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Preface

In this thesis I have described work carried out to
determine the average energy expended by particles (fast and slow
electrons and & -particles) in producing one ion pair, in various
gases. After a short introductory chapter a critical summary of
previous work is contained in chapter II, and the need for more
experimental data is discussed. This part of the thesis is
drawn mainly from the original literature although use has been
made of previous reviews. The new proportional counter
technique first proposed by Dr. S. C. Curran is described briefly.

Chapter III contains an account of an investigation
carried out in conjunction with Mr. A. L. Cockroft upon the
properties of glass counters and ion chambers with external
graphite electrodes. The extension of the proportional counter
method using slow electrons to determine the ion-formation energy
of the more transparent gases (hydrogen and helium) together with
a closer examination of nitrogen and air was suggested to the
author by Dr. S. C. Curran. The experimental work was carried
out solely by the author and is described in chapters IV and V.
Several minor improvements in the technique due to the author are
also discussed.

The close agreement between the results obtained with

electrons/
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electrons and published data for fast protons suggested the
extension of the work to include ionization by & —particles and
further experiments, again carried out solely by the author, are
described in chapter VI. A new expression is proposed for the
variation of ion-formation energy with partial pressure and
stopping power of the two components in a gas mixture. In this
connection I am indebted to Dr. G. Wyllie for several fruitful
discussions. The final numerical values tabulated on p. 106
have been adopted after fuli congideration of the results of this
thesis together with all previous data obtained at Glasgow and
elsewhere.

Chapter VII contains a review of the relevant theory; no
original contribution has been made by the author. The most
recent work has been summaerized in chapter VIII and I am indebted
to Dr. T. J. Hardwick of A.E.C. Ltd., Chalk River, Ontario, for a
private communication on his unpublished work. The integral
discussed in appendix I was evaluated by Dr. E. A. Power whom L
should like to thank. It is included in this thesis as it was
necessary for the work described in chapter IV and since it may
have other applications.  Appendix II contains preliminary
experimental work carried out by the aufhor.

In conclusion I should like to thank Professor P. I. Dee and

Dr./
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Dr. S. C. Curran for their close interest in the research and
much helpful advice. I am indebted to the Department of
Scientific and Industrial Research for a maintenance allowance

during my first two years of research.
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Chapter T

Introduction

In the fields of atomic and nuclear physics knowledge
of the energy of a charged particle is frequently required. One
of the most important methods of energy measurement is obtained by
relating the ionization produced by a particle in traversing a gas,
to the original energy of the particle. The collisions a particle
(electron, proton or & —particle) makes are essentially with
electrons, nuclear collisions being sufficiently rare to be
neglected. If the particle is energetic enough to eject an
electron from an atom of the material it is passing through,primary
ionization takes place. The ejected electron, or S -ray, may
itself have sufficient energy to cause ilonization, this being known
as secondary ilonization. Processes other than ionization are
available to the particle for the dissipation of energy, for
example the excitation of an atomic electron. The photon
accompanying de-excitation may, or may not, produce ilonization.
Iwo other non-ionizing processes account for some of the energy
lost by the particle - dissociation of molecules and increase of
thermal energy of the material. Often it is inconvenient or
impossible to separate the contributions of the various processes
to the energy loss of the particle. For example, one method of
energy measurement is by total absorption where the ionizing

particle/
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particle is allowed to spend all its range in a gas-filled
chamber and the resulting current (steady or pulse) is detected.
For the evaluation of E, the original energy of the particle, it
is not necessary to consider the separate processes provided the
average energy expenditure for the production of one ion pair, V,
is known, and is constant over the whole length of the particle
track. In such a case the measured current is directly
proportional to the energy of the ionizing particle. This
method is particularly important when the energy of electrons is
required as they are scattered through large angles by collisions
with atomic electrons and so have a rather indeterminate range.
In the case of heavy particles, (protons, deuterons, X —particles
etec.) the ranges are well defined and energies may be found by
consideration of a range-—energy relation. This has been the
subject of much work, and many suthors, notably Holloway &
Livingston (1938) for -particles, and Livingston & Bethe (1937)
for protons, have given range-energy relations. The ei—particlg
curve has been extended to low energies by Hacman & Haxel (1943).
However, as has been pointed out by Wilkinson (1950), the low
energy curves by Holloway & Livingston and Hacman & Haxel are
essentially range-ionization curves and in order to tranglate them
into useful range-enerzy curves the value of V for o —particles
mist be assumed to be independent of particle energy.

The/
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The use of proportional counters for the investigation
of soft radiations has been described by Curran, Angus &

Cockroft (1949, a). These authors (1949, b) have investigated
the resolving power of a proportional counter using single
electrons produced by ultra-violet quanta. Calculation of the
resolving power necessitates the assigning of a value to the
average energy lost per ion pair in the methane-argon gas mixture
used. The authors state that their results depend fairly
critically on the value of V adopted.

In the fields of chemistry and medicine the use of ionizing
radiations is of increasing importance. The bioclogical
applications of radiation have been considered by Lea (1946), and
the chemical reactions induced by ionizing radiations are the
subject of a review article by Dainton (1948). In these subjects
in order to measure the efficiency of the radiations in producing
reactions, it is essential to measure the dose rate, i.e. the
rate of energy absorption in the medium under observation. In
practice the intensities involved are too small for a thermal
method of energy measurement and most estimates of dose rates are
based on the amount of ionization produced by the radiation.
Unless the medium under observation is gaseous great difficulty
is experienced in obtaining a saturation current, and often an
air-filled ionization chamber is used as a monitor. If the
energy expenditure per ion pair in air, V air, is known, the rate

of/
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of ionization gives a measure in ergs. of the energy absorbed.
The unit of dose employed is the roentgen which is defined as
"the quantity of X or Y radiation such that the assooiafed
corpuscular emission per em® of air at N.T.f. produces, in air,
ions carrying 1 e.s.u. of electricity of either sign.” If

V air is taken as 32+5 eV., 1 roentgen corresponds to the
liberation of 2082 x lO9 ion pairs/cm.S of air at N.T.P.
involving an energy dissipation of 0-1083 erga/cm.s of air. Once
the number of ergs. absorbed per cm.5 for the ionization chamber

S of any other

is known the amount of energy absorbed by 1 cm.

medium placed in the same position relative to the same source is

obtained by multiplying by its volume absorption coefficient

relative to that of air.

The above examples illustrate the importance of assigning

,—a value to V for various gases and of the investigation of the

variation of V, (a) with different types of ionizing particles

and radiations and (b) with the energy of the ionizing agents.

In the present work the average energy expenditure per ion pair

has been found for slow electrons and « -particles in argon,

helium, hydrogen, nitrogen, air, oxygen and methane. An

investigation into the variation of V with energy of the ionizing

electrons in nitrogen has also been carried out.
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Chapter II
Historicél Survey.

The experimental determination of the average enérgy
expenditure per ion pair by electrons of various velocities has
been the subject of many investigations. Reviews of the early
‘work have been published by Gray (1936), Binks (1936) and Compton
& Allison (1936). A more recent discussion of part of the
subject has been given by Gray (1944). The main object of most
of the previous authors has been to find the value of V for air
and to investigate the variation of V air with energy of the
primary electrons. A few experimenters have measured the
ionization in other gases but, in general; only the gases for
which V has been found by the present author will be considered in
this summary.

Three methods have been employed for the determination of
V.

1. A very direct method lies in the use of a Wilson cloud
chamber. If an x-ray of known energy is absorbed by an atom of
the gas in the chamber a photo-electron of known energy, E, will
be produced. Then, if the expansion of the chamber is correctly
made, the number of ions, N, produced by the electron is egual to
the number of drops along its track. V is thus equal to E/N.
Wilson (1923) and Meitner (1926) made measurements using this

| method but the values of V air obtained are not considered to be

very/
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very reliable due to the difficulty in producing condensation on
every ion without fog formation. This problem was examined in a
careful investigation by Wilson & Dee (unpublished) who concluded

that V for air lay between 32 and 34 eV/ion pair for electrons of

9 keV initial energy.

2e Measurement of the ionization produced by the partial
absorption of an x-ray beam in air together with the knowledge of
the x-ray béam intensity gives an indirect method for determining
V for higher energies. Two difficulties are inherent in this
method. Firstly, an estimation must be made of the extent to
which the x-ray beam is absorbed in the ionization chamber.
Secondly, the X~ray beam must be made mono-energetic and its
intensity measured by a method independent of ionization. The
usual method employed is a thermal one in which the x-ray beam is
completely absorbed in a calorimeter and the heat produced is
measured. Various micro-calorimetric methods have been used but,
as the amount of heat produced by the degradation of x-rays is
extremely small, the technique presents great difficulty. The
early work with x-rays, up to 1926, used beams rendered
homogeneous by crystal reflection but, as the intensity available
by using this method is extremely low, the results obtained are
very uncertain. Kulenkampff (1926) used the narrow spectral bands
near the X« lines of various elements and made the radiation

homogeneous/
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homogeneous by means of filters. He was the first to obtain
consistent results and found that V air was constant over the
energy range 22 to 6 keV. with the value 35 i~5 eV/ion pair.
The results of other investigators from 1926 - 29 who used similar
methods are discussed by Compton & Allison (1936) and Binks (1936).
The values of V obtained for air vary from 21 to 425 eV/ion pair,
and in these researches V appeared to have a constant value
independent of the energy of the ionizing electrons. A
completely different method of tackling the problem was reported
by Steenbeck (1928) who measured the power of the x-ray beam by
using a Geiger counter to count the actual number of absorption
events in a known thickness of gas. The work of Wilhelmy (1933)
is also worthy of note because the radiation used was much softer
(2 - 3 keV.) than that employed by other workers. For such soft
radiation no corrections are necessary for escaping energy. From
the results of his relative measurements Wilhelmy concluded that
V air was increasing as the energy decreased in the energy range
investigated.

In a series of investigations, Gaertner (1929 a), (1929 b),
(1931 a), (1931 b) made measurements of V for various gases using
a thermocouple to measure the energy of the beam. He used high
pressure ionization chambers so that practically all the energy of
the x~ray beam was expended in the chamber. The amount of

radiation escaping was allowed for by a small correction. This

method/
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method of "complete" absorption was used by Crowther & Orton
(1930), (1932) +to measure the value of V for various gases
relative to air as a standard. Since, in making relative
measurements, it is only necessary to have a constant source of
x-rays and to measure saturation ion currents in the different gases
these relative measurements are likely to be made with greater
accuracy than absolute determinations. |

Gaertner reinvestigated the problem between 1933 and 1935,
(Gaertner, 1933, 1934/5, 1935), and obtained values of V for
various gases relative to argon as a reference gase. The method
he employed was different from that used in his earlier
experiments. Two ionization chambers were used in series, the
second being filled with argon and the first with the gas under
observation. Saturation ion currents were measured in both
chambers for different pressures in the first chamber. From these
measurements the ratio V gas/ V argon can be obtained. By keeping
the pressure in the chambers low Gaertner avoided the criticism,
which was made of his earlier work, of incomplete saturation in
the current measurements. In order to convert the relative
measurements into absolute values Gaertner measured V for argon
absolutely. He obtained 28+4 : 0+5 eV/ion pair - a value in good
agreement with his previous result of 28-8 : 1-0 eV/ion pair, which

was found using a different method. The values of V obtained by

Gaertner are shown in col. 2, Table I.
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Table T
Gas V in eV.
Gaertner | Crowther & Orton {Crowther & Orton
(1) (2)
A 28+4" 284 267
No 35-82 37-8 35+4
Og 31°64 34-0 319
Air 35+15 37+5 ,55-2*
CHg 29-78 —— —
€Oy 330 36+3 54:0
*

Reference Gas.
For the sake of comparison the value of V, = 28+4 eV. can be

inserted into the ratio V air/VA obtained by Crowther & Orton giving
a value of V air = 37+5 eV. This value can then be used to find
absolute values of V from the ratios V air/V gas found by Crowther
& Orton. These values are shown in col. 2 of the table and are
seen to differ considerably from the values obtained by Gaertner.
On the other hand, if, instead of VA = 28+4 eV being used to obtain
values of V from the ratios given by Crowther & Orton, Gaertner's
derived value of V air = 35+2 is used, the figures in col. 3 of
table I are obtained. Only the wvalue of V for argon is seen to
differ appreciably from Gaertner's results. From this it appears
that the ratio V aixj/VA obtained by Crowther & Orton is inaccurate.
This point was investigated very carefully by Gaertner who claims to

have/
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have proved conclusively that his ratio is the correct one.

The more recent work by Crowther & Orton and Gaertner
rules out such values as 20 and 40 obtained for Vair by earlier
workers and it would appear that Vair must have a value close to
35 eV. Of all the work carried out using x-rays that by Gaertner
seems to be the most reliable and the values of V shown in col. 2
table I appear to be the most accurate obtained by the x-ray
method. It should be noted that, in his most recent work,
Gaertner quotes the mean wavelength of the x-rays with which he was
working as 1+025 X, corresponding to an electron energy of 12-1

keV.

Se The third method of measuring V employs a beam of
electrons emitted from a hot filament. These are accelerated
through a known potential and the total charge of the beam is
measured together with the ionization current produced when the
bean is completely ébsorbed in a gas. From these measurements a
value of V for the gas can be found. The electrons must
necessarily be accelerated in an evacuated vessel which must then
be connected to the gas filled ionization chamber. Two methods
of connecting the two chambers have been used. (a) For electrons
of energy =10 keV. a thin window can be placed between the
evacuated electron gun and the ionization chamber. The

disadvantage/
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disadvantage of this method is that the energy of the ‘electrons
at the moment of entering the chamber is somewhat uncertain due
to losses in the window and also the production of slow secondary
electrons. (b) Very slow primary electrons can be absorbed in a
gas at very low pressure and so for primary electron energies of
less than ~ 3 keV. the ionization chamber can be directly
connected to the electron gun by means of a long narrow tube. A
good vacuum can be maintained in the acceleratiné chamber by means
of fast pumps. This method is, however, also open to criticism
concerning the precise energy of the electrons as they enter the
ionization chamber since ions may be formed towards the high
pressure end of the capillary tube. If these ions are not
collected the observed current will be too small with respect to
the energy of the electrons, as measured by the accelerating
voltage. This would result ;n a spuriously high wvalue for V.
A further difficulty inherént in the electron beam method is the
necessity of pfoducing a homogeneous electron beam in which each
electron has the full energy corresponding to the potential
difference through which it has been accelerated.

An early measurement for Vair by this method is due to
Johnson (1917) who used slow electrons, ~200 eV. energy, and a
direct capillary connection between the ionization and electron

accelerating chambers. The value of V for air obtained was 36

eV/ion/
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+
eV/ion pair with an estimated accuracy of - 9 eV. Anslow (1925)

performed a similar experiment in the energy range 200 - 1000 eV.
but the results obtained ( ~ 5 eV/ion pair for air) are not
reconcilable with other work; a possible reason for this
discrepancy may lie in the inhomogeneity of the beam as this
factor was not investigated.

