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The Nuclear Scattering of 1-Mev Electrons and, Positrons
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The scattering of 1-Mev electrons and positrons by thin foils has been investigated from two points of
view: (1) to compare the cross section for elastic nuclear scattering of positrons with that of electrons, and
(2) to look for evidence of inelastically scattered electrons which have suftered large energy losses. The
first experiment is of interest because theory predicts a large difference between electron and positron
scattering as a result of spin-orbit coupling, and thus involves the magnetic moment of the electron. The
second experiment is of importance because there have been many conflicting reports on the existence of
inelastic scattering whereas theoretically one expects almost no inelastic scattering.

Electrons and positrons from artificially radioactive sources were energy selected by a solenoidal spec-
trometer before being scattered by various foils. After being scattered, the particles entered a second. ,
analyzer, magnetic field and were then detected by a Geiger counter. To study inelastic scattering of elec-
trons the analyzer field was varied. To study the e /e+ scattering ratio, various scatterers could be employed
without changing the equipment in any way except to replace the electron source by a positron source.
Thus the e /e+ scattering ratio could be measured with greater accuracy than the scattering of either
particle separately.

The observed e /e+ scattering ratio 2—3 is consistent with a rather rough theory which does not take
into account screening. No inelastic scattering was found in foils of copper, aluminum, or platinum.

. INTRODUCTION

' 'T is perhaps surprising that there have not been any
& ~ measurements of positron scattering by nuclei more
precise than those of Fowler and Oppenheimer, '
Lasich, ' and Seliger, 3 especially since Massey' has pre-
dicted a large eGect due to spin-orbit coupling in such
a scattering experiment. There have been no other
investigations of the magnetic interactions of positrons;
in fact there have been surprisingly few attempts to
study their behavior directly and verify the assumption
that they act as Dirac particles of positive charge.

Another aspect of electron-nuclear scattering which
bears further investigation is inela, stic scattering. A
number of experimenters' "have reported the obser-
vation of much more inelastic scattering than is pre-
dicted by theory. A typical result is that of Klarmann
and Bothe, who report that 48 percent of the observed
scattered particles lost over 20 percent, and 21 percent
had lost over 50 percent of their initial energy. All

these experimenters used cloud chambers in ma, gnetic
6elds measuring track curvatures to obtain energy
values. Bothe," using a Geiger counter with magnetic
beta-ray spectrograph to measure energies of electrons,
failed to observe any anomalous inelastic scattering at
210 and 370 kev.

The present work attempts to study the elastic
scattering of 1-Mev positrons and electrons in copper
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and platinum with greater precision than that of the
previous investigations. This is achieved by use of
Geiger counters, rather than cloud chambers to obtain
better statistics. By using the same apparatus with
positron and electron sources, the ratio of electron
scattering' to positron scattering can be determined
directly to a precision much greater than could be
obtained in an absolute measure of either cross section
independently, and with less possibility of errors.

The apparatus used to study elastic scattering is then
also used to look for anomalous inelastic scatterin. g in
aluminum, copper, platinum, and lead.

THEORY

The scattering of charged particles by a Coulomb
fmld is independent of the sign of the charge only in the
nonrelativistic region. The relativistic corrections to
the sign-independent Rutherford formula are sign-
dependent and appreciable. Thus, in the 1-Mev region,
the scattering at 60' of positrons by heavy nuclei
diGers from that of electrons by a factor of three ~4

This eGect can be interpreted as a result of spin-orbit
coupling and has been considered in detail by Mott, "
using the Dirac equation. Similar qualitative results
are obtained from a more naive approach, treating the
Dirac electron classically as a combination point charge
and magnetic dipole, giving a simple physical picture
of the phenomenon.

Consider an electron passing the nucleus at a large
distance, so that the deflection is small, and the unde-
Qected path can be used to consider the eGect of the
magnetic interaction. The moving dipole sees the
nuclear Coulomb field as a magnetic fmld H which

'~ N. Mott and H. W. S. Massey, Theory of Atom& Collisions
(Oxford University Press, Oxford, 1950), 2nd Edition, p. 74.
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exerts a force

F= (~ |7)H= - (v/~)&&(t ~) E (1)

where p is the magnetic moment of the electron, v the
velocity, and K the electric Geld at the position of the
electron.

