second group of methods 

involves counting the rate at which the products of disintegration 



(electrons, a.-particles, photons) le ave the sample, and calcula ting 

the disintegration-rate from the number of particles producedper 

disintegration. 

(a) Energy :Emission Methode 

The methode of this group have two inherent disadvantages. 

5. 

Firstly, they lack sensi ti vi ty re la ti ve to particle counting methode, 

which restricts their application to relativel.y large amounts of 

radioactive material. (Particle counting methode, while not directly 

applicable to sources above a 1imi ting strength, can be used in con­

junction with sui table a.liquoting and dilution of the sample.) 

Secondly, they re qui re an accurate knowledge of the mean energy dissi­

pation per disintegration, which implies a lalowledge of the relevant 

decay scheme and particularly data for o.-energies or ~-energy distri­

butions to an accuracy at least as great as that required for the 

final disintegration-rate value. 

Two principal methods have been used to measure the rate of 

energy emission from radioactive materials - calorimetzy and ionization 

measurements. 

( i) Calorimetry 

Calorimetrie methode were among the first to be applied in 

measurements of the phenomenon of radioacti vi ty, the rate of emission 

of he at by radium being measured by Curie and Laborde ( 35) and Rutherford 

and Ba.mes ( 119). They have continued to find employment up to the 

present dey, owing to the peculiar advantages of the method - the 

accuracy attainable is independent of the thickness or peysical state 



6. 

of the samp1e, and the method is free from the radiation scattering 

or absorption prob1ems of partic1e counting. An accuracy as high as 

! 1 percent at the millicurie 1evel can be obtained in the best forma 

of calorimeter. 

My ers ( 105) bas extensi vely reviewed the various types of 

calorimeter that have been used in the past half-century. .All are 

designed so as to ensure that the type of radiation, whose energy is 

bein.g measured, is absorbed as completely as possible, while acy 

accompanying radiation should exert only a small disturbing int'luence. 

Thus calorimeters for the relatively soft a.- and 13-radiation are 

generally constructed wi th thin walls to penni t the escape of nuclear 

gamna radiation, while calorimeters for gamma-radiation Jlllst rely on 

absorption of photons in a massive block inside the calorimeter, wi th 

the source outside so arranged that heating effects from a- or 13-radi­

ations do not interfere. Hence gamma-calorimeters will have a large 

he at capaci ty, which will re duce sensi ti vi ty in all but the isothenna.l 

type of design~ However a successful gamma.-calorimeter has been 

designed (27 ). 

The earliest types of calorimeter were of the twin differentiai 

microcalorimeter t;ype (:35, 119) in which differences in pressure between 

two air chambers, one heated by the sample, were rneasured. La ter a null 

type instrument was employed, in which the heating effect of the sample 

in one ha1f was balanced against that of an electrical feed in the 

other. A twin adiabatic microcalorimeter designed for the measurement 

of alpha energies, capable of measuring 1 calorie per hour or 10 rrC. 



of a-activity, both to a precision of ! 1 percent, has recently been 

described (77 ). 

7. 

Most of the modern designs have, however, be en of single 

chamber, adiabatic or isothennal design, in which the system is 

separately calibrated by an electrical feed experiment. The most 

successful design appears to be the constant pressure liquid ni trogen 

system in which the volume of nitrogen gas produced in a given period 

by the heating effect of the sample is used as a measure of the amount 

of heat âissipated. This system was used by Stout and Jones (139) to 

measure the a-energy dissipation from plutonium metal, and hence the 

half-life of Pu239. It was later adapted by Cannon and Jenks (26, 27) 

for use wi th (3- and y-emi tters, their design being capable of measuring 

heat inputs as low as 7 x 10-6 cals/sec or 1 Mev beta-activity at the 

5 mC level, both to an accuracy of 1 percent. 

It is seen from equation {1) that a lmowledge of the mean dis­

integration energy dissipation ë allows a calculation of N0 from the 

observed energy eoission, but equally well if the disintegration-rate 

N
0 

is lmown from sorne other measurement, then calorimetcy can be used 

for an independent measurement of a.- and y-energies or mean energies 

of beta-spectra. This constitutes a valuable check on values obtained 

from ~· beta-spectrometric observations, and indeed natch of the litera­

ture on calorimetcy is concerned with this aspect of the subject {27 7 

77, 79, 105, 139, 152). 

Al though the use of very low tet1peratures to reauce specifie 

heats of construction m.aterials (132) and magnetic methods below 1 ÜJ:i: 



8. 

(105) should in theo~ allow an extension of the sensitivity to 

-8 -10 :/ . al d . f measure heat inputs of 10 to 10 cals hour, pract~c es~gns o 

calorimeter for use wi th radioactive materials do not yet appear to 

be capable of this type of performance. Background effects (27 ), due 

mainly to he at flow into the calorimeter from the surrounèings, place 

a limit to the sensitivity of about 1 mC for determinations accurate 

to t 1 percent with a- and ~-emitters (77). 

(ii) Ionization 1.1easurements 

This method, like the calorimetrie method, is of long standing 

in the study of radioactivity. It was used by Eve in 1906 and later 

by Moseley and Robinson (103) to measure the r3- and y-radiation energy 

of members of the radium dec~ series. Recent work in the application 

of ionization measurements specifically to the determination of dis-

integration rates has been reported in articles by Gray (63), Perry (111) 

and Marinelli (96). The U.S. :National Bureau of Standards currently 

uses ~-ionization chambers (130) and y-ionization chambers (130, 134) 

as secondary standardization instruments. 

As was described above, a measurement of total ~- or y-radiation 

energy dissipation can be used ei ther to calcula te from a mean particle 

or photon energy the sarnple disintegration-rate, or vice-versa. Much 

of the work in v1hich ionization chambers have . appeered has been perfonned 

wi th the latter end in view. This is due to the need in radiological 

work to lmow the amount of energy dissipated in body-tissues by radiations 

from radioactive materials applied diagnostically or therapeutically. 

Gray has discussed the theory of the method (61, 62, 63) and 



9. 

described t'lOSt elegant experimental methods for its application t63). 

l'he theory treats the ionization chamber as an approx:i.mation to an 

infinitesimal cavi ty in a solid medium at any point of Y.'hich electronic 

energy is being dissipated at a mean rate E;.1 per unit mass per second. 

Then the mean ionization produced per unit mass of gas in the inf'ini-

tesimal cavi ty si tuated at that point is 

J =E /Pw 
.M. .M .Ill. 

••••• (2) 

where P is the ratio of the mass-stopping power of the solid relative 

to the gas, and W is the mean energy expended in the creation of a pair 

of ions in the eas. 

If the solid is under y-irradiation in such a vray that the 

eeneration 1:1nè èissipEtio:n of energy due to electron-interactions at 

the point considered ere equal, then 

••.•. ( 3) 

where N is the total y-flux, fis is the fraction of photons wi th energy 

hvs, cra is the Compton scattering cross-section and 't' is the photo­

electric cross-section. (We shall neglect pair-production.) Hence in 

this case the ionization in a chamber due to a source of disintegration 

rate R at distance r is 

l -pt 
Ju = R - • ~ • L ri. h'9 (Ci. + t') 

!ll. P.w 4 rr:r:2 'fs s a s 
M 

•.••• ( 4) 

vrhere p is the absorption coefficient and t the thickness of the 

ionization-chamber ·wall. 

In the case of a (3-enù. tter, if this is unifonnly distributed 

throughout the hypothetical solid, such tha t the disi nt egration rate 



per unit mass of solid is Q, then 

and hence JM = Q.E13 / P11W 

where E{3 is the mean {3-energy. 

••••• ( 5) 

••••. ( 6) 

Hence if the various constants of these equations are knovm, 

10. 

observed JM values may be related to · the re qui red disintegration rates. 

Alternatively a comparison technique may be used (63) employing a radium 

source of knovm strength as a standard. The errors arising under these 

circumstances are from the uncertainty in the value for the ionization 

produced at a given distance from a. standard radium source, and in the 

value of W. They total about t 4 percent. 

Experimentally, the designsof chamber which have been success-

fully used are numerous. They are generally cylindrical with the central 

collecting electrode connected to a suitable electrometer system, and 

operated under conditions of "saturation ion-collection" (see below). 

For measurement of relatively intense gamma sources, the source is 

external to the chamber ( 63) while weaker sources are frequently placed 

inside the chamber (130). Gray's method of mounting internai sources 

of 13-radiation is particularly notewortey. The material is diluted wi th 

a solution of gelatin of such concentration that the mixture is fluid 

at 30°0 but solidifies on cooling to room tempera ture. It is thus cast 

as an internal coating on the ionization charnber walls of about 4 mm. 

thickness, and approaches the theoretical situation quite closely. 

Estimates of the sensitivity attainable by ionization-chamber 

techniques applied to disintegration-rate determinations va~ with the 



11. 

design of' ch.amber considered. For y-emi tters the limi t is probably 

at or about 1 ~C, (111, 130) determinab1e vdth an accuracy of' about 

± 4 percent. With ~-emitters a greater sensitivity may be possible. 

These figures assume, of' course, that the necessa~ data for the mean 

partic1e energy are avai1ab1e to the accuracy ~oted, or that the 

system has been standardized by comparison vd th a method of' calibration 

of' greater accuracy (130). 

(b) Particle Counting :Method.s 

Methods in this group have the advantages of great sensi ti vi ty, 

since indi vi dual partic1es and hence indi vi dual disintegrations are 

detected, and specificity, since the type of radiation and its energy 

(characteristic of a specifie nuc1ear transition) may also be measured. 

They have too, inherent disadvantages, name1y 1iabi1ity to errors 

arising from absorption and scattering of radiation, and the need for 

comp1ex e1ectronic e~ipment. 

Before discussing the several methods of disintegration-rate 

determination by particle counting, we shall discuss the avai1ab1e 

methods of partic1e detection. 

Particle Detectors 

~No main methods of detection of' a-particles, fast electrons 

and y-radiation have been employed, namely scintillation and ionization 

methods. The former were used in the earliest days of the stuay of 

r adioactivity, when the scintillations produced on zinc sulphide screens 

bombarded by particles were counted by eye. The techni~e has recently 

reappeared in a modified form, the scintillations produced in a phosphor, 

suitable for the radiation studied, being recorded vv.ith a photoelectric 



12. 

tube or photomultiplier. This field has recently been reviewed by 

Birks (15); however it is generall.y outside the scope of this thesis, 

and will only be alluded to occasionall.y in what follows in connection 

with the rare applications scintillation techniques have found in 

absolute counting work. 

Ionization methods, of much wider application in this field, 

rely for particle detection on the ionization produced in a gas by 

the prima.ry radiation i tself, or in the case of y-radiation by secondary 

electronic radiation. 

Ionization 

The theor,y of the energy loss of a fast electron by inelastic 

collisions vdth atomic electrons has been published by Bethe (9, 10) 

and others. The rate of energy loss per cm. of path length, dE, by 
dx 

an electron of mass m and veloci ty v in a medium of N at oms/ cm3 of 

atomic number Z and ionization potential I, is of the for.m 

- ~ - 4tl'e 4N Z loSe mv2 fF' 
dx mv2 2I J 2 

for non-relativistic electron velocities. 

••.•• (7) 

The nuffiber of ions produced per unit path length as a function 

of particle energy goes through a maximum at particle energies of the 

order of 150 ev, through a minimum at about 2 Mev, and exhibi ts a slow 

rise >vith particle energies increasing above 2 Mev. The theozy of 

ionization yield has been outlined by Fano (43). 

The average energy expended in fonning one ion-pair, W, is larger 

than the ionization potential I (~ 2I), since ~of the collisions 

lead to exci t ation of the gas molecules ~dthout ionization, and in the 

case of those collisions that do lead to ionization, kinetic energy is 
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imparted to the products of ionization. Fast secon~ electrons 

may in turn lead to secondary ionization, the various fonns of ionization 

being measured in terms of sp, and st, prirn.azy and total specifie 

ionizations respectively {ions per cm. per atmosphere of gas). In 

ionization chambers total ionization is of interest, while primazy 

ionization values are more important in multiplicative counters. 

It follows that a partiale of initial energy E makes on the 

average 

n = ~ w ••..• { 8) 

primaly ion pairs bef ore being brought to rest, neglecting for the 

moment the variation of W wi. th energy, which differs from gas to gas 

and is generally small. 

The primary ionization produced by an ini tially monoenergetic 

radiation is not, hm·rever, constant but exhibits a statistical fluctu-

ation from partiale to partiale. This might be expected to be des-

cribed by a Poisson distribution, ie. the probability of a partiale 

producing x ion-pairs is 

••••• (9) 

Then the observed variance of n, the mean numher of ion-pairs produced 

would be 

V= n n 

Fano ( 44) has shown on theoretical grounds that 

V= Fn n 

••••• (10) 

••••• (11) 

where F has a value of 0.3 for atomic H, for which the necessary data 

for calculation y;ere available. 
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The original products of the ionization process are generally 

a positive singly charged gas-ion and an electron. Unless positive 

ions and electrons are separated they will quicJ:.J.y recombine ta 

refor.m neutral gas molecules. 

Separated electrons (ie. in a region free of positive ions) 

have a tendency ta attach themselves to certain neutral gas-molecules 

ta fonn negative ions. The probability of this happening in the time 

of collection of ions in a counting chamber, is generally small, except 

in the case of sorne substances containing electro-negative atoms such 

as o~gen or sulphur. Since electron-attachment is general~ deleterious 

to counter operation, purification of counter gases from these substances 

is desirable. 

Counting Chambez:s 

The various experimental forms, and the mode of operation of 

ionization chambers, proportional counters, and Geiger-Mdller counters 

have been the subject .of a voluminous literature. This has been reviewed 

and clarified in a number of excellent texts (85, 117, 138, 146). Hïs­

torically, the origin of the ionization chamber lies in the nineteenth 

centu:ry, where i t was first used in work on the conduction of gases. 

Rutherford and Geiger (120) first used a proportional counter and also 

subsequently the Geiger-Mtlller counter, although this instrument owed 

considerable improvement to the workers af'ter whom i t is usually named 

(53). 

The various types of particle detecter are differentiated with 

respect to the discharge mechanism they employ, particularly by the 

ratio of the quantity of ionization produced by a fast particle 



traversing the chamber to the quantity of charge collected at the 

electrode system as a result of this event. 

15. 

Thus consider a cylind.rical chamber wi th a peripheral cathode 

and a thin axial anode, filled wi th a sui table gas, who se characteris­

tics will be discussed later. Suppose that radiation, producing 

(a) 10 ion pairs and (b) 100 ion pairs in the chamber per incident 

particle, enters the chamber. Then as an increasing potential is 

applied between the electrodes, the quantity of charge collected per 

incident particle will be found (146) to vary as shown in Figure 1. 

With. the potential increasing from zero, the charge collected 

(n) increases, reaching a value of (a) 10 and (b) 100 electronic charges 

at a potential vl, when all the ionization produced in the chamber is 

being collected, and "saturation-ionization-chamber" behavior is 

observed. This persista until potential v2 is reached, when electrons 

ac qui re enough energy between collisions wi th gas molecules to cause 

further ionization, and electron multiplication commences. Between 

potentials v2 and v3, the number of electrons produced from a single 

initial electron, although a fUnction of polarization potential, is 

constant from event to event, and hence the charge collected ia direct~ 

related to the energy dissipated in the chamber. The latter is then 

said to be operating as a proportional counter. At v3 the discharge 

corresponding to the particles causing the largest initial ionization 

is causing a temporary drop in counter field over most of the anode 

region and above this potential, proportionality is not maintained for 

such particles, although it may be for particles causing less ionization. 

Thus the region wi th potenti als in excess of V 3 is termed the region of 



Figure l 

Charge collected per incident particle as a function of 

potential applied to the chamber electrodes ( dia.grammatic). 

{a) particle produces 10 ion-pairs in chamber. 

(b) particle produces 100 ion-pairs in chember. 

16. 
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linùted proportionality, which persista until potential v4, when the 

two curves (a) and (b) have converged to a single line. At potentials 

above v4 then, the electrodes collect the same amount of charge per 

event regardless of the original ionization, and this behavior is 

characteristic of Geiger-Mdller counter operation. Ahove v5, the 

counter ceases to resolve successive events and goes into continuous 

discharge. 

The curves of Figure 1 are not to be confused with what we 

shall term the High Voltage Characteristic of the chamber. This is 

the relationshi.p of the counting-rate observed (with an amplif'ying and 

recording system sui table for the region of Figure 1 in which i t is 

desired to operate) to the polarization potential, with a given number 

of particles entering the chamber per unit ti.me interval. This curve 

is shown in Figure 2 (a), being similar for the various modes of 

operation outlined above except for a shift in potential scale. 

At potential V A' the events causing the largest amounts of 

ionization in the chamber produce an output pulse larger than the 

minimum size which will trigger the recorder, and begin to record. 

As the potential is raised, the nwnbers of particles registering 

increases, until at VB essentiel~ all incident particles are recorded. 

This counting-rate then remains more or less constant up to potential 

v0 , although it may increase somewhat due to various secondary pro­

cesses (see below). Above Vc the pulse amplitude increases beyond 

the value that the amplification system can accammodate and multiple 

pulsing and dmilar effects become important. The charober is normally 

operated at a potentiel between VB and V c· 
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Figure 2 

(a) High Vol tage Characteri.stic of a Counter ( diagrammatic). 

(b) Discri.minator Bias Characteristic of a Counter (diagrammatic). 
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Another characteristic often given in the literature for 

counters of various types is the Discriminator Bias Characteristic. 

19. 

A representative curve is reproduced in Figure 2 (b). At low bias 

voltages such as Va, any low amplitude spurious pulses will trigger 

the recorder and the counting rate will be higher than the rate at 

which particles are traversing the sensitive volume. However raising 

the bias voltage to eg. Vb prevents these pulses registering, and a 

bias-11plateau" is obtained on which the "true" counting rate is main­

tained over a range of bias voltage values. These plateau may or 

may not have a significant slope, according to the absence or presence 

of the agencies causing the slope on the High-Yol tage plateau. At 

hie;her bias voltages such as Vc' the counting rate falls due to pulses 

from the observed ionizing events failing to register. The counter is 

normally operated on the bias~plateau in the region of voltage Vb. 

We will now consider the various modes of counter operation 

in more detail. 

Ionization Chambers 

Two broad classes of ionization chambers are distinguished: 

ionization-current chambers, and pulse chambers. The fonner measure 

the total ionization produced in the chamber as a continuous current, 

the latter resolve bursts of ionization separated in time , ovdng their 

origin to the passage of indi vi dual ionizing partiales through the 

chamber. 

If an ionization chamber is polarized by the application of a 

suitable potential between electrodes inserted in the gas, motion of 

the gas i ons (and electrons) vnll produce a current density 

j = j+ + j- .•••• (12) 
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- - -where j+ n+ew+ - n+e grad n+ ••... (13) 

- - ••••• (14) and j- D-e grad n -new -Here j± represent the current densities of positive and negative 

+ 
charge of magrùtude 1 el , n- are the corresponding cha.rge densities, 

- + 
w± their drift velocities, and D- their coefficients of diffusion. 

-The drift velocity w is parallel to the applied field and 

the first term of (13) and (14) represents the ion current caused by 

application of the field. The second term represents the diffusion 

current due to the mean thennal a.gi tational veloci ty of the gas ions 

(u), ü being related to the diffusion coefficient D, and mean free 

path of the ions I, by 

D= lu 
3 

-
••.•• (15) 

The drift veloci ty w is related to the external field-strength E by 

--w=E! ..... (16) 
p 

where p is the gas pressure and 11 the ionie mobili ty. 11 values for 

positive and negative gas ions are approximately equal, while that 

for free electrons is several orders of magnitude larger, accounting 

for the importance of the reduction of electron attacbment in fast 

response counters. The high mobility of electrons can be utilized 

more effecti vely if the ionization chamber design is cylindrical wi th 

the positive electrode of small diameter at the axis of the chamber. 

Under the se conditions the polarization field strength vdll be non-

unifonn,decreasing rapidly with increasing distance from the central 

electrode. Since the contribution to the current observed by each ion 

i s proportional to the potential in which i t moves (equation 16), the 



electrons, which move tov:ards the anode through the highest field 

strength, will make the predomina ting contribution to the external 

current, and their hie.ll mo bi li ty becomes even more significant. 

21. 

As the polarization potential across an ionization chamber is 

increased, an increase in the current in the e.xternal circuit is 

observed. This hovrever does not i:ncrease indefini tely, but reaches a 

constant value which remains unchanged during a further increase of 

potential. This candi tian is tenned usaturation ion-collection" and 

the whole phenomenon is due to the effect of competition between ion 

collection and ion recombination. At law potentials, the ions produced 

by an ionizing event are only slowly separated. Renee they have a 

relatively large probability of recombination, and a small ion-current 

is observed. At larger potentials more rapid separation occurs, and 

eventually under saturation conditions effectly no recombination occurs, 

all ions formed being collected. 

Renee v.ri th a situation as shawn in Figure 3 wi th the chamber 

polarized by P, across a resistor R, assumed for the moment to be of 

high resistance, then the time constant of the circuit formed by the 

resistor and capacitance C of the chamber, amplifier input etc., is 

RC » T+ and T-

where T+ and T- are the collection times of positive and negative ions 

respectively. The collection of ions at the two electrodes will alter 

the potential across R (by an amount small compared to the total poten­

tial across R), and the change of potential produced by ion collection 

as a function of time is shawn in Figure 3 (b). The fast initial rise 

in time T- is due to collection of the highly 1nobile electrons and the 



(a) Ionization Chamber Circuit (diagrammatic) 

(b) Charge-pulse collection vdth a circuit of l arge time­
constant (diagrammatic) 

(c) Charge-pulse collection vdth a dircuit of short time­
constant ( diagrannnatic) 

22. 
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slovrer rise up to time T+ due to that of' the positive ions. Hence 

such a system vdll integrate the ion current due to collection of' the 

ions f'rom successive ionizing events, and chambers of' this design 

( ionization-current chambers) are used in the type of' measurement 

outlined in part (a) above. 

If however, the time constant of' the resistor-capacitor circuit 

is reduced so that 

T- < RC < T+ 

(by reduction of' the resistar-ce of' R f'or example) then the rate of' 

leakage of' the charge f'rom R will compete with its rate of' arrival, and 

accumulation of' charge on R vnll only take place f'or rapid rates of' 

collection of' charge at the electrodes. The variation during one 

ionizing event will theref'ore be as shawn in Figure 3 (c) with the 

charge accumulating during the electron collection and leaking away 

approximately exponentially thereaf'ter. The chamber is then said to 

behave as an ionization-pulse chamber, and since T- can be made ver.y 

small ( owing to the high r.1obili ty of' electrons) such chambers will res­

pond to ionizing events ve~ closely spaced in time. 

Proportional Counters 

Vle have alreaày described horv, at higher chamber potentials, the 

electrons moving under the inf'luence of' the external f'ield acquire 

suf'f'icient energy between collisions \vith gas molecules to cause i oni­

zation and proc1uce secon~ electrons. These electrons are in turn 

accelerated, cause ionization and so on, so that an electron-cascade 

towards the anode is obtained. 
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This process, called electron Jnultiplication, takes place 

primarily in a narrow region wi thin a 'feyr millimeters of the anode. 

The electron-bombardment of gas molecules causes excitation in addition 

to ionization, and the photons emitted in the de-excitation process 

may lead to photo-electron production in cathode surfaces or in 

molecules of constituents of the gas-mixture with a sufficiently low 

ionization potential. 

Thus a possibility exists o'f a cyclic process occurring in the 

chamber, such as 

l. An in.i tial electron produced in the chamber 
l 

2. Init.iates electron cascade 

! 
3. Cascade leads to excitation of gas molecules 

+ 4. Gas molecules de-excite by photon emission 
! 

5. Photons travel to cathode and produce photo-electrons 

+ 6. Photo-electrons in.itiate new cascades. 

The character of the discharge is dif'ferentiated accordin.g to whether 

this cyclic process contributes signi'ficantly or not. We may obtain a 

measure of the signi'ficance of the contribution by means of a parameter 

y, which is the probabili ty that e ach electron produced by the cascade 

at stage 2. vdll produce at least 2BË photo-electron at stage 6. 

Then if the initial electron at stage 1. produces n electrons 

in the cascade of stage 2., the n secondaries >vill produce ny photo­

electrons which produce n2y electrons by multiplication, and so on. 

Renee the total nwnber of electrons formed in all the c ascades from 

one initial ion.izat ion electron (the so called l~ultiplication Factor) 

M= n 
1- ny 

•.•.. (17) 
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If y << 1, (the photon process is unimportant), then the chamber is 

seid to opera te as a proportional counter. M is approximately con-

stant, at a value of n, and the ampli tude of the output pulse (pro­

portional to the quanti ty of charge collected at the anode) is pro-

portional to the amount of ionization produced in the original ionizing 

event, which is a function of incident particle energy. 

Rose and Kori'f tll6) have given an expression for M 

••••• (18) 

where k is a constant characteristic of the gas, p is gas pressure, 

b and a are the radius of cathode and anode surfaces respectively, 

V
0 

is the applied polarization potential and Vt is a threshold potential 

given by 

Vt = aE0 lo~ b 
a 

••••• (19) 

where E0 is the critical potential field strength at which multipli-

cation coimnences. Experimental data are foWld to agree wi th equation 18, 

and counters wi th values of M as high as 104 have be en described ( 65) 

which have been used for measurements of low energy radiation. 

It is evident that the phenamenon of gas-multiplicati on, 

presenting an electron pulse of ve~ much greater amplitude to the 

collection system than in the case of an ionization charnber, allows 

individual ionizing events to be r egistered with an external amplifi-

cation system of ve~ rouch lower gein than would otherwise be required. 

However the value of M observed is not an invariant quantity, but 

will exhibit statistical fluctuations from event to event, in much 



the same way as the original ion.ization process. 

The variance of M was examined theoretically by Sn,yder (136) 

and Frisch (51) who found that 

VM=:M ••••• (20) 

26. 

Thus the total variance V of the output pulse ampli tude of a counter 

expressed as an equivalent variance of the original ionization J0 will be 

••••. (21) 

The observations of Hanna et al. (65) at 250 ev, 2.8 keV and 17.4 keV 

indicated that a value of 

V== J
0 

••••• (22) 

describes the experimental resulta more exactly. Since F (see equation 

11) is not expected to be very small, the variance of the gas multipli­

cation ITD.lst be less than given by equation 20, confinning the observa­

tions of Curran et al. ( 37) . 

.Among the advantages which ma,y be ci ted for the proportional 

counter, compared with the until recently more widely used G-M counter, 

the stability of the system {provided good amplifying equipment is 

employed) and especially the short resolving time are most important. 

The latter may be as small as 5 microseconds or less (if an amplifier 

of short resolving-time is used) provided a counter gas wi th low electron­

attaobment tendency is used. Suitable gases are the rare gases, nitrogen, 

hydrogen, methane and higher h;ydrocarbons, carbon dioxide, boron tri­

fluoride and others, used either singly or better in combination. 

A further advantage arises from the comrnon operation of pro­

portional counters at atmospheric pressure, which facilitates the filling 

of the chamber after insertion of an internal source, compared wi th a 



G-.M counter which colmilonly requires an operating pressure o-r about 

10 cm. Hg. , unless very high applied potentials are used. 

Geiger-Mdller Counters 

2'7. 

If the polarization potential is raised further, above that 

range of values at which the chamber is acting as a proportional 

counter, the value of y is no longer negligible for those ionizing 

events producing the greatest amounts of ionization, and the chamber 

is said to be operating in the region of li.mited proportionality since 

pulse aize is no longer proportional to original ionization at high 

energies (see below). At hig..her potentials still, rt( = 1 (see 

equation 1'7) for all ionizing events, and the counter operates as a 

Geiger-Mdller counter. 

Under these conditions, photons are produced in eve~ electron 

cascade, and prod.uce photo-electrons, which initiate further cascades. 

Thus a series of cascades will occur in the chamber, each cascade 

leaving a nurober of po si ti ve ions in the vicini ty of the anode, and 

the process continues until the effect of the positive ion sheath in 

depressing the effective potentiel field near the anode becomes large 

enough to tenninate the discharge. 

The output pulses are tbus observed to be of approximately 

constant amplitude for all ionizing events, since one electron produced 

in the chamber by an ionizing event is su-rficient to discharge the 

counter. This leads to important advantages for the G-M counter, 

namely high sensitivity, and a large output pulse which needs the 

minimum of amplification with simple ancilla:cy eguipment before being 

supplied to a recordiz~ system. 
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However the positive ion sheath at the anode, lef't behind by 

the multiple cascade process described above, moves out to the cathode 

in a f'ew hundred rnicroseconds, and its interaction with the cathode 

surface gives rise to f'urther secon~ electron production, which in 

turn leads to further electron cascades. Thus wùess measures are 

taken to ensure the contrary, once triggered, the counter will enter 

into a series of' discharges spaced at intervals of' somewhat less than 

a millisecond. 

This process may be prevented, or quenched, in several ways. 

Thus internal quenching may be ef'f'ected by addition of a proportion of' 

a suitable poly-atomic gas to the counter f'illing. Thus etbyl alcohol 

is f'requently added in proportions of about 10 percent to argon, the 

usual f'illing for G-U tubes. Then the positive argon ions moving to 

the cathode interact with neutral alcohol molecules to for.m argon atoms 

and alcohol ions, the cross-section for tr.is so called 11charge exchange" 

process being large due to the relative magnitudes of' the ionization­

potentials of argon and etbyl-alcohol (15.7 and 11.5 V resp.). The 

alcohol ions, arriving at the cathode "predissociate 11 rather than for.m 

secondary electrons, so no sequence ot: discharges is observed. 

Alternatively the discharge may be quenched ext ernally, f'or 

instance by causing the first pulse f'rom an i onizing event ta trigger 

an electronic circuit which then lowers the polarization-potential of 

the counter suff'iciently ta cause i t to cease operation in the G-M 

region, for a tirne-interval longer than the time required f'or the 

migration to the cathode of t he positive i on sheath. 
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With either mechanism the resolution ti:r.:e of the connter is 

much longer thc.m that of a proportional connter, and usually lies in 

the range from 200 to 600 microseconds. This is an important ëlisad-

vantage compared wi th proportional connter operation. Other di sad-

vantages which may be ci ted are a limi ted 1ife, due for instance to 

consumption of quenching agent, and the tendency for counter characteris-

tics to change as the end of the 1ife is approached. 

With either mode of counter operation it is necessa~ to 

al1ow for the fai1ure of the counter, at higher counting rates, to 

respond to ionizing events which occur in the time interva1 when the 

chamber is recovering from a discharge. Vlhen the dead-time is fixed 

at a definite value, as in the method of exten1al quenching described 

above, forrnu1ae quoted in the 1iterature (146) may be erop1oyed. eg • 

and n = 
0 

n 
1 -nt 

••••• (23) 

••••• ( 24) 

where n0 and n are the mean rates of occurrence of events,and of 

recording events respecti ve1y, and t is the dead-time. However when 

no f'ixed dead time is app1ied to the system, i t is best calibrated 

empirically. 

We rn~ now proceed to discus s the methods of abso1ute disinte-

gration-rate measurement which have employed partic1e counters. These 

genera11y use proportional counters and Geiger-1Idl1er counters inter-

changeab1y, and èiffer r;:ain1y in their method of defini ng that pro-

portion of the r adiation emi tted by the source ·which is observed by 

the detector. 
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(i) Coincidence-Countinp; 11ethod 

The use of an electrical coincidence arrangement for the 

detection of the simultaneous emission from a source of two particles 

was first reported by von Baeyer (4) in 1935, and was discussed in 

detail by Dun:rvorth (38) and Wiedenbeck and Chu (144, 145). The 

application of coïncidence measurements to absolute disintegration-

rate determination has been described by Putnl8l1 (113) and Seliger and 

Schv1e bel ( 130). 

The principle of this method may be outlined as follows. 

Consider a source of ~ and y radiation placed between two counters, 

one a B-counter of Eeometrical efficiency e~, the other a y-counter 

of efficiency ey· Then the counting-rate of the (3-counter is given by 

••••• (25) 

and that of the y-counter by 

>Yhere N0 is the source disintegration-rate. Also the ~-y coïncidence-

rate between the ~- and y-counters, that is the rate at which particles 

emitted simultaneously by the source are registered one by each of the 

counters, is given by 

..•.• (27) 

Hence from equations 25 to 27 

••••• ( 28) 

In this derivation it has been assumed that 

( i) the source i s of unif onn ac ti vi ty over i t s who le are a 

(ii) the (3-counter is of uniform efficiency to radiation from all 
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parts of the source 

{iii) the y-counter is also of unifonn efficiency . 

.Putman has shm'm {113) that equation (28) can be ap:plied directly if 

any two of ~iJ, (ii) and (iii) are valid. Thus, provided the source 

is unifonnly distributed, and is thin enough for y self-absorption 

to be nerligible (not a ve~ difficult circumstence to arrange) then 

self-absorption of (3-radiation, which is at the moment the n1ain source 

of errer in 4rr (3-counting, does not exert a disturbing inf"luence. 

