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One of the familiar and puzzling properties of

the muon is the apparent absence of the decay p,

«e+y (unaccompanied by neutrinos), although it
is not forbidden by any known selection rules. It
has been shown' that a relatively fast transition
via strong or electromagnetic interactions is not
to be expected, but on the basis of weak interac-
tions, such as the currently fashionable interme-
diate vector boson theories, one may account for
a rate in the range 10 '-10 of the normal decay
rate. ' The exact calculated value depends on the
specific properties assumed for the boson. ' Ex-
perimentally, the results of several searches for
p, ~e+y indicate that the rate is less than about
10 ' of the normal decay rate. '

In addition, recent experimental limits have
been placed on the allied processes p, «3e (&5

&&10 " of normal decay)' and p. +N e+N' g-10 '
of capture rate). ' The latter indicates that the
low p. ~e+y rate cannot be comfortably explained
by assuming a narrow range of boson properties,
such as an anomalous magnetic moment very
close to 0.7 boson magneton, '

Alternatively, suggestions have been advanced
for a new selection rule or conservation law to
explain the absence of observed p, ~e+y decays.
Additive and multiplicative types of conservation
laws have been proposed, both involving two sorts
of neutrinos, one associated with electrons, the
other with muons. Additional support for such a
radical interpretation would be provided by a still
smaller experimental limit on the p ~e+y proc-
ess. A further search for this process, using
spark chamber techniques, is reported here; the
limits for the rate are reduced by one or two or-
ders of magnitude from those reported in previ-
ously published work.

The physical features of the p ~e +y decay
which would allow it to be detected in the pres-
ence of a much larger background of competing
processes are that the positron and gamma ray
(a) equally share the muon rest energy, and (b)
are emitted collinearly. Previous counter ex-
periments' have concentrated on energy selection
but have had to relax the requirement of colline-
arity in order to intercept a reasonable solid an-
gle. The possibility of combining high spatial
resolution with the advantages of counter tech-
niques is provided by the recent development of

spark chamber s.
Two factors determine the smallest limit which

can be detected: (a) the over-all sensitivity and

(b) the indistinguishable background. (a) Using a
counter system with an over-all efficiency (includ-
ing solid angle) of a few percent, it is necessary
to have about 10"muon decays in the target in or-
der to observe a partial rate of a few parts in 10 .
(b) The limiting background comes from those de-
cays with inner bremsstrahlung, p. ~ e +y + v + v,
in which the neutrinos carry away little energy
and momentum. With good angular resolution
(limited, in our experiment, to 3 deg by scatter-
ing in the target), and with moderate energy res-
olution, the background is also compatible with
observing a partial rate of approximately 10~.

The actual experimental arrangement used is
shown in Fig. 1. 48-Mev positive pions from the
Nevis cyclotron (using the long duty-cycle ar-.
rangement) were slowed down in polyethylene
and stopped in a 5-in. (high) by 8-in. (wide) by ~-
in. counter (No. 3), which was turned about a ver-
tical axis so that its normal made an angle of 60
deg to the beam. The m-p, -e decay positrons
emerging normal to the beam passed through the
thin-plate spark chamber and were detected by
counters No. 4 (24 in. by 24 in. by 1 in. ) and No. 5
(24 in. by 24 in. by 6 in. ). y radiation in the oppo-
site direction produced pairs in two lead convert-
ers (8 in. and, , in. thick) inside a second spark
chamber a,nd was thus detected in counters No. 6
(24 in. by 24 in. by 2 in. ) and No. 7 (24 in. by 24 in.
by 6 in. ). Two anticoincidence counters were used,
No. 1 in the beam to eliminate prompt events and
No. 2 (14 in. by 11 in. by & in. ) in front of the y
chamber to discriminate against positrons or other
char ged particles.

The spark chamber plates were constructed of
0.001-in. and 0.002-in. "hard" aluminum foil
stretched over, and cemented to, steel hoops ) in.
thick and 20& in. in diameter. The plates were
mounted by posts on a Lucite plate, which formed
the rear lid of an aluminum vacuum-tight box.
Each box was fitted with two plate glass windows
for viewing and a 0.010-in. Mylar window (10 in.
by 10 in. ) for particle entry. The chambers were
filled with a commercial 95$ Ne-5 He mixture
at slightly above atmospheric pressure. Alternate
plates of each spark chamber were connected to
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FIG. 1. Plan view of experi-
mental arrangement. The lower
spark chamber and counter as-
sembly is for detecting electrons
and the upper one for y rays.
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ground and to separate 2000-pf condensers charged
to 9 kv. This condenser system was discharged
through the spark chamber gaps by means of 5C22
thyratrons, with an over-all delay of & microsec-
ond between the arrival of the triggering particle
and the discharge of the chamber. The two cham-
bers were viewed together by a pair of cameras
in 90-deg stereo, with each camera 10 ft behind
a 30-in. diameter plastic field lens.

The spark chambers were triggered by a fast
coincidence -anticoincidence among counters
345671, 2 indicating a positron-y-ray event. The
display of all counter pulses on appropriate 4-
beam fast and 2-beam slow oscilloscope traces
was photographed each time the spark chambers
were triggered. In addition, a 1-3 coincidence
pulse was delayed 6 p, sec and displayed on a 10-
p, sec trace in order to indicate an incident pion
preceding the event. The electron counter (No. 5)
was set to trigger the coincidence at a level cor-
responding to a positron of about 30 Mev entering
the electron spark chamber; the level in the y
counter (No. 6) corresponded to approximately
6 Mev ionization loss.