If the electron is polarized parallel or antiparallel to
the direction of motion, the first-order eQect is a force
perpendicular to the plane of the motion, which reverses
sign as the electron, passes the nucleus, and therefore
gives the electron path a small deviation but no angular
deflection. The second-order effect results in an angular
deAection which is always toward the nucleus and is
independent of the sign of the charge or the spin
direction. The second-order force can be calculated
from Eq. (1) by using for v the transverse component
of velocity given by the erst-order effect. This force is
found to be of order of magnitude

F-(Ze'/r) t (Ze'/i'tc) (A/mcr)']

where Z is the atomic number of the scattering nucleus,
and r is the distance of the electron from the nucleus.

Comparing this with the Coulomb force Ze'/r', it is
evident that the spin-orbit force is significant for heavy
nuclei where Ze'/L~1, and for electrons which come
closer to the nucleus than the Compton wavelength
(lt/mc) of the electron.

From this naive picture, the following qualitative
results are obtained which are con6rmed by the rigorous
calculation: (1) The scattering of negative electrons is
increased, that of positrons is decreased, since the
spin-orbit force is always attractive. (2) The effect is
greater for nuclei of high atomic number. (3) The
effect is greater for electrons than for positrons, since
the former pass closer to the nucleus.

The exact quantum-mechanical calculation is labori-
ous and complj. cated because of the screening of the
nucleus by the atomic electrons. Barlett and Watson"
and. Massey4 have calculated the scattering of electrons
and. positrons by unscreened mercury nuclei, and
McKinley and Feshbach" give a series for light and
medium nuclei. Calculations for a screened Coulomb
field'5 "have been made only for electrons, but not for
positrons. These show that the effect of screening is

appreciable; being 10 percent for 1-Mev electrons
scattered at 60'.

For the present work, the unscreened theory is used

for comparison with experiment, since there is no

complete screened theory. A discrepancy between

experiment and the unscreened theory of the order of

"J.H, Bartlett, Jr, , and R. E. Watson, Proc. Am. Acad. Arts
Sc&. 74, i3 (194O).

'4 W. A. McKinley, Jr., and H. Feshbach, Phys. Rev. 74, 1759
(1948)."J.H. Bartlett, Jr., and T. A. Welton, Phys. Rev. 59, 281
(1941)."H. W. S. Massey and C. B.0.Mohr, Proc. Roy. Soc. (London)
A177, 341 (1940}."C.B. 0. Mohr, Proc. Roy. Soc. (London} A182, 189 (1943).

Io percent should be expected. , and greater precision in
the experimental result cannot be interpreted using
present theory. Since such precision is easily obtainable,
it is hoped that a calculation of the scattering of posi-
trons by a screened. Coulomb Geld will be undertaken
in the near future.

For light nuclei, polystyrene and copper, the approxi-
mate formula of McKinley and Feshbach is used:

r=1—P' sin' —,'8+~uP(sin-', 8) (1—sin~).

r is the ratio of the relativistic electron scattering to
Rutherford scattering, 0 is the angle of scattering, n is
Ze'/hc, and P is v/c.

The value of r for positrons is obtained by replacing
o. by —n.

The validity of this approximation for light nuclei
was checked by noting that the screening terms in the
MCKlnlcy and Fcshbach expansion had a ncgliglblc
effect on the xatio of electron to positron scattering.

For platinum, the results of Bartlett and Watson and
Massey were used. Although these were calculated for
mercury, it is assumed that the error introduced thereby
is small. compared to that due to the neglect of screening.

MULTIPLE SCATTERING

Nearly all electron scattering experiments are affected
to an appreciable degree by multiple scattering in the
scattering medium, and many of the older experiments
are seriously in error because of failure to make the
proper corrections. Consequently, considerable effort
has been made in the present work to reduce multiple
scattering and to compute the necessary corrections.
The details of the calculations are extremely laborious
and are reported in the author's doctorate thesis and in
an ABC technical report by Dr. T. Teichmann. I am
deeply indebted to Dr. Teichmann for a very careful
analysis of the problem.

A particle, emerging from a scatterer at a given angle
0 with respect to the undeflected beam, may have
suffered one or more collisions in passing through the
scatterer. To determine the contribution of multiple
scattering, it is convenient to divide it into two types:
(1) scattering by an angle nearly equal to 8 plus one or
more small angle scatterings, (2) scattering by two or
more large angles.

