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‘ Erratum
High Energy Electron-Electron Seattering 8/13/52
PhySo Rev:: .§é9 59 (1952) .

Walter Ho Barkas, Robert W. Deutsch, ,
F, C. Gilbert,; Peter C. Giles, and Charles E. Violet

Radiation Laboratory, University of California, Berkeley, California

In the above article 1t was noted that In two cases tracks of 185 Mev

‘particles rather mysteriously stopped abrupbly'in the emulsion. In our opin-

ion the events were real, and we could not disregard them° The behavior was
sonsidered anomalous because there was good reason to believe that the elec-
trons being studied were negative, The direction of the analysing magnetic
field had been carefulxy established by the direction of the force on a cur-
rent carrying conductor.

Since it is obviously important to understand the process in question,
we have followed up the otiginal study with a further investigation of this

behavior. These additional observations now satisfy us that we were mistaken

‘regarding the sign of the particles studied.

With the original plates a number of other plates were exposed simultane-
ously to electrons of various energies of the same and the opposite sigms.
On scanning some of these platés we have obtained the following results:
1. Pafticles,of'~436 Mev and of the same sign as those which were found
to disappear were studied, Six disappearaﬂces were found when 185
~ em of track was scanned,
20 Partiglss of ~ 36 Mev and of the opposite Sign ﬁere then studied,
In scanning 171 em of track no disappearances were found.
3 ,Particles of ~185 Mev of the opposité sign werevalso'stqdiedo In
scarming 53 em of track no disappearances'were‘observedn

Apparently particles of the same sign as those in the original experiment
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“ o : Erratum

disappear, but partiéles of the opposite sign do not, ‘'fhis is the anti-
e{pated behavior if the original particles were positive electrons which
annihilate in flight. That they actually are positive must be concluded
from another'experimentl carried out by one of us in colléborétion with

Dr. S. A. Colgate who suggested the investigationo This experiment utilized
the same eqqipment as before, but the partiélé disappearances weré detected

by counters, The signs of the particles were established with certainty,

. and positive particles were found to be lost from the beam in traversing

matter much more freguently than negative barticles in aeccordance with the
theony'of Dirac. All -the observations were consistent if we assume that

between the time the direction of the magnetic field was established and the-
]

time the original plates were exposed the positio: of the reversing switch

: ih the magnet circuit was (unexplainable) altered. The scattefing experiment

ghould be then interpreted as a study of the scattering of positive electrons

by negative electrons, No observable difference between positron-electron

‘and electron-electron scattering in the region investigated is to be expected.

o it is believed thaﬁ this is the first time that the annihilation in
flight of high energy positrons has been directly observed, although the effec£
is well known from studies of the énnihilation photons. We have looked for
electrbn'pairs from_photons produced_when the tracks terminateg‘but have fohnd
none, However, we estimate that ﬁhe probability»df a pair being found in the

volume of emulsion which could be searched beyond the terminii of the tracks

is oniy Oci.

In the above article on page 61, line 36 a typographical error should
also be corrected, For "relative humidity was maintained at 10 percent® read

"pelative humidity was maintained at lOO-pefcent"o

1 F, G, Gilbert and Sterling A. Colgate, Bull. Am. Phys. Soc. 27, 13 (1952)
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ABSTRACT
Eradicated electron sensitive nuclear emulsions were exposed to
200 Mev electrons at the Berkeley synchrotron. 427 evenis were observed
in which the scattered electron of iower energy, or knock-on electrqn,
had én energy greater than 30 Kev. The observed differential cross-
section was found to agree in absolute value with Mgller's theoretical
crosé—section, although an insufficient number of high energy knock-on
electrons were observed to distinguish between the Mgller, relativistic
Mott and relativistic Rutherford formulae, Two pairs initiated by pri-
mary electrons and two cases in which primary electrons vanished in the
émulSion were also observed in 102.6 cm of track. No heavy particle

events were seen.
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I. INTRODUCTION

Historically, the electron is the best known of the fundamental
particles. However, a lack of information still exists‘concerning
its actual structure. An electron-electron scattering. experiment

