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ABSTRACT

The possi bl e dependence of the extrapol ated ranges of electrons
on the detector characteristics has been investigated by two nethods.
These experinents were perfornmed under well standardi sed geonetrica
condi tions, enploying electron beans (0.25 - 0.75 MeV) derived froma
Van de Graaff electrostatic generator. The possible effects of poor
geonetry and small bias voltages on range val ues have al so been
i nvestigated, but the results show that these effects could be kept
very small in normal transm ssion neasurenents. The range val ues
obtained in five netals (Be, Al, cu Ag and Au) and in four dielectrics
(gl ass, mca, sulphur and polystyrene)by direct curre.it collection
nmethod and in Al, Ag and mica by an ionisation nmethod, show that the
latter nethod yields |arger range val ues.

A conparison with other results showed that the range val ue6
obtained with the Geiger counter are also greater than those obtained
by the current collection nmethod. The ionisation-in- depthresults
in Al showed good agreenent with the other results, aid with Spencer's
theory for equivalent source geonetry. A universal transm ssion curve
was obtained for each elenent using the true range valLues cal cul ated
from the Bethe-Bl och stopping power formula, and its Intercept was
found to be a snooth function of the atom c nunber for both netals

and i nsul at ors,

El ectron bombardnent conductivity has been studied primarily
in sulphur and in seleniumfor conparison. Large current gains were
observed in sulphur in confirmation of von Hi ppel's theory of the
conductivity of the elenments of Goup VIb of the periodic table. The
single crystals of sul phur showed as much bonbardnenl conductivity as
sel enium but much greater conductivity than the polycrystalline
speci men, as was noted by Joffe(1928)and as woul d be expected for a
nore perfect crystal lattice. The dependierce of electron bonbardnent
conductivity and the current distribution in bonbarded dielectrics on
the depth of penetration has been studied and the effects of space-
charge on these phenonena investigated and di scussed,
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INTRODUCTORY

CHAPTER. 1.

Sect I.l. General Introduction.

The passage of a beam of electrons through mattey

b is usually

accompanied by energy losses and large angle acatterikaa arising

from the elastic and inelastic collisions with the el

ctrons and

the nuclei of the medium. On account of these reactipns, each

electron traverses an increasingly tortuous path as ifs energy

decreases with the increasing depth of matter penetragted. Since

this path is inaccessible to direct measurement, the #xperimcntal

determination of the 'range' of the clectron beam can

only yield

the average depth of penctration measured in the iniffial direction

of the beam, and not the distance covered by cach olcbtron before

coming to rest in the medium.

Since the early systematic experiments of Wilson

(1), several

range measurements have been made in which the diffegent detectors

employed have been tacitly assumed te yield the same|range resuits,

and a brief survey of these experiments is made in the next section.

However, the possibility of the dependence of the exfprapolated range

values on the nature of rcaponse of the detectors wa

not ruled out,

and a large part of this work is devoted to the inveptigation of the

extenl of this dependence on the detector characterisftics.

J.J. Thomson (2) and N.Bohr (3) have shown, fr

considerations, that a theoretical estimate of th

semi-classical

depth of

penetration could be made from the knowledge of the average rate of
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energy loss or the stopping powor of the medium,
development of the stopping power theory which incl
corraections hns besn made by Bethe (4) and Bloch (5
mechanical basis, and this fermula yields the 'tru
integration. Ro does not represent the actual dis

distance an 2lectron would travel if it lost all i#

large nunber of collisions, inveolving small energy

desviations. Ro depends for ite accuracy on I, the

potential of the medium, which is rather a difficu

A furthef

hdes relativistic

) from gquantum

' range (Bo) on
ance, but the
8 energy in a
losses but no

average ionisation

Lt quantity to

d:termine accurately, so that the true range Ro i
wore significant measure of penetration than the

R
P

The recent studies (6,51 ) of elactron penect;
insulating materials show that some knowledge of
matter can be obtained frcm the secondary effects
the primary process of penatfation. The indicati

these secondary phenomcna are closely linked with

penetration, space charge cffects, and the cnerg)

not in fact a much

xtrapolated range

ration through

Lhe solid state of
which accompany
on so far is that
the depth of

absorbed in the

medium. No satisfactory theory exists at the mo+cnt to account for

all the observaed effects, but in view of the sim
these phenomena to photoconductivity, the genera
photoconduction could act as a useful guide to

Sect.I.2. A Brief Historical Survey and Analysi

L larity of some of
L theorics of
heir interpretation.

5 of the Experimental

Work on Elgctron Fenetration with Spd

cial Reference tos

(a)
(b)

Rangc Measurcnents,
Electron Bombarduent Co

The separate development of the studies of

+ductivity.

electron bombardment
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conductivity and range measuréments has been a matter
for che recent work of Spear(6) has shown that these
the problem can be profitably studied together. Howe
of coherence, this historical survey is carried out i
malkting it possible to account adequately for the propg
section, otherwise a unified approach to the whole pr
aim. E

The apparent lack of influence of the sourcg-thi
absorption law of Lenard(7) waos at that time taken as
correctness of the prevailing theories of the process
beams were abscrbed in matter, Lenard, Schmidt(8),
others had supposed that the ;elocity of electrong wsg
attenuated in passing through absorbers, but that an
from the beam by suddenly stopping and losing all it
encounter with a force-centre:in the atom of the mat]
experiments of Leithauser(10) in 1904, with cathodjg
" absorbers, established the loss of energy associated

elzctrons, and led to the cdntrary theory of gradual

repeated collisions with the 'free' electrons in the

basis, J.d. Thomeon(1906) derived theoretically a clagsicalnon-relati=-

vistic stopping-power as

' bmag
daEy o 4The’Z e [ ds
fat) T ,”qatlz/q h
h ey

where ¥ ie the path travelled in a substance of the

and of density /2 . The impact parameter & , of

separation of the atomic electrons, was introduced tp

two aspects of i

ser,

er.

energy loss

matter,

of expediency,

for the sake

h two parts,
ress made in each

bblem will be the

ckness upon the

evidence of the

whereby electron}

McClelland(9) and
re not appreciably

electron was lost

energy in a single
However, the
thin

rays and

with transmitied

by

On this

(1)

tomi¢ number 3,

the order of the

keep the
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integration of equation (1) finite. The integration o

after a slight modification leads eventually to th
Whiddington law, "
v 1‘r -  Vx = axX

in which v, and vy represent respectively the most pr
of the electron beam before and after traversing a thi

absorber, The constant a depends on both the ma
initial velocity v, .

The earliest systematic experiments performed to
were those of Wilson(l) in 1909 in which the homogene
magnetically selected from a radium ﬂf-aource. were
zinc and copper foils were examined in the eclectron

¢

ising=-electroscope.

Wilson succeeded in pointing out
ential absorption curve, usually observed for radioad
was not a test of the homogeneity of these radiation%
previously assumed(8,9),but that of their heterogenei
however, unable to confirm Thomson's theory of equatj
attributed his failure to the poor resolution of his

instead he found a linear law of the type

vE

to hold for Al in this energy range. As will be shov

—

a0
the Thomson-Whiddington law does not apply in this e
rather a linear law, so that Wileon's apparatus can p
1912, Whiddington(1ll) confirmed Thomson'e theory by F

experiments with much slower (= 0,18 - 0.29) cathold

!

1
4

this expression

Thomson -

. @ .(2).

4bahla velocities
¢kness ¥ of an
terial and the

test this theory

bus [ -rays,

locity range

0.80 to 0,92, and the tranesmission curves tracdp cut by an ion-

that the expon-
tive emissions,
, as has been
ty. Wilson wacs,
on(2), and

apparatus, but

(2a)
n in Sect.(VI),
ergy range, but
e exonerated., In
epeating Wilson's

e rays and

ployed. Aluminium,
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obtaincd the Thomson-Whiddingten law., A year later, Bphr(3) derived

a stepping-power formula, which also yields the Thomso
'fofmula on integration, by introducing into the theory

characteristic frequencies analogous to that of the cl

of dispersion. §
Most of these early works were concentrated on e

[
relation between the energy loss and the material pen

work of Danycz(12), von Bayer(l3) and Rawlinson(l4),

n-Whiddington
the idez of

rssical theory
dtablighing the

qtrated. The

hich were done

mostly by the photographic technique, eventually esta®lished cxperi-

mentally the magnitudes involved in the cnergy degradation. The

emphasis shifted however, to establishing the 'range’
ﬂ>-partic1es, when Varder(1l5) extonded the work he

and others ,by employlng a shallow icnisation chamber

of the
bun by Wilson

hnd covering the

€nergy range ﬂﬁ: 0.2 to 0.99 for magnetically selectdp homogencous

beams, He also found a linear range relation for Al
range, as well as neticing the dependence of the shay
" mission ecurves on thce atomic number,

values showed agrecment with Bohrt's theory to only wi

|
these reeults were neverthelege regarded as standard

for nearly two decades. }

The expgriments of TerrilflG) with cathode rays
verified the ThomsonQWhiddington law, and the Bohrt's
conetant L for AL, and also for other metals. He
that the electron ranges in Alang mica do not diffe
these two substances have ncarlj the same density, k

Schonland (17} carried out the first range measuremcn)

I very much,

in this energy

e of the transe

Varder's extrjpolated range

thin EOﬁabut

of comparison

of up to 51 kev,
value for the
alsc observed
éince

n 1923-25,

ts employing a




a & w ,
system very similar to dircet current collection methpd employed
in the present work, His results showed catisfactory| agrcement with
Bohr's thcory and he was able to show that, in additipn to the linear
section, both a 'tail' and an initial plateau exist in a transmission
curve for the light elements, like Al. Schonland alﬂo congidered
an attempt at a morc advanced etopping-power theory Hy uging a more .
accurate way of incorporating quantised atomic elections, and searched

in vain for a possible effect of crossing a characteyistic X-ray

gxcitation level., It should be noted that this impo tant piece of
work formed the last reported work done by the currejt collcction
mcthod, and consecquently no range measurements above |87keV by this
method were reported,

Madgwlck's careful ion-.chambcr measurement5{135 in Al,Cu,Ag, and

Au foils in which a balance chamber was employed to tompensatce the

cffect of 'f-radiation from his elcctron sourece, gavp range values

and energy locses in reasonable agreement with Bohr'k theory. His
range valucs were somewhat greatcr than those of Varfier, but both were
significantly less than the theoretical values of Bopr. A few years
later, Eddy(19) corrcctly cxplained that the lack of] initial platcau
in Madgwick's curve for Al, was due toc the wemak resppnse of a long

cylindrical ionisation chamber to the wide angle scahtered cmergent

electrons., In 1928, White and Millington(20) rbtainfed a whole stragg-

ling distribution for a mica absorber, by employing photographic

technique, and covering a wide range of incident endrgy for homogencous
ﬁ? -particles. The limitations of this method wexe presumed to bo

partly responsible for the sustained disagreement wilth the straggling
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i
1
f
.’

theory of E.J. Williams(21).
~ By now, the importance of the distribution of ey

‘well as that of the most probable energy loss has bed

ergy loss as

ome evident,

-Birkhoff(aa) supggestad that the syatematic disagreemlnts between

theory and experiment were sssentially due to the li#itations of the

methods then available, whereby a quantity nearer thg
loss, than the wost probable energy lose which the t
were usually obtained. In 1928 Eddy employed a geig
- mecthod different from the eaflier oneg, in the transg
ments of fg—rays. He confirmed the initial platean
already observed by Schonland, but which Madgwick fa
mainly because of the non-uniform response of his ap
Eddy was

¢les scattered through very wide angles,

the smaller plateau in the Cu curve, but found none

average energy

eories implied,

br counter as a

hission measure-

in Al curves,

iled to observe
paratus to parti-
also able to detect

for Au, as is also

the case in thc present work. By tilting the geige
different angles Eddy investigated for the first ti

poor geometry on the transmission charactceristics a

counter through

e the effect of

d on the range

values, His results included the residual ranges of electrons emerg-
ing at different angles and othor results froh whiclh approximate ;
angular distributions and most probably anglce of sgattering could

be evaluated. |

Then followed a teneyear period of considerabl

&}

theoretical, rather than the experimental, side of
|

penetration problem, The diffusion thecry begun by

1929 and studied extenesively by his school had gai

progress in the

Lhe electron
Bothe(23) in

cd ground. In ths

following few years, Mgller(24), Bethe and Bloch published a series
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of papers in which the quantum mechanical theory of {the stopping-

powers of materianls for electrons was developed, Tﬂia progress

made it possible later to obtain accurate rcsidual pange valuea(Ro)
from the stopping power formula. Marshall and Ward(25) presented a
short paper in 1937 containing a extensive experimchital data on Al,
which were obtained by ionisation chamber measuremehts, These workers
employed homogeneous beams, selected magnetically from ﬁ?—aources. and
covered an energy range up to a few Mev, These ranke results, which
fall midway between those of Varder and Madgwick abfve 1MeV, and

generally agree well with other results below 1MeV,| formed the basis

of experimental comparison until comparatively recgntly.

This pericd of range measurements was rather ghort-lived, for
by 1945 the more exact theories of encrgy lcsses, developed through
the work of Landau(26); Blunck and Leisegang(E?) wdre once more
engaging the attention of the experimenters. The ¢xperiments of Chen
and Warschaw(28) at 0.624 MeV, and of Paul and Rei¢h(29) between
2 and 5 MeV wcere but a few examples of the experimgnts designed
specificully,to test the theories of 'partial problems' which neglect

one or more aspects of the penetration process at preir derivation,

The dependence of backscattering on atomic nupber and on the
foil thickness had been notcd by Varder, Schonlandf and was later
verified by Bothe and Seliger(30). Schonland obtafned the back-
scattering data as a consequence of the current cofllection method
hc¢ employed in the transmission measurements, as ijp this work, and

his results are comparable to the data presented in Sect.(V.2.).



-
The work of Seliger included the effect of poor gegmetry on back-

scattering coefficient, and the differences in bacKRscattering between

electrons and positrons,

In 1952, Katz and Penfold(31)(to be referred f

published a survey of all the available range data
an emperical formula, for the
R =412E
in which the incident energy (EO) is in MeV and th

range(R) in mg/cmz. This formula which will be di

n = 1265 - 0-0954 La El

I

lo as K=P),

in Al, giving

cnurgy range 0.01 t9 2.5 MeV, as

<m . (; b)

extrapolated

cussed in detail

in the latter part of this thesis, has also been fpund to represent

very well, some of the subsequent range measuremen

s made after

1952. The last results for homogeneous becams inclLded in the K-P

report were those of Marshall and Ward, and conseqpently these

resulte gave the closest fit to the K-P relation.
included the results of the ionisation-in-depth me
Trump, Van der Graaff and Cloﬂd(}Z) between 0.5 an
Trump, Wright and Clark(33) between 2 and 3 MeV.
was spucifically carried out to obtain some data o
radiation~therapy, and the range valuees subsequent
them were of secondary consideration. These range
however, found to be in very good agrcement with t
The development of an absclute theory of. the
trend by Spencer(34) brought attention to the impo
ionisation-in-depth measurements, since comparison
The measurements of Franz(35) in var

with theory.

0.5 MeV and of Huffmann et alia(36) in Al at 1.0

|

The report alsc
surements of

1.5 MeV, and of
[he former work
[ interest in
ly derived from
values were,
ne K=P rclation.
Heep penetration
rtance of such
can now be madec
ious metals at

MeV were
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specifically designed to test the validity of Spence

's theory for

glectron absorption in an infinitc medium, by simulafing such a

condition, as much as possible in their experiments.

The careful work of Seliger(30) with highly devleloped 2l ~geom~

etry geiger counter was performed primarily to test

mission differences between elcctrons and positrons

the small trans-

predicted by the

theory of Rohrlich and Carlson(37). Consequently, *ery accurate

range measurements, for magnetically selected homogd

beums in various metals, became available for compaj

present work.

The Al range measurements, obtained |

neous electron

rigon with the

for electrons in

the incident energy range of 0.1 to 1.0.MeV, wcre f#und to fall very

closely on the XK-P curve. Seliger was the first to
important fact that, the transmission curves for a

would reduce to a single curve with respect to ener

point out the

iven element,

s, When the trans-

mission is expressed as a function of the fractionall range m/RO, whLere

m is the thickness of the foil and Ro the true ran
has becn extensively employed in this work since it
ated the comparison of the transmission results for
Spencer's gives the flux of electrons at deep penef
(;—3] , 22 r%fo
arnd when Seliger tested this expression for Al, Ag

T2) ,—:C[I-’Z}'n) nx ‘Zex_P

agreement was found over the middle portions of th
curves.

to the neglect of range-straggling in the Spencer!

« This procedure
greatly facilit-

various substa.ces.

rations as

(3)

and Pb, good

transmission

The divergences near the tail of the curv¢s were attributed

theory, and at
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small absorber thicknesses, to the asymptotic naturc d

f the theory.

A research nnte by Hussain and Putman(38) in 1954 contained

absorption curves in several elements, obtained by me#na of a

32
B '.1:'0

Geiger counter for the inhomogeneous ﬂ?-ruys of
emphasised the fact that the effect of nuclear scatter
to increase the mean path length of the electrons in {
medium. They precsented an empirical formula which gaj
tetween absorption and atomic number Z as

—

— E

These aunthors
ting was mainly
Lraversing the

re the relation

Ln X B *-/-\ZJ‘E"-

- (%)

where X is the eguivalent thicknesses in electrons/cm?. and the

constant A was nearly the s=me for all the elements i
4 to ?79. This cxperiment is not, howaver, directly ¢
the present result since it is known that the shape o
allowed ﬁi—spectrum accounts for the lincarity of ¢
curves obtained with inhomogencous beams.

Bhrenberg and Francks(39) studied optically the
low encrgy(up to 40KeV) electrons into a number of pj
4

work is of intersst here because not only was a nov

range measurements introduced by it, but also it rep:

osphora.

h the Z-pange
pmparable with
f the parvicular

he absorption

penctration cof

This

1 method of

besantud one of

the first systematic range neasurcments waade excl

dielectrics, The range values obtained by this meth

sively

Id were not,

in

however, in agreement with the Thomson-Whiddington l*w, but rather

fitted a modified formula of the type

j{;

4 a

Y :

—

where Y is the range, and V is energy in volts,c and

. (5)

d being constants.
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The inference from the larger ran,e values obtained ip this work than
the Thomson-Whiddingtoa law predicted for this energy] range, was that
the 'glow' in the phosphors appearcd possible even in the regions
beyond the normal range of the primary electronc, dug to energy trans-
fer by excitons, secondary elcctrons and probably by jultraviolet rad-
iation. Thua, the method of obtaining the ranges by lextrapolating the
glow curves to infinite exposure, may account for this departure from
the Thomson-Whiddington law. However, in the light Tf the present know-
ledge of electrdon penetration in dielectrics, a possible explanation

of this divergence is attempted in Scct. (V).

The important work of Spear(6) in 1955 covered & range of well-
known dielectrics and gave range values in complete fgreement with the
Thomson~Whiddington law in the encrgy range O - 50 kpV. Spear first
pointed out the fact that secondary electrons are rehlly detectable
at depths in the foils greatar than the normal range| of primary elect-
rons, as evidenced by the start of the IB - curve of| the diclectric
foils (see fig.,l) when the primary beam has penetrated about half
the thickneses of ?he foil. This fact therefore, thrjows some light on
the apparently large range values found from the glgw curves of
Ehrenberg and Francks.

Summarising this section, it can be surmised tHat both mectals and

insulators show systematic agreement or disagreemeny§ with the theories

and the empirical formulae, in the same energy rangd, depending on the
type of the detector employed. The fact that in gegeral, those inst~

rumsents that measure the power in the electron beam|tend to give larger

range values than those which measure only the numbrr of the electrons
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makes comparison of results obtained with intrinsj

detectors not a straightforward matter.

Sectel.2.(b) Electron Bombardment Conductivity.

The study of the true electron bombardment c

cally differant

nductivity(E.B.C.)

is a comparatively more recent development than that of the other

aspects of electron penetration in matter. Altho

gh E.B.C. bears a

great similarity to photoconductivity which has bg¢en studied exten-

sively for several decades, it has roceived-only gcant attention until

very recently.

