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Measurements are reported of the differential cross section for the reaction m p ~n p, vr n, and g n at three
angles close to 180' and for incident momenta in the range 0.6 to 1.0 GeV/c. The three measurements were
made simultaneously at 1% intervals of beam momentum. The data on elastic scattering resolve a discrepancy
between two earlier experiments. They also show clearly the effect of the opening of the q n channel. The
charge-exchange data show that I-spin bounds are not violated in the kinematic region covered. The g n data
can be adequately described with known s-channel resonances. No evidence for narrow Na's is seen in any
channel.

I ~ EXPERIMENT

We present the results of an experiment per-
formed at the Rutherford High Energy Laboratory
to measure the differential cross sections of the
reactions

m' p pr

7T p~ n1T

r p n'9

at three angles close to 180' in the center-of-mass
system, for pion momenta in the range 0.6-1.0
GeV/c. Figure 1 shows a plan of the apparatus,
much of which was previously used for a study of
meson thresholds. ' A beam of negative pions was
incident upon a liquid-hydrogen target 29.4 cm
long, and the recoiling nucleons were detected
in an array of ten "neutron" counters situated 7 m
downstream of the target. A set of counters, +y yp,

covering the front faces of the neutron counters,
determined the charge state of the nucleon. Re-
actions were further identified by a measurement
of the recoil particle's time of flight, and by the
detection of reaction products in an array of y
detectors and charged-particle detectors sur-
rounding the hydrogen target. The direct detection
of the nucleon enabled a precise determination
of the scattering angle to be made and also allowed
all three reactions to be observed simultaneously.
This feature was combined with a fine resolution
on the incident momentum with measurements at
closely spaced intervals.

The beam of negative pions was produced by
collisions of the circulating proton beam in Nim-
rod on an internal copper target, and was trans-
ported to the hydrogen target by a two-stage beam

line. The first stage accepted a 2%%uo bite of mo-
menta and formed an image at an intermediate
focus. The particles were momentum analyzed
in the second stage and brought to a second focus
in the hydrogen target. The spectrometer con-
sisted of a bending magnet and quadrupole doublet
with hodoscopes at conjugate foci of the doublet.
With this system, beam particles were assigned
to momentum bins of 1% separation; the momen-
tum distribution in each bin being approximately
triangular upon a base of width 2%. Three ad-
jacent bins were accepted for each setting of the
spectrometer central momentum.

Apart from some changes to the hodoscope coun-
ters, the techniques used were similar to those
described in Ref. 2. Electrons in the beam were
vetoed using a CO, gas Cerenkov counter, situ-
ated upstream of the spectrometer, and contam-
ination by muons was measured in a separate ex-
periment using a high-pressure Freon-13 gas
Cerenkov counter. Typical numbers of useful
beam particles accepted during the Nimrod spill
time of about 200 msec were 2 X10 at 0.6 GeV/c
and 1.6 X10' at 1.0 GeV/c.

The currents required in the spectrometer di-
pole and quadrupole magnets were determined by
separate calibrations using the floating-wire tech-
nique. By tensioning the wire over an air-bearing
pulley, the equivalent particle momentum could
be determined to 0.02'%%uo'', and calibrations made
before and after the data collection period agreed
to within this accuracy. The momentum scale,
which was determined by the dipole field, was
transferred to the frequency scale of a nuclear-
magnetic-resonance probe placed inside the mag-
net, by calibrating the spectrometer momentum at
several settings and interpolating to intermediate
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F&G. 1. Layout of apparatus. Negative pions enter from the right and either interact in the hydrogen target or are
vetoed by counters V& and V2. Neutrons and protons at angles up to 6.5 ' to the beam are detected in counters N& &0 and
are distinguished by counters A& &0. Details of the target region are shown in Fig. 2.

points. The dipole-magnet current was stable to
1 part in 10', and the currents in the quadrupole
magnets to 1 part in 10'.

The ten neutron counters each consisted of a
cylindrical volume of NE 102A plastic scintillator,
30 cm in diameter by 30 cm deep, whose down-
stream circular face was viewed by a 58 AVP
photomultiplier via a tapered light guide. The
centers of their faces were arranged on three
circles concentric to the beam axis. These circles
lay in a plane 7 m downstream of the hydrogen
target's center, where their radii subtended angles
of 2.6', 4.5', and 6.5', respectively. Four coun-
ters were arranged on the innermost ring, while
the middle and outer rings contained three each.
The time of flight was measured between a neutron
counter and a beam counter S (Fig. 2). A full de-
scription of the operation of these counters can be
found in Ref. 1. This reference also contains de-
tails of the on-line fast logic system.

The arrangement of the charge counters and y
detectors surrounding the hydrogen target is
shown in Fig. 2. The counters P, A„and 8, col-
lectively referred to as the proton counter, inter-
cepted all recoil particles that passed directly
from the hydrogen target to the neutron counters,
and could therefore be used to cross check the A
counter firings. The rest of the decay array iden-
tified reaction products emerging from the target.
The 47 y detectors made up of 20 "lid" counters,
I G, 19 "cylinder" counters, CG, and 8 "back"
counters, &G, covered a 3.6w-sr solid angle about
the target. They were faced by the charged-par-
ticle detectors Cy 20 and &, , The array diff er s
from that described in Ref. 1 in the addition of the
back y detectors. These counters used a three-
layer lead-scintillator sandwich construction, with
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FIG. 2. Details of the decay array (Fig. 1). The
hydrogen target is almost surrounded by charged-
particle detectors I'-, 8& 2, C& 20, and B& I, and y
counters I Gf 20, CGg g9, and BG& 8. Counter 8 defines
the time of arrival of the ~. Hodoscope counters H&

formed part of the ~ momentum spectrometer.