Similarly equation (28) is valid despite the continuous energy dis-

tribution of ;3-radiation, and the variation of e
13 

wi th energy, since 

in i ts de ri vat ion e13 could. e qually well be repl2.ceè. by ~, a mean 

efficiency over the energy spectnm;. Likevlise cases where (3-emission 

is followed by the emission of more than one photon, or by alternative 

oodes of photon emission, are also covered, if the appropriate mean 

efficiency ey is used. 

Nuclides which constitute c ases vrhere direct application of 

equation (28) is not possible are the follov;ing. 

(i) Nuclides which exhibit a branched f3-decay scheme. Consider 

(3 particles be longine; to two different enercr s:pectrEl. , counted wi. th 

efficiences e13(l) and e(3(2), of br3Ilchin ç, r s.tios A and (1-A), the 

mean y-counting eff·iciencies for the photons following each beta 

transition being ey(l) and ey(2). Then the separate rates ar~ogous 

to e quations {25), (26) and (27) are 

Rr3 = N0 [ Ae13(l) + tl-A)e13 ~2)] 
Ry- N0 ( Aey(l) + (l-A)eyt2)] 

~-y= N0 [ Ae13(l)ey(l) + tl-A)e
13

(2)ey{2J] 

••••• (29) 

••••• (30) 

••••• t31) 
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••••• (32) 

Hence the simple quotient no longer gives the disintegration-rate N0 , 

unless ef3(1) = ef3(2) or ey(l) = ey(2). The latter condition is in 

general not fulfilled, but in the case of a Geiger counter, the efficiency 

towards all energies of (3-radiation can be made uni ty if window and air­

absorption can be evaiuated and corrected for ( see below) and the source 

mounted so that self absorption and scattering effects are negligible 

(see below). However now the method has lost its unique character and 

is little better in accuracy than the "defined solid angle metbods" 

discussed below. 

(ii) Nuclides in which internal conversion is important, particularly 

those emitting low-energy photons. The effect of internal conversion 

has been examined by Wiedenbeck and Chu (145), and may be outlined as 

follows. In the case of the simple (3-y transition considered in the 

derivation of equation (28), let the conversion coefficient of the 

y-radiation be a.. Then if e13 is the efficiency of the (3-counter for 

(3-radiation and ec for conversion electrons, then analogous relation-

ships to equations (25), (26), and (27) are 

••••• (33) 

••••• (34) 

••••• (35) 

~ = No[l + a.ec • _1_-_e.r::..ê J 
~-y 1 +a. ef3 

•••.. (36) 

Tl'Uls if ec is not negligible, a knowledge of the conversion coefficient e 

to an accuracy at least equal to that required for the value of N is 
0 
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required for the determination in this case. 

Further soul~ces of error t o which the method is susceptible 

are the follov:ing. 

(i) Sensitivity of the ~-coU11ter to y-radiation and vice-versa. 

This may be measured and corrections applied by means of measurements 

"'vi th sui t2.ble absorbers between source and counter ( 113 ), or if 

scintillation counters are used for bath ~- and y-coU11ting (130) by 

pulse height analysis. 

(ii) Dead time lasses in the separate counters, which may be con­

siderable, since quite intense sources need to be used if coincidence 

counting-rates are to be measured to good statistical precision. 

(iii) Natural background effects. The correction for this errer is 

somewhat more complex than in a simple counter system, since in the 

usual coincidence-cow1ting arranr;e:r.tent wi th the (3- and y -counters 

vertically above one another, that component of the b ackground due to 

co smic radiation vd.ll have a f air probabili ty of triggering bath 

counters coincidently. 

(iv) Random coincidences. If t~ and ty are the separate resolution 

times of the ~- and y-channels, then a contribution to the coincidence 

rate 

••••. ( 37 ) 

vdll be observed due to the failure of the coincidence apparatus to 

resolve unrelated events occurring vii thin a time interval l ess than 

'.rhus one raay surmnarize: the coï ncidence method i s easily and 

vii th good accuracy applicable only t o nuclides vrhich dec ay by a sintle 
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[3--transition to an exci ted state of the p roduct nucleus of very short 

half-life (ie. erritting prompt y-radiation). The nuclià.es satisfying 

this cri te rion fonn a very srnall proportion of tho se i t is of interest 

to observe (33). HmJever, for those nuclides to vrhich it may be 

applied, it is said to offer an accuracy of better than ± 0.5 percent 

(130). This surpasses the results of any ether method (including the 

results hi therto obtained vri th 4rr [3-counting). 

The reraaininr; methods relying on p~-vticle-cotu1.ting can be 

classified accordine to the solid angle subtended at the source by the 

sensitive volume of the counter, i.e. ei ther as low r;eometry cotu1.ting 

(where the angle is « 2rr steradians) or as high geor.1etry counting 

(where the angle is 4rr steradians). 

(ii) Lov; Geometry Counting 

The low geornetry counting method represents the application of 

the conventional end-vrindow Geiger-Iirdller countin.g system to absolute­

disintegration rate detennina tion. The G-M counter hus the considerable 

advantage of registering essentially all particles that penetrate to 

the sensitive volume of the counter. However its application to the 

problem at hand necessitates a c a reful evaluation of the 1nany sources 

of errer to which the system is liable - disturbin.g i nfluences which 

modify the spatial distribution of racliation from the source, or 

absorb this radiation bef ore i t trii}gers the counter. 

Zunwralt (153) has ziven an expre s sion relating the counting 

rate of an end- rrindow counte~R,to the disintegration rate of the 

source, N0 • 

• •••• ( 38 ) 



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

di vided by 4rr steradians ( "geometrical efficiency11
), and the f' s are 

factors relating to 

W - absorption of radiation in the counter vvindov1 and air between 

the source and counter 
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A - the scatterinr; of partiales into the counter, that would otherwise 

not enter it, by air around the system 

B - backscattering of radiation from the source mount 

H - the scatterine effects due to the counter support and housing 

S - the absorption and scattering of radiation within the ma.terial 

of the source itself. 

A nwnber of »orkers (1, 25, 108, 113, 148, 153) have studied the phenomena 

enumerated, and have obte~ned the value of the various correction factors 

as a function of source, mount or absorber thiclmess etc. 

(1) The "geor.•etrical efficiency" has been detennined by calibration 

of the system (wi th all the f-values knmvn) with standard sources. These 

were ei ther calibrated by another (3-counti:ng method such as coincidence 

counting (1, 153) or prepared from the RaD-E-F equilibrium r11ixture 

(25, 108), stru1da.rdized by lcnowledge of the weight of uranium parent 

from ·which i t was separated, or by a.-counting of the RaF (Po210) con­

stituent. 

Hovrever the quanti ty G was found not to be constant for emi tt ers 

of radiation of different energy. This vras taken ta be due to a change 

in the dimensions of the "sensitive volumeu of the counter, and attempts 

to correct for this error led to a modification of the apparatus which 

has been called the "defined solid angle" technique (113). The solid 
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angle wit:CJ..n v1hich radiation must be emitted to reach the counter was 

defined by a circular opening in a mask between the counter and source 

(1, 113). Changes in sensitive-volwrre v:ith particle energy were then 

without effect, since only the central part of the chamber was used, 

and the factor G could now be computed from the dimensions of the 

system. 

(2) The correction for absorption in the counter window was generally 

obtained by plotting an absorption curve from readings of counting-

rates v:ith increasing thicknesses of alwninum in front of the vlindow, 

and extrapolating past the zero thiclmess point a distance equal to 

the window thickne ss ( l, 2 5, 108, 153). Hovrever a possible errer 

could arise from this procedure, since it would not detect and correct 

for a soft coraponent of the radiation completely absorbed in the 

counter-window. For this rea son the use of a v:indovlless counter (113) 

would be preferable. 

( 3) The effects of air between the source and counter were studied, 

either by placing a series of l~ers of a plastic material, v:ith a 

value of mean atomic numbe r close to tha t of air, between source and 

counter (153), or replacing the air with other gases or a vacuum (1). 

( 4) The effect of housing scattering of r adiation has be en studied 

by devising a system in which most of the heavy material surrounding 

the system was replaced by air (148). Lining the conventional l ead 

housing vii th low-Z' mate rial was also found to re duce the correction 

necessary. 

(5) The b ackscattering effects and self-absorption and scattering 

effects we re s tudied by measuring r ecorded cow1ting-rate s and angular 
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distributions of radiation as a function of source and mount thiclmess. 

The results of these investigations are discussed in detail in sections 

D and E of this thesis. 

In addition to the above, corrections needed to be made for 

counter background, and dead-time losses (see earlier) and for the 

effects of y-radiation if present. It is clear that in view of the 

multitude of corrections that had to be applied, no great accuracy 

was to be expected from this kind of method. In fact the best resulta 

obtained were accurate to little better thant 5 percent. 

2rr Counters 

A counter sensitive to radiation emitted into a solid angle 

of 2rr-steradians, ie. into a complete hemisphere, would possess 

several advantages despite the difficulties associated with the 

necessacy intemal mounting of sources. Thus Zwnwalt' s factor G {see 

earlier) is fixed at a lmown value, while fw fA and fH become unity. 

However 2rr counters have been little used in absolute counting, 

since their development was immediately followed by that of 4rr-counters, 

which possess all the advantages of 2Tr counters and maey advantages in 

addition. 

Counting with a Geomet;y of 4rr-steradians 

A counting geometry of 4tr-steradians, ie. a system in which .!!;!1, 

particles emitted by a source are counted, may be obtained in three 

ways - wi th a counter filled wi th a gas-mixture containing a gaseous 

source material, with the radioactive material dispersed in the phosphor 

of a scintillation-counter, or with a solid source placed between two 

counters, each with a geometry of 2tr steradians. 
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(iii) Gas Counting 

The theoretical advantages of using a gaseous source as part 

of the filling of~ for example~ a Geiger counter are quite important. 

In auch a system most of the sources of error of other counting 

arrangements disappear since ~-particles initiate electron cascades 

iimnediately a:f'ter emission~ and before the intervention of scattering 

or absorption effects. The benefit accruing from the complete absence 

of self-absorption effects is of most potential importance in radio­

biologi.cal tracer applications, using c14 and s35• Sources for assay 

resulting from these studies contain a very low energy 13-emitter, 

usual~ in roaterial of ver.y low specifie activity. 

In 1946 Henriques et al. (71, 73, 74) described a system in 

which sui table compounds of c14, s35 and W were used as filling for 

an ionization chamber attached to a Lauritsen electroscope. This was 

successfully employed for ass~ of the nuclides mentioned, although not 

in an absolute sense. 

The first success in the use of co2 as a filling of a G-M 

counter was reported in 1947 (101). co2 did not exhibit suitable 

characteristics when pure, but did so after addition of small quantities 

of CS2. This gas mixture was later used in ·absolute counting of c14 

(66, 67, 94). (However there are reports that this gas mixture is not 

lOO percent efficient) The addition of small quantities of c14o2 to 

the usual argon-alcohol filling for G-M counters (41) has also been 

employed. 

The sources of error, to which absolu te counting measurements 

in the se systems are subject, are threefold. 
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(1) Adsorption o~ radioactive materials on the counter walls 

resulting in cross-contamination ~rom one determination to the next. 

This can be made negl.igi.ble by sui table pretreatment of wall-materials 

(41). 

(2) End effects. The measurement of the activity of the volume 

of gas defined by the geometrical dimensions of the cylindrioal oounter 

cathode may be in error in two ways. Firstly there will be a contri­

bution to the measured activity from material outside the speoified 

volume but from whicb radiation will penetrate into the oounter proper 

and register. Secondly, and more important, the counter ~ield strength 

towards the ends o~ the tube will tend to . be lower tban in the centre, 

and low counting-rate in these parts will be observed. Corrections 

for end e~~ects oan be made experimentally by use of two or more oounti.ng 

tubes of different lengths, but with similar diameters and end-geometries 

(and presumably end e~fects). Then (41) if R and T'are the observed 

oounting rates per unit volume for oounters o~ length L and 1, and if 

p is the oounting-rate per unit volume with a counting e~ioiency of 

lOO percent 1 then 

p(L-1) = RL - rl ••••• (39) 

from whioh the true counting rate ~or a counter of a given volume may 

be calculated. 

(3) Wall effects. It is expected that disintegrations from a thin 

l~er of gas adjacent to the cathode surface resulting in a ~-partiole 

emitted in the direction of the cathode, whioh is absorbed before 

triggering the oounter, will not be registered. This effeot, although 

reduced by backscattering effects, may not be negligible. Experimente 



using similer gas fillings in tubes of different diameters, etc., 

indicated that the effect was less than - 2 percent t 67). 
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Thus the gas counting method might be expected to be of con­

siderable use for the ass~ of materials emitting soft radiation, and 

of lovr specifie activity. However it will not often be possible to 

find a sui table gaseous compound of the element studied, which moreover 

must not exert a deleterious ir~luence when introduced into a counting-

tube, and gas-countin.g has not freguently appeared in the literature 

on absolute-counting of recent years. 

(iv) Scintillation Countir~ 

Scintillation-counter systems, in which a source ta phosphor 

geometry of 411' steradians were obtained, have been used for specialized 

applications. Thalliun activated potass iun1 iodide phosphors containing 

na tural K
40 

activity ( 50) and thallium activated rubidium iodide phos­

phors containing Rb
87 

(92) have been used in half-life studies, while 

studies of :nuclear dec~ mechanisms have been made ,vi th c11 in anthra­

cene (131) and Tl204 in thalliwn activa ted sodium iodide ( 98). 

Othe r methods of introducing source material into t he phosphor 

system have been used. Thin evaporated sources of Hg203 have been 

sandv.riche d be tween two Nai (Tl) crys t al s ( 7), whil e the i mmer sion of 

e. source carried on a thin foil i nto a liguid phosphor (18) was also 

successful. Attempt s ta disperse radio active mate rials in a liquid 

phosphor system are gener ally unsuccessful, ov.ring ta the depressing 

effec t exerted by forei@l material on the scintillation effic iency, 

although a recent r eport ( 87 ) su ggests that incorporat ion of c14 com­

p ounds in a liC}_uid phosphor has been succes sful. 
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This method is clearly useful for certain specifie applications, 

where dispersion of the source throughout the phosphor can successfully 

be achieved. However systems in which a source on a suitab1e mount is 

sa.ndwiched between two crystals, or BIJY such arrangement, will possess 

mBIJY of the inherent errors of 411' gas-ion counting wi thout tbat method' s 

flexibility and applicability to routine usage. 

The method of absolute disintegration-rate determination b.Y 

particle counting remaining to be described is tbat examined in this 

thesis, namely 4n-counting. This 'te:nn, although strictly embracing 

methods (iii) and (iv) above, is customarily reserved for specifie 

application to a counter system, with a source to detector geomet:r:y 

of 4rr-steradians, composed of a solid source between two proportional 

or G-M counters, each with a geometry of 2rr steradians. 

We consider this system in detail below. 

3) 4n-cOUNTING 

(a) Histol.'Y 

This method owes its origin to Simpson (133) who in 1944 des­

cribed a system in which the source was disposed in a re-entrant cavity 

in a G-M counter, the radiation ente ring the counter volume through thin 

foil windows. The source-to-counter geomet:cy thus approached 4rr-steradians. 

The first counter in which this geometry was accurately obtained 

was due to L. Meyer-Schlttzmeister and was d.escribed in 1948 by Haxel 

and Houte:nnans ( 69). Since tbat time a vari.ety of designs of 4n-counter 

have been described (14, 20, 28, 29, 30, 31, 68, 69, 76, 95, 100, 117, 

124, 128, 133, 135, 140, 141, 142). These have been designed to 

operate as proportional and as G-M counters, and the chambers have been 
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of cylindrical and spherical fonn. 

All, however, have had several essential features in cornmon. 

The chmnber is èivided symmetrically into two halves, each of which 

is a self-conteined. counter unit. The two halves are electrostatically 

screened from one Dnother by a plate or sheet of conducting material. 

The source is mounted at the centre of the plate, the central portion 

of which, at least in the vicini ty of the source, is thin in arder to 

re duce absorption of the radiations emi tted. Thus the radiation enters 

one half counter directly wi thout ony intervening rn.aterial, and the other 

half-counter via a thin layer of source-mounting material. 

Of tho se systems which can be devised vd th a 411'-steradian 

geomet~, that just described is the most convenient for routine usage. 

Ne arly all radioactive materials can be converteè. to a fonrt sui table 

for mountin[ on a thin backing, and provided a b ack:ing m.a t erial of 

adequate strength can be found in the required thiclmess, little chance 

of counter-contamination and cross-contarr~nation from sample to sample 

exists , particularly since s ource mounting systems are devised so as to 

be e:x:pendD.ble. 

(b) Advantages of a 4.-TI'-counting Geomet:cy 

A counte r vr.i th a geometry of 411' ster aè.ians vlill clearly be 

more sensitive and be able to meê.sure to good statistical accurcay 

rouch srnaller sarn:ples than a low geometry counter. However the increased 

sensi t i vi ty is among the l east in:portant of t he advant ages of this 

system. 

It has been appreciated for rumy years t hat a counter sensitive 

to radiation end tted over an angle of 411' ste11 adians vlill have peculiar 
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advantages resulting from the fact that M! particles emitted from 

a source are counted, and hence that any event subsec~uent to charged 

particle er:-Lission v1hich occurs within the resolution time of the instru­

:oent •vill not be registered separately. This fact has two very desirable 

conseq).lences. 

(i) The interpretation of cow1tine; aata is inél.epenélent of a lmow­

ledge of the relevant decay scheme in the majority of cases. That is 

provided the primary events of the nuclear traJ1.si tion studied include 

charge particle emission wi th a total probabili ty of uni ty, one count 

v/ill be registered per disintegration - the observed counting-rate 

( corrected for background and resolution lasses) is identically equal 

to the clisintegration rate. This r emains unclisturbed by the emission 

of secondary particles, nuclear gamma raaiation, or annihilation radi­

ation, vrhen these occur within the counter resolution time, as is 

usually the case . 

This state of affairs is in sharp contradistinction to all 

cow1.ting-methods vri thout a 4rr-steradian e;eometry. The difference is 

particularly i mportant in the case of nuclides decaying by positron 

enri..ssion - the 4rr-counter being probably the orùy satisfactory means 

of accurately assayine; the se mate rials. The trouble wi th other counting 

methods arises f rom the f act that (in addition to nuclear gamma radi­

ation from the source) annihilation radiation (photons of O. 511 1Iev) 

is ernitted Vfhen the positron annihilates 1rith a negative electron at 

the _m~ of i ts pa th. Thus the p hotons may origina.te at a consider2.ble 

distance from the source proper, and vrill be counted with a geometry 

much different f rom that for the p ositron i t self. In the 4tr-counte r 
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hovrever all the :posi trans register, and the counter discharges due 

to any annihilation-radiation are in coincidence vQth the correspon­

ding positron-induced discharges, and thus not differentiated from 

then. 

Cases of nuclear transitions, for the assay of vrhich sorne data 

from the decay scheme are required,include those when particle emission 

occurs wi th a probabili ty of less than uni ty ( which includes orbi te~ 

electron capture) and transitions leading to a metastable excited 

state of the product nucleus. In such cases, the accuracy of the dis­

integration-rate detenrJ.nation vlill clearly depend on the accuracy of 

the nuclear data employed, (as is true for the other counting systems 

discussed) in addition to that of the 4rr-counting systerrt itself. 

(ii) Scattering of radiation either by source material, source 

mount, gas or counter walls is >Yithout effect on the observed counting­

rate. kny discharges (subsequent to that corre::::ponding to the primary 

event) caused by repeated scatterill[': of one particle ;'lill occur wi thin 

the counter resolution time. The sar:J.e is true of secondary ra.diation 

production due to interaction of primary particles · vd th the gas, 'iJ'all 

or other ma teri al vri thin the counter. 

Renee in Zumvralt' s relationship (equation 38), for a 4Tl'-counting 

system the followin.g is true: 

G - unity 

fA - unity 

fB = unity 

fH - unity 

and most of the large corrections of uncertain accuracy required in 
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lovr-geometry systems are eliminated. The only sources of error still 

to be corrected for in the calculation of dü:integration rates from 

4rr-counter data are due to 

(i) Failure of the coU11ter ta respond once to every ionizing par-

ticle arising from a nuclear disintegration which reaches the 

counter gas. 

(ii) Absorption of' radiation by the mount on which the source is 

deposited. 

(iii) Absorption of radiation by the source-material itself (self-

absorption). 

(iv) Statistical fluctuations in the âisintegration rate of the 

source and in the background coUP~ing-rate of the counter. 

Errors from tenn (iv) can be reduced to wi thin any de si red 

limi ts by extension of' the number of events observed (provided the 

combination of source intensity and half-life is such as to allow this), 

and the error in any given case can be evaluated in accordance with the 

laws of statistics. 

Thus since nuclear disintegrations are randowJy distributed 

in time, the distribution of the number of events observed in a given 

time about the mean number (n) occurrine in the same interval will 

be a Poisson distribution. Hence the variance Vn of n 

V=n .•••• (40) n 

or the standard deviation cr- of n is n 

•.... ( 41) 
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Errors from (i) to (iii) should on the other hand be amenable 

to reduction by evolution of sui table techlùques. However this has 

not up to the present time been possible apparently, since the results 

of intercomparison of standards (130) by 4rr (3-counting show a scatter 

of several percent, in contrast to good agreement vdth ~-y coincidence 

counting results. Nevertheless the 4rr-counting method has no inherent 

inaccuracies of this magnitude, anè. in this the sis -..-re shall examine 

the iter:LS listed above, in sections B, C and D respectivelYj Ylith a 

view to the reduction of' the error from these causes. In section E, 

we shall discuss certain more theoretical tapies on which certain of 

the experimental work may be mrJ.de to give infonnation. 
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B. COID-1TER RESPONSE PROBABILITY 

1) ll::TROWCTION 

For the pur_poses of the present discussion i t is convenient 

to define a quantity, which we shall call the resuonse probability 

of a counter. This is the probability that a discharge triggering 

the recorder be produced when a charged particle or photon originating 

from a nuclear disintegration in the source reaches the counter gas. 

(We vlill deliberately avoid enrploying the term "efficiency11 since 

this has been used in different contexts by different authors, sorne­

times being used in the sense of the above definition, but more often 

including the counter geomet~ ratio and effects due to scattering, 

absorption and so on. ) . 

Thus the abject of this section of the thesis may be restated 

in tenns of the above definition: we shall investigate the errors 

arising in disintegration-rate detenllnations by 4rr-counting owing 

to a departure of the counter-response probabili ty towards the par­

ticular form of radiation studied from a value of unity. The response 

probabili ty towards charged particles for instance will under sui table 

candi ti ons be close to uni ty, whereas to photons i t will be ve~ nru.ch 

less th.an uni ty. However provided the counter has ne arly unit response 

probability towards at least ~ of the products of disintegration, then 

as outlined earlier the response probability of the counter to the 

nuclear transition as a whole will be of a similar magn:i tude. 

We shall effect the investigation by examining the variation of 

the response probability towards particular forms of radiati on with 

changes in the conditi ons under which the counter is operated. There 
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are several variables to be considered. Sorne can be adjusted to 

ensure that no deleterious effect on the response probability arises 

from those sources. Others however cannot be complete~ controlled 

in this fashion. In the se cases we nru.st determine the conditions 

under which a mininru.m disturbance is observed, and determine the 

value of the response probability under these conditions, so that the 

disintegration-rate value obtained may be corrected. 

The conditions under which the counter response probabili ty 

may differ from uni ty are the following: i t may be ~ than uni ty if 

(a) the gas multiplication and electron collection efficiency of 

the chamber is lesa than a minimum value, 

(b) the 11effective 11 geomet:r:y of the chamber is less than 411' steradians, 

( c) at higher counting rates the probabili ty becom.es appreciable 

that particles from successive disintegrations be emitted within 

a time interval of one another lees than the resolution-tim.e of 

the counter. ''Resolution-lasses" will then occur. 

It may be ~ than uni ty, ie. more than one count be registered per 

disintegration, if 

(d) at higher polarization potenti als, the character of the discharge 

phenomene. altera, approachin.g that of a G-M counter. Under these 

conditions, fr( approaches unity (see Section A) and photons arlsing 

from excited gas molecules in the neighbourhood of the electron 

cascade produce photo-electrons at the cathode surfaces. 

At the sa.me time a second process also becomes important, 

namely bombardment of the cathode by positive ions, which also 

l eads to the p r oduct i on of del~ed electron c asca des, leading to 

multiple pulsing as described earlier. 
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( e) the counter gas contains more than a limi ting concentration of 

electronegative impurities. Then electron attachment tsee 

Section A) may lead to del~ed electron collection, and hence 

multiple pulsing. 

(a) Gas Multiplication and Electron-collection Efficiengy 

ln order that the passage of an ionizing enti ty through the 

chaffiber shall register a count, the ionization produced, after gas 

multiplication, collection at the counter anodes, and external 

amplification, must produce a pulse at the output of the amplifier 

system larger than the discriminator bias potential applied to the 

signa].. Whether this condition is satisfied depends on the relative 

magnitudes of the multiplication factor, amplifier gain, capacitance 

of the chamber anode system and arrplifier input, ar1d of the bias 

potential. The se quanti ti es may all be measured, but, aside from the 

discrindnator bias 7 which cannot be reduced below a minimum value, 

the only one nonnally varied in the system is the gas-multiplication 

factor. As outlined in section A, this is a fUnction of polarization 

potentiel and must be adjusted, by increasing the polarization potentiel, 

until the situation described above is obtained. However, the polari­

zation potential cannot be raised indefinitely, since above a lirniting 

value the secondacy processes described under ( d) above set in. Tlrus 

it is important to determine whether the gas multiplication can be 

raised sufficient~ to bring the response probability of the chamber 

close to a value of unity for the radiation producing the least amount 

of ionization in the chamber. (This is clearly particular~ important 

when beta-radiation is to be examined, since the energy spectrum 



includes a proportion of partiales with ve~ low energies, a pro­

portion which increases with decreasing spectrum end-point energy.) 

(i) Deter.w~nation of polarization conditions for optimum gas multi-

plication and electron collection. 

One ~ adopt two lines of investigation. First the change 
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in counting rate as the gas-multiplication is varied Ydthin the range 

available may be observed. Secondly the various quantites described 

above ~ be measured, the gas multiplication as a function of polari­

zation potential, and the total response probability of the COUl1ter 

under given conditions for the softest beta-radiation liable to be 

examined may be calculated. Both these methods have been used in 

the present investigation. 

In addition to being a function of the polarization potential, 

the gas multiplication and electron collection efficiency are also 

dependent on several other variables. 

(ii) Source position. 

The polarization field strength is a function of position 

inside the chamber, and therefore the electron collection efficiency 

will be a f'unction of' source po si ti on both wi t hin the nonnal source­

mount plane, and for movements at right angles to this plane. However 

since the chamber is usual~ operated at a potential that ensures a 

collecti on and gas multiplication f act or more than adequate f or 

registering partiales from disintegrations in material situated at 

the centre of the chamber, it is probable t hat they are also adequate 

for posi t i ons sorne dist ance r emoved f rom the centre of the chamber. 

Hence it i s expected that a region of constant r esponse probabi l i ty 
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would exist, and that the operation of the counter will be insensitive 

to small source movements wi thin this region. 

(iii) Conductivity of source mount. 

Since the efficiency of electron-collection and gas multi­

plication are rapidly varying functions of polarization field strength, 

i t is important to ensure that this field strength is reasonably con­

stant and at an optillll.U!l. value in the vicinity of the source. This is 

especially important for the measurement of soft (3-emi tters of which 

the radiation will have a short range in the counter gas 1 and hence 

pro duce most of i ts ionization in the i.mmecliate source vicinity. The 

design of counting-chamber we have used ( see la ter) ensures this 

provided the source mount is conducting to the cathode surface. A 

mount made of a poor conductor will clisturb the field strength in 

such a manner that a position of low field stre~h occurs at the 

source position, between the anodes, and poor collection and multi­

plication results. 

Seliger and Cavallo (128) clairoed that the loss in efficiency 

due to the use of a non-conducting film mounted over an aperture in 

an alwninum diaphragm Yras negligible provided the aperture cliameter 

was limited to mir.imise the field clisturbance. However, in a later 

paper (95) they a~...reed >vith most observers that, for reliable results, 

the film had to be r endered conducting. This is satisfactorily 

accoi:Iplished by gold-coating the filJn by distillation in vacuo. A 

rapid routine method fo r estimating the thiclmess of the gold-layer 

vnll be described in section C (below). It i s of considerable impor­

tance to re duce the superficial densi ty of the source mount u sed as 
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far as possible in arder to reduce absorption of radiation (see 

section C). It is thus essential to lmow the minimum superficial 

density of gold required for satisfactory counter operation, since 

it is fruitless to reduce the film superficial density much below 

tlù.s figure. Little quantitative infonnation is available on this 

point, or on whether one or bath sià.es of the film need be coated. 

Hawkings (68) has used 25 pg./cm2 of gold on bath sides of a 

50 11g.j cm2 forrrrvar film wi th success. 

(iv) The electron collection and mul tii)lication process vlill clearly 

be affected to some extent if the counter gas contains a significant 

proportion of electron-accepting impurities since electron attachment 

leads to slow movinr; nee;ative ions in place of highly mobile electrons. 

It is therefore of in~ortance to determine the limitine concentration 

which can be tolerated wi thout the counter operation being affecte à.. 

(b) Counter "Geomeh:y" 

The response probabili ty vrill be r educed from a value of uni ty 

if candi tians are such that a proportion of the emi tted r adiation is 

absorbed ( other than by source rna.terial, or the mountine filrr.) before 

i t can proèluce in the gas-space the necessa:ry mininu.un number of ions 

required ta trigger the recorder. It must therefore be verified that 

vrith the aperture sizes used by us, this effect is not serious. 

(c) Resolution Lasses 

Operation of the chamber as a proportional counter serves to 

increase the value of the r e sponse probability at high counting rates, 

by effecti vely reducing t he r esolution tirœ of the apparatus, compare d 

•ri th t hat obtaine d wi th the counter operated as a Geiger-I.ïl.ller counte r 
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( see section A). The use of the 4.-tr-counter over a vride range of 

counting rates nevertheless demEnds that the resolution loss be 

accurately known as a function of counting rate. fue to the variety 

of processes vrhich mey cause resolution lasses in the proportional 

counter and associated electronic equi:pment this function is best 

obtained err;pirically. The availability of thin films, described in 

the next section, has mQde possible a ve~J precise determination of 

the coincidence loss function by a modification of the conventional 

multiple source teclmique. 

2) COUNTING AFP ARATUS 

The counting apparatus used for the vrork to be described is 

shovm in the photo&;raphs in Figure 4, bath :!--n general appearance and 

in more detailed views of the countine chamber i tself. The apparatus 

as shovm has the necessary duplication of H. T. and amplifier uni ts 

for the coinciclence s tudies described in section E of this thesis, 

but is nonnally con:t:.ected to a single anplifyillE system yJi th the anodes 

in parallel, for the remainè.er of the ex-perirl:ental vrork to be described 

and for routine counti:rl.E vrork. 

The countinc ch~nber i s essentially of the design desc1~bed 

by Hawlcings et al. ( 68) anc1 is illustrated diaeriJlllmatically in Figure 5. 

1 t consists b asically of hro her:üspherical brass c athodes of 7 ems. 

diameter and two ring shaped anodes of O. 001 i nch diameter tungsten 

vrire. lnsu.lation of the anodes anèl anode leads from the cathodes 

i s effected by larE,e teflon insulators, and the source mount con­

sist s of a p l astic film of superficial dem:i ty 5-10 Jlg. / cm2 , rendered 



Fip;ure 4 

The 4rr-counting Apparatus 

(a) General view, showing leD.d castle end preamplif'iers 
at the lef't, main rack and methane cylinder to rir]lt. 
Units in rack are, from bottom upwards: flow-meters 
and autoJll8_tic tirner, scaler ancl_ recorder (AEP 908), 
Kichols High Voltage supply (Al:!l-' 1007B), Power supply 
for preamplifiers, and a second Hi[;h Vol tar;e supply 
for coincidence experiments. 

tb) View of open cast le, flow-meters and autor::e_tic clock. 
Chamber in closed operating condition. 
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(a) 

(b) 



Fifure 4 

The 4rr-counting Apparatus 

( c) Detailed vievr of interior of cast le, shor;ing arrange­
Lent of anoèle leads , and chamber open for insertion 
of sar:'J?le. Anode lea ds connect to single ::ç>rear:rplifier 
le ad t top left) for nonna.l oper::>.tion, ee_ch half-counter 
sepa:rately to tv/0 prear.1plifiers for coincidence experi­
ments. Second ~lifier lead is seen at bottom left. 