The early work with ¥ -particle bombardment b
Schiller(41) yielded disappointingly small induce
incident particle. Schiller had irradiated mica
and found marked influence on its conductivify. H
16 - 18 ion-pairs were produced per particle for
the order of losv/cm. The reason for his failur

multiplication currents was of course that mica

meterial to demonstrate particle bombardment con

[‘

y Jaffe(40) and

H currents per

th o -particles
estimated tha:

hn applied field of

to observe large
8 not a suitable

ctivity. In 1924,

Kronig(42) bombarded selenium with very low energy electrons and

observed increased conductivity with beam current

of mbout 400 MA,

Since the applied field was very low and his ordgr of current gains

was rather obscure, it is really doubtful if whaf
bombardment conductivity.

In 1925, Lenz(43) bombarded a 2mm-thick 2Zn3
rays of envurgies up to 20 keV and found induced

orders of magnitude greater than photocurrents, d

he observed was true

crystal with cathode
onductivity of severel

espite the fact




1
that only a negligibly small fraction of the crystal wap penetrated.
fiowever, when he put silver electrodes uvn the crystal hp found that
the conductivity decreased with the thickness of the siflver film, and
was inhibited altogether by very thick lavers. Since nz worked with
silver electrodes of unknown thicknesses, in order to prjevent the charg=-
ing up of.the unsilvered crystal under eledron bombardmgent, he was
unable to define any relation between the incident bea1 energy and the
induczd conductivity. He alsa suggested that the obseyved currents
wizht be due to electrons injected into the ZnS crysta} from the Ag

electrodes; a phenomenon observed in selenium and otHer crystals.

The problem seemed to be shelved for nearly 20 yedrs until 1945,
xhen the published work of Van leerden(44) demonstrateqd the feasibility
of detecting high energy particles with AgCl crystals gt low temp-
eratures, and stimulated considerable interest in its §sc¢ as a solid
counter. Distard's results(45) on 2lectron bombardment{ of ZnS with
900eV electrons were greatly complicated by space-charge effects and
his current yieldswere very ;ow. The attempts of Woolfiridge at alia
(46) on X-particle bombardment conductivity led to the|utilisation
of some type of diamonds as solid counters at room temperature.
Rittner{(47) had suggested that current gains will be optimum with thin
speeimens of the same order of thickness as the penetrption depth of
" the incident electrons, and that because of high carrigr mobility in
them, single crystals will give higher gains than the polycrystalline

sauples. These two predictions are well borne out by [the present

c¢xperiments on sulphur. Rittner's maximum gain of onlly 123 for
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selenium at 15 keV electron energy was rather low in [the light of
subsequent experiments and the present results. It ¥y be mentioned
here that the earlier attempts of Jentschke et alia({48) failed to
detect Of-particle counting in some alkali halides agd in sulphur,
even though sulphur has now been made to count, as ndted in Sect.(I.3,)

The classic work of McKay(49) in 1948 on E.B.C.|in diamond was
the first to point out the significance of the study|of E.B.C. as a
new method of investigating the solid state proparti#s of insulators
and semi-conductors. He covered the energy range of|up to 14 keV and
with applied field strengths of up to 20 kV/cm currept gains of up to
600 were achieved in a space charge frec crystal. Bqth pulced bean
and alternating fields were employed in an effort to peutralise the
space-chargo.
Pensak (50) bombarded thin films of silica and other dielectrics
with 14 keV electron beams, and obtained internal yilelds of about
100 with applied fields of up to 106v/cm. fie noted [that the elactron
energy corresponding to the maximum gain increased gpproximately with
the square root of the film thicknesscs, in accordance with the
Thomson-Whiddin;ton law. This implied that the fil# thickness corres=

ponded to the range of theslec tron energy at the mayimum gain, and

which is a more correcct interpretation of the rang¢ than that given

by Ansbacher and Ehrenberg(51). By combining the TIomson—Whiddin;ton
law and Terril's results(/6), Pensak arrived at the|following interest-
ing conclusions: @) that the multiplication currenft is proportional

to the energy absorbed by the film, and (ii) that 8p% of the energy

is lost in the first half of the range of penectratipn of the electrons.

o B s S R g g
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Koller and Aldegehad arrived at similar conclusions f7
ation of the E.B.C. in a phosphor by means of an oscil
In 1949, R.Newton(52) gav: a theoretical treatmen

work on diamond by McKay. His theory was a tentaclve
in good agrecment with the experiments, and even predﬁ
of inflection found later in the time-current curves.
Ansbacher and Ehrenberg(AE for short), reported strong
other materials apart from diamond, notably in arsenid
aluminium oxide and antimony sulphide in which gains (¢
ands waore observed. They observed a rapid rise of thg
with temperature which they attributed to the thermal
trapped electrons. AE had noted the energy at which t}
occurred and associated it with the energy at which th
electrons just spend their range within the film .
Subsequently AE(1951) published the result of E,
sulphidc and alumninium oxide, which were obtaincd with

pulsed beams up to 50 keV clectron encrgy. Very stroi

om the observ-

loscopes

t of the E.B.C.
one, yet it was
cted the point

The same year,
E.B.C. in some
sulphide,

f Several-thous~
current gain
release of the
@ maximum gain

e majority of the

B.C. in arsenic
both stecady and

g cffect was

found in the arsenic sulphide whichincrecased strongly |with temperature,

and contrary to thce then accepted view of elcctronic (
diclcctrics. They obs.rved well-defined critical ency
a phenomenon first observed by Becker(53) in 1904 and
by Pensak in 1948. AE found the approximate¢ relation
between the encrgy Enmx where the maximum gain occurs
cnergy E( at which the conductivity boegins, This relati
they gave the incorrect interpretation to Ec. ag wqy

by Spear(1955). An intcresting obscrvation made by ﬁ

onduction in

gy for cach foil,
later confirmed
fgnnaxfmjizﬂgfzc
and the critical
on explains why
s ehown later

E was that since
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B, 16 & function of the foil thickness 4 alone, th¢

of gains for various foil thicknesses chould be more

From the observation of dis

if made at this encrgy.

in the foils at low bombarding energy, the trap dens

16 -3

at 3 x 107 cm “; and trapping levels were found to

comparison
significant

harge effects

Lty was estimated

pe about 0.1 ev

and 0.5 ev. AE supported the idea of the entry of c?rriers into

the crystal from the electrodes, first suggested by K|
Warmineky (55) and by Frerichs(56), as being responsi|
high gains observed,

Marshall and Pomeranty57) bombarded magnesium d

electrons and observed no current saturation even af

hllmann (54),

ble for the very

xide with 1.3 MeV

fields of up to

200 kV/em, By employing a 'flip-flop' circuit to rdverse the applied

field, they were able to observe carrier life-tines

33

3 % 10 " sec before rectrapping occurred. On repeatd

two years later, Marshall and others observed a tra

the order of 1017 - 1018

of the order of
ng the experiment,
ping density of

cm-3 in this material, as w¢ll as observing

that the current gain decreased with increasing temperature, an obser=-

vation contrary to that of AE(1951) in arsenic sulphide.

The work of 8pear(1955) wae the first to combifpe range measure=

ments and the study of E.B.C. in thin dielectric fi
of the E.B.C, study in this instance was mica, which
does not posses strong E.B.C, effects, but with fic
106v/cm, Spear was able to show that the critical e
of E.B,C, does not corrccpond to the complete penet

by the primary electrons, as was incorrcctly assumef

|l ms,

The object

unfortunately

Lds of up to
hergy of the onset

ration of the foil

by AE, but to

the energy at which the primary beam has penetrated about the half
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the thickness of the foil. Pensak and Koller and Ald¢n(58) had corr=-
cctly interpreted Emax as corresponding to complete pg¢netration with-
out actually performing the range mcasurcment experim¢nts. Spear
cbserved, as did Pensak, Koller and Alden, that the E{B.C. current is

proportional to the absorbed energy.
In 1956, Spear reported very strong E.B.C, effects in amorphous
sclenium and was able to confirm the large effective pobility of the
positive holes reported by Weimer(59). Saturation of|gain with applied
ficld was only observed for small current densities ;nd when only a
small {raction of the film has been penctrated, Bb the use of a
pulsed incident beam, he was able to separate thce tru% primary and the
sccondary effects and to estimate 18 ~ 25 ev for the encrgy required
for the production of electron-hole pair. The observed slight shift
of the critical encrgy (Ec) with low applied field sﬂd with the change
of field polarity was taken as evidence of the greatdr effective mobil-
ity of the positive holes than that of electrons in gmorphous selenium.
R. Newton had pointed out that unlike work with |the erystal coun=-

ters, in which pulses due to individual particles wene registered, what
is sought in E.B.C. is the response tec a beaun of palticles. For this
reason, the work of Chynoweth(60), Champicn and Trot{(61), on

ﬁ -particle counting wiih diamond will not be corlsidered here,
except to mention that these studies are complementaxy to the E.B.C,
work, However, in view of the fact that sulphur h4s been the main
objeet of the E,B.C. study in this work, and of the gimilarity of
E.B.C, and photoconductivity, a short digression at $his juncture

into the limited study of photoconductivity in sulphyr may be permitted
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Fhotoconductivity was first observed in sulphur

vonckman(62), and later by Goldmann and Kaempf(63), b

in 1888 by

1t a systematic

study of this phenomenon was first made in 1927 by B.Kurecllmeyer(64),

¢ found that the photocurrent varied directly as th

from 20 = 1500 v/cm, and was proportional to the lig

over a 100:1 range,

He found the mean optical activa

applied field
intensity

tion energy to

be about 2,5 ev, which is exactly the samc as the thdrmal activation

cnergy found by Neumann(65).

In 1928, Joffe(66) found that the conductivity df a pure crystal

of sulphur could be increased a million-fold by illun
observation which suggests that a greater E.B.C. woul

single crystal than

also observed in this work., A few other experiments
Lakovsky and Rckalova(ﬁ?) in 1940 confirmed the vq
the activation energy in sulphur as 2.’tev, It can

in comparson with selenium, not.much has been done i
photoconductivity in sulphur and no work on the stud

sulphur has yet been published,

tination, an

d be found in a

in the polyerystalline qucimen, as was .

and thoce of

bluo obtained for

thus be seen that

h the study of

y of E.B.C, in

Concluding, the study of E.B.C, has shown that

infurmation on the solid stgte of matter can be obt

good deal of

ned by this

nethod and that not all the phenomena encountered inl this field have

yet been correctly interpreted or understood,

Sect.I.3., Reasons for Undertaking the Present Work,

A Sct of preliminary experiments led to the di

covery of the

fact that high energy measurements of electron tranduission in metals



other than Al were conparatively scarce, and hcence a

thorough study

of range measurements in a range of metals was initigted, Houever, it

snuit Yecame evident that discrepancies existed in this enerpy rangé(o.zﬁ

- 0.75 MeV), betwcen the electron range values obtairfed by the direct

current measurcment and those obtained by means of ot

and hence various attenpts were made to account for 1

her detcctors,

hem, This

involved the determination of the rangc values by tw¢ different methods

and under well-defined geometrical and bias voltage
ionigation-in-~depth measurcments were also intended
Spencer's theory and a check on the prescnt voltage
shown in the appendix, the original aim of performin
cxperiments, that of invecstigating a method of wvolt
using the transmicsion data, waec eventually investi
cuggested.

Again much work has been done on electron tran
thin dielectric foils, and usually only up to the r
but only a few of then were systematic studies of c)
this energy range, the ThomsonuWhiddington law is v#
to metals at

known that this law is not applicable

cnergiens, It is therefore natural to extend the woj

to dielectrics, and try to sorrelate the problem of

seosurements in metals and insulators.
The problems of electron bombardment conductiv
anssociated with the depth of penetration and the en

by clecetrons in the insulators.

cflects in a substance whose elcctron ranges and s

onditions. The
5 a test of the
balibrations. As

p the preliminary

e calibration

ted and a method

ission through
nge 40 -~ S0kev
ectron ranges, In
1id, though it is

high electron

Pk begun in metals

electron range

Lty are closely
brgy diesipated
Therefore, the atuhy of bhe E.B.C,

Opping powers are




scll=known offers a good opportunity of obtaining usg

from the E.B.C, data, The other dielectrics studied

eful information

were palected to

include n range of well-known insulators of varying fresistivities and

diclectric constants, but sulphur was primarily chogen for the follow=-

ing; reasons:

(1) Sulyhur is an elenent as well as being a very good insulator,

~nd hence the comparison of the rangce easurements lin sulphur with

the values in metals, would show whether any differegnces cxist, in

this unergy range, between the range results in metalls and insulators.

No such distinction in thie energy range seems Lo bd

tdengity effect! theory of Fermi(68) ete., or by thd

implied in the

electron plasma

thecory of Pines and Bohm(69) so that the universal intercept of sulphur

chould fall in with those of the other elements, fig

(2).

(2) 7The study of the E,B.C. in scweral insulators had produced results

which some authors had given various interprctationd, vy simply assum =

ing the Thomson-Whiddirgton law, and without actuall]
¢lectron ranges in these matcrials. The validity of]
n1s been questioncd by cther authors, and hence a co

ron range and E.B,C, measurcrients on the same materi

y mcasuring the
such an assumption
mbination of eclcet=

hl offers the

possibility of giving a morc correcct interpretation Jto the obscrved

phenonena, As will be shown in Sect.(V.2.,), this pn

phlem seems now

betier understood, even though all the observed phenpmena have not yet

been satisfactorily accounted for,
A(3) & check'through the literaturce revealed that ma

#hich posscs strong E.B.C. c¢ffects belong either to

ny substances

the elements
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of GroupVIb of the Periodic Table or to their compoundg. Selenium,
selcnides and sulphides have been extensively studied, bgth for
photoconductivity and E.B.C.,, but only a few papers have |been pub-
lished on photoconductivity in sulphur, and none at all ¢n the E.B.C.

init. A.vonHippel(70) had pointcd out the fact that the pwotoconduct-
ivity of the elements of this group could be attributed $o the break-

ing of their ring molecules into chain molecules by excifation, before

conduction can take place, In view of these facts, the $tudy of E.B.C.
in sulphur was considered worthwhile, and also the possibpility of
using sulphur as a crystal-counter was borne in mind thréughout, des=-
pite the fact that the earlier attempts(48) to realise thiis ‘aim had
not been successful. wWhile the counting of particles with sulphur

has not yet been achiceved in this work, it was neverthclgss interest-
ing to learn that sulphur has been made to count under cprtain ecorndi.-
tions, at "ing's College Tondon(*)., In the latter aectioTe of this
thesis, the extent to which the¢ aims outlined here have peen realised
will be asscssed,

L R R A N e N N N N N T R * s e s = s glmeae o

(*) P.Dean ; private communication.




THECRY
CHAPTER II

Sect,IIl.l, Introductory.

The early experimenters{l7,19) have shown that thg successful

derivation of the emtrapolated range values depends esgentially on
the shape of the iransmission characteristic observed,vwhich is a
function of the depth of penetration, Thus,; a successful thcory of
elcctron-penetration should =2ccount for the transmissign character-
istics at all penetrations, This task, however, has ppoved a formid-
able one, and not until very rcecently was a satisfactopy solution
obtained for the case of dcep penetrntion., By the exffension of the
diffusion theory to the problem of determining the flyx of electrons
in infinite mecdin, Spencer(34) obtaincd the encrgy digsipation
distribution curves which correspond to the ionisatiog-in-depth
measurements, However, the normal methods of transmipsion neasure-
uents require systems with boundaries, and under thesk conditions,
the problem pf the theoretical derivation of the shape of the trans-
mission characteristics may still be regarded as unsdlved, A brief
general consideration of the penctration process and [the usual nethods
of obtaining the transmission characteristics may scgve to bring out
clearly some of the problems invelved,
After the experiments of Leithauser and others pad dispclled the
earlicr wrong notions about the punetration process,| it beccame general-
ly accepted that electrons lose encrgy and change difrection by repeat-
ed collisons with the atoms of matter penctrated; tie energy lost in

this way going primarily into thc¢ excitation and ionisation of the
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atoms. For the clectrons in the energy range in which w
intereeted, the radiative losses may be coneidered éegli
collision-procees gives rise to sccondaries which, in du
become indistinguishable from the primary incident parti
addition tothe change in direction accompanying the ener

inclactic gollisiens, ¢lasticicollisions with the nuclei

¢ are
rible. The
course
tles, In
by loss in

take place,

in which no appreciable c¢nergy may bec lost, but which re%ult in

finite angular deflections. These processes combine tg

alter vast=-

ly the flux and the encrgy spectrum of clcctrons in a bﬁam, even

bvefore an apprececinble thickness has been penetrated., Th

of the complexity of the process, theoretical physicists
to consider the problem piccemeal,

The early theories assuned that most of the encrgy of
electron is lost in collisiconswith frec¢ elecctrons and 5*
involvce only a small amount of energy transfer, tlereby
a statistical calculation of an average spatial rate of
P

from the primary electron beam, This theory of the ave

energy loss or thc stopping-power theory was first giveh

us, in view

have tended
the incident
ch collisions
permitting
energy loss
age rate of

classically

by J.J. Thomson(1906), and then by Bohr(1915-15), whil
and Bloch(1947) supplied the quantum mechanical and th
vergeions of the theory. Laler modifications of the std
thenry to take into account the effect of the conductidn
plasma in metals(69) and the dielectric polarisation in
(71,72) have also been considered, but these effects age

icant in this energy range.

P

Bethe(1930)
relativistic
ping=-power
-electron
dense media

neot signif-
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Although the average stopping pover of vatter for e
is well=known, a more couplete description of the passag
electrons through matter involwves the conslderation of t
S

tion from the average of the amount of encrgy lost.

deseription is particularly neccssary for electrons as d
heavy particles because of the possibility that an elcct
a large fraction of its encrgy in a vingle collision wif
of the medi;m. The variation in the amount of encrgy 1
ive particles in passing through a medium or 'stragglin
treated theoretically by E.J. Williams(21)., A wmore recf
ation by Landau(26) leads fo a gimilar distribution for
losses in a given foil thickness, and a correction to th
the distribution due to losees of cnergy to the bound ofl

been given by Blunck and Leisegang.

h an

lcctrons

e of

he varia-

h detailed
ompared to
ron may lose
elcetron
st by success
' was first
nt calcul-
the energy

e shape of

ectrons has

The above considerations refer to encrgy ~oss alo
of the particle, but in actual fact, multiple scatterirg
incident electrons will result in path lengths wvhich age
the foil thickness. Thie effect will not only increas
and most probable encrgy loss, but will also broaden the

distribution obtained experimentally. An estimate of th
increase in path length distribution hes been obtained
who based his calculations on the previous thEoretical
Rossi and Greisen(74) for the lateral displacement and|n
deflection of a narrow beam of charged particles after

through an absorber,

the track

8 of the
longer than
the average
straggling

e average

by Yang(73)

treatment by

et angular

passage
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The theories of single scatterin; of 2lectrons hav

exhaustively with determining the probabilities of the
distributions of the incident 2lectrons afcer eav’. has
a single encounter with the nucleus. This aspect of t
tion problem has received a sreat deal of attention a
a great body of theoretical and experinental data

aingle scattering.

b Czalt
Lngular

underjone

-penetra-~
as a result

now exist on

The trasitiom from single to multipfle scatter-

ing '( plural - scattering ) has also been considered by| Wentzel(?75)

and
scattering process now exist., The theoretical tr
deep penetration process has beea given by Spencer and
obtained the actual flux spectrum to be anticipated at
thz medium due to the slowing dewn of the primary elec

production of secondary celectrons.

The method of investigating the penetration of el

matter consists in interposing layers of the absorbing

Bothe, whilst a satisfactory theoretical treatment

of the .multi-

tment of the

1zano(?6), who

ny point in

rons and the

ctrons in

material

vetween a source of homogeneous electron beam and a defecting instru-

ment and measuring the number of particles arriving
as the thickness of the layer is gfadual]; increased.

the smallest thickness and bhuilding up to large values
curve is obtained from which the extrapolated range ma)

With the increasing thickness of the absorbing laj

predominating effect of multiple scattering will resulj

at the detectuor
Starting with
a transmission

r be obtained.

rar, the

. in the

increzase of the absorbed and the backscattered electroTs, and the

eventual random spatial distribution of the electrons

Additional absorbing thickness will not alter the angu

in the material.

lar distribution
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of electrons any further, and the process may now be vi
diffusion problem. The onset of thic stage in the penc
process may be assumed to coincide with the approach to
value by the backscattered fraction of the electron bec
foil thicknesses. Under this diffusive condition, the
transmission would in addition become sensitive to the
the detecting apparatus.