The 6rst type of scattering is best calculated by an
extension of the method of Butler" to the case of large
angles ( 60'). Much of the idea of this method seems
to have been given hrst, albeit heuristically, by Chase
and. Cox," After laborious calculations, a good deal
more complicated than those given by Butler, one 6nds
that the additional correction to the single scattering
probability Pz(8) (normalized to unity) is given by the
following expression:

AP(8) =t 'e ~'t"C(8 t)+tM (8)
+,'t2M4(8)+ 6taMg(8)+-

"S. Y. Butler, Proc. Phys. Soc. (London) A63, 599 (1950)."C.T. Chase and R. T. Cox, Phys. Rev. 58, 243 (1940).
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where

i= 2(n/0. 00765)'(e'/mc')'EsZ4~'(w'/(w' —1))

&(~ sm8 sm'28. P~(8)d8

LX=number of scatterers per cm. '
w= energy of electrons in units mc']

while C(8, t), and M2~(8) are, respectively, rather nasty
power series in 8 and t, and complicated trigonometric
functions of 8 times derivatives of P~(8) up to the 24th.
They are Usted elsewhere. 8» is an angle rather larger
than the cut-off angle (see Mott and Massey) and
determined roughly so as to minimize C(8, t) without
making the remainder of hP (vis the. series in the M~)
too large.

The second type of scattering is principally double
scattering, i.e., scattering by two angles greater than 0.
This type of scattering can be calculated directly if the
Rutherford formula is assumed for the single scattering
formula. For the case where the scattered beam emerges
normally from the foil, the fractional correction to
single scattering due to double scattering by angles
greater than 9» is approximately

AP2(8) ( 1—cos8 '&
=sos { 8+ — i(1—cos8) '

cos8 )P(8)

(csc'-,'8g —csc'~ 8$

E csc'-,'8—csc'-', 8 )

"V. A. Petukhov and I. A. Vishinsky, J. Physiol. U.S.S.R. 5,
137 (1940).

"Shull, Chase, and Myers, Phys. Rev. 63' 29 (1943),~ G. Goertzel and R. T. Cox, Phys. Rev. 63, 37 (1943}.

where s is the foil thickness.
If this contribution of double scattering is smaH, that

due to triple and higher order scattering involving more
than two large angles can be considered to be negligible.

One particular type of double scattering of interest is
the case where the first scattering is nearly in the plane
of the foil. ' "The long path-length traversed by such
a particle in the foil results in an appreciable probability
for a.second scattering. The energy loss due to ionization
in the long-path length can be misinterpreted as
inelastic scattering. For the case where the scattered
beam emerges normal to the foil, the fractional contri-
bution to the total scattering due to particles which
traversed a path length in the foil between /» and 32 is
given by

aP/P, {8)= L2~P, (8) (1—cos8)'/(1+ cos'8)]
&& {:I/(L—1)+log(f/(L —i))3&~"

where P~(8) is the probability of single scattering by an
angle 0, as given. by the Rutherford formula, and I. is
the range of the particle in the scattering materials.

EXPEMMENTAL PROCEDURE

A diagram of the apparatus is shown in Fig. 1. The
scattering chamber is within a long solenoid, which is
used to select a small energy band from the continuous
spectrum of particles emitted from the source. Those
which are selected by this solenoid spectrograph are
incident upon the scattering foil along the elements of
a cone, making an angle of 57.9'&2.7' with the axis,

Solenoid

l
C//1/i lf

Scattering Foil

Source Window g ~' g~gQ g ~Ij

,I

Rotating Seat

I'ro. 1. Scattering apparatus.

Rotating
Seal

and have a momentum spread of ~8 percent. Those
particles scattered along the axis emerge from the
solenoid through the exit channel and enter the analyzer,
where they are deflected by a transverse magnetic 6eld
into the thin window Geiger counter. The apparatus
was evacuated to a pressure of between 10 and 50
microns, using a Cenco Hyvac pump.

The sources used for this experiment were Ce"' and
Ga'6. A 300 millicurie source of Ce"' with radioactive
daughter Pr"' was obtained from Oak Ridge and was a
very satisfactory electron source, having an upper

'

energy limit of 2.99.Mev and a half-life of 375 days.
A high energy, long-lived source of positrons being
unavallableq 9.4-hl GR wRs usedq made by A-particle
bombardment of copper in the cyclotron at the Carnegie
Institution of %'ashington.

