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Foreword.

The course of research carried out by the present
author consisted of the following work. During the first year
of study the author took part in the design end erection of
the mein columns and pumping system of the Glasgow High
Tension wet, under the supervision of, end in collabcration
with Dr. J.B. Warren, drom sugast, 1947 to Januery, 1948 an
investigation was made cf the properties of a specially
designed high pressure ionization chaumber incuorporating e
gridded electrode., This study, the results of which are
reported in rert I of this thesis, was carried out solely by
the author, except for the initial stages of develcpmeut, in
which he ccllaborated with Dr., Werren., Starting in Janueary,
1948 the author undericok an investigation which had been
initieted by Dr. 5.C. Curran of the properties of propcriional
counters with special reference to the poussibility of the
measurement of energies and intensities of electrons sud elec-
tromegnetic radiations of low energies. In the initial stages
of this study he worked under the supervision c¢i Dr. Curran,
and in the subsequent stages he actively cclleborated with Dr.
Curran end Mr. A.lh. Cockcroft. The studies were exteuded tc
an investigation of the beta-ray spectra of tritiuwm and carbon
14 and the gemma ray spectrum of radium D. The results of
this investigetion are given in Part II of tkis thesis. In

toe initial experiments the author was concerned principelly
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in the investigation of the characteristics of the counters
for the recording of X-rays and electromagnetic radiations,
and carried out the investigation of the resolution of the
instrument and the variation of out-put pulse sizé with the
voltage applied to the cathode, the results of which are con-
tained in Sectlon 5. He was also concerned principally in the
measurements carried out on radium D described in Section 9.
In the more recent experiments on tritium end cerbon he parti-
cipated fully in the prepareation of the sources and in the

recording and analysis and interpretetion of the results.
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SECTION 1.

INTRODUGTION.

Studies of the ionization produced by the inter-
action of & fast particle with the atoms of the gas |
encountered along its track form an important field of re-
search in nuclear physics., In the case of & particle which
begins and ends its trajedtofy within the volume under
observation the complete track of the particle is obtained,
and the total number of ion peirs produced by the particle
may be measured, If the average energy required to produce
one ion pair is knbwn, for example by means of a calibration
experiment using particles of known energies, the energy of a
particle mey be calculated from the number of ion pairs which
it produces. |

On the other hend, for a particle with e consider-
ably longer range, as, for example, an electron or mesoh of
high energy, information of a different nature msy be obtained,
For such a particle only e& small section of the track may be
measured, and for this section the ionization per centimetre
of track may be obtained. This quantity, the specific
ionization, depends on the nature and pressure of the gas and
is nsually corrected to normal temperature and pressure. It
also depends on the charge and velocity of the particle and,

if the charge is known, an estimaetion of the velocity oflthe
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particle may be made. The rate of change of the specific
jonization with the velooity varies considerably for different
velocities and, while the determination of the specific
jonization mey be reasonably high, the value of the velocity
mey be rendered inaccurate for particles with very high
energlies, If the momentum of the particle is measured simul-
taneously by magnetic curveture or range estimaetions, the mass
and energy of the particle mey be calculated., The accuracy
is usually sufficlently high to identify the type of particle
as, for exemple, in the case of the meson, although very
accurate mass determinations are somewhat more difficult., A
considerable amount of experimental work has been cerried out
to determine the specific ionization of the mesaon since its
discovery, and also of the electron, since the variation of
the lonization with the energy is of considerable theoretical
importence for both these particles.

It may be stated here that, since a large amount of

the ionization may be produced by secondery particles of rela

tively high energies arising from collisions in the gas, at
least two specific ionization values may be defined., The
primary specific ionization is the number of ion pairs
produced by primary ionization processes per centimeire of
track and is obtained by counting as a single event graups of
ion pairs formed'by secondary process., The total speeifio

ionization includes ell ionization resulting from secandery
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processes end represents the total loss of energy of the
perticle in ionizetion processes, The former is obtained from
cloud chamber measurements, and the latter from ionization
chamber measurements, usually et high pressure.

The three prineipal methods of studying ionization
of fast perticles are:-

(1) Ionization chambers, using electric fields
suffieientiy high to ensure the collection on an electrode of
all the ions formed; these are used in conjunction with an
electrometer or linear emplifier for detection end measurement.

(2) Cloud chember photographic technigque, in which
the expension of the chamber is delayed to allow the ion peirs
to diffuse in a weak electric field before becoming conden-
sation nuclei for the drops. Individuel drops mey then be
counted and the number of ioﬁs'determined.

(3) Proportional counters, which employ electric
field conditions in which the ions produced are multiplied by
& gas collision process before their collection; these are
used in conjunction with a linear emplifier in exactly the
same manner as an ionization chamber,

The latter method has been applied oﬁly to the
measurement of large amounts of ionization, as, for example,
that produced by a proton or alpha-particle. In Part Twa of
this thesis a detailed account is given of investigations

extending the scope of this technique to the measurement of
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the ionization produced by low-energy electrons and electro-
magnetic raediations.

The cloud chember method is Vvery leborious, end,
while & high degree”of accuracy may be obtained in the measure-
ment of a single track when thg conditions of expansion are
carefully controlled, investigetions of the ionization of
particles using the cloud chamber technique usuelly extend to
relatively small numbers of observations. The method is not
therefore suited ﬁo a statistical anaelysis of the specific
ionization of a large number of particles, such es would be
required, for example, far a study of the speciflc ionizetion
of the meson or of high energy electrons, Such en analysis
is considerebly simpler if the amounts of ionization praduced
by individual particles are recorded electronically.

The ionizetion produced by individual particles may
be obtained with an ionization chember if the ions collected
are made to cause & change in the voltage of the first griddof
a linear amplifier. This valtage chenge may be converted into
a pulse of suitable shape, amplified in the various’stages of
the amplifier, end be made to produce en cutput pulse
sufficiently large ta ellow accurate measurements ta be made,
Hith en anplifier of suitable design this mey be accomplished
without distortion and the cutput pulse is directly
proportional to the original voltage change. If the voltaege
change is also directly proportional ta the number of ion
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. pairs formed by thevparticles, the system may readily be used
for measurements of the ionization.

A large vaiiety of designs have been used far
ionizetion chambers, largely depending on the type of radi-
ation being investigated end the method used for its study.
For exemple, in the measurement of gamma radiation, high
energy electrons and cosmic rays, & considerable number of
investigations, partial;arly in the earlier work, were ocarried
out in which the ionization was measured as a contlnuous
current. The ionization chembers usually consisted of simple
parallel plates, cylinders with a central collecting wire, or
spherical chembers with & central probe. In each of these the
current was directly proportional to the number of ions being
collected, end the principal problem was ta eunsure that neither
the positive nor the negetive camponents were reduced by
reccmbination with each other, or With.the atoms of the gas on
their passage to the electrodes. This may be effected by the
use of.ﬁﬂﬂxfficiently high electric field strength, depending
on the pressure of the gas, and the current flowing between
the plates is then a direct measure of the number of ions
being formed per unit time interval, This effect is alsa
present when the chamber is being used to measure a single
ionization event, but in this cese other problems also arise.
The conversion of'the voltage chenge on the collecting elec-

trode into & pulse which may be amplified on an A.C.-coupled
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emplifier necessitates & consideretion of the various stages
of growth end decay of the voltage with time, in order that e
suitable frequency band-width may be chosen far the emplifier.
This time variation of the Yoltage depends upon three factors:-
(a) If the ionization results in the formation of
electrons end pesitive ions, these will travel towerds their
respective electrades with different velocities, and the
voltage rise will consist of two_portions, a.steep increase
when both groups are moving and a more gradual increase when
only the s;ower component is moving. Thus, while the voltege
change finally resulting from a single ionization event is
independent of the position of formetion in the active volume,
.the relative sizes of the two portions depend on the relative
distences of the position of formation from the twa electrodes.
(b) The rate of change of voltage at the collecting
electrode is proportional ta the strength of the field through
which the ions are travelling end the voltage rise in each
portion will therefore depend on the conflguration of the elec-
trades; thus, for a parallel plate ionization chember, the
two portions would produce voltage changes of the type shown
in the sketch below, whereas, for a cylindrical chember, the

increases would both be non-lineer.
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(¢) The voltage will decrease when the chaerge has
been colleéted, the rate at which the decrease tekes place
being determined by the leakage resistance and the cepacity of
the collecting electrode; this rate must be sufficiently low
to allow the voltage ta rise to very close to the full extent
before the decay is appreciable.

It is normel ta allow both graups of ions ta reeach
the electrédes, and the frequenocy response of the amplifier is
set to‘oaver the whole time required for the callection., This

is frequently much lower them is desired since the time

‘ta&tuof such an amplifier must be greater than about 10
;eands. This time constent may be reduced considerably
al ihe electrons are to be collected, since electron drift

velocities Of the order of 106 cm/sec mey readily be obtained
in some gases%({! This would result in the measurement of only

the initial steep rise shown in the sketch, and would not



therefore give & constant pulse size for every ionizetion
event involving the same number of ions.

In order to reduce the effect of the position of
formation of the ions, a grid may be interposed between the
collecting electrode and the high voltage plate, as shown in
the sketch below. This will at the seme time minimise the
diffioculties associated with the measurement of trecks which
are not parallel to the electrodes.

DEFLECTING PLATE

A
—————————————— GRIO
B
GUARD RING
COLLECTOR

‘ The ionization events are confined tQ the region &
end the function of the grid is to screen the collecting
electrode from any field changes &rising in the area of
formation. The voltage rise on the collecting electrode

iesults almost entirely from the passage of the electrons

'fg%EOSE the region B. If the grid cen successfully be made to
= f&é & screen between the two regions, and if no electrons
{aié iast in their passage through the grid, the voltage
change will be directly proporticnal to the number of ions
formed, and will possess & Very rapid rise time. This pulse

mey then be emplified in an amplifier with & high frequency



2.

response, overcoming the difficulties associated with micro-
phony in the chamber., It was hoped that such an emplifier
could be made to have a much lower noise level then a corres-
ponding low-frequency type.

An ionization chamber of this type was built and an
investigation of the ionizetion produced by alpha particles
of polonium (radium F) was cerried out at reduced pressures.
The veriation of output pulse size with the voltages of the
electrodes and the pressure of the gas was measured, the
number of ions produced’being calculated from the Bragg curve
and a knowledge of the section of the track being investi-
gated., The widths of the groups were alsa measured eand the
resolution of the instrument obteined. The results of the
investigations showed that the pulse size was directly pro-
portional to the number of ion pairs produced, the measure-

® jons down to 1.02 x 10% ions,

ments extending from 1l.65 x 10
which represented the minimum number which could be detected
with accuracy above the noise level., The average resolution,
represented as the full width at half height of the group,
depended on the scale seﬁting of the amplifier; on the maxi-
mum gain setting it carresponded ta 3,060 ion pairs, which was
almost identical with the mean square value of the noise.

A summary of the conclusions is given at the end of

this part of the thesis. It was considered that the

facilities afforded by the development of the proportionsl
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counter methods were much superior to those afforded by a
pressurised ionization chember for investigation of small
amounts of ionizaiion. Proportional counters also permit the
measurement of very low energy radiations in studies which

are of greater interest,

(1) The Kinetic Theory of Gases - Loeb.

e i

sy
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SECTION 2
PREVIOUS WORK.

The Measurement of Single lonizetion Events.

A number of studies have been mede of the ionizetion
produced by alpha particles and protons using pressurised
chambers. In many of these the effect has been measured as &
continuocus éurrent, end attention has been directed princi-
paelly tc the efficiency of collection as a function of voltage
and pressure. In several more recent experiments the ioni-
zation prcduced‘by single particles hes been measured, and
these measurements have normelly involved the use of an empli-
fier with a sufficiently long time-constant to ellow the
collection of both positive and negative ions. A summery of
the results has been given in & recent paper by Corson and
wilson(?),

Kema end Barschall‘®) investigated the saturation
characteristics of a parallel plate ionizetion chamber for
various geses. They uéed & balanced circuit for measuring the
ionization produced by the alpha particles of polonium, investi-
gating the mean current as a function of pressure and field
strength. The results showed that the elimination of gases
which readily form negative ions aellowed very small fields tq
be used, and that the mobilities of the negative carriers were

very much higher in these gases. The curves for pure argon
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nghowed that 100 percent collection could be obtained with
field strengths of the order of 10 volts per cm. per atmos-
phere. They point out that the Jaffe theory of columnar ioni-
zation would not be applicable to this case, since the
diffusion will be very rapid and the effect of columnar
formation almost negligible.,

Barschall and Kenner (%) describe the results of
experiments to determine the séattering distribution of
neutrons in hydrogen and other gases. A parallel plate ioni-
zation chember was used, and the size distribution of the indi-
vidual pulses measured. Fkressures up to 9 atmospheres were |
used and the collecting field gradient was 3750 volts per cm.
Calibration with alphe particles from polonium showed that the
spread introduced by the chamber was less than 5 percent in
either direction. Since the pulse size is independent of the
position of formation of the ions, the timé constant of the
amplifier being equal to 0.02 sec., this spread must be due
almost entirely to amplifier noise.

Koontz and Hall(é’v)

describe the results of a set
of eXperiménts using & cylindrical cheamber which may also be
operated as a proportional counter. Since the emplifier hed a
shorter time-constant then in the previous experiments the
pulse size depended on the position of formation of the ions,

An assymmetrical distribution of pulses is obtained when the

chamber is used without gas amplification, but this disappears
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almost entirely when gas emplification is used. In the
latter case the greater proportion of the electrons measured
are fdrmed very close tc the collecting electrode. The width
obtained with the proportional counter was therefore less,

and, for the 0.6 kev protons fram the n,p reaction in nitro-

gen, the spread corresponded to & value of 35 kev.

Measurements of the specific ionization of fest
mesons and electraons have normally been carried out by the
continuous current method emd a large number of such investi-
gations have been reported. These investigations, of which

(7)

the results cf Clay and Broxon end Meredith(e, are typical

have been directed mainly to & study of the saturation
characteristics at high pressures. Two studies in whioh indi-
vidual particles were measured have, however, been reported.

Swann(g)

measured the specific ionization of single
cosmic ray particles with a cylin&rical chamber 30 ecm, in
length., This could be preésurised to 10 atmospheres, and a
voltage of 1100 applied ta the case, It was claimed that the
collection time was less then 0.05 sec. and en amplifier with
a long time~constant was used, Curves are shown with values

as low as 6,000 ion peirs, indicating some degreé of accuracy

in this region.
(10)

Dunlep repeated this experiment with a paraliel
plate ionization chamber using e track length of 17 cm., The

chamber was pressurised to 27 atmospheres end e field of 1900
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volts per cm. applied. The callection time was of the same
order as the time constant of the emplifier, 0.0l sec., and
corrections were applied for this fect. The results indicated
a specific ionizetion of 67 ion pairs per cm. in argon, but
the spread of the values waes considerable. This may be due t0Q
the energy spread of the particles, but uncertainties are
introduced by the close proximity of the collection time and

the time-constant of the amplifier.

The Use of Gridded Ionization‘Chambers.

Bunemann,'cranshaw and Harvey(ll) have described the -
resulté of an investigation of the properties of en ionization
chamber having a grid between the collecting plate and the de-
flecting plate. 4s already pointed out, the function of this
grid is to screen the collecting plate from any field changes
in the region between the grid and the deflecting plete, and
at the séme time to permit the passage of the electrons to the
collector. If this is possibie & linear amplifier of highv
frequency reéponse may be used, the pulse obtained being
formed solely by electrons.

These authors also give the results of & theoretical
anelysis of the effect of the grid. In this they assume that
the grid consists of a set cof parallel wires with radius'r
spaced a distance 4 apart, and that the spacing between the
grid and the collector is p. They define the inefficiency of

screening, s, as dEpfdEg where Ep is the field between the
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grid and collector emnd By is the field in tye collecting
volume. They find that s is very closely equal to

d/2np.log df/2nr; this éuantity must be as small as possible
if the pulse size is to be independent of jhe position of
formaetion of the cha;ge. The condition that allllines of
'forcé leaving the plate should by-pass the grid and reach the

collector is:-

By/E, > (1+ 2nr/a)/(1 - 2nr/d).

If this condition is observed no electrons should be lost by
dapture on the grid,

| The se conclusioné were tested with a number of grids
and the results found tc be in agreement with the experiments,
An investigation of the alphe perticles of polonium (5.5 Mev)
showed & full wWidth at half height corresponding to 60 kev.
The majority of this spread was attributed to the amplifier

noise.

In the work described in_the following sectiouns e
grid was used in which the wire diameter was 0.005 in.
(No. 36 S.W.G.) and the spacing 0.05 in., The distance between
the grid and callecting plete was 0.67 em., The value of s
calculated for this grid was 0.04 and the céndition that all
lines by-pass the grid was that Ep/E, should be greater than
2.0, The latter value may be compared with the experimental
ratio of 1.8 : 1.
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SECTION 4.

DESCRIPTION OF APPARATUS.

. The method consisted of the use of an ionization
chamber with intermediate grid electrode in oonjunctioh with
a linear emplifier of fairly high frequency response, The
ionizetion chember was mede sufficiently robust to stand
pressures up to 30 atmospheres. A variable-bias disorimin-
ating circuit was used 1o enalyse the pulses. |

The chearacteristics of the chember were measured at
reduced pressures using an alpha particle source, In each
individual study the integral distribution of the pﬁlses was
obtained by counting with & scaling unit the numbers aof
pulses with amplitudes greater fhan the bies settings. The
pulse size distribution was then obtained by differentiation,
and the average pulse size and the full width at half height
calculated, Various voltages were applied ta the deflecting
plate and the grid for the verious pressures, and the

variation of pulse size with these quantities observed,

The lonization Chamber.

A sectional'diagram.of the ionization chember is
given in Figure 1. The electrode system consisted of a
collecting plate 3 cm., broad and 21 em. in léngth surrounded

by'an earthed guard-ring 1.5 cm., in width. These two elec-

trodes were separated by a gep of 1 mm. and held together



FIG. 1

SECTIONAL DIAGRAM
OF IONIZATION CHAMBER

DEFLECTING PLATE
AND MOUNTING

GRID

EARTH

TO FOLLOW PAGE 17



18.

by & strip of perspex running under the assembly. This strip
was recessed near the gap in order to increase the insulation
between the two electrodes. The grid and the deflecting

plate were mounted on the guard-ring by meens of perspex
spacers extending over the whole length of the assembly. The
grid consisted of a meéh of nichrome wires 0.005 in. in die-
meter spaced 0.05 in. apart; it was mounted on a light frame
located in a metal slot et & distance of 6.7 mm. from the
collecting electrode. The deflecting electrode was also
mounted on perspex, and two copper rods attached to this elec-
trode provided a means of supporting the whole essembly from
the end-plate of the cuter case. These rods were led out
through the case by bonded metal-ta-rubber seals, thus pro-
viding‘a vacuun-tight insulated mounting. The whole electrode
system consisted of a box 6 cm. X 6 em., in cross section end
25 cm. in length., Copper-to-perspex seals were effected by
cement, which was beked to hardness after assembly.

