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Differential cross-section measurements are presented for 7~ p — <y n at five energies around the P;;(1232)
resonance. A detailed comparison is made with yn — 7~ p deduced from 7y d experiments. In general, the results
are in support of detailed balance. Using the Christ-Lee—Donnachie-Shaw model, our new data indicate that
the T-violating phase in the isovector part of the M multipole is less than 2°, which is a very sensitive test
of time-reversal invariance. No evidence is found for a possible isotensor component of the electromagnetic
current. Our data are compared to various multipole analyses. In general, the agreement is poor.

I. INTRODUCTION

The reasons for studying REX (radiative ex-
change) or inverse pion photoproduction,

T +p=Y+n, 1)

have been discussed in detail in our previous
article! on the subject. The most exciting aspect
is a test of time-reversal invariance of the elec-
tromagnetic interactions of hadrons? through a
comparison of the REX cross section with its in-
verse. The experiment reported here covers five
energies in the vicinity of the P,,(1232) 7N reso-
nance. The comparison error which is defined in
Ref. 1 and which limited the sensitivity of our first
measurement somewhat is substantially reduced
here. Otherwise, the experiment is similar to the
earlier one except that it covers the region' be-
tween £ =1191 MeV and E = 1285 MeV (the tilde de-
notes a center-of-mass variable).

II. EXPERIMENTAL ARRANGEMENT

The experiment was performed at the 184-in.
cyclotron of the Lawrence Berkeley Laboratory.
The detection apparatus, shown in Fig. 1, con-
sisted of 4 beam hodoscope planes H,, Hy, H,, H;
and a timing counter T to define the incident beam
direction; 6 anticounters Ag -4y, and A, sur-
rounding the target to enhance triggering on neu-
tral final-state particles; a 76 X76 cm, heavy
plate, 40-gap, optical spark chamber interspersed
with scintillation counters to detect the photons;
and a semi-close-packed set of 32 carefully cali-
brated® neutron counters for good spatial resolu-
tion, each counter with its own zero-crossing dis-
criminator to optimize time-of-flight (TOF) mea-
surements. This equipment is described in detail
in Refs. 1, 4, and 5. The only significant change
made in the original setup was the removal of the
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7° anticounters, which had proven to be of little
use in the event determination and were mainly
used to reduce the triggering rate. The elec-
tronics, triggering mode, and data analysis have
already been detailed,'*®* and we restrict our-
selves to a short description of the five new pion
beams.5 The negative pions were produced on an
internal beryllium target. The beam transport
system was of the intermediate focus type. It
consisted of the cyclotron fringe field, two sets of
quadrupole magnets, two bending magnets, and a
long collimator. The final beam focus was in the
experimental area in the hydrogen target. The
properties of the five pion beams are given in
Table I. The beam momentum was determined in
two ways. Firstly, we used range measurements
in copper. A correction for multiple scattering of
2.7-2.9% was applied to the measured range and
we used the range-energy tables of Ref. 6. We
also determined the incident beam momentum
from the ny opening angle of a selected sample of
REX events at every data point. The agreement
with the range curve is very good, as indicated in
Table II. The final value used is an average of
both methods. The momentum spread of the inci-
dent beam was deduced from the range curve, and
it agreed with the analysis of the ny opening angle
of charge-exchange events (CEX) recorded with
the same equipment. This is discussed in detail
in Ref. 5. The beam contamination was arrived
at in the following way. The electron contamina-
tion was investigated with a Freon-gas Cerenkov
counter, calibrated in a previous experiment.
Unfortunately, the efficiency was not rechecked
after our experiment, and we suspect that the
efficiency may not have remained constant during
the experiment, necessitating the assignment of a
substantial error. The off-momentum muons,

b, #p,, from pion decay in the downstream sec-
tion of the beam, were calculated with a Monte
Carlo program that used the measured spatial
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FIG. 1. Experimental setup. The anticounters around the hydrogen target are shown separately on the top right.

and momentum distributions of the beam as input
data. The on-momentum muons, p,=p,, were
extracted from the range curve. As an over-all
check on our beam contamination and beam ener-
gy, we compared the CEX results extracted from

our data with phase-shift predictions. The agree-
ment is good, as detailed in the subsequent paper.’
Furthermore, the fraction of pions that disap-
peared in the hydrogen target, the so-called 7,
of Ref. 1, was recorded routinely through the ex-

TABLE I. Properties of the pion beams.

