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I. INTRODUCTION 

There have been many electron-electron scattering experiments since 

the beginning of the 20th century. Almost all of these~ which have 
A 

yielded quantitative results~ have been carried out in cloud chambers 

· where it is possible to stereoscopically measure the angles~ ranges and 

curvatures necessary to determine the energies involved. 

The first of these experiments was initiated by C. T. R. Wilson(l) 

in 1923o Using a rapid expansion cloud chamber in a weak magnetic field~ 
·' ... 

he found the electron-electron scattering cross section to be in.agree= 

ment.>with classical theory up to his limiting energy (rv25 kilovolts). 

In 1929 E. J. Williams( 2) made a more thorough investigation using 

electrpns from 100 to 1500 kilovolts of energy. He found higher l1UJ1l= 

bers of fast secondary electrons than is predicted from classical con-

sideration. However~ in 1930, he compared his results with the newly 

·proposed qu~ntum mechanical treatment as given by .N. F. Mott (3) and 

found agreement within his experimental erroro 

Two years later (1932) F. C. Champion(4) repeated the above experi= 

ment using two cam~ras to obtain a stereoscopic record of each event. 

Using electrons from 400 to 1100 kilovolts of energy he found closest 

agreement with .Mpller' s( 5) theory of. electron-electron scatteringjl fair 

agreement with Mott 1 s theory and poor ~greement with the classical or 

the relativistically corrected classical theory.( 6) 

The most recent work done in this field is that of G. Groetzinger,( 7) 

et. al.~ at the University of Chicago~ in 1950~ in which he performed 

an experiment very similar to Champion1 s. Combining his data with 
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.Champion' s 9 he found agreement only with Mott 1 s and Mpllers theories. 

All the above experimenters have been limited to using radioactive 

chemical sources, and thus their energy range has been limited to a few 

Mev. The existence of electron accelerators thus suggests the extension 

of these experiments into the higher energies available from such rna-

chines as the betatron~ synchrotron and linear accelerator. 

The recent development of electron sensitive photographic emulsions 

(Ilford G-5 emulsion was used for this experiment) and a technique for 

eradicating accumulated background(S) has made available a substitute 

for the cloud chamber for detecting high energy electrons. The nuclear 

emulsion~ although too small to detect magnetic field curvature, has a 

great advantage in simplicity. This paper will attempt to show the 

application of nuclear emulsions to measuring the electron-electron 

scattering cross section of 1S5 Mev electrons. 

Historically~ the electron is the best known of the fundamental . 

particles. However~ an hiatus still exists concerning its actual struc

ture. An electron-electron scattering experiment would seem to be the 

ideal way to investigate the boundaries of the electron and the possi

biJity of non-Coulomb electron-electron forces. In order to find dis

crepancies from a Coulomb potential, one would roughly estimate that it 

is necessary to have an impact parameter of the order of the classical 

electron radius in the relativistic -center of mass system. The de 

Broglie wavelength, ");;, for such an impact parameter must therefore be 

of the. order of 19 Bev in the laboratory sys~em. In this experiment, 

200 Mev electron primaries were used which have a de Broglie wavelength 

v 
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of about 10 time$ the classical electron radius in the relativistic center 

of mass system. For this wavelength, there still exists a possibility 

of observing deviation from a Coulomb potential. 

'. 
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II EXPERIMENTAL TECHNIQUES AND PROCEDURES 

Ao Exposure 

Because of the difficulty of obtaining electrons directly from a 

synchrotron3 the beam of electrons is nonnally allowed to strike a high 

Z target 3 located inside the orbital doughnut, producing bremsstrahlung 

which then pass out of the machine. In this experiment the resulting 

x-ray beam was collimated to 1/g inch diameter before striking the 0.009 

inch tantalum target (Figures 1 and 2) •. The high- energy x-rays produced 

positron-electron pairs in the tantalum which were sorted in energy by 

the magnetic field. The field used in the pair spectrometer was 13,000 

gauss 3 which gave a radius of curvature of 20.15 inches for 200 Mev 

electrons. The field was initially calibrated by means of a proton mo

ment measurement.(9) 

The plates were supported in the spectrometer by small brass 

holders which could be adjusted such that the electrons from the tar-

get entered the emulsion at a slight angle to the surface and perpen

dicular to the leading edge of the plate. (Figures 1 and 2.) The mag-

nitude of the exposure was measured by means of an ionization chamber 

placed in the x-ray beamo (For an approximate calculation of the proper 

exposure see Appendix A.) 