About 5 x10' stopped n+ mesons were examined
in an effective time of about 200 hours, and 4600
pictures of possible radiative decays were taken.
Of these, 72 failed to satisfy straightforward
scanning criteria, which eliminated cosmic rays,

accidental coincidences, and other spurious proc-
esses. For example, pictures showing a track in
the first gap of the y spark chamber, i.e., before
the first lead plate was reached, were rejected.
From the remaining 1300 pictures, an example
of which is shown in Fig. 2, measurements were
rd.ade of the angle 8ey between the positron track
and y ray. This was done by extrapolating the for-
mer track until it intercepted the target and con-
necting this point with the origin of the electron
or pair track produced by the y radiation in the
lead.

Figure 3 shows the angular distribution of the
measured events for values of e~ between 165
and 180 deg. The relatively flat distribution is
what would be expected from the inner brems-
strahlung process, "p. e+y+ p+ v, any signifi-
cant contribution from p. ~ e+y would reveal it-
self as a peak near 180 deg. The region within 3
deg of 180' is significant since this corresponds
to the calculated mean scattering angle of elec-
trons in the target counter. From the average rate
of events in the interval between 165 and 180 deg,
one would expect 4.2 events in the significant re-
gion. The actual number found is 5, consistent
with a zero rate for the process p. ~e+y.

To translate this result into a limiting value of
the ratio R =(p, ~e+y)/(p ~e+v+v), the absolute
sensitivity of the experimental arrangement was
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FIG. 2. Spark-chamber photograph of a radiative
decay: p-e+y+ v+ v. In the y chamber, the first gap
does not fire, but the y ray is converted in the first
lead radiator, and the resultant pair scatters to a wider
opening angle in the second lead plate.

determined by additional measurements. The elec-
tron detection efficiency was measured by injecting
monoenergetic positrons, separated by a simple
wedge spectrometer from the p. -decay spectrum,
into the electron spark chamber and counters.
The ratio of the detection efficiency (70@) for

possible 52-Mev positrons to that for the entire
decay spectrum (within the same solid angle) was
thus determined to be 1.9+ 0.4.

The y-ray efficiency was determined by study-
ing the response of the y —spark chamber —counter
assembly to y radiation from n' decays (obtained
by stopping negative pions in LiH) in coincidence
with a lead-glass Cerenkov counter. The meas-
ured efficiency for these y rays, with a mean en-
ergy of 67 Mev, was 34$, which when extrapo-
lated theoretically to 52 Mev gives a value of
(28+ 5) Q.

1.91x10' decay positrons were recorded during
the experiment. Therefore one detected p, e
+y event would correspond to a value of R =1/
(1.9 x 0.28 x1.91 x10') =1.0x10~. (This corre-
sponds to a total of 5.13 x10' pions examined,
with an over-all efficiency of 2%.) Our results
give a value of 8 =(5-4.2) xl.Ox 10~=0.8x10 '
with a standard deviation of 2.3x10 . We con-
clude that 8 is less than 6x10 with a 90@ con-
fidence level.

We are indebted to R. Cohen and B. Eisenstein
for extended aid during the experimental run, to
Dr. L. M. Lederman for helpful suggestions, and
to R. Barbee for technical assistance.
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FIG. 3. Number of events per in-
terval of solid angle versus cosee~
for angles between 180 and 165 deg.
The sloping line indicates an estimate
for the process p —e + y+ v+ v derived
from the theoretical calculation, into
which has been folded an estimate of
the detection efficiency for electrons
and y rays of various energies.
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The most recent measurements'~~ of the decay
rate for p, ~e+y have set an upper limit of 10 ~

on the value R(p~e+y) jR(p, ~e+ v+ v). This
process is forbidden if the neutrinos coupled to
muons are distinguishable from those coupled to
electrons. If this mere not the case, the decay
could proceed via an intermediate charged vector
boson or in second order in the weak interactions.
Present theories for both processes are divergent
and do not lead to exact predictions of the decay
rate. 3 ' Ebel and Ernste and Bludman and Young~

have shown that the rate can be made to vanish
for certain choices of the vector boson magnetic
and quadrupole moments.

Recently, as part of a series of studies using
spark-chamber techniques, me have made a pre-
liminary run on various rare p, -meson decay
modes. In this note we report on the decay
p, ~e+y.

A sketch of the experimental apparatus is shown
in Fig. l. A beam of 200-Mev jc m+ mesons pro-
duced in the external target of the 184-in. cyclo-
tron at the Lawrence Radiation Laboratory mas
brought to rest in a plastic scintillator (counter
8) measuring 2 by 2 by 1 in. Counters 2 and 5
in coincidence detected positrons passing through
the 7- by 7-in. aluminum spark chamber. Counter
5 was biased to accept positrons of greater than
12.5-Mev energy. Gamma rays from the target
counter which did not actuate counter 4, but con-
verted in the tungsten spark chamber, produced
secondaries passing through 3 and 6. Counter 6

mas biased to accept showers of electrons and
gamma rays that deposited energies greater than
12.5 Mev. Coincidences in counters 5, 2, 3, and
6, but not 4, triggered the spark chambers and
signals from counters 5, 6, 4, 3, 8, and 7 mere
displayed on oscilloscopes and photographed along
with the spark-chamber tracks. Using the posi-
trons in the meson beam, me calibrated the sodi-
um iodide crystal response by adjusting the mag-
net system successively to 20, 30, 40, and 50
Mev jc.
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FIG. 1. Scale drawing of experimental arrangement.
The numbered counters are plastic scintillation counters
except counters 5 and 6, which are sodium iodide. Spark
chambers are indicated S.C. , one having six tungsten
plates each 1.5 g-cm 2 thick, the other having six alu-
minum plates each 0.17 g-cm ~ thick.




