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INTERACTIONS OF FAST ELECTRONS
AND POSITRONS WITH MATTER

Charles E. Violet
ABSTRACT

From observations of high energy electron and positron
tracks in nuclear emulsion, the following processes were studied:
(1) electron-electron scattering, (2) positron-electron scattering, (3) the
ratio of plateau to minimum grain density for electrons, (4) nuclear
scattering of electrons and ‘po.si'trons, (5) positron annihilation in flight,
(6) pair production by electrons and positrons, and (7) inelastic electron-
electron and positron-electron collisions. Experimental results per-
taining to (1), (2), (4), (5); and (6) are consistent with the appropﬂate
theories. The ratio of (3) is found to be 1.087 + 0.010. Process (7)

was not detected.
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INTERACTIONS OF FAST ELECTRONS
AND POSITRONS WITH MATTER .

Charles E. Violet -
I INTRODUCTION

.P.re‘sen\tb_.day' quantum electrodynamics unified with particle
mechanics is.a 'cori;isten’t scheme which, in the first approximation, V
is capable of describing a wide range of phenomena.- The known ex-
- perimental behavior of the electron and positron is ¢completely described
by this theory. The bulk of the existing exﬁerimentca.l knowledge of these
o pérticles‘haé been obtained from experiments involving energies of only
a few Mev or less. Recent cosmic ray investigations. indicate that the
theory might be valid at high energies. There is yet a need, however,
for the experimental study of high energy electron and positron processes
in some detail. It is with the objecfive of giving a clearer picture of
these high energy processes that the presenﬂ:.investigation has been
undertaken. A

A consequence of the perfection of nuclear track emulsions
capable of recording minimum ionization tracks was the possibility
of ei’nploying this technique to study the inter:ictions‘ of fast electrons
and positrons with matter. In observing the tracks of these particles
with thé aid of a microscope, -one would expect to study the following:

1. Elastic electron-electron scattering -
Elastic poSitron:—electron scattering
Energy loss by ionization o
Nuclear scattering of positrons and electrons
Positron annihilation in flight

Pair produCtion

Inelastic electron-electron and positron-electron col-
lisions ‘

‘8., Multiple scattering ‘
The method o6f following a track as itvpenefrates the emulsion enables
one to observe directly all impdrtant processes except the -enei’gy loss

by radiation.
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In what follows we shall investigate the scattering of posi-
trons and electrons by electrons at px.'im‘a.r‘y"ene‘rgies of ~174 Mev,
and the nuclear scatté‘rihg of ~39 Mev positrons and electrons. A
comparison will be made of the grain density and hence the energy
loss by ionization of 2.8 Mev and 293 Mev electrons. For the more

rare events of pair productiori and annihilation, orders of fnagnitudé
of the r'esp‘ectiVe_ cross sections will be given, 'Mﬁltiple scattering
- will not be studied per se. The multiple scattering of primary parti-
cles was measured to determine their meﬂan enérgy in-emulsion and

the spread of primary energies about the mean.
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II EXPERIMENTAL PROCEDURE '

- A. Exposures
_ Two-hundred micron Ilford G-5 plates were exposed to

,,:je_l-_e,.c,t-r_ons‘;andv»po sitrons of discrete enérgies obtained by magnetic sep-

. ;aration in the pair. _sp,e,ctrométer-,at the Berkeley synchrotron (Figures
1 and.2). The magnetic.field was initially calibrated as a function of
field current vby measuring the -field with a proton moment device.

The leading edge of the plates-were well within'the homogeneous field.
The field ,(dir,ect_ion.wa.,s.udetervmined by the force on a current carrying |

.. conductor.. The magnetic field current (107.5 amps.) was checked
~during exposures with a Leeds and Northrup potentiometer:. - By means

- of a telescope, the axis of symme-tfy of the apparatus (Figure 1) was

. aligned with the synchrotron beam.

- 'Thé(plates were exposed so that electrons from the target
entered the emulsion at a slight angle.(évSO) to. the surface and perpen-
dicular to th=e..-1eading edge of the plate: In order to insure that only
electrons which came directly from the converter were accepted, only
tracks whose initial directions lay within :‘.‘::2.1/2°of the perpendicular

. were scanned. This criterion included over ninety percent of all high
energy electron tracks in the emulsion irrespective of direction. On

- plates exposed with no converter in the béamfa number of acceptable
tracks were found which was less than one percent of that found on

'+ _plates exposed with the converter in the beam. ,

.- Immediately following the exposure 6f some plates to three-

- hundred Mev electrons,: these:same:plates were exposed to 3 Mev elec-
trons obtained by magnetic analysis of an electron linear accelerator
beam. . To minimize air scattering of the‘3 Mev: electrons, an enclosed
brass channel lined with polyethylene was constructed to provide a
nearly air -free ~pathv£rom accelerator to.plate (Figures 3 and 4). Care .

- was - taken in the design.to minimize the possibility of accepting electrons
scattered from the interior walls. .During exposure, the preésure in

- the channel was ~:0.02 mm.



B. Eradication and Develo‘pmeﬁty“

Due to the high background of electron tracks usué.lly present
in all but freshly prepared electron sensitive emulsions, it is ils_ué.lly
| ‘necessary to eradicate the latent image of old tracks immediately be-
fore expoéure. Fading of the latent image under certain conditions
of temper':ature and humidity has been a commonly observed phenomena
in phptogfaphy. Yagoda é.ﬁ.dv‘lK‘a.planl, by storing plates in a water -
satﬁrated?atmospher‘e. at 35°‘C, succeeded in producing a coritrdlled
acceleratibn of this fading property. Their sfudy was concerned with
tracks of heavy particles in fine grain emulsion. At this time it was
not known -whether this technique could be applied to electron-tracks
in a coarse grain emuléion éuch as Ilford G-5. In the present éxperi-
ment, eradication was déemed necessary in order that an electron-
electron or positron-electron scatter could be observed una;mbiguously.
A successful eradi-catidn procvedure was subsequently developed.

"Plates supported by stainless steel wi_r,es secured to a lucite
frame (Fi_glires 5 and 6) were: sealed in an enameled box. This assem-
blage was immersed in a watér‘ bath thermostatically maintained at
97° % l»b F. The relative humidity was maintained at 100 percent by
including a wet sponge in the bbx with the plates. Two -hundred ‘rh_ilcron
Ilford'G-5 emulsions; stored in this way for séventy-two hOu‘ré, IWere
d'eve.loped;,witheut.drying with uneradicated plates of 'the same batch.
Comparison of the background on the two sets of plates led to the con-
clusion th;ét practically all éiec_:'t‘r‘on tracks éou_ld be removed in this
‘way. - Cor_hpar-ison of dévelop.‘ed minirmum i,o‘niiation tracks in such
eradicated plates and uneradicated plates of the same batch 'indi‘cated
no notlceable difference in grain density. After eradication the plates
were dried'in a light- t1ght box in the presence of a gentle flow of air
supplied by a fan. _ _ _

Immediately following exposure the‘ Rlates were developed
by a temperature cycle proc:ess2 ‘in order to obtain uniform and highly
sehsitive"dev.elopment-. (Appendix I). | _ '

Chronologically, the first part of the present work was
a study of the scattering of ~174 Mev electrons é,nd positrons. Data

on these were obtained from plates which were eradicated and developed-
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in the manner described above. These: emulsions were over developed,
by some standards, in order to minimize the possibility of missing

a scattering event. The grain density of the primary tracks was 41. 9 +
1.0 grains /100 microns. Unfortunately, recent batches of G 5's re=
ceived from Ilford suffer a serious loss of sens1t1v1ty (by a factor of

~1/3) when sub_]ected to” the descr1bed ‘éradication and development.

"In the absence of any erad1cat10n, minimum ionization tracks in these"

later batches' of emulsions had a’ ‘grain-density of ~ 25 grams/lOO mi-

crons for the same'development. AR attempt was made to improve

this state of affairs by a change in development to the "Bristol methc:d"4
(Appendix II) However, this resulted in a grain density approximately
the same as® before Fortunately, in the study of nuclear ‘scattering

and grain densities the existance of background tracks does not interfere
with the analysis. Thus, most of ‘t}ie‘:v{/crk on these topics was done

with uneradicated Ilford G-5 emulsions develcped by the ""Bristol method".
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III ELECTRON-ELECTRON AND -
: POSITRO.N@ELECETRON SCATTERING -~

A. Theory and Experlment

1. Electron Electron Scattermg

The elast1c colhsmn of two free electrons,has been con-
sidered from a theoretical viewpoint by several aui:hors4 5,6, 7 The
most con_')ple.te treatment is due to Mgller who gives the d1f£erent1a1

scattering cross section as:. .

