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Freface.

The work embodied in this thesis was perforied at
Glosgow University during the years 1947 - 1951. The
work wes concerned with the problems of ionization in
ligquids due to Alphe Perticles. Initial results showed
a disagreement with the generally accepted theory proposed
by J;ffé.. A new and originel theory is porposed and
eiperiments designed to substantiate the theory were
performed.,

All the experiments described, with the exception of
the work on scintillations from thin films, were designed
and conducted by the =suthor. The work on thin films was
carried out ih conjunction with Mr. J. I. Cole of this
Department. |

The author wishes to thank Professor P. I. Dee for

his continued interest and many useful discussion in
connection with the work; also the Nuffield Trust whose

geﬁerosity made the work possible.



The Effect of Alphe Bombardment on Liguids.

The effect of bombarding a liquid with alpha particles
was first studied about 1906. Since that date a
considerable amount of work has been carried out on the
various problems connected with this subject. From 1906
until 1919, Jaffé and his associate8 investigated the purely
physical side of the problem, connected with the primary
ionization produced. Since this period, comperatively
little work has been effected on this aspect, although
detailed research has been carried out on the chemical and
biological effects. It is therefore not surprising that
there appears to be considerable difficulty in correlating
the results of these chemiczl and biological experiements
with those obtained from the purely physical ones.

In gases, it has been shown that the chief method by
which an alpha or beta particle loses energy is by the
creation of ions and it is‘thought that this is also the
case in liquids. However, unlike the gaseous case, no
clear experimental evidence has been obtained that this is
S0. For the case of electrons created by means of X-rays,
up to 80% of the theoretical ion current hzs been collected
in a liquid. For alpha particles, only about 1/500th part
of this theoretical current is aveilable for collection.

This result has been explained by means of = theory proposed

by Jaffé in 1919, in which he assumes that the initial



ionization is restricted to 2 small cylindrical volume
surrounding the path of the ionizing perticle. Due to
normal diffusion processes, there is a high provability for
recombination taking place and he calculated that half the
ions would disappear in about loqqsecs. This theory was
suppdrted by the results of the experiments of Taylor and
Molher in 1934, who used X-rays as a source of ionization.
The chemical experigments usually take the form of
irradiating a suitable chemical solution in & reaction vessel
and measuring the chemical change produced for a given dose
of radiation. It is found that the yield is largely
independent of the rate a2t which the dose is given, as well
as the concentration of the soluté in which the change takes
place. It is therefore supposed that the reactions must take
place through a "chain of events", in which the solvent
molecules play an important part. Further, in the majority
of reactions where alpha or beta particles are used, the
number of molecules of the solute affected, is approximately
equal to the number of ions or ion-pairs, which would be
expected to be produced by fheoretical considerations in the
golvent. The physical properties of certain chemicals have
also been studied when subjected to irradiation, In one
case the viscosity of a fluid which increased under

bomberdment, is reported to heve continued to increase for

up to two minutes after the irradiating source had been




removed. Hence it would appear thet, either the ions
themselves or some product, such as radicals or excited
molecules, must persist for considerable‘periods.
Returning to the physical experiments and to the
theory proposed by Jaffé, there are two main objections.
Firstly, no account is taken of the electrostatic forces
which must exist in the ion columns. Kramershas shown
that field strengths of about lO7 volts/cms. will exist,
since the diameters of the columns are assumed to be of
the order of 10~6 CIS . Such fields will still further
increase the rate of recombination and so decrease the
times for which the ilons are present in the liquid, thus
reducing the cherge which can be collected. The second
is based on the results of the chemical experiments. As
previously indicated, these show that the ions or radicsals
must exist in liquids for considerable periods. If the
ions combine in the time suggested by the theory, accompanied
by the direct formation of radicals; then there annears to
be no reason why these radicals should not recombine in a
similar period due to a similar process. It would therefore
appear necessary for some process to exist by which means

the radicals would be formed in a lesser concentrastion than

that outlined gbove.



Ionization Experiments 1906~1919.

During this period a considercble number of experiments
were performed by Joffé and his collaborators, which
resulted in the formetion of the column theory of ionization.
The early work was mainly devoted to the determination of the
mobility of the ions and their coefficient of recombination.

In 1910 Jaffé measured the mobility of the ions produced
in hexane by means of beta particles. He used two methods,
one, a modification of the method used by Rutherford for
gaseous ions, the other due to Langévin. The same apparatus
was used in both sets of experiments and was later altered
.and used to determine the coefficient of recombination.

The principle of Langeévin's method was that ions were created
between two plain, parallel electrodes, spaced accurately a
kndwn distance apart. During the period of irradiztion and
for a known time.after the source had been removed, 2 known
field was maintained between the electrodes. The field was
then reversed and all the remaining ions collected and
measured. By varying the time between the removal of the
source and the reversazl of the field, it is possible to
calculate the mobility of the ions.

In Rutherford's method, the initial ionization is
confined to a small volume around one of the electrodes.

The source is then removed and a known field established for

a known tinme. As in the previous method the field is then
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reversed and all the remaining ions collected snd measured.
In this menner it is possible to obtain e direct measurement
of the velocities of the ions. The advantage of this method
is twofold. In principle, only smell fields need be used
and the velocities of negative and positive ions zare

measured separately. However, it has the disadvantage that
it requires dense local ionization which is difficult to
obtain in a liquid.

"The apparatus consisted of a vessel in which two
parallel electrodes were spaced 1 mm. apart, and completely
covered with liquid. One of these electrodes was
connected to a sensitive electrometer, the other to a
suitable source of potential. (Fig.l.). As a source of
ionization, Jaffé used 20 m.g. of Radium Bromide. This
was shielded with lead blocks so as to produce a 1 m.m.
beam of electrons, which passed through the ionization
chamber and between the electrodes. A system of electro-
magnets was arranged so that the source could be drawn
repidly into a lead shielded cavity. With the source in
this position, the ionization due to the J’radiation was
negligible. It was found necessary to expose the liquids
to the beam of ionization for a period of between 1 and 2
minutes before the start of the experiment, so that

consistent results could be obtzined.

The timing wes carried out by means of = "Helmholtz-
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The Experimental Arrangeément used by Jaffe and Van der Bijl



Edelmann" megnetic pendulum, which had a time constant of
6,84 x 10‘# seconds for one turn of the screw adjustment

of the contact. = The longest time which could be measured
by this instrument was 8.55 x 10—1 seconds, so that an
accuracy of one percent was possible. In liquids the
mobilities of the ions are 3,000 times smaller than in a
gas, so that to obtain the same order of collection times,
3,000 times the field strengths have to be used. This
necessitates large# voltages, which might heve caused
sparking on the contacts and so invalidate the time
measurements. Special precautions were taken to prevent
this eventuality, such as splitting the voltage up into
several sections and reversing each separately. The problem
was further simplified by diminishing the spéeing between
the electrodes and in this way reducing the collection time.
On the other hand, this lessens the accuracy, especially in
the case of Rutherford's method, since the distance over
-which the initial ionization takes place becomes comparable
with the electrode spacing. Accordingly spacings of
between 1 and 2 m.m. were used. A furfher problem which
arose in this connection was the "kick" received by the
electrometer when the fields were reversed. In practise
it was found that this did not materially affecf the zero

reading of the instrument.

Using apparatus of this type, Jaffé obitzined the



mobility of the ions produced in verious licuids. (Table 1,
Fig.2.). The two curves obtained are for Ffields in
different directions. It will be noted that the curves are
not symmetrical and thet each has a "kink". This is caused
by the fact that not all the ions have the seme mobility.

In particular, positive and negative ilons have different
velocities, but from these experiments alone 1t is not
possible to determine which has the greater mobility. Jaffé
resolved this point by the use of Rutherford's method, which
has been previously described. For this experiment he
increased the electrode spacing to 1l.53 m.m. whilst
retaining a 1 m.m. ionization beam, which passed across the
face of one of the electrodes. A fairly large collecting
field was used, so that the effects of recombination should
be reduced to a minimum. This in turn means that small
time intervals must be used with a consequent loss of

accuracy. A typical set of results is given in Fig.3.

Table 1. /
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Table 1.

Condenser Intensity of Field lon Nobilities.
?ﬁ%ﬁ?ﬁ% %géégéjiﬁ? 32{22522. cm/sec/volt. cm/sec/volt.
1.04 3.24 . 10 . 7550 5.92 377
1.04 3.22 ., 10 6730 - 5.60 4,11
1.04 3.20 . 10 9430 7.00 4.47
1.53 4,12 . 10 6420 5.68 4.28
1.53 2.20 ., 10 6420 5.94 4,24
Average: ‘6.03 4,17

The mobilities of ions produced in Hexane measured by

Langévin's Method. (Jaffé 1910).

Jaffé and Van der Bijl (1912) continued with similar
experiments and succeeded in measuring the recombination
rates of the ions. Van Bijl in his later experiments
measured the charge collected on the electrometer, by a
comparison with that produced by a crystal when subjected
to pressure. By this method he was able to increase the
' accuracy of his results. Again two methods were used to
determine the coefficient of recombination of the ions.

The first was a direct measurement, and was accomplished by
measuring the ions which remained in the liquid when no

field was applied, at a known time after the ionization

source had been removed. Time intervals of up to 120
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seconds were used, and fzirly lerge collection fields,
spproximately 2 K.V./cms., so as to minimise the effect
of recombination during the time in which the ions are
being collected. The coefficient of recombination

was then calculated by means of the well known formula:

dn —  _an?
i an

A typicai set of results are shown in Fig.4. and a value
~of 2.19 was obtained for .

The alternative method, utilised the fact that in the
steady state, in a liquid subjected to ionization, the rate
of the formation of ions is equai to the rate of loss. The
general case of a liquid subjected to ionizgtion is given
by

dn

= 2
= - an
dt 9

Where: n is the ion density,
a 1s the coefficient of recombination,
g is the rate of production of the ions.
Now in the equilibrium condition:
n®* = g/a
If it is assumed that the ligquid is a perfect insulator
when not subjected to ionization, the specific resistance
of such a liquid under ionization is given by Ae
Ao = qte:(a”pi-ul)
Where e is the charge carried by each ion.

‘U~ the mobility of the positive ions,
U - the mobility of the negative ions.
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Now the ionization current obtainable from a volume V
of such a2 liquid, is given by I.
I=qgeV
Combining these two expressions, we obtain an equation
for the current recombination coefficient
I ut+u-)2
a= € 7y ( Ao
The experiment consisted of measuring the ionization
current and the épecific resistance of the liguid, when
subjected to irradiation, after equilibrium conditions have
been reached. This was done both with a parallel plate
electrode assembly and with a cylindrical arraengement.
The results obtained are shown in Table 2. It will Dbe

seen that these results are in good agreement with those

obtained by the previous method.

Table 2.

Current in S/V

E.S.U. in E.S.U. a
Parallel 1.725 . 10 T.58 . 10 2.27
Electrodes '

1.42 . 10 5.18 . 10 2.26

1.04 , 10 2.86 . 10 2.27

7.48 . 10 1.48 . 10 2.27
Cylindrical 5.31 . 10 T7.34 . 10 2.20
Electrodes

3.80 . 10 3.81 . 10 2.25

9.67 . 10 2.60 . 10 2.30

Average: 2.26

Values obtained for the recombination constant as measured
by the indirect llethod. Van der Bijl. (1912).
/

1%



In the experiments so far discussed, the lonization was
caused by beta particles. Experinents were also carried
out in which alpha particles were used as a source of
ionization. Unfortunately, in spite of the fact that these
experiments would provide a more rigorous test of the
"Coluun Theory", they are far more difficult to perform,
and consequently no such thorough examination has been
carried out. The experimental difficulties arise primarily
from the short range of an alpha particle in & liquid. In
the case of particles eﬁitted from Polonium, the range in
water is of the order of 32 microns. The problem which
immedistely arises is how to insure that at least some of
the tracks occur between the electrodes, Two methods were
evolved to overcome this difficulty. The first used by
Jaffé (1914) was to dissolve an alpha source in the liguid
in which the measurements were to be made, For this purpose
he selected Radon as the source znd Hexane as the liguid.
This method has the disadvantage that it is impossible to
collimate the alpha particles with respect to the collecting
field.

In the experiments performed by Regner (1911) an attempt
was made to overcome this difficulty. The source, in this
case Polonium, was devosited on one of the electrodes. In

this errangement it is still impossible to collimete the

particles, but this trouble was overcome to 2 certain extent

113
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by using different shaped electrode assemblies. Fig.b.

The results of both Jaffé's and Regner's experiments
do not appear to give conclusive evidence with regord to
the "Column Theory". In both experiments, (Fig. 6 and 7)
the curves obtained are similar. In the majority of his
experiments Jaffé unlike Regner did not obtain a saturation
current. Both sets of results show fair agreenent with the
theory, but as it was not possible to collimate the particles,
a rigorous testAwas impossible. However, it is of interest
to note that as predicted the results obtained in various
liquids are similar, as the ion mobility does not occur in
the expression for the proportion of ions which are available

for collection.
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Directions.



X-Ray Experiments. F.lL.iohler and L.S.Taylor.

