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A, INTRODUCTION
1) PREFACE

The type of radiation observed to be emitted 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 parity, and on the energy available, from the transition
between the initial and final states.

Thus neutron and proton emission is generally associated with
the decay of highly excited nuclear states with lifetimes less than
1018 seconds. The emission of a- and B-particles, and electron-capture,
is observed during the decay of the ground states or low-lying isomeric
states of nuclides with an unstable nuclear nip ratio. The decay of
such states is characterized by lifetimes with respect to a~-emission
of 10"6 seconds to 1017 years, Lifetimes with respect to B-emission
mey be as short as 1072 seconds, but are generally between a few
seconds and about 1012 to 1019 years.

There are exceptions to this general picture since a~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®.

y-emlssion is observed in transitions between the excited states
of a single muclear species, the lifetimes of the decaying states being
generally of the order of or greater than 10-14 seconds. States of which
the lifetimes are so long, due to a large change in angular momentum
being involved, as to be observable experimentally, are termed nuclear

isomers, and the y-transitions from these states isomeric transitions.




Consequently from the above, it is true to say that the
nuclear species customarily encountered in muclear chemical work,
being of a half-life greater than a few seconds, will decay by a-
or B-emission, by electron-capture, or by isomeric transition.
y~radiation will also be observed from short lived excited states,
when these are fed by an a- or B-transition.

Purther, much of the counting work to be performed involves
B ~radiation. This is due to the fact that 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 nuélides, which decay by emission of negative
electrons. Hence in this thesis we shall be interested mainly in the
determination of B ~disintegration-rates.

For most purposes in Nuclear Physics and many in Nuclear
Chemistry, 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 with an uncalibrated measuring
system, supplies the required analytical data. Such would be the case,
for example, in all tracer work involving only 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 within a few percent.

Frequently, however, the best experimental method for a given
purpose involves determination of disintegration-rates in an absoclute

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




chemistry experimental work such as the detemmination of fluxes of
neutrons, protons, deuterons, or a-particles by the activation method,
the determination of cross-sections or absolute yields of miclear
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 assay can not be mounted identically.

An accurate knowledge of the disintegration-rate of radicactive
material for therapeutic use is also important, and much of the effort
expended on improving the accuracy of absolute counting methods has
been concerned with standardization of these materials. The muclides

most commonly met with under these circumstances are Na24 60, 1151,

, Co
t®8 ang P92,
Disintegration-rate determinations to a precision of t 20 percent
present little difficulty. Determinations to + 2 percent are much
more difficult, and most of the experimental work has, up until quite
recently, been reported with an error limit of at least this magnitude.
Certain problems in radiochemistry, however, will benefit from
an analytical method of greater precision. As an example we may quote
the investigation of the fine structure in the mass~-yield curve from
a fission-reaction, where significant effects may be observed as the
smell difference between two larger quantities, such as the yields of
B=decay chains of neighbouring mass mumbers, Clearly the precision

to which the difference may be measured is markedly dependent on the
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precision with which the chain yields themselves are known, and hence
on the precision of the original disintegration-rate determinations.

This thesis will describe experimental work aimed at improving
the accuracy attainable with the most promising and widely applicable
method of disintegration-rate determination, namely 4rw-counting. It
will be shown that determinations are now possible to better then
1 0.5 percent for muclides emitting g-radiation of moderate or high
energy, and preliminary results presented from experimental work on
self-absorption phenomena indicate that a comparable accuracy will
shortly be possible with a-emitters and low-energy p-emitters also.

In this section we shall briefly describe and compare the
verious methods of absolute disintegration-rate determination aveilable,
discuss in detsil the principles of 4w~counting, end emumerate the

several sources of error to which this method is subject.

2) ABSOLUTE DISINTEGRATICN-RATE DETERMINATION

The methods which have been successfully used for this purpose
may be divided into two main groups. Pirstly, there are those methods
which rely on a measurement of the rate at which energy is emitted by
the radioactive material. The result is then used to calculete the
rate of disintegration Ny, by the relationship

No=ZE/ e ceeeel(l)
where E is the observed rate of energy emission and € is the meen
energy release per disintegration. The second group of methods

involves counting the rate at which the products of disintegration
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(electrons, a-particles, photons) leave the sample, and calculating
the disintegration-rate from the number of particles produced per
disintegration.

(a) Energy Emission Methods

The methods of this group have two inherent disadvantages.
Firstly, they lack sensitivity relative to particle counting methods,
which restricts their application to relatively large amounts of
radioactive material. (Particle counting methods, while not directly
applicable to sources above a limiting strength, can be used in con-
junction with suitable aliquoting and dilution of the sample.)
Secondly, they require an accurate knowledge of the mean energy dissi-
pation per disintegration, which implies a knowledge of the relevant
decay scheme and particularly date for a-energies or f-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 radiocactive materiels - calorimetry and ionigzation
measurements.

(1) Calorimetxy

Calorimetric methods were among the first to be applied in
meesurenents of the phenomenon of radicactivity, the rate of emission
of heat by radium being measured by Curie and Laborde (35) and Rutherford
and Barnes (119). They have continued to find employment up to the
present day, owing to the peculiar advantages of the method - the

accuracy attainable is independent of the thickness or physical state




of the sample, and the method is free from the radiation scattering
or absorption problems of particle counting. An accuracy as high as
+ 1 percent at the millicurie level can be obtained in the best forms
of calorimeter.

Myers (105) has extensively 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

being measured, is absorbed as completely as possible, while any

accompenying radiation should exert only a small disturbing influence.
Thus calorimeters for the relatively sof't a~ and f-~radiation are
tenerally constructed with thin walls to permit the escape of mclear
gamme. radiation, while calorimeters for gamma=-radiation must rely on
absorption of photons in a massive block inside the calorimetér, with
the source outside so arranged that heating effects from a- or B-radi-
ations do not interfere. Hence gamma-calorimeters will have a large
heat capacity, which will reduce sensitivity in all but the isothermal
type of design. However a successful gamma-calorimeter has been
designed (27).

The earliest types of calorimeter were of the twin differential
microcalorimeter type (35, 119) in which differences in pressure between
two air chambers, one heatéd by the sample, were measured. Later a mull
type instrument was employed, in which the heating eff'ect of the sample

in one half was balanced against that of an electricael feed in the

other, A twin adiabatic microcalorimeter designed for the measurement

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



of a~activity, both to a precision of } 1 percent, has recently been
described (77).

Most of the modern designs have, however, been of single
chamber, adiabatic or isothermal design, in which the system is
separately calibrated by an electrical feed experiment. The most
successful design appears to be the constant pressure liquid nitrogen
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 dissipated. This system was used by Stout and Jones (139) to
measure the a-energy dissipation from plutonium metal, and hence the
half-life of Pu?%9. It was later adapted by Cannon and Jenks (26, 27)
for use with 8- and y~emitters, their design being capable of measuring
heat inputs as low as 7 x lO"'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 knowledge of the mean dis-
integration energy dissipation € allows a calculation of N, from the
observed energy emission, but equally well if the disintegration-rate
N, is known from some other measurement, then calorimetry 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 g. beta~spectrometric observations, and indeed much of the litera-~
ture on calorimetry is concermed with this aspect of the subject (27,
77, 79, 105, 139, 152).

Although the use of very low temperatures to reduce specific

heats of construction materials (132) and magnetic methods below 19K




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

8 10 cals/hour, practicel designs of

measure heat inputs of 10 -~ to 10~
calorimeter for use with radiocactive materials do not yet appear to
be capable of this type of performance. Background effects (27 ), due
mainly to heat flow into the calorimeter from the surroundings,place
2 limit to the sensitivity of about 1 mC for determinations accurate

to T 1 percent with o~ and B-emitters (77).

(ii) Ionization Measurements

This method, like the calorimetric method, is of long standing
in the study of radiocactivity. It was used by Eve in 1906 and later
by Moseley and Robinson (103) to measure the B- and y-radiation energy
of members of the radium decay 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 Standerds currently
uses B-ionization chambers (130, and y-ionization chambers (130, 134)
as secondary standardization instruments.

As was described above, a measurement of total B- or y-radiation
energy dissipstion can be used either to calculate from a mean particle
or photon energy the sample disintegration-rate, or vice-versa. Much
of the work in which ionization chembers have appesred has been performed
with the latter end in view. This is due to the need in radiological
work to know the amount of energy dissipated in body-tissues by radiations

from radioactive materisls applied diagnostically or therapeutically.

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




described rost elegant experimental methods for its application (63).
The theory treats the ionization chamber as an approximstion to an
infinitesimal cavity in a solid medium at any point of which electronic
energy is being dissipated at a mean rate By per unit mass per second.
Then the mesn ionization produced per unit mass of gas in the infini-
tesimal cavity situated at that point is

JM-:EM/ Py eeees(2)

where P is. the ratio of the mass-stopping power of the s=olid relative
to the gas, and W is the mean energy expended in the creation of & pair
of ione in the gas.

If the solid is under y-irradiation in such a waey that the
generation and dissipetion of energy due to electron-interactions at
the point considered are equal, then

By= N3 ghv (o, + ), eeeea(3)
where N is the total y-flux, @ is the fraction of photons with energy
hv,, o, is the Compton scattering cross-section and ¥ 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 disintegretion

rate R at distance r is

1 e~ Ht
Ty = R ==~ -E hv (O“ +f) ces e 4.-)
M P—-—MW 41 2 ¢s s\Ya s (

where g is the absorption coefficient and + the thickness of the
ionization-chamber wall.
In the case of a B-emitter, if this is uniformly distributed

throughout the hypothetical solid, such that the disintegration rate
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per unit mass of solid is Q, then

5= eeee(3)

and hence JM=Q.§g/§I;§'7 cerao (8)
where E‘; is the mean B-energy.