The leeds to the grid end the callecting electrode
were introduced through the end—él&te by means of co-var seals.
Adequate insulation was obtained with these. The guard-ring
was earthed internally to the case of the chamber.

The case consisted of a cylinder 5.5 in. outer diag-
meter and 13 in. in length, with a well thickness of 0.25 in.
The end-plates were 0.75 in. thick end were attached fo flanges

of the seme thickness on the main case. The vacuum seal was
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provided by two gaskets of rubber 0.25 in. x 0.25 in. in

cross-section.

source, ‘

The polonium source used in these experiments Was
separated from an e@uilibrium mixture of radium D, E and F in
solution in the following menner. The salution wes evapor-
ated and the residue re-dissolved in 0.1 K hydrochloric acid.
A silver disc C.6 in. diameter was rotated in the solution
and polonium deposited on it., The ectivity of this source
appeared from absorption measurements to be entirely free
frcm any beta-activity.

The source was mounted from the end-plete of the
chember opposite the electrode assembly. It Wwas covered by a
collimator consisting of a large number of.holes 0.0é in, in
diemeter drilled in a plate 0.25 in., thick. This limited the
ionization produced by all but a small number of the particles
to the active volume of the chamber.

Wwith this source and collimatur a total activity of

1,700 counts per minute was obtained.

The Linear Amplifier.

With the exception of the scaler the electronic
equipment used in this experiment was of uontreal design. The
head amplifier, the main amplifier and the discriminating

unit were considerably modified te suit the requirements of



 this experiment. In the final form the head amplifier con-
sisted of one stagé of amplification‘énd a cathode-follower.
The first valve, a 6 AK 5 pentode, weas triode-connected and
drew a’few milliamps of current. The grid of this valve was
connected to the collecting_e}ectrode, no grid resistance
being uséd, and the input capacity of these was 35 picro-
ferads. The cathode follower was.provided with a number of
cathode resistances in series, allowing several gain settings
of the amplifier, each approximately one-half of the previous
setting.

Six stages of amplification follqwed in the main
amplifier, each stage being resistance-cepacity coupled with é
small amount of negative feed-back. The time-constants of
these stages were 0.7 milliseconds, except for the first stage,
which had & time-constant of é microseconds., This stage also
had a high-frequency by-pass in the anode circuit with a time
constant slightly longer then that of the grid circuit. The
output stege of the amplifier wes a cathode follower capable of
developing voltages between 100 and ~100. The valves in the
head amplifier and the first three valves in the main emplifier
we?e heated by accumulators, the remainder being heated by a
6.3-volt A.,C., supply.

The overall gain of the amplifier et meximum setting
was 2.7 x 105; the frequency response curve is given in’Eigﬁr;‘

2. The meximum noise level was 25 microvolts, corresponding taq -
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about 6,00C ion pairs, and the root mean squere noise level

8 microvolts, corresponding to about &,000 ion pairs.

The biscriminator.

A circuit diegram of the discriwinetor is given in
sfigure é. It consisted of two 6 AB 7 television pentodes
with a common cathode load of 10,000 ohms, tliese valves being
chosen for their short grid-base, Stabilised supplies of 150
and ~150 volts were used, and the common cathode potential
was 1l volts above earth. Wwith no pulses incident on the
circuit the left hand valve wes cut off and the other was
drawing the full current regquired to maintain the cathode at
the required potential. A positive pulse grriving at the grid
of the Iirst valve caused it to conduct, and the drop in volt-
age on its anode was used to cut off the second valve and
divert all the current through it. After the removal of the
positive pulse the circuit returned to its normel position.
The arrival of a pulse of sufficient magnitude to open the
first vaq? therefore resulted in a large voltage change on the
second valve, and this voltage could readily be used to
operate a scaling unit or oscilloscope. The resistance-
capacity network of the first valve had a time constant of
0.05 seconds, which was sufficiently long to prevent spurious
counting of double pulses.

A negative bias voltage between 0 and 100 could be

applied by means of the potentiometer chain across the whole
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stabilised high voltage supply. This bias was registered on
a meter which could be read to 0.5 volts. The bias setting
could be reproduced to a satisfactory degree of accuracy for

the experiments described below.

Power supplies.

The high-voltage supplies for the amplifier and
discriminator were of conventional design and were stebilised
by neon tubes., Lo measurable gain change was observed when
the meins voltage was varied by 10 volts.

The high-voltage supplies for the grid and
deflecting plate of the chamber were obtained from e specially
designed &~kilovolt rectifier unit; this unit incorporated
stabilisers providing independence of the current end voltage
being used, and the various voltages used in these experi-
ments were obtained from a potentiocmeter unit attached to the
output.

The high-voltage leads and the connections between
the emplifier and the ionization chember were carefully
screened to prevent interference from external'radiations of

high frequency.
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SECTION 4.
EXPERIMENTAL RESULTS.

Three series of investigations were carried out with
the arreangement described in the previous sections. In the
first of these the ionization chamber was filled with argon at
a pressure of 15 cu. Hg, and the pulse distributions obtained
for a large number of settings of the voltages of the grid eand
deflecting electrode, The avefage pulse size was then calcu-
lated end related to the values of these voltages. This inves-
tigation was laeter extended to lower pressures in order to
obtain the best working conditions for the second series of
studies. The latter consisted oif the measurement of the aver-
age pulse sizes obtained at various pressures using a fixed
ratio of the voltages on the grid and deflector; these sizes
were correlated with the number of ion pairs calculated from
the Bragg curve, and a calibration of the instrument thereby
obtained, The final studies consisted of the measurement of
the collection efficiency of the chamber as a function of

voltage for argon, nitrogen and air,

A, Variation of the Average Pulse Size with the Voltage

of the rlate and the Grid.

The first measurements were carried out at & pressure
of 15 cms. of argon; & typical integrel distribution is shown

in Figure 4, together with the pulse distribution obtained
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by differentiation. In the first set of runs the voltage of
deflecting plate was set to 400 volts and the grid povential
was varied from QO to 300 volts in steps of &0 volts. The
average pulse size was determined for each setting and the
curve shown in #igure 5 was obteined. The collection effici-
encies were calculeted on the assumption thet the meximum
value corresponded to 100 percent collection; this assumption
appears to be justified by the consistency of the pulse sizes
obtained for the various settings. This process was repeated
for a number of other plate voltages between 50 volts and 800
volts, and three of these curves are shown in xigure 5. The
results of a similar set of experiments carried out at a
pressure of 2 cms. are given in sigure 6. The plate voltage
for each curve is given, and the results have been plottéd in
terms of the ratip of the grid voltage to the plate voltage.
while the number of points on these curves is somewhet less
than that for the 4C0 volt curve, the variation of collection
efficiency with grid potential is clearly represented.

The sealient features of these curves may be
described as follows. dirstly, for each curve the efficiency
of collection increases rapidly with the grid voltage, up to a
value of between C.2 and C.3 times the plate voltage. This is
clearly due to the gradual decrease 0f the number of lines of
force ending on the grid as its voltage is raised. Secondly,

when the voltage ratioc beccues equal to, or greater than Q.2
ey
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that is, when the field ratio Engp is equal to 1.8, the
efficiency reaches & maximum value. If the field in the
collecting volume is sufficiently high to overcome the recom-
bination effect, this value will be 100 percent; as the grid
voltage is raised further the collecting field is gradually
reduced, and the efficiency will fell to zeroc. In the
majority of the curves there is a reasonably broad plateau
between these two phases.

If the overall voltage is not sufficiently high to
overcome recombination, the maximum number of ions measured
will be iéss then the number formed. A4 more unexpected effect
giving rise to a decrease in pulse size is observed at higher
plate voltages. Exeamples of this are given in the 400-volt
curve of figure 5 and the 2C0-volt curve of iWigure 6. Here
the pulse size decreases rapidly for grid voltages higher then
160 at the higher pressure end 50 at the lower pressure; a
similar decrease appeared at higher voltages in each case. It
appears that this effect can only be expleined in terms of the
velocity of the electrons passing across the space between the
grid end the collecting electrode. If this velocity is very
high the rise time of the pulse may be so short thet it is
decreased in amplitude by the high-frequency filter in the amp-
lifier. irom e& counsideration of the frequency response curve
of the amplifier & pulse With & rise time of 2.5 x 10~° sec.,

would be reduced to agproximetely one-half size, and it is
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calculated that the electron velocities in the upper part of
the 400-volt curve are of the order of 2 - 6§ X 10° cn/sec.,

The results of these studies showed thet meximum
efficiencies of collection could be obtained with grid volt-
ages between 0.3 and C.5 times the plate voltage in the
me jority of cases, and that the plate voltege should be of the

order of 285 volts for every centimetre of pressure used,

B, Variaticon of Pulse Size with Pressure.

The results of the experiments described in the
previous section showed thet the meximum loss of ions faor a
grid voltage to plate voltage ratio of C.3 would be 4 or 5 per-
cent of the number collected, provided that the plate voltage
was not unduly high or low for operetion at the pressures
chosen. 4An investigation was therefore carried out in which
the pressure of argon in the chember was varied between 1 cm,
Hg and 20 cm. Hg, and the average pulse size was measured at
each pressure.' Throughout this investigation the grid voltage
to plate voltaege ratio was maintained at 0.3, end the plate
voltage was increased by &5 volts for each centimetre of
pressure added.

Typical curves showing the pulse distributions
obtained at pressures of 4 cm., 6 cm. and 8 cm. are given in
Figure 7. These were obtained with the gein of the amplifier
equal to one half of its maximum value, and the sgread of the

three peeks is almost constent. The value of the full width
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ét half height is equal to 4 volts, end this was found Dby cal-
culation to correspond to & spreead of 7,000 ion pairs, that is,
an energy of 200 kev, For full amplifier gein an enalysis of
the curves for lower pressures showed & spread also equal to

4 volts; this corresponded tao en uncertainty of 5.000 ion
pairs, that is, an energy of eabout 100 kev. uor & gain setting
of one querter the syread was between 3 and 3.5 volts, and the
uncertainty corresponded to 1%,00C ion pairs. These results
indiceted thet the major pert of the spread was erising from
the noise in the amplifier end uncertainties in the setting of
the discriminestor. OCnly & very small partvcuuld be attributed
to the spread introduced by variations in the position of for-
mation of the ions in the chamber,

The average pulse size is plotted as a function of
tﬁe pressure in JFigure 8. The curve increases with incCreasing
slope to the point where the tracks of the particles end in the
active volume, The pressure at which this ocecurs is 1l1.5 cm.,
and agrees well with the renge of these particles. Xor
pressures greater than this the pulse size falls as an
increasing proportion of the ions are formed in the space
between the source end the electrodes,

The average pulse size is plotted as a function of
the number of ions formed in rigure 9. The latter quantity has
been celculated from the Bragg curve by considering the number

of ions produced in the track length failiné within the active
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 volume of the chember. This curve shows thet the pulse size is
directly proportional to the number of lous, the accuracy of

each point being better than ten percent.

C. Variation of Collection Lfficiency with Voltage.

A short survey was mede of the variation of pulse
size with plate voltage for ergon, nitrogen and edir; in these
experiments the grid voltage to plate voltage ratio was again
maintained at & coustant value of O.é. i'or each gas the
efficiency of collection was calculated, in the case of air the
absolute values of the efficiencies being valculated from the
observed size of the pulse at maximum voltage end the number
of ions being formed, The results, which are given in Figure
10, show that for both nitrogen at a pressure of £ cm. and
argon at a pressure of 20 ci. the efficiency of collection is
very close to 100 percent for a plate potential of 50 valts.
This corresponds to a collecting field of 35/4 volts per centi-
metre. Almost ccmplete collection mey therefore be obtained
for fields greater then 83 volts per cm. per atmosphere in
argon, and fields greater then 330 volts per cm., per atmosphere
in nitrogen.

The difficulties associated with the efficiency of
collection in air are well illustrated by the results glven in
Pigure 10. &rrom these it is clear thet fields considerably

greater tham 1500 volts per cm. per atmosphere would be necess-

ary to ensure collection efficiencies approacliing 10C percent
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SECTION 5.

DISCUSSION OF RESULTS.

The results of these investigetions showed that the
gridded chember was cepeble of measuring numbers of ions
greater then 1%,00C with a reasonable degree of accurecy. The
sheapes of the pulse distributions obtained for various amounts
of ionizetion indicated thet the spread was due priuncipally to
the noise of the‘amPlifier, and thet the spread introduced by
the chamber‘was of smaller magunitude. Thus the gridded ioni-
zation chember provides & wmeans of overcuming the distortion
caused by variations in the position of formation of the charge
and allows high frequency amplification to be used.

Wwhen suitable potentials have been obtained for the
grid and the deflecting plate the chiamber shows a good degree
of linearity. 4«or the iounization chamber described here the
maximum collection efficiency wes obtained when the grid volt-
age was between C.& and 0.4 times the plate voltage; the
optimum plate potential was 25 volts per centimetre pressure
used. with this errangement an accuracy of a few percent may
be obtained in the estimetion of the ionization produced by e
single particle, except for &nali amounts of ionizetion, for
which the accuracy is considereably reduced by the noise of the
amplifier,

ror the meesurement uf the ionization of electrons
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and mesons of high energy it would therefure be desirable if
the number ¢f ions Fforued was greater theun &C,0C0. assuming
bunlep¥s value of 67 ion poirs per ca. in argon, it would Dbe
necesséry to pressurise the chawber to about 8 atmospheres,
and this would require plate potentials larger thauw 10,000
volts. Measurements could readily be umade with mesons if
insuletion Gifficulties were eliminated, but the very sub-
stantial wells uede necessary by the pressure would meke
measurements on electrons very difficult. loreover, the
weasurewent of the veriation of specific ionization with
enerysy could not be carried out for energies less then several
million electrown volts, since the forwmation of a sufiicient
number of ious would require the expenditure of soume 40C kev.
The initial stages cf development of the proportion-
al counters described in the secound part oi this thesis showed
that these instrumeunts possessed consiuersble advanteges over
& pressure chamber, Lor exemple, the pulse distributions
obtaeined were considerably sharper theu those observed here,
although the number of ion pairs measured was very muck
smaller., It would be possible to investigate radiations of
considerabiy lower energy, the amounts ¢f ionizatioun being
some hundred times smaller. Investigations of electronic
radiations and wmesons could therefure be carried out without
the difficulties asscciated with pressurisation. ror

example, the celibration ¢f em ionization chember would
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require low pressure measurewents eund uncerteainties would
arise from the large pressure increase necessary. 1n the
proportional counter, however, tlhe measurewents could be
carried out at the seauwe pressure as the culibration, and the
calibration supplied by means of X-rays forwing a number of
ion peirs very closc to those being measured. wwpecific
ionization measurements could be carried out without invelving
the expenditure of a large eneryy and a more accurate deter-
mination of the energy dependence made. ieasurements of this
type are being carried out in this Departuent using the

proportional ccunter technique.

40r these reasons the investigations described in
the following sections were carried out in preference to the

continuation of the studies described here.
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SECTION 1.

SUMMARY .

This thesis contains the results of a series of
investigations of the properties amd characteristics of
proportionel counters end their application to studies of the
low energy radiations emitted by a nuwmber of radioective
isotopes., The study was initiated because it was felt thet e
considerable demand existed for en instrument which would
allow rapid and accurate measurements to be made of the energy
and intensity values of radiations of low energy. Such
measurements had in seversl cases been rendered inaccurate
and somewhat uncertain by the difficulties associated with the
alternative wethods available. In particular, it was con-
sidered that the development of proportional counting tubes
for such studies would wmake pcssible the determination of the
energy distribution of the beta-particles emitted by & scurce
for which the maximum energy of the particles was small. For
several scurces of this type the energy distributions had not
been measured with accuracies sufficiently high to allow
significant deductions to be made regarding the agreement
between the experimental results end the predictions of the
various theories of beta-decay. Amoéng these sources there
existed at least two which possessed & very small number of

constituent particles, and accurate determinations of the



shapes of the energy spectra of these isotopes would give
results of considerable importence.

Cylindrical counters operating in the proportional
region have recently been used for measuring the energies of
protons and alphe-particles from the nuwber of iom pairs which
they produce. In the work described here the method wes
extended to measurements of the energies and intensities of
electrons and electromegnetic radiaetions of both nuclear and
atomic origin. The proportional counting tubes used varied in
dimensions and construction, each being specially designed
according to the nature of the radiation and the type of
investigation proposed. These tubes wWere used in conjunction
with a linear amplifier of high gain and low noise level, end
the output of the instrument was recorded and analysed by
means of a photographic film method. It was found that, with
this system, energy and intensity measurements of relatively
weak sources could be wmade with considerably greater ease then
by other methods, and that the accuracy of the measurements
was frequently much greater,

The energy distributions of the betewparticles
emitted by tritium (H®) and cerbon (C1%) were investigated by
this method, the sources being introduced into the gas
mixtures of the counters. The results obtained from tritium
gave an upper enersgy limit of 17.9% 0.3 kev; the shape of

the energy distributicu sgreed with the precictions of the
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rermi theory to within 10%. ZFrom a detailed comparison of the
shape oI the spectirum nea; the end-point with theoretical
predictions assuming various neutrino masses the rest energy of
the neutrino was estimated as between O and & kev, The upper
energy limit for carbon 14 was measured as 157.5% 5.0 kev;
the shape of this spectrum for energies below 50 kev differs
considerably from the predictions of the rermi theory, the tran-
sition 6** » N being forbidden.

aAn investigation of the geawmma radiation of radium D
confirmed the preseunce of several gamume rays and a large
intensity of L X-radiation emitted during the decay process.

The energies of the principel gemma rays were determined as

46 kev, 25.8 kev and 7.8 kev.




SECTION &

INTRODUCTION

The study of the properties of elementery particles
and nuclei comprises one of the most important fields of
investigation in modern physics. The object of this study is
to obtaein a comprehensive collection of experimental data
which will reveal the structure of the nucleus and the nature
of the processes which lead to its existence and to provide
material for tests of present nuclear theories which are more
rigorous than those afforded by information so far available.