a total thickness of 4.2 radiation lengths, to con-
vert and detect the y's. They occupied eight of
ten 36' azimuthal sectors about the beam axis and
were designed to detect the high-energy (typically
200 MeV) p's originating from the decay of neu-
tral pions produced in the backward charge-ex-
change reactions, and did so with an efficiency
of approximately 85/. The q's produced at back-
ward angles in this experiment moved slowly in the
laboratory system, and their decay products
emerged almost isotropically from the hydrogen
target. In particular, the opening angle between
the y's jn the q-2y decay was close to 180'.
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Backward elastically scattered pions were often
detected in the back charge and y counters, al-
though approximately 40% of them escaped detec-
tion by passing out through the beam entrance
hole. During the data collection period of 26 days,
an average of 300-million incident pions was ac-
cumulated in each of the 52 19' momentum inter-
vals between 0.6 and 1.0 GeV/c. Essentially all
events with a delayed pulse from the neutron count-
ers were recorded. In the subsequent analysis,
the time-of-flight spectra were studied in conjunc-
tion with information available from the neutron
counters and decay counters. The time of flight
was determined with respect to the timing ob-
served for fast scattered beam particles. A sam-
ple of such events, referred to as the "fast peak"
was collected contemporarily with the data. The
resolution of the spectra was maximized by apply-
ing corrections to the raw time-of-flight informa-
tion for the neutron-counter pulse height (sepa-
rately for neutrons and protons), and for the timing
differences between individual counters.

500-
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II. DATA REDUCTION

The first aim of data reduction was to use the
detailed information available for each event to
reduce background levels. Residual backgrounds
in the selected time-of-flight spectra were dom-
inated by pion production processes, and their
shapes were derived using Monte Carlo simulations
of these reactions. The selection efficiencies,
which were predicted to vary only slowly with mo-
mentum, were estimated from detailed studies of
rejected events at selected momenta where the
cross sections were large and the signal peaks
well resolved. Efficiencies at other momenta were
found by extrapolations based on Monte Carlo
predictions.

A large class of triggers, at short time of flight,
originated from the scattering of beam pions into
the neutron counters from nearby structural mate-
rial. Almost all of these events were eliminated
by placing suitable requirements on the data. Most
of the charged particles entering the neutroncount-
ers from the side were rejected by requiring that
a single neutron counter had fired, and that the A-
counter and proton-counter states agreed. Cuts in
the neutron-counter pulse height were made to
separate fast pions from the slower, more ion-
izing protons. The effect of these cuts can be
seen in Fig. 3. The rejection of signal events in
this process was measured to be (with some vari-
ations between the neutron-counter rings) approxi-
mately 12% for protons and 16/ for neutrons. Rea-
sons for the rejection of these events included
cross talk between the neutron counters, and the

6 20 X3

TIME OF FLIGHT (nsed

FIG. 3. Time-of-flight spectra for an incident mo-
mentum of 0.790 GeV/c. Selections of good proton (a)
and neutron {b) events were made with suitable neutron
counter and A counter requirements, and show signal
peaks from elastic and charge-exchange scattering and
rj productions with backgrounds consisting mainly of
pion production events. Rejected events, (c) and (d), are
largely associated with fast beam pions which scatter
near the neutron counters but include 12% of good proton
and 16% of good neutron events.

failure of the pulse-height requirement by some of
the neutron recoils. It was estimated that 2% of
the g production events were rejected because they
sent charged decay products into the proton count-
er.

From the remaining sample, elastic and charge-
exchange scattering and q production events were
selected by making suitable cuts using the decay
array data. The cuts were designed to minimize
the background levels under the peaks while pre-
serving sizable proportions of the signal events.
The q production sample was made up of ly events
detected in the lid counters, 2y events with large
azimuthal separation of the y's, and &2y events
from the q-3m' decay. The charge-exchange
scattering selection was composed of the remain-
ing ly and 2y events, and the elastic scattering
sample required a charged particle to be detected
in the back charged particle and y detectors. Some
typical time-of-flight spectra that resulted from
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these selections are shown in Fig. 4.
Backgrounds under the selected signal peaks

were contributed mainly by the nonresonant one-
and two-pion production reactions. Monte Carlo
simulations were made of these reactions to study

the shapes of their time-of-flight spectra. The
interactions were randomly generated throughout

the target volume, and, if the recoil nucleon en-
tered the neutron counters, the interaction of the

decay products with the counter array was simu-
lated. ' In this way, any effect of the decay selec-
tions on the background time-of-flight distributions
was taken into account.