Hence if the various constants of these equations are known,
observed J‘M values may be related to-the required disintegration rates.
Alternatively a comparison technicue may be used (63) employing a radium
source of known sbtrength 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 internal sources
of B-radiation is particularly noteworthy. The material is diluted with
a solution of gelatin of such concentration that the mixture is fluid
at 30°C but solidifies on cooling to room temperature. It is thus cast
as an internal coating on the ionization chamber 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 vary with the
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design of chamber considered. For y-emitters the limit is probably

at or about 1 uC, (111, 130) determinable with an accuracy of about

t 4 percent. With B-emitters a greater sensitivity may be possible.
These figures assume, of course, that the necegsary data for the mean
particle energy are available to the accuracy quoted, or that the
system has been standardized by comparison with a method of calibration
of greater accuracy (150).

(b) Particle Counting Methods

Methods in this group have the advantages of great sensitivity,
since individual particles and hence individual disintegrations are
detected, and specificity, since the type of radiation and its energy
(characteristic of a specific muclear transition) may also be measured.
They have too, inherent disadvantages, namely lisbility to errors
arising from absorption and scattering of radiation, and the need for
complex electronic equipment.

Before discussing the several methods of disintegration-rate
determination by particle counting, we shall discuss the available
methods of particle detection.

Particle Detectors

Two 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 study of
radiocactivity, when the scintillations produced on zinc sulphide screens
bombarded by particles were counted by eye. The technique has recently
reappeared in a modified form, the scintillations produced in a phosphor,

suitable for the radiation studied, being recorded with a photoelectric




12,
tube or photormltiplier. This field has recently been reviewed by
Birks (15); however it is generally outside the scope of this thesis,
and will only be alluded to occasionally in what follows in comnection
with the rare aéplications 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 primary radiation itself, or in the case of y-radiation by secondary
electronic radiation.
Jonization

The theoxry of the energy loss of a fast electron by inelastic
collisions with atomic electrons has been published by Bethe (9, 10)
and others. The rate of energy loss per cm. of path length, %Ex" by
an electron of mass m and velocity v in a medium of N atoms/ cm® of

atomic number Z and ionization potential I, is of the form

-G _ ane’N g log, w’ /5 e (7)
dx mv2 2T V 2

for non-relativistic electron velocities.

The rumber 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 exhibits a slow
rise with particle energies increasing above 2 Mev. The theory of
ionization yield has been outlined by Fano (43).

The average energy expended in forming one ion-pair,Wyis larger
than the ionization potential I (~ 2T), since many of the collisions
lead to excitation of the gas molecules without 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 secondaxy electrons
may in turn lead to secondary ionization, the various forms of ionization
being measured in temms of SP, and St’ primary and total specific
ionizations respectively (ions per cm. per atmosphere of gas). In
ionization chambers total ionization is of interest, while primary
ionization values are more important in multiplicative counters.

It follows that a particle of initial energy E makes on the
average

L N J (8)
primary ion pairs before being brought to rest, neglecting for the

n =

=t

moment the variation of W with energy, which differs from gas to gas
and is generally small.

The primary ionization produced by an initially monoenergetic
radiation is not, however, constant but exhibits a statistical fluctu~-
ation from particle to particle. This might be expected to be des-
cribed by a Polsson distribution, ie. the probability of a particle
producing x ion-pairs is

P(X)=e"‘l;-§-E vee-o(9)
Then the observed variance of n, the mean number of ion-pairs produced
would be
Vv, =n . ee.e..(10)
Fano (44) has shown on theoretical grounds that
Vn= Fn eeess(11)

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

for calculation were 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 quickly recombine to
reform neutral gas molecules.
Separated electrons (ie. in a region free of positive ions)
have a tendency to attach themselves to certain neutral gas-molecules
to form 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 some substances containing electro-negative atoms such
as oxygen or sulphur, Since electron-attachment is generally deleterious
to counter operation, purification of counter gases from these substances
is desirable.

Counting Chambers

The various experimental forms, and the mode of operation of
ionization chambers, proportional counters, and Geiger-Miller counters
have heen the subject of a voluminous literature. This has been reviewed
and clarified in a number of excellent texts (85, 117, 138, 146). His~
torically, the origin of the ionization chamber lies in the nineteenth
century, where it was first used in work on the conduction of gases.
Rutherford and Geiger (120) first used a proportional counter and also
subsequently the Geiger-Miller counter, although this instrument owed
considerable improvement to thelworkers after whom it is usually nemed
(53).

The various types of particle detector are differentiated with
respect to the discharge mechanism they employ, particularly by the

ratio of the quantity of ionization produced by a fast particle
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traversing the chamber to the quantity of charge collected at the
electrode system as a result of this event.

Thus consider a cylindrical chamber with a peripheral cathode
and a thin axial enode, filled with a suitable gas, whose characteris-
tics will be discussed later. Suppose that radiation, producing
(2) 10 ion peirs 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 l.

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 Vy, when all the ionization produced in the chamber is
being collected, and "saturation~ionization-chamber® behavior is
observed. This persists until potential Vg is reached, when electrons
acquire enough energy between collisions with gas molecules to cause
further jonization, and electron multiplication commences. Between
potentials V2 and. V5, 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 is directly
related to. the energy dissipated in the chamber. The latter is then
sald to be operating as a proportional counter. At Vs the discharge
corresponding to the particles causing the largest initial ionizetion
is ceusing & 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 with potentials in excess of V5 is termed the region of




Figure 1

Charge collected per incident particle as a function of
potential spplied to the chamber electrodes (diagremmatic).
(a) particle produces 10 ion~pairs in chanber.

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

16.
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limited proportionality, which persists until potential Vg when the
two curves (a) and (b) have converged to a single line. At potentials
above V, then, the electrodes collect the same amount of charge per
event regardless of the original ionization, and this behavior is
characteristic of Geiger-Mlller counter operation. Above Vs 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 relationship of the counting-rate observed (with en smplifying and
recording system suitable for the region of Figure 1 in which it is
desired to operate) to the polarization potential, with a given number
of particles entering the chamber per unit time 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,, 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 numbers of particles registering
increases, until at Vp essentially all incident particles are recorded.
This counting-rate then remains more or less constant up to potential
Va» although it may increase somewhat due to various secondary pro-
cesses (see below). Above Vo the pulse amplitude increases beyond

the value that the amplification system can accommodate and multiple
pulsing and similar effects become important. The chamber is normally

operated at a potential between VB and VC.




Figure 2

(a) High Voltage Characteristic of a Counter (diagrammatic).

(b) Discriminator Bias Characteristic of a Counter (diagrammatic).

18.
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Another characteristic often given in the literature for
counters of various types is the Discriminator Bias Characteristic.
A representative curve is reproduced in Figure 2 (b). At low bias
voltages such as V,, any low amplitudé spurious pulses will trigger
the recorder and the counting rate will be highexr than the rate at
which particles are traversing the sensitive volume. However raising
the bilas voltage to eg. Vi prevents these pulses registering, and a
bias-"plateau" 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-Voltage plateau. At
higher bias voltages such as VE’ 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.

Tonization Chambers

Two broad classes of ilonization chambers are distinguished:
ionization-current chambers, and pulse chambers. The former measure
the total ionization produced in the chamber as a continuocus current,
the latter resolve bursts of ionization separated in time, owing their
origin to the passage of individual ionizing particles through the
chamber,

If an ionization chamber is polarized by the epplication of a
suiteble potential between electrodes inserted in the gas, motion of
the gas ions (and electrons) will produce a current density

g=3"+ 5 eee.(12)




where 3T n'ew’ - D'e graa ... (13)
and j~ nTew - D7e grad n” eeeeo(14)

Here ,j.'t represent the current densities of positive and negative
charge of magnitude |e| , ni- are the corresponding cherge densities,
w-t their drift velocities, and D-t their coefficlents of diffusion.
The drift velocity;r. 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 thermel agitational velocity of the gas ions

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

path of the ions 1, by

The drift velocity':.r? is related to the external field-strength E by

—

=B
1Y

where p is the gas pressure and p the ionic mobility. p values for
positive and negative gas lons are approximately equal, while that
for free electrons is several orders of magnitude larger, accounting
for the importance of the reduction of electron attachment in fast
response counters, The high mobility of electrons can be utilized
more effectively if the ionization chamber design is cylindrical with
the positive electrode of small diameter at the axis of the chamber,
Under these conditions the polarization field strength will be non-
uniform,decreasing rapidly with increasing distance from the central
electrode. Since the contribution to the current observed by each ion

is proportional to the potential in which it moves (equation 16), the
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electrons, which move towards the anode through the highest field
strength,will make the predominating contribution to the external
current, and their high mobility becomes even more significant.

As the polarization potential across an ionization chamber is
increased, an increase in the current in the external circuit is
observed., This however does not increase indefinitely, but reaches a
constant value which remains unchanged during a further increase of
potential, This condition is termed “saturation ion-collection" and
the whole phenomenon is due to the effect of competition between ion
collection and ion recombination. At low potentials, the ions produced
by an ionizing event are only slowly separated. Hence 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.

Hence with a situation as shown in Figure 3 with 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

BC >> 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 shown in Figure 3 (b). The fast initial rise

in time T~ is due to collection of the highly mobile electrons and the




Figure 3
(a) Ionization Chamber Circuit (diagrammatic)

(b) Charge-pulse collection with a circuit of large time-
constant (diagrammatic) ‘

(c¢) Charge-pulse collection with a circuit of short time-
constant (diagrammatic) !

22.