Information regarding nuclear structure is obtained
mainly by studies of the radiations which are emitted when
changes teke place in nuclei, either spontaneously, or as a
result of their disturbance by collisions with other
particles. In these transitions particles and electro-
magnetic radiations are emitted, and a study of the energies
and other properties of these products revealé certain
characteristics of the nuclei existing either before or after
the transitions teke plece; in particuler, the processes
involved in trensformations of radioactive nuclei yield
information regerding the properties of both parent and
product atoms. From studies of the products of radioactive
disintegrations in variocus elements it is deduced that

transitions occur between definite states of the nuclei,



these states possessing quantised energy values and
representing the only configurations in which the nuclei
exist; this was found to apply even to states in which the
nuclei exist for times so short that a further transition
follows within an interval too small toc be measurable.

A redioactive nucleus undergoes & transition to a
neighbouring nucleus by the emission of electrons or
positrans, or, more infrequently, by the capture by the
nucleus of an electron from an extre-nuclear orbit. Loss of
energy by en excited nucleus occurs by means of transitions
between the energy levels accompanied by the emlssion of
quanta of electromagnetic radiation. Since in the majority
of radioactive decays the first transition leaves the
nucleus in an excited state, the electrons or positrons are
accompanied by one or more groups of gamma rays emitted by
the nucleus in the second type of transition while it is
settling down to & configuration which is stable. Direct
measurements of the properties of excited states and radio-
active nuclei are extremely difficult and studies of these
two types of tramsition form the only means of determining
the properties of states other than the steble states.

Measurements of the energies and lifetimes of the
trensitions indiceate that the levels possess, as well as a
definite energy value, & further praperty which may be

expressed in terms of one or more theoretical quantum



ﬁumbers;. in the stable configurations the principal of

these quantum numbers has been associated with the spin of
the nucleus, and attempts have been made to determine the
principal quentum numbers associated with the other levels by
means of selection rules. The position is much more diffi-
cult then that for atomic spectra, however, and & study of
the energy vélues of the nuclear levels and any further
information from which the quantum numbers may be déduced
with more certainty is therefore of prime importence in

increasing the understanding of nuclear properties.

For those nuclei which decay by the emission of an
electron or positron the particles are observed to be emitted
with a continuous distribution of energies up to a maximum
value. In view of the quantised nature of the energy levels
it has been necessary to assume that the emission of an |
electron is accompanied by the emission of a second particle,
with which the energy is shared. The maximum energy of the
electron energy spectrum represents the energy difference
between the two levels involved; since the second particle
has not been observed experimentally, it is necessary to
essume that it has no charge and a comparatively smell mass.
Various theories have been put faorward to account for the
shapes of the energy distributions of charged particles from

different sources in terms of the properties of the levels of
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parent and daughter nuclei and the properties, in particular,
the mass, of the uncharged particle, the neutrino.
Experimental results of measurements of the energy
distributions of electrons and positrons from various radio-
active sources are gradually being obtained and improved. In
many cases, however, the acduracy of the measurements is still
not sufficiently high to ellow detailed comparison with the
predictions of the various theories to be made: in other
cases the section of the distribution investigated has not
been that in which the theories differ very greatly, a
principal example being the lack of information available
regarding the shapes of the distributions in the low energy
region for all but a very small number of isotopes; this hes
been dictated by the limitations of the experimental methods
employed. Frequently, also, the nuclei have been of such
complex nature, and the energies of the radiations so large,
that valid tests of any theory have not been possible because
of the large and uncertain corrections introduced. Apart from
the reasonable agreement of several of the experimental
distributions with the distributions calculated by means of
the Permi theory of beta—decay(l), an agreement which extends
principally cver the upper part of the distribution, very few
conclusions cen be drawn. The number of ceses in which |
disagreement exists between the experimental distribution and

that calculated with the simple iermi theory, indicates that



transitions of several types occur; this indication is

'supported by theoretical discrepancies which exist between

the half-life and upper energy limit of a number of
transitions.

Among the points of interest on which informetion
hes been most urgently required in this field ere, firstly,
the energy distributions of beta-particles from sources
which possess a very small upper energy limit, secondly, the
energy distributions obtained from nuclei which contein only
a smell number of counstituent nucleons, and, thirdly, an
estimation of the mass of the neutrino. It will be shown
that these deficiencies neve erisen principally as & result
of the difficulties associated with the normel methods of
investigation in the region of low energies, The new experi-
mental method of wmeasurement described here ellows such
determinations to be made in & number of ceses., During the
time thet this work was being carried out extensions have
been made in the normel methods towards these low energies,
but it is considered from the results of this study that the
method described here is considerably more accurate than any
elternative method at present available for the study of low-
energy bete-spectra. This werk has also allowed a deter-
-mination of the mass of the neutrino to be mede within
limits of accuracy much closer then those afforded by any
other technique.



For those nuclei which decay by the emission of
both & charged particle end electromegnetic radiation, and
in nuclear processes involving the de-excitation of e nucleus
by the same means, the gemma rays are observed ta emerge with
one or more definite quantum energies., It is important to
know, firstly, the energy of each group of gemme rays being
emitted, end, secondly, the order or errengement in which the
transitions occur if more thamn one gamma ray 1s aobserved.

Energy determinations are carried out by several
methods involving various degrees of accuracy and each
appliceble only to a particular range of energies. For high
energy gemme rays, for example, measurements are mede from
studies of the absorption properties of the rediation, or
by an enalysis of the Compton electrons which it produces;
for radiation of lower energy measurements are made from
studies of the photoelectrons which it releases, or by X-ray
orystal reflection technique. Both methcds are severely
limited by considerations of efficiency of detection and the
length of time required to obtain good accuracy.

The determination of the de-excitation decay scheme
aof a nucleus involves alsc the measurement of the
coincidence of occurrence of two gamme rays of different
energies., The normal method employed involves the use of
Geiger counters and absorbing meterials. The efficiency of

detection of gemme rays of high energy with the conventional
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Geiger tube is of the order of one percent, and this
éonsiderably limits the uses to which the method mey be
applied, HFor exemple, with such en efficiency the number of
coincidences observed is only one ten thousendth of the
number which would be detected if the efficiency of each
counter was one hundred percent. PFor various sources it is
therefore exceedingly difficult te obtein accurate measure-~
ments of coincidence rates because of relatively high beack-
ground, counting rates and in the mejority of cases the
estimation of triple events involviung more than two counters
is impossible, due to the high rate of random events leading
tc the recording of spurious coincidences.,

During the period in which this work was being
carried out investigations have Dbeen made elsewhere of the
properties of scintillation counters‘Z) for the detection of
gemma raediation., The greatly increased sensitivities
afforded by counters of this type have made possible experi-
ments on effects which are of considerable theoretical
importence; such studies as those reported by Deutsch(s) on
the anguler correlation of successive gemme rays and their
direction of polarisation, should give information regerding
the quentum numbers of levels end the order of multipolarity
of the radiation. With the increesing development of these
counters more information should become availeble regarding

these properties. The increased sensitivities afforded by
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the counters ta be described here, even though the energies
for which this sensitivity is high ere limited ta less then
200 kev, should be of considerable value in extending these
types of measurements to low energies.

A most importent field of gemma ray studies is the
investigetion of low energy rediation, that is, radiation
with energy less then 200 kev. Interest centres on this
field for several reasons., Rirstly, there is every indi-
cation that low energy gemme rays may be emitted in several
disintegrations, and that these have sao far not been observed
due to limitations oi the methods aveilable for their detec-
tion., Secondly, several radioactive trensitions give rise to
low energy gemme radiations which do not appear to fit any
recognised decay scheme, & particular example being that of
radium D. Thirdly, in the majority of cases in which nuclei
decay by the emission of gamma radiaticn of low energy, the
gemme rays may appear outside the atcom as photons or as
secondary electrons; in the second case the energy of the
ray is transferred to one of the electrons surrounding the
nucleus. While most of these low energy gamme rays are
accompanied by a measurable number of secondary electrons,
the probability of secondary electron production shows
considerable variations between different sources. This
probability has been shown thecoreticelly to depend on the

energy of the radiation, the atomic number Z of the product
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element, the atomic shell from which the electron is ejected,
énd the multipole order of the radiation; tihe latter arises
from & theoretical consideration in which the nucleus
emitting the radiation is regarded as en electric or
megnetic oscillator with the cheracteristics of a dipole,
quadrupole, or multipole. The order of polarity 1s

connected theoretically with the quantum numbers of the
energy levels in the following menner; e trensition between
two levels differing in gquantum number by a value lg should

:z.

Since, as has already been pointed out, the variation of the

give rise to a gemme ray with amn order of polarity of &

probability of internal conversion with the order of polarity
is considereble, an estimation of the probebility mey allow a
definite determination of the order of polarity. The
internal conversion coefficient, defined as the retic of the
number of secondary electrons to the number of gemma rays,
has been calculated as a function of the energy eand the
nuclear cherge for the various orders of polarity(4). For
example, the internal conversion coefficient of & geamma ray
of energy E in the K-shell of an atom with charge Z is given

by:-

£+5
% = (Z/Z-H «'Z (2”’°/E 72

where & = 1/13n, Corresponding expressions exist for the
other shells.

The results of experimental determinations may in
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‘the main be explained by these expressions, assuming &
value for é . NLevertheless, some anomalies exist. For
example, among the naturelly radiocactive elements there are
several radiations for which the ratio is either too great
or too smell. A study of anomalies such as these would be
of great value.

The measurement of the number of X-rays
accompanying the transition also permits a determination of
the ratio to be made, since the ejection of an electron from
an atomic shell is faollowed by a rearrangement of the atom.
This method could with advantage be enlarged, since cases
exist in which the inteusities of X-rays and secondary elec-
trons do not agree.

The identification of a K-capture decay depends
upon the identification of the X-rxays resulting from the
removal of en extra-nuclear electron. While the critical
absorption method of analysis is adequate to reveal the
presence of the cheracteristic radiation, and identify the
nuclear charge, if no other low-energy radiation is present,
it would be of considerable adveutage if the technique could
be extended to allow coincidence measurements to be made with
more ease, for example between the X-rays and gemme rays.
Since the nucleus and the K-electron must be considered to
form a single system it is possible that special effects might

appear if angular correlations were scught between X-ray and
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gamma rey.

The discovery of isomerism and the existence in
quite a number of nuclei of meta-stable staies has also led
to investigations involving low-energy gemma radiation. 1n
these isotopes & nucleus mey exist for a very appreciable
length of time in & state other them the ground state, and
finally decay by the emission of a low energy gamme ray
trensition which usually exhibits & high internal conversion
coefficient. The lifetime of a gamme reay transition, like
the conversion coefficient, is related to the energy and the

multipole order of the radiation(5).

This relation mey be
expressed as follows:- _

logA = 20.3 - 2 log(l.3.5. 2€ - 1) - (28 + 1)(1.5 - log E)

- 26(0.84 - 1/3 log A) ,
where A is the decey constant (0.68/lifetime)
E is the energy of the gamma ray

end A is the atomic weight of the element. Cases exist
where measurably long lifetimes are observed; these occcur
when the energy of the gamme ray is smell end the multipole
order high, and explanations of both isomerism end the
existence of meta-stable states are based on this consider-
ation. Here again estimations of the internal conversion
coefficients provide useful cross~checks of the theorétical

interpretation; in some cases, indeed, the discovery of the

process has depended on the identification of the charge of
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the product nucleus by meens of the X-reys emitvted,

While some of the effects discussed here had been
observed in the naturally redioactive elements, the recent
discovery thet meny radioactive isotopes of the other
elements could be produced by artificiel methods hes consider-
ably extended the frequency of occurrence of transitions of
every type, end the variety of redioactive sources aveilable
has also extended the range of the phenomena to be investi-
gated, Among the most notable of these extensions are the
increase in the renge of energy of the decay products, the
increase in the range of lifetimes, in particular the
inclusion of several excited states with lifetimes between
1l second and 1 micro-second, and the discovery of tran-
sitions with @ high degree of complexity. This rapid
expansion in the number of sources available, end the demand
for more detailed information regarding the other radiations
emitted, must certainly involve the development of improved
experimental methods of investigation. Vigorous efforts are
being made to improve the existing methods and to devise new
techniques to meet these demands.,

Among the transitions of exceptional interest there
are a sufficient number involving radietions with energies

less then 200 kev to comnstitute a considerable demend for an

instrument which in this energy region would permit repid and
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accurate measurements of energy and intensity tc be mede.

As has been pointed out these rediations include primary and
secondary electrons, gemme rays and X-rays; 1in & suitable
ges, however, the electromagnetic radiations may readily be
converted into photo-electrons, so that the problem then
resolves into one of the measurement of the number eand
energies of electrons of faeirly low energy. The twa me thods
used for such determinations are the measurement either of
the range or number of ion pairs produced by individuel
particles in a cloud chamber or of the curvature in a
megnetic spectrograph or spectrometer. In the latter instru-
ments the source must be of fairly strong intensity and must
be confined to an area as smell as practicable; this means
that, with the solid sources used, considerable uncertainties
arise due to the thickness of the source mounting (giving
rise to reflection effects) and the thickness of the source
itself (giving rise to absorption of the electrans which
originate some depth below the surface). 1t is clear that
these effects are most serious for electrons of low energy.
By using thinner sgurces and source mountings together with
Geiger counter detection these effects may be reduced, but
even so results obtained below 30 - 40 kev are usually open
to some doubt, and it is much more desirable to use & method
which involves a gaseous source. The cloud chamber method

possesses this advantage but the drop~counting of the tracks
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is extremely slow and laborious; 1t is therefore not
surprising to find thet the number of tracks measured is
usually so small that statistical fluctuations are consider-
able end only the barest outline of the distribution
obteined. While the alternative method, nemely the measure-
ment of the remnges of the particles, is less tedious end e
larger number of trecks mey therefore be measured, the energy
estimetions depend on & renge-energy curve which at present
does not appear to be very eccurate at very low energies,
However, the recent development of a cloud chamber method of
energy measurement of photoelectrons from low-energy redi-

ations by T. Sen-Tsiang et. al.(e}

hes shown the capabilities
of such an instrument; while the accuracy is fairly good
compered with previous methods, it is felt that the instrument
is not adequate to deal with most of the problems ocutstanding
in the low-energy region.

As & result of a preliminary investigetion of the
properties of & cylindrical counter operating in the region of
proportional gas amplification it was considered that a method
could readily be developed to allow measurements of energy aud
intensity to be made in the region described ebove. This
method involved the use of a proportional counter with a
linear amplifier of high gain and low noise in & menner

similar to the more normal ionizetion chamber and linear

amplifier technique. The latter is of course not directly
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applicable to such energies since the number of ion pairs
formed by an electron with en energy of, for example, 10 kewv
~is only 300, end this number is much too smell to give a
pulse which could be emplified successfully in view of the
varietions present in the first valve of the amplifier.
These Vvaristions, which arise from thermionic disturbences
in the emission of the filament and in the grid circuit, may
be lowered by & suitable selection of band-width in the
subsequent stages of emplification, but it is not possible
at present to reduce them to such a stage that a pulse of
300 ions would be observed. A pulse of ten times this
number could be detected, but, if the pulse is to be can-
siderably greater in amplitude then the average noise level
of the amplifier, considerably more ion pairs would be
necessary; it is therefore impossible tc meke accurate
meesurements with an jionization chember if the energy of the
radiation is less than 150-200 kev,

By the use of suiteble multiplicaetion in the pro-
portionel counter, however, the level of the pulse could be
raised by a factor which would allow easier multiplicetion
in the amplifier, and the instrument coculd be applied to
radiations of very small energy, in fact, down to energies
for which only one or two ion pairs are formed., In order to
test that this technique was cepable of energy and intensity

measurements of high accuracy the investigations reported in
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the following sections were carried out. A variety of pro-
portional counters were used and the results have in every
way confirmed the original considerations which indiceted
that counters of this type are exceedingly useful for

measurements in this range of energy.

A proportionel counter is essentially & cylind-
ricel ionization chember in which the ions praduced by indi-
vidual particles are multiplied by collision processes in the
gas on their passage to the central electrode. This multi-
plication is carefully controlled and limited in such a
manner thet the pulse obteined at the collecting electrode is
directly proportional to the number of ilons produced in the
initial process., The greatest multiplication used is much
smaller then the multiplication used in Geiger caunters, and
the proportional ccunter has cheracteristics end praperties
lying between those of an ionization chember and those of a
Gelger counter.

Historicaelly the development of the proportional
counter by Geiger and Rutherford(V) preceded that of the
Geiger-Muller counter; proportional counters have, however,
been used most frequently for ccunting particles in a similar
manner to the latter, since they may be adapted to discerimi-
nate between ionization produced by a heavy particle and that

prcduced by electrons ana electromagnetic radiations. These
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counters are most frequently used to separete ionization
events involving laerge numbers of ions from an intense back-
ground of smeller ionization events, and considerable
attention hes been paid to their performence in such
conditions.

A further use of the proportional counter is the
measurement of the number of ions produced by an ionizing
particle or radiation, as described above; if the camplete
track of the particle is confined within the counter this
measurement allows & determination of the energy to be made,
end the method is essentieally the seame as the lonization
chember method, differing only in the relative number of ions
collected, The smaller amount of attention which has been
paid to this use may be attributed, firstly, to the reasonable
adequacy of the ionization chamber for measuring the energiles
of heavy particles, end, secondly, to the lack of & satisfec-
tory understanding of the mechanism of proportional gas multi-
plication.

Since the recent work of Korff and others, and the
development by them of a thecretical explanation of the ges
multiplication process, several proportional caounters have
. been designed for energy measurements of heavily ionizing
particles. These counters have been shown to have same adven-
tages over the ionization chember, and the results of the

work described here, in whick praportional counters are
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applied to the ionization produced by electirons end electro-
magnetic radiations of much smaller energy, indicate that
these satisfactory properties mey be retained also in this
energy region. The energy range of the instrument is confined
to energies below 150 kev, & limitation imposed by the dimen-
sions of the counters, and the following cheracteristics are
noted in this range:-

(a) strict linearity of the output pulse with the
energy of the redietion for & number of gas fillings,

(b) Good resolution of photoelectron lines of
uniform enérgy. allowing accurate measurements of energy to
be mede,

(c) High sensitivity to gemme radiation, end

(d) The existence of counting plateesux of severél
hundred voits extent in which the rate of variation of count-
ing rate with voltage is remarkebly small.