Lehmann and Osgood (1927) made a thorough investigation
into the attainment of homogeneous electron beams. A specially
designed Faraday cylinder was used to prevent loss of primary or
secondary electrons in the electron current measurement. The
value for Vair obtained was 45 eV/ion pair, the electron energy
range being 200 - 1000 eV. In a further paper (Lehmann, 1927)
the results Vg, = 81, V, = 33, Vhé = 37, and Vﬁz = 45 eV/ion pair
are quoted. The same value of 45 eV/ion pair was obtained by
Schmitz (1928) who used the same method with slightly faster
electrons. Buchmann (1928) connected the evacuated chamber %o
the ionization chamber by means of a celluloid window and obtained
a much lower value for Vair, viz. 31 eV/ion pair, with an
estimated accuracy of i 3 eV,

One of the most exhaustive and accurate researches with
higher energy electrons is due to Eisl (1929).  The source of
electrons was a hot filament which was run from an A.C. potential

thus giving all velocities of electrons. Velocity selection was
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+
achieved by means of a magnetic field and homogeneity to — 3% is

claimed. A celluloid window O-l/; thick separated the gun from
the ionization chamber. The velocity distribution 6f the
electron beam after it had passed through the window was
investigated by the method of magnetic separation with photographic
recording so that the initial energy of the electrons was known
with certainty. Various other sources of error were carefully
investigated by Eisl and the final result of Vair = 32°5 eV/ion
pair is claimed to be correct to within :-l%%. A further
conclusion drawn by Eisl was that Vair is constant with respect
to electron energy in the range 9 - 59 keV, In order to extend
the energy range to lower values an investigation was carried out
by Pigge (1934). The use of a window is impracticable with
electron energies much below 10 keV. so Pigge used the method of
connection by means of a capillary tube. This tube was, in
practice, split into three sections which were carefully aligned.
Following an investigation of secondary electron emission from
the capillary, Pigge decided that this was a minimum when the
section of the tube leading into the ionization chamber was made
of graphite. In order to keep the pressure in the ionization
chamber low the dimensions of i1t were made large and the electrons
wound up into helical paths by a magnetic field. Electron

and ion currents were measured by means of a valve galvanometer

and the electron beams were shown to be homogeneous within narrow

limits./
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limits. As has been pointed out the greatest difficulty in
using this method lies in the formation, in the connecting tube,
of ions which are not observed in the measurement of the ion
current. Pigge performed experiments to determine the magnitude
of this error and estimated the necessary correction. 26 values
of V are listed, corresponding to an energy range of 305 to
0+314 keV. These are plotted on a graph where V is shown as a
function of particle energy and a smooth curve is drawn through
them indicating an increase in V from about 35 ev/ion pair at

3 keV. to 435 eV/ion pair at 0314 keV,. On closer examination
the experimental results appear to fall into three groups. The
first group; from 3+05 to 1-00 keV, contains 16 values of V
having a mean value of 36+0 eV. The mean square error of this
group is 0°894 eV or 2+5% while the probable error is 1+7%.

Pigge does'not quote an experimental error for his observations
but, considering the difficulty of the experiment, it is unlikely
to be smaller than 2°5%. From this reasoning the values of V
between 1+0 and 3+0 keY. are sensibly constant. From 077 to
039 keV there is a group containing 9 values of V which again
have an almost constant value centering about a mean of 40-1 eV.
Finally, there is a single value of 43°5 eV. for an energy of 0314
keV. Thus, the justification of deducing a variation of V with
electron energy depends on the 10 values of V measured at energies

below/
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below 1+0 keV. These results contain an estimated correction
of from 5 to 12%, and, considering the difficulties inherent in
working with beams of very slow electrons, may be open to doubt.
The experiments were performed in nitrogen instead of air to
avoid oxidation of the hot filament.

Gerbes (1935) discussed Eisl's work and commented on the
necessity of applying a small correction to the results to allow
for an extra acceleration of the primary electrons by the field
applied in the current measurement. He carried out an experiment
to determine the size of this correction which, when applied to
Eisl's results gave a very small variation of V with electron
energy. By converting Pigge's results to refer to air and
combining them with those of Eisl, Gerbes obtained an empirical

formula,

Q\/

e e s

5'21 -+
= ol + [ - — O'Og
\ S P

)
for the variation of V with particle energy from 0+3 to 60 keV.
(In Gerbes! formula, E is the initial energy of the electrons and
E; the ionization potential of the gas. E and E; are in keV.).
This gives an almost constant value for V for energies above 10
keV. but a large increase in V with decreasing energy below about
5 keV.

In a further investigation of the low energy region Freund

(1935) described an ingenious method for overcoming the two major

difficulties/
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difficulties (inaccurate ionization current and inhomogeneity of
the electron beam) caused by the direct connection of the
ionization and accelerating chambers. In essence, Freund measured
the number of iohs formed by a group of electrons known to have the
same velocity inside the ionization chamber. For this purpose,
it was necessary to measure electron and ion currents under the
same conditions of electric fields and gas pressures. Electrons,
emitted from a hot filament, were accelerated through a slit Bl’

1 mm. in diameter, and then passed through another slit Bé which
was at the same potential. Finally the electrons passed through
a third slit BB’ which waé electrically insulated from Bl and Bz,
into the ionization chamber. For electron current measurements a
Faraday cylinder, F, could be turned into the bean. Throughout
the experiments the accelerating voltage, Eb’ between the filament
and ﬁhe slit system (B and Bz) was kept constant. Between B,
and 35 a variable field, Eg, opposite in sign to Eb’ was applied.
Eg was varied and curves of ion current and electron current as a
function of Eg were plotted. The gas pressure was the same for
both measurements. In the electron current measurements there
was no voltage difference between Bz and cage F which could cause
errors due to the migration of ions. The conditions for the
current measurements were exactly the same up to slit BS' Curves
such as that shown in fig. 1 were obtained. These were analysed

by Freund in the following way. The abscisga is divided into

energy/
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Fig. 1.

Curves of ion current and electron current as a function

of Eg in Freund's experiment.
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energy intervals AE, the respective ordinate differences on the

electron curve being eq, e2, 85’ and on the ion curve tl, t2,

ts.
When Eg has the value corresponding to the point X on the
abscissa, e electrons have energies between O and NE, and, if
NE is smali, the energy of the e; electrons may be taken as
the average, [E/2. These electrons create tl ion pairs and so
the number of ion pairs created by one electron is, on average,

81 = tl/e’l. Hence, the mean energy necessary to create an ion

pair in the energy interval considered is,

AE
vy = 28,

If the opposing field, Eg, is decreased by a second NE to the
point \( y then the average energy of the e; electrons is

(QE + &Q/ZA\) i.e. 3 AE/p. In addition, there are e, new
electrons whose mean energy is AE/Z. Thus the number of
created ions, t,, is composed of two parts, viz. tz = ¢,5,+ .5,
where SL is the average number of ion pairs created by an
electron of energy 3 Z3E/2 and S| is, as before, the number of

ion pairs created by an electron of energy AE/Q.

- t - - ) b
Since S; B 5,7 2 - S22 o L e

2,
- L /.;... e - —— ————— -
e, <\ 2, € e

Hence the average energy required to create an ion pair by

electrons whose mean energy is 3 AE/Z is given by,

V, = 20

2.3
By/ %
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By this differential method Freund found it possible to derive
the contribution of the different velocity groups separately, out
of the integral ion current produced. He concluded from his
experiments, that, for electron energies between 100 and 300 eV,
V had an almost constant value about 30 eV. and that V increased
steadily with energies below 100 eV.

The above method was further refined by Breunig (1936)
who used U.V. radiations to produce electrons by a photo-electric
process and so obtained a more constant beam intensity. Breunig
found, in agreement with Freund, a constant value for V in the
energy region 160-70 eV, and an increase of V below 70 eV. It is
interesting to note that the constant value found by Breunig was
34 eV/ion pair, a result in good agreement with the accurate work
of Gaertner who used x~rays to produce high energy electrons.

The electron beam method was used by Gerbes (1937) to
determine the values of V in various gases. The apparatus was
similar to that used by Eisl but incorporated several minor
improvements. The energy range covered in the experiments was
10-40 keV. and Gerbes claimed to find a small variation, ~v3%, in
the values of V over this range. The results were found in the
form V gas/V air and were converted to absolute values by measuring
Vair. These absolute values for the relevant gases are shown in

table II.

Table IT1/



20.

Table IT

Gas. V in eV,

Air 32°8
Ko 340
Oo 300
A 26+0

An interesting feature of the paper is the inclusion of a curve

showing the relative ionization in a nitrogen - propane mixture.

Conclusions from the Review of Previous Experiments.

Several general conclusions may be drawn from the above
review of the experiments carried out to find the average energy
expenditure per ion pair by electrons in gases. These are
summarized below.

1. The large fluctuations in the value of Vair, i.e. from
20-45 eV/ion pair, obtained by earlier workers, appear to be
spurious in view of the more accurate experiments performed later.
There remains, however, a discrepancy in the values obtained in
two experiments of comparable accuracy performed in the same
energy region. Gaertner (1934/5) using an x-ray method obtained
Vair = 35+2 eV. while Eisl (1929) and Gerbes (1937) found Vair =
325/
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32+5 eV. by the method of electron beams.

2e Although the formula proposed by Gerbes (1935) to describe
the variation of Vair with energy of the ionizing electrons seems
to have been generally accepted (e.g. by Gray, 1944, who used it
to calculate the variation in V for ¢ -particles) it does not
appear to have a very sound experimental basis. The validity of
the formula depends on the justifiability of fitting the results
of Pigge (1934) in the low energy region to those of Eisl {1929)
in the high energy region. Further, the only evidence for the
rapid rise in V towards 0+3 keV, predicted by the formula, lies

in the few low energy results below 1 keV. obtained by Pigge.
These have already been criticized. Freund (1935) and Breunig
(1936) found a constant value of Vair ~34 eV/ion pair between

~ 100 and 300 eV. Since it is extremely unlikely that the value
of Vair ( ~43 eV/ion pair at 314 eV.) given by Pigge falls as the
energy decreases only to rise again below ~100 eV. it must Dbe
assumed that the results of Freund and Breunig are in contradiction
to those of Pigge.

3. Of recent workers only Gaertner (1935) and Gerbes (1937)
have investigated gases other than air or nitrogen. (There is one
exception to this statement namely a measurement due to Nicodemus,
1946, who obtained a value of 26+9 eV/ion pair for electrons of
17+4 keV. in argon. No details of this work are available.) In

particular/
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particular the values of V for the light gases, hydrogen and
helium, have not been found by modern methods. These gases are
important in so far as any theoretical estimate of V is likely to

be made for the most simple gases.

Since the accurate determination of the energy expenditure
per ion pair is a matter of considerable importance, and, as has
been shown, the previous work on the subject contains several
anomalies, it was decided to reinvestigate several of the more
important gases using a new method. It was recognized that the
use of proportional counters offered a new and powerful method for
the absolute measurement of the energy expenditure for slow
electrons. The first results obtained using this method were

published by Curran, Cockroft & Insch (1950) and are listed in

table III.
Table ITT
Gas ¥ in eV,
A 285
Air 31-0
N2 320
0y - 28-8
002 33°+5
CH, 28+5
02H4 30+6
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The present author assisted in the latter stages of this
investigation and later carried out other experiments using a
similar method. A more detailed description of the method is

contained in chapter IV.
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Chapter IIIX

The Properties of Proportional Tubes and Ion Chambers
with Glass Envelopes and External Graphite Electrodes.

1. Introduction.

In part of the investigation, of the average energy
expenditure per ion pair by slow electrons, carried out by Curran
et. al. (1950) tritium was used as a source of ionizing electrons.
It was found, however, that tritium tended +to adhere to the metal
surfaces of the counters or ion chambers unless it was perfectly
free from water vapour. If, however, the vessels were made of
glasé and only a small surface area of the metal exposed to the
gas filling, it was féund that they were more easily cleaned and
outgassed in the first instance, less likely to become
contaminated, and more readily cleaned when a fresh filling was
required. Maze (1946) described Geiger counters, the cathodes
of which consisted of "aquadag" coatings on the external surfaces
of the glass envelopes. He found that the resistivity of soda
glass at normal temperatures was sufficiently low to allow the
passage of the discharge current through the glass but that hard
glass counters worked only at temperatures above 6000. The
charge to be conducted through the glass is a factor ~f104 times
smaller in the case of a proportional counter and so it was

expected that proportional counters and ion chambers with hard

glass/
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glass envelopes would function satisfactorily at normal
temperatures.

Maze type proportional counters and ion chambers were
constructed. A glass proportional counter is shown in fig. 2 and
the type of single-ended ion chamber extensively used in fig. 3.

In this chamber the central electrode was a glass "quill" silvered
on the outside to make it conducting and so The only metal part
exposed to the gas filling was the brass guard tube. Due to the
fact that the tubes had to be heated to assist the outgassing and
decontaminating procesées, and also for general mechanical strength,
hard glass was used in their construction. These tubes were found
to operate, but peculiar results were sometimes obtained
particularly immediately after filling. For this reason an

investigation into the properties of such tubes was undertaken.

2. "BEquivalent Circuit" of Glass Tube.

The equivalent circuit of a Maze-type counter is shown in
fig. 4. The electrical behaviour of the glass wall is similar to

that of a parallel combination of resistance R and capacity C where,

R = ;‘:5% Q. C = 0. ogg KA /Aywp

t
t = wall thickness (cm.) A = surface area of wall (cm?)
¢ = specific resistivity of the glass (ohm.cm. )
K = dielectric constant.

This/
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Fig. 2.

Glass proportional counter.
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This gives the "time constant” of the counter
T = BRC = 0.088 K¢ x 1078 gec.

which is seen to be independent of the dimensions of the
counter. .

G was measured roughly, for the glass used in the
construction of the counters, in the following way. The inner
and outer surfaces of a glass cylinder were coated with aquadag
to within about 5 cm. of the ends. A potential difference was
applied between these two electrodes and the leakage current
through the glass measured. (A1l small currents mllo”lz A,
as in this experiment, and also ionigzation currents, were

measured by means of an electrometer valve circuit. This is

discussed in detail in chapter IV section 2.) Surface leakage
round the ends was reduced to a negligible amount by coating them
with wax. Typical values obtained from such an experiment,
using a hard glass tube, are given below.

Applied voltage = 44 V. Leakage current = 4 x 10712 A,
Dimensions of tube : - length = 45 cm. circumference = 18 cm.

thickness = 0+14 cm.

« « Resistance R = 1°1 x 1013,§)_
g = RtA = 6-51{1016 __Q_cm.

Table IV summarizes values for average sized counters of hard

and/
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and soft glass. The values for K were taken from Kaye and
Laby.
Table IV.

R c
in fL in MAE.

-l

¢ in Qem. K

Soda glass |5 x 1001 | 6 | % sec. = 1+5 x 10°| 1500
Pyrex brand 17 1 13
glass 10 4 10 hr. 3 x 10 1000
3e Performance of Ion Chambers and Proportional Counters.