The ionisation-in-depth messurement is another waﬂ
the range of electrons. In this case, a narrow plane,
cavity is moved through an effectively semi-infinite a)
ionisation current at various depths measured. Such a
yields transmission characteristics which are directly
the Spencer's theory.

I1.2. Stopping Power Theory.

¢wed as a
Lration

a constant
sy for large

hape of the

cometry of

of obtaining
cas~filled
sorber and the
measurement

comparable with

The stopping power of matter for electrons receivied an early

theorccical consideration since it offered a suitable

comparing the ttenuvat’ng powers of materials for eledt

The earlier classical theories of Thomscun and Bohr wel

means of

ron beams.

e later improved

upon by Bethe and Bloch, who introduced quantum mechaﬁical and

relativistic corrections in the theory. Rohrlich an*
showed that the true range(Rb) can be calculated from
power formula by numerical integration. The usefulne
or the residual, range in analysing the results of ranpe
has been shown by Seliger and much use made of it in

Bethe-~Bloch stoppin;; power formula has given by Rohrliic

Carlson(37)

the stopping

e of the true,

measurements
this work. The
h and
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Carlson is recapitulated, and the calculation of residual
it briefly skeiched.

In the collisions of the elcectrons with the atoms of

it is assumed that above a certain fractional energy tran

atomic electrons can be regarded as frée. so that Mfller!'

range from

the medium,
sfer = the

5 Croeg=

section for scattering of free electrons by free elactro&g at rest in

Born approximation is applicable. Thus,
(“ L+ "")2 24-1,
o LE‘ :-f Y X2 5{.1-— {) _
y = 2are! 2mimc?
2 ~ m ljz .32.
and Y. = ﬁﬁj' the classical radius of thé electron. Thﬁ

of the electron is x in units of ﬁkf‘ i

E:(g-_[)l.,o c2, and € 4s the e
Since the out-going electron of higher energy is by defi*

E;n =y

the kinetic energ)

o

nergy transfer in units o

primary electron, the maximum energy transfer is
upper limit is set by the fact that the two electrons emp

the collision are indistinguishable, whereas the limit ifp

¥.

(¢)

total energy
is

B (MeV).
ition the
This
rging from

£

= 1,

for electron-positron collision, because clectron and pofsitron are

distinguishable. Then the averhge anergy loss. pey atom

due to hard collisions is
14

}E(égirfe ‘“7’1“‘{:“—””(”, "'*2 zj

F

-

For low energy transfer (£< ¢}, an e«plicit summation ove

excitation probabilities of the atom must be carried ouf

of 7 electrons

(7)

r the various

This was

done by Bethe, who assumed that the iancident electron i

a velocity very much greater than ths velocity associatdd

moving with

with the
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glectrons of the medium. Then one finds

-‘1 —

= / 'l - "'2 - \ ']?-]

Zt’! Fa(€,tjde = X fln i?..t,.é;__d_“.'_z_ - [} Jp (3)
b - I+

where 1 is an average ionisation energy. From (7) and (8)} by the

addition of the total cross-section of the low and high en%rgy

transfers, the average collision loss per unit path length| ¥ of

electrons in a medium with N atoms per unit volume, is
{E) = NZ}([{nF; () I fo)]
riff 1 2/ 4 9]

i *,_y,,)z 1 (9)

{?d) = 4 "7£;£ *"Eléégf fn2 + E’i-sr—

The function %{K}is didferent for electron-positron colligions
because of the distinguishability of the two particles. pencer

has worked out a set of values for the stopping powers of] a number

of sgubstances and these are included in the table of values obtained
by the author for silver and sulphur, in the encrgy rangd 0.1 =

1.0 MeV. The value of the stopping power posses through |Ja minimum
for most waterials around fﬁ = 0.95, an energy Jjust aboye the energy
range covered in this work.

The true range (Ra) is obtained from the integratiop of the

3cthe~Bloch stopping formula, thus _

kr 7 -
f».'o = f(Ea,} = / elv = [”r(“ﬁ—g) S S (40}.
c

I Wi

The procedure employed in this numerical integration wag to plot the

reciprocal of the stopping power as 2 function of the a+ergy and
obtain the arca under the curve by means of a planinmetef.
The value of the average cxcitation potential I in{the stopping

power formula is & difficult quuntity to obtain theoretjcally and




TABLE 1

Table of Stopping Powers and Residual Rangee (R_) for|Electrons,
calculated from the Bethe formula by Spencer and the futhor. The
mean ionisation potential I is given at the bottom of|the column,

RERYLLIUM LYSTYRENE
E Stopping- Residual Stopping- Residual
(M8V). ‘9 power range (Ro) ppwer range (Ro)
mcE/gm.cm—a mg/cm2 mcafg Lem™2 mg/cm2
0.10 0.5%7 6.631 17.3% 8.02 15.14
0.20 0.694 4,489 54,57 543 45,90
0.30 0.775 3.780 102.6 4,57 85.56
0.40 0.626 3, il 157,1 h,17 1%0,60
0.50 0.862 3,260 215.6 3.9 176.90°
0.60 0.086 3,150 276.8 %.81 229,40
0.70 0.90k 3,081 339.7 3.7 281,30
0.80 0.520 3,038 Lo3.7 3,6 334,20
0.90 0.935 3,011 L68 ., 4 3,6 387.60
1,00 0.540 2.994 533.6 3.6 L41,50
I = 60 eV IH = 15,6 eV
IC = 76,4 eV
AIR LUMINIUM
0.10 0.547 7.127 16,19 6, 18.3%0
0.20 0,694 L,843 - 50. 74 L, 56,84
0.30 0.775 4,087 95,21 3. 106.20
0. 40 0.526 3,729 145,60 . 161.90
0.50 0.862 2:533 199,60 b 15 221.50
0.60 0.886 3,417 256,00 3. 283,60
©.70 0.90k 3,545 313,90 % 347,30
0.50 0.920 3.300 %372 .90 3.00 412.00
0.90 0.935 3,272 432, 4o 2.985 477,40
1.00 0.940 3.256 4g2 40 2.97%3 54%,10
Iy = 80.5 eV I = 150 eV
IO = 92 eV
I, =207 eV




TABLE 1 (Cont.)

SULFHUR
E /; Stopping- Residual Storpinpg- Resldual
(M2V) - power range (Ro) . powkr range (Ro)
tm::a/,gn:t.cm"2 mg/cm2 mc‘a/gm. n™2 me/ cm>
0.10  0.547 6.377 . 16,89 L b, 7H 27,79
0.20 0.604 4,376 ' ' 55,09 2.9 79,84
0.3 0.775 3,800 104,31 3.3 1hi, 62
0. 40 0.826 3,403 160,18 3,0 217.81
0.50 0.862 3,226 219,22 2.8 294,32
0.60 0,886 3,135 280,62 - 2,8 374,95
L 0.70 0, 90 3,090 344,03 2.7 456,75
0.80 0.920 3.037 409, 00 2,711 540,51
T = 184 v = 479 eV
. COPPER EEEEE GOLD
0.10 0.547 54323 22.17 3,936 30.83
0.20 D694 2,687 67.91 L 2.772 92.14
0.3%0 0.77% 2,142 126,0 2.346 169,00
0.40 0.326 2.886 191.3 2.206 254,6
0.5%0 0.862 2.749 260.9 2.111 45,5
0.70 0.904 2,622 407.3 2.0%8 535.3
0,80  0.920 2,594  482,3 2,013 632,2
0.90 0.935 2.579 558.0 2.0p6 725,7
1,00 0. 940 2.572 634.0 2. 004 827.3
| | t=30ev  F=7%ev
i ‘ _
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recourse is usually made to the experimental datea,

has shown, however, on the basis of a stuatistical mode
atom, that I = kg eV, where k == 13%.5 ¢v is the Rhydber

practice, the determination of I for electrons is made

to straggling and scattering.
from work involving the stopping of heavy charged par

straggling and scattering are less pronounced. Segré

The best estimates made

Blgch (5)

L of the

-
-

energy. In

unreliable due

for ] come
cles where

nd Bakkep fownd

k(=1/2) to vary from 15.6 for hydrogen to 11.5 for AlJ and then to

remain more or less constant (9.3 - 8.8) through the
Segre's values for I werc used by Spencer and by the
in calculating the stopping power and the true range

in Table (1).

eriodic table.
resent author

ralues jresented

There is, however, still some difficulty in choo

ing the right

value of k, for some workers (77) still favour values| closec to Bloch's

estimate of k = 13.5.
secn that the position of I inside the logarithm in

cates
dE
af
Iniion of I and conversely the stopping power will be j

that any slight error in the experimental det

) will magnify considerably the error in the ay

small variations in the value of I chosen.

Sect II.B. Diffusion Thcories.

I1.3.(i) A Brief Review of the Approximate Theories

nsensitive

The situation is best understopd when it is

e eqn(9) {ndi-

ination of

basequent galcu--

to

of Diffusion.,

Bothe(23) made an carly attempt to apply the diffusi

problem of electron penetration through thick layers

pn theory to the

He neglected

the energy loss and first considered the attanuatioﬂ of the beam to
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be due only teo multiple scattering, and obtained results in fair

agreement with the experiments of Jugenfeld(78) for the
ribution of the electrons. He then included the encrgy

electrons and obtained Lenard's law.

pngular dist-

loss of the

The attempts of Fowler, Lauritsen

and Lauritsen(79) at the derivation of the shape of the tjransmission

curve gave a theory which is not capable of yiclding usefu
ranges in the lower energy range than a few MeV. This 4
the initial attenuation to be due to multiple scattering
usion predominating after a certain depth has been penef

The diffusion theory has also been treated by Bathé
Smith(81) and results in qualitntive agrecment with expd
obtained, despite the simplifying assumptionswsed. As 4
Botho's theory, DHnzer(82) applied the method of his noy
theory to elcecctron penctration and calculdated ranpes in
the fact that proper account of the energy loss must be
reasonable results could be obtained.

I1.3 (ii) Spencer's Theory

More recently the problem has been studied by Lewis
(84) and Spencer obtained a theory for the energy dissip
tution in an infinite absorbing medium, without the si

assumptions of .the earlier theories. The theory is appl
various electron source geometries, but the method empld

monodirectional, monoenergetic source is considcred herd

If an electron source located at the plane z

getic electrons in the direction f{| = 0, perpendicular f

plane, then Lewis's equation(83%) describing penetration

1l extrapolated
heory assumed
y wWith diff-
rated,

, Rose(80) and
riment were

n extension of

tron-diffusion

Al.He stressed

taken before

(83) and Fano-
ation distri-
mplifying
icable to
yed for

a

(0] eﬁits moncener-

o the source

may be written
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Here Zﬂ'f(ﬂéz)ﬁhﬁdﬂdf is the flux of the elctrons, with|obliquities

%%_ 1 o5

Q.-"L-
-y

between € and @ + d@ and with residual ranges between [ and v +dr

crossing the surface of the unit spherical probe located|at a distance

z from the source plane. Similarly, 2110‘[1299)55"54¢{' is the
cross-section per atom for deflecting an electron with rpsidual range
¢ through an angle of a size between M and # + o le N is the
nunber of atoms per gram of the material. The term on fthe right con-
taining the Dirac delta functions specifies the electron |[source.

By assuming that the electrone lose their energy continuously,
Spencer obtains the residual range (Ro) by integrating the Bethe=-Bloch
stopping power formula, as shown in eqn(10) above. The|distances may be
expressed as functions of the true range Roo 60 that [ ~ Z/FG with
limits =~1 to +1, 2and the residual range becomes { 3 %’, with ¢
varying from 1 to O. Also the scattering cross-section|may be written
as S(f, ﬁ:}} = RoNo (Y’, ("))  .Both § and I are then integrated
over spherical harmonics amd eqn(ll) re-written in termf of _Sl(i)
and fi ({',X.) . The equation is then multiplied by [; |f) and integrated
from -1 to +1. Defining Ii,(¢) by

Intt = [0 Ltx)ex o f o - 002),
the diffusion equation is i?anaformad in terms of the gpatial moments
and then solved by numerical integration.

For the actual integration of the scattering funcfion .E‘J(f; @J 8

either a screened Rutherford cross-section or, for lowl|Z the McKinley-

Feshbach expression, and for high Z, a cross-section wrich agrees with
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the tabulations of Bartlett-Watson(85) and Massey(86) nay be used.
Spencer uses mostly the latter cross-sections in his f#nal results

and obtains the enerpy dissipation distribution as

f _
i) -""/f“(f;{‘f)foft”‘) R E .(13‘).

which has spatial moments

1 :l}:{(%f)f‘*“(t} o (1),

where the stopping power appearing in the formula refegs to that of
the detecting materinl {(e.g. the ion chamber gas). By(fitting to
the stopping power an approxiamte series, which porsesd the correct
asymptotic behaviour near Y =1, the construction of the distribution
from a relatively suiall number of moments may be achieted.

Using a method developed for neutron diffusion preblems by
Wick(87), Bpencer showed that the energy dissipation distribution near

W = ] should be pf the form
i _ ¥

. -A
o e e
)((i) = (;ﬂi,j Q,)CP[,,_;C;] N R (n'_f_J)-
w 2re A is a constant which depends upon the sourcae enprgy and the
seattering material. Although the expcnent)f:ﬁzgivas the best

asymptotic fit, Spencer has used F::() for absorption|in Aun and

AL and = | for Be in an effort to obtain smoother dfistributions.
Seliger has tested eqn(l5) for Al, Ag and Pb, using £: O and |
found reasonable agreement cver most of the distributipn, except at

. Very emell thicknessces due to the foct thaf the theoryl is an asymptotic
‘one, and at large absorber thicknesses due to straggliing.

In general, it is necessary to carry all calculafions to six or

ﬁreferably to seven significant figures, and for this |purpoge Spencer
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and his associates developed a computer technique to fgeilitate this
involved numerical procedure. BSpencer's theory has begn specifically
tested by Frantz for Al,Be and Au and good agreement foynd over most

of the distribution. These ionisction-in-dopth mcusufyements jave

range values in very good agreement with those found ig the present

work and are the only measurements for which satisfactpry theory, exists:.
The change in shape of th; distribution with 2 has beah well demonstr-
ated, with the maximum distribution moving further away from the source
plane, the smaller the Z. In Be where little backscat ering and
deflection of electfons occur, a distribution very similar to the Bragg

curve for the heavy charged particles is observed.

Sect 1I.3. Theories of Photoconduction.

With the exception of a tontative theory of R.No#ton(jz) and the
more comprehensive attempts of McKay(4#9) and ChynowetH(60), very little
theory has been specifically put out to account for tHe process of
electron bombardment conductivity in dielectrizs. Thils state of
affairs may be partly due to the very recent nature of the subject,
and partly due to the fact that this process is analogous to photo~
conductivity(32) for which satisfactory theories now ¢xist. Some of
the theories of photoconduction considered by G.F.J. Garlick(88) in
a recent review article, and which are relevant to this work will now
be briefly sketched.

The first attempts to obtain a consistent theory|of ‘photocon=-

duction in crystals were published by Gudden and Pohl(§9) in 1923,

and this simple theory is best illustrated with referdnce to fig(3a).
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SCHEMATIC ARRANGEMENT |FOR THE
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(nfhf G T CArLICK ,.;_33)
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The incident light produces charge carriers, which willl in general,

recombine or be trappcd at specific places in the cryqtal before reach=

ing the electrodes. Trapping without recombination a?d recturn to the

normnl unexcited state will give rise to a space char
after a prolonged illumination results in the observa
current saturation, In general, it is assumed that
ficld, a carricr travels a mean distance along the fi
'schubweg' by Gudden and Pohl, before rccombination.
this distance will b¢ equal to or greater than the s
¢lectrodes, in which casc, saturation occurs, as was
Lehfeldt (90).

Riemann(91) elaborated the above simple model f(
state condition as follows:

I1f there are n carrier

if the latter are not mobile then there must be n

sites, If the rate of production of carriers by 1

-
Le

sec per unit volume and the recombination cocfficiien

eqilibrium
rhey = T S
m— o K= ], - /3[1 -
dt

where ,‘3) is given by i1g, 4+ being the thermal veld

fght is

e build up, and

tion of photo =
punder an applicd

cld, termed a

For large ficlds,

paration of the

obeerved by

r the stcady

of one eign or

recombination

7

is ﬂ? s then in

per

(16}

city of the carrier

and g the capture cross~section for a recombinati
follows that the photocurrent density is proportion

root of "the light intensity. The ecxpression leads

of th = /vﬁr;o, where o= initial number of sarriexs

centre, It
to the sguarc-
to a decay time

and many photo-

conducting phosphors were found to exhibit this ‘bimdlecular’ form for

the decay of rhotocurrent,
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Seat II.3,(ii) Modern Theories of Photoconduction in

Crystals,

(2)
Bloch, Mott & Gurney(92), Scitz(93) and others, has 1

Energy States, The collective elcctron model

satisfactory quantitative theatment of photoconductid

]

phenomena in solids., According to this theory, the

rtates in the perfect lattice form bands separated b

y developed by
¢d to the recent
n and allied
ermitted encrgy

regions  of

forbidden encrgy ctates(fig.%a). In photoconduction gnly the elcctrons

in the highest occupied band participate, and for an

Hinsulator the

occupied band is completely filled, the conduction band being empty

{fig.4b), If the electrons are raised to the conduc

excitation, conduction by the elcctrons and by thc pdsitive

being left behind in thc filled band will take placd

of an electric field. The excitation may be by'ther

(intrinsic semi-conduction) by photon absorption (Ph

!

fion band by
holes
on application
1 activation

oconduction),

by intecnse applied fields(Zencr effect) or by beta- apd alpha- prticle

bombardment,

In imperfect erystals or crystals containing some impurities, the

crystal lattice still gives rise to the energy band s

ystem, but each

defect or impurity cmuces additional and localised enfergy states,

which are of most inportance when they occur in the f{
as shown in fig(4c). In general, the occupancy of th
is actermined by the application of Fermi statistics
of occupied levels at the absolute zero or the Fermi
indicated in fig(lc).

result from the transitions of elcctrons from the occ

limit

orbidden zone,

c energy levels

pnd the limit

is

Semi- and photoconduction in spch systems can

upied defect or
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or impurity levels into the conduction band, or by t*ansitions of

holes from empty localieed levels into the filled band.

the fact that any unoccupied levels will act as elect)
any filled states as positive hole traps, the simple 1
modified to take into account the trapping states,
(ii)b,

IT.3%. Theory based on Electron Trapping Sta

In view of
fon traps and

theory is now

L 25

This simple theory is based on the assumption t*at all the

vacant localised states are in the forbidden energy bhnd, and are

all of the same'depth' below the conduction hand. S

are excited per sec cmj, and there are at any instan

electrons and M trapped electrons in the M traps per|

L i

hppose | electrons

conduction

3
cm 4 then there

aru;rmfrrﬁ positive holes, and the kinetic equation an be written:

dn
—

t
"

-
-

- T-Ba(n+rm) =pAlMm-m) +¥Im
3 ﬁ'ﬁ[M-MJ -—’J’rn -—"xr-*.[m—t n)

»

-{17),
(13) .

At
The rccombination coefficients for holes and electro

and for

electrons and empty traps are, for simplicity, assumdd equal.lfﬂt”?+n)

represents the trapped electron-positive hole recombination coeffi-

cient which will be assumed negligible for the presert, while

represents the thermal activation of trapped electroi
£

]

. §
conduc tion band( & is given by Se” 47-,
8

being

and 5 a frequency constant 10 - lO12 /8sec, ).