These results have been obtained from a study which
consisted of the measurement of the variations of output pulse
size with the energy of the radiation, the voltage and the gas
mixture; in the majority of these investigations photo-
electrons from the fluorescence X-reys of various elements
have been found to provide a source of rediation of suiteble
energy, and studies have also been made of the distribution
of pulses from which the widths of the X-ray lines and the

resolving power of the instrument could be estimated, These
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measurements also provide a set of data by means of which a
check mey be made of the theory praposed by Korff, emd from
which it is possible to determine the optimum working
conditions for any specific purpose.”

This proportional counter may therefore be seen to
provide a reletively simple means of measuring the energies
and intensities of nuclear and atomic radiations. According-
ly en investigation of several sources emitting low energy
rediations is being carried out; the results which have been
obtained with the first three of these sources are contained
in the following sections. The sources are tritium (lHa),
carbon (5014) end radium D (ggszlo). While further details
regardiﬁg each source will be found in the appropriete
sections, the reasons far which they were chosen will be
given here.

The inVestigations of the betea-spectra of tritium
and carbon form part of a series of investigetions of the
rediations of a group of isotupes emitting low-energy betae
particles, the others being sulphur 35, nickel 59, and radium
D, Tritium is undoubtedly of considerable importence in view

of the very low energy of the end~point (18 kev) emd the very

simple nature of the nucleus; as has been pointed out elready

these both enhance the value of any results to be compared
with & theoretical prediction. Carbon 14 has been chosen

principally because of its low mess value and the "forbidden®

-~
-
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nature of the transition; it may also be readily converted
into a geaseous source. uith em upper energy limit of 155
kev, it has recently come within the scope of the magnetic
spectrographic method, and the results obtained here are com-
pared with those obteined with the latter method. An investi-
gation of the spectrum of sulphur 35 is at present being
carried out; +this has an upper energy limit of the seme order
of energy end has also been investigeted with the spectro-
meter, so that comparisons should agein be possible, It is
clear ffom the very great differences in shape which appear
between the two spectre already studied that the completion
of these studies should give considerable informetion
regarding the simplest of the beta-spectre with various
orders of "forbidden-ness.”

%he investigatioﬂ of the gamme radiation of radium
D bhas been carried out for two reasons. rirstly, this
source is included among the low-energy beta-emitters to be
studied, and & clear picture must first be obtained of the
low energy gamma radiation and the electron conversion lines
to be expected. OSecondly, it forms the first of a series of
studies on the low-energy gemme radiations of various
elements which show anomaelous decay schemes; for these
gamma ray studies it is not necessary to have a gaseous
source, and & search may also be made of & large number of

sources for low energy gamme rays and X-rays.
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The methods described here are well suited to the
measurement of numbers of ions between 10% and 103, end a
determination of the specific ionization of the meson mey be
-made. This development appears ta require only the con-
struction of a satisfactory method of coincidence selection
of those tracks which are of approximetely equal length; the
number of such tracks seems to be adequately large for such
e measurement. This, if carried out in conjunction with a
measurement of the range or curvature, would allow the mass
of the meson to be calculated, although the accuracy of such
a calculation is not particularly high.

The verious properties of these counters should
prove of considerable value in future work. It is felt that
the results given here illustrate the types of problem ta
which the technique may be applied; while the number of such
problems is large, the method may elso be epplied to other

problems beyond the scope of this investigation.

Prior to these studies no proportional ccunter
measurements of the energies of electrons or gemme reays had
been reported., Dburing the course of this work two reports
have appeared. The firstfa) describes the eppliceation of a
methene-filled proportionalvcounter to such measurements;
though the gas gains indicated seew to be very high; no

energy measurements from which the performence of the counters
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mey be estimeted have so fer been given. The second
report(g) describes the study of the K X-rays emitted by
radioactive argon, the method being essentially similar to
thet employed here; the use of & muech less selective method
of pulse recording has, however, failed to show the high

degree of resolution obtained in these studies.
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SECTION &

PREVIOUS WORK ON PROPORTIONAL COUNTERS

Theoretical.

'Kbrff(lO) proposed & theory of the process of ges
amplification taking place in a proportional counter which
may be described as follows. Consider & cylindricel counter
having a central wire of redius r; and a cathode of radius
rg maintained at a voltege V. Gas amplificetion will teke
place when an electron during its passage towards the central
wire picks up from the field sufficient energy in one mean
free path length to ionize an atom of the gas. Suppose that
this occurs when the field strength reaches a value equal to
or greater then Eynit, and that the field strength reaches
this value at radius r; then, on the average, the number of
electrons moving towerds the wire will be doubled in each
mean free path length between r and rj;, The relation between
r and Egpy¢, is:i=-

Borit. = V/r(log.rz/rl).

As the voltege on the counter is reised, gas empli-
fication will start at a velue Vgpiy, Where r is greater thenm
r; by one mean free path length and, since this difference is
very smaell, being of the order of 10-% cms at one atmosphere,

We may write:-

Vorit. = Eeris. (r1. log F2/, ),
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and hence:- r/r] = V/Vopyt,

‘Now if on the average dN ion pairs are formed by N
electrons in a distemce dr, we may write dN = & N dr; oK will
depend on the field strengtbh end nmay therefore be written as
&(r). If Ny is the number of ion peirs initially produced,
the number of ion pairs observed in the counter when a voltage

V is applied is therefore given by:-

J'og (r)dr
% I e{('r)dr

that is, N, e

N = Ng

The velue of & has been determined by Korff to be
fa N, CV / r)%-" where & is the ionization cross-section of
'i;he“electron divided by its eunergy, Ny is the number of ges
atoms or molecules per unit volume, end C is the capecity of
the counter. The gas amplification is defined to be the ratio
of the charge collected ta the charge praduced and is there-
fore given by:-

= N/Ng e‘f-(aNmuV)f3 riE [(V/Vcrlt) - ]J
where V >vcr1t and equal to unity for V<K Vorig, If
V = Vcrlt + 8V this expression beccmes: - '
log A . 8v

and therefore the gas amplifica%ion would be expected ta

increase exponentially with voltege beyond the threshold value

Experimental.

The assumptions on which this theory is based ape
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(1) Thet no electrons are lost by recombination
with ges molecules and ionms,
and (2) That no electrons are produced by other
processes such zs bombardment of the cathode by positive ions
or photoelectric emission.,

Rose and Korff(1l) investigated the variations of A
with V for verious gus mixtures end pressures amd found gaod
egreement with this theory; departures cccurred in conditions
where assumption (2) could not be applied, that is, where no
attempt was made to ebsorb the photoelectrons. By the
addition of a sufficient amount of a polyatomic gas ta prevent
the spread of photons these departures were removed; this
prectice was adopted in the work at higher pressures described

here and has been found to give very satisfactory results.
(12)

for values of A between 1 end 100 and observed the predicted

Rose and Remsey carried out similar experiments
linearity between log A and V, éxcept for small values of A.
Near the threshold voltage the onset of gas multiplication was
less abrupt than that predicted on the simple theory; since
certain quantities inserted in the equations given above
represent average values, the treatment is stetisticel in
nature and such departures are likely tc be observed, particu-
larly where either the number of ions produced initially or

the number of mean free path lengths preducing multiplication
is smell.
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The statistical nature of the process elso glives
rise to fluctuations in the pulse sizes obtained. An enaly-
sis by Snyder(13) of this fluctuation, in which the number of
ion peirs produced by the ionization radiation is assumed tQ
ve n + /1, gives a mean square deviation:-

An - «f§7; X L,
where h is the finel pulse size. It will be showh that this
equation is not applicable to the results given here, since:-

(1) The variations of the number of ion pairs |
produced b& an electron stopping in the gas is considerably
less then «/n, and

(2) A simple analysis of the problem shows that
the positién is more complex and that the result of the
analysis depends on the assumptions mede.

Coon and Hoble(l4) describe the application of
argon-filled proportional counters to measurements of the
energy of neutrons by means of proton recoils. They chose
proportional counters as they wished to observe radiations
with energies below 100 kev, The counters, which had a
cathode radius of & in, end a wire diameter of 0.005 in., were
operated at gas geins between 5 and 50. The pulse size
appeared to be accurately proportional to the energy of the
recoiling protons, the variation of gas gain with valtage was
found to be reletively slow (increasing by & fectar of 10 in

400 volts), end the counters were found to remain accurate to
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10% over a period of a week.

) Koontz and Ha11(15) describe the construction of a
cylindrical counter which could be used either as an
ionization chamber or as & proportional counter. This counter
had a cathode diemeter of 1 in., and & wire diameter of 0.0025
in., and was filled with argon - nitrogen mixtures ta a total
pressure of several atmospheres. Comparison of the pulse
distributions obtained from protons of 0.6 Mev energy produced
in the n,p reaction in nitrogen showed thet the width of the
proton group was smeller when gas emplification was used, This
was explained as follows: in & cylindricel ionization chamber
the size of a pulse obteined from a proton track of fixed
energy depends upon the average rédius at which the track is
formed, end this gives rise to a considerable distortion of the
pulse distribution; for the proporticnal counter, however,
this distortion is absent since an overwhelming praportion of
the ion peirs collected 1s produced within a few meen free path
lengths of the wire.

The operation of this counter in experiments on the
scattering of neutrons in helium is described by the same
authorsfle). The curves obtained in the two conditions of
operation again indicated that in each case the pulse size was
directly praoportional to the energy.

Since it is proposed to discuss in a later section

the counting plateaux obtained with the low energy praportional
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counters reference may be mede here to the work of Simpson‘l7).
A description is given of the praperties of @ proportionel
counter used for counting alpha-particles in the presence of
large emounts of beta-activity. The counter used was filled
with methene end had a plateau of ebout éoo volts (3%
variation in 200 volts); ealthough the presence of aQbeta—
source of high strength (5 x 10° disintegretions per minute)
reduced this plateau ta 150 volts, satisfactory operation
could be obtained. This peper is a good example of the type
of results which can be obtained when proportionel counters
are used salely for the registering of particles.

Borkowski and Fairstein(s) give a brief report of
the use of proportionel counters for counting X-rays and saoft
electrons. The counters, which had a wire diameter of 0.005
in, end were filled with methane at a pressure of one atmos-
phere, were stated to ellow very rapid counting and ta have
plateaux of about 400 volts with a slope of 1% per 100 valts.
While interested principelly in the counting éroperties of
these tubes, they point out that energy measurements may be
mede with them, since they are operating in the proportional
region,

The extension of proportional counters to. energy
measurements of radiations which are otherwise difficult ta
study, and the high sensitivities which they offer far the

detection of soft gemma rays were counsidered ta be of great
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importence. A4 study wes therefore carried out of the radi-
ations of a number of artificiel radioactive lsotopes knoWn

to emit beta-particles of low energy, end this study was
extended to sources emitting gamme rays and X-rays of low
energy. Several properties of the counters were also investi-
gated end the results of the latter study indicate the advan-
tages which are afforded by such a technique and support the
explanations of the mechanism of operation put forwerd by

Korff.

(10) S.A. Korff, "Electron end Nuclear Counters" (Chep. 3)
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SECTION 4

DESCRIPTION OF APPARATUS.

The method consisted of the use of a proportional
counter in conjunction with a linear emplifier of high sensi-
tivity, the output pulses from this emplifier belng recorded
by a photographic method. A description is given in this
section of the various parts of the apperatus end the reasons
for which this method wes adopted.

In the course of this work a large number of count-
ing tubes of various constructions were used depending on the
type of radiation to be investigated. These counters varied
considerably in diameter and length aund were constructed in
either metal or glass. This veriety of sizes gave rise ta
various praoblems, but it was found that with reasonable care
the counters could be made to operate satisfactorily amd
remain stable in characteristics over quite long periods.

It is interesting to observe that this technique
extends to'very low energies the ionization chember type of
investigation, the energy of a particle being determined from
the number of ion pairs which it produces. These investi-
gations have so far been limited by the signal-ta-noise ratio
of the amplifier to about 5000 ion pairs, or 150 kev. By
using gas emplification factors up to 10° this velue mey be
lowered to a few hundred electron volts, end it is considered

from the results of this investigation that tune fluctuaetions
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introduced are reasanably small.

Proportional Counting Tubes.

. Tubes with Gless Enveloges
| ~ Figure 1 shows the type of counter used in the

initial experiments. The envelope, which was 2} inches in dia-
meter and about 10 inches long, was constructed in Pyrex glass
2 - 3 mm, thick. ‘The cathode consisted of & thin sheet of
aluminium with polished surface, held in position by light
pressure ageinst the glass; counection to the high voltage
supply was provided by a wire contact led out through a seal
in the side arm of the counter. The collecting wire, tungsten
of diemeter 0.002 or 0.004 in., was held taut by e spring
inserted as shown into one of the tubes sealed into the ends
of the counter. These tubes served as central mountings for
the wire and bad a bore of a few millimetres; they were
coated on the outside surface both inside and outside the
counter with a deposit of "Aquadag". They therefore served as
guard-rings and were earthed throu%h the two small seals so
that they also prevented the central wire from direct electri-
cal exposure to any of the insulating surfaces which might
become charged. This is of especial importance since any
accumulation or rearrangement of charge distribution on these
surfaces when the voltage is applied would give rise to

spurious pulses and thereby increease the noise level of the




TO FOLLOW PAGE 34-

(|

3TN oBF TV no-cod o8

B8

SV



35.

amplifier. It was found that with the arrengement shown the
number of spﬁrious pulses was reduced to an almost negligible
value.

The contact between the wire end the amplifier was
screened by a short length of metal tubing connected to the
case of the head amplifier to prevent picking-up of external
signals. Gince high frequency_signals would be pessed across
the space between the cathode and wire, it was necessery to
screen the whole counter: this was effected either by
enclosing the counter in a metal box, or, where this wes
inconvenient, by coating the outside of the glass at each end
with "Aquadag", extending the coatings to overlap the ends of
the cathode. Either method wes entirely satisfactory.

Several of the counters were very microphonic due to
movement of the central wire; this difficulty was overcome by
mounting them on shock-absorbers weighted with several pounds
of lead; in the mejority of cases, however, no such mounting
was necessary.

Finally, a window about a tenth of a millimetre
thick was blown in the side of the counter to minimise the
absorption of low energy radiations at the wall., A bhole of
corresponding diameter (3/4 in.) was cut in the cathode; this
hole was covered by one or two thin wires to meintaein the uni-
formity of field, and it appeared that no appreciable

distortion resulted from this smell discontinuity of the
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surface of the cathode.

Metal Tubes,

As the range of energies measured was increased it
became necessary to use counters of larger dimensions and 10
arrange for their pressurisation to several atmospheres. A
series of counters was therefore designed for construction in
copper. A copper cylinder end its end-plates provide the
vacuum case and also act as the cathode; the wire supports,
which are shown in Figure 2, were insulated with ebonite from
the case, which carries the high voltage. Tue ebonite tubes
screwed centrally into each end~plate and the metal guard-
rings were fixed to the ebonite by the locking nuts at one end
and by the flat plate at the other., The guard-ring haed an
external diameter of 3/16 in. and could be edjusted so as to
extend into the counter by any desired length. The ebonite
plug which fitted into the recess in the guard-ring tube pro-
vided en accurately centred mounting for the wire; at one end
of the counter it housed the spring as shown, while at the
other end the wire passed out through a fine hole to the ampli-
fier.

On completion of the assembly the ends of the counter
were made vacuum tight by coating the outside with wax; thus,
for both the glass end metal counters, no waxed surfaces were

exposed to the gas inside the counter. The counters were
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evacuated and filled through a side tube attached to the main
casing and closed by a small glass stop-cock. In the counters
which were used for high pressures the vessel wés sealed off
by means of a thin copper tube which could be bent back on
itself and soldered after cutting; this was found t0 make a
very good vacuum seal, Other constructional details of the
high pressure counters will be described in the relevent
sections. However, it mey be noted here that the ebonite
mountings were sufficiently strong to allow pressures up to
5% atmospheres to be epplied to the inside of the counters,
and that the insulation of these materials behaved satisfac-.
torily et potentials up to 6,000 volts. The developments of
technique associated with the use of the beaded counter will
be found in Section 8.

The windows of the metal counters were made by
drilling holes in the copper wall and covering them with thin
foils of copper, aluminium, mice or cellophane, This has
several advantages over the glass windows, since any desired
thickness of foil could be used, and the absorption properties
of the windows could be calculated before they were inserted.

It is unfortunate that the major part of the surface
carried the high voltage. The large condensers connected
across the high voitage line to provide aedditional stability
enhanced this danger, but the addition of earthed screens was

impossible, particularly on the larger counters.,
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The Linear amplifier.

Several amplifiers were used in this work; each
consisted of a head emplifier amnd & mein emplifier deéigned
by Mr. i. L. Cockeroft. These eamplifiers hed a very high
signal—to-ﬁoise ratio, being designed for ionizaetion chamber
measurements, end played a very important purt in the success
of this work. A pulse of 1500 ion pairs arriving at the grid
gives a signal which appears‘above the maximum noise level.
Assuming this maximum level to be 1000 ion pairs, the root
meen s@uare noise level is 300 ion peirs. This noise is
caused principelly by fluctuations in grid potemtial resulting
from small grid currents and therefore varies with the input
cepacity in a similar menner tc the signal. icr en input
cepacity of lOMM F, for example, the sighal is 20 microvolts
and the noise (root mean square) is 4 - 5 microvolts.

A& circuit diagrem oi the head amplifier 1s given in
Figure 3; it consists of a single stage of emplification end
& cathode follower stage to enable the pulses to be transmitted
to the mein emplifier in & low impedance cable. The high
voltage lines are stabilised emnd the first two valves are
heated by three 2-volt accumulators. The highest signal-to-
noise ratio is obtained when nc resistence is inserted in the
grid circuit, but the emplifier was usually employed with g
100 megohm grid leek, since, for counting rates greater then

104 per minute, the first valve tended to bias-off; the grid
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leek, while preventing this trouble, slightly reduced the
sensitivity of the instrument.

The main amplifier .consisted of three steges of
push-pull amplification of conventional design with a cathode
follower output to the oscillogreph. A maximum output pulse
of about 100 volts was obteined, and the overall amplification

of the system wes between 108 end 107.

Recording and Analysis of rulses.