( d) Charnber disassembled, shovrinr; diaphra12fn vri th O. 5 cm. 
diarneter aperture at left. 
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(c) 

(d) 
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Fir:ure 5 

4rr-counting Chamber ( diagrru:nnatic) 
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conductinc by a 2 ~g./cm2 l~er of gold applied by distillation in 

vacuo to one side of the film. The film is mounted over an aperture 

in an aluminurn 1üate 1 rran. thick. The aperture diameter is usually 

2. 5 c1as. and occasional1y 5. 0 cm. 
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The charaber is used in conjunction vd th a Nicholls high vol­

tate supr:ly (JŒP l00'7.B). The anodes of the chamber are connected in 

parallel to an Atomic Instrument pre-anplifier ( 205-B) vrhich has been 

mod.ified to obtain a lov1 "noise" level. The output from this is fed 

into an Atomic ELertY of Canada Ltd. amplif er (AEP 1448) and thence 

after discrimination into a 111arco:ni scaling unit of 1000 (AEP 908). 

The overall gain of the amplifying system is 30,000 and a bias voltage 

up to 50 volts can be applied by the disc~minator to t he output signal. 

The counter chaQber is operated in the proportional re~~on, 

the countill[; [as used being C.P. methane at atmospheric pressure 

dried by passage over silica gel. M'ter insertionof asample the counter 

is flushed for about two minutes a t a r apid f low r a t e and the r ate 

then noderated to a star..dard r ate of O. 5 ml. !Tleth...'me per second ( see 

f igure 19 b). Ga s flovr r at e s are me a sured by means of a simp l e 

flow-me t e r systerr,. 

The excellence of the hieh volta ge characteristics obtained 

wi th this system ( shovm b eloYl), parti cula rly in respect to the l ength 

and v ery srüa.ll s l ope of the 'pla teau', is l a r ge ly attributable to the 

high quali ty of the amplif ying e (luipment used, especially the JŒP 1448 

main artr:plifier. This mut, of vrhich the circuit diagram is shovm in 

Appe nd.ix A, ha s been specially designed, so t ha t a hir.h dee;r ee of 

'sat urat i on ' may occu r ( ie. the inpu t pulse amplitude may exc e e d the 



ma..ùmw.n the eg).lipJnent con hanéile to a very great extent) wi thout 

production of n:ultiple or spurious pulses following the p:cimary 
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:pulse, èue to "rine:;i.ng" effects becomng apparent. The se so-called 

non-overloading characteristics are illustrated in Figure 6. This 

shov1s a series of ~ulse fonns as observed at the output of the ar.rpli­

fyinr; system >ri th a cathode-ray oscilloscope as the input pulse ampli­

tude from the counting chamber was increased by increasing the polari­

zation potential. The absence of secondary pulsing under conditions 

of primary pulse saturation is clearly seen. 

3) EXPERD.I.Er\'TAL TECJ1l.i'IQUES, RESULTS ArlD DISCUSSION 

The sources of radiation used in the vrork to be described in 

this and the next section vrere all of so high a specifie acti vi ty 

that es senti ally "yreir;htless 11 deposi ts were obtained. No modification 

of raàiation energy or spatial distribution by self scatterinc or 

absorption processes in the source material was therefore to be 

anticipated. Samples approxima ting "point-sources" ·were prepared by 

evaporation of a suitably sized aliquot of stock solution on the 

mountine film by r:1eans of ini'ra-red radiation. One exception to this 

procedure vras the case of Tc99m. This nuclide was co-separated wi th 

rheni~ in the nornal fission proèiuct procedure (j9) by distillation 

of Tc207 from concentrated H
2
so

4 
followed by Fe(OH)3 scavenging opera­

tions. Thence to the final stage when the Re - Tc :r..ixture was pre­

cipi tated as the sulphide. The sulphide vras slurried wi th water and 

a portion evaporateèi on the film. 

The half-life, 1n.ode of decay, radiation characteristics and 

source of supply of the nuclides used are shmm in Table I. 



Figqre 6 

Outnut Waveform of AEP 1448 Amnlifier Unit 
~ ~ 

Pulse observed wi th a C. R. O. at output of aJüplifier 
for increasing polarization potential on chamber. 
Using a Ni63 source (~--emitter). 

(a) Polarization potential 2. 0 kv 

(b) Polarization potential 2. 2 kv 

( c) Polarization potential 2. 6 kv 

( d) Pulse at output of discrimina tor circuit. 

All wi th C. R. 0. self -synchronized, time base 3 Il· sec/ cm. , 
vertical sensitivity 1 volt/ cm. 
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TABLE I 

Characteristics and Source of SupplY of Radioactive Nuc1ides 

Nuclide Half-1ife Mode of decay 

Ni63 80 y (3-' no y 

s35 87 d 13-' no y 

ca45 152 d [3-, no y 

T1204 4.0 y f3-' no y 

Bi210 5.0 d f3-' no y 

14.4 d 13-, no y 

Lal40 40.3 h f3-' y 

p0 210 138 d a., y 

Na22 2.6 y [3+, y 

co60 5.3 y [3-, y 

Tc99m 6.0 h IT, y 

Maximum Energy 
of Partic1e 

Mev 

0.067 

0.167 

0.254 

0.765 

1.17 

1.70 

2.26 

5.30 (mono-
energetic) 

1.8 

0.319 

0.142 (mono-
energetic) 

Source of Suppl.y 

A.E.C.L. 

A.E.C.L. 

A.E.C.L. 

A.E.C.L. 

Separated from 
RaD-E-F from 
A.E.C.L. 

A.E.C.L. 

Separated from 
fission pr.oducts of 
uranium irradiated 
in BEPO, A.E.R.E., 
Harwell, England 

Separated from 
RaD-E-F from 
A.E.C.L. 

A.E.C.L. 

A.E.C.L. 

Separated from 
fission products of 
uraniwn irradiated 
in BEPO, Harwel1. 
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\a) Gas Multiplication 

(i) Hiph Voltage Characteristics o~ the Counter 

High voltage characteristic curves were obtained in the usual 

way ~or a series of' sources o~ 13- radiation o~ increasing maximum 

energy at a constant discriminator bias level. The nuclides employed, 

with the exception o~ La140 all emit (3- partiales without accompanying 

y radiation. Their nuclear properties are described in the top ~ 

o~ Table I. Figure 7 thus indic a tes the response o~ the counter to 

13- radiation. Standard deviations on the quanti ti es measured lie 

within the areas o~ the points as plotted (as for all succeeding ~igures 

in this thesis unless otherwi.se indicated). 

The data shown in Figure 7 indicate that the chamber used 

in this work is certainly suitable ~or measurements o~ 13- emi tters 

with maximum energies down to 0.067 Mev. The plateaus obtained in 

no case show any perceptible slope. The m.aximu.m figure which can be 

calculated on a basis of the statistics of the measurements concer.ned 

is less than 0.1 percent per lOO volts. There is, therefore, little 

ambiguity as to the correct counting rate figure to be used as a basis 

~or calculating the disintegration rate, and little doubt o~ the ~act 

that substantially all o~ the partiales in the spect:rum are being regis­

tered. At polarization potentials o~ about lOO volts in excess o~ the 

threshold value, the response probability certainly approximates very 

close~ to unity. However, obviously, any polarization potential on 

the plateau may equally well be used if this is desirable. 

The displacement of the curves to higher potential values 

observed wi th increasing partiale energy is due to the reduced amount 



Figure 7 

High Voltage Cha.racteristics of the CoWlter for ~­

Radiation of Increasing :Maxi.J:n.un Energy 
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of ionization produced in the region of maxinrum polarization field 

strength by the more energetic radiation. (The variation of ionization 

wi th parti ole energy was discussed in section A. ) The ei'f'ect is lesa 

marked at the higher end of' the energy scale since there is very little 

variation of specifie ionization with energy in this region. 

The length of the plateaus observed wi th !3- emi tt ers is never 

less than 400 volts and may be as much as twice this. The polarization 

potential at which multiple pulsing sets in, causing an increasing 

counting rate, is dependent on many factors such as condition of source 

and temperature of the chamber, and varied somewhat from source to source. 

Figure 8 (a) shows a series of characteristics obtained using 

Ni63 (maximum energy 0.067 Mev) taken at increasing discriminator bias 

values. Figure 9 shows a similar series using La.140 (maximum energy 

2. 26 Mev). Plateaus taken at increasing bias values are displaced to 

higher polarization potential values since increased gas multiplication 

is necessary to produce pulses larger than the increased bias levels, 

but the ourves are otherwise exactly superposable. 

Figure 8 (b) shows a discriminator bias characteristic for 

Ni63 at a polarization potential of 2.6 kv, which is typical of those 

obtained with this equipment. It demonstrates the usual absence of 

low ampli tude spurious pulses, and shows a constant counting rate up 

to a bias of at least 30 v, in accordance with the observations of the 

previous paragraph. 

Figure 10 shows characteristics obtained wi th nuclides decaying 

by the emission of alpha particles, positrons, negative electrons 

accompanied by gamma radiation and by isomerie transition. The se data 



Figure 8 (a) 

High Voltage Characteristics for Ni 63 ~- Radiation 

as a Function of Applied Discriminator Bias 
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Figure 8 lb) 

Discrimina tor Bias Characteristics for :Ni 63 

~- Radiation at a Polarization Potential of 2.6 kv. 
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Figure 9 

High Voltage Characteristics for La140 ~-radiation 

as a Function of Applied Discriminator Bias 

66. 



66o. 

9----------------------------------------------. 

8 

7 

6 

w 
~ -
<X 
0: 

(!)5 
z 
~ 
z 
::::> 
0 
u4 
w 
> 
1--
<( 

~3 
Q: 

2 

1-

DISCRIMINA TOR 
BIAS 

2 0 V.-+---f-t-t 

2 5 V. -+----+--+-! 

/-hl-+-- 30 v. 

~~-35 v. 

1-.r-- 40 v. 
, __ 50 v. 

1·8 2·0 2·2 2·4 2·6 

POLARIZATION POTENTIAL ( KV) 

2·8 



Figure 10 

High Voltage Characteristics ~or Various For.ms 

o~ Radiation 
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indicate that the present chamber makes a satisfactory counter for 

many fonns of radiation. Absolute measurements wi th a., 13+ and !3-
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emi tting nuclides wi th or wi thout accompanying y radiation are clearly 

straightforward. Wi th nuclides decaying by me ans of isomerie transition 

the same is true if the pertinent nuclear data are available. 

Figure 11 shows the variation of the characteristic with 

increasing disintegration rate. A series of P32 sources of known 

strength was prepared on 5-10 /-lg./ cm.2 films. The disintegration rates 

(about 500 dis/ sec) were below the region where resolution los ses were 

significant. A series of secondary sources was then prepared from 

the se, by lamination, the total disintegration rate being calculated 

by summing those of the component sources. (It will be shown in the 

next section that the absorption of radiation from p32 even wi th 10 

or more of these component films can be neglected.) The resulta of 

measurements of the laminated sources at two values of discriminator 

bias are shown. The calculated disintegration rate for each source 

used is shown for comparison purposes. 

These resulta show clearly that satisfactory characteristics 

are retained at least up to a counting rate of 3 x 103 counts per 

second. The irregular shape of the curves above this figure, preawnably 

due to a variable resolution losa, show that i t is meaningless to quote 

a resolution losa for a counting system unless this is given for 

definite polarization conditions. 

The observed variation of resolution losa with polarization 

potential may be due to a variety of reasons. For example, since the 



Figure li 

Hïgh Voltage Characteristics as a Function of 

Disintegration-Hate 
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discharge mechanism results in a local and partial reduction of the 

polarization field, the counter rn~ enter ito successive discharge 

processes vdth the effective counter field at different stages of 

recove:ry. Thus the second discharge of a pair occurring wi thin a 
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short time interval may result in a smaller pulse amplitude due to 

reduced gas multiplication, and hence a pulse which does not register. 

The reduction of pulse heiept will however be compensated by an in­

crease in polarization potential. Likewise, the resolution of the 

electronic equipment for closely spaced pulses of one size correspon­

ding to one polarization potential will be expected to differ from that 

for another pulse size and potential. This too would be expected to 

contribute to the observed ef:fect, and resolution losses in the elec­

tronic equipment may well be more i~ortant than those in the chamber 

itself. 

The Res·oonse Probabili ty of the Counter to Very Low Enerpy Particles 

From Figure 7 it is seen that over a wide range of potentials 

an essentially constant counting rate wi th Ni 63 and s35 was observed, 

suggesting that a unit response probability bad been obtained. However 

i t was fel t desirable to check this. 

The ionization produced by very energetic particles is more 

than adequate to ensure a response probability of unity under normal 

operating conditions. With low energy particles this is however not so, 

and a small fraction of' a:ny spectrum of ~-radiation, ie. that fraction 

with a very low energy, vli.ll not count with unit probability. This 

fraction increases as the maximurn energy of the spectn.un decreases. 

Therefore in arder to calcula te the response probabili ty to the radiation 
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of a [3-e1r.i tter as a vrhole, i t is necessary to allow for this low-energy 

effect by cor:;puting the expected response probabili ty as a function of 

energy, and integrating the result using the knovn1 [3-energy distribution. 

We have calculated the response probabilities of the counter 

towards the entire spectrum of the [3-radiation of Ni63 and s35 since 

these vrere the softest p-radiations studied. The ca lculations are con-

veniently made in three stages. First, the mininrucra total charge pulse 

arri ving at the counter anode system which will trigger the recording 

mechanisrn Vias calculated from the measured electronic parameters. 

.Amplifier Gain 

Eininn.un Bias Level 

Hence I . .:in.irr,ur.l Input 

Capaci tance of chamber 
anode system and 
amplifier input 

3 x 104 (measured with a calibrated 
pulse generator and oscilloscope) 

3 volts (ie. a pulse gr eater than this 
will trie;ger t he scaler circuit) 

0.1 mv (calculated from above) 

25 J.1f.1f (measured by resoœnce bridge 
method) 

Therefore, the 0.1 mv input signal corresponds to a charge 

arr.iving at the anode of 2.5 x lo-15 coulombs or 1.6 x 104 electronic 

charges, ie. this q_uani ty of charge is t he minimwn vrhich will trigger 

the recorder. 

The mean gas multiplication was determined in the following 

wcy. Using the a particles from Po210 the maximum pulse height obtained 

at the chaniber anode system was measured with a cathode ray oscilloscope, 

care being t aken that pulses \Yere not l a r ge enough t o produce amplifier 

saturo_tion or distortion of the p r oportional counter action. The observed 

pulse ampli tude was inclependent of polarization potential between 250 

and 500 volts . Her e the cham.ber is A-cting a s a saturated i on-chamber 
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anâ the gas multiplication is u.."'l.ity. Readines, taken at increasing 

potentials, were normalized to this value. When the drulger of 

sature..tion or distortion became apparent a Ni 63 source >vas substi tuted 

for the Po210. A large range existed where both could be used so that 

no errors were introduced. by the substitution. 

The results are shov~n in Fi~~re 12. At 2.6 kv the mean gas 

Irrultiplica tion (M) ha s a value of 2. 6 x 103 and at 2.9 kv, of' 1.6 x 104 • 

Therefore at these poh_rization potentials the counter vtill respond to 

a mean of 6 and l ion pairs respectively. 

In Figure 12, vve have resolved the experimental curve into 

two parts (âotted. lines) one corresponding to a constant amplitude at 

the value of unity for the "saturation ion-chamber" region, and another, 

seen to be . appro:xintately e:x.'})onential, correspondinE to the increasing 

multiplication value. The e:x:ponentia~ character of the latter is in 

accordance to the predictions of Rose and Korff (llG) discussed in 

section A. 

Secondly, the probability that a given particle energy vtill 

procluce a certain rnininnlr:"c number of ion pairs should be calculable if 

the appropriate data were e.vailable. Curran et al. ( 36) note that the 

mean energy ( ,-;) necessary to :produce l ion pair increases with particle 

energy at low energies, but give no quar~itative data. They also note 

that W for both a rgon é'.Ud nitrogen (both non-electron acceptors like 

metnane) is subst antially iwiepen<lent of energy è.ovm to 500 ev. This 

co11i'inns theoretical predctions made by Fano ( 43). As a first approxi­

Lation ( adeÇ!Uate for present purposes) one can assume that the value 

due to Sch!r;eider (.127) of W,..., 30 ev applies in the region of interest. 
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Fip:u.re 12 

Gas Lultir"llication Function of the Counter 
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jjoth the ioni.zation :proces::: and gas rc.ul tiplic~üion are subject 

to statistical variation, and i t was shown in section A that the total 

eff'ect observed as a variance on the output pulse 21Upli tude was e~ruiva-

lent to a variance of· the original ioni.zation :processes corresponding 

to a Poisson Gistribution of m.unbers of ions, about the mean number, n, 

given by 

n-!d w •...• see 
equation 8 

On this be.sis then one may calculate the probability tha.t at 

least J ion pairs be produced as a f'unction of p2.rticle energy. The 

probabili ty th2.t x ion-pairs be proêuced under con<Ji ti ons t:i vine a 

Lerol velue of n is given by 

p(x) = n nx 
e- .• 

r x. 

'l'hen the probe.bili ty of producing l or wore ion pairs is 

P1 = l - p(o) = 1 - e-n 

and the probabili ty of producint; J or nore ion pa.irs is 

J-1 
l?J - 1 - L p(x) 

X•O 

J-1 
n ~ nx, - 1 - e- L...., 

X=O X. 

n n2 
= 1 - e-n (1 + 1! + 2! + •.•. + 

nJ-1 

(J-1)! ) 

•.... ~ 42) 

••••• ( 43) 

••••• ~ 44) 

•••.• ( 45) 

The functions corresponding to equation 45 are shown in 

Figure 13. Since a minimum of' one ion pBir will trigeer the cour1ter a.t 

a polé'.riZé!tion potential of 2. 9 kv, the curve for J = 1 represents the 

caunter respanse prababili ty f'unction under this concJi tian. · Similarly, 

the curve for J = 6 gives the response probability at 2.6 kv. Clearly, 

at law E values these calculations are in errar, but certainly show 



Fimre 13 

Counter Response Probabili ty a:o 2. Function of 

Electron Energy When i t is Respondine to a Minimum 

Ionization of 1 and 6 Ion Pairs 
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at worst an order of n'D-Erri tude for P at the se energies. 

Thirdly, from the probabili ty curves of Figure 13 i t is now 

possible to obtain a total response probability for a radiation of any 

knovm er,ere;y distribution. We have calculated the values for .Ni 63 and 

s35 at appliea. potentiels of 2.6 and 2.9 kv. The relevant probability 

function has been il'l:tegrated using the ener[>y srectre. for these t\vo 

lïuclides shown in J!'igures 59 and 60, which were calculated by the 

methods outlined in section E, from the data of Kobayashi et e~. ( 82) 

for Ni63 and Langer et al. ~90) for ~35. 

('l'he data for Ni63 was presenteà. (82) as a Kurie plot, asswning 

the transition to be first forbidden -().J = 2,yes - and we have adopted 

the same assumption to obtain the original momentwn data and tlms the 

~-energy spectrum. The s35 spectrum corresponds to an allowed trans-

ition.) 

The results of these calculations are shown in Table II. 

TABLE IJ. 

Counter ResRonse Probabilit~ 

Nue li de Polarization :Mean Number of Probabili ty 
Potential (kv) Ion Pairs Detected 

·---·---
Ni63 2.6 6 0.9953 

Ni63 2.9 1 0.9992 

535 2.6 6 0.9998 

535 2.9 1 0.9999 

--~-----

____ .. _. ____ 
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Due to the low energy of the e1ni tted radiation, Ni 63 and s35 

are the two nuclides of those we have studied wh:ich are most likely to 

have a low response probability. The response probability in the two 

cases is seen to be ve~ close to unity. This conclusion is also, of 

course, corroborated by the observations recorded in Figure 7. The 

counting rates obt.rined wi th all energies remained essentially unchanged 

even when for exa.mrüe in the case of s35 , the applied potential was 

increaseè. from 2.4 to 3.2 kv, corresponding to a change in the gas 

multiplication by a factor of about 160. 

(ii) Respolll?_e_~;:_q_babili ty ~1?_-~_l!]mç_tion of Sou;:ce Po si ti on 

We have examined the variation of response probability of the 

counter for sources of radiation as a function of their location in 

the source mount plane in a manner essentially similar to that employed 

by Hawldngs et al. ( 68) for P32 , using (3--emi tt ers of va:rying energy 

from O. 067 Mev to 2. 26 Mev at various polarization potentials and bias 

voltages. 

The source vras r:;mmted on a smG..l.l area of 5-10 Jlg./ cm2 film 

supported over an a:!_)erture of 5 JrJn. diam.eter in a slide of alwninum 

foil. The slicle we.s arrangecl to move between two parallel wires so 

that the source could be adjusted to any position along a diameter of 

the source mountinE cliaphragm. This movem.ent, conbinecl wi th the rotation 

of the <'i.iaphragm allovred the source to be brouc;...l-tt to a_ny point wi thin 

the plane of the source mount. The vrhole W8.s screened electrostatically 

from the electrode system by being s;mdrliched between two gold-coated 

10 J.lg./ cm2 films. Attenuation of the $-radiation by absorption in the 

smDJ.l layer of gas trapped betvfeen the filr.1s coule'_ be neglected for 
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purposes of this experiment. The countinrr rate was observed vàth the 

source in 90 different positions, each at two values of polarization 

potential and t-.vo discriminator bias settin[s. Typical contours of 

egua l response probabili ty are shovm in Figures 14 and 15. 

The contours are essentially simil2r to those obtained by 

Havrki.nes et al. (do) for p32 • The are a over which the response proba­

bility is unity for a particul2r applied voltage and bias level can 

be seen to be smaller for Ni 63 than for La140, because of the reduced 

ranee of the vreaker r c.diation in the counter gas. The curves show an 

expansion of' the contours vri th increasinrr pols.rization and decreasing 

bias voltage, corresponëin.g to the expected variation of response 

probabili ty under the se candi tians. 

From the se data i t is clear that a source diarneter of up to 

at least l cm. can be tolerated by the counter for all particle energies 

studied vli thout a significant drop in response probabili ty. 

It will be seen from Figure 5 that the counting charnber is 

constructed in such a manner that bath hemispheres are recessed to 

accommodate an almJinwn source-mount diaphragm. This allovved us to 

investigate the variation of response probabili ty when a source of 

s35 was moved l mm. from the medial position towards each anode. 

(l'he source-mounting film is custonarily affixed to one side of the 

alwn.inum diaphragm, and the source E1.aterial deposi ted on the si de of 

the film away from the diaphragJ:n.) The res"Lllts as shawn in Table III, 

show that a displacement of at least l mm. in ei ther direction (the 

ma.xim:wn allovred by the counter design) may occur wi thout adversely 

affecting the countine rate. 



Figur~J& 

Contours of Equal Response Probabi lity for Ni63 ~-radiation 

(a) at 2.6 kv, 5 v discriminator bias 

(b) at 2.6 kv, 30 v discriminator bias 

(c) at 3.0 kv, 30 v discriminator bias 
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Figure 15 

Contours or Equal Response Probability for La140 ~-radiation 

(a) at 2.6 kv, 5 v discriminator bias 

(b) at 2.6 kv, 30 v discriminator bias 

(c) at 3.0 kv, 30 v d.iscriminator bias 
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TABLE III 

Effect on Resuonse Probability of Vertical Source DisRlac~~ent 

Position Observed Counting Rate 
( counts/roin.) 

Source central facing upwards 

Source displaced l mm. towards top 
anode facing upwards 

Source central facing dmmwards 

Source disp1aced 1 n~. towards bottom 
anode, facing dovmwa rds 

39,070 ± 140 

39,170 ± 140 

39,240 t 140 

39,280 ± 140 

{iii) Effect of Variation of Go1d Thickness of Sou;:s_~!1_ount Film~ 

The effect on counter response probability of variation of 

go1d thiclmess on films has been investigated in two sets of experi­

ments, one each for Ni63 and p32 radiation. Sets of vn~ films 

( all of 5-10 J.lg./ cm2 superf'icial densi ty and mounted over diaphra@D. 

apertures of 15 ems. diameter) were coated on one side wi th a range 

of gold thicknesses. The superficial density of gold app1ied vms 

measured spectrophotometrical1y as described in section C. For each 

film, a source wa s app1ied centrally to the side of' the film on v;hich 

the gold had been deposited. The high voltage characteristic at a 

constant discrirninator bias setting obtained wi th this arrangement was 

recorded. A diaphragm wi th aperture dianeter of 2. 5 ems. was then 

placed over the first, for.ming effective1y a system in which a film 

wi th the s e.me go1d superficial densi ty was mounted over a srn.a11er aperture. 

The characteristic cu:;:ve \Yas again deter.mined. The film, on the original 

diaphra@ll, vras then removed from the counter and 10 J1g./ cm2 go1d àis-
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tilled on to it. In one-half of the eXJ._,eriments the gold was applied 

to the side of the film carrying the source and in the other hal:f to 

the reverse side. The voltage characteristic was again deter.mined. 

Finally, a further 10 Jlg./ cm2 o:f gold was applied, this time to the 

opposite side to the above (both sides nov1 had at 1east 10 Jlg./ cm2 of 

gold) and a fourth characteristic was measured. 

The results of the effect of gold thicl<ness are as fo1lows: 

1. In all cases the last two characteristics were identical. 

Identical voltage characteristics were obtained regardless whether the 

gold vras on the source si de, reverse si de or both si des. 

characteristic curves are shown in Fïgure 16. 

Representative 

2. The appearance of the characteristics obtained with increasing 

thickness of gold is shown in Figure 17 for Ni 63 and Figure 18 for p 32 • 

In order to render the data comparable, the cou.."lting rates are expressed 

as a fraction of that found for the source after application o:f 10 Jlg./ cm2 

of gold to the source mount. The figures plotted apply to a diaphra@U 

aperture of 5 ems. The smaller aperture of 2. 5 ems. had the effect of 

displé>.cing the characteristic for a given gold thiclmess to a higher 

po1arization potential. However, the gold thickness at which normal 

characteristics occurred (> 2 J1g./cm2) was the same for both aperture 

sizes. 

(iv) Ef'fect of Puri ty of Counting Gas 

The effect of using a counter gas of inferior qua1ity is shovm 

in Figure 19 (a). This shows a series of characteristics using Ni63 

as the radioactive source and Techlùcal G:-.cade methane as the counti:ng 

gas. The n~ss spectrometrie analysis of a s arnp1e of C.P. methane, 



FiSU:re 16 

High Voltage Characteristics as a Function of the Side of 

Source Monnt to whlch Gold is Applied 

(a) 5 ~g.jcm2 of gold on source aide - Ni63 

(b) 5 /-lg./ cm2 of gold on reverse aide - Ni 63 

( c) 5 /-lg./ c~ of gold on source aide - p32 

( d) 5 ~g./ cm2 of gold on reverse aide - p32 
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Figure 17 

High Voltage Characteristics for Ni63 as a FUnction 

of Gold Thickness on Source Mount 
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Figure 18 

High Voltage Characteristics ~or p32 as a Function 

of Gold Thiclmess on Source Mount 
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Figure 19 (a) 

High Vol tage Characteristics Obtained wi th Impure 

Methane for Ni 63 13-radiation 
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giving nonnal performance, is shown in Table IV. We do not gi.ve an 

analysis for Techn.ical Grade methane as this varies from one cylinder 

to another. (The variation is so great that occasionally a cylinder 

of Techn.ical Grade methane has been found to give satisfactory results.} 

TABLE rl 

Mass-Spectrometric An~ylis of C.P. Methane ~ 

Constituent Concentration 
(percent by weight) 

0.1 

0.01 

0.59 

0.5 

0.01 

0.15 

0.01 

Remainde.r 

Experimenta performed wi th synthetically prepared gas mixtures 

showed that the counter was relative~ insensitive to the presence of 

higher saturated and unsaturated hydrocarbons in the gas mixtures. 

The presence of small quantities of air or oxygen however, is injurious, 

possibly due to the electron affinity of the l at ter. 

~ The author is indebted to Professer H. I. Schiff of t his department 

for this analysis. 



This latter effect is also demonstrated in the "flushing­

curves" of Figure 19 (b). These show the increase of counting-rate 

wi th time (measured from the time of insertion of the source, RaD-E-F, 

and closing of the chamber) for a series of co\lllting gas flow-rates. 
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The counting-rates do not reach a constant value, indicative of oonnal 

operation, until essentially all the air has been flushed out of the 

chamber. We have used these curves to dete:nnine the period of time 

which must be allowed for complete counter flushing, before measurements 

can be made. 

(b) "Counter Geomet12" 

Experimental techniques for dete:nnining the effect of a reduc­

tion of diaphra~ aperture diameter on the counter characteristics are 

described in section (iii) of (a). 

Characteristics for Ni 63 and P32 are shown in Figure 20 for 

both large and small diaphragm apertures. The gold thicknesses used 

in this experiment were grea ter than the limi t at which regular behavior 

conmenced. 

Severa! workers (68, 95, 100) have discussed the effect of 

using a relatively thick metal dia.phragJn i n order to support the source­

mounting film or foil. Calculations have been made of the fraction of 

particles emi tted which will be · "lost" due to collision wi th the diaphraBJll 

aperture walls. Experimenta have also been perfonned at a single value 

of the polarization potential to determine the effect of reduction of 

aperture size. 

Figure 20 shows clearly that no decrease in counter response 

occurs when the diaphragm aperture diameter is decreased from 5. 0 to 



Fipure 19 (bJ 

Effect of Incomplete Counter Flushing. 

Countine-rate as a Function of Time for a Series 

of Counting Gas Flow-rates, \vith a RaD-E-F source. 
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Figure 20 

High Voltage Characteristics Obtained with Varying 

Size of Diaphra.gm Aperture 

(a) 2. 5 cm. diameter Ni 63 

(b) 5.0 cm. diameter Ni 63 

(c) 2.5 cm. diameter P32 

( d) 5.0 cm. diameter P32 
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2. 5 ems. Provided that a partiale produces the neèessa.ry min:imu.m 

number of ions before being absorbed in the aperture wall, it will 
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be registered. As the polarization potential is increased, the 

probabili ty of this minimum ntllriber being produced approaches uni ty. 

Thus, the effect of a reduced aperture size is to displace the polari­

zation characteristic to higher polarization potentials and does not 

reduce the effective counter geometr,y from 4n steradians. 

{ c) Response Probabili ty at Higher Counting Rates 

The resolution loss function of the present counting system has been 

determined using the method previously described to examine the effect 

of disintegration rate on the characteristiccurve of the counter. A 

series of 12 sources of P32 with disintegration r ates ranging between 

3 x 1o2 and 104 dis./ sec. was prepared and the counting rates of the 

single and larninated sources obtained. The resulta, expressed as 

"resolution loss" as a function of the observed countine rate, are 

shown in Figure 21 plotted with logarithm:ic coordinates. Some points 

for the curve were also obtained by studying the departure from exponential 

dec~ of a source of Na24• 

The resulta obtaine d in Figure 21 clear~ illustrate the loss 

in counting rate of this counter assernb~ wi tP, increasing disintegration 

rate. The presentation of t he data on a "log-log" plot re sul ts in a 

curve which is linear and thus faci lit at es extrapolati on to lower counting 

rates. This correction curve can be used with confidence for our arrange­

ment up to an apparent counting rate of 2 x 105 counts/min. As can be 

seen from Figure 11, up to t hat p oi nt the correction is e s sentially 



Figure 21 

Resolution Loss Function of the Counter at 2.6 kv 

High Voltage and 15 volts Discriminator Bias 
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independent of polarization potential and discrinù.nator büts. It should 

be noted that the slope of the curve in Figure 21 corresponds very 

nearly to a cubic relationship between counting rate and resolution 

los s. This is qui te at variance wi th the standard de ad time correc­

tion formulae discussed in section A, (equations 23 and 24), which 

were derived assuming a constant "dead-tirne" and suggests that the 

resolution losses in the electronic circuit~J may well be playing a 

more important part in our case than is assumed in the simple G-M 

counter system. 

4) CO!~CLUSIONS 

On the basis of the expe rimental work discussed in this section, 

it is concluded that the error in disintegration-rate determination due 

to the departure of the response probability of a 4rr-counter from a 

value of uni ty may be reduced to less than 0.1 percent. For our 

appa.ratus, the conditions under which this is realized are the following: 

Source mounting film of 5-10 pg./cm2 of ~~ resin mounted 

over a diaphragm aperture of 2. 5 or 5 . 0 ems. diameter and coated vri th 

at least 2 pg./cm2 of gold. 

Counting gas C.P. methane. 

Polarization potential 2.6 kv 

Disc rimina tor bias lb volts. 

