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The Scattering of electrons, positrons and protons

In nuclear photographic plates*

Section I* Preface and Introductory Summary of other
work on single and multiple scattering*



1.1 Preface™*

The work described in this thesis was carried out at the
Natural Philosophy Department of the University of Glasgow#

The work began i1n January, 1951 and the authors part Init
ended In December, 1952, though data obtained since thatdate
have been included In one section of the thesis (that describing
the single scattering measurements) by permission of those at
present working on the problem#

The course of the work nay be summarised as TfTollows.
Various types of photographic emulsion were exposed to electrons
and positrons of energies up to PG MeV and to protons of
up to 140 MeV# The multiple scattering of the tracks of
these particles was examined and 1t was found that for there
type8 of emulsion which had previously been studied by other
authors the results agreed with the earlier work as well as with
modern theory. For other (diluted) emulsions, the scattering
constants were determined for the firat time and found to agree
with those predicted by theory.

On the conclusion of the multiple scattering measurements
the single scattering process was studied for electrons and
positrons of about 10 ¥tfe/, it being found necessary to use a
new set of eirulsions,with “reater track densities, iIn order to
obtain satisfactory results. The variation of the scattering
cross section with the angle of scattering was determined and
compared with the results of other workers with particles of

comparable energies, where these were available and with theory.



It was found that in the case of electrons a considerable
effect wae produced by the finite size of the scattering
nucleir, iIn agreeinent with the findings of other authors, hut
In the case of positrons, where there appears to be no previous
experimental work, even less evidence of this effect than Is
predicted by theory was found*
The thesis begins with an account of previous work on
both single and multiple scattering (sections 1*2 and 1*3)*
The remainder of the thesis le concerned with the present work*
This work began with the construction and ceilibretion of a
spectrometer iIn which positrons or electrons of knoTn energies
between 5 end 20 MeV could be directed into photographic
emulsions after having been produced 3n a lead plate by the
X-radiation fromwhatural Philosophy Department’s 30 “eV
synchrotron* This part of the work, which is described 1in
section 2*1 , was carried out by the author in collaboration,
so far a8 the actual exposures were concerned, with the
operators of the 30 keV synchrotron* After exposure these
emulsions were processed by the author as described 1In
section 2*2. The proton trackr were obtained in ei ulsions
exposed, for another purpose, to the beam of the synchro-
cyclotron at the Atomic Inergy Research establishment, Harwell*
These plates were exposed and processed by kiss C. F. Lees*
The multiple scattering measurements are described 1n

section 2*3*1. They were all made either by the author or

by Dr* Muirhead. The various corrections which 1t was



necessary to .o 1y to the experimental results were calculated,
as also were the theoretical values of the scattering contents,
for an account cf this part of the work published In tbe philoso-
phical Magazine (Bosley and Mulrhead, P. M«, 43, 63 (1958)), by
the author and by Dr. Mulrhead. For this thesis more detailed
results than had previously been published were felt to be
necessary and the results given here were all re-calculated by
the author, as described in section 8.3.8*

k paper describing the use of the above measurements In
determining the energy of particles emitted in an unusual, high
energy disintegration produced iIn a diluted emulsion by a cosmic
ray particle was published in the Philosophical Magazine
(Bosley and Mulrhead, P.M., 43, 783 (195P)).

The single scattering measurements described In section
8.4.1 were originally made iIn the emulsions previously exposed
to the 30 MeV synchrotron radiation, but 1t was soon found
desirable to use a greater density of tracks iIn order to speed
up the collection of data and new exposures <vre made by the
author and Mr. 1. b. hughes iIn collaboration with the operators
of the Natural Philosophy Department*s 1 LcV h. T* set. These
emulsions were processed by the author and Mr. hughes.

Initially the single scattering measurenents were made by
the author, but later the work was transferred to specially
trained mlcroscopists working under his supervision and since
the author left the natural Philosophy Department this super-
vision has been taken over by Mr. hughes working under

Dr. Mulrhead.



The experimental results were corrected in the manner
described in section 2.4.2 by the author and Mr. hughes. The
distribution of angles of scattering was then compared with
other published results and with the theoretical predictions,
taking into account the finite size of the scattering nuclei
and other factors, by the author (section 2.4.3).

The author is iIndebted to Professor P. 1. Dee, F.H.S., 1In
whose laboratory, and under wbose supervision, the work herein
described was carried out; to Dr. 1L Mulrhead, the authorls
immediate instructor; and to Mr. 1. S. Hughes, his collaborator.
He also wishes to acknowledge the help of Mr. J. &. Reid, 1In
charge of the 30 MeV synchrotron; to Dr. J. 3. Rutherglen and
his associates operating the H. T. set; to Miss C. F. Lees who
exposed and processed the emulsions iIn vhich proton tracks were
examined; to Mrs. H. Mulrhead, Mrs. P. Friedlander and
Mis8 £. hose, microscopists in the natural Philosophy Department;
and to Mr. F. Kowerth of the University College of Worth
Staffordshire who helped greatly in the preparation of the figures
for this thesis.

Pinally, the author is indebted to the nuffield foundation
for the award of a grant for part of the period daring Which the

work herein described was carried out.



1#2, Previous work on single scattering#
1%2*1, Theory#

The purpose of tdls section i1a to ov;amarlaa the pogudUo of (&) thoac
authors who have ottenpted to derive a useable and roomon&bly accurate
formulla for the croeo sections far scattering of olectrunc and positrais by
nucleir, assuming that tlee nuclel net as Infinitely small points, and (b)
those who have applied modifications to these cross sections necessitated,
for exanple, whan the siso of the scattering nucleil 1u comparable with the
wavelength of the particles being scattered, ihus we shall obtain an
expression for the theoretical scattering cross sections with which ax
experimental values may be compared,

(@ Scattering of electrons by a point nucleUs

The problem of o scattering of electrons by nuclei vms first
attemptoa by ueons of wave mechanical methods, by Mott (1) imm 1925 Mott
obtained on exact formula for the crouo section for scattering, but
wifortunate this formula i1s so ocoiiplex that 1to complete general
evaluation has never been carried out# Ihiraorlcal values of the cross sections
have, therefore, had to be obtained in one of two ros;  eirther on
toiproximation to tie full Mott formula, valid for certain experimental
conditions, has been obtained, or (in fact only in te case of mercury) tee
exact equation has been evaluated numerically for a specific nucleus#

Mott®s full equation for the differential cross section , which

yrll 1 bo required iIn discussing aor» of the ailproxiaato fomilau, liss tie foes
cr= 2@ ~ft2)FY Csc'0/2 + <I> Sec20/2 ®

where q »cc/p , OC=* Cc, p=v/c and 9 =angle of scattering#



Tho functions F and (r be expressed as
y=Fg+Pl, Gm ¢ G, where PQ and Gq are the values of F and G

when °ca 0,
FO = i/2 exp(ig In 9/2) jR} - , Go « —i~Cat2 0/2.
40
FL“1/2 Jib Ok * <k* 1)DktJ (=)***(«*»0).

GL" ~2 jlo * 17°2)k+ 13 (¢YVjdco®N).

where | iIs the gaa-function, Pj the Legendre polynomial, and
D O ~iH - i<u . /1 Agl ( =k _
(ki) 7(* + 19 (Ak+ iq) TC/Zk* *9) 7k
Mott himself carried out a partial evaluation of this formula, giving

two approximagionszfor the gross section:-

<, C(*F») ~ P {08°4 9/2 -P* Cac' 0/2} >
valid only for very small z cr verysmall 0, and

¢ ™z N2 @a-fla ... % " p2 Oac>"®/3L+ Ir<|?7t>32 9/2 Cbc5P/2v

N m N(HyC2 > o) [

valid for a wider range of Z end 9 = ihe limitations of these tw/0O fonailae

will be discussed below (Fig. 3 and 4).
In joost theoretical treatments of electron scattering, tie cross

sections are given as ratios, H, to the classical Rutherford cross section:-

°H"(sTe) PpP Cbod P/2 @

so tduxt In the case of the two approximations given above wo liae

KsIn2 9/2 ®)
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30°
46°
60°
80°
90°
100°
1207
135°
150°
180°

o

30°
45°
60°
80°
80°

1005

120
135°
150°

180

A (0)
heal Imag?
-=326 <064
-«510 <114
-.637 167
-=780 135
-=846 «266
-«893 «296
-=980 344
-1028 373
""14)62 394
-14)89 411

e (e)
Real lroagh
2.249 -_.676
1.267 -.480
0.785 -.347
0.437 -=221
0.325 -.173
0.240 -.133
0.122 -.072
0.065 -.040
0.028 -e017

0 0

TABLE 1

B

Real

-=086
-.201
-.339

-.537
-.636

~.729
-.897
~.995
~14)72
-1.133

a

heal

1.483
1.221
<953
~643

~514
«401
<219
.123
~051
0

(0)
Imagy

=491
.375
=209

-=033
-.150

-.263
-.455
-.568
-=650
-.720

(e)
Imagy

1*044
1.371
1.174
0.817

.658
-514

=281
-158

.065
0]

Rea

«580
«404

.313
=289

-305

-332
=408
=464
.511
=551

—m -

Real

3.105
1.261

.354
-.110
-.200
~.206
-.174
~.085

-.071
0

0 (e D
I XragJi heel
-.010 -.107
-.069 -.217
-.167 -.344
-.351 -.525
-.448 -.614
-«553 -.699
-.750 -.847
-.876 -.940
-.971 ®8.007
-1.052 -3.068
|

(0 > J
Xmag? Real
471 0
.733 0
781 0
-678 0
<591 0
-495 0
-305 0
«173 0
<085 0

0 0

19)

Irmagh

1.711
1.199
.851
=532

=413
=315
-167

=091

=040
0



31- B~rsin~0/2 o ain 0/2 cos 0/2 ©®)

Other omll Z or small © appro>:imatiais to the full iott
sor*nla have been Fiven by Urbank?Jj-
Nsl- p? 3x?9/2 + n<xp sin0/2 @)
and by McLinley and Feahbach™' -

*1 - sin 072 + T=p ain 9/2(1 - sin0/2) (©)

The validity of thece approxiiaationa also is discussed bole*/ (fig. 3 and e
A more complex a . |ra’\|uat|on but one valid up to the middle Z

re ion of the periodic table iIs the <C approxmatlon given, together with

equation (8), by McKinley end Feshbach, who expanded the functions 7 and G.

of stt"O full equation 03 a power series in <and , the coefficients

depending on the angle of scattering. They evaluated the coefficients up

to tiosx= of the fourth pcwer of ac , obtaining the expressions:*

* A(6)oc2 + u(&)«Ip =C(0)ocVp2+ DCY )**4 * .. (9)
=B(0 »c2 + H( 9*/(i+ "0JocVp2@I(O )«+ eee (¢10))}

where A - J are given, for the range 0 » 30° to Q m 180°, in Tablo I.

Befaic comparing these cross section formulae, mention sliould be
made of the exact evaluation of ibtt’s full equation, for muercury nuclei,
by Bartlett and Watson™T* fe* elocti*ona of various energies up to
approxiaatoly 2 BeV, This exact crocs section is shown, in taros of the ratio
to the Rutherford cross section, us a function of O in fig. 1 for an energy
of 2 MeVe The ccurespondLL”™; valines or* the cross section obtained from the ac
approximation and from the two Jott approxiiintions are shown far aanparison™
Since the cross sections obtained by the <€ approximation extrapolato

smoothly to tie Bartlett and >atson value, diiavalue con be combined with



the ac” approximation to giveeamenably accurate scattering crooc section
values valid far all Z, the inquired correction to the * gor>roxlau.cion
being proportional to 2-»- These values of R are plotted for 1, 2 and 4 I\Ze\/,
aa functions of Z, in fig, 2, tkiKinley and *eahbach state tiat above 4 MeV.
the ratio R obtained i1n thin way iIs independent of energy within e
accuracy of their calculations.
From these curves (fig. 2) the prosent writer has prepared tiiocse

shotn in fig. 3, in which the valijo of R is plotted against S far Z » 6,
15 and 25. These give us the only criteria against which the various light
element approximations may be compared, since in this region of the periodic
table no exact evaluations have been made. All the light element approx-
imations mentioned above ore plotted In this figure for cougarlson, and one
can see that for very light elements (Z = 6) all tho ayproximate fonaulae
give values in reasanablo ftgreoijoit with one another and with the "1 proved
x values up to about ™ = 90°e tor greater values of Z, as 1a to be
expected, the range of ftover which tho curves approximate to the improved

curve 1iIs reduced, but the second Mott approximation gives values within
10a of o improved acc ones for all values of Z up to 47 (see fig. 4) and far
all values of ft up to 90A , tho discrepancy being greatest in tio llegion of
2 = 15.

ince In the present work tlie nucleil moat caiccmod iIn the

scattering process ('O tliose of bromine and of silver, tll the above values
of the cross sections liae been determined far these nuclei, they are
plotted in fig. 4. Far cu parlsan with expeiiment tiie lalnley und ireshbach
cc¥ values corrected by means of Bertieot and latson*s evaluation will be

used, olthou>)i the agreement loir/~en tie.e values and those given by the

15,



second tott approximation is very good, JcKinley and Feshbach state tiat
their values should lie within Z* of the true cross sections far point nuclei,
(b) Mattering of positrons by point nuolet,

1th positrons as with electrons, two methods of obtaining a
useful theoretical value of tie scattering cross section are available.
Approximate formulae, valid under certain conditions, liae been obtained by
Yadav and by Feshbach, while Massey has evaluated the exact cross section
for mercury nuclei,

Feshbach(5)‘ has extended the earlier calculations of licKinley
and Feshbach, i1nwhich the ac a praximation referred to above was obtained,
and combined with Bartlett and atsova exact cross section values for
mercury to give reasonably accurate values far all 2, Feshbach uses the
sane rthod to evaluate the functions F and G of IO0Cta full formula for
(5=1,2 =13, 0, 47, 62, and 80 and far & = 30°, 60°, 80°, 90°, 100°, 135°,
and 150 « He does this far both electron and positron scattering, the latter
being obtained merely by replacing +Z by mu in tee functions F and G, In
the original paper the Zesultbof tie calculations are given os the ratio
positron cross section/ electron crocs section plotted against Z for
various value3 of 0 , These are shown in fig, b and the values of positron
cross section/ -,utharford cro”™s section obtained by the present author by
ccabining Feshbachls results with those of l.IKinley and Feshbach given above
(in fig, 3 ad. 4) oro showmn in fig, 6,

Independently, Xadav” has performed similar calculations in which
F and G are obtained for positrons by replacing +2 by -Z iIn the 4 -
expressions, .heroes Feslibach assumed far his calculations a value of *1,

Yadav determines the scattering cross section for each value of 2 for four
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0.802 0.769 0.663 0.507 0.430 ) 0.212 0.124 0.058
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0.845 0.75? 0.651 0.507 0.-136 0.7%5 0.2,36 0.155 0.096
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0.830 0.751 0.669 0.529 0.465 0.403 0.289 0.220 0.170
0.820 0.733 0.633 0.490 0.420 0.352 0.227 0.156 0.095
0.821 0.724 0.621 0.472 0.399 0.329 0.199 0.119 0.061
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energies:- 1, 2, 5, and 10 MeV. As may be aeon from Table Il, where Yadovls
reanlts are given, above 2 MV the energy dependence of R is very small. The
result for 10 MV is plotted in fig. 7, and comparison with the corresponding
curve taken from Yeshbach*s work (fig. 6) shows good agreement.

The exact scattering cross section for mercury, which both the
above authors used in checking their approxiiaations, was calculated by .nssey
who(7), on the assumption that the positron was a *irac particle with
positive cllarge, made the necessary changes of sign in Bartlett and utsSd*s
electron calculations. His result, together v/ith the original result for
electrons, is shcam in fig# 6. Also in this figure are shown the positron
versions of the two Mott approximations mentioned abovo. It may be seen
tliat of these the simpler one, R”, is the ixxre accurate and gives fair
agreement v/ith tlie exact cross section at all angles.

Again, as in the case of electron scattering, the values used for
comparison v/ith experiment will be the improved oC™ ones given by Feshbach
and estimated by him to lie with!n 2 of the true point nucleus cross section
for all values of 9.

(c) Modification of cross sections due to finite size of nucleus,

lior/ing obtained a reasonably accurate evaluation of the cross

section for scattering by a point nucleus, we must now consider the modi-
fications to this cross section rBie necessary by the fact t at at tlie
energies with which we are concerned the nucleus may no longer be considered
as a point, since tlie wave-length of the incident electrons is of the same
oider of naagnitude as the dimensions of tlie scattering nuclei. In this case,
as Aoheoon' ™ has pointed out, a reduction of the cross section is to be

expected in some directions owing to interfere!»ce between the scattered



waves originating fi"an different porta of tho nucleus.

The effects of finite nuclear also wore Tirst considered by
osc(g)' who took two cases — the scattering of electrons by (@) deuterium
and (b) heavy nuclei. The first case will not be considered here. For the

second case Rose calculated tlie deviation from ""point nucleus” scattering
far a scattering angle of 90° and an energy of 50 o7, assuming a uniform
charge density. The validity of these results was questioned by Acheson™
an the grounds that Rose had engnlcyed the Bern approximation in his
calculations so that tiey could not bo expected to apply to heavy nuclel.

Without using this approdLmaticn Ache3on made a calculation of the
phase slirft produced in tie scattered electron wave for two nuclear .olels
(@ a uniform distribution of charge throughout the nucleus, and (b) a shell
distribution (uniform distribution of charge over the surface of tie nucleus).
HE assumed tiat the nuclear radius oould be represented by r a 1.A3 x 10_13
Al" >cw# and obtained the ratio of the scattering d"oss section to that for a
point nucleus for 2 » 13F 29, 50, and 79 and for electron energies of 15 -
35 heV. These results, including extrapolated values for 10 MeV obtained by
the present writer, are showmn iIn fig. 3.

Acheson points out In his paper that different charge distributions
will produce different pliase changes - raising tie possibility that accurate
Ineasurexaato of scattering cross sections might yield information én the
distribution of charge In the nucleus. Feshbach™”™ however, liss sham that
provided that the gquantity Vajto « 1 (S a electron energy, R = nuclear
radius), that iIs up to energies of 20 -30 MeV, the effects of different
distributions (if spherically symaotrical) are the same as those of changes of
nuclear size. In particular, a shell distribution, Inwhich the charge 1s
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uniforaly distributed over the surface of a sphere of radius R , produces
the same scattering as a lanifam distribution throughout & spiere of radius
Hu 1fHs . 0.36 Ru.

Bodiier(ﬂ-) liss pointed aifc In .. recent paper tiat the expression
which Feshbach assumes in his proof to bo nuch less than unity is In fact In
riay caeca (for earmmic for heavy nucleil and energies of about 20 MaV) of
tho same order, or bigger than, unity, Bodnar verifies “leshbach®s
conclusions withoit this limitation, and estimates that the conclusions given
above apply up to energies of about 30 IcV,

eoently Kitm(12)° hoc extended ticee calculations to higher

energies and has aha/n that, at least up to about 40 UeV,, there iIs no hope
of distinguishing experimentally between different cliarge distributions,
Elton has used the Barn aprraxir.nlion to estimate at what energies effects
due to nuclear aise become notiooéblo and has thou carried out on accurate
numerical calculation at one energy and for one type of nucleus, fhese
calculations were mads far (A) a point nucleus, (B) a uniform spherical
charge distribution and (c)a uniform shell distribution. B and C were both
for a nuclear radius of (&V/2nc™MAMN = 1.41 x 10 g, In Table I11I
Alton’s values of aj (#)/ r(A)(6 ) obtained with the 3om approximation
are given for alundniun, far B = 30° and 150° ana for elocticii energies from
2.3 to 40 MeV. In Table 1V the sane quantities nr®© given for gold. From
these tables 1t may be seen that noticeable deviations from "‘point nucleus'
scattering mny be expected far energies ™ 40 MoV * for iviht elements and

> 20 eV far heavy ones.

KlIton*s exact calculation was carried out for gold nuclei and an

energy of 20 teV. The ratio <T B c>(0 ) 8° obtained 10 she



as a function of 9 9 In fig* 10*

Parzen(ls) has carried out similar calculations far scattering
try nercury nuclei of 100 MeV electrons, using (@) a nuclear radius of
_1‘(cm- and a uniform charge distribution, (b) the sare radius With

the charge density increasing by 43 *from the centre to the outer edge (the

8.09 x 10

type distribution suggested by ieeriberg™) and (¢) a unifara
distribution with t}» radius decreased by 5 - to Indicate the sensitivity
of the scattering to nuclear size* The results are du».n in fig* 11 where
the similarity to an optical diffraction pattern may be seen at once™
Unfortunately, as has since been pointed out, (15 a nurerical error was made
in the calculation of these results and the actual values given iIn figc 11
cannot be regarded as reliable. Tlie general shape of the cunve is, hownever,
that to be expected for a sharply bounded nucleus of the type used In the
calculation.