The most usual methods of recording the amplitude
distribution of the pulses are either

(a) To count in & fixed time interval all pulses
larger then & given size, using en electronic discriminating
circuit, or

(b} To displey the pulses on en oscilloscope end
record them on a moving photogrephic £ilm.
In the first method the ccunting must be repeated at a large
number of discriminator bias settings, when the integral sizé
distribution mey be obteined. In the second method the film
is enalysed to give directly the size distribution of the
pulses obtained. DIlectronic multi-chennel pulse analysers
have recently been developed, but the number of chennels avail-
able is too small to allow accuracte resclution.

The photogrephic methcd was chosen in this work

beceuse

() Pulses of all sizes could be recorded together
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and a sufficient number for analysis Qould be obteined in a
single run of short duration,

(b) The pulses may subsequently be divided into any
number of size intervals up to at least 100, whereas, with &
diseriminator method, corresponding resolution can only be
obtained if the counting rates at 100 settings ere measured,
and if the accuracy of the discriminator settings is corres-
pondingly hignh.

(c) The short time required for obteining full film
date, even for very weak sources, considerably relaxed the
stability requirements of both the high voltage supply end the
emplifier gain. For example, & source giving 10,000 pulses
per minute could be recorded in four minutes (on about 50 ft.
of film) and would give an average of 400 pulses in each
energy intervel; with a discriminating circuit, using the
method of differences, the corresponding accuracy would
involve very much greaster counting rates or & prohibitively
long running time.

(d) The presence cf occasional large pulses caused
by contemination of the walls of the counters with & -
particle emitters causes a momentary depression of the base-
line during the time when the amplifier is recovering, If
pulses from the source under investigation appear during this
time they will be depressed in amplitude as showr in the

sketeh. Suck pulses, which would be erronecusly recorded in
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an electronic discriminator, may be rejected on inspection

during the analysis of the film.

o{-.quﬁcka

e

(e) Selected portions of the distribution may be

obtained b& screening the major portion of the tube face,
allowing an analysis to be made of & small number of pulses
from an intense distribution, as, for exemple, in the end-
point film shown in rigure 4.

The cathode ray tube spot was here deflected verti-
cally by the output pulse of the ewplifier while the film
(35 mmn., recording film) was moved through the cemera at &
constant speed horizontally. 4 high voltage oscilloscope was
used, together with a lens of aperture £/1.8; several
typical traces are shown in Figure 4. In each the
undeflected position of the spot is marked by the line &A;
»the second line, which appears above this, is caused by halo

which spread beycnd the semi-transparent mask over the spot.
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The films were analysed by projecting them on to a
screen which had 120 lines ruled on it at a specing of 4 cu.
Each pulse is recorded in the energy intervel into which it
falls; while this analysis occupied & large amount of the
working timé, it was felt that this was justified by the high
degree of accuracy which could thereby be obteined.

Throughout this work the negative high voltage
supply for the counters was obtained from four-kilovolt stebi-
lised power units designed by T.R.E. sor voltages higher than
4 kV two supply units were connected in series, the trauns-
former windings of one of them being insulated from earth by
a pair of high-voltege transformers placed back-to-back. The
output of these units was additionally smoothed by two or
three O.l-microfarad condensers with 2-mehohm series
resistances, and provided an adequately stable end smooth

supply throughout the work.
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SECTION 5
PROPERTIES AND CHARACTERISTICS OF THE COUNTERS

Sensitivity to X-Reys and Geumma Reys.

These counters were designed to have a sensitivity
as high as possible to electromegnetic rediation. KFor X-rays
and gemme reys sensitivity is of prime importence and a high
sensitivity velue for the instrument would enhance its velue
considerably. In the usual Geiger tubes, sensitivities of
the order of one percent make intensity measurements with
weak sources difficult, and the usual alternative method
employed is that of the crystal spectrometer. Both the pro-
portionel counter and the crystal spectrometer may be applied
only to a limited range of energies, end, for these energies,
the high sensitivity obtained from the proportional counters
enables a larger esmount of informeation to be obtained from
weak sources than may have been obtained from a crystal spec-
trometer. A high sensitivity should also give much more
accurate results in coincidence measurements. |

This higher efficiency of detection is obtained by
meking use of the high photoelectric absorption coefficients
of various gases below 150 kev, and by operating the counters
at pressures around atmospheric pressure. By choosing gases
or vapours which have high absorption coefficients in the
range of energies involved the absorption in the ges was made

as high as possible. Where possible the gamme rays or L-rays
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were introduced through a thin window, end, further, the
absorption of the walls of the counter was made as small as
possible by using a light cathode materiel, such as aluminium
or graphite, or by coating the copper walls of & metal counter
with these materieals.

The gas mixtures most frequently used contained
argon at a pressure of 55 - 60 cms. Hg, together with a
quenching gas; these mixtures were found to be suiteble for
energies between O and 50 kev, For example, at 10 kev, this
gas hes an absorption coefficient of 62, so that in & path
length of 7 cms, over 40% of the quanta will produce photo-
electrons. Since each pﬁotoelectron will be detected, this
represents a very high sensitivity.

For quentum energies arcund 100 kev good sensi-
tivity maey be obtained by using gases of higher atomic number
and by increasing the counter dimensions; efficiencies up to
15% can be obtained by the use of krypton and x%bn in a ten
cm: diemeter counter. A4An increase in the size of the counters
was also demended by the following considerations. The photo-
electrons released in the gas must have a high probability of
completing their ionization process inside the counter if an
accurate determination of their energy and that of the quantum
is to be possible; therefcre the dimensions of the counter
must be large with respect to their renge. A4lso, since the

photoelectrons produced in the wall will emerge with a variety
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of reduced energies, it is desireble that their effects
should be small; clearly, therefore, the gas absorption must
be made as high as possible if accurate energy measurements

ere to be made,

As & rough working rule the size of the counter wes
never less then twice the range of the photoelectrons under

study and was usually as large as practicable,

Uniformity of Multiplication.

For accurate energy measureuents it is necessary to
meke the variations in pulse size as swall as possible. wince
the gas multiplicaetion process depends critically on the value
of the field strength close to the surface of the wire, good
uniformity could be obtained only if wires of uniform radius
were used and if they were accurately centred along the axis
of the tube. Care was taken to use wires of low tolerance and
to avoid careless alignment; microscopic analysis of the
wires showed that they were free from prominences.

At the ends of the active volume of the counters
the electric field varied in magnitude and direction due to
the close proximity of the earthed shield, This resulted in
@ non-uniformity of gas multiplication in these regions, and
this effect was studied in the specially designed counter,
part of which is shown in Figure 2. This counter hed & series
of thin windows at intervals of one centimetre along its length

through which the fluorescence radiations of Copper were
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admitted. The average pulse height of these X-rays was
obtained at various positions and these are shown in Figure

5. Gince these were obtained in identical conditions they

mey be considered to represent the values of the gas multi-
plication, and it will be seen that they fall off very rapidly
close to the end of the wire. Since this distence is deter-
mined by the radius of the screening electrode and, since most
of the metal counters had the same redius, the end-effect was
considered tc be the same to the first order. The effect
could probably be reduced by using & narrower séreening elec-
trode, but this is difficult.

It is important to note, however, that in this
method the-windows, and therefore the widths of the X-ray
beams are finite: +this mey cause some smoothing of the end-
"variation which may consequently be slightly sherper than
thet indicated here.

Irom the studies of the end-effects of Geiger-
Muller tubes published by other authors(18) it woula appear
thet the variations are similar to thosé observed here., In
the Geiger tubes the counting efficiency is reduced and at the
Same time there is a dependence of the counting efficiency on
the voltage. For these tubes, however, the effect may be
neglected in the measurement of X-rays end gemma rays from an
external source, since the photoelectrons will be confined to

@ region near the window of the counter, that is, in a region
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where multiplication is uniform. sor work with bete rays
using em internal source, this end-effect must be kaown, &ud
it is importent to use counters which ere as long as practi-
cable. Alternatively, beaded counters may be used and these
will be described in the relevant sections.

The wide variation in field strength in the counters
between the ceatrel wire and the cathode surfuce necessiteates
soiae check upon the uniformity of multiplication of ionizaetion
praduced at various radii. In every experiment in which
fluorescence X-rays are used for calibration purposes these
X-rays form photoelectrons with approximately equal proba-
bility across a complete diameter of the counter. If these
X-rays produce a good homogeneous group of pulsgs, as is
observed in the majority of caseg, the radial variation of
multiplicetion mey be assumed ta be very smell. Those cases
in which inhomogeneity of X-ray pulses may not be explained by
range or gas mixture considerations indicate a failure to
collect the full number of ions near the circumference. It is
then necessary to adjust the working conditions until such uni-~

formity is observed.

Dependence of the Qutput Pulse Size on the Energy of the
Radiation. o - | |

~ The averege output pulse sizes for radiations of
various energies were investigated by the following method for

- counters filled with various gas mixtures axd operating at
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various ges amplification values. An industrial A.C. X-ray
tube used to give a beam of White X-rays of 50 kev maximumn
energy; this beam was allowed to fell on to a thin scatter-
ing foil and the scattered radiation weas collimeted to enter
the window of the counter at righf engles to the direction of
the initial beam. This scattered radiation was known toc con-
sist principally of the fluorescence X-rays of the scatterer
and, by using foils of verious meterials from calcium to
barium, groups of X-rays could be admitted with accurately
known energies between ~ 5 kev and 40 kev., It was found thet
the Kgo¢ and Kﬂ rediations could be resolved end it wes there-
fore possiblé t0 exemine the variation of pulse size with X-
ray energy to & high degree of accuracy in this region. The
histograms for menganese chloride, calcium and copper are
given in Figures 6 and 7; these show & clear resolution
between the Kg¢ and Kﬁ lines of each element. The appearance
in Pigure 6 of the K-radiations of both menganese and chlorine
is of particuler interest, since a celibration may thereby be
made below the critical absarption edge of argon (3.2 kev),
The relative intensities of the lines differ from those
expected theoretically due to differentiel variations of
absorption in the window and detection in the counter gas for
the different energies; this effect does not, however,
prevent the determination of the average output pulse sizes

O0f the characteristic radiations.
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Pigure 8 gives & plot of the average pulse size
against the energy of the X-rays of a number of elements far
the argon - methene mixture most frequently used (60 cms
argon and 15 cms methane)} end it will be seen thét the
points lie close to a streight line passing through the
origin. Since, for these energies, the majority of the
quente are absorbed in the K-shell of argon, they produce
initially an electron with an energy 3 kev less then the
energy of the quantum; the remaining energy, which might

appear as secondary radiations, must be converted into further

photoelectrons in almost every case. The Auger effect in

argon is 95%(19) so that a very high proportion of the absorp-
tion events~lead to the release of a number of photoelectrouns
with a total energy very close to the energy of the quentum;
in the remaining ceses, where a K X-ray of argon is emitted,
they are rapidly converted in the neighbouring atoms of the
gas, due to their high absorption coefficient in the lM-shell,
Therefore very few of the ionization events are expected to
give rise ta photoelectrons which do not sum up in energy to
very nearly the energy of the quantum.

The results abtained for the radiations below 10
kev in energy are given in ifigure 9. These show a good degree
of linearity.

A similar investigation was carried out in & mixture

consisting of nitrogen (60 cms Hg), methane (7 cus Hg) and
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helium (7 cms Hg) and the results are shown in Figure 10.
This also shows an almost direct proportionality between pulse
size and energy similar to that of Figure 8; the shape of the
individuel distributions indicated thet the detection
efficiency was somewhet smeller in this case, as there were
considerable pulses df smaller energies due to wall effect.
An investigetion was also cerried out with e mixture con-
taining methane (63 cms Hg) end helium (10 cms Hg), and the
results are also-given in Pigure 10; this shows that the
relation is somewhat curved. The X-ray absorption properties
of methane seem to be very poor since the pulse distributions
obtained from this mixture failed to show the cleer grougs
obtained with argon. Xor example, the distribution obtained
with molybdenum shown in Figure 1ll, includes a considerable
backgrocund of pulses of all energies up to Ko¢ ana K/g peeks,
now much more indistinct. While this may be caused by a rela-
tively larger wall effect, indirect evidence appears to indi-
cate that non-uniform distributions are obteined in this gas;
this may be a severe limitation of the proportional counters
already reported to have been used with this filling.

A point of more fundamental importance arises in
the consideration of Figures 8, 9 and 10. The lineerity of
the relations indicates that the energy expenditure per ion
pair in argon and nitrogen is seunsibly constant over the range

involved here. Since these measurements involved photo-
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glectrons from e few hundred volts to about 40 kev in energy,
strong evidénce is afforded of the linearity of energy and
the number of ion pairs produced over the whole of this
region. This supports the indirect evidence put forwerd by
Gray(ZO) for the constancy of energy expenditure in the noble
gases." The lineerity in nitrogen indicates that the vari-
ation of energy expenditure in air observed by various
investigators‘gO) is due almost entirely to the oxygcen
content. o

The non-linearity of methane is not unexpected; in
polyatomic gases electrons will lose energy very frequently
in the excitation of vibrational and rotational states, and
these losses may vary considerably with energy.

The method used here could readily be adapted to a
systematic study of the energy expenditure per ion pair in a

large number of gases, particularly with quenta of even

lower energies,

Identification of Radiation.

o As an illustration of the discrimination aveilable
in this counter a study was made of the fluorescence X-rays
of copper (Z = 29) and nickel (Z = 28). The pulse distri-
butions fof these are given in'the,top two curves of figure
12, the lowest curve being the pulse distribution of the
electromagnetic radiation of radioactive copper. The latter

decays by three slternative processes;-
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Nif4 4+ ot |
cub% — Zn644 o~ + gemma rays
~N
Nié%+ K-cepture
The redioactive source was covered with polythene of
sufficient thickness ta absorb all the electrons and positrons;
the peak due to the k-radiation resulting from K-capture in
the source is therefore superimposed on the pulses due tog-
(1) Annihileticn quanta of 0.51 MevV,
(2) Gamme quante of energy 1.3 Mev,
end (3) The natural background of the tube.
& Very curéory enalysis shows, however, that the rediation
corresponds exactly with the K X-rays or nickel, and that the
resolving power of the instrument is quite adequate ta
separate it from that of copper. In & similer manner it is
possible to differentiate between L X~rays of neighbouring

elements, as was done in the case of radium D which will be

described later.

Resolving Power.

It has been shown that the resolving power of the
instrument was adequate toc differentiate between the X-rays of
neighbouring elements. A more rigorous analysis involves con-
sideration of the experimental widths cf the lines measured,
and their correlation with the statistical fluctuation of the

number of ion pairs formed in the gas and of the gas emplifi-
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cation.

It is concluded frcm the histogrems of various lines
that the full width at half amplitude of a distribution due to
homogeneous radiation producing an average initiael number of
ion pairs, n, which mey be expressed as & AJ—;, where A is
the gas emplification, and o has values betweeu 1 and 2.
Since the average pulse size is an, the experimental varia-

tion mey be expressed as:-

h =e [1/n. b,
where h is the full width at half amplitude. As tuis vari-
ation is some three times lerger then the root mean square
value in definition, it is clear that the experimental vari-
ation is considerably smaller then the velue given by
Snyder's analysis, which assumes that the initial fluctuation
isi-qu It is shown in Appendix 1 that the variation pro-
duced by the gas amplification is suwell and it is therefore
necessary to assume that the initial veriation is consider-
ably less thani n. This is not surprising since in most of
the gases used all the energy of the particles will be
absorbed in ionizing processes and dissociation processes,
The prcbebility that an electron will form en ion pair is
therefore an involved expression of the energy in each gas,
and in meny gases the only process by which an electron mey
lose an appreciable amount of energy is the production of ion

pairs. It cannot therefore be assumed that, if n is the



54,

number of ion pairs produced on the average by an electron

of energy E, i.e., if n = EfE,, where Eg is the energy
required to produce one ion pair, the probable variation will
vet J 1, but rether that it will depend on the fluctuation in

B in many cases this may result in & much smeller

o’
variation.

The fluctuation in emplificetion will depend on the
nature of the gas used and the value of the gas gain A, since
these will control the number of mean free paths and their
variation, It will also he related to the number of ion
pairs producéd, since this determines the final number of ion
pairs collected.

The role of the various factors mey be studied in

detail with this apparatus.

Variation of Gas Gain with Voltage.,

‘ Various experimenters have reported investigetions
of the variation of gas amplification with cathode potential
far different gases. 4 short investigation was carried out
here with ‘the usual argon-methane mixture and with nitrogen,
in order to ascertain the approximate velues of the gas gains
being employed in the initial experiments. The counter used
had e cathode diameter of 6 cm and & wire diemeter of 0.004
in; +the average pulse size at each Vvoltage setting was deter-

mined (a) for the 47 kev line of radium D at low voltages and

(b) for copper X-rays at bigher voltages. It was thereby
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possible to cover a considerable voltage range without alter-
ing the gain of the emplifier. Iigures 13 and 14 give the
variation of log. & with potentiel for argon and nitrogen; for
the latter only a relative scale is used; for the former the
gas anmplification at 1400 volts was assumed to be unity since
no appreciable decrease of the pulse size was observed as the
voltage was lowered below this value., It is clear that the
gas gain increases exponentially for bofh gases, in agreement
with the theory, except for a smell region near the threshold,
Because of the considerations regarding statistical
fluctuations already discussed the gas gains used in the
analyses of 4 - and Y -spectra were norumelly greater then
15 - 20, while, for comsiderations of linearity, they were
usually less than 100; exceptions, principaelly the investi-

gations of very low énergy components, are noted in the text.

(18) X. Greisen end N. Nereson, Phys. Rev., 62, 316, (1942)
(19) 4.H. Compton end S.K. Allison, "E-Reys" (Mecmillan, 1936)
(20) L.H. Gray, Proc. Camb. Phil. Soc., 40, 72, (1944)

-~
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SECTION 6

QUANTITATIVE DETECTION OF RADIATION.

It has been shown(17)vthat proportional counters
exhibit a femarkably uniform pleteeau of several hundred volts
for the detection of heavily ionizing particles, and they ere
frequently used for quentitative studies of source readiations.
4 study was therefore made of the plateau obteined in these
counters for several gas mixtures, using lightly ionizing
raediations. It hes been shown that the formation of e few ion
pairs in one 6f these counters operating at a gas galn of 109
gives a pulse sufficiently large to ellow it to be registered
above the noise of the amplifier., 4 counter of 40 cm., active
length and 6 cm. diemeter was filled with ergon (6C cm. Hg)
and methane (15 cm. Hg) together with a mixture of hydrogen
and tritium fo a pressure of 5§ mm, Hg. This counter had been
used for one of the measurements on tritium and the cqunting
retes were determined with a scaler for different voltages,
all of which were within the strictly proportional regilon.