S Sy 4+ 1) mr T sin 9%d0* :
o(0%)de* = —2 > ..Z , . l__-'sc4 9¥ ‘+,sec4.-9-*‘
T 5 Z 2
5 B% * (Y ) B
- csc? g- secz -g— t 1+ 4 csc2 9*] (1)
T . N , e

where 6% is the center of mass scattermg angle, T is fhe classical
electron radlus, o = vo/c, Yo = [32)1/2 “and Vo is the velocity
of the incident electron in the rest frame_ of the other electron (the

laboratory system)

The sum of the first two terms corresponds to the class1ca1
cross section for Rutherford scattering when no identification is made
among the primary and scattered particles, and will be termed the
"relativistic Rutherford equation'’. The _third._ter,m represents the
interference between the first two terms arising from the quantum
mechanical treatment of the scattering of identical particless. The
sum of the first three terms resemble Mott's original formulation and
is referred to as the "relativistic Mott equation'. The fourth term
is the relat1v1st1c correction introduced by Mc,a’ller6 and represents
the effect of retardation and sp1n interaction.

 Equation (1) may be expressed in terms of the parameter
A, defined as the ratio of the kinetic ener’gy.of the secondary of knock-
on electron to the kinetic energy of the -pr’imary electron in the laboratory
system. It is not possible to identify the primary electron with either

secondary electron. The knock-on electron is defined as the secondary
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electron of lower: kinétic: energy. . The .maxifmum .value. of A is thus
0.5. By a simple ‘tra.ns'_ﬁormati_dn as.shown by Mgller, Equation (1)
becomes: . R o . ‘ . o
-o(A)dA = —— - + — — ]
T a2 A2 2 A(1-A)° 2
B.%ty, -1 [a%q-a) R

The corresponding relativistic Rutherford cross section is:

Zn?oz_ 1 - 2 -
A Bo” (Yg ~1) L3u~m- EwoA O
..Th*e"'rela‘tlv;stlc Mott ci-oss sectmn 15 x

o
ﬁz(Y._l)Az AU-M

iMMM

— aa S Y
(1 - A‘) ' '
Kar. and Basu have given a relativistic treatment of the Scattering,
basing their work on the Klein-Gordon equation. Neglecting "critical
approach' their 'expr”ession for the scattering cross section is identical
to that of M¢ller without the spin teri’rf,I 1 e.":“'re'la.éivistic Mott. For the
primary‘energies of the present éxperiment, the deviation of the Kar
and Basu cross section from the felé,tivi'stiC' Mott cross section is less
' :tﬂé;n 6n’e"per‘éei’1‘t For small A, Equatmns (2), (3) and (4) reduce to

‘the classmal expressmn of Bohr4:’

4 : ,
ATMT = —; = - 3)
B A T ) o , , o

where T is the kinetic energy of the khock-on electron.

Experimentally, the scattering problem has been studied
8-20. A resumé of the experimental work

may be found in the paper of Groetzinger et al. 17. With the exception

‘ by several investigators

of the study of Scott et a1.19, none of these experiments were of suf-

ficient precision to discriminate between Mott and Mdller scattering.
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Scott, et al. succeeded in extracting the beam of the Illinois betatron
- which afforded them 15.7 Mev electron primaries. By counting the
magnetically analyzed secondary electrons, scattered from various
settings of foils in a scattering chamber, they were able to discrim-
inate between Mott and Mgfller scattermg and found a clear-cut pref-
erence for the latter.

From the literature one may concipde the following: (1) for
collisions of small A, Bohr's classical theorir in some regions of en-
ergy has been verified; (2) for collisions of large A, Mott:scattering
is preferred over claséical theory in the non-relativistic limit (Mgl -
ler's cross section reduces to the Mott expressidﬁ as y— 1); in the
relativistic limit up to 15 7 Mev) Mp’lleris cross section gives an ad-
equate relativistic description of the scattermg and is definitely per-
ferred to either the relativistic Mott or the Bohr scattermg Appar-
ently, the observed scattering in the relativistic limit is described
by either the Mdller or relativistic Ri;therford éxb;eésidﬁ. . The close-
ness of these two expressions as y—»oe arises from the near cancel-
lation of the exchange term by the spin term in the Mq!ller expressmn,

Eq. (1). SR

2. Positron-Electron Séaﬁftéring

- Positron .'electron scat‘tering differs from electron-electron
scattermg not only in the fact that the secondary or scattered part1c1es
are now dlstmgp;shable,” but also in exchange effec_t,s. Bhabha has
calculated the probability of a' moving positron imparting a kinetic en-
ergy, T, to an electron initially at res‘t (laboratory system).

. The differential scattering cross sectioﬁ of Bhabha in terms
of A, defined as the ratic of T to the kinetic energy of the initial position
in the laboratory system is: | |
‘o'(A)dA r Z—i—fﬁ F(y ,'A)dA - : . (6)

: (y = 1) A o : s
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where
F(y,» A) = —-(1‘—+17 {“ 2 (Vg - 1M1 - A) + (v, - D2 -4A i-;.%-AZ)}
2 - ,
(v, -1 ‘ _ Y
+ 2 ABvay -4y c12 L -as 'AZ)}
- o o Y2 -
(v, +1) | o PR
Yo - 1) A3 4+ 4 {1 - A 1-A }
- W—"'T) £ -+ (Y - D - ) + (Y ( - A)
, ' | - 1/2
where ry is the classical electron radlus, (1 e )

and iro is the initial veloc1ty of the pos1tron in the laboratory system

: Accordmg to Bhabha, ‘the flrst term in the square brackets of F (y , A),
"is the ordmary scattermg The second term represents the contrlbutlon
of exchange " The th1rd term results from the 1nterference between

the ordmary scattermg and the latter process Equatmn (6) reduces

to the class1cal Bohr theory, Equatmn (5), for small A,

‘ ‘Several experlments have been performed to detect Bhabha's

22~ 27. Unt11 the recent work of Howe and MacKenz1e27,

’ exchange effect
none of the experiments were of sufficient accuracy to demonstrate
the presence of exchange. The results of the latter .ekperiment def-
initely support the inclusion of Bhabha's exchange term. Positron-
electron scattermg for A ( 0 1 has not been studled prior to the present
work ' o ' . _
' For the pr1mary energ1es of the present study, Equatlon

(2), to a suff1c1ent approx1matlon, may be wr1tten

0'(A)dA : -Yo [; (I-4) -ﬂ e . o (7)
"Sirnilarly, Equation (6) maybe written:
o

In emulsion the scattered p051tron and electron are 1nd1st1ngu15hab1e
Therefore the observable cross sectlon in emulsmn, o, (A), is the

'sum:

o (A) = o{A) + (1 - A) 0 A £ 0.5
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Equation (8) then becomes:

(A)dA 2T %o i 1-A(Q A]Z dA’ (9)
o A =2 1 - . :
° Yo I:AZ (1 - A)]

1f the ‘exchange terms in Equation (6) are o_mltted, the observable cross

section, o-‘; (A), is:

: 2wr - o oy : S ‘
o‘é (A)dA = —— ° 1+ A 1 = f]'dA T (10)
| Yo 1- A) At |

The expresswns (9) and (10) are symmetncal m A and a- A) as in.
the case of electron- electron scatterlng_. For :'v'174 Mev primaries,
the expected number of scattering ‘events in emulsion from A = 0.1 B
to A =0, 5 (Figure 7) is about one per 100 cm of track. For this region
of A, the cross section at th1s energy is practically unobservable in
“emulsion. At a primary energy of ~39 Mev, however; the expected
mean free path for the same region of A is about 20 cm. Therefore,

the study of the scattermg in the region, 0. 2 £ 0.5, has been car-

ried out at this primary energy

B. Method of Analysis

1. Scanning Procedure

The plates exposed to 200 Mev and 40 Mev (Fig. 1) electrons
and positrOns were scanned under ~ 500 x magniﬁcation Ranges and
angles were measured under ~1500 x and ~1000 X magn1f1cat1on, re-
spectively. The length of primary track scanned was measured with
the microscope stage coordinates.  Tracks were not scanned.and no’
event was recorded within 10 microns of either surface of the emulsion.
Primary tracks were not scanned beyond a detectable nuclear scatter
or electron-electron or posﬂ;ron -electron scatter of large A. The
average-track length in emulsion was about 0.4 cm for the 200 Mev
exposures and 0, 2"cm for the 40 Mev exposures. The mean energies
of pr1mary partlcles 1n emulsmn were determlned by measuring their
multiple scattering over an average track length, (Appendix III). The
scattering factor’s‘?'8 used were K = 26.4 Mev degs (100 i) 1/2 for the
200 Mev exposures and K = 23, 6 Mev deg/(lOO p) for the 40 Mev
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.exposures., ' .The mean primary energies determined from these meas-
~urements and the standard deviations of the energy spreads about the

means are given together with the calculated 1os_sesfin~.App'endix11V.