For positrons Klton and Parker™®” have recently calculated the
effect by a method similar to that used by ~lton for electrons and described
above. Tlie calculation was wade for gold nuclei and an energy of 20 MeV.

As can be seen from fig, 12 the effect iIs considerably smaller than far
electrons, which i1s to be expected since the positions will not, In general,
r ~ro&ch as close to the nucleus as will electrons of the sane energy.
Also, as fig. 13 shows, the ratio (0)/ & ) 1s very considerably altered
when this effect iIs taken into account.

(d) Other effects.

In a general consideration of electron and oositrcn scattering
several other factors, besides tho finite size of e scattering nucleus,

mist be taken into consideration. Far edjgple, ozxtterir-g by atomic



electrons and the action of tliego olectrcno in screening the nuclear ciiargo
and tho effect of nuclear raultipolo moments and of radiation by the electrons
when scattered may all, uafler certain circunstances, modify tho scattering
Cross soctico -

In the work to be described in Section 2 cases of electron-electron
or positrexi-electron scattering can, provided tiat tie atonic electron
ocauirea a significant energy, be easily listin iiishud from nuclear
scattering events by the presence of a second track at tho scattering point.
In other work, such as the Measurement of scattering in foils with
1onisation chambers or Gelger counters as detectors, It IS not so eagy to
separate the two types of scattering, though In this case allowvance way be
made by reducing the ¥eocurod cross sections by an aaount calculated from the
thecscy of electron-electron scattering* In the work of Lyman, Hanson and
~cost, to be described Iater(17}‘, the use of an analysing laayst enabled
elecLron-electrar* events to be separated out because of the considerable
energy loss which tlie scattered particle undergoes in this process. This is
shown later (in fig. 18). These authors ma.ce a study of olcctrcav-electron
scattering at the same time os their nucloar scutte ing work was done, and
found that their results agreed well with mMilafc's meory'(ls} Because of
the above cansidcrations this process will not be considered further here.

The offcota of nuclear screening by atomic electrons have been
considered by N far old atoirs and electron energies of up to 1 He/-
The calculations indicate diat, in this cauo, ocroci.ig 1a important only for
largo act les scattering (9 >30°) and tiat forjielativiatic velocities
tie effect iIs independent of energy. L.awrfs accurate equations are
co)jplicuted, but far angles of scattering less than 9K it ia so,/nh that
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tho ratio oi“ the scattering croco aocticn to tho Rutherford ercos section

IS given by
R=q@+i mi572 = o 1)2 Qv

From tais fonsula the depends/xe upon 6 end indejendence of ener y
mentioned above can be seen and i1t iIs also clear that the effect 10 lcoo
important for smaller values of Z, so that in tho iresent work (0 ~ 90°,
Z5 35 or 47) the effect wHI bo small. This is shomn in fig. 14, where
Mohrla results are plotted for an energy of about 1 taé/. and it can be aeen
>hat up to & = 90° the unmodified Bartlett and Watson fomulla, (or 1ts
O(uivalent far limiter nuclei, the corrected" 4 fo'mila; 10 adequate.

The effects of nuclear -lula® ole aouuita liao recently been
considered by Parker™”™  ~.p showed tiat the 1iucloar magnetic and electric
quadri] ole moments (and so very probably also I iiur oruer oultipolos)
ooulu be ignored In scattering experiments because the alteration to the
cross section car’sed by thooc moments is ouch loss than tlie experimental
error. von 1T the nuclei were aligned so as to give tie ocaxiaum offeet 1t
would amount only to about 0.1/ of the normal cross section.)

The last effect which we shall consider, tiat due to radiation of
energy by scattered pnrtirles, has boon the subject of calculations by
-chwinger™ ~, end by lital and Robertsom™ who pointed out errorsin
Schwingerls work, Since In a collideration of diis effect the Bom
approximation is used, tho rosul-s 1i1old only for lov Z elements (up to about
2 a 15 according to McKinley and Feshbach(s)')- Calculations valid for

values of 2 cccrespon dur, to silver and bromine liao not yet been made.

Table V, taken from EIton and Robertsonl)) paper, shews the percentage

*3.
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Scat-

terere

> > >» > Tz >» > > > > >

— X
q

Xe
Xe

x*

Hg

Energy

(AeV)
0.4 — 1>1
1.5 - 3.0
02 -1.1
1.5 - 3.0
0.3 — 2.5
0.2 - 3.0
0.2 - 3.1
0.2 - 3.0
1.7 - 2.4
0.2 -1.1
1.5 - 3.0
cC2rB8©
0.2 - 3.0
0.7 - 1.2
0.B - 3.2
0.6 - 2.6

2.1

2.1
0.5 - 1.1

%

Angle of
Scatter ($)
20 180°
20 180°
20 - 180-°
20 - 180°
20 - 180°
15 180°
15 180°
15 - 180°
30 - 100°
20 150°
20 - 150°
20 180°
40 180°
20 - 180°
15 - 180°
40 - 180°
20 - 180°
40 - 180°
20 - 180°

TABUS

(Metres)
Track Length

875
180

82
116
294

515
367
910
350

103
130
708

140

459

240
64

172
350

6

Mo* of
Deflect!ons

201
212
113
92
47

42

41
113
48

308
84
135

10

249

51
161

101

152

Exotl.
<r*Theo.

0*85

L

10 - 1Qx)v

1.7
12
0.7

1.3

1.5
1.2
0.75

1.0
2.5

1.5

0.16
0.4
1.0

0.2
0.85

0.85

0*15

*

N al W N NP
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change In the scattering cross section caused by tio radiation of an amount
of energy up to A 1l during the scattering process. It can be seen from diis
Table that for values of A E detectable in the present work, provided mat the
effect for silver and bromine nucl.ei IS not ouch <£reate% than that f0|: Z”<X15,
the correction will be small.

To sumarise tie effects of the various processes and factors
considered In this section we may say that it appears fairly certain that the
effects of electran-eloctrcn scattering, of ..ultipols nuclear moments and of
nuclear screening will, In the work to be described in Section 2, be
negligible and that although accurate calculations of the offect have not been
made, tie indications are that the effect of radiation during scattering will
be small. Only the effects of finite nuclear size are likely to be
appreciable and far thebo the expected variation of cross-section for electrons
can rea ily be calculated, and, as will be 3hc»m in the folloadjg section,
this variation lizss been verified by other expeiiments. Far positrons the
effect will be smaller but 1t lizs not been veiifled experimentally.

* A - *
1.2.2. Experimental work on the single scattering of elections and positrons,
(@ Electrons.

Although measurements of the scattering; of electrons liae been
made conti’r:Jal ly over tie past thirty years, until about six years ago
considerable divergence existed between different authors* experimental
results. Table VI, taken from a papor by Kandels, Chao and Grane&zg) .
summarizes some of ths early results and their wide divergence can be seen

at once. i1dat of the disagreement has new been showmn to be due to

—-ZC.



8V °3V«da

e*x»*3£0& 1o

©3d-3%

% 1
0.3

A <

8.X
0.7?;

3 .iX

3*31

®aa-a*

3.3
0O*»

£.9
8 #9

V2

(@)

V 1. u*

.0

03£~3S

-
[o¢]

« .3

<3.3

s.a
0.81

I «d*
Q.M

°08-8S

0.SS

8.01

Cc.vX

0.VX

0.1S
3.89

0.0s
a.va

V.891
6.831

°88-31

Sa

aa

5.08
0.08

0.08
3.8V

0.09
3 .38

3 .833
8.083

*X1

*AT
. X3

=AT

X i

4t
d

41

47

exid

e* g

\II;WS mf«* gl
tTtete”
.

1.1 S»F~9«0 FEA1L

X a.i-G.£ LAl

t.9 G.G-P.Q A

3.* 5*e*8 £ A

e —— ]

et 8. % «l "tH

0.3 0.S-3.1 0/1 |
- .4

r-f~3 3-0.1 3/ ;
- -p

E*V‘jo.?-s.s jsX ;



o d

or 1.9-9.3 4.5

Xe

Xe

Xe

£nerJ3

£*** C

[nJl
WAL,

0.9-1. 3 1.1

1.3-1.6 1.4

3.3-9.3 4.6

1.5-2.9 2C

2+9-5*%8 4.7

5.B-6.0 7.3

Tota:

Tfc.
Ex.

7K.
Ex.

It.

Th.

Tfc.
Ex.

Tlu
Ex.

TK.
Ex.

Th.
Ex.

Tfc.
Ex.

16-85°

63
43

66
45.5

30.3
30.0

32.2
52.0

33.0
43.0

80.0
73.5

47.0
62.5

90.0
86.5

569.5
529.5

25-30°

14.1
16.0

14.7
22.0

7.2
10.5

7.6
10.5

7.5
7.0

17.0
17.0

21.0
23.5

20.0
27.5

126.7
152.5

TAbLfc 7

MO.

35-45°

5.1
6.5

5.3
e.o

o N
o

BN
o1 00

©O wWw~N ~NO =
O W 0O uuh 1O O

=

45.
64 .

of Scatters

45-55°

2.3
2.0

2.4
2.5

1.3
2.5

1.4
5.0

55-65°

N NP
O O w

1.5

ot O

=
Wk W we =

oo o

=

65-75°

= e N O
©Co oo oo

6.5
9.0

75-85°



experimental short-ccGdn ja, such asft iIn the case or* scattering by foils,
insufficient correction for multiple scattering effects and for geometrical
effects of the apparatus* About six years ago careful experiments Wel™S
performed which established reasonably well the agreement between o cpcriment
and theory up to electron energies of at least 3 @&V, and more recently
agree;nent has been found at higher erergies, haise of those experiments will
be described before an account is given of tie more recent wark*

A typical example of te expansion clumber experiments is that dr
cancela, Chao and Crone, described In the pupor mentioned abovee The
apneratus 1a shomn iIn fig. 13« Electrons from a radio-active source
(P~ for energies up to 1.5 MeV., Ra for 1*3 to 2.5 1&/. and Xi1° for 25
to 12 MeV.) passed through a crude slit system before entering an expansion
clumber through a thin window. A magnetic field was applied across the
chamber and tho radii of curvature of those tracks exhibiting a scatter
were measured both before and after tee scatter* The ctig)ar was operated
automatically and about 800 scatters wore found with 1501~ A 90° in a
total track length of 2173 metres with, iIn tum, air, argon, Kkrypton and
xenon Fillin ;aand for electron energies of fron 0.9 to 12 MeV* B was
determined iIn this experiment by fitting specially drown cards to the tracks.
The results, after correction for multiple scattering effects, were compared
with the sinplor Mott formula (&4, ), given iIn Section 1*2*1*  lie/ aro
shown in Table VH fromwhich it can be seen that generally the experimental
cross sections tend to be grcater than the value of and reforence to
figc 3, of action 1.2.1 confirms that ~ is rather smaller then the true

cross section. In view of the poor statistics nrobably no more quantitive
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Tiibkfc 8

1 1
Angular Interval Observed ko. of Scatters Corrected Dic* Thpo < No,
|

85 - 100° 74 8B 55
100 - 180° 34 34 37
180 - 180° 23 23 26

Total 85-180° 131 145 HR



conclusion can be drawn fron the results. Loss of energy In scattering wes
found to be very 3iaall (only two cases of loss of more than 5QJ of the
incident energy were found.)

An 1mproved technique Y/as used by Champion and for the
study of large angle scattering events. The labour of searching for such
X 1ters was r duced by using Geiger counters to detect events In Vliidh 6
weas greater than 90°= On the ooeuxTencc of such events during the sensitive
time of the expansion chamber e counters, shown by and in
fig. 16, caused the chamber 1llumination to flash. In this w*y about 1500
expansions were nade for each photograph which Y/as taken and only 130
photosraphs were taken for an effective total track length of nearly 100 &/.
with electrons of about 1 MeV. scattered by nitrogen. The observed number
of scatters far a given angular interval was corrected for the selectivity
of the apparatus (far exanple, a scatter of less than 120° at ©~ in fig. 16
Yyauld not be recorded) and this effect was kept small by accepting caily
tJioe tracks whose scatter* occurred within the dotted circle shown iIn the
figure.

The r suits of this experiment are shown in Table VIII, and it can
be seen that, with the exception of the angular interval from 05° to 100°,
the agreement with froitl3 farxtla (again  wvms used) is good. The
discrepancy far the 85° - 100° interval is attributed by the authors to the
tendency of an observer to include some tracks with scatters of less than
85° in tlls f7op rather than to reject them altogofcyjer. Again statistical
considerations prevent more detailed conclusion being made frou the
results.

with whs development of the Van de Graaff generator intense beams
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of effectively mono-energetic electrons became available and the possibility
of using 1onisation chambers iIn so&ttering ...easuranaits \F& Increased™
/an de raaff and his associates'’’’ in fact disposed of moat of tho
disagreement between the earlier eagperiiiental xesults by making precise
measurements with an electrostatic generator and an i1onisation chamber*
Their apparatus i1s shomn (ILegrainatically in fig* 17. A differential
1onisation chamber, which recorded only those particles penetrating the
front windomr but not penetrating tio centre electrode, was used to reduce
the baclcground current and O was measured, to 1 min. of ere, over a range
from 30° to 6C , The energy of the electrons was knowmn to hi and they were
scatteied by thin foils at the centre of the scattering dwe/iber.

The ratio of observed scattering cros3 section to that given by the
second Mott formula ($ of section 1*2.1) far Be, Al, Cu, ad.Ag and that
given try artlott and Batson for Au and Pt are slion in TalLlo IX for
electron ener”es of 1*27 to 2.3 MeV. It Is aeon at caie that in this case,
viere statistical uncertainties are small, good agreement with timory is
obtained - the experimental error being estimated to be about deference
to fig*® 3 of Section 1.2.1 chowa tliat the o™Yyeament between (' and the true
cross section ia good even up to 10 lie/. for all those elements for which it
was used iIn this work.

Recently Paul ond Reich@®® have published the results of an
experiment in which 2.2 *eV. electrons from a betatron were scattered by
foils of Al, Sh, and Pt, te scattered been being detected by two keiger
counters In coincidence* The variations of F‘with Z was found to be

different from that predicted by McKinley and Feshbach (the <€ farm i1a



of section 1.2.1). The results are 3hom iIn fig. 18, fromwhich 1t can he
seen that for high Z element8 the divergence from me"c'twrve amounts to
about 2Q . On the other hand, this divergence arises entirely from the
measurements With Pt foils, the other results being iIn agreement with cXinley
and Feshbach*s calculations and it appears possible that sare experimental
condition may have been responsible for the disagreement In the case of Pt.

For energies greater than those available from the Van de Graaff
type of accelerator and far large scattering angles accurate experimental
results have until recently been voly rare, when 1t became possible to
extract the beam from accelerators such as tho betatron, however, te
possibility of further accurate work arose.

In 1951 Lyman, Hanson and Soott(17) reported the results of one of
the most thorough and complete ireasuronents of electron scattering so far
carried out. The 15*7 MeV. electron beam of a betatron was extracted,
focussed maryietically and alloved to paas, entirely In vacuo, to a fdin
scattering foil of polystyrene, Al, C , Ag or Au. Scattered electrons were
detected at angles of from 30° to 150° by means of a coincidence arrangement
of cigar counters and the undefleeted beam Was measured W/ith a Faragey
chamber. Before reaching the detector the scattered electrons were analysed
by a magnetic field go that the energy distribution after scattering oould be
determined and during the measurement of elastic scattering all electrons
which had lost mare than \> of their initial energy wore excluded from tne
detector .

The apparatus, which is 3o in fig. 19, was carefully aligned and
the observed scattered intensities were corrected for multiple scattering,
electrorfcelactron acatteriiig, loss of electrons due to radiation of more than



\o of iInitial energy and the effects of the detecting aperture size* hone
of these corrections amounted to more than 19, The energy Bpectrum of the
scattered electrons is shomn, for the case of scattering through 30° by
carbon nuclei (polystyrene scatterer), iIn figc 20, iIn wiich eleotrcn-electron
and electroaa—ucleus events can be seen t be clearly separated™ Results
were collected In this work owr the period of a year, during which time the
errors of meesurel;jatt were gradually reduced - tho results showmn in figs 21
are the last and most accurate* In this figure tio experimental cross
section iIs expressed as a ratio to the siwpler hott foxnila @At) and plotted
against O for various scattering elements (the lines merely connect together
the experimental points and hhve no theoretical significance)* Accurate
theoretical crocs 3actions (&) wore calculated for scattering by point
nucler from tite'c formula and the ratio 17/ plotted against O
as stavn In fig. 2. The vcidation of this ratio from unity was attributed
to the effects of the fTinite size of the scattering nuclei and the curves
of fig. 22 are thooe calculated by the method of Acheson (mentioned iIn
iiection 1.2*1) far a nucleus of raciius r = 1’37 x AN J x 107" a*  Only iIn
the c so of scattering by gold nuclei was it possible to distinguish between
di forent charge distributions in the nucleus and as can be seen from f¥™ 22
the experimental results favoured a uniform rather tlian a 3hell distribution
and sight be token to Indicate a distribution in which the charge density
was greater at the centre of the nucleus than at the surface™

hooentJy lidd et al . “have published an account of tjeir
edqorients on electron scattering at onerves up «o pO e* The electrons

were scattered, while still insiuo tho vacuum chamber of a "'race-track?",



by a thin Toil and the scattered particles emerged thirough an Mimrfyyaum
window to a detecting system consisting of a magnetic analyser and a deiger
counter telescope, all of which could be set at any anOlc from to 135°
with respect to the iIncident bean. A similar detector was set permanently
at 90° on the opposite side of the target from the rotatable detector and was
used to normalise readings. Because the iIncident beam intensity and effective
target thickness could not be detoariued accurately, absolute cross sections
could not be obtained. The ratio a(Q ) (T (90, when plotted against 0 as
shom, for a 0,007 inch tun™t”™n foil, in fig, 23, agreed reasonably well
with a uniform charge distribution modal, The agreement was not so good,
however, when, as in fig, 24, the ratio P<(©G00Y O“ (90°) was plotted against
(mass number)™*". A uniform charge distribution with r = 1.45 x A" X
10 J an. (which corresponus to tnat used by Lyman et al. 4 1) predicts a
constant value of about eleven for all elerents. It iIs stated iIn this paper
that the nuclear model proposed by 1/llsan( , Wwhich Misists of a saturated
core of cilargo surrounded by an exponentially decreasing distribution, may
give the best agreement W/rth the experimental results, further ufcsasuranets
of this kind at higher energies would be of groat value In establishing the
nature of the distribution,

decently an experiment of this type, similar in 1ts experimental
arrangement and its accuracy, to that of Lyman, Hanson and Scott but using
electrons of 125 to 150 jfle/. energy has been described by Hofstodter et al. (15);
The source of electrons was a "‘racetrack” from which the beam was removed by
a deflecting ma®act. After removal the beam wWas focused onto a scattering
foil by a second 1ae el and the electrons scattered at a given angle In
the foil were analysed by a third uagnet and detected by a Ceronkov counter.



The unseattered beam was monitored by an ionisation chambere

--hen measurements -were made with this apparatus i1t was found that tie
scattered bean suffered energy losses depending upon the angle of scattering
and the type of scattering nucleus* These losses ware Interpreted as
resulting from the rocoil of the scattering nucleus. The amount by which the
peak of the scattered beam was shifted, could be used to i1dentify the
scattering nucleus, as ia sham by fig. 25 where the beam iIs scattered at 2(5°
by a polyethylene target. The two peaks due to scattering by fcydrogen and by
carbon are seen to be clearly resolved.

After results had been obtained at a lav energy (25 1€V) to check that
they agreed with those of lyman, hansom and bcott, jeasurements were made at
125 and 150 e/ with foils of bexyiliun, gold, lead and tantalun. The
resultb are sham in fig. 26. Fig. 26(a) shews that a marked tieviaticn from
"point nucleus™ scattering occurs and tiat Paraen*s prediction of sharp
leediia and minima In the scattered intensity is not verified, iIndicating that
the nuclear boundary is not sharp. Several types of charge distributions were
used in efforts to fit these results and the best fit was found for a
distribution decreasing exponentially with increasing radius. It is pointed
out in llofstadtor et al.*s paper and In one by chiffZ%" on the interpretation
of the experimental results, that accurate values of the theoretical cross
sections, not Involving the Borm appro imaticn, have not been mode for these
energies and that the main conclusions which can be made from the results are
that the charge density falls with increasing distance from the centre of tho
nucleus and that the nuclear boundary is, at any rate for electrons

scattering forces, not sharp.