The results of this experiment are shown in Pigure 15; it is
clear that the plateau is extensive end the slope (0.005% per
volt) is much smeller then that of a Geiger counter. “Since
the tritium spectrum consists of electrons of all energies
this provides a very satisfactory test of the counting proper-
ties of this arrengement.

The plateau is limited on the low voltage side by
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loss of counts of particles of low energies, and on the upper
side by the appearance of extraneous effects, such as the
liberation of photoelectrons at the well or in the gas.

This experiment was repeated with nitrogen, in this
case using X-rays of copper; an appreciable number of the
photoelectrons will be released at the wealls and will there-
fore have energies varying from a few electron volts to 8 kev,
The results of this investigation, alsao shown in iKigure 15,
again indjicate a plateau of very nearly zero slope and exten-
ding over several hundred volts. These results show:-

(1) That if a rediation produces more then 100 ion
pairs compiete detection will be obtained,

(2) That proportionel counters may readily be used
for the qusntitative measurement of soft radiations in a
menner exactly similar to the geiger tube, and the epplication
already discussed to high energy radiations,

and (3) That nitrogen filled proportional counters may
be used with advantage to replace Geiger counters in the
detection of cosmic reys end fast bete-particles, since these
will, in a path length of several centimetres, give sufficient
ion paifs tc ensurs complete detection; a nitrogen filled
counter would be free from all the difficulties associated
with the finite counting life 0f the conventional Geiger
mixtures of argon end orgenic vapours.

Applications of tkhese properties will be described



in later sections, and extensions of the investigations

described in the preceding section discussed.
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SECTION 7
THE BETA SPECTRUM OF TRITIUM

Tritium (H®) was the first radioactive source to be
investigated in the series of experiments on the low-energy
beta-emitters. Such an investigation is ideally suited to the
proportional counter technique since (a) the maximum energy of
the beta-particles is sufficiently low to allow counters of
quite smaell dimensions to be used, and (b) the source may be
introduced as a gas into the mixture of the counter. With
regard to (&) 1t is possible to neglect the effect of the
1imitation'of the counter dimensions if diameters greater than
5 cm, are used; with regard to (b) the introduction of the
source into the counter as a gas overcomes the difficulties
associated with the more normal spectrographic technique.
These difficulties are, firstly, the finite thickness of the
source and its backing, and, secondly, the absorption of the
thin window dividing the mein body of the spectrogreph from
the detector. These at present produce unsurmountable diffi-
culties with & source having a maximum energy less than 20 kev,

The spectrum of tritium is of considerable
importance for several reasons:-

(1) The relatively simple structure of the 1H5
nucleus and its undoubted assignment to an allowed tramsition
makes possible a crucial test of the Fermi theory of beta-

decay,
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(2) The unusually low energy of the spectrum makes
possible aﬁ accurate estimation of the mass of the neutrino,
(3) The mass difference between 1H® and pHed may

be determined with great accuracy.

Previous Results.

Previous determinations of the end point of the
spectrum (Ey) by various methods gave values remging from 9.5

kev to 18 kev.

»

Libby and Lee(zl) using a megnetic deflection
method, obtained a value of 13'.". 5 kev.

Alverez end Cornog(®2), using en ionization chamber,
measured the ionization per unit volume and obtained a value
of 18 kev.

BrOWn(ZS) measured the range of fhe beta particles
in helium as 0.23 mg/cm®, from which he calculated e velue of
9.5 kev., O'Neal and Goldhaber(24) measured the range of the
beta-particies in an argon-alcohol mixture with & screen-
walled counter as 0.46 F 0.05 mg/om®, from which they celcu-
lated an energy of 15 i.é kev; it was later shown (25) tnat
the difference between these last two measurements was due
almost entirely to differences between the range-energy
relations used, and that the second result was more accurate.

Watts end williems(26) used a method in whick the
beta-particles were accelerated through the window of a

counter; by first accelerating thermionic elecirons through
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the window its stopping power was obtained; the value which
was obteined for the end-point was 11 % 2 kev,

In each of these methods, solid sources were used
and the shape of the spectrum could not therefore be deter-
mined, Neilsen‘27), using & drop count method in a cloud
chamber containing a tritium gas source, obtained an average
energy value of 6.5 kev and an end-point of 14.5 kev. As
Neilsen pointed out, these values were in disagreement with
the shape of a Fermi distribution, end it is unfortunate that
this determination included only 108 tracks.

Noviek(28) reported a recent measurement of the
half-life of jH® in which the amount of helium produced by e
known emount of tritium in some 200 days was determined quanti-
tatively. This measurement, which wes confirmed by the
ionization chember results of Goldblatt(ag), left little doubt
that the half-life was close to 12 years, and indicated that
the tramsition was allowed.

KonoPinski(50) has shown that & theoretical
discrepancy exists between the measured half-life and end
point energy for 1H3 when they are compared with the corres-
ponding velues for the nearest electron emitting nucleus,
2He5. The calculations indicated that, if neither of these
quantities had been underestimated, the discrepancy could only
be resolved by assuming & neutrino with mass lying between

1/30 and 1/45 of the mass of the electron. This assumption



62.

could not be proved or disproved since the shape of the
spectrum was not known., The results of Cook, Lenger and
Price(sl) on the energy distribution of the beta pearticles of
$35 indicated a neutrino mass of less then 1/100 of the mass
of the electron. This work was directed to‘give an accurate
determination of the shape“of the spectrum and as an attempt
to resolve the difficulty by a ﬁore accurate determination of

the end-point energy.

Experimental Results.(zz' 83

In these measurements, which were carried out with
several counters of different dimensions, the tritium was
introduced into the gas mixture of the counter, which
contained also argon at & pressure of 60 cm. Hg and methane
at a pressure of 15 cm. Hg. In each case the method of
filling was the same; the counter was first evacuated and
eabout 1 cm. of inactive hydrogen was introduced; this was
ellowed to stand for about éO minutes in order that any
absorption of hydrogen by the walls would be completed. A few
grams of palladium containing the active hydrogen was then
heated in é side tube connected to the system and the gas
released diffused into the counter. Heating was continued
for about 15 or 20 minutes and the side arm was sealed off.

The normael argon-methane mixture was then added.

Counting rates of the order of 5,000 to 10,000 per
i

min., were obtaiﬁed; it was necessary, however, to check that
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the active gas was not being absorbed in the walls or metal
parts of the counters, since this would have resulted in con-
siderable distortion of the spectrum. It was verified that

the gas could readily be removed from the counters since the
normal background counting rate was obtained after they had
been evacuated and refilled with inactive gas. Further, it
was found that the gas could easily be transferred t0o an evacu-
ated counter, and that such shering resulted in activities
proportional to the active volumes of the counters end
independent of the surface areas exposed.

The initial experiments were carried out with a
glass counter of 6.7 cms. diemeter and an effective counting
length of 12 cm. Only one investigation will be discussed,
since it was subsequently found that the counter was of such
short effective length that the end-effect already discussed
in section 5 resulted in a considerable distortion of the
spectrum. An analysis of some 40,000 pulses from the tritium
source was made under conditions which allowed energies
between 900 v and 18 kev to be covered and the results of
this analysis are given in Figure lé. A further analysis was
carried out at the same gas gain end amplifier gein in which
the film was exposed at a slower speed in order to obtain a
considerably larger number of pulses in the region between
13.5 kev and 18 kev. The results of these measurements are

given on the right hand side of Figure 17. ZPhotcelectrons from
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the fluorescence X-radiation of copper were superimposed on
the bete spectre to provide an energy calibration, and the
pulse distribution, which is also given in Figure 17, gave two
quite distinct groups. The natural background of the oqunter,
with energy calibration, had first been determined over a
period of several minutes, and the pulse size distribution
obtained; +this distribution, which averaged 40 pulses per
group, was subtracted from the experimental distribution
before it was plotted in Figure 16.

It will be seen that the counting rates in the
majority of the energy intervals are considerably higher then
the background counting rates, except very close to the end-
point where some lack of acourecy results. The spectrum
obtained here increases continucusly towards the low energy
end, and is slightly concave throughout. Since thls arises
principally from the large end-effect no discussion of this
figure will be given; a comparison of these results with those
of later work, in which the end-effects were much smeller,
demonstrates the appreciable distortions which may result from

such an effect.
The upper energy limit of this spectrum was found to

be 16,9 kev, end, because of the lerge background, the probable
error was considered to be sbout ¥ 0.3 kev. Several later
runs with these counters geve end-point values between 17.0 kev

and 17.9 kev; the counters used were of similar length but
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smaller diameter, and they consequently had smeller background
counting rates.

The metal counter 40 cm. long end 6 cm., in diemeter,
which bhad been used for a study of the end-effect described in
Section 5, was used for the second set of measurements. The
experimental results obtained with this counter as described
above are given in Pigures 18 to 23; 1in each case the energy
scale was determined from a calibretion with the fluorescence
X~rays of copper. PFigure 18 gives the distribution of beta-
particles for energies between 1,5 kev and 19 kev, end also
glves the distribution of background pulses; Figure 19 the
end-point distribution between 15 kev and 19 kev., The broken
curve of Figure 20 was obteined by smoothing the experimental
results and subtracting the background; the full curve
represents the Fermi distribution for en end point of 18 kev
and has been corrected for the end-effect; the two curves
have been arranged to have the same total area. These
corrections were made as follows; <firstly, the theoretical
Fermi distribution:-

F(W) = (W, - W), p.W.G.D.
may be written as:-

S(E) = ‘EO - E)Z[l - e"" 40.55697E]"‘1 D,

where p is the momentum in units of me
W is the total emergy in units of me®

E is the non-relativistic energy in kev
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Z is the charge of the product nucleus, and is
equal to 2
G 1s the Coulomb factor,
and D is the Dirac factor, which is effectively
constant for these low energies.

The end regions of the counter were oonsidered to be
divided into small sections between planes perpendiculer to
the wire and the gaein of each section was known from the
results given in Figure 4 es e fraction of the gein in the
central section of the counter. Fermi distributions of
reduced scale were calculated end added to the main distri-
bution with relative intensities equal to the volumes of the
sections chosen. The modification which resulted was very
slight due to the greater length of the counter.

A comparison of the theoreticel curve with the
experimental results may therefore be made from Figure 20. It
is seen that the trends of the curves are slightly different,
the experimental maximum is less pronounced than that of the
theoretical curve and slightly higher in energy. The sudden
drop in the last energy interval is due to experimental limi-
tations and it does not appear in the more detailed investi-
gation of lower energies. Elsewhere, however, the departure
from the theoretical curve is not very great, although the
intensity appears to be systematically smaller then would be

expected at the lower energles and greater at higher energies.
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Since alloweance has been made for the end-effect and since
the distortion due to wall absorption effects must be very
small at these higher energies, it is difficult to attribute
these small discrepancies to any experimental limitations.

The end-point energy of this curve is 17.8 kev, and
the estimation is considerably more accurate than that
previously quoted, since the background effect is considerably
less and mey therefore be allowed for more accurately. A
Fermi plot of the results is given in Figure 2l. 1In this
[N(l - e“'\/z'1475;E)]% is plotted ageinst E, where N is taken
from the smooth curve of Figure 20, end it is seen that the
points 1lie veryAélose to a straight line with an intercept on
the E-axis of 18.1 kev. This surprising agreement with the
Fermi predictions must, however, be teken to indicate a some-
what insensitive property of the method of plotting. The
finel result is 17.9 kev and the accuracy has been estimated
ast 0.3 kev.

The results of a separate investigeation of the
spectrum et low energies are given in Figure &28; they cover
an energy range from 600 ev to 6 kev, and were obtained by
increasing the gas amplification in order to allow more
accurate date to be obtained. This confirms the maximum at 3
kev and indicates an extrapolated intensity value at zero
energy not less then 0.8 times the intensity at the meximum,

Although it was extremely unlikely in view of these
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- results that the transition was complex, this was checked in
the following menner. Tritium gas was introduced into an
envelope containing two Geiger counters, as shown in Figure 23.
A gas mixture of 74 cm. argon and 1.5 cm., alcohol was used so
that, if eny gamme radiation of low energy was emitted during
the transition, the efficiency of detection would be not less
than 85%. If any of the transitions results in e simultaneous
emissioﬁ of a beta particle and a gamma ra&y, coincidences
between the two counters would be observed. A mica foil was
placed between the two counters in order to avoid a high coin-
cidence rate between the two counters due either to an inter-
action between the discharges or a triggering by the same beta-
particle; the counter was placed in & magnetic field, though
this was not essential.

The tritium gave a counting rate of 880 counts per
minute (average) in each tube; the coincidence rate with
tritium in the counter (2.25F 0.10 counts per minute) was
actually less than the coincidence rate when no tritium was
present (2.50% 0.16 counts per minute), so that the maximum
possible increase of coincidences was 0.0l per minute. Since
the counters had been cealculated to have & minimum coincidence
detection efficiency of one percent, including solid angle
considerations for the traversal of each counter by radiation
eémitted in the other, the meximum possible number of complex

transitions is certainly under one percent.
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In view of the reasonable agreement of the experi-
mental results with the predictions of the Fermi theory and
the great sensitivity of the theoretical curves to the mess of
the neﬁtrino, the detailed end-point curve may be compared
with Fermi curves calculated for various neutrino masses.
Before considering this question, however, it is necessary to
discuss the effect on the shape of the spectrum of the limited
number of ion pairs produced by the bete perticles. Since the
number of ion pairs produced at the meximum energy is 600, the
resolving power of the instrument (or the spreed in the number
of ion peirs) will be significently large. In practice, the
finite resolving power of the instrument will not affect the
main part of the curve since the variations in the curve are
small, Near the end-point, however, the effect may be rela-
tively more pronounced, If & Fermi distribution with end-
point at 18 kev is drawn, and the resclving power of the
instrument is teken to be of the form shown in Appendix 2
(full width of n% at half height, in agreement with the
results of Section 5), the experimentel curves may be calcu-
lated., These curves are shown as the full and broken curves
of Figure 36; it will be seen that the effect is small aund
that no appreciable distortion occurs except within the last
one kev from the end-point. A full analysis of the correction
is given in Appendix 2. |

Permi curves have been calculated for various
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neutrino rest masses between O kev and 4 kev, aund the
resolving power correction has been included in them. The

formula from which these curves were calculated is:-

P(W) = puG (W, - W ) JO0 - W)(W, - W+ 2 )

where W 1is the neutrino mass. A comparison of these curves
with the experimentel points (Figure 24) referring to grouped
values from Figure 19 indicates good agreement with the curves
for a neutrino mess of O or 1 kev., The experimental errors of
these points do not rule out a neutrino mass of zera and
edditional accuracy would be necessary. Assuming that the

neutrino theory is valid the results may be stated as:-

M = mf500 £ w/500
The end-point vealue of 17.9 kev is in much better
agreement with the half-life value then the results of Watts
and Williams and lessen the theoretical discrepancy without
necessitating the assumption of a relatively large neutrino

mass.
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SECTION 8
THE BETA SPECTRUM OF CARBON 14.

Introduction.

Carbon 14 was the second radioactive source to be
investigated in this series. As in the case of tritium, it
was possible to introduce the source into the gas mixture of
the counter; the source was in the form of carbon dioxide,
and the amount of this gas which was introduced into the mix-
ture was so small that it could produce no alteration in the
performance and characteristics of the gas mixture,

The upper energy limit of the spectrum of this
soﬁrce has been reported as ebout 155 kev, Since this is very
much larger thaen the maximum energy of tritium it weas
necessary to use a counter of much larger dimensions, in
order to ensure that the complete energy of such an electron
wauld be detected. The energy corresponds to & range of 28
mg/cm2 of aluminium, i.e., approximetely 14 cms. of argon at
atmospheric pressure; the counter was pressurised in order to
reduce the track length corresponding to the maximum energy to
a small fraction of the diameter of the counter.

In this investigation a first applicetion of the
beaded counter method of correction for the end-effect was

made; the central wire was divided into two unequal sections

by a glass bead, thus dividing the counter into two volumes.
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The distributions of pulses from the sources were recorded in
each section in turn, and, since both sections have identical
end assemblies and should therefore have identical end-effects,
the difference between the two distributions represents the
distribution which would have been obtained from a counter
free from end-effect.

Measurements were made of the pulse distributions at
-two gain levels, before and after the radiocactive gas had been
introduced. One of these records geve the general pulse dis-
tribution over the whole energy spectrum, while the other ‘
covered the region below the peaek intensity of the distribution.
A record was also made from which & more accurate determination
of the upper energy limit could be made. In each case records
were taken at both ends of the counter; while this increased
the amount of analysis necessary, it was considered to afford
the simplest end most accurate method of correcting for the
distortion at the ends of the counter.

The vealue of the half-life of carbon has been deter-
mined as 6 - 7 x 10° years (54); this value, together with the
upper energy limit, indicates that the tremsition is at least
first, and probably second order "forbidden"; such a tran-
sition would be expected to differ considerébly in shape in the
low-energy region from the spectrum of an allowed transition,
as, for example, that of tritium. In a "forbidden" trensition,

for example, the spectrum might be éxpec%ed to fali to zero
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intensity at zero energy, and the results of this investi-
gation showed that the spectrum differed considerably in shape
from that of tritium.

During the course of this work a distribution
covering the major part of the spectrum was reported by Cock,
Langer and Price‘zl). Their results, which were obteined
with a high resolution meagnetic spectrograph of large radius,
were to a certain extent subject to uncertainties associated
with source thickness and mounting; these uncertainties were
more pronounced at low energies. There is a reasonable agree-
ment between the results obteined by these authors and the
distributions described here, and both indicate that certain

discrepancies exist between the experimental curve and the

theoretical predictions,

Previous Work. o
' (34, 35)

emitted & continuous beta spectrum, unaccompanied by gemme

Reuben end Kemen showed that carbon 14
radiation; from absorption measurements they evaluated the
maximum energy of the beta-particles as around 145 kev,
Levy‘zé) examined this source and evaluated the
maximum energy &as 154t é kev; a Kurie plot of the spectrum
in the reange 110 to 154 kev gave a straight line relation.
Lewis and Paul(37) reported & maximum energy value of
152t 5 kev, also from magnetic spectrograph amalysis, although

no spectrum was given.
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Solomon et al.(58), using aluminium absorption
measurements and the Ieather plot, obtained a value of 154 + 4
kev for the end-point. This method does not give any indi-
cation of the shape of the spectrum.