22a

C

[+

Ol

-

(0)

TIME

-—— J3103711100 39HVHD

(b)

TIME

-— Q31037700 3I9YVHO

~
J
~—~




23.

slower rise up to time Tt due to that of the positive ions. Hence
such a system will integrate the ion current due to collection of the
ions from successive lonizing events, and chambers of this design
(ionization~current chambers) are used in the type of measurement
outlined in part (a) above.

If nowever, the time constant of the resistor-capacitor circuit
is reduced so that

T~ < RC < T

(by reduction of the resistance of R for example) then the rate of
leakage of the charge from R will compete with its rate of arrival, and
accumulation of charge on R will only take place for rapid rates of
collection of charge at the electrodes. The variation during one
ionizing event will therefore be as shown in Figure 3 (c) with the
charge accumulating during the electron collection and leaking awey
approximately exponentially thereafter. The chamber is then said to
behave as an ionization-pulse chamber, and since T~ can be made very
small (owing to the high mobility of electrons) such chambers will res-
pond to ionizing events very closely spaced in time.

Proportional Counters

We have already described how, at higher chamber potentials, the
electrons moving under the influence of the externsl field acquire
sufficient energy between collisions with gas molecules to cause ioni-
zation and produce secondary electrons. These electrons are in turn
accelerated, cause ionization and so on, so that an electron-cascade

towards the anocde is obtained.
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This process, called electron multiplication, takes place
primarily in a narrow region within a few millimeters of the anode.
The electron-bombardment of gas molecules causes excitation in addition
to ilonization, and the photons emitted in the de-excitation process
may lead to photo-electron production in cathode surfaces or in
nolecules of constituents of the gas-mixture with a sufficiently low
ionization potential,

Thus a possibility exists of a cyclic process occurring in the
chamber, such as

1. An initial electron produced in the chamber

2. Initiates electron cascade

5. 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 initiate new cascades.
The character of the discharge is differentiated according to whether
this cyclic process contributes significantly or not. We may obtain a
measure of the significance of the contribution by means of a parameter
¥, which is the probability that each electron produced by the cascade
at stage 2. will produce at least one 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 will produce ny photo-
electrons which produce n2Y electrons by multiplication, and so on.
Hence the total number of electrons formed in all the cascades from
one initial ionization electron (the so called Multiplication Factor)

M= —5— eee.o(17)
1-ny
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If v << 1, (the photon process is unimportant), then the chamber is
said to operate as a proportional counter. M is approximately con-
stant, at a value of n,and the amplitude of the output pulse (pro~
portional to the quantity 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 Koxrff (116) have given an expression for M

M = exp lik-/-—Y—O—a—P—- /TQ-- J eeese(18)
log(b/a) Vy

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, is the applied polarization potential and Vi is a threshold potential

given by
b
v.t=aEc lo&‘; cov-o(lg)

where E, is the critical potential field strength at which multipli-
cation commences. Experimental data are found to agree with equation 18,
and counters with values of M as high as 104 have been described (65)
which have been used for measurements of low energy radiation.

It is evident that the phenomenon of gas-rmltiplication,
presenting an electron pulse of very much greater amplitude to the
collection system than in the case of an ionization chamber, allows
individual ionizing events to be registered with an external amplifi-~
cation system of very mnuch lower gain 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
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the same way as the original ionization process.

The variance of M was examined theoretically by Snyder (136)

and Frisch (51) who found that

V=N eeesa(20)
Thus the total variance V of the output pulse amplitude of a counter
expressed as an equivalent variance of the original ionization J,will be

V=TF,+J, ee...(21)
The observations of Hanna et al. (65) at 250 ev, 2.8 keV and 17.4 keV
indicated that a value of

V=4Jd, veess(22)
describes the experimental results more exactly. Since F (see equation
11) is not expected to be very small, the variance of the gas multipli-
cation must be less than given by equation 20, confimming the observa-
tions of Curren et al. (37).

Among the advantages which may be cited 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 with low electron-
attachment tendency is used. Suitable gases are the rare gases, nitrogen,
hydrogen, methane.and higher hydrocarbons, carbon dioxide, boron tri-
fluoride and others, used either singly or better in combination.

A further adventage arises from the common operstion of pro-

portional counters at atmospheric pressure, which facilitates the filling

of the chamber after insertion of an internal source, compared with a




27,

G=M counter which commonly reguires an operating pressure of about
10 cm. Hg., unless very high epplied potentials are used.

Geiger-Miller Counters

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 ¥ is no longer negligible for those iopizing
events producing the greatest amounts of ionization, and the chember
is said to be operating in the region of limited proportionality since
pulse size is no longer proportional to original ionization at high
energies (see below). At higher potentials still, ny = 1 (see
equation 17) for all ionizing events, and the counter operates as a
Geiger-Miller counter.

Under these conditions, photons are produced in every electron
cascade, and produce photo~electrons, which initiate further cascades.
Thus a series of cascades will occur in the chamber, each cascade
leaving a number of positive ions in the vicinity of the anode, and
the process contimnues until the effect of the positive ion sheath in
depressing the effective potential field near the anode becomes large
enough to terminate the discharge.

The output pulses are thus observed to be of approximately
constant amplitude for all ionizing events, since one electron produced
in the chamber by an ionizing event is sufficient 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 ancillary equipment before being

supplied to a recording system.
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However the positive ion sheath at the anode, left behind by
the multiple cascade process described above, moves out to the cathode
in a few hundred microseconds, and its intersction with the cathode
surface gives rise to further secondary electron production, which in
turn leads to further electron cascades. Thus unless 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 mey be prevented, or quenched, in several ways.
Thus internal quenching may be effected by addition of a proportion of
a suitable poly-atomic gas to the counter filling. Thus ethyl alcohol
is frequently added in proportions of about 10 percent to argon, the
usual filling for G-1I tubes, Then the positive argon ions moving to
the cathode interact with neutral alcohol molecules to form argon atoms
and alcohol ions, the cross-section for this so called “charge exchange"
process being large due to the relative magnitudes of the ionization-
potentials of argon and ethyl-alcohol (15.7 and 11.5 V resp.). The
alcohol ions, arriving at the cathode "predissociate" rather than form
secondary electrons, so no sequence of discharges is observed.

Alternatively the discharge may be quenched externally, for
instance by causing the firsf pulse from an ionizing event to trigger
an electronic circuit which then lowers the polarization-potential of
the counter sufficiently to cause it to cease operation in the G-M
region, for a time-interval longer than the time required for the

migration to the cathode of the positive ion sheath.
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With either mechanism the resolution time of the counter is
much longer than that of a proportionsl counter, and usually lies in
the renge from 200 to 600 microseconds. This is an important disad-
vantage compared with propértional counter operation. Other disad-
vantages which may be clted are a limited life, due for instance %o
consunption of quenching agent, and the tendency for counter characteris-
tics to change as the end of the life is approached.

With either mode of counter operation it is necessary to
allow for the failure of the counter, at higher counting rates, to
respond to ionizing events which occur in the time interval when the
chamber is recovering from a discharge. When the dead-~time is fixed
at a definite value, as in the method of extermal guenching described

above, formulae quoted in the literature (146) may be employed. eg.

“n,t

n = nge . eeeeo(23)
aIld. n = ———-Il-— ’-oo'(24')
o 1l - nt

where ny and n are the mean rates of occurrence of events,and of
recording events respectively, and t is the dead-time. However when
no fizxed dead time is applied to the system, it is best calibrated

empirically.

We may now proceed to discuss the methods of absolute disinte-
gration-rate measurement which have employed particle counters. These
generally use proportional counters and Geiger-Mliller counters inter-
changeably, and ciffer wainly in their method of defimning that pro-
portion of the radiation emitted by the source which is observed by

the detector.
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(i) Coincidence-~Counting Method

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 Dumworth (38) and Wiedenbeck and Chu (144, 145). The
application of coincidence measurements to absolute disintegration-
rate determination has been described by Putmen (113) and Seliger and
Schwebel (130).

The principle of this method may be outlined as follows.
Congider a source of 8 and ¥y radiation placed between two counters,

one a B-counter of geometrical efficiency e_, the other z y-counter

e
of efficiency e.,.. Then the counting-rate of the f-counter is given by
RB=NOeB ve...(25)
and that of the y-counter by
Ry = Ny ces..(28)

where N, is the source disintegration-rate. Also the @8-y coincidence-
rate between the f~ 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

R, = Noegey eeeea(27)
Hence from equations 25 to 27

R

Rooy  Foepey

In this derivation it has been assumed that

= }To ..".(28)

(1) the source is of uniform activity over its whole area

(i1) the B-counter is of uniform efficiency to radiation from all
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parts of the source
(iii) +the y-counter is also of uniform efficiency.
pPutmen has showmn (113) that equation (28) can be applied directly if
any two of (1), (ii) and (iii) are valid. Thus, provided the source
is uniformly distributed, and is thin enough for y self-sbsorption
to be negligible (not a very difficult circumstsnce to arrange) then
self-absorption of B~radiation, which is at the moment the main source
of error in 4w B—counting,does not exert a disturbing influence.
Similarly ecuation (28) is valid despite the continuous energy dis-
tribution of 3-radistion, and the variation of eB with energy,'since
in its derivation eg could equelly well De replacedAby'EE, a mean
efficiency over the energy spectrum. Likeﬁise cases where B-emission
is followed by the emission of more than one photon, or by alternative
modes of photon emission, are also covered, if the appropriate mean
efficiency E; is used.
Nuclides which constitute cases where direct application of
equation (28) is not possible are the following.
(1) 1Nuclides which exhibit a branched f-decay scheme. Consider
B particles belonging to two different energy svectra, counted with
efficiences eg(1l) and eg(2), of branching ratios A and (1-4), the
mean y-counting efficiencies for the photons following each beta
transition being QY(l) and eY(2). Then the separate rates analogous
to equations (25), (26) and (27) are
Rg = N, [Aeg(1) + (1-A)egt2)] ceeea(29)
Ry = N, [4e,(1) + (1-8)e(2)] eeee(30)

Rgy = N, [Aeg(1)e, (1) + (l-A)es(Z)eY(2)] ceeeolBl)
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RoR. a(1-4)(e,(1)-e,(2))(e_(1)-e (2))
= B B e 600
Ra ey (1o, (1) + ESVROTHE ] (s2)

Hence the simple quotient no longer gives the disintegration-rate N,
unless eB(l) ==eB(2) or QY(l) = eY(Z). The latter condition is in
general not fulfilled, but in the case of a Geiger counter, the efficiency
towards all energies of B-radiation can be made unity if window and air-
absorption can be evaluated 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 then the “defined solid angle methods"
discussed below.