Most of the work for which the ion chambers were primarily
developed involved currents between 10712 ana 10-11 A, since
currents in this range are readily measured with an electrometer
valve. They are of the same order of magnitude as the average
current through a proportional counter operating at high rates
and at a gas gain which is not unnecessarily high (e.g. 20,000
counts/min. from x-rays of average energy 6 keV. with gas gain

12 4.) It is to be expected, therefore, that

200 gives 20 x 10~
the same principles will determine the behaviour of voth ion
chambers and proportional tubes; In particular, a soft glass

or metal ionization chamber filled with, say, 1 atm. air, and

with a suitable source of ionization present, will give a current-

voltage characteristic such as shown in fig. 5. It can be seen

that/
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Current-Voltage characteristic of a soft glass or
metal ionization chamber.
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that saturation current is obtained with a very small applied
voltage, that the curve passes through the origin and is
symmetrical about the origin. For such chambers the general
shape and symmetry of current-voltage characteristics are
independent of the history of the tubes. When using glass
chambers it has been found essential, however, to coat with wax
any part of the external surface not coated with aquadag. Neglect
of this precawtion usually leads to trouble from spurious pulses
or 1eakage~curpents.

Consideration of the values ¢ ~ 1017 l]~ Clle,
R~ 3 x,101§lshows that the situation is quite different for a
Pyrex chamber., The voltage drop across the wall of’the chamber
may be expected to reach limiting values of 30 - 300 V for
currents of 10~12 to 10-11 4, The limiting value’is approached
exponentially with a time constant (T) of 10 hr. and is
consequently never reached in an experiment of normal duration.
If the counter or chamber starts in a "neutral” state (with no
potential difference between the inner and outer surfaces) the
potential of the inner surface may be expected to approach that
of the central collecting wire at an initial rate of 0001 - 0-01
V/sec. This effect manifests itself in a proportional counter
as a gradual change of pulse size - usually less than 10%{hr.
The very uniform size of the pulses originally observed with
homogeneous x-rays becomes less uniform as the average amplitude
drops.

The/
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The effect in an ionization chamber can be seen from
the current-voltage characteristics plotted in fig. 6. Curve
I was obtained when the counter was in a nearly "neutral" state.
Then with the ionizing source in position and a positive voltage
on the cathode, the tube was allowed to draw ~ 2 x 10"12 A for

~ 1 hr, After that time curve II was obtained. Since the
curve crosses the voltage axis at a voltage equal and opposite to
the potential of the inner wall, with respect to the outer, it is
seen that the passage of the current has caused a voltage ~ 8 V.
to be established across the chamber wall. Curve III was
12

obtained after the chamber had been left to draw ~ 2 x 107~ A

for ~ 3% hr. with a negative voltage on the cathode.

4. Effects of filling etc. on Current-Voltage Characteristics.

This phenomenon of biassing the current-voltage
characteristic can be used to explain some of the peculiar results
obtained when using hard glass ion chambers. Fig. 7 illustrates
an effect which has often been observed. Curve I was taken
immediately after filling. The filling process evidentally
produced a potential difference ~ 300 V. between the inner and
outer surfaces. In an unbiassed chamber an applied voltage of
say 300 V. will generally give a satisfactory saturation current
in either direction. With this chamber, however, although

saturation current is obtained with + 300 V on the cathode an

applied/



4.

2:0

CHAMBER FILLING =

{ Atmos. air
| 5 ~ -
X € External Radium Source
o YO} A
e
»
b b
s
5
. U " 2 i — o
60. 50 40 30 20 |0 10 20 30 40 . SO, 60
T . : Cathode Potential —-Voits . ‘
‘ m i[O :
I
Fig., 6.
Curve I, chamber in "neutral" state.

Curve IT, after passing 2 x 1012 A with + volts on cathode.

Curve III, after passing 2 x 1072 A with - volts on cathode.
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Curve I, immediately after filling.
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applied voltage of ~ 300 V gives a current reading on the steep
part of the characteristic. This reading is unreliable and
often indeterminate. Curve II shows how the bias of the chamber
can be altered merely by the addition of more gas. Curve IIT
shows the unfortunate effect of running a discharge from a Tesla
coil ("leak tester") over the surface of the chamber. The lack
of saturation for either positive or negative applied voltages
and the relatively slow crossing of the axis suggest that the
surface charge on the inner wall was very patchy. This gives the
explanation of another difficulty illustrated by fig. 8. Curve
I was obtained immediately after filling with pure argon. True
saturation current was not obtained and the curve crossed the axis
very slowly. After the addition of methane, to a pressure of
10 cm. Hg., curve II was plotted and is seen to be of a more
conventional shape; the curve flattens off to give saturation
currents at low values (both positive and negative) of the cathode
potential. Originally, the lack of saturation in case I was
interpreted as being a property of pure argon which could be
avoided by the addition of methane. When the procedure was
: reversed, however, and the initial curve taken with 1 atm. methane,
curve I in fig. 9 was obtained. Curve II shows the effect of
adding 10 cm. argon. The lack of saturation and general shape of
ourve‘I in figs. 8 and 9 can now be explained as being due To the

patchy charge on the inner wall caused by using a Tesla coil to

test/
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test the vacuum before the original filling.  The addition
of more gas appears to have had the effect of making the charge
distribution more uniform and bringing the chambers back to a
nearly neutral condition.

The above examples illustrate the difficulties which
- prompted this investigation. In geheral it may be said that
hard glass ion chambers can be made to function satisfactorily and
give reliable results but that the shape and position of the
current-voltage curve depend on the previous history of the tube. |
A current-voltage characteristic should be plotted for each fillingf
to ensure that a true saturation current is obtained. Particular |
care must be exercised if a high frequency discharge is used for
vacuum testing.

The effect of prolonged use of a hard glass proportional
counter is shown in fig. 10. Fluorescent Cu x-rays were used
(as described by Curran, Angus & Cockroft, 1949 a) to give a
uniform distribution of pulse size in a Pyrex proportional
counter. The counter was deliberately run for many hours at
high counting rate until the average pulse size had fallen to
about one-tenth of its original value, by which time all signs of
uniformity of pulse size had disappeared. It was then set up as

an ion chamber and curve I taken with an external radium source.

The/
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The inner surface had evidentally become charged in counting to

a potential of 720 V. (4, Fig. 10). The surface charge was
removed by leaving the counter all night near a radium source with
the external graphite coating joined to the central wire. Curve
II was taken the next morning and shows that the counter had
almost returned to the neutral position. When curve III was

taken a few hours later the process was complete.
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Chapter IV

Energy per Ion Pair for Electrons in Gases and Gas Mixtures.

1. Introduction,

The use of proportional counting tubes for the determination
of the average energy expenditure per ion pair in gases has been
described by Curran et al. (1950). If a source of ionizing
electrons is contained in a proportional counter the count-rate,

M. per second, can be accurately determined. Then, if the
average energy of the electrons is ES eV and the average energy
expenditure for the production of an ion pair is V eV, the rate of
production of ion pairs is r{E /V per second. Further, if the
tube is operated as an ionization chamber by reducing the applied
voltage below the value for the onset of gas multiplication, the

LY
gaturation ion current L can be measured. The value of V can

then be determined from,
L= B[V (1)

where < 1is the electronic charge.

This method represents an impqrtant improvement over the
techniques discussed in chapter II since, by ﬁsing artificially
radioactive isotopes as sources of electrons the difficulties,
inherent in introducing a beam of electrons into a gas filled

ionization chamber, are overcome. It was decided to use the

method/
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method to extend and improve the first results in the following
ways.

(i) The very transparent gases, hydrogen and helium, have
received very limited attention and, up to now, have not been
investigated by the present method. For the purpose of
investigating these gases, and also in order to extend the range
of observations to the low-energy region 57A was found to be a
suitable source of electrons. 57A decays mainly by K capture
(Weimer, Kurbatov & Pool 1944), and, as the Auger effect is high,
the source provides homogeneous electrons of energy 2+82 keV.

A further advantage in using SVA lies in the fact that K and L
peaks are obtained (Kirkwood, Pontecorvo & Hanna 1948) and so the
electron voltage per ion pair can be investigated down to ~ 200
eV. for such gases as can be made to "count" well in a
proportional tube. This method is described in detail in
chapter V.

(ii) An important modification of the previous work is in
the use of field adjusting tubes, as described by Cockroft & Curran
(1951), to give "end-effect free" counters and ion chambers.

Since a well defined counting (or collecting) volume is obtainable
the accuracy of the absolute measurements 1s increased. It was
found that the field tubes also gave increased stability of
operation and this gave more consistent results in the relative

determinations/
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determinations. Because of this increased stability it was

found worth while to replace the meter originally used as the
standard measuring instrument, by a standard Cambridge
potentiometer. In the original experiments insufficient allowance
was made for the temperature coefficient of a high resistance
which was a vital part of the current measuring system. A further
refinement of the method consisted of the measurement o6f this
temperature coefficient and the normalization of all the current
readings to a standard tempefature at which the absolute value of
the resistance was measured. Fof these reasons, it was thought
worth while to use tritium, as well as 57A, and to repeat some of
the previous work described by Curran et al. (1950).

(iii) The measurements were extended to include gas
mixtures and curves of ion current against percentage of argon
admixed with the other gasesare plotted. These mixture curves
were used to find accurate relative values. They are also
discussed in chapter VI in connection with the ionization of K -

particlese.

2. Apparatus.

The ionization chamber was constructed from a brass tube of
internal diameter 10-15 cm. and wall thickness Q-6 cm. The type
of terminal used to correct for "end effect" is shown in fig. 11.

This/
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Terminal used in ion chamber. A, central wire; B, field
adjusting tube; C, guard tube; D, ebonite; E, counter
end; F, ebonite holder for spring; G, brass connexion
to guard tube (earthed); H, lead for field tube volts;

d, ebonite.
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This terminal screwed into the copper end-plate the junction
between then being made vacuum tight by the application of molten
wax* to the ebonite thread during the screwing in process. A
vacuum tight seal between the end-piece and the flange on the main
tube was effected by means of an "O" ring. TFour steel tie rods,
afranged as shown in fig. 11, held the ends in position. The
chamber was evacuated and filled by means of a copper pipe (0-5 cm.
inside diameter) soldered into the main tube about 5 cm. from one
end. The "tap" simply consisted of a screw clip on a piece of
rubber pressure tubing which was attached to the evacuating pipe.
When assembled the ionization chamber was capable of withstanding
pfessures in excess of 5 atm. above atmospheric pressure.
Provision was made for a small window of thin aluminium foil in the
centre of the tube; when the chamber was used at high pressure the
window was blocked with a thick aluminium sheet. The distance
between the ends of the field adjusting tubes was 64+3 cm. giving
a collecting volume of 5200 cmGS. The central eleétrode was a
co?per wire O+l cm. in diameter.

The construction of the proportional counter is~shown in
fig. 12. The terminal used to correct for "end-effect" is the same

in principle as that shown in fig. 11, but because of its small

internal diameter (1+8 cm.) the counter was constructed without

* Actually a mixture of beeswax and resin was used. . _
This technigue was employed for sealing all ebonite~brass Jjunctions.
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end-plates, the terminal screwing directly into the main tube.
The effective length of 12°45 cm. gave a counting %olume of 31-+4
em.s. A tungsten wire of 0+0075 cm. diameter was used as the
collecting electrode.

The absolute value of the ionization current was
determined by means of an electrometer valve, the circuit of which
is shown in fig. 13. A high resistance ( Q% ~ 10 £ ) was
used as the grid leak of the electrometer valve and the anode

current ( —~~ 10"12

A) read off on the sensitive microammeter in
the anode circuit. The standing anode current of the valve was
cancelled by means of potentiometer P which was used to set the
microammeter to a zero position in the centre of the scale before
every reading. The change of anode current due to the
ionization current caused the meter 4o be deflected from this
gero position. In practice this deflection was noted first with
a voltage of + 1050 V and then - 1050 V across the chamber. A
biassing voltage was applied (by means of potentiometer Q) such
that the microammeter deflected the amount between these two
readings. This bias voltage was the actually observed quantity
and it was measured on a standard Cambridge potentiometer.

(C.P. in fig. 13). Half the bias voltage was then proportional

to the ionization current. This method was adopted for the

absolute measurements to ensure that no error was incurred due %o

uncertainty/
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uncertainty in the zero position.

The grid leak resistor was housed in a separate copper
box as shown in fig. 14. The leads to the resistor were taken
out df the box through distrene plugs ~ 1 cm. in diameter. It
was found that the resistance was témperature sensitive and in
order to measure its temperature coefficient a small heating
element was placed in the box below the resistor. A sensitive
thermometer inserted in a rubber stopper in the 1id enabled the
temperature in the box to be read off at any time. A standard
current ( ~ 10712 4) was provided by the ionization chamber with
attached radium source shown in fig. 15. (This standard current
had been used by Curran et.al.). By varying the current through
the heating element readings of the ionization current were
obtained at various temperatures. The results of several runs,
both with temperature increasing and decreasing, are shown in fig.
16. The resistance is seen to vary linearly with temperature
between the normal working limits of 15 to 20°C. The coefficient
of increase of resistance with temperature obtained from the graph
is -23% / ©°C. Although the resistor was housed in a separate
box it was found impracticable to control the temperature with
sufficient accuracy. No hysteresis effect of resistance with
temperature (for small temperature changes) was found, however,

and consistent results were obtained by noting the temperature

when/
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when a current reading was taken and normaliﬂing at 17‘6500,

at which temperature the absolute value of the resistance had been
determined. This effect had not been allowed for in the

brevious work and is a possible source of inaccuracy. In that
case use of the standard ion current probably eliminated large
errors.

The absolute value of the ionization current can only be
determined if the value of ({% is known. The electrometer wvalve
circuit was used in the following way to measure Q% . The
Junction of a standard megohm and a resistor ~ 5:x.107§:l was
joinéd to the grid of ﬁhe electrometer valve, the megohm being
used as a grid leak. An accurately measured potential
difference of 50V was applied, from a battery, across the
resistor chain. The voltage drop across the megohm was obtained
by measuring the biassing voltage required to return the
microammeter to its zero position. This enabled the value of the
5 x 107£:L resistor to be calculated accurately. The procedure
was repeated with a 3 x lO9 () resistor in series with the
5 x 10'C). resistor. After the 3 x 10°S). resistor had been
standardized it was used to measure R% . During this experiment,
instead of making soldered joints the ends of the high resistors
were tied with copper wire to the required terminals. If a

soldering iron was used the resistance dropped to about 2/3 of its

original value and took about % hour to recover.

To/
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To eliminate the possibility of a systematic error in the
measurements the following independent methods were used to check
the value of Ra, .

(1) The method of using intermediate steps between a standard
megohm and Q% was repeated with a conventional resistance bridge.
(ii) A gold leaf electroscope was used to measure the time
taken for a standard 1OOQ¢EF. condenser to discharge through Q%.
After the instrument had been calibrated, by observing the times
taken to discharge through known potential differences, R% was
determined.

No systematic differences between the values obtained by the three
methods was noted and the mean value of each group was the same to
within a few per cent. The final result was considered to be
correct to within i 2%

In all Qa was measured three times at yearly intervals and
it was found that the resistance was increasing by ~ 10% per
year. This change was negligible, however, over the period
occupied in making a final accurate series of observations. It
is interesting to note that this increase of resistance with time
was noted for other resistors ~v 10".§L - The actual percentage
increase was peculiar to a particular resistor, but it appeared
to be roughly constant for all the resistors investigated. In

order to eliminate the possibility of a discontinuous change in the

value/
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value of the resistance Q% was measured (using the electrometer

valve method) before and after taking a final set of readings.