2. ”Measure'rnents‘ o - e

‘ The d1fferent1a1 cross sectmns for electron electron and
'pos1tron electron scattermg are to be measured in terms of the energy
' of the knock on electron ' Th1s may be determmed by measuring either
‘ the range in emu1s1on or the angle of scatter L
" Knowledge of the shrmkage factor of the emulsmn is neces-

' ‘sary in order to reconstruct the ranges and angles asso<:1ated with

scattermg events (Append1x V). This was determmed by passing 340
| 'Mev alpha-part1cles through the undeveloped emuls1on at an angle of
29

45° to the emulsion surface“’ and then measurmg the ratio of the hori-
Azont‘al to the .verticle projection after development. This ratio gave the
~shrinkage factor directly as 2.5 + 0.1:

_ _ .For each scattering event, both the range and argle of scat-
_ter were measured whenever possible. For very small-energies, the
angle was ill-defined because of multiple scattering. In this case, |
however, the energy may be determined from the range. For energies
- greater than 0.6 Mev nearly all knock-on electrons left the emulsion,
but the ‘angle of scatter could now be accurately measured. The kinetic
-energy of the scattered’ electron, T, is related to the angle of scatter
9, and the incident’ energy, T by (Append1x VI)

T cosZG

142 simfe o SR
2 meT

‘whére me? is the rest"ene‘rgv'of:the"elre‘ctron'  For T, 'sinz"év/z mc? > 1,
T, as determined by 8, is nearly 1ndependent of the primary energy.
: »Th1s cond1t1on is met by all observed events and so the var1at1on in pri-

mary energy caused by losses in ernuls1on has been disregarded.

3. Corrections

a) Scanning Eff1c1ency

The scanning efficiency of an observer was determmed from

the data of two observers who scanned 1ndependently the same pr1mar_y

t



-16-

tracks. If N is the true number of events, observers 1 and 2 will
record E N and E N events, respectively;, where E ‘and E- are
their efflc1enC1es After the flrst observer records N ( E ‘N ) events

the second observer will contribute a number n (= N E’Z (1 - E_ ))ﬁévents

i
N +n’
(i=1, 2) were found for two observers to be 0.90 £ 0.09 and 0. 85 + 0.08.

The eff1c1ency correction for the doubly scanned data was therefore taken

The scanning efficiencies calculated from the relatlonshlp E,

to be 1.5 percent. The best estimate of the scanning eff1c1_ency for a
third observer whose efficiency was not measured was .taken to be 0.875
with a probable error of 10 percﬁen‘jt. The effieieney correction for

| singly scanned was therefore 14.3 percent. The probabie error of

10 percent was compounded with the statistical error for these data.

b) Resolution

Electron range-straggling along with errors in range and
angle measurements introduce limitations in the ehergy'deﬁnition of
scattered electrons. The range-straggling for électrons is computed
in Appendix VII. . The corrections due to these effects are treated in
Appendix VIII. |

C. Experimental Results

Flgure 8 is a plot of the range and energy (determmed from
the angle of scatter) of knock-on electrons produced from p051tron-
electron¥* and electron-electron ,colhs_mns in emulsion. The primary
ene‘rgy"was 185 £ 37 Mevand 164 + 21 Mev, respectively. These data
were o:i)tainedAfrom events in which both range and ‘angle measurements
were possible. All events had a projected angle of scatter less than
70°. Zajac and Ross?’0 measured the raﬁges of electrons of discrete

energies up to 250 Kev in Kodak NT4 emulsion. Their results may

* For a given positron- electron colhsmn, there is a £1n1te probability
that the scattered particle of lower energy is a pos1tron rather than

an electron. This probability 1n terms of A is: P(A) = (1 2‘/1

+ (1—%)2 , assuming e{A) <« 1/A . For the values of A in F1gure 8,

P < 10—5. To a good approximation, therefore, the data of Figure 8
apply to knock-on electrons
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be fitted to the curve?lz

1.6

(Kev)" (12)

R(microns) = 0.3 T
where R is the ‘meanvra.nge. Assuming a law of this form; ,é.;_mean
range was determined from the present data.- T1;1e standard error of
the mean range was found to ble‘ 6 percent (Appendix IX). ' This mean
. range and mean range of Zajac and Ross ,ar,e‘plot-ted-irll Figure 8. The
two curves differ by ~~ 7 percent. . EEREIN

‘ The spread of the data may be attributed to: (1) range strag-
ghng, (2) errors in .angle and range measurements, and (3) inelastic
collisions. The effect of inelastic collisions is expected to be.greater
~ for positron-electron collisions than for electron-electron collisions?’2
If this effect is detectable, it would be manifested in a difference in
spread of the two sets of points in Figure 8. It is found (Appendix IX)
that the spread of both sets of data is-adequately accounted for in terms
of (1) and (2) above. Therefore, no inelastic scattering is observed
for A < 0.03 within an accuracy of 5 .percent,

.. Figures 9 and 10 are graphical representatmns of the electron-
electron and positron-electron scattering results tabulated in Tables.
Il and III.  The data associated with 164+ 21 Mev primary electrons and
185+ 37 primary positrons aré..giv_en in terms of T. The-events initiated
by 36.1 % 3.6 Mev electrons and 42.9 + 4.3 Mev positrons are analyzed
in terms of A. The validity of the range-energy curve of Zajac and Ross
~ for Ilford G-5 emulsions has been investigated by Bonetti and Tomasini31
From raﬁge measurements of monochromatic electrons between 80
-and 150 Kev these.authors found their values to be in.good agreement
with those of Zajac and Ross. This relationship (Eq. 12) is therefore
used to analyze the present data between knock-on energ1es 0f 0.03
Mev to 0.40 Mev. Knock-ons with energles less than 0.03 Mev were
not considered because of their small range (¢ 7 microns) and the ef-
__fe'cts' of electron binding. _

The selection criterion for the remaining .events? including

those initiated by ~39 Mev primaries, was the scattering angle. The

data for T > 0.1 Mev has been obtained by the independent observations
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of two scanners using the same ~ 174 Mev primary tracks. The re-
maining data, including those obtained from ~ 39 Mev primaries,
were obtained by one observer. The probeble error for a given interval
(Ax)'i (x = Tor A)is placed at that abscissa, X, where the ordinate
of the histogram equals the ordinate of the absolute theoretical cross
section if the areas under the two are equal, i.e. X ‘is the solution of
o'(x ) = S(A x); o (x) dx/(A x) The X, 's were computed in the'case of
electron- electron scattering’ from M(/ller 8 cross section (Equatmn
7) and for pomtron-ele_qtron scattering, from Bhabha's cross section
including exchange (E'qt(iation 9). For perfect agreement with theory
the éxperimental po‘ints.s:hould therefore be superimposed on these
theoretical curves. ' V '

-From Figures 9 and 10, the experimental results for A < 0.2
are in good agreement with theory over seven orders of~ma’.’gnitdde of
cross .séfcti?n. In the region 0.2 ¢ A £ 0.5, the present electron-electron
’scatterin‘g results favor Mdller scattering over that of Rutherford,
Bohr, Mott or Kar and Basu, The present positron-electron scatter-
ing results are in agreement with Bhabha's theory for 0.2 < ALKDO.5.
The statistical error is too great to distinguish between the Bohr and
Bhabha cross section or to détect the presence of exchange. The ex-
perimental ratio of electron-electron scattering to pos1tron-e1e'ctron
scattering in this region of A is 2.6 + 1.3. This ratio given by the
various theor1es of Figures 9 and 10 ranges from 2.6 (Mdller/c- ) to
1.2 (Mott/Bohr)

- In the region- where the various theories represented in
Flgures 9 and 10 are-indistinguishable, 'the theoretical cross section
is nearly independent of the primary energy. This can be shown by

writing Equation (5) as:

. 2nr . |
B, T o

For the primary energies of this study, f} = 1 thus o (T) is insensitive
to the primary energy. '