Mohler end Taylor (1934) performed a series of
experiments on the ionization produced in liguids By means of
X-rays. In their experiments the liquid chosen was carbon
bisulphide, one of the liguids used by Van Bijl. The liquid
was very carefully purified,and in some of the experiments
the apparatus was aerranged so that the ion chamber could be
filled from a vacuum distilletion plant. In prectise this
procedure was abandoned since the extra precsution did not
result in appreciably more stable conditions.

The electrode assembly consigted of two aluminium
discs, 8 cms. in diameter, separated by a mica ring, 1 m.m.
thick and 2 cms. wide. Aluminium was selected so as to
reduce the "wall" effect to a minimum. The beam of X-rays
was collimated so that it passed through the centre of the
electrodes, so producing ionization in the enclosed liguid.
Collection fields of up to 80 K.V;/bms. were applied and
the ionization current plotted as a function of the field
strength. (Fig.8.). The maximum value of the collection
field was not determined by the "breakdown" strength of the
liquid, but rather by the electrical noise produced in the
cell. It was found that this noise increased renidly with
the field applied, until at 80 K.V./cms. it beccme of the

seme order zs the ion current.

The radiztions were produced from a 120 K.V. X-ray tube,
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special care being teken to ensure that the potential
across the tube electrodes was consbtant. Intensities of
0.12 r/sec. were zvailable, and the current produced in

the liquid cell was compared to that produced in an exactly
similar air ionization chamber. Currents of up to 2,500
times greater were measured in the liquid chambers, which
represented an electrode efficiency of 80% of the current
which would be theoretically expected to be produced by the
initial ionization.

The results of these experiments were in accordance
with Jaffe column theory. However, since the majority of
the ionization produced by X-rays, is due to the secondary
electrons liberated, this clearly provides no conclusi&e
proof. It was suggested that this type of ion chamber
might provide a suitable method of measuring X-ray dosage,
but in view of the high field strengths required, it would

seem to preclude such a development.
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liore Recent Work.

In more recent yesrs, considersble work has been
devoted to the study of ionizetion phenomenz in liquids
at low temperatures. Since these experiments have often
been carried out in the liquids obtained from noble gases
it is not proposed to deal with these experiments in any
detail. A number of these experiments have been devised
with a view to producing a liquid proportional ion cheamber
or possibly a liquid "Geiger Counter“ﬂjj These would be of
great value because of the higher "stopping" power of a
liguid as compared with s gas. Unfortunately, except in
the case of the noble‘gases, no electron currents have ever
been detected in a liquid. In the cases of liquid argon
and neon, electron currents have been detected, and these
currents have been multiplied by increasing the potential
across the ionization chamber. In the case of helium,
there is some evidence of an electron current being produced,
but no amplication has been obtained. This is presumably
due to the higher electron affinity which must exist in this
case, so causing the trapping of the electrons to form
negative ions. In all other cases no electron current is
observed; this includes liquid nitrogen and hydrogen.

A.N.Gerriston (1948) performed a series of experiments

on a number of liquified gases, including nitrogen and

hydrogen. He obtained similer results to those from the
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earlier experiuents, but like these no collimation of the
alpha particles was possible. The source was mounted on
one of the electrodes as in The experiments by Regner. So
ags to eliminate any trouble due to the noise produced in
the cells when subjected to high field strengths, the
experiments were repeated with the source partially covered
with a foil. The apperatus used was similer in principle
to that used in the previous experiments, the spacing
between the electrodes being of the order of 1 m.m. The

ion currents were measured by means of a Lutz-Edelmann

electrometer, and care was taken in stabilizing the voltage

between the electrodes.

As previously stated the general form of the results
was the same as those obtained by Jaffé: (Fig. 9 and 10)
but tended to confirm Kramers' modification to the "Column
Theory". However, the results were not sufficiently
precise to determine accurately the diameter of the ion

columns.

(1) see Bibliography. G.W.Hutchinson,=#& N.Dzvison and
A.E.Larsh.

ey
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F’j 9+ 10 The ionization current in liquid nitrogen (77°K) as a function
of the field, for weak and strong fields scparately. The curves are calculated
with Kramers’s formula for p* (dotted lines: p = fy(f) + pp). Measured
points: uncovered sample, positive ((O) and negative (@) ions; covered

sample, positive ([-]) and negative ([@) ions.
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The Coluun lonization Theory.

Tn 1913 George Jaffé proposed his theory of ionization.
This was that when a fluid is subjected to ionizing radiation,
then columns of ions are formed slong the tracks of +he
ionizing particles. The fecombination rate of the ions so
formed is lergely due to the normal diffusion processes, and
therefore to a first approximation is a function of the
density in the columns. This is particulerly true in the
case of alpha particles where the track density is highest,
the average ibn spacing being of the same order as the
molecular distances. Jaffé calculated the recombination
coefficient for such formations and showed it to be in fair
agreement with experimental results,

The recombination rate in one of these columns when
first formed is given by:

kR e
(1) 28 = D(Ey ++5R) — &

Where n is ion density.
is the diffusion constent,

is the coefficient of recombinetion,

R 9 U

DA

is the averesge distance between ions.

Unfortunately, the solution of (1) leads to no
constructive results. The equation is therefore modified
by omitting the last term, since this was considered not to
be of great importance during the early steges of re-

combination. Considering, the case of a section of one of
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these columns, we cen re-write (1) in the reduced form:

¢ 2 . an’
4 an_ ‘ah. e -__)
v 5z = D(5% * Far
Integrating (1) we obtain: 2
v =~ 4Dt+ bt

,

(2) rn = T (4DE+ bY)

where b 1is a constant of integration, which is related to

the width of the columns by the following relationship:

- . \/'rr(.ln)t-r b™)
(3) L N

and N is the linear ion denSity.

At a time t = 0,732i$ very small and the ion density
is given by: -
2
. _M—v. e~ &%
(2) m = w b

with the aversge distribution given by.

v

Now (2) is a solution of (1) and N is a variable with time.

/

(3)

X

Substituting (2) in (1)4 we gets
drv e J,'u-+b" — i‘ 'VQ- - I%;t;,;z ‘
(4)  TE Tr(aDerbdY Tra(ype+bd) c

Integrating over a cylinder of unit length =nd for r = 0 to

r =00, so as to get the total differentisl for N we have:
d’ %4 $2 N’l
(5) 1 T T 2 r(4vE+bY




as

_L_[J.TJ l & _(; L_;l‘

() M = 77 euv._eﬁ(ybcwbl)

and so as a solution to (1) we obtain:

2
v, e— (‘;'D:f b’)

For t = 0, (7) reduces to the equation:
o 782

(8) n = 77 & €
which is of the same form as (2).

So fer no account hes been tzken for the interaction
between different columns. If, as is genefally the case,
the column spacing is large compared to the diesmeter of the
columns, then this can be considered as a problem in simple
diffusion and the distribution of the ions teken as being
random., The normasl formula of recombination can then be
applied.

Before the theory can be compared with experimental
results, it must be decided at what radius these columns
may be taken to cease to exist. Let us now consider the
case of a column expanding from a radius C, to such a
radius R.

From this definition we get N, the diffusion losses of

the column:

(=) _ - 2
(9) n/,=—jm-n~z>(g ) J& = 4DR Lﬁ%ﬂ‘e FoETh
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INSTPCIC iy anodgyvvxrinble:
R ™ :D’R
(10) J = 4Derb ) .jo b2 J’ T LD+ 42 T 4C

so we obtzin Tthe ratio of the surviving ions:
Qf ° GTI déf
h I+°(N°J%j;fo
J; g Af

In order to obtain a result correct to 0.5% it is only

]

v,
(11) Wo'

‘necessary to meke { = 6.
Before using equation (11) we must concider which root

will satisfy equation (1). From differentisting (7), vie

obtain: 9% e In _ gcl"bcwb') nz

(19
It will seem that the difference beitween this expression znd
(1) is in the second term. This now conteins o second
factor which is time dependent. This can be intergreted
2s a variztion in the recombinztion coefficient duvue to the
spreading of the columns.

ol ¥,
For 3, °> /00 which is normally the case, (11) can

be simplified to:
= &T17TD JSO _e’df
<o -1%3 J:Aj

Let us now consider the effect of 2 field of strength

v,
(12)

E applied along the axis of such a column. In 2 time T the
column will be lengthened by an amount 4 given Dby

(13) T = ;?2(:,_.-

vhere u is the mobility of the ions.
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In the port of the coiumn in which the positive and
negetive ions are still in contect, the recombinction will
continue according to eque 2tion (6). In a short time 4t,
ions of each sign will be drawn away from the column the
number of ions which will be liberated by the field is Mg

given bys:
dt

(14) g = Q.Q,E% j !+ OL‘:?D ) (4’DL-+:>2)

Assuming the original linear ion density to be N 45and
D to be the column length, then the proportion of ions
which will be liberated by the field WZ,:

e (@ ed% 4 &’B')

(15) 7., (&)= e ) Kf

&1TD
Where. i F I e
DEH A
yQ = dn/o —I—'&:j(i_‘ft‘)
- oC uefgc
. ot
and 1i e = Jw — ol

The second case of practical interest is that in which
the field is applied at right angles to the axis of the
columns. Let us assume that the columns are parallel to
the z axis and the field lies along the x axis. If there
are n positive ions and n negative, the problem reduces %o

solving the two following differentizl equations:

(16) 3L_ 3(9 Qn.)_'_ E%—'c"f—-oln,.n_




Marther from the theory, div E = 0.
Using the same method to solve (16) as was used for (1), we

get: ]2
{:x,t«tLEC‘ + Y2
—( L)

: U A DE+ b2

Equé%iop (17) is the same as (2) except for = term which
takes into account the widening of the columns at a rate
given by 2uE.

Combining equations (17) and (16) we get cn expression

for the rate of recombination. vptat
Gx—beQ)t{a;) A2 QutE

-_—

(18) é-r_y e"’ hDt+ b2 - - Tr'té'nc-f bg e 4o+ b6
dt g T,y
7 (4DEr4Y e YarRh

Integrating over a cylinder of unit length we get The

differential equetion:

adrv A v — XDV L2

(19) & aml4pess?)

which has =2 solution:

Yo

(20) ‘V((_- - )+ X . t - A st
1. (-} —-——-—___'_
) B ’ e ( 4D+ b /¢

. . i 4 DE+S2
The value of N given by (20), can be substituted in

(19) and so we can obbtain a solution to (16). Equation (20)
gives the number of ions at a time t as a function of the
field.

Writing Ne , &s the number of lons which can be
collected, we get: |

Vo
I-+ﬁ?(§)

(21) Voo =
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Writing:
4 DL+ 52 = 5
and: 2*“'1‘52[’3—69 :»5
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we can write F (E) in +the form:

- Vo /
(23 FA = g7 1= 5

2 2
where: b £
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and so we get:
oo

o g Sds
(24) 03(5) T J, /S O-3/3)

Combining equations (24) and (23) we get on expression

for the efficiency of the electrodes:
Mo )
Vo ~— 1+ 2 /
s vy S

Let us now consider the general case in which the field

(25) %4 (B =

makes an angle ;ﬂ with the axis of the column. The
lengthening of the column, due to this field, in a time T is

given by:

ol

(26) T = 3456&6}/



During tnis period bthe column has also widened by an
gmount 2 u B sin;ﬂ’. The ions which can be collected due
to the crosswise component of the field are given by
equation (20). The total number of ions g which can be
collected by such a field is therefore:

(21) Ry =2 wFeonp (' W, ()t

end the saturation curves by:

(28) ng = &——%J /+°‘”°JC‘(“%E‘:%¥£7

A4DE + 5%
This function has no singuler solution. For small values

of E, the solution is given by (18), when E cos# is the
important term. For lerge values of B, by (25) when E

sin}V'is the important term, i.e.:

g
2 V3
g0 = Bt e

where:

Vi bl/“t£34¢4/;\—fﬂ
5 = 2D%

Solving and putting in the constahts of integretion, we get:

8§D
It is now possible to give an upper limit to N4 (E).

(30) BB = /+&F%) o
J’

It is given when N (%) tends to (¥ ), but a good approximetior

cen be obtained if:

MJE?AA".‘L?%Z—'L
LDE 1 b7

- &

(31)



2%

Writing the velue oif t, gilven by this expression as T, we

get:
v T T Voo

By combining equations (30) and (32), we can write for most

fields, i.e. when E and /ﬂ are not too small:

(33) '23(‘5) = /+nLNo\/'— QS(Z)

where: a . @
‘ AQ,QQ-EAM\.f

222

1

Z

Fig.7. shows the theoreticel curves and a series of
experimental points plotted together. It will be seen
that the extremely good agreement is obtained if a random
distribution of tracks is assumed.

As will be seen, no account has been taken in Jaffé's
theory of the electrostatic forces which must exist in the
ion colunmns. Kramers (Gerristen 1948) calculated that these
were of the order of 10 V/cms., and would therefore play an
importent part in the recombination phenomena. Returning
to equation (1) and inserting a term due to the collecting

field, we get: g

9 ht nx
ni=+£ﬁmﬁy+®( r5F
ot

—-u.rLfn;

(34)

Grouping and substituting Langevin's (1902) expression
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for the recouwbination coefficient. N = ¥TE vwhere E is
the electronic charge.

on¥
(35) 95‘

Writing this in the symbolic form:

(357 g—'f_:-t= [£] + [] + LT]

which gives the following ratios, for the time t = O.