Be Energy Spectrum of 57A.

As described by Weimer et al. (1944) 3'7111.c3.e<3:a.ys by the
capture of an orbital electron. These authors reported that they
detected no associated Y’—rays. Since, however, the presence of
a high energy tail alters so seriously the average energy of a
peak distribution (as for example, in the case of 64Cu discussed
by Curran et al.; 1950) the high energy end of the spectrum of
57A was carefully investigated. A proportional counter was
filled with argon to a pressure ~ 60 cm. Hg. and methane to a
pressure ~ 15 cm. Hg. together with a strong source of 37A,

+ ~ 140,000 counts/min. The distribution was examined by means
of a simple single channel pulse analyser consisting essentially
of two scaling units type 1009 A. (The analyser has been
described by Insch & Curran, 1951). Fluorescent x-rays of copper
(energy 8+05 keV.) were uséd to calibrate the energy range from
the immediate vicinity of the K peak to 60 keV. A separate run,
calibrated at 24 keV. by silver x-rays, extended the range up to
170 keV. The background spectrum was subtracted in each case
and the curves fitted. The resultant composite curve is shown in

fig.e 17. It can be seen that no pulses were detected above 30

keV./
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keV. The rise of the curve below this energy was atkributed
to the existence of multiple pulses due to the very strong source
used. . In order to check this hypothesis a weaker source

~ 20,000 counts/min. was used and the spectrum in the
neighbourhood of the peak was found to be as shown in fig. 18.
Since no pulses were detected in the region between the 5 keV.
point in fig. 18 and the 30 keV. point in fig. 17, it was deduced
that there was no high energy tail attached to the K-capture peak
from O A. '

- An investigation by Kirkwood et al. (1948) revealed that
in about 90% of the decay processes a K electron was captured,
and in the remaining transitions an'L: electron was captured.

A calculation by Rose & Jackson (1949) shows that the figures for
K and Ly capture are 92°5 and 7°5% respectively. The Auger
electron yield for the K shell is 94%; thus in 94% of the K
electron captures the full 2.82 keV. will be dissipated in the
chamber. In the remaining 6% of these transitions K quanta of
262 keV. will be liberated together with radiations of 200 eV.
energye. In the 7+5% of the Lt captures 200 eV. energy‘will be
liberated in the chamber. It is assumed that this energy,
whether in the form of electrons or quanta, is completely
absorbed in the chamber. The average energy, E , of the

radiations can thus be calculated by considering (energy) x

(number/
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(number with that energy) for say 100 transitions. We write

= 1/100 (92+5 x 0-94 x 2-82 x 10° + 7+5 x 200 + 92+5 x 006 x 200
+ 92°5 x 006 x 2+62 x 103 x N) eV,

where N is the fraction of the number of 262 keV. quanta
absorbed in the chamber. If P is the point, inside a
cylindrical chamber, at which a quantum is emitted, then N can
be evaluated by considering the function EPMA; where d is the
distance of P from a wall and M the absorption coefficient of
2+62 keV. quanta in the gas contained in the chamber. éymﬁwust
be in%egrated so that P moves throughout the volume of the
cylinder and d moves over all the surfaces. This integral can
be evaluated approximately for particular values of m . (A
more detailed discussion of the evaluation is contained in
appendix I). In the cases of hydrogen and helium am is very small

so that N = 0 and & = 2449 keV. . is approximately the same for

—

argon and nitrogen and N = 0-80 making & = 2.61 keV.

A correction must be applied to <E to account for the
natural background of the ion chamber. This correction was
determined by fitting the ion chamber with a central wire of
tungsten, 0-.0075 cm. in diameter, and operating it as a
proportional counter. The background spectrum was plotted using

the single-channel pulse analyser and is shown in fig. 19. The

average/
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average energy of this spectrum was calculated and found Lo be
38+8 keV. Since the total counting rate was 2300 counts/min.
the background spectrum was equivalent to 32,800 counts/min. of
57A. This is very small compared with the source strength
employed in an ionization current measurement ( & 5 x 10° counts/
min, ), and represents an increase in the average energy -~ 2%. {
The shapés of the K and L peaks were carefully examined
using a proportional counter filled with 60 cm. argon + 15 cm.
methane. The photographic method of recording and analysing the
pulse height distribution, described by Curran et al. (1949 a),
was used. This method, in which all the data required are
recorded in a few minutes, was found to be more accurate for the
detailed examination of peak shape than analysis by the single
channel pulse analyser. The K peak is symmetrical (fig. 20a)
and so the average energy of the K radiations is 282 keV., i.e.
the binding energy of the K electron in chlorine. As pointed out
by Pontecorvo (1950) the L peak consists of a mixture of Lg ,
LII and L - radiations, and so it is broad with a sprgad
towards high energies (fig. 20Db). The contribution of L
radiations to Ei is small, however, so the use of the peak energy
of~200 eV should not lead to any appreciable error.
The 57A was obtained by irradiation of spectroscopically

pure argon in the Harwell pile. The only other radioactive

isotopes/
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isotopes formed have very short half-lives and were allowed

to decay until they were of negligible activity.

4. Experimental Method.

(1) General
Although in principle V can be determined directly from

equation (1), in practice an intermediate stage is required
because the electrometer valve circuit used to detect the current
L was not sufficiently sensitive to measure accurately the
current caused by a count-rate n ~ 50;000 counts/min. It
is difficult to measure very much higher count-rates with the
required accuracy, and in order to use the optimum values for
both L and n a factor % ~ 1/100 between current and count-
rate is required. In the previous work this factor was obtained
by measuring the current in an ion chamber and then bleeding off
about 1% of it (measured by pressures or volumes) and by
introducing this into an exactly similar vessel which was used as
a proporitional counter to determine W .
Hence —

’ &S" — J\,QE/\/ (2)
The vessels used were very long (6 ft.) and of relatively small
diameter (1% in.). It was assumed that, with the large ratio of

‘length/diameter employed, the end-effect, even if it was not

exactly/
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exactly the same for counter and ion chamber, would not seriously
affect the value of V obtained. A more accurate and direct method
is available by employing field adjusting tubes in both ion
chamber and counter. These tubes define the collecting or
counting volumes precisely, and so the volumes can be calculated
geometrically. The factor used was the ratio of thé volumes of
the counter and ion chamber, i.e. %- = 1/166.

(ii) Absolute values of V.

Absolute values of V were determined for the gases argon,
hydrogen, helium, and nitrogen using 37A.

A quantity of 37A sufficient to give an easily measurable
current, together with the gas under observation, was used to fill
the ionization chamber. This was then shared with the counter,
and as the pressure in the chamber was high ( ~ 1 atm.) the
sharing could be considered to give, with high accuracy, equal
pressures in the two vessels.
| The two measured quantities not hitherto considered in

detail are the count-rate n and the current L o

Count-rate.

After the counter had been shared with the ionization
chamber it contained, in addition to the 37A, about 1 atm. of the
gas under observation. In the case of argon, methane to a

pressure of 20 cm. Hg. was added to give a suitable counting

mixture./
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mixture. Long very flat plateaux similar to that shown

in fig. 21la were obtained. The two parts of the plateau, K
radiations alone and K + L radiations, can be easily
distinguished. This latter part, which gives the total number
of disintegrations, is the one required. It was noted that

the escape of 2+62 KeV quanta does not affect the height of the
top part of the plateau, as they leave behind L guanta which will
be absorbed and detected in the counter when it contains argon.
With the other gases investigated (N, , He and H2 ) it was found
that, although proportional tubes containing these gases could be
made to operate, betier plateaux were obtained when ~ 20 cm.
methane + 60 cm. argon were added. Fig. 21 shows the plafteaux
obtained with (b) 374 + 1 atm. He, (c) this mixture + 19 cm.
methane + 1 atm. argon. The higher total count-rate obtained
with (c¢) is due to the added argon trapping L guants, which
escaped from the very transparent helium in case (b]. Since

the ion chamber is very much bigger than the provortiomal fTube it
was assumed that the L quanta were trapped in the chamber even in
the case of helium, so that the count-rate from case (c) was the
one used in the evaluation of V. After the plateau had veen

plotted n. was determined by using a voliage near the middle of

L4

the plateau and counting several hundred thousand pulses. Th
count-rate/min. from this result was compared with the average

height/
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height of the plateau and a mean value adopted for n.

An experiment was carried out to check that no appreciable
number of counts was being lost due to a counter dead-time. The
counter was shared with a vessel of equal volume, and it was
found that the count-rate remaining was, within the limits of
accuracy of the experiment, exactly half the original count-rate.

Preliminary work was carried out to determine whether a
Geiger or proportional counbter was the more suitable for obtaining
an accurate value for w . The values of count-rate obtained at
a given applied voltage (on a plateau) were found to vary with the
amplifier gain, the time constant of the input circuit of the
amplifier and the type of scaler used. This was investigated
and a procedure, which gave a consistent and accurate value for n ,
was adopted. An account of this preliminary work is contained in
appendix II. |
Current

When SVA was used as a source of ionizing electrons
relativély low pressures ( < 1 atm.) of even the transparent gases
stopped practically all the electrons in the chamber and so no
difficulty was encountered in obtaining saturation currents. A
typical current-voltage characteristic is shown in fig. 22. It
can be seen that saturation occurred with very low fields ( < 120
V on case). The saturation ion current was found to remain

constant with no sign of gas multiplication taking place even with

applied/
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applied voltages ~ 2000 V. The above results were found to
be true for all the gases investigated in this section. Normally,
an applied voltage of 1050 V. was used. The reason for using a
voltage much greater than the minimum required for saturation can
be seen from fig. 23. Iwo curves are shown, giving the variation
in current with the voltage applied to the field tube. It can be
seen that this voltage is not nearly so critical when the case
voltage is high. The chambers were also found to be more stable
with high fields.

The values obtained from the absolute measurements are

listed below (in eV/ion pair) :

352 .

i

V, = 270, V, = 322 , Vg = 372,V

(iii) Relative values with 374,

The absolute values for V in the various gases were checked
by measuring the ionization current produced in the gases relative
to that produced in argon as a reference gase. This also gives
indirectly a check on VA , as any consistent deviation between the
absolute and relative values of the gases helium, hydrogen and
nitrogen would indicate an incorrect value of V for argon.

The ion chamber was filled with an amount of 57A sufficient
to}give a measurable current together with ~ 1 atm. of argon.

The saturation ion current was measured by a simplified method

since,/
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since, for relative measurements, the meaning of the zero
position in the current readings is not so important as in the
absolute determinations. In this case all ionization current
measurements were made with only a positive case voltage of 1050V,
and the bias voltage required td return the microammeter to its
zero position was noted. A check showed that, if the meter was
carefully set to its zero position before taking each reading,

the ratio obtained for two currents using this method was the same
as that obtained with the "total swing" method used in the
absolute measurements. This simplified procedure enabled
readings to be taken more rapidly and so reduced tﬁe corrections
necessary to account for temperature fluctuations.

After the ionization current had been measured with only
argon in the chamber 5 cm. of the other gas was added and the
current remeasured. This procedure was continued until the total
pressure was ~ 2 atm., and the variation of current with
percentage argon, from 100 to ~ 30% argon, was plotted. The
experiment was repeated starting with ~ % atm. of the other gas
and adding argon so that a similar curve from O to ~ 70% argon
was obtained. These two curves were fitted at 50% argon and the
experimental points were found to lie on a smooth curve.

A-He, A-H, and A - N2 mixture curves are shown in fig.
24 a, b, c. FProm these curves the following values of V for

helium, hydrogen and nitrogen relative to V, = 27+0 eV, were

caiculated (in eV/ion pair)

VHe /
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Vge = 830 , Vg, = 384, VN2 = 35-4 .

(iv) Relative values with tritium,

Using tritium as a source of ionizing electrons relative
values of V for several gases were determined. A more accurate
method of plotting the ion current - gas mixture curves, without
the necessity of curve fitting, was adopted. Another ion chamber
identical to the first, was used. Both ion chambers were
evacuated and a suitable amount of tritium was added to one
together with about 3 cm. of methane. After the gas had attained
equilibrium pressure in the first chamber it was shared with the
second chamber. By measuring the ion current in each, the sharing
process was checked. One chamber was filled with argon to a
pressure of 1 atm. and the other with the gas under observation.
The pressure of this gas depended on its stopping power for
electrons and in the case of hydrogen, 6 atm. were required to
- stop nearly all the tritium ﬁ -rays in the chamber. When a high
pressure was used a check was made to ensure that saturation in
the ion current had been obtained. The ratio of the saturation
ion currents in the two chambers gave directly the value of V.
Sufficient tritium was available to repeat the measurements in
each case. The ion current - gas mixture curves are plotted and
can be seen from figure 25 a, b, c, & to be similar in shape to

those obtained using 374, Again the values of V for the gases

investigated/
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investigated, relative to VA = 270 eV/ion pair are listed :

VEQ = 380 , VNz = 360 , véir = 350 , Vbz = 322 , va4 = 295 ,
In the course of the work it was also checked that there was no

detectable variation of V with pressure in a single gas.

5e Purity of Gases.

No special precautions were taken to purify the gases; in
general commercial qualities were used. Details of their purities

are listed below.
Argon:—- A, 99°8% ; Hé, 0°2% ; traces of Y 002, co, Héo.

Helium:- He, 100% ; traces of CO,, O, and other carbonaceous

2
matter as 002 . |

Hydrogen: -~ Hé, 99+8%

~“e

0, o~9% ; N 0+11%.

0n, 0°2%.,

~e

Nitrogen:~ N, 99.+8% 0

Oxygen: - 02,.99-6% s A, 0-4%,

Methane:- CH,, 90f5%’; COy, 0-17% ; Oy, 0-05% ; CO, 0-51% ;
CoHg, 2°25% ; Ny, 6°52%.

In addition to the above, 1 to 2 cm. of methane were added to an

atmosphere of the gas under observation to give added stability.

With/
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With the exception of methane, the gases used thus cbntained
~ 2% impurity. In the case of methane the value quoted for
V has been corrected to allow for the 652% nitrogen impurity.

6. Discussion of Results.

(i) General.

There was no significant difference in the values of V
obtained by the three different méthods, viz. absolute and
relative values with °'A and relative values with tritium.

Column 2 in table V gives the best values of V from a
consideration of all the resﬁlts obtained. An estimate of
accuracy is difficult to obtain, but it is probably safe to claim

+
that the values of V are correct to - 05 eV.

Table V.
‘ Electrops B S%gol%%gé Po L -=particles

Gas V in eV | Vgas/VA | Vgas/VA Veas/VA .
A 270 1:00 | 1-00 1400
He 325 1-20 | 1-17 —
E, 380 1-41 1-38 1-27

N2 35+8 1-32 1-31 1-31
air 350 1.29 1-30 1-26

o, | 32-2 1-19 1-23 1-12
om, | =295 1.09 — 1e07
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(ii) Absolute Values.