Bo Processing and ·Care of :Elnulsions(lO) 

lo Eradication 

Because of the high background of low energy electrons found on 

all but freshly prepared electron sensitive emulsions, it was necessary 
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EXPERIMENTAL ARRANGEMENT 
OF PAIR SPECTROMETER 

. 009 " TANTALUM 
TARGET 

I 
I 

Fig. 1 
Arrangement of the photographic emulsions 
in the magnetic field of the synchrotron 
pair spectrometer. 

I 
I 
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Fig. 2 
Photograph showing pair spectrometer 
in place behind synchrotron. 
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to eradicate(S) the emulsions -immediately before useo The eradication 

was accomplished by storing the plates in a ~arm, high humidity atmos-

phere for several days before exposureo The temperature was controlled 

at about 97° F o by immersing a watertight box containing the plates in 
. . 

a thermostatically controlled water bath (Figure 3)o The relative hu-

midity_was maintained near 100 percent by placing a wet sponge in the 

box with the plateso Over 90 percent eradication was obtained by this 

methodo 

2o E:Kposure 

· · After eradication~ the plates were dried, wrapped, exposed and 

developed as rapidly. as possible to reduce extraneous backgroundo The 

wrapping consisted of a single layer of black paper held by Scotch Tapeo 

3 o Development 

The development procedure was a cold cycle method similar to that 

·used by Occialini(ll) for thick emulsionso 

DEVELOPMENT PROCEDURE 

Pre=Soak (distilled water, room temperature) 
'*Cold.Developer {5° Co) 
*Hot Developer (26° Co) 

Cold Soak (5° Co) 
Fixing (room temperature, with agitation) 
Washing (room temperature) 
Drying 

TIME 

1 hour 
1 hour 

30 minutes 
1 hour 
6 hours 

24 hours 
24 hours 



Distilled Water 
Boric Acid 
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.DEVELOPMENT . PROCEDuRE. (cont. ) 

*Amidol Developer 

Sodi urn Sulfite (anhydrous) 
Potassium Bromide (10 percent solution) 
Amidol (Acrol) 

AMOUNT 

1000 cc. 
35 gm. 
lB gm. 
B CCo 

4o5 gm 

This procedure gave a grain density of 41.9 ~ 1.0 grains/100 ~ for 200 

Mev electrons. 

Some difficulty was encountered during periods of low relative 

humidity when the emulsions cracked and peeled from their glass backing. 

Two methods were tried to prevent this cracking. The first was to dip 

the plates in a. mixture of Duco cement and lac9-uer thinner :in an atte~pt 

to retard evaporation through the surface of the emulsion. When this 

proved only partially successful, the emulsions were dipped in a 1 per-

cent glycerine solution immediately after processing. The latter pro-

cedure proved to be effective, although introducing a slight uncertainty 

into the emulsion shrinkage factor. 

4o Shrinkage Factor(l2) 

In order to properly determine the ranges and angles of the knock-

on electrons, it was necessary to measure the ratio of the thickness of 

the emulsions before development to the thickness of the emulsions after 

development. This was accomplished by passing 380 Mev alpha particles 

through the undeveloped emulsion at an angle of 45° to the emulsion sur-

:; 

face, and then measuring the ratio of the horizontal projection to the ~-·-vertical'"projection of the alpha track after development. ,. . 
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Fig. Ja 
Eradication consisting of: (1) porcelain crock for 
water bath; (2) plastic cover containing heating 
elements, thermostat and thermometer; and (3) light
tight and water-tight box. 



Fig. Jb 
Contents of eradication box : (1) pJatform 
holdin~ plate rack and sponge, (2 ) cover, 
and (J) cover clamp. 
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undeveloped emulsion 

f~------------~~~------¢------------~~ developed emulsion 

Shrinkage factor, F = tan ¢ 

This ratio gave the shrinkage factor directly as 2.5 : 0.1. 