L=



(b) Positrons*

The experimental data cn positron scattering are mich loss complete
than those on electron scatt ring and here again considerable divergence is to
be found between the early results of different experimenters. Disagreement
wa3 particularly ;rarkad between different early tcasureraents of the ratio of
elastic to inelastic scattering - Barker and Charapicn”™, Lo Prince Ringuet'™,
Ben Guptaczz)' and others uuing cloud chambers reported much more inelastic
scattering than theory predicted, whereas Bothe™ using a 1cegetic p -ray
spectrograph to analyse the scattered particles did not find a\y anomalous
Inelastio scattering. All the above experimentors used radio-active sources
to provide their incident particles and tuch of tie disagree; Mt is
undoubtedly due to uncertainties over the particle erergy, to poor statistics

end to experimental difficulties such as poor cloud chamber 1llumination.

chambers, and that of Lipkin in */hich a Geiger counter and a magnetic
spectrograph were used to detect the scattered bean™ The experiments of
Cusack and of lionetoon

gar filling of the expansion chamber which was nitrogen in the former case and
argon in te latter. In both cases an automatic chamber was used with gas

discharge 1llumination and about 150 metres of track were examined, tovatsan

number of scattering events observed, toy and Graven usea rtn to provide
Xxjsitrons of 0.53 - 0.98 MeV. energy, wliich were scattered in nitrogen. 3000
photographs yielded 85 scatters iIn 712 metres of track.

>6.
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Author
t\

Fowler and Oppenheimer
(1938)

1 Lasioh (1948)

1 " "1
howetson and Atkinson
(1951)

Cusack (1952)

Hoy and Groven (1952)

Foil
0.00068" Cu
0.0002" Pt
O0.0oCI™ Pt

TADLE

10

Energy Scatterer AO* Of -~ Concl
(weV) Scatters
10.5 Pb 9 (»14.5°] % + S
0.45 Au 30 (*17°) &7 <
0.68 Au 30 (?17°) X
0.95 AU 30 (?17°)
0.7 A 65.5(~20°) wtxoV
/"The
0.3 N 114 (>20°) Exp
"""The
0.53-0.98 h 85 (;>15°) Exp*
i
table 11
Energy istical
(MOV) N4 1,~Mea8-d1 ~e*iorr<i. StaE;ig;ca
(50
0*68 1.73 1.73 4
0.98 1.95 1.93 5
1.29 2.07 2.06 11
0.68 2.27 3.17 4
0.98 2.88 3.30 5
1.29 3.00 3*68 11
0.68 3.13 3.14 5
0.98 3.13 3.22 4
1.29 3.60 3.70 10



The results of these experiments are shown, together with those of
earlier work by Lasiofa™ and by Fowler and Oppenheimer™*~, in Table X,
which 1a considered to represent nil the reliable experimental evidence an
positron scattering available from expansion charber work. It can be seen
that the results are very .mesgre and do not offer any marked support for
theory, neirther of tie recent experiments described above yielded ony
evidence of excessive inelastic scattering.

Undoubtedly the most valuable expe 1aent on positron scattering
wliich has so far been performed iIs that of JUipkin in which te scattering of
1 eV. positrons and electrons was cGlared using Al, Cu, Pt, and Fb foils.
The apparatus i1s shewmn In fig. 27. electrons from or positrons from
Ga66 were focused by the solenoid onto the scattering foil and those which
were scattered through 57.9° passed out along the axis of tho solenoid to an
analysing magnet after which they readied a Geiger counter where they were
detected. Orne disadvantage of this apparatus is that only dfe scattering
angle could be used, but .gainst this must be counted the fact that electron
and positron scattering could be compared under almost identical Conditions
and the ratio a/cr—+ Tound accurately. i1lcAinley and Feshbach*s value for
the ratio of electron to positron scattering crocs sections for c;rbon was
accepted In this experiment and used to normalise the source strengths before
comparisons of the scattering by other elements were made. Corrections were
applied to the observed numbers of scattered electrons and positrons to allow
for multiple scattering in the foils, the effects of which were checked iIn the
case of scattering by platinum by using two foils of different thicknesses.

The results of this work are showmn in Table XI. Again no evidence

*



of excessive inelastic scattering was found - In fact only iIn the case of
aluminiumwas any evidence found of this type of scattering.

To sumtmarise the present position conceming the single scattering
of electro:is and positrons, the experimental results for electrons appear at
all energies to agree reasonably with tie predictions of uheoxy when
allonvance 13 node for finite nuclear size etc. In the cose of positron
scattering, however, much less experimental evidence has been obtained end
at tle ener ies available iIn the present work (~10 11€/.) the information

IS voly 1.Cegro.

1.3. Previous work on multiple scattering*

Theory*
In this section the theoretical treatment of multiple scattering
by various authors will bo sumarised, Tfirst the original theory of
J. Willians and then the later theories which have been developed by various
writers iIn order to improve tie range of ap licaticn and the accuracy of the
theoretical predictions.
@ -hiHiazes* theory of multiple scattering.

The Tirst conprehensive theory of multiple sealt ring of charged
particles by atons was given by S. J. Williams in 1938"" « This theoecy
will be outlined below so that the later modifications may be made clear.
Willians considered a beam of electrons of velocity v passing through a

mediumwith N atoms per cc. and with atomic number Z. The probability that



in travelling a distance t iIn this odium an electron will suffer a single

deflection idiraugh an angle 0 to 0 + dO 1#a given by
P(8)d0 = 2irwt<r(a )sin£dO

Assuming that condiCiena ait? such tiat tie Rutherford theory of single
scattering aplly.—* (i.e. for small angles, low Z nuclei and negligible effects
duo to Unite nuclear also etc.j, e riae
P(0)d0 s 8Ktz Ml =p2)/mV+ dO (putting sin0/2 a1
m and coo 5\ = 1)
ITf wo noy take Jau tiglo 0", such that the probability of
scattering through an angle greater than Q§ iIn tne distance t is unity,

we have
it
(i)do =1

A7iJrtz\1 - fi2)/mV .

Since the ttutherfaill cross coction Increases rapidly with decreasing angle
tie occurrence of scatterin® tTrough angles smaller than 6F will be freguent
and those scatters will give an anprcodUatoly Gaussian distribution of tho

resultant agle, FC, 1.e.
A;(0C)doc = T < dexp.(-cc/? (M) 2)dot = (H#Hjr™ )exp.(ct/2 &)

where iIs the ~an and °cz the mean 3ouare, of the Individual deflections

making up ac . Henoe
T Q
ccr= ( &LV{9)i9 = F8Tu,tz2e4d - p 2)/mV log0j ~ (@)

In order to obtain a finite value fat* we mujt set a lower



limi- tc the permissible values of 0 and this is justified by cho effects of
electron screening, which we have hitherto neglected, if an electron passes
outside the outermost shell of an atom we ifsy take its deflection to be zero,
whilst if it passes inside tiiis shell it will suffer a deflection not less
than a certain value, 0 ~ . The value of 0 . depends upon whether the
experixaental conditions favour the classical or the johi approximation cases,
i.e. upon whether lie /7127p ™~ 1 (classical) or <c 1 (Born approximation).
In the latter case, whioh usually applies in electron scattering, williams
found, on the assumption of a Verxai-fhoiaaa atomic field, ”hat

o . =2,1 Z’\ITv (1 -B\;inva. Owhore aois the ra ,iusof .hefirst Bohr
orbit of hydrogen, giving

? =202 log [65.3@6</(i - @) ™ ] @13)

NIX 2
The eorreeron.dmx result for the classical case was 0 -, =ho 2 e /pvao.

Considering only the rjrojactions, : , of the true scatte ing an le;
in the plane perpendicular to the line of view « the quantities usually
measured in expansion chamber and photographic plate determinations of
scattering, onefinds 4, =~ =-73Z5H/ p a. The aeanabsolutedeviation
of g is

«/» = f2e2M ZYt/prd /log k¥ 2
and

Si = [2\N22)re2tPpvd £ In@RT  ht X73.1iiv2" 5 =Txb
(14)
Finally, if the contribution oi projectted scatters >P, is taken

into account, one finds <T = (1*45” + 0O.dOof,) (13)



(b) I provejaents on illiaias* theory.

Since this study of multiple scattering was published in 193#,
aevei-al authors have described modifications anl improvements to it. All tho
modified rioaries are however closely related, and all lead to farraulae
similar to equation (14) above, with the same value of J"in all cases but
different expressions for L.

Croudsznit and Samplersen(41) have developed a ioore rigorous theory
than that outlined above, in v/hich they denote by P( 0 )do> tiie probability
tiiat, in a collision, an electron will be scattered into the solid angle dw
around 0, i.e. P(0) = "~(®)/Q where Q is tiie total cross section. P(0)
io then expanded in the form P(0) » £ (2n ¢ 0 ~n~n(000 ®) anjLt’te chance of
the scattered electron being in the solid angle dw around & after two
collisions, and then, generally, alter acollisions, is calculated. Combining
with tiis the probability flf(s) that an electron v/ill suffer a collisions,

Goudsmit and oauncierson find for a PernrL-Thomas field
e jonut z234(1 - p2)/m2vvj*ioa(o.64 0,/BXJ)
that is

0C a T X 1JI(0.64 Noxo Ltjr#g # t16)

In agreeilient with Williams' equation (e u&tian (14) above) from the simpler
treatment. The difficulties of tho two a<praximatians (Born approximation and
classical) for different experimental conditions still remain, however,

In 1947 Moliere(42/\ derived a multiple scattering equation in which
the disadvantage of two different solutions for the extreme conditions
(Zen/I37p 1 or «. 1) and none for the intermediate state (Z e?lljyp’iA)

was removed by .cans of an exact quantum-mechanical study’ of single



scattering, yielding an expression far which holds with reasonable
2
accuracy for all values of Ze /13713 = This expression IS:-

flow = -p 2 V 0.4365 X (.13 + 3.76 2.0137

an
liloliao*s expression for tho combination of single scattering events

is of tho fom:

PCFla<sf = F2ZMN\"Ng & + B>+ A (<> /Y
L (€9))

where \c*JdS refers to the projected a’sle of scattering, T/ ;(£) ana

) ape functions given in Holierc*s paper, and B is given by B & 11B «
1InA. - 0,115/ whére LN « * ?V&:rlzﬁf ®&«d 1s a measure of the avel-age nuzaoer
of collisions suffered by an election in traversing a distance t of the
medium#

In or lor that the approximations im e in deriving this formula

should be valid 1t is necessary diat 1/Bn should besmall for values of n
creator than 2 and 1t can beshaun diat this condition issatisfied for most
media for t > 10 om.

The eon deviation of IS given by

cj>= $ #(1 »0.90"3 - 0.117/N2) =Tr. L, 0

which correspon ka to willians* expression Uim. (14)), but has the

advantage that it aplies for all values of Ze*r']'ﬂ37" « Values of have been
given, as a function of the Kkinetic energy of tike scattered particles (in

units of their r *st energy/, end for various values of t, by Goldschmidt—*

olenaont (43)# Those valuesare showmn iIn fig, 2d.



Recently Beth<r Yy liss Sx¥In tiat Jblisro®s theory may be derived
on a simpler mathematical basis tian that ori;;inal3y used and liss showmn that
the theories of -ioli\ére, biyder and Scott, =auksirét and ;aunderson and of
Lewis (not lker kit with in talls account) are all closely related and in tie
s je ciraKistances lead to vely similar results. In an abstract o oncer and
Blanchard®  mention further jaodHicaticaic to t e jioliere thooiy intended
to avoid this theoryls limitation to small anj lo components of Multiple
scattering by using Feshbachlc distribution of single scattering angles
instead of the sinpler one used by 1&llare, It iIs stated that the agreement
vd.th experiment is 1 proved (see Hanson, Lanzl, i1yman and Scott, section
1.3.2) as a result of this modification™ ]

Sxyder and tcoit"s aidiy of tie probleirl\//I 9 1s based on the solution
of leeredls fundamental diffusion equation(ﬂm) with the asslKT"tion that the
Born approximation holds good (i.e. the theory applies for only ono of
tilliainsl two cases). These authors express their results in terms of>tw ,
cn ngular unit depending unon the radius at which atomic electron 3crooning
is effective:- ~ = 2% - @°)y aoiv (analogous to _illiaisl § ~ ) and
N, aunit path length in the absorber:- 1// =1t

It cza1 be shownn® that, for naraal Ilford (5 owlaicaio,

do = 1.39(Vme) F(NM/MT)2 - 1] D

and
Xx -0.160 fcvvrl/fvn]2 (¢2)

where ra and ae al-e the rest masses of tho scattered particle and of the
elecron, and 1 and Er are tie Jane ic and total energies of the scattered

particle, b calculate tio mean angle of scattering In degrees from



<&>e = 10 ji >*a (23)

where /(>£) ia tho probability of scattering through an angle ™ In a distance
t and can be evaluated from functions given in tables in diyder and bco™t* s
porter# As stated above the results of this theory are very similar to those
of Ifoliero* 3 work*

Comparisons of the different theories far particular ejgieriaontal
conditions firs given in the following section, for exonrlc, in fig. 33#

It lias been shorn above that all the theories lead to the equation
. It has been shewn above that all the theories lead to the equation

/0 2" 4% n . . .
207G2") LRV 7 X Lgfor ang3y okiarged painjidea; » _this riky be

exp
where K =20_(KZ /'L (25)

and is called the “‘scattering con3tallt,, of the indium, because L is not quite
in, “pendent of the particle velocity and the value of t, K Is not a true i
constant of tho meitAuu  the determination of K for a particular j.odiun under
particular conditions is necessary In arler* that the medium &/ be used far
multiple scattering veterr™inationo of particle erergies; and ilessureaents

of the veriaticm of K with particle velocity and with t arc of interest iIn
checking the theories.

1.3*2. Sxperiimnt.

pgciii/ants in v.irkd ivecaureiaats of multiple scattering have been
made and cocmarcd with theoretical predictions fall into two groups. The
first xoup, of which the best example i1a probably te work of Hanson, Lanzl,
Iyman and bcott™, consists of experiments iIn vhioh the spatial

distribution of a beam of elcc rons after pa sing through a thin foil is



determined by a detector (probably an ionisation chamber) and compared with
the distribution predicted by theory. In the second grcu of experiments
measmawosnts are ;aade on individual tracks and tiie scattering constant of tho
»ie>dium dctexmincd and compared with che theoretical value.

Ail expeidLnent of the first type has been described by Kulchitsky
and Latychevf\?l), In this work the multiple scattering of 2.23 MeV. electrons
(from a 200 nC. Rd. source) in alundxiiim, copper, iron, molybdenuii, silver,
tin, gold and lead was ctudied. fhe electrons vie.e analysed, before being
scattered, by on electromagnet, and after 3catteidiig they were detected by a
vroincldenjce pair of Oeiger counters which could be set at various angles to
tile incident beam. In each case the thicknessof the scattering foil was
chosen so that the half-width of -hescattered beam was about 10°. The
results of this exreriiaont are shown by the solid dots in fig. 29 ,where the
width of the scattered beam (in units of (@i h(Z2 + Z)e|7p2v2)~B) ia plotted
against the numb r of collisions . The solid line represents the
prediction of -lns lioliere theory. This figure is taken from Hanson, ljanzl,
Lyman and Scott's paper and is referred to again below.

Hanson, Lanzl, lyman and Scott* s experiment was “erfcrrned, with
only a few modifications, with tho apparatus v/ith wliich single scattering
moans rements were mo.jc and v/hich has been described earlier and is shown in
fi; . 19 of section 1.2.2. In the multiple scattering experiments 15.7 MeV.
electrons v/ere extracted from a betatron and passed in vacuo to a scattering
foil and thence to an analyser and detector. Tiie geiger counter detector
uued in the single scattering Measurements v/as replaced by an ionisation
ohamber arranged to collect at a given angle all the scattered electrons whose

energy was within 6 of the incident energy. In order to reach the analyser

*6,



and 1onisation chamber It was necessary far the scattered electrons to

pass through an aperture of Vidth 0*18°, and before being scattered the
electrons converged onto the foil with & full angular width of 1°.
Corrections for beam width were therefore felt to be unnecessary.

It can bo seen from fig. >0, i1.here the experimental results far two
gold foils of different thicknesses ore co..pared with the predictions of
the wniao.irfied Jiolierc theasy, that over the angular range plotted (0 to
6°) the agrooniait is good - within 3* for all points. The dotted lines
represent a simple Gaussian distribution of the scattering. Using a
slightly larger aperture to define tie scattering angle measurements v/ere
extended to angles of 30° and the caicplete results far this range are shown
in fig. 31 (0° to 6° small aperture, 6° to 30° large aperture) = It may be
seen that the agreement between theory and experiment is still very close,
though In tho region 6° to 13° all tie experimental points lie above the
theoretical cune. ThjiS discrepancy i1s s./n up more clearly when tho
results are displayed by plotting the ratio of scattering by thick and thin
foils. In Bethe*s paper, mentioned above, this is done, incorporating
Bethe* s modifications to the rolier© theory, and as can be seen from fig. 3,
e agreement between theory and experiment is tien excellent.

Measurements wee also made i1n tiis work of scattering by bexyilium
foils. Curves corresponding to those of figs. 30, 3l and 32 far gola are
not given by the authors far bexylliun, but compérisons of the widtiia of
tie scattered beam with the theoretical beam widths are given, together
V/ith hulchitslgy and Latychev* a earlier results, iIn fig. 29, referred to

+7 —



above. The results of Hanson et al. are indicated in this figure by the
Crosses™

An exaigplc of on experiment falling between the /0 groups
mentioned at the beginning of this section h&s boon described by Groetzingor
et al®D .« These authors initially »Ade individual measurecenta an 132
electron tracks photo raphed in an expansion cha her With a source, but
expressed their results in the sane form as In the above experiment. The
electrons Vare in the energ/ range 50 to 1,700 ksv* and the measured root
moan square angle of cattering ia sham as a function of electron momentum
(Hp ) by the dotted curve In fig. 33* The solid curves represent the
results of the various theories referred to earlier. It can be seen that
except at the lowest energies the agreement between experiment and —oliereld
theococy 10 voiy good.

Following this experiment tho investigation was extended to higher
energies and to include tho multiple scattering Gfpositrms'(53)-- In this
later work the scatt ;ring of electrons from Ii:LOb and positrons from I4132
were caspared, the results being shomn 1n fig. 34*

In the second type of exporiment tio method of measuring tho
multiple scattering of a single track devised by ?w/lerg*w} IS most often
used. This method will bo described more fully later, but, briefly, It
consists of rees-ring the displacement of tho track from a reference line
(set approximately parallel to the track at the point where tlie measure .ats
begin) at fixed intervals along this line. The difference between adjacent
readings of tho displacement (soy yn andy .) gives a measure of tlio anglo

between the reference line and a chord drawmn across the track between tie

points at which the roain, a are taken, decond differences (OQ - ) -
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Particles t In) -ftic/ej Ji- bl K
p8 ! 4

105 MeV e* i 200 1 310 620 126.7 =

1B5 MeV e* i 400 310 1140 24.9 t

336 MeV Protons 0.46 600 515 3150 30.7 t
5-52n adtVv Protons 0.07 80 900 710 -
9 - 35MeV Protons 0.02 72 1320 850 —

(aver.J
TAbLE 13.

Partioles t QGlj K Expt*.

105 MeV e* i l?OO 96#7 0.6 26.2 T

185 MeV e* 1 400 94.9 0.8 24.G =+

336 MeV p 0.46 600 30#7 1.0 29.2 +
5-60 MeV P and M 0.14 BO 26.1 +
10-20 MeV p 0.02 79 27.5 t
40»280 MeV e* 1 26 +
250 > 24 .4 1

337 Mev ? 0.4C 500 24 .5 £

750 24.6 +

167 MeV (Av.) e, «¢ 1 21.2 *

TABLK 12.

0.6

0.