In the simulations which were carried out for

FIG. 4. Time-of-flight spectra, at three different
momenta, in which reaction signals have been selected
from the good neutron and good proton samples using the

decay array information. The charge-exchange (a) and

q production (b) selections show the effectiveness of the

decay configuration cuts in separating the signals and the

increasing proximity of the peaks with momentum.
Backgrounds are contributed mainly by the neo~ final
state. The elastic-scattering selections (c) were selected
from the good proton sample by simply requiring a single
charged particle in the back of the decay array.

twelve momenta over the range of the experiment,
the reactions were first assumed to have phase-
space mass distributions and isotropic productions
in the c.m. system. The generated shapes were
afterwards compared with samples of the back-
ground events (selected by suitable decay array
cuts), and the mass and momentum-transfer dis-
tributions adjusted to give agreement. For the
Pm' m' final state, the dipion mass distribution
was found to be adequately predicted by phase-
space considerations, but it was found necessary
to weight the nm'n and em w dipion systems in
favor of the higher masses. These finding are in
agreement with previous observations. ' '

The shapes of the simulated time-of-flight spec-
tra were extended to intermediate values of the
incident momentum by fitting them and observing
the variations of their fit parameters with energy.
In the generation of the spectra, the errors in the
experimental time-of-flight measurement, whether
due to the depth of the neutron counters or present
intrinsically in the electronics, were neglected.
These effects were included later by convoluting
the parametrized shapes with a Gaussian error
function. The data required this function to have
a standard deviation of 0.50 and 0.53 nsec for pro-
tons and neutrons, respectively.

Having derived the background shapes in this
way, the time-of-flight spectra at every angle and
momentum were fitted, and the numbers of events
in the signal peaks measured. There were between
200 and 1200 signal events in each elastic-scatter-
ing spectrum. The charge-exchange selections
contained between 150 and 800 signal events each,
and the q production spectra around 200 events.
The numbers were not sensitive to changes in
background shapes. In the worst case, for charge-
exchange signals at high momenta, a + 5$ sys-
tematic error is ascribed to the measurements.
As a further check on the subtraction of the back-
grounds under the charge-exchange and g produc-
tion peaks, measurements were made on a set of
spectra in which the decay selections were made
more restrictive and the background proportions
correspondingly lower. For both reactions, the
ratio between the amounts of signal in the different
selections was constant with energy, as predicted
by Monte Carlo calculations. Therefore, while
the restricted selections suffered from a lack of
statistics, and were not suitable for the final anal-
ysis, the measurements on them lent confidence
to the background subtractions in the chosen selec-
tions.

The efficiencies with which the decay array cuts
selected the reaction signals from the good recoil
trigger samples were predicted from Monte Carlo
studies to vary smoothly and slowly with momen-
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turn, and it was therefore sufficient to determine
them at a few momenta only. The measurements
of the efficiencies were compared with the pre-
dictions of the Monte Carlo program. Agreement
was good in the case of the g production signals,
which has a selection efficiency of (54 +2)%, and
the measurements are consistent with the known
branching ratio for (q-neutrals)/(q-total). Mea-
surements of the elastic and charge-exchange
scattering selection efficiencies became difficult
for momenta above 0.75 GeV/c, where backgrounds
under the total good recoil selections were high.
Efficiencies in this region were determined by
using the Monte Carlo predicted variations with
energy to extrapolate the measured values from
lower momenta. Selection efficiencies of the
charge-exchange cuts, found in this way, were
between 64% and 80% in the different neutron-
counter rings, and varied with energy by not more
than 4% in any given ring. The elastic-scattering
selection was less efficient, between 48% and 64%,
with up to 6% variation with momentum at any
angle.

The efficiency of the neutron counters for de-
tection of neutrons was calculated using the Monte
Carlo program devised by Stanton. ' This program
is optimized to give agreement with measurements
covering a variety of counter designs, neutron
energies, and threshold biases. The kinetic en-
ergies of the neutrons observed in this experiment
were all greater than 150 MeV, and in a region
where the detection efficiency is approximately
constant. The threshold for detected neutrons was
measured to be 8 +2 MeV electron equivalent en-
ergy, but efficiencies were predicted to be not
strongly dependent on this quantity. The calculated
efficiency for normally incident neutrons, 0.240
+0.012, agrees well with an extrapolation from
measurements made on these counters with up to
140-MeV neutron energy. '

The proportions of the measured signals which
originated from interactions outside the liquid
hydrogen were deduced from data collected at
three momentum points with the target flask empty.
This was done by remeasurement of the signal
peaks after subtraction of the "hydrogen out" data,
renormalized to the same number of incident
pions. The necessary correction was small (&4/p)
for g production events. For charge-exchange and
elastic scattering, the corrections were larger
and followed similar behaviors, rising from (8 +3)%
at 0.66'? GeV/c to (20 + 5)% at 0.899 GeV/c. The
correction, as a percentage, appeared to rise
smoothly with momentum, and this was assumed
to be the correct form in which to apply it. The
assumption that it is the absolute number of events
that varies smoothly with momentum leads to a

lowering of the charge-exchange and elastic-scat-
tering cross sections at their dips by 5% and by
less elsewhere. The correction can be understood
with a simple model in which the pions scatter on
nucleons in a carbon nucleus. ' This correctly
predicts the increasing confusion of carbon and
hydrogen scattering events with increasing energy.

In the calculation of the reaction cross sections,
normalizations were corrected for a number of
effects. Muon contamination amounted to 8% at
0.6 GeV/c, and 4.4% at 1.0 GeV/c. Other con-
taminants were negligible. The pion fluxes were
corrected by 6% to allow for interaction losses
before and within the hydrogen target. Monte Carlo
calculations indicated that 2/p of the elastic events
detected in the innermost neutron-counter ring
vetoed themselves by sending the scattered pion
into the H counters. The loss of recoil particles
by interactions in flight amounted to 4%, and 2/0
of the neutron recoils produced pulses in the A.

counters, whether by direct interaction or via the
products of neutron-carbon reactions in the neutron
counters. Neutrons which interacted in the A
counters without triggering them caused a 1% in-
crease in the effective length and efficiency of the
neutron counter s.