C. Scanning and Measurement Technigue 

The plates were scanned under rv500x magnification and all events 

of interest were measured under rv2500x magnification. Spencer bin-

ocular microscopes were used which had been fitted with special stages 

to give accurate measurements for long ranges. The ranges of short 

knock-ons were measured by means of an eyepiece reticule (1 reticule 

unit -;: 1 micron) in combination with the vertical, fine focus, micrometer. 

The length of primary track scanned was determined by means of the mi-

croscope stage coordinates. 

" To insure that only electrons which came directly from the convertor 

were accepted~ only tracks whose initial direction lay within 2-1/2° of 

the perpendicular were scanned. This criterion included over 90 percent 

of all the high energy electrons entering the plate. Control p+ates 

exposed with no convertor in the beam had less than 1 percent of the 



acceptable tracks found on a plate exposed with the convertoro 

In order to reduce the percentage of knock-on electrons missed, 

each track used was scanned independently by two observers and all ques

tionable events were examined by a third observer before a decision was 

reached. No track was scanned for more than 0.8 em or beyond a detect

able single scatter or a high-energy electron-electron scatter. Tracks 

were not scanned_and no event was recorded within 10 microns of either 

surface ·of the emulsion. The average track length in emulsion was 

0.4 em. 

In order to insure that certain types of events were not being 

missed (especially those in which the knock-on electron was nearly 

· vertical in the emulsion), a plot was made of the distribution of the 

azimuth angles of the knock-ons about the direction of the incident 

electron. This distribution was found not to be significantly differ

ent from a symmetric distribution. 

To determine the energy of the knock-on electron, both its range 

and the angle between its direction and the direction of the incident 

electron were measured wherever possible. For very low energy electrons 

the angle became difficult to measure because of nuclear scattering. 

Therefore, the range was the principal means of determining the energy 

up to about 0.6 Mev. Above this energy, few knock-ons stayed in the 

emulsion, but the angle became a practical means of determining the 

energy. In the region where the angle and range methods overlap a plot 

was made of the range ·of.''t'Her"R:nock-on versus its angle (Fig~re 4). 

Assuming 20 percent range straggle, and·a 2° error in measuring the 
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RANGE- ANGLE CORRELATION 

·, · FOR 

KNOCK- ON ELECTRON.S 

+ + 

+ + 

+ 

Standard Deviation 

+ 
+ 

+ 

e, (Degrees) 

Curve 

+ 

+ 
+ + 

Angle Between Knock-on Electron and Incident Electron 

MU 2907 

Fig. 4 

+ 

80 

Range of knock-on electron plotted against angle between 
knock-on and incident electron. Assuming a standard deviation 
in angle of 2°, 68 percent of the events should be found with
in the:dotted lines, Actually 64 percent of the events are 

·found within these limits~ The theoretical curve is based upqn 
the range-energy relation as determined by Zajac and Ross. (14) 
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angle one would expect 68 percent of the events to fall within one 

standard deviation as shown in Figure 4o Actually 64 percent are found 

within these limits. 

Knock-on electrons of energy less than 30 Kev were not included be

cause of the small range (~ 7 microns), and because of the effect of 

electron binding energiese 
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III THEQREI'ICAI.. CONSIDERATIONS 

Ao Kinetics of the Electron-Electron Scatter 
. :' 

In this section we shall deal only ~dth the momentum and energy 

conservation laws as applied to the electron-electron collisiono In 

this manner we shall derive the following relationships which prove 

valuable in a~alyzing the experimental resultso 

e1 versus T1 .. 
. (. 

el versus e2 . 

The following symbols will be used throughout this paper: 

e - the angle between the incident electron and a secondary 

electron 

T - the k,inetic energy. of·. an electron 

v - the velocity of an electron 

,_ (3 = v/c' .. 

y = 11/ 1-(32 

c - the velocity of light 

m - the rest mass of an electron 

Subscripts o - refers to incident electron 

1 - refers to lower energy seco!'ldary electron 

-2 refers to higher energy secondary electron .. ' 
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lo Energy Conservation 

(a) T0 = T1 + T2 

tn(y0-l)c2 = m(y1-l)c2 + m(y2-l)c2 

2o Momentum Conservation 

(a) 