The absence of perceptible slope on the plateaus of the lugh 

voltage cha r act e ristics of the chrunber vrhen functioning correctly 

allows a considerable la ti tude in the conditions under whlch the system 

may b e satisfactorily operated. It further allows a r .e.pid verification 
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that the system is so operatin(S. If' an increase of' 200 volts in the 

polarization potential or 10 volts decrease in the discriminator 

bias causes no chan8e in countin[ rate observed, then a response 

probabili ty close to a value of' uni ty is indicated. 
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C. TI-Œ F J.BRICATIOI\ lù:~D CALIB...'li.ATIOH OF VERY THIN Flli~ : 

XBSORP.riON OF RJJ)I.ATION BY THE SOURCE-l~OUNT 

l) TI\TROWCTION 

The second source of error in disintegration rate det·ennination 

by 4~-counting to be considered is due to absorption of radiation, which 

would otherwise trigger the lm·rer half'-counter, in the foil or film used 

to support the source. We shall show that this error can be reduced to 

a fie;ure of the sa11e orè.er of mae:ni tude ::-,s the error consid.ered in sec­

tion B, both beine substantially less for a given r.s.èiation energy than 

the error at present arising from self-absorption effects, considered in 

section C. 

In tlùs secti on we shall consider this source-mount absorption 

effect purel.y as it affects the correction of observed. counting measure­

ments in the calcula tion of disintegration-rates. Later in section E, 

we s D.all analyse the dat a in I;iore detail, and relat e t he maQri. tude of 

the observed effects to the combined influence of the several absorption 

and scattering p rocesses . 

In the present investit:at ion, v;e shall arain adopt a two- fold 

approa.ch. Firstly, vre atternpt to reèuce the magnitude of the error 

arising from source-mount a.bsorption as far as is p r actical by the use 

of films of· very lovr superficial à.ensity , w.ade from sy:nthetic resin of 

low average ator.j,c nun~ber. However a limi t i s set to the extent to 

which the thiel-mess of these f ilms can be reduced by t he r eguirement 

of adequate mech2.nical film strength f or the intended pur-pose . Secondly, 

therefore , i t i s necessary ta develop a method of àetennining the extent 
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of' a.bsorption of' racïation in the f'ilrn which still occurs, to the 

accuracy re qui red. We :;:;hall discuss the se tapies separately. 

2) Tt:Œ FABRIC.ATIOF 1\liD THIClQ:ESS CALL:i}U~L'lm:- OF VEJ?Y THIN FIU.:S 

(a) Introduction 

There exists a pressing need f'or ve~ thin f'ilms of' low Z 

material, strong enough to act :::.s source-mounts, not only in 4rr-counting 

but also in beta-spectromet~ 2.11d allied fields. The techniques to be 

described have been successf'ul in the f abrication of films of material 

of Z = 5.1, of r;ood chernical and mechanical stability, of' superficial 

densi ti es dovm t o below l JLg . / cm2 ( Llickness < 7 r.lJ1) and of' are a up to 

2 100 cm • 

Mate rials used f'or the p roduction of source-mount s f'or the 

purposes of 4rr-counting or beta-s:pectromet~ must satisfy a m.unber of 

cri t e ria. They !::Ust be of: 

( a ) mirilr.EÙ superi·icial ciensity ancl low average atordc number, in 

arder to re duce absorytio:n and scatterine; of r a6iation: 

(b) adequate mechanical s tren[éth to v:i tilstend :::hocks recei ved during 

normal, careful handling and t he I;ipetting out of r aèioe.cti ve 

solutions : 

( c) adequ ate chemical resist0.nce to rear;ents present during the rapid 

evaporation of these solut ions , e~. under inf'rared irre.di.?tion: 

\ d ) adequate then::al resist2.11ce to ·,vi thdffi'.cl infrare d irrs.èlia tio:r_ 

during this ev aporation proc edur e 1:mà cluring met elli zing pro-

ceëu re::: if' the se are required ( see lat er). 

Tne use of a nwnber of materials has been reportecl in the 

liter ature. .Alwdnm1 foil ha.s been use c2 t 28 , 29 , 30, 31, 14-0, 142) 
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in suuer1'ici2l densi ties as lmr e.s 2GO fJ.g./ cm2 (13.5). Such f'oils will 

however be very vea.k r;tech~cal:ly, anë in o.èc.itiOl, elur:.imm1 cloes not 

exhibit very gooci chewical resistance to acicis or alkalies. Certain 

synthetic resins h8ve been founêl to ler"d ther,;selvcs to the fo.brice.tion 

of thin filLs sui table for source rn.ount s 211d have be en used extensi vely 

;·;i th conventiomü low-seometry counters cr,è in bete.-spectrometry where 

back-scatterinr; effects nere to be Jilir.imized (33, 108). Formvar (33, 

54, l45),a polyvinylformal, has excellent meciuw.ical properties, bein[ 

stronE and resistant to abrasion (52, 125, 126). A method (8) to pro­

duce films of less trlilll 10 tl[!;./ cm2 superfici ::.>.1 c~e!,t3i ty by n·ee.l!S of very 

specialized handlinr; technic~ues has recently been described. Unfortuna-

tely Fonw2..r is ree.ëiily attad:ed by acids, concentroted allœ.lies, and 

orr;anic sol vents. It has i1o·;,rever found applice.tion in le,r:d.r:otes vri th 

filsüs of p olystyrene or Zapon (ti2, G8, 95) v1hich possess better chemical 

p::coperties, but are alone too fragile. 

Cellulose nitrate ( 3 , 70 , lOO) and acetate (135) are probably 

the E:ost successful of the r:aterials usecl up to this tirœ. j,'hey are 

resistant to hydrochloric e.cid in all concentrations, m:i,-~ ;;inr; acids 

in concentrations up ta 12 N, ancl 0ilute allŒ.lies. They are attacked 

however by concentrated alkalies, and other subst .<>nces, er;. an anueous 

slurry of a metallic sulphide. Fill11S of these r;J.aterials with o. -:.u~)er­

fi.cial densi ty of as lov1 as 3 tJ.g. / cm2 have been reported. Hov~ever the se 

are of small .~rea, and i t is found that fillns of less than 40 ,ug./ cm2 

do not make satisfactory mounts 0\1ing to increasin[ fragili ty Ylhich 

ilr;:peà.e s their J:,anui'acture, handlinr;, and use during pipetting operations. 

','men i t is de si red to vrork vri th soul'ce-J.tounting fillns of 
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5-10 Jlr;./ cm2, therefore, i t is clear th;lt a m:1terial vfi th 1 :uch better 

charo.cteristics is rec!uired. ~:re propose the use of VTI~S resin* (a 

polyvinylchlorid.e-acetate copolymer). Films of' thl.s naterial can be 

macle v:i th su~~erficial densi ties below 1 Jlg./ cm2 . The se show remarkable 

tensile strentth, m1d excellent cheJ!'ical resistance to acids and 

al}::alies in all concentrations Emd to nost orzenic solvents. The 

only comrnon chemicals found to attack the fiJJ-ns are . ketonic compounds 

anC: esters \ihich act as solvents for the resin. These p ro:perties, 

together 1lith resistance to all but the severest of shock:::, n:ake Vi!\S 

resin on ideal ma.terial for source mounts. 

(b) Proceëures 

( i) Film Proàuç_E:.Qn 

V'.G~S resin as supplied by the manuf'acturers is a finely ground 

white powder. The most convenient solvent is found to be cyclonexanone, 

one vohune of resin r eq_uiring about tvïO vol w-n.es of solvent for com~ùete 

dissolution. First addition of solvent to the r esin produces a gel, 

which dissolves in further solvent only slovrly in the course of several 

days. The process can hoHever be acceler .?.ted soraewhat by m:üntainint: 

the mixture at 50-60°C for several hours . The saturated solution thus 

obtained fonns a convenient stock solution. This is Qilutecl wi.th 

further cyclohe:canone b ef ore use to r;i ve a one-thircl saturated solution. 

* This material is a product of the 13-?.kelite Co. l{.Y., available in 

Canada through Canadian Resins and Chemicals Ltd. , !;~ontreal. The 

author is indebt ecl t o !.:r. I. l.:aclaine of Dominion Oilcloth and Lino­

leum Ltd. for introduction to this material, 2nd. to l.Ir. F. :r.:. King of 

Cans_èïan Resins and Ci1erocal s Lt d. for a supply of the redn for experi­

mental purposes. 
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mm in cyclohexanone ûoes not spread satisf'actorily on a 

water surface, and dilution >rith a second solvent produces on evaporation 

very weak e..nd uneven f i l.r.:lS. The conventional techniques for film for­

mation are therefore not applicable, anâ a ne-;r method has h.ad to be 

developed. This is found to prod.uce filr:ts whose constancy of thic::.c-

ness is better than previously obtainable, ~:.nd possesses the addi t ional 

merit of improving the t ensil e strength of the thinner fillr,s, possibly 

by orientation of polyr.1er molecules. 

The p roceâure used is as follows. A trough or sink is f'illed 

wi th water at room temperature and a floating wooden barrier placed in 

contact with one end. One to two milliliters of resin solution are 

pipetted between the barrie r and the trough, so as t o vret bath the s ide 

of the trough and the bar1~er; the latter is released and the resin 

solution allm·..-ed to expand into a bDnd about 2- 3 cm. wide, the outer 

edee (nearest the barrier) of vrhich i mmediat ely ber;ins t a soliûify. 

The barrier is lifted from the v,rater, lowered lightl y on to the soli­

dified f ilE., and. then moved away along the wat er surface a t a speed 

of about 30-40 cm. per second. During this p r ocess a f i lm of resin is 

observeû to feed out of the solution band, and continues to do so 

covering the vmter surface , until e ithe r the barrier r eache s the far 

e n d of the trouch, or the band of solution is exhau sted. The thickness 

of film produced is gove:rneël. by the speed a t v,rhich the bar.cier is pulled 

out, t he t hinnest fillns bei ne; obta i ned \Vith t he highest speeds . The 

evenness of the fih~ in one direction is conà.i tion ed by the evenness 

of the original pipetting operati on, and in t he other by the com:tancy 

of ban'ie::c veloci t y. Success in operation of this p roc edur e is largely 
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a matter of manual dexteri ty, which can easily be obtained. 

The film proê!.uced is q_uite dry and rnay be lifted from the 

water surface for use immediately. The liftint; 1:1ay be accompli shed. 

by the use of v;ire frames (coated vrith IF.fi~ to e:Lve better filr.t adhesion) 

;Jhl.ch allow larr er areas of film to be obtained, eg. up to 40 cn. x 

20 cm. of 10-20 pg./cm2 film. The film ln~ then be transferred to 

other supports which have previously been wetted with water. Altelïl.a.tively, 

the supports, in our apparatus alurr.inum annuli of area 40 cm2 , may be 

used to pick up the film directly, 30 or 40 rings beinr covered in one 

operation. In ei ther case the sup}:IOrt or frame is lov.rered to contact 

the upper surface of the film, the latter torn avr~ a.t the ed.ges, and 

the fi:Un lifted wi th a rolling motion, one ed.ge separa ting first. This 

procedure often gives a film completely free of water droplets. 1IIly 

that may be lef't can be c autiously pulle à. to the eà.ge of the film wi th 

a V'risp of absorbent material. An alte rnative procedure, useful for the 

thinnest films, is to s ink the film and sup:port caref ully and to bring 

them out through the water surface at rirnt angles, reàucing the effect 

of surface tension forces. Uarks r err1ai1ùng af'ter evaporation of water 

droplets left by thls proc edure may èe avoided -uy dippin g the fi lm on 

ede;e below the surf·ace of sorne distilled water. VYI:-S is hydrophobie, 

anët films proéiuced by this method, once any a dhering vrater is removed, 

a re q_uite dry anci ready fo r use. No appreciable change in weit:nt is 

observed over l ong perioéis of time, either with plain films or after 

metallizing ( see la ter). 

This simple technique as de scribed is suitable for the pro­

duction of unifonn films of up to 20 pg./cm2 superfic ial densit y . 
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Films of greater thicknesses are conveniently produced by lamination, 

two films placed in contact adhering readily; laminates of greater 

than lOO f.Lg./cm2 and guite even in thickness have been made in this 

way. Al ternati vely, one can use a mechanical me ans of ensuring con­

stant barrier speed ta produce the thicker films. The manual method 

does not operate tao satisfactorily in this region. 

It is standard proceàure in this laboratory ta store films 

on edge. This arrangement renders the stock of films less liable ta 

damage by vibration, and furthe~ allows a large number of films ta be 

stored in a small space. 

Electron rnicrographs* of a plain VYNS film at a magnification 

of 104 reveal no evidence of structure in the film. (see Figure 22 (a).) 

However if the film is shadowed >vith gold applied by distillation .(see 

la ter) at an angle of 20° to the surface, a series of surface ridges 

becomes visible (Figure 22 (b)), presumably runn:ing in the direction 

in which the film was pulled out. 

(ii) Measurement of Film Superficial Density 

Qe_tical Reflection Method 

As is well known, thin f'ilms are of'ten observed to be brilliantly 

colored by reflected light, owing to the occurrence of interference and 

* The author is indebted to Dr. A. W. Tickner of the Applied Chemistry 

Group, National Research Council, ottawa, Ont. for the opportunity 

of using this group's electron-microscope facilities, both for these 

pictures , and those that follow. 



Figure 22 

Electron Micrographs {x 104 ) 

ta) Plain VYNS film, 10 JJg/ cm2, wi thout shadowing 

~ b) VYNS film, 10 J.lg/ cm2, shadowed wi th Gold 

102. 
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reinforcement between the light reflected from the top and bottom 

surfaces of the film. 'l'he conditions for reinforcement and dest:ruc-

tive interference for light of wave length X are given by: 

reinforcement: (n + ~ )x= 21-ld cos a 

dest:ruction: nÀ= 21-ld cos 8 

••••• ( 46) 

••••• ~47) 

where 1-l is the film refractive index (for VYNS = 1. 5), d is the fjjlm 

thickness, 9 is the angle of reflection, and n is an integer. The wave 

lengths for which interference is e:x:pected for various ViNS film thick-

nesses with normal~ incident light, together with the color actual~ 

observed, are listed in Table V. The effects observed below 10 j.lg./cm2 

are due to a falling off in ref1ectivity of the film. 

TABLE V 

Wave length Wave 1ength 
Superficiel for for destructive Co lor 
density of Film reinforcement interference Ubserved 

film Thickness calculated calculated 
(1-!g./cm2) tJIIl.l) tJlll.l ) tJlll.l j 

1 7 (14) (21) Dark gray 
5 36 (72) (108) Light gray 

10 70 (140) (210) White 
20 140 280 420 Light yellow 
25 180 360 540 Yellow-brown 
30 210 420 630 Purple ) Fi rst 
35 250 500 750 Blue ) order 
40 290 580 870 Yellow ) spectrum 
45 320 640 960 Red ) (n c 1) 
50 and 360 and Second order and 
above ab ove above (n ~ 2). 

Colora of 
diminishing 
intensity 



We have used these color differences, as observed visually, for 

the rough sorting of filJns of differine; thicknesses, and especially 

104. 

for the selection of areas of film of the a.esired thickness and evenness 

for lifting from the water surface. It is clear that this could be made 

into a precision method, if de si red, by use of a spectrophotometer vii th 

a ref'lection attachrnent. 

Gravimetrie Method 

A fi ve decimal place analytical balance i s capable of measuring 

the super.ficial density of 40 cm2 lfor our apparatus) of 5 ~g./cm2 film 

wi th an accuracy of 5 percent. This gives a very useful, absolute means 

of super.ficial density standardization. We have used films specially 

selected for their uniformity and calibrated gravimetrically to standardize 

other methods of determination. As a routine method, however, weighing 

has certain disadvantages: 

li) Measurements to the required accuracy are very tedious and time_; 

consuming. 

(ii) The superficial density measured is an average for the whole film, 

not for the region of interest (the centre}. This method is not 

therefore applicable to f'ilrns with peripheral irregularities 

which are nevertheless qui te sui table for source mount s. 

(iii) Finally the mounting of a film on a weighed support is not easily 

accompli shed wi thout a concomitant change in support weight, and 

measurements are subject to random errors far in excess of those 

imposed by the sensitivity limit of the balance used. 
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Beta Radiation Absorption Method 

Figure 23 shows as a function of their superficial density 

the transmission of VYNS films for the beta radiation of Ni 63 (which 

has a ma.xinn.un energy of 67 Kev). Providing the radiation measurements 

can be made to the necess~ precision, the method is limited by the 

accuracy of the superficial density values of the films used for cali­

bration. We estima te that measureoents can be made to 2 11g./ c:rn2 in 

the range 0-30 /lg./ c:rn2, and wi th a somewhat larger error at great er 

thicknesses. The actual for.m of the curves obtained depends a great 

deal on the radiation scattering and ether characteristics of the 

apparatus used, but the details of procedure as used by us are as 

follows. 

A Ni63 source of about 2 x 103 dis./sec. is deposited in a 

depression at the centre of an aluminun. plate, and the whole is covered 

with a VYNS film of about 50 !1g./cm2 to gi.ve a completely planar surface. 

This is then mounted in a conventional hemispherical 2rr-proportional 

cow1ter, and the counting rate measured to the required accuracy. 

Curves of transmission versus superficial density are then obtained, 

using specially selected gravimetrically calibrated films which are 

placed in conte.ct wi th the plate. Advanta.ges of the method include 

insensitivity to peripheral film irregularities - the superficial density 

measured i s that observed by a source centrally located on the film 

used for a source mount - and a rapidity of operation much greater 

than for t he gravimetrie method. Disadvantages include the tendency 

f or films of less than 10 /lg./cm2 to adhere to the plate and subsequently 

to rupture twhich can to sorne extent be ameliorated by a light dusting 



Figure 23 

Transmission of VY}fS filw. to Ni63 Beta Radiation 

(a) Film superficial density range Q-30 pg. / cm2 

(b) Film superficial density range 0-600 pg./cm2 
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of talc away from the central part of the film), the need for ensuring 

close contact between the film and plate (since a layer of methane 

counting-gas entrapped between them can cause considerable error 

in the apparent film thickness), and the need for electronic counting 

apparatus, etc. 

Optical Absorption Uethod* 

This method is now in routine use in this laboratory, and 

proves quite satisfactory for the measurement of superficial densities 

in the range 0-30 Jlg./ cm2. '.7e employ a Beckman I.:odel W Spectro­

photometer, vrhich is first balan.ced against air, and then used to 

.measure the optical transmission at a vrave length of 360, 600 or 

1300 Jr.f.l accordin[ to the thickness ra..nr;e and accuracy required. 

The se vravelengths were chosen as a re sul t of detennination of 

the optical absorption spectra of & s eries of films of increasing 

thickness. These spectra are shorm in Figure 24. The curves obtained 

exhibi t periodic oscillations of transmission vri th increasing wavelength, 

the nurnber of os cillations observed in a given wavelenr;th interval 

i r..creasing vri th increc.sing film thickness. This effect is preswnably 

due to an i:nterferer;.ce phenomenon. 

The curves of transmission versus superficial density at the 

three chosen wavelene.ths, c a librated v.ri th selected vreighed films, are 

:te The author vrishes to thank Ur. Yr. L. Elsdon of Dr. C. A. VTinkler' s 

l aboratory for valuable discussions on the spectrophotometric 

l:teasurement of thin filu:s. 



Figure 24-

0ptical Transmission Spectr um of VYKS filin ~ at 

Increasing Superficial Density 
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shovm in Fir,ure 25. 

Tne :potential precision of the method is ab out O. 05 f.lg. / cm2, 

but calibration difficul ties im11ose at the moment a limi t of ± O. 5 

f.1g./cm2, which is nevertheles s adequate for the present purposes. 

The method is found to be very rapid and f acile in operation, and is 

applicable to the thinnest f ilms since they ne e d not be place d in contact 

wi th anything. It also measures the thickness of the centre of the film, 

and is useful in mea surinr:, srnall irregularities of superficial density 

in this area. 

(iii) Gold Coating 

The :plastic filJn used f·or mounting a source vii thin a 4Tf-counting 

chamber (or f or beta-spectrornetry) mus t be conducting i n arder that t he 

counter shall function correctly. ( s ee Section A) Films may be rende red 

conducting by a suitable coatin5 , either of Aqua-dag (88, 108) or of 

metal appl i ed by sputtering or distillation i n v acuo. The u s e of alu­

minura (135), copper (76, l OO), s ilver (3), and gold (20, 68) has been 

reported. We f ind gold coating of one sid.e of the fi lm by distillation 

from a tungsten ribbon f i lament a t about 1200°0. and unde r < 1 f.1 Hg 

to be sat isfac t ory. 

Low distil lation rates of eold cive approxi mately isotropie 

distributi on of· metal, and several films may be coat ed simu l taneous l y 

if arranced spherically around the f ilament. 

The progress of dist i llation r<~.ay be followed by observing the 

color of the film by r efl ected lir;ht f r om t he r ever s e f e.ce to that 

b eing coated. ïfi th an ini ti ally uncolor ed film of 5- 10 f.lg. / cm2 for 

exm~le , a faint purple coloration is first noticed a t a superficial 



Figure 25 

Optical Transr.~ssion of VY1JS Fi~ as a Function of 

Superficial Density 
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density of 0.4 Mg./cm2 gold, and this progressively deepens in sha de 

until at 5 Mg./ cm2 e, rich red-purple coloration is obtained. By trans-

mi tted light gold layers appear as increa sint; intensi ty of blue, due 

to absorption or ref lection of light at about 600 ~~- Absorption 

spectra of a series of f old films on VYNS ( duly corrected for the VYNS 

absorption) are shovm in Figure 26 . The absorytion at 600 lTl/1. has been 

made the basis of a satisfactory precision method of n:easuring the 

thicb1ess of a gold layer applied. The Beckman Spectrophotometer is 

again used, balanceù. a t:.:ainst air, and the transmission at 600 lTl/1 of' a 

series of filns of' knovm gold superficia l densi ty is measured, the film 

being arranged so that the lit,:ht beam is incident on it from the uncoated 

side. A satis:t'actory method of preparing the calibration fib:1s is to 

employ increa sing distillation times from a filament of constant dis­

tille.tion r e.te, which is kno"~Vn f'rom [ravi:rr!etric measurements. 'l'ho optical 

transmission of the f'ilm p lus gold a s mea sured is the procl.uct of the 

transmission of the f'ilra, a.nd that of the gold. '.L'he fo rme r may be rea d 

f'rom the 600 lilJl curve in Fir,ure 25, and the curve of the sol<"! t:cans­

rrisdon t hus c a lcula ted ve rsus r;old superf'icial densi t y is si ven in 

Fi hure 27. Spectrophotol:leter readinc;s c m1 be t 2...lœn wi t h an accuracy 

which gi ves a precision f or the r.1ethoél of O. 05 Mg. / cm2 of E::olè., and in 

this case the c a libration i s p robaüly o:L' COlli_pe.l'<:èble accuracy. 

We hav e exawined t he structure of the t:olà fibn also , by elec­

tron-micros copy. Fi sure 28 sho'.·rs a l!"licro .::;n~.-.:_,h of a l ayer of' 5 Mg. / cm2 

superficia l densi ty -rri th a ma.t_:nif'ication of 3 x 104 ; the c rystal size 

of' ti:le golcl deposi t appenrs to be in the neighbourhood of 60 l1lJ1 àiruneter. 
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Figure 26 

Optical 7ransmis ::..ion Spectrum of' Gold at 

Increasing Superficial Density 

~These data were obtainecl in collaboration with I:.r. W. L. Elsdon 
of' Dr. Wïnkler' s labo r a tory. ) 
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Figure 27 

Optica1 Transrr.ission of Go1d on ViNS film at 600 IDI1 Wave1ength, 

as a Function oi' Supe rficial Density 
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Figure 28 

Electroràcro2,-raph ( 3 x 104) of 10 f.lg. / cm2 of Go1d on VYN~ l!'iln 
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Sever~ interesting featu res are apparent in the re sul ts of 

the spectral studies and in the electron micrograph of the gold deposi ts, 

which may be related to changes in structure at defini te deposi t thick-

nesses. Fol~ instance, there is a marked change of slope in the trans­

mission curve of Figure 27 at about l. 0 pg./ cm2 . This <loes not appear 

to be associated vrith a change of the spectral fonn shovm in Figure 26, 

al though such a cheJ1ge does occur betvreen 4. 2 and 4. 6 pg./ cm2 super-

ficial densi ty, a transmission peak at about 500 Tfll1 replacin~ an absorp-

tion peak at about 600 to 700 Tflll. We have ~reaày noted in section B, 

that a marked change in conductivi ty of the gold f i lm occurs betv1een 

1 and 2 pg./ cm2, the high-voltage chara.cteristic of the 4rr-counter 

ass1.lr.ling a fonn corresponding to "regular" behavior when the source 

mounting f ilm has 2 pg./cm2 of gold coating. 

It is possible that these cl~ges in behavior are associated 

vdth the completion of structural units Q S prozressively larger quan-

tities of gold are distilled on to a film. 
0 

Thus assurning an effective radius fo r the eold atom of 1.4 A, 

a s ingle l ayer of atoms arranged a s close p acked s~heres is calculated 

to contair::. l. 3 x 1015 a toms per cm2, which corresponds to 

1.3 x 1015 x 200 --· .. ·-
6 x lo23 

=5 

or O. 5 /1[,./ cm2 • Theref'ore, bearing in Jnind that the è.ensi ty of the 

metal in a fiJJn of this thiclmess n:ay diff er from t hat in the bulk metal , 

we r::ay tentative ly correla t e the break in the absorption curve of 

Figur e 27 at l.O J..le;. / cm2 end the incre2.se in f'i JJn conductivity observed 

1 
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in section B between l and 2 J.1g./cm2 with the "completion" of an atomic 

layer. 

In Figure 28, it is seen that at 5 /1g./ cm2 superficial density 

the deposit is composed of c~stals of dimension of t he arder of 60 ~­

If one calculates the number of spherical partiales of r adius 30 m[l, 

arranged as a single layer of close-packed spheres, accorŒaodated on 

the surface, one arrives at a figure of about 

. 2 x 1010 per cm2 

which a s sumi11..g a densi ty for gold of about 20 is e quivalent to a sup er­

fiai al density of 

2 x 1o10 x 2.5 x lo-15 

= 5 x lo-5 gl cm2 == 5 J.1 g. / cm2 

Thus the change of spectral fonn betv1een 4. 2 and 4. 6 J.1g. / cm2 super­

ficial density, may then be due to a completion of a single layer of 

these c~stals, although one nrust again bear in mind the approxi mation 

involved. 

It is hope<i to perfona at a l ater date further experimental 

work on the c onducti vit y of these gold films , in an attempt to secur e 

more data on t his c~estion of s truct ure 

3) COlŒECTIQ}; FOR SOURCE-I.10ill'Tl' ABSORPI'IOH 

(a) Int roduction 

The avail abilit y of VYl~ films of a superficial densit y of 

5-10 J.Lg. / cm2 for use as source- mounts in 4rr-counting allov1s source­

mount r adiation absorption to be n eglected in disint egration-rate det e r­

minations of moder a t e precision for a.-radiation or P-ra diat ion of 

rnode rate or high energy. For vrork of t he great est precision, hmvever, 



and particula rly that wi th t he weaker ;3-emi tt ers, the absorption loss 

must be accurately evaluateà. 311d a correction made. The use of very 

thin filins is nevertheless still of considerable advantage, since the 

magnitude of the correction is reduceà., and the final disinter;-.cation­

rate value less sensitive to errors in the correction. 

Three raethods of detenùnine; the absorption correction have 

been described in the li terature: the so-ca lled "sandrri.ch" :procedure, 

calculation f'ro1n 2rr and 4rr c ounting-rates , and the use of absorption 

curves. 
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(i) The "s2nd·wich" procedure has been described by Havrki..nss et al. 

(68). The counting rate .s;iven by a source mounted on a lmovm thickness 

of mountinr; film i s deten.ùned, ar.d then a second determination made 

wi th an identical film superim_posed over the first sa as ta sandvri.ch 

the source. The observed reduction of counting-rate v1as applied as a 

correction to the single filrn va lue ta a r :ci v e at the source disinte­

gra t ion-ra te, and the v alià.i ty of t his i>rocedure was t aken ta b e apparent 

"f·rom a consideration of the contribution to the counting r ate from 

e ach he1üsphere". Hmïever S1rJ.th (135 ) found tha t applying the sand-

v.rich p rocedure ta shùl a r sources of , f or instru1ce , s35 u sing sets of 

films of differing superficial densi ty lead to results for the disinte­

gration r ate dif'fering by as much as 7 percent. The r esults should of 

c ours e be independent of the thickness of f ilms u sed. 

(ii ) Selirer an d c o- workers ( S'5 , 126 ) ;1e.ve atter;1p t ed to develop 

mat hematical r e ldionships which v:ould nllow c alculation of the source 

disintegr a t ion-rat e f rom 1nea sured 2rr and 4rr-, s i ngle and sandvri.ched 

film countin[ r a t es . 'l'he r e sult i ng fon:ula e as quot ed i n the second 
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and mo:!.~e ri go rous of the two papers ( 95) were: 

(a) 
••••• ( 48) 

where Na and Nb are the counting rates observed in the top and bottom 

half-counters respectively, N.r is the counting rate observed from bath 

halves combined, ~f is the fractional backscattering factor and t the 

fractional absorption factor for the film used as source mount. 

(b) NT - Ns 

2~- Ns 

! 
2 

••••• ( 49) 

where Ns is the total counting-rate observed wi th the source san&viched 

between two similar films. The value of t obtained from these equations 

was then to be substituted i nto 

1 - t/2 
••..• (50) 

to obtain N
0

, the disintegration rate. 

As is connnon with calculations of this sort ( eg. 135) the 

combination of' a continuous distribution of beta energies with energy-

dependent scattering and absorption coefficients and a complex geo-

metrical arrangement make the problem analytically very difficul t 

without the adoption of several simplifications. For exam_ple: .Alnong 

those employed by Seliger et al. were the supposition that the absorp-

tion and scattering characteristics of ~-radiation were unaffected by 

the scattering process (eg. degradation of the energy spectrum was 

neglected) and, in several places in t he derivation, t he assumption 

that i)f and t vrere small compared to uni ty. 
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The latter m~ be true in the region o~ beta-energies and 

~i~a thicknesses where the absorption correction is in any case insigni­

~icant, but with lower beta-energies where an accurate correction is 

required, both coe~~icients are by no means negligible, and va~ rapidly 

wi th changing beta energy-. In particular, the backscattering e~fect 

observed in a 4rr geomet~ is ~ound to be considerably larger than in 

conventional counter systems. The 4rr-counter will respond to particles 

having undergone scattering at low angles to the source mount, and low 

angle scattering is evidently important even with thin films of low 

average atomic nuffiber. Using a 4rr-counter, Meyer-SchHtzmeister and 

Vincent (100) have reported an 8 percent backscattering for s35 (3-par­

ticles from 30-40 ~g./cm2 cellulose ~ilms, Houtermans et al. (76) 

report similar results for p32, and Borkowski (20) ~ound 5 percent 

backscattering of Na24 (3-radiation from 50 ~g./cm2 of Formvar. 

Thus the overall 2 percent accuracy claimed by Mann and Seliger 

(95) for their absorption correction is probably optimistic when one 

is using (3-emitters of low energy (eg. Ni63, c14, s35 etc.). 

(iii) The "absorption curve method" used to correct the results 

obtained from end-vdndow counters ~or the absorption of radiation, 

suggests itself as a corrective technique applicable to this case also. 

A procedure of this sort was used by the workers at G8ttingen ( 76, lOO). 

They made a series of counting-rate mensurements with a source mounted 

on a film, and with increasing thicknesses of alumi.num foil placed 

~ the source, and used the curves obtained to correct the original 

counting rate. However, such a procedure would appear to be open to 

the same objections as the ordin~ sandwich procedure. 
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Studying the variation of counting-rate as a function of the 

actual mount thickness was first employed by Smith (135).' He commenced 

with a source mounted on alwninum of 260 J.lg./cm2 and took measurements 

of the counting rates obtained wi th the source backed by increasing 

thicknesses of this material. The curve obtained on plotting the 

results was observed to be approximately linear, and Smith assumed that 

the value obtaine<l by extrapolating back to zero mount-thiclmess represented 

the source disintegration-rate. However, this value was found to be 

low compared wi th the counting-rate observed wi th a similar source 

mounted on 30 /.lg./c~ of cellulose acetate, by 3 percent in the case 

of s35, and 1. 5 percent in the case of co60. The discrepancy probably 

arose from a change of slope in the absorption curve below 260 J.lg./ cm2 

superficial densi ty, such as was observed by Suzor and Charpak in 

another connection (141). Provided suf:ficiently thin fih1s and a 

sui table technique were used, this type of procedure would be expected 

to produce the most accurate means of correctine for mount-absorption, 

the results being independent of any assumptions regarding counter 

mechanisms and so on. The anomalous backscattering effects observed by 

Yaffe and Justus ~148) and Glendenin and co-workers t5'7) would not be 

expected to cause any disturbing effects. 