The value VA = 27+0 eV/ion pair is low compared with
the previous value of 28+5 i 0-5 eV.obtained by this method
(Curran et. al. 1950). It is possible that this latter value
is spuriously high due to insufficient correction being made
for "end-effect". A value of 28+4 was also obtained by
Gaertner (1935) for argon and a lower value of VA = 26°0 eV. by
Gerbes (1937). On the other hand the most recent value
obtained for argon, i.e. 26+9 eV. for electrons of energy 17-4
keV. (Nicodemus, 1946) is in good agreement with the present
work. |

The values of V., = 316 eV , VCH4 = 29-8 eV. obtained by

O2
Gaertner (1935) are also in close agreement with the present
work. Gerbes (1937) obtained the value VQZ = 30-0 eV.; it is
interesting to note that the values obtained by Gerbes, for the
gases common to the two experiments, are lower than those
obtained by the author by a roughly constant amount (4 - 6%).

The results for helium and hydrogen are close to those

obtained by Lehmann (1927) who gives Vy, = 31 eV. and VHQ = 37 eV.

for electrons of energy 400 eV. To 1 keV.

As far as the absolute values are concermed, most
information is available for comparison in tThe cases of zir amdé
nitrogen. The figure of 35+0 eV. for =2ir is high compzred with

several/
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several previous values for electrons, viz.
(1) 31-0 eV. (Curran et. al. 1950).
As pointed out in that paper, this value is suspect due to a
possible error in the sharing process.
(i1) 31+6 eV. for 9 - 59 keV. electrons (Eisl 1929).

(iii) 32+8 eV. for 10 - 40 keV. electrons (Gerbes 1937).
In agreement with the present work Gaertner (1935) found the
values ng = 35+8 eV., Vair = 35+2 eV. | Breunig (1936) also
obtained a higher value for nitrogen, viz. 340 eV.

(iii) Relative Values.

Column 3 in table V gives the value of the ratio Vgas/Vargon.
This is useful for the purposes of comparison as these relative
figures are probably more accurate than the absolute values of V,
since only readings of the ionization current are involved. A
recent study of the average energy expenditure per ion pair for
340 MeV. protons has been made by Bakker & Segré (1951).  Their
results for the ratio Vgas/Vargon are shown in column 4, table v,
and are seen to be the same to within 2 or 3% as obtained in the
presént work with electrons. The method consisted of allowing the
proton beam to cross two identical ionization chambers. One was
filled with argon at atmospheric pressure and served as a monitor;
the other was successively filled with the gases to be investigated.

Corrections were made for differences in temperature and filling

pressure/
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pressure,and saturation in the current measurement was checked

in every case. V was then calculated in the following way,

-dF -dE an
V = a— = -—/-—-—
aN dx dx
-dE
Values of the term gz VWere cbtained for each gas from
aN
theoretical tables (unpublished) and since g; was proportional to

the ionization measured in the chamber, values of V relative to
argon could be calculated. To convert these relative wvalues to
absolute values a measurement (by Chamberlain, Segré & Wiegand,
unpublished) of the number of ion pairs produced by one 340 MeV.
proton crossing 1 cm. of argon at atmospheric pressure and 0°C was

dN '
used to give — absolutely for argon. This, together with the

theoretical value of E; gave V, = 255 eV/ion pair. Thus the

absolute values of V obtained are ~ 6% lower than those in column
1, table V.

There are no data for & -particles which can be used for a
direct comparison, as most of the work has used air as the standard
gas. The value of Vair for the present work with electrons is
almost exactly the same as that obtained using X -particles,
= 351 eV, for RaC’ K -particles (Gray 1944) and N, =
i 0-4 eV, Vair = 34-7 t 0+5 eV. for Po OX -particles (Alder,

Vair
363
Huber & Metzger 1947), so that the relative values, for Po & -

particles/
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particles, of two recent observers (Stetter 1943; and Dick,
Falk-Vairant & Rossel 1947) were recalculated in the form Vgas/
Vargon. These values are listed in the final column in table V.
Although the agreement is not so striking as in the proton case
it is, nevertheless, fairly good. It would have been possible
to obtain better agreement by selecting results for individual
gases given by earlier workers, as there is a fairly large
variation in the & -particle values cited in the literature.

The ionization-gas mixturé curves are further discussed,
in conjunction with similar curves obtained for M,-particles, in

chapter VI.

7. General Conclusions.

As stated above, it is considered that the numerical
results given for electrons in table V are correct to t 2%. It
should be noted that the accuracy of the results obtained has
depended largely on the recent improvements in the form of
proportional counters (Cockroft & Curran,1951) and it appears
unlikely that any appreciably large sources of error remain in the
method.

A continuation of the work is suggested by the similarity
in the relative values for electrons and protons. It has been
shown that values for o —particles of high energy may also be in

rather close agreement. These considerations led to the present

method/
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method being used to obtain more precise results for the
ionization of Po & -particles in the gases previously

investigated for electrons. Chapter VI contains the results

of this work.
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Chapter V

Variation of V, and Vﬁ2 with E.

In chapter II it was noted that Pigge (1934) found a large
increase of VN2 with decreasing energy for electron energies
between 0+3 and 3 keV. in contrast to the results of Freund (1935)
and Breunig (1936) who found a constant value for Vair between 100
and 300 eV. t was realized that 37A afforded an opportunity of
studying the variation of V with ionizing energy down to ~ 200 eV.
without the difficulty, encountered by Pigge, of introducing a
beam of slow electrons into a gas filled ionization chamber.

Kirkwood et al. (1948) and Pontecorvo (1950) have described
the method which consists of using a proportional counter to observe
the distance (on an energy scale) between the K and L peaks
produced by the 37A decay. For an argon + methane mixture
Pontecorvo (1950) stated that their results showed that v, for
electrons of 200 to 300 eV., was at most 20% greater than V for
2+82 keV. electrons. This result was used by Pontecorvo in the
following way.  "The upper limit for V in a mixture of argon +
methane combined with the statement of Curran et al. (1949a) on the
increase of V in methane proves that, at least in argon or Xxenon,

V is constant down to the lowest energies.” Curran et al. actually
stated that VCH, increased with increasing energy; in a footnote

Pontecorvo assumes this to be a misprint and uses the converse

statement/
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statement. Since this was not a misprint the reasoning given
by Pontecorvo is not valid. The magnitude of this effect was not
stated by Curran et al.; it was in fact very small and subsequent
work has shown that the effect was probably spurious. In view
of this criticism and since more precise results are obtainable by
using "end-effect free" counters the problem was reinvestigated.

A proportional counter was filled with a small quantity of
37A + ~ 5 cm. methane + 1 atm. argon. A peak corresponding *o
the decay by K-capture was found,; and then the amplifier gain

increased by a factor of 4 and the L peak observed. This peak is

. . L s R
complex being a mixture of L1, 1T and LIII radiations ; the

contributions of the different radiations to the composife peak may
be evaluated as follows. (a) After capture of an L electron an
electron or quantum will be radiated. From fig. 26 {constructed
from tables of Landhold-Bornstein, 1950) it can be seen that the X
and LI electrons are in S states while the Ly7 and LIII electrons

are in P states. Since the P wave is zero at the nucleus the

number of captures from LII and LIII levels will be negligible

compared with the number of captures from the LI level. If we
consider a total of 100 transitions 7-5 are by L; capiure, (Rose &
Jackson, 1949). (b) If a K&K photon escapes from the aftom a2 hole
will be left in an Lyp or L level. This will finally be

IIT
detected/
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detected as an L radiation. Since the Auger effect is 94% then
out of 100 transitions the total number of X quanta which escape
and hence of LI or LII electrons (or quanta) emitted will be
925 x 006 = 5-55. Thus the weighted mean of the energy of the
L radiations is (7°5 x 269 + 5:55 x 202) / (7.5 + 5.55) = 240 eV.

The composite L peak obtained by experiment is shown in
fig. 27 and the centre of gravity of the distribution is indicated.
This should coincide with the energy of 240 eV. extrapolated from
the position of the K peak if VA is constant. In practice there
is a small difference between the two points. Were this
difference interpreted literally it would mean that V), was ~ 5%
less at 240 eV. than at 2+82 keV. Since this is unlikely it can
be stated that VA is constant within the limits of accuracy of the
experiment. Although the accuracy did not appear to justify a
thorough analysis 1t can be seen that the shape of the L peak is
compatible with two radiations of comparable intensity at 202 and
269 eV, In a separate experiment the amplifier gain factor was
determined directly by observing the peak from the fluorescent
x-rays of copper at low and high gains. The variation of VA with
energy was not investigated for the higher energy range since the
work of Curran et al. (1949a) and Pontecorvo (1950) has shown that
VA is constant, to within narrow limits, ~ 2%, in the range 2-82
to ~ 40 keV.

Due/
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Due to the difficulty of investigating the variation of
V absolutely by means of the K and L peaks of 57A the variation of
VNZ was examined by a comparative study assuming VA to be constant.
Using ~ 5 cm. methane + 1 atm. nitrogen (from which all traces of
oxygen had been removed) as a filling gas in a proportional counter
the K and E peaks were observed as before. The ratio, position
of K peak/position of L peak, for argon was found to be very nearly
equal to that for nitrogen. To extend the energy range of the
observations the whole experiment was repeated to compare the
position of the 46+5 keV. Y peak from Ra D with the 2:82 keV. K
peak from 37A. (The most recent measurement of the Y'—ray energy
is due to Ewan & Ross, 1952). Owing to the difficulty in deciding
the exact position of the maxima of the distributions in nitrogen,
there is a slight uncertainty in the final result, but it can be
stated that VNZ does not increase by more than 5% for the energy
range 465 to 282 keV. Further, it can be stated that there is
not more than 5% increase in VN2 between 2+82 keV. and 240 eV.
This gives a possible variation of 10% between 0-24 and 46-5 keV.
It is thought that V does not vary by nearly as much as this, but,
due to the previously discussed uncertainty in the position of the
peaks, this upper 1limit for the variation cannot be reduced. The
low energy experiment was repeated using a counter filling of

methane alone and it was checked that, within the limits discussed

above/
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above, VCH4 was constant between 282 and 0.24 keV. This means
that the small amount of methane admixed with the argon or
nitrogen does not affect the final conclusions.

The result for nitrogen is in good agreement with the curve
obtained by Curran et al. (1949a). It is also in agreement with
the work of Eisl (1929) (as modified by Gerbes, 1935) for electrons
of energies between 10 and 60 keV. For low energies the present
work is compatible with the results of Freund (1935) and Breunig
(1936) but is in marked contrast to the results obtained by Pigge
(1934). The empirical formula, V = 3162 + 527/ | (E - E {) eV.
deduced by Gerbes (1935) on the basis of Pigge's results leads to
a value of Vy, ~ 20% higher at 240 eV. than at 2-82 keV. The
present work, together with the criticism of Pigge's results
givén in chapter II, means that the above formula of Gerbes cannot

be considered to represent the variation of V with E in nitrogen

or air.
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Chapter VI
Energy per Ion Pair for Polonium X -particles.

l. Introduction.

In chapter IV the close agreement between the ratios
Vgas/Vargon for slow electrons and for very energetic (340 MeV.)
protons was noted. In view of this agreement, and since sufficien
data for a similar comparison in the case of o« —particles was not
available it was decided to investigate the ionization of the same
gases by Po & -particles. The method, employed in the case of
electrons, of using end corrected cylinders as proportional counters

and ionization chambers is immediately applicable to o —particles.

2. Apparatus.

An ionization chamber, capable of withstanding pressures in
excess of 6 atm., and fitted with terminals, as shown in fig. 11,
.45 was constructed. The distance between the ends of the field
adjusting tubes was ~ 40 cm. and the cylinder had an inside
diameter of 14 cm. The central electrode was a tungsten wire C-02
clle in diameter. This wire diameter was chosen so that the vessel
could be used either as an ionization chamber or, by increasing the
applied voltage until gas multiplication started, a proportional
counter. The source was mounted on a probe running parallel to the
central wire and maintained at a voltage corresponding to its

position in the field. It was arranged so that the source was

situated/
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situated approximately midway between the ends of the chamber
and also half way between the central wire and the case. The
minimum distance of the source from any part of the chamber wall
was 6 cm. and care was taken to ensure that the pressure of the
gas under observation was great enough to make the range of Po
A =-particles less than 6 cm.
The electrometer valve circuit described in chapter IV,

section 2, was used to measure the ionization current.

3. The polonium source.

The source was made by dipping a thick silver foil (area

~ % cm.g) into a solution of Radium D + E + F in hydrochloric
acid. The back of the foil was covered with "Glyptol" sealing
paint so that all the A& ~particles were emitted towards the
central wire. The energy distribution of the  -particles was
examined by using the chamber as a proportional counter and the
curve obtained is shown in fig. 28. It can be seen that the peak
is symmetrical except for a slight preponderance of low energy
particles making the average energy of the pulse distribution 97%
of the peak energy. (A peak energy of 5303 MeV., as determined
by Chang 1946, was used). There are probably two causes for this
energy loss, (a) finite thickness of the source, and (b)
excitation of metastable states in argon. This energy would be

lost/
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lost in a proportional counter pulse but detected in ion chamber
operation. We deduce that the energy of the particles, so far
as it affects the ionization current, may be between 97 and 100 %

of its known value and we adopt 98.5% as the most probable value.

4. Absolute value of V for argon.

(i) General.
In chapter IV the following equation was derived for the

evaluation of V,
L = ne £ /v . (1)

In the case of slow electrons a factor was required between the
current and the count-rate. With Po & -particles, however,
sufficient eﬁergy is dissipated in the ionization chamber to give a
measureable current, ~ 10-12A, if the source strength is ~ 10,000
counts/min. This is also an optimum value for the measurement of
n and so it was not necessary to divide the source. To obtain an
absolute value of V for argon, i was measured using a filling of
1l atm. argon + 1 cm. methane. Then ~ 10 cm. methane was added
and the voltage increased until the chamber was operating as a
Pproportional counter with gas multiplication. From a count rate -
applied voltage curve the value of n was deduced. Equation (1)
was then used to calculate V.

(i1i) Current measurement.

The/
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The measurement of fhe saturation ion current was
complicated by a difficulty, due to the low counting rate of the
source, not encountered in the previous experiments with electrons.

The standard deviation of a counting rate ~ 10,000/min. is

~ 100/min. or about i 1%. This means that in the current
measurement the deflection of the microammeter will fluctuate about
a mean position with a maximum amplitude of ~ 2 - 3%. The
fluctuations will be random with a frequency ~ 2/sec. This is
consistént with actual observations. The technigue used in the
current measurements has been previously discussed and required the
setting of the microammeter to a known position by means of a
biassing voltage. This process was made rather difficult by the
fluctuations. It was recognized that in order to reduce the
random variations to a hegligible amplitude (say = 0+1%), a source
strength ~ 10° counts/min. would be required. Such a source
would necessitate an accurately measured fraction ~ 1% being used
for the determination of n. It was considered impracticable to
make such a division of a solid source, with the required accuracy.
In order to avoid the necessity of dividing the source a count rate

~ 15,000/min. was used and electrical methods of damping the
current measuring system were considered.

