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We have performed an experiment to study the reaction m +p -+ g+n near threshold, preliminary to a
forthcoming measurement of charge asymmetry in q-meson decay, The g was identi6ed by the velocity of
the associated neutron. We detected neutrons produced in the forward hemisphere in the center-of-mass
system corresponding to the most energetic neutrons in the laboratory. Data were taken at m momenta
between 670 and 805 MeV/c. The four neutron detectors made it possible to detect neutrons at angles of
0 to 21' from the incident pion beam. We present backward differential cross sections for both pion charge
exchange and q production calculated from the data. We looked for g' at pion momenta of 1.5 BeV/c and
observed none. We obtained 0 {m p -+ ng') (60 yb.

IL DESCRIPTION OF EXPERIMENT

A. Pion Beam

I. INTRODUCTION

E have performed an experiment to study the

~ ~

~

reaction ~ +P —+ g+e near threshold, pre-
liminary to a measurement of charge asymmetry in
p-meson decay. ' The p-production events were identified

by the velocity of the associated neutrons.

We detected neutrons produced in the forward
hemisphere in the center-of-mass system, corresponding
to the most energetic neutrons in the laboratory. Data
were taken at m momenta between 670 and 805
MeV/c. The four neutron detectors made it possible
to detect neutrons at angles of 0' to 21' from the inci-
dent pion beam. We present differential cross sections
for both pion charge exchange and g production calcu-
lated from the data.

The g' (960 MeV), discovered' in K +P —&g'+A,
appears to have the same quantum numbers as the g

and, like the g, possesses an appreciable radiative decay
mode, Speculation' that p' decay might show a large
charge asymmetry motivated us to search for g' using
the same technique. Proposed models based on unitary
symmetry schemes link the p and q' in a manner some-

what analogous to or-p mixing. ' It might be expected
that the g'-production cross section would behave sim-

ilarly to that of the g, rising rapidly as a function of
beam momentum just above threshold. We looked
for evidence of g' near the threshold for its production.

B. q-Decay Detectors
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The H2 target was surrounded by a nearly closed,
box-shaped array of scintillation counters, to detect
the charged decay products of the q (Fig. 2). Each of
the six sides was covered by two counters, and holes
were provided for the entry and exit of the beam and
for the H2 target connections. The four counters on
the up stream and down stream sides of the target
could only be used in anticoincidence, but the signals
from the other eight counters ("logic counters") could

~The experiment was performed in external beam 2 of the
Brookhaven National Laboratory Cosmotron, using a pion beam
built by the Wisconsin group of L. Pondrom.
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The pion beam was produced at the Brookhaven
Cosmotron by interactions of 2.5-8ev protons with a
beryllium target. The pion spectrometer was a nearly
symmetric double-focusing system' (Fig. 1). Each half
consisted of a pair of quadrupoles and a dipole which
bent the beam through approximately 20'. The momen-
tum-dispersed intermediate focus was at the center of
a 6eld lens. A collimator at this position limited the
momentum spread of the transmitted beam. The second
half of the spectrometer compensated for the momentum
dispersion of the first. The momentum bite (rms) is
inferred from the observed broadening of the q peak.
in neutron time-of-Aight spectra. Most of the data were
taken with a &0.9%%u~ momentum bite. For the g'
search, the collimator was opened to give an inferred
bite of &1.3/o.

Beam intensities were between 5&&10' and 2)(10'
per pulse in a 150—200-msec spill. Muon and electron
contaminations were measured by a gas Cerenkov
counter at 1 BeV/c and found to total 12% of the beam.
The liquid-hydrogen target, placed at the second focus,
was a cylinder with axis parallel to the beam, 12 in.
long and 3.5 in. in diameter. The beam at the hydrogen
target was a circle about 2 in. in diameter.
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FIG. 2. g-decay detector layout.

proton-beam direction, and by an ionization chamber in
the proton beam calibrated against the induced activity
in polyethylene foils. Fluxes monitored by the three
instruments were proportional. The interaction rate
TETSTST4/TETSTG( 6%) remained very constant.
Accidentals in the + interacting logic were monitored,
as were the rates of the signals making up the TPC
gate. Performance of the logic circuitry was periodi-
cally checked with pulser-generated signals.

We assured ourselves of the stability of the 58 AVP's
(since changes in their gain were the most likely reason
for changes in the neutron-counter eKciencies) by
photographing pulse heights for beam pions passing
through the centers of the counters at regular intervals.
We also repeatedly checked the firing levels of the
variable-threshold discriminators.

III. EXPERIMENTAL RESULTS

A. Number of Events

Figures 3(a)—3(d) show time-of-flight spectra at 0',
6', 12', and 18', respectively, with incident-pion
momentum of 805 MeV/c and neutral decay signature.
Data at the other incident-pion momenta look similar
to the data for this momentum. Electron-induced y's
produce the leftmost "prompt" peak. The other two
peaks are due to neutrons from the charge-exchange
reaction and g production, respectively, with decay to
neutral final states. Production of two m"s and ran-
domly distributed accidentals constitute most of the
background. A run below q-production threshold, using
670-MeV/c pions, produced no q peak.

