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FOREWORD

For this volume, subjects have been selected in the same way as for the first two.
Five of the articles deal with research tools. The diffusion cloud chamber, con-
tinuously sensitive to particles of which the expansion chamber gives us brief
glimpses only, has shown its value for accurate work, and its use is spreading
rapidly. The proportional counter, after a long and unsteady childhood, has
come of age as a precision instrument of great power. Cerenkov radiation, “the
electron’s supersonic bang”, is of interest both in itself and as a detector of fast
particles; a little monograph, dealing with all aspects of the phenomenon,
seemed indicated. Solid conduction counters (using materials such as diamond
or silver chloride) have been little used because it is hard to make them work
reliably; the present article sheds light on the relevant lattice properties and
may point the way to improved operation. Ion sources are part of every accel-
erator, and much improvement has been—and more should be—achieved
through proper understanding of the underlying processes carefully described
in our article.

Interest in the orientation of nuclear spins has been revived by several recent
successes, 8o & general survey of that subject has been included. The properties
of positrons and positronium (‘‘the atom without a nucleus”) are reviewed by
its foremost pioneer. The deuteron is the hero of two somewhat mathematical
articles: one on “‘stripping reactions’” which have yielded a wealth of informa-
tion about spins and parities of nuclei, the other about its collisions with neutrons
and protons, and what we can learn from them about the fundamental problem
of nuclear physics, the forces between nucleons.

0. R. Frisca
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1
THE DIFFUSION CLOUD CHAMBER

M. Snowden

Although it is only during the past few years that diffusion cloud chambers
have come into common use, it was as long ago as 1936 that experiments with
chambers operating on the diffusion principle were started. A measure of
success was achieved by LANGSDORF (1936-7) and later (1939) he published an
account of a satisfactory, though rather complicated, diffusion cloud chamber.
No further work was reported until NEEDELS and N1gLSEN (1950), CowaN (1950)
and M1LLER, FowLER and SHUTT (1951) described satisfactory results obtained
with fairly simple designs of chamber. Since then numerous workers have
constructed similar chambers and their application for research in nuclear
physics is becoming widespread. In addition small chambers of very rudi-
mentary design are being used for demonstration purposes in many laboratories.

Expansion cloud chambers have been extensively used in cosmic ray research
and early experiments used randomly operated chambers. The rate of amassing
data was limited by the short duration of the sensitive time after expansion and
also by the long recovery time between expansions. Much effort therefore was
directed towards developing a chamber which had a longer sensitive time
(BEARDEN, 1935; FriscH, 1935 and MAIER-LEIBNITZ, 1939) or required a shorter
interval between expansions (BRINKMAN, 1936 ; SHimizU, 1921 ; GAERTTNER and
YEATER, 1949). At the same time other workers looked for new principles of
operation which might give continuous sensitivity. VoLLraTH (1936) obtained
some success using a chemical method in which hydrochloric acid vapour and
water vapour are allowed to diffuse together. The resulting mixture is super-
saturated and droplets formed on cosmic ray tracks were observed but not
photographed. By passing air over water at 70°C and thence into an observation
channel maintained at room temperature by a surrounding water jacket,
Hoxrox (1934) produced conditions of continuous supersaturation. Droplet
condensation was produced in the presence of electrical discharges but not
observed by radioactive ionization.

It was the work of LANGSDORF (1936) who used a thermal gradient to obtain
conditions of supersaturation which gave the most promising results. Methyl
alcohol produced at the top of the chamber was allowed to diffuse downwards to
the base of the chamber which was kept at a low temperature. An intermediate
region of the chamber was observed where the supersaturation was sufficient
to give condensation on ion tracks formed by cosmic rays but there was a back-
ground of continuous rain making the contrast insufficient for photographic
records to be obtained.

It is this last type of continuously sensitive cloud chamber which has been
rapidly developed during the past few years and is now universally referred to as

M 1



THE DIFFUSION CLOUD CHAMBER

the diffusion cloud chamber. Let us consider the basic requirements of such a
chamber and look into the conditions necessary for satisfactory operation.

In Fig. 1 the essential details of the diffusion cloud chamber are illustrated.
The body of the chamber containing the gas-vapour mixture is thermally
connected to the base which is cooled to some low temperature T';,. Near the
glass top of the chamber is a trough containing a liquid which is vaporized by
maintaining it at some temperature 7'; greater than 7'y; a thermal gradient is
therefore set up between top and bottom of the chamber.

The gas at the top of the chamber is saturated with the vapour of the liquid
contained in the trough and this vapour will diffuse downwards towards the
GLASS TOP cooled base. At the lower

r.l temperatures the gas be-
L _]TEMPET':“URE comes supersaturated with

Liquio m) the vapour, the value of
TROUGH the supersaturation in-
creasing as the temperature
decreases. With a suitable
gas-vapour combination
e il remerarure  @nd for appropriate values
Te of T, and T, the super-
saturation can exceed the
critical value necessary to
cause drop-wise condensation upon jons. This value was shown by THOMSON
(1888) to be given by the expression
M 3 (4mot)}

" RTd2 (Ke?)
where 8 is the supersaturation, M is the gram molecular weight, d the density,
o the surface tension and K the dielectric constant of the liquid; 7' is the
absolute temperature, R the gas constant and e the charge carried by the ions.

r

i
BASE
Fig. 1. Basic design of diffusion cloud chamber.

@)

THEORY

Laxasporr (1939) has determined the supersaturation resulting from certain
temperature and vapour density distributions within the chamber. For sim-
plicity he considered the special case where drop-wise condensation of the
vapour can be neglected, a condition which could only be attained in practice by
the elimination of all condensation nuclei, whether charged or uncharged,
from the volume of the chamber. In order to use one-dimensional equations to
describe the diffusion and heat transfer, the effect of the walls of the chamber
must be neglected and for further simplification of the theory the vapour is
treated as a perfect gas.
The total energy flux through the chamber can then be expressed by the
equation
f=mCpt — Kyl + at)dt/dz (2)

where C,, is the specific heat of the vapour, m, the vapour flux in g em~2 gec !

2



THEORY

and K = Ky(1 + at) the relation between the thermal conductivity of the
gas vapour mixture and the temperature ¢. ¢ = (T — T,) is the difference in
temperature between some height z in the chamber and the base temperature
T,, and dt/dz the temperature gradient along the z-axis of the chamber.
Integration of this equation then leads to the following relation between ¢ and z

_at + (1 4 rat)In(l — t/rty)
" at, + (1 4 rat)in(l — 1/r)

z/h @3)
where a parameter r = f/m,C,t has been introduced. ¢, is the temperature
difference (7', — T,) and h is the height of the chamber. m, and f are then
given by the relation

m,C /Ky = aty + (1 + raty)In(1 — 1/r) (4)

LaNGSDORF then adapts the diffusion equations of KuusiNnen (1935) for
variable temperature and obtains a relation between the pressure of the vapour
and the temperature . From this the supersaturation is found to be given by
the equation

8(t) = [P — (pu/Po) (P — P'0)]P’s (5)

Here P is the total pressure in the chamber, p, and p, the partial pressures of the
. gas at the temperatures (T, + ) and T, respectively and p’y, and p’, the
saturated vapour pressures

of the liquid at the same ToP 1,
temperatures. + 10°
From equations (3) and a%c
(5) a series of curves relat- o0
ing S and z may be con- cuamser
structed for various vapour HE/CHT -0
fluxes and for different - 30°
values of the base tempera- -~ 40°
ture T, the general shape - s0°
of these curves being ., T

illustrated in Fig. 2. The I v
effect of reducing the
vapour flux is to decrease
the value of the supersaturation obtained and a raising of the base temperature
produces a similar effect. In Fig. 2 the dotted curve represents the value of
the critical supersaturation calculated for a typical liquid from equation (1).
The values of z where the two curves intersect represent the maximum and
minimum heights in the cloud chamber at which we may expect drop-wise
condensation upon ions to occur. The region between these two heights is
usually referred to as the sensitive depth of the chamber.

LaNGsDORF’S theory shows that the form of the supersaturation curve should
be independent of chamber height. In practice, however, he found an optimum
value of & for a particular set of conditions and increase of & beyond this did

3

Fig. 2. Graph of supersaturation against temperature.



THE DIFFUSION CLOUD CHAMBER

not increase the sensitive depth. This occurs because firstly, the vapour flux
decreases with A and secondly, the number of background drops increases with
the volume of the chamber thereby increasing the amount of vapour removed
from the sensitive region.

SrUTT (1951) gives a theory of the diffusion cloud chamber taking into
account the effect of the removal of vapour by drop-wise condensation. The
growth of the drops is considered to be determined by spherically symmetrical
vapour and heat diffusion equations and the drops are assumed to fall according
to STokEs’ Law. The number of condensation nuclei formed at a height £ in the
chamber is taken as n(&) cm—3 sec.~1. These then are observed at a height z in
the chamber where their mass is m(£, z) and the gradient of the vapour flux is
given by

df 2 h ,

Y = [ amee yaanerde + tamizg e [ wiras Q
where 2, is that height at which condensation commences. Then the first term
on the right of (6) represents the vapour removed by drops formed in the
sensitive depth between 2, and z and the second term accounts for the fraction
n'(£) of condensation nuclei formed above the sensitive region which drifts
downwards into it and forms drops.

The thermal conditions in the chamber are determined by the heat conduction
through the gas vapour mixture, the heat transported by the vapour flux and
the heat released on condensation.

These are expressed in the equation

H(z) = dfjdz[ L — C (T3 — T)] + fC, dT|dz — Kd*T|dz* (7)
where H(z) is the net amount of heat which must be supplied in order to
maintain thermal equilibrium, L is the latent heat of vaporization of the
liquid and 7'; the temperature of the drop.

SHUTT has derived two simultaneous equations, the first
P'(Ta) —p(z) = — LTa — T(z)) (8)
giving the temperature of the drop. Here p(z) is the vapour density at height
z and p’ is the vapour density at the drop which is independent of z. Also

K P
=_—(1-FL
=251 -2) ©)
where D is the diffusivity of the vapour and p, the total density of the gas-

vapour mixture. The second equation énables the temperature distribution
required to give the correct supersaturation conditions to be calculated. It is

ar D dp(T) J‘T D dp(T)
dz 1 —plp, aT  Jr,1 —plp, dT ~

_ L P [ j ) { f Ty — T(z))dz}gn(s)ds

+ {J:. n(Td — T(z))dz}* U: n’(E)dE;:I dz (10)
4
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THEORY

where _ (411)*" 18Ku
7 3 LgPd*
u being the viscosity of the gas-vapour mixture, g the acceleratlon under gravity
and p,; the density of the liquid.
Using THOMSON’s (1888) formula for the vapour pressure at the surface of a
charged drop and CLAPEYRON’s equation for relating vapour density and vapour
pressure, SHUTT obtains the following equations

M E M 3 [4nct)}
o(z) = ﬁ'exP[B_i'+RTpd'§'(7)] (1)

where B and E are constants particular to the liquid and

p'(Ty) = Jl; exp (B — —glf—;) (12)

(11) gives the vapour density required in the supersaturated layer and (12) that
required at the surface of the drop. Using (8), (11) and (12) (T'; — T) can be
obtained by numerical solution of the resulting transcendental equation and
dT'|dz is then obtained from (10) by a method of successive approximation. It is
found that for 7' < 260°K, (T'; — T) is proportional to - and for 7' > 260°K
proportional to {-.

SuuTT therefore defines a parameter § such that

Ba= ﬂop.;('”’c;f"z)*Do_5 (13)
for T < 260°K, and
By = poPX( OTZ)*DO (14)

for T > 260°K. The temperature gradient as a function of z depends, to a good
approximation, only on this parameter f. In (13) and (14) Z is the atomic
weight of the gas in which there are 7 atoms in each molecule and the number of
ions in air at N.T.P. is n, cm~3 scc.”1. Taking a certain value of # we may there-
fore calculate T'(z) as a function of z and this will apply to all chamber fillings
having this 8. In any particular case we may choose both 7' and the value of
dT/dz at z = 0 and still obtain the temperature distribution necessary.

The above results lead to the conclusion that over the sensitive region an
approximately linear temperature gradient is required, the value of the gradient
increasing with . Above the sensitive region the temperature relation is also
linear with a smaller value of gradient which is determined by the value of
T, required to satisfy the relation

_ D dp) f 1 —plp;
p(k) = pl(zo) + (———P/Pt @) ). D dz (15)
and equation (12).

Succr and TAGLIAFERRI (1952) have extended the theory of LANGSDORF and
investigated what values of the supersaturation at different heights in the

chamber are to be expected when drop-wise condensation is taken into account.
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THE DIFFUSION OLOUD CHAMBER

The drops are assumed to fall with constant velocity and to grow such that their
radius increases with the square root of their lifetime. The energy flux equa-
tion (2) is then extended to take into account the heat of condensation liberated
by the drops, but terms involving surface tension effects are neglected. The
modified energy flow across a plane height 2(< z,) is

AT + mLN

va’T(z,z.) - K —5

= mTy(2)0N + (m, — mN)TC, — K dT/dz  (16)

in which C, is the specific heat of the liquid, V is the number of ions crossing a
square centimetre at a height zin the chamber, AT = (T'; — T')and Az = (h — z,).
After graphical integration of (16) a series of curves of 7' against z may be plotted
for different values of N. With the help of these Sucor and TAGLIAFERRI correct
the curve of S against z obtained in the absence of condensation. The effect of
increase of NN is to lower the values of supersaturation and thereby decrease the
sensitive depth of the chamber.

DEsIGNS

‘We shall next describe some of the designs of diffusion chamber used and then
proceed to an account of the results obtained with various operating conditions.

LaNcSDORF’s original experiments were performed with the chamber design
illustrated in Fig. 3. A double-walled construction of glass was used for the
chamber sides and the base consisted of two glass plates between which the
refrigerating liquid was circulated. Methyl alcohol vapour generated in a boiler
on the top-plate diffused into the chamber through holes in a second plate
lower down. The boiler was heated from above with radiant heat and the metal
top of the chamber kept warm with electric heaters. Vapour condensing at the
bottom was drained off so as not to interfere with photography which was
arranged to take place through the base of the chamber; a sealed enclosure con-
taining dry air prevented frosting of the outer glass plate of this base. Illumina-
tion of the chamber was arranged through the side walls. Methyl alcohol or
acetone, used as the refrigerant, was circulated by means of a pump through a
heat exchanger kept at — 70°C with solid carbon dioxide and maintained the
chamber base at any temperature down to — 45°C. The chamber, 6 in. deep, had
an approximately square cross section of 12in. X 12in. and could only be
operated at pressures near to atmospheric. A grid of insulated wires supported
inside the chamber allowed two alternative electric clearing field configurations
to be investigated.

Since 1950, diffusion chambers have generally followed the basic design
illustrated in Fig. 1 and have differed only in the degree of complication neces-
sitated by some particular requirement. As typical of the simplest type of
chamber useful for demonstration purposes we may take that used by NEEDELS
and NIELSEN (1950). The chamber consisted of a glass beaker with black velvet
placed in the bottom and just covered with alcohol. The beaker was placed on

6



DESIGNS

a slab of solid CO, and the top was covered with a piece of cardboard soaked in
alcohol. A sheet of glass covered a hole in the cardboard through which the
chamber could be viewed using illumination from the sides. Operation was
improved by using ring electrodes to give a vertical clearing field, one electrode
being in the bottom of the beaker and the other 1} in. to 2} in. above it. This
chamber could be brought into operation in 10-15 min.