The ratios of the observed integrated cross section to the
integrated theoretical cross section are: 0.94 (electron-electron scat-

tering) and 1. 08 (positron-electron scattering). The probable error
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in e.ach case is 10 percent. For the doubly scanned data (T-3 0.1, or

A > 5.3x 10_-4) these ratios are 0.94'+ 0,06 and 0.87 = 0.04, re‘spective‘ly.
The probable errors havelbeen compounded from the statistical errors

and the errors quoted by Za_]ac ‘and Ross m their. determmatmn of the
range-energy relat1onsh1p The fact that these ratlos are less than

‘un1ty is probably due to a small systematm error 1n determ1n1ng the
scannmg eff1c1ency of an observer If there is a correlatmn between
m1ssed events for two observers, the1r eff1c1enc1es determmed by double
scanning will be nearer unlty than the1r true eff1c1en01es It is reasonable
to suspect that such a correlatlon ex1sts for knock on electrons leavmg

the primary track 1n the plane perpend1cu1ar to the focal plane of the
microscope. y _
The number of electrons per cub1c cent1meter of emuls1on
was calculated to be 1.07 x 102 24 from the emulsmn cornpo sition given

» by Ilford Ltd The effect of water absorbed in the emuls1on from the
Aatmosphere on the electron den51ty has been measured and 1s neg11g1b1e

in this experiment.
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IV THE RATIO OF PLATEAU TO MINIMUM GRAIN DENSITY
‘ FORELECTRONS

A. Exposure and Method of Analys1s

A smgle 1 1nch x 3 mch 200 m1cron Ilford G 5 emulsmn
was exposed to 300 Mev electrons and to 3 Mev electrons The plate
was exposed so that the prlmary electrons entered the emulslon per-
-pend1cu1ar1y to the leadmg edge and at an angle of ~ 5 to the emulsion
‘surface 3 Mev electrons emerg1ng from the evacuated channel (Figure
. 3) and 300 Mev electrons arrlvmg from the converter (Fxgure 1) pen-
etrated the emulsion in oppo site directions and formed two ad_]acent
bands of electron tracks. .

Grain counts were recorded in terms of a standard reticule
un1t, Wthh under the magn1f1cat1on used (~2500 x), was 32 mlcrons
in length. For the purposes of comparmg gram counts at the two en-
"erg1es, the f0110w1ng criteria were adopted: o

1.. A grain was counted as one unit regardless of size.

2. All grain counts were taken in a layer of developed
emulsion between 40 and 10 microns from the emulsion-
air surface.

3. Track sections were accepted for grain counting only
if their dip angle was in the same sense as would be
expected from the exposure set up.

4. Consistent with (3), only portions of track were grain
counted where the angle of dip in the developed emulsion
was between 0 and arc tan 0.059.

The grain density determined on the basis of criterion (1)

is essentially proportional to that obtained when ciumps are resolved
into individual grains for the thin tracks used here. The fourth cri-
terion allows one to neglect the error in track length due to the uncer-
tainty in the Shrinkage factor. By grain counting .~ 300 Mev electron
tracks as they penetrated the emulsion the g'radient of development in
the acceptable layer (criterion 2) was found to be less than one percent.
Because of the large multiple scattering of ~ 3 Mev electrons, and in

light of criterion (4) it was not feasible to grain count successive intervals
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of given tracks. Instead, the following ''field of view' method was
adopted: grain counts per standard unit were taken for all portions

of ~ 3 Mev tracks in a field of view lying within * 22.5 degrees of the

~ mean entrance angle. Electron tracks of ~300 Mev were first grain
countéd by taking successive intervals of given tracks (7207 grains).
.Then ~ 3 Mev electron tracks were grain counted by the 'field of view"
method (7002 grains). Finally, ~ 300 Mev electron tracks were grain
counted by the latter method (7097) grains). The means and standard
deviations of the grain density distributions of the two sets of ~300

Mev data agreed within the statistical errors. The error in track length
due to multiple scattering over a standard unit is negligible. All counts
‘were taken by one observer whose reproducibility was. found to be better

-than one percent,

"B. Exper1menta1 Results and Theory

The relat1v1st1c rise in 1on1zat10n of a charged particle
movmg through matter has been a subject of considerable interest from
both the exper1mental33 -42 and theoretlcal6 43- 5>3 view points. Con-
| tr1but1ons to the exper1menta1 1nvest1gat10ns of th1s phenomenon from
nuclear emuls1on studles usually con31st of combmmg grain counts of
tracks produced by charged part1cles moving in emuls1on with multiple
scattermg measurements Thus, the relat10nsh1p of the grain density,
g, as a funct1on of velocity, e.g. y,»1s determmed Knowledge of g
as a funct1on of IdT/de allows one to find the des1red relat1onsh1p be -
tween |dT/dx| and y. _

The fact that the 1on1zat1on saturates at large values of y
34, 40, Measurements of the magn1tude of this sat-
"uration value Wlth respect to minimum 1on1zatlon has in some cases
led to confllctmg results Pract1cally all 1nvest1gat1ons 1n nuclear
emu1s1ons have led to a compar1son of the saturatlon ionization for
electrons and mesons to minimum 1on1zat10n of mesons. Although
IdT/dxi is presumed to be 1ndependent of the mass, it is preferable
for a precise determlnatlon of this effect to ut111ze part1c1es of the
same mass.

The results of the grain counts of 2.8 Mev and 293 Mev

electrons are shown in Figure 11. The equivalence of the field of view"
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and "successive interval' methods of grain counting is demonstrated
by comparing the grain density distributions of 293 Mev electrons. for _'
both cases. The mean energies of 2.8 Mev and 293 Mev have been
calculated’? from the enei‘gy'ldss. due to ionization and radiation in-
" the acceptable layer of emulsion for electrons entering the emulsion
at 3 Mev and 300 Mev,"respecti\iely Both energies are 1oca.ted’at
essent1a11y flat portions of the ‘specific ionization curve. A calculatmn
using the- constants for emulsion given by Sternhe1mer5 shows that
the ionization of 2.8 Mev electrons differs from the minimum ionization
by less than one percent. The ratio of the mean grain d'ensitiee of
293 Mev and 2.8 Mev tracks is: g293/g2 8 Mey = 1-087 £.0.010. The
standard error is computed from the standard deviations of the grain
density distributions for the two energ1es A statistical test54 of the
compatibility of the two standard devlatlons, ‘taking into account the
d1fference in the means," shows that the probability that they are equal
is approxuna.tely 95 percent

: Assuming the law of proportmnahty between g and |dT/d '35
the results of the present study show that the spec1f1c 1on1zat10n for
electrons saturates at a value 8.7 :i: 1.0 percent above m1n1mum ion-

39

ization. This value is in good agreement with the results of McDiarmid

g
Morrish40, and Voyvod1c37, These authors give the ratios: e ‘40 Mev ~

8plateau d gplateau

9 Mev min
Stiller and Sha.plro’ﬂ= in a study of the gram densities of mesons and’

5 Mev
7 percent ~5 percent an ~8-9 percent respectKrely
electrons report an increase of 14 = 3 percent beyond minimum which
is significantly higher than. the present results - .
The observed 1ncrea.se in gram dens1ty can be expla1ned

47 i—Ialpern and Ha1148

from the theory of ]*.7‘erm146 extended by Wick
A. Bohr49, Sch&nbergS and St,ernhe:.mers'z, orf from the theory of

- Huybrechts and Schc"'mberg53. In the former theory, the increase in
‘dT/dx‘ at relativistic energles arises from the emission of Cerenkov
radiation. An increase in gram dens1ty due to this mechanlsm would
therefore demand strong a.bsorptlon of the hlgh energy Cerenkov radiation

in sﬂver halide crystals. In an alternative treatment, Huybrechts and

* Private Communication.
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4Sch<")nberg.-5‘3 proposed a modification of Fermi's methods' which reduces
the intensity of the high energy Cerenkov bands and gives a larger amount
of ionization. ‘

For a cut off energy for delta-ray productmn taken at 5
Kev the theory developed along Ferml s methods predicts an increase
in IdT/dxl of eleven percentsz,_ Assummg proportmnahty between g
and ldT/dx] the present results indicate that about four-fifths: of
the Cerenkov radiation goes into produc1ng counted grains. For the
same cut-off, the theory of Huybrechts and Schonberg pred1cts an in-
crease in ldT/de of 3.8 percent These authors po1nt out, however,
that small energy transfers are probably not sufflclent to render an
j Ag Br gram developable. By neglecting the contrlbutlon of the electrons
of the outer shell and thirty-three percent of the contrlbutlon of the
next shell the 1ncrease from m1n1mum to saturatlon becomes 6 per-
cent. Thus, w1th su1table mod1f1cat1ons, th1s theory also explains

the present expenmental results
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'V THE NUCLEAR SCATTERING OF ELECTRONS AND POSITRONS