Y

s back into the

the trap 'depth'

#When the trap depth is large(or at low temperat#rea), Xis small

and the traps will fill to saturation during excit=ti

on,

When E

is very esmall(or at high temperatures), the time speTt by the electrons

in traps is negligible. For equilibrium excitation

and neglecting
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the term /. r2i(mitN ) then:

d}l 0

~dnfn+rm) . .
L J = pndn )
i

W = 0= pn(M-m)-fm
K is negligible and the trap saturati
fin(n +M)

at low excitation intensities (J suall) n /4M, and so

n T/B M

At high excitation intensities, n»> M and equation(2l)

VTR

—

-

—

For deep traps,

T

(i.esM = m), B0 that

_—
—

- »

-
—

n

Since the photocurrent is proportional to n, if hole m

then for the case of deep traps, a linear variation of
with light intensity exists at low intensities and a &
at high intensities of excitation, These relations, s
were actually observed for cadmium sulphide crystal by
practice exponents exactly 1.0 or 0.5 are seldon obs
values always lie between these two limits.
present work that the values of the exponent for all
investipated lay between these two limits,

I1.4(iii). General Theory based on Distribution of Tn

; .(1 9).
y _(2(\).

n occurs

- (21)

- {22)-

%

gives
: (2 3).
bbility is small,
the photocurrent
jluare~root relation

hown in fig( 3 b,),

R. Smith(94), In

rved, the usual

It was obperved in the

he matecrials

Apping States.

In most photoconductors, the trapping states vary

both in depth

and in the degree of mormal occupancy. General appro
made to the theoretical problems involved, and those
and of Broser and Broser-Wirminsky(96) are notable am
latter authors gave a complete theory which also accoy
associated luminescence in photocunductors. To make

comprehensive as possible they assumed a general distry

hes have been
f A, Rose (95)
g them. The
nts for the
their theory as

ibution of defect



“ 39 =

or impurity levels in the forbidden zone and that emisdion or

ination centres are¢ nurmally occupied levels i,e, thos

Fermi limit at absolute zero,

difficulties raised by the restrictcd monomolecular thdory of

and Wilkins(97).

Rose's approach was to consider first the case of

depth, and then extend the thcory in stages to cover
distributions. By the consideration of traps at one

showed that the effective mobility of the carriers ar

trapping, but that trapping -may be considered as redu¢ing

In this way, they avoid

recomb=-
below the
d some of the

Randall

traps of one
Lll possible

Hepth, Rose

reduced by

the

effective number of the carriers rather than their norfal mobility,

IT.4(iv).

Distribution of Trapping States - Rosd's Theory,

In all normal photoconductivity the part of thne
tion which is effcetive is that near to the Fermi 1i
excitation this limit will move up to a steady state
the equilibrium betwcen thermal activation of the tra]

and their replenishment by electrons from the conduct

rap distribu-
it. During
falue set by
pped clectrons

Lon. band, The

number of holes p is given by (n + m), and o iF given by

the integratlion of levels between the steady state Fe

the normal Fermi limit. Thus, as the excitation i

the increase in photocurrent will depend on the trap

(a) Uniform Trap Distribution, 7hen the trap dist

uniform, the photocurrent is insensitive to the tempq

rmi. 1limit and

B increased,

distribution,
ribution is
rature, and

increases linearly with the light intensity. The tiwe constant

varies inversly as the light intensity and will alwaj

5 be grcater

than the lifetime of the conduction elcctrons, (exchent k=1).
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(b} When the distribution is uniform below the conducyion band,

but the Fermi limit lics below the distribubion,then tie photo-
current increases as the square-root of the light inte+sity (k = 0.5),.

This case is, however,very different from the simple pimolecular

case, since n and p arc not equal, even though they ipcrease prop-

ortionally with each other, The time constant turns'jut to be the

same as in the absence of traps although trapping has [lowered the

overall photosensitivity, f

(¢} Exponential Distribution. For an exponential djstribution of

traps below thc conduction band, i.e M AL %€ A |where & is
. s

a consbant, the current varies as & power of the expitation in-

tensity given by Tl/(T + T.) where T, is a fixed temﬁerature for
3

each substance datermined by the constant & for the gxpounential
1 .

distributions.
The temperature Tl might'be physically regard.d|as the temp-

erature at which the traps werc 'frozen! as the crysfal cooled and

hence wonld be higher for rcfactory materials (e.g.|MgO) than for

other substances. Thus for mll‘temperatures below 'I’l y the power 1a

between Q,5 and 1.0. I T}*Tla then the value C.5 ik retained, arnd

sincc exponents in the range 0.7 to €,9 are frequenyly observed,

favoured., It

0. 63 to

the exponential trap distiibution would appear to by

may be noted 4in thie instance that the exponents of jabout

n.8R were usually obtained for sulphur in this wogk,
f
[

O N N NN N
| .

j



-‘+1 —
CHAPTER III

APPARATUS

Sect II1.1. Description of 1-MeV Van der Graaff Elegtrostatic
Genzerator and Associated Equipment.

The Leicester University Van Der Graaff ElectroatTtic Generator
was first completed in the early 1950's, and in the coprse of years,
only minor alterations had been made on it by the varipus research
workers, to suit their specific experiments. Designad for acceler-
ating electrons up to 1 Mev, this machine is unpressugised and hcnce
its large size as shown in photo.l.

Fig.(5) shows a cross-sectional view of the genefator. The dome

and the corona rings are supported on three columns byilt from discs
of telecothene held rigidly together by completo or pegments of
circular aluminium elcctrodes which carry the corona pings on the
periphery. Normally the dome rested on a stecl top-pfate, but it
could be raised 2ft. above the plate by an electricallly driven jack
to provide an casy access to the apparatus inside thg dome,
Rectangular belt apertures, lined with B" tubing to gresent a
rounded surface to the belts, were cut in the top-plgte and in the
eizht complote Al plane electrodes. Circulr holes +era also made
in these plates to let through the accelsration tube} which was so
fragile that it must stand clear of the.rect of the generafor, The belt rollcrs
were of light aluminium, and were sc disposed that they turned on a

centrel spindle, which made it a sinmple matter to r&-&lign the

rollers after changing the belts. Of the various bdlt materials

tried, the pure rubber belts supplicd by John Bull Jtdi, Leicester,
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proved the most satisfactory. These belis are usually
a chalky preservative, which had to be scrubbed off wi
emery paper and wached before they could operate satis
In order to provide a smooth metal wall round the
aluminium enclosure, 14ft. in diameter and extending 1
floor to the ceiling, was buklt around it. A shallow
diameter and 2ft., below the floﬁr level, was sunk to
generator which needed at least a clearance of 2ft. be
and the ceiling to withstand a break-down volfage of ]
sssuming the slectrical brezkdown strength for air to
Chargea arc sprayed onto the belts from the peing

néodles arransed in rows along the whole width of the

nccted to a 20 kV power=-pack,

covered with
th twet!
factorily.
generator, an
Pft. from the
it,12ft. in
ccommodate the

tween the dome

+2 MV,

8 nf sewing

belts and con-

With the two belts runhing at 4 speed

of 7P0ft/sec., currents of the ordzr of 450 /A could

the terainal on short circuit loads. The voltage of

regulated by a fins control con the lower spray voltag

held constant to within'l%‘

I*III;l.(i) The Acceleration Tube.
I | The acceloeration tube used in the generator w&s
" tyye, and conastructed of alternate th'.n couper discs,
and with

inte rings of 5K mean diameter. These were bonded

e supplied to
the machine is

e and cculd be

o uniform ficld
58" in diameter

a central hole, 2%" in diameter, and thin pyrex rods, bent

of a cold setting araldite, and tho tube thus constrficted was O £t

high. The 36 corona rings were electrically connectle
dufinite intervals, thus keeping tho field pgradients

small sven at the highest voliages.

d to it at

in the tube: very

be about 30kV/cm.

i

together by means
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An electron gun at the top of the tube pre-accel
electron beam by 40 kV so that the beam position was
insensitive to the generator voltape. The earth's fi

liscd by a stack of solenoids eight feet away from th

e%ate the

rdlatively
eld was neutra-

claxis of the

tube, and a magnetic lens at the foot of the tube help+d to focus the

beam to a fine spot. The beam current was controlled
bias on the cathode of the clectron gun, the biasing
beirg operated remotely by sclsyn motors.

IIT.1 (ii)

Vacuum System.

The vacuum system was placed, together with some
ments, in a 6ft, deep pit below the basce of the gener

fig(5).

yumy <as a i ctrovic §~24, and these operated so well

never necessary to use the ice~trap to reach a pressu

The diffusion puup was a Metrovick 063-C and

by varying the

prtentiometer

other cquip-
tor, as shown in
the backing

that it was

re of the order

of 10”2 mm of ¥z in the system. The experimental tank could be

isoluted from the rest of the system by clozing the f]
it,ond let down to the atmospheric pressure by meanc of]
the sidz arm. This made it possible to change foils

the entirc systom down to the atmospheric pressure.

lap-valve above
an air-inlet in

without letting

I1I.2. Desipgn of the Collector Systom.
I11.2.(1) Faraday Cup Coilcctor and the Foil Asscmply.

The obtain accurate transmission curves, theco]lecting systenm
nust be able to collect all the electrons emergent fjrom the cxit

face of the foil. The Faraday cup collector finall
shown in fig(6), and in photo(2), and it consisted d

cup, whose wnlls werc sufficiently thick to stop al]

y adopted is

f an aluminium

electrons in the




energy range eanployed in this work. The mouth of the clup was
recessed to accept an aluminium annulcr ring, the 'black body' ring ,
whose function was to prevent the clectrons which were fpackscattered
within the cup from rcaching tac foll again. The probRem of evizu-
atins the interior of th - cup was solved by boring twg holes in the
walls of the cup and covering them by an annular ring *bich had a
pumping channel, Two other holes in this ring were offset from the
holes in the cup to prevent the collected electrons frpm directly
' ‘seeing' thc outside of the cup.
The foil assembly was built upon a foil holder wijth a central
1.5 em. diameter nole, and o recessed central scéction [designed to
cccommodate the standard l-inch square foils. The foﬁl was held in
place by an aluminium clamping ring, and firmly.held down by three

phospher~bronze spring-~clips. In an attempt to approjch a 27 -

géometry in colicction, the foil holder was brought ag close as
possible to thoe collcctor cup and insulnted from it with the thinnest
poussible micoc ring. The whole foil asseubly was locaged cuntrally
with a further mica ring, whose inside diameter egquallled the outside
diameter of the cup. Electrical conncctions between [the foil holder
and the insulated terminals in the base-plate wenve ndgde through fine

helicul springs.

The collimator was located a few millimetres abgve the foil
holder, amd this relative position was maintained ev¢n during the
geometry variation experiment, by using thc slots in|the four up-

rightss 7To assist the electron beuwm in passing thropgh the collimating
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hole, two defleccting coils were placed at right angles
of the acceleration tube. The collimator and the expe
were connected to earth through a galvanometer, and by
deflecting coils so that the current through this galv
n minimum, the beam was steercd cleanly through the co

III.2.(ii) Collector Cup System with H,T. Electiodes.

The faraday cup described above was employed in t
measurecncnts and was good cnough for low bins voltages

inary tests showed that the insulation was not high en

nt the foot
rimental tank
operating the
fgnometer was

Jlimator.

4

Pansmission
b but prelim-

bugh for the

elecctron bombardment conductivity measurcments. The Bbatam finally

constructed is shown in fig(?), and consisted of o bran cylinder,

15 em. long and 7.5 cme in diometer, with on aluminiun

1

clectrode carricd an aluminium annular ring which ser)

to reduce tho X-ray hnckground.. High insulation was

means of a ploythene busining and metal-to-glass scal,

holder. Thé top clectrode consisted of phospor—hroL

wera covarad with a thin layer of solder to reduce thg

of sulphur on them. During thoe experiments with sin@h

sulphur  which could not be obtained as very large BF

inner lining
chieved by

and the bottom
cd o8 the foil

ze clips, which

¢ crystals of

¢cimens, the

adverse c¢ffects

clips were replaced by a single wirc carrying a stip pf gold leaf.

This proccdure ensur2d that a good clectrical contacH was made to the

crystal by fixing the leaf with Elargol silver-paste,

|

whilo keeping

the leaf out of the dircet elcctron benm. In the abgence of the

foil clips, the crystal and its backing were firmly gtuck on to the

feil holder by Elargol.W.h4,
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The pumping of the system was nccomplished through the
collimating hole 2nd the gaps between the collimator ngd the coup=-
ling tank. When the backscattering is not too creat, §s in the case
of light meterials, this system should give the same transmission
values as the faraday cup. The H.T. supply was a powefr pack whose
output could be varied remotely and smoothly from O -~ [5 kV.

IZI.3.(a) Desipn of the Blectrometer,

In the measurement of thetransmission characterigtics in the
metallic foils, it wns possible to use electron beam gurrents of
the order of 10 - 20 microamps without damaging the fpils. Tpe high
thermal conductivities of these foils enabled the heaft generated in
them to be casily dissipated, even in a high vacuun. %ith insulating
foils, however, matters were different; for because qf their poor
thermal conductivities, heat dissipation became a prgblem, and any
heavy beam currents soon burncd neat holes through tie foils. For
this reason, the beam current was cut down to a safe[magnitude well

below 1 microamp; and in order to measure the transmftted currents

with any degree of anccuracy, a device more sensitive] than the ordinary
palvanometers employed in the previous mecsurements was required.

A convenient device chosen for measuring currernts down to
10“9 amp, was the valve electrometer. This instrumgnt possessed a
conveniently short period and hence had the advantage of a fairly
ropid response. High sensitivity moving-coil galvapometers capable
of measuring currents of this order were available,| but their very
long periods (order of 10 scconds) rendered them totally inadequate

for the rapid measurement of the current distributions in the four
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separate circuite. Of the several electronic valves rﬂcommended by

Elmore und Sands{98) as suitable for elesctrometer work{ two of them

(RCA-38 and '954%') were investigated but were later abgndoned

because their grid currents were rather evxcessive. A gajor problem

in using an electrometer ralve is to keop the leakape «
below the values of the actual currents to be measured

The electrometer type ME 1400 claimed by its moke

turrents far

s, (Mullard

Ltd.,) to run a grid curreant of only 10-11 amps, was finally chosen

after further investigations showed it to be the most mpuitable of

the available valves.
The voltage mensitivity of the electromoter builf

¥o8 investigated by means of the circuit shown in figd

in fact a modification of Scller's bhalanced circuit dg¢acribed by

DuBridge and Brown(99). The ME 1400 is a pentode, bul

triode by connecting grid Gata the anode and G3 to the

round this valve

(82}, which is |

was used as a

cathdde. 'The

* varietions of the voltoge sensitivity with the ancde fpoltage Vd and

the cathode resistor R, were investigated and shown fin fig(8b), The

values Va= 10v and R.,= 7.1 k4., pave the optimum condition in which

Y, was o minimum ani yet the electrometer output remained linear with

the input signal over the required range. Under thede

current of 10-+°

conditions, a

amp. gave a deflection of 1 cm. whey flowing through

a grid registor of 10 MJL, and then when a Szalanmp ﬁplvanometer of

current sensitivity 186 mm/ALA was employed in the circuit. The

filament current had to be mainteined around O.16 amps

» in order to

aveid large zero drifts of the electrometer. During|the investigution

0of the possibility of relative energy calibration usfing the
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.
transmission data in baeryilium, the anode voltage was rpised to 45v
and the cnthode resistor to 20.9 KSi., Under this condifion, *the
sensitivity of the electrometer was made nearly independent of the
particular valve and depended only upon the ratio of t cathode
to the grid resistor, as shown in Appendix 1.

IIT.3(b). The Remote-Controlled Rotary-Switch.,

When the problem arose of having to measure the cyrrents from the
experimental tank with four electrometers, the use of remnote=
controlled rotary switch, shown in fig(9) was decided hpon. This
could bring the currents in tnran to thc grid of only ofe electro=-
meter by the operation of the sclsyn moters. Four posfitions on the
panel corresponded to the four segments of the switch Jof which 1 & 3
are shown in the diajram. Subsequent smooth cperation of this device
and the great saving in the number of operators npces#ary to read

all the gnlvanometers amply Jjustified this deecision.

I1I.4, Preparation of the Ipsul=ting Foils.

A great deal of work in the insulating foils went into the

preparation of these foils. Unlike the metallic foilp, which could
be obtained commercially and used without further preparation, most
of the insulating foils had to be prepared one by ondg, and often Ly
a very laborious method,.

The Mica foils were all prepared from the ruby doloured muscovite

(Kl 6:3AL03- 6503, 2H:sO )Y of average density[2.7 gm/cmz’; and
- Y - -y 1 *

the range of thickness covoered was from 0.005 cm. to|0.085 ecm, When

a suitable specimen was found, it was cleaved to the|right thickness

and then cut to the required shape. 8Since the same pica foils were
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also required for the ionisation-in-depth experiments, they were

cut to 1" square sizes, which was the shape of the shjllow ionisation-
chamber used.

For mica sheetes up to 0.020 ci. thick, the foils|could be cut

from the sheet with & pair of scissors withour flakinf at the edges.
For sheets up to 0.050 cm., it was necessary to use a] bench~-guillotine,
if the edges of the specimen were to remain unflaked.] Above this

thirkness, however, the mica sheet shattered under tlHe impact of the

guillotine blade, and it wus thereforc necessary to +se a different
method,
A suitable mica shest was inspacted for ¥laws find the specimen
marked out from the flawless section. The sheet was| then sandwiched
between two thick steel templaées whose edges coincijded with the
boundary of the specimon, ond firmly held by a pair [of tool-makers'
clamps. With the edge of the top plate as a guide{ the mica was
cut with the V-point of & triangulcor shaped scridery This procedure

ensured that a specimen without flcked edges was obfained.,

Once a perfect specimen was obtained, it was weighed and
measurad to determine the density and the mass/ unilt arca of the
foil., The specimen was then cleaned with carbon-tdtrachloride

and dried ready for vacuum coating, - L.A.Fonorova(lo0)
reported cleaning thin mica plates (3 to 10 /4) with benzene before
deyrositing silver filﬁu on them. It was found that carbon-tetrae . =
chloride was as good a cleaning agent as benzene nce spaecimens
cleaned with either of these agents showed no differcnce after vacuum

coating with Al. The specimen was finally placed in the evaporating
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chamber, which took about 30 minutes to pump out; and

each sido with »n thig film of aluminium.

The polystyrene feils were made from four samples

coated an

(Q.005" to 0.020") obtained from Monsanto Chemicals Lid., of Londone

The required foils were cut from these, and composite

" employcd whare necessary., Although pelystyrcne melts

was possible to deposit Qlﬁminium films on the foils

of 15 cm. from the hot filament.

snooth surfaces, no further cleaning was required ang

_were siumply cut from sanmples with a pair of ascissors
coated with Al. ;

The only foils which werc comparatively eaéy to
the plass foils, and aven then, they had to be vacuuy

The Chance Bros., of Birningham, were able to supply

foils were
bt 95% ¢., it

nt a digtance

Since polystyrene pgresented clean,

the foils

and vacuun-

preparoc were
m—-ccocated also.

y us with 1"

of polystyrene

gquare borosilicate cover glass in four thickness rﬁnges. These were

easily cleaned with carbon-~tetrachloride and coated
wi th Alvaminium films. The average thickness of the

on these and the previous foils was of the order of

as roquirced

Aaluminium films

about O.O#}mEm/cma

on one gurface, and «& in the case of wica and polygtyrenc, sometimes

it was necessary to use composite foils tu obbain spfficient thick-

rness, and in this case, only thoe exterior surfaces P

foils were coated accordingly.

Sulphur Foils

The preparation of these foils deserves specigl mention.

f the composite

L .

Comparatively little work hus been done with sulphur, in this field

AR

o L

N et ¢
E—————
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and no known record of any technique of prepnring sulphur~foils
for this type of work exists in the literature. It therefore
became 2 gquestion of devising the best method of predficing foils
of this brittle substnnce, which are thin enough for the electron
energies available &nd yet rigid enough to be held inf the foil
clamp, At room temperature, crystalline sulphur exigts in the
Rhombic form of density 2.07 gm/cmz, and even thougl thick slabs

of sulphur could be easily cast, the question of making thin foils

of large area, (1 x 1 cm.) which are self~supporting} wans ruled out,
because of the brittleness of sulphur. The techniqup finally
adopted was that of casting the sulphur foil in a mifpa frame and

using the mica as an insulating support. .