More refined chambers with glass walls have been used by Cowax (1950)
NieLsEN, NEEDELS and WEDDLE (1951), BARNARD and ATKINSON (1952) and
Svuoor and TAGLIAFERRI (1952). In most of these the vapour source consisted of a

1 RADIANT
HEATER
HEATERS |_—LIQUID
Al n ! a_no__n
La . __ o0 o0 Q0.0
GLASS / ‘ ‘ ‘ l CLEARING
WALLS |_~FIELD
L~ ELECTRODES
. . . . . . o
e
UERT T
BEAM \-
——— e —_
N
REFRIGERANT DRY SPACE GLASS
PLATES
DIRECTION OF
PHOTOGRAPHY

Fig. 3. Original design of continuously sensitive chamber (LANGSDORF).

felt or velvet pad attached to a metal top plate and either covered the whole
surface of the top plate or just an annular region round the outside. In this
latter case the central hole was covered with & glass window through which
photographs could be taken. Usually a double glass wall construction similar to
LaNaspor¥’s was employed in order to give stable thermal conditions. A metal
base was used and was cooled by keeping a block of solid carbon dioxide in
contact with it by means of a spring-loaded platform. Evaporation from the
felt pad was controlled by an electric heater element in contact with the top
plate. The clearing field was usually established between an insulated ring
electrode in the chamber and the metal top and base. This design of chamber
is only suitable for use near atmospheric pressure and it is difficult to effect any
control of the temperature gradient established by given base and top
temperature.

The most important contribution to diffusion chamber design is that of
MiLLER, FowLER and SHUTT (1951) at the Brookhaven National Laboratory.
There, efforts were concentrated on developing chambers for operation at pres-
sures up to 30 atm. This necessitated the use of a metal walled chamber having
restricted apertures for illumination and photography. In his treatment of the
theory SHUTT had shown that for optimum operating conditions the temperature
gradient as well as the limiting temperatures must be controllable, and with

7



THE DIFFUSION CLOUD OCHAMBER

metal sides one can do this by supplying heat at various heights. Furthermore
the large values of temperature gradients and low base temperatures needed at
high pressure required the design of a large capacity refrigerating system.
Chambers following these principles have also been used by CrREwE and
Evans (1952) and SxowpeN and BEvaN (1953). Fig. 4 is a sketch of the

P RESIN 'C’ WINDOW

o
T HEAT

v
T

PERSPEX

Q—ﬁ N /i

NG
B HTHHHAR

1
ifs

Fig. 4. 25 atm diffusion cloud chambor (A.E.R.E.).

26 atm. 18 in. diameter chamber constructed at the Atomic Energy Research
Establishment, Harwell.

The chamber is made in two parts, the upper part containing the alcohol
troughs and supporting the thick Perspex viewing window. This part is main-
tained at an approximately uniform temperature by means of heaters and is
thermally insulated from the lower part by a rubber sealing gasket which is
clamped between flanges on the two parts of the chamber. A clearing field
electrode is supported from insulators mounted on the upper flange and electrical
heating wires spaced down the side of the lower part of the chamber enable the
temperature gradient therein to be controlled at any desired value. Thick
Perspex windows flush with the side of the chamber allow adequate illumination
of the sensitive volume and because of the double window construction no
frosting occurs. The base and sides of the lower part are covered with velvet
and the remaining metal parts are painted black to reduce reflection in the
alcohol pool covering the base. Acetone which is cooled to a temperature of
— 70°C by a heat exchanger immersed in a methyl alcohol and solid carbon

|



GAS AND VAPOUR CONDITIONS

dioxide mixture, is sprayed by a pump from a system of jets situated below the
base of the chamber and thermo-couples soldered to the sides of the chamber
are used to indicate the various temperatures.

In operation the upper part of the chamber is adjusted to the temperature
required to give an adequate vapour flux. The vapour diffuses and reaches the
lower part in a flow which is approximately uniform over the area of the chamber.
A linear temperature gradient is established by setting the currents in the heaters
on the lower chamber to the appropriate values and the whole chamber is
lagged to give thermal stability and conserve cooling effort.

In addition to the designs already described chambers with rather specialized
features have also been constructed. One of these, developed by CHOYKE and
NieLseN (1952) is a chamber for operation with helium at low pressure. To
obtain stability of the gas-vapour filling (see below) they kept the vapour
temperature down at — 20°C and
in order to obtain a reasonable
sensitive depth a base temperature
of — 130°C was required. It was GAS OR GAS
therefore necessary to use cooling D‘éﬁgﬂﬂn
coils to keep the vapour trough
temperature around — 20°C and to

cool the base directly by liquid VAPOUR
nitrogen in a Dewar flask. A sen-
sitive depth of about 3 cm was T ———— T
) ) TEMPERATURE '
obtained at helium pressures be- ) . -
Fig. 5. Gas and vapour density variation
tween 75-15 cm of mercury and a with temperature.

double window construction at the
top allowed photographs to be taken, the illumination being through the side
in the usual way.

Brock, BrRowN and SpauGHTER (1952) have incorporated an ionization
chamber inside a glass-walled diffusion cloud chamber of height 9 in. and dia-
meter 16 in. The electrode system comprises a central wire of stainless steel
4 in. diameter and a surrounding array of six similar wires spaced 1} in. away
and 9 in. long. The amplified ionization pulse triggers the photographic system
and gives satisfactory results with «-particles.

Gas AND VarourR CONDITIONS

For stable conditions in the diffusion chamber the density of the gas vapour
mixture must decrease with the height above the base. In Fig. 5 the variation of
gas and vapour densities with temperature is illustrated. For linear temperature
gradients the temperature scale may be replaced by the distance from the cold
surface of the chamber, which is the base for downward diffusion and the top
for upward diffusion. To satisfy the above stability condition we must therefore
restrict operation to the range of temperatures where the gradient of the gas
density exceeds that of the vapour density for downward diffusion and vice
versa for upward diffusion.

9



THE DIFFUSION CLOUD CHAMBER

Thus for downward diffusion with gases of low density the maximum permis-
sible top temperature is quite low, as for example in the chamber of CHOYKE and
N1eLsEN (1952) already described. For higher top temperatures which will give
larger vapour fluxes we must therefore increase the gas density by operating
at higher pressures. Alternatively, heavier gases like argon and carbon dioxide
may be used at around atmospheric pressure. It is seen from Fig. 5 that the
stability condition improves with depth for downward diffusion and in practice
it is found that near the top the condition may be relaxed. This will result in
slight turbulence which serves to distribute the vapour and ensure uniform
flow. For upward diffusion, however, the stability condition is most difficult
to satisfy at the cold surface and any relaxation here would cause immediate
loss of sensitivity. This is one reason why satisfactory operation is more difficult
to achieve with the upward diffusion chamber.

The operation of the diffusion chamber requires a large change of vapour
pressure with temperature. The choice of liquids is therefore restricted to those
having this property over a temperature range which can be conveniently
employed in the laboratory. In practice it is found undesirable to operate
either near to the boiling point of the liquid or near to the freezing point: the
reasons for this will be given later. It is an advantage to use a liquid having a
low latent heat of vaporization because the amount of heat released by drop
formation will then be small enough not to upset the thermal equilibrium in
the chamber. The liquid should have a low value for the critical vapour
Ppressure necessary to sustain drop growth on ions. )

Methyl alcohol is found to give the most satisfactory results for downward
diffusion chambers operated over the convenient temperature range of + 30°C
to — 70°C. Ethyl alcohol, having similar properties, gives only slightly inferior
results while water suffers from the disadvantage of having its freezing point
within the temperature range normally employed. Much poorer sensitivity is
obtained and ice crystals are formed over the lower region of the chamber.
Mixtures of the above liquids have been used and Cowan (1950) found an
increase in sensitive depth by using a mixture of all three in equal parts. How-
ever, there was a tendency for the sensitive region to split into two layers probably
due to separation of the mixed vapours during diffusion. For upward diffusion
chambers LanNgsporr (1939) tried butyl alcohol but found the background
condensation to be excessive. NIELSEN, NEEDELS and WEDDLE (1951) obtained
good results with n-propyl alcohol and an amount of water varying from 0
to 509%,.

OPERATING TEMPERATURES

With some few exceptions diffusion chambers have been operated using solid
carbon dioxide as the primary coolant and cold temperatures have consequently
been limited to about — 70°C. For downward diffusion with air at atmospheric
pressure and methyl alcohol vapour the onset of sensitive conditions ocours with
a base temperature of about — 40°C and as this is lowered to — 70°C the
conditions steadily improve. It is convenient therefore to keep this temperature

10



OPERATING TEMPERATURES

fixed and to observe the effects of changing either the temperature gradient
or top temperature.

We will assume that the level of ionization present is constant at a value
near that due to normal cosmic ray background. Then for the source temperature
fixed at 4 16°C the curve of temperature against height for an unlagged
chamber with glass walls will be of the form shown by 4 in Fig. 6. Under these
conditions the temperature gradient is a maximum at the base and falls off
gradually with height. The sensitive depth is confined to a region of a few
centimetres near the base and here good sharp tracks are observed indi-
cating a large super-
saturation value. If now

we lag the walls or, better Ho'c

still, use a thin walled o’ct

metal chamber a tem- WALL -0t

perature curve such as  TEMPERATURE _,o.|

B in Fig. 6 can be ao0% |

obtained. As a result the 0%}

sensitive depth is con- s0'C

siderably increased

though the sharpness of Ot 7 o

track may have deterio-
rated slightly.

SHUTT has shown theoretically that a certain minimum temperature gradient
over the sensitive region is necessary to produce condensation and for maximum
sensitive depth the gradient should be constant at this value. At a certain
temperature below the source temperature supersaturation will be sufficient
to produce condensation and this decrease of temperature may be best achieved
in a linear manner. Curve C of Fig. 6 shows these idealized conditions which
may be approximated to most readily by using a chamber with temperature
controlled walls.

Increase in the top temperatures will result in a greater vapour flux and this
should enable the chamber to work in the presence of a greater level of ionization.
However, in practice such an increase is found to be associated with an increase
in the number of condensed droplets formed in the chamber. These give the
appearance of a continual background of rain and the vapour removed as a
result causes deterioration in sensitivity. The presence of an electric clearing
field does not affect the background rain showing that the condensation must
be occurring on neutral nuclei. LaNagSDORF (1939) suggested that the droplets
were formed on uncharged aggregates of vapour produced by the source.
BevaN (1952) has shown that the number of droplets produced increases very
rapidly at the boiling point of the liquid. He arranged to pass a small current
through a wire placed near the top of the chamber and on which some vapour
had condensed. The wire then acts as an additional vapour source of variable
temperature and as the last of the liquid evaporates a very dense rain is produced
which desensitizes the chamber for more than a minute. It is therefore necessary

11
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to operate the vapour source at a temperature which will give a compromise
between the maximum sensitivity and the amount of background rain,

CLEARING FIELDS
In addition to the background due to neutral condensation nuclei we also have
droplets formed on ions which have diffused into the sensitive region. In the
absence of an electric field a certain equilibrium intensity of ionization will be
present in the non-sensitive region of the chamber and as a result an equilibrium
number of ions will diffuse into the sensitive region. By the application of an
electric field in the non-sensitive region this equilibrium concentration of ions
can be reduced. The electric field is usually applied between a grid of wires
situated just above the sensitive region and the top plate of the chamber. Ions
formed in the space are collected to either electrode according to their polarities.
In the steady state condition the number of ions diffusing into the sensitive region
is considerably reduced thereby improving the track-to-background contrast.

Although the clearing field has very little effect on the motion of the ions once
condensation has started, it does appreciably alter the formation of tracks in the
sensitive region. Where possible, therefore, the clearing field is removed just
before the moment the ionizing particles enter the chamber, is kept off until
after photography, and is then re-established.

This length of time will only be of the order of 0-1-0-5 sec. and during it the
background ionization does not have time to build up again to the higher level
associated with no field. Consequently tracks of good definition are formed
against the 'ow background established by the clearing field.

It is of interest to observe the formation of tracks in the presence of a strong
clearing field. If free electrons are formed in the gas then because of their
greater mobility they may travel several millimetres under the influence of a
strong clearing field before they become attached to form negative ions. Under
these conditions then it is common to find a curtain of droplets above or below
the sharp positive ion track according to the direction of the electric field. For
positive ions condensation will generally commence before they have had time
to diffuse an observable distance and tracks of sharp definition will result.
However, in a diffusion cloud chamber it is quite common to get regions where
there is local vapour depletion. This will occur wherever a region has been sub-
jected to intense ionization and it will persist until fresh vapour diffuses in and
restores the former conditions of supersaturation. It is normally indicated just
by a gap in the track, the ions formed in the depleted region having diffused
uniformly through it to the surrounding regions of supersaturation, there to
form droplets which merge with the general background. In the presence of a
strong clearing field the ions travel in the direction of the field and form two
subsidiary tracks onc above and one below the gap corresponding to the two
polarities of ions.

IoN1zaTiON LIMITATIONS

We have seen that large values of supersaturation can only be obtained when
the background of droplets is kept down to a very low level and in addition we
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have observed that local vapour depletion can result from intense local ioniza-
tion. We may therefore expect that when the overall ionization within the
chamber exceeds a certain level the chamber will be rendered insensitive due to
inadequate supersaturation. This can easily be observed by bringing a radio-
active source near to the chamber when at first the tracks remain sharp but
later local depletion occurs giving broken tracks. These then degenerate into
a vertical rain and finally this disappears leaving the chamber entirely clear
of droplets. If the source is removed the chamber gradually recovers usually
starting at the coolest part of the base and then spreading throughout the whole
volume in a matter of 2040 sec.

The maximum permissible level of continuous ionization depends on the gas
filling, the temperature conditions and the value of the clearing field. It will
decrease with the atomic weight of the gas and for a given gas will decrease with
increase of pressure. A low base temperature and large temperature gradient
giving large values of supersaturation will support a high level of ionization. The
effect of increasing the clearing field is also to increase the permissible intensity
of ionization but a limiting value of field is soon reached at which corona
discharges occur.

For many applications of diffusion cloud chambers an intermittent source
of ionization is used such as that obtained from most high energy accelerating
machines. Under these conditions operation is possible with peak ionization
intensities many times the cosmic ray background. The ions formed in such a
burst of radiation can draw on the vapour stored in the sensitive volume and
dense tracks will result. This will cause considerable vapour depletion and it is
necessary to wait for 10-15 sec. before equilibrium conditions are restored and a
further burst of ionization can be introduced. An electric clearing field is
usually applied during the waiting period in order to speed the recovery.

SENsITIVE DEPTH

It is desirable to achieve as great a sensitive depth as possible in order to utilize
the chamber efficiently. We have seen that the top temperature must be
limited in order to keep down the number of neutral nuclei present and it is
not very economical to operate with a base temperature below that obtained
using solid CO, as a coolant. We must therefore adjust the temperature gradient
to give the maximum sensitive depth for the level of ionization to be expected.

In practice it is found that a sensitive depth of 2-3 in. is readily realized but
to increase this to 34—44 in. accurate control of the temperature of the chamber
walls is required and the presence of large windows for adequate illumination
makes this difficult to achieve. For these greater depths, however, the sharpness
of the tracks is inferior and the recovery time of the chamber is longer making
it desirable therefore to compromise on a depth of 243 in. which can be reliably
repeated throughout an experiment.

PHOTOGRAPHY
Tracks may be photographed readily using continuous illumination and a
cine-camera, filters being necessary to prevent heating of the gas in the chamber.
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This is a useful technique for studying the operation of the chamber but has
rather limited application in nuclear physics experimental work. For single-shot
photography the standard flash illumination technique used with expansion
chambers may be satisfactorily applied to the diffusion chamber. It is necessary
to collimate the light beam to prevent scattered light from the methanol pool on
the base from entering the optical system. A time delay of 0-1-0-2 sec. between
formation of the ions and photography is required to allow the drops to grow
to a size which will scatter sufficient light but as the drops are falling under
gravity during this time, for greatest accuracy this delay should be kept to a
minimum,

Camera design does not differ essentially from that required with expansion
chambers but the large areas which can be used with diffusion chambers present
new problems while the restricted viewing windows used in high pressure
chambers involve the use of wide angle lenses. Because of the rapid rate of
photography it is often convenient to wind the film continuously through the
camera when regular events are being recorded. This avoids the complication of
starting and stopping mechanisms and the motion of the film can be used to
determine the interval between triggering.