} :
would seem to be the ideal way to investigate the boundaries of the

éleéfron andvthe possibility of non-Coulomb electron-electf;n forces,
To fiﬁd dé#iétions from a Coulomb potentiél, one would roughly esti-
mate that it is necessary to have an impact parameter of the»order
of the claSSiéél electron radius. In order for the impéct parametérv’
to be well defined the de Broglie wave length,;l, of the electron in
the relativistic cente: of mass system must be 6f.the order of 2,8
x 10713 cm or less. A simple calculation shows that such a wave-
length would‘require'an energy of about 19 Beﬁ. in the labofatory
system. In the present experiment 200 Mev electron primaries were
used which have a de Broglie wavelength of about 10 times the clas-
sical electron radius in the relativisfic center of mass system.
Evén for'this wavelength, the possibility seemed to exist of ob-
serving a deviétion from the Coulbmb potential.ifvthe effect were
strong.. | |

The.generallj'accepted férmula giving the scattering cross-sec-
tion of electrons by electrons has been derived by M%iler.l This

formula in terms of the scattering angle,§, in the relativistic center
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of mass system is the following:

- 2 '
o (0)ae = (¥ + 1)wr; sin 040 csc"g . seca_g_ _ csc29 53029 + (§-1)%

2 :
X ﬁ4 2 | 2 | 2 2 ]

@A—4-950%®] ' v(l)

where r_ is the classical electron radius, ﬁ::g s B= i—(v) and v
is the wvelocity of the primary electron in the laboratorycsystem°
The first two terms in the-bracket correspond'to the classical; rela-
tivistic Rutherford écatféring fqrmula. The third term is the quantum
mechanical exchéngg;téfﬁ. The inclusion of this term with the Ruther-
ford formulg gi§é; the relativistic Mott formula. The fourth term re=-
presents ;étardation_ahd spin interaction effects, |
Equation (1) is more conveniently expressed in terms of the para-
meter A, defined as the ratio of.kinetic energy given to the secondary
or knock-on electron to the kinetic energy of the primary eleciron.
It is not possible to distinguish between the primary and secondary -
electrons after collisioﬁ. The knock-on electron is by definition the
’lower énergy electron after’collision° The maximum value of A is ob-
viously C.5. By a simple transformation, as shown by M¢11er,l Equa-
tion (1) becomes:v

o (A)aa= 27775 S N 2 O CYPUE S W IPRRN
| B2(5-1) | A2(a-1)° AQL-A) ¥R A(1-4)

The corresponding relativistic Rutherford cross-section is:

BPG-1) [A2(a1)2 a(-a) |
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The relativistic Mott cross-section is:

o (A)dA= 2nrs 13 da | (4)
B 24 -1) __13;2(‘4-1)2 A(1-1) |

Several previous experimentsz’3’435’6’ have been performed to |

verify Mgller's theory. The primary energies used'ih these experi-
ments have fanged from 0,05 to only 2.64 Mev., Except for the experi-
ment of Williams and Terroux,2 all results are in good agréement with
| Mgller's theory. Champion3 and Groetzinger, et al.,6 attempted to
‘find discrepancies between thé Rutherford, Mott, and Mgller formulae,
Equations (3), (4), and (2). Champion found.good agreement with the
Mfller equation bqt not with fhe other two equations. Groetzinger,
et al., were not able to discriminate between any of the three. How-
ever, combiningdtheir data with Champion‘s,lthey ruled out the Ruther-
ford equation; but within statistical error, they could not discrimi-
nate between the Mott and Mgller equations.