III. RESULTS

The differential cross sections for the elastic
scattering and charge-exchange scattering are
given in Table I, and those for the g production
reaction in Table II. The quoted errors are the
statistical uncertainties on the measurements.
The values of the incident pion momenta are cor-
rected for energy loss after the vacuum pipe, and
carry an absolute error of +0.1%, due mainly to
uncertainties in hodoscope positions relative to
floating-wire points. The momentum distribution
in each bin has a full width at half maximum FWHM
of 1.2$. The solid angles subtended by the neutron
counters in the c.m. system were calculated by a
Monte Carlo method. For the scattering reactions,
the inner, middle, and outer rings subtended
ranges in cosa, . with FWHM approximately equal
to 0.006, 0.010, and 0.020, respectively.

Over-all normalization errors derive mainly
from uncertainties in the selection efficiencies and
nonhydrogen scattering subtractions. They vary,
for the elastic-scattering cross sections, from
+'Ig at 0.6 GeV/c to + 11%at 1.0 GeV/c, and for
charge-exchange scattering from + 11$ to + 14%
in the same momentum range. For g production,
the uncertainty is +10% throughout. These errors
are largely uncorrelated over momentum intervals
of more than about 15%, and, since selection effi-
ciencies and background shapes vary appreciably
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TABLE I. r p elastic-scattering and charge-exchange differential cross sections.

(GeV/c)

0.5993

0.6053

0.6114

0.6176

cose,

-0.995
-0.986
-0.970
-0.995
-0.986
-0.970
-0.995
-0.986
-0.970
-0.995
-0.986
-0.970

x p~7f'p
do/dQ

(mb/sr)

1.273+ 0.026
1.242 + 0.024
1.244+ 0.026
1.287 + 0.023
1.259 + 0.022
1.274 + 0.023
1.342 + 0.025
1.254 + 0.023
1.350 + 0.026
1.280 + 0.030
1.326+ 0.030
1.312~ 0.032

m p-x'n
da'/dQ

(mb/sr)

0.194+ 0.018
0.228 + 0.021
0.248 + 0.021
0.224 + 0.017
0.239+ 0.019
0.226 + 0.018
0.260 + 0.020
0.231+ 0.020
0.263 + 0.021
0.266 + 0.025
0.231+ 0.024
0.265+ 0.026

(GeV/c)

0.7108

0.7180

0 ~ 7252

cos8,

-0.995
-0.985
-0.969
-0.995
-0.985
-0.969
-0.995
-0.985
-0.968
-0.995
-0.985
-0 ~ 968

7l' p ~7I' p
da'/dQ

(mb/sr)

1.370+ 0.017
1.354 + 0.017
1.384 + 0.019
1.271+ 0.017
1.284 + 0.017
1.319+0.018
1.178+ 0.016
1.176+ 0.015
1.213+ 0.017
1.066+ 0.016
1.122 + 0.016
1.'161+ 0.018

w p-n-'n
«/dQ
(mb/sr )

0.637+ 0.022
0.660+ 0.023
0.672 + 0.023
0.642+ 0.022
0.645+ 0.023
0.641+ 0.023
0.556+ 0.020
0.631+ 0.022
0.585 + 0.021
0.536+ 0.021
0.557+ 0.023
0.649+ 0.024

0.6238

0.6301

0.6365

0.6429

-0.995
-0.986
-0.970
-0.995
-0.986
-0.969
-0.995
-0.986
-0.969
-0.995
-0.986
-0.969

1.341+ 0.027
1.319+0.026
1.349+ 0.029
1.401+ 0.030
1.327 + 0.028
1.450+ 0.032
1.331+ 0.029
1.357+ 0.029
1.365+ 0.031
1.322+ 0.026
1.374 + 0.026
1.438 + 0.029

0.335+ 0.025
0.346+ 0.027
0.322 + 0.025
0.314+ 0.026
0.33S+ 0.028
0.292 + 0.026
0.417+ 0.030
0.350 + 0.029
0.371+ 0.029
0.377+ 0.025
0.415+ 0.028
0.392 + 0.027

0.7325

0.7399

0.7474

0.7549

-0.995
-0.985
-0.968
-0.995
-0.985
-0.968
-0.995
-0.985
-0.968
-0.995
-0.985
-0.968

1.026 & 0.017
1.032 + 0.016
1.046 + 0.018
0.889 + 0.015
0.908 + 0.015
0.936 ~ 0.016
0.826 + 0.014
0.835 + 0.014
0.879+ 0.016
0.704+ 0.013
0.781+ 0.014
0.778+ 0.015

0.490 + 0.021
0.589+ 0.024
0.541+ 0.023
0.498 + 0.020
0.544+ 0.023
0.531+ 0.022
0.439+ 0.019
0.478 + 0.021
0.532 + 0.022
0.402 + 0.019
0.478 + 0.022
0.528+ 0.023

Q.6494

0.6560

0.6626

0.6693

-0.995
-0.986
-0.969
-0.995
-0.986
-0.969
-0.995
-0.986
-0.969
-0.995
-0.986
-0.969

1.428 + 0.030
1.401+ 0.029
1.473 + 0.032
1.409+ 0.030
1.418+ 0.030
1.419+ 0.032
1.430 + 0.027
1.397+ 0.026
1.423 + Q. Q29