8

1.0

Kc

o N

~N © 00

26.2 :
24 .0
29.2
26.1
27.5 :

lheo*
Kc

25.3
26.4

27.7
25.6
25.9

26.5
27 .4
28.0
22.1



(7afl - yQ2) =yn - 2yttfl ¢« 7TmZ then give tho change of this angle o»or

one interval alor;‘g the inference.line, %]\mich, under suitable conditions,

is the resultant angle oc , of the multiple scattering over this interval.
The angle of scattering derived frcaa theory is the mean of those

between tangents to the track, and the relation between this and the can

3.
of the angles between chords ia given ) for a dauasian distribution, by

iST « (3/3)* $ (26)
where Jec/ is the ;aean angle between chords, and iff is that between
* ds is UM ofa m

tangents. As mentioned above (Jgn. 24 of section 1.3*1) the scattering

constant of tlie emulsion is found from an experimental value of i<
: 1

by Ka ifl * p«/t2.

sy toul C..,,; .

.Experimental detera&iiations of the scattering constants of
emulsions have been given by Ca son”™4” , Mall/iorraid®”J”and Vcyvodio and
Piokup(5’6)\ but the most co.prchensivo set of experiments are rrobAbly

*

those carried out by the Bristol group* In a series of papers (57, 58,

Id sj~stixse tit. m IN*FL A it
59, 60 and 61) members of tills group describe very fully measurements of
SR AMBILE IO VAT L (gtiS &y 4y oy IRe N i M 4 F
the scattering constants of G5 emulsions for positrons, protons and wesons
te In -FchTnl 1 - A
in the enerty range 5 to 336 MaV. and cccpare their results with the values
#* N wa ** o, M”rv. N N N

predicted by 'olierels tneaocy.Their results are summarised in table XIII

and compared with tho valuespredicted by Moliero in fig. 35(a) arid(b).

In this figure Kis plotted against the guantity which was aefined in

the discussion of Moliore*a results earlier and is a metsure of the number

of collisions which a particle undergoes in traversing one coll length*
JI™t,the number of collisions per unit length of path is a function

only of™i * Tlte points given in fig. 35(b) refer to the ocatt ring cons ant

determined when all individual values of oc greater than four times the

<e.



.*jan value iiavo been removed. These values of tbe scattering cau3i>arrfc are
termed the "aut-off" values. Tho authors remark that tlie energy of the
positrons vms not known as accurately os tliat of the other particles, so
tliat points 1 and 2 are less accurate titan tine others but that the agreement
between thecay and experiment (all points are within about 1Q> of tlie
theoretical curves) is reasonable so far as the "uncut” values of

scattering constant arc concerned. The difference between "cut™ and
"uncut™ values is however, far each pair of points, less than that predicted
by theory. This is attributed to the use ¥ a thin emulsion (100yu. ) since
in tliia case, especially for large eell-oisoo, tracks which stay in the
emulsion for a sufficient distance to make them acceptable for -jeaauremsnt
will tend to be tnoso without largo scatters.

Table XIIT shows values of the scattering constant of Ilford G5
emulsionf* determined by various authors for different experimental
conditions.

lo oumaarise tlie present position OGnoeml-ftg multiple scattering
of electrons and p~ositrons we loop say tiiat the previous experimental
results axe in reasonable agreement v/ith theory, v.suits at the eitergiea

involved in the present work are, however, ..oagre, and for diluted emulsions

none have been published.



Section g. account oi‘ present v/ork.



2.1# Exposure of the jlates.
For this investigation electrons and positrons of arprordzaately 10#
15, and 20 MeV energy were observed in llford & photo rephic emalsions. In
the oarly port of tho experiment those particles were obtaii&d by pair
production in a load plate from the X-ray beam of a 30 MeV synchrotron.
Inter a 1 .6; H.T. set was used to provide electrons from the reaction
Li~r(d,p)Lin™, Lin~~—>>BeM+ o (t7* 0.95 sec., SAX 3 ™ MeV) mid positrons
from pair production in lead by &% 14 and 17 MeV if-rayo froia Li7(p,y)bed.
The jriilli Ic scattering i.cusureioBnl3 made to determine tlie scattering
constants of noriiial and diluted emulsions, utilised only those plates
exposed with the synchrotrcn, but ainj;le scatt ring ~oasureuents were made
an botn sets of plates.
2.1.1. exposure of plates to electrons and positrons using 3o MV synchrotron
The exrerl'iicntal arranjo:cnt for the gqynchratron exposures is shown
in fig. 36. Rough colligation of the X-ray beam was provided by the load
blocks 1 and 2, and a pencil beam was selected by :joana of the circular
lead block 3, which had a tapered hole along its axis. The alignment of
these load blocks was checked by moans of a Ii ht beam shining alcng the
direction of tlie peak of tiie synchrotron X-ray intensity which ,/as found
by neasurefcients of the activity induced into a nuLher of identical copper
rods set in line across tiio X-ray beam. The beam emerging from the tapered
hole was incident upon a lead converter, 0.5 cm* tliick, fixed into a

vacuum cliamber sitting between the poles of an clectroma”/iete  After

deflection tixrou”™i 180°» electrons of the required energy passed out of tne



mafjjietic field and, still in vacuo, entered the photographic plate,

(3H x 3" x bEOfix). As .aich lead shielding as possible was placed, between
the X—¥sy scxrrce and the pl&tos in order to reduce the stray electron back—
iround and 30 increase tlie visibility of tiie required tracks (tiie chances
of confusion between stray tracks end those of the required particles were
very much reduced by tho acceptance conditions to be described laterJ*

The dooignt of the apparatus was, to a large extent, daterndnodby the
shape of the electromagnetused to analyse the electrons from the
convertor* This piece of apparatus woe boarowed from another section of
the department and adapted for use in the present experiment. The magnet
poles T/ore rectangular in shape, 2A cm. x 12 cm., and the gap was 0.7 can.
wide. As the magnet was later to be used for its arijjinal purpose, it was
not possible to increase the gap and so a slim vacuum clumber was male to
fit between the magnet poles and lead blocks were fixed inside it to assist
in tlie selection of the electrons. This is shown in fig. 38. A removable
case held tiie plates so that the electrons from the converter struck their
centre re ions with on angle of incidence which could be varied from 0° to
15°. A shutter, crerafced externally by means of a small ma not, v/as
provided to enable the box to I|?e troiisparted between being loaded in a dark-
room and being fixed to the vacuum cliambor. during an exposure tlie
pressure in tids system was maintained at not more than 0.1 mu. Hg bymeans
of a gmnil rotary pump. Because of tlie small ma’yiet gap the walls of the
chamber could not be made sufficiently thick to withstand atmospheric
pressure and so the gap was iusolf sealed off as woll as possible and

punped to prevent the v.iilla of tlie diamber from collapsinge A ressure of



about 5 to 10 nxo, Hg was niaintalned in the outer* enclosure and was found
to be satisfaotcoy™
The magnet was opei-uted, with a large (56CU*P) smoothing condenser
connected across it, ‘romthe laboratory 250 v * . «ins and controlled
by a series resistance cliain* the liagnetic field was calibrated by means
of a search—oll (five titrraj of 26 S* *d. capnoer wire an a 3 cu* x 3 eta*
square farmer) and a fiuz-i-jictor. A cl«ck point was established by tho
deflection of an oC-particle beam in tlie field in the manner described by
Rut erfarc’, Cliadsricl: and Lillis (62).
The apparatus with which this calibration point ./as established is

JLioui in fig* 3b. The photo, rophic plate was exposed in vacuo to tho

oc -particles from a fino copper wire on which had been deposited Tharan*
ihe a. net current ./as rcvcroed during tlie exposure and for part of the tiiaa
was switched off* After expoeure tlie plato vms developed and scanned end
a distribution of the long range (8*776 iJeVJThC oC- particles plotted e

In ardor to bo accepted those particles had to lio within about +10° of the
incident direction f;*osa tlio soiree and to be dipping into the avulsion at not
mare than 15°* The distribution is sham in fig* 39* Tho radius of
curvature of the particles was then cLJLculafccd frou the relation

pxn (1/WAXd2 + b2) [(a + b)2+ 1°J where a mid b arc as shown in

fig. 38and d is one half of the distance between tlio centr a of the two
oC-particle peaks* Prom the Hp value of the particles (4#267 x 10"
Oersted cm*) tlie moan lield strength over the rogian traversed by the beam
imo found to be 5f%7 Oersteds for the particular current used (3.50 airp.

The magnetisation curve together with tho °C-particle calibration: point Is

shown in fig* 2*0.



Jiic radius of curvature of the oolootcd electrons in the vacuum cluuibor

was 10 cm, and their kinetic energy was determined from. tlio relationship
K tOb

= HP " 0.31/electron-volts (which applies for v~ o). This gives
Hs 3r500, 5,170 and 6,02*0 Oersteds for E. = 10715, and 20 IljoV respectively,
jhe width of the accepted beam leaving the magnet ~acxxsptanee angle a 10°)
was 0.3 cm, and the X-ray beam width at the oonvorter was abou«. 1 cm., oo
thry the resolution was about ¢ A . The sign of tlie selected particles was
chosen by ]jeans of a reversing switch connected across the :.&gnet,

«ith the aid of a number of rather crude simplifying assumptions
about the shape of the synchrotron X-ray a octruia, tho variation of the
pair-producticcA oi1~ose section with X-ray energy and the geometry of tiie
apparatus, the number of electrons reaching the plate per roentgen of X-rays
could be calculated for any electron energy interval. This as fauna to »e
about 3o pei* square cm. per roentgen for any energy setting between 5 end
15 Mov and about 10 per square cm. per roentgen for a sotting of 20 MV
(assuming a peak X-ray energy of 25 KeV), Tliebo figures were not expected
to be more than a rough guide to the actual nuLibcra of electrons, but they
gave an indication of the order of i1agnitude of t*e required o.posvu’® tixaes
and of the relative exposures for particles of different energies.

A preliminary exposure was ma e in otrcior to determine tho actual
number of tracks reaching tho plate for a given irradiation ana to examine
the visibility of these bi*&cks against the general oac.ground. It .<ns
found that roughly twice as iMaiy tracks of selected partidee as indicated
by the c¢ Iculctian actually reached the plate and that tiieso could quite
easily bo seen above the back round of atry tr&c”.

Following tikis test a series of ten plates was exposed with a
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TAbiik 14
Plate iengificas a4 el 11 oE R
Type of Particle e P e P e P

*
Expos# Time (Min#) 15 15 5 5 5
Mage Gar*. (Amp) 1.35 1.35 0.5 0.55 .2.05 2.05
Momentum fu-~v\ . 7 7 3 3 10 10

(c) 1

Estimated iss# of 1,000 1,000 400 400 1,000 1,000

Particlep./Sq#cme iI

i
Plate identifica- i b
tion Letter 2 2
Type of Emulsion B
Type of Particle e e
Expos. Time (Min.) . 40 45
Magnet Current 0.55 0.55
(top)
Momentum I 3 3
(c

Estimated Mo. of 2,050 2,000
Particles /~g. onm.

——————————————————— T J.
Plate Ildentification A
Letter 3
Type of Particle e
Energy (&gV) 10.1

Mo.

of Partlclea/Sa.cm, j 3xluf»

2 2 2 9

H j K X2 X2 XE

P e . e

30 30 30 90

30
4.60 4.6<) 4.60 4.6(J 3.95

20 20 20 20 15

800 800 800 800 2w )X

TAbLS 16
b C

3 3 LI3
e e e
10.1 10.1 10.1

8x104 1.8 x 101] 3x105

°1 H1 X1
e =) e
10 10 5
4.60 4.0C 3.:
20 2U 15
500 500 1,0<
n A1
2 2
X4 X4
€ p
50 30
4.60 4.60
90 90
BOO BO O
L
3
P
1C.1
6.6 x 104 6.6

1



synchi-otron output of about 2 roentgens per minute at one metro from tho
synchrotron target (tho convertor was at tills distance from the target).
The oxpoouros aro detailed in Table XIV*

3ome time after thie sot of exposures a further set of ten plates was
irradiated; this set v/as unde up of four normal G>plates, three QX2
diluted IQ@r3fs, containing twioo tlio normal gelatin content and three
"X4 diluted "Gfo* Details of this set oru given in Table XV (the output

of tho synchrotron wau in this oozo about 1 roentgen per ndraito at ono et*\s;.

2*1*2* xposurc of plates to electrons and positrons using H*T* set*

A considerable time after the above oxpoaureo had been made, the
analysing magnet having been returned to its owners, it v/as found necessary
to expose a further r.ci*ies of platen in order to increase the rate of
collection of data for the single scattering .:#asureiaents. In this series
the 1 heV high tension set v/as used and tiie er”™ooure was greatly assisted
by the fact that a large, calibrated, Moublc-fociaing spectrometer was
available with the set. Further, the "camera™ box in which the pxvvicus
sots of plates had been exposed oould easily be fittod to tlio o:dLt port of
this speciremoter and a —article counter was available with which to
measure directly tliejflux of particles issuing from thia part*

The apparatus is shown in fig* 41; far the exposure to electrons a
cloutoron beam was incident on the lithium hydroxide target and electrons
from this target peussed diroct to the spectroraetOi and round to tne camera
box which in this caoo, to facilitate its removal w'ithout ary disturbance
of the vacuum inside tins spectrometer, was .oft at atiflrxrpheric pressure*

Before entering the camera the electrons passed out of the spectrometer



through a *002" aluminium window* Far the positron exposures a proton
beam v/as used and a block of lead, 0.7 cm* thick was placed imasdiately in
front of the target to act as a converter far tlie y -r*ys emitted in tlie
our inches of lead were used to screen tho camera

box from the ” eeradiation from the lith:‘um* A door was provided in the
spectrometer to enable the beam to be cut off so that, when tlie counter waa
being used to monitor the focused berja, a background measurement could be
made. By fi»ans oi* this counter the number of electrons entering the plate
was found to be about 170 per square cm* (perpendicular to the beam) per unit
charge of tlie H.f. set current integrator and the plate e::po6ure s were then
measured by .jeans of this integrator.

The magnetic field of the spectrometer was measured by -jeans of a
built-in search-coil and a flux-meter which had previously been calibrated.

Table XVI gives details of the exposures.

2.1.3. Exposure of plates to protons.
The exposure of a set of plates to protons of approximately 50, 70 and
140 .©V energy, obtained from the Harwell synchro-cyolotron, v/aa made far
a separate project by ios C. F. Lees. The plates wore exposed at nearly
grasing incidence in a box of the type shown in fig. 42. Aluminium windows,
0.001" thick, were fitted to the front and rear of tho box vdiich was main-
tained at atmospheric pressure during tlie exposure*
Far the ®OD lower energy values thick aluminium abaarbors were "‘laced
between tlie proton source and the plates, the required thickness being
3

calculated from the range-energy relation far protons After the oiposuro



the unorgy of the protons was calxmlatod accurately in each o&so. Details
oi' this calculation will be given later (decticai 2.3.2)

A large batch of plates, including <5 normal, X2 diluted and X4
diluted, "..ore exposed in this way, and of these one of each type for each
proton energy was used in the present work in a determination of multiple

scattering.



2.2. -.cveloptQant of ilates.

rho gfinci‘al method of processing all ti*a above plates after erasure
v/os tbe same* “he temperature cycle method devised by tbe Bristol grot™*’
was used, tiie procedure being outlined bclo

Jhe plates were first iLsoersod horizontally in -istilied water at room
tccporawiire in shallow photographic dishes which were than placed in a
rei*ri”*;eraior andooolled to 5~* i'ha plates regained at t is temperature
far three hours by which time they had absorbed practically their full
amount of water, ihey were then transferred to a devalcpin,; solution
consisting of 6.7 gm* of anlydrous sodium sulphite and 3*0 #a* of Amidol
per 930 cc. of distilled water* ihe developer liad been pre-cooled to 573
and after trailsferffco it the plates were left far a further rnsriod of tliruo
hours in order that the develooer ndr?it completely permeate the plotoa.
Dvring this period practically no development took place because of tho lew
temperature and at tiie end of it tiie plates were renewed, tho excess
developer was absorbed by- filter paper and they were placed on a iiorisontal
brass plate whose temperature vms maintained, by ijeans of a thermostat
controlled w&tor-b&th, at 27 . 0.3°C* During the time timt tlie plates v;ere
on the hot-plate and dcvelcpujnt was taking placo tneir surfaces were
covered with glycerins to prevent excessive oxidation* After tliirty
minutes tlie plates were removed and placed in a "stGp—bathll consisting of a
0.5 aqueous solution of acetic acid at room temperature, and alLain cooled
down to 5°0* in the refrlgeratOE « After one and a half hour's, during
tlie last fifteen minutes of which tlie temperature won gradually raised to

room temperature, Uie plates were placed in a fixing bath consisting

N



of 400 gjn* of sodium thiosul hate and so - of sodium bisulphite per

1000 cc. of tap water, at roam temperature. Tho time taken far the plates
to become* transparent was noted and fixation was continued far half as long
again* At tho end of this period (about 2 - Z\ days) top water was allowed
to flop/ very slowly into the fixing solution* Vouy gradual dilution v/as
necessary to ensure that distortion of the eLxilsicn was ndniirdsed* Wilien all
traces of the fixing solution had been removed from the plates (os shown

by the potassium permanganate test) they were allowed to dry An tho dorp
atmosphere of the dark room*

The entire processing operation occupiod about six to eight deys,
vary?ng fror. one botch of plates to another and when it was completed the
edges of the plates were bound v/ith "Collotape'™ to prevent than from peeling
away from the glass backing plates. Their surfaces were t)ien cleaned with
alcohol to remove the slight silver deposit which ha ,a cumulated there

during development*



2.3. aaaltlple cattciig..

After the plates liad been processed their centre regions were searched
and tracks found there and satisfying the conditions described below were
accented far measurement of multiple acattozdng. rhe L&aroscape used in
this work was a Cooko, froughtcn and Sims MhOOO type with a "nuclear
research™ stage on which both x** and y-shifts v/ere operated by ndcroueters
reading to 5 microns. The plates were fixed onto the stage by means of
Cellotape, strips and v/eze aligned so that the o<ige of the plates which,
during exposure, had been parallel to the incident beam lay along tlie
x-direction. Scanning for tracks was then carried out in tliat direction.

The conditions of acceptance of a track far* measurement were as
follow ss-

(a) Its direction of travel in the plane of the emulsion and just below the
surface must lie within 15° of the x-directicn.

(b) Its angle of dip into the emulsion must lie between 0° and 13°,
cosrreE”onding, far a slirinkage factor of 2.3# to 0° to 30° before
processing (the angle between tho plate and the median plane of the
analysing iragnet had been sot to 13° for tho exposures.)

(¢) It muse stay in the emulsion for at least 1jQ0jl , measured along the

x-direction of the stage.

2.3.1. laeaaureisent of angles of multiple scattering.

In ieasurint; the multiple scatterii\, tlie Fcwlor second difference method
was used” A pair of X15 Kellner eye-piecos, ono fitted with a
graticule of the type shown in fig. V3» and a X¥> oil Inversion objective

were enplgyed, giving an overall magnification of apprcKimately 1,000 times

u*



(iiicluding the *a,piifloation. of the iicroacqpe stand.) The length of tho
scale shavn in fig. 43 corresponded to a length in the emulsion of 100y<x
under these conditions and it was set parallel to tho y-diroction of the
stage, starting in each case about 100/a from the paint & which tho track
onterod the anulsiai, leadings were taken, at fixed intervals in the
x—direction, of the position on the eye—piece scale of an imaginary lino
drawn through the rains making up the track for about 10~ cn cither side
of the scale. 1In the case of tlio 10 i«V particles ~ho interval between
readings, called the "primary cell-sise™, was , far the 1.? and 20 MeV
particloc it was 30

Tables of these "y" readings were mode and frcxi them tho first
‘dffcroncM (yfi - ynfl) and seconu differences (y™ - 2y~"~ + y~”™) were
obtained far oell-sizes (i.e. x-uirectior. displacements) of 25 (10 MeV only),
30, 100, 200 and 400" . As has been raentleaned in section 1.3.2, and can be
seen from fig. 44, the second ‘difference values give & measure of the changes
of direction of chords drawn across the track ovor the intervals chosen.
Tlie relationship is

oc ™ (S/0)x(36Q/2tt)x(10C/60) (21)

where if is tiki second difference value in scale divisions (of which QO equal
100~ ) and «is tlie change of direction in degrees.

At the begiimin of this work tlie two observers by whom almost all
the multiple scattering aauremeatsware mads (H.I1. ana »+ 1.) carried otit
a series of cl&cks in wliich both observers maxie ijeasurouents on the same
tracks, in order to check tlie accuracy of observation. It was found that
after a s art period of practice the two sets of »iie.-aurQment3 would

correspond to within 0.2 scale divisions for each reading.