ExPERIMENTAL USES

Some experimental applications of the diffusion chamber are dealt with in the
next section and we conclude with a description of actual results obtained in a
typical experiment. )

Diffusion chambers have rather limited application in the field of cosmic
ray research because of the small sensitive depth which can be obtained. How-
ever it i3 possible that they may prove useful in the study of the structure of
extensive showers where the simplicity of operation would allow several chambers
to be employed in an experiment. They may also be used with counter control
and here it is only necessary to trigger the photographic system to record the
desired event. Because of the persistence of tracks formed a few seconds
before the wanted event it may be more difficult to identify the initiating
particle but thedifference in structure of the older tracks will be quite appreciable.

The use of foils in diffusion chambers is limited to designs which will not
upset the temperature gradient. Thin strips of material of poor thermal
conductivity fulfil this condition but condensation on the foil may be & serious
disadvantage in some experiments. It may also be possible to use thicker foils
arranged to have a thermal conductivity similar to that of the walls of the
chamber and certainly a chamber effectively divided into two by such a foil
should give satisfactory results. Difficulties of turbulence, which make the use
of foils in expansion chambers rather problematical, should not be so serious for
diffusion chambers.

Probably the most important role of the diffusion chamber is in the field of
nuclear physics associated with high energy particle accelerators. The number
of such machines has grown considerably during the past few years and the
field of research has been widened firstly by the attainment of energies greater
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than 30 Mev and later by the artificial production of mesons. Most high energy
accelerators are capable of giving very large peak outputs although the mean
intensity may only be a fraction of a microampere, because the output appears
as short but widely separated recurrent pulses. This form of output is ideally
suited to the diffusion cloud chamber as the interval between pulses may be
chosen to suit its recovery time thereby utilizing its maximum rate of working.

To illustrate the rapidity of amassing results with the diffusion chamber it is
of interest to compare typical experimental procedures for both diffusion and
expansion chambers. Considering first chambers operating with a heavy gas
at atmospheric pressure, we find that an 18 in. expansion chamber has a recycling
time of the order of 1-2 min, whereas the corresponding time for the diffusion
chamber is only 5-10 sec. giving an increased rate of at least 6. Similarly, a
high pressure diffusion chamber of 18 in. diameter operating at 20 atm of hydro-
gen can record events every 10-20 sec. and a 9 in. expansion chamber using
hydrogen at 80 atm requires a recyling time of 10-20 min. The increased rate in
this example must be scaled for the differing amount of hydrogen present but is
still at least 15.

One consequence of this is that a comparatively short time is spent in taking
the photographic records for an experiment, thereby saving expensive running
time of the particle accelerator. As with photographic plate experiments the
major effort is spent in scanning films and computing results, and so it is of
considerable importance to arrange the experiment to reduce this part of the
work to simple measurements which can be readily made and to design the
scanning apparatus with this in mind.

It is important in all cloud chamber work to reduce the number of unwanted
tracks caused by background radiation and this is expressly so in the case of the
diffusion chamber where tracks will persist for 1-3 sec. after formation. The
steady component of ionization due to cosmic rays or local radioactive sources
produces a constant ion load on the chamber while unwanted ionization occurring
along with the wanted events, besides causing confusion of tracks, further in-
creases this load. It is important to use good shielding and to keep the chamber
well away from sources of continuous radioactivity such as induced radio-
activity in materials situated near the particle accelerators. The beam of par-
ticles usually enters the chamber through as thin a window as structurally
possible, but with high pressure chambers an appreciable number of events
may still occur in the window material, and it is advantageous to set it at the
end of a side-arm connected to the chamber. Hence some of the ionizing particles
knocked out of the window do not reach the central part of the chamber, this
being particularly the case where a magnetic field is used.

It is often necessary to measure the momentum of ionizing particles occurring
in the cloud chamber and for this purpose a magnetic field is used. A uniform
field along the vertical axis may be produced either by a pair of Helmholtz
coils placed around the chamber or by positioning the chamber between the poles
of an iron cored magnet. Both these methods have been used for expansion
chambers and for recurrent events the air cored system is usually only energized
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during the expansion period to save the power consumption. Because of the
short recovery time of the diffusion chamber it becomes more practicable to
apply the field continuously and this implies the use of an iron cored magnet for
economical reasons. Fortunately the diffusion chamber can be readily accom-
modated in the magnetic circuit as the base and top structure may be made of
steel and a solid pole piece used below the base. A conical hole must be left in
the top pole for photography and by shaping this pole suitably a good uniformity
of field can be obtained. The magnetic field may then be run continuously and
the diffusion chamber operated at its maximum rate.

The photographs shown in Plates 1-4 were taken with the Harwell diffusion
chamber already described. It was filled with hydrogen at 20 atm and a
magnetic field could be applied by energizing a Helmholtz coil system. Beams
of either high energy protons or neutrons produced by a frequency modulated
cyclotron can be fired across the chamber through a 1} in. diameter hemispherical
window made of 0-005 in. thick stainless steel. The cyclotron is pulsed at a
time determined by the cloud chamber control system and is synchronized with
the photography. The interval between pulses ic normally 10 sec. but when
the magnetic field is used power considerations limit the speed to 2 per minute.

In Plate 1 an intense beam of 150 Mev protons is seen traversing a diameter
of the chamber with no magnetic field applied. The delta-rays along the tracks
can be seen quite clearly and the straightness of the tracks indicates the very
low order of turbulence present. The effect of a magnetic field of 13,000 Gauss on
a less intense proton beam is seen in Plate 2 and here the delta-rays have been -
coiled up into tight spirals. Plate 3 shows the same chamber irradiated with an
intense neutron beam, and in Plate 4 a smaller beam collimated to 1 in. diameter
has traversed a diameter of the chamber. Again a magnetic field of 13,000 Gauss
has been applied and the curvature of the recoil protons can be observed. A
large number of eléctrons have been liberated and may be scen coiled up in
Plate 3; while the result of good collimation is clearly demonstrated in Plate 4,
where the number of events occurring in the walls and beam window is agreeably
small,
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Plate 1. Intense 150 Mev proton beam traversing the chamber,

Plate 2. Proton tracks in a magnetic field of 13,000 Gauss,




Plate Chamber irradiated with high enorgy neutrons. Magnetic field 13,000 Gauss.

Plate 4. Recoil protons from collimated neutron beam. Magnetic field 13,000 Gauss
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I. INTRODUCTION

THE method of measuring the energy of a charged particle by means of the total
amount of ionization it produces in coming to rest is well established in nuclear
physics. At energies of a few million electron volts, it is sufficient to collect the
ionization, produced in a gas, on an electrode whose change of potential is
amplified by a high gain linear amplifier. An output pulse whose size is a
measure of the ionization can be obtained. The degree of amplification required
is considerable and the fundamental noise of the amplifier sets a lower limit to the
energy which can be studied. The noise is usually somewhat less than the pulse
size from a particle of energy equal to 50 kev. The limitation set by the noise
can be overcome by the use of a proportional counter in which the ions initially
produced are multiplied by collision in a region of high electric field before being
collected. Proportional counters have been used for a long time in nuclear
research but it was only comparatively recently that their full potentialities
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for measuring energies below the range of the pulse ionization chamber were
first appreciated (KIRkwooD, PONTECORVO, HANNA, 1948; CURRAN, ANGUS and
COCKROFT, 1948). It was shown by these authors that the energy resolution was
not seriously impaired by the multiplication process. Moreover, there was no
lower limit, set by the proportional counter, to the energy of radiation which
could in principle be measured by ionization methods (Hanna, KiRkwoop and
PONTECORVO, 1949). Practical considerations such as the stability of the multi-
plication factor at high values of gas gain did not seriously impair the usefulness
of the technique.

The method opens up a field of investigation into low energy phenomena,
many of which could previously be studied only indirectly or by means of
more involved techniques. The measurement of the f-ray spectrum of
tritium (CUuRrRAN, ANGUS and COCKROFT, 1949a; HaNNA and PONTECORVO,
1949; InscH and CURRAN, 1951) is an example of a measurement which could
not be carried out by any other technique with comparable accuracy, because
of the low energy (end point 18-9 kev). In addition to the study of low energy
B-ray spectra, where the overriding merit of the proportional counter is that it
allows the use of a gaseous source, it has also proved very useful in the study of
nuclear gamma rays in the energy region up to 100 kev or more. Characteristic
X.rays excited by nuclear phenomena, nuclear gamma rays, and low energy
conversion electrons can be studied and their energies measured to a degree of
precision which is often better than that obtained by means of magnetic f-ray
spectrometers at these energies. The accuracy, of course, does not compare with
that attained by crystal diffraction methods, but the source strength required is
very much smaller. Again, while inferior to the scintillation counter in efficiency
for detecting gamma radiation, the energy resolution of the proportional counter
is almost one order of magnitude better at energies less than 100 kev.

The ionization produced over portions of the track of an ionizing particle
may also be measured. In particular, the specific ionization of a singly charged
particle in a gas can be measured even at its minimum value. The logarithmic
increase of specific ionization for relativistic 4 mesons was detected by BECKER
et al. (1952) using proportional counters.

II. TeEE MULTIPLICATION PROCESS
(a) General

A proportional counter consists of a thin wire, a few thousandths of an inch in
diameter, stretched along the axis of a chamber which is usually cylindrical in
shape and which contains the filling gas. The wire is insulated from the cylinder
and is connected through a high resistance to the positive terminal of a high
voltage supply, whose negative terminal is connected to the cylinder. The
counter is filled with a gas which does not form negative ions. If one of the rare
gases is used, a small percentage of a complex molecular gas which does not
form negative ions is added to stabilize the multiplication. Methane, carbon
dioxide and ethylene have been used for this purpose.
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Electrons formed by ionization of the gas in the counter move rapidly
towards the wire under the action of the electric field. Close to the wire, at a
distance of the order of its radius, the electric field becomes strong enough to
impart sufficient energy to the electrons between collisions for them to produce
ionization, and an avalanche begins. The avalanche stops when it reaches the
wire. There is no spreading of the discharge along the wire and consequently
no long dead-time as in a Geiger counter. The validity of this picture of the
proportional counter action has been demonstrated very directly by Hopson,
Loria and RypERr (1950), who incorporated a proportional counter in a cloud
chamber. The potential was removed from the wire a short time after the
discharge, and when the expansion was made the positive ions of the avalanche
could be seen. If the potential was removed as soon as the avalanche was
completed, a small bead of ionization was seen at the wire. If the potential was
removed later, the positive ions had moved away from the wire and appeared as
a narrow ring, showing the small extent to which the avalanche had spread along
the wire. .

The volume in which multiplication takes place is very small; hence there is a
negligible chance that ionization will be produced initially in the multiplying
region and consequently not be multiplied to the full extent.

The dependence of the multiplication factor on the applied voltage was
derived theoretically by RosE and Korrr (1941). They obtained the following
expression for the multiplication factor (M) at a voltage V.

M = exp[2(fNCaV)(V/V))! — 1)]

Here f is a quantity characteristic of the gas filling, NV is the number of molecules
per cc of gas, C is the capacity per unit length of the counter, a is the wire
radius and V, is a characteristic voltage obtained by extrapolating the nearly
linear region of the curve of log M versus V to M = 1. The relation was shown
to represent the observed variation of multiplication factor with voltage quite
well for M > 10. Its usefulness is, however, severely limited by the fact that V,,
whose value depends on all the parameters of the counter, can only be deter-
mined with any degree of precision from measurements on the counter in
question.

An alternative approach, less ambitious in scope, is due to Rossi and
StauB (1950). From measurements of the multiplication factor versus voltage
in a given counter filled to a variety of pressures, the multiplication factor in
counters of different dimensions, containing the same gas mixture, can be
derived.

Rosst and StauB showed that the multiplication factor of a proportional
counter could be expressed as

,
M=M(m’f’“)

where b is the cathode radius, a is the wire radius and p is the pressure.
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They argued that if » and a were kept constant the multiplication factor
would be unaltered if ¥V and b were changed so as to keep the field at a radius »

close to the wire ( ) the same, i.e. if is constant.

vV |4

r log bja log bja

Moreover M will be unchanged if a and b are increased in the same ratio K, p
is reduced by the same factor and V is kept constant. The energy gained per
mean free path is then unaltered and the number of mean free paths within a
distance of the order of a, where multiplication occurs, is also the same. A
sufficiently extensive series of measurements of M as a function of ¥ in one
counter (@ and b fixed) at a series of pressures then enables M to be estimated
for other values of a and b using the same gas mixture. Fig. 1 shows a series
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Fig. 1. Multiplication factor vorsus voltage in a counter filled to various pressures with a
mixture of argon and 109, carbon dioxide. Wire diamoter 0:005 in., cathode diameter
1.66 in. (Ross1 and S8TauB; lonization Chambers and Counters, McGraw Hill, 1949.)

of measurements of multiplication factor in a mixture of argon and 10%, of
carbon dioxide. Unfortunately sufficient data of this type is not available at
present and one is obliged to make provision for the use of high voltage in case
it is needed to produce the required multiplication factor. Further experimental
data has been obtained recently by van Duuren (1952). Among the rare
gases, the abnormally low operating voltage of neon filled counters is to be noted.

(b) Pulse shape

With ionization chambers in which free electrons and positive ions are collected,
it is normally important to distinguish between the parts of the pulse due to
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electrons and to the positive ions. The latter are collected very much more
slowly than the electrons. In general the pulse consists of a rapid change of
potential due to the motion of the electrons and a much slower change due to the
positive ions. The fraction of the pulse size which is due to the electrons is
equal to the fraction of the total potential applied to the counter through which
the electrons must pass before collection (WILKINSON, 1950). If fast (~ 1 usec.)
pulses are required, only the electron component of the pulse will be registered
and, in a simple chamber without a grid, the pulse size will depend on the
position of the ionization in the counter as well as on the amount of ionization.
In a proportional counter

10
the vast majority of the
o8 ions produced in the aval-
anche are formed very close
50.6 to the wire. The pulse due
g to the electrons (which are
You collected on the wire) is
2 therefore very small. Most

of the pulse arises from the
motion of the positive ions
a0 ooy, away from the wire. In

o 02 O4 o6 [+X } o] 2 4 . :
TIME (T) spite of this, however, the
Fig. 2. The shape of the pulse from a proportional positive ions will produce a
counter. (7 is the colloction time of the positive ions.) pu]_se which rises ver y
(D. H. WiLkINsoN ; Ionization Chambers and Counters, . .
Cambridge University Press, 1950.) rapidly to an appreciable

fraction of its total height
since the potential gradient is high near the wire. The shape of the pulse,
as calculated by WiLkinsoN (1950) for a counter whose cathode diameter
is one hundred times its wire diameter is given in Fig. 2. The time of
motion (r) of positive ions from the wire to the cathode is usually of the
order of a hundred microseconds; but since the first part of the pulse is fast,
amplifier differentiating time constants of the order of 1 microsecond may be
used without serious loss of pulse height. The shape given in Fig. 2 applies only
to a very localized group of ions whose ionization electrons are assumed to
produce their avalanches simultaneously. In this case, which obtains in practice
for instance with X-rays of energies lower than 10 kev absorbed by a counter
gas, the shape of pulse is independent of the position in the counter at which the
ions are produced. It follows that the differentiating time constant of the
amplifier can be made indefinitely short without altering the relative sizes of the
pulses. In practice, of course, loss of pulse size would limit the shortness of the
differentiating time constant which could be used. The portion of the pulse
which is due to the motion of the original ionization electrons towards the wire,
prior to multiplication, will depend on the original position of the ionization.
Such effects are, however, only noticeable at very low values (less than 10) of
gas multiplication.
If the initial ionization consists of a track whose length is not small compared
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with the counter radius, the pulse shape will depend on the orientation of the
track and its position in the counter. The primary ionization electrons will not
all reach the multiplying region at the same time but will arrive over a period of
time equal to the difference in the collection times of electrons from the extremes
of the track. The pulse shape is then obtained by adding a continuous series of
curves of the type shown in Fig. 2, displaced from each other to allow for the

DRIFT VELOCITY

o3 04 05 [eX)
Xfp Vlem/mm Hg
Fig. 3. Drift velocity v versus electric field per unit pressure, X/p, for electrons in argon

plus methane mixtures. The percentages refer to the amounts of methane in the mixtures.
(ExcuisH and HANNA; Can.J. Physics 1953. To be published.)

differences of collection time from the track. The net pulse shape will then
depend on the duration of the arrival of the initial electrons at the multiplying
region. To minimize variations in pulse size from this cause, the amplifier
differentiating time constant must be longer than the maximum time interval
during which the ionization electrons from any track arrive at the multiplying
region. The use of an amplifier integrating time constant equal to the differen-
tiating time constant further reduces variations of pulse size from this cause. It
is often advantageous in these circumstances to keep the collection time of the
electrons as short as possible. Extensive data on the drift velocities of electrons,
in the gas mixtures and at the field strengths commonly used in proportional
counters, have been obtained recently by ExcrLisH and HanNa (1953). Drift
velocities were measured from the rise time of pulses in a gridded ion chamber.
A typical set of their results is shown in Fig. 3 (for argon plus methane mixtures.)