1.440 + 0.021
1.500+ 0.021
1.518+ 0.022

0.437 + 0.030
0.470 + 0.033
0.435 + 0.031
0.524 + 0.034
0.477 + 0.034
0.382+ 0.030
0.487+ 0.029
0.434 + 0.029
0.455 + 0.029
0.498 + 0.022
0.574+ 0.025
0.501+ 0.023

0.7625

0.7702

0.7779

0.7858

-0.995
-0.985
-0.968
-0.995
-0.985
-0.968
-0.995
-0.985
-0.968
-0.995
-0.985
-0.968

0.617+ 0.011
0.647 + 0.012
0.693 + 0.013
0.553 + 0.011
0.591 + 0.011
0.629+ 0.012
0.467 + 0.010
0.519+ 0.010
0.584 + 0.012
0.422 + 0.009
0.453 + 0.009
0.492 + 0.010

0.365+ 0.016
0.420 + 0.018
0.473+ 0.019
0.304+ 0.014
0.431+ 0.018
0.447 + 0.018
0.265 + 0.014
0.368+ 0.017
0.419+ 0.018
0.249+ 0.012
0.357+ 0.016
0.417+ Q. 017

0.6760

0.6828

0.6897

0.6967

-0.995
-0.986
-0.969
-0.995
-0.986
-0.969
-0.995
-0.986
-0.969
-0.995
-0.985
-0.969

1.483 + 0.020
1.469 + 0.019
1.522 + 0.021
1.551+ 0.017
1.564+ 0.016
1.565 + 0.018
1.518+ 0.016
1.522 + 0.016
1.550+ 0.018
1.431+ 0.016
1.445 + 0.016
1.476 + 0.017

0.593+ 0.023
0.646 + 0.025
0.576+ 0.024
0.604+ 0.019
0.652 + 0.021
0.649 + 0.020
0.653+ 0.020
0.680+ 0.021
0.630+ 0.020
0.640 + 0.019
0.670+ 0.021
0.637+ 0.020

0.7937

0.8017

0.8098

0.8179

-0.995
-0.985
-0.968
-0.995
-0.985
-Q.967
-0.995
-0.985
-0.967
-0.995
-Q.985
-0.967

0.357 + 0.007
0.393+ 0.008
0.449+ 0.009
0.312+ 0.007
0.357 + 0.008
0.418 + 0.009
0.284+ 0.006
0.316+ 0.007
0.351+ 0.008
0.246 + 0.006
0.301+0.007
0.358 + 0.008

0.237+ 0.011
0.296+ 0.013
0.371+ 0.015
0.209 + 0.010
0.330~ 0.Q14
0.423+ 0.016
0.194+ 0.010
0.286+ 0.013
0.394+ 0.015
0.164+ 0.009
0.265 + 0.012
0.373+ 0.014
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(GeV/c) cos&c.m.

XP~xP
40/dQ

(mb/sr) (GeV/c) cos0,

Table I. (Conginuecp

X P~7l'8
~&/dQ

&mb/sr)

'F P ~7|' P
do /dQ

(mb/sr)

K P~7r n

do/&Q

(mb/sr)

0.8262

0.8345

0.8429

0.8514

0.8599

0.8686

0.8773

0.8862

0.8951

0.9041

-0.995
-0.985
-0.967
-0.995
-0.985
-0.967
-0.995
-0.985
-0.967
-0.995
-0.985
-0.967

-0.995
-0.985
-0.967
-0.995
-0.985
-0.967
-0.995
-0.985
-0.967
-0.995
-0.984
-0.967

-0.995
-0.984
-0.966
-0.995
-0.984
-0 ~ 966

0.222 + 0.005
0.268 + 0.006
0.335+ 0.008
0,198+ 0,005
0.244 + 0.006
0.319+ 0.007
0.180+ 0.005
0.244 + 0.006
0.326+ 0.007
0.178+ 0.005
0.235 + 0.006
0.314+ 0.007

0.168+ 0.004
0.241 + 0.005
0.329 + 0.007
0.156+ 0.004
0.225 + 0.005
0.322 + 0.007
0.157+ 0.004
0.234 + 0.005
0.341+ 0.007
0.165+ 0.004
0.244+ 0.005
0.366 + 0.007

0.163+0.004
0.258 + 0.006
0.371+0.007
0.165+ 0.004
0.263+ 0.006
0.393+0.008

0.184+ 0.009
0.278 + 0.012
0.374+ 0.014
0.158+ 0.008
0.268 + 0.011
0.396+ 0.014
0.140+ 0.008
0.271+ 0.012
0.406+ 0.014
0.142+ 0.008
0.272+ 0.012
0.406 + 0.014

0.142+ 0.008
0.291+ 0.012
0.420 + 0.014
0.161+ 0.008
0.305+ 0.012
9.438+ 0.014
0.171+ 0.008
0.306+ 0.012
0.468+ 0.015
0.183+ 0.008
0.302 + 0.012
0.447 + 0.014

0.183+ 0.008
0.316+ 0.012
0.538+ 0.016
0.200+ 0.009
0.353+ 0.013
0.514+ 0.015

0.9132

0.9224

0. 9317

0.9410

0.9505

0.9601

0.9697

0.9795

0.9893

0.9993

-0.995
-0.984
-0.966
-0.995
-0.984
-0.966

-0.995
-0.984
-0.966
-0.995
-0.984
-0.966
-0.995
-0.984
-0.966
-0.995
-0.984
-0.966