Peak
c.m. energy lab. mom. Mom. spread Rate Contamination in %
Beam E (MeV) (MeV/c) AP /P (108 7~ /sec) e” Pu-=bg Pu-#Pn Total
1 119122 2393 5.9% 1.2-1.8 5.6 6.0 9.8 21.4+3.6
2 12082 264 +3 4.5 0.9-1.2 2.1 4.3 9.9 16.3+2.6
3 12302 295 +3 5.8 0.7-0.8 2.3 4.9 9.8 17.0+3.0
4 12492 323+3 3.7 1.1-1.3 3.6 2.9 9.2 15.7+2.2
5 1.2-1.4 0.8 2.6 7.9 11.3%1.7

1285+3 3754 4.0
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periment, and was used to obtain ct(w'p-— neu-
trals). The comparison of this o, with the pub-
lished measurements® gave a check of about 12%
on the beam contamination.

III. DATA PROCESSING

The film, data selection, event parameteriza-
tion, event reconstruction, Monte Carlo simula-
tions, and fitting procedures have all been dis-
cussed extensively.!»*> To extract the events
from the background, we made us of three param-
eters: (1) the measured neutron time of flight
7.; (2) the deviation from coplanarity D, of the
neutron, gamma, and incident 7-; (3) the 7~ mo-
mentum p, evaluated from the ny opening angle.
We first calculated the difference between the mea-
sured values 7., D,, p, and the expected values
Ty, 0, p,. Next we normalized these numbers by
dividing each difference by its expected uncer-
tainty o due to the finite target size, beam diver-
gence, and detector resolution; thus

s1-= (Tk _Tx)/cr , (2a)
Sb= (pk _px)/ap ’ (2b)
SD=D,/%- (2c)

We then calculated “pseudo-y?” values for each
event from these three parameters:

(Do Te)=S,2+S,%, (3a)

X(Dps D) =S,2 45,7, (3b)

(7, D,)=S2+S,%, (8c)
and

X3(bp Tes D) =S,2 +S,2+5p2. (4)

Thus, for every data point, we calculated four
frequency distributions of “pseudo-y?” values.
The event extraction was based on the compari-
son of the four yx? distributions of Eqs. (3) and (4)
of our data with those of the Monte Carlo generated
events. Typically 90% of the REX events have a
pseudo x*<3. The rest have undergone a scatter-
ing which results in a larger value, but rarely ex-
ceeding 5. On the other hand, CEX and random
events have a pseudo- x? value anywhere between
0 and a large number (frequently exceeding 500).
Now, events with a large y? have no relation to
the REX events and reduce the significance of the
x2 per degree of freedom that is used to express
the comparison of data with Monte Carlo. Thus,
the comparison of the pseudo-y? distributions was
usually restricted to the ¥* region below ¥*=H,
where the value of H was chosen to be 20, 30, 40,
or 50. The number of REX events, Ngpy, must
be independent of the choice for H and we very

TABLE II. Comparison of the beam momentum as
determined from range measurements and from ny
opening angle of selected REX events.

Momentum in MeV/c

Beam Range method ny angle, REX
1 2403 2393
2 2643 264 +3
3 295+ 3 295+3
4 324+3 323+3
5 374+4 3753

carefully checked this aspect for all pseudo- ¥?
distributions for every data point. As a final note,
we remark that the ¥® distributions of Eq. (3) can
be improved by applying a cut on the unused third
parameter, say, 2.5 standard deviations. Again,
Nppx should be independent of the cut. The value
of Nppx used in the calculation of the cross section
is the one from the distribution that has “stable”
results despite extreme cuts and the smallest
error. The pseudo ¥* based on coplanarity and
beam momentum with a 2.5-standard-deviation
cut on the neutron time of flight and the y2-region
x? <40 was used most frequently.