(ii) Nuclides in which internal conversion is important, particularly
those emitting low-energy photons. The effect of intermal conversion
has been examined by Wiedenbeck and Clm (145), and msy be outlined as
follows. In the case of the simple B-y transition considered in the
derivation of equation (28), let the conversion coefficient of the
y-radiation be a. Then if eg is the efficiency of the S-counter for
p-radiation and e, for conversion electrons, then analogous relation-

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

Ry = Ny(eg + l“:ca_ ‘i‘eliez ) N ¢:%))

Rf= NoeY(-f—}-_-—a—) ...--(54-)
Bgy = Noogey (1) verse(35)
%=N0[1+ e .l-eﬁ] ceer.(38)
RB-Y 1l+aqa eﬁ

Thus if e, is not negligible, a knowledge of the conversion coefficient &

to an accuracy at least equal to that required for the value of Nb is
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required for the deterwmination in this case.
Further sources of error to which the method is susceptible
are the following.

(i) Sensitivity of the B-counter to v-radiation and vice-versa.
This may be measured and corrections applied by means of measurements
with suiteble absorbers between source and counter (113), or if
scintillation counters are used for both f- and y-counting (130) by
pulse height analysis.

(ii) Dead time losses 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 error is
somewhat more complex than in a simple counter system, since in the
usual coincidence~counting arrangement with the B- and y-counters
vertically above one another, that component of the background due to
cosmic radiation will have a fair probability of triggering both
counters coincidently.

(iv) Random coincidences. If tB end tY are the separste resolution
times of the f- =nd y-chamels, then a contribution to the coincidence
rate

R=Rﬁy(t5+t\{) ceee.(37)
will be observed due to the failure of the coincidence apparatus to
resolve unrelated events occurring within a time interval less than
B + tY'

Thus one may swmnarize: the coincidence method is easily and

t

with good accuracy applicable only to nuclides which decay by a2 single
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B -transition to an excited state of the product mucleus of very short
half-life (ie. emitting prompt y-radiation). The rmuclides satisfying
this criterion form a very small proportion of those it is of interest
to observe (33). However, for those nuclides to which it may be
apolied, it is said to offer an accuracy of better than * 0.5 percent
(130). This surpasses the results of any other method (including the
results hitherto obtained with 47 B~counting).

The remaining methods relying on particle-counting can be
classified according to the solid angle subtended at the source by the
sensitive volume of the counter, ie. either as low geometry counting
(where the angle is << 21 steradians) or as high geometry counting
(where the angle is 4% steradians).

(ii) Low Geometry Counting

The low geometry counting method represents the spplication of
the conventional end-window Geiger-Miller counting system to absolute-
disintegration rate determination. The G-I counter has 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 careful evaluation of the many sources
of error to which the system is liazble -~ disturbing influences which
modify the spatial distribution of radlation from the source, or
absorb this radiation before it triggers the counter.

Zumwalt (153) has given an expression relating the counting
rate of an end-window counter,R,to the disintegration rate of the
source, N . |

R=NGO £ L (38)
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where G is the solid angle subtended by the counter at the source
divided by 4m steradians (“geometrical efficiency"), and the f's are
factors relating to

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

the source and counter

A ~ the scattering of particles into the counter, that would otherwise
not enter it, by air around the system

B - backscattering of radiation from the source mount

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

S - the abhsorption and scattering of radiation within the material

of the source itself.
A number of workers (1, 25, 108, 113, 148, 153) have studied the phenomena
enumerated, and have obtained the value of the various correction factors
as a function of source, mount or absorber thickness etc.

(1) The “"geometrical efficiency"” has been determined by calibration
of the system (with all the f-values known) with standard sources. These
were either calibrated by another B-counting method such as coincidence
counting (1, 153) or prepared from the RaD-E-F equilibrium mixture
(25, 108), standardized by knowledge of the weight of uranium parent
from which it was separated, or by a-counting of the RaF (Po2lo) con-
stituent.

However the quantity G was found not to be constant for emitters
of radiation of different energy.  This was taken to bevdue to a change
in the dimensions of the "sensitive volume" 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” techmicue (113). The solid




angle within which 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-volume with 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 with increasing thicknesses of aluminum in front of the window,
and extrapolating past the zero thickness point a distance equal to
the window thickness (1, 25, 108, 153). However a possible error
could arise from this procedure, since it would not detect and correct
for a sof't component of the radiation completely absorbed in the
counter-window. For this reason the use of a windowless counter (113)
would be preferable.

(3) The effects of air between the source and counter were studied,
either by placing a series of layers of a plastic material, with a
value of mean atomic number close to that 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 radiation has been studied
by devising a system in which most of the heavy material surrounding
the system was replaced by air (148). Lining the conventional lead
housing with low-Z material was also found to reduce the correction
necessary.

(5) The backscattering effects and self-absorvtion and scattering

effects were studied by measuring recorded counting-rates and angular
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distributions of radiation as a function of source and mount thickness.
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 results
obtained were accurate to little better than t 5 percent.

2% _Counters

A counter sensitive to radiation emitted into a solid angle
of 2w-steradians, ie. into a complete hemisphere, would possess
several advantages despite the difficulties associated with the
necessary internal mounting of sources. Thus Zumwelt's factor G (see
earlier) is fixed at a known value, while fy £, and fy become unity.

However 2% counters have been little used in absolute counting,
since their development was immediately followed by that of 4w-counters,
which possess all the advéntages of 27 counters and many advantages in
addition.

Counting with a Geometry of 4n-steradians

A counting geometry of 4w-steradians, ie. a system in which all
particles emitted by a source are counted, may be obtained in three
ways = with a counter filled with 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 2w 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 such a system most of the sources of error of other counting
arrangements disappear since PB-particles initiate electron cascades
immediately after 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-
biclogical tracer applications, using 014 and 855. Sources for assay
resulting from these studies contain a very low energy PB-emitter,
usually in material of very low specific activity.

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

which suiteble compounds of 014, 855

and H3 were used as filling for
an ionization chamber attached to a Lauritsen electroscope. This wes
successfully employed for assay of the nuclides mentioned, although not
in an absolute sense.

The first success in the use of COg as a filling of a G-M
counter was reported in 1947 (101). CO, did not exhibit suitable
characteristics when pure, but did so after addition of small quantities
of CSg. This gas mixture was later used in absolute counting of cl4
(66, 67, 94). (However there are reports that this gas mixture is not
100 percent efficient) The addition of small quantities of 01402 to
the usual argon-alcohol filling for G-M counters (41l) has also been
employed.

The sources of error, to which absolute counting measurements

in these systems are subject, are threefold.
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(1) Adsorption of radioactive materials on the counter walls
resulting in cross-contamination from one determination to the next.
This can be made negligible by suitable 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 cylindrical counter
cathode may be in error in two ways. Firstly there will be & contri-
bution to the measured activity from material outside the specified
volume but from which radiation will penetrate into the counter proper
and register. Secondly, and more important, the counter field strength
towards the ends of the tube will tend to be lower than in the centre,
and low counting-rate in these parts will be observed. Corrections
for end effects can be made experimentally by use of two or more counting
tubes of different lengths, but with similar diameters and end-geometries
(end presumably end effects). Then (41) if R and v are the observed
counting rates per unit volume for counters of length L and 1, end if
p is the counting-rate per unit volume with a counting efficiency of
100 percent, then |

p(L~1)=RL - rl ceses(39)
from which the true counting rate for a counter of a given volume may
be calculated.

(3) Wall effects. It is expected that disintegrations from a thin
layer of gas adjacent to the cathode surface resulting in a B-particle
emitted in the direction of the cathode, which is absorbed before
triggering the counter, will not be registered. This effect, although

reduced by backscattering effects, may not be negligible. Experiments
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using similer gas fillings in tubes of different diameters, etc.,
indicated that the effect was less than ~ 2 percent (67).

Thus the gas counting method might be expected to be of con~
siderable use for the assay of materials emitting soft radiation, and
of low specific activity. However it will not of‘ten be possible to
find a suitable gaseous compound of the element studied, which moreover
must not exert a deleterious influence when introduced into a counting-—
tube, and gas-counting has not freguently appeared in the literature
on absolute-counting of recent years.

