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A precise measurement of the differential cross section at zero degrees for the pion charge-exchange

reaction m p m n at p = 522 MeV/c has been made. The result is da-/d0 {0')=4.32+0.11 mb/sr.

The fundamental nature of the pion-nucleon interaction
makes it a topic of continuing importance. The theoretical
and experimental status of the subject has been comprehen-
sively reviewed recently by Hohler. ' As one of the calibra-
tion procedures in a recent pion-P-decay experiment, we

obtained data on the reaction m p m n. Because consid-
erable effort went into controlling systematic errors in the
P-decay experiment, the charge-exchange data is also quite
accurate. We have extracted from our data the forward dif-
ferential charge-exchange cross section at an incident pion
momentum of 522 MeV/c, with an estimated accuracy of
2.6%.

The apparatus, described in more detail else~here, is

shown schematically in Fig. 1. The hydrogen target is prob-
ably unique: a 2-m-diam-by-3-m-long vacuum tank filled
with hydrogen gas at one (Los Alamos) atmosphere. The
m 's produced near the forward direction were detected by a
fast coincidence of two y-ray detectors on either side of the
beam. The detectors, a modification of the LAMPF m

spectrometer, had three layers of active lead-glass convert-
ers, each followed by a set of scintillation counters for accu-
rate definition of the fiducial areas and the particle arrival

times. The rear of each detector consisted of a set of lead-

glass blocks to absorb the total energy of the showers.
The experiment was done in the P East beam line at the

Clinton P. Anderson Meson Physics Facility (LAMPF) .
The central beam momentum was 522.1+0.5 MeV/c, as
determined by time-of-flight measurements upon an exten-
sive set of beam-particle types: e, vr, p, d, t, o., and He++.
The momentum width of the beam was Ap/p =5% (full
width at half maximum). Seven data runs were made with

beam intensities of 0.7, 1.4, and 3.3 X 10' pions/sec at 5.80/o

duty factor. Because counters could not be used directly in

such an intense beam, the beam intensity was monitored by
two independent ion chambers and a pair of scintillation
detectors for muons from m p, v decays. After suitable
correction of the ion chambers for beam contamination, the
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FIG. 1. Schematic diagram of the apparatus.

three monitors gave measurements of the pion flux which
were consistent with each other to within 0.5'/0. The sys-
tematic errors in the monitor calibration at a lower, count-
able beam intensity lead to an overall accuracy of 1.0'/0 for
the integrated pion flux.

An absolute measurement of the arrival time of each y
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ray with respect to the beam pions was made by using an
accelerator-derived signai correlated with the time structure
of the beam; a standard deviation of 280 psec was achieved.
After events are selected in the off-line analysis for prompt
coincidence with the beam time and for satisfying the fidu-
cial criteria, the summed energy spectrum is as shown in

Fig. 2. The lower peak is due to m p m m n and m m p
reactions. The total cross section for these reactions is
about 2 mb as opposed to 12 mb for 7r p vr n. Because
of kinematic constraints, the double-pion reactions have
much lower detection probability than the single-pion reac-
tion, except for decays very close to the detectors where the
detection efficiency for m p n n has fallen to zero but
the y's from the double pions enjoy a large solid angle. Be-
cause of the longer joint path taken by the incident pion and

decay y rays, such downstream interactions have measured
times (with respect to the accelerator signal) that are slightly

later than those from events, which originate in the center of
the tank. By exploiting this difference, the nature and

shape of the mm peak can be studied.
The large peak is due to the charge-exchange m 's. The

energy-response function of the system is independently
known from the production of single m 's from a CH2 target
inserted at the center of the tank. The double-pion detec-
tion efficiency from this target is insignificant, so there is a

clean single peak after the effects of charge exchange on
carbon are subtracted out. (The data for this subtraction
were obtained by switching to positive beam and producing
mo's from m+C interactions. ) Knowing the shape of the
energy-response function, the number of events lost in the
tail can be estimated. The contamination of the peak by 7rvr

events is estimated by studying the shape of the lower peak
for events with late times.

The yy coincidence yields per incident- pion, Y, are
corrected for the following rate-dependent effects: (i) dead
time in the lead-glass counters and in the data-acquisition
system, (ii) accidental counts in the veto counters and in

the guard-ring scintillators which defined the fiducial re-

gions, and (iii) loss of events caused by extra particles in

the detector. The corrected yields for each run are sho~n in

Table I. The yield is evidently independent of the intensity;
nevertheless, we make a conservation estimate of the accu-

racy of the true yield by extrapolating to zero intensity, ob-
taining Y = (4.836 +0.071) x 10 8. The 1'/o uncertainty in
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FIG. 2. Spectrum of the sum of the energies of the two coin-
cident y rays after selecting for timing and fiducial-area criteria.