C*or



Aftor the iicaourooonts had been made tlie decision wiiether @* not to
include a particular track in thu determination of scattairlng constant was
made in tho following way. For each track, using a cell-sise of 100*4. , the
mean value of tlie second differ**iuoos (taken without regard to tlieir ci, pa)
i/as found, excluding any individual second difforonoe valua greater than four
times the mean value for that track (this limitation was loosed to exclude
canporativvtly large single scatters and will be referred to latex). For a
given type of track and of emulsion tho distribution of/second difference
values for all the iacisurcd tracks was then plotted and the median found. A
t pical distribution of mean second difference values ( ) is given in
fig. U5 for 10 i N electrons in nonT.nl einulsions (t = 50jJx ), Any track
whose value of 15/ did not lie within 406 of tbe i/odian woo excluded from the
calculations of scattering constants. In this .ay it ..as hoped to remove
(a) tracks of fast cosmio ray particles which had by ch ace happened to
satisfy the acceptance conditions and (by tracks of stray electrons fro.a tho
synchrotron X-ray source which after being scattered hoc. been siidJariy
accepted. Between 20 and 25 tracks wore jueiisured for each type of incident
particle (10, 15# 20 JeV electrons and 10 ieV positrons) and of e~rlsion
(normal, X2 and X4) ami of these usually about 10j wore rejected by tiie above
selection.

As will be described in detail bela/, tho .ensured values of 3econd
difference consist of the true values combined, v/ith voidous errors, suei as
those to tiie random distribution of the silver grains over* tiie true paths
of the incident particles and those due to the non-linearity of the
microscope stage movement. These errors give rise to what io termed - by

analogy with the i.ieaoureii»nt of radio signals - noise™ j hero as in



telephony the aim is to obtain as high a value of the 0ijTinl to noiso ratio
as is possible.

A clLetoxvdnaticKL ¢ ' the rnoico levell of a particular microscope may be
uade, assuming it to bo independent of ceil-cizo, by performing scattering
nensure ents on the tracks of very fast particles, .hose true scattering v/ill
bo small, or by ineastxring tho scattering of traofcs of the typo being
investigated, with a very small coll-size since the dependence on cell-size
of the true scattering i3 known (a is proportional to £ :K). Juch
measurements wero iiia& in tlio pit-sent cane using oofch fast particle tracks
and small cell-sizes with 10 to 20 MV electron tracks. Time is some
evidence that the noiso level is not independent of ooil-eise™" }; tills ./ill
be referred to again later.

As a chock of tho coordinate imthod of detorijination of i , diroot
cu\;le measurements wore ma o on some of the tracks by means of tlie goniometer
fitted to oft; of the microscope gyo-piecoc. In those r-eaaur© cuts the central
line drawn peirpeniicular to the scale an the eye-pieco graticule (fig* 43)
was set to bo tangential to the truck at 5 intervals and the changes of
angle were determined for this cell-size. /alucs of obtained in this way
were compared with tlie corresponding valuer determined by tho Fc*/ler .ethod;
the relatloncldj* between tlio cliord angles and the tangent angles is, as
mentioned in section 1*3.2 equation (26) , I°ct = {2/3) “p'

The method of roeasrr mont of tho proton tracks and the acceptance
ccaiditio/is applied to them were tho some as for the electron and positron
tracks except tliat greater lengtlis of track were used (up to 3,000 ) end nc

direct angular measurements were meue, the ocil-sizeo being much greater timi

those used for the electrons and positrons.
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Typa of Partlcla No. Of IncHve, .\ o | ;
and liomi 1 Mstug* tibulslon Coll-51z () o Vvaluev url
(Mav/c) UNCUT  CUT  UNCUT  CUTJ
25 866 810 «440 -
50 530 492 1.115 *J1
10 JMI ala Mormal 100 273 262 3.035 2.61B
0 200 111 108 8.34 7.¢el
400 44 44 23.1 23.1 ]}
25 701 671 421 rd |
50 687 667 1.025 21
10 'V'gV Pim Normal 100 336 326 2.68  2.451
200 159 152 7.63 6 .H!
400 69 68 20.6 19.81
50 530 504 . 770 ol
15 MaV ara Normal 100 258 249  2.08 1.8
0 200 120 113 5.90 5.01
400 52 52 16.1 16.1
50 640 612 .629 B5A
100 312 306 1.595 1.43
SO Mav  a-a Normal
0 200 148 140 4_.41 3.N
400 66 66 [11.89 11.89
50 549 509 470 .36
S0 ng als XS 100 248 266 1.16 .95
200 122 119 3.36 3.10
400 50 50 9.84 9.84
50 402 377 «448 A
so Sgy alm X4 loo 193 187 1.12 .95
200 87 85 3.36 3.14
______ 4u0 36 35 9.95 9.95

4510



2.3.2, Determination of scattering constants. .

The above measure:lonta liaving been made it was necessary to apply
certain corrections to the measured values of neon an ,lo of scattering, and
ollo to determine the effective momentum of the particles producing the
tracks in otki. that tio ccrrespaidinr values of scattering oonstant might
be determined,

(@ Electrons and positrons.

After diepreliminary analysis described above ha been 1.ak to
decide which of the measured tracks should be used iIn the scattering co istait
deteredoscion, die /5) values of all tlicse tracks *hlch were acco ted were
comb nod, far each ocell-size, »ml3+on and narticle type, In one dis-
tribul;ion of the type shom, for 10 MeV electrons and a cell-size of 50yU, In
normal erulfiicn, In fig, B In plotting this curve all the individual
values of Ih of the tracks were iIncluded (1,0, no cutting was applied tothe
individual tracks/. This having been done, the median position was
determined and a “cutting point* waa estoblislied. for all Lho tra* ks combined,

at a value of I£1equal to four times the *edian value. T*o values of a

-ere then obtained from each distribution, an “uncut®™ ana & "cut™ value.
~hese ™o given for all dee particles investigated and for each type of
emulsion, in Table XVII.

It Was then necessary to apply corrections to tiiese values before
calculating the values of \*7 fromwhich the scuttexdng constants coula be
determined.

The first correction wno far "mitxooccpe noiso” and the method of

correction used was based on that described in the second of the Bristol
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group®"s nultiple soattering papers(53J- Tlie true mean second difference
10 given (by equation (24) of section 1.3.1) by 1hT- <&? ** = Kt"//pv.
IT the noise is independent of tho cell-size and has a mean value 6~, we

nay Vrite

pfej 5 Irr, * {3 ~ A t3” r- (28

where A, provided that K can be regarded as independent of ocell-aize, is a
constant. We i1&y therefore, as was 1ientioned above, determine 6 by making
3cattaring imeasure-ants with vely small cell-aieoo. This was done and tie
Viilues obtained arc sho .n in Table XVTIl, The man value of £ so obtained
1a 0.137 + .008 far normal emulsion, 0.175+ *014 for X2 diluted, and
0.211 + .016 fbr XU diluted* It i1s to be expectod that tie noiso will be
greater for 12 and XU than for normal emulsion, because of tlie smaller number
of grains in tho tracks.

The experimental values of )JI my be corrected ./rthout 1acaaurpmentB of

6 being 1.<&k, assuming that 6 is independent of t, since we have, from

Uaing the values of it given iIn Tablo XVH we find tho i~r values given in
columns 4 (uncut) and 7 (cut) of Table XIX* For each determination adjacent
oell-eises were used, i.e. the "2£ p “value of /T is derived from

end mf1,, . and so on. The values of (fL obtained by simple correction V/Ith
the measured value of 6 ore aiiomi In columns 3 (uncut) ana 6 (cut), and In

columns 5 and 3 arc given the corresponding values of 1$L reduced to a
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200
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200
400

TABLE 19

UMCUT

=404 -389
1.10 1.06

3.03 2.98

8.34 9.00
23.1 m
<396 .353
1.02 <934
2.68 2.76
7.63 7.66
20.6 -
_760 _733
2.08 2.09
6.90 6.80
16.1 -
«604 <555
1*50 1.56
4.41 4.46
11.0
437 4
1.15 1.19
3.3C 3.52
£
<395 <389
1.10 1.20
3.36 3.53

9.95

(?7\

3.10
3.00

.98
3.17

2.82
2.64

2.67
2.66

2.07
2.09

2.06

1.57
1.66
1.47

1.18
1.19

1.24

1.20
1.25

.305
-894

g.67

7.89
£3.1

-339
-918
2.45

7.63
20.6

.63
1.87

5.01
16.1

-493
1.44

3.79
11.9

.321
.916

3.10
9.34

275
.932

3.13

cuT
T— T C*
318 2.54
048  2.68
88= 2.8
8.20 2.90
322 2.
860 2.43
2.42 2.42
8.44 2_48
-644  1.88
1.76 1.76
5.80 2.06
523 1.48
1.32 1.32
4.28 1.51
.327 0.9
1.12 i
3.53 1.25
«32C 0.95
1.13 1.13
3.07 1.06



cell siae of I00'u.; theae should be the some far all jcasuromsnts with a
given emnulsion and type of particle. Values i1ao been calculated for all
ceil-elaes although & the larger ones (greater than ~00™) the noise
correction ia very email.
: Since the agreement between the values of 1 |I,dJ obtained in this way
was satisfactory the marc explicated oaiTactions, allowing for vriationa
of t with cell-sice and discussod by *.unon et al. } were uot used,

1ho DOOond correction applied to the observed values was tiat to
compensate for tie distortion of tie ennlsicai during processing, /Zhen
tie emulsion is soaked In water it expands considerably and on transfer to
tie different processing solutions stresses aro set up in tho softened
gelatine as the solutians diffuse tiarough the enulsion, Finally, on fixing
and drying large quantities, Tirst of silver bromine and then of water, are
removed from the emulsion and a great reduction of volume occurs. Ideally
theso changeb iIn volume should result only in the movement of a given point
in tie etmlaicn In a direction perpendicular to e surface fird no effects
shoulld be produced In the projections of tracks onto planes parallel to the
surface. In practice, howevoa, particucariy near tike edges of the plates,
boob dietorLion of lle projected tracks may oocour*. >uch distortion j«y be
ndnimiBed by oorefUl processing and by using only thoae tracks found in the
central regions of the plates, > inL"Mted wax

In tho present work, osrreolion far distortion was found to be necessary
only in t*e case of electron tracks in Xaf diluted dulaions for which,
because of the reduced amount of silver b- caice whioh they contain, the

expansion an soaking Is /audh greater than for normal emulsions.



Distortion lias boen considered by Fowler(54) who has pointed out that the
deviation produced by distortion in an otherwise strnight track can be
mwritten 4 a f5"e where A is the change in direction of the track in passing
from a depth z to one z * ITz and F is a constant for a particular direction
of the projected track and a particular region of the einlsian. For a given
track, therefore (or* for all parallel tracks in a given region of the plate),
distortion will result in a change, always in the same direction, of all the
individual S values# |If tlie tracks all dip into the emulsion at the same
rate the changes in the T values caused by tho distortion will all be the
some. distortion effects may therefore be investigated by plotting tho T
values of a tracl-: or of all tracks from a given region, taking account of
their si®ns. fhe median of this distribution will, in the absence of
distortion, be zero, and its displacement from zero gives the correction to
be applied to the individual T values. Tliis correction having been applied
j<i. may bo determined as before.

In the present work plots of the d values were made far tlie 20 MV
elect on tracks in normal, X2 and X* emulsions, since the effects of
distortion would, of course, bo moot important and moat easily detected far
tliooc psrticles with the smallest value of tS'i ¢ duch plots are shown in

47(a)-(d)far 50 ax*l IQOyu. aell-size3. fhe lower plots are fear
individual tracks, with the medians indicated and the upper ones axe the
confounded results for each ~roup of particles. For tho larger oell-sises

(200 and tyQO/*) the statistics wore not sufficiently good to make plots for

individual trackB of any value. Plots for each drcup of tracks are shov.n

for these cell-sizes in fig. V7 ei*
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TABLE 20

UNCUT CUT
rartkic htxle C«ll- No* of No* of
blon Qlze Obs. <X : av -1 Ob**  $1
woj )
60 402 0*448  0*395 377 0*347 0.2751
20 key X 4 100 193 1*08 1.06 187 0.790 0.761]
C
fe o 200 87 2*69 2*68 85 2*06 2.C4
400 66 8*8 8.8 35 8*8 8*8
i - L
TjujlLK 21
Ftrtloli and Ssnilalon At. Inclinen 9 Correction, (Cob K
10 4«V €*t Normal 7.5°
nr - 0.987
10 M#y pfTe Norail 2.7° 0.998
. ]
16 key Normal 2.8° 0.998
0 )

20 MaVv cft Normal 7.6° 0.987



From fig* 47 1t can be seen tiat no correction is required In tho case
of the nerval and X2 diluted omit;ions* Sinoe the nonaal and X2 emulsions
used far the oxposuios to 10 and 13 particles »ae fron tie same batch
as those used far the 20 "€V ones and since they welo processed togetlior,
it was to be expected that no correction would be inquired in those cases and
ciieddB indicated that this was no*

Thie electrons iIn the 14 emulsions could not bo treated as ono group
since, to facilitate scanning ii- tlie region in which thele was a good density
of tracks, the plate had been turned through 160° on tio microscope stage
after moasuremcnt of the fourteenth track* As was to bo expected, the
corrections to tio two groups were in opposite directions and of ajout tho
same ma™ittuoe (-0*3 divisions far tracks 1-14, and +U*3 divisions for
tracks 13-22 for t a I00yu). 1he distributions of T arc shown In f1 =48
togetljer with the sise of the correction rc iuired to restate tio meai&n
to sero* fowler has shown that the value of *$1 obtained from a corrected
distribution of T values is not senaitivu to changes in the sise of dio
correction applied, provided that thia caiawctioh is not too large* Ihe
values of Ih obtained from the corrected ? values are siion in fable XI*

ithe thiracanoation which was applied was maae nocossaly because the
projected electron tracks were not quite paiallol to the x—direction of tile
microscope sta™e. This ijeat tiat tke coll-sisoa measured along the track
were slightly greater than tie displacement along the x-uirscticn, so that
a shinihtly larmur value of >»Jqi was obtained than that corresponding to t*
The correction was onpliod by staining froa the original *"oasuremnts of y

the average inclination of each set of tracks to tio x-direction* 1ho cell-
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400
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50

loo
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400

-398

1.09
2.99

8.P3
22.8

=596
1 .02
2.68
7.63
20.6

Ti*tkhh 22

UNCUT

1.52

2.08
2.86

.94
.65

.42
.91
.56
.64
.92

A WDNEFRPPEL 01 W

.43
-99
.82
.84

GV \C T i

Direct 1.36 -.05

MErt -

.595
1.67
4_36

11.7

-437

.35
9.84

.395

1.06
2.68
8.8

.13
.50
.07
.80

T U R P

.834

-«60
P.35

.754

1.01
1.28
2.1o

&¥*<Hm)

3.04

2.94
2.86

2.78
2.78

2.84
2.70
2.6
2.57
2.46

2.02
1.99
1.99
1.92

1.92

1.60
1.50
1.46
1.40

1.18
1.08

1.13
1.18

1.06

1.01
0.91
1.05

=486

1.42
3.25
11.7

.321
-916

3.10
9.84

.275

.761
2.04
8.8

CUT

1.15

1.68
2.46

3.72

1.30
1.75
2.34
3.64
4_92

1.20
1.79
2.39
3.B4

N R
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-930
1.35

1.79
2.80

.613
=893

.48
.35

N P

-525
.726

24

2.3]
2.4

2.Ct

2.60
2.48
2.34
2.£7
2.4t

1.70
1.7S
1.691
1.95

77
le 1

1.35
1.30
1.27
1. 4v



flize corresponding to tho measured value of tci was V cosO where 9 is

the average angle of inclination of the ttzads anl since /_*9 VC gy/x

the value, of scan second 1iffleronco oorrespen Irv. to a ooil-siae t is

3t (cob$)™\ The wulusn of 0 and tho carrespafcling carrcoticn factors

are given i1n Table X=J. This raothod of cotrrection is cviciuly an
fgporaddleece ats;, but in view of the email sise of tee correction it was felt
to be adegoato*

The values of =T obtained from e corrected fi values are shown iIn
xable /9IC. In the cose of tho 15 1w/ electrons, these valujs wer-o Xjnpored
with t oee obtained 1(¥ tho direct raeasure ent of scattering angles* As
entiowed In section 2,3#1, the direct measure cnts were Made only tar a celi-
aise of 5r/r and they wore limited iIn accuracy by the o:tot in reading the
goniometer* A vernier allayed the angle of scattering to bo read bo 0.25°.
lie results at; iiicluled in Table XXH. In view of the limited accuracy and
enoor statistics of the direct mets?0.jc..tk .uethou, the a”uoaent between the
two methods is felt to be satisfrtctecoy.

Defeats the scattering coastants oconli be caiculatod it Was nscossazy
to determine the appropriate value of iawentiuja tar tho particles producing
each set of tracks, allaying for their loss of energy after Ic&viuj The
analysing magnet* This loes of energy ..as alloaod for by determining tho
awra, n of the lengths of track used far each group of electitna or oaitrons
and than calculating the a.aout of cxxrg/ lost (@) by i1oailaatlcn &d (b) by
radiation, in travelling a dist< us equal -o half this average (i*a* iIn
travelling to the eontie of the “average track®)*

The rate of er_jry lots by an elect cn due to radiation is given by

Vard KN ¢ a T«.4 U XXFFI.
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TABLE 83

Partlole and Average lonisation K&diatlon Total
r.itulslon Track Loss (MeV; Lose (MeV) Loas (MeV)
Lsigth (ear.j.

10 MeV <"a k 1.75 «613 278 .89(1)
C

V] »BV p*l N 1.97 .690 .314 1.00(4)

IS Mgv -"a 1 2.36 -8P3 .568 1.39(1)

po ingav #f« X 2.71 <950 .890 1.84(0)

po Mav e"b xe *1.675 .460 .300 .76(0)
C

20 *eV i "b X4 0.1.73 «3908 _216 .61(4)

e



eiF xfFie
cL?t n\

where 1 Is tie average ionisation potential of the atoms concerned and la

given approximately by 13.5Z electron volts. Proa equation (30) we see that

the ratio of the rates of energy loas in diluted and 1n normal emulsions

10 given by

( d £ (svz2)D sfu (\y"skEk =- 3 7 .
dn"sLx)* " £ ~n g
where A and B are constants and ’Z,zl 2

iIs the u&n value of Z~ far a given emulsion
Par fast particles (v ->c) B —*0.

Per a normal emulsion equation (30) gives (dfic/dx) = 0,70 koV/micron,

and, sine* " 2V = 0.30, ~N02 )" =

72 =284 and Z”™ =177, w« have (d™dx)” = 0.55 koWt and (di/Zdx)" =

246 koVIM .

In order to allow for the radiation loss the radiation length, 10,

/A\
was calculated from tlie equation (FermivJlJd)

L - J+.-WZI.r .an. 1J. (52)
L, i 1 2 **;

froa which

(Mi» r SVa/z\L @3)

Equation (32) gives 2.94 en. and from equation (33) we find that

(o2 B N AN Cat Tho avora&e energy loes by radiation

from on electron of Initial energy & 1In a distance x is then given by

AE a EQ - €XS.
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TADLE £4

Particle* C.11- I ffeottve Kc
Xnulalon  Slsa(™a) PP o ~EXpt. KTheo. E*pt.
T(Crev;
25 27.7 X 0.6 23.1 20.9 X 0.0"
50 26.8 £ 0.8 24.5 21.7 4 0.7
10 *Jv o'f 100 9.11 26.1 £ 1.2 25.5 22.4 £ 0.9
normal v 25.3 £ 1.7 26.6 24.0 £ 1.7
400 25.3 £ 2.6 27.4 25.3 £ 2.6
25 25.6 2 0.6 23.1 23.4 * 0.6
50 24.3 1 0.8 24*5 22.3 + 0.T
10 MeV p»i loo V.JQ 23.0 £ 1.0 25.5 20.7 X 0.9
normal £00 23.1 ¢ 1.5 26.6 23.1 X 1.5
400 22.1 1 2.0 27.4 29.1 X 2.0
50 27.5 X 0.8 24.5 23.2 £ 0.7
15 e olm 100 is*xgr 27-1 £ 1.2 -5 244 £1.1
normal ou" 27.] ¢ 1.6 26.6 23.0 £ 1.6
400 fp.l X 2.6 27.4 26.2 X-2.6
50 "e.i £ 0.8 24.5 24.0 X 0.7
100 18.16 27.3 *1.o 255 236 £ 1.0
tomr ul 26.5 £ 1.6 26.6 23.1 X 1.6
400 26.4 £ P.? 27 .4 25.4 £.9.2
m m £* m—
. 30 22.7 £ 0.7 20.2 16.7 £ 0.5
20 keV <"1 A
0 100 T9.094 20.8 £0.9 20,9 17.2 X 0.7
X2 £00 21.7 * 1.3 21.5 20.2 X 1.2
400 22.7 * 2.4 22.2 22.7 £ 2
50
PO MgV ta o, 20.5 £0.7°16.7 14.4 X 0.5
0" 19.39 19.6 £ 0.9 17.3 14.1 X 0.7
14 £00 17.6 £1.3 17.8 13.7 ¢ l.o
400 20.3 £ 2.3 18.1 20.3 £ 2.3



Table XX111 gives the average lengths of each grioyp of tracks and the
corresponding energy losses, The corrected values of ocuontura obtained from
these, and the carrcspanding scattering oonstaits, together with the
statistical standard deviations based on the number of observations used iIn
each determination cro given in Table XXIV.

