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The angular distribution for the charge-exchange reaction ~ P-«has been mea-
sured for an incident pion momentum of 6 GeV/'. The cross sections are presented for
a range of crossed four-momentum transfer from & =0.06 (GeV) (180') to L =-1.4 (GeV)
(66' lab). These data are compared with the predictions of Barger and Cline and are
found to be in qualitative but not quantitative agreement.

We present cross sections for the charge-ex-
change reaction

in the backward hemisphere at 6-GeV/c incident
pion momentum. These data were taken at the
alternating gradient synchrotron (AGS) at Brook-
haven National Laboratory. The measurements
were designed to complement those already pub-
lished' on the elastic-scattering cross section
for both positively and negatively charged pions
on protons. In Fig. 1 we show schematically the
experimental layout. The pion beam was incident
from the left and was monitored by the counters
&, and &,. Not shown in the diagram is a thresh-
old gas Cherenkov counter that was used to dis-
criminate against the kaons and antiprotons in
the beam. The halo counter ensured that there
were no particles outside &, nearly coincident
with the beam particle. The hydrogen target H,
was approximately 50 cm long and contained 3.56
g/cm' ~ The triggering logic excluded any reac-
tion with charged particles in the final state, or
any neutral reaction with photons in the forward
cone of approximately 40' half angle. The count-
er labeled "box veto" excluded charged particles
emitted at all but the smallest angles; the veto
counters &„&4and the "plug veto" counter re-

moved the rest. The wall veto and plug counters
were constructed as lead- scintillator sandwich
counters approximately 6 radiation lengths thick.
This combination of counters gave a triggering
rate of 3.4&10 '; the contribution of the charge-
exchange reaction, using our measured cross
sections, was 2 & 10

The identification of the charge-exchange reac-
tion was accomplished by the spark chambers
numbered 1 through 5 in Fig. 1. In this diagram,
chamber 5 is shown upstrean of its actual posi-
tion for clarity; during the experiment, chamber
5 fitted closely onto the ends of chambers 1
through 4. These spark chambers had plates
built of an aluminum-lead laminate' containing
approximately 0.1 radiation length of lead per
plate. Each spark chamber had a total of 5 radi-
ation lengths for photons traversing the plates
normally. The combination of these spark cham-
bers and the forward veto counters gave a 4&

solid angle detector except for some small
cracks between the chambers. Chamber 5 had
holes cut in the plates to admit the beam; these
holes were covered by thin foil so that the beam
track was visible. The chambers were photo-
graphed: chamber 5 in 90' stereo, the other 4
chambers in 35' stereo. An instantaneous beam
rate of 2 x10' pions/sec was used; events with
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FIG. 1. Counter and spark-chamber assembly. Spark chamber 5 is pulled upstream for clarity.
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two beam tracks were excluded from the analysis
and a small correction made.

For each shower two points were measured:
the point of conversion and a point along the
shower to estimate the direction of the photon.
The line formed by these points was extrapolated
toward the beam track and the position on the
beam track that was the point of closest approach
was calculated. For two-shower events a weight-
ed mean of these two points was taken as the
event vertex. Using this vertex and the initial
points of the showers, the photon directions were
calculated. Since the photon velocities are known
it is possible to transform to the c.m. system
without a knowledge of the photon energies. This
has been done, and the opening-angle distribution
for the two-photon events is plotted in Fig. 2.
The charge-exchange reaction produces a &' of
constant momentum in the center-of-mass sys-
tem independent of angle, so that the opening
angles cluster near the minimum opening angle
of 9.6' at 6-GeV/c incident momentum. In Fig. 2

the peak is associated with the charge-exchange
reaction and the background is spread over all
angles. It remains to calculate the fraction of
the events that are included in the peak and the

necessary background subtraction.
The cross section in the backward direction is

very strongly dependent on the crossed four-mo-
mentum-transfer squared &, so that it is neces-
sary to understand the angular dependence of the
background also. We plot in Fig. 2 the measured
opening angle distribution for several intervals
of the apparent + value. This apparent u value
is calculated by taking the bisector of the two
photon directions as the pion direction. This
value is close to the correct & for charge-ex-
change events. The background subtraction is
made by extrapolating the shape from beyond 20
in the opening angle distribution, where the
charge-exchange contribution is very small, into
the charge-exchange region.

We have also made a Monte Carlo estimate of
the background, assuming that the main contrib-
utors are the following reactions:

m +p-K ~A K +pg gy+y,

+p-R+Z -K~ +n+y+y+y,

w p+- nq+-0n+ +y, y

+p -n +no n+y+y+-y.
The first three reactions are approximately
known'; we have an estimate for the fourth from
low-energy data. This method of calculating the
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FIG. 2. Distribution of c.m. angle between gamma
rays for various intervals of u, for two-gamma events.

subtraction is consistent with the extrapolation
method. The subtraction is small everywhere
except near the dip at & =-0.2, where it is 35@
of the total number of events.