(iv) Scintillation Counting

Scintillation~counter systems, in which a source to phosphor
geometry of 4% steradians were obtained, have been used for speclalized
applications. Thalliun activated potassium iodide phosphors containing
natural K%O activity (50) and thallium activated rubidium iodide phos~
phors containing el (92) have been used in half-life studies, while

studies of nuclear decay mechanisms have been made with Cll

in anthra-
cene (151) and T12%% in thallium activated sodium iodide (96).
Other methods of introducing source material into the phosphor

system have been used. Thin evaporated sources of ngo5

have been
sandwiched between two NaI(T1) crystals (7), while the immersion of
a source carried on a thin foil into a liquid phosphor (18) was also
successful. Attempt: to disperse radiocactive materials in e liquid
phosphor system are generally unsuccessful, owing to the depressing
effect exerted by foreign material on the scintillation efficiency,

although a recent report (87) suggests that incorporation of 014 com-

pounds in a liquid phosphor has been successful.
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This method is clearly useful for certain specific applications,
where dispersion of the source throughout the phosphor can successfully
be achieved. However systems in which a source on a suitable mount is
sandwiched between two crystals, or any such arrengement, will possess
many of the inherent errors of 4w gas-ion counting without that method's
flexibility and applicability to routine usage.

The method of absolute disintegration-rate determination by
particle counting remaining to be described is that examined in this
thesis, namely 4w~counting. This term, although strictly embracing
methods (iii) and (iv) above, is customarily reserved for specific
application to a counter system, with a source to detector geometry
of 4n-steradians, compoéed of a solid source between two proportional
or G=M counters, each with a geometry of 2n steradiamns.

We consider this system in detail below.

3) 4n-COUNTING
(a) Histoxy

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 entering the counter volume through thin
foil windows. The source~to-counter geometry thus approached 4mn-steradians.

The first counter in which this geometry was accurately obtained
was due to L. Meyer-Schitzmeister and was described in 1948 by Haxel
and Houtermans (69). Since that time a variety 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




of cylindrical and spherical form,

All, however, have had several essential features in common.
The chamber is divided symmetrically into two halves, each of which
is a self-contained counter unit. The two halves are electrostatically
screened from one snother by a plate or sheet of conducting meterial.
The source is mounted at the centre of the plate, the central portion
of which, at least in the vicinity of the source, is thin in order to
reduce absorption of the radiations emitted. Thus the radiation enters
one half counter directly without any intervening material, and the other
helf'-counter via a thin layer of source-mounting material.

Of those systems which can be devised with a 4w-steradian
geometry, that Jjust described is the most convenient for routine usage.
Nearly all radiocactive materials can be converted to a form suitable
for mounting on a thin backing, and provided a backing material of
adequate strength can be found in the required thiclmess, little chance
of counter-contamination and cross~contamination from sample to sample
exists, particularly since source mounting systems are devised so as to
be expendoble,

(b) Advantages of a 4v-counting Geometry

A counter with a geometry of 4w steradians will clearly be
more sensitive and be able to measure to good shatistical accurcay
much smaller samples than a low geometry counter. However the increased
sensitivity is among the least important of the advantages of this
system.

It has been appreciated for meny years that a counter sensitive

to radiation emitted over an angle of 4w steradians will have peculiar
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advantages resulting from the fact that all particles emitted from

a source are counted, and hence that any event subseguent to charged
particle erdssion which occurs within the resolution time of the instru-
ment will not be registered.séparately. This fact has two very desirable
consequences.

(1) The interpretation of counting data is independent of a lmow-
ledge of the relevant decay scheme in the majority of cases. That is
provided the primary events of the nuclear trensition studied include
charge particle emission vith a total probability of unity, one count
will be registered per disintegration - the observed counting-rate
(corrected for background and resolution losses) is identically equal
to the disintegration rate. This remains undisturbed by the emission
of secondary particles, nuclear gamma radiation, or annihilation radi-
ation, when these occur within the counter resolution time, as is
usually the case.

This state of affairs is in sharp contradistinection to all
counting-methods without a 4w-steradian geometry. The difference is
particularly important in the case of nuclides decaying by positron
emission - the 4w—counter being probably the only satisfactory means
of accurately assaying these materials. The trouble with other counting
methods arises from the fact that (in addition to nuclear gamma radi-
ation from the source) annihilation radiation (photons of 0.511 lev)
is emitted when the positron annihilates with a negative electron at
the end of its path. Thus the ohotons may originate at a considerable
distance from the source proper, and will be counted with a geometry

much different from that for the vositron itself. In the 4m-counter
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however all the positrone register, and the counter discharges due
to any amnihilation~radiation are in coincidence with the correspon-
ding positron-induced discharges, and thus not differentiated from
then. |

Cases of nuclear transitions,for the assay of which some data
from the decay scheme are required,include those when particle emission
occurs with a probability of less than unity (which includes orbital
electron capture) and transitions leading to a metastable excited
state of the product nucleus. In such cases, the accuracy of the dis-
integration~rate determination will 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 4w-counting system itself.

(i1) Scattering of radiation either by source material, source
mount, gas or counter walls is without effect on the observed counting-
rate., Any discharges (subsequent to that corresponding to the primary
event) caused by repeated scattering of one particle will occur within
the counter resolution time. The same is true of secondary radiation
production due to interaction of primary particles with the gas, wall
or other material within the counter.

Hence in Zumwalt's relationship (equation 38),for a 4w~-counting
system the following is true:

G — unity

fA = unity
fB = unity
fH = unity

and most of the large corrections of uncertein accuracy required in
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low-geometry systems are eliminated. The only sources of error still
to be corrected for in the calculation of disintegration rates from
4m-counter data are due to
() Failure of the counter to respond once to every ionizing par-
ticle arising from a muclear 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 disintegration rate of the
source and in the background counting-rate of the counter.

Errors from term (iv) can be reduced to within any desired
limits 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 randomly distributed
in time, the distribution of the number of events observed in a given
time about the mean number (n) occurring in the same interval will
be a Poisson distribution. Hence the variance V,of n

V.=n vev..(40)

n

or the standard deviation Gh of nis

CJ‘n=/7:';l = F I (41)
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Errors from (i) to (iii) should on the other hand be amenable
to reduction by evolution of suitable techniques. However this has
not up to the present time been possible apparently, since the results
of intercomparison of standards (130) by 47 B~counting show a scatter
of several percent, in contrast to good agreement with B~y coincidence
counting results. Nevertheless the 4n-counting method has no inherent
inaccuracies of this magnitude, and in this thesis we shall examine
the items listed above, in sections B, C and D respectively, wvith a
view to the reduction of the error from these causes. In section E,
we shall discuss certain more theoretical topics on which certain of

the experimental work may be made to give information.
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B. COUNTER RESPONSE PROBABILITY
1) TTRODUCTION
For the purposes of the present discussion it is convenient

to define a quantity, which we shall call the response 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 muclear disintegration in the source reaches the counter gas.
(We will deliberately avoid employing the term “"efficiency" since

this has been used in different contexts by different authors, some-
times being used in the sense of the above definition, but more often
including the counter geometry ratio and effects due to scattering,
absorption and so on.).

Thus the object of this section of the thesis may be restated
in terms of the above definition: we shall investigate the errors
arising in disintegration-rate determinations by 4w-counting owing
to a departure of the counter-response probability towards the par-
ticular form of radiation studied from a value of unity. The response
probablility towards charged particles for instance will under suitable
conditions be close to unity, whereas to photons it will be very much
less than unity. However provided_ the counter has nearly unit response
probability towards at least one of ﬁhe 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 magnitude.

We shall effect the investigation by examining the variation of
the response probability towards particular forms of radiation with

changes in the conditions under which the counter is operated. There
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are several variables to be considered. Some can be adjusted to
ensure that no deleterious effect on the response probability arises
from those sources. Others however cannot be completely controlled
in this fashion. In these cases we must determine the conditions
under which a minimum 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 probability
may differ from unity are the following: it may be less than unity if
(a) the gas multiplication and electron collection efficiency of

the chamber is less than a minimum value,
(b) the "effective" geometry of the chamber is less than 47 steradians,
(c) at higher counting rates the probability becomes appreciable
that particles from successive disintegrations be emitted within
a time interval of one another less than the resolution~time of
the counter. “Resolution-losses" will then occur.
It may be more than unity, ie. more than one count be registered per
disintegration, if
(&) at higher polarization potentials, the character of the discharge

phenomena alters, approaching that of a G-M counter. Under these

conditions, ny approaches unity (see Section A) and photons arising

from excited gas molecules in the neighbourhood of the electron
cascade produce photo-electrons at the cathode surfaces.

At the same time a second process also becomes important,
namely bombardment of the cathode by positive ions, which. also
leads to the production of delayed electron cascades, leading to

maltiple pulsing as described esarlier,
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(e) the counter gas contains more than a limiting concentration of
electronegative impurities. Then electron attachment (see
Section A) may lead to delayed electron collection, and hence
multiple pulsing.

(2) Ges Multiplication and Electron-collection Efficiency

in order that the passage of an ionizing entity through the
chamber 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
signal, Whether this condition is satisfied depends on the relative
magnitudes of the multiplication factor, amplifier gain, capacitance
of the chamber anode system and amplifier input, and of the bias
potential. These quantities may all be measured, but, aside from the
discriminator bias, which camnot be reduced below a minimum value,
the only one normally varied in the system is the gas-multiplication
factor., As outlined in section A, this is a function of polarization
potential and must be adjusted, by increasing the polarization potentisal,
until the situation described above is obtained. However, the polari-
zation potential cannot be raised indefinitely, since above a limiting
value the secondary processes described under (d) ebove set in. Thus
it is important to determine whether the gas multiplication can be
raised sufficiently to bring the response probability of the cheamber
close to a value of unity for the radiation producing the least amount
of ionization in the chamber. (This is clearly particularly important

when beta-radiation is to be examined, since the energy spectrum
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includes a proportion of particles with very low energies, a pro-

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

(i) Determination of polarization conditions for optimum gas multi-
plication and electron collection.