For effective damping of fluctuations ~ 2/sec. the time

constant of the system must be made long compared with a second,

say/
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say 5 - 10 sec. With the existing apparatus this could be
achieved in two ways.
(a) A condenser of capacity 50 - 100 /7uF could be connected
across the grid leak Rg which had a resistance ~'10111:L . The
resistance of this condenser would have to be high compared with
IOllﬁl 3 a resistance of more than 101351 would be required.
It appeared that a parallel plate condenser was the best type for
satisfying the stringent leakage resistance requirements and also
having the required capacity. Such a condenser would have to be.
housed in the box containing Rg ; this limited the area available
for the plates to ~25 cm.? which meant a plate separation of

< 05 mm. A condenser with the above dimensions and having a
resigtance > 1015§1 would be very difficult to construct and so,
unless the apparatus were redesigned, this solution did not appear
to be practicable.
(b) The other method of damping, and the one which was adopted
in practice, consisted of connecting a condenser across the
microammeter itself. Since the resistance of the meter was
~ 100052 a condenser of capacity I0,000/M~F was required to
give a time constant ~ 10 sec. Five electrolytic condensers each
of ZOOO‘/LF (12 V working) were connected in parallel across the
meter. This produced adequate damping but the setting of the

bias/
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bias voltage was made more laborious since the charge on the
condenser had to be altered when the voltage was changed; this
meant’that a final reading could not be taken for some time after
~an adjustment of the bias voltage. From this point of view as
small a capacity as possible should be used. In practice BOOQW.F.
was found to be the optimum value for the condenser.

To compare the results obtained with and without damping the
following experiment was carried out. With the meter undamped a
current reading was taken, allowing 2 min. for resetting the
microammeter to the zero position. This was repeated ten times

and the results are shown in table VI.

Table VI.
’ 0
Bias Volts. | Temp. °C. | Bias Volts. | Temp. C.

0+751 19-5 Q+734. 197
0749 19+5 0+746 197
0-734 19+6 0742 19-9
0+741 19+6 0-738 20-0
Q737 19-6 0746 © 20.0

Mean = 0-742 V at 19-7°C.

With an SOOO/u.F. condenser across the meter several readings were
taken each occupying about 3 min. The readings were found to be

nearly/
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nearly identical and they did not differ significantly from the
mean value given above. From this experiment it was deduced that
no appreciable error would be incurred by using the_damped meter
and taking a single'reading. The time taken per reading is
important when plotting mixture curﬁes in the relative measurements.

Saturation characteristics were plotted for argon at
pressures of 1 atm. and 2 atm. (in each case ~ 1 cm. methane was
added). These curves are shown in fig. 29. Although
multiplication can be seen to have started with a case voltage of

~ 1000 V., it was found that there was still no sign of
multiplication taking place with an applied voltage of + 2000V.
The slight difference in the saturation currents in ‘the two cases
was due to a temperature change.

In the electron experiments a "total swing" method of
measuring the current was used to eliminate the possibility of a
Zero error. In this case it was found more convenient to measure
the biassing voltages required to return the microammeter to zero
first with a positive and then negative applied voltage. A typical

set of readings is given in table VII.
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Table VII.

Applied
Volts. Biassing Voltage Temperature °c.
+ 500 1+103 | | 20-7
i 1-095 208
" 1+097 Mean = Mean 20-8
+ 360 1+105 1-098 20-9  20.9
" 1-097 ‘ 21-0
n : 1-090 21-1
- 500 1+090 21-1
0 . 1-093 21-1
" 1-102 Mean = 1097 . 212
ean
- 360 - 1-090 21.25 213
" 1102 ‘ 21-3
n 1+083 2l.4

The most probable errors of the mean values quoted are ~ 03 %.
Reducing each group to refer to a temperature of 21.1°C. the mean
value of the whole set is found to be 1-098. Even with the random

fluctuations it is considered that the final value for the current

reading/
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reading is not in error by as much as 1%.

(iii) Count rate.

The chamber was operated as a proportional counter znd z
count rate - applied voltage curve was plotted. A long flat
plateau was obtained and an accurate value for n was found by
counting ~ 100,000 pulses at a voltage corresponding to the middle
of the flat portion of the curve.

A ratio of n/i was obtained from the sbove measuremenis.
After four months the source had decayed to approzimately hzalf its
original strength and the ratio was reméasured. The two values
were found to agree to within 2% and a mean value was adopted.
After the absclute value of Rg had been redetermined by the

electrometer valve method the final value for Vﬂ_was found to be,

+
V, = 259 - 05 eV/ion pair.

5. Relative Values.

The measurement of relative values was simplified Dy the

solid nature of the polonmium source. The chzmber was Titled with
& 1 ti sufficient pressure (o make the

the gas under observation, at a suflliclenv D

K —particle range < 6 cm., and the saturation ion current measured.
After the chamber had been evacuated and refilled with argon the
current was again measured. The ratio of the two currents gave
directly Vgas/Vg. fter three months the source had deceyed To
~60% of its original strength and the reiio was again determined.

When practicable/
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bracticable ion current - gas mixture curves were plotted and
used to reduce the possibility of error in the relative values.
In the « -particle experiments difficulty was encounfered, in
certain gases, in obtaining saturation in the ionization current
with the maximum évailable voltage of 2000 V. For this reason
it was not always possible to plot mixture curves; the gases will
be discussed individually.

(i) Nitrogen.

A characteristic curve for nitrdgen‘was plotted and it was
found to be identical in shape to the argon curve shown in fig.
29. Saturation ion currents were obtained for applied voltages
from + 240 V. to + 2000 V.  The ratio Vg / V, = 1.39 was
obtained for both values of the source strength.

(ii) Air.

By plotting a chafacteristic for ionization current in air
at 1l atm. it was observed that saturation might not have been
obtained with 2000 V. The minimum pressure of air needed to stop
all the oA -particles in the gas was calculated to be 48 cm.
Curves were drawn of current against pressure of air from 50 to
150 cm. for applied voltages of + 1000 V. and + 2000 V. These
are shown in fig. 30 and it can be seen that a saturation ion
current was obtained at the lowest pressures. A mixture curve
for air-argon was not plotted because of the difficulty in

obtaining/
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oObtaining saturation ion currents. The two values of the
ratio Va:i.r/VA obtained were 1+37 and 1+35 giving a mean of 1-36.
(iii) Oxyeen. '
Difficulty was again experienced in obtaining saturation
ion currents and so the above procédure was repeated. The final

ratio of vog/ VA = 1°+24 was obtained.

(iv) Helium,

A total pressure of 4 atm. helium was required to stop all
the & =particles in the gas. Bven with this pressure saturation
currents were obtained with low applied voltages as can be seen
from fig. 31 curve (a). When ~ 2 atm. A were added to give

~ 30% A mixture complete saturation was not achieved below
2000V (fig. 31 curve (b)). Saturation was, however, obtained for
a 15% A mixture. A He - A mixture curve was plotted, the only
doubffﬁl point being at 30% A as this had to be obtained by
extrapolation. The general shape of the curve would not be
altered by a small change in the position of this point.
(v) Hydrogen.

The total pressure of hydrogen required was 3 atm.
Addition of 1% atm. A gave a 30% A mixture and in both cases
saturation ion currents were obtained for applied voltages of less
than 2000V.  The ratios Vyg,/V, = 1+43 and 1-38 gave a mean of
1-40. |

(vi) Methane.

1/
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1 atm. of methane was sufficient to stop all the & -
particles and no difficulty was encountered in achieving
saturation ion currents. The final ratio Vgg,/V, = 1-10 was
obtained.

The mixture curves are shown in fig. 32 and the numerical
values are summarized in table VIII, together with the previously
determined values for electrons and the results.of Bakker and
Segré (1951) for 340 MeV. protonms. As in the electron case

allowance has been made for the 6-5% No impurity in the methane.
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Table VIIT

Electrons Po & -particrles 340 MeV

protons

Gas | V in ev | Vgas/V, | V in ev Vgas/V, Vgas/YA
A 27+0 1-00: 25+9 1-00 1-00
He 325 120 31.7 1-22 1.17
H2 38-0 141 37.0 1-43 1-38
N, 358 132 360 139 1-31
Air 350 1-29 55-2 1.36 1-30
Oy 322 1-19 322 1-24 1-23
CH, 29+5 1.09 28.4 1-10 ———

6o Discussion of Results.

(i) DNumerical Values.

The absolute value of V) = 25-9 eV.; obtained with Po & -
particles is in fairly good agreement with the value of 25.4 eV.
extensively used, but it is low compared with the more recent
value of 28-3 eV, obtained by Cranshaw & Harvey (1948). It should
be noted, however, that their results on the variation of V, with
X -particle energy are in marked contrast to those of Jesse,
Forstat and Sadauskis (1950). A possible source of discrepancy

is discussed by Hanna (1950). Jesse et al. measured the total

ionization/
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ionization using a slow recorder while Cranshaw & Harvey measured
only the total available ionization. The latter method might
miss delayed secondary electrons from metastable argon atoms and
so tend to give higher values for V. As the present work
empioyed a total ionization method, the lower Value would be
expected. Indirect evidence in support of the value of VA =
25+9 eV, is obtained by consideration of the values VNQ = 36+0 eV.
and Vair = 35+2 eV. derived using this value of V, together with
the measured ratios. These derived values are in good agreement
with the recent values of VN2 = 363 t O+4 eV., Vair = 347 tv0-5
eV. obtained by Alder, Huber & Metzger (1947) and the value of
Vair = 35-1 eV., for Ra C'  -particles quoted by Gray (1944).
The ratios Vgas/VA are unlikely to be much in error and a value
of VA = 283 eV. would give VNZ = 39+5 eV. « a value higher than
any obtained by recent workers.

Schmieder (1939) used Po & —particles to measure V for
various gases. Air was used as a standard gas and the following
absolute values derived :-

Vair = 34°8, VN2 = 361, V02 = 32-4, VCH4 = 294, V, = 24-4 .
Except for the argon value which is lower than the 25+9 eV.
obtained in the present work these values are in fair agreement
with those in table VIII. Dick et al. (1947) also found V for

nitrogen, oxygen, and methane relative to Vair; their absolute

values/
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values are, however, much lower than those obtained by the
author. This is due to the fact that the vaiue they obtained
for Vair was 32°1 eV;

There is little information available for comparison in
the case of thé light gases. Gray (1944) derived the value of
VH, = 36°0 eV. from the measurements of Taylor (1911, 1913).

The relative measurements by Gurney (1925) are discussed by
Rutherford, Chadwick & Ellis (1930) and the values of VH2 = 33+0 ,
VHe = 278 eV. are quoted; Vair = 35 eV. was used as a standard.
Using specially purified gas Naidu (1934) measured the relative
total ionization produced by Po &K —particles in helium and air
and obtained an ionization ratio of 1-146. For comparison this
ratio in the present work is 1-11.

From table VIII it can be seen that the relative values
obtained with « —particles are very close to those obtained with
electrons except in the case of nitrogen and air. This may be
due to an increase in VNZ for low energy electrons. From a
consideration of the results given in chapter V this increase is

unlikely to take place for electrons of energy > 200 eV.

(ii) Mixture curves,
| The ionization of mixtures of gases by « —particles has
been discussed by Huber, Baldinger & Haeberli (1950) who derived
an expression for the variation of Vmixture with the partial
pressures and stopping powers of the component gases.

For/
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For a mixture the energy loss per ion pair is defined as
V, = NAE/An. D E is the energy loss of the « -particles
and it 1s equal to the sum of the energy losses for the
production of the primary ions in the two gases, i.e. N E =
[A) B+ £lEb. The number of ions A n is the sum of those
producedldirectly by the K —particles and indirectly by the
secondary g-rays and light quanta.

Let the average energy expenditure per ion pair in the
pure gases be V3 and V, respectively and also assume that the

numbers An; and Anz of the ions of the two gas components are

completely determined from the equations,

Do, = 8B | A, - AR
Vi V2

This assumption means that the gases behave independently of omne
another. In particular, the ionizing effect of the g-electrons
and of the light quanta of one gas with respect to the other is
completely neglected. (In practice the ions created in one gas
by X —-electrons and light quanta from the other gas will to a
certain extent be compensated for by the ions created in the

converse process, so that this assumption is not so improbable as

it first appears.)

Hence An _Anl +An2 = AE._l_ +

El/

A.Eg ‘
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AIEl and ZXEE are proportional to the product of the atomic

stopping power, s, and the partial pressure p of the gas

components.
. J'.. slpl X .:.L. + _.________.Szpz X !‘.
< Ty S1Pp *+ SgPy R
1 s '
or = = 3101 X ( i -1 5 1
v, = ¥
m 1P1 + sgoba v, ¥y Vg
i
Thus to a first approximation V, is linearly dependent on
S,P
z = 11 ’ .
+
S1P17 %P

For the purposes of comparison with experiment the following
values of stopping power, relative to air as unity, are used.
Sy = 0929 , sHé = Q0+224 , SN2

three values are due to Gray (1944) and take into account the

= 0+99 , Sy = 0-18. The first
e

results obtained by several different experimenters. The figure
for helium is obtained from Haeberli, Huber & Baldinger (1950). In
figs. 33, 34 and 35 1/V; is plotted as a function of 2 for
ionization by  -particles in A - Hy , A — N, and A - He mixtures.
These curves are also available for slow electrons from  A.

Since the energy of these electrons ( ~ 27 keV.) is of the same
order of magnitude as the energy of the secondary g-rays produced
by the x -particles, the electiron curves may be considered as

secondary/
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secondary ionization curves and the of curves as total (primary +
secondary) ionization curves. Thus for the purpose of
comparison the electron curves are also shown in figs. 33, 34 and
35. (The same (X —particle values of stopping powers were used
in the calculation of z). In addition the difference in the
absolute values of V for electrons and K =particles has been
taken into account so that the curves give a true representation
of the variation of J\-fm with 2 in the two cases. In each graph
the straight line expected in the K -particle case, on the
grounds of the above theory, is shown dashed.

A considerable deviation from the straight line is shown
in fig. 33 for an A - Hs mixture. There is also a small
difference in the absolute values for electrons and X -particles,
which cannot be explained on this picture, but in general the
pdints for N —particles and electrons lie near the same curve.
The second mixture, that of A - N2 is shown in fig. 34. The

o -particle case gives a smooth curve differing by a maximum

~ 3% from the straight line. From 100% N, to a 50 — 50 A - N,
mixtui‘e the electron values are very closé to the corresponding
o values. With increasing pressure of argon up to 100% A,
however, the electron points are seen to lie considerably below

the O curve. In fig. 35 the curves for an A - He mixture are

shown./
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shown. There is a difference in the absolute values of V
obtained for both argon and helium, but in the middle of the
curve the « and electron points lie close together and do not
differ significantly from a straight line.

It is possible to derive a different expression for Vm
without making the drastic assumption that the gases behave
independently of one another. Instead of considering the total
number of ions, [\ n, as the sum of the numbers of the ions of
the two gas components, it can be determined as a sum of the
numbers of ions produced in primary ionizations and by secondary

S ~rays.

i.ee. An

ﬁn1+ Anz-i- Ans .