-0.995
-0.984
-0.966
-0.995
-0.984
-0.965
-0.995
-0.984
-0.965
-0.995
-0.984
-0.965

0.165+ 0.004
0.279 + 0.006
0.414 + 0.008
0.170+ 0.005
0.303+ 0.007
0.448+ 0.009

0.197+ 0.007
0.338 + 0.009
0.478 + 0.012
0.210 + 0.006
0.358 + 0.008
0.517+ 0.011
0.229 + 0.006
0.375 + 0.008
0.535+ 0.011
0.244+ 0.007
0.411+ 0.010
0.558 + 0.013

0.251 + 0.007
0.423 + 0.009
0.550 + 0.012
0.251+ 0.006
0.434+ 0.008
0.623 + 0.011
0.276 + 0.007
0.460 + 0.010
0.653 + 0.014
0.268+ 0.009
0.459 + 0.013
0.639+ 0.017

0.218 + 0.009
0.441 + 0.014
0.596+ 0.016
0.218+ 0.010
0.406+ 0.015
0.548 + 0.017

0.246+ 0.014
0.417+ 0.019
0.634+ 0.024
0.223+ 0.011
0.383+ 0.016
0.629+ 0.021
0.265 + 0.012
0.445 + 0.017
0.700 + 0.022
0.306+ 0.015
0.461+ 0.020
0.736+ 0.025

0.309+ 0.014
0.505 + 0.019
0.743 + 0.024
0.330+ 0.013
0.495 + 0.017
0.820+ 0.022
0.377+ 0.016
0.584+ 0.022
0.830 + 0.026
0.380 + 0.020
0.562+ 0.027
0.795+ 0.033

between the neutron-counter rings, error correla-
tions over the different angles should be assumed
small.

For the purposes of comparison, we have made
a small linear extrapolation of the present data to
cos6), =-1, where L9~ is the scattering angle in
the c.m. system. A marked feature of the elastic-
scattering cross section at 180' (Fig. 5) is the
sharp change in its energy dependence between
0.6828 GeV/c and 0.6897 GeV/c, an effect of the
opening of the gN channel. There is good agree-
ment between the measurement of Rothschild et al. '
and the present data over most of the momentum
range. However, there is disagreement with the
cross sections of Crabb et al. '0 between 0.70 GeV/c
a,nd 0.85 GeV/c, much of it clearly due to a dis-
parity between the momentum scales. An inde-
pendent check of the technique used in this paper
for determining the momentum scale can be ob-
tained from the measured mass of the q and other
mesons. For example, using Particle Data Group
value of m„, the cusp is predicted to occur at a
momentum of 0.6855 GeV/c. Existing phase-shift

solutions (not shown) do not follow the detailed be-
havior across the threshold. The data are inade-
quate for an analysis of the shape of the cusp itself
to be possible.

The charge-exchange extrapolated cross sections
are in good agreement with the measured 180'
points of Hyman et a/. This last experiment did
not extend above 0.8 GeV/c, and at higher incident
momenta there were no existing cross-section
data for this reaction close to cos8, = —1. How-
ever, expansions of the differential cross sections
of Bulos et al."at 0.860 GeV/c and 0.930 GeV/c
had suggested that the backward cross sections
dipped to very low values. It has been noted" that
these extrapolations violate the lower isospin bound
as calculated from the backward x'P and w P elas-
tic cross sections of Rothschild et al.' Figure 6
shows how, far from violating these isospin
bounds, the present data lie well within them.
From the present data, it is calculated that, above
0.'I'IO GeV/c, there is an unusually constant phase
difference of 95+ 5' between the I=

& and I= ~wN

amplitudes. Existing phase-shift solutions do not
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TABLE II. Differential cross sections for the reaction vr p- gn.

(Ge V/c) cos0,
do. /dQ

(mb/sr) COSOq m

da'/dQ

(mb/sr) COSH q m

da/dO
(mb/sr )

0.6967
0.7037
0.7108
0.7180
0.7252
0.7325

-0.937
-0 ~ 96Q
-0.969
-0.975
-0.978
-0.981

0.097+ 0.002
0.133+ 0.004
0.142 + 0.005
0.157+ 0.005
0.188+ 0.007
0.199+0.008

-0.804
-0.877
-Q.908
-0.924
-0.935
-0.942

0.091~ 0.002
0.124 + 0.004
0.140 + 0.005
0.180+ 0.006
0.193+ 0.008
0.191+ 0.008

-0.537
-0.725
-0.796
-0.834
-0.858
-0.874

0.067+ 0.002
0.134+ 0.004
0.145+ 0.005
0.154+ 0.006
0.180+ 0.007
0.198+ 0.009

0.7399
0.7474
0.7549
0.7625
0.7702
0.7779

-0.983
-0.984
-0.985
-0.986
-0.987
-0.987

0.207+ 0.008
0.243 + 0.009
0.251 + 0.010
0.226+ 0.009
0.249 + 0.009
0.247 + 0.010

-0.948
-0.952
-0.955
-0.958
-0.960
-0.962

0.216 + 0.009
0.235 + 0.010
0.218+ 0.010
0.236 ~ 0.010
0.239 + 0.010
0.259~ 0.011