The short half-life of the positron source and the
necessity of transporting it from Washington to Prince-
ton were the principal imitations of the elastic scat-
tering experiment. Thus instead of studying the scat-
tering over a wide range of angles, incident energies,
and scattering materials, one angle was chosen (57.9'),
three energies (0.7, 1.0, and 1.3 Mev), and three
scattering materials (polystyrene, copper and plati-

This eBect is particularly large when the scattered
beam emerges on the same side of the foil as the incident
beam. For the case where both beams make equal
angles with the normal,

&P/P~(8) = I ~P~(8) { 1—cos8$'L5 —5 sin'-', 8j csc'-', 8}
X {I/(I —i)+»g(i/(I —f)) I ~~"

This may well account for the large energy losses
observed by Le Prince Ringuet in lead and silver foils
of 0.1 mm. For 1-Mev electrons scattered by j.20' in a
0.j.-mm lead foil, this eGect results in a large number of
"inelastically" scattered particles. The probability of
an energy loss between 3 and —, of the original energy is
twice the probability of elastic scattering.
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FIG. 2. Spectra of electrons scattered from 1-mil lead foil for
incident energies of 0,68, 0.98, 1.29, and 1.53 Mev.

num). At these points the difference between positron
and electron scattering is considerable, and the effects
of spin-orbit coupling therefore quite noticeable.

Data were taken by inserting the source in the
chamber and observing the counting rates of scattered
particles for each energy and for each scattering ma-
terial. Background counting rates, taken by removing
the scattering foil, were subtracted. The complete data
were taken using the electron source some time before
the positron source arrived. The positron source was
then continuously used until it was too weak to obtain
significant data. Foils were changed at regular intervals
so that the data at each point was the sum of a number
of runs taken at various times during the life of the
source. These data were checked for consistency with
the known half-life of the source. After the positron
run was completed, the electron run was repeated to
reveal any possible changes in the apparatus between
electron and positron runs.

The energy range of incident particles used was set
by the solenoid Beld. The analyzer was set accordingly,
and separated out the soft component of the scattered
beam (inelastically scattered particles, knock-ons, etc.).
Both fields were reversed in direction when changing
from electrons to positrons.

The theory of McKinley and Feshbach predicts a
difference of only 8 percent between the scattering of
electrons and positrons from polystyrene. This value
was accepted and the data from the polystyrene foil
was used to normalize the electron and positron source
strengths. Ratios of electron to positron scattering were
then obtained for copper and platinum. The foil thick-
nesses used (15-mil polystyrene, 0.68-mil Cu, and 0.1-
and 0.2-rnil Pt), were the minimum possible to give
reasonable statistics with the weak positron source
used. They were still too thick to mak. e multiple
scattering as small as desired, but the corrections in

most cases were of reasonable magnitude. The use of
two thicknesses of platinum served as a check on the
validity of the multiple scattering corrections.

The counting rates obtained with the cerium source
were of the order of 300—400 counts per minute, de-

pending on the scattering foil used, as compared with a
background of 175—215 counts per minute. The gallium
source gave counting rates initially of the order of
30—130 counts per minute, with a constant background
of 40 counts per minute and a decaying background
starting at about 60 counts per minute, Thus the data
from the thinnest foils were well down in the back-
ground and long counts were required.

The investigation of inelastic scattering consisted
simply of analyzing the beam of scattered particles into
a momentum spectrum by varying the current in the
analyzer magnet and recording the counting rate. A
plot of the counting rate against the analyzer magnet
current then gives a peaked curve, having a width
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FIG. 3. Spectra of electrons scattered from 1-mil copper foil for
incident energies of 0.68, 0.98, 1.29, and 1.53 Mev.

corresponding to the energy resolution of the apparatus.
Any inelastic scattering present should appear as a tail
on the curve in the direction of decreasing analyzer
current.