The event extraction procedure outlined above
will now be illustrated; the example used is our
measurement at E = 1285 MeV and ,=88°. The
distributions of the values for 7,, D,, and p, for
this data point are shown in Fig. 2. The solid line
is the experimental data corrected for the result
of target empty runs, and the dashed line is the
Monte Carlo generated background of CEX and
random events. At the angle chosen for illustra-
tion, the difference in neutron TOF between CEX
and REX is a few nsec. The small amount of REX
can be found on top of the high CEX peak in Fig.
2(a) centered around 7,=31.3 nsec and could never
be isolated reliably by TOF technique only. But
the REX events do produce a better peak in the
coplanarity distribution, Fig. 2(b), centered
around 0. Also, the reconstructed beam momen-
tum, which is derived from the measured ny
opening angle, shows a REX peak, though a broad
one, centered around 375 MeV/c above the flat
CEX background. In Fig. 3 is shown how the si-
multaneous use of two of the above three parame-
ters in the manner given by Eq. (3), plus a cut in
the third parameter, leads to a useful separation
of REX from background, and Fig. 4 shows the
results of applying all three parameters simul-
taneously. The pseudo-y? distributions extend to
x* =25; thus H =25 in the above notation. In all
three cases, Fig. 3(a)-3(c), one sees a nice peak
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FIG. 2. Example of a comparison between our data,
given by the solid line, and the Monte Carlo simulation
of charge exchange and random background, shown by
the dashed line. The difference between the two distri-
butions is due to REX. (a) Neutron time-of-flight
spectrum. (b) Coplanarity as defined in Ref. 1. (c)
Reconstructed incident beam momentum deduced from
the measured »y opening angle.

at low ¥ which has the expected shape of REX
plus background. The number N’ given in each
figure is the number of REX events determined
from the y? distribution plotted. The real number
of REX events N is obtained from N’ by applying
a correction calculated by Monte Carlo technique
for events lost because of the cut. The agreement
in the values for N of the four different extrac-
tions given in Figs. 3 and 4 is very gratifying. In
Figs. 5(a) and 5(b) we have shown a representa-
tive sample of distributions of x*(p,,D,) with a cut
IST |<2.5 or 3.5. The resolution of the experiment
is everywhere sufficient for the separation of REX
from the large background.

Our data points with 6, < 60°are special in the
sense that the neutron time-of-flight separation
for REX and CEX is sufficiently large to attempt
to determine Nggy in the manner used by the
Lausanne-Munich collaboration using TOF only .°
All events that have the expected REX neutron
TOF are tested for coplanarity. The noncoplanar
event distribution is used for the background sub-
traction, the shape of which must be calculated

T L\l T T
60 ——Data (a)
N'=8l1265 -~~~ Monte Carlo Bgd.
200 N=832 F-1285 Mev ]
G, -88°
cut:|s <15
L 1 1 .
600F X:(QK.Dn)" (b) b
N'=801168
N =827
400F _
® .
fo00f cut:|s, |<15 ]
P
. | A - 1
600F X*(rg On)—= ©)
N'=756165
N =863
400 .
2000 cut: |Spl<Ls 1
-1 -
0 1 _I— —_ ==
5 10 5 20 25
X'(pK,rK)-

FIG. 3. The three pseudo-x ? distributions of Eq. (3)
for a representative data point. N’=number of events
extracted. N =total number of events corrected for
the events lost due to the indicated cut in the third vari-
able.

with a Monte Carlo program. The number of
events thus obtained agrees with the more elabo-
rate method discussed above.