Fo;‘a 200 Mev electron, Equation (2)vcan be approximated by the

following:

o (m)aa - 2mrg 1 - _ 2 +1|aa (5)
| BR@¥-1) | 42(1-4)%  A(1-4)

Comparison of Equations~(3), (4), and (5) 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 Ruther-
ford's cross-section from Mﬁilerfs cross-section varies from 1 percent
to liﬂperCent, while that of Mott‘é to Mfller's varies from 12 percent
ﬁp;§6 ~erreot,  The expected number of knock-ons in photographie

emulsions in the entire region frdm A= 0.1 to A= 0.5 (Fig. 1) is
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about one per 100 cm of track.‘ Therefore one cannot hope to re-
solve these three equations without scanning enormous quantities of
track. The scope of this experiment therefore has been limited to
verifying Mgller's formula for the absolute scattering cross-sec-
tion of 200 Mev electrons,‘realizing that the Rutherford and Mott
formulae are equivalent to Mgller's in the region when most of the

data can be obtained.

II. EXPERIMENTAL PROCEDURE

The existence of electron sensitive emulsions and a technique
for eradicating accumulated backgrbund has made possible this study
of high energy electron processes taking place within the nuélear
emulsion. 200 micron Ilford G-5 plates were exposed to 200 Mev e-
léctrons obtained by magnetic separation in the pair spect;ometer at
the Berkeleyysynchrotron_(Figo 2). The plates were exposed so that
electrons from the target entered the emulsion at a slight gngle to
the surface and perpendicular to the leading edge of the plate. In
order to insure that only electrons which came directly from the con-
verter were accepted, only'tracks whose initial directions lavaithin
2-1/20° of .the pefpendicular were scannéd; This criterion included
over 90 percent of all the high énerg& electrons entering the plate.,
On plates exposed with no converter in the beam a number of accept-
able tracks were found which:was less than one percent 6f>that found
on plates exposed‘ﬁith the converter in place.

Because of the high background of low energy electrons found in
all but freshly prepared electron sensitive emulsions, it was neces~

sary to eradicate’ the latent image of old tracks immediately before
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exposure, The eradication was accomplished by storing the plates inb
a warm, water saturated atmosbhere for several days before use. The
temperature was controlled at about 97°F by immersing a watertight
box containing the plates in a thermostatically controlied water
bath. The relative humidity was maintained at 10 percent by placing
a wet sponge in the box with the plates., Immediately after exposure

8 in order

the plates were developed by a temperature cyele process
~ to obtain a uniform and highly sensitive development.

In order to reconstruct stereoscopically the ranges and angies
of the knock-on electrons, it was necessary to measure the'shrinkage
factor of the't.—:mulsion° This was accomplished by passing 380 Mev
élpha particles through the undeveloped emulsion at an angle of 45°
to the emulsion surf‘ace9 and then measuring the ratio of the hori-
zontal projection to the verticél projection of the alpha track after
development, This ratio gave the shirinkage factor directly as
2.5 £ 0.1,

III. METHOD OF ANALYSIS OF PLATES

The plates were scanned under ~ 500x magnification and all events
. of interest were measured undef;' 2500x magnification., In these
plates, the grain density of a 200 Mev electron is 4109 1.0 grains

© per 100 microns of track, The length of brimary track scanned was
measured by means of the microscope stage coordinates, In order to
reduce the percentage of knock—on electfons missed, each tréck used
was scanned independently by two observers and all questionable e~
vents were examined by a third observer before a decision was feachedo

No track was scanned for more than 0.8 cm or beyond‘a detectable
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single-scatter or a high energy electron-electron scatter. Tracks
were not scanned and no event was recmrded within 10 microns of either
surface of the emulsion. The average track length in emulsion was
0,40 cm giving an average energy loss due to both ionization'aﬁd radi-
ation of 30 Mev. Thus the average primary electron has a mean energy
of 185 Mev. The energies of some primary electrons were measured by
their multiple scattering and found to be consistent with the above
calculated values,

In order to insure that nélevents were being missed (especially
those in which the knock-on electron track was nearly vertical in the
emulsiqn), a plot was made of the distribution of the azimuthal angles
of the knock-ons about the direction of the incident electron. This
distribution was found ﬁot to be significantly different from a sym-
metric 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 knock-
on electrons, the angle became difficult to measure because of nuclear
scattering. Thereforé, the range was the principal means of determin-
ing the eherg& up to about Ooé.MSV}O Above this energy; few knock-
ons stayed in the emulsion, but the angle became a ﬁractical means of
determining the energy. The angle, O, is related to the knock=on kine-
tic energy, Q, and the incident electron kinetic energy, E;, by Q =