(c) Proportionality
The range of gas multiplication factors over which the output pulse size is
proportional to the number of ion pairs initially formed in the counter was
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investigated by HannNa, KiIRkwoop and PoNTECORVO (1949). They compared
the pulse sizes when energies equal to 250 ev (L ionization energy of chlorine),
2:8 kev (K ionization energy of chlorine) and 17-4 kev were spent in a counter.
The ratio of the pulse sizes was measured over a range of multiplication factors.
The charge sensitivity of the amplifier when connected to the counter was
determined by feeding artificial pulses of known size on to the counter wire
through a small condenser. Knowing the energy to produce an ion pair, the
multiplication factor could be deduced from the size of pulse observed for a
radiation of known energy. It was found that the ratio of the pulse sizes
remained constant to within 1-59%, for multiplication factors less than a critical
value M (E) which depended strongly on the energy of radiation in question.
For multiplication factors greater than M, (E), saturation effects were apparent
for an energy F spent in the counter. The dependence of M,(E) on the energy of
radiation could be expressed, for a particular counter, (cathode diameter 5 em,
wire diameter 0-01 cm) by the relation:

E x M. (E) = constant ~ 108 (ev) (1)

where E is measured in electron volts. Saturation depends, therefore, on the
size of the avalanche and not on the multiplication factor alone as had been
supposed previously.

The critical value of 10®ev is very much larger than the amplifier noise
(~5 x 10*ev), so that a “proportional” pulse very much bigger than noise
can be obtained from an electron of any energy. Indeed CURRAN, COCKROFT
and ANaUs (1949) have measured the pulse size distribution when a single
electron, whose initial energy is insufficient for it to ionize, is liberated within a
counter. This work will be discussed further in the next section.

The critical charge at the wire is so high compared with noise that saturation
is usually unimportant. It is merely necessary to determine at what value of
output pulse size non-linearity first becomes apparent. Keeping the amplifier
gain the same, and allowing a safety margin of a factor of two or three in pulse
size, one arrives at a working maximum output pulse size. Provided this pulse
size is not exceeded (at the same value of amplifier gain) one can be confident
that the pulse size is accurately proportional to the number of ion pairs released
initially.

There are, however, some applications in which the critical size of the
avalanche imposes restrictions which may be important. In these applications
the proportional counter is used as a convenient device for obtaining a pulse
which is independent of the position of the ionization within the counter. To
achieve this it is desirable (see § IIb) to have a multiplication factor greater than
about ten. For sufficiently high energies, according to (1), non-linearity will
occur.

The dependence of the critical size of the avalanche on counter dimensions
and gas filling has not been investigated. The onset of non-linearity, however,
is probably associated with space charge within an avalanche which reduces the
effective field at the wire. This presumably becomes important when the number
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of positive ions per unit length of wire in the avalanche becomes comparable
with the charge per unit length originally present on the wire in virtue of its
capacity. PoNTECORVO (1950) has estimated that the critical value of (1)
corresponds to a density of charge per unit length in the avalanche equal to
approximately 4%, of the charge per unit length on the wire. For extended
tracks of ionization, the linear charge density in the avalanche for a given
multiplication factor will be much less if the track is parallel to wire than if it is
perpendicular to the wire. Saturation should therefore set in later for tracks
parallel to the wire than for those normal to it. (1) refers to the case when the
avalanche takes place over a small region of the wire and therefore gives the
saturation value for tracks normal to the wire. An observation of G. C. HANNA
(1953) may lend some support to these views. He observed the pulse distribu-
tion from roughly collimated «-particles which entered a counter through a thin
window. Below the region of saturation, a symmetrical distribution of pulses
was obtained. As saturation set in, the pulse distribution broadened at first and
then, at higher voltages on the counter, the distribution became asymmetrical
with a pronounced tail on the high energy side. This behaviour could be explained
in terms of a variation of multiplication factor with track orientation. Those
tracks with a large projection in the dircction of the wire are least affected by
saturation and so give rise to the high energy tail.

Saturation effects are expected to be less important if the steady charge per
unit length on the wire is increased. Inpractice the dependence on the dimensions
of wire and cathode is very slight. An increase of operating voltage for a given
multiplication factor should be beneficial.

(d) Energy resolution

For a fixed energy spent in a proportional counter there will be fluctuations in
the output pulse size. We consider to begin with the fluctuations which are
inherent. There are fluctuations in the number of ion pairs initially released by
a monokinetic radiation and in the size of avalanche which each ionization
electron produces. The problem has been treated theoretically by Friscu
(1948). He establishes that the variance (the mean square deviation) ¥, of the
output pulse size is given by

V,= Vomi + V. my (2)

where V, and m, are the variance and mean of the number of the ions initially
liberated in the counter and ¥V , and m , are the corresponding quantities for
the number of ions produced in an avalanche by a single ionization electron
(m 4 is the multiplication factor).

Under the assumption that the probability of ionization is a function only of
the distance of the particle from the wire, FRISCH also obtains an expression
for V 4

Vy=m% —m, (3)

The relative variance V ,/m? is of the order of unity, hence there are very large
fluctuations in the size of avalanche from a single ionization electron. Com-
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bining (2) and (3) he obtains the relative variance (4) of the total size of the
avalanche when, on the average, m, ion pairs are produced initially.

v, V, 1 1

(m gmel  mg ' my m_4myq @
The third term is usually negligible, so that the spread is independent of
multiplication factor. If ¥, = m, (as for a Poisson distribution) the right hand
side of (4) becomes 2/m,. The multiplication process would merely double the
relative variance of the initial number of ions. HanNa, KIREwooD and
PonTECORVO (1949) have measured the fluctuations of pulse size for radiations
of energy ~ 250 ev, 2:8 kev and 17-4 kev in a proportional counter. They
obtained fluctuations which were definitely less than predicted by (4)
using reasonable values for the quantity V,.

6000 -EE%::L ;ﬁ:ﬁon (According to FANO (1947), mg/2> Vo > m,/3.)
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986.) V,=068m% (6)

[3) 2 16 20 4 8
PULSE ANALYZER CHANNEL NUMBER

a value smaller than the theoretical estimate of (3). The simplifying assumption
used in the derivation of (3) is probably at fault. In fact, the probability that
an electron can ionize in the avalanche depends on its previous history as well as
on its position. Immediately after having produced an ion pair, it will have to
travel some distance towards the wire before its energy is sufficient to produce
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further ionization. If that distance were sharply defined, then the avalanche
would be predictable (non-statistical) and ¥ , would be zero.
Inserting the measured value of ¥, in (2) one obtains

Yo Y, 068 ®)
(m_gm) my My

The most accurate measurements of the total fluctuations in pulse size are
those of HANNA, KiRkwooD and PoNTECORVO (1949). They measured the pulse
size distributions from monokinetic radiations of energies 2:8 kev and 17-4 kev
(Fig. 4). The observed distributions were gaussian over an energy range of 4 3
standard deviations. The counter was 2:5 cm in diameter with an active length
of 30 cm. It was filled with 50 cm of xenon and 10 ¢cm methane for one series of
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Fig. 5. The rosolution of the proportional counter as a function of onorgy. (1) HANNA,
Kirgwoop and PONTECORvVO (1949). (2) Wust (1953). (3) NEwroN and Rose (1953)
unpublished data.

measurements and with 40 cm of argon and 12 cm methane in another series.
There was no significant difference between the measured widths of the distribu-
tions for these two gas mixtures. The percentage width of the distribution was
independent of multiplication factor up to the value at which non-linearity set in.
At nearly the same value of £ X M (E) as given by (1), the width of the dis-
tribution was observed to increase with multiplication factor.

The experimental values of the standard deviations of the distributions,
expressed as a percentage of the mean pulse size (that is, 100 V,}/m,), are
plotted in Fig. 5 for the xenon filled counter. No direct comparision between
these results and the values given by (6) is possible since ¥, the variance of the
initial number of ions is not known. The full curve in Fig. 5 is given by (6)
using V, = m,/3, consistent with FANO’s estimate. A mean value of 25 ev per
ion pair was used in converting from mean number of ions (m,) to the energy of
the radiation. The broken line in Fig. 5 is given by (6) using V = m,/2. It is
seen that V, = m,/3 fits the experimental data at low energies more closely.
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Substituting V, = m,/3 in (6) one obtains for the total variance of the output

pulses v, 1 068 1
e — ™)
(mgmg)®  3mg  my My
The additional spread introduced by the multiplication process is therefore
not serious.
Other sources of additional spread which may broaden the distribution are:
1. Negative ion formation. If the counter filling contains electron-capturing
impurities, not all the ionization electrons will reach the wire. The negative
ions formed will arrive at the wire very much later than the electrons and give
rise to small avalanches if any. Consequently they will not contribute to the
pulse. If a fraction 7% of ionization electrons reaches the wire, it can be shown
(FriscH, 1948) that the variance ¥, of the number of electrons arriving at the

wire is Vy = fimg + B3V — my) (8)

Using the values ¥, and the mean value %m, instead of V, and m, in (2) one
obtains with V , = 0-68 m?%

Vp o Vo+_{_(l'68 . 1) (9)

(m gme)?  m2 " my\ &

Additional spread due to variations of % with position in the counter will also
be important and will produce a relatively larger increase of spread at higher
energies. The effect of negative ions formed within the avalanche is probably
small.

It is necessary to exclude negative ion forming impurities rather carcfully in
order to obtain a resolution approaching that given by (7). Purification of the
gases over heated calcium is recommended, where possible.

2. Variations in applied voltage. The variation of multiplication factor with
applied voltage is quite rapid and the stability of the high tension supply must
be good.

In typical counters a change of 1 volt in 2000 volts will alter the pulse size by
19%,. Stability of this order is attainable over periods of several hours.

3. Variations of position and diameter of the wire. Variations of ~ 1%, in
multiplication factor may well occur due to variations of wire diameter. The
effect of inaccuracy in positioning the wire in the counter was calculated by
Rosst and Staus (1949). The extreme difference of field (6E) for a wire off
centre by an amount A is given by

0E|E = 4al/b? (10)

where a = radius of wire, b = radius of counter. Ifa = 0-005 cm and b = 2 cm
A = 0-1 cm introduces about 1%, variation in multiplication factor round the
wire. The positioning of the wire is therefore not extremely critical. Indeed
rectangular cathodes may be used without seriously impairing the resolution
(CurraN and REip, 1948; BECKER ef al., 1952).

The effect of small additional fluctuations such as those described under 2 and
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3 are mainly felt when the inherent width of the pulse distribution is narrow.
Careful measurements of the intrinsic spread have not been made at energies
greater than 20 kev but pulse distributions from radiations in the 50 kev region
are generally wider than would be expected from (7). For instance at 60 kev a
value of ¢ = 2-8 4 0:19, was obtained by the author. This is definitely greater
than the intrinsic width according to (7) (¢ = 2-1%). Similarly at 190 kev
NEwroN and RoSE have observed a spread o = 17%, whereas (7) predicts
o = 1159%,.
III. MEASUREMENT oF¥ PuLsE Sz

As explained in the introduction, the proportional counter is used mainly to
obtain a signal greater than the noise of the amplifier. It is still necessary to use
a high gain linear amplifier with approximately the same order of gain as would
be used with a pulse chamber. Screening of the wire and its connections to the
amplifier is therefore necessary to prevent electromagnetic pickup. The
capacity to earth of cables directly connected to the counter wire should be
small if full advantage is to be taken of the range of linearity of the counter.
An increase of capacity will reduce the pulse size for a given gas gain without
appreciably affecting the amplifier noise. After amplification the pulse size may
be measured directly by photographing the pulses displayed on an oscilloscope
screen and subsequently measuring the sizes from the film. This method has
been used extensively by CURRAN and co-workers who have shown that it is
capable of yielding accurate results. There is no doubt, however, that electronic
methods of sorting the pulses are preferable. Pulse analysers can be made with
large numbers of channels whose channel widths remain constant to approxi-
mately 19, over long periods (Cooxe-YarBoROUGH, BRADWELL, FLORIDA and
HoweLws, 1950; HurcHINsON and SCARROTT, 1951). The results of a measure-
ment are available immediately and no possibility of subjective errors of
measurement exists. Pulse analysers with 30 or more channels are preferable
as the entire range of interest of a spectrum may often be measured at the same
time. Normally the channel width is fixed at about 1 volt, but for examining
very narrow distributions a biased amplifier can be used which disregards
pulses below a certain amplitude V,; for larger pulses their excess amplitude
V — V,isamplified by a constant factor before being fed into the pulse analyser.

When studying the low energy region of an extended spectrum care must be
taken to ensure that the distribution is not modified by pulses which saturate
the amplifier. Special non-overloading amplifiers which do not produce long
period disturbances of the base-line have been designed for this purpose
(BERNSTEIN, BREWER and RuUBINSON, 1950). In all cases it is necessary to
ensure that the total counting rate is not so great that pile-up of pulses occurs.
Normally it is quite safe to use counting rates of 10,000 counts/min if micro-
second pulses are used.

IV. ENERGY CALIBRATION

It will be apparent that the proportional counter is not an absolute instrument
and has to be calibrated. It is desirable (see § V) to calibrate with particles of

29



ENERGY MEASUREMENTS WITH PROPORTIONAL COUNTERS

the same nature and of about the same energy as those under study. In all
cases where electrons or electromagnetic radiations of energy less than 100 kev
are studied, characteristic X-rays provide a suitable means of calibrating the
counter (KiRkwoop, PoNTECORVO and HANNA, 1948; CuUrRAN, ANGUS and
CockrorT, 1948). The X-rays are admitted to the counter through a thin
window if necessary. An X-ray quantum is absorbed in the counter gas by the
photo-electric process in one or other of the electron shells of the counter gas.
An electron of energy E; — Eg, 1. 5, . .. is produced where E; = energy of
incident X-radiation, Eg, ;. » ... = binding energy of the K, L, M, . . .
shells of the counter gas. The vacancy in the K, L, , . . . shell thus produced
will fill with emission of characteristic X-radiation of the counter gas or by
Auger electron emission. In the cases where Auger electrons are emitted, or the
X-radiations are re-absorbed within the counter, the full energy of the incident
X-ray will be spent in the counter. This is the more probable process with
argon and consequently a large fraction of the pulses produced correspond to the
full energy of the incident radiation. The case in which X-radiation of the
counter gas (usually the K radiation) escapes, gives rise to a second peak, the
“escape peak,”’ which will be dealt with in more detail in § VII. Incident X-rays
absorbed in the counter windows or walls do not give rise to significant numbers
of low energy pulses. The photo-electrons produced can only enter the counter
from a depth of the solid equal to their range. As the depth of gas in the counter
is usually much greater than the range of the photoelectrons, the large majority
of the pulses arise from X-rays absorbed in the gas. Light elements are usually
chosen for the windows and walls of counters making any effects of this sort
even less important. It is a refreshing feature of the use of X-rays or low
energy y-rays that, owing to the predominance of photo-electric absorption, the
energy of the quanta is not reduced even when there is considerable absorption
in the counter window. Fluorescent X-rays characteristic of the window or
wall material may be generated and detected, but they give rise to line spectra
which can readily be distinguished from the peak due to the unmodified radiation.