Theoretical values of the scattering const nts for comparison with
the above results wergdotain..w frop-ghe -oliore thecny. For nannal G3
emulsion numerical values of the scattering co:iStant 1iae boon obtained by

Gottstoin et cil,” using CToldaeh"&dt ellyent,a results”~. The values

rnNS) 1 f*rJTl} >, EJ: #Hr ?2* * ;
so obtained oreshc*n infig. 33 ofsectlon 1.3.2.Tie value for fast elec-
# / gfFi 1l i d [0D]
trona ([ 1) for a cellr-sise of 100yu (-TI"= 310) io =23.3#
i { -lp-,*-«= 1 * w o Lftl

the following manner, liquation (23) of section 1.3*1 shows that
K = 20“(KB2)®GL bo that 1/K a~(Kz2)N*"~(MZ*“j-t . Sinoo L =1 -
0.8 (lulD) where M is tho average nuniber of collisions which a particle

suffers (i.e. far the oliere theory M a&b)$ wo have

£ Wztfz (-"tS5-go[-t*(@»)3,3 ™ )
*x (‘ HEE" K -9 m
but ® . TZ> $2at Ft* {hz~oad f Tharefore/l. T (\»),
so that -
K, . £ /4/zFfFiN t
£ V2 IF /N KT 0/&N «N ft

As stated above, forp » 1 and t = 1Q0Om., S*= 310 diat, since
£G'ZZR£ (i2)E = 0.828, ond ™ (if™™), /£(NZ'</,)JE: 0.695, "» have



K/*H ™ ©<817  *2 = 20.9. alialariy £ (KZ2)/~(MZ2)* = 0.750 and
| (N2~ khzZ\  =m0.574 giving «0.675 and = 17.3.

The scattering constante corresponding to a restricted range of
scattering angles were also derived fron jolidw’s theory. This was done
far* various cell-sizes from 20 to 400/a = Par each value of t S was obtained
from Gottsteinla cune"”) shown in fig. 49. The carTespanuing value of B
was obtained from equation (19)>** B - In B = Inflj,- 0.113* hext the
distribution of angles of scattering was found from equation (18):-

uhing abollerels values of ($) and median of each distribution
was then found und the ratio KK a $t*r f determined far a cut at four times
this median value.

Comparisons between tho tliearctical and eqoeriiaontal values of the
scattering constants far each type of -article and enulsion used are shewn
in Table X JV.

In f1 .50 1ST"firc (@ K(V*°0)2) 1o plotted against energy far
electrons 1n normal al:.1on (both cut and uncut/= It can be soen that, as
IS expected from @iy, there iIs no appreciable variation with energy. The
dashed lines are drawn at the weighted mean value of Kijiflt In each case.
The variation of K and KC with cell size 1s shom In fig. 5l= It can be seen
that for normal emnulsion (fig. 51(a)) the agreement is reasonable for
K but that tho.e iIs considerably divergence between theory and oxpeidment
for the uncut values. The statistics for 12 and X4 dilluted emulsions
(fig. 51(b) and (©)) are poorer than those for the normal emulsion,
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TAILF 25

Energy 1Emulsion! Cell-Slsc No.of

ob8er a ,
(MeV) ) UNCJT ouT UNCUT cuT
horraal 400 654 650 -948 -903
800 511 307 2.73 2.58
140 X2 400 526 316 740 .678
800 152 151 1.96 1.93
X4 400 545 319 . 732 .554
800 162 155 1.92 1.71
i — .
200 1541 1287 774 .658
Normal 400 650 628 2.09 1.87
800 505 298 5.86 5.44
goo 799 773 .563 504
68 X2 400 585 379 1.43 1.34
800 177 173 3.72 3.49
200 741 702 439 .369j
X4 400 560 352 1.23 1.16
800 170 166 3.24 3.05
|
200 750 706 .881 791
Homal 400 554 345 2.38 2.21
800 . 169 167 7.17 6.94 1
1n
200 514 477 .825 .738
40 XP 400 248 239 2.13 1.93
800 115 115 5.85 5.85
1
200 657 624 .654 .53e
X4 40u 518 306 1.60 1.44

Boo 148 148 4.28 4.21



CeasuremcnLs having been made only for one value of momentum (v 20 HeV/c),
but again the tendency of tie orrporioentcl values of K to be larger then
those predicted by the Moll*re theory is found. It 5s difficult to explain
this discrepancy except on the assumption that, by chance, there ymi™G
slightly more large single scatters in the tracks selected for njesauroiaent
than are predicted by the probability lans. The effect of these large
scatters would be most noticeable far small cell sizes and they would, of
course, bo eliminated from K~

Thie results of other r—-uthoiu with Y/hich the 1ressit results nay be
compared are (@) those of Oottstein et al. for 105 .lIc/ pocitix»is with a coll
size of 200/4 and for 18b MeV positrons with a coll size of 400 , and
(by thoac of Voyvodic and Pickup for about 16.5 -»V elections and positrons
with a oell-cize of 4/« . Only tdio uncut values of scattering const nt
obtained by these authors enn bo compered with tho present results sbnce
different &t “values irere used in the different cases. t can be soen
from fig. 51(e) that tie agreement between tlie present results and the
earlier ones iIs good far tho larger cell sizes but that Vcyvodic and
Pickup*s vnlue far a 3y cell size ia closer to tho theoretical value than
IS the mresent one. Further comparisons are made between theory and

experiment in fig. 54, for both electrons and protons (see beloxr).

(b) Protons.

The uncorrected 4 values are shown, for each proton
energy and each type of emulsion, iIn Table XXV. Nolee
corrections were applied to these results as for electrons,
by measuring the apparent scattering of very fast particles

in each type of emulsion with small cell-sizes. The

tgtfe
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NS«

Proton Energy Emulsion Cell-Slze Mo* of Obs € Averagt
iMeV) @) diT.) @al*

50 u 25 77 0.136

m X 2 m 154 0.127
° X 4 n 167 0.131 0.122

100 i m 154 0.102

150 I n 78 0.112



measured value-s of 1 are given In Table XXVjTand the correoted
values of & , obtained by the pane tw methods as were used
for the electrons and positrons* are given, together with
the corresponding values of , In Table XXVil*

Cheeks for distortion were again made; the distribution
of values (taking aooount of their signs) are shown In fig* 52
for 150 MeV protons In X4 emulsion* It can be seen that 110
oorrtctlon Is required In this cate*

Correction for inclination of the tracks to the x-dlrectlon
of the microscope stage was also found to be unnecessary due to
the sireltghtness of the tracks and their more careful alignment
before measurement*

The energy of the protons reaching the plates was calculated
from the data supplied by the cyclotron operators (energy of
protons leaving cyclotron * 148 + 3 MeV) by correction for the
loss of energy iIn the air between the exit port of the cyclotron
and the box containing the plates (using the data given by
Montgomery (67) on the loss of energy of protone i1n air) and,
in the case of the lower energies, calculating the energy loss
in the aluminium blocks i1nterpouec be tween the machine at# the
plates, (again using information from Montgomery)e There were
267 cm* of air to be truveraed before the plates were reached,
giving an incident energy of 146*3 ¢ 3 MeV* The thinner
aluminium absorber was 4*"2 cm* thick, so the energy of the
protons having penetrated it would be 78*5 MeV and on reaching

the plates their energy would be 76*6 MeV* The thicker
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aluminium blook was 6*68 cm* thick giving e residual energy

of the protons of 39 MeVe This corresponds, however, to a
range In emulsion of 6 n.* whereas the measured range of the
particles whose tracks were used for the measurements was about
IS mm* corresponding to an energy of 58 MeV* The latter value
was used because Ehe range energy relation Is better known for
emlIBlon than for aluminium* It was not possible to obtain a
reliable value of the range of the 76 MeV protons 5n the emulsion
because of the difficulty of finding tracks which stayed in the
emulsion for the whole of their length* It appeared from the
measured values of scattering constant however, that the energy
value obtained from the theoretical energy loss In the aluminium
was aocurate in this case*

The effective energy of the protons was found from the
experimental rnngc~energy relation for protone in Ilford C2
emulsion, published by bradner et al* (68) 1- h 3 0*251 KO_SUt
where £ 1s In MeV and H is iIn microns* From this, by differentia-
tlon and substitution for h, we get dE/dx = 0*638p> . keV
per micron* nssumln”™ that this relationship also holds for 05
emulsions, whose composition is very similar to that of the C2
type, the initial rate of energy loss of the protons can be
found from the value of p (0*502) corresponding to an energy of
146 MeV* This 1s 1*75 keV/”u and at this rate of loss the
energy after travelling 4,000 ( half of the average track
length used in the measuremerits) would be 139 «.cY* This

corresponds to a value ofp of 0*496 and an energy lose of

8%,
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table 111X. ;
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Noalnil fcntrgy Emulsion#

IMeVQ

140

49

Joridul
12
X 4

Aorual
X 2
X 4

Normal

X 2

TAda. 28

Average

Track Lecngtti
(mm)

Energy Lose

(MeV)

7.1
5.7

4.7

9.8
7.8
6.8

12.5
6.4
8.0

Effective
Energy

V)
136.2
140.6

141.6

66.8
88 *
% 8

45.5
49.6
50.0

Effee
Mm
Ppc |
265
267

£69

130
133
135

88.6
97.0
97.4



1*79 keV/ = Taking the average rate of energy lose as the
mean of the 1initial and final rates we find an effective energy
of 139*2 MeV and a corresponding value of pfZc of £65 MeV.

The formula for the energy loss of protons Is given by Fermi”~6”
aa -1dE/dx) m (4if Hz*=*/mv2) | In frsV2/1 (4

from this we see that for diluted emulsion the energy loa& will

be given by
136
dfi/dc) 0 - ( InU/zB* - M"7 )
as7axt n * in r7/i: #r - fc* |

from whioh we find that for XE£ dilated emulsions the rate of
energy loss for 146 MeV protons is 0*80 x 1*77 = 1*42 keV/ and
for X4 dilution the value is 0*67 x 1*77 z 1«19 kcV/ = The
values cf rate of energy loss, effective energy and corresponding
pftc are given for each energy and emulsion in Table XXV111*
The experimental values of scattering constant, together

with their steitlard deviations are shown in Table XXIX*
Theoretical values were obtained from the Moll&re theory by a
similar method to that used for theelectrons* The value of

war determined for eachvalue ofp 1irom fig* 49 and, the
appropriate value of K for normal emulsions having been
obtained from Ooldschmidt-Clermontea data (shown In fig* 35),
the value of w*8 found 1rom equation™™4)# The values
of Kg for dilute emulsions were also obtained iIn the same way
as for electrons* These theoretical values are also shown in
Table XXIX*

The variation of K end KQ withcell size, t, isshown for

each proton energy and each type ofemulsion in fig* 53 Iin which the
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smooth ourvts represent kollire®s results* In fig* 54 the
scattering constant8 arc plotted against the corresnonding
valuer of as was done by Gottsteln et al* (&67), and
the results summarised iIn their paper are included iIn this
figure which incorporates the present results for both
electrons and protons*

it can be aeon that the agreement between theory and
exoerlIment 1is as good for the preseut results as for thore of
other authoru (though in the case of Kc , as mentioned earlier,
a direct corpari son Is not strictly possible owing to the
slightly different cutting procedure snorted by previous

authors)e *

o> oclleotikVOfsir*c* *1t«rir1?events*

%*4*1 #Ha.<;urftent *«

Ift the ec”rrse o f‘this *ork three Cwo'?e» ’\ro«r%'&,>*|* blﬁ‘m
MQ/Omicroscopes were Nsed, the allgnrerit of the splateff on
the microscope stages being curried out In manner similar to
that used for the multiple scatterl"% wee wurovferhts? The

conditions £0V«rr,In~ the aeeeptii.ee of trlﬂl\mfor met s***e?-» jrt

werss™
(1) that the cHrsdtiott of IN the eiene of the
e: Us lon (i*e* in s p:,*nc parallel to the it# are of
tne microscope) and jus* *elo the haiclen curfade

MEl be within 1h4 df t>-* x*4frootlets of the HB1lrfo-

scop# yell EH W ot in proc««« Us* lean



£¢4 Single Scattering

The effort Involved iIn meacuring with reasonable statistical
accuracy the single scattering of electrons and positrons of
about 10 MeV energy isft compared with that reauired for multiple
scattering measurements on the tracks of these particles, so
great that from the outset it was decided to concentrate the
available labour on a single energy value and on one type of
emulsion* The single scattering measurements were therefore
made only on tracks of 10 MeV/c electrons and positrons 1in
normal emulsiona* In this way a comparison of the single
scattering of electrons and positrons under identical conditions
could be made and t use of»ﬁ@? Iowe§t engfgy valuejgnd of

nrworwp VF «r re pwlaxa -h

the densest scattering medium ensured the highest possible rate
* wwrmmOp .V Wmm rfyv I (Sajf eO

of collection of single scattering events*

£e4*1 Measurements*

In the course of this work three Cooke, Troughton and Sims
M4000 mlorosoopes r;ere used, the alignment of the plates on
the microscope stages being carried out In a manner similar to
that used for the multiple scattering measurements* The
conditions overnlng the acceptance of tracks for measurement
werei-

(1) that the direction of travel in the plane of the
emulsion (i*e* in a plane parallel to the stage of
the microscope) and Just below the emulsion surfaoe
must be within 16° of the x-direction of the micro-

scope stage which iIn the setting up process had been



arranged to be parallel to the incident direotion of
travel of particles from the analyser*

(2) that the angle of dip into the emulsion after proces-
sing should not, at the point of entry into the
emulsion, be more than 15°*

(3 that the length of the track must not be less than
700~ 1f i1t left the emulsion at the lower surface or
50 0 if 1t re-emerged from the upper surface*

The first and second conditions above are similar to those
for the multiple scattering measurements® The third 1b less
severe than the corresponding conditions fcr multiple scattering,
where, 1In order to obtain reasonable statistics for the ifi
determinations on individual tracks, it was necessary to have
a minimum track length of 1,500/a-

A further visual check was made of all tracks satisfying
the above conditions to ensure that, i1n the opinion of the
observer, they had a degree of multiple scattering consistent
with an energy of 10 MeV*

When the single scattering investigation was started the
method d measurement was as follows* An examination was made
along the length of each accepted track from the point at which
It entered the emulsion, until a single scattering event was

f oo, 1/ ftyi jf ALATV I\ (li UclV. 21w H Jv* it ]~ it
found with a change of direotion (in space) of 20° or more, or

until a 2,000« Iengtn\of‘ghe S{@ck had bFen gxamined §ﬁ@N%W&%
I

limit to the length of track scanned was applied 1in order to

i “flalnn 6 ao 4> Dby veaAS of the equation
restrict the energy range of tracks whose single scatters were



accepted - in £,000" of emulsion the particles used iIn this
investigation would lose, by i1onisation alone, about 2 MeV.
Since the magnitude of the change of direction iIn space could
not be accurately estimated by inspection, any scattering
event i1In which the change of direction in the plane of the
microscope stage was 10° or more, or in whiph a sudden change
in the rate of dip iInto the emulsion was detectable, was
recorded and those events which on calculation of tho change
of direction in space gave a value leee than £0° were later
removed from the recoxd#

When an acceptable scattering event was found the change
of direction, t, in the plane of the microscope stage and the
rate of dip of the track into the emulsion before and after
the scattering, aj sndocn, were measured. The ohinge of
direction in the plane of the etage was measured directly by
means of the goniometer attachment to the microscope eye-piece
to an accuracy of 0.P6c. The anglee of dip were raearured by
means of the microscopels calibrated fine foouo control, the
change in depth of the track from the emulsion surface over a
horizontal distance of 50/ along the track being found. The
fine focus control carried a scale reading to 0.5 and a
table was prepared giving the angles of dip in unprocessed

Emulsion for each value of depth change iIn 0.5” steps, assum-

ing a shrinkage factor of £.3. -

The change of direction iIn space, 6 , was, found from the

measured values of oC( and acg by means 0 the e”™uul on



Cos 0 & Sin”2 SinoCp ¢ Coe Cos«*g Goa (€1
*hi1 9 C 'Jit* NMsIX0O* e aw mh -
which may he proved by simplegeometrywith reference to fig. 65
h - - . *Vi
which ahowe a scatterlng event. The actual evaluation of 0
J er 4 [ ]
was greatly faC|I|tated by the use ofuspecial chartI"The
aaalual th* elM of Bt. angl*

Mg sly Hydrographic Chart', obtained from the ttiyslcs Department,
the university of Bristol) from which, , o® und™j, having been

set up, 6 could be read off directly.
NV /wV pat 1L FmCoOwS (Nr «v

tfhen a scatter of £0° or more had been found in a given track,

the distance from the point at which the particle entered the
emulsion to that at which the scatter occurred was measured
along the track by means of the calibrated eyepiece scale. In
iIs vhlen they eeeured# vue atom HItcL*os

this measurement the dip of the track into the emulsion was
igngréJ (;T:- iﬁi.projection of the track®"s length onto the
scattering nucleir per el of hijlilor#

surface of the emulsion was measured) since the measurement of
the true length would have been extremely laborious and this
simplification Introduced only a small correction factor (Sec** )=
Correction for this dip was applied after all the measurements
had been made by determining the average angle of dip of each
group of tracks measured*

Originally, after one scattering event had been found iIn a
track the track was abandoned. In this way no track was
examined after i1t had suffered a scatter of about 20° or more and
do the Inclusion of a scattering event iIn a track produced by a
particle which had previously lost, by radiation in an earlier
scatter, an appreciable amount ofenergy was avoided. The
inclusion of such events would ofcourse have given too high a

t 1 1 eue - * t
value of scattering cross section since, for relattvistic entrg es

ft.



this cross section i1s proportional to 1/E?*

A histogram was constructed in which the observed number
of scattering events i1n a given angular Interval was plotted
against the else of the angle of scattering* The ordinates of
the histogram were proportional to the scattering cross section
averaged over the angular interval concerned (neglecting for
the moment the various corrections whioh i1t was necessary to
apply to the observed results), and the 'scattering coefficient”
oould be obtained for a given interval by dividing the number
of scattering events in that Interval by the total track length
in whioh they ooourred* The cross section for scattering could
then be obtained by dividing this coefficient by the number of
scattering nuclei per oc* of emulsion* (This information was
supplied by Ilford Ltd*)*

This method of measurement at first worked reasonably well
and a difference between the cross sections for scattering of
electrons and positrons began to emerge from the measurements,
as shown by fig* 56* from this graph it can be seen that
the divergence between the electron and positron cross sections
appears to increase for angles less than O0Opr* because of this
It appeared desirable to Include angles smaller than 20° iIn the
study* The measurements were therefore extended to i1nclude
all scattering events in which 6 was greater than 10°e (Any
event in whioh a noticeable change in either the rate of dip or
in the horizontal angle of direction occurred was measured up)*

. along _ .
When this was done the length of trackj”™wnich it was necessary



to search before a single scatter equal to or greater than the
minimus siet for acceptance was found was greatly reduced (for
small angles tbe cross section varies as 1/Sin~d/g so that
the cross section at 10° Is roughly 16 times as great as that
at 20°.) The distance scanned along eaoh track was in fact
found to be only a few tens of microns and as the original
method o measurement whereby the portion of a track occurring
after the first scatter was not examined was maintained , only
these first few tens of microns were examined In eaoh trask.
The results so obtained gave practically identical values
of scattering cross section for positrons and electrons, as oan
be seen from fig* 67* This unexpected result was explained
on the grounds that the observer was not now examining a
sufficiently long length of track to be able to jud*e reliably
whether the multiple scattering was of the magnitude to be
expected for a 10 MeV particle* This lack of proper track
selection would result In the Inclusion of *background' tracks
which happened to lie In the required direction and since these
would be mainly stray electrons and positrons scattered into
the pitpe from the material surrounding it during exposure they
would be of the same nature for both sets of emulsions (l.e.
those i1nto which electrons had © en fired and those with positrons
in them). The cross section for scattering of the b-ck .round
particles would therefore be the same for eaoh set of plates,
and the two curves < *ht be expected to run together, if there

were a sufficiently high proportion ox stray tracks airongst



those measured*

A careful re-examination of come of the tracks accepted
in the above measurements suggested that this explanation was
very probably correct end 5t was therefore deeded that an
actual measurement of multiple scattering rather than a rough
visual estimation of i1ts magnitude would have to be made for
all tracks aoc pted for measurement so as to exclude those
not of the correct energy value* The previous sectio of this
work (that on multiple scattering) had indicated that this
proceedure would effectively eliminate background tracks*
Unfortunately fcorever, It would also greatly decrease the rate
of colleetlon of data* In view of this and the evidence from
other authors (referred to in section 1.2.1) that the loss
of energy on scattering was very small, i1t was decided that
all single scatters greater than 10° in the first 2,000/* of
those Eracks which satisfied the acceptance criteria would be
Included iIn the measurements*

The procedure now employed was, therefore, that any track
satisfying the acceptance criteria was measured for multiple
scattering and, i1If i1t was found to have a value of ~ C,T Ithin
1 40% of the value determined for 10 lev electrons in the pr%vious
work, it was then examined for single scattering evéntg* All
the scatters found in the first 2,000/a., or in the total length
iIf this was less than 2,000" ﬁéfé recorded provided thattkli
they were of at least the rlninur éﬁsejf5r1éébeﬁ%aﬁcél

*

, ~¥ *, 8
This method ofmeasurement was used for a considerable



tine In the examination of the plates exposed to the beam

of the 70 MeV synchrotron, but the necessity for the multiple
scattering measurement on eaoh track caused a great reduotion
in the speed of accumulation of data and made the work rather
arduous® Eventually i1t was recognised that a new exposure
of plates was required and that i1f possible the experimental
conditions for this exposure should be suoh that the background
of stray traokc would be so small that there would be no
necessity to make a multiple scattering measurement in order
to verify that eaoh track examined was produced by a particle
of the required energy.