(36) [;f]""bf/—‘ R [Trf]oa' S'E‘No [ ] EQ’V

These ratios obviously differ greatly for geses and

k TAR — KWEQA,*I'L

=L FEanpt

liquids, and are also temperature dependent. In gases the
velue of b is of the order of lng cmns. under normal
conditions, whilst for a liquid it has a value of the order
of 10 _6cms. In consequence the number of ions produced in
2 gas per cms. is gbout 10 * whilst in a liquid this figure
becomes 10 7 .

Hence the magnitude of the ratios are in the case of

gases:

[f]{l— 3./5"%) [—f‘l ~— 3./0 F [%Jo,z 9 16T

and for liguids:
~é
T T SF i] <. §.1l0
["]’L3/ = 'r]:" 3.7670 ["’_o J
-l
Hence &g soon a2s 3 x 1044 F (F in e.s.u.) the influence

of diffusion in a ligquid is small compored with thet of the



field, This occurs for fields grester than 27 K.V./cus.
for temveratures of 300 K. and 1.8 K.V./cms. for a
temperature of 4 K. In gases the diffusion effects are
negligible for fields sbove 27 v/cms. at 300 K.

The ratio (d/r) shows that =t room temperature the
influence of diffusion is 2.4 times that of recombination
in a gas, whilst in liquids the recombination is 400 times
greater at 300 X and 30,000 times at 4 X. Further from
the ratio (£/r) we see that this has the magnitude 1 for
fields of 10 v/cms. for gases and 10’ v/cms. for liquids.

In view of these considerations he decided to solve
equation (1) by first neglecting the diffusion term.

Denoting the efficiency of ion collection by p , we get:

Gn p o= Fy(F)

where:

. * . &J"‘f”a
5‘ = ﬁ%ﬂ: Fo = b

andjp(f) is given by;
¥ (f) - A F (-1 9)
HL[WL) is the function defined as:

w .
Fm) - j _3‘(_%_%(
o e T
J having the same meaning =8 in Jaffé's work.

The value of this integral hes beén calculated by

[icDougall end Stoner for =~ 4.0Z N 2 20.0.



Using the property of}('z) that for m—>—-%9 (or

forf -9 +00 ) 2,

Fp) — O (e*- vz )

n-o00
it follows that:

rPE), | — T$va

F300

or substituting for f:
e 1T 1

/,Q :/-—-',/a‘rr b Fong

which is the same azs Jaffé's result.
Introducing the diffusion correction Kramers deduced

the approximate solution.
I ‘ *
(38) P F W) A
| ¥ ¢ef 2 -l
with f = JC (%J = I dj)
and C = & & /T -

where & is a number between 1 and 5. 2
For 1arge values of f the 1ntegralj e Glf tends to
F/& and f to f. Consequently p* tends to p as given
by (37).
| This solution has been obtained by following the

solution of (34), without diffusion only up to the moment

when the diffusion term becomes comparable with the

37



recombination trem, The number of ions collected after
that moment 1s represented by Pp -+ In weak filelds This

e

quantity will soon increase to a constent value. Due to
the uncertainty of the velue of & <the value of Dy is not

accurately predicted.

For small velues of £, f‘yr(f*ﬁ, will be smeller than

f gy) f and shows a linear behaviour for f sufficiently
small indeed, when f tends to zero, tends to infinity

and F Qq) to 2/3 %f@ S0 (37) becomes:
_ 3/
(39) Py = = f (ln )

*
For f—20, £ —> ‘/TT/«QC cnd (38) becomes:

E=#ﬁu~““ﬂ+m

|1

o rno=CE

In Jaffé's solution the linearity is a result of
omitting the influence of the diffusion trem, whilst in
this case, it results in taking diffusion into account.

It would appear that in the case of gases, Jaffé's theory
would in general give satisfactory results, because of the
comparatively large effects of diffusion. In liquids, it
is to be expected that Kramers solution will give the more

satisfectory agreement.

38
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Chemical Experiments.

The fact that some forms of irrsdiation mey cause
chemical reactions hes been known for a long time. However,
it has only been in comparatively recent years that the
effects of ionizgtion has been studied in detail. As in
the purely physical experiments, most of the work has been
done using gaseous reagents, but even in this field there
appears to exist contradictory evidence. Unfortunately,
the results are further complicated by the fact that most
of the reactions, thet may be made to take place, are
reversible. In spite of this, it appears, in the case of
liquids, that when alpha or beta particles are used, one
molecule is changed chemically for each ion or ion pair
produced.

Water is the liquid on which perhaps most research hes
been done. It is also the substance from which most con-

(1)

flicting’results heve been obtained. This may partially
erise from the fact that pure air-free water appears to
behave in an entirely different menner to that of pure
water in which a 1little sir has been dissolved. In the
latter case, the experiments tend to show, that one
molecule of Hydrogen Peroxide is produced for each ion pzir
created. When air-free water is used, the efficiency of
production of Hydrogen Peroxide is much smaller for short
Periods of irradiation. However, as soon as g small

A . . N . . ..
(1) see Bibliogrephy. Effects of Radiastions on Water.
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quantity of Iydrogen Peroxide has been formed the rate of
production rises until it hes once again resched the
efficiency of the former case. In these experiments the
efficiency of alpha particles, is of the order of 85% of
that of beta particles of the same energy. Therefore i%
appears reasonable to assume that the formation of +the
Hydrogen Peroxide is in some way directly connected with
the primery ionization, also the chemical reaction requires
some form of impurity in the water.

Another reaction which has been studied in considerable
detail, is that between Hydrogen and Iodine or Bromine in
agqueous solutvion. According to F.C.lanning and B.C.Lind
(1938), a yield of one molecule of Hydrogen Iodide is
produced for each ion pair created, regerdless of whether
alpha or beta particles are used. Further this yielad is
largely independent of the concentration, and of the rate
of irradistion. These experiments were perfo:med in the
usual manner. A known quantity of Radon was dissolved in
water, free Iodine added and the mixture placed in a
reaction vessel. After a known time the yield was
measured by the normzl titration method. The ionization
was calculected assuming that the particles lost all their
energy by this method and thet 30 electron volts were
required to create each ion pair. By these direct

measurenents, the value of 1/N, the number of molecules of



tue regultont chewmicol to the number of ilon »nairs produced,
was Tound to be 1.87. When Bromine was used to replace the
Todine a vslue of 1.187 for /W wes obteined.

Similar exveriments were carried out to investigate
the decomposition of ammonia in water snd potassium
permanganate solution. In these cases values of Ii/N of
0.87 and 0.95 were obteined respectively. From these
results Lanning and Lind concluded that real values of Ii/N
should be either 1 or 2. They explained the non-dependence
on concentration by assuming that a chain reection was taking
place. The first process was the production of ions in the
water. This was followed by the recombinstion of these
ions with the production of hydrogen peroxide. This then
diffused over the whole volume of the solution causing the
chemical regctions which were measured. This view is
further supported by the results of most of the other
chemical experiments. In particular the oxidation of
ferrous sulphate which has been studied by many people in
great detail.

Unfortunately, little or no work has been done on the
chemical effects of ilonization in liquids when under the
influence of electric fields. Williams and Essex (1948)
studied the effect of an electric field on the decomposition
of Nitrous Oxide. They concluded, that when bets particles
were employed, collisions between ilons of the opposite sign

pleyed little or no part in the decomposition. The grezster
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5 wag due fto the splitting of the molecules by
electronic colliisions. The applicetion of a field above
that required to obtain half-seturetion current increassed
the yield. This was thought to be due to accelerating
the secondary electrons so that they had sufficient energy
o cause further decompositions, On increasing the field
further no extra yield was obtained, this was explained by
assuming that 211l the electrons had been trapped to form
negative ions and so were not available to cause further
digsociations. It is difficult to estiﬁate how far these
results can be gpplied to liquids, as except in liquids
obtained from some of the noble geses, no electronic
currents have been observed.

One of the problems connected with the simple type of
explanation outlined earlier, is the "protective effect"
investigated by Dale (1942). He found thet many chemical
reactions which could be initiated by irrediation, could be
retarded by the addition of very smell quentities of certain
chemicals. This reduction of yield was considerably larger
Tthan that which could be expected if account is only taken
of molecular size and concentration as will be readily seen
from Table 3 . A surprising fact.is, that if one of these
protective agents is irradiated alone in solution, only one

molecular change per ion produced is recorded.

Table 3 ./
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Table 3.

Solute. fa// ,

Glycerine 1.8 . 107%
Na Oxalate 1.5 . 10 7%
Nz Nitrate 1.8 . 10 *
Leucyl Glycerine 1.3 . II.O.'3
K Ferrocyanide 1.0 . 107°
K Ferricyanide w 1.0 . 10°°

Glucose 4.3 . 107
Sucrose 3.2 lOri

Na Formate , 5.9 . 10°%

Fructose | 1.4 . 10"

Ne Nitrate 1.8 . 107°
Alloxagin-adenino- 1.0

denucleotido.

/g// , is the: concentration of the solution
P‘ concentration of alloxagin-

adenino-denucleotido.

Various theories have been put forward to explain
these results. In this connection, it is perhaps of
interest to note the problem of the mobilities of the
hydrogen and the hydxoxyl ion in Watér. J«B.Bernal and
R.H.Fowler (1933) proposed a theory based on the idea of
"charge exchange" which resulted from their work on the

crystaline structure in water. They essumed that &
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hydrogen ion consisted of & proton in associztion with
2 normeal water molecule. This configuration gave plcce
to a Héo+'ion in which the proton was loosely bound.
When such an ion made a suitable contact with a
neighbouring water molecule, the proton was able to be
exchanged. In this manner it was found possible to
explain the mobilities found experimentally. This type
of process offers an explanation of some of the chemical
effects of ionization. The ions instead of recombining
by means of direct collisions, may be able to neutralise
one another, by means of a chsesrge exchange process,
leaving an egual number of radicals or excited molecules
which may then initiate the chemical reactions.

Another suggesbtion is due to Lind and Bardwell (1928).
They proposed the "Cluster Theory", in which it is assumed
that each ion is surrounded by 20 or 30 molecules of the
solvent. This group is then free to move about the
liguid as a unit and is capable of czusing chemical changes.
Gerrison pointed out that in suitable organic meterials,
up to 6 dissociations may be connected with each ion pair
created., Further, on the average 25-30 electron volts
are required to form one ion pair, while only in the
neighbourhood of 4.5 volts are required to cause a
dissocigtion. From energy considerstions, such reactions

present no problem.
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From these and similer experiments it appears
necessory to assume that the chemicel effects must teke
nlace Through the medium of chain reactions. Further,
either the ions themselves or some product must be able
to exist in the liguid for considerable periods after the
irradiation has ceased. This has been directly
demonstrated in the case of certain orgsnic liquids. 1In
one case, the viscosity of such a liquid was found to
increase when subjected to irradiation. This increasse
in viscosity was observed to continue for periods of up
to 2 minutes after the irradiating source had been

removed,



ke

Conclusions.

From the experiments previously discussed, there
appears to be no obvious connection between the results
of the purely physical and the chemical experiments.
In the cases when alpha perticles were used, practioaily
every molecule along the path of the particle was ionized,
and therefore considerable field strengths must exist.
For an alpha particle from Polonium, it has been
calculated, that 90,000 ion pairs are formed along a 32
micron track. Assuming a track width as given by Jaffé's
Theory, the average ion spacing is of the order of 3 . 10.6
CIMS. From such close spacings high fields will result,
Kramers has shown.that}fields a2s high as 10 7 volts per cus.
are to be expected. This result is supported by the fact
that no electronic current has been measured in a liquid
except in certain liquids produced from noble gases. It
therefore seems reasonable that the electrons ejected from
the molecules by the alpha particles in the formation of
positive ions, will be ceptured by other molecules in the
immediate vieinity to give rise to negative ions. This
process will be aided by the short mean free path of an
electron in a liquid, and so it might be expected that all
the electrons are captured within a distance of 10
-molecular distances of the parent positive ilons. The

field strengths thus produced, appear to be at least of the
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crdier or The breaslk down strength of the liquid, and

uwn .
therefore the configuration is presumably stable. This
in turn means that there would be fewer ions which could
be collected by means of an electric field, and presumably
fewer ions aveailable for chemical effects.