Spectra of scattered particles were taken at four
incident energies from 0.68 to 1.53 Mev for foils of
copper and lead. Spectra were also taken at 1 Mev for
three different thicknesses of aluminum and platinum
foils. These spectra represent attempts to search for
inelastic scattering over a moderate energy range in
representative light, medium, and heavy nuclei, and to
observe, using the variation of foil thickness, any
multiple effects which might otherwise be misinter-
preted. Background spectra were taken with no scat-
tering foil and subtracted from the corresponding
spectra of scattered particles,

The spectra were plotted on semilogarithmic paper,
as shown in Figs. 2, 3, 4, and 5. The logarithmic scale
was used for analyzer current because the fractional
rather than the absolute momentum resolution of the
analyzer remains constant as the analyzer current is
varied. On a semi-log plot, the measured counting rates
can be plotted directly, with no correction factor for
the resolution variation, and the area under the curve
between any two abcissas is proportional to the number
of scattered particles in that corresponding momentum
interval.
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SOURCES OF ERROR

In this experiment, the final data are counting rates
in a Geiger counter. It is important to establish that
these counts actually represent the phenomena to be
investigated and are not due to any spurious e6ects.
Background runs, taken with no scattering foil and
subtracted, insure that the net data represent events
occurring in the scattering foil. The analyzer magnet
insures that all particles counted are in the desired
energy range. But there are other e6ects, not excluded
by these experimental precautions, which must be
considered separately.

The principal source of error in this experiment is
multiple scattering. In order to obtain reasonable
counting rates with the available positron sources, foil
thickness giving appreciable multiple scattering were
required. Because the scattering cross section varies
rapidly with energy, the amount of multiple scattering
does also. Since it was not possible to change foil
thicknesses for each energy measurement, a compromise
value was chosen which is reasonable for mean energy.
At the lower energy the multiple scattering was greater.

Calculations of multiple scattering of electrons and
positrons were made using for the single scattering
formulas the appropriate theoretical values of McK.inley
and Feshbach, '4 Mohr, '~ and Massey. 4 Table I shows
the correction factors to the 4th and 6th order. It is
clear from this table that the 6th-order correction to
the e /e+ ratio does not differ much from the 4th order
except for the thickest foils of platinum at the lowest

is easily distinguished from nuclear scattering because
of the energy loss which is a unique function of the
scattering angle. Multiple scattering destroys this
uniqueness and results in a distribution of energy loss
which can be confused with inelastic nuclear scattering.
This effect is most significant in light elements, and
can be eliminated by using thinner foils.

Scattering from chamber walls and gas atoms, annihi-
lation of positrons, and the various possible interactions
of the gamma-rays were all calculated roughly and
found to have a negligible eGect upon the results of
this experiment.

RESULTS—INELASTIC SCATTEMNG

Figure 2 shows the spectra of scattered particles at
four energies from a 1-mil lead foil. The experimental
points and their standard deviations are shown for one
curve, and are similar for the others.

These curves show no evidence for inelastic scattering
in which the electron has lost more than 20 percent of
its energy. Their breadth can be attributed completely
to the energy resolution of the apparatus and to the
variation of ionization energy loss due to the variable
path lengths traversed in the material, as previously
discussed.

It is clear from these spectra that the number of
particles losing over 40 percent of their energy is
extremely small, certainly less than 1 percent of the
number of elastically scattered particles. There is no
indication of any particles losing more than 20 percent
of their energy, but these might conceivably be missed,
due to the width of the spectrum. One can safely say
that the total number of particles losing more than 20
percent of their energy is less than 5 percent of the
total distribution.

Figure 3 shows similar results for copper, and the
same conclusions can be drawn here as for the case of
lead. Note that there is a subsidiary peak. shown for
the 0.98-Mev curve, which can be attributed to electron-
electron scattering. The theoretical position of this
peak is indicated on the graph and agrees very well
with the curve. The magnitude of this peak is difficult

200 300 400 500 700 l000 l400 l600
Analyzer Current Milliamperee

I'rG. 4. Spectra of electrons scattered from platinum foils of
various thicknesses. Incident energy 0.98 Mev.

$00

l3 Mil Foil

energy. In genera1 the e /e+ ratio correction factor is
smaller and more constant than either of the single
scattering corrections. An experimental check on the
validity of the corrections is given by the comparison
of two diferent thicknesses of platinum at the three
energies used. Aside from the lowest energy, when the
correction factor is large, it is gratifying that the
agreement in corrected e /e+ ratio is about as good as
the statistical errors would allow.

Another possible source of error is scattering by the
atomic electrons in the foil. Single electron scattering
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FIG. 5. Spectra of electrons scattered from aluminum foils of
various thicknesses. Incident energy 0.98 Mev.
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TABLE I. Summary of observed and corrected scattering of electrons and positrons by polystyrene, copper, and platinum.