Time-of-Right spectra, excluding the y peak, were
fitted to two Gaussians and a smoothly varying back-
ground. Background was assumed to be proportional
to the sum of a constant and a modified phase space for

2xo production. The modification took the following
form. Phase space was written as a function of a
variable s defined as

where M(2' ) is the mass of the two-pion system and
M o is the m mass. This function was then multiplied
by s" so as to favor production of large M(24PG). The
final value of e chosen was 4. The numbers of events in
the Gaussians are quite insensitive to the value of n
used and agree well with the numbers estimated by
inspection. Fitted widths of 16 charge-exchange and
13 g-production peaks are consistent with a time resolu-
tion (rms) of &0.8 nsec, a momentum bite of &0.9%,
and the 5.7' angular resolutions of the counters.

B. Normanzation

Neutron detector efficiency was not measured inde-

pendently during the run. We attempted, however, to
equalize the performance of the detectors. We chose

phototube voltages to equalize outputs when beam
pions passed through the detector. At incident-pion
momentum of 780 MeV/c, we made a systematic study
of event rate as a function of neutron-detector pulse
height by varying the dynode discrimination level.
Discriminators were set midway between the region of

poor time resolution (low setting) and rapidly dropping
event rate (high setting).

C. g Production

Neutron-detection efficiency for q production was

calculated by using published total-cross-section mea-
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(a) the relative efliciency of the four neutron coun-

ters, which contributes a 15% fractional error to each

point of the angular distribution at a Axed beam

momentum, but no appreciable error to the energy

dependence of the cross section;

(b) absolute efficiency of the neutron counters, which

contributed a fractional uncertainty of 7% to the scale

of all the cross section values.

Our data are consistent with the existing data on g

production.

FrG. 3. Time-of-Right spectra at 0, 6, 12', and 18' at
m momentum of 805 Mev/c.

surements at 720 and 750 MeV/c. ' We assume that
g's are produced isotropically in the center-of-mass

system at these momenta. ' We found an average neutron

detection eiIIciency of 15&1.0%. The calculated rela-

tive eKciencies of our detectors were equal within

&15%. Table I shows the differential cross section

for e- +p-et)+I at four pion momenta, normalized

to 15% detector efficiency. Only the statistical errors

are given. There are two principal sources of systematic

error:

D. Charge-Exchange Reaction

Neutrons from pion charge exchange have almost

twice the energy of those from p production. We esti-

mate that the detection efficiency for neutrons from

charge exchange is not more than 25% over that for

neutrons from g production and that the relative efB-

ciencies are, as before, equal within &15%. For sirn-

plicity in presenting results, we have calculated dif-

ferential cross sections for pion charge exchange, using

the same 15% neutron-detection efficiency. Table II
shows our data. Our angular distributions at 720 and

780 MeV/c cannot be made consistent with the fitted

solution of Chiu et al. (Fig. 4).
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16, 1221 (1966);W. B. Richards, University of California Radia-
tion Laboratory Report No. UCRL-16195, 1965 (unpublished);
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icos()o,m.
Pion~

momentum~
(Mev/c)Q —1.0~0.01 -0.97&0.02 —0.88 ~0.05 -0.76 +0.07

720
750
780
805

0.54+0.04
0.40+0.03
0.23 &0.03
0.19%0.02

0.51~0.05
0.49 ~0.03
0.42 ~0.04
0.38+0.03

0.39~0.03
0.53~0.03
0.58 &0.03
0.68&0.04

0.34~0.03
0.41 &0.03
0.56 ~0,03
0.62 +0.03

Tmr, E II. Dif'ferential crosS sections for 7(- +p —+ m. +e.
A neutron detection eKciency of 15% is used. Only statistical
errors are shown.
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E. g' Production

We investigated rI' production from ~ +P at 1500
MeV/c, using both charged and neutral triggers. We
find no evidence for g' production in our data. An upper
limit is calculated for the q' cross section at an incident

momentum of 1500 MeV/c, in the form of a ratio
of q' to p production at equal final center-of-mass
momenta. We calculated the expected rms width o-'

of the g' peak from our known time resolution, mo-

mentum bite, and angular resolution. The number of
g' events, E', is calculated:

X'= 0&2[m'(ao')]'"/0. 68,

where e'(+o') is the number of events within the
expected rms width ~0' of the g' peak. Two standard
deviations are assumed for a 90% confidence limit; the
denominator 0.68 corrects for the fraction of events
within one rms width of a Gaussian distribution. Inde-
pendent of the branching ratio for g' decay into charged

and neutral states, we obtain

o (s
—

p —+ ng') 18— (—
o (s-p —+ nq) 40

(at final c.m. momentum of 150 MeV/c) .

Our result is independent of neutron-detection

efficiency.

A search for rt' was made at 1.45, 1.55, and 1.6 BeV/c
with much reduced sensitivity and a negative result.
Using the 750-MeV/c g cross section of Bulos et al. ,'
we obtain

o (m p ~ eq') (60 pb.
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