(b) 

since 

~ p = 0 X 

~y =/y2-l, ~ =/yl2-l cos €h +/ y22-l cos 92 
I 

(c) ~Py=O ~ 

m~1Y1c sin 91 = m~2Y2c sin 92 

or 

~y1~-l sin e1 =yfy22~1 si~ 92 

eliminating ~ betw~en (b)' and (c) · 

2 . 2 . j 2 (d) (y2 -1) = (y
0 

-1) + (y12-l) - 2 (y
0 

-l)(y12-l) cos 91 

eliminating el between (a) and (d) 

Y0 Y1- Y0 + Yl- 1 =J (yl2-l)(y0
2-l) cos~ 

(e) (y
0
+1)( Yl-1) 

= 
(yo-l)(yl+l) 



or 

( ) T0 cos2 81 
f . Tl = T . ~ 

1 +-0- sin el 
2mc2 
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2 2mc2 2 2 
For sin · GJ_>> ""T':-' the equation in (f) reduces to T1 = 2mc cot 81. 

0 

Since the smallest angle, ev found in this experiment was 9°, this 

condition ·is met by all the events and affords a simple means of cal-

culating the knock=on energy which is independent of T
0

• By further 

algebraic manipulation it may also be shown that 

Thus it can be seen, th~t for 91 < 90° and 92< 90°, that (e1 + e2) <90° 

for T
0

> 0. In the classical case for T0 < < 2mc2, ( \ + 82) approaches 

90° for all el or e2 ~ 90° 0 

B~ Theoretical Gross Sections 

The generally accepted formula·giving the scattering cross section 

of electrons by electrons has been derived by Mpller.(5) This formula 

in terms of the scattering angle ~ in the relativistic center of mass 

system is the following: 

where r0 is the classical 

and v 
0 

is the velocity of the primary electron in the laboratory system. 
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The first two terms in the bracket correspond to the classical, rela

tivistic Rutherford,(b) scattering formula. The third term is the quantum 

mechanical exchange term. The inclusion of this term with Rutherford 

formula gives the re],ativistic Matt (_3) formula. The fcurth term repre-

sents retardation and spin interaction effects. 

Equation (1) is more conveniently expressed in terms of·the 

parameter, A, defined as the ratio of the kinetic energy given to the 

secondary or knock-on electron to the kinetic energy of the primary 

electron. It is not possible to distinguish between the primary and 

secondary electrons after collision. The knock-on electron is then by 

definition the lo~er energy electron after collision. The maximum value 

of A is obviously 0.5. By a simple transformation as shown byMpller, 

(1) becomes: 

2n r 0 
2 dA 

~ (A) dA = ~ 2( ) 
~-'o Yo-1 . 

'[ 2 • J 1 __ 3 _ (Yo-1) + 
1 

_!___ 

A2(1-A)2 A(l-A) + Y
0 
2 ~ -i;.(A-1~ (2) 

The corresponding relativistic Rutherford cross section is: 

(3) 

The relativistic Matt cross section is: 

[ 
1 - 3. J 

A2(1-A)2 .. A(l-A) (4) 

For a 200 Mev primary electron, Equation (2) can be approximated by 

the foliowing: 

a- (A) dA = 2n fa 2 dA 

Yo 

( 5) 
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Comparison of Equations (2), (3), and (4) shows that in the region of A 

less than 0.01, the three equations are indistinguishable. For A, in 
' 

the region between 0.1 to 0.5, the percentage deviation of· Rutherford's 

cross section from Mpller's cross section varies from 1 percent to 11 per-

cent, while that of Matt's to Mpller1 s varies from 12 percent to 56 per-

cent. The expected number of knock-ons in photographic anulsions at this 

primary energy in the entire region from A : 0.1 to A = 0.5 is about one 

per 100 em of track. Therefore, one cannot hope to resolve these three 
-

equations without scanning enormous quantities of track. Thus the ex-

periment was reduced to' verifying Mpller's formula .for low energy knock

ons, realizing that the Rutherford and Mott formulae are eqUivalent for 

this region. 

C. Range Energy Relations for Electrons 

The energies of most of the knock-on electrons were determined by 

measuring their·range in emulsion and comparing these with the range-, 

ener·gy relation for 'electrons in emulsion. The range-energy relation 

used was that as determined by Zajac and Ross (1949)(l3) for NT2 emul-

sions (Figure 5) up to 0.25 Mevo Above this energy an extrapolation 

based upon a range energe curve supplied by Eastman Kodak was made up to 

1 Mev. 
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RANGE- ENERGY RELATIONSHIP 

for 

ELECTRONS in EMULSION 

o Zajac and Ross14 

+ Eastman Kodak 

MU 2908 

Fig. 5 
Range-energy relation used to determine 
energy on knock-on electron. 