(b) Experiment al Procedure and Resulta 

For the following experimenta, we have used the chamber and 

ancilla~ equipment described in the previous section operating under 

the conditions found to give unit response probability. We have performed 

two sets of experimenta: 
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( i) SiwJ.e Film Source Mount Characteristics 

A series o~ counting rate measurements was taken ~or each 

nuclide o~ the series o~ seven ~-enutters o~ increasing end-point energy, 

and ~our emi tters o~ di~fering fonns of radiation, who se nuclear chara­

cteristics were described earlier tsection B). For each of a series 

of increasing source-mount superficiel densities, we have measured. the 

total counter counting rate tN.r) with the anodes connected in parallel 

to the aroplilying system. The source mounts used were of gold-coated 

VYNS ~ilm mounted on a 1 mm. aluminum diaphragm of aperture 2. 5 cm.s. in 

diameter. The thinnest films employed were of 5 to 10 /lg./cm2 super­

ficiel densi ty, and increasing thickness VIas obtained 

(a) up to about 70 /lg./cm2 by allowing a series of films of known 

superficial density to adhere to the back of the initial mount. 

tb) above 70 /lg./ cm2 by temporarily placing in contact wi th the back 

surface of the mount, in position in the chamber, each of a series of 

standardized films of increasing superficial densi ty. 

The results of these experimenta are shown plotted in Figures 29 

and 30. Data as shown are for "weightle ss" sources. Ex:perirnents vdth 

Ni63 have shovr.n that identical results are obtained even for source 

thicknesses where self-absorption of the order of 80-90 percent occurs. 

(ii) Sandwich Characteristics 

A second series of measurements was taken using the series of 

seven ~-emi tte rs described above as shovm in Figure 29. In this ca se 

sources of each nuclide were prepared on a series of f i lms of increas ing 

superficiel density and the follovdng quantities measured: the total 

counti ng-rat e with the anodes in parnllel with a s ingle mount (NT)' and 



Figure 29 

Source Mount Absorption Curves for ~-radiation of 

Increasing End-point Energy 
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Figure 30 

Source Mount Absorption Curves for Various Fonns 

of Radiation 
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the total counting-rate wi th a second identical sandwiching film 

added (N5 ). From these values the expected disintegration rate of 

the sources used has been calculated by the procedure of Hawld.ngs 
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et al. (NA) and by the more rigorous of the procedures of Seliger 

and co-workers (NA'). The results are shovm as a function of source 

mount superficial densi ty in Figure 29, wi th the true source disinte­

gration rates normalized to a common value for each nuclide usine the 

curves for NT obtained in the first series of experimenta. 

(c) Discussion 

(i) The Sandwich Procedure 

'l'he results shown in Fisure 29 give a fairly complete picture 

of the accuracy of the sanmnch procedure as a function of mount thick-

ness and 13 end-point energy, vrhether applied by the method of Hawld.ngs 

et al. (68) or by the N.B.S. method (95, 125, 130), and are in accord 

with those found by Smith \1:55). Thou~)1 the procedure may be said to 

vrork fairly well at hiell.er partiale energies, where the mount absorption 

loss is small in any case, at lower ener&Le s , ·where accurate infonnation 

is desirable , it beco1;,es progressively less and less useful. The fa.ct 

that the calculati on of the disintegr ation r ate leads to r e sults that 

vary consider ably (for exa.mp le in the case of Ni 63) vri th source mount 

thickness vrould indicate tha t the mat hematical treatment was oversinrplified. 

(ii) The Absorption Curve Procedure 

The anomalous results obtained by this method by &nith (135) 

usintç mounts wi th a superficial density in excess of 260 /lg./ cm2 are 

r eadily understood on a b asis of the curves f or NT shown in Figure 29. 

Extrapolation of the app roxima.te ly linear portion of t he curves obtained 
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at higher mount thicknes ses would take no account of the initial fall 

in countine; rate observed at very law mount thiclmesses. This f all in 

coU11tint rate, particularly pronouncec at low ~ end-point energies, is 

due to pror:;ressive absorption by the source nount of the sof test r a dia­

tion in the beta enermr spectrum. 

For work of moderate precision the data in Figure 29 may be 

used directly to correct observed single-film results for source-motU1t 

absorption. In order to allovr intei'_!?olation to intenr..ediate (3-energies, 

the data a re replotted in Figure 31 with the absorpti on p a rameter 

~NT/No) as a fUl1ction of beta end-point energy for a series of film 

thicknesses. Clearly several approxirr~tions are introduced by use of 

the data in this way, including a neglect of v ariation in t he fonn of 

the (3-energy spectnun \li th n ature of the beta-tnmsi tion (degree of 

forbièicleruless etc. ) and of t he a ddi tional complication of nuclear 

grumna emission Vihen this i s present . Also, o Jviously the transition 

must be recor71ized as a beta-transi tian and t i1e end-:!_]oint enerty lmovm. 

For work of maxin:um precision the pr oce dure adopted to obt ain 

our experimental re sul ts is recorrunended. In this case , the source 

material is mounted on the thinnes t film available, and the counting 

r ate Nr measured as a f'unction of i ncreasing mount t hic knes s as ou t lined 

above. The disi nte gration r ate is obtained by extrapolating to zero 

mount thickness. 

The accuracy of the di s int egration r ate valu e , arrived at in 

this ·way, can als o be judged f rom Fi eure 29. It is liiri ted by the 

statist i cal deviation of the countins r at es me2_sureà., and by the accuracy 

vri th which the superfici a l densi t y values a r e knmm ( see above). No 



Figure 31 

Source l.iount Absorption as a Function of !3 End-point 

Energy, for Films of Increasing Superficial Density 
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error of significance should be introduced by the technic:J).le of allovring 

adài tional films to a dhere to the orir.;inal moWlt, and we estima te th.at 

the error in the final àisintegration rate value can be reduced to 

about '± O. 2 percent in the case of the wea.lœst beta-radiation stuèied, 

and probably to less tlwn this at hir;her partiale energies. We find 

this method satisfactory in routine use, the necessroy neasurements 

and 1aanipulations takinr very little more time than those required for 

the convention~ s8n&vich procedure. 

In the case of a ~-emitter of unknovl.n energy, once the disinte­

gration rate is knovm from the absorption curve procedure, bîgure 31 

may be used to derive f'ror:t the observed value of NrrfN0 a crude but 

nevertheless usef'ul estimate of the enél-:point enerrnr of the spectrum. 

This technique repla.ces those connnonly used with end-window counters, 

which are inap:plicD.ble in a 411 steradian ceometry. 

The reasons '' hy the value of source disintegration-rate pre-

dicted by the sand:rïich procedure shov.lél very vii th increasing source 

JaoWlt thiclœ.ess, ancl in general diff'er ( vïidely at low f3-enersies) from 

the fié_..rure unequivocally indicated by the absorption curve meUJ.Od, 

and the reasons for variations in the sel;arate counting-rates of the 

herdspheres e.bove and belovr the source mount, and in the rate of' 

coincidences between the t..-ro half-coWlters, vrill be discussed in 

sectior. E. 

One should, however, consiàer here the à.ata for NT for .Po2lü 

shovm in Figure 30. Po2lO is an a.-erntter of· b .30 Lev enere.y, wrd.ch 

h2.s a range of,..., 5.1 :mEI'cm2 in air, anèt theref'ore (usine kEovm atome 

stop:pine :;:>ov.-ers t_l3)) 2. rD.Il[Z:e of 4. 9 r!J&"' cm2 in fi:Un ma teri~. Hence, 
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vv'i th i'ilm ~uperfj cial densi ti es of up to 600 JJ.r;./ cm2 wi th a c ollimated 

be am of rEJ_àiation or a lovr countin.c geomet:ry, no fall of nT 1ri th 

increaE:ing film thlckJ:1ees ·would be expected. The variation observed 

in a 4rr f eorc.etry is definitely due to E!bsorption of o.-radiation in 

the fiJJn hovever, since a.s seen in Figure 50 ~section E) in this case 

one observes that t he r D_te of coirccideFces bet·ween the two half-counters 

i s very small ( < l percent of r-;·0 ) in cont rl.'.st v;i th the ei tua ti on wi th 

(3-emi tters ( see section E), ~mél. t he.t 1·~.1• is substantially the sum of 

the countine; r~_te~:: of t he upper hehùsphere (na con~tant vii th increasing 

film thlckness) and lower hemisiJhere (ftt decre2.sinz alrD.ost linee.rly 

wi th increasin[ f"iln thickness). 

The observed effect may be shaun to be du e to t he absorption 

of tho~e a.-particles emi tted_ at a small engle to the f"ilm surfAce and 

Vïhlch follovr en obJic;ue path in the film material. We may calculate 

t he fraction of the t.oi: nl i~otropice_lly emi tted o.-ra diation whlch may 

be expected to be absorbed at ei,y film thickness. If, as in Figure 32, 

the film thickness is d, anèl_ the re.n 2;e of the raèidion ( emitted from 

the source S) in film ma teri al is R, then of tho se a.-particles emi tted 

in the 2rr-steradian :::J:t[le t ovre.rès the fiJ.J. , orJ.y those inside the cone 

of half-angle 8 will emeree into the t::as vol.Uffie enë' r e,s-ister. The 

proportion of the tota l radiation emi tted outsiàe t his cone and t ot ally 

absorbed in the f ilm can be shovm to be approxiraately 

2rrr.d for l arg·e 9 
4rrR2 

rd d - _,....,_ 
2R

2 
2R 

in ae;ree:ment wi th obse rved l i neari ty wi th d. 

..... (51) 

••••• (52) 



Fipure 32 

Absorption of l:onoenersetic Raclia_tion in Source-1.:ount 
{cliar;rammatic) 
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In a film thiclmess d corree::_-,oNli.nr; to GOO Jlc;./ cm2 , the 

loss by absorption is found to be 6.5 percent compared to an observed 

value of 7.5 ~ercent. The agreement is fair, considering the assUQP­

tions made regarding the range of Po210 a.-particles in film n12.terial. 

Also \F.ith ver.J oblique :paths, a fini te :~œobabili ty exists that an 

a.-:particle vd.ll scatter out of the fillù into the gas-space and register 

before beinr; absorbed,resulting in decreased absorption. This effect 

also raey be res:ponsible for the constancy of HT at low film thiclmesses. 

The absence of apparent decrease of NT wi th d. in the case of 

the (monoenerr;etic) conversion electrons of Tc99m (Fi~:;,ure 30) is 

presur...ably clue to their longer rru1ge ( 26 r!l.[/ cm2) e.ncl the influence of 

baclcscattering. 
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D. SELF-ABSORPTION 

1) INTROWCTION 

In this section we shall diseuse the third source of error, 

to which 4Tr-counting is subject, namely absorption of radiation in the 

materiel of the source i tself - most commonly called self-absoil>tion. 

This process is at present, 8D.d will most likely remain for some time, 

the limiting factor in disintegration-rate determinations with the 4Tf­

counter, or with any other method (except coincidence counting) which 

employa the sample mounted in solid fonn. 

The degree to which self-absorption effects will affect the 

precision ultimately attainable with 4Tr-counting techniques depends on 

the energy and type of radiation to be measured. Wi th fairly high 

specifie activity sources of electronic radiation of moderate or high 

energy, self-absorption e:ffects are small, and should be measurable to 

sufficient precision to prevent any great error being introdu.ced into 

the final disintegration-rate value. For electronic radiation of lower 

energy, and fore-radiation however, self-absorption effects are much 

more significant. It is probable that by means of techniques, such as 

those we shall describe below, the self-absorption error in materials 

of high specifie activity can eventually be estimated to the same degree 

of precision as the errors described in sections B and C, and allowance 

made for i t. (Such will be the case in the standardization of isotopes, 

eg. for therapeutic purposes.) For materiel of low specifie activity 

however, such as commonly arises in the use of s35 or cl4 in biological 

work, this is lesa likely, and 4tr-counting of solid samples is ul timately 

liable to be less successful than counting methods using source materiel 



in the gaseous phase, al though up to now no great success ha.a been 

achieved in this direction. 
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The application ot 4tr-counting methods to routine radiochemi.cal 

work, in which in this laboratoxy we are particularly interested, will 

theretore demand the reduction of the quantities of inactive isotopie 

carrier used in radiocbemica.l separations particularly tor emi tters of 

lower energy radiation. 

Self-absorption is a source of error comnon both to 4tr-counting 

and to conventional a.bsolute counting-methods, such as tha.t involving a 

calibrated end-window Geiger-Mdller counter. It is instructive then to 

review previous work on self-absorption, pertormed in the main on such 

a system where the angle over which the radiation from the source is 

observed is vexy mu.ch lese than 2tr steradians. 

Much of' the work up to the last few years has been concerned 

wi th cl4 and s35, ~~-emi tters wi th end-point energies of' 155 and 167 kev 

respecti vely. The reason for this was that, until recently, the error 

due to self-absorption with emitters of' more energetic radiation was 

considerably less than those due to the other scatterlng and absorption 

processes important in the end-window system (see section A). With cJ-4 

and s35 however, particularly in low specific-a.ctivity sources, self­

absorption is vexy important, and the ma.gni tude of' the ettect wa.s esti­

ma.ted by measuring the specifie activity of' suitably mounted sources as 

a function of their superticial density (2, 70, 71, 93, 115, 137, 149, 

150) usua.lly in the range 0-30 me/ cm2. 

Attempts to treat the phenomenon theoretically were f'aced wi th 

the problem, common to all processes involving beta-ra.di.ation, of the 
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complerlty produced by the continuous distribution of particle energies, 

and lack of all but empirical data of the absorption and multiple 

scattering processes. The earliest self-absorption relationships 

proposed (71, 93) were based on the assumption that the absorption ot 

beta-radi.ation resulted in an exponential decrease of radi.ation-inten-

sity with increasing sample thickness. Thus the obsexved activity, da., 

due to a layer of thickness, dx, a distance x below the surface of a 

source of specifie acti vi ty, a
0

, was taken to be 

••••• (53) 

where l..l is the external absorption coefficient for the f3-radiation 

studied in the source materlal used. This expression integrated over 

a total source thickness (or surface density) d givea a total observed 

activity 

8.o ( -lld) A=- l-e 
Il 

••••• (54) 

or ••••• (55) 

where a is the observed specifie activity. 

The process o:f absorption o:f 13-radiation by external absorbera 

may or may not be obsexved to be exponential under gi ven condi. ti ons 

( e.g. 32, 107, 137, 153). The exact fonn of absorption cuzves obsexved 

depends on the relative contributions of absorption and scattering 

e:ffects obtained in a gi ven counting geomet:cy, and maxima in the curves 

may be observed ( 32, 107, 153) :for instance i:f more radiation is scattered 

into the counting chamber by the thinnest absorbing layera than is lost 

by absorption. 
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The conditions under which exponential absorption may be 

expected have been discussed by Feather ( 47), and approximately expo-

nential ef'f'ects are suf'f'iciently common for values of 1.1 to be (,l!.loted by 

experimentera. In aizy' case the expression above derived from this assump-

tion was found to describe the self-absorption process fairly wel1 over 

the range of samp1e super.ficial density commonly used (2, 22, 71, 72, 137). 

Further verification of the original calculations was obtained 

by Broda et al. (22). They considered the ratio of the "external absorp­

tion half-thickness" El to the source super.ficial density at which the 

obseiVed specifie activity was reduced to one half the true value, 'l.s.. 
. L 

From the expression 

See e(,l!.lation (55) 

setting a.; aa = î for a value of d = ,t they obtained 

l. = 
.L- e -IJJI}t 

2 1.1 Y),.. .. 
ie. e -l.ll'Jt 1.1 11-~: - 1--

2 

The solution for this equation is 

~t'Ji:= 1.53 

and since €1 = O. 693j 
a. 1.1 

th en ~-
E.l 

.z. 

2.21 

••••• (56) 

••..• (57) 

Experimental values of this ratio for a number of beta-emitters with a 

range of beta-energies were, with a few exceptions, in agreement with 

the theoretical figure. 
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On the basis of this simple theory then, three main methode 

of oorrecting for eel.f-absorption eft'ects were available. 

i) For mate rial of bigh specifie acti vi ty 1 a plot of observed 

specifie acti vi ty against source superficial densi ty could be extra-

polated to zero super.ficial density to obtain the corrected value, or 

once a system was calibrated, the self-absorption correction for a 

source of gi.ven maas could be read directly from the calibration plot. 

ii) For mate rial of low specifie acti vi ty, measurements could be 

made at "infinite source thicknessu, ie. under auch conditions tbat the 

radiation from the lowest layers of the source were entirely absorbed 

in the source material. Under the se conditions the expression for 

observed total activity 

..... 
Equation (54) 

becomes 

A ~ 
d--o­ p. 

••••• (58) 

and A is therefore a direct measure of specifie activity and is inde-

pendent of d. 

iii) For strictly relative measurements of two or more sources, if 

these were ma.de of identical mass, identically mounted, then no self-

absorption correction was necessary. 

As more precise data were accumulated, however, i t was found 

that the picture was not quite as simple as ha.d been suggested. The 

first intimation of this was the appearanoe of maxima in curves of 

specifie activity versus source superficial density at low super.ficial 

density values. AJ3 early as 1943, Hendricks et al. (70) had presented 
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data giving evidence of this effect, but bad not commented on it. 

Solom.on et al. (137) in 1947 published a curve showing a clearl.y 

defined maximum in the observed specifie activity of Bae14o3 at about 

1 mg/ cniJ source superficial densi ty. This was at first assumed due to 

the incomplete recover.y of radiocarbon from solution during the Bae14o3 

precipitation, but i t was pointed out to the au thors by L. E. Glendenin 

tbat the effect was in fact due to self-scattering, an effect analogous 

to the external scattering effects which bad been observed as earl.y as 

1910 ( 86) in externa.l absorption curves. Malzy" subsequent publications 

on self-absorption have also shown curves with maxime (5, 32, 106). 

The effects of external scatteri.ng and self-scatteri.ng had 

been investigated and treated mathematicall.y by Elliott and co-workers 

in 1943 and 1944, but the resulta were not published until 1951 (39, 

40, 42, 107). They first ( 39) showed that from very thin layera of 

source materi.al, radiation was approximatel.y isotropie, while from 

thicker layera the intensi ty observed at an angle e to the normal 

approached a value oc eosine e. This again could be explained on the 

basis of an assumption of exponential absorption. Tlnl.s the simple self-

absorption expression 

. •••• Equation (55) 

applies for a direction of observation of the radiation :normal to the 

source surface. If the observation is made at an angle e to the nonnal, 

the effective source thickness becomes 00~ 9 and 

ao cos e -~ 
&.11 = (1 - e ~ ) 

v ~d 
••••• (59) 
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which red:uces to the e:x:periinental eosine 9 distribution at large d. 

In later papers (40, 107) they showed that experimental resulta were 

consistent with scattered radiation also having a eosine distribution, 

and the isotropie and eosine e radiation distributions for thin and 

thick sources have since been confir.med by Collie et al. (~2). 

The significance of the existence of the self-scattering effects 

were twofold. 

{i) The anisotropy of radiation from sources of finite thickness 

had the effect of concentrating radiation more and more in the direction 

of the normal to the source plane with increasing source thickness. This 

meant that the extent of self-absorption effects observed was a function 

of the angle over which the radiation intensity was measured (ie. of 

counter-geometry). It would be at a minimum for a counting system of 

small geometry, observing radiation in a direction nonna.l to the source 

surface, as consti tuted by the conventional. end-window system. 

(ii) Unless care was exercised in obtaining accurate observations 

of radiation intensity at low source thicknesses, the customar,y procedure 

of extrapolation of the observed specifie activity versus thickness 

CUIVe to zero thickness would lead to erroneous (high) values for the 

true specifie activity. So too would calculations using the simple 

follmlla, and a value of the self-absorption coefficient lls.A. obtained 

from the region of source super.f'icial densi ties say between 2 and ~0 

mf!icm2. 

Further since scattering was now recognized as maldng a signi­

ficant contribution to the effects observed, the question of the influ­

ence of the effective atomic number of the source mate rial bec ame 
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important. So long as the process was considered to be purely one of 

absorption, self-absorption effects of similar magn:i tude were to be 

expected in different materiels. This was by a.na.logy wi th exteznal 

absorption phenomena where a change in Z did not produce a very ma.rked 

change in observed absorption effeots (93) due prubably to a fortuitous 

ca.noellation of increased fore scattering against inoreased loss by 

absorption. Thus some of the earlier publications on self-absorption 

(93, 115) report little Z-dependence of the effeot. 

Later workers however noted evidence for a marked d.ependence 

of self-absorption effects on effective atomic numher, in aocordance 

with the expected state of affaira if soattering effects were important. 

Yankwich and Weigl (151) noted a ratio of 1. 27 between the magnitude 

of self-absorption for c14 in barium carbonate and oeresin wax at 

mod.erate source thicknesses. This they sucoessful]3 correlated to the 
• 

observed backscattering from the two materiels 1 and Glendenin and 

Salomon (58) likewise noted a displacement of self-absorption curves 

for s35 in CaS04, BaS04, PbS04. 

The work of Collie et al. (32) gave further evidence both on 

Z-dependence, and on the contribution of back-scattering and aide-

scattering wi thin the source material to the total self-absorption 

observed. They f'ound it possible to obtain semi-quantitative agreement 

wi th experiment by constructing a self-absorption curve from empirical 

external absorption curves (with maxima) and empirical back-scattering 

curves obtained for the source materiel in separate experimenta. 

Finally the dependance of source material atomic muuber was 

again demonstrated in the work of Nervik and Stephenson (106) which 
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also showed ve~ effective~ that self-scattering effects could domi-

nate over absorption effects~ and produce observed specifie activities 

30 percent higher than the true value wi th high-energy ~-em:i tt ers and 

high Z source materials. They published curves of self'-absorption-

scattering effects for a range of ~-emitters with end-point ener~es 

from 0.167 Mev to 2 llev, each mounted in NaCl and in Pb(N03 )2 • .All 

the curves gave evidence of a rise to "saturation scattering" in the 

first 5 mgjcm2 of source supert'icial density (Of baok-scattering 153) 

and i t was not until higher superficial densi ty values that absorption 

became more or less important according to beta-energy. The scat te ring 

effects in Pb(No3)2 were about 1.5 times larger than in NaCl as expected. 

The dependence of the self-absorption factor observed on the 

counting geometry of the counter system ( described above) bas been 

discussed theoretical~ by Reid et al. (114, 115). The expression for 

the activity obsezved at an angle e to the nonna.l has alrea~ been 

given (equation (59)). If one integrates over the cone of half 8Ilgle e 

representing the solid angle over which radiation fram a point source 

is detected (ie. representing the effective counting geomet~) the 

specifie acti vi ty obsexved wtder the se conditions wi tb a source thickness, 

d, is ~ven by 

~ a = 2w Je a9 d sin e a e •..•• ( 60) 
, 0 ' 

where 2w sin e d e is the solid angle element of integration. Substi-

tuting for a9 d and replacing a by a' the "specifie activity per unit 
, 0 0 

solid angle" 
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f
e r 

l a cos e -~q/cos e se d = - 0 (l - e ) 
, 2 ~d 

0 

sine de ••••• (61) 

whioh Reid et al. ( 115) expand to gi ve 

a_.:l [ 33 44 ~ = ! e-~d _ JJ2d2 + ~ _ I!:.t;. + 
a 2 2.2. 3.3. 

0 . 

... ] 

- 1 oos 8 e -~ut cos 8 - ~d ln oos 8 - 1LL + ••• [ 
..:~/ 2 2 ] 

2 oos e 

••••• (62) 

The expected variation of self-absorption with geometr,r 

predioted by equation 62 was checlœd against experiment by Yankwich 

et al. (150). They obtained data for o14 and s35 in geometries ranging 

from 7. 6 to 20.5 peroent of 2tr steradians. The resulta however failed 

to show the predioted 20 peroent difference in self-absorption over 

this range, and indeed showed no effeot greater than the scatter due 

to mounting and oounting eiTOrs. This may possibly bave been due to 

the experimental conditions not corresponding to tho se assumed in the 

calculations, ie. a point souroe of thickness such that the eosine e 

radiation distribution is established. 

A more rigorous check on the affect of geometry was made by 

Baker and Katz (5). They first obtained self-absorption ourves in a 

geometry approaohing 411' steradians obtained by an err83' ot G.:M. tubes 

arranged round the sample. The ourves were found to be well described 

by the simple self-absorption formula (equation (55)), over the souroe 

thiokness range Q-500 mglcm2 with beta energies in the range 1 to 3 Mev, 

and not an expression of the fonn of equations (60) and (61) nor the 

result (equation (62)) obtained by Reid et al. The values of JJS.A. 

obtained from the se curves were found, along wi th tho se of Broda et al. 
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cylindrical G-M tube) to satisfy the relation 
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~ =0.0155 ~-1• 41 ••••• (63) 

where Fm' the ma.dimum energf of the beta spectrum, is in Mev, and f..l in 

cm2/mg. 

Baker and Katz then investigated self-absorption phenome:ca 

observed in a system of very small geometr,y G. The angular distribution 

of radiation was first examined as a function of source thickness and was 

found to be isotropie at low source thicknesses and a eosine distri­

bution at higher thicknesses as described earlier ( 39). They then 

obtained from these curves a plot of the ratio aO,d against d, where 

a is the limit for small e of a the o,d e,d counting rate in 

sma.ll geometr,y at an angle e to the normal and source thickness d, and 

ad is the counting rate at this geometry averaged over all angles 

1f' 

ad=~ J: o.a,a 21r sine de ••••• (64) 
cf. {60) 

ad being related to the total number of beta particles leaving the source 

surface 

Ad • 'id {4tr/G) ••••• {65) 

G, the solid angle, being in radians. If d the source thickness were 

expressed in terms of R the maximum range of the beta particles in the 

source materials, curves of ao,i ad were found to be superposable for 

different beta energies, and the ratio was observed to reach a value of 

2 at values of d > O. 2 R, corresponding to an adoption of eosine e 

radiation-distribution at or above this · d-value. 
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A comparison of self absorption curves for 4n steradian 

and very small counting geometry no:nnal to the source then showed 

that the fonner was represented by 

1 -pd 
f - - e 

411' - J,ld 

and the latter by 

a (1 - e-J.Id) t - ....Q...g • --'----...;. 
0 - - -

aa J.ld 

••••• (66) 

••••• (67) 

ie. the product of the 4n-steradian function, and the anisotropy function 

plotted earlier. More generall.y for any counter geometry Ge given by 

Ge = 2n(l - cos e) 

one ha.s f 
9 

• 1 1 - e-IJd J ae,a 
- (1 - cos e) J.~d 

0 

a:a 

For 9 --> o this reduces to equation ( 67). 

••••• (68) 

sine de ••••• (69) 

It is seen that, since the factor aa,d /- has a value of 2 
ad 

for d values in excess of O. 2 R, extrapola.ting the curve of equation 

(66) to zero d from counting values obtained at d values greater tban 

this will lead to a corrected apparent disintegration-rate value twice 

the true value. This ~ be seen by facto:ring out of equation ( 69) 

the a-dependent part and substituting for ae,d 

ae,a = a0,d • cos e 

from the eosine distribution at d > O. 2 R to give 

s 1 fe cos e sin9d9 - 1 - cos e 
0 

sin2 e 
= 

1 - cos 9 

••••• (70) 

••••• (71) 
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The value of S varies from unity at e ai (2tr steradian geometry) to 

2 at small angles (geometry approaching zero) and will have inter-

mediate values in between. 

The failure of Baker and Katz to obtain better agreement between 

their data and the result of the integration of equation ( 61) may have 

been due to the poor approximation of their geometry to 4tr steradians 

or to an incorrect or approxima te integration procedure (they do not 

quete their final expression). A ·rigorous integration procedure is 

gi ven by Gora and Hickey ( 60) and they report agreement between the 

result and data. obtained by them and·by Ya.nkwich et al. (1501 151). 

Their starting integral. 

~
. 

a cos e . se d "::::1 ...l... 0 (1 - e-pd/cos e) dfl 
' .n. pd •o 

••••• {72) 

is ana.la.gous to equation ( 61) except that the volume element is written 

as d .n -= 211' sin e d e 

and the expression is di vided through by 

ne -= 2w(l - cos e) 

so that ae,a becomes ao, the observed counting rate in a cone of balf 

angle e when d = 0, ie. for an "in:f'initely thin" source with zero self­
À 

absorption. If À is wri tten for pd and y.. equation (72) becomes 
cos e 

a0À (1 - e-Y) 

J
co!i 

"e À = ----- -------=- dy 
' 1 - cos. y-3 

À 

= a
0
f(8,À) 

where f(8,À) - F(À) - cos e F( À-\ 
cos fY 

••••• {73) 

••••• (74) 

•••••• (75) 



F().) = t [l-)..e-À.+e-À+ÀEi(-À)] 

The exponential integral fwlction 

Ei(-l\) = - [::t dt 
has been tabulated (78). 

The limiting cases of this result are as follows. 

À -> 0, ie. smal.l JJ or d 

F().) _. 1 f(8,À) -1 

ie. no absorption effects 

À. >> 1, ie. d large 

1 
F(À)"' 25: 

l... _ (cos2 49) 

f(6l,À.)= 2À 2). 

1 - cos. 

= 1 + cos. 
2À 

ie. r(o,>..) ~ 1/). and r(i,).) =- k 
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••••• (76) 

Tbus from equation (74) it is seen that the observed speci:f'ic acti'rlty 

se,>.. should decrease about twice as quickly with increasing d in a 211 

steradian geometr,y as in a narrow angle geometr,y, a result simi.lar to 

that observed experimentally by Baker and Katz. Gora and Hickey point 

out that this result mee.ns that a value quoted for Ils. A. for a partioule.r 

nuclide is not meaningt'ul unless the geometry for which it is measured 

is stipulated. These authors provid.e data obtained with a 2Tr steradian 

and narrow angle geometry, and these are observed to agree well with the 
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self-absorption curves for the geometries quoted. This is de spi te the 

fact tha.t (a) the computations were based on the usual assumption of 

exponential absorption and (b) they took no account of self-scattering 

processes, unless the eosine e radiation distribution corollar.y of the 

exponential absorption rule ca.n be considered to do so. 

:the 411-counter 

In the field of 4n-counting, ver,y little attention has been 

paid to self-absorption losses. This a.gain may have been due to the 

:t'act tha.t until recently, the se losses were considered less serious 

than other errors to which the method bas been subject. 

Yeyer-Schdtzmeister and Vincent (lOO) were aware of the extent 

of self-absorption in s55 sources however. Their method of source 

mounting ( vacuum-drying of solutions) produced crystals of 2-5 tl in 

diameter. If the material was deposited so as to be concentrated into 

one crystal of 20 1J. diameter the observed a.ctivity was observed to be 

lower by 50 percent. In order to allow for self-absorption, the authors 

a.ssumed the cr,ystals to be spherical in shape and computed radiation 

absorption using a value of l.l from external absorption measurements, 

assuming absorption to be e:x:ponential. Corrections were usually of 

the order of 4 percent. 

Hawldngs et al. ( 68) proposed a better method of correcting 

for, or rather ensuring the absence of, significant absorption effects. 

Their procedure was the progressive dilution of the stock solution 

from which sources were prepared, until a constant specifie acti vi ty 

( after correction for the dilution) was observed. Alternativel.J an 
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extrapolation of a plot of the logarithm of the counting-rate against 

the aliquot used could be extrapolated to infini te dilution. This 

method. applicable in general to high specifie activity materiels onlY, 

is however not in:fallible. · Material from dilute solution will, unless 

elaborate precautions are taken, in general crystallize into local 

aggregates and even 1Vith precautions, crystal aize cannot be reduced 

indefinitely. Thus self-absorption may still be significant, and 

further dilution will not necessarily produce an improvement in the 

situation. 

A recent paper by Seliger and Schwebel (130) en:g;>hasizes the 

ilxq;lortance of the method of source preparation. Different methods of 

mounting sz-90 were found to gi ve sources differing in counting-rate by 

5 percent, and sim:ilar but larger effects were found for co60, mounted 

by evaporation of a solution with and without prior precipitation by 

ammonia. Micrographie examination of even the beat residues showed 

clumping of source material. No systematic attempt was made to deter­

mine and correct for absorption losses, such corrections as were made 

being mostly quite arbitrary. 

Tbus the subject of the determination and correction for self­

absorption in the 4n-counter is virtually untoucbed. 

The calculations of Gora and Hiclœy may be carried over into 

a counting geometr.y of 411' steradians. The absence of consideration of 

scattering effects is less serious here since, as was pointed out in 

section A, ~ modification of radiation distribution due to scattering 

· processes is without e:ffect on the measured disintegration-rate (all 

emerging particles bei ng counted). OnlY those particles which are 
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absorbed bef ore being counted, ei ther in the source mate rial or 

source mount, will not be registered. The assumption of exponentiel. 

absorption however is li able to be more important, Binee the re sul ts 

of section C clear~ indicate that absorption of beta-radiation of a 

range of energies is not exponential over the first 300 /1g./cm2 of 

absorber, the region in which we shal.l be interested. 

