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ELASTIC SCATTERING OF MUONS IN NUCLEAR EMULSION*
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In the past 10 years several experiments have
been performed to measure the nuclear scatter-
ing of cosmic-ray muons. ' Many of these exper-
iments are claimed to show, in addition to the
Coulomb interaction, an anomalous muon-nuclear
interaction. These cosmic-ray experiments suf-
fer from several difficulties: (1) They measure
inelastic as well a,s elastic scatterings; (2) the
pion background is uncertain and difficult to cor-
rect for; (3) the incoming muon energy is not
known; and (4) the use of thick scattering plates
requires serious corrections for multiple scat-
tering (also for successive single scatterings
combined with multiple scattering). At high mo-
mentum transfer these scattering corrections
require knowledge of the elastic and especially
the inelastic cross sections. Such theoretical
knowledge is yet only approximate. ' Masek,
Heggie, Kim, and Williams' have recently per-
formed an experiment which overcomes most of
the above difficulties. They measured a mixture
of elastic and inelastic scattering of 2-Bev y,

—

on carbon using a Bevatron separated muon beam;
most of their scatterings with high momentum
transfer should be inelastic, and their results
are in agreement with the inelastic cross section
estimates of Drell and Schwartz. 4

Our experiment, on the other hand, measures
only elastic scatterings as do the electron scat-
tering experiments of Hofstadter. ' The corre-
sponding calculations can be done precisely so
that detailed information on the charge distribu-
tion of the nucleus can be obtained from the elas-
tic scattering measurements. A departure of the
muon elastic scattering from these precise cal-
culations would reveal a nonelectromagnetic
muon-nuclear interaction, or a difference be-
tween the mean radii of the muon and electron
charge distributions.

In this Letter we report the final results of
our p, + scattering experiment and preliminary
results of our p- scattering experiments. The
p, + stack was exposed to 3.5 x10' muons in the
43-Mev separated muon beam of the Carnegie
Tech synchrocyclotron and the p. stack was
exposed to 2.5x10' muons in the 60-Mev sepa-
rated muon beam of the CERN synchrocyclotron.
In the p+ experiment the small pion background
is eliminated by observation of the m-p, decay.

In the p. experiment the ratio of muon endings
to pion endings is greater than 1000 to 1. Nega-
tive pions are also eliminated by observation of
prongs at either the scattering or the ending. We
have observed no inelastic scatterings. Most in-
elastic scatterings in our energy region would be
expected to excite the giant resonance and thus
show up as a large inereage in grain density at
the scattering. ' Other inelastic scatterings could
be distinguished by proton or conversion-electron
prongs at the scattering.

Large effective path lengths are achieved by
area scanning for muon endings in the region
where muons are not supposed to end and tracing
these endings back to a possible large-angle scat-
tering. Since the geometry of the stack is known

precisely, it is possible to make numerical cal-
culations of the effective muon path scanned.

In our p, + experiment we have restricted our
data to 14- to 40-Mev muons scattering at angles
between 80' and 180'. Our energy and angle lim-
its correspond to momentum transfers of 80 to
160 Mev/c. Figure 1 shows the number of events
observed having a momentum transfer greater
than the value q. The curve is the number of
events predicted from the elastic scattering cal-
culations of Rawitscher, ' who used the nuclear
charge distributions obtained by Hofstadter. '
Figure 2 shows our experimental cross sections
plotted against momentum transfer q, together
with Rawitscher's calculated cross sections for
27-Mev p+ scattering elastically on Ag (Z =47)
and Br (Z =35) averaged together. Rawitscher's
cross sections when plotted against q are virtu-
ally independent of muon energy in the energy
region studied. The statistical standard devia-
tions are shown in Figs. 1 and 2, and it appears
that the data are consistent with Rawitscher's
calculations. The predicted number of events
depends both on our geometry calculation and
interpolations of Rawitscher's cross sections.
We estimate an over-all accuracy of +10 /q for
our calculation of the predicted number of events.
This possible systematic error is not shown in
Figs. 1 or 2.

Early scanning on our p. experiment has yield-
ed 10 events so far with q& 100 Mev/c and this
also appears to be consistent with Rawitscher's
calculations.
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FIG. 1. The number of events having a momentum
transfer greater than q is plotted vs q. The curve is
the predicted number of events based on the elastic
scattering cross sections calculated by Rawitscher.

We conclude that our positive muons behave as
heavy positrons in the same momentum transfer
region as was studied by the cosmic-ray experi-
ments. We have no indication of an anomalous
muon-nuclear interaction. If we make allowance
for a possible finite size of the muon by multiply-
ing Rawitscher's cross sections by f'(q), where

f(q) = (1+ t't(R&')avq') ' is the form factor due to
the muon charge distribution, ' we find that our
data determine an upper limit of 1.7 x10 "cm
for the rms muon radius ((R&')av)+'.
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The recent discovery' of the K' meson with a
mass of about 880 Mev has led to considerable
speculation about its role in strange particle
reactions. A knowledge of its spin is hence of
obvious importance. It has already been verified
that the K' has isotopic spin I/2 and decays via
the modes K' K+g. At the moment, one possi-
bility for determining whether its spin is 0 or 1
is by observing the occurrence (or nonoccurrence)
of the decay mode K' K+y. It is the purpose
of this note to point out another method of meas-
uring the spin of the K', which, although no bet-
ter than the above, is rather unique and perhaps
somewhat elegant.

The reaction we shall consider is p +p ~KO+K"
or K '+K, where the antiproton capture takes
place at rest. Only one assumption will be made
here —namely that the capture proceeds from an
S state. The justification for this assumption
rests on the recent arguments of Day, Snow, and
Sucher. ' At any rate, there is an inherent check
of this assumption in the experiment as will be
seen below.

Subject to the above assumption, the initial
state can be either the triplet or the singlet
state. The triplet state is odd under charge

conjugation and the singlet state is even. The
parity of the initial system is odd.

The reaction p+ p ~KO+K'. It is well known
that if the above conditions are satisfied, then
the outgoing K K' system must be odd under
charge conjugation. If this is so, the outgoing
wave function will have the factor K1a'K2b'
-Z2a'K1b'. Hence one K' will always decay
via the K,' mode and the other will decay via
the K,' mode. The observation of this effect
serves then as a check on the assumption of
S-state capture.

The reaction p+p K'+K" or K"+K', in the
event that the Ko' has spin zero. In this case,
the outgoing state must be an S state (since the
relative parity of the K and K' is odd). Hence
the initial state must be the singlet S state.
Therefore- it is even under charge conjugation.
Hence the final state must be of the form K'K. '

+K"K'. The KO' (or K") decays via the mode

KO I
(1)1/2KO 0

( 2)1/2K+

tKOg (1)1/2KO 0 (2)1/2K-&+)

If we now adopt the notation that subscript a re-
fers to the primary K' or K and b refers to the
other, we can rewrite our outgoing state as

IK 'K '~'+K 'K 'w'I IK 'K v +K 'K ~ I2i a b a O'I 202I a b a1+$2 (2)
I!

~

We shall deal now only with the first part of this
state. Let us substitute

K =(K, +K, )/V2, K =(K, -K2 )/W2.

We then have

Hence we will observe either a two-E, type of
decay or a two-K, ' type of decay, but no events
in which we have both a K, and a E, .

The reaction p+p K +K" or KO'+KO, in the
event that the spin of the K' is 1. In this case
the outgoing state must be a p state. Hence we
can have either J=Q or J=1. J=2 is forbidden