A mica sheet of thickness slightly greater thgn that of the
required foil was cut into a disc to fit into the F*raday-cup foil~
holuer. A circle whose area corresponded to that of the foil wns

marked out in the centre of the mica disc. By repeptedly scribibg

with a sharp point and cleaving off thin discs of mica, a shallow
trough whose depth was exactly equal to the thickngss of the required
foil was cut in the mica frame. The mica disc and|a thin micaplate
(0,005 cms thick), just sufficient to cover the tr ugh, were placed

on an aluminium plate which was mnintained at a tepiperature of just
above 120° Ce, the meiting-point of sulphur. Some[quantity of flowers
of sulphur was placed in a shallow aluminium crucifple and heated

on another hot~plate, maintained at a temperature jgbout 120° Ce



The use of the metsllic crucible instead of a ceramig

that all the sulphur was heated uniformly, and that 1

heating occurred in some parts while the other parts

still solid.
into the shallow mica trough, in sufficient quantity

and overflow a little, The thin mica plate was then
blob of sulphur which immediately spread out under t
surface-tension, filling the trough and any gaps bet
disc, and the thin mica plate.
the mica plate to press out the excess sulphur and

liquid in the trcugh to the thickness of the requir
mica disc was then removed from the hot-plate and al
craduzlly, Usually the top and bottom layers of mid

iently transparent to permit any holes or cracks if

The highly mobile liquid sulphur was tH

one ensured

0 over=
remained

en poured

to £1il1 it
placed on this

he action of

een the mica

A metal block was then placed on

>duce the
feil. The
lowed to cool

a were suffic=~

the foil to be

detected when held against a bright light. A foil

test was remelted and allowed to solidify again whe]

hich failed this

the fault usually

disappeared, The determining factor in making a fa
secems to be in having just the right amount of sulp
to begin with. Too little sulphur will cause the 1
to leave the trough and fill the gaps between the m

the action of surface-tension, resulting in holes i

I

Lquid sulphur

ltless thin feoil

ur in the trough

Lca sheets, under

n the foil, When

a flawless foil was made, the top thin mica plate

leaving a flat, glossy sulphur surface. The botto

mica disc was then cleaved off, layer by layer, unf
sulphur surface was once more exposed. Both surfag

ready for vacuum-coating with a conducting film, ]

& peeled off,

section of the

il the bare
es Wwere then

he stages for
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making the sulphur foils are shown in fig (L0}, with (10]

the plan view of the campleted foil,

. v
VYery thin foils of the order of less than 70 mg/cml

be made by the above method due to surface-tension.
the order of 30 mg/cmz, it was necessary to have some

preferably one whose stopping~power is known. Spencer

the stopping~powers of several materials including poly

Ta

d showing

could not

get Toils o

rt of backing,

d calculated

styrene. This

material could b¢ obtained commerciully in very thin films, but,

unfortunately, it has a very 1ow_melting point (only ¢

sulphur melts at 11900. Thoe method adopted was to hav

of molten sulphur on a hot aluminium plate, and to qui

thin foil of polystyrene over it. If the process was

and the sulphur not too hot, a thin sulihur film was {

bbtained on

5°C.), while
- a large pool
ckly skim a

quick enough,

the polystyrene foil without its shrivelling. The s

. pulphur film appeared grained, but could be smoothed

- with a sharp instrument, when the sulphur was still pfliable, and had

not turned brittle. By using a polystyrene foil of

ness, and measuring the composite layer with a micrg

rface of the

ut by polishing

nown thick-

meter sCrews

gauge, the thickness of the sulphur film was known +nd the mass per

unit area calculated from the density of sulphur,

Yacuun Coating

il

For obvious advantages, aluminium had been the
for coating most of the insulating foils, However,

was tried on sulphur foils, it was found that severgdl

of the usual few seconds for the other foils were r

tandard metal

when aluminium

minutes, instead

pquired to deposit

a visible layer on sulphur. It was however, found ﬂnat this fiim
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would not conduct, and was ver} 'eaﬁily' ruboed

"

Other metals were also investigated , and bot

and gold films were obtained, but proved non-condictin

Copper gave a dull brown conducting layer of rather h

off,

i zinc

i on sulphur,

h resiestance.

Beryllium would have been the ideal metal for this ‘tyfle of work ,. .

because of its low atomic nuwmber, but being a highly
to evaporate, it was carefully left alone,
thin Melinex films used for X-ray work have been succt
with magnesium, this metal was tried on sulphur with
Cleaned magnesium ribbon was coiled into a flat spira
middle and then pressed into a deep tantalum boat., T
easured that the magnesium, which does not wet tantal
jump out of the boat when heated, .Magnesium evaporaf
erature range of 650 = 111000, {(lower than for Al) arn
films could be quickly obtained, since the foils coul
nearer to the filament without damage from the heat,
coated with magnesium remained usable for several we
these experiments , the eulphun

temperatures aof’

XS,

oxic material

When it wds found that

bssfully coated
yery good results,

L, pinched in the

his procedure
um, did not

es in the temp=-
d hence good

d be placed

The foils thus
At the

had turned

into the rhombic form of density 2,07 gm/cm}, and th
used in calculating the mass/unit area of the foils
thicknesses,

During the search for a conducting film to be v
a silver-paste (Elargol W.4,) supplied by Ward, Ble
This solution was applied with

cxperimented with.

to a grey conducting layer on sulphur, Thick foils

is figure was

from their known

sed cn sulphur,
nsop & Co., was
brush and dried

thus coated could
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be used, but the solution unfortunately permeated throuhh the thin

foils and short-circuited the films on both sides.

Uniformity of the Foils

The procedure adopted in determining the mass/uni{ area of the

foils was to determine the density and the thickness o!

F a feil and

calculatec it from these. The mica, glass and polystyrkne foils

could be obtained with wide areas of uniformity, to wi

thin about 1% .

It was, however, difficult to obatin sulphur foils whijch presented

uniform areas larger than 1 cmg. This area far exceeded that of the

electron beam (0,02 cmz) and hence it was possible tolobtain foils

within 1% uniformity over the essential central sectign, even

thouph a variation of up to 3% nay dbe found near the nges, fig(1l0e).

III.“. (i) " : )

Preparation of the Foils and Crystals for the E,B.C. Experiments

The study of electron bombardment effect was concentrated first

on sulphur and later also on selenium, after prelimirdary investigations

showed that other dielectrics studied in this work ssessed very

little E.B.C, effects. Very thin foils were requireg for the E,B.C.

experiments if the flelds applied across the foils should reach the

order of losv/cm without necessitating the employmenft of extremely

high tension sources. A power~pack with a variable jou

tput, up to

5kV, was available and hence the thickness of a foil} to give this

order of field should be about 0.005 cm,
A convenient way of obtaiping sulphur foils of(th

was by vacuum c¢vaporation on to some kind of backing,

is thickness

In this instance

Al foils were used as backing, since a good conductor was necessary
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to remove the heat generated when the foils began to dygaw large

E.B.C, current of several microamps., Currents of this |order were

found to damage the unbacked foils of sulphur and sele*ium. It was
interceting to note that evaporated films of microcrystalline sulphur
up to 0,015 cm, thick werc obtained in this way, even though it was

observed in the previous section that thin films of Al| could not be

placed on sulphur foils. The thicker sulphur films wefre made by

melting sulphur on an Al backing and reducing to the nequired thick-

ness by placing a thin mica chect on the melt. The quantity of the

melt, and the area of the mica shret determined the tHickness of

the film, since surface~tension reduccd the film to s&ch a thickness
tﬁat all the mica surface was covered, Films made in|this way could
be regarded as composed of macrocerystalline sulphur,

The preparation of single sulphur-crystals provefl even more

difficult. Some large natural crystals were obtnined

Leicester Museum, and cven larger ones were grown loc
Spear) by bLoiling sulphur and carbon disulphide in a
Ler

for several hours and allowing the filtered, B

to cool slowly. Both thin flat crystals and very lan

obtained by carcful sceding. Some of the good speci

ected from thcse and ground down to about 0,040 - O,

ness with carborandum and water, on a glass block,

from the

hlly by Dr,
reflux conden=~
turated solution
gC ones werc
meng were sél-

60 c¢m, thick-

he grinding

of these brittle sulphur crystals down to these diame
a very careful technique of handling. Unsupported
broke into minute picces long before this &egrce of

attained, and thc best method found for holding the

hsions roequired
crystals usually
thickness was

crystals was to
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stick tiiem into a shallow depression cut into a metal
Phenol Salieylate (M.P,39°C).

order of the rcquired crystal thickness, and by warmi

The depth of the 'troug

blocit, using

h' was of the

the block

on a stove, a pinch of the phcnol salicylate placed inl the trough

was melted, On placing the sulphur crystal (M.P. 120
and allowing it to cool, the crystal was held firmly

for preliminary cleaving and final grinding down. The
specimen was then removed from the block by warming, 4
of phenol salicylate finally rcmoved from tho crystal
carbon-tetrachloride. The thin single crystals obtain
were then vacuum coated on both gides with magnesium,
to Al-backing by means of a conducting silver-paste (I
The sclenium foils were obtained by vacuum e?aporatio?

the usual way,

LR B IR B B N L I

) on the melt,
place ready
prepared
nd the traces
by means of

ed in this way

and stuck on

:131'301 e 1{-, ) .

and coated in
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EXPERIMENTAL TECHNIQUE

IV 1, Calibration and Measurement of the Gencrator VoltLge.

A generating voltmeter was cmployed for the measurpgment of the
generator voltage after the voltmeter itself had been chlibratcd by
weans of the spark-gap. Since the machine accelerates [only electrons,
nuclear resonances. arée therefore not available for thq absolute
calibration of the generator, so that its absolute volfage is prob=-
ably not known to better than 1 - 2%. The following pfocedure was
employed in the calibration. Two highly polished stee}l spheres,

12,5 cm, in diameter, werc arranged so that their eepapation could be

conveniently varied and mcasured accuratcly, One was karthed and the

other connected to the dome of the geperator, which wap earthed

through a very high resistance column,in series with a galwanometer.

With the generating voltmeter switched off, thc scpardtions of the

spheres corresponding to known currents flowing through the resistance

column when the sparking occurred were obtained. In $his way, a

range of generator voltages of 31,5 to 212 KV was covered. Next, the

spheres were removed and the generating voltmeter, whig¢h was located

in the ceiling above the dome, was switched on. The gpnerator was
once more started and the recadings of the generating poltmeter were

calibrated aganinst the current through the high resigtance column,
to a reading corresponding to a maximum of 290 kV,
Typical calibration curves arc shown in fig(11l) Jand the values

for the veltage at the given sphere separations were (taken from the

book 'High Voltage Technique! by Craggs and Meek. T+e curve of the
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current through the resistance column against the gej

voltmeter reading

for the three ranges of the, galvanometer cuployed.

the generator could be expressed by the linear equat:

—
——

rYt{I) + I<) "

%

wherey is the product of the slopes of the two curves
the generating voltmcter deflection. The value of m ¢
used for several months befure a fresh spark-gap call

Since the sensgitivity of the generating voltmed
day to day, it was necessary to check the sensitivi

experimental run began, An aluminium ring was fixed

just below the quadrante of thc gencrating voltmete:

age obtained from a stable power-pack, placed on thj

equivalent to that of scveral hundred ]

a field

‘gencrator. By carrying out this proccdure before e

combining the genarating voltmeter reading with simi})

tained on the day of spark-gap calibrations, the vall

(24) for the particular experimental run, was calcull

this value is rn’, then the c¢lectron beam energy whjn

voltmeter reads D cm during an exporiment, is given

e — rr‘."(Df'k} + Vj'

™

where Eo is thc beam energy and VS is the voltage %f

gun,
This procedurce has been used for all work wit#

and has been found to be reliable over a long peri

shows an intcrccept k, which remaiy

crating
led constant
The voltage ol

Lons:

: -{24)

Fbove, and D if;

hjus obtained was

ibration was made,

er varied from

y before each

in the ceiling,
A 2 kV volt~

s ring vrroduced

kilovolts on the

ch run and

ar results ob-
ue of M in eqgn,
ated, Thus, if

the generating

by

- (95) -

the g¢lectron

this generator,

bde The reliability




. —— e e

- 60 =

of this voltage calibrac;on has been apssessed in refflOl) and also

in section (V.2.) of this thesis,.

IV.2, Bias Voltapme Effccts and Backscattcring Corredtion.

Preliminary transmission measurements gave rcesulifts which over=

shot 100% transmission, particularly in the¢ region oﬁ

thicknesses, as shown in fig{2) of ref(1l0k), appended.

small foil

In ordcer to

suppress the low encrgy secondaries responsible for this effect, the

general effects of small bias voltages on the transmission was

investigated, and the rcsult presented in fig{12) s*awed that -

nepative bias has little coffect on the transmission,|and that the

change in transwicsion has become constant around 109

volts. Further,

it was found that most of th¢ secondaries had cenergiks less than

15 eV, so that thc subsequent ncasurcments were made| with 100 volt-

bias on the foils, From a large nunbecr of mcaauramdrts on Al foils,

it was found that thc change in transmissicn cfr wad approximately

proportional to thc¢ apparent transmission T;(not corrected for back-

scattering) up to the order of 70% transmission. THis range of

proportionality covers the linear sections of the tyansmseion

curves, implying that the extrapolated ranges fron
at 100v bias will not be significantly diffcerent frém

at zero bias.

he measurements

those obtained

This indcpendence of the extrapolated range valuecs on

small biasing voltages was first pointed out by Sch

The approximately constant value of ﬂ?j[é:o.lOE obt

nland in 1G25.

ined for Al was

also found for other metal foils, suggesting that the source of the

secondaries was common to all the foils examined; ppssibly a surface

contamination arising from the vacuum system emplobed.
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In order to assess the extent of the departure

of the collector

cup from the ideal case of a black body, a becam current Lo was

fired into the faraday cup through a le-cn, pole in
The electrons which were backscaottered from the cup
aperture in tho black body ring were recorded as the f
those reaching thr tank through the hole in the dumn
stered as the tank current LT. Under zero bias cor

l .
absorption coefficient of the dummy foil A= Fﬁg,amoy

A 'dunmy' foil,
through the

bil cursent and

y foil were repi=-

ditions, the

nted to 1% while

the backscattered fraction R = t?Qu was about 1% ovdr the whole

encrgy range, Thus under the zero bias condition, a'Fmall correction

of the order of 25 had to te made to the observed tpansmission.

The above experiment was repeated with bias veltages applied to

the dummy foil, and the results prisentcd in fig(l2]
seen that the positive biae of up to 100v increased
cocfficient by about 3%, but left the¢ backscattered

at 1%1

a, It could be
tne absorption

coefficicent still

Hencey under the mormal conditions of the tpansmission

experiments with 100v bias on the foils, the true transmission (T')

becomes T = 1,04 Tq .
fied when it is chown in the next section that the
present collector system is not significantly diffep
that the change in the angular distribution of the t
electrons is relatively small over the range of foil

investigated, This corrcction is consistent with

This constant percentage corfpection is justi-

geometry of the
ent from 2177 and
ransuitted
thicknesses

he shape of the

transmission characteristics at small thicknesses apd with the fact

that the e¢ffective suppression of the low encrgy secondaries will

result in the transmission curve passing smoothly th

rough the 100%
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mark at zero thickness without an 'overshoot?,

IV.3, Geometry Variation Fxperiments and Results,

The geometyy of the detectors

hae often been suepected as a poscible cause

between the published range values., With the wiew of com

present range results with those obtained with known goo

the Faraday cup was contructed to approximate to a 2{f=c

geometry, However, when the discrepancics still existed

was therefore necossary to investigate the extent of the

the present geomotry from 27 -collection efficiency, and
on the range values,

The method of variation of the geemetry of the coll
is illustrated in fig(l3). The foil was spaced away fr
holder by mcans of a set of nine aluminium annular spaca
thicknesses, so that the maximun angle of collection in
wns determined by the hole in the fuil holder, and not &

body ring, Witk this arrangcment, all the electrons em

employed in range mea

of the disc]

urements
Fepancies
paring the
# geometry,
1leection

(104) it

a

departure of

its effect

petor cup

the foil-
re of known
each position

¥y the black

brging from

the foil through an angle grenter than the maximum angl

of accept=-

ance Grﬂ y wWill stop in the foil assembly and be registpred as foil

current.,

so0lid angle of acceptance, the efficiency at any other

given by: )
t = 2 = |- (oS Om
2 i
where 5 varies from (O to 1.0, With no spacer in pla

had an cofficiency of g = 0,931, and with the thickest

Under thesg

position, the cfficiency went down to 0.2.

Since by definition the present collcctor should have 217

eomctry is

e, the system

pacer in

conditions
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the angular distridbution of the transmitted clectrons.

of acceptance pru may be described by the function 13
8m

T(e) = 27/ B(e) s5inBd6 . |
where 7Zg)ia the measured transmigaion. In defining
the finite width of the electron beam has been assumed
small to be neglected, and the beam position on the fo
assumcd to remain constant and central throughout eacq
run,

Transmission mensurements were made for a range d
gold foils, in order to cover both the low and high %2
zero and 100-volt foil-bias conditions, The latter r*
presented in fig(lh),
Results,.

It can be seen from fig(l4) that the transmissio

1

decreases slowly first with decrcasing collcction eff]

more rapidly towards very low collection efficiences.
effect of poor geometry on the transmission 1ig& theye]
the shape of the charactcristics in such a way that t%
range values decrease systematically with the collecti
E « The change ARPis swall for E between 1,0 ap
confirms that the departure “¢f the collector system
colkection efficiency is very small.

By taking sections at the appropriate encrgies,
transmission (T) as a function of E were obtained anf

100% at E = 1,0, These curves were then compared wi

o

for any angle

(9) defined by

.. (268).
th e angleIBm,
sufficiently
il has been

experimental

f aluminium and
regions, under

sults are

in both cases
ciency, and
The general
ore, to alter
¢ extrapolated
on efficiency

d 0.9, and thus

from 2 =-geometry

he curves of

normalised to

th the calculated

values of the assumed distributions 13(69 shown in fﬂg(l) of ref(101),
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appended,
and this appears to be the limiting distribution fo

transmissions less than 20%.

by the angular distribution function B[P) « Cos Q(f

as suggested by analogy with the neutron diffusion

broken curve corrcsponds to this function with @ﬁ
broken curve is a c0520 distribution, which is clos
expurimental points representing 90% transmission a
distribution at low transmissicnes approaches a cosi

with a most probable emergent angle of 45°, It -is
ohserve that Bothc(23) obtained a cusine angular di
for complecte diffusion at large foil thicknesses, w
must probable scattering angle of about 330. The e
Gedult von Jugenfeld(78) performed specifically to
yiclded angles lying between 39° and 34° for sever
experiments were, however, carried out with inhomo
hence the results are not directly comparable to th

Results similar to those¢ obtained for aluminiy
the An foils, but the limiting cosine distribution
more rapidly, as would be oxpectcd from the greates;
than in Al. It was also found that the transmissi
with increasingly poor geometry still possessed 11
yielded range valucs on extrapolation. These rangpg
dcereased by an amount £\ RP which is very small

1,0 and 0.9, but could be deseribed by thc approxi

Hicher transmissions ¢

for

Tho solid curve represents a cosine distrjbution B(B)x(ss6,

r{the apparent

hn be represented
f'bCO&@),

theory., The middle

2 j»@ +» The upper

ly fitted by the

g
i é = 1,0, The

e distribution

|

kperiments of

noteworthy to

tribution(chSQ).

ich yields a

tecst this theory
elements, These
neous beams, and

¢ preeent results.

m were found for

was approached
scattering in gold
n curves obtained
car scctions which
8, however,

g

between

mate equation:

-
-—

ﬁRp O ({-—- ;)PP for g between 0.9 T

d 0.2,



- 65 =
Summarising, it can be¢ said (i) that for a @ouine|distribution
the difference in transmissions between 1,0 and 0.9 collcetion
efficiences is only }%, and this diffcrence will be rather less for
higher transmissions, Thus thc riesults obtaincd in this work with
0,931 collecticn efficicney may justifiably bo comparefi with others

obtained with full 2%-collection efficicncy. (ii) that| the maximum

effect on extrapolated rangec values attributable to popr geometry
between similar detectors may not be morc than 1l-2%. d this cannot
completely explain the differences in the published rgnge values. The
explanation of thcse discrepancies must therefore lic |in the manner
the different detectors respond to the incident partigles,

IV.%. Desien of the Ionisation Chamber and Preliminafy Measurements.