One nay adopt two lines of investigation. First the change
in counting rate as the gas-multiplication is varied within the range
available may be observed. Secondly the various quantites described
above may be measured, the gas multiplication as a function of polari-
zation potential, and the total response probebility of the counter
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 eléctron collection efficiency are also
dependent on severzl other variables.

(11) Source position.

The polarization field strength is a function of position
inside the chamber, end therefore the electron collection efficiency
will be a function of source position both within the normal source-
mount plane, and for movements at right angles to this plane. However
since the chamber is usually operated at a potential that ensures a
collection and gas mmltiplication factor more than adequate for
registering particies from disintegrations in material situated at
the centre of the chamber, it is probable that they are also adequate
for positions some distance removed from the centre of the chamber.

Hence it is expected that a region of constant response probability
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would exist, and that the operation of the counter will be insensitive
to small source movements within 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,
it is important to ensufe that this field strength is reasonably con~
stant and at an optimum value in the vicinity of the source. This is
especially important for the measurement of soft f-emitters of which
the radiation will have a short range in the counter gas, and hence
produce most of its ionization in the immediate source vicinity. The
design of counting-chamber we have used (see later) ensures this
provided the source mount is conducting to the cathode surface. A
mount made of' a poor conductor will disturb the field strength in
such a manner that a position of low field strength occurs at the
source position, between the anodes, and poor collection and mlti-
plication results.

Seliger and Cavallo (128) claimed that the loss in efficiency
due to the use of a non~conducting film mounted over an aperture in
an aluminum diaphragm was negligible provided the aperture diameter
was limited to mirimise the field disturbance. ﬂowever, in a later
paper (95) they agreed with most observers that, for reliable results,
the film had to be rendered conducting. This 1s satisfactorily
accorplished by gold-coating the film by distillation in vacuo. A
rapid routine method for estimating the thickness of the gold-layer
will be described in section C (below). It is of considerable impor-

tance to reduce the superficial density of the source mount used as
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far as possible in order to reduce absorption of radiation (see
section C). It is thus essential to lkmow the minimum superficial
density of gold required for satisfactory counter operation, since

it is fruitless to reduce the film su?erficial density much below
this figure, Little quantitative information is availasble on this
point, or on whether one or both sides of the film need be coated.
Hawkings (©8) has used 25 ug./cmz of gold on both sides of a

50 ug./cmz formvar film with success.

(iv) The electron collection and multiplication process will clearly
be affected to some extent if the counter gas contalns a significant
proportion of electron-accepting irpurities since electron attachment
leads to slow moving negative ions in place of highly mobile electrons.
It is therefore of importance to determine the limiting concentration
which can be tolerated without the counter operation being affected.

(b) Counter “Geometry"

The response probability will be reduced from a value of unity
if conditions are such that a proportion of the emitted radiation is
absorbed (other than by source material, or the mounting film) before
it can produce in the gas-space the necessary minimum number of ions
required to trigger the recorder. It must therefore be verified that
with the aperture sizes used by us, this effect is not serious.

(c) Resolution Losses

Operation of the chamber as a proportional counter serves to
increase the value of the response probability at high counting rates,
by effectively reducing the resolution time of the apparatus, compared

with that obtained with the counter operated as a Geiger-lilller counter




(see section A). The use of the 4w-counter over a wide range of
counting rates nevertheless demands that the resolution loss be
accurately known as a function of counting rate. Due to the variety
of processes which may cause resolution losses in the proportionél
counter and associated electronic equipment this function is best
obtained empirically. The availability of thin films, described in
the next section, has made possible a very precise determination of
the coincidence loss function by a modification of the conventional

multiple source technique.

2 ) COUNTING APPARATUS

The counting apparatus used for the work to be described is
shown in the photographs in Figure 4, both in general appearance and
in more detailed views of the counting chamber itself. The apparatus
as shown has the necessary duplication of H.T. and amplifier units
for the coincidence studies described in section E of this thesis,
but is normally conrected to a single amplifying system with the anodes
in parallel, for the remainder of the experimental work to be described
and for routine counting work.

The counting chamber is essentially of the desipn described
by Hawkdings et al. (68) and is illustrated diagremmatically in Figure 5.
1t consists baslcally of two hemisphericel brass cathodes of 7 cms.
dianmeter and two ring shaped anodes of 0.001 inch diameter tungsten
wire. Ilnsulstion of the anodes and anode leads from the cathodes

is effected by large teflon insulators, and the source mount con-

sists of a plastic film of superficial density 5-10 ug./cmz, rendered




(a)

(b)

Figure 4
The 4w-counting Apparatus

General view, showing lecd castle and preamplifiers
at the left, main rack and methane cylinder to right.
Units in rack are, from botiom upwards: flow-meters
and automatic timer, scaler and recorder (AEP 908),
Nichols High Voltage supply (AP 1007B), Power supply
for preamplifiers, and a second High Voltage supply
f'or coincidence experiments.

View of open castle, flow-meters and sutomatic clock.
Chamber in closed opersting condition.
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(e)

(d)

Figure 4
The 4n~counting Apparatus

Detailed view of interior of castle, showlng arrange-
nent of anode leads, and chamber open for insertion

of sarple., Anode leads connect to single ovrearmplifier
lead (top left) for normal operation, eech half-counter
separately to two prearmplifiers for coincidence experi-
ments. Second ammlifier lead is seen at bottom left.

Chamber disassembled, showing diaphragm with 0.5 cm.
diameter aperture at left.

55.




5Ha

(e)

)

(a



Firure 3

4rt-counting Chamber (diagraimatic)
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conducting by a 2 ug./cm? layer of gold applied by distillation in
vacuo to one side of the film. The {ilm 1s mounted over an aperture
in an aluminum plate 1 mm. thick. The aperture diameter is usually
2.5 cms. and occasionally 5.0 cm.

The charber is used in conjunction with a Nicholls high vol-
tage suprly (AEP 1007B). The anodes of the chember are connected in
parallel to an Atomic Instrument pre-amplifier (205-B) which has been
modified to obtain a low “noise" level. The output from this is fed
into an Atomic Ereryy of Canada Ltd. amplifer (AEP 1448) and thence
after discrimination into a Marconi 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 discriminator to the output signal.

The counter chamber is operated in the proportional region,
the couating gas used being C.P. methane at atmospheric pressure
dried by passage over silica gel. After insertionof asample the counter
is flushed for about two minutes at a rapid flow rate and the rate
then nmoderated to a standard rate of 0.5 ml. methane per second (see
figure 19 b). Gas flow rates are measured by means of a simgple
flow-meter system.

The excellence of the high voltage characteristics obtained
with this system (showm below), particularly in respect to the length
and very small slope of the 'plateau', is largely attributable to the
high quality of the amplifying equiément used, especially the AEP 1448
main emplifier, This unit, of which the circuit diagram is shown in
Appendix A, has been specially designed, so that a high degree of

"saturation' may occur (ie. the input pulse amplitude may exceed the
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maxinum the equipment con handle to a very great extent) without
production of multiple or spurious pulses following the primery
rulse, due to "ringing" effectsbecoming apparent. These so-called
non~overloading characteristics are illustrated in Figure 6. This
shows a series of zulse forms as observed at the output of the ampli-
fying system vith a cathode-ray oscilloscope as the input opulse 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) EXPERTMENTAL TECHNIQUES, RESULTS AND DISCUSSION

The sources of radiation used in the work to be described in
this and the next section were all of so high a specific activity
that essentially “weightless" deposits were obtained. No modification
of radiation energy or spatiszl distribution by self scattering or
absorption processes in the source material was therefore to be
anticipated. Samples approximating “"point-sources" were prepared by
evaporation of a sultably sized aliguot of stock solution on the
mounting film by means of infra-red radiation. One exception to this
procedure was the case of Tc%9m, This nuclide was co~-separated with
rhenium in the normal fission product procedure (59) by distillation
of TcgOy from concentrated HQSO4 followed by Fe(OH)5 scevenging opera-
tions. Thence to the final stage when the Re - Tc mixture was pre-
cipitated as the sulphide. The sulphide was slurried with water and
a poftion evaporated on the film.

The half-life, mode of decay, radiation characteristics and

source of supply of the nuclides used are shown in Table T.




Figure 6

Output Waveform of AEP 1448 Amplifier Unit
Pulse observed with a C.R.0. at output of amplifier
for increasing polarization potential on chamber.
Using a Ni®3 source (B~ -emitter).

(a) Polarization potential Z.0 kv

(b) Polarization potential 2.2 kv

(c) Polarization potential 2.6 kv

(d) Pulse at output of discriminator circuit.

A1l with C.R.0. self-synchronized, time base 3 p.sec/cm.,
vertical sensitivity 1 volt/cm.
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TABLE I

60.

Characteristics and Source of Supply of Radioactive Nuclides

Nuclide Half-life Mode of decay Maximm Enexrgy

Source of Supply

of Particle
Mev

Ni63 80 y B, no vy 0. 067 A.E.C.L.

§9% 87 a =, no y 0.167 A.E.C.L.

Ca4d 152 & B~, no ¥ 0.254 A.E.C.L.

11204 4.0y 8=, no ¥y 0.765 A.E.C.L.

Bi210 5.0 d B~, no ¥ 1.17 Separated from
RaD-E-F from
A.E.C.L.

32 -

P 14.4 & B~, no vy 1.70 A.E.C.L.

Lal40 40.3 h B, ¥ 2.26 Separated from
fission products of
uranium irradiated
in BEPO, A.E.R.E.,
Harwell, England

Po2l0 138 4 a, ¥ 5.30 (mono- Separated from

energetic) ReD-E-F from
A.E.C.L.

Na22 2.6 y st v 1.8 A.E.C.L.