E cos20 where me? is the rest energy of the electron. For
1% E/2me< sin<Q . -

Elgj%ZO >> 1, the knock-on energy as determined by the angle 0 is
2 me , '

nearly independent of the primary energy. For a 200 Mev primary
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electron, this condition is met by all observed events, so we have
disregarded the variation in primary energy caused by iosses in the
emulsion in calculating the knock-on energy. In the region where
the angle and range methodslof determining energy overlap, good
agreement was found for the knock-on energy considering thevlafge
electron range stfaggleo

Knock-on electronsvof energy less than 30 Kev were not included
in this study because of their small range ( < 7 micronsj and be-

cause of the effect of electron binding.

IV, EXPERIMENTAL RESULTS

In Figure 3 is shown a histogram of the results compared with
the cross~section as predicted by Mgller. In the energy range from
30 kev to 0.1 Mev, there were 182 events found in 3304 cm of electron
track. The rest of the histogram represents 245 events found in
102.6 cm of electron track. The number of electrons per cubic centi-

24

meter of emulsion was calculated to be 1.07 x 10 from tﬁe emulsion
composition given by Ilford Ltd. The effect of water absorbed in
the emulsion from the atmosphere on the electron density has been
meQSured and is negligible invthis experiment. _

The fact that the ékperimental data provides such a good fit to
Mfller‘'s curve indicates thét with these conditions there is no
measurable deviation from a Coulombbpotential for 185 £ 15 Mev elec-
tron pfimarieso

A similar study is being carried out using primary positrons of

200 Mev., Preliminary resultsll indicate that positron-electron

scattering is similar to the electron-electron scattering in the
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range of knock-on energies studied here.

V. OTHER HIGH ENFRGY ELECTRON PROCESSES

In the course of scanning for electron-electron collisions the
following events were aiso notede In 102.6 cm of eleétron track, two
events were found in which the primary electroﬁltrack divided into
three tracks (Fig. 4) suggesting pair production in the field of the
nucleus. By an approximate calculation, one would expect lelvpairs
for this length of track,

An event was found on each of two separate plates (total path
length of 102;6 cm) in which the electron track terminated in the
center of the emulsion. Fig. 5 is_a photograph of one of the disap-
pearancesov The lengths of track before disappearénce were 0,7 and
1.5 mm. The'experimental arrangement and selection criteria rule out
the possibility that these tracks were positrons., It is improbable
that the tracks traveréed an insensitive volume of the emulsion since
the single grain background remains uniform and other primary tracks
have no apparent'change in grain denéity in the region of the disap-
pearance., A short distance back on one of the disappearing electrons
there is a knock—on coming off in the forward direction confirming
the asSuﬁed direction of this primary; this rules out the possibility
of a Compton electron in the backward direction for this case. The
fact the endiﬁgs are near the center of the emulsion reduces the
probability of not observing a large angle scatter out of the emulsion.
The mechanism by which a high-energy electron could disappear in emul-
sion has not been satisfactorily explained. In scanﬁing about 230 cm

of electron track no events were found in which protons or mesons were
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ejected from nuclei. Large angle nuclear scattering has beeh ob-

served, but the study of such events has not been completed.
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Fig. 1: iicrophotograph mcsaic of zan electron-
electron collision of large energy transfer i-
nitiated by an ~~185 Mev primary electron. The
angles of scatter are 9° and 2° corresponding
to 32 Mev for the electron of lower energy.



EXPERIMENTAL ARRANGEMENT
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Fig. 2: Arrangement of the photographic emulsions
in the magnetic field of the synchrotron pair spectro-

meter., :
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Fig. 4: Microphotograph mosaic of an electron-
positron pair apparently produced in the field
of a nucleus by an =~ 185 Mev electron.
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Fig. 5: Microphotograph of the disappearance
of an '»185 Mev electron near the center of
the emulsion.