Equation ( 72) and i ts solution app~ direct]J to the 411 

steradian geometr,y since ~ d be ars the same relation to a0 (the rate 
2' 

of emission of particles into the cone of halt angle i radians, ie. a 

hemisphere, in the absence of absorption ef:fects) as does a1l',d to H
0

, 

the total disintegration rate. 1l' 
Thus the values of r-(i,À) and of 

F(À) computed by Gora and Hickey may be used directly. 

The problem of correcting :for self-absorption in a precise w~ 

divides itselt into two parts. 

(a) The preparation of samples of radioactive material in a unifonn 

and reproducible :fonn. 

(b) The detennination of the extent of absorption in the sample so 

produced as a :function of i ts measured super.ficial densi ty, and 

consequent correction of the observed disintegration-rate. 

We shal.l diseuse each in turn. 

2) EXPERIMEm'AL TmHNIQUES AND RESULTS 

(a) Source Preparation 

The methods of sample mounting used in conventional counter 

systems, most~ involving manipulations of material in the solid state, 

are inapplicable to the case of a 411-counter. This follows from the 

use of very thin and comparative~ fragile plastic films for the source 
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monnt, replacing the filter paper or metal trey ordinarily used. 

Handling of solids in the form of slurries is likewise unsatisfactory, 

since these tend to form large a.ggregates, or tear the film on dryillg. 

The usual method of monnting 4n-counter sources then is by 

evaporation of a suitable aliquot of a stock solution (68, 100, 113). 

However as mentioned above, sucb an evapore.tion procedure will usually 

lead to local aggl.omerates of crystals (most often at the periphezy 

of the original drop) rather than an even layer of material. This is 

especially the case when the source-mounting film is particularl.y 

eydrophobic like VYNS, and tmder these conditions self-absozption 

effects will be neither minimal nor reproducible. 

A more evenly spread deposi t ie obtaiœd ( 88) if the surface 

of the film is rendered hydropbilic ie. by treatment with a solution 

of a protein such as albumin or insulin {90, 91, 126). Under these 

. conditions the deposit is distributed over a wi.der area, and is more 

unifozm in a macro sense. However the actual crystal sizes obtai:ned 

are still quite large and very variable. 

The vacuum evaporation of solutions, as used by Meyer-Schdtz­

meister and Vincent (lOO), oertainl.y produces smaller crystal sizes. 

However when used wi th the 5-10 /1g./ cm2 VYNS films in our apparatus 

( described earlier), this method is fotmd to produce munerous tears in 

the film under the source, due probabl.y to the expansion of the droplet 

on freezing under the conditions of rapid evaporation. 

An improved method of source preparation is tberefore required 

and a suitable technique appears to be the use of vacuum distillation 

of source material directly on to the film, starting wi th solid mate rial. 
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As a method of producing thin even layera of metals and salta, this 

is of course both of long-standing and widespread employment (75). 

Its use in this laboratory to coat VYNS source-mounting films with 

gold bas alreacy been descri.bed. Further i t has alreacy been used to 

mount radioactive materi.als both for beta-spectrometry (90, 112) and 

in 4n-counters (69, 124). However a more systematic application of 

the metbod seemed desirable. 

The apparatus used by us is shown clia.graJœnatically in Figure 

33 and in photographe in Figure 34. The furnace section consista of 

a vacuum jacket of pyrex glass containing a platimun crucible A. This 

contains a charge C of radioactive material to be distilled, and is 

heated by means of a radio-frequency induction coil B. This coil con-

sisted of 12 turns of number 20 gauge copper wire, coated wi th poly­

tetrafluoret~lene (teflon), in order that the insulation between tur.ns 

should be Ull.8f:fected by heating (by radiation from the interior of the 

fur.nace) to 200 to 300°0. • 

The temperature of the crucible is measured by means of a 

Chomel-Alumel thermocouple D and millivoltmeter. About 1 cm. from the 

mouth of the crucible is positioned an aluminum mask E with a central 

circular aperture of 1 cm2 area. Imnediately bebind this is placed the 

source mounting :film F. 

The lower end of the furnace is colU'lected, via two liquid-

ni trogen cooled traps in series to remove any activi ties carried in the 

li The autbor is indebted to Mr. S. Fromson of Canaclian Vickers Ltd. 

who prepared the wire f rom which the inducti on coil was made. 
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Figure 33 

Radio-frequency Induction Vacuum-Furna.ce ( àiagrammatic) 
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Figure M 

Vacuum Distillation Apparatus 

(a) General view, with radio-f'requency generator to 
the right, and milli vol tmeter indicating t'urnace 
temperature at centre. Vacuum system is to the 
lef't. 

(b) Detailed view of' vacuum system. Fuma.ce chamber 
ie to the lef't, double liquid air traps central, 
and the McLeod gauge to the right. 

151. 
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gas phase, to a rotary pump capable of maintaining a pressure in the 

system of 0.1 Il Hg. The exhaust from the pumping system was final.ly 

vented into the :fume hood as a :f'u.rther precaution. Controlled cru.cible 

temperatures up to 900°0 are at present attainable, and a mounting 

film shows no sign of deterioration in proximi. ty to the hot crucible 

under vacuum after 10 minutes. The crucible is cooled near:cy to room 

temperature before the system is opened by venting a small air leak 

above the :f'u.rnace, and allowing air to be pumped past the heated surfaces. 

The deposi ts produced in the arrangement at present in use are 

found to be precise:cy defined in area, and very unifo:rm. The latter 

condition is demonstrated by a single interference colour (viewed by 

reflection) being seen across the diameter of the deposit (cf. section 

C of this thesis) and a uni.formi ty of better than ± l percent is indi­

cated by spectrophotometric measurements ( see la ter). 

The appearance of changing interference colours in light 

reflected from the reverse :face of the film as the deposit increases in 

thickness is a very sensitive index of the state of progress of the 

distillation. Colourless materials or layers o:f' coloured materials so 

thin as to be invisible by transmitted light can clearl.y be seen and 

controlled in this wq. 

Of the materials that can be successfully distilled wi th the 

temperature range and pressure at present available to us, compounds 

containing large organic groupings have been :f'ound to be the most 

suitable. Such compounds can be readily prepared for a number of 

radioactive species, and these are :f'ound to be readil.y volatile (under 

the pressure quoted) at mod.erate crucible temperatures, and produce a 



153. 

deposit of which the weight and composition do not alter appreciab~ 

on prolonged exposure in moist air. 

l?roviding reasona.b~ close (~ 10°C) temperature control duri.ng 

the distillation is ma.intained, charring is not a problem. These com­

pounds are generally of law Z, and also :frequentl.y show optical abso:r:p­

tion bands in the visible or near-visible region which are useful in 

estilnating the (usual) absence of, or extent of, decomposition (should 

this ina.dvertentl.y occur) during distillation, and more especiall.y in 

measurement of deposi t thickness by optioal me ans. This oan be used 

as a quantitative transference or aliquoting method. 

In this section we shall be concerned wi th measurements on 

Ni63, s35, and co60• For preparing sources of these materials we have 

employed nickel dimeteylglyoxime, benzidene sulpha.te, and cobalt 

a...:ni troso-!3-na.phthol respective~ (the Z values in these cases being 

4.19, 4. 91 and 4.48 respeotively ). These oampounds were prepared from 

solutions of the appropria te IDlClid.e, to which isotopie carrier bad 

been added where necessar.y, by the standard metbods of gravimetrie 

analysis modified where necessar.y. The actual procedures used were 

as follows: 

( i) Nickel Dimeth.x;lglyoxime 

To the slight~ acid Ni63 solution was added a two-fold exoess 

of 1 percent alcholic climetbylglyoxime, followed by a slight excess of 

ammonia. The precipi tate was centrifuged, and washed three times wi th 

water. It was finally slurried wi th water and transferred to the 

platinum crucible, being subsequently dried by infra-red irradiation. 

Iâstillation was found to proceed satisfactorily at a crucible tempera-



ture of 250°C Wlder a pressure of lesa than 1 J.l Hg. 

(ii) Benzidene Sulphate 

154. 

To the neutral or alightly acid s35 solution, containing the 

aulpbur ac ti vi ty as sulphate, was added a slight excess of l percent 

aqueoua benzidene lzydrochloride. The precipitate was allowed to age 

for 15 minutes, af'ter which it was centrifuged and washed three times 

with water. Slurrying, transfer to the crucible and drying were then 

effected as before. Distillation was foWld to proceed satisfactorilY 

at 360°0 under 1 f.l Hg. pressure. 

(iii) Cobalt a.-Ni troso-!3-naphthol 

To a weakly acid solution of co60 were added 10 drops of 

30 percent lzydrogen peroxide, followed by 2 M sodiwn lzydroxide to alight 

excess. The oobaltic hydro.rlde precipitate waa redissolved with heating 

in glacial acetic acid, and the solution diluted lû-fold wi th boiling 

water. Exoess of a solution of a.-nitroso-~-naphthol in 50 percent 

acetic acid was then added and the preoipitate centrifuged and washed 

three times wi.th boiling water. Slu:n:ying, transfer to the crucible, 

and dr,ying were effected as before, and distillation proceeded satis­

factorlly at 200°0 under 1 JJ Hg. pressure. 

Figure 35 (a), (b) and ( c) shows absorption spectra obtained 

from these deposits using a Beclanan D.U. spectrophotometer balanced 

against a film identical with that used as a mount. In Figure 35 (a), 

two spectra of nickel dimethylglyoxime are presented, one for the solid 

deposit, the other for the starting material in a colloidal solution 

protected with gelatin. These are seen to be identical apart from the 

absence, in the case of the solid deposit, of the background of scattered 
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Figuz:e 35 (a) 

Absorption Spectra Obtained From Vacuum Distilled Uaterial 

Nickel Dimethyl~oxime 



.....J 1 
~/ 
1 

1 
1 

---c ::..:-

---- -- --=-=-------- ~ 

-

------

l 

1 
1 

1 

1 
1 
1 

1 

1 

1 

1 
1 
1 

0 
_J 

0 
Cf) 

' 1 

ISSa. 
0 
0 
(J') 

0 
0 
co 

0 
0 
...... -1... 

E -
:c .... 
(.!) 

oz 
ow 
<D...J w 

0 
0 
L() 

0 
0 
v 

0 

> <t 
~ 

~~----~----~------~-----.------.------.------.------+0 
C\l co 

0 

A!ISN30 l~::>l!dO 

v 
0 

Ortl 

.,J 



156. 

Figure 35 (b) 

Absorption Spectra Obtained From Vacuum Distilled Material 

Benzidene Sulphate 
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Figure 35 ( o) 

Absorption Spectra Obtained From Vacuum Distilled Material 

Cobalt e-nitroso~naphthol 
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light observed wi th the colloidal solution. This indicates that the 

nickel dtmetnylglyoxime at least distils without significant decompo­

sition. 

Clear~, aside from its application to the present problem, 

the moWlting of ma.terial on thin films by this method will have appli­

cations in absorption spectrophotometr.y generally. It was seen in 

Figure 25 that the spectnun for 5-10 IJg./ cm2 VYNS film exhibi ts no 

absorption peaks in the wavelength region studied and will not interfere 

with spectrophotometric measurements in this wavelength range. (In 

parts (a), (b) and (c) of Figure 35, compensation was made for the 

film spectnun) Thicker films however will not be so convenient as 

interference effects became important. 

We have used photospectrometric measurements for a rapid and 

acourate means of thickness calibration of the deposi ts obtained by 

distillati~ The wavelengths of light used were selected with regard 

to the position of peaks observed in Figure 35, the sensitivity required, 

and the limi ts of acouracy imposed by the means of gravimetrie calibration 

presently available to us. 

Figure 36 shows curves of optical transmission of the deposits 

of the three materials studied ( corrected for film transmission) against 

deposit superficial density. Over their initial portions, the curves 

are seen to be approximately exponential in accordance wi th Lambert' s 

law. 

In Figure 37 we compare the deposi ts obtained by the three 

mounting methode investigated. Figure 37 (a) shows a photo-micrograph 

of the re sul t of evapora t i ng under i nfra-red irradiation a solution of 



Figure 36 (a) 

Optical Transmission o~ Vacuum ~stilledMaterial, as 

a Function o~ Deposit Superficial Density 

Nickel Dimethyl~oxime 

159. 
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Figure 36 (lÜ 

Optical Transmission of Vacuwn Distilled lla.terial, as 

a. FUnction of Deposit Super.ficial Densit,y 

Benzidene Sulphate 

160. 
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Figure 36 Col 

Optical Transmission of Vacuum Distilled Uaterial, as 

a FUnction of Deposit Super.ficial Density 

Cobalt ~-nitroso~-naphthol 

161. 
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Microstructure of the Resulta of Varlous Source-mounting 

Techniques 

(a) Photomicrograph (x 20) of deyosit from evaporation 
of N~S04 solution on 5 pg./cm2 VINS film without 
insulin. Original periphery of drop is seen as 
thin line of deposit near top of picture. 

(b) Photomicrograph (x 20) of deyosi t from evaporation 
of N~S04 solution on 5 pg./~ VYNS film a:f'ter 
wetting film with 5 percent insulin solution. 
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Figure 37 

Microstructure of the Resulta of Various Souroe-mounting Techniques 

(c) Electron micrograph (x 104 ) of deposit of cobalt 
a.-ni troso-f3-naphtho1 on vms film produced by 
vacuum dis~i11ation. Deposit super.ficial densit,y 
1.2 JJg./cm • 

(d) Electron micrograph (x 104 ) of deposit of nickel 
dimet}zy'1glyoxime on VINS film produced by vacuum 
distillation. Deposit super.ficial densi~ 5 pg./am2• 
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sodium sulpha.te without insulin on a film of 5 pg./cm'2 VYNS. Figure 

37 (b) shows a photo-micrograph of the result of similar evaporation 

wi th prior treatment of the film wi th 5 percent insulin solution. 

The solid material is seen to be more evenly spread than in (a), but 

considerable iiTegularity still remains. Much of the solid material 

is concentrated into local aggregates but single cr,ystals where they 

exist are needle-sha.ped of 30 to 100 1J. in diameter. Figures 37 (c) 

and 37 ( d) show electron micrographs of cobalt a.-ni troso-13-n.a:phthol 

at 1. 2 pg./ œf. superficiel densi ty and nickel dimeteylglyo.rime at 

5 pg./cm2 superficiel density respectively. These pictures are rep-

resentative of several taken over different areas of deposit all showing 

a unii'orm distribution of cr,ystals of about 1 1J. in diameter. It appears 

that this cr,ystal size is maintained throughout the process of completion 

of successive cr,ystal l~ers. 

(b) Estimêtion of Self-Absorptios 

We sha.ll in this section present prelimina.r,y data obtained for 

the self-absorption of Ni 
63

, s35 and co60 in the compounds listed above. 

The resulta were obtained by a method analagous to that used by experi-

menters world.ng wi th end-window counter systems. The counting-rate 

obtained with sources prepared by successive depositions from the seme 

char~ of radioactive material was measured as a funotion of deposit 

thiokness, determined between 0 and 200 tJg./ am2 speotrophotometrically 

as described above and thenoe gravimetrie ally. From the se data was 

computed the observed specifie activity after each deposition, and 

this was plotted against source super.fioial density. 

Figures 38 and 39 show the resulta so obtained. Figure 38 (a) 
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Figure 38 

Self-absorption of Ni63, in a 4n-geometr,y 

(a) Source superficial density range o-so f.l,g./cm2 
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ll'igure 38 

Self-absorption of Ni63, in a 4w-geometr,y 

(b) Source superticial densi ty nmge Q-3 ~ c:m2 
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Figure 39 

Self-absorption in a 4n-geametr,y of Ni63, s35 and co60; 

Source Superf'icial Densi ty Range o-400 pg./ ~ 
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shows the data for Ni 63 for a range of' source superficial d.ensities 

of' o-80 v.g./ cm.2. Figure 38 (b) shows the extension of' the data to 

the range o-3 mf!! ca{J. Figure 39 compares the self-absorption of Ni 63, 

s35 and co60 in the range of superficial densities between 0 and 300 

v.g./cm.2. 

3) DISCUSSION 

A relationship of the :f'orm obtained by Gora and Hickey ( 60) 

:t'rom the integration of' equation (72), that is of the :f'orms of' equations 

(73) to (76), may be compared with the experimental resulta obtained by 

us in a 411'-geometry, if relationship (75) is evaluated fore=i • Suoh 

equations have been fi tted to the experimental data in Figures 38 and 39, 

the values of' v. selected to give the best agreement being indicated in 

column 2 of table VI. 

Agreement is seen to be satis:f'actory over the initial part o:f' 

the curve where v.d < 0.6. However, if' one examines the resul.ts for 

Ni 63 i t is seen that at higher source thicknesses the self-absorption 

curve changes slope, in the sense that the data are now best titted by 

a s:maller v.-value. This ef:f'ect is similar to that observed in the case 

of e:xterna.l absorption in a 4w-geometry with very thin absorbers, dis­

cussed in section E. The re i t will be seen that the external absorption 

data can be fitted to the sum of two curves derived from two diff erent 

v.-values, and it is probable that a similar two component curve could 

be used in the case of Ni 63 self-absorption. It is also likely that if 

the observations on the self-absorption of s35' co60 and emi. tters of 

more energetic radiation were contiDued to higher source-thicknesses 
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a similar state of affaira would be found to exist in these cases also. 

At the moment however we will restrict our attention to the values of 

11 found to agree with the self-absorption data over the range of source 

superficial d.ensi ti es examined in Figure 39. 

The values of 11s.A. predicted by the relationship (equation 

(63)) given by Baker and Katz (5), which are generally of the same 

ord.er as tho se previously reported, are compared wi th our values in 

table VI, and are seen to be very :much the sma.ller. This is as would 

be expected since their relationship applied to 11-values obtained wi. th 

source-thicknesses much greater than the range we have studied, and 

their thicknesses were probably greater than the value at which the 

change to a curve of smaller slope (referred to above) occurred for 

the nuclides studied. 

TABLE VI 

11 11 Predicted by Extenuù Absorption 
Nu elide Observed Baker and Katz llo 11300 

cm2/mg cm2/mg cm2/mg cm2/mg 

Ni63 7.8 0.35 9 3.2 

s35 1.0 0.21 3.3 0.88 

co60 0.38 0.09 

In section E of this thesis we shall analyse half counter and 

coincidence rates so as to obtain curves of pure scatteri.ng and absorp-

ti on probabili ti es of ~-partiales as obsezved in a 4tr steradian geometry. 



In Table VI we anticipate the resulta quoted there by listing values 

of l-lo and J.l300 for Ni63 and g35 (columns 4 and 5). These are the 

externa.l absorption coefficients corresponding to an exponential 

absorption curve tangential to the obsexved absorption relationship 

at d- 0 and d- 300 tJg./~ respectivel.y. The value of tl observed 

for the self-absorption curve lies between the two~ 
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This is as expected since the electrons emitted from a source 

of superficial density, Sfzy 300 J,tg./am2 , will have been subjected to 

absorption throug)l thicknesses of material ranging from 0 to 300 

J,lg./am2• Thus the mean absorption ma,y be expected to be equivalent 

to that due to a superficial densi ty value in between. 

(It is meaningful to compare the absorption of ~-radiation 

in the source materials used and in the VINS mounting film in this 

way, since the latter has an ari thmetic mean Z value of about o.l, 

cloaely similar to the values given earlier for the source materials. 

We neglect to first order approximation the absorption and scatterlng 

effects (129) of the 2 tJg./ err?- of gold required to render the source 

mounting films conducting.) 

Hence from our resulta, substantiated by agreement in order 

of magnitude with the resulta of "external" absorption measurements, 

i t is clear that self-absorption effects in a 4tr-geomet:cy for very low 

source superficiel densities are of much greater magnitude than was 

expected from previous work. 

One ~ perhaps comment on the low values of specifie activity 

observed in the case of Ni 63 for super.ficial densi ty values below 

5 tJg./ cm2. This effect be ars a superficial resemblance to the maximum 
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obse:rved in self'-absorption curves obtained wi th << 271' steradian 

geometries. It is however a qui te dif'ferent effect. It will be 

obse:IYed from Figure 37 ( c) that in layera of source materiel of less 

than about 5 IJ,g./ cm2 superf'icial densi ty, the source area is not com­

pletely covered, but rather consista of unifonnly distributed 1 IJ 

diameter crystals with spaces between. Thus the effective superf'icial 

densi ty of the source materiel is much greater than the value obtained 

by weighing the deposi t spread over a known area, or probably by the 

optical method. The obse:IYed specifie acti vi ti es will therefore not 

lie on the cu:rve obtained from higher superf'icial densi ty values until 

one or more complete crystal layers are built up, which appears from 

Figure 37 ( d) to occur at d > 5 pg./ ~. There is however in this 

case no error involved in extrapolating the curve from higher thick­

nesses to zero thickness, since the value of specifie activity obtained 

is that required - ie. for a source of evenly spread materiel of zero 

super.ficial density. 

Thus for materi.als of fairly high specifie activity (~. high 

enough to gi ve an accurately measurable counting rate from sources of 

the thicknesses used) there are two available methode of correcti:ng 

for self-absorption. 

( i) The platinum crucible may be charged wi th a sui table compound 

of the nuclide being studied, and the observed specifie activity deter­

mined as a function of source thick:ness ( accurately measured) after 

successive distillations. Extrapolation of a suitable plot then pro­

duces the required specifie activity with zero self-absorption. In the 

case of ma.teri.als of specifie activity, so high that the quantities of 
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precipitates etc. handled are impracticably small, it may be necessar,y 

to add additional measured quantities of isotopie carrier, to render 

the method accurately quantitative. For materials of the highest 

specifie activity, of course, self-absorption effects are liable to 

be so small that direct solution evaporation produces ·~eightless" 

sources giving true specifie activity measurements
1
provided the 

solution contains ver.y little dissolved solid inactive mater.ial. 

(ii) If self'-absorption curves for the nuclide in the compound 

used are available, then a single measurement from a source of known 

superficial densi ty will allow the true specifie acti vi ty to be cam­

puted. 

Eventually i t is hoped to produce a complete series of such 

curves for all ~-energies. However at the moment, the method is limited 

in two ways. 

(i) The design of furnace is such that a collection efficiency 

of a few percent only is possible. This will doubtless be improved 

by a redesigned system. 

(ii) The calibration of the optical method for superficial density 

determination is limi ted, together wi th the direct gravimetrie esti­

mation, by the weighing facilities at present available. The result 

is a scatter in the experimental values, seen clearly in Figure 38 (a), 

since both ordinate and abscissa are a:f'f'ected. Hence an extrapolation 

of the Ni63 curve produces a specifie activity value accurate only to 

t 3-4 percent. 

For s35 and Co60 however it is seen that a value accurate to 
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about ! 1 percent can be obtained, and the aocuracy obtainable will 

increase wi th increasing end-point energy. Further work on the experi­

mental techniques involved in this m.ethod of correction for self­

absorption should make possible a precision of better than! 0.5 percent 

for all the beta-energy range studied, since the method is certainly of 

sufficient sensitivity. This will reduce self-absorption errors to an 

order of magn.i tude similar to that of the errors d.escribed in sections 

B and c. 



E. ABSORPTION AND SCATTERrnG OF BF.I'A-RADI.ATION rn A 

COUNTER GEOlŒI'RY OF 411' STERADIANS 

1) INTROWCTION 
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In the three previous sections, we have discussed the three 

sources of errer to which disintegration-rate dete~tionsby 411'­

counting are subject, and proposed sui table methods for the reduction 

of the ma.gni tude of error in such determinations. 

In addition to the experimental work performed in evolving 

these methods, other experimenta were perfonned which al1ow an analysis 

of the various electronic scattering and absorption processes which 

occur inside the 4w-counting chamber. Such an analysis is of interest 

as a me ans of exp1a.in:i.ng the re sul ts of source-mounting film absozption 

measurements, reported in section C, which were fOWld to be at variance 

with previous theoretical predictions. It is also of interest sinoe a 

comparison becames possible between the absorption and backscattering 

of beta-radiation ta.king place in a 4tr-counting chamber, and equivalent 

processes which have been observed by experimentera working with a. 

source-to-counter geometr,y of much 1ess than 2w steradians. 

Before describing this additional experimental work, however, 

we shal1 discuss the nature of the absorption and backscattering pro­

cesses, as observed in a conventiona1 counter geometry, and also describe 

previous work on phenomena which gi.ve coincidences between the two halvea 

of the 4w-counter, the examination of which is the first step in the 

a.nalytical process. 
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(a) Absorption of Beta-Ra.diation 

The penetration of electronic radiation througn matter is a 

very c~lex phenomenon owing to the number of processes by which 

interaction~ occur.(l3). With an initi~ well-collimated be~ 

of monoenergetic electrons, interaction with a layer of material of 

superficial density up to a few hundred J1g./cm2 occurs by means of 

a few scattering events per electron resulting in a spreading of the 

be~ wi thout too great a loss of energy, or intensi ty. Wi th tbicker 

layera more scattering events per electron occur, and a transition to 

"multiple scattering" occurs. Wi th layers of absorber thicker than a. 

certain limit, the electrons no longer have a pref'erred direction of 

motion, and a situation best described in ter.ms of a diffusion process 

results (12). In these circumstances the number of electrons observed 

to emerge from the foil decreases wi th increasing thickness of foil, a 

process described as absorption of the radiation. 

Single scattering events involving electrons of a given energy 

can be successfully treated theoretically (9, 104), while with multiple 

scattering and diffusion processes only an approximate treatment has 

been possible (12). In systems wi th the further complication of the 

continuous energy distribution of beta-radiation added, any rigorous 

theoretical treatment has up to now proved impossible, and the data 

availa.ble is handled only in a semi-empirical way. 

The absorption of beta radiation is of' interest to workers on 

absolute (3-counting for two reasons: 

(i) Absorption of' radiation in for instance the window of' an end-

window counter and in the air between source and counter produces an 



error in disintegration-rate measurements (see earlier) for which 

correction must be made by the method.s alreacy outlined. 

(ii) The absorption process m.akes possible a simple method of 

deter.mination of beta-energies. 
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Beta-energy determination, or more especially detezud.na.tion 

of the end-point energy of the energy spectrum, cha.racteristic of a 

given beta-emitter, is most accurately effected by means of electron 

spectrometr,y. If a less precise value, say± 5 percent, is acceptable, 

~- for identification purposes and if the dec~ scheme is simple, the 

determination of the ~ range of the beta-radiation through a 

suitable absorber material, usually alumimun, using a simple end-window 

counting system, will suffice. A plot of transmission versus absorber 

thickness, termed an absorption curve, is prepared and the beta-radiation 

range obtained from this conveniently by the method of Feather (46). 

Empirical relationships between energy and range observed have been 

given both for monoenergetic electrons and for beta-spectra of differing 

end-point energies (46, 49, 55, 93, 97, 122). These ~be used to 

compute the maxiJm.un energy in the case studied, or alternatively the 

empirical curve due to Glendenin (56) which also embodies the data of 

Glendenin and Cor,yell (55), Marshall and Ward ( 97) and earlier workers 

quoted by Rutherf'ord, Chadwick and Ellis (121) ~be used. Alternatively 

the method of Bleuler and Zfulti (16) ~ be applied directl.y to the 

absoJ:Iltion curve. 

As was discussed in the previous section, the earliest workers 

on the absorption of beta-radiation fotmd that the transmission of an 

absorber to beta-radiation d.ecreased appro.ximately exponentially wi th 
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increasing absorber superf'icial densi ty, due to a f'ortui tous combi­

nation of' the ef'f'ects due to the fonn of the low energy end of the 

beta-energy spectrum and those due to scattering of electrons in the 

absorber. The closeness of approximation to an exponential relation­

ship observed will depend (47) amon.g other things on the relative 

positions of the source counter and absorber. There have been several 

publications ( eg. 32, 107, 137) in which external absorption cuxves 

showing maxima appear. These were obtained in arrangements in which 

the scattering of electrons into the counter was more important at 

low absorber thicknesses than the loss of electrons by absorption, ie. 

wi th the absorber nearer to the source than the counter, and using an 

absorber material of high atom.ic number. 

In a system where a source-to-counter geometcy of 2tr or 411' 

steradians exista, however, the aniaotropy of radiation distribution 

from the source before or after penetration of an absorber will be 

without effect on intensity measurements as was outlined in section A. 

In the case of a 4n-counter for instance all particles emerging into 

the gas space, i.e. all tho se emerging from source or absorber, are 

registered, and aey d.i.mi.nution of intensi ty wi th increasing absorber 

thickness must be due to absorption effects alone. 

However the effects observed will be expected to differ from 

those observed in a narrow angle geometry in other ways. The counter 

subtending 211' steradians at the source will register particles emerging 

at small angles to and bence incident at smaJ.l angles to the absorber 

surface. Hence the path length of the majority of these particles in 

the absorber material will exceed the absorber thickness d, and greater 



absorption effects than those corresponding to a path length d will 

be e:x:pected. 
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It may be possible to compute the expected absorption effect 

as a function of d, in a fashion analagous to that outlined in section 

D. However the situation is complicated by the fact that particles 

will in general emerge at an angle dissimilar to that at which they 

were incident upon the absorber surface. Tms particles ente ring the 

absorber at small angles to the surface will in general have a greater 

probability of being scattered into the gas space, after a path length 

less than that computed from the angle of incidence. 

In films of thicknesses towards the lower end of the range 

studied ( < 100 pg./ cm2), the electron diffusion process is not expected 

to have been set up. The path-length traversed in aluminum before the 

diffusion process becomes important was computed as a function of elec­

tron energy by Zumwalt (153) from the theoretical expression of Bethe 

et al. (12). It was found to be 100 JJ.g./cm2 for 10 kev electrons and 

increased with increasing energy. Electrons with energies up to 10 kev 

form a small fraction of the beta-energy spectrum from those nuclides 

studied, with the possible exception of Ni63. 

Prier to the present investigation no measure.ment of absorp­

tion effects in a 4n-counter have been reported. Measurements of the 

variation of the total-counter, half-counter and coincidence-counting 

rates with source-mount thickness have previous1y been reported (76, 

135, 141, 142). None of these alone, however, corresponds to the 

absorption of the original beta-radiation. Ana.lysis of the data, when 

attempted, was effected at constant source-mount thickness only, and a 
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true "absorption curve" did not result. 

Absorption measurements in the absorber thickness range up 

to a few hundred f..lg./ cm2 have not hi therto been reported. Such measure­

ments are liable to be of considerable interest, particularl.y when con­

ducted with weightless sources where self-absorption effects are virtuall.y 

absent, since it is the electrons of lowest energy in the beta-spectrum 

(i.e. those electrons about which least is known) that are absorbed. The 

resulta of section C, and of Suzor and Charpak (141, 142) indicate that 

une:xpected changes of observed counting-rate talee place in this absorber 

thickness region. 

(b) Baclœcatteripg of Beta-Radiation 

The importance of the backscattering of electrons in absolute 

counting systems using low-geomet~ counters has been briefl.y discussed 

in section A. Indeed most of our knowledge of the phenomenon derives 

from experimental work perf'ormed in this co:nnection (25, 33, 148, 153), 

since, as in the case of beta-radiation absorption, the phenomena 

involved are too complex to lend themselves to theoretical evaluation 

at this time. In the thicknesses of backscattering ma.terial emp1oyed 

in the experimental. work re:ferred to, the electron dif'î'usion process 

would again be expected to be important, but tlms far the theo~ of 

Bethe et al. (12) has proved of only limited usef'ulness (153). 

The broad features o:f the backscattering phenomena observed 

in a counter-geometr.y of much lees than 2w steradians are as follows: 

(i) The extent of backscattering increases with thickness of 

backing up to a fixed value and then remains constant. The fixed value 

characterizes a condition called "saturation backscattering11
• 



180. 

(ii) The saturation backscattering value increases wi th increasing 

atomic :munber of the backing material, being about 12 percent for 

alwnimun and > 50 percent for 1ead. 

{iii) The mass of back:ing requ.ired for saturation backscattering is 

roughl.y independent of its atomic number, but is an increasing :f'WlCtion 

of the end-point energy of the beta-spectrum (ie. about 30 mgjam.2 for 

a 170 kev beta-particle, 110 mg/am.2 for a 1 Mev partiale) and is ver.y 

roughly equal to one :f'ifth the range of the beta-radiation studied. 

(iv) The value of saturation backscattering at a constant Z of 

backing material is independent of end-point energy of the beta-spectrum. 

Ear1iest resulta showed a decrease of saturation backscattering with 

decreasing end-point energy, but Glendenin and Solomon (58) showed that 

this was probably due to the preferential absorption of backscattered 

radiation in the counter window. 

(v) The backscattered radiation is degraded in energy. Absorption 

curves (86, 148, 153) show forma generally simi1ar to the incident beta 

radiation but with the half-thickness or range reduced to between 0.4 

and O. 8 that of the beta-radiation. The energy spectrum of the radiation 

produced by the backscatteri.ng of monoenergetic electrons has been gi.ven 

by Bal:f'our (6). The resulta are in accordance with those obtained wi.th 

13-radiation. 