...,. 
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IV EXPERJMENTAL RESULTS 

Ao Data 

The histogram in Figure 6 has been obtained in the following manner. 

The energy range from 30Kev to 51 Mev was divided into 11 intervals such 

that the ratio of the magnitude of any interval is twice that of the pre

ceding one (excluding the first,30-50 Kev)~ The absolute cross section 

for an interval· Wa.s then determined from the number of events found in 

that interval, the length of track scanned in finding those events, the 

number of electrons per cubic centimeter of emulsion and the energy width 

of the specified interval. The number of electrons per cubic centimeter 

was obtained from the emulsion composition as given by Ilford (See 

Appendix B) o · 

If Equation ( 5) is integrated with respect to A one ob~ains, 

dA = 2nr 0 
2 f 2A-l 

. Yo ~(1-A) 

If this is evaluated for A1 = (30xlo-3jlS5) and A2 = o. 5, one obtains 

S. 5 barns for the total integrated cross s~ction. A numerical inte-
''· 

gration of the results shown in Figure 6 gives an integrated cross 

section of 7.3 barns, which is 14 percent low. 

Bo Sour.ces of Error 

(1) Error in Cross Section Due to Statistics 

The relative statistical error was computed from the number of 

events, N, in an interval by v0~67 0 
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ELECTRON-ELECTRON SCATTERING 
FOR 185 MEV PRIMARY ELECTRONS. 

ABSOLUTE CROSS SECTION 

Fig. 6 

STATISTICAL .. 
,1PROBABLE ERROR 

Histogram of the .experimental results sho~~ 
with statistical probable errors. 

• . 

MU 2447 
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(2) Error in Knock-on Energy Due to Inaccuraci.es in e-1• 

The relative error in the energy due to inaccuracies in the measure-

ment of the angle, e1 , can be estimated in the following manner. 

dT , .. 
T1 = 2mc2 cot2e1 or ·~ = - 4 T1 csc(2 ~ 

1 
for small 9v '1J. T1 = ~ 4 T1 cs.c{2 eJ..) 1J.e1 

(3) Error Due to Range Straggling. 

The standard deviation of the range measurement was assumed to be 

20 percent(l3) for electrons of the energies used in this experiment. 

(4) Error Due to Uncertainty in ·Energy of PrimarY Electron. 

The principal uncertainty in t~e energy of the primary electrons is 

due to the radiation and ionization losses in traversing the emulsion. 

The average range of the primary electrons before leaving the emulsion 

was 0.4 em. This gives a mean. total energy loss for the average electron· 

of 30 Mev. Therefore, the average energy of an incident electron causing 

a knock-on was estimated to ·be 185 Mev. (See Appendix C.) 

If Equation (5) is written in terms of the knock-on energy, Tl, for 

(6) 

which is therefore independent of the primary energy, T0 • 

· The 'number of events, the track length scanned, 'the experimental 

cross section and the various errors for the energy intervals used in 

Figure 6 have been tabulated in Table I. 

The effect of the error of the measurement of the knock-on energy 

upon the magnitude of the absolute cross section has been approximately 
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calculated (Appendix D)o However; in all cases it can be neglected in 

comparison with the statistical error. 

TABLE I 

Tl Track Length (J Error (1) Error (2) .Error (3) 
(Mev) (ern) Barns /Mev % % t.e % 

0.03 - 0.05 33o4 156 6.3 14 - -... 
0.05 - 0.10 33·4 39.2 s.o 14 - -
0.10 - 0.20 102.6 12.0 5.S 14 - -
0.20 - Oo40 102.6 . 2oS3 S.j 14 - -
0.4 = o.s 102.6 0.524 l4o0 14 - -

o.s - 1.6 102.6 . 9ol:3xib-2 · 23.7 14 20 2S 

1.6- 3.2 102.6 3o99xl0-2 25.3 - 20 29 

3o2 - 6.4 102.6 2.2Sxlo-2 23.7. - 20 34 

6.4 = 12.S 102.6 2oS4Xl0-3 47·3 - 1-1/2° 33 

12.S - 25.6 102.6 7.13x10-4 67.0 - 10 30 

25.6 - 51.2 102.6 3·57x1o-4 67.0 - 10 41 

C. Pair Production and Electron Disappearances. 

In the course of scanning for ele.ctron-electron collisions the 

following events were also noted. In .102.6 ern of electron track, two 

~vents were found in which the primary electron.track divided into three 

tracks (Figure' 7), suggesting pair production in the field of the nucleus. 