A ny and An2 are the numbers of primary ions produced in

the two components and

On, = OB , A\ n, = AE,
v v
P
1 N

where NE  and QAE
1 2

are the energy losses for the production of primary ions and

Vpl and VP are the average energy expenditures per primary
2

ion pair. If NE is the energy loss of the K -particles in

the mixture then, as before,

Am /
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S,P
AEl = A.E 171 = AE Z
S1P; + 8,0,
and AE2 = AE SgP2 = AE (1 - 2)
8Py + 8D,

om—

It Il and I2 are mean ionization potentials of the two gases

then the kinetic energy of the secondary g-&eys produced is

(T3 + I,) where,

il
]

Ty AEl - A nl‘l—ll Az z - hnl—fl

and Ty AE, - An,I, AE @ -32) - An,T .

This if Vo is the average energy expenditure per ion pair for

S -rays in the gas mixture then the number of ions produced by

the ‘S-rays is Ang = T+ T2
o‘o An = _é..E]:. + AE2 + M
| ) Vo, Ve
Hence cerd i
pgle2 1-z\  ABEz+ AE(L - =) -AnyI; -An T,
An = DE\T
P VPg Ve
1 1 1 T -
=0NEg [Z("‘“ + =1+ (1 - z)(-— + 1\) - AnyIy - Anglg
Vp; Ve Vpo Ve Ve Ve

But/
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But Any = g1~ ana  An, = Voo
e bLn -1 = (1 1 Eﬁ 1 1 Eé
e o AR T 2 T t 5 - + 1- I te =
LE Yy, Vp; Ve Velp ( z )( Vpg Ve Velp

This expression is still formally linear in z but a graph of
1/V, against z will be a straight line only if Vpy » Vp, and Ve

are constants with respect to z. Vp, and sz are independent

1
of z but Ve varies with z as seen from the electron curves in

figs. 33, 34 and 35. The equation for L/Vm may be re-written in

the form,

1 - 01,1 7 1 1 _1 (il Iz

- = ) 1l - 4= R S -

m Ve sz( Véj “\Vp1 Vpy Vel Vpy T Vpy, (&)

In this expression 1/Ve is the dominant term and so, as a first
approximation, Vp = Vg for a given z. Thus, if L/Vm is plotted
against z, the K -particle and electron curves will be nearly
coincident. The remaining terms give the amouﬁt of separation of
the curves. Were these terms constant the two curves would be
parallel; since they contain Vg, ﬁhich is dependent on z, the
separation of the curves will vary with z. Furthermore, the
correction term is always positivéjand so the K -particle curve
would be expected té lie above the electron curve in every case.

That these conclusions are Jjustified in practice can be seen from

figs c/
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For a pure gas z = 0 or 1 and equation (3) reduces to
1 - 1 4, 1 ( T \) 1, 1 ( T
A 7 (1 -2} or § 7 -

For pure argon, Vp is the value of VA for 0(-particles = 26eV.

and Vo = 27eV. ITf the lowest ionization potential 153

]

eV. (Rutherford, Chadwick & Ellis, 1930, p.81) is taken forEl
then V@l can be calculated. The value obtained V@lrv 280 eV,
is much higher than expected. (The theoretical values of V?
for nitrogen and hydrogen are ~ 80 and 100 eV. respectively,
Mott & Massey, 1949, p.255). This discrepancy can be
interpreted as meaning that Ei is greater than the lowest
ionization potential. The difference arises from three causes
(a) An & -particle will excite certain atoms in passing, without
ionizing them. (b) It may excite the residual ion as well as
producing a ) ~Tay. (c) The § -ray may be produced from an
inner level. A value of I = 23 eV. would give a value for
Vp, ~ 100 eV. This value for I, is similar to the value of 25eV.
deduced by Townsend (1947) p. 110 for an average ionization
potential for slow electrons in air.

It would have been possible to derive more information of

this type by using the values of V obtained for the various gases

and/
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and fitting them into the above equations. The basic
assumption, that the 3)'7A electrons are equivalent to 6 -rays, is
only true to a first approximation, however, and only a
qualitative explanation of The experimental results appears o De
Justified. More reliable quantitative information might be

derived from a study of very slow %-—rays in gas mixtures.
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Chapter VII

Theory

The application of wave mechanics to the penetration of
atomic particles through matter has ?ecently been the subject of a
comprehensive review by Bohr, (1948). In particular the stopping
power and ionizatipn effects of particles in light substances are
discussed and an éxpression is derived for the total number of
collisions leading to ionization in the case of a primary particle.
For comparison with the results of experiments described in the
previous chapters an expression for the total (primary + secondary,
ionization is required. As pointed out by Bohr ,..."an accurate
estimate of the secondary ionization presents a very complicated
Phenomenon which can be treated only approximately on present
theories ...". Before discussing the attempts by various authors
to give an approximate solution of the problem it is profitable
to summarize the general trends of the experimental results for the
determination of the average energy expenditure per\ion pair.

An adequate theory should be able to account for the
following general conclusions drawn from a review of the
experimental results.

(2) V is largely independent of the energy of the primary
particle down to very low energies. Further, the values of V

obtained for a particular gas are similar for ionization by

electrons/
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electrons, protons and o -particles. Heavy ions such as 7Li
and fission fragments have also been found to give similar values
for V.

(b) Although V varies from gas to gas the values, for the
common gases at least, are contained in the relatively small range
of 25 - 40 eV, There is no general correlation between V and the
lowest ionization potential of the gas; in particular V is low for
the noble gases, such as argon and helium, whereas their ionization
potentials are unusually high.

A general explanation of (a) has been given by Williams
(1932), following a result due to Bethe (1930). V must always be
greater than the ionization potenfial I Dbecause part of the
energy abéorbed by a substance goes into processes other than
ionization and may be considered as "wasted" energy. Most of this
"wasted" energy goes into the excitation of optical levels and
ultimately into the production of light. The collisions made by
a heavy particle traversing matter may be roughly divided into
three groups. (i) excitation collisions in which ionization does
not take place (ii) light ionization collisions in which the
energy lost is of the order of the ionization potential I, (iii)
violent collisions in which high speed secondary electrons are
produced. According to Williams, Bethe has shown theoretically

that the relative numbers of excitation collisions and light

ionization/
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ionization collisions are practically independent of the nature
and velocity of the primary particle. This means that a constant
amount of"wasted“energy is assoclated with the formation of an
ion pair and so, neglecting violent collisions, V should be
approximately constant. The relative numbers of high speed
secondary electrons produced in violent collisions is, of course,
dependent on the energy of the primary particle, but violent
collisions are infrequent and contribute little to the final

total ionization. The high speed secondary electrons also
dissipate most of their energy ultimately in the form of light
collisions and since, as has been stated, for such collisions the
"wasted" energy per ionizing collision is a constant, it does not
matter whether the ionizing particle is the primary particle or a
fast secondary electron. Hence for a given energy loss by the
primary particle the total ionization is nearly independent of its
nature and velocity.:

An explanation of (b), particularly the lack of
correlation between V and I, is a much more difficult problem.
Bethe (1930) made'a "hydrogen-like" approximation in which each
molecular electron is treated as though it belonged to a
hydrogen—like atom. Bagge (1937) based his calculations on the
Thomas~Fermi model of the atom apart from replacing the

theoretical ionization potential of each molecule by the

corresponding/
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corresponding experimental value. Since both these theories
lead to a positive correlation between V and I , contrary to the
experimental results, they will not be discussed in detail.
Williams (1932) used Bethe's formula and satisfied his first
condition (A = I/4mv® << 1 , where v is the velocity of the
moving particle and u is the Bohr orbit velocity) by neglecting
gecondary electrons with energies of lesgs than 10 I. He could
not definitely evaluate the contribution of such electrons but
fixed limits corresponding to zero and 100% efficiency. In this
way the values V ~ 35 to 50 eV. for hydrogen and V ~ 55 to 80
eV. for helium, were obtained. The observed values for hydrogen
are Jjust within the limits given but for helium even the
theoretical lower limit is nearly twice the observed value.

The most promising approach to the problem is due to Fano
(1946) who explained qualitatively the lack of correlation between
V and I and gave an approximate calculation for the numerical
evaluation of V in the cases of atomic hydrogen and helium. Fano
considered the method of absorption of the energy of an ionizing
radiation by a molecule to be by the dipole oscillation of its
electronic charge. On this picture the lower frequency
oscillations lead to excitation while those of higher frequency

lead to ionization of the molecules. Fano defined the oscillator

strength/
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strength of a process as “the proportion of oscillators whose
frequency corresponds to any particular process of energy
absorption by the gas molecules”. The amount of energy "wasted"
in excitation without ionization can then be found from the sum
of the oscillator strengths of all the excitation processes
available to the molecule. Table IX, given by Fano, shows the
available theoretical information on oscillator strengths of
excitations and shows that for three characteristic atoms the

"wasted" energy might be expected to be an inverse function of I.

Table IX
Substance H He Li
I in eV. 13+5 24+5 54
Oscillator strengths
of all excitations 57% 21% 88%

In particular,the low value of V for helium is understandable on
this picture. In view of this success, Fano set out to formulate
a theory which would explain the relatively small percentage of
excitations (giving a small energy waste) in substances like
helium. This will now be discussed in greater detail.

Bethe (1930) had assumed that a hydrogen atom and a

hydrogen/
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hydrogen-like atom could be treated as dynamically similar
systems and this led to a proportionality between V and I. By
comparing the ground state and excited states of hydrogen and
helium, Fano discovered a marked departure from dynamic
similarity between the two atoms. In particular Bethe had only
accounted for the screening of an outer electron by the inner
electrons by replacing the actual atomic number Z by a lower
effective number Z - s. (g is called the inner screening number).
In addition to this inner screening Fano inserted a term, S, to
account for the outer screening effect due to that part of the
electronic cloud further away from the nucleus than the electron
under consideration. By using this outer screening term, Fano
succeeded in taking into account the lack of similarity between
different atoms; failure to do this had been the great weakness
of Bethe's theory. S is zero in the case of atomic hydrogen,
negligible in the case of alkali atoms, but important in the case
of helium and atoms in which there are many electrons in the
outermost shell, The binding energy of an electron of total
quentum number n changes from (Z - s)@ Ry/n® on Bethe's theory to
(2 - s)2 Ry/n? - eS on Fano's theory. Thus energy absorptions
which would only be sufficient to excite a hydrogen-like atom

with atomic number (2 - s) may result in ionigzations because of

the/
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the reduced binding energy due to outer screening. This means
that in substances with a large S value (for example, helium)
there will be fewer excitations and so less energy waste. Table
IX is seen to be in agreement with this general picture. Born
(1935) pp. 163=5 has given a complete table.in which the number of
electrons in the various shells and also the lowest ionization
potential are listed for each element. This shows that the
number of electrons in the outermost shell, and hence S, increase
as I increases. In faot the variation in ionization potential
and energy waste appear to be correlated in such a way as to
minimize the variations of V.

In order to make even an approximate calculation for V it
must be assumed that particles of different charge, mass and
velocity are equally efficient ionizing agents. This has already
been justified theoretically and has been found to be very nearly
true in practice. The three tyvpes of collision previously
discussed will be considered to contribute to the total cross
section i.ces G = O+ 0O+ 6, where G, refers to
excitation collisions, Ga y to light ionization collisions where
the ejected electron has energy < I and 0, to violent
collisions where the ejected electron has energy 7> I. The
corresponding energy losses are Eg , Eil and Eig . Ei_ consists

2
of energy I lost in ionigzation + (Eiz ~ I) which is the energy

of/
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of the secondary electron produced. This secondary electron
is identical in ionizing properties to the original particle,
according td the basic assumption, so we may consider the primary
particle to have lost only energy I and there to have been no

secondary electron produced. Hence,

\V = (e + @Bu+ fﬁfﬁ.
{7, + 7 Lz}

4 (s«_ \:v.(ovs\)
(4)

This equation can be evaluated directly in the case of atomic
hydrogen only, in which case V was found by Fano to be ~ 36 eV.
For comparison with experiment only molecular hydrogen values are
available and the results V = 38-0 eV. for electrons and V = 370
eV, for o —particles obtained by the author are in fair agreement
with the calculated value.

In order to apply eqn. (4) to other substances Fano makes
two simplifying assumptionse. Light and violent ionizing
collisions are identified with grazing and head-on impacts and all
collisions are considered to be one or other of these extreme types
As a first approximation Fano makes the drastic simplification of
agssuming that only grazing collisions occur, i.e. ﬁzlis assumed

to be zero. This reduces eqn. (4) to,

\& ==(6}f:e'+-6z‘i;;b/dz‘
The probability of photoexcitation per unit time, from an initial
state 0 to a final state f, is given by Heitler (1944) p.90 eqn.

42/
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42 as,

i \*yoﬂﬁ\zpk

Y

Wo_% ==

where ¥v0_%,= matrix element for absorption of light quantum +
transition o - £ and P%= density of final states. The cross-
section for a transition is the probability of excitation if one
incoming particle is crossing unit area in unit time. If we
consider a volume of area A and thickness d. then in unit time
there will be % photons crossing area A. Thusf&iphotons will
cross unit area in unit time. If Ad = V, the volume of

normalization, the cross-section can be written,

~ [ 2

ey = By
In the present case we are dealing with the dipole approximation
and the probability of transition of an atom from the ground (Oth)
to the éﬁ'excited or ionigzed state is then proportional to the
square of the dipole matrix element, XK, = j\p31l4h,it
The total cross-sections for excitation or ionization can then be

written in the form,

z .
Ge = GMAZEZq Xio summing over excited states
Z .
i, = ol 2{.3 Kjo summing over ionized states.

The latter is actually an integration and its value is denoted by

Xé . Using the above equations together with the Thomas-Kuhn

sum/
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sum rule Fano evaluated the sum, GEEQ+ (ﬂ,EL = const. x Ry
where Ry is the Rydberg energy. Hence for the first

approximation
2
V¥ = Ry/x}

Por atomic hydrogen :L€=’ 0+283 and hence V = 48 eV. This is
greater than the previously calculated value and also the
experimental value but as only one type of ionizing collision has
been considered the waste of energy due to excitations would be
expected to be more important and lead to a value of V which was
too high.

Fano has also calculated ttfin.thé base of helium, using
hydrogen-like wave functions with Z = 27/16 for the ground state
and Z = 1 for excited and ionized states. The value obtained is
V = 53 eV. which is much closer to the hydrogen value than the
result of V = 87 eV. obtained by using the average value Z = 135
for all the states. Use of a single value of Z is shown to lead
to the conclusion that Xi < L/Zz. This would give Ve I
-which is the failure of the earlier theories.

As a second approximation the other extreme type of
collision, head on inelastic impacts, is also taken into account.
Using Born's approximation to the theory of inelastic impacts Fano
succeeds in showing that the effect of outer screening is of

sufficient/
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sufficient importance to cancel the difference in the
ionization potentials of hydrogen and helium. The numerical
values obtained are Vg = 36 eV. , VHe = 38 eV. This latter
value is still considerably greater than the measured one of
~ 32 eV. bﬁt further corrections which cannot be easily

evaluated numerically would tend to reduce the value obtained for

V.
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Chapter VIII

Recent Work on the Enersgsy Expenditure per Ion Pair.