Considering the results of the chemical experiments,
from arguments concerned with the independence on
concentration, it appears necessary that some effect of
ionization should persist for considerable periods. if
it is assumed that the original ions recombine by some
means such as a charge exchenge system, and that radicals
are produced directly from the original ions, then there
seems to be little reason why the radicals should recombine
in g gsimiler time to that cslculated for the ions by Jaffé,
It will be noted thet in Jefférs theory, no account is
taken of any electrostatic forées which may exist, but
only the influence of normal’diffusion processes. This
difficulty might be overcome, if the recombination of
radicels required some special condition such as an energy
considération. In the case of water, the liguid used in
most of the experiments, it appears difficult to explain
the co-existance of hydrogen and hydroxyl radicals in the
high concentrations which would be necessary in an alpha
track. If, however, some process was involved by which

the redicles were produced in columns oif about ten times

the dismeter, this problem would be largely obviated.
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Most of the chemicegl effects which cen be csused by
ionization can also be produced by exvosure to ulitra violet
light. In a few cases extremely high quantum efficiencies
are found, of the order of 10 - 10#'nuﬂ£0ules per quant&%)
Now, if the emission of quanta accompenied the recombination
of the ions, this might offer an explanation of the various
chemical experiments, It may be argued that no such
emission takes place as no guanta are observed if water in
bulk is subjected to bombardment by alpha perticles.
However, if the radiation emitted occurred in an absorption
band of water such quanta might well be re-absorbed before
they could escape from the ligquid. Returning again to
energy considerstions, these quanta could well have
sufficient energy to vproduce radicles, as about 30 electron
volts afe reqguired to produce an ion in Water,whilé only
about 4.5 volts are required to produce a radical. These
radicals would then be free to cause chemical chenges. As
has been pointed out, only comparatively small distances
have to be traversed by these quante, before they are
absorbed in order to produce radicals with the required
spacial distribution. Agein, on theoretical grounds the
emission of such quants does not appear to be impossible,
since the energy expended by an alpha psriticle in producing
each ion peir is considerably higher than the theoretical

(1) see Bibliography. Effect of Ultra Violet radiations
on solutions.
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ionizaition potentvials, end therefore it is reasonable to
aséume thet some of the ions produced are in a highly
excited state. It mey well be that on recombination
taking place between two such excited ilons quante emission
takes place. Another possibility of the emission of
quanta arises from the fact that not always the lowest
electron may be removed in the formation of = positive

ion by an alpha perticle. If one of the inner electrons
are removed, radiation such as X or L X-rays may take
plzce before or after recombination.

Against this type of argument it may be stated that if
the chemical actions are primarily due to gquanta emission
due to the recombination of the ions, then far higher
yields should result, more in agreement with those obtained
from the experiments using ultra-violet light. However,
the quanta efficiency of the recombination process may be
low, and if this is not the case the number of quanta per
unit volume surrounding the ion columns will be extremely
large and some saturation effect would be expected. This
may well take the form of 2 considerable degree of
recombination of the radicals before any chemical effect
has been effected.

From these considerations the following experiments
were undertaken.

Firstly, it was considered desirable to repeat Jaffé's

work on the physical side on the ionization of liquids. 1In
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order to test his theory, it was decided to measure the
difference in the current obtained when the alphe particles
travel at right angles and perellel to the collecting field.
Further, by measuring the ionization current obtainable from
the various parts of the alpha tracks,to try to establish
the effect of the ion density on the proportion of those
which cen be liberated. It was felt that this could most
readily be accomplished by meking use of the veriation in
the specific ionization along the alpha track.

Experiments were also devised in order to try to
establish if gquenta emission accompanied ionization by alpha
particles. In this connection experiments were performed
using thin films of solids, because of the experimental
difficulty involved in producing thin leyers of liquids.
Furthér, since a photo-multiplier was used to detect these
quanta, it was considered that the quenta emitted by most
liquids would be of too high a frequency to be observed.
However, some experiments were performed using liquids and
use was made of the fact that certain phosphors when
radiated with ultra-violet light will emit in the visible
region.

Finally, in an attempt to justify the theory previously
6utlined, experiments were carried out in which the solvent
was separated from the substance in which the chemical
change was to be detected. In Tthese experiments o thin

layer of the pure solvent was subjected to irradiation from
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noweriul clphe source. Immediately below this layer and
protected from the direct influence of the alphas by means
of & suitable screen was placed a solution of the chemical
under investigation. After a known period of irrsdiation,
this sample was tested for any chemical reaction. It was
considered that the whole theory could be tested in this

manner.
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The lieasuvurement of Tonizetion Currents

in Liquids.

These experiments were designed to form a rigorous
test of Jaffé's Theory when applied to liquids. For this
purpose it_waé considered desirable to know the direction
of the alpha particles relative to the applied field. The
alpha particles were therefore colliminated. As the
range in liquid is small, the collimination was carried
out in air or vacuum before the particlés were allowed to
enter the ionization chamber.

For these experiments two types of ionization chambers
were designed. ‘Thé one for the case where the alpha
particles travelled at right angles to the field and the
other when they travelled along the field. In the former
type, the electrode assembly was as shown in Fig.ll.
Various metals were tried in order to ascertain which was
the most satisfactory material for use as electrodes. As
no difference could be detected, brass was used for ease
in manufacture. As will be seen in the diagram, provision
was made to adjust both the height and the distance between
the electrodes. These were mounted on perspex blocks,
through which electrical connection was made by means of
co—-axlal screened cables. Czre was taken to ensure thot
at no point could the inner conductor act as an ion
collector, The entire assembly was mounted in a perspex

vessel. This meterial was chosen because of its good
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insuiation propervies. It was found that under certein
conditions, conduction could take nlace along the surfoce
of <The perspex. This could be prevenbted by carefully
washing the affected areas with chloroform. To further
reduce the possibility of leakage currents, two guard
electrodes were fixed to Tthe base of the chamber directly
under the collection electrodes. These were maintained
at the same voltége as the electrodes, so that no field
was applied across the perspex blocks on which these were
mounted. The guard bars, also served to meintain a known
field at the bottom of the electrode assembly. With this
arrangement it was found possible to maintain an inter
electrode resistance large compared to lﬁ)lzohms.

In the experiments, electrode snacings of between 0.5
and 2 mm. were used, the exsct distances being measured by
means of feeler gauges. The alpha particles were collimin-
ated by means of a slit system, 0.5 mm. wide. This wes
mzde of perspex aznd mounted directly on top of the
electrodes. It was found that if the particles were
allowed to pass through a gas, that was in direct contact
with the liquid, the ions formed in the gas were dissolved
in the liquid and appeared as liquid ionization. This was
presumebly due to the image forces set up at the interfece
of the dielectricts. The currents due to this phenomenon

e

were found to be up to 1,000 times as great as those due to

ions produced in the liquid. Verious systems of earthed



screens ond protective electrodes were tried unsuccessfully
to prevent this effect. It‘was therefore decided that the
liquid surface should be protected by means of a thin window.
This caused considerable experimental difficulty, as the
window had to withstand the full effect of the field and

at the same time remein unaffected by the passage of the
alpha perticles. For this purpose, o window of thin pyrex
glass,supported by means of a silk mesh, was used.
Experiments were verformed to determine the effect of the
window by measuring the ionization current produced in
apezion oil, first with the window in place end then with
no window, but with a vacuum above the oil surface. In
this case, the oil level was carefully meintzined at the
same height as the top of the electrodes, and two guard
electrodes were arranged 1 mm. above the liquid surface to
collect any ions which might be formed inAthe vepour. No
difference was detected in the ion current in the two cases,
after account had been taken of the thickness of the window.
In practise this was equivalent to about 0.5 cms. of zir.

So as to protect the entire system from the influence
of any stray electric fields, the outside of the chamber
was coated with graphite and connected to earth. This
also served, to protect the liquid from light. This was
found to reduce the current passed by the ligquid when

subjected to an electric field without the presence of

radiation.
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The other Type of lonization choitber was desigsned on
the principle of two concentric cylindrical elecfrodes
(Fig.12.)  These were shzced 2 mm. apart by means of
verspex rings. Ag in the former case, a guard ring was
used to ensure that the insuletors supporting the
electrodes themselves were not subjected to any electric
field. The centre portion of the inner electrode was
fabricated from a2 series of rings and spacers. These
férmed a colliminator for the alpha perticles, the source
being suspended in the centre of the inner cylinder. The
collimator wes sealed by means of thin aluminium foil,
which had an air equivalent of about 2 mm, In this
manner, a5 in the former case, the liquid was prevented
from coming in contact with gas through which the alpha
particles had passed. The whole electrode assembly was
enclosed in o brass cylinder which protected the systenm
from the effects of stray electric fields. A larger
chember of this type was constructed so that ionization
due to beta particles could be studied. In this case,
thicker aluminium was used to seal the collimator, having
a thickness equivalent to about 1 cm. of air.

The alpha sources used in these experiments was 20
milli curies of Polonium, This was mounted on a silver
foil 2 mm. wide, 2 cm. long and 2 thou' thick. These
sources were tested for contamination with other decay

products of Radium, and were found to be free from beta
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The current measurewents were mcde by means of a D.C.
amplifier. This choilce wes lergely conditioned by the
comparatively large random current pulses which are observed
when & liquid is subjected to high electric fields. These
pulses, appear to be due either to the occurrence of local
"break down" in the iiquid or else to small quantities of
impurities. They zppear to itravel with the same velocities
28 would be expected of liquid ions under similar conditions.
This cazuses a2 high percentage of low frequency components in
the current pulses observed. These pulses increase as the
applied field is increased, until in these experiments at
gbout 5 XK.V./ cm. they became of the saﬁe order as the
ionization currents. On integration these pulses give
rise to what appears to be a steady background current which
rises with the field unfil it reaches values in excess of
the ion currents produced. It was therefore decided that
a D.C. Amplifier in which this effect could be 'balanced
out', would be more suitable than the older and simpler type
of électrometer.

The circuit of the amplifier used was as shown in Fig.

13. - The electrometer valve used was an E.T.I. manufactured

by G.E.C. S0 ag to maintaein a constant potential =cross
this valve, Va was connected as shown, as pert of the anode
loed. This velve made it possible to obtain considerable

emplification in the early steges of the emplifier, and so
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tend GO feduce the effect of ony verietion in the II,T.
gupnlies on the epporent veolue of the ion current. The
gsignals were then fed into a two stage D.C. 'push-pull'
amplifier of conventional design. A 'feed back!' circuit
was arranged on the output of the 'pusﬁ—pull' cifcuit, SO
that either the whole of the outpuf or a portion of it
could be fed to a tap-point on the input resistance. In
this manner the gain of the amplifier could be adjusted.
The input current was meeasured from the emplitude of the
feed-beck signels and the position of the tap-point on the
input resistance. Such a system, whilst to a certain
extent independenﬁ of small repid chenges in the various
supply voltages, depends for long term stability on the
constancy of these voltages. The emplifier was therefore
supplied from two stabilized power pzcks of conventional
design. So a8 to reduce this dependence to g minimum, 1t
will be noted that all the bias potentials ere talken from
one chain of resistances. This 2lso Tends ‘o eliminate
the effect of any change in the value of these resistances.
To reduce this possibility, all the important resistences
used in the anplifier, were of the wire wound high stability
type. With this apparatus, it was found possible to
measure currents of 10 ~/":a:mps. using an input resistance

of 10 2

ohmsg. Unfortunctely, due to the effects from the
amplification of o field %o a liquid, it was found improciicol

) i o
to use resistances greater than 10 ohms. Consequently,
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the sensitlivivy of the ampliifier wss reduced,

The 1liguid used in most of the experinents was Hexane.
This was chosen for two reasons. It wes one of the
ligquids used in the early work on this subject, and it =21so
possessed good insulation properties. It was found
necessary to purify carefully the liquid used in the
ionization chembers. (H.J.Plumley, 1941). Commercially pure
Hexane was obtained and dried over sodium. The resultant
liguid was then distilled and the chambers filled. Vacuun
distillation directly into the ion chambers was tried, but
no gppreciable gain in the insulation properties was
obtained. It was found thet liquid thus purified could be
used for a period of up to 24 hours after preparation.
After this period sufficient moisture was absorbed to
render it useless for ionization experiments. The
electrical noise vproduced in the liquid could be réduoed
for short periods, if the liquid had been subjected to
field strengths, in excess of that to be used, for a period
of about 10 minutes immediately prior to the experiment.
Use was made of this fact in all the experiments described.
The Apezion oil used in some of the experiments was prepared

in a similsr manner to that used in the case of Hexane.

Experiments.

The first experiments cerried out using these ion
chambers were devoted to the determingtion of the effect of

the collection field on the percentege of the ions which



an be coliectied, I'ield strengths of up to 5 K.V./cms.
were employed, this l1imit being set by comsiderations
which have been stated earlier. Before each reading the
liquid wes stressed by a greater field than required, so
as to reduce the electrical noise. Readings were teken
of the current flowing, first with no radiation, and then
with the source in position. In this manner it was found
possible to reduce the effect of the noise produced in the
liquid. In order to ensure that a steady condition had
been reached, before the readings were taken the systen
was left under the experimental conditions required for a
period of 10 minutes. Teking these precautions it was
found possible to obtain reproduciblé results.

These experimentis were repeated with both types of ion
chambers, so as to obtain a direct comparison for the two
cases. The amplifier was calibrated and a direct measure
of the percentage of the ions which could be collected in a
liquid found, by a comparison with an air ionization chamber
The same source and collimators were used both in the liquid
and zir ionization chambers. The ion currents were
measured with the D.C. emplifier in both ceses. This
necessitated a change in value of the input resistance, due
to the large increase in the value of the ion current in the
letter case. The inputbt resistances were compared in the
usual manner, snd the D.C. smplifier calibrated by measuring

the ion current produced by a source of known strength.