-0.886
-0.896
-0.903
-0.909
-0.914
-0.918

0.198+ 0.009
0.253+ 0.011
0.235+ 0.011
0.218+ 0.010
0.241~ 0.011
0.253 + 0.011

0.7858
0.7937
0.8017
0.8098
0.8179
0.8262

-0.988
-0.988
-0.989
-0.989
-0.989
-Q. 990

0.240+ 0.009
0.276+ 0.009
0.225+ 0.009
0.249+ 0.009
0.229+ 0.009
0.258+ 0.009

-Q.964
-Q. 965
-0.966
-0.967
-0.968
-0.969

0.235 + 0.010
0.239 + 0.010
0.231 + 0.010
0.261 + 0.011
Q. 254+ 0.011
0.234+ 0.010

-0.922
-0.925
-0.927
-0.930
-0.932
-0.934

0.226 + 0.010
0.224+ 0.010
0.215+ 0.010
0.214+ 0.010
0.226+ 0.010
0.220+ 0.010

0.8345
0.8429
0.8514
0.8599
0.8686
0.8773

-0.990
-0.990
-0.990
-0.991
-Q.991
-0.991

0.257+ 0.009
0.230 + Q.009
0.263 + 0.010
0.262 + 0.010
0.226+ 0.009
0.257+ 0.010

-0 ~ 970
-0 ~ 971
-0.971
-0.972
-0.972
-0 ~ 973

0.239+ 0.010
0.243+ 0.010
0.227+ 0.010
0.242 + 0.010
0.222+ 0.010
0.211+ 0.010

-0.935
-0.937
-0.938
-0.939
-0.941
-0.942

0.227+ 0.010
0.252+ 0.011
0.203~ 0.010
0.203 + 0.010
0.205+ 0.010
0.206 + 0.010

0.8862
0.8951
0.9041
0.9132
0.9224
0.9317

-0.991
-0.991
-0.991
-0.991
-0.992
-0.992

0.265+ 0.010
0.246+ 0.010
0.285+ 0.010
0.241 + 0.009
0.267 + 0.011
0.269 + 0.015

-0.973
-Q.974
-0.974
-0.975
-0.975
-0.975

0.268+ 0.011
0.248+ 0.011
0.205 + 0.010
0.206 + 0.010
0.228+ 0.012
0.239+ 0.016

-0.943
-0.943
-0.944
-0.945
-0.946
-0.946

0.213+0.010
0.225+ 0.010
0.202 + 0.010
0.184+ 0.009
0.199+ 0.011
0.179+0.014

0.9410
0.9505
0.9601
0.9697
0.9795
0.9893
Q.9993

-0.992
-0.992
-0.992
-0.992
-0.992
-0.992
-0.992

0.216+ 0.012
0.202 + 0.011
0.163+ 0.012
0 ~ 187+ 0.012
0.167+ 0.010
0 ~ 161+0.012
0.156+ 0.015

-0.975
-0.976
-0.976
-0.976
-0.976
-0.977
-0.977

0.190+0.012
0.191+0.012
0.198+ 0.014
0.172+ 0.013
0.143+ 0.010
0.135+ 0.012
0.179+ 0.018

-0.947
-0.948
-0.948
-0.948
-0.949
-0.949
-0.950

0.200 + 0.013
0.138+0.011
0.134+ 0.012
0.128+ 0.011
0.126+ 0.010
0.126+ 0.012
0.089+ 0.013

predict this behavior.
Several partial-wave analyses have studied the

gN channel, both singly and in conjunction with
other reactions. A recent single-channel analysis
has fitted n' P g production data up to P~ =400
MeV/c. ". It can be seen from Fig. 7 that the pre-
dictions of this solution for 180' are in very poor
agreement with our extrapolated cross sections
in the incident momentum range 0.8 GeV/c to 0.9
GeV/c. The measurements of Hyman et al. ' on
the backward production of g's, which were not in-
cluded in the analysis, also differ from the pre-
dictions in this range.

%e have fitted the present data on g production,
together with existing differential cross sections
below 1.005 GeV/c, ' "'"with a model which in-
cludes only direct-channel poles and resonances.
The following have been considered: N(938),
P„(1465),S„(1515),D,~(1520), D„(1670),E„(1685),
S»(1700), P»(1760). Resonances above threshold
have been parametrized in the form

(x, x,)'" 3(Z, —Z)
e-i ' r

where x, = I'; /I' and I' = I', + I; + I;, the partial
widths of the elastic, pion production, and q pro-
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FIG. 5. Differential cross sections for 7r p —n. p at cos8, =-1. Closed circles are extrapolations of present data;
crosses are the measurements of Rothschild et al . (Ref. 9); and open circles are the extrapolations of Crabb et al .
(Ref. 10) . The abrupt change in the cross-section behavior at the g production threshold is clearly shown, as is the
large discrepancy between the data of Ref. 10 and the other two data sets on the falling edge.

duction channels. These varied with 0&, the c.m.
momentum in the ith channel as

where y& is constant, and J3& is the barrier-pene-
tration factor. " When allowed to vary, the radius
of interaction 8 generally preferred to assume a
small value, so that the partial widths varied ap-
proximately as k, '"'. Although the P„(1465)res-
onance mass lies below the threshold for g pro-
duction, its partial width to gN is assumed to have
a similar variation. Other forms of T, in which
the total width F is restrained for energies above
the resonance mass E'D have not led to improved
its"