Since the experiments described in the previous chapters
were completed more information has become available. Hardwick
(unpublished) has recently investigated the ionization of various
gases by electrons by determining the ion pair yields for tritium
using a calorimetric method of measurement. The preliminary

values obtained for V for the relevant gases are shown in table X.

Table X '

Gas V in eV. Vgas/VA
A 28-78 1-00
He 3333 1-16
Hp 40+65 I-41
No 38+30 1-33
Air 3673 1-28
02 34°01 118
CH, 30-24 1-05

The ratios Vgas/V, are close to those obtained by the author
(table VIII pJO06) but the absolute values are, on the whole, ~ 6%
higher than those in table VIII. In a private communication,
however, Dr. Hardwick emphasized the fact that his values were not

final and he thought that a re-determination of one of his

standards/



132,

standards might reduce his values by ~ 5%. Taking this into
account the agreement between the two sets of results is fairly
good although the methods used were quite independent. In
chapter IV it was stated that the value of VNZ = 35+8 eV. obtained
by the author was in agreement with the result of Gaertner
(1934/5) rather than the more generally accepted value of 32°+5 eV.
obtained by Eisl (1929) and Gerbes (1937). The work of Hardwick
is additional evidence in support of the higher value of V for
nitrogen.

Two recent publications give absolute values of V for
ionization by & -particles. Haeberli, Huber & Baldinger (1952)
obtained the values Vg = 26+25, Vﬁe = 50-86, VNz = 36+3 and
VOg = 32°17 eV. It is claimed that these results are not in
error by as much as $%. Sharpe (1952) studied the ionization of
Pu o —particles and obtained the values V, = 26+3, VN2 = 364 ,
Vair = 35+6 , V02 = 32+9 and VCH4 = 29-1 eV., with an accuracy
of 1%. Both these sets of results are very close to those
obtained by the author. Sharpe also found that the ionization
current in argon was increased by about 1% by the admixture of 2
to 5% of carbon dioxide or 0Xygen. This effect was attributed to
the fruitful destruction of excited states in argon by the

contaminant. In the work described in chapter VI the argon

always/
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always contained ~ 1 to 2% methane so that the effect described

by Sharpe was not observed.
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Appendix I.
Integral Evaluated by Dr. E. A. Power

The problem encountered in the evaluation of N (p.60 )
may be stated as follows. A uniform distribution of sources is
contained within a cylinder of radius a and length 1. The flux
of rarticles through a sphere of radius r about a unit source is
given as N’tﬂﬂp H N’ being a measure of the source strength.
Find the net flux of particles through the surface of the cylinder
as a percentage of the total.

Consider a source at O; the flux of particles through a
sphere of radius r about O due to O is Ne " Jf where &p is
the volume occupied by the source. The flux of particles through

solid angle dIl at distance r about O due to O is
ﬁ%@ 4 e
Now consider the flux of particles through a generator of the
surface of the cylinder distance A from O
X+ dX First consider flux through element dx

X of generator at a distance r from O.

A\
AOX = O . Let width of generator

A strip perpendicular to OAX Dbe dy.
. . I}
« .« Flux through dax = N d‘} - A cd d _ cdfd
oy € ”‘;;J} Since dfz"‘—?;a

Now/
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Now cos b = —AF y Thus flux through dﬂolz due to O

-—aﬂ _€___ a6 o\n(’ N d 'LL‘L/?G ws0 4o d«j

hiX C

Thus total flux through generator due to source at O

/ d -1 A /eosB
T & je/‘* [ 6 4o
- : ~j4f [cosO
Limits of 9 t= when 9 is large Q_/“ /m becomes small and, as
an approximation accurate everywhere except the ends of the
cylinder, we assume an infinite generator and integrate over all

6 . (The accuracy of this approximation will be discussed

later). ¥z

2 — A/w:ﬁ
Define F("\\} = AS e/ cos© dO

Hence the total flux due to O through the generator considered is
! —
Wdody £ (a)

Now, let us consider a plan view. Let C be the centre of the
cylinder cut by a plane through O perpendicular to a generator.
AC = 0. Consider the flux through
element of surface made up of
generator strip whose width is

AR = Qd¢ where AA’ subtends

| angle o\¢ from C. Let OA make
angle 9 with ﬁA' as shown.
Now/
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t
Now flux due to O through generator strip = !i‘;d F(f\) AB
1
where AB = d-a is perpendicular from A to oa” . Sim - 9':.—;_ g?‘,

-

e« » Flux due to O through generator sgtrip consildered

= ﬁl_gﬁ‘_" £ (F\) s o\¢

The solution may be extended to inclinde
/M : . ‘

all sources on arc 0 O radius A Lrom A.

Cylindrical co~ordinates wlth centre A

may be used for element of volume d{) .

d() - dz AdA4G

where 4z is the length of the element of source in direction of
axis of cylinder.

«*'e Flux due to all sources on arc 0’0" distance A to A + da

from A, and dz from plane o'0" 4 is,
, /
__F@ dz Adﬂqdyf ssmﬂid(“?
[Pty
/
Limits for B 9. to W/Z and 'ﬂ/Z to W‘*“gm‘m

Wary,

. n' ! “t # PR
where sin Oy, = 4/2a. Thus B = sin Af2e = A suy.

- R P
W ¥ sin ﬁ/zq

= NF A m,ptdldﬁd e [t 0
el AN

Taus total flux due to zll elceusnts of thicknegs dz frow plane

0’0”11\/
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i

00" A

N'adz d E(A) cos[A) dA
_ 2z SA (A) cosx ()

e« « Total flux q due to all elements throughout the cylinder,
Za

J = NabL [ ™A F(A) wex@) dA
(]

where L is the length of the cylinder.

Substituting for F(A) this expression becomes,

2a 7372. )
@ = 2 NQL j J e-/«kA/CO&e (_ose coS K d@o\ﬁ

Y o
Since sin &K = P\/Z.GL , A = Zasm& and dA = Zacosxdx

, . n/z, W2 59
R A e P L

where >\= 2a/uu .

.Consider. integration over d« and let X/cose =T i.e. consider,
Wz
/ — L sm& 2
e cos* K d &
o
It can be shown that,
V2 ¢ x T (%) dx
e cos®x do = xz+ T X

° u/z
fience @ = kN'a® L\ ‘(1) { >4 (Ncoso } dox

This means that we may integrate first over 46 . When this

integration has been performed the expression Tor Q_E becomes,

.- \ ) .
~ Z Y 3( Ly
q) = N[ﬂ." (- /’\ “ 2 } & ,./\ 2 Jz } AR
Thus/ a | \ j
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Thus the fraction of the number of quanta which escape , (1 - N),
_ ';P _ 2w NazlLAY =Z/\X
total no. emitted in cylinder N Wa® L
[ J—
J(x) A
where = j R Y _——
I o x} (‘ (.XL_‘.X-\/L) d’?‘

I can be evaluated numerically for particular values of m . The
lonization chamber used had a radius a ~ 5 cm. Since the
absorption coefficients for 2-62 keV. quanta are similar for argon
and nitrogen the value m = 0375 cm.'l was used for both. Hence

N = 3°75 and by numerical computation I = 0201 .

e« « (1 -N) = 0-158 .

A correction must be applied to this estimate to account
for the fact that the cylinder was not of infinite length. A
rough estimate may be obtained by considering the numbers of
gquanta which escape through the ends and through the surface of the

cylinder to be proportional to their areas.

. . (1 = N) must be increased by an amount,

2iie* - o L
ZWal. L b

Hence (1 - N) = 0.2,
From this calculation the fraction of the number of 262 keV.

gquanta which is absorbed in the counter is N = 0°80 for argon or

nitrogen/
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nitrogen fillings.
In the case of hydrogen and helium/.u is very small
(1+5 x 10~% and 1°02 x 1072 respectively) and so N = O. (It

can be shown mathematically that I —> 4x as A —> 0).
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Appendix IT.

Factors Affecting the Accurate Measurement of a Count-rate.

Before the final experiments to determine absolute values
of V were undertaken a preliminary investigation into the accurate
measurement of the count-rate was carried out. The following
factors were found %o influence the value of n obtained.

1. Type of counter.

In principle a Geiger counter is a suitable instrument for
determining n since only a numerical value is required. A
conventional counter with guard tubes (but with no field adjusting
tubes) was filled with ~ 1 cm. alcohol + 10 cm.A and operated as
a Geiger counter, the wire and guard tubes being at zero potential
and the case at a negative voltage. An extefnal Y'-ray source
gave the count-rate -~ applied voltage curve in fig. 36, (a). A
plateau with a slope of 11+8%/ 100 volts was obtained. The same
counter was then operated as a proportional counter with a filling
of 10 cm. CH4 + 70 cm. A. Using the same source the curve in
fig. 36 (b) was obtained. The plateau is longer and very nearly
flat; in addition, it was found that the background was < 25%
less than it was when the counter was operated as a Geiger counter.

Because of these results it was decided to use a proportional

counter for the measurement of n .

2./
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Fig, 36.

Variation of count-rate with applied voltage.

(a) Geiger counter (b) proportional counter.
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2e Type of scaler.

Two types of scaling unit were available for the counting
of pulses. Type 1009, which contains a discriminator with a
variable bias, is a later model of type 200. They will be
referred to in this section as "new scaler" and "old scaler”
respectively. Preliminary work had been carried out using a
proportional counter connected to a new scaler with the
discriminator bias at its lowest setting of 5 V. It was noted,
in the course of several experiments, that the height of plateau
obtained depended on the amplifier gain and the input circuit of
the amplifier. A count-rate - applied voltage curve was plotted
using the two scalers in turn. The old scaler was found to give
a plateau ~ 4% higher than that obtained using the new scaler.
An experiment with a Geiger counter showed that the two types of
scaler gave ldentical counting rates with the regularly sized
Geiger pulses. Returning to the proportional counter
experiments it was found that the old scaler gave the same count-
rate at the two settings G.M. + and I.C. + (representing different
paralysis times) and the new scaler counting rate was also
constant for paralysis times from O to 20 /LS.
The above experiments were carried out using an external
Y ~-ray source and it was thought that counts might be lost in the

case of the new scaler due to the paralysing of the input circuiz

by/
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by very large pulses. L-rays from indium were used to give
pulses of one size, but it was found that the difference in
count-rate between the scalers remained almost constant. In
~order to limit the size of the pulses before they reached the
scaler a diode valve was included in the second last stage of the
amplifier. Normally the amplifier had a push-pull output, but
the insertion of the diode necessitated the use of a one valve
output. The input circuit of the main amplifier consisted of a
500/7mF condenser with a chain of four 56008l resistances to
ground. The differentiating time constant was thus 12 /LS H
this could be changed to S/LS by shorting out three of the
resistors.

A systematic investigation was undertéken to find how the
count-rate varied with the differentiatién time constant, the
amplifier gain and the diocde bias, for the two scalers. An
external \,—ray source was used with a proportional counter
operating at the middle of its plateau; the paralysis time
setting was O’/LS for both scalers. There was a factor ~ 4
between low and high gains. It was found that a diode bias

~ 80V completely cut off all pulses. Four main divisions
characterized by different diode biases were considered and the

results are tabulated below.

(1)/
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(1) Diode out of circuit completely. Push pull output.

Count-rate
New scaler 01ld scaler

1. 12 mS differentiation (a) 20,667 (Low Gain) 21,281 (L.G.)

. time constant (b) 21,379 (High Gain) 22,039 (H.G.)
2. 3 mS d.t.c. (a) 20,806 (L.G.) 21,494 (L.G.)
(b) 21,019 (H.G.) 21,547 (H.G.)

(ii) Diode in circuit, one valve output. Diode bias zero, all
bulses passed without attenguation.

Count-rate

, New scaler _ 0ld scaler
1. 1248 dot.c. (2) 20,690 (L.G.) 21,296 (L.G.)
(b) 20,521 (H.G.) 21,178 (H.G.)
2. 3 uS detece (2) 20,923 (L.G.) 21,354 (L.G.)
(b) 20,913 (H.G.) 21,476 (H.G.)

(iii) Diocde bias = 30 V.

Count~rate

New scaler 0ld scaler
1. 12 uS detece (a) 21,200 (L.G.) 21,565 (L.G.)
(b) 20,617 (H.G.) 21,369 (H.G.)
2. 3 /uS det.ce (a) 20,967 (L.G.) 21,243 (L.G.)
(b) 21,006 (H.G.) 21,503 (H.G.)

(iv)/
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(iv) Diode bias = 75 V.

Count-rate

, New scaler 0ld scaler
1. 12 /Ls d.t.c. (a) 20,980 (L.G.) 21,313 (L.G.)
(b) 8,849 (H.G.) - 39,500 (H.G.)
2. 3 //LS detece (a) 21,145 (L.G.) 21,334 (L.G.)

(v) 688 (H.G.) 21,487 (H.G.)

The standard deviation of the count-rate was ~ 150 thus
the count-rate for the o0ld scaler can be seen to be sensibly
constant with the exception of cases (i) 1 (b) and (iv) 1 ().
The first case is easily explained for with 12 /u.S detece and
high gain the pulses were large and crowded together. Under
these conditions the scaler might be expected to count multiple
pulses and give a spuriously high count-rate. The second case
is interesting for the following reason. With a diode bias of
75 V. , a 12’/LS d.t.c. and low gain the pulse appeared to be

~ lin on the monitor screen. With high gain (case (iv) 1 (b))

the pulses almost disappeared into the base line which was rather

unsteady. Under these conditions the o0ld scaler counted
spuriously fast. Pulses just appearing above the base line is
the condition that obtains at the start of a plateau; this

demonstration/
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demonstration of a spuriously high counting rate may account
for the hitherto unexplained rise sometimes observed at the
beginning of a plateau. This will be considered in more detail
later.

Discounting these two cases which are both exceptional
the 0ld scaler count-rate is independent of amplifier conditions
and it is assumed to be correct. With this assumption, it can
be seen that the count-rate given by the new scaler is often too
low and is dependent on amplifier conditions. It was concluded
that a more accurate value of n would be obtained if an 0ld scaler
type 200 was used. To give optimum amplifier conditions a diode

bias of 30 V. was used with a 3 /»S detec. at high gain.

3 Plateaux shapes.

A curious rise at the beginning of a plateau has sometimes
been noted. Fig. 37 shows the count-rate - applied voltage
curve obtained using a proportional counter with an internal Py

X ~particle source. Considering the evidence given above it 1is
Iikely that this rise is a spurious effect introduced by the
scaler. In order to check this hypothesis and to ensure that a
true count-rate is obtained from the flat part of the plateau the
following experiment was carried out. The shape of the pulses

was examined using a triggered cathode ray tube and they were

found/
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Count-rate - applied voltage curve for Po & -particles
in a proportional counter.
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found to be A'BO‘/LS wide. In order to simulate the
experimental conditions square pulses of SO/wS width were fed
into the scaler from a pulse generator and the plateau shown in
fig. 38 was obtained. A very marked peak is seen at the start
of the plateau. That the long flat part of the curve gives a
true value of the count-rate was checked by an independent

frequency measurement of the pulse generator output.
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