Ll
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mxperiuents were performed to investigete The
relationship between the ion density end the percentage of
ions which can be libersted, For this purpose the variction
in the specific lonization along the path of an alphe
perticle was used. - In these experiments the cylindrical
ionization chambef was used, because the placing of the
absorbers between the source end the ligquid would distors
the field between the top of the electrodes in the other
type of chamber. This is the most important region, since
the range of alpha particles in hexane is short. For the
particles emitted from a Polonium source, this is of the
order of 32 microns. The primary ionization produced by
an .alpha perticle in a liquid was assumed to obey the same
law as in 2 ges. Therefore by reducing the energy of the
incident particle, the ionization density should rise as
indicated by the "Bragg Curve. In this menner the
relationship was determined. The absorbers used were
cylinders of thin aluminium leaf, having 2 thickness approx-
imetely equivalent to 0.8 mm., of eir.  Again, for each
thickness of absorber a reading was teken, first without
the source and then with the source in position,

The lerger cylindrical chamber was used to perform
simliler experiments with beta particles. Again the source
was mounted in a similar manner along the centre of the
inner cylinder. The effect of the field strength waé

studied, and also the effect of placing absorbers between
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the gource znd tThe liquiad. For these experiments several
sources were used, including Thorium, Copper 64, and
Rhubidiuxu85'Unfoftunately a monoenergetic electron source
was not evailable. The readings were taken in an exactly
similar manner to that employed in the experiments in which

alphe particles were used.
Results.

The results obtained from the experiments,when the
alpha particles were travelling at right angles to the
field, sre given in Table 4 and Fig.l4. It will be noted
thet the general form of the curve is in agreement with
those obtained by Jaffé, as well as the percentage of the
ions éollecﬁed. However, Fig.l4i. shows that relationship
between the field strength and the current tends to obey a
log. relation rather than an inverse function. In other
words no linear portion is observed. This may be due to
the fact that the field strengths were insufficient, but
the results appesr to be in good agreement with the
logarithmetrical relationship. The results of the
experiments when the alpha particle tracks were parallel
to the applied field, ere in complete agreement with the
former csse, Table 5, Fig.15: This may egain be due to
the limit imposed on the field strengths by the electrical
noise level in the liquid, but at least in this region

there appears to be no difference in the value of the ion



b5

Fig. 14.-

PS..
?

@
T

Current x IO"Am
H [,
|} T

N
1

i ) ] | ‘| 1 1 | 1
2 3 4
Field Strength in Kv./cm:

O
b

gth— Current Relatiomship for Alphs Particles
at Right Angles to the Field.



oo

12r

Current

’ A 1 1 —
o o5 | 5 2
Log. Field Strength

Field Stremgth - Current Relatiomships for Alpha Particles
et Right Angles and Parallel to the Field.



67

FIG. IS ki
T
]
a
=3
<
o |
b
-2
4
w
m =
[+4
2
oI+
1 | 1 ) 1 1 1 L 1
(o] : 5

2 3 4
FIELD STRENGTH Kuv/cwm.

Fie1¢ Strength - Current Relatiomship, Alpha Particles
Parallel to the Field.



R R e I et i e v

T4

currents ;reater than the inaccuracies of the experiments.
The results of the experiments, in which the
relationship between the ion concentration and the
proportion of the ion current which can be collected is
shown in Table 6 and Fig.l6. I+t will be noted that there
is no appareht agreement between the curves obtained and
the "Bragg Curve®, Assuming thet the ionization current
oollécted was a direct function of the primary ionization
produced by the slpha particles, it would appear that in
a liquid the variation in specific ilonization along the
tracks did not obey the normal formula, as in‘the cese of
a gas. This is supported by the fact that corrections
based on the variation in ion density would produce not
less current from the portion of the tracks where the ion
density was greatest. However, it will be noticed that
there is apparently, at the extreme end of the tracks, a
section where a congiderable portion of the ions can be
1iberated. It would therefore zppear that the ion
current is not directly dependent on the primary ionization.
If these results are compared with the theoretical curves
Tfor the ilonization produced by means of high energy delta
rays, some agreement is immediately apparent. This type
of theory is supported by the fact that there is apparently

no difference in current whether the collection field is

applied at right angles or parellel to the direction of the

incident alpha particles. Fig.1l7 shows the specific
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ionizetion o8 nmeasured in these exneriments, plotted
together with the ionization due to delta rays emitted
with energy in excess of 1 K.V. per unit length of the
track. It may be argued that even if the ionization
current is solely due to these secondary delta rays, far
higher currents should be observed. It has bheen shown.
that when beta particles are used to ionize a liquid,

about 10% of the ions formed can be liberated. It might
therefore be supposed that the same should be true in the
case of these delta rays. ‘However, zccount must be taken
of the column of ionization formed by the alpha particle
itself. Any ions formed by the delte rays in this volume
will be subjected to the same probgbility of recombinstion
as that of the primery ionization, =nd would therefore not
be collected. In fact, it may well be the case that only
the ions formed by the delts rays outside these columns can
be collected. Some indication as to the size of the
columns might be expected from these considerations, precise
measuremnents are not possible beczuse of the scattering of
low energy electrons in the liquid. However, by estimating
the minimum energy of the delta perticles which contribute
to the ion current, some idez of the diameter can be
obtained. It appears likely that only delta rays heving
en energy of 1 K.V. contribute, giving a value of 0.05 u
for the column dismeter.

From the experiments using bete particles, the results
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ore siniler to those obboined from the slpha experiments
(Tebleg 7 and Fig. 13 =2nd 19). Unfortunately a mono-
energetic beta source was not available, so no absorption
measurements, comparsble with those made in the Tormer csase,
were possible. However, measureuents using absorbers were
made in connection with Copper 64 and Rhubidium 8§. It
will be seen that these results ere very similar to those
obtained using alpha perticles. (Fig. 20 and 21). It is
perhaps of interest thet when a log. plot is made between
the field strength and the absorber thickness, a linear
relationship wes found. It will be noticed that brecks
occur when the 'end point' of one of the beta rays energies
is reached. (Fig. 22 and 23). It is not sugcested that
this could be used to measure the meximum energies of beta
spectra, but it does give gome indication as to the
behaviour of ions in a liquid. Fig.24 shows the correspond-
ing logarithmetrical plots for alpha particles. It will be

noted that agaein a linear relationship is obtained.
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Current-Field Strength for Alphs Particles at

2t Right-angles to the Field.

2 a. b. C.
0.25 2,60 2,85 2,2 2.1
0.5 5.40 5.35 5.5 5.4
0.75 7.65 7.55 T.65 7.5
1.0 7.95 8.4 8.0 7.8
1.5 8.70 8.65 ' 9.0 8.7
2.0 9,60 9.7 9.7 9.5
2.5 9.80 10.0 ' ' 10,0 9.8
3.0 ' 10.60 10,45 10.45 10.3
3.5 10.80 10.75 10.9 10.7
4.0 11.2 11.3 11.3 11.0
4.5 11.6 11.5 1.7 11.4
5.0 12.0 11.9 ©12.0 11.8

Readings in columns "a" were tzken using Hexane and a
guartz window. Equivalenf ionizétion current, using a gas
filled chember, was 8.5 107 amps. Column "b" was
obtained using Apiezon oil in vacuo without é Window.

Column "e¢" wes with Apiezon 0il and quartz window.
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Current-Field Strength for Alpha Perticles Parallel

to the Tield.

N e | Chpe 16
0.125 0.1 0.05 0.1
0.25 1.7 1.3 1.55
0.5 o3 2,30 2.30
0.75 2.60 2,60 2.58
1.0 2,70 ° 2.70 2.70
1.25 2,85 2.85 - 2.85
1.5 3,02 3,00 2,95

2.0 315 - 3.15 ~3.10
2.5 | 3.40 13,40 3.40
3.0 3.55 3.55 3.53
3.5 3.70 3.65 3.65
4.0 3.75 3.70 3.72
4.5 3.85 3.80 3.82
5.0 3.90 3.90 3.90

Readings taken using the cylindrical ionization chamber
and Po source. Liquid used was Hexane. Equivalent
ionization current using a gas filled chzmber was 2.63.

10”% ampe.
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Specific Ionizabtion for Alpha Particles in Hexane.

28

ﬁ%égfbers. 0.25 0.5 Curient Amgs 10 "4‘ field
£o7 G
0 0.7 1.0 1.1 1.2 1.5
1 0.6 0.85 1.0 1.1 1.4
2 0.5 0.8 0.9 1.0 1.3
3 0.45 0.7 0.8 0.9  1.25
4 0.3 0.6 0.7 0.85 1.1
5 0.3 0.55  0.65 0.75 0.9
6 0.25 0.5 0.55 0.7 0.8
7 0.22 0.4 0.45 0.6 0.7
8 0.20 0.3 0.35 0.5 0.6
9 0.18  0.28 0.30 0.45 0.5
10 0.15  0.25 0.27 0.38 0.45
11 0.13 0.22 0.25 0.35 0.4
12 0.11  0.20 0.22 0.30 0.35
13 0.09 0.18 0.20 0.27 0.3
14 0.08  0.14  0.18 0.24 0.27
15 0.06  0.11 0.15 0.20 0,24
16 0 0 0 0 0

Readings ‘teken using

and Po source. Liquid

the cylindrical ionizetion chamber

used was Hexane.

Absorbers were

aluminium leaf, heving sn air equivelent of 0.8 mm,
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Current~Field Strength for Beta rarticles.,

. ome e O R Bource, T U e,
0.25 58 55 50 47.5 44 40
0.5 58 62.5 55 55 56 53.5
0.75 70 66.5  62.5  62.5 69 65
1.0 76 67 67.5 70 69  T1.5
1.25 90 70 75 75 75 -
1.5 77 77 TT.5 . T7.5 78 80.0
2.0 81.7 83.3  80.0 8.5 80 83.5
2.5 87.5 87.5  87.5 85 87 90.0
3.0 91.7 91.7 87.5  87.5 87 90.0
3.5 91.7 91.7  90.0  90.0 90 91.5
4.0 91.7 91.7  90.0  92.5 95 96.5
4.5 95.5 95,5  95.0  95.0 95 96.5
5.0 95.5 95.5  97.5  97.5 97 96.5
5.5 95.5 100.0 100.0 100.0 100 100.0
6.0 ' 100.,0 100.0 102.5 100,0 100 100.0

Readings taken using large cylindrical ionization

chamber. Liquid used was Hexane.



Ligquid used was Hexane.

Readings taken using the large cylindrical ionization cheamber,

Absorbers were Aluminium foil 0,002" thick,

o4

Teble 8,

Current to Absorber Thickness for Beta from Cu 64.

io

No. of Current Amps 10 .
Absorbers. 0.25 0.5 1 2 4 TField
s
0 2.5 3.1 3.9 4.4 5.3
1 2.0 2.3 2.7 3.1 4.0
2 1.7 1.9 2.45 2.65 3.7
3 1.4 1.5 1.95 = 2.0 3.4
4 1.2 1.3 1.6 1.7 2.9
5 1.0 1.1 1.4 1.5 2.3
6 0.95 1.0 1.3 1.4 1.8
T 0.92 0.95  1.24  1.32 1.6
8 0.86 0.90  1.20  1.25 1.5
9 0.84 0.87  1.16  1.20  1.45
10 0.81 0.83  1.12  1.15  1.40
11 0.79, 0.81 1.08 1.10 1.30
12 0.78 0.80  1.04  1.05  1.25
13 0.78  0.79  1.00  1.02  1.20
14 0.78 0.79  0.96  1.00  1.15
15 0.77 0.78  0.94  0.96  1.10
16 0.77 0.78  0.92  0.94  1.05
17 0.77  0.77  0.90  0.91  1.03
18 0.77 0.77 0.89  0.90  1.02
19 0.76  0.77 0.88  0.89  1.01
20 0.76  0.77  0.87  0.88 1.00




Current-Absorber Thickness for Bets from Rb 8§.

No. of
Absorbers.

0
5
10
15 -
20
25
30
35
40
45
50
60
70
80
90
100
120

005

1.4
1.3
1.15
0.90
0.60
0.50
0.47
0.45
0.43
0.43
0.42
0.40
0.36
0.31
0.28
0.25
0.23

Currents

1

1.75
1.50
1.30
1.10
0.65
0.55
0.50
0.47
0.45
0.43
0.42
0.40

. 0,38

0.33

0.29

0.26

0.24

Amps 1077 .

2

1.9

1.75
1.60
1.45
0.80
0.70
0.65
0.60
0.55
0.50
0.47
0.45
0.40
0.35
0.30
0.27
0.25

4
2.1
2,0
1.8
1.6
1.1
1.0
0.8
0.7
0.65
0.60
0.55
0.50
0.43
0.38
0.34
0.30
0.27

Field
Stren

K.V./

Readings taken using the large cylindrical ionization

chember.

Liquid used was Hexzne.