Cook, Langer and Price(sl) gave more detailed results
of spectrometer studies of the spectrum covering an energy
renge from about 5 kev to the upper energy limit, the value of
which they determined as 156.32t 1.0 kev, The spectrum rises
from almost zero intensity at a few kev t0 & maximum at 30 kev
and thereafter falls gredually to the end-point. When the
results are plotted on a Fermi plot the experimental curve
falls rapidly below a straight line relation for energles less
than 50 - 60 kev, but above this value the curve is reasonably
linear, although there is a slight alteration in the slope of
the line at high energies.

The spin of cearbon 14 is 0‘39), end the corres-
ponding value of the product nucleus, N4 is 1‘40), sa that the
transition involves a change of quantum number‘of 1. 1In the
peper of Konopinski to which reference has already been made
the Fermi selection rules and those of Gemow emnd Teller are set

out for such a transition, These show certain differences end

will be referred to in the discussion of the results.

Experimental liethod.

The counier used in these experiments, which is

shown schematically in the inset Figure 25, was made from a
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copper cylinder 14 cm, diameter end 75 cm. long, with a well
thickness of 3/8 in. (0.96 ocm.). Thick copper end-plates

were soldered to the tube and clamped in position by four
00pper‘tie—rods running the fu;l length of the counter. The
wire was supported by the normal insuleted mountings shown in
Figure 3, although the ebonite screwed sleeve weas lengthened
so that over one inch of thread could be engaged in the end-
plate bushing. This was found to prevent the ebonite from
being forced out by the pressure of the geas inside the counter.

The central wire was of tungsten, 0.004 in, in dia-
meter; the wire consisted of two sections joined together by
a glass rod 1.5 cm. in length and sbout 1 mm. in diameter,
The two sections of the wire, which were insulated from each
other by this bead, could be joined in turn to the head ampli-
fier and the pulse distribution of either of the two counter
sections measured. The lengths of the two wire sections
exposed inside the counter were 47 cm, end 1lé6 cm,

Two windows, 0.85 in. diemeter and 0.03 in. thick,
were provided, through which fluorescence X-rays of various
metals could be introduced for calibration of the low energy
distributions of each end.

The gas was prepared from a sample of barium
carbonate containing a few microcuries of radioactive carbon.
A small part of the carbonate was heated on a platinum fila-

ment inside a vessel conteining argon at a pressure of 10 cm,
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Hg; during the heating process cerbon dioxide was released,
the argon providing a diluent and cerrier. An activity of

107

counts per minute was obtained, indicating that the
process had been reasonably efficlent. This method of
preparation ensured the minimum introduction of impurities in-
to the gas mixture, as, for example, oxXygen or water vapour,
either of which would have been extremely troublesome at the
higher pressures used here.

A smell amount of the gas mixture, with an activity
of 50,000 counts per minute, was removed from the main sample
and introduced into the counter after the latter had been
evacuated; nitrogen was added to & pressure of 30 ca. Hg.
and the counter was then pressurised to a total pressure of
5% atmospheres with ergon. Nitrogen was used as the
quenching gas, since the methane used in the lower pressure
work appeared to have a small water vepour content.

The counter was operated at a voltage around 6,000
volts, and the ebonite insulators gave satisfactory behaviour,
since the number of spurious pulses was very small. At this
voltage satisfactory uniformity of calibration X-ray pulses
was obtained.

It is interesting to note that, in a preliminary
experiment in which the central wire was of 0.0015 in. dia-
meter, homogeneous gas multiplication could not be obteined;

the wire was used in order to reduce the voltage necessary to
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operate the counter, but, while the voltage was almost one-
half of that eventuelly used, the resulting small value of
the field strength near the circumference of the counter
eppeared to be insufficient to overcome the recombination
effect. The inhomogeneity of pulse size mey have been due
also to the fact that methane was used in these early experi-
ments.

As in the case of tritium, the radioactive ges did
not interact in any way with the walls of the counter, since
all activity could be removed very easily by evacuating the

vessel.

Experimental Results.,

For the first run the overall gain was set to cover
an energy range from 20 kev to 200 kev. At full emplifier
gain this would have involved a gas gein of between two and
three; the amplifier gain was therefore cut by a factor of
10, and the gas multiplication was raised to between 20 and
30. This was considered to be well belowlthe maximum value
for the quenching gas, and at the same time to be sufficiently
large to avoid fluctuations due to high statistical variations
of gas gain.

Calibration of this run was supplied by means of the
characteristic X-rays of tungsten. The bombarding voltage of
the X~ray machine was set so that these X-rays would be

excited in the target, and the output beam was fired directly
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through the wall of the counter. In passing through the
copper wall the K, X-rays were absorbed much more stirongly
than the.Kﬁ X-reys due to their lower energy, the retio of
the absorption coefficients being about 40 : 1. The pulse
distribution of photoelectrons therefore resulted almost
entirely from the higher energy group. In each case the X-ray
spectrum showed a single peek, and the position of this pesak
was identified with the energy of the.Kﬁ X-ray line of tung-
sten, 66.7 kev, The energy scales of the distributions were
set up on this basis, An example of the distribution
obtained is shown in Figure 28 (a).

The single exception to this method of energy esti-
mation was that of the distribution shown in Figure 25; in
the calibretion of this film & rather high intensity of X-reys
was used, and the pulse distribution was unsatisfactory due to
a partial biassing-off in the first valve of the amplifier,

In this case it was necessary to use the end-point position
determined from the distribution, eand to correlate it with the
energy velue obtained in the more detailed results of PFigure
28, taken under identical conditions before the ges mixture
was released.

The background counting rates at the long end short
ends Were respectively 3,000 end 1,500 per minute; corres-
ponding counting rates after the carbon haed been introduced

were 20,000 and 13,000 per minute. 1In each of these analyses



AR

80.

pulses were recorded at each end of the counter for 2%
minutes; background pulses distributions were recorded for
periods between é% and 5 minutes.

The histogram for the pulse distribution obtained in
the longer section is shown in Figure 25, and that obtained in
the shorter section in Pigure 26. The smoothed curves were
obtained by drawing a mean curve throcugh averages of peirs of
groups. These curves were corrected to the same energy scale
by reducing the abscissa of the lower curve by a factcr of
71.5 / 63.5, end increesing its ordinete by the seme factor.

The difference between the two curves, which gives the pulse

‘distribution free of end-effect, is plotted in Figure 27 (b).-

The background curve was also obtained in the same menner, and
is plotted in this figure. The intensities of the individual
sections are so small that plots for these are not given. The
close agreement between the intensity values beyond the end-
point energy for these two curves (fv~§Z over ten groups)
indicates that no radiations of gréater'energy are present in
this sgurce., This confirms earlier work.

The end-point distribution of the spectrum was
obtained from a more detailed investigation designed tQ cover
the region from 120 kev to 200 kev. In this experiment the
film was exposed at a much slower speed in order t0 allow a
greater number of pulses to be obtained. The measurements,

Which were teken at the longer end of the counter only, are
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shown in Figure 28 .(b) together with the pulse distribution
for the fluorescence X-rays of tungsten already discussed,
The value of the end-point (group number 65.5) together with
the statistical mean of the X-ray distribution (group number
27.5) gives em energy of 157.5 kev., The errcr of each group
numnber reading hes been estimated as about‘one division end
this gives an error in the energy determination of 5 kev.

The final curve for the spectrum is plotted in Figure
27 (a) together with the Fermi distribution calculated for an
upper energy limit of 157 kev and a charge of 7 for the
product nucleus. This curve was obtained from the relation:-

N(W) = p W(W, - W%, G.D.
where p is the momentum in units of me

W is the total emergy in units of me?

G is the Coulomb factor § e /(es - 1)

¥ - 2mz/i37. (W/p)
end D is the Dirac fector. For these energies the last
factor is constant to 3% over the whole spectrum end has been
neglected. ‘

The intensity values of the theoreticel curve have
been sceled so thet the two distributions have elmost equal
areas, A comparison of the two curves shows that, wherees the
theoretical curve has & pronounced maximum at about 24 kev,

and the reduction in intensity below the maximum is only 18%,
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the experimental curve shows a relatively sharp meximum at

40 kev and falls towards zero intensity at zero energy. The
rate of fall of intemnsity for energies below the maximum has
been somewhat exaggerated by the limitations in the method of
analysis, since these small pulses were slightly more diffi-
cult to observe; the results ol the more deteiled investi-
gation of the low energy spectrum confirm the position of the
maximum end the fall towards zero intensity.

A second investigation, designed to cover an energy
region between 5 kev and 40 kev, was carried out with the
same counter and ges iilling, aud at approximately the seame
gas gain. The energy calibration for this experiment was
obtained by introducing fluorescence K;rays through the
windows eand superimposing their photoelectrons on the
particles from the scurce. The pulse distributions obtained
at each end are given in Kigure 29, together with the
smoothed background difference between the two ends. The
difference between the two source distributions is plotted in
Pigure 30 (curve A) with the smoothed background difference
subtracted. The statistical fluctuetions in the finel curve
must be considerable, due to the proxiwity of the two distri-
butions below 10 kev, but, even below this energy, the trend
of the curve is well marked. Since this is probebly the wmost
important region of the curve from & theoretical point of view

the results of the investigation of Cook, Langer and Price



83.

have been included in this figure; these results, shown in
curve B, which were obtained from the figure in their paper
and re-plotted on an energy sceale, umay be compared with the
distribution obtained here. 4part from the difference in the
position of the maximum, agreement is reasonably good, small
discrepancies between the curves being expleined by window
effects in the magnetic spectrometer. The agreeument between
the results obtained by these two entirely different tech-
niques leaves little doubt as toc the behaviour of the intensity
distribution at low energies.

A fermi plot of the spectruwm is given in idgure 31;
this plot, (fgﬁé%@?ﬁ)% against &, shows that the experimenteal
curve departs counsiderably from the linear relation expected
at energies less than 50 kev., Above this energy the results
are linear, in agreement with the finding of Cook et al.; near
the end-point lerge fluctuations dug to the smell number of
pulses make this plot unsatisfactory, and it is not therefore
possible to confirm or disprove the change in slope observed
by them. The straight line passes exactly through the energy
limit 157 kev.

Tone considerable discrepancy which exists between
the experimental and theoretical curves is of especial interest
in view of the fair agreement obtained with tritium. It is
not possible to drew any detailed conclusions regarding the

trensition due to the unsatisfactory position of the theory of
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beta-decay, since a veriety of energy distributions may be
obtained for a treunsition whicli is forbidden, depending on the
values of spin and parity; the considerable difference in
shape between the spectra of tritium and carbon might, however,
be related to the difierence in the ft value. Erom‘the value
of this quantity (7 x 108) Xonopinski has shown that the tren-
sition should be classified as '"second order" forbidden(BO);
since carbon 14 is a fairly siméle nucleus and since the
energies of the particles are well below the relativistic
region, the results of this investigation should afford en
opportunity of testing future theoretical explanations of
forbidden trensitions in much the same manner as the results
obtained with tritium provide considerable information
regerding the simplest of the "allowed" transitions.

No conclusions have Been dra&n regarding the mass of
the neutrino due to the much smallef‘sensitivity of the spec-
trum to neutrino mess; the results are not in disagreement

with the conclusions of Section 7.
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SECTION 9
THE GAMMA RADIATION OF RADIUM D.

Introduction.

. Radium D was the Ffirst source for which a compre-
hensive study of the gemma radietion and X-rays was made with
this technique. This source was chosen principelly for two
reasans;:- .

(1) A considerable number of studies of the
radiations emitted in the disintegretion of this element have
been reported, end these results have indicated the following
characteristics of the process. The disintegretion appears
to occur by means of the emission of a beta particle of low
energy accompanied by the emission of a variety of gemma reys,
also of low energy. These are accompanied by the cheracter-
istic L X-radietions of the product atom (Z = 83) with & con-
siderable intensity, end there is evidence also for a much
weeker intensity of K, and Kg radietion from the seme
element. Resultls appear to indicate the presence of at least
five gemme rays of various intensities with energies between
O and 50 kev, and it must be concluded from the X-ray evidence
that these are strongly internally converted in the extra-
nuclear shells of the atom.

The results of previous investigations appear to

indicate the existence of considerable discrepancies between
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the numbers of secondary electrons and the resulting X-reys,
and at the same time lead to abnormelly high internal
conversion coefficients. It was considered that a redeter-
mination of the energy end intensity values of these gemma rays
and X-reys could be carried out with en appreciable increase in
eccuracy over many of the previous determinations, and that
such & study would provide more detailed evidence for the
understanding of the decay process of this element.

(2) It was proposed that the technique should be
applied to a study of the energy spectrum of the primary beta-
particles emitted during this disintegration. The intro-
duction of the source into the counter necessitated by this
experiment would result in the detection of the electromag-
netic raedietions and any electrons produced by internal
conversion., It was therefore necessary to obtain a clear
picture of the gemma ray processes in order to separate the
beta-spectrum from the electrons resuiting therefrom, The
results of this study have confirmed earlier work in regard to
this question, while also indiceting the energies of the elec-
trons, which will be of both secondary and tertiery nature,.

The results of this invest?gation have provided
informetion regarding the three principel gemma rays of raedium
D. The energy and intensity values which have been obtained
for the two rediations of lower energy are considered to be more

accurate then those previously obtained. It is, however,
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impossible with the present information to assign a definite
decay scheme to the disintegration since the abnormal features
of the process already noted remain unresolved, It would
appear that these difficulties may be overcome only when
correspondingly definite information is obtained regarding the

distributions of both primery and secondary electrons.

Previous Viork, |

‘ E11is41), Leitner(42), Danysz(43) and Bleck(44)
severally investigated the beta line-spectrum of radium D by
the spectrographic method and obtained a series of energy
values which could be fitted to the atomic levels of elements
82 or 83. Curtiss(45) by the discovery of a further line with
higher energy showed that the atomic charge must be taken to
be 83, and that in this case the energy of the gemma ray could
be calculated to be 46.7 kev, For some time following this
result the 46.7 kev gemme ray was considered to be the only
primary electromagnetic radiation emitted.

Stahel(46) studied the radiations by means of
absorption measurements, using en ionization chember as
detector., He found that two components were present; the
harder of the two agreed with the energy value of Curtiss,
while the softer had an energy of about 1l.5 kev, in agreement
with the expected value for the L X-rays of radium E (bismuth).

By ocomparing the absolute values of the currents in the
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ionization chember with the counting rate of the alpha-
particles of polonium in equilibrium with the source, it was
estimated that 3.8 gemme rays were emitted per 100 disinte-
grations, and values of 17.1, 6.5 and 4.8 were calculated for
the internal conversion coefficients of this gemma ray in the
L, M and N shells respectively. These were deduced from an
observed velue of 25.1 L X-rays per 100 disintegrations, the
calculation involving a large correction for the Auger effect
for fhe X~rays of bismuth.

It was pointed out by the same author that these
conversion coefficients were considerably greater then would be
expected theoretically for dipole or quadripole radiation, but
no explanation could be given.

The results of more recent investigations have shown
that several other gemmea rays of smaller energy are emitted

during the disintegration. Frilley‘47)

, Using a crystal
spectrometer, observed gemma rays with energies 46.7 kev, 45
kev, 37 kev and 52 kev, to which he assigned relative
intensity ratios of 100 ¢ 5 : 5 : 10. San-Tsiang(48)
observed the same gemma rays by absorptionm methods; by
critical absorption in Pr and Nd he obtained a value of 43 kev
for the second gamme ray observed by irilley, end, by absorp_
tion in Al, obtained the following velues far the intensities,

including both groups of X-rays:-
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GROUP 1 2 3 4
Energy - kev 14 31e5 44,5 88
Intensity :

27 0.7 3.0 1.2

(per 100 dis®S,)

Designation L X-rays st’*’ 3‘37 X37+ {3"' X47 K X-rays

Sen-Tsieng and Merty(49) give the results of
measurements of the track lengths of the photoelectrons
produced by these gemma rays in & cloud chauber; the renge
distribution which they obtained agreed with the conclusions
of the earlier work; out of 515 tracks measured the K-radie-
tions gave 5 tracks and a further 100 tracks indicated a group
with energy less thean 285 kev, In a later publication by the
same authors(50) the investigation is extended tao lower
energies, the cloud chamber being errated at reduced pressures,
from an analysis of some 260 tracks, in which the Ly , I‘,B and
LJ’ X-rays are observed, a further group of photoelectrons with
range 9.9 mm. is observed., The value of the gamma réy energy
deduced from this renge is 23.25t O.6 kev; 1t is considered,
however, that the uncertainty in this value is appreciably
higher. A further analysis of 100 tracks revealed a group
with range 1.5 mm, for which an energy of 7.3 + 0.7 kev has
been evaluated. The intensities of these two gamme reys have
been estimated from these distributions to be 1 and 10 per 100

disintegrations respectively: an examination of the curves
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indicates that these intensities may heve been over-
estimated, and the small number of events studied introduces
a high uncertainty in the estimation., Sowme tracks of very
short renge have been assigned to M X-reys.

These results have been summarised in & peper by
Frilley, Surugue and San-Tsiang(5l). It is pointed out that,
while the number of conversion electrons from the 47 kev
gemme ray is in agreement with the assumption that the gemma
ray is quadripole (8.2 per 100 disintegretions) the conversion
electrons of the other gamme rays are extremely week in com-
parison with the expected values. Further, the number of L
X-rays observed (25 —‘50 per 100 disintegrations) is very much
greater than would be expected from the number of conversion
electrons observed. While it mgy be possible that a great
proportion of the secondary electrons have not been detected,
due to their small energies, and that these gamme rays are in
fact strongly converted, the possibility remains that the
primary beta-particles interact directly with the extra-
nuclear electrons in such e manner as 10 excite the L X-rays
without the agency of electromagnetic rediation. Such an
interaction is more strongly demended if account is taken of
the high Auger effect. Since this is of the order of 60%, the
appearance of 25 L X-rays per 100 disintegrations must be
taken to imply the removal of en electraon from the L-shell in
25/(1 - 0.6), i.e. 60 disintegrations per 100.
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While it is not proposed here to discuss the
results of previous investigations of the beta-spectrum of
radium D, it may be pointed out thet magnetic spectrometer

studies failed to reveal any primery beta-spectrum. A similar
(58)

result was obtained by Kikuchi , lndicating that the maxi-

mum energy of the spectrum, if it existed, must be Vvery smell.