By approximate calculation, one would expect 1.1 pairs for this length 

of track. 

Two events were also found on two separate plates in which the 
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Fig. 7 
Microphotogr aph mosaic of an electron-positron 
pair aprarentl y produced in the field of a 
nucleus by an.- 185 Nev electron 
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primary electron track vanished in the center of the emulsiono Figure 8 
I 

is a photograph of one of the disappearanceso The lengths of track be-

fore disappearance were Oo 1 and lo 5 nuno The experimental arrangement 

and selection criteria rule out the possibility that these tracks were 

positronso It is improbable that the tracks traversed an insensitive 

volume of the emulsion since the single grain background remains uniform 

and other primary tracks have no apparent change in grain density in 

the region of the disappearanceo A short distance back on one of the 

disappearing electrons there is a knock-on coming.off in the forward 

direction confirming the assumed direction of this primary; this rules 

out the possibility of a Compton electron in the backward direction for 

this casea The fact that the endings are near the center of the ernul-

sion reduces the probability of not observing a large angle scatter out 

o! the emulsiono The effective track length in which these two dis-

appearances were found is somewhat less than 102a6 em, since some of the 

·track used was initially scanned in the backward directiona The mecha-

nism by.which a high energy electron could disappear in emulsion has 

not been satisfactorily explainedo 

.i 
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Microphotograph of the disappearance of an ,tla.,il85 Hev 
electron near the center of the emulsion. 

• 
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V Sill-1MARY 

A new approach to the problem of measuring the electron-electron 

scattering cross section has· been attempted using electron sensitive 

nuclear emulsions in place of the usual cloud chambero Two hundred Mev 

electrons obtained by magnetic analysis of pairs converted in the syn

chrotron beam were allowed to impinge upon Ilford G-5 emulsionso The 

relatively 'high density of electrons ( "'lo24jcc) in emulsion, reduces the 

length of track necessary to obtain sufficient statisticso The primary 

electron tracks were followed under approximately 500x magnification, 

and 427 electron-electron scattering events were recorded in which the 

scattered electron of lower energy had an energy greater than 30 Kevo 

The knock-on energy was determined by measuring either the range or the 

angle between the knock-on and primary trackso The average energy of a 

primary electron causing a knock-on was less than 200 Mev due mainly to 

radiation losses in the emulsion, and was estimated to be 1S5 Mevo The 

observed absolute differential cross section, as a function of knock-on 

energy, was fo~d to be consistent with ¥oller1 s theoretical cross 

section, although the integrated cross section was l4 percent lowo At 

this primary energy, an insufficient number of events of large energy 

transfer were observed to detect exchange, spin, and retardation effects, 

and actually only the classical relativistic theory was verifiedo 

In scanning 102o6 em of electron track two pairs apparently pro

duced in the field of a nucleus byan high energy electron were foundo 

Also two primary electrons were found to disappear near the center of 

the emulsiono No heavy particle events were observedo 
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. APPENDIX .A 

An estimate of the exposure necessary to give a usable plate is as 

follows: 

Assume dN/~E = A Cljt, where dN is the number of quanta in the energy 

interval dE, and A is a constant. ~ is the total energy in the beam. 

Em Eln 

' Q =I E dN dE' ..; J A dE = A E T dE m 
' . . ' . 