Co60 5.3 y B~, ¥ 0.319 A.E,C.L.

T¢9%m 6.0 h IT, v 0.142 (mono- Separated from

energetic) fission products of

uranium irrediated
in BEPO, Harwell.
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(a) Gas Multiplication

(i) High Voltage Characteristics of the Counter

High voltage characteristic curves were obtained in the usual
way for a series of sources of B radiation of increasing maximum
energy at a constant discriminator bias level. The nuclides employed,
with the exception of Lal%0 all emit p~ particles without accompanying
vy radiation. Their nuclear properties are described in the top half
of Table I. TFigure 7 thus indicates the response of the counter to
B” radiation. Standard deviations on the quantities measured lie
within the areas of the points as plotted (as for all succeeding figures
in this thesis unless otherwise indicated).

The data shown in Figure 7 indicate that the chamber used
in this work is certainly suitable for measurements of B~ emitters
with maximum energies down to 0.067 Mev. The plateaus obtained in
no case show any perceptible slope. The maximum figure which can be
c.:alculated on a basis of the statistics of the measurements concerned
is less than 0.1 percent per 100 volts. There is, therefore, little
embiguity as to the correct counting rate figure to be used as a basis
for calculating the disintegration rate, and little doubt of the fact
that substantially all of the particles in the spectrum are being regis-
tered. At polarization potentials of about 100 volts in excess of the
threshold value, the response probability certainly approximates very
closely 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 with increasing particle energy is due to the reduced amount




Figure 7
High Voltage Characteristics of the Counter for B~

Radiation of Increasing Maxirmm Energy
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of ionization produced in the region of maximum polarization field
strength by the more energetic radiastion. (The variation of ionization
with particle energy was discussed in section A.) The effect is less
marked at the higher end of the energy scale since there is very little
variation of specific ionization with energy in this region.

The length of the platesus observed with 8~ emitters 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
Ni%3 (maximim energy 0.067 Mev) taken at increasing discriminator bias
values. Figure 9 shows a similar series using Lo 0 (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 curves 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 amplitude 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 paragreaph.

Figure 10 shows characteristics obtained with nuclides decaying
by the emission of alpha particles, positrons, negative electrons

accompenied by gamma radiation and by isomeric transition. These data




Figure 8 §a2
High Voltage Characteristics for NiS® g~ Radiation

as a Function of Applied Discriminator Bias
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Figure 8 (b)

Discriminator Bias Characteristics for N165

B~ Radiation at a Polarization Potential of 2.6 kv.
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Figure 9
High Voltage Characteristics for Lel®C p-radiation

as a Function of Applied Discriminator Bias
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Figure 10
High Voltage Characteristics for Various Forms

of Radiation
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indicate that the present chamber makes a satisfactory counter for
many forms of radiation. Absolute measurements with a, (3+ and 8~
emitting nuclides with or without accompanying ¥ radiation are clearly
straightforward. With nuclides decaying by means of isomeric tramsition
the same is true if the pertinent muclear data are available.

Figure 11 shows the variation of the characteristic with

P':”2 sources of known

increasing disintegration rate. A series of
strength was prepared on 5-10 pg./cm? films. The disintegration rates
(about 500 dis/sec) were below the region where resolution losses were
significant. A series of secondary sources was then prepared from
these, 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 P52 even with 10
or more of these component films can be neglected.) The results 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 results show clearly that satisfactory characteristics
are retained at least up to a counting rate of 3 x lO’5 counts per
second, The irregular shape of the curves above this figure, presumably
due to a variable resolution loss, show that it is meaningless to quote
a resolution loss for a counting system unless this is given for
definite polarization conditions.

The observed variation of resolution loss with polarization

potential may be due to a variety of reasons. For example, since the




Figure 11
High Voltage Characteristics as a Function of

Disintegration-Rate
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discharge mechanism results in a local and partisl reduction of the
polarization field, the counter may enter ito successive discharge
processes with the effective counter field at different stages of
recovery. Thus the second discharge of a palr occurring within a
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 height 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 tc¢ the observed effect, and resolution losses in the elec~
tronic equipment may well be more important than those in the chamber
itself,

The Response Probsbility of {the Counter to Very Low Energy Particles

From Figure 7 it is seen that over a wide range of potentials

an essentially constant counting rate with %i%% ana g9

was observed,
suggesting that a unit response probability had been obtained. However
it was felt 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 any spectrum of PB-radiation, ie. thet fraction
with a very low energy, will not count with unit probability. This

fraction increases as the maximum energy of the spectrum decreases.

Therefore in order to calculate the response probabllity to the radiation
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of a B-eritter as a whole, it is necessary to allow for this low-energy
effect by corputing the expected response probability as a function of
energy, and integrating the result using the known B-energy distribution.
We have calculated the response probabilities of the counter
towards the entire spectrum of the P-radiation of 1i% and 5%° since
these were the softest B-radiations studied. The calculations are con-
veniently made in three stages. First, the minimum total charge pulse
arriving at the counter anode system which will trigger the recording
mechanism was calculated from the measured electronic parameters.

Anplifier Gain 3 x 10% (measured with a calibrated
pulse generator and oscilloscope)

Minipum Bias Level 3 volts (ie. a pulse greater than this
will trigger the scaler circuit)

Hence Idnimum Input 0.1 mv (calculated from above)
Capacitance of chauber 25 upt (measured by resonsence bridge
anode system and method)

amplifier input

Therelore, the 0.1 mv input signal corresponds to a charge
arriving at the anode of 2.5 x 10-15 coulombs or 1.6 X 104 electronic
charges, ie, this quenity of cherge is the minimum which will trigger
the recorder.

The mean gas multiplication was determined in the following
way. Using the a particles from Po?0 the maxinum pulse height obtained
at the chamber anode system was measured with a cathode ray oscilloscope,
care belng taken that pulses were not large enough to produce amplifier
saturation or distortion of the proportional counter action. The observed

pulse amplitude was independent of polarization potential between 250

and 500 volts, Here the chamber is acting as a saturated ion-charber
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and the gas multiplication is unity. Readings, taken at increasing
potentials, were normalized to this velue. When the danger of

63 source was substituted

saturation or distortion became apparent a Ni
for the Pos10, 4 large range existed where both could be used so that
no errors were introduced by the substitution.

The results are shown in Figure 12. At 2.6 kv the mean gas
multiplication (M) has a value of 2.8 x lO5 and at 2.9 kv, of 1.6 x.104.
Therefore at these polarization potentials the counter will respond to
a mean of 6 and 1 ion pairs respectively.

In Figure 12, we have resolved the experimental curve into
two parts (dotted lines) one corresponding to a constant amplitude at
the value of unity for the “"saturation ion-chamber" region, and another,
seen to be approxirately exponential, corresponding to the increasing
multiplication value. The exponential character of the latter is in
accordance to the predictions of Rose and Korff (116) discussed in
section 4,

Secondly, the probability that a given particle energy will
produce a certain minimum number of ion pairs should be calculable if
the appropriate data were available. Curran et al. (3%6) note that the
mean energy () necessary to produce 1 ion pair increases with particle
energy at low energies, but give no quentitative data. They also note
that W for both argon =nd nitrogen (both non-electron acceptors like
methane) is substantially incependent of energy cdowvn to 500 ev. This
confirms theoretical predictions made by Fano (43). As a first approxi-
ration (adecuate for present purposes) one can assume that the value

due to Schmeider (127) of W~ 30 ev applies in the region of interest.




Figure 12

Gas fultiplication Function of the Counter
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Both the ionization vrocess and gas multiplication are subject
to statistical varistion, and it was shown in section A that the total
effect observed as a variance on the output pulse emplitude was equiva-
lent to a variance of the original ionization processes corresponding
to a Poisson distribution of murbers of ions, about the mean number, n,

given by

veseeSCC
equation 8

=
il
=4 [t

On this besis then one may calculate the probability that at
least J ion pairs be produced as a function of particle energy. The
probability thet x ion-pairs be produced under conditions giving a

iean value of n is given by

pl{x) = e, —If;- ..... (42)
Xa

Then the probability of producing 1 or more ion pairs is
Pl=1-plo)=1-¢0 cee..(43)

and the probability of producing J or niore ion pairs is

J~1
Py = 1-2 p(x) ceeeal44)
X20
J=1
= ] - ™ -
et > 5
X=0
2 J=1
—_— - - n_ n_ n -
= 1-eT(1+T7 + o7t e (J_l):) cee..(45)

The functions corresponding to equetion 45 are shown in
Figure 13. Since a minimum of one ion pair will trigger the counter at
a polerization potential of 2.9 kv, the curve for J = 1 represents the
counter response probability function under this condition. Similarly,
the curve for J = 6 gives the response probability at 2.6 kv. Clearly,

at low E values these calculations are in error, but certainly show




Figure 13
Counter Response Probability as a Punction of

Electron Energy When it is Responding to a Minimun

Jonization of 1 and 6 Ion Pairs
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at worst en order of negritude for P at these energies.

Thirdly, from the probability curves of F:Lgure 13 it is now
possible to obtain a total response probability for a radiation of any
known erergy distribution. We have calculated the values for ni%3 ana
895 at applied. potentisls of 2.6 and 2.9 kv. The relevant probability
function has been integrated using the energy spectre for these two
ruclides shown in Figures 5¢ and 60, which were calculated by the
methods outlined in section E, from the data of Kobayashi et al. (82)
for Ni% and Langer et al. (90) for 899,

(Ihe data for Ni®® was presented (82) as a Furie plot, essuming
the transition to be first forbidden -AJ = 2,yes - and we have adopted
the same assumption to obtain the original momentum data and thus the
B-energy spectrum. The g9 spectrum corresponds to an allowed trans—
ition.)