A. Method of Analysis.

The scanning procedure here is essentially that described
in Chap. IIl B 1. To circumvent errors in the ‘detefih:i:né;i::ion of the
scatterlng angle due to the uncertamty in'the shrmkage factor, angles
of scatter were recorded in terms of their pro_]ected angles. These
measurements were madé to 0.5 -degree with the aid of a gonmﬁmeter
affixed to an efe piece of the microscope. "All scatters which had a
projected angle greater tha;l 3 1/2 degrees (Fig. 12) were :r:ec':ﬂdrde'd
This is larger than the mean scatterlng angle by a factor ~ 5, The
observer resolution was determined by the remeasurement of angles

"This was compounded with the expected multlple scattermg over the
reticule length used in angle measurements to glve the total resolution
function. For small angles the exp.ected sca.ttermg is given by the
Rutherford cross section which in térms of the projected angle § varies
as 1/8 '3.‘ From a treatment similar to that of Appendix VIII one ﬁndsé
that the resolution correction corresponding to the angle § is (1+6 +
where o5 is the standard deviation of the resolution function. The
largest scattering angle observed had a projected angle of 87 degrees

(electron-nuclear scatter).

B. Experimental Results and Comparison with Theory

A .conv.enient method of comparing the present results with
theory is to first fold the theoretical cross section into the plane of
the projected angle. The scattering law of Rutherford,

o(6) =A csc4

0
> (14)
22 \2 @-8.% ,
where A = > v » and @ is the scattering angle, is an
2 mc B

obvicus choice to describ® in the first approximation the observed scat-

tering. This law in terms of the projected angle, S, is-(Appendix X)

sin

W (3) & = ME{L {__1+ (7 - |5»|) ctn |S|J - (15)
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where W(lgl)ds is the probability of a scatter befween 'SI and lgl + dl 5.
Because of the additive property of the scattering cross section the

. observed scattering ir{ a mixture of elemernts; viz. emulsion, is the
:-.sum of the individual cross sections. Thus, Equation {15) is' more
conveniently written in terms of L. (Ig[), thie mean frée path’ for scat-

tering between IXI and |S |+ d|$l L R

& 2‘ 2 @ -p ) 4d8 )
st - et B S fe g o]

- The: summatmn is calculated from the emulsion' compdsition to be
37.0 x 10%% cm™3.  This corresponds to a root mean square Z for e-

~“mulsion of 21.4. .

The results of the nuclear scattering of 36.1 + 3.6 Mev
electrons and 42.9 + 4.3 Mev positrons are tabulated in Table IV and
plotted in Figure 13, T LR

Inthe small angle approximation, the Rutherford-cross
section (Eq. 14) has the following properties: ‘(1) the integrated cross
section S ‘o (0) dQ, and S W (i§) d§ are equal if & = - § and- (2) the

» probab111t1es of scattering 1nto the interval'A§, and into the element

of solid angle do (8) (= 2 v sin 8 A 8) are equal, if 8 = § and A @ = AS
(Appendix XI). This ap‘proximation’-'is.'fo'und ‘to 'be valid for the angular
.intervals of the histograms of Fig. .13, Itfollows that the angles plotted
~ along the abscissa.may be interpreted either as § or 8.

. In theoretical treatments of the multiple scattering of charged
particles the effects of the finite size of the nucleus and the possibility |
of forces other than electromagnetic are usually assumed smaller than
the coulomb 1nteract10n55 56, 57, This has not bee_n tested in the photo-
graphic plate for high energiessg_. T'he results of the present investi-

“'gation show that the non- Ga.uss1an ta11 to the- rnult1p1e scattermg dis -
:'-trlbutmn for electrons and p051trons is descr1bed by the Rutherford

‘law (Eq. 14) for energies ~ 39 Mev.
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VI POSITRON ANNIHILA-TION' IN FLIGHT "

The annihilation of fast p051trons in-matter has recently
been investigated by Colgate and. Gilbert 59. The observed cross
section in Be and Li H was found to be in agreement with the two-
quantum annihilation cross section: g1ven by D1rac --Bramson,.et al. ?0
in a study of decay positrons emitted by p mesons in G-5 emulsions re-
port an annihilation length in emulsmn consistent with Dirac? s theory

For each ann1h11at1on observed in the present work (Fig. 14)
the track was extrapolated beyond- the point of annihilation by maintain-
ting the projected angle and dip.angle. This was done to determine
whether (1) the trackreappeazred, or (2) a pair was initiated by the
forward moving photon. In nvo case were:these-observed.

From the calculatéd pair production length in emul‘sion()2
(assuming the forward moving photon carries off the positron energy63)
and the extrapolated distance in emulsion, . the probability that a pair

will be produced is 0.03. For each-event the multiple scattering of

the positron track was measured up to the point off anﬁihﬂation..- The

energies determined in this W_ay were consistent with the mean energies
of Appendix IV.

The ann1h11at1on events are analyzed in Table V. and compared
with. the tw,o_-quantum annihilation cross ‘section of Dirac. The cross
section in G-5 emulsion for annihilation in flight is seen to be of the
same.o_rder of magnitude as that given by theory. The contribution to

the cross section due to one or zero quantum annihilation processes is
64 :

* This experiment was undertaken in part to further investigate the
disappearance of fast electrons in emulsion reported by W. Barkas,
R. Deutsch, F. Gilbert and C. Violet, Phys. Rev. 86, 59 (1952).
Further study revealed that these events are correctly interpreted
as the annihilation in flight of positrons (Erratum Phys. Rev. 88,
1435 (1952)). The results of Colgate and Gilbert also confirm t—h_i's
interpretationvs. . .
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VII .PAIR PRODUCTION

The direct pair production by a charged particle moving

through matter has been a subject of considerable experimental ‘inves -

. 1:iga,tion18 65_75.' Thls phenomenon has for the most part eluded ob-

servation and was only recently d1rectly observed 1n photographic e-
18,71,73,74 |

mulsions . Smce the dlrect palr productlon cross section

"“is little known from expenment we 1nc1ude here an analysm of the pairs

" observed in the present study i I ' '
A charged part1c1e penetratlng matter 1n1t1ates a. palr either

in the.field of a nucleus or an’ electron Elementary considerations

show that the probability of the latter process is of;_the order of

. %— (n—r{,’— for emuls1on) times that of the former.. .In G-5 nuclear e-

mulsmns the two processes can be dlstmgulshed by observing.the recoil

76

;electron in the latter case. According to Bhabha °, the cross section

for d1rect pair production in the field of 2 bare. nucleus is:

"__..53;713;) .. e w]

where a is a constant of the order of unlty. . <
In Table VI the three events observed in the present study
(Fig. 15) are analyzed and compared w1th the theory of Bhabha, using

the experimentally determined value of u7'5‘.

The ‘-exper1menta1 values
are consistent with Bhabha's theory. No events'were observed in which
' a pair was initiated in the field of an electron. The tracklengths in

- Table VI are thérefore lower limits to the meanfree ‘paths for this

.process.
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VAL SUMMARY-.

These 1nvest1gat10ns into the processes enumerated in the

'Introductmn has yielded the following results:

1. El'ectron-Electron Soat’tering‘"

" The measured d1fferent1a1 scattermg .cross sect1on for small
A 1s in good agreement w1th theory (Bohr) over seven orders of magnl-
tude of the cross section, For large A the observed scatterlng tends
to d1scr1m1nate in favor of Mgfller s cross sectmn as opposed to those

of Rutherford Bohr, and Ka.r and Basu

..- Positron-Electron Scattering -
For small A the ‘experirnenta’l: results here are in essential |
agreement with the éléctron-electron scattering results over the Same
range 6f A and cross section.’ Because of the 1ndlstmgu1shab1hty of
scattered electrons and pos‘-ltrons in emulsxon\_the présent method is
not sensitive to distinguishing between thetBohre‘and Bhabha (with{ and
without exchange) cross sections at large A T'he"p_:re,se’ntz- re‘sultér
however, are in general agreement with the Bohr and Bhabha theories

-

in the region of large A.