Aluminium foil 0.002"

thick,

Absorbers were

oo

ath
Cm.
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For reasons previously stated, it wes thought that
photon emission mizght be associated with the ionizeation
produced by alphe particles in liguids, in particular when
an alpha particle passes through weter, since most of the
chemical reactions which have been studied tzke place in
aqueous solutions. If ionization due to alpha particles
is produced in a large volume of water, such an emission is
not observed. ¢ This may well be due to the absorption of
the radigtion by the bulk of the water. This process
would be extrémely likely if a resonance phenomenon was
responsible for the production of the radiation. It was
therefofe decided to study the effects produced by
irradiating with alphea particles a water filim, whose
thickness was less than the range of the alpha perticles.
The production of such films proved to Dbe very difficult,
moreover, the detection of the radiated quanta presented
serious problems. The letter arose from considerations as
to the most likely frequencies to be involved. If the
effect is produced by a resonance phenomenon, then the
frequencies of the emitted quanta will presumably coincide
with the absorption spectrum of water. Therefore they
will occur in the extreme ultras violet or in the infra-red
spectral regions. Unfortunately the photomultipliers
available, were not sensitive in these regions. Superiments

were performed in which & zinc sulpnhide screen woas used to
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transforuw any guanbe ewiticed in the ultre-~violet ragjions
to & suitable frequency for detection. However, owing to
solid sngle end efficiency congiderations, it was notv
found possible to meke quantative messurements. In view
of these difficulties, it was decided to investigate the
effect when films of solids were irradizted with alphs
particles.

The experimental arrangement used for these
investigations was as shown in Fig.25.

The film under investigetion was pleced about 1 cm.
from a strong Polonium source, which was carefully
collimated. Immediately below the film was a 1 mm. thick
quartz slide, placed so as to prevent fhe glass of the 931A
photomultiplier from being bombarded by the alphe particles.
The multiplier was mounted in a perspex holder, fixed
directly on to a head amplifier. The signals were then
amplified in a type 1008 amplifier, designed by T.R.E.
Malvern, and then fed through a discriminator unit to a
Scalar Unit Type.1037.

Due to the low efficiency of the films for producing
quanta, it was found necessary to take special precautions
to reduce the noise level to a minimum. The 931A photo-
multipliers were speciclly selected, a2nd a drying agent
was enclosed with the tube to prevent the condensation of
moigsture on the valve base. As 1in the case of The liguid

ionization chembers, leaskage currents across the nersynex
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velve wolder were prevented by coreful cleoning with
chloroform. It was found that in some cases, considerazble
improvement of the noise level could be effected by cleaning
the base of the multiplier itself. This was accomplished
by placing the multiplier in & vessel which could be
evacuated and leaving it under reduced pressure Tfor & period
of 24 hours. The multinliers were operated under their
optimum conditions with regard to signal to noise ratio.

It was found that the best results could be obtained when
between 60 and 80 volts were applied across each stage,
depending on the particular tube in use. A guard ring was
used to obviate the possibility of collecting ions on the
_ﬁins on the base of the photo-multiplier, so giving rise to
spurious counts.

The circuit of the head amplifier was similsr to that
employed in the standard high frequency head amplifier
designed for use with the 1008 amplifier. (Fig.26). Care
was taken to ensure that the lead between the input and the
photo~multiplier was as short as possible in order to reduce
the input capacity to a minimum. The input resistance
was reduced from 100 Meg ohms to 10 lMeg ohms, so as to
shorten the input time constant, so reducing the effective
width of the signals. In this manner it was found possible

to reduce the noige from the first stage of the zuplifier,

and also to prevent the integration of the multiplier noise,

hence improving the sgengitivity of the system. It wos
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to 5 times the ratio signasl to noise ratio, @8 compored o

o simple cathode follower. This is due to the higher rz=itio
between the input =nd output impedance obveinsgble from 2z ring
of three valves compered with z single cathode follower,
This is of particuler importance when high frequency pulses,
such as are produced in z photo-multiplier, zre concerned.
Under these conditvions the normelly accepited formulse Tor
the operation of z cathode follower does not apply, =ince
the stray capecitles between the cathode and ground becone
of major importance. The valve 1is therefore reguired to
pass comperetively large currents during the period for whicn
the grid volts sre rising, with a resultant drop in the grid
impedance. (See Appendix 1).

The qQuartz slide served two purposes. It was found
thet if the glass envelopes of the photo-multipliers were
bombarded with zlpha particles, some scintillations were
observed. The number could be considerably reduced by
protecting the glass by means of e quartz slide. Also the
majority of the films invegltigated were made by evaporating
suitable materiasls on to quaria.

The filme used could be divided into two types. Those
which were self supporting and those deposited on to quartaz.
In the former enbegory were Nylon, Collodion, Glass, llicao,
etc. Thege were uade in the upual manner, and in the cone

of Nyloun, Gl thielnean wap determined by their stopping
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a Polonum source and an zir ionization chember in the
usual way. The following technigue was employed to
obtain extremely thin Nylon films. A saturated solution
of American Nylon was made by heating a mixture of Nylon
chips and Isobutyl Alcohol in a water bath for three days.
fhe undissolved Nylon was then filtered off and the clear
solution used. It was found that on standing for periods
of about 24 hours, thet the solution became cloudy and
tended to solidify. If the mixture was gently warmed in
a water bath a few minutes, it became clear and could be
used for the manufacture of films.

A small wire freme, about 5 cms. long and 3 cms. wide,
on which the film was to be supported, was placed at an
angle of approximately 10 degrees to the vertical, in a

. vessel conteining clean water. The water level was so

arranged that the top of the freme was about 0.5 cms. below
the surface. The surfece was swept clear of dust partioles,g

P!
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by means of two waxed rods, in a similer menner to
employed in a Langmuir Trough. Two small drops of the
nylon solution were then placed on the water surface by 1
means of a pipette. After a period of 5 minutes the film

was carefully cut away Ffrom the sides of the vessel, using

a hot copper wire. The weter level was then slowly
.7

lowered until the film just rested on the upper edge of the

wire frame. A cut was mede about " from the freme and
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Go iv. Two more cuvs were wade =t rizht angles
to the first, so as to produce an arez of film about i
wider then the fraue. The wzter was then slowly syphoned
out of the vessel gllowing the film to settle on to the
frame. ‘In this manner it was found possible to produce
films having = thickness equivalent to 0.24 mm. of air.

The second cless of films, which included metals, and
ionic selts, were deposited on quartz slides which had been
carefully cleaned. Wherever possible the mater?als were
evaporated on to the slide in vacue. This was possible
in the case of all the metals, and some of the other
materials. =~ In the other cases, with the exception of
carbon, the films were prepared by precipitation from
dilute solutions in alcohol, or where this was not feasible,

water. However, in these cases it was found impossible

to produce films of constant thickness.

Experiments.

In 2ll cases, irrespective of the material under
investigation, the experimental procedure was the same.
Because of the low efficiency of the films the background
was measured immediately before and after each reading.
This was done in two ways. First the film was removed and
the backzround measured with o cleen quertz slide in
poesition. In the cases where the films were sunported on

quartz, the slide supporting the film was inverted. This
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of the quertz becoming contaminated with jresse or other
materials during the prepsration of the filums,
In the case of Nylon,experiments were performed to
determine the effect of thickness on this phenomenon.
Nylon was chosen purely for the ease with which thin films
of constant thickness could be obtained and not for any
other property. A series of nylon films having a thickness
equivelentto 0,48 mm. of air were used for this purpose.
By bombarding various numbers of films under the conditions
previously described, it was possible to determine the
relationsliip between the number of counts recorded and the
thickness. In a similer manner the effect of thickness
on the pulse height distribution was invéstigated. (See
Appendix 2). In order to determine the probability of the
quanta belng absorbed in nylon, specilally thin films
prepared in the manner previously described were used.
Experiments of = similer type were carried out using
thin liquid films. The experimental arrengement was the
same a8 in the previous experiments, with the exception
that between the quartz slide and the photo-multiplier a
zinc sulphide screen was'placed. As previously, control

experiments were carried out to ascertain the random

.

background counts. Unfortunately it »nroved impossible to
messure the thickness of the liquid films under investigation,

and due to the difficulties discussed earlier, quantitetive
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regulits were nov worelble, Hovever, some evidence wog
obtained that quantum emission accompanied ionizstion
produced by alphe perticles.

When nylon chips were subjected to irradistion with
ultra-violet light, a green fluorescence was observed.
Similar effects were noted with some of the other materials
used. Experiments were therefore underteken in which an
attempt was made to detect the quantum emission from large
crystals of the materials. In the cese of all the
meterials used, no quanta were observed when the thickness
of the material used became large compared with the range
of an alpha particle. Owing to experimental difficulties,
it was not possible to observe the surface of the material
which was under alpha bombardment, so that any quanta
emitted from this surfece could not be detected.

Similar experiments were cerried out in which both
thin and thick samples were irradiated with beta and gamma
ray. No quantum emission wss recorded in any of these
experiments;

In order to obtain az standard for purposes of
comparison, the experiments were repeated using a zinc

sulphide screen.
Results.

The results of the experiments were very much as

were expected. In all cases when thin films were used,
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quentuin elnission was detected under =lphe bomberdment.
Also, the radiations were very highly absorbed by the
matverial in which they were produced. The material used
in these investigations included:

Sulphur. Aluminium. . Nickel Silphate. Nylon.

Iodine. Copper, Sodium Chromate. Glass.
Carbon. Tungsten., Stannous Chloride. Mica.

Iron, Mercuric Iodide. Collodion,

The relative efficiencies of the various materiais
can be seen from Table/®, =nd a typical pulse size
distribution is given in Fig, 28 swd 27. 1In none of the
cases were the signals produced by the photo-multiplier
greater then 4 times the noise level, and it will be seen
that efficiencies of the verious films sre of the same order
of magnitude. +t was not practicable to measure the
thickness of the films which were deprosited on quartz
slides, so that an exact comparison was not possible.
However, this mey be of secondary importance in view of the
results obtained from the nylon experiments. The apparent
reduction in efficiency observed in the case of ionic salts
is probably due to imperfections in the films used.
- However, since it was not found possible to measure the
frequency of the quanta emitted, this apparent drop may be
due to the selectivity of the photo-multiplier.

In the case of licuids, far less conclusive results were

obtained. However, when water and Hexane were irrsdiczted,
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golne LiluiCaition 0i & siwiler errect was ovtained. L6 was
therefore concluded that cuantum emission is associcted
with the dénse ionization produced by aglpha particles.

The results of the experiments, which were performed
with nylon to investigate the effect of thickness, are
given in Fig.28. It will be observed that the number of
pulses is to a lerge extent independent of the thickness,
until a value greater then the alpha range is reached.

From the results obtained, using the very thin films, it
appears that there is a fifty per cent probability of the
quanta being absorbed in travelling about 200 molecular
distances. ~ However, as in the cese of the specific
ionizetion produced by an alpha particle in a liquid, it
appears_impossible GO cofrelate the results with the normal
"Bragg Curve". It will be noted that the number of guonta
emitted per unit length of track decreases with the velocity
of the alpha particle. If the effect was directly
associated Witﬁ the primery ionizgtion, the reverse would

be expected. It would therefore appear that some
consideration, other than the ion density must be taken into
account.

When en alpha particle produces ionization,
considerably more energy is expended for each ion pair
produced than would be anticipated, if the whole energy was
used for this purpose. It eppears reasonable to cssune

that this excess energy is used in producing either
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excived woiecules or excited Lons,. The wlver way ve
produced by ionization in which other thon the oubermost
electron perticipate. Perhaps the best known exampnle of
this type of pheﬁomenon,‘is the production of "K" or "IL"
X-rays in metals. The penetretion of such "K* radiation
in the parent materisl, is of the same orderiof magnitude
as the range of alpha particle from Polonium in the same
metal. From energy considerstions, the probability of
producing such X-rays falls repidly with the loss of
energy of the lonizing perticles. As the thickness of
the metal films used in these experiments were not
‘measured, the results 6btained would not be at variance
with the production of such radiation. On the other hand,
when a2 metallic f£ilm comes in contact with air, there is a
probability that an oxide layer will be formed. It is
therefore possible that the entire effect in the case of
metals is due to this layer. However, in the case of
Tungsten, the ?robability of such e formation is greatly
reduced, but results, using this material, were similer
to those obtained when other metals were used.

In the case of non metallic materials, an explanation
based on a similar theory is possible. In fact, for the
non metzllic elements, the theory offers the most
plausible explanation. However, it should be noted thet
the radistions may not be "K' or "IL" X-rays, but other

characteristic radiations of the material concerned. In
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view of the fact,the effect was only detected under alpha
perticle bombardment, it is reasonable to assume thet the
phenomenon may be due to the recombination of the primary
lons. When two excited ions recombine, there is a
probability of quanta emission taking place. The number
of excited ions produced in any section of an alpha track
will be proportional to the number of and energy delta rays
produced. Fig.29 gives the ionization produced by such
delta ray per unit length of alpha track. It will be
seen that the form of the curve is in good agreement with
the number of quanta observed. With Nylon, there is a
‘fifty per cent probability of the quanta being absorbed
in travelling 200 moleculer distances in Nylon. This
probability is considerably greater than would be the cese
if the radiation took the form of "K'" X-rays. It would
appear therefore that in this case, at least, lower
frequency radiation is concerned. It is unlikely that the
quantum emissién is caused by the delta rays themselves,
since radiations are not observed when the films are

bombarded with beta particles.
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obie 10,

Efficiencies of Thin Films as Scintillstors.