The results of these calculations are shown in Table II.

TABLE IT

Counter Response Probability

Nuclide Polarization Mean Number of Probebility
Potential (kv) lon Pairs Detected
Ni65 2.6 6 0.9953
wi.69 2.9 1 0.9992
§%9 2.6 6 0.9998

§59 2.9 1 0.9999
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! Due to the low energy of the emitted radiation, w3 ana g9

are the two muclides of those we have studied which are most likely to
have a low response probability. The response probability in the two
cases is seen to be very close to unity. This conclusion is also, of
course, corroborated by the observations recorded in Figure 7. The
counting rates obtained with all energies remained essentially unchanged
even when for exarple in the case of 855, the applied potential was
increased from 2.4 to 3.2 kv, corresponding to a change in the gas
multiplication by a factor of about 160.

(ii) Response Probability as a Function of Source Position

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 Hawkings et al. (68) for P52, using B -emitters of varying energy
from 0.067 liev to 2.26 kev at various polarization potentials and bias
voltages.

The source was nounted on a small area of 5-10 ug./cmz film
supported over an aperture of 5 im. diemeter in a slide of aluminum
foil. The slide wes arranged to move between two parallel wires so
that the source could be adjusted to any position along a diameter of
the source mounting diaphragm. This movement, combined with the rotation
of the diaphragm allowed the source to be brought to siy point within
the plane of the source mount. The whole was screened electrostatically
from the electrode system by being sandwiched between two gold-coated

10 pg./cm® films, Attenuation of the B-radiation by absorption in the

small layer of gas trapped between the filus could be neglected for
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~purposes of this experiment. The counting rate was observed with the
source in 90 different positions, each at two values of polarization
potential and two discriminator bias settings. Typical contours of
equal response probability are shown in Figures 14 and 19.

The contours are essentially similer to those obtained by
Hawidings et al. (66) for P2, The area over which the response proba-
bility is unity for a particular applied voltage ana.bias level can
be seen to be smaller for Ni®S than for Lal4o, because of the reduced
range of the weaker radiation in the counter gas. The curves show an
exéansion of the contours with increasing polarization and decreasing
bias voltage, corresponding to the expected variation of response
probability under these conditions.

From these data it is clear that a source dismeter of up to
at least 1 cm. can be tolerated by the counter for all particle energies
studied without a2 significant drop in response probability.

It will be seen from Fipure 5 that the counting chamber is
constructed in such a manner that both hemispheres are recessed to
accommodate an aluminum source-mount diaphragm. This allowed us +o
investigate the variation of response probability when a source of
§99 was moved 1 mm. from the medial position towards each anode.
(The source—mounting filn is customarily affixed to one side of the
alumimun diaphragm, and the source material deposited on the side of
the film away from the disphragm.) The results as shown in Taeble IIT,
show that a displacement of at least 1 mm. in either direction (the
meximum allowed by the counter design) may occur without adversely

affecting the counting rate.




Figure 14
Contours of Equal Response Probability for M6 B-radiation
(2) 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 195

Contours of Equal Response Probability for Lal4o

(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

B=radiation
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TABLE IIX

Effect on Response Probability of Vertical Source Displacement

Position ' Observed Counting Rate
(counts/min. )

Source central facing upwards 39,070 + 140
Source displaced 1 mm. towards top

anode facing upwards 39,170 £ 140
Source central facing downwards 39,240 £ 140

Source displaced 1 mm. towards bottom
anode, facing dovmwards 39,280 t 140

(1ii) Effect of Variation of Gold Thickness of Source lMount Films

The effect on counter response probability of variation of
gold thickness on films has been investigated in two sets of experi-

63 P52 ragiation. Sets of VYNS films

ments, one each for Ni“-“ and
(21l of 5-10 ug./cm? superficial density and mounted over diaphragnm
apertures of 5 cms, diameter) were coated on one side with a range

of gold thicknesses. The superficial density of gold applied was

measured spectrophotometrically as described in section C. For each

film, a source was applied centrally to the side of the film on which

the gold had been deposited. The high voltage characteristic at a
constant discriminator bias setting obtained with this arrangement was
recorded. A diaphregm with aperture diameter of 2.5 cms. was then

placed over the first, forming effectively a system in which a film

with the same gold superficial density was mounted over a smaller aperture.

The characteristic cuive was again determined. The film, on the original

dlaphragmn, was then removed from the counter and 10 ug./cm2 gold dils-
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tilled on to it. In one~half of the experiments the gold was applied
to the side of the film carrying the source and in the other half to
the reverse side. The voltage characteristic was again determined.
Finally, a further 10 ug./cm2 of gold was applied, this time to the
opposite side to the above (both sides now had at least 10 ug./cmz of
gold) and a fourth characteristic was measured.

The results of the effect of gold thickness are as follows:
1. In 211 cases the last two characteristics were identical.
Tdentical voltage characteristics were obtained regardless whether the
gold was on the source side, reverse side or both sides. Representative
characteristic curves are shown in Figure 186.
2. The appearance of the characteristics obtained with increasing
thickness of gold is shown in Figure 17 for Wi‘® and Figure 18 for P°2,
In order to render the data comparable, the counting rates are expressed
as a fraction of that found for the source after application of 10 ug./cmz
of gold to the source mount. The figures plotted apply to a diaphragm
aperture of 5 cms, The smaller aperture of 2.5 cms. had the effect of
displacing the characteristic for a given gold thickness to a higher
polarization potential. However, the gold thickness at which normal
characteristics occurred (> 2 ug./cm?) was the same for both aperture

sizes.

(iv) Effect of Purity of Counting Gas

The effect of using a counter gas of inferior quality is shown
in Figure 19 (a). This shows a series of characteristics using Ni65
as the radicactive source and Technical Grade methane as the counting

gas. The mass spectrometric analysis of a sample of C.P. methane,




Figure 16
High Voltage Characteristics as a Function of the Side of

Source Mount to which Gold is Applied

(2) 5 ug./cm? of gold on source side - Ni%3

(b) 5 pg./cm? of gold on reverse side - Ni®
(c) 5 pug./em@ of gold on source side - P92

(d) 5 pg./em® of gold on reverse side - P92
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Figure 17

63

High Voltage Characteristics for Ni~“ as a Punction

of Gold Thickness on Source Mount
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Figure 18
High Voltage Characteristics for P32 as a Function

of Gold Thickness on Source liount
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Figure 19 (a)

High Voltage Characteristics Obtained with Impure

Methane for Ni®d g-radiation
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giving normal performence, is shown in Table IV. We do not give an
analysis for Technical Grade methane as this varies from one cylinder
to another. (The variation is so great that occasionally a cylinder

of Technical Grade methane has been found to give satisfactory results.)

TABLE IV

Mass-Spectrometric Angylis of C.P. Methane *

Constituent Concentration
(percent by weight)

Hy 0.1

CoHy 0.01

Collg 0.59

Ny : 0.5

0q 0.01

COy 0.15

Cz, C4 0.01

CHy Remainder

Experiments performed with synthetically prepared gas mixtures
showed that the counter was. relatively 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 latter.

# The author is indebted to Professor H. I. Schiff of this 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
with time (measured from the time of insertion of the source, RaD-E-F,
and closing of the chember) for a series of counting gas flow-rates.

The counting-rates do not reach a constant value, indicative of normal
operation, until essentially all the air has been flushed out of the
chamber, We have used these curves to determine the period of time
which must be allowed for complete counter flushing, before measurements
can be made.

(b) "Counter Geometry"

Experimental techniques for detemining the effect of a reduc-
tion of diaphragm aperture diameter on the counter cheracteristics are
described in section (iii) of (a).

Characteristics for Ni®% and P2 are shown in Figure 20 for
both large and small diaphragm apertures. The gold thicknesses used
in this experiment were greater than the limit at which regular behavior
commenced.

Several workers (68, 95, 100) have discussed the effect of
using a relatively thick metal diaphragm in order to support the source-
mounting film or foil. Calculations have been made of the fraction of
particles emitted which will be "lost" due to collision with the diaphragm
aperture walls. Experiments have also been performed 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 (b)

Effect of Incomplete Counter Flushing.
Counting-rate as a Function of Time for a Series

of Counting Gas Flow-rates, with a RaD-E-F source.
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Figure 20
High Voltage Characteristics Obtained with Varying
Size of Diaphragm Aperture
(a) 2.5 cm. diemeter NiS®
(b) 5.0 cm. diemeter Ni%®
p32

(c) 2.5 cm. diameter

(d) 5.0 cm. diameter P52
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2.5 cms. Provided that a particle produces the necessary minimum
nunber of ions before being absorbed in the aperture wall, it will

be registered. As the polarization potential is increased, the
probability of this minimum number being produced approaches unity.
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 geometry from 4% steradians.

(c) Response Probebility at Higher Counting Rates

The resclution loss function of the present counting system has been
determined using the method previously described to examine the effect
of disintegration rate on the characteristiccgurve of the counter. A

series of 12 sources of P52

with disintegration rates ranging between
3 x 102 and 10% ais./sec. was prepared and the counting rates of the
single and laminated sources obtained. The results, expressed as
"resolution loss" as a function of the observed counting rate, are
shown in Figure 21 plotted with logarithmic coordinates. Some points
for the curve were also obtained by studying the departure from exponential
decay of a source of Na24.

The results obtained in Figure 21 clearly illustrate the loss
in counting rate of this counter assembly with increasing disintegration
rete. The presentation of the data on a “log-log"” plot results in a
curve which is linear and thus facilitates extrapolation to lower counting
rates. This correction curve can he used with confidence for our arrange-
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