Poll

15-mil polystyrene

kiiietiC
energy
of e&

(Mev)
0,68
0;98
1.29

Coii. factor
to single e
scattering

4th 6th
oi der order

1.11 1.15
1.06 i.06
1.05 1.05

Cdrr, factoi.
to sirigle e+
scattering

4th 6th
order order

1.09 1.12
1.04 1.05
1.04 1.04

Iriverse
Corr. factor to
ratio of single

e /e+ scattering

4th 6th
order order

0.978 0.970
0.988 0.987
0.988 0.987

9
Meas.
value

of e /e+
ratio

io 11
Corrected value

of e /e+ ratio
(Corrected to
single scat. )

4th 6th
order order

12

Theo-
retical
value

13
Sta-

tistical
error

0.68-mil copper
0.68' 1.23 1.52
0.98 1.12 1.14
1.29 1,06 1.07

1.23
1.12
1.06

1.53
1.15
1.07

0.995 1.001
1.002 1.003
0.997 0.997

173
1.93
2.07

1.72 1.73
1.93 1.93
2.06 2.06

1.46
1.49
1.51

0.2-mil platinum
0.68b 1.42 2.63
0.98' 1.17 1.31
1.29 1.18 1,21

1 57 3 66
1,24 1 50
1,43 1.49

1.103
1.060
1.211

1.395
1.145
1.228

2.27
2.88
3.00

2.50 3.17
3.05 3.30
3,63 3.68

2.74
2.90
2.98

0.1-mil platinum
0 68c
0.98
1.29

1.60 1.64
1.06 1.07
1.06 1.07

2.61 2.70
1.08 1.10
1.08 1.1u

1.638 1.641
1.022 1.028
1.0251.029

3.13
3.13
3.60

5.13 5.14
3.20 3.22
3.69 3.70

2.74
2.90
2.98

5
4

10

a In these cases the sixth-order correction is appreciable compared to the total up to the fourth order, but the relative correction for positrons and electrons
remains nearly the same, and it is therefore felt that the corrections are reliable.

& For obvious reasons this correction cannot be regarded as reliable.
& The correction here could be applied in such a way that the bulk of it came from the central (Gaussian) distribution, rather than from the tail. Hence,

the contributions from orders higher than the fourth could be made small, even though the correction up to the fourth order was large. It was not possible
to do this for the other points with large fourth-order corrections,

to determine accurately because of the statistical error,
but it is the right order of magnitude, approximately
.i/Z times the elastic peak, the curves of other energies
do not show the electron-electron peak, either because
it is at too low an energy, or because its magnitude is
not appreciably greater than the statistical error.

The same absence of inelastic scattering is shown on
the curves for platinum at 0.98 Mev. There is no
signilcant diGerence between the three foil thicknesses.
The displacement of the peak toward lower energies and
the broadening of the distribution with increasing foil
thickness is the result of the ionization energy loss,

A de6nite indication of inelastic scattering appears
in the spectrum of scattered particles from the 13-mil
aluminum foil. A large tail is present at the low energy
end of the spectrum. However, the tail is greatly
diminished in the curve for the 6.5-mil foil, and it is
hardly observable in the curve for the 3.2-mil foil. One
concludes therefore that the tail is due to a multiple
eGect, probably a combination of nuclear and electron-
electron scattering, which for heavy nuclei is much less
probable in comparison with elastic nuclear scattering.

From the curve for the 3.2-mil aluminum foil, one
can conclude that the number of particles losing more
than 20 percent of their energy is certainly less than
10 percent of the total distribution.

Thus the experimental data indicate that in light
nuclei electron-electron scattering in combination with
multiple nuclear scattering can give rise to large num-

bers of electrons which have lost appreciable energy.
On the other hand, there is no evidence, as claimed by
previous investigators, for inelastic nuclear scattering
of electrons in the 1-Mev energy region from aluminum,

copper, platinum, or lead.

e /e+ ELASTIC SCATTERING RATIO —DISCUSSION

Table I, columns 9, 10, 11, 12, contains the final
comparison of experiment and theory on the elastic
scattering of electrons and positrons by nuclei. In this
table it is assumed that for a light material such as
polystyrene the theory is correct and that consequently
the relative electron and positron source strength can
be obtained from the observed e /e+ scattering ratio.
The data in column 9 were obtained by multiplying the
actually observed ratios by the reciprocal of the ob-
served, corrected polystyrene e /e+ ratio. Since the
theory of McKinley and Feshbach predicts an e /e+
ratio for polystyrene of approximately 1.08, and since
the multiple scattering corrections in columns 7 and 8
are small, we have considerable confidence in this method
of normalizing the radioactive source strengths.