‘ 3. .Ionizati‘o:n 'Lo‘sses

"The ratio of plateau grain den51ty to minimum gra.ln density
~ for electrons in. Ilford G-5 emulsion has been determined to. be 1.087 *+ 0.010.
From Fowler's investigations, .this ratio may be.interpreted as that
of saturation ionization to minimum ionization. .This. increase may be
satisfactorily accounted for in terms of the theory develope‘d along

Fermi methods or the theory of Huybrechts and Schénberg:

4. Nuclear Scattering of Electrons and Positrons

The results obtained from the nuclear scattering of ~39
Mev electrons and positrons show that the non-Gaussian tail to the
multiple scattering distribution in Ilford G-5 emulsion is described

in terms of the Rutherford scattering cross section.



-29-

5. Positron Annihilation in Flight

¢ The‘observed annihilation length at energies of 185 %= 37

and42.9 % 4. 3 Mev in'liford G-5 emulsion agrees in order of magnl-

- tude with the two- quantum ann1h11at10n cross sectlon of D1rac

6. Pa1_r Productlon

- The paif'productibn lenéth in Ilford G-5 emulsion was found
to agree in order of magnitude with Bhabha's cross. section for-the

- primary energies of 164 * 21 Mev and 288 :Mev..: -

7. Inelastic Electron-Electron and ‘P-Voé,it.x'oﬁ:-'Elec’tfon"Col -
lisions - | B B "
‘ For A0, 03 Tno 1ne1ast1c scattermg was: observed w1th1n

an accuracy of f1ve percent
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.. - APPENDIX I
r.IZ)'é,V‘elc')l')ment-“Pr0c‘edure-2

Pre-Soak (distilled water, room femperature).' “Lotoies 1'hour

:Cﬂl_d‘-Developer* (5° C.) ' » 0"t . lhour
Hot Developer* (26o C.) . : R 11} mihutes
.Cold Soak (5° C.) - %" 1hour
Fixing** (room temperature, with agitation). ., =~ . = 6 hours
Washing (_rodm temperature) B . 24 hours
| Drying . : “ 24 hours
*Amidol Developer TR '
Distilled Water | 1000 cec.
Bg.rj.c; Acid " | _ : | 35 gm,
Sodium Sulfite (anhydrous) ot oo 018 gm.
~-Potassium Bromide (10 percent solution) . e -8 cc.
»Amidol: (Acrol) - b L0 . 4,5 gm,

**Kodak Acid Fixer



-32-

' ."APPENDIX II

Development. Procedur e3

Soak in distilled water - - :
Developer* (50‘ C)

* "Hot Plate' (27° C.)

Stop bath (5° C.)

‘Fixing** (room tempe.ratu’r’e)
" Washing- o

. Drying

*Developer

Amidol ‘

Anhydrous sodium sulphite

Sodium bisulphite liquor. (S. G. 1. 34)
‘Distilled water (add)

- **Fixer:
Sodium thiesulphate

Sodium bisulphite
Water to add

.25 mins.

.15 mins.

.25 mins.

. 10/mins.
-2 hrs. ‘
4 hrs.
A'6;hr5'.

3.0 gs
6.7 gs
14 mls

930" mls

400 gs
30 gs
1000 mls
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" APPENDIX TIL ¢+ -
Calculation of the Mean Prim'a.ry'Energy in .Emulsion
and the Spread of Primary Energies about the Mean

Y from Mu1t1p1e Scattermg Measurements

Let: P (S T) be the propablhty that a partlcle of _energy T be

‘scattered between the angles S and S + dS per cell length.

q{ S S ‘):be the’ probablhty that an angle: S be observed
between% and S +d S per ce11 length

s

r( (T) - T) be the probablhty that the part1c1e has an en-
ergy between T and T + dT.

For a given T, the second moment of the observed angle is:

e e a5 s,

S [< § -__s'of +2 § 6 - §|“ 5 (. alf-§,)af a5,

<S£>1s the second moment of the resolutmn funct1on q (S Q ) and
is computed from the relationship: ((:; 3 2) (% ) +<S ) where 8
is the stage n01se and SR is the observer error. S1nce ( S >1s small

compared to (S > Equat1on 15 may be wr1tten

] el 1 cliel st L
ol =P 07 e 1<|&| it o

assuming § o’ ¢, and SE_ to be normally dlstr1buted To consider the

effect of a spread in primary energy we write Equation 17 as:

| | = |8 Ayt 3
Aol =x LBel 1 diel? 1

= -
%S &3

(16)
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where K is the scattering factor, and compute the integral

<|S o'| = S <8, |> r(<T> -T)dT o
; | <S > LT |
=‘??>“‘“B2*ﬁ4 o "J. >*:1‘;::‘::;:§*;“ e

<{T)- T

assummg r((T) T) 1s symmetncal ﬁ 1s the i th moment of (
Assummg T ( (T} - T) is also normally d1str1buted, Equation 18 becomes,

" ’in terms of u,. the fract1ona1 standard dev1at1on in energy

TR <1ss.|> @

to third order in .

From these same considerations one calculates:
€§2> = <8e2> + I K (1432 S . (20)
o = 3 2<—$T2 o) ST )

vth third’ order in p. :

. From the condition that p > 0 u.he upper 11m1ts of(‘s &|> '
‘and C %E_ ”? can be calculated from Equatmns 19 and 20 for the detection
-of an energy spread about { T ). Assummg that this condition is met,

Equations 19 and 20 can be solved for the two unknown qua.nt1t1es p and

KT
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- “APPENDIX IV

.Comparison of the: Mean'-EPr-imary-Ener:giesirn ‘
Ilford G-5 Emulsion with the Calculated Values

The multiple s_ca.ttering measurements give the ‘following

résults:
N P Mean Pr1mary Energy - Percent Standard Dev1at1on
. Exposure o (Mev) with probable - of energy spread in emulsion
I I ‘error ) S
200 Mev electrons - 164 +21 | ' ) 20 £ 16
200 Mev positrons 185 37 L 10 = 8
40 Mev electrons 36. 1:!: 3. 6 | . . 2520
40 Mev positrons 42, 9 * 4.3 o 17 £ 13

The 1omzat10n loss in Ilford G-5 emulsion for particle energ1es of 200

Mev and 40 Mev is calculated to be5

%%l = 4.2 Mev/cm

The -energy loss by radiation can be computed from the
expression: T = TO exp - x/4 where T is the initial energy, T is
- the energy after traveling a distance x in emulsion, and £ is the ra-
diation length for emulsion. The radiation length is d.efine,d77
AR [, ox - 1/3 ]
7N —— [4 mas3z ) +2/9

where N
' Z
r

o .
For emulsion we take for £, the weighted average:

2
1 _ Yo 2 _1/3 . 2.8

number of nuclei per unit vol

i

nuclear charge

b4

classical electron radius

where: No

Z,
i

Avogadro's number

nuclear charge of the ith element
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density of the 1th element

&;
. Ai
Using the :values :given by Ilford Ltd. for the compos1t10n of G-5 emul -

atomic weight of the 1th element

sion, one calculates:

- This is in agreement w1th Ccn'son's78 value. From the above values
‘of dT/dx’ ‘and £, the mean energy in emulsmn correspondmg to' the

measured average track lengths are:

Exposure | Average Track Length o M,Me,er‘l: Energy
200 Mev ~0dem 185 Mev
40 Mev | 0.2em 38 Mev
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' APPENDIX V

“The Measurerent of ]‘R.';ir'ig"es~ aﬁ&_ﬁhgl‘es

Z
e = angle of scatter
S = pro;ected angle of scatter
L y ‘D= depth measurement
zﬁi'telition of DS o : l“S = shrlnkage factor
motion = B LG prOJect1on of scattered track
(l 4 o ua— " correspondmg to D for a given
R o
x ' a:I—D‘—S—'—"‘:u) o
Fig. 16 it R

The or1g1n 1s the pomt of scatter. Th{e:;‘cy plane is the focal
) plane of the mlcroscope To a good a,pprox1mation, the initial direction.
H.,'.‘°f motlon is the x axis. ‘ ‘

In the ana1y51s of events in emulsmn one measures dn‘ectly

D, Le, andS

Range Measurements

The range of a highly scattered electron {ra.ck is measured
by dividing the track into convenient sections and measuring L and
D for the i th section. The range for a track of N sections is then.

N S
R=% L. (1+a?)}/2 o ) ) ©(21)
.oi=l 1 1 U R, .