IV. CALCULATION OF CROSS SECTIONS

The center-of-mass 77°p —yn cross section was
obtained from the expression

600, T T T T
L £:1285 Mev Dat i
- © — Uata
400 '57 =88 ---=Monte Carlo Bgd.  _
N=849%77
2
[
200
1 1 . i
o 5 10 15 20 25
X* (P :On)

FIG. 4. Pseudo—x ? distribution of Eq. (4) for same
data point as Fig. 3.
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do/dQ=Nggx/T, If . (5)

Npggx is the number of REX events minus the num-
ber of empty-target REX events; 7,, is the num-
ber of incident pions; J is the Jacobian of the neu-
tron detector; and f is the product of all other
cross section factors such as the neutron- and
photon-counter efficiencies, the effective target
thickness, solid angle, and eight correction fac-
tors listed in Ref. 1. The nontrivial correction
factors concern the beam doubles, the beam con-
tamination, malfunctioning of the neutron TOF
system that caused some REX and CEX neutrons
to appear in the TOF underflow, neutrons scat-
tered in the hydrogen target and surrounding anti-
counters, and neutrons that scattered in the neu-
tron counters without the recoil triggering the dis-
criminator. Listed in Table III are the “direct”
results of our experiment on 7°p - yn converted
for convenience to yn— 7"p differential cross sec-
tions using the detailed-balance relation. Also
listed are the number of REX events observed at
each point. We have lumped together the results
of all 32 neutron counters. The limited statistics
and proximity of the counters to one another do
not warrant an individual counter presentation.

The total error in our results can be divided
into a normalization error and a relative error.
Both are listed in Table III. The normalization
error scales the measurements at each incident
beam momentum in the same way. It is due, for
example, to the uncertainties in the beam con-
tamination. The relative error varies for each
measurement. It is due, for example, to the
counting statistics. The error quoted for our dif-
ferential cross section measurements is obtained
by combining the relative and normalization error
in quadrature.

The result of our experiment can also be ex-
pressed in the form of the ratio

P=do(np~1°n)/do(np ~yn) (6)

for a fixed neutron angle in the laboratory. This
ratio is akin to the Panofsky ratio for stopped 7’s.
Listed in Table IV are our measured P=CEX/REX
ratios. The error in this ratio is smaller than in
the direct REX result because the ratio is insensi-
tive to the errors in the beam contamination,
neutron-counter efficiency, and automatic film
scanning. Listed also in this table are the CEX
values from the most recent CERN phase-shift
analysis,'® interpolated to our energies and angles,
and our “indirect” REX results obtained by divid-
ing the CERN CEX data by P and the detailed-bal-
ance factor. The error quoted for the indirect re-
sults is the one due to the error in the CEX/REX
ratio and does not contain the contribution due to

TABLE III. “Direct” results of our experiment on
mp —~7yn converted for convenience to yn — 77p using
detailed balance. In the first column are listed the
incident beam momentum in MeV/c and 57 in degrees
for each data point.

do -
5 (yn —1"p)

Data point Error (%)
p,,—?)7 N Rex (b/sr) rel. norm.
239-60 1559+115 13.7+1.5 8.7 6.3
239-80 2271 + 353 17.9+1.6 7.3
239-100 1735+ 154 20.5+2.3 9.6
239-120 1279108 21.4+2.4 9.4
239-140 938+ 106 20.7+2.8 12.1
264-56 1659+ 115 16.4+1.6 8.3 5.6
264-70 1981+135 22.1+x2.1 7.9
264-90 1719+£131 28.1+2.8 8.5
264-110 1103+136 28.0+3.9 12.9
264-130 1129+ 146 24.9+3.6 13.5
264-142 1446+ 202 29.3+4.6 14.6
295-50 758 +104 14.6+ 2.2 14.5 5.2
295-70 434+ 54 15.0+2.1 13.1
295-90 849114 18.9+2.8 13.9
295-110 997+113 22.9+3.0 12.0
295-130 1202+194 22.8+x4.0 16.6
295-148 620+ 106 18.2+3.3 17.7
323-69 925+ 124 14.6+2.1 14.0 4.3
323-89 377+55 15.2+2.4 15.1
323-109 600+ 76 17.3x2.4 13.4
323-129 1143 +183 14.6+2.5 16.5
323-146 719+ 104 18.0+2.8 15.0
375-49 1178+127 13.8x1.9 11.7 7.1
375-69 660+ 72 11.3x1.5 11.5
375-88 843+ 67 11.9+1.3 8.7
375-108 841+ 171 10.5+1.2 9.5
375-129 58297 10.3+1.9 17.2
375-1417 703+ 76 11.5+1.6 11.7

the error in the CEX values. The agreement of
the “direct” REX results with the “indirect” REX
result is good even without including the error in
the CEX.