0 . 0 

Thus A = QT/En '~here·J!ln is the maximum x-ray energy. Defined in this 

manner, A is ·a measure of the integrated beam strength frequently design-

hated by tl equivalent quanta" 0 

Let ¢ be the pair production cross section, and N0 be the number of 

atoms in the target within the beam. Then the number of pairs produced 

by quanta dN is N
0
¢dN = N0¢ ~~ dE = N0 ¢A §E o 

Assume that the electrons produced have a flat distribution from 

E' = 0 toE' = E, where E1 is the electron energy.(l5) Then the number 

of electrons in an energy interval dE1 formed by x-rays of energy E in 

the energy interval dE is given by No¢A ~ dE' o Therefore the total 

number of electrons in an energy interval dE' is given by 
Ein 

SAN 1 dEdE'. 
o E2 

E' 

Since ¢ is a furiction of E choose an average ¢ for the interval E = 200 
. (16) 

Mev to E = 330 Mev. (Berkeley Synchrotron) Therefore, 



Assuming an ideal exposure of one electron per 100 square microns 

in an emulsion of 200 micron thickness gives a total of 1524 electrons 

for a three inch plateo The energy spread 6~ corresponding to a plate 

thickness of 200 microns for 200 Mev electrons in the pair spectrometer 

field is SO kilovoltso The number of atoms N
0 

of tantalum within the 

1/S inch beam diameter for a 9 mil foil is 1.11 x 1020• An approximate 

value for the pair production cross section, ¢, in tantalum is 3.1 x 

lo-23 cm2 per atom between 200 and 330 Mevo This gives a value for A 

of approximately 2 x lOS equivalent quantao 

• 
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APPENDIX B 

Calculation of .Electron Density in ·Ilford G-5 :Emulsion 

ELECTRON 
·DENSITY DENSITY 

ELEMENT (gm/ cc) (Electrons/cc) 

Silver 1.85 4oS5 X 1023 
·• 

Bromine lo36 3o59 X 1023 

Iodine 0.024 o.o6 x 1023 

Carbon 0.27 0.81 X 1023 

lfydrogen 0.056 23 

I 
0.34 X 10 

Oxygen 0.27 o.a1 x 1023 
' 

Sulpher 0.010 0a03 X 1023 
.. 

Nitrogen ~ 0.067 0.20 X 1~23 

10.69 x 1023 electrons/c.c. 



, APPENDIX C 

Cal'culation of the Energy Loss of '200 Mev Electrons in ]in.ulsion. 

(1) Ionization Loss 

The ionization loss was estimated from the slope of the range 

energy curve for minimum ionization electrons as determined by Zajac and 

Rosso(l3) The change in ionization from 1 Mev to 200 Mev is negligible. 

This loss is approximately 2 Mev in 0.4 centimeter. 

(2) Radiation Loss 

The radiation length in emulsion is assumed to be about 2. 9 cm~l?) 
Since the average length of electron track followed into the emulsion in 

this experiment is 0.4 em, the total energy loss for an average 200 Mev 

electron is given b; ~:~ x 200 ~ 28 Me~_. 

( 3) ·The total energy loss for the. average electron (range in 

e~ulsion of 0.4 em) fs approximately 30 Mev. The average energy for 

this electron during its passage through the emulsion is then given by 

200 - 15 or 185 Mev. 
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APPENDIX n 

Calculation of the Effect of the Energy Resolution upon the Magnitude 

of the Absolute Cross Section. 

The following symbols will be used in the derivation! 

8 - probable error of energy resolution 

R - curve of resolving power 
I 

T1 - energy of knock-on. electron at which cross section· is being 

measured 

f- ratio of measured cross section to theoretical cross section 

Let the energy_ spread, (R), be approximated by a triangular resolving 

power, as illustrated in Figure 9. 

1'· 

section ( 0") 

1
, resolving power (R) 

/•\/ .: 

\ 

I 

I 

~-------'--j_---i'~------------~========= 

Figure 9 
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R = 2h[ ;r ~(T' - fi 5) J for T1° ~ '12 S,; T1 ,; T1' 

R = 2~?[T -(T
1 

.+_f2 o)J for T1
1~T1~T1

1 
+ {26 

R defined as above has an area of one and contains half its area within 

the limits T1'· _:!: So 

f is then given by: 

f = 

Assume that 

Then,· · 

Jl' +f2 S) . 