TABLE I. Two-y coincidence yield Y per incident m for runs
of different intensities, after dead-time corrections.

Run
No.

Intensity
(107 m/sec)

y yield
(per 108 m )

328
329
327
333
330
331
332

0.7
0.7
1.4
1.4
3.3
3.3
3.3

4.79S + 0.062
4.970 + 0,087
4.740+ O.QS2
4.892 + 0.064
4.764 + 0.081
4.770 + 0.076
4.899 + 0.078

Average:
Extrapolated to
zero intensity:

4.818 + 0.026

4.836 + Q.OS2

C~ =0.9423 +0.0050 is the probability of the m not vetoing
itself, either through Dalitz decay or through a y converting
in the hydrogen, the tank window, or the veto counter.
C2=0.9923+0.0010 is the probability that neither y-ray
shower will veto itself by leaking out into the veto counters
located along the beam sides of the detectors ~ C3
= 0.9963 + 0.0023 is a combined correction for the hardware
coincidence inefficiency and for an inefficiency in identify-

the integrated m flux has been added in quadrature to ob-
tain the total uncertainty in the extrapolated yield.

An internal determination of the y conversion efficiency
P of each detector is made possible by the modular nature
of the detectors. Coincident y's from pro's produced from
the CH2 target and from the H2 gas are analyzed, selecting
events only on total energy and fiducial area. In the latter
case, the trigger was modified so that in one arm no conver-
sion was required in the modules but only registration in a
central region of the total absorption blocks. In this case,
the interpretation of the data is straightforward, but care is
required in making the energy cut that selects the m sample
and the resulting sample is of limited size. The averaged
results of three runs each on the left and right sides are
PL = 0.7180 + 0.0116 and PR = 0.7.086 + 0.0111.

In the former case the m sample is extremely clean. The
relative number of events converting in each succeeding
plane conveys information about the elementary conversion
efficiency in an individual plane. A simple model of the
detector takes into account the slightly different solid angles
(occurring oniy as ratios) of the three planes with respect to
the target as weil as a small chance of conversion in scintil-
iator dead layers. This model gives good X2 fits to the data
from four different runs, and from the elementary conver-
sion efficiency the overall detection efficiency is computed.
The averaged results are PI. = 0.7198 + 0.0052 and P~
=0.7191+0.0053. There is good agreement between left
and right sides and between the two different types of data.
Averaging left and right, making a small systematic correc-
tion for average-angle of incidence in the H2 case, averaging
the two types of data, and folding in some systematic uncer-
tainties, we have P =0.7178+0.0043. The Monte Carlo
simulation includes the model estimates for the relative con-
version probability in each plane.

The yy yield is related to the forward cross section by

Y= C)C2C3P nF da/dQ(0')
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ing the correct pion beam time.
The average pressure in the tank, as measured by an ac-

curate absolute pressure gauge, was 11.00+0.03 psia, while
the ambient temperature was 20+1'C. Thus the number
density of protons in the tank was n = (3.745 + 0.016) x 10'9
cm ~. The factor F has the dimensions of a length and
represents the detection efficiency integrated over the length
of the target, as evaluated by a Monte Carlo calculation.
The calculation takes into account the detailed dimensions
of the detectors, the beam phase space, an energy cut in
each arm, the timing cut, and the lifetime of the m . We
have used the phase-shift solution E85 of Amdt and Roper
at 400 MeV to provide the shape of the angular distribution
in the Monte Carlo calculation, but the solution of Hohler'
is essentially identical for our purposes. Since the m- detec-
tion efficiency is sharply peaked at 0, falling by half as cosH
goes from 1.0 to 0.985, the results are insensitive to this
shape. The Monte Carlo result is F = 0.623 + 0.010 cm.

From Eq. (1) we then obtain a value for the m p mon

forward differential cross section at p = 522 MeV/c:
d a-/d 0 (0') = 4.32 + 0.11 mb/sr. 9 There is very little
forward-angle charge-exchange data in this (or any other)
energy region, but at 400 MeV (521 MeV/c) there is a
result due to Kravtsov et al. ,

' who found 4.02 + 0.22
mb/sr, consistent with our result. Our value is in excellent
agreement with that predicted by either the phase-shift solu-
tion of Amdt and Roper" (4.26 mb/sr) or that of Hohler'~
(4.26 mb/sr at 520 MeV/c).
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