It mill be seen in columns 11 and 12 that in a rough
way theory and experiment are in agreement. The
discrepancy is, however, well outside our experimental
error and in a direction of giving a higher e /e+ ratio
than expected. This may be due to the effects of screen-

ing, for the calculations of Mohr show that the eGect
for electrons is of comparable magnitude and is in the
proper direction. However, no calculations have been
made on the effect of screening on positron scattering;
so no definite conclusions can be drawn until a more

accurate theory is available.
Note also that if the effect of screening is appreciable,

the multiple scattering corrections will be altered, The
multiple scattering formula requires a knowledge of
the single scattering law, and in particular of the
derivatives of the angular distribution at the angle of
measurement. The contribution of screening to the
values of these derivatives may produce noticeable



chRQgcs ln thc xnultlplc scRttcrlng correction, espcciRBy
lf the dlRractlon InaxlIQR Rnd IHIIlIIQR dlscUsscd by
Mohr are appreciable,

From these results it can bc concluded. that the CRcct
predicted by theory of spin-orbit coupling on scattering
of electrons and positrons is cex'tainly present, and that
the experimental data are in rough quantitative agree-
ment with the theory which assumes that the magnetic
moments of electron Rnd positron are equal. Moxe
cannot bc said at this point because of the lack of an
RdeqUatc theoretical tI'cRtIQcQt of thc scat tcI'ing of
positrons by a screened Coulomb field.
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Disintegration of the Deuteron by ~+ Mesons and the Spin of the ~+ Meson*

DONAXD L. CI,ARK, ART~ ROBERTS, AND RICHARD WILSON[
Umiversit~ of Rochester, I'wkester, Xm Fork

(Received August 9, 1951)

The total cross section for the reaction m++d~p+p has been measured for an average incident meson
energy of 23 Mev. This corresponds to a proton energy of 3% Mev in the inverse reaction P+p w++d, for
vf1Hch the total cross sectjon has been Ineasured by RlchInan» Cart%Tight~ Peterson~ and otIMrs. CoInparlson
of these t~o cross sections, using the theorem of detailed balancing, leads to a determination of the statistical
vreight, and hence the spin, of the x+ meson. The spin turns out to be zero.

INTRODUCTION

~F the various methods which might be used for an
expcrinmntal determination of the spin of the m+

lneson, the Inosi px'Qnllslng ls the possibility of Rppll-
catlon of the princip]e Gf detai]cd balancing
method resembles that of the measurement of the
Rltcx'QRtloQ Gf lnteQsltlcs ln x'QtRtlGQ-vlbI'RtloQ spectra
of homonuclear diatomic molccules, in its ability to
dctcxIQlne UQRInblguously R spin of zero) Rnd IQ maxI"
mum sensitivity fox small values Gf the spin.

In order to apply the principle of detailed balancing,
it is necessary to measure the ratio of the cross sections
for a reaction and its inverse Rt the same energy in the
ccntcx'-of-mRss systcITl, FGI' practical pUlposcs GQc must
usc R reaction with GQly two particles participating QQ

each side. The only nucleax reaction to which detailed.
balancing has been succcssfuHy applied to date is the

*This work eras assisted by the AEC.
t Now at Stanford University.

and Its Inverse) the radiative capture Qf neutrons by
protons. Unfortunately, the comparison has Qot been
made at the same center-of-mass energy; the ts-p
capture cross section has been measured. at low energies
RQd the phOtodlslntcgx'RtloQ Rt cncrglcs 200 kcv ox' Qmrc
above threshold. It is therefore necessary to usc the
theoretical energy dependence of the cross sections. The
comparison has recently been reviewed' by Salpeter. '
Agreellmnt is obtained within, the experimental error Qf

20 percent, if we assume the neutron spin to be ~~. This
result may be taken as a more direct measurement (at
least in principle) ot the neutron spin than the results
given by neutron scattering in ortho- and para-hydro-
gen) Qmre generally lt ls Used to vcx'lfy thc thcoIctlcR1
Cl'OSS SCCtloQS.

x E. E. SaIpeter Phys. Rev. V (I95i).