Two main sources of X-rays used for calibrating proportional counters are
X-ray tubes and radioactive isotopes. The various methods employed are as
follows:

1. White X-rays from a tube fall on a foil of material placed near the counter.
Fluorescent X-rays from the foil are used as a calibration line (CURRAN, ANGUS
and CockrorT, 1949b). The method has the advantage that the calibrating
energy can be changed very easily. It has the disadvantage that a considerable
background of white X-rays is usually scattered into the counter.

2. A single component (K,) of the characteristic X-ray spectrum from the
target of an X-ray tube is selected by a crystal spectrometer and enters the
counter as a narrow beam (HaNNA, KiIRkwooD and PoONTECORVO, 1949). The
method gives a single peak free from background (see Fig. 4c) but the energy
cannot readily be changed. It is preferable to include only the K, radiation when
using energies less than 17 kev, since according to the resolution given in Fig. 5
the K, and K radiations cannot be resolved completely (peak separation = 30)
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for K, energies less than 17 kev. The presence of the Kz radiation as an un-
resolved peak alters the effective energy of the calibration slightly.

3. Pulsed X-ray tube (CRANSHAW, 1951). A pulse of K X.rays of duration
short compared with the amplifier time constant is selected by a method
similar to method 2. It is arranged that the intensity is such that there is an
appreciable chance of two or more quanta being absorbed in the counter during
a single pulse of X.rays. A continuous series of calibration lines of energies
E, 2E, 3E is obtained. See Fig. 6. This method has the additional advantage
that it can be carried out in the presence of the pulses under examination without
obscuring the calibration line.

4. Gaseous K capture isotopes (KIRkwoobp, PONTECORVO and HANNA, 1948).
The active gas is introduced into the counter together with the normal filling
gas. A peak at an energy equal
to the K binding energy of the
daughter element is obtained.
A3 decays by K capture, with-
out any accompanying y-rays or
electrons. It gives peaks from K
capture at 2-8 kev, and a mixed
peak at about 250 ev partly from
L capture and partly an “escape
peak’ from the 2-8 kev radiation
(see § VII). This method is useful
where gaseous sources are used in
a counter since it gives a more : PULSE SIZE —>
representa,tive calibration than Fig. 6. Calibration spectrum using pulsed I'C-rays of
does a localized beam of X-rays., °"°mY °aual tg:;)b];:’;’ée(%“,ﬁ:ng) Thesis (1951),
A disadvantage is that it cannot
be removed and there are few other suitable K capture bodies which can
readily be obtained in gaseous form.

5. Solid K capture isotopes. A source containing the active isotope is placed
outside a window in the counter and replaces the X-ray tube (RoTHWELL and
WesT, 1950b). The K X-radiation of the daughter element is emitted. Calibra-
tion lines, sufficiently free of background from other radiations emitted by the
source, are easily obtained. It is necessary to use thin sources when the X-rays
are very soft in order to reduce the effects of y-rays which are often emitted
following K capture processes. Specific activities of the order of millicuries/gm
are adequate. The isotopes most readily available are those produced by
neutron capture. The choice of suitable elements is governed to a certain
extent by the requirement that activities produced in other isotopes of the
element at the same time shall not constitute a large background. Long period
K capture bodies are more suitable both from the point of view of convenience
and because shorter period background activities can merely be left to decay
before the sources are used. A list of K capture and other isotopes which have
been used for calibration is included in Table 1. No doubt many other suitable
sources exist,.
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Table 1. Radioactive sources used for energy calibration

Other
Isotope | Half period | Mode of decay K?:g:;gy Kﬂ(l::s;'yy %ﬁe&:‘g‘fzg" Remarks
(kev)
K binding
Af 34 day | K, L capture 2-82 energy of Cl,;
(1)
cril 26 day K,y, e 495 543 @)
Fels 2-9 year K 5-89 6-49 (3)
Zn; 250 day K, Bt, ye- 8-:04 891 (2)
Gell | 11 day K 9-24 10-27 )
Se? | 127 day K,y e 10-53 11-73 (5)
PAY® | 17 day K 20-17 2272 Rhl®™ also
contributes
the same X-
rays. (2)
Cd;P® | 330 day K 22-10 24-94 Agi™ also
contr:butes
the same X-
rays. (6)
Sni® | 105 day K, y, e 2413 2728 (2)
Inl* | 50 day LT. 2413 27-28 (4)
Bal® | 29 hour LT. 32:05 36-36 (5)
Gay? | 155 day K, y, e 41-32 47-02 (7)
Ybi§® 33 day K,y 50-4 b67-5 (2)
Am?}' | 490 year «, P, e~ 59-78 | Nuclear y-rays
26-43 (8) (9)
Os® | 97 day K,y 60-7 69-3 (8)

gl) KIRRWO0OD, PONTECORVO and HANNA (1948).

(3

(4) INSCH (1950

KARN (195

A~
wNSI;

8

WEsST and Romwnnn
BRLING, NEWTON and
BROWNE (1952).
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6. Other radiouctive sources. Isomeric transitions which give K X-rays
following internal conversion may also be used (INscH, 1950; BERNSTEIN,
BrEWER and RuBINSON, 1950), provided the conversion electrons are prevented
from entering the counter. X-rays excited by «-particles during their slowing
down in matter may also be used to produce softer X-rays (ROTHWELL and
WasT, 1950b). B-rays are generally unsatisfactory for this purpose because of
the continuous spectrum of X-rays which is also emitted. Nuclear gamma rays
from « emitters provide a very clean source and can be used provided the y-ray
energy has been measured accurately. Am?4 (BeLiNG, NEwToN and Rosg, 1952)
is a good example of a suitable «-emitter. It emits an abundant y-ray of energy
59-78 kov. INscH (1950) has shown that radioactive sources of X-rays may also
be used to excite fluorescent X-rays which are suitable for calibration purposes.
Intense sources of nuclear y-rays (e.g. Am241) may also be used to excite fluores-
cent X-rays (Rosg, 1952).

A complete range of calibration cnergies is thus available from radioactive
sources. They have largely superseded X-ray tubes for use in calibrating
proportional counters, owing to their convenience.

1t should not be forgotten that the K X-ray spectrum is complex. At low
energies the uncertainty in energy due to the unresolved K, radiation has
already been mentioned (method 2) above. In these cases the K s radiation should
be removed by means of a critical absorber. At higher energics the K,;, and K,y
cnergies are sufficiently different to cause some uncertainty in the exact energy
of the K, peak. In Table 1 the weighted mean of the K,;, and K,, energies

has been used for the “K, energy”. X-.ray energies are derived from the table
given by HivLr, CuurcH and MineLicH (1952).

V. THE MEAN ENERGY TO PRODUCE AN IoN PAIR

The linearity of any ionization method of measuring the energy of a particle
cannot be taken for granted. This is especially so for particles of low velocity
(BoHR, 1948). If nj = mean number of ion pairs produced by a particle s of
encrgy K, then W(E) = E/ny is found to depend on the gas and may depend
to some oxtent on the nature of the ionizing particle and on its energy. (Gray,
1944; VALENTINE and CURRAN, 1952). It is on this account that energy calibra-
tions must be carried out with particles of the same nature as those under study.
For our present purposes the absolute magnitude of W (E) merely affects the
width given by (7) for a given energy of particle but significant variations of
W (E) with B would impose the further restriction that the calibration energy
should be close to the energy under investigation.

For electrons of low energy, variations of W,(E) with E can be investigated
by comparing the pulse sizes from a series of radiations of known energies in
conditions in which the linearity of the multiplication properties of the counter
has been ensured. Measurements of this type have becn made in argon + meth-
ane, and nitrogen -+ methane by CURRAN, ANGUS and COOKROFT (1949b). No
evidence of any variations of W,(E) with energy was found in the energy region
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3-40 kev in argon -+ (20%) methane or in the region 3-25 kev in nitrogen +
(10%) methane. Similar measurements were described by PoNTECORVO (1950)
who stated that in argon + (209,) methane and xenon +- (209,) methane the
ratio of pulse sizes when 17-4 kev and 2-8 kev were spent in the counter was
equal to the ratio of the energies, within the experimental accuracy of 1:5%.
Furthermore W, for electrons of ~ 250 ev energy was at most 209, greater
than W, for higher energy electrons in argon. VALENTINE (1952) has compared
the relative pulse sizes from radiations of energy ~ 250 ev, 2:8 kev and 46-7 kev
in nitrogen - methane (6%) and argon + methane (6%). A knowledge of the
exact energy of the 250 ev peak is not required for this relative measurement.
Assuming that W, for argon is accurately constant he finds that W, for nitrogen
increases by not more than 5%, between 2-8 kev and 250 ev and by not more
than 5% between 467 kev and 2-8 kev. Within the limits of accuracy stated
there is no evidence for a variation of W,(E) with energy and no significant errors
will result from regarding W,(E) as constant.

For heavier particles measurements of W, have not been made in the region
below 100 kev. TunnIcLIFFE and WARD (1952) have investigated W, (E) for
protons and «-particles at energies in the range from 200 kev to 550 kev. They
compared the pulse size distributions of the recoils from monokinetic neutrons
in counters containing methane, deuterium and argon and in counters containing
methane, helium and argon. It was assumed that W,(E) was the same for
protons and deuterons of the same velocity. A comparision of the maximum
recoil pulses from hydrogen and deuterium could then be interpreted as a
comparison of W,(E) for protons of different energies. It was concluded that
W ,(E) was constant to within 1%, for protons of energies in the range 200-550 kev.
The constancy of W,(E) was found both in gas mixtures in which argon con-
tributed 829, of the stopping power and in a mixture in which methane con-
tributed 699, of the stopping power. The absolute value of W, was about
109, greater than the value for protons of comparable energy. Variations of
W, with energy, while not established, were consistent with a variation of the
type proposed by CraNsHAW and HARVEY (1948) for higher energy a-particles
in argon, namely

W, =216 + 1-9/VE (11)

where W, is in electron volts and £ in Mev. Evidence supporting a variation of
this type has been found by Hanna (1950) for a-particles in the region of
1:5 Mev. The validity of the extension of (11) to other particles on the basis that
W depends only on the velocity of the particle is indicated by HaNNA’s work in
the case of Li?. TuNNICLIFFE and WARD’s measurements on W,(E), however,
are not consistent with this hypothesis in the case of protons. The variation of
W,, indicated by (11) for electrons in the range above 1 kev on this hypothesis,
is very slight but it is not excluded by the relative pulse size measurements
which have been referred to. Further investigations are obviously desirable.
In the meantime it is unwise to use particles of & different nature from those
under study for calibration.
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VI. MEASUREMENT OF -RAY SPECTRA
(a) Gaseous sources

The proportional counter method has the important advantage over the use of
conventional -ray spectrographs for the measurement of low energy 8-spectra
that it allows the use of gaseous sources. The active gas is admitted to the
counter together with the normal filling gas. The effects of backscattering and
self-absorption in solid sources and their supports, which cause serious errors with
magnetic f-ray spectrographs for very low energy electrons, are thereby
eliminated. It is necessary, however, to take precautions to avoid distortion of
the spectrum by wall and end effects.

1. Wall effects. The chance of a fB-ray striking the wall of the counter and
consequently not expending its full energy in the counter gas can never be
completely eliminated. It can be reduced to small proportions, either by the use
of high gas pressures, (ANGUS, CocKROFT and CURRAN, 1949), or by the use of
magnetic fields (ROTEWELL and WxsT, 1950a; CURRAN, CoOKROFT and INscH,
1950). These methods are discussed in detail in §§ VII and VIII.

2. End effects. To avoid regions of abnormally high electric field at the ends
of the counter wire, it is usual either to shield the wire by means of a guard tube
maintained at the same potential or to thicken it for some distance from the
end plates of the counter. Both these methods produce a low field region at
the extremities of the effective length of the wire. Since the multiplication
factor is very sensitive to the field at the wire, ions formed in the regions at the
ends of the wire will not receive their full multiplication. The shape of a §-ray
spectrum will consequently be distorted especially in the low energy region.
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Fig. 7. Variation of multiplication factor near the guard tube at one end of a counter and
near a glass bead dividing the wire. (CUrrAN, AnNeus and Cockro¥r; Phil. Mag.,
40 (1949) 36.)

The variation of multiplication factor along a counter wire has been measured
by CurraN, ANgUS and CookrOFT (1949b). A narrow beam of monokinetic
X.-rays traversed the counter at various positions and the pulse size was measured
as a function of distance. The variation of pulse size and therefore of multiplica-
tion factor is shown in Fig. 7. The guard tube G was kept at the same potential
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as the wire. A discontinuity in the form of a glass bead B was also present. It is
seen that the multiplication factor only reaches its full value at a distance,
about equal to the radius of the counter, away from the guard tube.

Several methods of overcoming end effects have been employed.

(¢) The long counter. End effects can obviously be reduced by using a counter
which is long compared with its radius. This is sufficient when studying line
spectra or the end point of a f§-spectrum since end effects only alter the shape of
a spectrum to an appreciable extent in its low energy region. Accurate measure-
ments of the B-spectrum from H3 near its end point have been made by this
method. Han~a and PoNTECORVO (1949) used a counter 2:5 cm in diameter
with an active length of 30 cm. The shape of the spectrum near its end point
showed that the rest mass of the neutrino was less or equal to 5 kev (KoFoED-
HansEN, 1951). The measured end point energy was 18-9 4 0-5 kev. Confirma-
tion of these values was obtained by CurRrAN, ANgUS and CockroFT (1949c).

JAFFE and CoHEN (1953) have studied the f-spectrum of RaD by incor-
porating gaseous lead tetramethyl, containing RaD, in a counter. A highly
converted y transition of energy 46-7 kev is in cascade with the f-particles in
659, of the disintegrations. Consequently in those cases in which the total
energy of the y-ray is spent in the counter, the zero of the §-ray spectrum is
shifted to an energy of 46-7 kev and the shape of the f-spectrum may be
determined from the pulse size distribution above this energy. End effects
hardly affect the shape of the distribution in this case but the finite resolution
at 46-7 kev causes some uncertainty in the very low energy region of the g-
spectrum. The end point energy of the RaD f-spectrum was found to be 15-2 4
1 kev. The shape indicated that the energy of re-arrangement of the electron
shells of the atom following emission (~ 10 kev) was shared by the f-particle
and the neutrino.

(¢9) The divided counter (ANoUs, CocKROFT and CURRAN, 1949). A glass
bead divides the wire of the counter into two unequal parts. The two ends of the
counter are identical geometrically and so have identical regions of low multi-
plication. The same is true in the region of the bead. The sections of the wire
behave as two counters of different lengths but bearing identical end effects.
By subtracting the energy spectra obtained in the two sections the distribution
in a counter free of end effects is obtained. It is necessary that the shorter
length of wire should have a region of constant multiplication at least equal to
the maximum range of the #-particles under study. Otherwise there would be no
compensation in the shorter length of counter for those tracks which just enter
the regions of low multiplication from the constant multiplication region in the
longer section. The technique has been applied by these authors to the measure-
ment of the §-spectrum of C'* whose end point is at 156 kev. It is only below
an energy of about 15 kev that the correction, which the distribution in the
short section applies to the spectrum, becomes a large one. A diagram of the
counter and the energy distribution obtained for the longer section of the counter
is shown in Fig. 8. The sections labelled 4 and B were 40 and 20 cm long and
the counter diameter was 14 cm. A pressure of about 5 atm of argon + 30 em
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nitrogen was used and in these conditions the maximum range of a S-particle
was 0-4 times the radius of the counter. A similar measurement of the spectrum
of 8% was made by CockKrOFT and INscH (1949).
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Fig. 8. The divided countor and the pulso distribution from C'¢ g-particles in scction A.
(ANgus, CockrorT and CURRAN; Phil. Mag., 40 (1949) 522.)