Angle Measurements

From Figure 1 the relationship between 90, S , and a is:

_ cos $ : | . '(22)
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. APPENDIX VI

, The Kinetics of the Elastic Collision
of Two Equal Mass Particles

Let:-

.
W

.the angle between the d1rect1on of scatter and the in-
_c1dent d1rect10n VOV

= _ithe momentum of a part1c1e

:..-vthe veloc1ty of a partlcle o
L

= velocity of light

8 0 < <4 W
1 -

]

mass of the partlcles
Subscrlpts o refers to 1nc1dent partlcle »
1 refers to lower energy secondary part1c1e

2 - refers to hlgher energy secondary partlcle

Energy Conservat1on

Momentum Conservation

Fig. 17



. ZP_=0 % S R E R for

. I

m By c ='m [31 Y; € cos:8, '+ m By, cos B, ST

since By = yz -1

ﬁoz -1= EZ -1 cos 9, i-Jl.yZZ -1lcos @,

-m By € sin»G1 = m [32 Y, ¢ sin 92

or

t 2 . _' 2 .
Y ‘-.»lﬂsm 91— Y, -1 s1n_92

eiim'inating 6, betweveﬁ Eq. 24 and Eq. 25:

2

‘(Yz = ,1) =-(Y02 -1) + (le -1) - Zl(yoz - 1)(\/1‘2 - 1) cos 61

eliminating Y, between Eq. 23 and Eq. 26

.y (o2 .2
Yo Y1‘Y0+Y1-1=y/(v1 - I(yg" - 1) cos 6,

5 vy + Ll - 1)

i

B Bl C7uen v A 1

or
T cosz e
T. = o 1
1. T 2
1+ sin~ 8
2 1
2 mc

For sin’ 0,> 2 ch/To, Eq. 1l reduces to Tl.‘: 2 mc? cot? 9,.

further algebraic manipulation it may also be shown that

tan 8, tan 8, = 2/y_ + 1

(24)

(25)

(26)

(11)

By
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and that tan (9 + 92) ={1+42 ch/T Ntan 01 + tan 0 ) Thus it can be
séen, that for 9 < 90 and 6 < 90° , that (9 + 92) < 90° for T > 0.
In the classical case for T (( 2 mcz, (9 + 9 ) approaches 90 for a,ll

91 or 9 90

N
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APPENDIX VII
" Galculation of the Range Straggling of Electrons

‘The range straggling of 'a.‘par’,t‘icle of ‘unit ‘c‘harge is given

'by79:

In the particular case ‘of electrons:
k=2wNZ ro2 (mc;‘?')2 Do
SR T P DR B
NZ = électronic deénsity in the stoppmg material
Tp'= classical electron radius
mc2 = rest" energy of the.electron

The range- energy relatlonshlp for electrons in Ilford G-5 emulsion
31 !

is
T =KR® B ‘_ R , - (28)
where: K = 8.8 kev/(microns)”

0.63

To calculate in the first approximation the range straggling of electrons

n

T we: combme Equatmns (27) and (28) and obtam

2 k .. . No |
"'(A- R ~>‘=_, koo
co 2n2K23'2n

where R is the range. Using the value: E N Z =1.07x 102'4 -3

calculated from the emulsion compos1t1on, one computes the fractlonal

standard deviation of the range straggling to be:

. = {R ) _0.36
s RZ‘-A _R13
o] _ [+

‘For ranges of 50 and 400 m’icrona,ﬂ p is 20 and 16 pel‘cent, respectively.
The measurements of Zajac and Ross3o are in fair agreement with

these values.
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.. APPENDIX VIII

'Calculatmn of the Effect of the Energy. Resolutlon
Upon the Magmtude of the Absolute Cross Section
for Electron-Electron Scattering and;Posuronf

Electron Scattering -

- Let » B = fractmnal standard dev1at10n of the energy res-

o olution
p.s' = fractmnal standard dev1at1on .of the range strag-
gling SR
Ho = fractlona.l stan&ard deviation of the observer
error in range measurement:
'If.‘z'-energy of the scattered electron
T' =.

‘energy of scatter.at which the cross section is
‘ be1ng measured _ '
W(T T')" curve of the resolvmg power

(T) = theoretical cross section

Q(T) = observed cross section

It follows that:
QT = (w(T-T) o (T) 4T R - (29)

Assuming i:he errors in range . and ang}l‘e measurements and the range
straggling are normally distributed, w(T T') = C exp (T-T") /ZT p.z,
where C is the normahzmg constant - With the exceptlon of the ‘data
obtained from ~.39 Mev primaries, the theoretmal cross section, to
.a good a_.ppvro_x1may_t1‘on,_ is given by: (see Eq. 13)

am) =2mr Pme®/tE @)

Equation 29 then becomes: -

| 2022
 Q(T') = Z_Awroz chSCEXP(TZ'T') /ZT E. 4T

’
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Let: T-T'=x_ = s L S T T O CE I

2" 2

Q(T') = anozmcz(i}’_) 5 C(lexp X)/ZT P- _.;mrozumcz (‘-%T)

2 B
- SCexpx/ZT p. (1-2—T-f+3<—) $ I)‘

i 2 70 L2 A PR
=emrg met () (L4 3pTacecte)

o Ré’éalliﬁ'g Equatio‘nBO: the }Jl‘)‘_éei"'vfed;'("fr'o"‘s‘s' ‘section bécomes:

: Q(T') . cr('f')_ (.l.-l-l 3}12’);_2\ S . S U 5:(31)

i
neglectmg 4th and higheripowers of" |..|. - In the: region where the approxi-

- matmn, Equatlon 30, 1s not val1d Equatlons (7). and (9), must be used.

For electron electron scattermg the observed cross section

cade

from Eq 7 is:

27nr 2

cewy=—2— {cema- A'>/2A‘2 2

1 2
) - A(l yy)

(— +1) dA

Y A% (1 - A)

2A', 2

R Treatlng Bhabha § expression, Equatmn (9)’ 1n the same

gt

way, the observed cross sect1on is:

o 2T 2

Cans T s B e a0 2

2 | 2
tp (43 (PR F)'—K(l“’(—‘—g-) u)

~.
3

PN ):] ﬂ (33)
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In deriving Equations 32 and 33, 4th order and higher powers of p are

neglected For small A these expresslons reduce to Equatlon (31).

1. Events Selected on the Bas1s of Range c

In this case, the energy def1n1t1on of the scattered particle
is limited by the range stragghng and errors in range measurement.
For the former quantity, we take. Mg = 0. 20 (Append1x VII). The error
in range measurements was found to be p: = 0.08 + 0.005. Since Q |
depends on p,z‘, B is negligible compared to p . From the range energy
relationship, R = 0.3 T 6, we have AR/R =1.6 I(AT/T) For the events
.. selected on the basis of range, p = 0.20/1. 6=0. 12 From Eq.. 31 and

this value of p, the resolution correction becomes four percent

2. Events Selected on-the: Basis of Angle

‘In’ th1s case, p. is to be calculated from the error in the
scattermg angle, AG ‘The relat1onsh1p between these two quantltles
is (Appendlx IX, Eq. 45): ) '

gzjs(é%%_)Q{AiéSéj26§;6592}'“ ST T (3
T . L - . . . ) . - ‘
The problem-'ivs' to dete'“rn'{ine ;AB frém the érf'aré in S and a, (Appendix

V) for a fixed 8. In Append1x V the relatlonsh1p, cos 6 = cos/ l1+a”,
is derived. It follows that o '

.2 2
,M:amnmsA%iwgs'wS§®S$&._1 (35)
© co8 Ssme I ' i

_Squaring Eq. 35 we take the average, _recallmg A% and Aa are inde-

“ ”pendent | '
<A62> =ctn® 8 (tan®§) - (A 2) +E _cos_8 43,‘
cn (ang S —T—(secg) :1—1:2—9—(sec 8
(Aa2> BT S T (36)

From F1gure 16

tan @ sin ¢ = tan § _ ' o ' (37)
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-S_Quar.ing and taking averages we have: - - e

tan® @ (si-n‘2 ) = (:_tan2 8)

Assuming azimuthal -symmetfy:

—

- < fanz-s > ~=_'--,--_tan~2-» 0. \ .

L

TN

\~

~S-;imila:r1yv: .
,(secz $>  = (tanzg > +1= -12-ta.n2‘9 +1
From Eq. 37 we. ob_tain:

o tén4 0 sin4_¢ = tan48

Taking Aaverages_ we have:

<tah4% > .= % tant e .

~ Hence: -

< sec43>7=§-ta.n4 e+ ta\n2 0+1

Substituting Equations 38, 39 and 40 into 36 we have:

2. o,
Cae® =L8872 g (o) - Caa??
where:

F (6) = cos” 8 (5 - 3 sin” 6)

The error in § was measured and found to be:

<a§?y =0.583 degs. >

=1.77x 104 raq.