(vi) The backscattered radiation is anisotropie in distribution 

being primarily concentrated in a direction nonna.l to the surface of the 

backscatterer for materials of large Z (148). Hence when the beta­

radiation from a weightless source (isotropie) and the backscattered 

radiation are compared, effects of different magpitude will be observed 
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t:or dif:t:erent counter geometries. Zumwalt (153) compared bis resulta 

t:or a narrow angle geometry with those of Borkowski for a 211' geometr.y, 

observing that backscattering was larger in a 211' geometry for materials 

of low Z and smaller for ma.terials of high Z. 

The latter result was confirmed by Conway and Rasmussen (M) 

using a bigh Z bacldng in a 211' counter. Several instances of: unexpec­

te~ large differences in counting-rate between the halves of a 411'­

counter, using low Z bacldng have also been observed. Tlw.s 8 percent 

backscatter of g35 from 30-40 J,lg./ cm2 of cellulose film was reported 

by Meyer-Schdtzmeister and Vincent (100), and a 5 percent difference 

in counting rate between the ha.lves of a 4ft-counter using Na24 mounted 

on 50 J,lg./cm2 of Formvar was attributed by Borkowski (20) to scattering, 

since significant absorption of the 1. 4 Mev ~-radiation in the film was 

unlikel.y. A similar ef:t'ect was reported by Houtenna.ns et al. (76) wi th 

p32 on 25 J,lg./am2 of cellulose. 

The magni. tude of scattering effects observed from such thin 

films in a 2ft or 4ft geomet:ry is at variance with the use of these films 

as mounts in the work with small geomet:ry-counters, since backscattering 

was considered under the se conditions to be negligible. However as 

pointed out by Mann and Se li ger ( 95), the phenomenon gi ving ri se to 

increased scattering in a 2Tr geometry is probably small-angle single 

scattering. This is likel.y to be important for film tbi.cknesses DDlCh 

below those at which the electron diffusion process, responsible for 

conventional backscattering, occurs. The scattered electrons emerging 

at small angles from the film surface will be registered by a 2Tr-counter, 

but not wi th a counter of smaller geometry. Seliger (129) has shawn tha.t 
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the single scatteri.ng process thus observed will be relatively inde­

pendent of scatterer atomic number, and hence will be li tt le disturbed 

by the gold-coating on films used as source mounts in a 4n-counter. 

( c) Coïncidences in a 4n-counter 

We shall define a coïncidence in a 4Tr-counter as being an event 

in which a discharge occurs in both halves of the counter within the 

resolution t:i.me of the recording apparatus, used to observe the system. 

This phenomenon must clearly be differentiated from the resolution losa 

phenomenon descri.bed in sections A and B which leads to an erroneous 

measure of the disintegration rate at high counting-rates, owing to the 

discha.rges due to successive disintegrations occurri.ng wi thin the counter 

resolution time of one another. The coïncidence processes we shall dis­

eues in this section occur in discharge phenomena resulting from up to 

20 percent of disintegrations, but do not re sul t in any error in the 

disintegration-rate deter.mination since they occur within the resolving 

time of the equipment. 

Frevious workers wi th 4n-coWlters have been aware that coïnci­

dent discharges occurred in a chamber of this sort. Ha.xel end Houtennans 

{69) observed the phenamenon duri.ng a disintegration-rate deter.mination 

~ IfbfR, and ascribed i t to conversion electrons emi tted s:imultaneously 

with the ~-radiation. A fair~ comprehensive stuqy of the variation 

wi th mount thicknees of the half-counter and coïncidence rates in a 

G-M 4Tr-counter was made by Suzor and Cha.rpak (28, 29, 140, 141, 142) 

al though in a higher superficial densi ty range than we have employed. 

They concluded (141) that there were three possible causes for coinci­

d.ences. 
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(i) Secondar,y electronic radiation resulting from interaction of 

the primary beta-radiation with the source-mount, one each of the beta­

partic1e and secondary electron triggering each half counter. They 

considered that electramagnetic radiation such as X-radiation or 

bremsstrahlung would be iœapable of cauaing an effect of the ma.gni tude 

observed. 

(ii) Electronic radiation from the source, in add.i ti on to the 

beta-particle. Haxel end Houter.man's conversion electrons came into 

this catego:ry, al though coincidences were noted in as great an extent 

wi th beta-emi tters where nuclear ganma. radiation was known to be ah sent. 

Another posaibility was the inner bremsstrahlung electrons described by 

Bruner ( 24) al though the energy spectl'\lill. he quoted did not account very 

satisfactorilY for the observed absorption effects. 

(iii) Very soft gamma. radiation from the source, eg. a 10 kev gamma 

photon emi tted in 1o-20 percent of disintegrations. 

The resulta of the analyais of half-counter and coincidence 

rates by Smith (135) were interpreted by him on the basie of processes 

(i) and (ii). With s35 mounted on 260 #J.g./cm2 alwnirmm he found a 7 

percent probabi 1i ty for the producti on of' second.ary" electrons by inter­

action of the beta-radi.ation wi th the mount, and 3 percent probabili ty 

for the emission of an inner-bremsstrahlung electron per disintegration. 

Meyer-Schtltzmeister and Viœent (lOO) di.d not however agree 

wi th the se re sul ts. By studying the variation of coincidence-rate wi th 

varying diameter of the aperture in the metal plate di vi ding the chamber 

over which the film was mounted, and with counter-ga.s pressure, they 

came to the conclusion that the prime cause of the e:f'fect, in the case 



184. 

of s35 at least, was backscattering of radiation by the oounter-gas 

from one halt-counter to the other. There was a smaller contribution 

from scattering at the counter-wall~ at larger aperture diameters. They 

also conoluded that of the coincidenoe rate (in general of the order of 

5 percent of the disintegration-rate), lesa than a few tenths of a 

percent was attributable to inner-bremsstrahlung electrons in the cases 

of s
35 

and P
32

• 

This latter observation is in accord.anoe wi th more recent 

experimental work on the effect (118) in which I B electron emission was 

found to occur very liD.l.Ch lesa frequentl.y than was reported by Bruner. 

Thus the first problem in this section is the positive identi-

fication of the phenomena leading to coincident discharges. Then fol-

lows an analysis of the data from half-oounter and coinoidence rates 

observed as a tunction of source-mount thickness to obtain absorption 

and backscattering cuzves as observed in a 4tr-steradian counter geometry. 

These may then be correlated with the energy distribution in the appro-

priate parts of the beta-energy spectrum, and wi th theories of acattering 

and absorption. 

2) EXPERDŒNTAL TIDHNIQUES .AND RESULTS 

There are two possible ways of measuring the rate at which 

coincident discharges occur in the 4tr-counter. It will be Shawn later 

that the total counting-rate (ie. that observed witb the counter anodes 

connected in parallel) Nf is related to the counting rates above (Da) 

and below (Jlt>) the source mount, and to the coincidenoe rate (De), by 

the relationship: 

- n c 
••••• (77) 
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There:fore one may either measure N.r' na and Dt, separately, by dis- · 

com1.ecting one anode and then the other :for example, and :from this 

in:fonnation compute n
0

, or one may measure n
0 

directl.y by eleotronio 

means, and compute N._r :from measured values o:f na and ~· The :first 

method has the disadvantage that the value :for n
0 

is obtained onl.y as 

the small di:f:ferenoe between large quantities on whioh there are statis-

tioal deviations, and hence is subject to a disproportionate error. We 

have there:fore adopted the second procedure. 

In the apparatus :for the experimental work to be desoribed in 

this section, the ohamber and interior arrangements were as be:fore. 

However the two anodes were no longer oonneoted, separate H.T. supplies, 

( 205-B) preampli:fiers, .AEP 1448 amplii'iers, and AEP 908 soalers being 

connected to each. The output signala o:f the two ampli:fiers, taken 

a:fter discrimination :from the output o:f the multivibrator stage, were 

:fed into a coïncidence unit ( o:f which a ci rouit diagr8lll appears in the 

appendix), the output o:f this being :fed into a third .AEP 908 scaler. 

The arrangement o:f the anode leads and preamplifiers can be seen in 

Figure 4 in section B, and a blook diagram o:f the equipment appears 

in Figure 40. 

It was oonsidered important that the High Voltage supplies 

and ampli:fier-systems used in oonjunction wi th the separate half'-oounters 

should be ma.tched, so that eaoh system would give a similar performance. 

This was ohecked by oompari.ng high-vol tage oharacteristics for Ni 
63 

:for each separate half-counter. The potentials at whioh oounting 

conunenced, and at whioh the plateau oommenced, were found to agree well 

enough for the purposes of this experiment. 
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Figure 40 

Block Dia.gram of Apparatus Used for Coincidence Experimenta 
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The resolution time of the coincidence circuitry was deter­

mined by f'eeding in the output signale of' two amplifiera when co:nnected 

to separate proportional counters which act as sources of' pulses 

randomly distributed in time. The resolution time t is given to good 

approximation by 

•••• (78) 

where N is the coïncidence rate observed wi th separate pulse rates of' 

~ and~ applied to the coincidence circuit input. For a range of values 

of' n1 and ~' t was f'ound to be 10.3 f..l· sec. This figure was subsequently 

used to correct all observed coincidence-rates for randam coïncidences, 

due to unrelated events occurring wi thin the circuit resolution time 

of' each other, and all values of' De reported are so corrected unless 

otherwise stated. 

The pulses f'ed into the coïncidence unit were the square pulses 

of' > 10 volts amplitude produced by the multivibrator stage of the dis­

criminator circuit. These would be expected to trigger the coincid.e:nce 

circuit satisfactorily, and re sul t in the observed output pulse-rate of 

the circuit corresponding accurately to the coi:ncide:nce rate in the 

system examined. 

To check this, periodic comparisons were made of the value of 

rf.:r obtained via equation (77) from the half-counter and coincidence-ra.tes, 

observed wi th the coïncidence circuit, and the value of ~ obtained 

directly by observations wi th the anodes connected in parallel. In all 

cases the discrepancy was well wi thin the expected statistical devia­

tions on the quanti ties involved, indicating satisfacto:ry operation of 

the coincidence circui t:cy. 
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The electronic method of measuring coincidence-rates in a 

4'1T-counter is not however free from disadvantages. The worst of these 

is the appearance of positive pulses at the amplifier output in addition 

to the negative pulses associated with the electron cascade. 

In Figure 41 are shown photographe of oscilloscope traces, 

wi th the instrument connected to the amplifier output. Figures 41 (a) 1 

(b) and ( c) show the po si ti ve pulse wave-fonns obtained at the output 

of the amplifier connected to one half-counter (A say) wi th the time-base 

triggered by the pulses (negative) from the other (say half-counter B). 

Half-counter Ais unpolarized, while polarization potentials of 2.2, 

2.4 and 2.6 kv are applied to B. The positive pulses in A are seen to 

be in coincidence wi th negative pulses in B, and to increase in magni­

tude with increasing polarization of B. 

In Figures 41 (a), (e), (f) and (g) is seen the effect on 

positive pulses in A when the polarization in B is held constant at 

2.6 kv and that in A increased from 1.8 to 2.4 kv. The positive pulses 

in A remain of constant amplitude, and negative pulses due to electron 

cascades in A appear and increase in magnitude, as in Figure 6 of 

section B. 

The positive pulses in themselves are not disturbing, since, 

al though amplified as po si ti ve pulses by the amplifying system, they 

fail to trigger the multivibrator circuit of the discriminator, and 

hence fail to register. However when the polarization potential of 

the other hemisphere exceeds 2.6 kv, the negative overswing following 

the po si ti ve pulse becomes large enough to trigger the recorder, and. 

hence is registered as an additional count. This effect is demonstrated 

in Figures 42 and 43, where high-voltage characteristics (with both NT 



Figure 41 

Positive Pulses Observed with Coincidence .!pparatus 

Observed with a C.R.O. at output of amplifier A (C.R.O. 
synchronized wi th negative pulses from amplifier B). 
Time base 3 ~.sec/cm. Vertical sensitivity 1 volt/cm. 

Hemisphere A unpolarized 

Hemisphere B: a) 2.2 kv b) 2.4 kv c) 2.6 kv 
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Positive Pulses Observed with Coincidence Apparatus 

Observed with a C.R.O. at output of amplifier A (C.R.O. 
synchronized with negative pulses from amplifier B). 
Time base 3 f..l. sec/ om. Vertical sensi ti vi ty 1 volt/ cm. 

Hemisphere B at 2.6 kv. 
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Hemisphere A: d) 1.8 kv e) 2.0 kv f) 2.2 kv g) 2.4 kv 
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Figure 42 

High-Vol tage Characteristic -ror Ni 63 Obtained wi th 

Co incidence Apparatus 1 as a Function of Diapbra.gn Aperture Diameter 

(Counting Gas C.P. CH4 ) 
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Figure 43 

High-Voltage Cha.racteristics for p32 Obtained with 

Coincidence Apparatus as a Function of ~aphra.gm Aperture ~ameter 

(CoWlting Gas C.P. CH
4

) 
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and Ile plotted) for Ni 63 and p32 are shown as a function of diaphr~ 

aperture diameter. The number of events due to positive pulses, which 

show up in both the Nr_r and Ile curves, is seen to increase with increasing 

aperture diameter, and similar resulta to those seen in these figures 

are also obtained wi th intennediate 13-energies. 

All the foregoing phenamena are consistent with the positive 

pulses being due to an induction effect. The electron cascade moving 

towards the anode in one hemisphere representa the movement of the same 

amount of charge away from the anode in the other, and hence would be 

expected to produce a pulse in the second of opposite sign to that in 

the f'irst. Certainly the electrons in the cascade are much nearer to 

the first anode than the second, but i t will be recalled from Figure 5 

of section B that the anodes are only of the order of 5-6 mm. apart 

over the source. 

The effects obsezved wi th vazying aperture size can be attri­

buted to changing electrostatic screeni.ng between the hemispheres. TlnJ.s 

al though screening due to the diaphragu plus the gold-coated plastic 

film is very incomplete, i t improves wi th decreasing aperture diameter. 

Ex:pressed dif'f'erentl.y, more of the induction current {negative) reachi:ng 

the f'irst anode is supplied from groWld via the a.lumimun diaphragm 

(rather tban from the otber anode) wi th small aperture diameters than 

at large ones. 

With the anodes connected in parallel, of course, as is the 

case in normal counter operation, the positive pulses, being in coinci­

dence with the larger negative pulses at the other anode, do not appear. 

They result merel.y in a small reduction of the amplitude of the output 
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negative pulse. Thus they are not a feature of normal counter operation, 

and appear only because of the separation of the anode systems for the 

purposes of this experimental work. They are then to be regarded merely 

as a nuisance, having the effect of sanewhat reducing the available 

plateau length, and to some extent spoiling the excellent high-vol tage 

charaoteristics displ~ed in .section B. 

However sufficient high-voltage plateau was found to exist in 

all cases examined, below the polarization potential at which the positive 

pulse effect becomes distuibing, for the counter to be operated under 

conditions at which unit response probabili ty could be assumed. We 

shall therefore not discuss this effect f'urther. 

The experimental work to be presented here falls into two 

categories. 

(a) The coïncidence rate Ile was measured (in tenns of the disinte-

gration rate N0 ) for five of the range of beta-emitting nuclides des­

cribed in section B (covering an end-point energy range from 67 kev 

to 1. 7 Mev) over a range of diaphra81U aperture sizes and wi th two 

different counter gases. In all cases, except that of Ni63 (in which 

a 12 J.Jg./crr!J. source of nickel dimeteylglyorlme prepared as described in 

section D was employed), the sources used were point sources produced 

by evaporation of a suitable aliquot of carrier-free stock solution as 

bef ore. 

The experimental technique was as follows. The source was 

first prepared on a 5-10 1Jg. j cm.2 gold-coated film mounted on a 5 cm. 

diameter aperture, and the appropriate measurements of llo, 11a and :1\, 

made and ~ computed. A di aphra~ wi th a smaller aperture was then 
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placed over the film, fonning effecti vely a system in which the film 

was mounted over the smaller aperture. These measurements were repeated 

for a series of' aperture sizes. 

Each measurement was duplicated, using first C.P. methane, 

and then argon+ 10 percent methane as counting gas. The polarization 

potential waa of course sui tably adjusted in the second case since 

suitable operating conditions were found to lie at a potential about 

1.0 kv lesa than with methane. 

The resul ts of this series of measurements are plotted in 

Figure 44. The solid curves on this figure are the theoretical para­

bolas (see later) fitted to the data. 

(b) The coincidence and ha.l.f-counter counting rates were measured 

for the same series of lUlClides and with Po210 as a function of source­

mounting film thickness, wi th each of the counting-gases mentioned. 

The aperture diameter was maintained constant at a value of 2. 5 ems. 

The resulta are shawn in Figures 45 to 50. 

In all cases except that of Ni 63, the sources were uweightless" 

point sources prepared by evaporation of a sui table aliquot of a carrier 

free stock solution. For Ni 63, l œf. area sources of nickel dimetl:zy"l­

glyoxime were again used, both of 12 JJg./am2 and 2.6 mg/cm2 superficial 

density. The corresponding cuzves are plotted separately in Figure 45. 

The curves for the 2.6 mglcm.2 Ni source show DO features differing from 

those for the 12 JJg./ cm2 source other tha.n tho se expected from the absorp­

tion of radiation in a 1 cm.2 area of 2.6 mg/cm2 thickness in the source 

mount. 

The experimental technique used was as follows. The original 
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Coïncidence Rate as a Function of Diaphra.Egll Aperture Radius, 

for a Series of ~-emitters of Increasing End-point Energy 

(a) with C.P. CH4 counting gas. 
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Figure 44 

Coincidence Rate as a Function of Diap~ Aperture Radius, 

for a Series of 13-emi tters of Inoreasing End-point Energ 

(b) wi th A + 10 percent CH4 counti:ng gas 
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Figure 45 

Source Mount Absorption Charaoteristios for Ni63 

(Beta end-point energy 67 kev) 
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Figure 46 

Source MOunt Absorption Characteristics for s35 

{Beta end-point energy 167 kev) 
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Figure 47 

Source MOunt Absorption Characteristics for Ca45 

(Beta end-point energy 254 kev) 
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Figure 48 

Source Mount Absorption Characteristics for T1204 

(Beta end-point energy 765 kev) 
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Source Mount Absoz:ption Charaoteristios for p32 

(Beta end-point energy 1. 70 Mev) 
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Figure 50 

Source Mount Absorption Characteristics for Po210 

(Alpha-energy 5. 30 l4ev) 
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source was prepared on a 5-10 /.lg./ om2 gold-coated film, the total 

superficial density of which bad been calibrated as described in section 

c, and the counting rates lla., lltl and n
0 

measured. A second calibrated 

film was then caused to adhere to the back of the first (ie. on the 

si de opposite to the source), the measurements repeated, and so on 

until a film thiclmess of about 70 /.lg./cu{i. bad been built up. From 

then on each of a series of calibrated films of up to 600 /.lg./ am2 

superficial densi ty was temporarily placed in contact wi th the back 

of the source-mounting film to produce source-mounts of greater thick­

nesses, the measurements being repeated at each thickness. For each 

set of measurements, the value of NT was computed, and the curves of 

~ against film superficial densi ty obtained agreed well wi th those 

obtained directl.y as described in section O. 

Each measurement was made twice, once each with C.P. methane 

and argon+ 10 percent methane as counting-gas, with appropriate adjust­

ments of polarization potential as descri.bed earlier. The period over 

which the counting-rate on each channel was measured was extended to 

ensure adequate statistical accuracy. Generall.y more than 1000 cainoi-

denee events were record.ed at each measurement gi ving a standard devia­

tion of about ± 3 percent. This was considered adequate for the purposes 

of the present experiment. 

In order to check on the operation of the counter with greater 

mount thicknesses determination of the high voltage characteristic was 

repeated in the case of Ni 63 at intervals during the above experi.ment. 

The results, shown in Figure 51, give characteristics at film superficial 

densi ti es up to 490 /.lg./ am2• The se show no shift in location of the 

plateau, nor aQY ether unexpected features. 



Figure 51 

High Voltage Characteristics as a Function of Source Mount 

Thickness with Ni63. Counting Gas C.P. CH4 
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3) DISCUSSION 

(a) The Phenomena of Coincident Discharges 

Of phenomena which can conceivably give rise to coincident 

discharges in a 4rr-counter we may list the following. 

(i) 

(ii) 

(iii) 

(iv) 

(v) 

(vi) 

(vii) 

(viii) 

(ix) 

(x) 

(xi) 

(xii) 

(xiii) 

(xiv) 

Nuclear y-radiation accomp~ng beta-dec~. 

Conversion electrons accornpanying beta-dec~. 

Inner bremsstrahlung accompaqying beta-dec~. 

Inner bremsstrahlung electrons accornpanying beta-dec~. 

X-radiation accompanying beta-dec~. 

Secondary electrons from the source mounting film re sul ting 

from inelastic interaction by incident beta-radiation. 

Bremsstrahlung from the mounting film produced by the incident 

beta-radiation. 

X-radiation from the film produced by the incident bete.-radiation. 

Backscattering of beta-radiation from the counter gas. 

Backscattering of beta-radiation from the chamber walls. 

Secondar,y electronic radiation from the counter gas. 

Secon~ electronic radiation from the counter walls. 

Secondary electromagnetic radiation from the counter gas. 

Secondary electromagnetic radiation from the counter walls. 

In each case the coincidence event would be caused by one 

particle discharging one ha.lf counter, and the secondary particle or 

photon discharging the other. Or alternatively the scattering of a 

single particle from one half counter to the other would discharge both 

hemispheres. All the events described would succeed one another within 

a time inteiVal very much shorter than the resolving time of the coinci-
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denee apparatus. 

Of the se phenoroena, we may elimina te several which, al though 

poasibly contributing a small effect, cannet be responsible to a 

significant degree for the effects we have observed, in which a 

coincidence follows up to 20 percent of the disintegration. 

Thua since the five nuclides studied are known to decay by 

beta-transition to the ground state of the product nucleus, processes 

{i) and {ii) are ruled out. However the frequency of coïncidence 

phenomena wi th nuclides who se decay mechanism does lead to gamna­

emiasion, or to emission of annihilation radiation (with ~+ emitters), 

would not in fact be expected to be much different from that we observe 

owing to the law response probabili ty of the counter to electromagnetic 

radiation. :Most of the ioni.zation produced in a counter by p~tons is 

not due to interaction of the photon with the counter gas, but to elec­

trons produced by photo-electric and Compton scattering proceases 

occurring in the counter walls. The calculation of the number of elec­

trons which will emerge into the counter volume and cause diacharges is 

li able to be subject to considerable uncertainty. There are however 

empirical data available due to Bradt et al. (21) of the response 

probabili ty of Geiger counters of differing wall mate rial to gamma 

radiation of varying energy. Their re sul ts are probably of the correct 

order of magnitude for our purposea, ie. lesa than 0.01 in the photon 

range 0-1.8 Mev. 

On this basie then we may also eliminate ~ other procesaes 

involving photon production, unless this production occurs with high 

probabili ty and ei ther in the source or mount in a po si ti on of high 
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geometry with respect to both hemispheres, ie. we can eliroinate pro-

cesses (iii), (v), (vii), (viii), (xiii) and (xiv). 

For instance, the phen6menon of inner bremsstrahlung (iii), 

in whi.ch the energy available from the disintegration is shared 

between a beta-particle, neutrino and a photon, ha.s been descri.bed by 

several authors (17, 19, 81, 109, 147). The production probability of 

inner bremsstrahlWlg is of the order of lo-3 (19), and when this is 

mu.ltiplied by the low response probability to photons, its effects 

must be entirely negligible in our present consideration. 

Similarly for external bremsstrahlung produced in the mounting 

film (vii). The probabili ty that a quantum be emi tted in the frequency 

range ,, 9 + d# when an electron of energy Eo traverses a thickness, dx, 

of material is given (ll, 123) by 

I = N t (EO:")dvdx ••••• (79) 

where N is the number of atoms per cm3 of material and ~ (E0,)dv - the 

cross-section for production of a photon in the defined frequency range 

- is gi.ven by 

.t z2 
e

2 
2 d'f' [ E 2 2 E J 2EoE 1 '!'(E0,~)dv = - (-,.) - 4 1 +(-) --- (log 2 -- ) 

137 mc ., E0 3 E
0 

mc ~ 2 

••••• (80) 

(neglecting screening) where E:: E0 - h\f is the energy of the beta-

partic1e after interaction, Z is the atomic number of the atom, e and 

m are the electronic charge and mass, and c is the velocity of light. 

For polyvieyl chloride-acetate copolymer ( 85 percent chloride) 

of which the arithmetric mean atomic number 'Z' = 5.1, and an inci.dent 

beta energy of about 1 Mev, the value of ! for the middle of. the 'Il 
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spectrum is of the order of lo-26 cm2• Substituting in equation (79) 

using N = 1023 and dx = 10-4 cm. ( con-esponding to a film thi.ckness of 

the order of 100 J,.Lg./ cni2 we find that the probabili ty of bremsstralùung 

production per beta-particle incident on the source mount, I z lo-7, 

which is aga.in negligible for our present purposes. 

Next we may consider electronic radiation arising from processes 

(iv) , (vi ) , (xi) and (xii ) • The question of inner bremsstrahlung electron 

production (iv) was considered in the introduction to this section and 

will be neglected for the reasons stated. The process of inelastic 

interaction of electronic radiation with atomic electrons was described 

by Mott (104). If an interaction of an electron of initial energy E 

produces two (indistinguishable) product electrons of energies W and 

E-W, then the number of secondar,y electrons produced in a distance dx 

in the energy range W, W + dW is 

I :. ZN dx df (E,W) ••••. (81) 

per incident primazy electron, where the symbolism is as before and 

df , the differential cross-section f'or production of an electron in 

the defined energy range is 

l 1 e2 
(E-w)2 - W(E-W) • cos ( hv E-W ] log W ) 

••••• ( 82) 

or alternative~ f'or relativistic electron energies (102) 

df(E,W) = 211'e4 dW [l- 1 • mc2(2E +m2) + 1 + 1 ] 
mv2 W W(E-W) (E+mc2)2 (E-W)2 (E+mc2)2 

••••• (83) 
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The value of d! (E, W) for the scattering of (3-radiation of energies 

between O. 6 and l. 7 Mev in collodion film (cellulose nitrate) bas been 

detennined experimentally by Page· (110) to be in agreement with e~ation 

(83) and of the arder of lo-24 am2 over most of the W spectrum. Substi­

tuting this value in e~ation ( 81) together wi th- 1024 for the value 

of ZN and lo-4 ems. for the thickness of a film of superficial d.ensi ty 

about lOO JJg./ c:m.2, a value of I of the order of 10-4 is obtained. Hence 

the probabili ty of seconda.Iy electron production in the film is also 

below the order of magnitude we are considering. 

Likewise for inelastic scattering in the counter gas (say methane 

with a superficial density of 700 JJg./am2 per cm. of thickness), while 

the order of magnitude of scattering cross-section is increased by the 

greater thickness of scatterer, it will be decreased by the greater angle 

of scattering required to return an electron to the other half-counter 

( --> 180°). .Also the further the scattering event occurs from the source, 

the worse is the geometry wi th respect to the other half-counter. Similar 

consideration app~ to inelastic scattering processes occurring at the 

counter wall, where in addition a greater probability exista for the 

prod.ucts of scattering to be absorbed in the scatterer. 

Thus by elimination we are left only to consid.er 

(1) backscattering of beta-radiation by counting-gas. 

(2) backscattering of beta-radiation by chamber walls. 

Backscattering effects have been shown by the experimental work discussed 

earlier in this section to be of the order of ma.gni tude of the coïncidence 

effects observed by us. In order to determine if either or both of 

processes (1) and (2) are contributing, let us examine the data of the 
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variation of coincidence-rate wi th aperture diameter 1 shown in Figure 

44. 

For a wall-scattered electron to cause a coincidence, i t must 

first have penetrated the counter gas to the chamber wall, then have 

been backscattered into the gas space, have again penetrated the counter 

gas to the diaphra@ll, and finally have penetrated the source-mount to 

reach and disch.arge the second hemisphere.. That is, the probability 

that a coincidence be produced by wall scattering per disintegra.tion is 

••••• (84) 

where 

Pl, is the probabili ty that the beta-radiation penetra te a path le:ngth 

of 3. 5 ems. of counting gas to the wall, and the backscattering 

radiation penetrate a simi.lar path 1e:ngth back to the diaphra.gœ 

aperture. 

P2 is the probabili ty that the beta-radiation will backscatter into 

the gas-space. 

p 3 is the probabili ty that the backscattered radiation penetrate the 

combinat ion diaphragm + film. The probabili ty that a parti ole 

emerg:l.ng into the gas-space o"f the second hemisphere shal.l produce 

the neoessar,y minimwn number of ion-pairs to record is essentiall,y 

unity. 

We have computed the values of p1 and the transmission of the 

alwninum of the diaphragm as a :function of the beta end-point energy 

and these are seen in Figure 52. The calculations were perfonned by 

integration of the beta-spectra of Ni 63, g35 and p32 shown in Figures 

59, 60 and 61 using the range-energy relation of Glendenin (56) (extended 
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Fi.su:re o2 

Calculated Probabili ty Functions Pl and p4 for Transmission of 

Counter Gas and Aluminwn of Di.aphraSJ!l to Beta- and 

Backscattered Radiation 
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to lower electron energies using data for the ranges of monoenergetic 

electrons in Rutherford, Chadwick and Ellis (121)) which is shown in 

Figure 58. For the purposes of these approxim.ate calculations, we 

have assumed tbat the spectrum of ca45 resembled that of s35, and Tl204 

that of p32, apart from a translation of the energy, and that the back-

scattered radiation bad a similar energy spectrum to the incident radia-

ti on but that the end-point energy was reduced by one third (as above). 

We shall diseuse calculation of the quoted beta energy spectra later. 

If we are stuqying the variation of coïncidence-rate with 

aperture aize, Pl and P2 are constant. To compute the form of the 

variation of p3, let us assume that the alnmi m,m diaphragm of 230 mg/ am2 

superficial density will complete~ absorb the backscattered radiation. 

This is shown to be true at least for the first four nuclides of the 

series in Figure 52. Then the variation in p3 will be equal to the 

variation of the solid angle subtended by the aperture at a point on 

the surface of the spherical chamber wall, averaged over all such points. 

This may be computed wi th the aid of Figure 53 (a). The integral arising 

from attempts to calculate the so1id angle exact~ is a very difficult 

one to evaJ.uate. However the problem is much simplified if it is assumed 

that al1 points of the aperture are equidistant from P, which is true 

for small values of r (the aperture radius). Then the solid angle sub-

tended by the aperture at P is 

nr2 cos e n= 
R2 

••••• (85) 

where R is the radius of the sphere and e the angle made at the centre 

of the aperture 0 by the line OP wi th the nonnal ON. 



Figure 53 

Geometrical Arrangement of Source, Source-Mounting Film and 

Diaphra.gm Wi thin the Counter Chamber 
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Then the mean of .(2 over the whole spherical a.rea is 
tl' 

1"'\ - 1 12 
n:x-2 cos e • 2tr sin e d9 

,.L. 2nR2 

0 

where 2n sin e. de is the spherical area element. 

Hence 1f 

: n2~ [ cos 2 e ] 
2nR
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•••.• ( 86) 

••••• (87) 

Hence the variation of Ile is expected to be proportio:nal to 

r2. Figure 44 shows the re sul t of fi tting parabo1as to the experimental 

data for Ile' and this is seen to be successful apart from the lowest 

values of r where the smal1 aperture size might be expected
1 
and was 

often :found 
1 
to interfere wi th counter operation. F\.trther i t is seen 

that parabo1as of essentially the same curvature satis:factorily :fit al1 

the sets of data except that of Ni 63,; we shal1 cliscuss this :fact at 

length 1ater. Extrapola ting the parabolic curves to r = 0 allows us 

to separate that part of the coincidence phenomenon independent of r. 

The values of Ile obtained at r = 0 are plotted against beta end-point 

energr in Figure 54, and are found to lie on two smooth curves, one 

each for the data obtained with methane and argon+ 10 percent methane 

counting-gas. 

The interpretation of the data, advanced by us, is as follows:-

That part of the coïncidence phenomenon found to be independant 

of the aperture radius is due to the backscattering of beta-racliation by 

counting-gas in the neighbourhood o:f the source, while that part depen-
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dent on r as z.2 is due to backscattering by gas nearer the chamber 

wal1s or more probably the chamber wal1s themse1ves. 

Evidence f'or this assumption is as follows: 

(1) Gas Backscattering 

First, the coincidence rate wi th Ni 63 wi th both methane and 

argoz:v'methane is independent of r entirely. This is in accordance with 

the value of p 1 given in Figure 12, whi.ch was f'ound to be negligib1e, 

ie. that none of' the beta radiation of Ni 63 penetrates to the chamber 

wall, and back to the aperture after scattering. Hence wall scattering 

will not contribute to the coincidence rate and al1 the effect observed 

is due to gas-scattering. The complete invariance of De wi th r suggests 

moreover that the major part of' the scattering occurs close to the 

source, despite the fact that a particle with the average energy of' 

the Ni 63 {3-spectrtnn will have a range of about 1 cm. in f'or instance 

c~ gas. 