The necessity for checking the results of the rafige mcasurements
obtained with the Faraday cup system became obvious when the systematic
differcnces between these results(1l0l) and thosc obtaﬁncd with other
detectors were observed, It was therefore decided. to| employ a method
of detection significantly differcnt from that of thdg Faraday cup.
This test was 2lso intended as a check on the method |of voltage
calibration in this work, since thc¢ voltage calibration could be a
possible cause of thesc discrepancies. The choice of an iohisation
chamber as this new type of detector rested upon theffact that its
output depends upon both the number of elcetrons andl the power in the
beam, The shallow ionisation chamber chosen,after spme preliminary
tests, was the type that has been described by Trump %t alia(33%) and

also vmployed by Frantz(35),

The essentinl feature of operation of the shallow ionisation
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chamber lies in the fact that it can bc madc to corrdspond to moving

a plane¢ gas-filled cavity through an infinitely thicH

absorber, and

measuring the amcunt of the encrgy dissipated at varijous depths by

the electron beam. In Practice the absorber is made gffectively of

infinite thickness, by making thc c¢xit face of the idn cHamber of the

same materianl as the foil, and of sufficient thickneds to stop all

electrone indident upon it, Under these conditions,

the extrapolation

of the ionisation-in-depth curves thus obtained, wou%d yield range

values which are comparable to the theoretical ~stimntions for an

ideal experiment,

The experimental arrangement employed in this work is shown in

fig(15).
formed the filling gas, the first considoration was t

the electron beam out intoe the air, and in such a way

geneity of the beam would be disturbed as little as ppssible.

Since in this, as in th. previous similar egperiments, air

1at of brining
that the homo=-

This

objective was acheived by covering a.l1.0 cm catral hple in an Al

base-plate with a thin beryllium window, of about 15 Lg/cmz thickness,

since previous transmission mcasurements had shown thpt this thickness

of Be was practically transparent to elcectrons in thip encrgy range.

The experimental foil formed the cntrance face and th
trode of the ion-chamber, and was separated from the e
dystrene spacer of such thickneaé that the exit face
always ineulated from the rest of thu chamber for all

nesses employed,

The exit face formed the H.T.

b parthed elec-
kit face by a
tlectrode wac

the feil thick-

clectrode of the idn chamber and
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consisted of such layers of the foil material to pe considercd
'infinitely‘ thick., The collimating hole¢ was made rather swaller
than 1,0 cm, so0 that a free passage of the c¢lectrpn beam through it
cngured a clean travel through the hole in the bape-plate to the Be
window, Phe energy losc in the Be-window and the sir-gap above the
chamber was estimated from the knowledge of thc dtopping ﬁowera of
Be and air, and this amounted to about 27 keV at /5,0 MeV incident
energy.

Preliminary Tests and Tonisation Mcasuremcnts.

?amp and the

The electron beam current was reduced to abdut 10~
measurements made with the circuit shown in fig,{15). The total boam

current was measured with a scneitive galvanomet¢r (~18,6cm//tA) and

the larger ion current by a less sensitive galvagometer No,2. With

no H.T. applied to the chamber, a current of oppIsite sign flowed in
galvo, No.2, due to the absorption of €lcctrons in the foil and the
collection of the backscattered elcctrons from tpe H.T. electrode,

To ailow for this, the H.T, was remotely applied|by operating alrelay
and the true ion current was obtained by taking fhe difference of the

readings of the galvo No.Z2., with and without theLH.T. applicd, The

application of the H.T. also caused a small lcakpge current to flow

in galvo No.2, and thie was allowed for in the me way.

It was nccessary tolmake sure that the ion [chamber was_ working
under voltage saturation conditions, so that all] the available ions
would be collected, This was tested by measuring the ion chamb:r

output as a function of the H.T., voltage for a. given primary current

and beam energy., Fig(l6a) shows that saturatiorn was reached well



-
before 400 volts, which was the standard H.T. voltag
actaul measurements. A plot of the ion chamber outp
primary beam current in typical operating conditions

in fig(16b) confirming that maturation veltage was ¢

theoretical saturation characteristic of the form 1,

]

employed in the

it against the ;
o

i also given ;

mployed., A | T

= oVann (v ). |

is also shown in fig(l6)a., fitted to the experimential curve, using the

condition that LU,., = ab .,

Ionisation~in-depth mcaéufements ware then cary
and Ag, and in each cage, the'infinitely' thick exif
chamber was made to correspond to the material of tj
In the case of mica, however, the Al exit face was 7

city of applying the electr?c field. Alsc, this pj

ied out for Al,
Tace of the ion

¢ part%cular foil,
ctined for simpli-

occdure wag

justifiable in view of thc fact that mica and alumi

I
i

similar backscattering characterietics, which was t
makinyg the exit face of the ion chamber to correspol

under investigation. The ionisaticon-in-depth curve

gilver and mica, after correcting for the energy lop

figs.(39) and (39), whilst fig(37) shows Wa™ the i
| Lo IE
igtics for mica foils.

IV,5. (i) Faraday Cup Mcasurements with the Metalli

c Folls

ium exhibit very

¢ reason for -

hd to foil material

5 obtained for

5, are shown in

pnisation character-

The general disposition of the collector cup i

mental tank is shown in fig(G).
: |
with the metallic foils, only three current outputg

For the transmis

neide the expefi-

ion measurements «..

from the vacuum

tank werc measured and these were taken from the experimental pit to

suitably critically damped galvos in the control x

Q0N

The schepatic

in fig (17). With

of the basic electrical meaéuring devices is shown
f
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these foils, the beam current could be as high as gHossible, amd the
intensities employed were usually between 5 - 2olg¢q, so that the
highest possible accuracy in readings would be obtained with the

conventional galvos employed in these measurcmentsy The tank currcent,

which represented the backscattered fraction of th beam, was always
measured by a Pot-galvo, of sensitivity 1.689 em/ 4. The foil current
representing the absorbed fraction, amd the cup current the
transmitted fraction of the beam, could be nmeasured either by a
Scalamp galvo, of sensitivity 1.605 em/uA, or by a Pye galvo, shunted
to give two ranges of 1.998 and 5.025 em/#A, respe:tively.. The cali=-
bration of all the galvanometers in series was reppated after “a
period of time and this showed that their sensitivities had remained
constant to within 0.5% over the period of several|months. The bias
voltages were applied to either the foil or to the{cup by simply
placing an H,T. battery between the reversing switfhes as shown in
fig(17), and the geometry variation of the collcetpr cup was made in
the way described in scct.(IV.3.)
The procedurec outlined above was followed in Puasuring the trans-
mission charactcristics in Be, Al, Cu, Ag and Au floils. The Ag and Au
foils were made to specifications by J. Matthey & Co. Ltd., and arrived
in standard square inch sizes of varying thicknesdes. They were of
very high purity and required no further preparatilon before they
were used., The thinnest gold foil arrived as gold leaf and the
required size was cut from rather a large sheet, Most of the Be foils
were available in half-inch-square sizes and only [0.005" thick, so

that a special foil clamp was mnde to hold the foils in a stack of
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Later, a single thick Be folil was obt

vp to six,
extend the range of thickness coverecd, as well as

ful reference, The AL and the Cu foils were cﬁt

ained and helped to
providing a use-

from the readily

available metal sheets of high purity, and 1like the other foils

employed here, they were carefully weighed to obt
mass/unit arca, Since the accuracy of the transm
depended considerably on the foil thickness, thes

were made ag accurately as possible; and wherever

thickest foils examined were greater than the ranf

in these materials in this energy range,

1V.5.(ii) Transmission Measurcments with the .Insy

in their average
ssion measurements
determinations
‘possible the

es of electrons

[lating Foils,

The electrometer circuit described in Sect.]

together with the rotary contact in the circuit 4§

11.2, was employed

hown in fig(18) for

the transmicsion measurcments with the insulatiné foils. The trans-

mitted current, the backscattered current and thg

!

by the sensitive Pye galvanomcter, The sensitivif

top and bottom elcecctrodes of the insulating foil

turn by the electrometer, whilst the total beam

devices were about 1.6 x 10™° A/cm, so that the

order 10-8 employud, were measured conveni

amps,
necessary to know the exact sensitivity of each ;
as it rcmained constant throughout the course of

experiment, It was, however, important that the

L

currents to the
were measured in
urrent was measured
ies of these two
beam currents of

ntly. Tt was not

.nstrument as long

a particular

absolute deflec=-

tions of the galvanometers due to these currents

accuracy.

this meall order of currents, both the elcctromefter,

ere obatined with

The latter condition was found more eikerting because, at

and the
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shifts in the zero positions due to leakage current

culties were eventually ovoercome by using an elecf

base of the acceleration tubé, about A0 em, above t}
and was operated from the control panel. The field
magnet was such as to deflect the electron beam comy
from the orifice of the flap-valve, and prevent the
ing the foil in the experimentai tank. 3y reading
the galvanometers with this gagnet off, and . then on
deflection of each current ;as nceurately determine

At any given encrgy, ithe incadent currunt to 1
distributed in definite proportions to the four ava
Let these be R% for thé vackscattered current ,T% f
thé top clectrode, B% for the current to the bottom

C% for the electfons transmitted to the c¢ollector ¢

R = i x 100%
¥+t +h +C
¢
C = x 100y

, T+ ttp tC-
where¥ ia the ratio ¢f the electrometer deflection

scattered current, to the Pye galvanometer deflect]
beam current, and sv on for_the other currents. A f

tyribution curve for an inswlating foil is shown in f

etyrene foll, TLow encrgy secondarics woere supprossy

sensitive galvanometer showed large rendom drifts a& well as

!
1
I
i
H
I

i

. These ¢3.°fh«

Lro-magnetic

shutter, This device consisted of an clontro-magnef placed at the

e flap=valve
-strength of the
pletely away |
beam from reach-
the deflections »f
, the absclute
i,

he foil ie
ilable electrodes,
or thc current to

clectrode, and

p. Then

duc to the back~
ondue to the totd
ypical current die-
ig(1l) ior poly-

d as in the case
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of the metallic foils by the application of bias ¥
this case, two cpposing potentials werc enployed 4

a net field across the foil,

CHAPTER V

RANGE RESULTS

The range measurcments in metals and dielecta

Lltages, but in

0 avoid applying

ics are present. d

in this chapter., It will be assumed, except wher]
the curves cobtained by the Faraday-cup method hav

the backscattering and for the bics voltoge effect

stated, that all
been corrécted for

8, and the ionis-

ation-in-depth curves corrected for the energy lods in the Be- window

and the air-gap. The backscattering date and

curcent didribution curves in dielectrics arec prd

followed in each case by a briei discuusion,

results are presented and fully discussced.

Vel. Faraday Cun Results.

The Faraday cup experiments wiin the metals ¢

performed with different beam current intensities

the abuorbed
sented and

T‘I.le EOB.CI

ni insulators ‘ere

(ratio 104:1). but

the set of results and the scatter of the jpoints

Owing to the large number of rendingaE?&J tnken i

ere very similnr,

the case of the

iansulating foils before each point on the transmigsion charscter-

istic could be obtained, fewcr points were availn$le to define a

given characteristic than in the case of the metal foils. Figs(Q93
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and (20) show the typical families of curves obtain
(aluminium) and insulating (mica) foils under 100v
similarity in the shape of the curves is evident an

s spt of curves obtained for silver foils under zer

pd for metallic
foil bias. The
l for comparison

 bias conditions

is also presented fig(2l, which shows that the effeft of small bias

voltages on the general shape of the transmission c

indecd negligible. It is shown in fig(57) that by

heracteristics is

extrapolating the

linenr sections to these curves, where they are praminent, to zero

transmission, range values are obtained which are qot significantly

different from those obtained by the other methed o
¢mployed in this work.
a range result with a single foil and has been ext
check a range result when no systematic range deten
visaged.

The transmiﬁsion curves
ulating foils are shown in figs(22) - (30). These

tained by sectioning the family of the transmission

f extrapolation

This method of axtrapclnti]: readily yields
8

ively used o

mination in en-

of eclectrons through Jetallic and ins-

curves were obe-

characteristics

for each substance at the wappropriate energy and qpplying the

corrections outlined in sect (IV.2¢)e The curved

present t-ue transmissions obtained by the direct o

therefore re-

urrent collection

method, and the extropolated range values from thens are given in the

accompanying tables. For comparison with thoery,

true range values (Ro) for all the @lements investi

polystyrene are given in Table(l). Most of the Ro
from Spencer's paper(34), but the values for Ag and

calculated by this autbor after the procedure has

ha colculnted
cuted and for
valuzs were tal.un

sulphur werve

en repeated for
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sluminium to ascvertain that the same method employ-d by Sp
beep closely followed in the present calculations. Because

involved nature of the calculation, even for the simple mo

dpcar Has

cf the

ecules,

the cclculation of the Ro values for oica and glass, with Heveral

constituent molecules to consider, was not undertaken. Th

presentation is that of the decreasing range values, and &

erder of

idnce the

accuracy of the cxtrapolation procedure depended on the ligearity of

the tronsmission curve a2t some part of its section, the RP

for gold chould be less accurate than the others. There wa

difficulty in deciding whic™ porvion of tie curve to extra;

from, since the transmission curves are cverywhere concave
As & pguide, it was assumed that after Ag, whose linear J
the tranemission curves pass right through the 100% mark,
otyaf extrapolation lines must pase through the 1007 mark
henge the values obtained for gold.

Seliger(30) had shown that when the foil thicknees is
as 4 function of the true range (i.es m/Ro) the transmissi
fall on a single curve for each material, irrespudtive of
Thig proceuurc wvas ca;ried ort for all substances examined
true range values were known, bul on'y two were preccated
and fis(jl) to typily them and show howr ¢lose the noiats f
common curve. This 'scaling' property appesrs only effec
10 - 90%, as was firct pointed out by Seliger, hence the g
These curves

scatter of the points outside these limits.

indicate the general shape of the transmission curves Lo P

E

values
$ coue
polate
upwards.

brtions of

11 the

lsu, and

expressed

oIl curves

enerzy.

whouse

in % lj"{},l )

all on a

ive betwem
I‘~.—"‘ 1:01‘
therefore

e expucted

of each substance at all energies.
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The univarsal transmisgibn curves for bz, PolyutyxenefCBHB)n,
Al, S, Cu, Ag, and Au arc shown in fig(3%3) together witl 2 table of
théir fractional range intercopts, and it can be seaeén that the i
eléments follow in the order of their atomic numbers. Folystyrene |
curve lies abovae that of Al, even though polystyrene has greater
stopping power for electrons than Al. TFrom the ch&nge in chape of |
the curvcs, it can be surmised that the transmission cupves for all
the elements after Ag will be everywhere concave upwards. It may be
of int:rwst to note at this juncture, that silver(2 = 47) lies

roughly midway between all the Paturally coecurring elenenta. The

-

teo are

s

range-enerry  curves for 211 the eubstonces inreccdy
presented in fig(3h). N I .  ]
By extrapolating the universal transmission curves to zerol r
transmission the fractional range intercopts (k = Rﬂ/RD) were Ob=
tained and thése wors plotted as a function of the atcpic number Z,

as shown in fig(2). The position of sulphur on this cpurve is of

r whilst all thle other elements

interest bhecause sulphur is an: insulato

ghowrn are conductors. Tnz strict dependonce of the syopping-powcr
on the atomic aumber (Z) in tais energy range 18 woll [cxemyliitLode

Toe position of polysiyrene on this curve is rather interesting, fox
|
i

its elfective number should then be token as # = e
. |

v.2., Dackscattering.

A special feature of the current collection methpd in ronge

meagurements, S the baciscabteri, data that bocome afailable fronm

it, as was first shown by Schpnland(1925). The curves| for the vack=-
|
scattered currant rotio plottpd against the energy of] the incident
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electronas, for varying thicknesses of the absorber were

for all the substancec investigited and typified in fig(

obtained

25) in the

case of jold. Backscattering for ench element is grentﬁst at low

enerpies and least for hijh ener;ies,

In the energy range employed

in this work, backscattering attzined an asymptotic valye for each

element, which is the value that an infinitely thick foj

This maximum reflection was attained by most foils only

energies, but the thick foils of the heavy elements app:

for #11 the electron energies employed here.

The asymptotic values of the backscattering coeffif

1 would give.
at low
foached it

)

lients (rmax

obtained for all the substances investigated is shown ig the table of

fig(36) and a plot of B o
atomic number is also shown ir fig(36)a. The points fa

curve, confirming the experiments of Schonland, Pnlluel

for nll the elements as a fupction of the

11 on a smooth

(102) =nad

Seliger(1952) of the increase of backscattering with thg atomic

number. Palluel also observed the important features o

which arej (i) the increase of scattering with Z with a
effect for high atomic number, due to electiron shell sc
and (ii) the l.a.ze values possible for the ratic of sca

the incident clectrons.

In this work, the measurement of backscattering ha

F fig(36)a,

saturstion

reening ef fects,

ttered Lo

I3 been rather -

incidental, since the experiments were prim-rily designld to measure

transmissions nccurately, and hence great accuracy was
in the backscattering moeasurements. However, the resul
ciently accurate to confirm the observation of bothae(Z2

(103) and Seliger that the number of backdiffusing eled

not expected
ts were puffi..
3), Kovarick

trons depends
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only slightly on the incident eaergy, and that backascay
originate in layers cjose to the surface for high 2 maf
a3 those arising from deeper l-nyers as well, weras noted
elements.

ocbservation.

terad electrons
erialcy where-

for the light

This latter point was well demonstrated in the following

During a part of the experiments on transmission through sulphur

foils, it became necessary to use a sulphur foil that %&a backed by =

polystyrene layer 0.008 cm. thick, and since the stopp
polystyrene was krown, it was possible to correct for-
in this backing. When the sulphur side of the composi
exposed to the incident electrons, the backscattered f
same as that obhtained with a pure sulphur foil of the
about 12 - 13%. On presenting the jolystyrene side fi
incident beam, the reflection was not that of pure pol

began with a value smaller than the asymptotic valuec 1

about 30%, and which increased with energy to about &4

lng~power

% of r

of

the energy loss
te foil was
rection was the
same thickness,
rat to the
ystyrene, but

or sulphur by

for
max

sulphur before dropping again tc low values for aulph%r foil of the

same thickness. These points are well illustrated in
Schonland's values of r _ for four elements are
table of fig(36)a, for comparison. It is seen that h

slightly higher than the present results, but since

fig(36)b.
included in the
is values ara

ie results

were obtained with a more divergent beam than employﬂd in this case,

this difference should be expected.

Ve3. Ionisation Chamber Results.

Ionisation~in-depth measurements were made in.AL.

Ag, amd in
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wice foils as described in sec: (IV.%.) and 2 typice

curves is prosented in fig(37) for micn.
for Al and Ag and the difference in the shape of the
and the' transmission characteristics obtained with t
is quite obvious. The former show maximz-which are
latter, and which decrease in height and shift towar
ies for the thicker foils.
obtained from these at such energies as would correc
loss in the Be window and in the air-gap, and the cu
are shown in figs(38,39) for Ag cnd mica. These ion
curves follow closely the theoretical predicted curv
polated range values were consistently higher than t
results, as shown in fig(40). Here again, as in the
experiments, the extrapolated ranges in mica have be
greater than those of aluminium, even though thees t
were supposed to poesess similar characteristics in
(see Blunck and Leisegang,(27))-

The 'scaling' property observed for the transm
also applied Lc the ionisaticn-~in-depth measurement
of normalising such curves zt a chosen point fq

step

was nrecessary. The normalised c: rves for Al and Ag

Similar cuy

]

1 family of
bves were obtained

jonisation curves

e Faraday cup
ot found in the

& higher energ-

The true ionisation-in-dg¢pth curves were

. for the energy
rves so obtained
tsation-in-depth

ps and the extra-
he Faraday cup

Faraday cup

gn pcnerally

[

o substances

topping clectrons

sion curves
but an extra
r various er=rgies

ere shown in

figs(41,42) and the universal intercepts obtained ere again higher

than the Faraday cup results. It has not been possi
t¥< mica curves as the R0 values were not available

V.lto The Distribution of the ibsorbed Currents in Di

513 to vcale down
for this material.

electric Foils

Fig (1) shows the current distribution i

n an insulating
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fuil under elaectron bombardment. At low incident a.

and with no applied field across the foil, most of
tiwnn flow to earth through the top electrode. With
of the electron energy, a 'critical® energy Ec is
current to the bottom electrode begine and the top }
tho same amount. The bottom current IB rises stedp
and soon dropé again as the primary clectrons begin

foil in large numbers, as shown by the start of the

I

bonu has penetrated the whole thickness of the foil

It was found in all cases that the bottom gurrent

reaching about 50% of the tcial beam current in mo

the depth penetrated varies from 0.5 - 0.6 in glass

1

to about 0.6 ~ 0.79 of the foil thickness in mica 4n

of medium ranpge thicknesses. Since thick foils mugt

or 1., could be obserye

3 C

range, these curves tend to posaess long tails and

before the start of either I
is no longer well-defined, fig(43). This effect mFs
te straggling in energy loss ol the electrons.