Richardson end Leigh-Smith (53’

observed peirs of tracks 1n a
cloud chember containing redium D in gaseous form (as lead
tetra-methyl), end assigned these to the emission of & con-
version electron and Auger electron. A few triple trecks were
observed, assigned to the secondary and Auger electrons accom-
panied by a beta-particle; an analysis of the primery
particles indicated thet the number wes small and that the
meximum energy was less than 15 kev. This remains the only
evidence for the presence of a primary beta-spectrum in
radium D,

In view of the results described ebove, end particu-
larly of the very smaell intensities of the radiations when
expressed in terms of 100 disintegrations, it is extremely
difficult to account for the majority of the tramsitions by
which radium D decays., The only radiations which exhibit
reasonably large intensities are the L X-rays and the 7-kev
gamma rey; with these alone it is impossible to frame a decay

scheme, since the maximum energy of the beta-spectrum is some

30 kev less than the energy of the 47-kev gemme rey, and there
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is no indication of a direct beta-tremsition to the ground

state of the product nucleus.

Souraces.

Several sources of radium D were used in this work,
The first consisted of about 50 cepillery tubes ebout one inch
in length conteining radium D, E and # produced in the decey
of the original content of the tubes, radon gas. These tubes
were glued into a shallow cavity in a metal-backed polythene
holder, end were covered with a sufficlent thickness of poly-
thene (0.3 cm., 500 mg/cma) to absorb the high-energy beta-
particles emitted in the decay of radium E. The absorber also
removed the alpha-particles of radium F, while tramsmitting a
measurable number of gemmea rays end X-rays from the radium D.
The strength of this source was of the order of several micro-
ocuries, and, from the method of preparation, contained only
the activities given above,

The use of such a source introduced large correction
factors in the calsulation of the reletive intensity values of
the various radiations; for this reason two other sources
were prepared for use without this polythene covering., Both.
of these were prepared from a solution of redium D, E eand P in
nitric acid; for one of the sources a few drops of the
solution were evaporated on a small brass disc 1 cm. in dia-
meter to give a source with a strength of the order of several

microcuries. This source was used in a number of the later
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experiments with thin window counters, beta-particles being
removed by collimeting the radiations and epplying a magnetic
field of 5,000 gauss to prevent their entry into the counter.
The other source was prepared by removing radium D chemicelly
from the radium E and F prior to its evaporation on the disc;
the principle of the separation, anc the manner in which it
ﬁas carried out, is given in Appendix 3. It was found that
the source was almost completely free from radium E end ¥, but,
since the intensity was rather weak, it was used only to check

the identification of several of the gemma rey lines observed.

Identification of the X-Radiation.

In the initiel experiments, which were carried out
with a proportional counter of the type shown in Figure 1, the
polythene source was used. VWhen this source was placed near
the window of the counter a very intense group of pulses was
observed; these pulses were of fairly uniform height and had
energies close tc those of the L X-rays of lead or bismuth. A
record was made of these radiations, together with the fluores-
cence (L) X-rays reflected from leed obtained under the seme
conditions. &n analysis of the distributions is giveu in
Figure 52. It will be seen that the pulse distribution for
the fluorescence X-rays gives two groups of approdmately equal
intensities at 50.5 and 36.0 units. When these are related to
the energies oI the Ly and Ialg lines of lead, 10.5 and 1,55

kev, an energy scale may be set up. The pulse distribution of
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the source may also be resolved into two groups, esgain of
approximately equal size, and the positions ol the maxima
correspond closely to those expected for the Ly end Fﬁ lines
of bismuth. They mey therefore be assigned to radium E, end,
since no evidence could be found of thelr presence in sceurces
containing radium kb alone, these X-rays must arise, as
previously surmised, from the internal conversion of one or
more of the gemma rays emitted from radium D.

The eapproximate equality of the intensities of the
Ly and L,é lines emitted by the source is caused by the vari-
ation of absorption coefiicient end detection coefficient of
the counter, since it is observed also for the fluorescence
L-rays, end there is no indication that the relative inten-
sities of these X-rays are abnormel.

In at least one later experiment a group of pulses
of very low energy were observed; these had energies in the
region expected for the M X-reys of bismuth (2 - 4 kev), = no
detailed measurements were carried out, = and indicate the
presence of X-rays which would be expected from consideration

of the secondary electron line spectrum.

Measurements of the 47 kev Gamme Ray.

| The large number of X-rays observed at least 30
times the background at peak intensity, made it appear possible
that the gemme raysimight elso be measurable in spite of their

much smaller intensity and the reduced efficiency of detection
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. of argon for gamma rays of this energy. The distribution in
this energy region is shown in Rigure 35 together with the X-
ray distribution of the source, now unresolved due to the much
narrower spacing of the groups. The group which appears at a
pulse height of 45 units can be identified with the 46.7 kev
radietion; the energy calculated from this figure is 46 kev,
although the accuracy is not very high.

An interesting feature of the curve is the consider-
able assymmetry of the 47 kev group. The range of the photo-
electrons released from the argon is A 2 ocms, and the raedius
of the counter used for these measurements was 3 cms.; it is
therefore concluded thet the assymmetry in favour of pulses of
slightly smaller energies is caused by the limitations of the
counter dimensions, and is not necessarily evidence for gemme
reys between 35 and 45 kev,

The anomalies in previous investigations between the
number of line electrons arising from this radiation end the
number of X-rays made a further determination of the ratio of
gamma rays to X-rays of some value. The number of pulses in
the two groups was measured on two records, one in which the
source was covered only by.the polythene, and the sécond in
which a further 0.001 in. copper absorber was introduced. The
experimental ratio of the two intensities was calculated as
18 : 1 and 15,6 : 1 from the two measurements. When allowance

is made for the ratio of the efficiencies of absorption in the

et
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~polythene end the windqw, and the efficiency of detection in
the gas, the absolute values of the ratio become 12 ; 1 and

9 :+ 1., 4 further experiment was carried out later in which
the evaporated source was used in conjunction with the mag-
netic field and a counter with a mice window 0.0018 cm. thick.
In this investigation only the efficiencies of detection of
the two radietions aend the absorption in air are involved, and
this gave & ratio of 350 : 1. The final value of the absolute

intensity ratio has been estimated as 11 : 1 and the limits

have been set at 8 ; 1 and 15 : 1.

Measurements on the 7.8 kev Gemma Ray.

' In order to investigate the energy region between 0
kev and 20 kev in more detail the eveporated source was used
iﬁ conjunction with a counter of 6 cm. diameter, which had a
window of mice, 0.0018 cm. thick., The radiations from the
source were collimeted in a tube 1 cm. dlameter and 6 cm. long,
and a magnetic field was epplied. The results of the investi-
gation are shown in Figure 34. it is clear that, as well as
the two groups at 48 units and 58 units, clearly identified as
the L, and %ﬁ X~-reys groups (at 10.8 kev and 13.0 kev), a
further group of strong intensity appears. When the X~-rays
are used for calibration the value of the group number for this
group (34.75 units) gives a value of 7.8 kev far the energy.

The relative intensity of this group with respect to the two
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X-ray groups has been evaluated as 0.22 : 1, after correction
has been made for the relative efficiencies of absorption of
the radiastions. In this distribution, it will be seen that
the relative intensities of the Ib( and Lﬁ groups are in
better agreement with the expected intensities, due to the
small corrections which have to be applied., It seems possible
that the group appearing at a height of 26 units may be caused
by a further geamma ray of weak intensity, although the
stetistics are not sufficiently accurate to establish this;
the group of particles between 10 end 15 units is undoubtedly
caused by M X-rays, since their energles lie between 2.5 and
3.4 kev. Due to the complex nature of this graup and the very
small energy, no intensity value has been calculated, but this

group appears toc be relatively strong.

Measurements on the 25 kev Gamma Ray.

‘ 4 further film wes teken in which the evaporated
source was covered with en ealuminium absorber 1.6 mm. thick,

in order to cut down the intensity of the X-rays and allow an
investigation of the radistions between 20 kev and 50 kev. The
results of this investigation are given in Figure 35; it will
be seen that a group of rather small intensity appears at a
height of 44 units, while the normal group caused by the 46.7
kev gemma ray occurs at a height of 72.5 kev., The energy of
the weaker gamma ray hagfg;timated as 25.8 kev; while it is

difficult to determine the intensity ratio from this curve
»
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it is estimated as 1 : 8 with respect to the 47 kev ray, the
limits placed on this value being 1 : 5 and 1 ; 10. This
gamma ray may be identified with the 23.2_kev gemma ray
previously observed(47); the intensity ratio does not agree
with the ratio breviously determined as 1 : 3. For the reasons
already given, however, the new value is considered ta be more

accurate,

Conclusions.

' The results mey be summarised in the following teble,
in which the generally accepted value of 3 quantaAper 100 dis-

integrations has been assumed for the 47 kev gamme ray(47):-

Energy - kev 7.8 10.0 -~ 15.0 25.8 46,7
(L X-reys)

Intensity - no. . . ,

“ ] ns 7.3 33 0.4 3.0

per 100 disint™".

These figures are considered to be more accurate than
those previously determined; they indicate, however, that the
praoblem of interpretation remeins, end a full understanding of
the decay scheme cennot be given until a deteiled energy dis-
tribution of both primary and secondary electrons has been
obtained, It is clear that, over aand above the conversion
electrons established for the 46.7 kev gemme ray, conversion

electrons of 11 to 16 kev will be present, together with Auger
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electrons of 6 to 10 kev and & possible group of electrons

arising from internal conversion of the 7.8 kev ray in the

M-shell.
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SECTION 10
DISCUSSION OF RESULTS.

Since the results obtained for the vaerious sources
have already been discussed in the previous sections it is
proposed here only to drew some general conclusions regarding
the performance of the instrument end point out some of the
future epplications of this technigue.

firstly, the results obtained for the energy distri-
butions of tritium and carbon indicate that the instrument may
successfully be applied ta studies of low energy beta-
emitters - provided that the radiocactive meterials can be
introduced into the counter as a component of a gas which will
be sufficiently inactive to allow successful operation in the
proportional region. If such a gas may be prepared the energy
distribution obtained will be more accurate than that obtained
by use of any alternative method at present available. Among
such low energy emitters are sulphur 35, nickel 63 and redium
D, each of which possesses some characteristic property which
renders it of speciel interest,

Secondly, the results obtained in the study of the
gamma rays of redium D show thet corresponding accuracy maey be
obtained in the study of gemma rays of low energy. Vihere the
gamme rays are couplex energy and intensity measurements eng

determinations of the internal conversion coefficient mey be
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carried out in a small number of concurrent experiments., 1In

a great number of cases the energy determinations have been
made by means of secondary electron spectra and the proportion-
al counter technique effords a direct determination of the
gemma ray energy: this is of gréat value where there are
several gamma reays of epproximately equal energies and the line
spectrum of the conversion electrons is indeterminate. The
possibility of the excitation of nuclei by a synchrotron or
Van der/Graaf accelerator to give low-energy gamma reys from
meta-stable states enhances the value of such an instrument,
since direct energy and lifetime measurements mey be mede con-
currently.

Thirdly, the investigation of the properties of this
instrument shows a high degree of resolution for mono-energetic
radiations, even for very weak intensity sources. Wwhile future
developments of the technique may'result in higher resolution,
the method may clearly be used to give accurate data regarding
radiations from week sources; the repidity with which an
examination of éuch & source for low energy gemma rays may be
effected, in comparison with the crystal spectrometer method,
for exeample, should make the proportional counter an important
instrument in the search for gaune rays emitted in radiocactive

transitions and those provoked by nuclear bombardment.
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APPENDIX I.
STATISTICAL COWSIDERATIONS OF FLUCTUATIONS IN
PULSE SIZE.

An enalysis of the reletive importance of the
variations in gas amplification and the variations in the
number of ion peirs formed by electrons of monmo-kinetic
energy is diffiocult unless certain initial assumptions ere
made, The following treatment has been carried out using
certain alternative assumptions; it is not possible W deter-
'mihe the true nature of the variations arising in the gas
emplification process, but the treatment is given in order to
point out the assumptions which are necessary for e methe-
metical formulation of the problem and the results which may
be derived from such an analysis by statistical methods,

l. From the considerations put forward by Korff
we have the expression:-

s . efocdx

If it is assumed thet & is sufficiently
constant to be written as 142 , then lf mey be defined as the
‘mean free path length in the radial direction between two
multiplications. Also, in & region of high field strength it
is assumed that every process is rigidly determined by this
value, i.,e,, that once en electron has attained the required

energy the probability of producing a second electron is

unity. The main uncertainty in the gas amplification A
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arises from an uncertainty of one mean free path length,
since it is impossible to define the number of path lengths
in a distance X tc a higher degree of acocuracy.

Since log A = IO(.)C such an assumption leads
to:- Aloga - |

2 2
writing:- °fogA - = (A logAr)/T

2
logAz
. t .5 [lg(A+g)-logh],
since: - U‘l'ogA = og 2 log A

Where A is the mean value of A,

Er \2
ol-:gA i f%oc log (H--K-)r

[ 3
for small values of Ti-

o
o o~ B

log A A

£

ot Er

where: - A T e T

Hence, for the assumptions noted above,

2 -
o= = A
A
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2. If, however, we assume that the actual distances

between collisions are lq, l;, .eo. etc,, with a mean value

of [ , and that:-

7 - 3(4-8 - (<),

then, for e number of mean free paths n, the variation in n

mey be written as:-

Now, since A = e®, log A = n, and:-

rl:gA = Kén = K(.logA}yz
This value mey be considerably greater or less
then the value obtained from the first treatment, according to
the value of K. Vhile the expression shows a dependence on
the velue of A, this dependence is sufficiently small with
respect to the other variations to allow it ta be assumed

constant. To a first order we may therefore write:-

— = K
IogA

and hence: -~

>
1]
A
>\
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3. Having obtained these tentative relations for
the mean square deviation in the gas amplification it is now
possible to calculate the variations introduced by fluctu-
etions in the numbers of ion pairs formed.

Suppose that n, electrons are produced in an
ionization event, and that the average number of electrons ié

n, then:-

The finael number of electrons observed from an

initial number n,. by gas multiplication may be written as:-

Pr :‘l‘* A-2+ LI +Lj+ .ooo+‘nr,

where the average value of P, () is equal to AWl and the

average value of A, is A.

j
~
1 o - ,?x(ﬁ"”%

If Ay = A+ £J this expression becomes:-

(111_:“ + nZ;ej -1'13\)2



107.

! - "f 'hf 2
= (n-n A + Z(n-ﬁ)A ?SJ +(§z)
2 o)
2 2% r ¢\
[ T = + Z P
Therefore 5 o= T_’x( ’ZEJ)r
2 =% 2
= V,;A + '"o-A'
n 2
. y 2
since:- (Zej) = h zij
I
and Ze = ©
rooc 4
A 2 2 2
It = n
. (7’1- = N P anJ 0; -=A
o 2A
5 = n
and v/ = 2_
7% AR
K
I 2 A :
»f 01-1 =n anc’ GK = KA
= = n(I+K)A

ond ?_ = j(""'%
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APPENDIX 2.
EFFECT OF RESOLVING POWER ON THE END-

POINT DISTRIBUTION OF TRITIUM.

The effect of the finite resolution of the counters
caused by‘the finite number of ion pairs produced hes been cal-
culated on the following basis:-

(1) The number of ion pairs produced in the region
16 to 18 kev may be taken to be on the average 17 x 10%, ,
i.e. 570.

(2) The X-ray distributions shown in Section 5
indicate that the full-width at half emplitude is approxi-
mately equal to NFE; this correspohds to an energy of 700
volts.

' (3) The distribution given in the inset of Figure
36 has been approximated by the grouping shown, and this group-
ing has been used in the calculations given below.

The Fermi distribution for neutrino mass zero gives

the following values for the energy values quoted:-

E - energy (kev) 18.0 17.65 17.3 16.95 16.6 16.25 15.9

S (E) arbitrary 0 30 120 270 480 750 1,080

Bach intensity value has been divided with its two

immediate neighbours on both sides in the manner indicated in
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the inset figure. The calculations, which are given in the
table overleaf, give the distribution corrected for the finite
number of ion pairs; these values are plotted in Figure 36,
together with the true distribution., It will be seen that the
shape of the spectrum remain; substentially uneltered, but
that the apparent end-point has been moved about 300 volts
beyond the true value.

While & more accurate value would be obtained by the

expression:-

Sl(E) =x:.J' s(Er) - - Er)/u o,

where A ];/5./;. dF/dn , 1t is considered that the approxi-
mations ‘used here give a very accurate estimation of the

effect.
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EFFECT OF FINITE RESOLVING
POWER ON THE END - POINT

DISTRIBUTION
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E o o st(E)

15.8 108 o | -

15,55 . 216 75 | \ _
15.9 - 432 150 48 ‘ -
16.25 216 300, 96 27 ’ -
16.6 lo8 150 192 54 18 516
16.95 ’ 5 96 108 24 3 306
17.3 48 54 48 6 0 156
17.65 a7 24 12 0 63
18.0 12 6 ) 18
16.35 J 3 0 3
18.7 0 0
S(E) 1,080 750 480 270 120 30 O

Similar calculations were carried.out on the curves

shown in Figure 24.
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APPENDIX 3
CHEMICAL SEPARATION OF RADIUM D.

The solution containing several microcuries of
radium D, E and F in equilibrium wes eveporated to dryness to
remove any excess nitric acid. 2 cc. of concentrated hydro-
chloric acid was added and the solution evaporated to dryness;
this process was repeated twice,’and the residue was then
dissolved in O.1 N hydrochloric acid., Radium E and F were
then partially removed by roteting in this solution a small
strip of nickel of about 4 sq. cm. area,

20 cc. of a solution of lead chloride and bismuth
chloride containing 0.2 gm., per litre were added to act as
carriers of redium D and radium E respectively. This solution
was evaporated to dryness with excess nitric acid to re-convert
the salts to nitrates. Hurther evaporations with distilled
water result in the formation of lead oxy-nitrate and bismuth
oxy-nitrate., The residue from these eveporations was digested
with 5 cc. of a solution of esmmonium nitrate (2 gm. per 100 cc. )
and this was allowed to stand for 15 hours. This treatment
results in the solution of the lead content as lead nitrate,
the bismuth oxy-nitrate remaining undissolved, #Filtration of
the sclution results in the removel of the radium E, the
filtrate containing radium D and the lead carrier, Evaporation
of this filtrate on & source mounting gave an active deposit,

the activity consisting almost entirely of the radiations of
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radium D. At the very most, only one or two percent of
radium E was present since the high energy beta-particles of

this element were not detected in the experiments carried out

with the proportional counter.