'(38)

(39)

(40)

(41) -

(42)
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The error in a, corresponding to an error AD in depth measurement

is:
_ , ) . 2.
(Aa>—7(AD> —2-<AD)
' 0 _ )
{D ) is: found to be 0. 056 (m1crons) With these measured values

~of (ASZ> (ADZ> and. S , the Lg's used in angle measurements,
Equations (31), (32) (33), (34) (41), and (42), the ratio 6 is calculated
(Table I). : '



47~
o APPENbIX X

Calculation of the Effects of Range Stragglmg and Errors

in Range and Angle Measurements on the Data of Flgure 8

Let: By = fractional standard deviation;o'f the range straggling
My = fractmnal standard dev1atlon of the observer error
S 1n range measurements T '
" pe = fractmnal standard dev1at10n m range due to errors
~in angle measurements ' o -
o My = fractional standard dev1at10n of the observed distri-

bution in range (Figure 8).
~ Since u_, p., ancf':p are independent: “,L'Z‘= p, 24 p,z + 2 (43)
s’ Vo’ e ‘ t s To ]
The standard deviation of the range straggling of electrons is By = 0.20
- (Appendix VII). The standard deviation of the observer error was found
to be By = 0.08 + 0.005. From these quant1t1es and knowledge of Py s
the error in angle measurements can be determined by solving for
kg in Equation 43.
o The relationship between the error in range and the error
in energy is obtained from the range-energy relation, Equation 12. |
Thus: AR/R =1.6 x AT/T " o L (44)
Differing Equation 11 gives: '

AT/T = - 4 csc (20) A0 | (45)
Combining Equations 44 and 45:
_<___> = (1.6)% ( > =16 (1. 6) csc? (20) <AG ? (46)

The >ca1cu1ated fractional standard deviation (with their

probable errors) for the two sets of data of Figure 8 are:

0.65+ 0.08 (e-e collisions, 27 events)

=
(o d
i

+
o+
i

0.63 + 0.04 (p-e collisions, 86 events)



-48-

- Substituting either of these quant1t1es with the known values of g and
g and the mean value of the angle (8 = 65° ) into Equation (43), we
obtain, with the. a1d of Equat1on (46), the average value of the standard
deviation of 9 .

-,<.»<-A°Zz”?>_; 550

Th1s is a reasonable result for the range of angles in Flgure 8.
‘The ratio: By /p.t " =1.02 £ 0. 05 indicates that there is

no s1gn1f1cant dlfference in the spread of the two sets of points. Thus,

.+ the 1ne1ast1c scattermg is: not detetted w1th1n the probable error of

5percent R,

The standard error of the vmvean range as determined from
0.63
VI3

the weighted meaps'ef P‘;tf and gt"'is.: = 6 percent,
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APPENDIX X

Calculatmn of the Rutherford Scattermg in Terms
of the Pro_]ected Angle

vy

¢ P dﬂ.‘=, s.ihb ¢d¢df

Fig. 18 .

The Rutherfo'_rd_ scattering cross section is:

40

T(8)d2=Acsc =do o . (47)
(1 - cos 9)

‘where dQ is the element of sotl'id' angle

From Figure 18:
cos ¢ = cos § sin @

Eq. 47 becomes:

() d = w($§) sin ¢ dp = LA 48 sin 6 d¢
' (1 - co's%- sin 4)?

w(§) d§ = 4AdSS sin ¢ d¢
¢=0 (l-cosS s1n¢)




o =50~

Letx:l-cosg sin ¢

w(§)d§ = -

8A 4} Sl'c_“‘ (- x) dx

COSE"

w(|S|) d§ = 16A df E+ (mw - Igl) ctnlglj

The integrated cross section is:

%ISI w (ISI) d§ = 8A Etnlg| + (m - |gl) csc? S]

‘x-l x 4cosz'§ -(1 -‘x)

(15)

(48)
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APPENDIX XI

) . ‘ N . = “ Tr .
. Calculation of the Ratio'r :S'S" w( [5])-a /S'g“"(e)'dﬂ

v From the integration of the Rutherford cross section (Eq. 47)
and Eq. 48 the ratio r is fou_nd to b_e; = S : C

_ 1 8 .
47 A |- =11
'[sinz Z- :|
r=s— ' : . X
8A Etn ISI + (w -|S| ) csc S]

The'limit of r (|§| = 8) as 8—>0 is 2. It follows that the number of
events.in the lune ABC (Fig. 19) is equal to the number of events through

‘the area ADB In a similar way one can also show that the ratio
o(6) ae/w(|§|) ¢
approaches 2 for 8 = Q in the limit of small angles. Because these

ratios are 1ndependent of angle the abscissa of Fig. 13 may be directly

1nterpreted as either § or 6.
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EXPERIMENTAL ARRANGEMENT
OF PAIR SPECTROMETER

.009" TANTALUM
. \TARGET

s\

_:BEAM

‘ é% £ 335 MEV

MAGNET POLE FACE

{ $+13,000 6AUSS )
NUCLEAR
E£MULSION

Fig. 1

Arrangement of the photographic emulsions in
the magnetic field of the synchrotron pair spec-
trometer. ‘
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in p

trometer

ing pair spec

Photograpk show
behind synchrotron.



1 MIL Al

(vl

1/4" POLYETHYLENE

1"X 3" PHOTOGRAPHIC PLATE

1MIL Al

1/8" BEAM FROM LIN. ACC.

MU-5373

Fig. 3

Experimental arrangement for electron linear
accelerator exposures.
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FREQUERCT

FREQUENCY

100

150

o

130

1204

110
100-

NEAN GRAIN DENSITY: 7.92 GRAS/S2u
STANDARD OEVEATION : 1.88 CRAMS/32,

STARDARD DEVIATION
OF REAN: 0.08 CRAINS/52,

N0 CRAINS/32
FREQUENCY DISTRIBUTION OF GRAIN COUNTS
FOR 2.8 MEV. ELECTRONS.

10-

80

COMBINED DATA
WEAN GRAIN DENSITY: 8.61 GRAINS/32
STANOARD DEVIATION: 2.13 GRAINS/32
wEaN

"FIELD_OF VIEW" METHOD
.. MEAN GRAIN DENSITY: 8.36 GRAINS/3Zx
STANDARD DEVIATION : 244 GRAINS/32s

“SUGCESSIVE INTERVAL® MZTHOD
MEAN GRAIN DENSITY: 8.68 GRAINS/32p
STANDARD DEVIATION: 2.42 GRAINS/325

R A R A )
NO. GRAINS /32 1

FREQUENCY DISTRIBUTION OF GRAIN

COUNTS FOR 293 MEV. ELECTRONS

My-5379

Frig. 11
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AS

or

N
3.5- 4.
4.5% 5.
5.5- 6.
6.5- 7.
7.5-10.
10.5- 14,
14.5-19.
19.5-29.

- 29.

5-90.

o gty LB L B

No. of evenfs

67
55

23

19
21
8
16
9
4

electron positron-

68
51
20
22
17

TABLE IV .

Primaryv

Nuclear Scattering of 36.1 + 3. 6 Mev Electrons
and 42.9 % 4.3 Mev Positrons

track length

electron: '~ positron

v\

O O = O = = O = =

30 .

o
“oR
electron positron
.08£0.20| 1.24+0.24
.40%0. 28| 1.53=0.
.95+0. 27| 1.00+0.28
.3240. 26| 1.8720.37
. 13£0. 27| 1.08%0.27
.41+£0. 12| 1.02%0.31
.05+0. 27| 1.02+0.28
.83%0. 25| 1.00+0. 30
.61+0.23| 0.4340.21
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TABLE V

{

Annihilation in Flight of Positrons

Meéan Energy No. of events Track.length Exp'tl Theoretical

Mev v {(cm) Ann. length Ann. length
’ ' ' and {cm)
std. error
(cm)
185 % 37 2 102 51+ 36 243

42.9% 4.3 3 200 66 = 38 76
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TABLE VI

Pair Production in the Field of a Nucleus

Mean No

. of events Track length
Primary Energy

(cm)
200 Mev
electron exposure
164 + 21 Mev o2 102
300 Mev ‘
positron exposure
288 Mev (calculated)'_ 1 31

Exp'tl
Mean free
path and
std. error
(cm)

51 £+ 36

31 £ 31

Theoretical

Mean free
path
(cm)

79

19
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