The new exposures were made iIn the manner described iIn
section 2*1*2 using the 1 MeV h*T* set* /In these exposures
Increased densities of the required tracks were obtained with
reduced background intensities (the plates were found on
examination to have about two required tracks per field of
view of the xnioroeoope, compared with Q*1 for the original
synchrotron plates)* Tests were made in which observere,
after looking at a track decided whether it wac of the
required energy value, their decision then beln/, checked by
a multiple scattering measurement on the track in question*
These testa showed that it was now possible to dispense with
the multiple scattering measurements, the decision of the
observers being, after some training, quite reliable* This
method of measurement was adopted for all the work in which

thefe new plates were used and it appeared to give satisfactory

Cor



oY,
results*
The limit on the speed of collection of results was now

i o _
set %y the time taken to measure, end to corvert into change

eovirt Inu olgfcc Ur -- -r = -
of direction in space, the various angles at each scattering
»eee o IFF| # ¢ rat? - > > t

event* Because the cross section iIncreases so rapidly with

* *

decreasing angle of scatter, most of the scatters measured
1 bUJLU

were of small angle and eventually 1t was realised that
SC«iV tejglc, 4 i< _: < -
reasonable statlstlcs could be obtalned for the Iarger angles

- 'ee) eect = &= *m |
of scattering only 1f the rate of collection of data was

Increased by raising the minimum size of scatter accepted.

ig wN r+ i r m 1t! X \
it was therefore decided to fix a limit of 25° for these

measureheﬁ%s onicu w»u J* (4 Hj thn | e 1 =
2*4*2 Correction of experimental results
nefore the experimentafly determined cross sections could
be Comparegfa%%ﬁimﬁ%ory and%®ifh othggnggﬁerimenfai determinations,

_«s*ttarin%, hs?e fron i 1
it was necéSsary for certain corrections to be applied. Three

main correctigns%were considere , namely that to allow for the
difficulgy ?r resolvingltwo scattering events occurring very

o
close together along the length of a track (tﬁé "double
scattering™ correction), that to correct for the increased
possibility of missing a scattering event when a large change
in the angle of dip into the emulsion occurs (the azimuthal
urv.le correction™ and that to allow for the escape of
parFEFIea fromnthe emyl?iog before thgir tracks were 9f the

minimum length required for them_to be acceptgd for measurement
* * - P - * - s * - [ * y N *

(th/@ ".e.sc;;lpe" corregtion) T Liv vt% vvriuyH| f, - m

<e/



@ Cetrection for double scattering*

in all measurement8 of single scattering there 1is a
finite probability that two separate scattering events,
occurring close together along a track will escape resolution
and be interpreted as a single event* A theoretical considera-
tion of the oorrcotion required to allow for this effect was
obtained as long ago uc 19E2 by Mentzel (69) for the case of
scattering in thin folia* The adaptation of wentzel"a method
to the prgsent case/iajrather InvQlved, the n.aln complication
being due to the variation, iIn the present cafe, of the quantity
equivalent to "foil thickness"™ 1In ..entzel®s paper*

ientcel calculated Jn (4 )= the probability that after
suffering n collisions in a foil, a particle should emerge In
a direction making an angle between 9 and €4 AA with the
incident direction* Limiting our consideration to double

scattering, we have, from Wentzel®s paper,

Jg (4 ) s r( F (o 4 * d2
0J Coe 4 1

where Dg z ( Azo exp./" (1A - Secfr)] x jdz exp*

(Soeo’\i * Sec4 )] * exp* tyid 3eo 40 ) in whioh 4f *
iIs the direction of Epe scattered particle (relative to the
incident direction) after the first scatter, caused by a
nucleus at a depth zQ 1in the foil] < i1s the angle after the
second scatter, by a nucleus at a depth zj , d is the thick-
ness of the foil, ¥ (0, 4 9) is the probab lity o single

scattering from direction O to direction 41i1* 1 141*p )

the corresponding probability for scattering from 4 j to



Is some angle above whioh the probability of scattering Is
very small and Is given by TI'Itfrc'> where I is the number of
scattering nuolei per o*c* and ft iIs their effective radius*

Af jud (See - 1) <& 1 the abov« expressions are
considerably simplified* In order to avoid divergence of the
Integrals a lower limit, to , must be set to the range of Blze
of 6 - Wentzel took <©- 1°* de showed thiit for a hutherford
distrlibution of single scattering 4 is given by Gtgzw 12 z
(cr TH (Ze™~ / W )?), so that iIn the present case, for

-1 and d r 5 x 10** cm* (the size of d is discussed later),
we have jud (Sec™ - D r for J r 6500 Since the probability
of scattering through angles greater than 66° in a distance of
50 microlns* W|II be(tvvgry ‘email wemay take the abovecondition
to be satisfied and we now have, according toWentzel, Jo (4 )

-1 S e"™™d £ ) wh«r» X (f ) s d
? w — )

r 1T "in N j
Assuming that Rutherford*s theory of single scatterlng

; 10 (-ua «s51o0 V.
applies we haveF(O $-) z Cos<,2 and

“« Sin’7-

J! coirffi. t . Tirmitlea of 3 aithmwe 1« ltun t- = ® = « ® 1
2. *P)m 2«CSIn<M 1 - Coe d> Co£<| ) for A, aij -
-1 1 -m n 11 T

* /cos 4t - Coe/ P
gjac the tiuthevford expreasi”™n far u} - - m1u

In a medium such as a nuclear emulsion the foil thickness

correct lon feetora for double scat”,*: 1 * (R> ) J1 *i0 ~
d 1s replacedby the minimum separation along thetrack for

i i C. 2 ov,a v, i .u°j n / T u.T6.
Whlch two scattering events ¢ and can be resolved and this

will b# f c ifti * d><

dlstanoe depends upon cf since iIfd is small the resolutlon

* * *

of 'these two events 1is more dlfflcult for a glven value of

ori _ - * dai'jA*s cf ?>oat od
d than when tt  1s large* To allow for this we may put d r a/Sin?

& i'm. -it x« i.Ug <f calc ai  ;*)pt ri ot



a being the perpendicular

»» > K ok *

displacemqgt of the scattered_ track.
n ® J r « Tui Y rl F #

w

after a distance df from the i1nitial direction. It 1s
rg%§onable to §§§um%.that this d|§plqcemegggmq4JcQ%ﬂlpgependgnt

of
T1

In the present case therefore, d r a Cccec g>* where a was
found by an estimation of the minimum separation of various
sices of single scatters which could jusk, be, resolved,  to,.be b Jt
of th. order of 1074 cm.

Therefore

o"* (Sin = €1 /Cos”™ - Cps~/ 5
- ft' eg
2
and for Z $i U>% 1t oan be shown that
Jg (f ) : a8* 872 (Ctg8co/2 * 5 e actg”"Hctg8g>/2 - ctgfa A
0 67T(sin ~/ejsin/j
. X exp NIift (SeoMjgx dN 139)

The Integration must be performed graphically and when this
Is done the variation of y &Eth’\ is founci to be that shown in
fig* 58 for the cases of (>* 20°and ¢ s 10°* r'ron these curves
and the simple ftutherford expression for J. (10°), we find the
correction factors for double scattering a0 7 (109
t (10°) - 0.92 and 9 (20°) /33 (20°) » (20°) ; 0.96.

As will be shown later these factors are not sufficient to

remove the "hump” which was found in the experimental curve of

_ _ _ o] 0
cross section versus angle of scattering at the region 10 to 20
N * A ] 3

A difierent method of calculating the double scattering
correction was devised by Dr* H* Mulrhead, Mr* 1* 5 hughes and

toy.



the present author* This method has the following basis.
Suppose that In a given traok we have a scatter through an
angle 6 TfTollowed after a distance x by one through an angle
ff,. Then, 1f x ” aCosee eaoh soatter will be recorded,
but 1If X a Cosec O; v_%e Sh?.ll record(a) too few (b) the
correct number or (c) too nany scatters in the angular range
& to <§) N according to which of the following conditions applyi—*
(1) for#-. c®) or ><SH)», a) IFf or our value of
nit*. *rw for - * (C9-*0 9 i1s too high by one if
lies between <s>and & *.
b) 1IfO< © our value of
(0- iIs too low by one if

does not lie between © and

(e) for & =0t< & | , @ Tor all values of our value of
This mesut* h lb too low by one if
’\%‘l& H 2ocs not between <) and <3 I-
Fir j 1lar r b) for B c G- «@&™>* our value of

M8 >—>»>0> ) is too low by a further

one 1If does not lie between
and G "e
In these conditions above, (© —>0*) i1s the number of

scatters recorded for the angular interval O to 0 and R*» &g
is the resultant angle formed by and 0~ vhen these are

unresolved.

The true number of scatters hip is therefore related to

the apparent number by the relationship ke ~Fy>



ual * P (1a) - P (Ib) - P (2a) - p &t o where P (la) etc.
are the probabilities of the occurrence of conditions la etc.

These are given by

pda) =rrfp(™) *CcprjIfrj¥x (8>*V *«(4>] (40)
* () = 2?2p () e*E£*<*I>/rf"px ("2)- (i - p«*>; (41)
pi2dZa) . E"porr”~ sw* (1 - p(>j) (42,
p (8t> s r§"*<h>£« ptpg)c (@G - pif > @)

with the condition that F (la), F (Ib), F (Fa) and F (fb) all

equal zero for O Sin~* a/x, and where « i1s the lower limit

of the range of 6 and 9 and F (P ) is the probability of
lying In the range® to£>*.

The evaluation of the above probabilities is an extremely
long and tedious process. however, numerical results were
obtained for the range 10° to 15° giving a correction factor
of v0.9. This result confirms that obtained from the
application of Wentgel®s work.

For the larger angular intervals the corrections for
dbuble scattering will be much smaller than that for the
10° to 15° interval because of the greatly increasedability
which an observer has to resolve two scattering events when
each of them 1is quite large.

(b Azimuthal angle correction.

When a scattering event occurs iIn which the dip of the
track into the emulsion undergoes a large change, the
possibility of missing the scatter iIncreases. The effect

of this 1s greatest for the smallest angular interval edairined



and for the largest. tor the snail angle Interval the
effect le important because a scatter with, say 10°<8%*15
may be missed altogether if & (the projection of the angle of
scatter onto the plane of the emulsion) is small (as it must
be 1f the change of dip is large). For large angles the
importance of this effect arises from the fact that a large
change in dip together with a large change In ¥ may make the
scattered track difficult to locate so that the event may be
interpreted as a stopping of the incident particle and not as
a scatter™

The effect was iInvestigated iIn the present work in the
following way* A number of scatters iIn which 0 was greater
than 25° were carefully measured up and the angle, A, between
the plane of the microscope stage and the projection of the
scattered track on a plane perpendicular to the incident
direction (see fTig* 59) was then given by the relationship
Coe A s Sin<” /CosoCl Tan o0 - (The value of A was iIn fact
obtained by setting up the appropriate values of and
<£ In a model of the scattering event from which A could be
directly read off)* This projected "azimuthal™ angle should
have an isotropic distribution provided that scatters with all
values of change i1n angle of dip are detected with the same
efficiency™ Any anisotropy iIn the distribution of the
azimuthal angle may therefore be regarded as a measure of the

degree to which those events iIn which a large change of dip

occurs are lost*

Co?.



The observed distribution of the azimuthal angle is
shown i1n fig* 60 for electrons and for positrons, no
distinction being made between positive and negative values
of A* It can be seen from the histograms of this figure that
for electrons the distribution falls off for values of A
from 60° to 90°, the fTall-off being, as expected, most
noticeable for scatters with large (> 50°) or small (25° to 35°
values of & = For positrons the fall-off is limited to the
small values of 6 « The absence of any fall-off for the
large angles of scatter iIn this case is attributed to the
fact that the background was much lower iIn the plates exposed
to positrons with the h*T set than In those exposed to
electrons™ The reason for this was that for the electron
exposures a deuteron beam was used in the accelerator and
consequently quite a heavy background of scattered protons
was found i1n the plates, caused by the stray neutrons
associated with this beam* For the positron exposures,
however, as mentioned iIn section 2*1*2., a proton beam was
used so that this background was eliminated* it was
checked experimentally that the number of tracks appearing
to stop abruptly iIn the plates Increased with the heaviness
of the plate background*

The correction factor to allow for the loss of trccks which
caused this anisotropy was found by counting the number of
tracks for each i1nterval of 6 , lying In the range Q°< A < 60° ,

for which no fall-off was noticeable* From this number the

toy .
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Angular _aro _En° o
Intgrval 25-35 35-50 >50
Expected
nu%ber of 84 23.5 18
Scatters
Actual 65 29 13
number
Correction ) 29 1.16  1.30
TADL.,
t, (mlcrond) 50 100 150 20R

o (y t 10

0 - 13.5°) 440

Table 30

443*3 394.4 345.7 313.8

391.6 343. T 296.3

FOSIThOTtS
25-35° 36-50°
43.5 27
2 22
1.36 1.23

31

260 300 350
250 203.7 154.8
260 205.5 164.1

>50°

16.5

16.0

1.00

400 450 1

120.4  92.2]

129.1 106.61



n’lmber to be expected for the interval 90° was
calculated and the ratio of the actual number of events

found In this interval divided by the expected number gave

the correction factor for the particular raocage of 6 concerned*

The values of correction factor eo obtained are shown
in Table XaX* It can be seen at once iron, these figures that
the effect is of a considerable else and this fact coupled with
the necessarily rather poor statistics Involved iIn iIts
derivation i1s an unfortunate feature of this section of the
work* The only ameliorating consideration Is that the
corrections for electrons and for positrons are of similar
magnitudev so that the ratio of positrons to electron cross
section will not be too sensitive to this effect*

c) Correction for escape of particles from the emulsion*
(1) fcscape from the upper surface*

In order to be accepted for measurement It was necessary
for a track, If i1t re-emerged from the upper surface of the
emulsion, to have a total projected length in the plane of
the emulsion of at least boOp <= A track which after being
scattered at a point near the surface, left the emulsion
before its projected length had reached 100 ji was thus not
accepted for measurement* since tracks could escape
measurement i1n this was only If they were scattered, a
correction must be aaplled or too low a value of cross section
would be obtained.

The correction factor necessary to allow for this effect,

00.



was evaluated In the present work In the following manner.
Suppose that &11 the iIncident tracks may be represented by
parallel straight lines entering the emulsion at an angle »
and suppose that in i1ts first 500 of projected lenrth no
track suffers more than one scatter of measureafcle size. |If
a particle travels a distance 1™ (projected length t» I"Cosy-
before being scattered, then iIn order to be accepted for
measurement 1t must travel a further lg, whose projection 1Is
t, where t. ¢ tg> 500 u. , is, of course, a function of
1~, of yir and of the angle through which the particle is
scattered.

All traoks having a total projected length of 500 u will
end on the curved part of one of a series of cylinders whose
radii are given by»__t2 s 500 - t-. Also, for a given value of
6 the scattered track will lie along the surface of a cone
of half angle 0 and with its axis along the Incident direction,
as shown in fig. 61. The probability of escape is then 1ven
by the area of surface of that part of the cone which passes
out of the surface of the emulsion inside the cylinder divided
by the total area of surface of the cone. This probability
Is given by $s/if where <s 1s as shown in fig. 61b. Seen
from above”™ the cylinder appears as a circle of radius t,3 and
the base of the cone appears as ar ellipse intersecting this
circle at the points b* and bfl shown iIn figs. 61b. and c.

iIs the projection onto the emulsion surface of ~s. It

can be shown that all possible values of 9 are covered by this
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54.5

62.0

67.0

70.8
75.3
6.4
8.4
8.2
81.8
8.5

8.7
8.0
872
8.4

100

55.1
48.6
or.4
63.2
67.6
7.9
ISl
.8
779

I all
81.2

.7
&A.0
8.5

86.5

150

15.0

40.1
51.2
58.5

65.2

67.1
/0.2
72.8
~29
76.8
78.5
8.1
8L.4
.7
&A.0

200

o o o

25.8
42.5
al.3
or 4
62.0
65.6
68.5
710
72.8
49
76.6
8.0
7%
8.7

250

62.5
65.4
67.9
69.9
71.8
73
4.2
76.1

TABLS 52>

300
48

o o o

o

60 .1
62.6
4.8
66.5

6a 1

69.5

350

o o o

400 450
0 0
0 0
0 0
*\
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
21.1 0
28.3 0
33.5 0
37.0 0
39.9 0
41.9 0

500

o

O O O O O o O o o o o o o o

4>*

9.04
16.90 =
23.93

29.72
34.13

57.61
42.52
44 .91

46.98

50.77

5*.78
56.20

97.45
58.64

pde)

.050

.094

133
165

190

209

249

.261

294
.504
312

519
526



figure, the ellipse becoming a straight line for 6 s 90°.

For any given value of t there 1i1s a corresponding value of
scattering angle (say 0 *) for whioh the scattered particles can
Just not escape no matter where they lie on the cone, 1.e. the
cone just touches the cylinder and bland b" coincide. In this
case IFf the radius of the base of thecone Is x, we have

Sin 0* r x1IJ r (tx * tg) SInvV™/Itg ¢ Tanr'y ) *bo that

Sin®" r 500 Sin”~ / of 1500 - tj)2 * t2 Tan” )j» 144)

In the general case we see by reference to fl <« 63b that

Cos r Ks/Rs and it can be shown by simple geometry that
Cos b e L ¢ Cos 61 Tany- (45
¢ 500 Cos?\|<*(BO - sin g9 -

This expression reduces to equation (44) for the case In which

Cos <pg - 1* Putting ¢ 500 Cos2F (500 - ~ ) * 0 we

find that 0 1s almost i1ndependent of the value ofY-e This 1is

shown in Table XXXI where G is calculated for Y - 10°and 13*5°.