(¢25) Field tubes. An alternative method, proposed by COCKROFT and CURRAN
(1951), eliminates the end effects, in contrast to the divided counter which
applies a correction to data obtained when end effects are present. It was
evolved later than the divided counter and is generally preferable. An auxiliary
electrodo is introduced at the ends of the counter and its potential is adjusted
8o that the field at the exposed ends of the wire maintains its value in the body
of the counter. Rossr and Staus (1949) had previously applied this principle
to cylindrical counters in which the central electrode was large and consisted
of a hollow cylinder (hypodermic needle). At each end of the counter, lengths of
the central electrode long enough to contain the region of high field supported
the signal electrode through an internal insulator. The end electrodes were
maintained at the same potential as the signal electrode and consequently the
electric field at the ends of the signal electrode maintained its value in the body
of the counter. A lead to the signal electrode was taken through a hole in the
supporting insulator. This method is quite unpractical in the case of proportional
counters on account of the small diameter of the wire.

The auxiliary electrode (field tube) used by CockroFT and CURRAN is shown
in Fig. 9. It consists of a thin metal cylinder surrounding the guard electrode
and wire at each end of the counter. Its potential is adjusted to the same
value as that existing in the body of the counter at this radius. The field at the
wire, where it enters the field tube, will be the same as in the body of the counter
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if two conditions are satisfied at this point. (1) The electric field immediately
outside the end of the field tube has its proper value. The end plate of the counter
will affect the electric field outside the field tube for a distance of the order of a
counter radius. The field tube must therefore project from the end plate into
the counter for a distance at least equal to the counter radius. (2) The electric
field at the wire immediately inside the end of the field tube must have its
proper value. The presence of the guard tube will lower the electric field at the
wire for a distance of the order of the radius of the field tube. The end of the
guard tube must therefore be set back inside the field tube by at least this
distance.

The particular advantage of the insulator shown in Fig. 9 is that small
breakdowns across the insulator from the field tube will not be picked up on the
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Fig. 9. Diagram of a field tube and assombly, with arrangements for measuring the
multiplication factor near it. (Cockrorr and CURRAN; Rev. Sci. Instr.,, 22 (1951) 37.)

wire. The guard tube has no function in eliminating end effects and where
breakdown across insulators is not a serious problem it may be omitted and a
thickened section of wire used instead. The small insulators between the wire
and the guard tube and the field tube serve to position the wire accurately in the
centre of the field tube. The variation of multiplication factor at the end of a
counter fitted with a field tube is shown in Fig. 10. Curve 4 shows the variation
when the potential of the field tube is almost correct; Curve B is with the field
tube at the same potential as the wire and in curve C' the potential of the field
tube is some 209, closer to the cathode potential than in the optimum conditions.
It is apparent that the region of variable multiplication factor is virtually
eliminated by this method. Variations of multiplication factor are confined to
the region inside the field tube which is of negligible volume. It is still necessary
to use a counter which is long compared with the maximum range of the f§-
particles under investigation in order to reduce the relative number of particles
which cross the boundaries of the region of multiplication defined by the field
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tubes. The length of the field tubes and hence the region of dead space in the
counter may be reduced if additional field electrodes are built between the
cathode and field tube.

Field tubes were used by INscH and CURRAN (1951) in an investigation of
the low energy region of the spectrum of H}. Measurements were taken down
to an energy of 200 ev, and the spectrum was observed to fall at energies below
1 kev. For comparison purposes measurements were also taken in a divided
counter without field tubes. There was excellent agreement between the shapes
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Fig. 10. Variation of multiplication factor near a field tube. Curve A : potential nearly correct.

Curve B: potential the same as that of the wire. Curve C: potential 209, closer to that of

the cathode than in the optimum conditions. (Cockrorr and CURRAN; Rev. Sci. Instr., 22
(1951) 37.)

of spectra measured by the two methods. When the field tubes were set at
the same potential as the wire so that end effects did occur, no decrease in
the spectrum below 1 kev was observed.

(b) Solid sources

Low energy f-ray spectra from solid sources have also been examined by the
proportional counter method. The large area of cathode over which the source
may be deposited and the effective solid angle of nearly 27 steradians allows
sources of very low specific activity to be examined. However, the influence of
backscattering on the shape of the 8-spectrum in proportional counters has not
yet been investigated in detail at very low energies. In view of the large
acceptance angle of the proportional counter and the fact that thick source
supports are used, the problem of backscattering is more serious than with
magnetic f-ray spectrometers. The method has therefore been confined to the

study of sources of very low specific activity which are difficult to study by
other means.
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Data on the effects of backscattering was obtained by BALFOUR (1953) who
studied the conversion spectrum from a solid source of Te!?™. Two highly
converted y transitions of energies 109-7 kev and 355 kev occur in cascade.
Prominent peaks from the K and L conversion electrons of the 109-7 kev
transition were observed at energies of 78 kev and 105 kev. A complex group in
the energy region from 22 kev to 34 kev was due to conversion electrons from the
35'5 kev y-ray, K X-rays and K auger electrons. In Fig. 11a the distribution
obtained with the source backed by thick aluminium is shown. Fig. 11b shows

400t (a) (b)
— ALUMINIUM — SILVER
BACKING BACKING
I THNNYLON || | == THIN NYLON |
g BACKING BACKING !
& 300! s
i
Zz
>
2
2200
(-4
& [}
2 1
: oy,
3100 - \ I
O Y . !
®© el o
| |
6 20 30 40 50 60 10 20 30 40 50 60
ARBITRARY UNITS
PULSE SIZE

Fig. 11. Effects of backscattering on the conversion electron spectrum from a solid source of
Tel*m, (BALFOUR, 1953.)

the distribution obtained with a silver backing. The broken curves refer to the
distributions obtained with the source on a thin nylon film. It is seen that the
effect of backscattering is not very marked in the case of a source mounted on
aluminium for electrons of energy equal to 78 kev.

Using a solid source, WiLsoN and CURRAN (1949) found a f-activity due to
Ni%3, The end point energy was 63 4 2 kev and the half-life was 61 years
(WiLson, 1951). The f-ray spectrum from RaD was also examined by INscH,
BaLrour and CURRAN (1952). An end point energy of 18:0 + 2-5 kev was found
in agreement with the value subsequently obtained by JArFE and CoHEN (1953)
using a gaseous source.

Long lived natural B-ray emitters were investigated by CUrrAN, DixoN and
Wiwson (1951), (1952). The proportional counter was surrounded by lead and
by a ring of anticoincidence Geiger counters to reduce the background counting
rate. The shape of the S-spectrum of Rb%” corresponded to that of a highly
forbidden transition. The end point energy was 275 kev and a value of 6:2 X
10%° years was obtained for the half-life. The 8-spectrum from Re'®” was also
examined and is discussed by CURRAN (1952).

The additive action of the proportional counter for radiations emitted in
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cascade (RoTHWELL and WEST, 1950a) has been applied by WiLsoN and CURRAN
(1951) to the study of regions of a f-spectrum which are normally obscured by
conversion electrons from a subsequent transition.

Hg®3, which emits a f-particle followed by a partially converted y-ray of
energy 280 kev, was studied. The end point of the f-spectrum at 208 kev is
normally obscured by K conversion electrons of energy 195 kev.

In the proportional counter two satellite 8-spectra are observed, correspond-
ing to those cascs when a K or L conversion electron enters the counter gas
together with the B-particle. The end point energy may be determined from the
highest energy satellite spectrum. An uncertainty exists duo to the possible
detection of the energy of excitation of the L shell (14 kev) in some cases.

VII. MEASUREMENT OF LINE SPECTRA
(a) Pulse size distributions from electromagnetic radiations

As mentioned briefly in § IV, X- or y-radiations of low energy are absorbed
predominantly by the photo-electric process in the counter gas. We must now
consider what happens to the excitation energy of the atom following the
ejection of a photo-electron from one of its electron shells. Let py, p [y - - DO
the relative probabilities that an incident quantum ejects a K, L, . . . electron.
Let wg, wy,. . . be the average fluorescence yield of each shell. wg, @y . . .is
defined as the fraction of cases in which K, L, . . . X-rays are emitted in filling
a vacancy in the K, L, . . . shells. The alternative process, of course, is the
emission of auger electrons. Further let &g, €, . . . be the probabilities,
averaged over the whole counter, that a quantum of K, L, . . . radiation escapes
from the counter, . & depends mainly on the pressure of gas and the dimensions
of the counter.

The probability that K X-radiation escapes from the counter following
photo-electric absorption is then exactly

/g =Pk . 0g - tg (12)

To evaluate f, it is necessary to take account of L shell ionization which results
from the filling of the K shell. If we make the simplifying assumption that
filling a vacancy in the K shell always causes a vacancy in the L shell, then

fr. = (pg + pr)oLs, (13)

The escape of M radiation is never detected in a proportional counter because of
the finite resolution.

The constants in (12) and (13) are independent of the energy of the incident
radiation at energies above the K binding energy and depend only on the
properties of the counter gas.

Table 2 gives values of fz and f; computed for argon, krypton and xenon in
a 5 cm diameter counter. Data were obtained from the books by CompToxN and
ArLisox, and BurgOP. The escape probabilities ¢ are calculated on the assump-
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tion that the incident quanta are absorbed uniformly throughout the counter.
It is seen that, apart from the variation with pressure, the values of fx depend
mainly on the values of the fluorescence yields for the individual gases.

Table 2. Intensities of the K and L escape peaks in A,
Kr and Xe (counter diameter 5 cm)

Energies of
Gas ( Atgg;;zl‘g;es) 4 L fx Jx Ky (‘11::'\1/ )Lﬁl
Argon . . . 0-5 0-64 | 0-05 0-063 | 0-0004
K, = 296
(p = 09) . 1-0 0-45 | 0-02 0-044 | 0-0002
(wg = 0-11) . Lﬂ1 = 025
(w7, = 0:01) . 50 0-11 —_ 0-011 —_—
Krypton . . 0-5 0-87 | 0-16 0-51 0-01
K, = 1263
(pg = 0-87) . 1-0 0-76 | 0-08 0-44 0-006
(wg = 0-67) . L/’x = 1-64
(w7, = 0-08) . 50 0-33 | 0-015 | 0-19 0-001
Xenon . . 0-5 0-93 | 0-23 0-65 0-05
K, = 20:66
(px = 0-82) . 1-0 0-87 | 011 0-61 0-02
(wg = 0-85) . Lﬂx = 4-41
(wg, = 0-21) . 50 0-50 | 0-02 0-35 0-005

The very low values of f, and the even lower values of fy, fy, etc., mean that
the total energy of excitation of the atom is spent in the counter gas except in
those cases where K or L radiation escapes. Consequently the total energy of an
incident quantum is recorded. The escape of K radiation gives rise to a second
peak (the escape peak) at an energy equal to E, — hvg, (where E, is the energy
of the incident radiation and kv, is the energy of the K, radiation of the counter
gas). A second escape peak occurs at an energy equal to E; — hvgy, as a result
of the escape of K radiation. Its intensity is approximately one sixth of that
of the K, escape peak. It occurs at nearly the same energy as the peak due to
the simultaneous escape of K, and L radiation. The intensity, fe X fr, 18,
however, much smaller than that of the Kz escape peak. The L escape peak is
not usually resolved. Typical distributions, obtained in argon, krypton and
xenon are shown in Fig. 12.

Fig. 12a shows the distribution in an argon filled counter irradiated with
K X-rays from a Zn% source (K, = 8-0 kev, Ks = 8-9 kev). The intensity of the
escape peak is small. Neither the Ky escape peak, nor the K radiation from the
source is resolved, although the presence of the latter may be inferred from the
slight asymmetry of the main peak.
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Fig. 12b shows the distribution in a krypton filled counter from a Sn118 source
(Ky = 24'1 kev, Kz = 27-3 kev). The K radiation from the source was removed
by a critical absorber (0-005 in. silver). The K escape peak contains about
509, of the pulses. The presence of the Kz escape peak may be inferred from the
unresolved group on the low energy side of the escape peak.

Fig. 12c shows the distribution in a krypton filled counter from a Gd1ss
source (K, = 41-3, K3 = 47-0). The K, and Kj radiations from the source are
resolved and the K escape peaks from each can be seen.
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Fig. 12 (a) and (b)

(8) K X-rays from Zn% in an argon filled counter. (Diameter 7-2 cm. Filling:
argon—37-7 cm, mothane—4-1 em.)
(b) Ko X-rays from Sn'® in a krypton filled counter. (Diameter §cm. Filling:
krypton—13-8 cm, mothane—0-8 cm.) (WesT and RoTEWELL; Phil. Mag., 41 (1950) 873 )

Fig. 12d shows the distribution in a xenon filled counter from an Os!8s
source (K, = 60-7 kev, Kz = 69-3 kev). The K escape peaks contain nearly
two thirds of the pulses. The Kz escape peak from the incident K, radiation is
nearly resolved.

It is apparent from (12) that wy may be determined from the fraction of
pulses in the escape peak. £ may be made close to unity by using a low pressure
of filling gas. pg is directly obtainable from the photo-electric absorption
coefficients in the region of the K absorption edge. Measurements of wg for
krypton and xenon were made using this method by WEsT and ROTHWELL
(1950). Errors due to wall effect at the low gas pressures employed were reduced
to negligible proportions by the use of an axial magnetic field. Values of 0-67 for
wg in krypton and 0-81 for wx in xenon were obtained. The main uncertainty
in the measurement arises from the value used for pr. These measurements
were repeated by KauN (1951) who obtained values of 0-70 4 0-03 for wg in
krypton and 0-85 4 0-05 for wg in xenon. HaNNA (1953) has recently measured
wg for argon and obtains a provisional value of 0-11 4 0-01.

It is apparent from Table 2 that increase of gas pressure is not an effective
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method of eliminating the escape peak. In some applications the escape peak is
a nuisance in that it masks part of the energy spectrum; this can only be
examined by using a different gas. The escape peak can be used in certain cases
in obtaining increased resolution. Radiations whose pulse distributions are not
resolved in the main peaks may nevertheless give separated escape peaks if the
K, energy of the counter gas is a large fraction of the total energy of the radia-
tions. This can readily be seen in Fig. 12d. Of course no escape peak occurs for
incident energies lower than the K binding energy of the counter gas. Since the
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Fig. 12(c) and (d)

(¢) K X-rays from Gd'® in a krypton filled counter (Diamoter 5cm. Filing:
krypton -- 46 cm, methano—7 cm.) (West, DawsoNn and MANDLEBERG; Phil. May.,
43 (1952) 875.)

(d) K X-rays from O8!#81n a xenon filled counter. (Diameter 5 cm. Filing: xenon—
43 cin, methane—6 ecm.) (BELING, NEwTON and ROsE.)

displacement of the escape peak is accurately known its energy can be used to
obtain increased accuracy in the measurement of the energy of a radiation.

(b) Efficiency of detection of quanta
The efficiency of the counter for detecting X- or y-radiations can readily be
calculated from the photo-electric absorption coefficients of the counter gas.
An idea of the relative efficiencies of various gases can be obtained from Fig. 13
in which the absorption in a depth of 5 cm of argon, krypton and xenon at a
pressure of 1 atm is plotted. The advantage of krypton and xenon for studying
higher energy radiations is obvious. The Compton absorption is usually very
much smaller than the photo-electric absorption and moreover gives rise to a
continuous spectrum of pulses.