Material.

Sulphur

Todine

Carbon

Nickel Sulphate
Sodium Chromate
Stanneous Chloride
Mercuric Todide
Aluminium
Copper
Tungsten

Iron

Collodion

Mica

Styrafoil.
Nylon

Zinc Sulphide

5
4800
3000
1600
2400

600
620
600
9100
1400
600
900
800
900
2020
1800
6.10

Counts / % min.

5 10 Discriminstor
bics.
450 125
1200 700
- 300
160 -
200 100
50 -
200 . - 100
1600 300
250. -
300 | 240
225 120
200 110
200 -
200 62
420 200
6.10 . 6,10

All readings taken using the apparatus shown in Fig. a5,
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Chewmicol Homserinents.

These experiments were designed in an attempt to
correlate the results obtained in the purely physical
experiments with those obtained by the chemists. From
these, it appeared that either the ions produced by the
passage of alpha particles, or some product, must be
capable of existing in liquids for considerable periods.
From arguments based on the probable concentrations of
the ions and their products assuming thet these are formed
by direct action, it would appear unlikely that this would
be the case. However, in view of the results obtained
from the experiments performed with thin films, an
explanation, based on the emission of guanta, would appear
to be possible. t wag therefore decided to carry out
experiments in which the pure solvent was separated from
the materigl in which the chemical'change was to take plcce.

In these experiments the solvent chosen was water. A
thin layer of wabter was formed on a quartz slide, 1 mm.
thick, which covered a suitable chemical solution. The
water film was then exposed to bombardment from a strong
alpha source in such é menner that no alpha particles could
’énter the solution. After a period of time, the solution
was tested for sny chemical change. In this menner, it
was hoped thet the chemical asction resulting from ionization

due to alpha particles, was at least partly due to
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cgrpocit el auonto emlasion,

The experimentel crrengement was as shown in Fig.30.
A 20 milli Curie Polonium source wes placed sbout 0.5 cm.
above the quartz slide supporting the water film,
Considerable difficulty was experienced in obtaining a
film whose thickness was less than the range of the alpha
particles. As in The case of the experiments with thin
films, the slide was carefully cleaned before the
experiments. The glide was first boiled in carbon
tetrachloride, in order to remove any grease. It was then
washed with distilled water containing a small quantity of
"2 suitable wetting agent. After this, it was boiled in
a solution of chromic acid for 10 minutes, and again washed
with distilled water. | The slide wae then washed with
absplute alcohol and allowed to dry in a dust free
atmogphere. The surface was finally cleaned by brushing
with the discharge from a leak tester. In this menner
it was found possible to produce a surface on which a thin
layer of water could be formed. Unfortunately, it was
not possible to measure the thickness of such layers, but
from the results of the experiments on the emission of
quanta from thin films, this may be of secondary importance.
The slide so prepsred, formed the top to a small contoiner
which held about 1.5 ccs. of solution of the chemical under
investigation. Agein this chemical had to be carefully

purified as the yields of the experiments was extrernely
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The Experimental Arrangement used for the Chemical

: Experiments;

S 3Po source. W Water Film. Q Quartz plate

L Solution
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Suindlle pecrune ol thils, wWith ecch exposure o control
experiment wes cerried out, This consisted of g similar
quantity of the solution being placed in a similer
container and kept under the same conditions as the sample
being used in the experiment, with the exception that it
was not subject to bombardment by alpha particles. In
this menner it was found possible to eliminate the
chgmical changes which teke place not associated with
alpha ionization. This was especilally important in the
experiments where ferrous sulphate was used, as there is
elways some oxidation to ferric sulphste. Begides these
control experiments, it was also necessary to show that
the reactions were not caused by the irradiation of the
guartz plate or by contamination'present.' For this
purpose, a sample of the solution was placed under a clean
dry slide and irradiated with elpha particles. The
solution was then tested for chemical change as in the
case when a water layer was present.

Because of the small yields obteined, the estimations
were cerried out using optical method. In the éase of
Ferrous Sulphate and Potassium Iodide colourmetric methods
were employed. Por the experiments in whiéh Chloracetic
Acid was used, the yield was determined by the scattering
of light, due to the precipitate formed by the addition of
silver nitrate to the solution.(l) For this purpose a
'"Unicem' mede by the Cambridge Instrument Company wes

(,) Seo B?bllosra/éhg- Fgtimatiow of Chlorine
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emrioysd du moue ol the expericcnis. In lester experineais
more sultable apparcitus was designed for this purpose. The
errangement used was as shown in Fig.31l. One of the

adventeges for this design over the 'Unicam' is that grecter
path lengths through the liquid sre obtainable for smell
volumes of solution. This is of the utmost importance
when, as in these experiments, the yield is independent of
the quantity of solution employed. It will be noted that
the samples are conteined in two thin glass tubes, through
vhich a collimgted beam of light can be passed. This besmn,
is interrupted by means of a revolving disc, which is
slotted in such a manner that the light passes first through
one tube and then through the other. The two beamé are -
then reflected by means of fwo surface silvered mirrors,

so that they impinge on the same part of the photo sensitive
surface of a gas filled photo-cell.  The oubtput from the
cell is then fed through an amplifier of conventional
degign, and disblayed on 2 cathode ray osciliscope. Fig.32.
In this manner it is possible to eliminate eny effect due to
the change of the amplifier gain, and to any change in the

L

efficiency of the photo-cell. Also it is possible To

5
oy

obtain & direct comparison between an unknown solution &

A

one of known concentration. Using this apperatus it

=
)
0

found possible to mecsure concentrations of free Iodine of

the order of 10“ Normel, which were liberated from Sodium

Todide when starch wes used as an indicator.
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Photo-comparator for Measuring Chemical Yields.
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Fig 32. Circuit used with the Photo-comparator.



Exneriments.

Three materials were used in the experiments. Ferrous

Sulphate, Chloracetic Acid, and Potassium Todide. The
salt used in the first case was Ferrous Ammonium Sulphate,
as it eppeared to be more stzble than Ferrous Sulphate.

A commercially pure sample was taken, and so as to ensﬁre
the presence of as small an emount of the Ferric salt as
possible, reduced by nescent hydrogen made by adding pure
sulphuric acid and g 1little zinc. After reduction, the
clear solution was filtered off, =nd made approximately
normal by adding sulphuric acid. The two conteiners were
then filled with solution,'and covered by quartz plates.

A thin film of water was then formed on one of the quartz
slides and the samples were subjected to alpha bombardment
for 24 hours. After this period, both samples were
tested for the presence of Ferric Iron, by the addition of
Potassium Thiocyanate. Conclusive results were not
obtained owing to the production of Ferric Iron, due to

the normal processes of oxidation. However, lerger yields

appeared to be obtained from the sample which was subjected

to irradiation. As has been previdusly stated, a blank
experiment was performed in which the quertz plate wes
irradiated, without the presence of a water film. In this
case no yield in excess of the control experiment was

I A A

recoruaed.,

11/
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liore satisfactory results were obtained when
Chloracetic Acid was used. The acid was purified before
the stert of the experiments by fractional distillation,
followed by distilletion in vacuo. In this manner it
wa.s foundvpossible to obtain samples which produced no
precipitate on the zddition of Silver Nitrate solution.
As in the previous case, two solutions of the acid were
taken and 6ne subjected to irradiaztion. After a period
of eleven days, the samples were tested for the presence
of free chloride ions. This was done by adding to ecch
solution 2 ccs. of 0.002 normal eilver nitrate solution,
which was decinormal in Nitric Acid. The solutions were
then allowed to stend for 30 minutes in order to allow the
precipitates to develiop. Unfortunately it was found that
the usual procedure of warming in o water bath to 400
Centigrade for 20 minutes was imprecticable, beccuse of
the liberation of small quantities of chlorine ion from
the unaffected Chloracetic Acid.(l) The samples were then
compared either in a 'Unicam' or in the apparatus previously
described. In this manner it was found possible to detect
yields in the order of 10"$~normal. In practise the
yields obtained from the irradiated solution were zbout
2 x 10'¢‘normal, whilst those from the control experiments

-5 : R
about 4 x 10 normal. As in the case of Ferrous Sulphate,

(1) See Bibliogsrephy. Estimetion of Chlorine end Iodine.
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the experiment was repeated,using a dry quartz plate.
When this was done, yields comparable to the control
experiment were obtsoined, i.e. 4 x 107 normal. In all
cases the yields were measured immedisztely after the
precipitates had developed, as it was found that if they
were allowed to stand for periods of more than an hour,
varying emountss of incregsed yields were recorded.

So as to obtain o direct compsrison with fhe yields
formed in this manner, with those obtained by the usuel
method, experiments were performed in which the zlpha
partiéles from the same source, were allowed to enter the
Chloracetic Acid solution. In these experiments the
arrangement was the same as before, with the exception
that the quartz slide and water filwm were omitted. It was
found that with exposures of 12 hours, yields of chloride
ion of 4 x 10™# normal were obtained. This geve a method
of calibrating the effective strength of the source, since
previous experimenters had determined the yield of free
chloride ion to be one per ion formed in the solution by the
alpha particles. It was therefore possible to obtain some
idea zs to whether the chemiczl action due to the quanta
emission was of the same order of magnitude as that created
by the passage of alphe particles through the solution
iteelf.

Similer experiments were performed substituting sodium

- e < o

viie chioracevtlic ocid. It vics noted whot vhen

iodide Tor
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solutions of sodium iodide were irradisted. with ultra-
violet light, then large yields of free iodine were
produced. These could be reedily detected with the use
of starch. (Purner 1930). It was therefore decided that
this Would”provide a suitable material for this type of
experiment. The experimental procedure was the same as
in the previous cases. This time, owing to the greater
sensitivity of the method of estimetion, periods of
irradistion of 24 hourslwere used. In this time, yields
of 10‘5 normzl were obtained from the radiated semples,
whilst no free iodine was detected from the control
experiments. As in the previous case, an experiment wes
cerried out in which & clean, dry quartz plate was
subjected to alpha bombardment over o sample of the iodide
solution. Azain no yield was detectable., Experiments
were also performed in which the alpha particles were
allowed to impinge directly on the iodide solution. As
in the case of the Chloracetic Acid, lerger yields were
obtained than when a water film and quartz slide were used.
Some evidence of the frequency of the radiations
emitted from the water film was obbtained in the experiments
in which the Chloracetic Acid was employed. From
experiments using an ulira-violet lemp as a source of
radiation, it was found thet the effect required lighv of

wave lengths less than 2,800 A. It would therefore annear

wrobeble thot the wovelength of The emitited lisht rmucot lie

0 T [ P - PR S 5 | T, PR . - b - . P
nevween vhis value =nd the absorption bend in QUS4



115

about 1,500 A, Now from the National Critical tables
there would appear to be some evidence of an absorption
band in water, due to hydroxyl ions at about 1,900 A. It
suggested that this would be the most likely wave length

for the quanta so produced.

Results.

The foregoing experiments indicate that at least some,
if not 211, of the chemical effects associated with the
ionizetion produced by alpha particles in liquids, may be
due to quanta emission resulting from the primery ionization.
Unfortunately it was not found possible to maintain a water
film of known thickness for a period of several days, so no
experiments were conducted to determine the range of the
guanta liberated in water. Consequently, it is impossible
to meke an accureste estimation of the chemicel effects
produced by this radiation. However, from the results
obtained, it would appear that the total chemical yield
produced by alpha particles could be due to this phenomenon.
In fact, if the qusnta in water have é similar probvability of
being absorbed, as that found in the case of Nylon, the yields
obtained which are about»l/20 of that obtained when the
‘particles are =2llowed direct access to the solution are
considerably higher than would be anticipated.

In all the experiments the water films were maointeined
by performing the exneriments in 2 saturated atmosphere. It

ls Therefore wossiblie that tTthe wresence of woter vasnour is
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essential to these experiments. However, in the experiments
in which the elpha perticles were zllowed to enter. +he
solutions in which the chemical actions took place, the
conditions were the same in this respect. The yields
obtzined were in good agreement with those reported by
previous experimenters, who introduced the alpha particles
into the solutions, which allowed them to pass through air.
It is therefore probable that the presence of water vapour
~has 1little or no effect and so the chemical change produced
must be due to some form of radistion originating from the
water films. Moreover, at least some of this radistion
must be capable of penetrating a quartz slide 1 mm. thick.
This condition would preclude the possibility of the
reactions being caused by particle emission. Since 1if these
were to be electrons, the velocities required would need %o
be very much in excess of the velocities of the bombarding
alpha particles. Therefore the most likely process is
that of gquanta emission. As in the work carried out on
the scintillations from thin films, no direct evidence was
obtained as to the frequency of the quenta produced. For
reasons stated, it appears likely that these have a wave
.1ength of thérorder of 1900A. However, there is little or
no evidence to preclude the possibility of the emission of
X-rays, as was suggested in the case of thin films.