Since we may take Gto be i1ndependent of™*, Cos f 9 ~Bproportional

to Tany e In Table XXXil the values of f B are given for all

values of 9 , iIn Tive degree intervals and all possible values

of in 50 p intervals.The last two columns of this table

give the mean value of 1a averaged over all values of t™ for

each value of 6, and the corresponding value of Ps (6 ) = fs/7T =

(i1) Escape from the lower surface (into the glass backing).
Similar considerations applyln this case as In the case Just

considered, but now the thickness of the emulsion enters the

calculations. The conditions are shown In fig. 64, and the

escape probability is in this case Pq(®) * e Co® & * KjJ/"G
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TABLE 55

50 100 150 200 250 500 550 400 480 500 550 600 650 700 1

4 W ‘M
B " Pa b
20 28.6 208 O 0 0 0 0 0 0 0 0 0 0 01
jo 04 476 442 P8 546 275 21.7 O 0 0 0 0 0 01
40 577 .7 5.7 0.7 475 454 8.2 ;15 224 O 0 0 0 01
50 61.0 502 572 511 528 494 457 410 1 271 297 O 0 (VY
60 6l.4 606 59.1 5740 5~g 52.2 489 453 403 343 263 151 O 0§

7OL61.8 604 502 57.1 552 52.6 49.7 46.2 41.9 363 296 213 92 g |

& 605 59.8 578 56.1 54.1 517 419 456 413 36.1 294 21.1 10.6 0T

o« 582 569 55 5.7 51.7 *95 464 42.9 386 551 262 170 O 0 i



and ag&lr} It oan be shown that
Coscfl c 2
T * {UQ - 4)H)7u - g T a n \Y 146

The aooeptance condition iIn this case was that the tr&ok mast be
at least 700 ju long (l.e. LQ - 700 Putting this value
together with d s 400 fx and *r m 13.5° we get the values of 4>
shown in Table XXXxli1 together with the corresponding values
of PO (e ).
(ill) Application of the Correction*

IT n tracks enter the surface of a given area of emulsion
and these tracks have i1n their first 500 ju of length a total
of Mp scatters i1n which the angle of scatter 1s0 , no track
having more than one such scatter, then the number of such
tracks escaping will be Pl (9 ) r Pg (0) ™~ and the total
number of tracks escaping for all values of & 1is
SA(pB 1o >**0 g9 Jor IB» <p* ie y 4 pa (9i) *
Thus the number of tracks accepted for measurement 1is
a — I hePT (e ) wher* PJ (9 ) n 19 ) ~ PQ (B ). The

number of scatters of value 9 missed is ~ PT (6 )=

The true mean free path Ibr scattering i anxL/M& and
the observed value IsA « {it- Z P, (0 )J Litoe(l - P™ (6 )
so that AT : AM (I - Ft ($))/(1 PT (<9)) “@n

N\

Table XXX1V shows the values of ° pm (0) for two angulcr
n *
intervals, and i1t can be seen that iIn both cases this quantity

IS so much less than unity that it can be ignored. Making

this simplification we have
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TAOL3

a 2 - 25° & - po°
vV 1.01 x 10 ¥2 1.6s x 10_1
/n
ot 0.112 0.557
*9 1.1 x 10'"™ J.10 "=
* pt
55
Type of Angular No* of No* of Corraotlon Oorraotod Oorrooted

Particle Interval ScAttors In Scatters mi Fnctorfo# lo. in lst* Total No.
1st* 1000 in Ist 1000 et 1000 1000 Ji'b

p's
25 - 55° 57 18 1.14 42.2
veotrons 55 - 50° 11 _ 1.24 5.02 16.02
50 - 100° 4 5 1.55 5.41 10.41
25 - 550 15 14 1.14 17.1 51.1
Fooltrone 55 - 50° 8 7 1.24 9.9 16.9
50 - 100° A 5 1*55 5.41 8.41



a -pi(® ) 140} op
tt =n/*1“ pi .

The effect of different angles of dip of the Incident
tracks was Investigated by calculating PT(&) for~s 13*5°
and for"f- 10°. The results so obtained are shown iIn
flgj 63 and It can be seen that there Is very little
difference In the values of P (0) for the two values of -
This Is to be expected since with increasing# P (#) decreases
while P (1)) Increases by about the came amount, as Is shown
by tig. 64.

Ihe correction factors given 1n equatlons*4®’\ and (49)

« number of e tier*

can be applied only to the measured value of cross section
m jG n ox a given ; I ver  on t,-K -v*r«jg« b* tfH # the

deJtermllrlled f;ro_m. the First 6uu u of each ftrack accepted for

meafurement & the hSeeCcOrnocf% sect|1%ne determined from the whol&

a rot
of_each accepted length of track WI|| reqmre a smaller
1 th* track has & + 7 “"Hy ox er.fminf trsry<; *
correction, the value of vtoich will depend on the average
1/* completed the seeor oGJ » x ' & rr*tit r .
length of the tracks since the cross section determined
foy Th* fir si erfect la 11 since t f lo$s r

from all except the first 500 u will not require any correction*

In order to _acop.ly the above_correction therefore it was
to or c e fa~t c® ' ;- -m T nv

necessary to deter |ne the numperof scatters in thefirst
finding jj fﬂ] Egt t k 7

500 Ju of eaoh track* Thls was easily done since the position

’ H*

web ucnt - = & roll
of each scatter on the tracks had been noted* The number of
eYayeC i . een&Tifclon ror tls | « * * - r r
scatters 1n all the first 500 mlcrons was so small however
rarrestlon lector now T>ee(Q3SeES i . . n

that it was felt desirable to apply a modified correction fo

larger track lengths*For this reason the scatters occuring

in the firct 1000 ju were used for the application of the



correction*

IT the true number of scatters occuring in all the first
500 microns 1is and the number of these detected 1is then
except for certain considerations mentioned below, the true
number in all the first 1000 microns will be and the
detecteé number will be NA T NT’ since none will be missed 1in
the second 500 u of each track by this process (if a track
reaches a length of 500 p 1t iIs accepted)* The correction

factor to be applied to the cross section determined from the

first 1000 p 1is therefore 27~ / (ftp ¢ Therefore,
11000 ,WSfSQO___ ~ (50)
1 500

As mentioned above the number of scatters in the first
1000 p. of a given track will not on the average be twice the
number in the first 500 p because (a) the energy of the track
iIs lower for the second 500 than for the Tfirst 500 p and
(b) the track has a certain probability of ending before It
has completed the second 500 p = The correction required
for the first effect is small since the rate of loss of energy
on the particle producing the track is small* The correction
to allow for the second effect can be found experimentally by
finding the distribution of length of tracks greater than 500 ja»
This was done and 1t was found that 92* I£ of these tracks
stayed in the emulsion for the second 500 p* The required

correction factor now becomes T/ * NL. u-1)
1 - 00] BN § 4
* 1 500 1

The correction factor so obtained Is shown iIn Table XXXV*



(d/ Other correct!one*
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Typo of
Partioles

Synchrotron
Sloctrons

i
| Synchrotron
Positrons

TePe Sot
SXoctrone

H«Te Sot
Postrons

Incident

Si«recy
UeV)

90

10.64

O, 8

TAB1S 56

Snorgy
Loss iIn

Plate(MttV)
_Q_82
0.9

0.78

0.78
--a-=-1

>r-.

3FFJOotITl Oorrootion

Snorgy 3

(MoV)
8.68

8.67

9.86

9.9*

Factor

0.79

0.79

0.97

0.99



(d) Other corrections#
Apart lrom the three effects alread!;]_. menl:ioned, it was
necessary to apply correctlons to the experlmental results to

| MFwljv - 11 1 Ut ¥
allow for 1ib$| dract that\ thﬁi ﬂ_tfracks were pot parallel to the 4

emulsion surface so/the distance from the start of a track to
the poi at which scatter _occured was greater than the
- IO»w‘l;w | ¢ x —-u?i, £ t %IP tiJ : gaf%-% 2 itic=

measured distancg, ang ?I&o*for tOﬁ mféagt itglat the energy_of

the partlcles producmg the tracks was _not exactly the same
d'auX® S< Ceffc 5 _11

for all the plates* .
j b = eoretiaai. values axso are expr < &

The firstfeff,ect_ v.vas,a__llovved for by measuring the lengths
of a sample conS|st|ng of 4E1 tracks* The *%racks Wer% divided
T iPJIT - ; ] e 0 7, ? < * ' nm

Into groups according to their Ilengthstsith POO u i1ntervals and

thle_I COZ[Fgft'OGn{?Ct? SAIQ"Sfor thereductloP of length due
to dlp was calcu_lated Jtor each g_roup* hy .Afpplylng_ to ,each

correctr»lgrlllvI Svyelghtlng_ factor geﬁermlned by the number of tracks

in the iInterval to which the factor was erolied a mean correction

factor was determined* It was found to be 1*04* _
fl13- u.uU - small < dgie tuatref* . it I» ,o*

To allow for the different energles of the particles in
* &e« n *ee *t c* su 07 t oerX« F C* ree

different plates (due_ to exposure at dlfferent times under
. lon ~NoQ* idaufto **>t : I
different conditions), all the energies were corrected to
2 -
10 *eV using the relation <r/V : (£2A ) = The energies of
1 E
the pad;\ticlesm,;n eaohansetnof plates and the correspopciing )

corr;gctlori factors a{% shO\ﬁ/prm Talle ZXXV I

2*4*3 Exper 1 merltal results™

T«

(@ Plates exposed to 30 foeV svnohrotron*

- Tk cau -e - Vi ; *)| ew'e B Ui J _x T _& o*

The results ofmeasurements »ith the flrst batch of plates
% UmX3C Vv %m Je! *

(those exposed to the 30 ||eV synchrotron) are shown In figs*

65 *nd 66* tlie TAP8t OF these the uncorrected results are



sh%%/unSeXexprggged as g _ratlo ”I(f tlge CflrfF Mol;;li,1 approximation for
the cross section (the line In thfe figure merely joins together
the experimental points”™ Fig. 66 shows the results after the
corl‘rl\’/e%;tlon*s quswc\:lglqg_d r{:\l/lqj\ée h38ve k%cﬁen 6,,{ I«lvepl- ijhere theI solid
curve represents the best theoretical values of the cross section

the moqjfigd.  formylg with, finite nucleqr slye correction

referred to iIn sec;&pn 1.2.1 - the values for the constituents
** » T, av -m e | (<sju J tn L I » L
ofsangeaq emulqd&pwnavq“bqgﬂjthaﬁngd by, |n$erpolaF]Qn by the
preﬁgpxraytggr- . The theotgthca%wgaku%§ %ISQJarﬁ_gxgrQ§§gd as a
ratio to thefirst Mott approximation. -
- - P Sr t L sl! t ottMm 1 ili. 1 11MH
The results are based on measurementsof 66 cm.of electron -

andy i, omy Of, postron,  trackg, .Ihe GrEQISHRASAPOLRNSH With the
experimental points In these figures are the statistical
standard deviations and the numbers iIn brackets by each point
are the numbers of scattering events on which the points are
based.

In fig. 65 the small angle "hump* referred to iIn section
2.4.2. can be seen and it is clear that the double scattering
correction factor of & 0.9 1is iInsufficient to remove this hump.
The part not accounted for by this correction iIs attributed to
*spill-over®™ fhoxc the smallest angular Interval (8* - 10°) which
web measured simply to ensure that no scatters iIn the 10° to
15° i1nterval were missed. There were approximately five times
as many scatters in the 5° - 10° Interval as in the 10° - Ih° one
and because of the small magnitude of the angles concerned It

was difficult to measure them accurately. It was ther fore
left t ?hllo«ophy Deparfciaent, represent, the

it/



*604 ' €xPEMjs ItlI 3 f*sforoiM».I'Ofl ?bl& 1w  in

possible for a small percenta%e of those angles which were

ettt re* obtained er * &l et o of elO* , ro> * uuxk*
nfact slightly less thanl0° to be measured as slightly
irt of thb'se ag posit | - « 1 * *

greater and vice versa* beqauge of the greater number 011:*

ted for th 1 Int.c the [ ne* m *il

scatters In the first intervajlF this effect would result In
. i

ted to 3, led e~ .t | - «r -

a nett Increase In the number of scatters recorded In the

Ur* et'.d 1 . $ 1 f+un i - ih.s #1* . . mt*i$Vt

second Interval so that Itcould account forthe phenomenon

# te t# positron chiti, t'm a*poM?ted mu r tr e

observed* Joor the larger angular Intervals the Increased

"&te-tvely HiJFf and —-v# ffet cl «F hit tbhe Ofcsir?

accuracy of measurement and greater size of the Intervals
<> *P e;* niiaibers 1* entirely eeecmnted for > 1 VvV >

make the effect of much less Importance* In view of these

wifl it described earlier, ,0 cw *j * : i? re

considerations and the fact that all the other publ-is’hed work

-
indicated that no unusual features were to be expected for

jOTnretHfd rem its art dieclayed ! the B « menner as aer*

Lie earlier ms a In *ig* Ev and where ewp* rimist.*!

small angles 1t was felt that the points representing the

eeelbion vely.ee ere seen to be higher thwae the

100 to 15 Interval should not be Included in the corrected

" oj—=<Ilo viluee*

re suite*
Th©® egpeeftenfc between th e 3 «nS experl. nA* 1* * th 1 t. -

The corrected results for electrons agree reasonably

£ "71° - ;2 trror, except J'fv the 3 & 60 Interval, fc- ™=

with the theoretical values but i1In the case of the positrons
%n$-r#l .sno tow < r a). trO,: tM v | t* e i ?

- %
’

the agreement with theory (in this case Yadav»s positron

sil 1f u; .for’ CEt’sj.y. .ratit ? wvor

wiip rlian with thoAe ? naove onl.ir tF r- e - 3

version of the 7<<* * formula with finite nuclear size correction)
K* suit*-' obtuls. aed t et .7 ©.at* - ro ' -’ h
Is less satisfactory* Also thestatistical uncertainty of

these results is rather large*

8 -work * Ljn > jaJnsGn N, «.cot  J  r nfulv,bl Tt

b* Plates exposed with h*T* set*
vet pe fermcc 1m thie ar m*y rx flug oft altt
it was In vitw of the rather unsatisfactory nature of

it tw—ee afeithorl reault” for corner U—. r* mer-m
these resultE that the decision mentioned earlier, to expose
tfeowt ,oht,_ -od with *11v# - ». ng i ilr? ar:l b5n . t?
new plates and concentrate on the hi her values o1 scattering
V Ifsr la@®r* Th« r# 1IN0 oS ; 1 e Tv-. r ¥ "r

&h;le, was taken* The results obtained with these olates,

- t u? mca Inley arid F~7~abachn rov* a n ©ro*» <t o07? Vv * lor

the examination of which was completed after the present author

tiller with finite eucl”™ar *1** corract r'1'j et t c -

had left the Eatural Philosophy Depurtrjent, represent the



most recent experimental information obtained iIn this work#

“fhe results were obtained from 3£1 cm# of electron tracks and
517 cw## of tnos© of positrons both these valuer havin been
corrected for dip Into the emulsion# The 1nvestigation was
limited to angles of scattering greater than ?b°, as mentioned
earlier9 and 166 such events were found in the electron tracks
anG 160 i1n the positron ones, the expected numbers bein*
respectively 106 and 207# The discrepancy between the observed
and expected numbers Is entirely accounted for by the various
corrections described earlier, ss can be seen from fir# 67 where
tho corrected results are displayed in the same manner as were
the earlier ones in fig# 66 and whsre the experimental cross
section values are seen to be(é%%erally higher than the
theoretical values#

The agreement between theory and experiment is within the
statistical error, except for the 35 - 50° interval, for both
the electrons and tne positrons, although this uncertainty 1is
still, unfortunately, quite large#

he suite obtained by other authors sre available for
comparison with those given above only iIn the case of electrons#
The work of Lyman, Hanson and 3cott(*"J 1is probably the most
accurate yet performed in this energy region# The rost suitable
of these authors* results for comparison with the cresent ones
are those obtained with silver scattering foils, and in fig* w8
the comparison 1s made# The results o1 Lyman et al# are divided
by the McKinley and Feshbach improved cross section™ for

wilver with finite nuclear sise correction™*” and the present



results are divided by the corresponding values for nuclear

emulsion both for a uniform spatial dlstrlbutlon of nuclear

obyfcetl¥es * th or» hir< ; diily » _ , »»
charge a uniform surface distribution
m | e in* 1 8#r t* -
(I; *“a Obtain mp4 ~tenee In t t " m >
It can be seen _that the present results because of thelr
of - Ipie so" t* 1. L 4 *ogrik hie
cosiderable statistical errors cannot definitely be said to favour
Elona .._; 1cl t: ocsw merrts
one type of dlstrlbutlon rather than the other but th%yldc agree
euvt pc1 Er.ng vj W y - oo

reasonably well W|th theory and ?/ith the earller results*

The absence of other experimental results on the scattering
by 1 ™ r 5.1 % £ - iduii : I tal.i c

of positrons in this energy reglon means that comparison can be

made only with theory* In fig* 67 the orlglnal Yadav (p0|nt
*W5blInen t: < ksve
nucleus) resPIts (6) aqe given E?gether Wlth'the modlfledcmes
T« - the .-r' -
obtained by hlton and Parker for a uniform distribution of
tiu * m b--m c”"\W i "cal w®PHue &«
charge throughout a finite spherical nucleus* i1t can be seen
\r - *f obft ioOF t*aT IrssT t nv value © jf th # vttt e e*
that the remits appear slightly to favour a point nucleus*
ecrft - » rt dl In? u sho r- vij ? e 1 - *
One advantage of an experiment of the type described here
m tbfilnc”™ wit” iOfe p-"fMS * .
that, as mentlpngdtearller |t enables a comparison of electron
e »® jIm a f*j

and pQS|tron %catterjng to be cade under vtr/ simil%r conditions*
* ' . i .

in fig* 69 £Iton and Parkerfs gcurve of *~/ (given as fig. 13 in
pi

1*2*1) 1is reproduced v.ith the results of the present work added*

It can be seenctgattigfthisﬂcasg, due to the much larger finite
nuclear si%etefﬁﬁct cf elggfgons, the results show agdefinite,
nuclear size effect and, If anything, support a shell, rather than
a uniform, distribution, though the Ial*ge statistical error a%aln

n -\ ior p* *it . mé 5trec -

Vv
makes i1t dlffi uIt to draw deflnlte conclu ions
Ol cfi# >t f* Ardl N 1 N e< e <

1S



2*5 _Conclusion* frolar s es olmt®l E*;*ci - gf

The objectives of the work herein described were, as
described earlier:-

(1) To obtain experience in the technique of measurement
of multiple scattering of tracks in photographic
emulsions ailfl to check the observersl measurements of
such scattering by comparison of their values of the
scattering constants of various particles In a given
type ?f emulsion with previously published values for
the same types of particle end medium* The values
obtained iIn the present #ork have teen found to agree
reasonably well with the previously published values
and with the theoretical "-slues.

(2) To obtain for the first time values of the scattering
constants of diluted emulsions and to compare the values
so obtained with those predicted by “theor Again
reasonable agreement has beer! found*

(5 To examine the single scattering of electrons and
positrons in nuclear emulsion and to determine the
variation of the scattering cross section with the
angle of scattering to establish Wiether the finite

. gjJ-e thé nucleus” affected this variation* ¢ In %hé<

-
<m

reau
case of electrons marked evidence of this effect has
been found, but for positrons, for which the effect 1is

expected to be much smaller, no effect at all has been

re i*nt#»foun(ft to be Obv.*M)*a *tart

mSowing tb* p»toliod&«io« at d.v, -1* of tcr 9*1 w— 1



As mentioned above tlie rather poor statistical accuracy
whioh 1b an almost inevitable feature of methods of measurement
such as that described here, as compared to methods employing
Geilgor counters as detectors of the scattered particles,
impose severe limits to the interpretation whioh may be made
of the results* However, It ?e felt that the objectives nay,
especially iIn the case of %;Itiple scattering, be said to have
been achieved*

The lack of statistical accuracy is the main disadvantage
of such a study as has been described here, compared with work
such as that of Lyman, Hanson and Scott described above* The
advantage of the present method of study lies iIn 1ts comparative
simplicity* In the present work, apart from the very short
period during which the plates were being exposed, only either
one or two graduates were employed in the work together with
either two or three mlcroscoplete* Its der ands on labour and
other resources were therefore slight* The work of Lyman,
uanson and boott, which is a fairly typical example of a Geiger
counter experiment, i1nvolved a ruch greater amount of skilled
labour iIn the conatruction of the scattering apparatus for a
time comparable with that ta”en in the collection of the present
results* Once this apparatus had been perfected, of course, a
great many scattering problems could be undertaken iIn n very
short time*

It is almoct certainly true to say that If the results herein
presented were to be obtained starting at the present t re,

following the publication of details of the Geiger counter

*xC>.



detector apparatus, and i1f sufficient funds and labour were
ft K } & ftK H y A -
available, it would be nuch preferable to construct such an
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