The calculation of the efficiency will involve the mean track length of quanta
in crossing the counter and to avoid uncertainties in estimating this quantity,
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the incident radiation should be well collimated. The radiation should enter the
counter through a window which does not absorb the radiation strongly.

Wall effects will reduce the number of pulses in the peaks of the distribution
for higher energy y-rays. The wall effect for photo-electronsis difficult to estimate
because of the large amount of scattering which occurs along the track. Approxi-
mate measurements of the wall effect for an uncollimated source of quanta
were made in krypton by WesT, DawsoN and MANDLEBERG (1952) for radiations
of energies 41-4 kev, 60 kev and 85 kev. A 5 cm diameter glass counter of the

100 -\dr- S
N AY
N
3 AW
\
) \
1Y
= \ \
Z 10 \ .
g %]
& 5 ‘\-;a \6t %,
z \% “ 10
% 2 \1 \1
3 I
g | 3 \
[e2] A \
< 1 \
05 COMPTON (XENON) \ A
COMPTON (KRYPTON) | A T
02 l l I l I I *""\
COMPTON (ARGON) | LN TR
| Ty |\
ol \ N
2 5. 10 20 50 I00 200 500 1000

ENERGY OF QUANTA KEV.

Fig. 13. Photo-olectric and Compton absorption in 5 cm of argon, krypton and xenon at
N.T.P.

Maze type with an external aquadag cathode was used. The sources were placed
in contact with the wall of the counter at its mid-point. The wall, 1 mm in
thicknoss, did not produce very much attenuation of these radiations. The
mean free path for absorption of the radiations was much greater than the
counter dimensions so that the number of quanta absorbed was approximately
proportional to the pressure of krypton. The counting rates in the peaks of the
distributions from the three radiations, were measured separately at a series of
pressures of krypton. The counting rate per unit pressure is then a measure of the
efficiency of detecting the pulse from a quantum of radiation absorbed in the
counter. The saturation value corresponding to zero wall effect was obtained
by placing the counter in a strong magnetic field parallel to its axis (see § VIII).
The variation of efficiency of detection of an absorbed quantum with the pressure
of krypton is shown in Fig. 14a.

The curves may be adapted for use with other gases in conditions in which the
K photo-electron has the same energy (by altering the energy of the incident
radiation) and range (by altering the pressure) as in krypton. This transforma-
tion has been carried out in Fig. 14b for argon and xenon. It is seen that the
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wall effect may be considerable for gas pressures less than 1 atmosphere in a
5 cm diameter counter. Using xenon, however, radiations up to about 100 kev in
energy may be examined without serious wall effects.

The ranges of slow electrons in argon have been measured recently by
San Ts1aNa, MARTY and DREYFUS (1947) at energies up to 100 kev. From their
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Fig. 14. (a) Measured efficiency of detection of an absorbed y-ray in a 6:0 cm diameter

krypton filled counter. (b) Approximate curves (derived from measurements in krypton)

showing efficicncy of detection of an absorbed y-ray in a 5§ cm diameter counter filled with
argon or xenon. (WEst, DAwsoN and MANDLEBERG; Phil. Mag., 43 (1952) 875.)

curves, one may evaluate the range of the K photo-electron (primarily respon-
sible for escape) at any pressure in the counter. For example, in those conditions
in Fig. 14 where 109, escape occurs, the range of the K photo-electron is
‘approximately 0-5 times the counter radius. Since scattering is so heavy along
the track of a slow electron it would appear at first sight that the range is not
a suitable quantity to use in estimating the wall effect. The length of the
chord joining the ends of the electron track is probably a more suitable quantity.
However, SAN Ts1aNG et al. found that the ratio of the length of the chord to the
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range of the particle was a constant at energies below 100 kev. In argon the
ratio was 0-55. The ratio will, however, depend on the nature of the gas. As a
rough criterion it may be taken that 109, escape occurs for electrons whose
range is 0-5 times the counter radius.

A special feature of the wall effect for electron tracks was noted by Wesr,
Dawson and MANDLEBERG. No appreciable tail was detected on the low
energy side of a peak, even when the wall effect was 509%,. With heavy particles,
wall effect produces a long tail on the low energy side of the distribution and the
peak is broadened. Owing to the tortuous track followed by soft electronms,
the wall effect sets in when any part of the track intercepts the counter wall.
Consequently a large reduction of pulse size nearly always occurs and the shape
of the residual peak is hardly affected.

For energies below 100 kev the wall effect can be made small by using quite
moderate pressures in a counter. The great advantage of using xenon is
apparent from Fig. 14.

The problem of wall effect at higher energies is discussed further in § VIII.

(c) Applications
1. Study of X radiations emitted in nuclear disintegrations

(2) X radiations from orbital electron capture. Nuclear capture of L; electrons
was first observed by PoNTECORVO, KIREW0OD and HANNA (1949), using the
proportional counter technique. A37, known to decay by K capture, was admitted
to a counter filled with argon and methane. A peak at 2-8 kev corresponding
to the release of the K binding energy of chlorine was observed. In addition
there was a peak at about 250 ev (see Fig. 4a) part of which was due to the
escape of the K X-radiation of chlorine following K capture. By using xenon
instead of argon as the filling gas, the escape probability ex for chlorine K
X.-rays could be varied from 0-75 to 0-13. It was shown that only about one
quarter of the peak at 250 ev in argon could be accounted for as an escape peak.
The remainder was therefore due to L electron capture. A slight difference in
the energy of the peak with the argon and xenon fillings confirmed this interpreta-
tion. Following L capture it is mainly the L, ionization energy which is spent in
the counter whereas K escape releases the L;; or L;;; ionization energy. The
ratio of L capture to K capture was between 0-08 and 0-09.

A similar technique has been used by TowNsEND (1951) to study the branch-
ing ratio of orbital electron capture and positron emission in Zn%. A gaseous
compound Zn(C,H;), containing Zn% was admitted to the counter gas. Peaks
corresponding to release of the K and L binding energies were observed (see
BoucHEz, 1952). A continuous distribution was obtained from the positrons.

K X.rays have been detected from certain long lived K capture bodies by
means of proportional counters. WiLson (1950), (1951), has reported a radiation
from nickel after irradiation with thermal neutrons. The radiation corresponded
in energy to the K X-radiation of cobalt and was ascribed to K capture in Ni¢3,
The measured half-life of Ni%® was 8 X 10° years.
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Brown, HaNNA and YAFFE (1951) have detected K X-radiation of potassium
from calcium after irradiation with thermal neutrons. This was ascribed to a
hitherto undetected K capture activity in Catl. Considerable precautions were
taken to exclude K X-radiation of calcium excited by §-particles in the source.
The measured half-life of Ca%! was 1-2 4+ 0-4 X 10° years.

(1) X-radiation from the internal conversion of y-rays. L X-radiation from the
decay of RaD was observed by CURRAN, ANGUS and COCKROFT (1949b). Peaks
corresponding closely in energy to the L, and L radiations of bismuth were
observed. Bismuth L rays would
be emitted as a result of internal
conversion following the 8 decay
of RaD.

L X-radiation has also been
observed in relatively high intensity
from many «-emitters.

N

g West and Dawsox (1951)
& o observed L radiation from Pu23®
£ with an intensity of4 + 1 x 10-2 L
£ n rays per o-particle. The pulse dis-
S 1000

is shown in Fig. 15. The energies
of the L,, Ls, L, radiations corre-

/ o L , \\ sponded closely with the known
{1 f 3
ble]

j \j tribution in a krypton filled countor

g energios of uranium L X.rays.

= The high intensity excluded their

PuLSE size . (vours) production in a secondary process
Fig. 15. L X.radiation from “'.Pu. (WesrT, and they were taken as evidence
Dawson and M“Hg;;)}’ 875, Phit. Mag, 43 of internal conversion of soft
y-radiation which was subsequently

found. Similar results have been obtained with 1283, Am?1 Cm?2 and Pu?3s,
A high intensity of L rays from «-emitters indicates the presence of converted
y-radiation and consequently fine structure in the -particle energy spectrum.

The emission of K X-radiation in the decay of Po%° was established by
GRACE, ALLEN, WEST and HALBAN (1951). Critical absorption measurements
enabled the majority of the radiation to be characterized as Pb K X-radiation.
The intensity was estimated as 1:5 4 0-5 x 108 K X.-rays per a-particle. This
intensity was consistent with its production as a result of the internal conversion
of the 770 kev y-ray from Po. Subsequent work has shown that part of the
radiation must be ascribed to secondary processes.

(#4%) Secondary processes. K X-rays are produced during the slowing down of
- and f-particles in matter and by the absorption of quanta. It is always
necessary to ensure that characteristic X-radiation produced in these processes,
either in the walls and windows of the counter or in material surrounding the
source, is not confused with radiation directly emitted in the decay process.
Secomdary processes also occur in the parent atom from which an «- or p-particle
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is emitted. A weak L X-radiation from Po?!? has been measured by RUBINSON
and BERNSTEIN (1952). The energy of the radiation corresponded closely to that
of the L radiation of lead. The intensity was 29  0-4 X 10-% quanta per
a-particle, much too high to be ascribed to the internal conversion of 770 kev
y-rays. No soft radiations have been found in the decay of Po?® and it is thought
that the radiation may result from the direct ionization of its parent atom by an
a-particle. A theory of this process due to MiapAL (1941), however, gives an
intensity of only 0-38 X 10— quanta per «-particle in the case of polonium.

Barsrr and HeLM (1952),
using a scintillation counter, T e somen
have remeasured the inten- 1200
sity of the K X-radiation
from polonium. They
obtained an intensity of
2:0 4 0-38 x 10-% K X-rays
per o-particle. A redeter-
mination of the intensity p
of the 770 kev y-rays gave A
a slightly lower value than .}
that obtained by GRACE X X
et al. (1951). Combined with ¥\ Wy
the somewhat higher inten-
sity of K X-rays observed, ° © enereY o
it was no lOIlgeI' pOSSiblO to Tig. 16. p-rays and L X-rays from Am*!. (Filling:
account for the whole of the krypton—47 em, methano —2:5 em.) (BrEring, NuwroN
K X-radiation by internal and Rose; Phys. Rev., 86 (1952) 797.)
conversion. The excess, 1-25 + 0-3 x 10-¢ K X-rays per a-particle, was ascribed
to ionization of a K electron by an o-particle in leaving its parent atom.
MiGDAL’s theory gives an intensity of 2:6 X 10-¢ K X-rays per a-particle for
this process in polonium.

2. Study of y-radiations. Soveral investigations have used proportional
counters for studying the energy and intensities of soft y-radiations in the region
up to 100 kev. The y-ray source is placed outside the counter. In the case of
counters filled with krypton or xenon it is usually desirable to shield the counter
with lead to reduce the background counting rate. It can be seen from Fig. 13
that in the case of xenon, efficiencics of the order of 109, can be achieved for
energies less than 100 kev. Weak sources can therefore be examined. CURRAN,
Ancus and CockrOFT (1949) have investigated y-radiations from RaD at
energies up to 46-7 kev. West, DawsoN and MANDLEBERG (1952) have studied
weak y-radiations from Pu*® and U3 at energies up to 100 kev. BELING,
NewroN and Rose (1952) have investigated y-radiations from Am?!. The
distribution obtained in a krypton filled counter is shown in Fig. 16. y-radia-
tions of energies 59-7 kev and 26:3 kev arc present together with L radiation.
The energies of the L groups agreed closely with values for neptunium L rays.

Internal conversion electrons from y-rays may also be studied. Up to the
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present this has only been done at low energies with gaseous sources incorporated
in the counter filling. Following internal conversion of a single y-ray, two peaks
are produced in an analogous manner to that described in the case of photo-
electric absorption of y-radiation. The escape peak in this case results from the
escape of the K radiation of the atom in which internal conversion has occurred.
In addition, unconverted y-radiation will also be absorbed to a certain extent
by the counter gas and give rise to an escape peak characteristic of the counter
gas.
The method has been applied to the study of isomeric transitions where
internal conversion coefficients are high and consequently the peaks from the
unconverted y-radiation are
very weak. In spite of this,
a complicated spectrum is
ﬂ obtained when two partially

800

converted y-transitions occur

o
(o]
[¢]

COUNTS PER CHANNEL
3
o
>
oo
»
>

in cascade. A maximum of

\
A seven peaks, neglecting
those due to unconverted

y-rays is possible. The in-

J‘\u terpretation of the spectrum
. isusually quite unam-

0 v ﬂ biguous. If E, and E, are
\\ A}} J \ the energies of the transi-
o tions and Ex is the energy

ITasss,] of the K radiation of the

10V 20V 30V . :
PULSE SIZE radioactive element, then

Fig. 17. Pulse size distribution from Br® in an argon peaks ocour &t energies El’
filled counter. Curve A: with counter in a magnetic Ez, -El -+ Ez, El — K K
field of 7000 Gauss. Curve B: without magnetic field. E, — E _

Curve C: background from Br®® (corrected for decay) 2 K> El + Ez EK’
with counter in a magnetic field of 7000 Gauss. El -+ Eg — 2E K Further

(RorawerLL and WEST; I;;«;c) Phys. Soc., A, 63 (1950) pea,ks, characteristic of the

8

counter gas, may be pro-
duced if the K radiation from the element investigated is capable of ionizing
the K shell of the counter gas. If one transition is totally converted, say H,,
then a maximum of 5 peaks is possible at energies K,, F, 4 E,, E, — Eg,
E,+ E,—Eg, E,+ E; — 2Eg. This case has been observed in Brs™
by RorewELL and WEsT (1950a). Bré'™ decays through a 49 kev y-transi-
tion and a 37 kev y-transition in cascade. The 49 kev transition is totally
converted, the 37 kev transition partially so. The distribution obtained in
an argon filled counter is shown in Fig. 17 (Eg for bromine is 12 kev). The
internal conversion coefficient (conversion electrons/total transitions) of the
partially converted y-ray is directly obtained from the ratio of the intensity in
the three highest energy peaks to the total intensity. The 37 kev transition was
shown to be electric dipole.
A similar isomeric transition in Kr®® has been investigated by BARRETT (1952).
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Both y-rays (322 kev and 9-3 kev) in this case are partially converted but only
one is sufficiently energetic to give rise to a K escape peak. Five peaks would be
expected. The distribution obtained did indeed indicate that 5 peaks were
present and provided direct evidence that the radiations were emitted in
cascade without appreciable time delay (< 10-7 sec.). The conversion coeffi-
cients of both y-rays can be determined from the pulse distribution when only
partial conversion of each occurs. Let o;, o, be the conversion coefficients. Let
I, be the sum of the intensities in the main peak and the escape peak when
7, only is converted, and similarly for I,. Further let I,,, be the aggregate
intensity in the peaks occurring when both y-rays are converted.

Then
I]. = C'ocl(l -_ Gz), Iz = 0«2(1 —_— 0(1), Il+2 = Calag-
It follows that
ay = Iyof/(Iy + I1+2)» ag = Iyof/(I, + 1,,)

The fluorescence yield of the K shell of the element in which internal conversion
occurs may be determined if the ratio ox/ot,y,; is known for the transition.

VIII. EXTENSION OF THE TECHNIQUE TO THE STUDY OF
HicaErR ENERGY RADIATIONS

The wall effect is the main problem in studying 8- and y-radiations of energy
greater than about 100 kev. The range of a charged particle increases rapidly
with its energy and consequently the pressure required in a counter soon becomes
very high. Table 3 shows the pressures of xenon needed to reduce the range of
an electron to 1-25 em which, according to our rough criterion, causes 10%,
escape in a 5 cm diameter counter.*

Table 3. Pressure of xenon required to study high
energy electrons

Pressure of xenon
Electron energy Range = 1-
(kev) (em of Xe at NTP) for(z,nxggsphlerzeg)cm
50 1-3 1
100 2:9 23
200 9:3 74
400 26 21
1000 88 70

The pressure of xenon needed rapidly becomes prohibitive. But for energies
up to about 200 kev a pressurized xenon counter provides a possible solution.