Next the plot of the supposed gas-scattering contribution 

against energy (Figure 54) shows two significant features. Firstly the 

cu:rve f'or argoz:v'methane lies above that for methane alone, corresponding 

to the increased scattering resulting from the higher Z va.J.ue t:or the 

gas mixture - 16 compared to 2.0 for methane. Secondly the cu:rves show 

a similari.ty to those obtained by Yaffe and Justus (148) for the extent 

of backscattering from a constant thickness of: backscatterer as a f'unction 

of energy - neglecti:ng however the fall at low energies they obse:rved, 

which was probably due to preferential absorption of the backscattered 

radiation in the counter window (see earlier). Our cu:rves may presumably 

be accounted for in a similar fashion. At low energies, the constant 



Figuz:e 54 

Probability of Production of Coincidenoes in the 

4n-counter by Gas Backscattering of 13-radiation 
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superficiel density of scatterer available is a larger fraction of that 

required for saturation backscattering (which quanti ty is an increasing 

function of energy) than at higher energies, and thus a larger fraction 

of the saturation activity is obtained. 

Thirdly we may ci te data commun:i.cated to us by R. C. Hawld.ngs 

of A.E.C.L. Chalk River, obtained with a counting-chamber similar to 

our own. These data were of the coincidence-rate obtained with s35 

under variable gas pressure. They are plotted in Figure 55 after cor­

rection for film absorption. AB the gas-pressure is increased the 

coincidence-rate, corresponding to gas-backscattering, increases, and 

at about 250 ems. of Hg is approaching a saturation backscattering value 

very much larger for argon/methane than for methane as expected. With 

dimi.nishing pressure, the curves appear to extrapolate (as indicated 

with the dotted lines) to zero backscatter for zero gas pressure. 

However below about 150 ems. for methane, and 20 ems. for argon/methane, 

the gas layer ce ases to be opaque to the g35 beta-radiation (cf. Figure 

52) and wall scattering effects are obse:r:ved. The cUIVes in Figure 55 

for the 5 cm. aperture and for the 2. 5 cm. aperture are seen approxi­

mately to join at zero gas pressure in accordance with the behavior of 

the wall-scattered contribution (see below). 

( 2) Wall-backscattering 

It was noted in the derivation of equation (8'7) that the simpli-

fying assumption made we.s only true for small r, and tlul.s the value of 

p 3 for larger r would be in error. Further by the nature of the assump­

tions made in the calcula ti ons of the value of PJ. in Figure 52, this too 

~ well be in error. However, the apparent agreement of the data in 



Figure 55 

Variation of Coïncidence-rate with Counting-gas Pressure 

Using s35 

Data due to R. C. Hawkings of .A.E.C.L. June 16th, 1954 
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Figure 44 wi th a single parabola, displaced from case to case an amount 

along the coïncidence-rate axis characteristic of the corresponding 

backscattering contribution, is consistent with the variable portion 

of the coïncident phenomenon being due to wall scattering. The condi tiens 

at the wall will correspond to saturation-backscattering for all the 

energies of beta-radiation examined. Thus the value of p2 will be 

independent of energy, since for a given Z the saturation backscattering 

value is energy independent, and hence by equation ( 84) wi th p1 constant 

to an order of :magn:i. tude at least, n
0 

will vary wi th r only through p3 

as observed. In view of the uncertainties in the various calcula.tions, 

an attempt at a more quantitative interpretation of the data does not 

appear profitable. 

(b) Absorption and Scatteriœ of Beta-Ra.diation by the Source­

lfountine FiJJn 

In order to resolve the curves of Figures 45 to 50 into those 

for the component absorption and scattering effects, we shall adopt a 

method somewhat similar to those used previously in calculations of 

this ld.nd (95, 135). However we shall treat all absorption and scatteri:ng 

factors as functions of energy and of film thickness, in the light of 

the di ecus sion in the previous part of this section. 

Thus the only processes we shall consider are absorption and 

elastic scattering of electrons in the mounting-film, and baclœcattering 

of electrons by the electron diffusion mechanism from the counter gas 

and chamber wall s. We shall assume a counter response probabili ty towards 

electrons of unity, and neglect all processes involving electromagnetic 

radiation and all processes involving the production of secondar.Y elec-
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tronic radiation by a simple inelastic scattering mechani.sm. We shall 

conaider the chamber system to be essentiall.y as shown in Figure 53 (b). 

Thus the chamber of radius 3. 5 ems. is divided into two hemispheres, 

A and B, by the a.lwninum diaphra.gm of superficial densi ty D ( = 230 mg/ cm2 ), 

in which is an aperture of diameter 2. 5 ems. (assumed constant at the 

value used for the experimenta of Figures 45 to 50). The aperture is 

covered by a film of VYNS (Z= 5.1) of variable superficia.l densi ty d, 

on the A face of which is a. weightless point source S of an emitter of 

beta-radiation of variable end-point energy E. 

Let us define the following probability coefficients: pt(E), 

P2(E), p3(E,d) refer to the wall scattering process and were defined 

earlier in connection with equation (6); however now p3 is the proba­

bility that the wa.ll-backscattered radiation will penetrate the combi­

nation of a.luminum diaphragm + film, since the film absorption is no 

longer neglected. Thus, if p4(E) is the transmission of the a.luminum 

diaphra.f9n ( which covers 86 percent of the are a of the plane between the 

hemispheres) towards the backscattered radiation of original end-point 

energy E, and p 5 (E, d) the corresponding transmission of the film of 

thickness d (which covers the remaining 14 percent of the area) then 

appro.xima.tel.y 

P;; = 0.86 P4 + 0.14 p 5 

for an aperture of 2. 5 ems. diameter. 

Further let us define 

••••• (88) 

p6 (E,d) as the transmission of the film to the incident beta-radiation 

from S. 

P7(E,d) the probability per beta-particle original~ emitted into the 2n 

steradian angle towards hemisphere B that the particle will be 
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scattered in the ~ilm so as to enter hemisphere A. 

p
8

(E) the probabili ty that the f3-radiation incident into ei ther hemi­

sphere is backscattered by the counter gas so as to enter the 

other hemisphere. We shall neglect the small energy degradation 

attendant on passage o~ the f3-radiation through the ~ilm to reach 

hemisphere B, and assume that the coefficient p
5 

d.escribes the 

transmission of the film to the radiation backscattered by the 

gas as well as the chamber walls. 

Further simplification will be e~~ected by neglecting second 

ord.er processes. Thus for example, we will neglect the wall scattering 

of those f3-particles which reach the counter walls ~ter backscattering 

from the film. This is justified since (a) the process will have a 

total probabili ty gi ven by the product o~ two smaller component proba­

bilities, (b) in this particular instance the majority o~ this back­

scattering effect is due to electrons scattering at small angles. These 

will arrive at parts of the chamber wall at which the angle subtend.ed 

by the diaphragm aperture is vanishingly sma.ll, and bence from which the 

backscattering effects are also small. 

By the same reasoning, the electrons e~~ecti ve in producing 

coincid.ences by the gas-scattering mechani.sm will principally be those 

erni tted at larger angles to the ~ilm than tho se undergoing film scattering. 

We may therefore neglect the variation of the gas-scattering coincidence­

rate due to variation in film scattering effects wi th d, and no depen­

d.ence via p7 will be introduced into the relevant tenns of the expressions 

below. 
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Therefore bearing in mind these simplifications, without which 

the algebra involved in the analysis becomes very complex, we may by 

inspection of Figure 53 (b) wri te down the following expressions for 

the ha.lf-counter and coïncidence counting-rates:-

na = ~ [ (1 + P7) 

incident beta 
+film 

scattering 

+ + 

gas-backscattering 
from other 

hemisphere. 

ne = % [ PsPs + PsPsP5 + Pskp5 + kp5] 

wall scattering 
fromother 
hemisphere 

• •••• (90) 

.•••• (91) 

where N0 is the source beta-disintegration rate, and k = PJ.P2P3 

= p1p2 x 0.14. Special cases of the foregoing are their valu~; at 

d::::: 0, when p5 ~ p6 -= 1 and P7 = O. 

Th en na = ~ (1 +Pa+ k) ••••• (92) 
2 

N 
~ = -: (1 +Pa+ k) ••••• (93) 

and n = ~ • 2 (Pa+ k) ••••• (94) c 2 

Also it should b.e noted that 

Kr - na+ 1\- ne 

= No 
[ 1 + P? + (1 - P?lPs] T 

= ~ [ 2 - (1 - Pv)(1 - Ps)] ••••• (95) 2 

NT(O) = No 
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This substantiates the expression used for calculating NT 
earlier in this section, and agrees wi. th the expectation that NT will 

be independent of the factors governing the ma.gni. tude of the coincidence 

rate, and will differ from N0 only due to th~ absorption of radiation 

in the mounting film. (This absorption will be effective only for that 

fraction of the radiation original~ emitted in the direction of hemi-

sphere B which escapes backscattering by the film, ie. the fraction 

In equations ( 89) to (95), we alreaày know the magnitude of Dl8I\Y 

of the probabili ty coefficients. For instance we alread;y have available 

the value of Pa from Figure 54, k from Figure 44, and na , ~ and n0 

from Figures 45-49. The only unknown quanti ties are tho se we are 

attempting to separa.te, name~ p
6

, p
7 

and p
5

• 

Tbus equations ( 89), ( 90) and ( 91) f onn a set of three si.mul-

taneous equations from which the three unknowns can be computed for a 

series of values of E and d by simple al ge braie me ans. The re sul ts of 

these calculations are shown in Figures 56 and 57. 

Backscattering of Beta-Radiation from Thin Films 

The curves of P71 the film backscattering coe~icient, as a 

function of d bear a superficial resemblance to the resulte of previous 

work on backscattering in conventional ( < 2n) counter systems outlined 

earlier. There are, however, several important differences. 

First~ the magnitude of the effect is JWch larger at low film 

thicknesses in the 4n-counter. In the case of s35 for instance, a back­

scatter of > 30 percent is observed wi th 600 pg./ cm2 of pol.yviD;yl chlori.de-



Figure 56 

Backscattering of 13-Radiation from Thin VYNS Films 

in a 4tr-counting Geometr.y 
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Figure 57 

Absorption of ~Radiation and Backscattered Radiation 

in Thin VYNS Films in a 4n-coWlting Geometry 
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acetate (Z = 5.1), whereas a saturation value of < 5 percent is reported 

(148) for alumi mun (Z = 15) and this is only obtained a!"ter """' 30 mg/ cm.
2 

of back:ing. The greater ma.gn:i tude of the effect we obsexve is in agree-

ment with previous observations in the 4rr-counter system as discussed 

earlier. 

Secondly, i t is observed that the grea test scattering occurs 

for the weakest beta-emitters at a given mount thickness. We have not 

been able to reach 0 saturation backscattering" in the range of source 

mount thiclalesses studied, but if' the magnitude of backscattering effects 

at larger mount thiclalesses for varlous energies lie in the same order 

as in the range 0-700 pg./ cm2 then this is the reverse of the order 

obsexved for saturation backscattering in a < 2rr s.ystem. 

These facts are in agreement with the lzypothesis discussed earlier, 

that the scattering effect observed is due to single scatter:i.ng events 

involving electrons incident at small angles to the film surface, rather 

than the electron diffusion type of backscattering. The Rutherford-type 

scattering of relati vistic electrons by atome bas been described by 

:McKinley and Feshbach ( 99) among others. For the differential cross­

section d ~ for scattering through an angle e into an angle element de 

they gi.ve 

••••• (96) 

where the symbolism is as before and f3 = v/c. From this it will be seen 

that, firstly, scattering occurs predominantly at very small angles ( e) 

falling off rapidly as e increases, and secondly, it is greatest for 
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small electron velocities. 

Both these :facts agree with our observations. In view, however, 

of the combination of a complex geometrical arrangement and a continuous 

distribution of particle energies in the beta-spectrum, any attempt at 

more quantitative correlation of theory and experiment is impracticable. 

Absorption of Beta-Radiation in Thin Films 

In the case of the data o'f the absorption of the original beta­

radiation in the 'film (Figure 57), however, a simpler geometr.ical arrange­

ment allows us to attempt a more quantitative compar.ison with theory. 

Since in a 4tr-steradian geometry, we expect to observe absorp­

tion effects relati vely undisturbed by scatter.ing phenomena, we msy 

compare the absorption observed wi th that calculated 'from the distri­

bution o:f energies in the beta-spectrum, and the Glendenin range-energy 

relationship (56) extend.ed to lower electron energies by data from 

Rutherford, Chadwick and Ellis (121) which is shown in Figure 58. 

For this purpose we need to calculate the relevant energy 

distribution from beta-spectral data in the literature. The superficial 

d.ensi ti es of source-mounting :film employed by us will correspond to 

the range of the electrons of lowest energy in these beta spectra. 

Uni'ortuna.tely, published spectral data become very unreliable in the 

energy region of interest ( < 4 kev) owing to insti\Illlental limi. tations, 

and modification of spectral distribution by self-scattering and absorp­

tion in the material of the source. In order to obtain an approximation 

to the correct electron energy distribution, we have assumed that the 

Fenni theory of beta-decay ( 48) correctly de scribes the energy distri­

bution down to zero beta energy. Present indications are that this is 

certainl.y true down to 6 kev ( 64) and the re is no evidence to the contrary 
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The Range-Energy Relationship for Electrons. 

The curve of L. E. Glendenin (56) extended to lower 
energies using the data for rnonoenergetic electrons 
due to 
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Schozùand } Rutherford, Chadwick 
and Ellis (121) 

Wilson, Nuttall. and Williams 
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for lower energies (84). 

The Fermi theory states that the probabili ty of emission of 

a be ta particle wi th an energy between E and E + dE duri:ng a nuclear 

transition of total energy release E0 is gi.ven by 

N(E)dE ...: C E p (E0 -E)2 F(Z,E)dE ••••• (97) 

where C is constant, p is the electron momentum, and F(Z,E) is given by 

F(Z E) = 1 + s (2 R)2s-2 e±n'fl l_r(s + irJ}I2 
' 2 

1 
p ffi"'(l + 2s) 1 2 

where s = [ 1 - (rl7)
2 

]
1 

R -:r nuclear radius 

and 

all other symbols having the meanin.gs already defined. 
1 

••••• (98) 

•••.• (99) 

••••• (100) 

The plot of' (N/EpF)"2' against E (the "Kurie Plot") is linear, 

gi. ving the value of E0 as the intercept of the curve wi th the energy 

axis, and beta-spectrometzy data are most frequentl.y reported in this 

form. 

The original Fermi theory applied to allowed transitions. For 

the calculation of the energy distribution of beta-particles at the low 

energy end of the spectrum of g35 (allowed transition) and P32 (which 

exhibi ts a spectrum of allowed shape) we have assumed that a linear 

extrapolation of the Kurie plot gi.ven in the literature (90, 89) correctl.y 

describes the spectral fonn. The beta spectra obtained from the respec-

tive Kurie plots by means of the N.B.S. tables (45) are shown in Figures 

60 and 61. As a further check we have first plotted the momentum-spectrum 

P(p)dp = . C F(Z,E) p2 (E0 - E)
2 

dp ••••• (101) 
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and ensured that the approach to the origin over the first small 

momentwn range was linear wi th p as expected. The distribution-in-energy 

was then plotted from these results. Also in Figures 60 and 61, are 

shawn the absorption curves obtained considering absorption, as des-

cribed by the Glendenin curve (Figure 58), of the beta-spectra calcu1ated. 

The case of Ni63 beta-radiation is of particu1ar interest, 

since the degree of beta-absorption in the film thickness ~ studied 

was nmch grea ter than wi. th the other nuc1ides of the series. The most 

recent data for the Ni63 {3-spectrum is due to Kobayashi et al. (82). 

Since these authors have assumed that the decay of Ni 63 is a first 

forbidden transition (6 J -= 2,yes), we have had to malœ a similar assump-

tion in calculating the distribution in energy from their Kurie plot. 

The original Fenni theozy does not adequately describe forbidden 

transitions. However Konopinsld and Uhlenbeck ( 83) have pub1ished a 

theoretical treatment of such transitions, which indicates that the 

energy distribution N(E)dE of the Fermi theozy must be multip1ied by a 

correction factor, which in the case of a Il J = 2,yes transition is 

given by 

••••• (102) 

where •••.• (103) 

(Substitution of the value for the variable ~ of t • 0 gives the s value 

quoted earlier.) p and q are the mornenta of the beta-particle and 

neutrino respectively and 

A.= ••••• (104) 



where F~(Z,E) = [(2-t~r 2)!] 
2 

(2pR)2 (~- ~- 1) 

, eti''J Ires + i!])L
2 

lrc1 + 2s,)l
2 

the remainder of the symbo1ism being as before. 
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•.••• (105) 

It was necessary to evaluate the expression for a complete~ 

since none of the several approximations avai1able were applicable in 

the energy range of interest. The energy spectrum for Ni 63 calculated 

from the data of Kobayashi et al. ( 82) is shown in Figure 59 together 

with the theoretical absorption curve derived as before. (It should 

be noted that in these calculations the values of the gamna tunction 

for a complex argument, which are not yet extensive~ tabulated, were 

calculated as re qui red from the relationship: 
00 

1 
rex + iy) 

2 
- n [ 1 ] 

r(x) - + Y2" 
n:O 1 (x+p)'2 

(x,y real 
x > 0 ) ••••• (106) 

The absorption curves obtained in this way are those to be 

expected in a narrow angle geometry, ie. the absorption expected wi th 

a collimated beam of radiation since no allowance for oblique paths 

through the absorber was made. In our case however we are interested 

in the absorption effects observed with radiation emitted into a solid 

angle of 2v steradians, and i t will be necessary to allow for increased 

absorption due to the fact that most partic1es will in fact follow an 

oblique patb tbrough the absorber and thus have a path length greater 

than the film thickness d. The extent of increase in absorption "ffJBY be 

calculated in a fashion similar to tbat used for self-absorption in 

section D. 
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Beta-Speotral Data for Ni63 
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Beta-Speotral Data for s35 
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Figure 61 

Beta-Spectral Data forp32 
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First we need an analytical expression to describe the simple 

absorption relationships o:t: Figures 59 and 60. The simplest with the 

necessary degree ot: accuracy is found to be 

••••• (107) 

ie. the absorption curve is treated as that obtained from two different 

beta emi tters ( assuming simple exponential absorption as earlier) of 

relative intensities a. and {1 - a.) and with external absorption coefficients 

pl and ll~· Wi th Ni 63 and s35, the two cases we shall caloulate, the 

values of a., lll and Jlg are as shown in table VII. 

TABLE VII 

a. 

0.950 

0.964 1.0 x 10-4 

-2 3.2 x 10 

Then the activity observed at an angle e through a film of 

thickness a, Ae,d• is given by 

A( e,d) = A, [Cl e -~1<V' cos 9 + (1 - <>) e -~2<V'coa 8] ..•. • (108) 

Therefore the activity observed over a solid angle of 2w steradians is 

given by 

where A
0 

is sui tably nonnalized. 

e -JJ2d/cos e J 211' sin e de 

••••• (109) 
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Since a. and (1 - a.) are constant, this can be treated as two separate 

but identical integrals. 

Let us make the fo11owing substitut ions, 

À = #.Ld 

y= 
À 

cos 0 

dy = À. tan e sec e a.e 

= J!. d..n 
2TtÀ 

where d Jl = 2Tr sin e de. the solid angle element. Each tenn of equation 

(109) then reduoes to 

••••• (110) 

= ••••• (111) 

where Ei. (-À) is the exponential integral function. If we define 

F = e-À + À Ei(-À) 

then equation (109) becomes 

A( tt 
"2', d) 

= 

••••• (112) 

••••• (113) 

••••. (114) 

The f'unctions F1 , F2 and hence F can be evaluated, by means of' the 

values of the Ei function from the data of Jalmke and Erode (78). We 

have plotted function F against d for Ni 63 and s35 in Figure 62, together 

wi th the absorption curve for narrow angle geometr,y from Figures 59 and 

60, and the experimental values from Figure 57. 
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Figure 62 

Comparison of Theoretical and Experimental Absorption Curves 
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It is seen that the experimental curve lies between the 

theoretical curves for 411 and low geometries, being nearer to the latter 

than the fonner. The explanation for this may be as discussed earlier. 

The above calculations assume that the beta-particle follows a rectilinear 

pa th through the absorber, whereas changes in direction due to scattering 

are certainly known to occur. Thus a particle traversing the film at 

a small angle e to the surface will have a high probabili ty of being 

scattered out of the film before completing a path length d/cos e, but 

after a path length of more than d alone. Thus the absorption effects 

will be between those corresponding to the extreme cases 1 as observed. 

Absorption of Backscattered Radiation 

In Figure 57 are compared the absorption curves for the back­

scattered radiation and the original beta-radiation. It is seen that 

the energy degradation is very much more than observed by previous worlœrs 

on backscattering in a < 211 geometry. They found a ratio of half-thick­

nesses or ranges for the backscattered to the original radiation of 

about 0.4 to 0.81 whereas for example in the case of Ni63., we find a 

half-thickness ratio of 0.05 or less. 

This is doubtless due to the fact that we are using a windowless 

counter, whereas previous workers were not. Our resulta clearly point 

to the existence of a large proportion, in the energy spectrum of the 

backscattered radiation, of low energy particles, in agreement with the 

resulta of Balfour ( 6). These would to a large extent be absorbed in a 

counter window, and not be observed in the counter set-ups used previously. 



240. 

( c) Sandwich Procedure_for Correcting for Source-Mormt Abso!)?tion Loss~s 

It was shown in section C of this thesis that the mathematical 

relationships (95) proposed for the correction of source-mount absorp­

tion losses by means of "sandwich" measurements lead to erroneous (high) 

values for the source disintegration-rate. On the basie of the inter-

pretation of the coincidence-rates and half-counter counting rates pre-

sented in this section, we may fonnulate expressions for the corres-

ponding quantities in the case of a "sandwiched" source, in tenns of the 

scattering and absorption coefficients obtained above, and compare them 

wi th tho se obtained previously ( 95). 

The situation wi th a sandwi.ched source is illustrated schema-

tically in Figure 63. The expressions for the half-counter and coinci-

denee rates may be fornuù.ated by inspection in a simi.lar wa:y to that used 

earlier for a single mounting film. We shall again neglect the effect 

of film scattering (coefficient P?) on the various contributions to the 

coïncidence rate, as described earlier. In view of the magnitude of 

the film scattering coefficient P7 (Figure 56) we shall however assume 

(as did Mann and Seliger) that continued scattering of electrons between 

the films (ie. from one film to another) is a significant effect, and 

hence the tenn for the total intensi ty of radiation after emergi.ng from 

between the films will be of the fonn 

..... ) 

••..• (115) 

Then the complete expression for the half-counter rates and coincidence 
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Fimre 63 

Sandwich .AITangement of Source-Mounting Film 
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rates are as follows. 

The half-counter counting-rates observed with sandwiched films (same 

for hemispheres A and B): 

n, = :o [ Ps + (1 - p?J PsP52 (pa + k) J 
Coincidence rate wi th sandwiched films 

and as bef ore total counting rate wi th sandwiched films 

••••• (116) 

••••• (117) 

••••• (118) 

This expression for N8 is simila.r to tha.t obtained by Mann and Seliger 

but to compare the two ca.lculations further, let us consider the ir 

fonnula for computing the value of t, equivalent to our (1 - p6 ), 

the absorption coefficient of the single film: 

••••• (119) 

this from above 

••••• (120) 
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If p7 is negligib1e this expression reduces to 

1 - Pa t -2 2 

as assumed by Mann and Se1iger. 

However we find that p7 is far from negligi.b1e. Take for examp1e 

the value for Ni 63 wi th a film of 100 l.lg./ cm2 , when P7 = O. 3 and 

p6 = o. 85. Then from Figures 56 and 57. 

NT - N5 1.3 - o.6 
------- = = o. 35 
2NT - NS 2.6- 0.5 

That is t = O. 7 compared wi th a measured value of (1 - p6 ) = 0.15. Renee 

the Mann and Se1iger method ( 95) of determining film absorption is 1iab1e 

to be gross1y in error, since the value of p
7 

even at beta-energies of 

1. 7 Mev was found to be of the arder of 5 percent e:x:cept at very 1ow 

film thicknesses. 

These authors were however fortunate in as :nru.ch as their neglect 

of fi~scattering produced an error of opposite sign when the value of 

t was used to correct for absorption 1osses, although the cance11ation 

of errors was sti11 far from complete. This arose since they assumed 

that the disintegration rate was given by 

••••• (121) 

ie. that exact1y half the emitted radiation entered the film and was 

"available" for absoz:ption. AB was seen earlier, however, this amount 

of radiation was reduced by that fraction scattered from the film 

•••• see equation (95) 



Clearly, despite the cancellation of error, calculations which treat 

the film-scattering process as being of negligible ord.er of magni. tude 

can only be considered as approximations in accurate disintegration­

rate determinations. 

Scatteri~ and Absorption of Alpha Radiatio~ 

244. 

The data in Figure 50 for the source mount absorption charac­

teristics for the a-radiation of l?o210, may briefly be compared wi th 

those for beta-radiation discussed above. The coïncidence rate n
0 

for 

an a-emitter is observed to be less than 0.1 percent of the disintegration­

rate, which substantiates the postulate, outlined above, that the coïnci­

dence rate with beta emitters is due to gas and counter-wall scattering. 

These processes would be expected to be unimportant for a-radiation. 

Similarly the counting-rate in the hemisphere A is observed to remain 

constant wi th increasing film thick:ness, indic a ting that small angle 

scat teting from thin films is likewise unimportant, as expected. The 

fall in coWlting rate in hemisphere B wi th increasing film thick:ness 

has alreaqy been correlated with radiation absorption in the discussion 

of section C of this thesis. 
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F. SUMMARY AND CONTRIBUTIONS TO ENOWLEDGE 

The various methode available for the deter.mination of absolute 

disintegration rates have been reviewed, and the a.dvantages of the most 

widely applicable and potentially most precise of the se, 411-counting, 

have been discussed. 411-counting is subject to three sources of experi­

mental error. Ea.ch ha.s been examined, in order to reduce i ts effect on 

the final disintegra.tion-ra.te value. 

(1) The response proba.bility of the counter is a tunction of the 

pola.rization potential, amplifier gain, and discrim.i.nator bias used wi th 

the chamber, of source position within the chamber, of the amount of con­

ducting mate rial applied to the source mounting film, of the puri ty of 

counting ga.s used, and of the source disintegration rate. The response 

proba.bili ty has be en examined as a fUnction of all the se variables, and 

the conditions deter.mined under which depa.rture from unity wa.s at a 

minimum. It ha.s been shown experimentally tha.t this depa.rture can be 

reduced to less than 0.1 percent. 

Theoretical ca.lcula.tions indica.te that a.t 2. 9 kv pola.riza.tion 

potentia.l, the production of one ion-pair in the chamber will trigger 

the recorder. Ca.lculationsof the fraction of beta-radiati on with a ver,y 

low end-point energy (Ni 63 and s35) which will fail to pro duce this 

minimum ionization, agree wi th the estimated error due to a. low response 

probabili ty. 

(2) Absorption of radiation in the source mounting film has been 

reduced by the use of ver,y thin gold-coa.ted films of VYNS resin. Entirel,y 

new techniques for the fabrication and a.ccura.te mea.surement of the thick-
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ness of' very thin films have been described. The se combined wi th the 

hi therto unreported employment of VINS re sin allow up to 100 cm2 ot 

tough, highly chemically resistant film, of superficial densi ty dawn 

to less than 1 ~Jg./ cm2, to be used as a source mount in both 4tr-counting 

and f3-spectrometry. 

The radiation absorption still remaining due to the source­

mount has been examined as a function of particle energy, and of' the 

nature of the radiation, and a new procedure devised for correcting for 

it. The resulta are more accurate than those reported hitherto, and the 

error still arising from this source is estimated to be lesa than 

0.2 percent. 

{ 3) Self-absorption errors have been examined. Sources of radiation 

{Ni63, g35 and co60), in which self-absorption ef'fects were uniform 

and reproducible, have been prepared by a speciall.y developed technique, 

which involves vacuum distillation of an organic derivative of' the 

nuclide studied. The deposits arising from this technique were shawn 

by electron rnicroscopy to be micro-crystalline. Sources of' superficial 

density down to 0.5 ~Jg./cm2 can readily be deposited on to a 5 JJg./cm2 

VYNS f'il.m. Spectrophotometric techniques for the accura.te measurement 

of' deposit thickness have been described, and these indicate a potential 

application of this mounting method to absorption spectrophotometry 

generall.y. 

The preparation of a source of Ni 63 beta-radiation wi th O. 5 11g./ cm2 

superficial density, and the preparation of a self-absorption curve for 

this material between 0 and 80 1Jg./cm2 source superficial density, 

reported in this thesis are the first instances of work of this nature 
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in this thickness range to be published. Likewise the 4-w-counter sel:f­

absorption curves for Ni63, s35 and Co60 13-radiation obtained in the 

range 0-:300 IJg./~ are also the f'irst of' their kind. These curves 

are shown to agree with the ex:pected relationships derived by Gora and 

Hickey for a 2n-counting geometr,y. 

The re sul ts thus far obtained in sel:f-absotrption etudies 

indicate that accurate measurements of and correction for these ef'fects 

in vacuum distilled sources, will be possible to within! O. 5 percent. 

At present, the errer is greater than this with ver,y low-energy radiation 

emitters due to calibration difficulties. 

Thus an overall accuracy of better than ! O. 5 percent is rww 

possible in disintegration-rate determinations of emitters of 13-radiation 

of end-point energy in excess of' about 0.5 Mev, by 4n-counting. At 

present this errer increases to about 1-2 percent at an end-point energy 

of 167 lœv and to 3-4 percent at 67 kev, due to errors in the self­

absorption determination. A general accuracy of ! O. 5 percent should 

eventually be possible. 

In addition to the above experimental work, measurements on 

phenomena. leading to coïncident discharges in the two hali'-counters have 

been made. The coincidenoe phenome:na have been posi ti vely identified as 

arising from backscattering of' radiation from counting gas and the chamber 

walls. These measurements also allowed a separation of the various 

cotmting-rates into curves for the scattering and absorption of !3-radiation 

in a 4n-steradian geomet~, and the effects observed have been success­

fully correlated with existing theories. 
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APPENDIX A 

1) Circuit Diagram of AFP 1448 Ampl.ü'ier 
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.APPENDIX A 

2) Circuit Diagram of AEP 1509 Coincidence Unit 
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.APPENDIX B 

Interna.tioD8.l. Intercomparison of Standards 

The following are the resulta of' disintegration-rate deter­

minations on solution standards distributed by the National Bureau of 

Standards, Washington, D.C., U.S.A. 

257 • 

1) Sample of Na24 distributed on October 4th, 1954. Values corrected 

to 08.00, October 7th, 1954. 

Our value (result of 5 separate dete:rmina.tions by 4n !3-counting): 

(1.407 ± 0.005) x lo5 dis/sec/ml. 

N.B.S. values 

R. W. Hayward ( !3-y coïncidence counting): 

(1.407 ± 0.007) x leP dis/sec/ml. 

H. H. Seliger (13-y coïncidence counting): 

(1.410 ± 0.03) x 105 dis/sec/ml. 

( 411' 13-counting): 

1.417 x 105 ± 1 percent dis/sec/ml. 

2) Sample of' Aul98 distributed on November lOth, 1954. Values corrected 

to 08. 00, November 4th, 1954. 

Our value (result of 7 separate determinations by 4n !3-counting): 

(3.796 ± 0.014) x 105 dis/sec/ml. 

N.B.S. value: 

(3.84 ± 0.11) x 105 dis/sec/ml. 
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.APPENDIX C 

Papers published or prepared for publication cluring the two 

years in which this work was carried out. 

Pub1ished: 

1) A New Material and Techniques for the Fabrication and Measurement 
of' Very Thin Films for Use in 4n-coW1.ting 

by B. D. Pate and L. Ya:ff'e 
Can. J. Chem., 33: 15 (1955) 

2) Disintegration Rate Detennination by 4n-counting. Part I. 

by B. D. Pate and L. Ya:ffe 
Can. J. Chem., 33: 610 (1955) 

Accepted for publication: 

3) Disintegration Rate Determination by 4n-counting. Part II. Source­
Mount Absorption Correction 

by B. D. Pate and L. Yaf'fe 
Can. J. Chem., (May 1955) 

To be published 

4) Disintegration Rate Determination by 4Tr-counting. Part III. Self' 
Absorption Correction 

by B. D. Pate and L. Ya:ff'e 

5) Absorption and Scattering of Radiation in a 4n-counting Geometr,y 

by B. D. Pate and L. Yaf'f'e 