Two new phase-shift analyses have appeared re-
cently. The work by Carter ef al.!° covers only
the region of the P;,(1232). The Saclay 1974 re-
sults!® are the most recent ones, but they are
given at a few energies only which makes interpo-
lation to the energies of this experiment somewhat
uncertain. The CERN CEX predictions agree with-
in a few percent with the ones of the two new anal-
yses in the energy region of this experiment.

In the subsequent paper’ we evaluate do(r"p
- 1°1)/d§ from our data and compare it to pub-
lished CEX results. The comparison is very
favorable.
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The direct and indirect REX results are plagued
by uncertainties of different origin. The direct
REX results suffer from the errors in the beam
contamination, counter efficiencies, and film
scanning, detailed in Ref. 1. The indirect REX
results suffer from the uncertainties in the CEX
values, which we estimate!® to be 7% at present,
leading to comparable size errors in our direct
and indirect REX results. Future improved CEX

values can decrease the error in our indirect REX.

We consider that the numerical average of the di-
rect and indirect REX values represent the best
REX results of our experiment and they are used
in the next chapter to test various models. The
averaged results are given in Table V. The error
quoted is the one of the direct REX. The results
described here are the final results of our experi-
ment and replace all preliminary results contrib-
uted to conferences and meetings.

V. DISCUSSION OF RESULTS

A. Comparison with data from the inverse reaction
and a test of time-reversal invariance

We can compare our data with photoproduction
measurements to test time-reversal invariance
via detailed balance. As we have discussed in
our previous paper,! this test is made difficult by
the uncertainty introduced in the extraction of the
yn-7mp cross sections from the measured yd
- T°pp cross sections. Little new data have be-
come available since the time of our first experi-
ment. Some groups have reported a reanalysis of
their data at the Bonn conference. These data are
used here instead of the older published ones. We
list the various photoproduction experiments used.

(1) Two counter experiments, one pevformed
at Bonn'' and the other at Tokyo.'* The 7*and 7~
from a deuterium target were measured under
identical kinematical conditions. The 7*/7" ratio
multiplied by the yp - n'n cross section'®!* gives
the yn— m"p cross section. Both experiments used
a bremsstrahlung photon beam and suffer from the
systematic 6-10 % difference in the 7* photopro-
duction cross sections,'® !* negating the high sta-
tistical accuracy of the ratio measurements.

(2) Two bubble-chamber experiments on yd
- 7pp. The ABHHM collaboration'® at DESY pub-
lished their final results together with a discus-
sion of corrections made to the raw data. There
is no updated version of the PRFN collaboration'®
at Frascati. The ABHHM results in our energy
region are some 15% higher than the PRFN data.

(3) For the first time measurements with a
monoenergetic, ‘“tagged”’ photon beam have be-
come available.” The 7~ and one photon were ob-

TABLE IV. Measured values of the CEX/REX ratio
in our experiment. In the first column are listed the in-
cident beam momentum in MeV/c and éy in degrees for
each data point. The third column gives the CERN
phase-shift prediction (see Ref. 10) for CEX. The last
column is our “indirect” REX measurement and is ob-
tained by dividing the CERN phase-shift CEX value by
the CEX/REX ratio and the detailed-balance factor.