For higher energies, an alternative method is preferable, using a magnetic
field. A uniform magnetic field applied along the counter axis coils up the

* Wall effects much greator than 109, can be tolerated if the problem is merely to detect the
presence of a radiation.
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electron track and so reduces the chance of an electron striking the counter
wall. The magnetic field required at various energies is estimated in Table 4.
For comparison with Table 3 the field required to make the maximum diameter
of the coiled track (2p) equal to 125 cm is evaluated. Scattering along the
electron track has been neglected; it will tend to increase the effective diameter
of the coil. The magnetic fields given in Table 4 are therefore only lower limits
to the values of field required.

Table 4. Magmetic field required to study higher energy electrons

Magnetic field
Bl S| ey |Gl
50 770 1200
100 1110 1800
200 1640 2600
400 2500 4000
1000 4700 76500

Hp varies much less rapidly than the range as the electron energy increases.
The magnetic field required even for 1 mev electrons is not prohibitively high.

The total distance travelled by any electron in the direction of the counter
axis is unaffected by a uniform magnetic field. The escape through the ends
of the counter will therefore not be reduced by the magnetic field. Moreover,
those electrons which would escape through the ends if the counter radius
were very large, still do so. The magnetic field merely ensures that they are not
lost in the cylindrical wall of the counter en route.

For straight tracks of length s originating throughout the volume of a counter
of very large radius, it can easily be shown that the fraction of tracks which
escape through the ends is s/2] where  is the length of the counter. 1f s is taken
to be the chord of the track for electrons, the pressure of argon required for

Table 5. Pressure of argon required to give 10% escape through
the ends of a counter 30 cm long, with a uniform magnetic
field applied

Pressure in atmospheres

Electron energy |~ )
(kev) (@) (b) (@
Uniform source | ‘“‘Located” source SOI?,L:‘J;:;" at

50 0-3 0-15 0-07
100 1-0 0-45 0-2
200 2:5 1-0 0-5
400 70 2-8 1-3

1000 24 95 4-3
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STUDY OF HIGHER ENERGY RADIATION

109, escape through the ends is shown in Table 5. The pressure is calculated for
a counter 30 cm long in the following conditions: (a) with a uniform density of
electron tracks throughout the counter volume, (b) with an approximately
located source at the mid point of the counter, e.g. an external y-ray source, (c)
with a solid source located at one end of the counter.

If krypton or xenon are used, pressures equal to approximately one half or
one third of those given in Table 5 are required.

A uniform magnetic field was used by West and RoTHWELL (1950) to reduce
the wall effect in proportional counters. Possible effects of strong magnetic
fields on the multiplication properties of the counter were investigated with A%

KRYPTON 535CM XENON 536CM & "
METHANE 47 CM (@) |METHANE 56CM. S (b)
o.
MAGNETIC FIELD
o 2500 GAUSS .
g 2
Zl.OOO' k4
<
5 8
g |
&
w
Z
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o]
o WITHOUT -
MAGNETIC
FIELD
6 20 30 40 50 0 20 30 40 VOLTS
PULSE SIZE

Fig. 18. Pulse distributions from the 190 kev gamma rays of In'**®, with and without a mag-

notic ficld (2500 Gauss) apphied parallel to the counter axis. (a) in a 5 em diamoter counter

contaiming krypton. (b) in a 5 cm diameter counter containing xenon. (The sourco of Ini14

was placed outside the counter at its mid point. The active length was 34 cm.) (NEwToN
and Rosg, 1953.)

incorporated in the filling. The wall effect is, of course, negligible for the soft
electrons from A% and any effects observed can be attributed to modifications
of the counter properties by the magnetic field. There was no detectable change
in the pulse size distribution when a magnetic field of 7500 Gauss was applied
parallel or perpendicular to the counter axis (counter diameter 2 cm, filling:
21-8 cm argon, 7-6 cm methane). A second experiment using a counter 5 cm in
diameter showed a slight (~ 49%,) reduction in pulse size with 7000 Gauss
applied. The origin of this shift was uncertain but as there was no deterioration
of the resolution, it was considered unimportant. When used for studying high
energies, the counter usually has to be calibrated with the field on, so that any
slight change of multiplication due to the field is allowed for.

It is established, however, that fields of the order of 7000 Gauss can be
applied to a proportional counter without interfering, to any marked extent,
with its behaviour. Application of a magnetic field greatly reduced the wall
effect. The pulse size distribution from Br®*™ (Fig. 17) discussed in § VIIc was
obtained in the presence of a magnetic field of 7000 Gauss. In the absence of
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the magnetic field (curve B) all structure in the spectrum was lost due to wall
effect at the low pressure of argon used.

At higher energies also, the magnetic field was effective in reducing escape.
Fig. 18 shows the distribution of pulses from the 190 kev y-ray from In4 in
krypton and xenon filled counters, with and without a magnetic field (NEwTON
and Rose, 1953).

An incidental advantage of a magnetic field when used to study external
y-ray sources, is the reduction of the pulse size from electrons generated in the
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Fig. 19. External conversion electrons and Compton eclectrons from tho 667 kev. y-ray
from Cs'¥., (Filling: argon—7 atm, methane—19 ecm. Magnetic field ~ 2000 Gauss.)
(Cockrorr, 19563.)

walls of the counter (an important source of background at high energies).
Electrons originating in the cylindrical wall are bent back into it by the magnetic
field, and so produce very small pulses which do not interfere with the spectrum
under examination. The background from high energy y-rays absorbed in the
counter gas is, however, increased by the magnetic field.

Cockrorr (1953) has used a uniform magnetic field to study y-radiations
from a source inside the counter. A diagram of the counter and the pulse dis-
tribution from Cs!¥? y-rays (667 kev) is shown in Fig. 19. The source is placed
at the end of a counter fitted with field tubes. A brass holder absorbs the
B-particles from Cs'¥” and a thin gold radiator (16 mgm/cm?) is placed in front
of the source holder. A peak from photo-electrons generated in the gold
radiator is seen together with the distribution from Compton electrons.

Inhomogeneous magnetic fields

The focusing property of an inhomogeneous magnetic field was first used
successfully by CurraN, CockrOFT and INSCH (1950) to confine electrons to a
counter. They used the fringing field of a large magnet with circular pole faces.

54



MEASUREMENT OF NEUTRON SPECTRA

The counter was placed parallel to the magnet gap, see Fig. 20. Sources of
electrons were placed either on the wire C or on a rod § maintained at its proper
potential.

Electrons are confined to a region whose cross-sectional area depends on
their energy, and on the configuration and magnitude of the magnetic field.
Escape along the counter axis is not prevented, but it is difficult to make any
quantitative comparison with the uniform field case. The B-particles from
P32 (end point 1-7 Mev) were examined with a source on the counter wire. The
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Fig. 20. p-rays from P?? on the wire (C). (Counter diameter 4in. Active length 15 in.
Filling: argon—60 cm, methane—10 em.). Curve A: no field. Curve B:5000 Gauss at C.
(CurrAN, Cookrorr and INscH; Proc. Phys. Soc., A, 63 (1950) 845.)

distributions without a magnetic field (curve 4) and with the magnetic field
(curve B) are shown in Fig. 20.*

K and L photoelectron peaks from positron annihilation radiation (511 kev)
were observed using an internal source. Only sources of small area may be used
with an inhomogeneous magnetic field. This reduces the number of electrons
which re-enter the source under the action of the field.

Magnetic field configurations which confine an electron in three dimensions
have been studied by Frank (1952). It was calculated that the magnetic
field between two point-like pole faces had the required properties. Scattering,
however, causes some escape of electrons. At energies of about 600 kev, the
escape due to scattering was serious in argon. It was reduced considerably by the
use of ethylene. The technique was suitable for studying line spectra and it
was concluded that the best conditions would obtain with high-pressure hydro-
gen as a filling gas.

IX. MEASUREMENT OF NEUTRON SPECTRA

Proportional counters may be used to study neutron spectra. Proton recoils
can be studied in a hydrogen filled counter, or the products of an exothermic

* The curves refer to different times of observation and should be normalized by making the
areas under them the same.
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nuclear reaction in the counter gas can be examined. The proportional counter
is especially useful at low energies (below 1 Mev) where both the photographic
plate method and the organic scintillation counter are least adequate.
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Fig. 21, Recoils from neutrons ofenergy 540 kev n a counter filled with deuterium -—25-8 em,
and mothane— 14-8 e, (TunNicLIFFE and WARD; Proe. Phys. Soc., A, 65 (1952) 233.)

As mentioned in § IIb, it is necessary to use a multiplication factor of at least
ten to avoid variations of pulse size with position in the counter. The temptation
to use smaller multiplication factors, when the initial energy spent is about
1 Mev, should be resisted.

Tun~icLIFFE and WARD (1952) (see § V) have studied the recoils from
~ 500 kev neutrons in counters containing hydrogen, deuterium and helium.
The recoil distribution in a counter containing hydrogen and deuterium is shown
in Fig. 21. It is, of course, necessary to differentiate tho proton recoil distribu-
tion in order to obtain the neutron spectrum.
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Fig. 22. Pulse distributions from thermal neutrons (curve A) and 750 kev noutrons
(curve B) on He®. (Counter diameter 7-6 cm. Filling: helium (containing 10% He—
§'4 cm, xenon—110 cm.) (BarcHELOR; Proc. Phys. Soc., A, 65 (1952) 674.)
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Exothermic nuclear reactions are preferable for studying neutron spectra. If
all the products of the reaction spend their energy in the counter gas, then a line
spectrum of neutrons gives rise to a narrow peak. Suitable reactions occur in
N4, B10, Li® and He3.

BarcHELOR (1952) has pointed out that the He3 reaction (He® + n — H3 + p)
is the most suitable, on account of the large reaction cross-section, and the small
energy released (764 kev).

For 1 Mev neutrons, recoils of He® have a maximum energy of 750 kev and
consequently do not interfere with the representation of the neutron spectrum
(pulses of energy greater than 764 kev).

Pulse distributions obtained by BaTcHELOR from thermal neutrons and neu-
trons of 750 kev in a counter containing 9 cc of He3at N.T.P. are shown in Fig. 22.

X. MEASUREMENT OF SPECIFIC IONIZATION

The minimum value of the specific ionization for a singly charged particle
corresponds to an energy loss of approximately 1-5 kev/cm in argon at N.T.P.
Thus the energy spent by a relativistic charged particle in a few centimetres of
its track in a gas can be accurately measured with a proportional counter. There
are, however, very large fluctuations in the energy loss, due to the nature of the
ionization process. In a given length of track, d-rays of energy comparable with
the total energy loss occur sufficiently often to cause large fluctuations. LaNpau
(1944) has calculated the shape of the distribution to be expected in conditions
specified by a parameter £. £ is an energy such that on an average one d-ray of
energy greater than & is produced in the length of track examined, and

&= 154 x 10%/(v/c)? . %z (ev)

where u = mass/cm? of material, Z = atomic number, 4 = atomic woight,
v = velocity of ionizing particle, ¢ = velocity of light.

LANDAU’s calculations apply when ¢ is “sufficiently large in comparison with
the atomic energics”, and is much less than the maximum energy which the
ionizing particle can transfer to an electron. In these conditions LaNDAU finds
that the energy loss distribution is quite broad with a pronounced tail on the high
energy side. The somewhat unexpected result obtained is that the spread in the
distribution is very nearly independent of the encrgy spent. The full width at
half height is about 309, for most elements, and the most probable energy loss is
of the order of 10 £. For further details the reader is referred to the original
paper and to the review article by CRaNsHAW (1952).

The fluctuations of energy loss for fast electrons have been measured by
RoTHWELL (1951). Monokinetic clectrons at energies between 1 Mev and 2 Mev
(in the region of minimum ionization) were selected by a f-ray spectrometer.

The electrons passed through a proportional counter fitted with two thin
windows at opposite ends of a diameter. An end window Geiger counter was
placed opposite the “‘exit” window of the proportional counter and pulses from
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the latter were recorded only when a coincidence occurred. Pulses from electrons
scattered out of the beam defined by the two windows were thus rejected.
Distributions of the type predicted by LaANDAU, but considerably broader, were
obtained. The experimental distributions observed in argon and krypton are
shown as curves (B) and (c) in Fig. 23.

Curve (a) is LaNDAU’s distribution. The s
most probable energy loss was close to 12 2190 (a)
kev in the case of krypton and 6 kev in g . Yoy
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Fig. 23. Enorgy-loss distributions for minimum Fig. 24. Variation of the width at half

ionizing electrons. Curve A: theoretical distribution ~ maximum of the energy loss distribution for

according to LANDAU. Curve B: average experimental minimam iomzing electrons in neon, argon

distribution in argon. Curve C: average experimental and krypton. (u) variation with most prob-

distribution in krypton. KEnergy loss (A); most able energy loss. (b) variation with §/I,Z.

probable energy loss (4,). (RorEWELL; Proc. Phys. (West; Proc. Phys. Soc.,, A, 66 (1953)
Soc., B, 64 (1951) 911.) 306.)

tribution varied significantly with the most probable energy spent in a given
gas. The variation of the width (at half maximum) of the distributions with
most probable energy loss is plotted in Fig. 24a. Fig. 24b shows the same
data plotted against &/(I,Z) where IO_Z is a theoretical value for the mean
binding energy ([,Z) of electrons in an atom of charge Z, averaged over the
constituents of the filling gas (I, = 13-5 ev). The broken curves in Fig. 24
show the variation of the width for argon according to LaNDAUD.

It is apparent that LANDAU’s theory does not apply for values of £/(I,Z) in
this range. A considerable reduction in the width of the distributions can be
achieved by increasing the most probable energy loss. A value of £/(1,Z) equal
to 7 corresponds to a 15 cm depth of argon at N.T.P. It would be advantageous
to use even greater depths of gas when studying specific ionization with a
proportional counter.
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MEASUREMENT OF SPECIFIC IONIZATION

The ionization of cosmic ray u-mesons was studied by CRANSHAW (1950). The
momentum of the particles was measured from their deflection in a region of
high magnetic field. Multiwire Geiger counters, connected to a hodoscope, were
placed above and below the magnetic field region. The proportional counter,
fitted with thin windows of large area was also placed in the magnetic field. The
u-meson mass was determined as 190 4 20 electron masses. The identity of a
single particle cannot be established by this method due to the large fluctuations
of specific ionization.

More extended data was obtained by BECKER et al. (1952) and PRICE et al.
(1953). Rectangular proportional counters were used to reduce the variation of
track length for particles crossing the counters. A counter telescope defined a
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Fig. 25. Most probable encrgy loss versus momentum for relativistic ¢-mesons. (Counter
depth 7cm. Filling: neon—37-9 cm, methane—4:1cm at °C.) (OweN, PricE and
‘WiLsoN, 1953.)
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beam of cosmic ray y-mesons which passed through several proportional counters
(to obtain greater statistical accuracy). The pulses from the individual propor-
tional counters were displayed separately on a fast oscilloscope. The beam then
entered a cloud chamber placed in a magnetic field. Several thousand particles
were examined and an analysis of the pulse distributions from different momen-
tum groups was carried out. Definite evidence for a logarithmic rise of specific
ionization at relativistic energies was obtained. The counters operated for
more than four months without deteriorating.

Measurements extending to higher energies have been carried out using
large magnetic spectrographs to determine the momentum of the u-meson.
OweN, Prick and WiLsoN (1953), using neon filled counters, were able to
measure the specific ionization up to energies greater than 10 ev. Their
results are shown in Fig. 25. There is evidence of a reduction in the rate of rise
of specific ionization at energies above 101° ev. For energies somewhat greater
than 100 ev, polarization of the medium by the ionizing particle is expected to
prevent any further rise of specific ionization. Similar results were obtained by
PARRY, RATHGEBER and RovusE (1953) using argon filled proportional counters.
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