This uncertainty in the frequency produces a

o |

. - . . - -
rin the yield whilch con be procucen
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in this manner, From experiments in which chemical
ections sre produced by ultra-violet irradhtion, the
quantum yield remains more or less constant once g certain

(1)

threshold value has been reached. In the case of
chloracetic acid, quantum efficiencies of the order of 10
molecules per quentum have been recorded for ultra violet
radiation, However the yield drops to the more normal
value of 1 or 2 when X-reys or gamma rays are used.

Another quantity about which little or no evidence is
available is the efficiency of water films for producing
quanta when bomberded with alpha perticles. ‘Again, fron
the thin film experiments, it would appear that ot least a
100 quanta are produced by each alpha particle. In the
case of chloracetic acid, if a quantum efficiency of lO3
is assumed, then the chemical yields which have been
megsured can be explained in terms of guantum emission.
Similar explanations are possible in the case of sodium
iodide.

Fof the majority of chemical reactions due to alpha
particles, the quantum éffioiency for the same reactions
caused by ultra-violet light is over the order of 2 or 3
molecules per quantum. If this is the case then the
argument stated would not explain the total yield. Wow,

the estimotion of a 100 quanta per alpha particle waes a

(1) See Bibliogrephy. Chemical Reactions ceused by Ultra

e A
TOOLNTLONS .
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lower limit based on number detected in the thin film
experiments. It would eppear probsble that quanta
emission canltakelplace whenever an excited ion recombines
to form a neutral molecule, If an estimate of the excited
ions produced is made, by estimating the number of primary
ions formed with the emission of a fast delta ray, “hen

3 b

between 10 end 10 such ions are produced per alphea

particle. Therefore there is a possible of 10 ¥ quanta
being emitted from an alpha track 32 microns long. In
the case of chloracetic acid this would give rise 1o a
possible yileld of‘]ﬁ)? molecules, which is in excess of

~thet measured. Butv the concentration of quanta would be

very much greater than that produced by an externsl ultre-
violet source. Consequently, the efficiency of the chain
reactions initieted mey well be reduced, due to the
recombination of the radicals produced. In fact the
probability of the recombination of the radicals due to the
normal diffusion process will be in accordance with The
theory proposed by Jaffé for ions. Now if the range of

the quanta is of the order of 200 molecular distances, then

a reduction in yield by a factor of 10%* would be anticipated.
It will be noted that this value ié the seme as the one

given by the previous theory. However, in view of the

feet thet the yields obtzined from elpha bomberdment zre

more or less independent of the quantum efficiencies

megsured using ultre-violet 1ipht, The 1otier ex lancition
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appears to be more plausible. Further evidence in
support of this view is obtained from the fact that the
yi;elds obtained from the experiments using thin water
films are greater than would be expected. This may well
be due to a reduction in the concentration of +the quanta
density. However, the same effect would be observed if
the probability of absorption was less than has been

assumed.,




Conclusions.

The experiments described were performed in an
attempt to investigate the effects of the ilonization
produced in a liquid by aelpha particles. The first
series of experiments were devoted to the measurement of
the ion current which can be collected due to ionizstion
produced by alpha particles. In agreemént with the
results obtained by previous experimenters, it was found
thet only a small proportion of the primary ions produced,
can be collected. However, contrary to the predictions of
Jofféts Theory, no difference in the ionization current was
reooréed whether the alpha particles were trevelling at
right angles or parallel to the collecting field.

However, owing to the noise generated in liquids when
subjected to electric fields, it was found impossible to
use field strengths in excess of 5 K.V./cns. Kramers
suggested that Jaffé's theory should be modified to take
into account that thé effects of the electrostatic forces
present in the columns were more important then those due
to diffusion. This modified theory still predicts a
verietion in the ion current available, depending on the
engle between the alpha tracks and the collecting field.
Moreover, the value calculated for the fields occurring
in the ion columns is of the order of 10 7 volt/cas. which

is ot least of the smme order of uognitude o the '“"bhrarldovam.
¢
®
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strength" of liguids. t therefore appears likely that

ng
the only ions available for collection are those produced
by delta rays =t some distance from the centre of the ion
colunns., This view is supported by the results of the
experiments in which cttempts were made to measure the
specific lonizstion at various points along the alpha
tracks. Further, the relationship between the field
strength and the ion current obeys a logarithmetical law,
as would be expected. Some idea of the diameter of the
ion columns can be obtained from the estimetion of the
minimum energy of the delte rays which contribute to the
ion current. It is not possible to make an accurate
determination owing to the scattering probability of such
electrons. However o maximum of value of 0.05 microns
appears probable.

An attempt was made to correlate the results of the
purely physical experiments with those of the chemical
experiments. Experiments were performed in which quanta
emission, associated with the ionization produced by alpha
particles, was detected. Owing to the high coefficient
of absorption of most materials for <+he quanta so produced,
fhese experiments where performed with films, then compared
to the range of the glpha particles used. Due to the
difficulty of -producing suiteble films of liquid, end to
problems concerned with the detection of ultra-violet quenta,

=

most of the experiments were periormed using golld

At
A

11018,




In all cases, irrespective of the materizl used, quanta
were detected. It was not found possible to measure the
frequency of the radiations, so that no definite evidence

o

wes obtained as to the origiﬁ of the radiations. Large
crystals of the same materisls were also tested for
scintillations, but with the experimental radiations used,
no counts were recorded. oimiler experiments were carried
out using beta particles and gemme rays.instead of alpha
'particles. No quanta were detected in any of these
experiments. It therefore appears that the emissions
observed were connected with the dense ionization associated
with alphe particles. Experiments were carried out to
determine the effect of thickness on this phenomenon.
It would appear that quanta emission is a direct function
of the density of the primery ionization produced, but a
function of the probgbility of producing excited ions.
Experiments were performed to demonstrate that at
least some of the chemical effects caused by alpha particles
in licquids, were due to quantum emission associated with the
dense i1onization. Quanta emitted as a result of bombarding
o thin film of water was used to initiate chemical chenges
.'in suiteble solutions. The yields obtained from these
experiments were in sgreement with thosé calculated
essuming the entire chemical effects of an alpha porticle

are due to this cause. From the known threshold frequency

needed o couse one of the chemicel resetions lnvegiti:oted
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3 ok

it wes possible to obtain some idea as to the frequency

of the radistions from the water films., This tended to

confirm the suggestion thet any emission would take plece

in Tthe ultra violed region;
The following éonolusions were drawn from the
results of the experiments:

(1) Only a small proportion of the number of ions produced
by an alpha perticle in a liguid can be collected.

(2) The majority of the ion current Whicﬁ can be collected

- is due to délta rays;

(3) Quante emission is associated with the ionization
produced by an alpha perticle in a solid. In most
naterial these rodiations are highly self absorbed.
There is some evidence to believe that a éimilar
phenomeﬁon tekes place in liquids.

(4) Chemical reactions which take place in aqueous

solution are at least partly caused‘by these quanta;
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Appendix 1.

There appears to be a considerable amount of
misunderstending with regerd to the wverformence znd
limitations of a cathode follower. In calculating the
performence of such g system it is not usual to take into
account the limit imposed by the maximum current available,
and the effect of grid current on the input circuit. In
other words it is assumed that the valve has an infinite
current amplification factor. In the majority of éases,
this view is substantially correct, but where pulses of
short duretion are involved, the assumption can no longer
be made. For pulses of one microsecond or less duration,
beczuse of the high frequency components, the stray
capacities between the cathode and earth become of
paremount importence, and the velve cannot be regarded cs
operating into a resistive load. The problem then srises
of supplying the necessary current to charge the capacities
in the desired period. This current may reach very large
values when the signsls are fed along a trensmission line.
In this case, the total capacity of the load and strays
connected with the cathode, must be taken into account and
the required current must be supplied by the valve. For
short pulses, such as obtained from a photo-nu tiplier

used for detecting scintillations, the peak current required

moy be in excess of thot obtainsble from the cathode oFf the

.



valve. In any case, a phase lag will occur between the
cethode and grid voltages, increasing the effective cgrid
cathode cepacity. This in turn will reduce the input
impedance. The problem can be reduced to a certein
extent by using a valve capable of providing large
currents. However, in most cases such valves have low
amplification factors. Now thé output impedence is
usually teken as being the inverse of the amplification
factor, so that if such valves are used, the output
impedance 1s increased. Moreover the amplification of a
cathode follower is given by:

/
A = !+ Y

where A is the amplification, and -« is the smplification

factor of the wvalve. It will be seen that loss of signal
amplitude occurs if velves with small amplification factor
are used, It must also be remembered that in most velves
the value of the smplification fector drops large currents
and it is this value which is important during the period
in which the grid voltage is rising. Similar effects
occur when the grid volts fall. In this case the output
- impedance tends btowards the value of the resistance used
as the cethode load since the D.C.Resistance of the velve
increases with reduction in the current. This will

-

essily be seen if the volve is regsrded as a variable

-~

resistence whose value is determined by the grid cathode
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potentiel, However, by the use of specially designed
valves, such as a C.V173, these problems mey be
considerably reduced. This type of valve is capable of
giving large currenis for short periods and at the same
time has a high emplification factor. These qualities
are obtained by using a close meshed grid close to a
large cathode, As & result, the input impedance of such
g valve is comparatively low.

There are two ways in which the ratio between the
input end output impedances can be improved, both
involving the use of more tThan one valve. The first,
and more simple, is to use one cathode follower driving
another, In this system the first, consists of a smesll
high gain velve which is used to supply the power
necessary to drive a valve capable of supplying the

necessary current to feed the signels into the load.

;a-lp

Such a system has the disadvantzge that some loss in signal

amplitude occurs since the voltage amplification of a
cathode follower is less than one.
The other method consists of using three valves

arrenged as in the circuit shown in Fig.lA. V , and V,

are two high gein valves connected as a voltage amplifier,

The signels from the enode of V, which are in phase with

the input, are then fed on to the grid of V; which is

connected as = cathode follower. Part of the cethode load
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of V4 also forms the cethode 1oéd of V, .

A portion of the output is therefore fed on to the
cathode of the input stage, and any tendency for reduction
in the amplificstion of the whole system due to a cepatative
load is compensafed by an increase in the amplification
obtained in V, and V, . The amplification of the systen
is given by the proportion of the signal which is "fed back"
to the cathode of the input velve, or more accurately:

R.+tRy 1 . —_—
Ra I+ /U, 0 1+

The relation between the output and input impedance is

given by

where U, ,U, ,Usq are the emplification factors of the
valves used. However, there is still the limitation in
the output impedance imposed by the maximum current

obtainable from Vi, . Also the input impedance is

limited by the grid impedahce of V, . When such a
system was used with a phot-multiplier, a gain in the
signal to noise ratio of five was obtained, compared with

fhat using a.simple cathode follower.
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Appendix 2,

In connection with the experiments perférmed oﬁ
detecting the scintillations from thin films o single
channel pulse amplitude analyser was designed. The
circuit used was as shown in Fig. 24.

The principle of the system was that the signals
were split into two chennels and fed into two
discriminators, whose bias was held a known voltage
apart. The signals produced in the discriminators were
then fed into an enticoincidence circuit, the output of
which was used to drive a scaling unit. Owing to the
input signals heving a finite rate of rise, it was
necessary to delay the stert of the signal produced by
the discriminstor which triggered a2t the lower voltage.

V, was a phase inverter, and it also served %o
prevent any effect of the discriminator circuits belng
fed back to the amplifier. The inverted signals were
split into two channels and each section fed through a
series diode, which were used as discriminators. This
was accomplished by altering the bias in D, and D, ,
that on Df being mainteained at a higher value to that
on D, by mezns of a grid bias battery. This voltage
governed the width of the channel on which the signels
were accepted. The egignals from the diodes were then

naed vo virigcer the twe fliin~flops Torved by Vé ,Vs and
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V‘.f Ve The stendsrd signal produced at the anode of V
wes fed on to the grid of V., which was normally in the non-
conducting state maintained by the cathode bias applied.
This velve was a V.R.11l6 chosen for its short suppressor
bias, about 19 volts. The screen wes connected to H.T.
through a coil L, end also the suppressor by an 0.0l uF
Condenser. When a positive signel was applied to The

grid of V,, the screen potential fell, due to the change

in current through L,, causing a corresponding reduction
in the suppressor voltage. Hence no signals were produced
across the anode load until the suppressor voltage

returned due to the return of the screen potential. The
time intervael was controllied by the value of the

inductence of L,, and was so chosen to give a delay of
about 2 microseconds. The delayed signals were inverted in
V7 and fed to the grid of Vg which was also a V,RJI16. The
negative signals Trom the anode of Vs, one of the valves

df the second flip~flop were fed to the suppressor of Vg o
This valve was normal in a non-comicting state so that
signals Wére only produced at the anode when a positive
pulse was applied to the grid and there was no negative
vpulse on the suppressor. The snode signals were then

inverted in V, and teken to 2 scalar unit type 10BT.

* ¥* * * *
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