The charge-exchange cross sections are ob-
tained from the number of events after back-
ground subtraction which have an opening angle
from 6' to 18 . For a backward &', in over 80 k
of 'the decays within this interval, both photons
have more than 100-MeV laboratory energy, At
u= —1.0, the corresponding fraction is 96L We
take the angle bisector of the two photons as the
&' direction. This raw M distribution, corrected
for background, but not for efficiency or resolu-
tion, is shown in Fig. 3(a). Due to our 3& geom-
etry, we do not expect any strong & dependence
of the efficiency within the & range shown, so
that the main distortion of the shape is due to
resolution smearing. The & resolution arises
mainly, we believe, from the bisector approxi-
mation for the & direction, and from measuring
error, with smaller contributions from multiple
scattering and shower development. This res-
olution varies with + and, for u--0. 2, has an
rms half width 4u =0.1, consistent with the width
of the dip in our uncorrected data. For this rea-
son alone it is clear that the dip is deeper than
our raw data shows.

We have unfolded the effects of efficiency and
resolution using a Monte Carlo event generator,
which simulates all details of our apparatus.
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Table I. Charge-exchange cross sections at 6 GeV jc
are given in column 3. Aa'/Au is the charge-exchange
cross section averaged over the u range 6u in the sec-
ond column, centered at the u value in column 1. The
fourth column lists the 1-standard-deviation relative
error between adjacent points. In addition, there is a
20VO normalization error.

I-1.4 I I I I I (-1.2 1.0 0.8 p.6 -0.4 p 2

~ [(Gev)']
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I'IG. 3. (a) Raw event u distribution after background
subtraction. (b) Differential cross sections do'/du for
the reaction n p- neo at 6-GeV/c lab momentum. The
curves shown are the predictions of Barger and Cline
based on their Regge pole fit to the elastic-scattering
data. The solid line is for P~/P~&0; the dashed line for
for p~/p~&0 [V. Barger and D. Cline, Phys. Rev. Let-
ters 19, 1504 (1967), and V. Barger, private communi-
cation]. (c) Differential cross sections da/du for the
reaction n p —nn at 6-GeV/& lab momentum. The
data shown are from Ref. 5 {Schneider et al.), Ref. 6
(Chase et al. ), and this experiment. The cross sec-
tions are plotted against (u~»-u) ~ to spread out the
cluster of points near u =0.

Since the cross section changes significantly
within our resolution width, the corrections are
somewhat sensitive to the input & distribution

assumed. The input-to-output ratio of the Monte
Carlo events is used to correct the real events,
bin by bin. In practice, only two or three itera-
tions are required, and the cross sections ob-
tained in this manner are not very sensitive to
the input shape used for the last iteration. The
Monte Carlo events generated in this manner
also have an opening-angle distribution, an ap-
parent interaction-location distribution, and a
distribution of photon-conversion points identi-
cal, within statistics, to the corresponding dis-
tributions for real events. Figure 3(b) shows
our resulting cross sections based on 1500
events with the resolution unfolded. The cross
sections and errors are also listed in Table I.
The errors are statistical, increased by appro-
priate factors where the results are most sensi-
tive to the unfolding procedure. In addition we
estimate an overall normalization uncertainty of
20 1, essentially independent of u. Corrections
have been made for muons and electrons in the
beam, accidental veto of beam particles, forward
neutron interactions (particularly in the plug
veto), scanning efficiency, attenuation of the
beam before and in the target, photon conversion
before the box veto counters, Dalitz conversion
of v" s, and the resolution effects mentioned
above. Target-empty corrections are so small
that they have not been made. Also shown in
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Fig. 3(b) are the predictions of Barger and Cline'
based on their Regge pole fits to the elastic-scat-
tering data.

We have analyzed a sample of events using ad-
ditional information. Downstream of the appara-
tus shown in Fig. 1 is an array of spark cham-
bers in which the forward neutron interacts, al-
lowing a measurement of its position. Using this
information and the photon-conversion points,
but not the apparent photon directions, and con-
straining the event to satisfy charge-exchange
kinematics, the event can be reconstructed with-
out using the bisector approximation. The photon
laboratory energies can be calculated and checked
for consistency by spark counting. The results
of this analysis are that events in the 6' to 18'
opening-angle range have energies consistent
with the charge-exchange hypothesis, have solu-
tions close to those found by using the photon
directions alone, and have neutron positions
close to those predicted by the charge-exchange
hypothesis. In addition, the neutron analysis
has better & resolution, and the corrections to
the cross sections predicted by the Monte Carlo
procedure are qualitatively corroborated. We
have not used the neutron analysis in producing
these cross sections, however, because the
measurements are not finished.

Previous to this experiment there have been
two measurements of the angular distribution of
this reaction. " We are in agreement with the
experiment of Schneider et al. who measured in
the region + &-0.2. We are not in agreement
with the experiment of Chase et al. in the regions
u--0. 2 and u&-1.0; in particular our cross sec-
tions have an appreci:ably lower dip value near &

= -0.2. The cross sections for all three experi-
ments are shown in Fig. 3(c) as a function of
(+~«-&)"', to spread out the cluster of points
near m=0.

A least-squares fit of the backward peak by the
form Ae " "~» using the first six points,
gives & = (14.4 + 1.4) pb/(Ge V)' and & = (15.7 + 1.4)
(GeV) ', in agreement with the Schneider et al.

fit and with a preliminary, unpublished point of
Kistiakowsky et al. '

Similar exposures were made at 10- and 14-
GeV/c incident momentum and are now being
analyzed. In addition, the neutron analysis is
being continued to improve resolution, and also
as an aid in extracting the backward g and ~
cross sections.
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