Bpear (1955) observed that when the incident

chosen that the total incident power per second We i

a plot of lQ/hL,against Eaéfmnm gave a single curv
dielaectrics he investigated, provided that their die
- were of the same order of ﬁagnitude. This relati
tested here due to the fact that the control of the
a degree that would warrant useful comparison, was

current to the top electrodg is strictly complemern

|

purrent

not possible.

aciYon energies .

the absorced elec~
a steady increase

rgached whers the

urrent drops by

Ly to 2 maximum

to emerge from the
cup current Ic'
became appreciable
easea, before the

The fraction of
and polystyrene
d sulphur foils
be employed;

d in this energy

the critical energy

t be attributed

ie 80
5 cegnstant, then
for most of the
lectric conqtants
could not b; .

incident power to

The

tary to the battom

{
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electrode current until the maximum I is recached, hhaL both curves
B
tend asymptotically to zero., Fip(4k) chows typical| ecurrcnt dictri-

bution to thérglectrode in uieca foiles,
By not earthing the top electrode, it was foynd that all the
absorbed current flowed to earth through the bottgm electrode, even
for the thickest foils investigated. It appears fhereforc, reasonable
to attribute the observed current distribution in |bombarded dielectric
foils to the effects of space-charge fields. Sinde the same problem
is encountered in the application of external fields to the foils
in order to study the phenomenon of electron bomb*rdmant conductivity,
an atteapt to estimate the magnitude of the space|charge effects is

considered in sect (VIe2.)»

Velte Blectron Bombardment Conductivity.

Velbo (1) Experimental Procedure.
In the E.B.C. measurements, the currents me%sured varied by as
much as three orders of magnitude, from a few migroamps down to

about 10“10

amp. so that it was necessary to cmuploy a device whose
ranges could easily accommodate this large variafion. A schematic
diagram of the measuring arrangement employed is [shown in fig.(45)
and the procedure followed was to measurc the tofal beam current with

9

a Pye galvanometer of sensitivity 1.597 x 10~ p/cm, and to measure
the multiplication current with the electrometer|triode, employing
various sensitivity ranges. The normal ~unning procedure uscd in

the previous measurements with the insulating folls was closely

followed in this case.

Few sulphur foils and crystals showed any arpraciable leakage
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- 81 - ‘
or 'dark current' until they were affected by the pissage of heavy
currents or prolonged bombardment. The selcenium fdils showed more
dark currents under the same applied field strengthT than the sulphur

foils. Also, the single sulphur crystals generally|showed more dark

currents than the polycrystalline specimen, though $till less than the
sclenium foils. On account of these lecakages, it wps the usual -
practice to test ecach hew foil by applying fields @acrocs
it before a gseries of run  was bepgun,
Towards the end of this series of experiments, an attempt was
made to make observations with pulsed beah currentg, but the results

were rather disapueinting. Because of the nature 9f the generator

the pulsing arrangemeant had to meet a faw stringen{ conditions, which

were, however, not achieved in this case. The resth was that in
addition to occasional loss of the benm control, the very few results
obtained gave current multiplications which were gpnerally smaller
instead of greater, as would be expeclad, than the| stendy beam curreat

results.

Velbe(i)a. Vapriantion of the Multiplication Current jwith the Beam Current.

It was necessary to know the roelation betwedn the incident bean

current (io) and the mnltiplication current ({pﬂ before a realistic
comparison of the current pairs obtairned with different beam currents
could Ye made., Furthermore, ns was shown in secty (IX.%.) this
relation is of theoretical importance, beczuse of{ the information it
can give on the nature of the trap distributions fin the material.

The beam eneryy was kept constant, usually g4round 0.5. MeV, and

the beam current varied to the highest safe limiy depending on (the




o

e B2 =
field, before large multiplicated currents damage
reason, this 'destructive test' was usually carri
other measurements have been made on the particull

at lower beam on.rrenta. The ¢lectrometer circuid

measuring the very small currents, but large cury

l the foils, For this
ed out after all the
ar foil or crystal
wag suitable for

ente (~~ LAMA) made

the valve response become non~linear. This aros
this order of current flowing in the 1 MJd. grid
very close to the cut-off potential (~2 v) of t
Scalamp galvo of sensitivity 18.6£ﬁaﬂa was then

most of the unbacked foils usually broke down whp

from the fact that
esistor gave a p.d.
e electrometer. The
employed, but as

n a current of a few

nicroamps was passed through thom, this order of jcurrent was avoided in

some of the experiments.

The need for measuring the beam current witth an instrument of

preater sensitivity was felt, when the variation

small incident beam currents appeared uncertain,

of the gain at very

The use of a very

senaitive electrometer for this purpose was rul¢d out because of the

5 kV power pack, which introduced very larpge lepknie currents. However,

an insight into the tyre of relatlion was gained by the following

exreriiaent.

The incident beam was spread out on the crnystal by placing a 50-

cycle A.C, voltage on one of the deflecting coilln

« This had the effect

of drawing out the .heam-syot into the line-soyrce, whose area

exceeded that of the original spot. The current

dengity was thus

varied without reducing the total beam currcnt} which could still be

measured accurately by the same gnlvanometers.! The extent to which

the spot could be 'scanned' was limited by the[size of the crystal
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and the size of the collimnting hole, so that it|was not possible to
carry this experiment to extreme limits. The reLult obtained is

shown in fig(46)a, along with that obtained withput the'scan',

It can be seen that for a given current intpnsity, the current
multiplication is greater for a lower current depsity, after a
certain value. This effect is as should be expected, since the high=-
er current densities would give rise to greater frecombination in a
given volume of the crystal.

Vebbe Resudts.

Vobo(ii). Dependence of the E.B.C. Gain on thc Qurrent Density.

The dspendence of the E.B.C. gain on the cyrrent density is
shown in fig(46)a, for a given field and beam cpergy. The ovxact
relation at. very low current densities could nof be resolved with the
present apparatus, but the general trend is thafp the jain decrcases
with increasing current density, as was demonstpated above. This
trend is in a;reement with the results of Ansbapher and Ehrenberg
and. 8uenr (1956) who employced lower current duhfitieaphlo‘l;g/cme)
than were possible in this work(ﬂ'lo-?ﬁfcmz).
It would be expected that for very low exditation and very
ctrong fields, little recombination would take [place, so that the
maximum yield per incidea. particle wculd be oftainecd. In tiis
region, the gain should start with a high viluq and remain so for
all low incident currents, whilst the multiplidation current increus-
es linearly with the beawu current. This ccrregponds to the case
of eqn(22) in which the hole mobility is small|and the trap d:jth

is large. Also according to this theory, the yelation betweer the
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multiplication current(ly ) and the primary Leawn e

rrcnt(fo) will

beeoue a sgquare-rcot relation at high current deusiticu, Thus, by

plotiing 1°€lun ngainet 10Hlo y the exponent n -3
Lm a0 {f; T is obtaincd.'fis(ﬁ?) shows such cu

for a gulphur 7oil. The w@multiplication current

n-therelation
1vee obtained .

covered three

orders of magnitude and the exponent of W. was fou

dé to be about

0.8. This value lies in the range 0.7 and 0.9 usuplly found for

other substances and which according to Reose's thepry implies an

exponential trap distribution in sulphur. The valu

of the order of

0.8 was also observed for sclenium and by Spear (1P56) but the value

for the single sulphur-crystal has consistently bepn less than this,

being usually about 0.68. This value is again within the limits

0.5 and 0.9 expected for an exponential trap distrfibution.

AE (1951) had found that the sain is indepdndbnt of the current

density only at very low temperatures, and this only happens below

a critical value Lf which is smaller at higher demparatures and

for thinner specimens. Unfortunately, it has. nct jpbeen possible to

investigate to E.B.C. effects in sulphur at varioJa temperatures, but

the fact that the melting-point of sulphur is only

119°C, suggests

that such experiments would yield quite intereatiqg results. For,

according to Rose's theory, the exponent m would.nevert to 0.5 when

T > 7T , the charactoriatic temperature at which the traps were

supposedly 'frozen in' as the crystal cooled,

Velko(iii) The Critical Eneryy (E.) at which the EJB.C, Bepins.

Typical curves of the variation of the currenqt gains with the

electron beam energy, for various applied fields Tra shown in fig(48).
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An interesting feature of these results is the criti

at which the electron bombardment conductivity begin

Jith

varies the thickness of the crystal, bein

the thicker specimens than for the thinner ones, and

for all applied flelds. The reversal of the directid

cal energy (Ec)
8. This energy

7z higher for

| remains constunt

on ¢of the field

had no appreciable effects on the value Ec under thq present

conditions. All the specimensa investigated exhibitg

energy,.as shown in Figz(49). Another important foaf
critical energy Ec is that it coineides with the ong
steady secondary current begins to flow to the bottd
the foil under electroﬁ bombardment, when no fizld {
the foil, This is illustrated in fiz(50).

The existence of the cfiticdl energy was noted
by Becker(53) but woll-defined values of E, were fij;
AB(1949) and Spear(l955). The interpretation given

was that it corresponds to the bombarding energy at

incident electrons have penétrated tho whole thickn

However, Spear(6) peinted out that this interpretat

and showed that only about half the thickneas of th

penetrated at this energy.

From the known ranges of electrons.in sulphur

| of Ec foé each foil, the denth penetratedlby the pr
at E was found. No caue was obperved in vhich the ra

anercy Ec was identidnl with the thickness of the f

reice pbetween E and the incident energy E_ correép&nding to a

ranze equal to the thickness of the foil, decreassd

d this critical
jure of the

rgy at which a
pm electrode of
s applied across
long ano(1904) o
rst observed by
to EC by AB }
which the

boss of the foii.
Lon waue incorrect
e foil was |
value

hnd the

imary electirons

he Rp for the

~11, The diiic-

with the foil
i

I3



FIG.49 VARIATION OF CRITICAL ENERCY(E) WITH FOIL THICKNESS.
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thickness, but asvertheless, remained finite.

Velto(iv) The Baerpy B Corresponding to the Maximgm Gain,

Another important feature of the [ain-energy curve is the prec-

ence of & mayximum gain, which however, is not eviden
the thick foils, as is shown in fig(49). The energy
stant for g given foil at all applied fields, and co
maximum for the IB curves found in the range measure
point, the energy lost in the foil by the beam is gr
incident energies [reater than Emnx the absorbed ene
decrease, and consequently th2 gain falls off.

Very broad mexima were observed for silica'film
and he interpreted the position 28 corresponding to
dissipation and also where the range of the electron
the thickness of the foil. This was no doubt a fair

in many cases, in view of the fact thkat he made no hd

in the case of
o is a con=-
ncides with the
ents. At this
atest, but with

gy begins to

by Pensak(194%)
he maximum energy
equalled to
interpretation

tual range

measurements, but simply drew his conclusions from the fact that

he found the ajproxim.te relation Ezmaxcmch in accon
Thomson-Whiddington law.
Ansbacher and:Burenbery (1951) found the relatid

for fairly thick foils of about the same order of thj

dance with the

S~
n Emﬂ.x 2-3 Ec

ckneas, vut

found rather smaller numerical constants in this relJtion for very

thin films of aluminium oxide. This was very similay
found in most of the foils examined during the range

in the insulating foils, where the difference betweeq

» to the relation
measurements

\ Emax and Ec

became smaller as the foil thickness decreased. Thig linear relation

explains why AE interpreted Ec as the point of comrlﬁte renetration
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7
for it has been shown that.in all cases Emax occurs
complete penctration. !

The work ¢f Pensak, EBhrenberg and Ansbacher, [S
author, which covered tha energy range 0 - 700 keV|,
that the general variation of the E.B.C. gain with
energy is solely dependent on the foil thickness.It
howover, that the gain would become zero towards zP
materials, no matter how tgin,since the incident hp
at least bec sufficient to excite tho carriers in th
trapping states in the conduction hand.

It has sometimes been considered that the genp
gain-enerpgy curve could beiaccountcd for by considg
dissipation in the specimen. Pensak had considereg
feund some agreement in Part II but not in part I L
shown in fig(S51) is the Bethe-Bloch stoppii.g-power

on which the pain-~encrgy curtve has been fitted by

¢ after .

pear and this
seen to indicate
the incident bean
must b;cxpccted
ro energy for all
am energy must
e shallowest
_L,
ral shape of the
ring the energy
this case and
f fig(5ID. Also
curve for sulphur

ormalisation of

the gain per unit field. It is seen that the f{it is close for

high field gains in Part 1J, but the two curves hay

at all in Part I.Th: fact that the poin 111z to zerg

e no relation

at ® , supggents

that the consideration of the energy absorptionalohe cannot ;ive the

correéct picture,for the transmission measurements X

before the Ecia reached, mdst of the electrons stoj

and lost All their energy (see Lo in fig 1. UnJicr $hevec conditionn

. the power absorbed in the foil should ircvcase lingarly with the

incident beam enerpgy until complete penetration is

enorgy loss will depend essentially on the storping
: [ . :

ave shown that

ped in the foil

~power of the

achieved when the

4
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ngdium, l

Viho(v). Variation of the ®.B €. Gain with the App
The variation of the E.B.C. [uin with applied
evident in all the curves pressated in figs(4?-49)

the expected itrend for comparatively low spplied {

Helda.

lied Fields.

fields is
and has followed

Fields

greater than 105v/cm were not achieved and the_resths presented in

£iz(52) show that the multiplication current is Ohlric in this volt-

age range. i

No saturation
any of the sulphur foils e&amined, and certainly ¥
have been reported in other substances. Spear (1956

saturation of pguin with the applicd fields in sele

10

surrents (~10 ~~amp) and low excitation near the

applied field was of the order of & x 10°v/cm.  Fo
was able to ectimate the averagc energy for the pr
hole pair to be betwuun 18 and 23 Y.  These condi
fulfilled in this work becavse the slsctrom beam e
reduced readily below about 150 keV. The use of t
those employed here would have required :vah higshen
affective fields, and thislwas rather impracticabl
conditions. !

Tt was shown in Part II of £ig(5l) that the

&

foliow the Bethe-Bloch stopping=-power formula very

energy lost by an electron beanm fa in passing thr

be detormined, It is egqual to lo(ggg)ﬂx where (

N
A

L

D

{dE
.

2ffect with the applied field whs observed for
|

cry few such e¢ffects

however, found

hium for very small
top electrods. The

r this -~ase, he
bduction of electron
tions could not be
hergy could not be

hicker folils than

voltnages %o zive

¥

under the presceut

hin-energy curves

¢leoaely. Thus,the

ugh the foil could

) is thae
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stopping power, and A% the foil thickness. Hence, if

nroducing an electron~hole pair is u) and is constant

range, thon the pairs producod are lo (_EL{ AX
J dx / W
for a given field F ia,
= idEAX
9 = _ K x;) L)
Lo “

A1l the quantities in eqn.(27) were known except  fd
estimate was made and the unreasonably high value of

for n field of l.% x 107%cm. This indicates that md

the aancrgy for

over this energy

and the gain

r which an !
660 eV was found

st of the gener-

ated charpe darriers are lost by recombination. It

that a reasonable values of can only be obtained und

iion conditions. vt 1f o value io assumed for Ly,

of the saturation field could be made. Assuming Spe

of 20 eV foi selenium in this case of sulphur, then jt

field Fs is g;ivep by F-S - __u_)_' F - é‘é-g F
: | ws 20

Fsﬂz .6 x 106 v/cme.
J

'This value iz very close to the breakdown fields foz

but it appears a reas¢nable vzlue.

AE(1951) have pointed out that the comparison f

.aﬂplied field for different foil thicknesses cannct|b

the

arbltrary bombarding enargy. ox

78

he

Howaver, at Em

of the thickness alone for a given field, so that t

gain per unit field for different specimens can be o
ét this energy. Unfortunately, the single crystalg o

too thick to show Emax and hence proper comparison (wi

a8 however, obvious
P ficlderatur.i-
then an estimate
r'e average volue

he saturation -

2

!.

I
|

+ most diselectrics,

i
1
i

!
E.B,C. gain with

¢ made at any

in is & function
comparison of

re sipnificant

f suiphur were

th pelyerystalline
" J’
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1

sraecimens could not be made. However, it was obvion, from the peneral

trend of the gains cbserved, £i (J))thnt the E.B.C.

gffects are much

greater in sinzle crystals than in the polyerystalline specimen. In

fact, the gains found in this case were of the aame
as the mains in amorphous selenium,.

crystals as compared with polycrystalline specimens

for the ecnze of pheteoconductivity in sulphur, by Jg

is to be expected because of the far higher effectiy

more perfsct crystal lattice,
o
|

The result obtained for one of the

Volo(vi) Selenium.

shown in fig(54). Goans were generally higher in t}

The higher gain

selenium foi

order of magnitude
in single i
wag alsc observed
ffe(1928). This
e mobilities in a

1z axamined is

j¢ amorphous

selenium than in the polyerystallibe sulphur, thoug) nct much hipher

than thosze of the sinpls sulphurecrystaels. Thoe pos]
nogative zains were cgnal for the same applied field
at the same critical energy EG- In view of the grod
ility of . holes than the electrons in selenium, thi
the case when the penetration is incompla?a, as wa
snd Cope and Spear (1956).
amorphous selenium was about 0.78, implying the oum

distribution as in sulphur,

I I B R NG BE 2N BN O O N

I

The value of the expongnt n for

Ltive and the
Ly and all started

rter effective uob-

shoulid not be

shown by Wedmar
i

i
i

L type of trup
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. CHAFTER VI,
DISCUSSION OF RESULTS }

¥I,1. Discussion and Comparison of Range Results,
It i1s well~known that the Thomson~ihiddington law ig not obeyed
in this energy range(0.2 - 0.8 MeV}, and also the preseny series of

work (101,1C4) have shown that the Katz and Penfold relatilon (eqn.2a)
r

does not apply to the Faraday cup!results in Al., An exagination of

the many published range«enevgy relations showed that mogt of them
could be represented by a power law of the type R = b Eg ceeena{28)

where the exponent p depends on the energy range and the constant b

¢n the material, and possibly to a slight extent on the method of
observation of the extrapclate@ range RP « The X-P relation takes
into account the variation of n with Es , and hence it gpproaches
the Thomson-Whiddington law at low energies, and to a lihear law of
the Feather type (R,= AE,—~B) at high emergies ( ~ 20 Melr),
To obtain a range-enargy relation which is applicabfle in this
energy range, the above power 1éw was agsumed and a ploy| of 1in E,
ééainst 1n R,was made for each substance investigated. The values of
the exponent n lie around 'i4/3 éxcept in the case of pgdlé, for which
the extrapolation procedure is in any case very dubious] This value of
n lies in the range 1,48 - 1,625 expocted for this energy by the K-P
relation. Also, the present values for Al of n = 1l.33 4nd » = 0.395

may be compared with the values n = 1,38 and b = 0.407 ¢btained by

Glendenin and Coryell(105) for the energy range 0.15 - 0.3 MeV.

The present ionisation-in-depth results in Al are in very good

agreement with the K-P relation, which is to be expectefl, since the
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K-P relation was derived main.y from similar recultes.

ionsible Sources of Dic.repancies in Range Results.

There are various possibilities to account for th

discrepancies betwesen range values obtained in differn
and in particular with two different types of detecto

possibilities are listed below and will be considerecd

e observed
nt laboratories
'S o These

in that, order.

(a) Intrinsic differmnces in the methods of dethtion.

(b) Variation in Geometry,

(c) Different methods of Extrapolation.
¥ _

(d) variations in Energy Calibrations,

(a) The survey of range measurements (Sect’l) had giy

that these discrepancies might arise from the intrins]

y

¢ nature of

response of the measuring instruments, Tiwe instrument$ which measure

the power in the beam as well as the number of edctrops, appear to

sive greater ranges than the current collection meth#d which only

detects the presence of an electron through its charg

counters also give greater valuee than the faraday cup

23

=

« Geiger =~

as shown by

the work of Seliger. Since this instrument discrimin%tes against

electrons with a minimum threshold energy, its rangep should not

really be greater, but as shown in Fig(56) Seliger's
generally greater than the Faraday cup results, Seli
been chosen for comparison with this work, because of
equivalence of our two systems, and the availability
materials.