In the fits, the resonance parameters, x„F,and

E„wereconstrained to lie within the ranges of
values given in Table III, which ensured that they
were consistent with the values determined in wN

phase-shift analyses.
Small background amplitudes in the S» and P»

waves were conveniently parametrized as if con-
tributed by the s-channel nucleon pole. Fits were
separately made for a series of masses of the
lower S» resonance. The values of the amplitude
of this resonance, (x, x,)' ', and y'/D. F. varied
w ith the S

y y mass as shown in Fig. 8. The finding s
are in general agreement with those of Ref. 16.
However, our resonance amplitude assumes a
somewhat higher value, which is not consistent
with the predictions of SU, ." If the nucleon pole
was included as a zero-width resonance, P»(938),



2554 N. C. DEBENHAM et al, 12

0.5-

1,0t

0.5»
0.2-

Ill

E 0.2f

01-

E

0.1
0

0.05t

0.05-

0.7 0.8 0.9
INCIDENT MOMENTUM (GeY/c)

FIG. 6. Differential cross sections for m p —x n

extrapolated from the present measurements to cos8,
=-1. The full lines are the isospin bounds on the
charge-exchange reaction calculated from the backward
7r+p and x p elastic-scattering data of Ref. 9. Experi-
mental errors presumably mask a sharp change in the

slope at the &j threshold.

0.7 O.B 0.9

INCIDENT MOMENTUM (GeV/t:)

FIG. 7. Differential cross sections for 11 p -ops extra-
polated from the present measurements to cos8,
=—1. The dashed line is the phase-shift-analysis pre-
diction of Ref. 13; and the solid line is the result of a
single-channel analysis, which fits existing data below
P *=400 MeV/c with a model incorporating only direct
channel-resonances and poles.

TABLE III. Resonances used in the phase-shift analysis of the AN channel, with the limits

to which their masses, Eo, total widths, r, and elasticities, x&, were constrained in the

fits. Also given are their fitted amplitudes at resonance, g&g3}, and the percentage

changes in g per degree of freedom (D.F.) when the resonance was excluded from the fit.
The effect of the inclusion of a narrow P&& (1530) resonance, as used in Ref. 13, is also
shown. The fits have 300 degrees of freedom.

Eo
(MeV)

r
(MeV}

&(X'/D. F.)

Pg 1 (1465)

Sit(1515

D»(1520)

D () (1670)

Z„(1685)
S»A700)

P«(1760)

P11 (1530)

Pgg (1530)

1460-1470

1505-1545

1515-1525

1660-1680

1680-1690

1675-1725

1720-1800

1530

1530

160-240

50-100

110-130

125-165

120-140

100-200

200-400

0.55-0.60

0.25-0.35

0.50-0.58

0.38-0.48

0.58-0.62

0.50-0.70

0.20-0.40

0.12

0.12

+ 0.39

+ 0.02

-0.06

+ 0.04

-0.1
+ 0.01

+ 0.06'

+ 0.23

~ Amplitude of resonance fitted,
Amplitude fixed at value quoted in Ref. 13.
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fx1 x3

0.44.

0.40-

0.36-

0.32-

Ix) x

X2]D.F,

.1.8

- 1.4

mass 1530 MeV, and a large amplitude for this
resonance, such as was suggested in Ref. 13, was
inconsistent with our data. In general, we find
that the present data are well fitted by the direct-
channel model, which, as can be seen in Fig. 7, is
capable of reproducing the somewhat flattened
shape of the variation of the backward cross sec-
tions with energy.

It is noteworthy, that in none of the channels is
there evidence for a narrow N* or similar such
effect apart from the g cusp. C.m. energies from
1430 to 16'70 MeV are continuously covered by the
experiment, and are measured with a FWHM reso-
lution ranging from 4.5 MeV to 6.6 MeV in this
range. The sensitivity to such effects, whichwould
be characterized by sudden changes with beam
momentum, is limited by statistical errors only.
These varied, with channel and momentum, be-
tween about 3%, and 8% at each momentum inter-
val.

0.28'

1500 1510 1520 1530 1540

S11 RESONANCE MASS (MeV)

FIG. 8. The variations of the S&&(1515) amplitude at
resonance [(xgxs) ] and y, /degree of freedom (D.F.) with
the resonance mass of the &&&.

even higher values of the S» amplitude were re-
quired, while values of y„'were increased by 15%.
A third model, in which the u-channel nucleon
pole supplemented the direct-channel pole, led to
no improvement of the fits.

In agreement with Ref. 13, we find that the
D»(1520), with a small positive amplitude of
+0.02, is necessary to fit the data. The P„(1465)
and D„(1610)also gave significant improvements
to the fitting, while, for data below I GeV/c, the
inclusion of the S»(1'l00), the P»(IV60), and the
F»(1685) was not important. We found no improve-
ment when including a narrow &I] resonance of

IV. SUMMARY

In conclusion, high-resolution data on the three
reactions m P-m P, w'n, and qn close to 180' from
0.6 to 1.0 GeV/c have been presented. The data
on elastic scattering generally confirm the pre-
vious measurements of Rothschild et nl. ' and dis-
agree with those of Crabb et a/. " The data clearly
show the effect of the crossing of the gn threshold
on the m p scattering channel. The charge-ex-
change measurements help to fill a gap in existing
data near 180' and make it clear that there is no
evidence for any violation of I-spin bounds in mN

scattering in this region. The new data presented
in g production have been included with other data
on this channel below 1.005 GeV/c and have been
adequately described using s -channel resonances
as determined from analyses of m'N scattering.
Also, there is no evidence for any narrow N* over
the momentum range investigated.
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