Data point CEX yn—1"p
p,r-éy P (mb/sr) (ub/sr)
239-80 32.2+2.3 1.55 16.8+1.2
239-100 32.1+3.1 1.82 19.8+1.9
239-120 51.5+4.6 3.15 21.3x1.9
239-140 81.6+9.7 5.13 21.9+£2.6
264-70 46.8+3.4 2.75 21.6+1.6
264-90 26.9+2.2 2.00 27.3+2.3
264-110 39.1+£5.0 2.65 24.8+3.2
264-130 63.4+8.4 4.45 25.8+3.4
264-142 70.8+10.2 5.66 29.4+4.2
295-70 87.4+12.3 3.21 14.2+1.7
295-90 45.2+6.4 2.07 17.7+2.4
295-110 40.8+4.9 2.39 22.6+2.6
295-130 63.8+10.8 3.91 23.7+3.7
295-148 106+ 20 5.59 20.3+3.4
323-69 84.7+11.7 3.02 14.3+1.9
323-89 44.8+6.8 1.71 15.2+2.2
323-109 37.7+5.0 1.64 17.4+2.2
323-129 61.7+10.3 2.60 16.9+2.7
323-146 83.4+12.4 3.75 18.0+2.6
375-49 125 =+14 3.98 13.4+1.5
375-69 82.7+9.1 2.22 11.3+1.2
375-88 37.4+3.1 1.03 11.6 0.9
375-109 26.8+2.5 0.69 10.8+1.0
375-129 40.4+6.9 1.02 10.6+1.8
375-147 60.9+6.8 1.52 10.4+1.1

served in coincidence, close to the free-neutron
kinematics. Though these data are of poor statis-
tical accuracy, they reveal what the authors term
an “irreducible discrepancy” with the ratio data in
the backward direction for the 7. The coincidence
data are lower in the backward direction; a simi-
lar behavior appears in the PRFN data.

Figure 6 displays all presently available differ-
ential cross sections derived from yd experiments
for yn—m"p at our energies together with our re-
sults for the inverse and the two CERN!® points at
small angles. This figure indicates that at E
=1191 MeV, we are lower than most other ex-
periments. We cannot offer a reasonable ex-
planation for this. Because our “ CEX-dependent”
cross sections, based on the CEX/REX ratios
given in Table IV, agree with our direct measure-
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TABLE V. Final results of our experiment on 7°p — yn, expressed as yn —7mp.

D. B.=detailed-balance factor. In the second column are given the beam momentum and 67 of
each data point as listed for reference in Tables III and IV.

yn—1p

Data point 0, - do/d$

b ,,-57 (deg) cosé, - (ub/sr)
E=119122 MeV 239-60 60.4+5.1 0.49+0.08 13.7x1.5
p(r7)=239 MeV/c 239-80 79.7+5.0 0.18+0.08 17.4+1.6
[E(y) =285 MeV] 239-100 99.7+5.3 -0.17+0.09 20.2+2.3
D. B.=2.87 239-120 119.8+5.5 -0.50+0.08 21.4+2.4
239-140 140.2+5.6 -0.77+0.06 21.3+2.8
E=1208+2 MeV 264-56 56.0+5.1 0.56+0.07 16.4+1.6
p(n7) =264 MeV/c 264-70 70.3x4.9 0.34+0.08 21.8+2.1
[E(y) =307 MeV] 264-90 90.4+5.3 -0.01+0.09 27.7+2.8
D. B.=2.72 264-110 110.4+5.5 -0.35+0.09 26.5+3.9
264-130 130.4+5.6 -0.65+0.07 25.3+3.6
264-142 141.5+5.7 -0.78+0.06 29.4x4.6
E=1230+2 MeV 295-50 50.4+4.4 0.64+0.06 14.6 £2.2
p(m7)=295 MeV/c 295-70 70.4+5.0 0.34+0.08 14.6+2.1
[E(y) =335 MeV] 295-90 90.4+5.4 -0.01+0.09 18.3+2.8
D. B.=2.59 295-110 110.4+5.6 -0.35+0.09 22.8+3.0
295-130 130.3+5.7 ~0.65+0.08 23.2+4.0
295-148 148.0+5.8 -0.85+0.05 19.3+3.4
E=1249+2 MeV 323-69 69.3+5.1 0.35+0.08 14.5x2.1
p(r7)=323 MeV/c 323-89 89.3+5.4 0.01+0.09 15.2+2.4
[E(y) =360 MeV] 323-109 109.1+5.6 -0.33+0.09 17.3x2.4
D. B.=2.50 323-129 129.1+5.8 -0.63+0.08 15.8+2.7
323-146 146.2+5.8 -0.83+0.06 18.0+2.8
E=1285+3 MeV 375-49 49.1£5.4 0.65£0.07 13.6+1.9
p(r7)=375 MeV/c 375-69 68.6+5.2 0.360.08 11.3:1.5
[E (y) =409 MeV] 375-88 88.4+5.6 0.03+0.10 11.8+1.3
D. B.=2.38 375-109 108.5+5.7 -0.320.10 10.6+1.2
375-129 128.8+5.8 -0.63+0.08 10.4x1.9
375-147 146.7+£6.0 -0.84+0.06 11.0+1.6