.on the samc

in the low 2 elements than in the high Z e¢lements. T

the electron ranges are smaller and the extrapolated

less accurately determined.

ranges are

per's work has

the geomctrical

ofrange results
The divergence of the reﬁults ies greater
n the latter,

range values

Hence it is possible th4t theattcndant

en the indication
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inaccuracies in extrapolation faor heavy elements are dqufficient tec

mask any difference that may exist between the ranges
two detectors,
and hence with other conditions being equal,
different detectors will yield sigrnificantly different
for electrons, in the light elements,

(v)

However, the general trend is still evident,

obtainad by the

£ig(56) 3

two intrinsically

range values

L}

The strong angular dependence of the emergent electrons

on the depth of penetration demands that two intrinsically similar

detectors must possess geometrical équivalunce beforeée
results obtained by them would be similar.

Varder with a long cylindrical ion chamber had failed

the range

The experiments of

to yield

the initial plateaux which are present in the transmisgion curves

of the lighter elemente, and Eddy(1928) had correctly

to the weak response of this apparatus to wide angle sEattered i

electrons. Tpat the reometry of the e¢ollector can hav
the extrapelated range values has been demonstrated in
but this effect becomes significant.

frou 21T;collection.

argument that the differcnce between the present range

those of Seliger cannot arise from geomctrical divergepcies.

() The methods of extrapol%tion of the range value
definition of the practical raﬁge may well account for
ancics in may published results. Most transmission cu
show any definite range cuteoff, and the transmission-
for a given foil do not possess definitc cnergy cut-of

very thin foils of light substances. For substances o

httributed this -

only when the geophetry departs

an effect on

s8ect{IV,3,)

This is another evidence in support of the

results and

L and hence the
|

the discrep=-
Fves do not
tharacteristics |

1 except for

F low 2 used
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as tuin foils, the range valuen obiained by extrapnlation [fo the
thickness~-axis for a given encrgy (InsctI) or to the enquy-axis
for a given thickness (Insct I1) are practically idcenticall as shown
in fig(57) for polystyrene, Different authors have cmployed these
two methods, since none has a distinct advantage over the |other, and
both arc¢ prone to large inaccuracies at great penctrationd and in

heavy elements, Thec first method has been employed by SOﬂiger and

the other authors whose works have been cited for comparigon with:
the present work,
(a) Most of the other quantitivs on which the extrapolated range
values are dependent (e.g. length and mass) can.be determined with

2 high degree of accuracy. The same degree of accuracy mhay-.nét de
attainable in some cases in the energy measurement of the| incident
electrons, and this will lead inevitably to discrepancies‘in the

range values measured with similar detectors in different| laboratories.
High precision in energy measgurcment has been attained wilth magnetice
spectrographs and nuclear resonance methods, but unfortunately

nelther of these methods has been available in thie work, aand the
present energy calibration had to fall back on spark gap measurements,
The accuracy of this methed is more limited than those off the other

two methods, but it has becn shown that thic method of cq4libration

can yield consistent values that are in fair agreement with other
energy measurcmente
(i) In the corparison of the present results with Seliger's, in
which 57 momentum resolution was claimed, it was found that if the

iscrepancy arose from voltage calibration, then 30-40)k shift an

-
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Fit the two resulte for Al.

enerzy is nceceda teo This r
difference implies that the spark gap calibration could
error, for otherwise, the error would be proportional t
encrgy.
(ii) The concistency of the spark-gap calibration has
to hold, as explained in sect(IV,1l.) since a particular
repeated after several months gave results which agree
than 2%. This is also the limit of accuracy of the spal
calibrations, according to estimates made from the publ]
for sphere gap voltages (N,P.L. Symposium on Precision
Measurements, Sect.20.1654,)

(iii) The agreement between the present ionisation-in-d
ments and similar results obtained by Frantz at 0.5 MeV
for Al, definitely show that similar irstruments should
results if the voltage calibrations are accurate, Both

yielded extrapolated inzerceptk =0.76, and range values

pnstant

not be in

p the bean

been shown

experiment

Lo better
rkk gap
Lehed figures

Elcctrical

;pth measurec-

, fig(56)b,

give the same
measurements

in good

agrecement with the Katz and Penfold curve, with which the ionisation-

in-depth results of Trump et alia(32) are also in aﬂrcewcnt. In view

of this close agreement, it is reasonablc to ascume thaf
voltage calibration cannot be responsible for the discrd
between the range values obtained by the current collecf
and the other range results,

Metale and Insulators.

b ¢rrors in

tpanciecs

ion method

The univergal transmission curves for metals and insulators are

shown in fig(33) and the universal interecopts shown in {

case of sulphur has demonstrated that there is no deteetab

15(2)1 The

lcdiffcrences

in the electron ranges in metals and diclectrics in thi1 energy range



f . 96 -

This view o8 strongly suppurtéd by the fTact that the pame range-

energy relation, a vower law {n = 1,33) wage found for] metals “and
insulators in this energy range, The oramination oif] the current
distribution in the dielectric foils showed a strong [space-~charge

build up in the bombarded dielectric, bui this appargdntly had no
.effest on the electron ranges., . :

.VI.Z. Diécussion of 8pace-Charge Effects on the E,B,0, Results.

One of the most striking features of the E.B,.C. [results is the
critical energy Fu at which t?o bombardment conductiyity begins. It
has bevn shown that thié eneﬁgy also corresponds to that at which a
fracticn of the absorbed current begins to flow in tle bottom ;
electrode in the absence of a2 net applied field acroges the foil. For
the energy range covered by ﬁhe work of Pensak, AE, Lpear and the

pregent author, this threshold cnergy appcars to deppnd on the g
thickness and the meterial of the foil, and to be inflependent of the
temperature, In the region of the low applied fieldp ( —-flo5 v/em)
employed by AE and this author, the constancy of thea| critical energy
Ec with the applied fields appearcd conclusive, and pence AE had
assumed that this cnergy corresponds to the beam energy at which
some of the incident elceotrons had penetrated the whole thickness of
the foil; If this postulate were ceoerrect, then it would be impossible
to observe E.B.C. for the incomplete ponetration of the feil, which
is contrary to experience., The work of Spear( &) ardd the present :
work show that the E,B.C. current always starts befgre any trans-
| .

mitted electrons appear, so that the complete penetrdation by the

primary elecirons cannot be the criterion for the cqumencememt -1




"

nf the elactron tombardment condnciivity.
With the higher applied fields ("106 v/cm) employed
Pensak and Speay it was noted that the critical energy Ec
some variation with the magnitude and the polarity of the
fields.
10°v/cm only altered the value of E, by about 0.1% whilst
from 105 to 106 v/cm altered it more than 2%, It follows
that if Ec ies dectermined by the trapped charge distributid

internal space cuarge fields must be large compared - with

applicd fields.

Several attempts have bcen made to obtain a space ch
model responsible for the obscrved current distributions.,
visaged a simple model in which the¢ incident electrons rel
bound electrons in the insulator, which then migrate in tH

of the applicd fields. These get trapped in the body of 4

In the work of Spear a change of the applied fiel

by

showed
applied

d from 0 -
a change
from these
n, then the

these

rge field
Pensak en-
eaped the

€ direction

he crystal

resulting in a space charge build up.If penetrationis completlt, then

a steady current is observed, otherwisc the space charge 1
current to a small fraction represcnting the excited elecf
escape the traps and migrate through the unpenetrated regi

fraction falls off rapidly with the increasing length of t

educes the
rons that

This

he unpenc -

OTl,

tratcd region. This simple modil nowever, docs nol scon to predict

the sharp critical energy cut-off observed in most cases.
AE had noted it was possible to obtain an equation rd
the field, the dersity of electrons and holes, theor mobil

density of traps and trapped charges, and the rates of ion

lating to
ities, the

isation

and rccombination of carricra, but that this equation wasg' intractable,

Instead, they assumed that the field inside a bombarded cx

ystal will
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soproximate to that in an i1onised gas, the distributions o

was given by Mie(190%4) and Thomson{1906)., For this type of d

bution,
necessary to suppress recombination over a given layer in the

xrior of the crystal. This led them to conclude that to obt

fig(58), thcy estimated the magnitude of the applied

f which
ietri-

field

inte-

in

a reasonable field value, in the central region in the crystal,

the effective mobility of the carriers should be in the orde:

10"'*

eslimated by A. Rose, for the mobility of carriers in the pr
of trapping, where,uqis the mobility in the absence of trapp
Since the above ficld modcl does not take the effect of tra
accourt, it will be vnable to account for the observed curre

butions and the existence of the critical cnergy.

From the study of the current distributions in bombarde

dicloctrice “year{(S) gpave a modcl of the space charge ficlds

L

rcasonably accounts for most ol the observed effects, Accox

this model, shown in fig(58), two opposing fields exist in 1
bardud feil due to the trapped charges, when the cnergy of t*
clectrons is of the order of Ec' The current to the bottonm

I_ ie zero, if no sccondaries are crcated between thc plane

B

the bottom electrode B, o

But, as the dcpth of penctration e
it

i

1

j(' « charge displacement will occcur in the region 2, and
begin to flow., This current will then rise steeply with i
penetration provided the plane )(', does not move appreciab
towards B, The maximum value of IB represents the optimum

nation of carrier production and space charge in region 2,

cmZ/sec/v. This estimate is supported by the value of |

= of

5
Ho

0™
psence
ingo

ing into

nt distri-

d

bhich

ding to

he bom~

4+
L5

¢ inciden
eloctrode
){J, and
creds

B will

reasing

J

combi.-
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complete penetration, the encrgy absorption tends to be un
throughout the specimen so that approximately the same nu
secondaricse are produced in both regions. Under thcese con

it is reasonable to expect that the ficld approaches symme

iform
er of
itions.

try about

53 = %, and hecnce IB will. approach TT and both will tend towards

the value of MA‘ as was observed,
An external ficld in the negative X -direction will w
and cause a shift of the planc X, towards T, and for th

encrgy Eg 2 Eyythe resultant field at all penctrations wil

d

results in the observed currcnt gain shown by IB. The appy

to act in the direction of the external fiecld., In region

other hand, the same oxternal ficld will reinforce the fi

constant value observed for E, indicates that for E, £ E
resultant field must be controlled predominantly by space

The strict complementarity between the change in IT anGg tj

in I, with the applicd fields mean that applied fields of

B
able magnitude in either direction appear to be additive f

original space charge field at zero applied field,

The rcsults obtained in this work were found to be if

i

agreement with thc above model, It was found that in 211

started significiantly before the whole foil thickness wa

-
L

and that I, terded towards I, after complete penetration

B T

In very thin foils, and when no extcrnal ficlds were appli
became zero for beam encrgies greater than a certain valup

=

ing on the thickness of the foil. IB decreased with incr

energy, but ncevertheless, remained finite in the encrgy rr

[

ken Fl
beam

1 begin

2 on the
1d F, which
oximately
ax the
charge,

¢ change
conglder~

o the

pood

'

penetrated

cases,

had occurred,
ed, IT
(Bl) depend~

asing beam

nge

¢ -
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unploycd in this work.

In contrast to the above distributions, it was notkd in
sect(V.3,) that when only one of the clcctrodes of the insulating
foil was earthed, all the absorbed current always flowed o earth
through whichever elcctrnde(T or B) was earthed. This always
occurred irrespcctive of the foil and the incident beam elfcrgy-

Under these conditions, the critical cencrgy was not obs¢rved in

any of the foils examined, The fact that.very large-currcpits couldl be
driven through thick unpenetrated lajmrs of the foil, indjicates very
large magnitudes for the space charge f{iclds,

There ia‘no doubt now that large internal ficlde can| be sct
up_by.thu trapped charges in the bcmbarded dieclectrics anp these then
influence the current distributions in the foil. An accupate esti-
mate of the magnitude of the.distribution of the space ch?rge ficlds
with the depth of penetration is Highly desirablc for thy under.
standing and the possible applications of the elcctron bombardment
conductivity processes,
VI.%. Conclusion.

From the expcrimental observations on range measurments prescnted
in this thesis, it is concluded that the¢ extrapoclated range Rp is
dependent to eome extent on the naturc of response of thd detecting
device employed in © its measurcment, The fact that the present ione
isation-in-depth results in Al are in good agreement with the results
of Frantz and with Spcncer's theory indicates that the divergence
of the range rosults from the two metho&s employdd in this

work does not arise from errors in voltage calibration, The depend-
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cnox of the extrapolated range on the collcctor geometny is rather

insignificant except at very extreme departures from tHe standard

geomctry, The range values obtained for metals and didlectrics -

showed no significant differences in thie cnergy rangel

Electron bombardment conductivity mcasurements sHowed that

large spacc charge fields are set up by the trapped chgrges in the

bombarded dielectrics which predominatly control the current dis.-

tribution before the complete pentration of the specimen has taken

placc, A detailed knowledge of the space charge contrgl of the

current distribution would lead to a poseible applicat]
sensitive energy-dependence of the E.B,C. current in ti

the eritical encrgy, such as voltage calibration(see A

on of the

e region of -

pendix 1,)

The large bombardment induced conductivity observéd in sulphur

has well borne out the prediction of A.voﬁ Hippel o) that the insu-

lating elements of GroupyIb of the periodic system wil

induced conductivity under suitable excitation, These

|l exhibit

results also

confiim the view that the induced conductivity observef in many

sulphides are connected with these properties of sulphur, The grcater

induced ~ conductivity in single crystal than in the polyerystalline

spc cimen confirm the view (Rittner) that the carrier mpbility is

higher in the¢ former, hence indicating less trapping. From the obser-

ved exponent of the induced current variations with the intensity

of cxcitation, the trap distribution, according to Rospe

cxponential and hence should vary with temperature, It

els thonry, is

should there-

fore be possible te reduce the trap density to such a level that the

counting of particles will be rossible with sulphur ovier a range of

tl’:lﬂpt‘.raturﬁa s aEsenEn
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“the latter gquantity can be coqtrbllad with accuracys

'
|
]
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i
APPINDIX T

i
Suroested Method of Relative Energmy Calibration

Enirgy calibration of an a2lectron sccelorator of

aximun

energy about 1 MeV is generally an claborate or inacculatc

proccdure. The procedure employed in ti-is work has 535
in sact.TV.l, and necessitates extrapolation for oporal
enargies than 290 KeV g0 that the inaccuracias of spari
measursments then bacome more sorious. A satisfactory
absolute calibration procudurc should, (i) be simple (]
diractly on the eluctron bzam #nd (1ii) be indupendent
particular apparatus cmployod.f If aspuct (4ii) can be

practically, comparison batweon different laboratorius

n descrivoed E
Ltion at higher
L gap I
L non~- j
i) orerato -$
i
of the i
achievad f

¢an b made,

and in particular a comparison can bo made with a generator ' N
r il :

which has beon calibrated absolutely.

The measuroments with the motallic foils show tha
fcan he a very s2nsitive function of the beam cnergy, ¢
that the dependents of tranamission on the ¢ollactor g
cainr be made very small. In view of tho three requiren
abvove, it is sugpested that transmission measuroments
arranged as a sensitive method of ansrgy calibration ¢
accalzerators. i

Cl:arly, the oncrpgy at which olsctrons just fail

from a foil depends only upon tho foil materiul and thickness and

t transmiasioﬂ:
nd also
comztry i
snts stated
cauld ba

f uslictron

to umurge
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eneryy loss and th: lang

e

Because of tie stregzling in

scatt.rings that occur during :lectron p:nctration in
a truz cut-off .nergy can not be dafined.
enargy rasulting in a particular transmission is, howd
pr:cis2ly defined. Th: inercasc in transmission with
th: cut-off ragion is morc rapid, th> lower thu foil 4
B.ryllium is ther.for: most siitaple for this applicaf

(a)

Measurcmznt of Currcent Ratio,

A conveniznt moethed for the dirzet mcasur:ment of

ol two cur.:nts, in this casc the transmitt:d currunt

[.-

the absorbed anu raflaected curient Y3 , is shown in ]

Tha eircuit is a brid;z noetwork with neative fed

Re.

L5 = ( , by means of the potontiomotor R.Rz baforg

‘rom the cathode resistance Th: circuit is fin

current flows. Th: curront absorb2d and reflzctced by

then flows into the anode circuit, whil: the transmiti

L2 angle

a foil,

Tha incid:qt beam

ver,
enargy above
tomic nuabar.

ion.

the ratio
4

i, (55 ).

and

tdback

st balancad,
y the beam
the foil

rad current

tha grid resistance = Thuse currc

flows throu;h
from practically infinite impednnces, as in thuy prose
The equivalent circuit for linear valve opsrating congd
It can bz secn that the bal

shown in tha diagram (b).

r:stored providecd:

g L Re(# +1) +P] = L /R

- /
That is % ’

—
—

t =
Ly R

]

ts must flow

litions is

lance is

t application..
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For uost vulveslﬁf>71, so trat, by choosing IQ( ]

arge

comparad with }ﬁn,, tr¢ balance condition bLzacomes insdnaitive

to swall chang:s in valve perforiance. The balance is

of th: value of ({; 1 L; )e

Although this circuit uay be used to measure any (¢

it is particulsrly suitable for the mzasurcuznt of very

ratioag.

This uey be seen by deterairing the out-of-bal

indepondent

urrent ratio,
t small current

Lancy

curruent Lg for a given change in currcnt ratio t , endur trc

condition thrat (L‘ +4;) = L remains constant. Thus
éjﬂ =
dt t(t+

If n vary swmall currant ratio is auployed a hi h ascon

ascuming Rﬂ' R, Rl < Z .

5

fore obtain:d, ond this is zlso tho most suitable cond
calibration.

(b) Priuctical Aprlication.

In a practical application th2 wvalues of FZ and

at balance

tivity is there-

Ltion for onor iy

R‘ are

det:riiinad, to some extent by the valve cmployed. An Llcctromctor

valve is particularly suitable sincera lar;a valua. of
~loyuwu weile still obtaining corrsct cathode bias, and

very large valuce feor the grid resistance R can be used

Rgcan be em-
L. of course, a

To demonstrato

this mcthod a Mullard ¢lactrom:ter valve M3 1400 was cmployed with a

catlod: rosistance Rm = 20.%ka and anode current 100 .

operating point }gmt3-5.k1land A = 20, corr:sponding
/

Re = 25.2 ks

or to a Be foil, of thickness lﬁjnmb/cma, in the foil

or cup asseubly previously described.

hmps. At tris

to a value for

A beam currant of several microampp was dirzcted

clamp and collect-
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oW nerrcy sacondary ealanion from

[

Ia order to suppresa 1

foil, an additipual 100 volts positive bias was appliad |

a battery in tha foil lead.

until balance was rcstored. Pith ‘R = 10,1 Ma s EOPrYTe

to 1 = 2.50 x 10-5, a balanc: wes found at aluctron o
This balance encrgy was found to be independant of boam
the range exawmined, 1-14 flamps. At 4 flamps, th: enorgy

of the bridgs at balance was found to b: avout 0.4 Mamp

represants a vory rapld transition throusbh the balance c

The low tronsaission value employcd in this dowonst

2 a suitable or:rating point at which to obtain calibry

with an absolutely calibroted accelorzior. A snall errg

The c¢l:ictron buam cnergy wadg

the:
Yy inscrting

varicd

rending

ergy 410 keV.
urrent over
ensitiv&ty
/kov, which
prndition.
Fation would
tion data

r in the valuc

6f1%7§ would not sariously affect thz balance onor. y beduuse the
operation is closc¢ to the cut-off iegion. This latter point is
damonstrated in the following tasle which shows how the|bzlance
onarsy E vori:d as R zas varicd ovor the range 1-20 M43 .
Grid resistanco R (Ma) 1 3.3 5 10 20
Balance anergy B (keV) 424 420 415 410 2Pk

It is scen that at R = 10 MA . an crror of 10% in the polue of L

0. 5%.

would change the valance energy by less than

Finally, it wny be pointcd out that the circuit gi
find application in oth:r problems involving the measun

electron beam currert ratios: A current ratio apg small

gould e mearured with this cimple circuit,

ven above may

cement of

..5

as about 10
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