R (T1) (Y' (T1) 

(T1 ~ -r£ 6) 
... cr (Tl') 

(J (T1) is of the form 

dT · 1 

Tl' { J (T~)2 [Tl ·- CT1' - {2 5)] ctT1 

(Tt
1

· -f2 G) 

Tl' +12 a 
+ s __!___ [ Tl -(Tl

1 
+ 2 S)] dTll_ 

(T1)2 J 
T1 ' -/2 S 

or 
• ~2 logS~#) 

where _p rep_resents the relative error in tne determination of the energy 

of the primary electronso Some representative valuesof f are shown in 

Table 2o 
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TABLE II 

/-) f> 
10% 1.00 

20% -- i.03 

30% 1.10 

. 40% 1.20 

In this experi.nlent the _effect of this error has been neglected 

in comparison with the statistical errors present. 



.. -40-

REFERENCES 

1. C. T. R. Wilson~ "Investigation ~n X-Rays and Beta-rays by the Cloud 
Method", Proc. Roy. Soc.·~" Vol. 104, p. 1 (June 23, 1923). 

2. E. J. Williams and F. R. Terroux) "Investigation of the Passage of 
Fast Beta-Particles through Gases", Proc. Roy. Soc., A Vol. 126, 

; .. 3· 

p. 289 (November 6, 1929). 

E •.. J •. Williams,) "Passage of Slow Beta-Particles through Matter -
Production of Branches 11 , Proc. Roy. Soc., A Vol 128, p 459 
(May 6, 1930). 

M? F. Mott, ."The Collision Between.Two Electrons";·Proc. Roy. Soc., 
A Vol. 126, p 259 (November 7, 1929). 

< ~ 

F. G. Champi.~ri~ "The Scattering ~f Fast Beta-Particles by Electrons", 
Proc. Roy. Soc., A Vol. 154, p. 195 (October 20, 1935). 

5. b. Mpller, "On Two Particle Collisions Considering Retardation 
Forces 11 , Zeitschrift fur Physik, Vol. 70, p 786 (May 21, ·1931). 

C. Mpller, "Penetration of Fast Electrons through 1-iatter" ~ Annalen 
der Physik~ Vol. 14, p. '531 (June, 1932). 

6. E. Rutherford, "The Scattering of Alpha and Beta Particles by 
Matter and the Structure of the Atom", Phil. Mag., Vol. 21, P• 669 
(May 1911). 

7. G. Groetzinger, L. B. Leder, F. L. Ribe and M. J. Berger, "Study of 
Electron-Electron Scattering", Phys. Rev., Vol. 79, p. 454 
(August 1, 1950). 

8. H. Yagoda and N. Kaplan, "Background Eradication of Nuclear mulsions 
by Accelerated Fading of the Latent Image", Phys. Rev., .Vol. 73, 
P• 634 (March 15, 1948). 

9. F. Bloch, "Nuclear Induction", Phys. Rev. Vol. 70, p. 460 
July 19, 1946). 

F. Bloch, W. W. Hansen; and M. Packard, "The Nuclear Induction 
.Experiment", Phys. Rev., Vol. 70, p 474 (July 19, 1946). 

10. Charles E. Violet, F. C. Gilbert and Walter H. Barkas, "Processing 
and Exposure of Electron Sensitive Emulsions to High Energy Elec-

/ 

trons and Positrons", Phys. Rev., Vol. 81, p. 656 (October 31, 1950). '4 



llo 
,., 

L 

12 • ... 

l3o 

14· 

15. 

16. 

17. 

C. Dilworth, G. Occialini, and L. Verrnaesen, "On Processing Nuclear 
Em~sions---I : Concerning Temperature Development", Bull, Cen. 
Phys. Nuc., Brussels (February 1950). 

M. Weissbluth, "Production of Pi-Mesons in Lead by High Energy 
Proton Bombardment", UCRL-568 (1950). 

B. Zajac and M. Ross, "Calibration of Electron Sensitive Emulsions", 
Nature, Vol. 164, p. 34 (August 20, 1949). 

W. Heitler, "The Quantum Theory of Radiation11 , Oxford University 
Press (1944), P• 170. 

W. Heitler, "The Quantum Theory of Radiation", Oxford University 
Press (1944), P• 199. 

W. Heitler, "The Quantum Theory of Radiation", Oxford University 
Press (1944), p. 201. 

D. R. Corson, "Multiple Scattering of Fast Electrons in Nuclear 
Emulsions", Phys. Rev., VoL 80, p. 303 (July 28, 1950). 