ment given in Table III, we doubt that the reason
would be an error in the beam contamination or
one of the normalization factors.

In Ref. 1 we stressed the fact that a quantita-
tive comparison of different experiments of cross
sections that vary rapidly with energy must in-
volve evaluating the error introduced by the un-
certainty in the beam energy, and we called it the
comparison error. In the present experiment the
beam energy is better known than in our first ex-
periment, and the comparison error is less im-
portant. Furthermore, in the present experiment
we measure the cross sections at five energies
across the resonance. Any systematic errors in
the beam energy in our experiment or in the in-
verse would reveal itself as a shift of the peak in

the total cross section. Figure 7 shows the total
cross section for yn -7 of this and various other
experiments 11,12,15,16, 19

For the quantitative comparison of our results
with the inverse reaction, we employ the two
methods outlined in our earlier paper.! The first
method, which is model independent, is based on
fitting the same Moravcsik expression both to our
data and to the data from the inverse reaction.

The second method is based on a comparison of
our results with the inverse reaction in terms of
the Christ-Lee-Donnachie-Shaw?2° model. The
results of this model-dependent test of time-
reversal invariance will be discussed in Sec. VE.

The specific form of the Moravcsik fit used in
the model-independent test is
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+a .(I_'iﬂﬁl__'_ a xn-2
Born ! I—wa 1+BNx Z; " ’
(7

do do
0 (%) =70 (x)

where x = cosd,, and do(x)/dS |, = electric part of
the Born approximation, given in Ref. 1, and 8,
B, =nucleon and pion velocity. Figure 8 gives the
coefficients a; vs the ¢c.m. energy.

The total cross sections given in Fig. 7 are ob-
tained from an integration of the Moravcsik-type
fits. We have included in the fit to our data the
two forward points given in the 7°p ~ yn experi-
ment of Schinzel et al.'® at CERN, interpolated to
our energies. Only at our lowest energy do we
find a two-standard-deviation difference between
our total cross section and the interpolated Tok-
yo, Bonn, and ABHHM results, with a similar
discrepancy in the a, and a, coefficient. We note
that also the PRFN data show lower total cross
sections below the P, resonance peak. At all
other energies the total cross sections agree with
the inverse reaction within the accuracy of about
£10%.

Though only the statistical errors are included
in the fit, the large errors in the coefficients pre-
vent a meaningful model-independent test at this
time. No systematic difference in energy depen-
dence is observed. Using the coefficients to inter-
polate the data from the inverse reaction to our
energies and angles, we calculate the minimum x?
for other data sets compared with ours. For the
new Orsay data,'” which are limited to backward
angles, we interpolate our data to their energies
and angles. Listed in Table VI are the ¥* values
obtained. We quote also the results when an over-
all systematic error of + 10% in the experiments
is included. Comparing with Tokyo and Bonn, we
find that the ¥?/n, (n,=number of data points) is
always less than 1 with the exception of the lowest
energy point. Even this disagreement can be re-
moved by a 10% change in relative normalization.
The dip in backward direction found in the Orsay
measurements is not substantiated by our results,
and we find consequently x?/n, greater than 1.

We conclude from the above that detailed balance
is valid in the reaction 7p=%n in the energy re-
gion of the P,,(1232) resonance. The foregoing
analysis is made under the assumption that the
impulse approximation can be applied in extract-
ing yn~ 1"p cross sections from photoproduction
experiments on a deuterium target. We exclude
the unlikely possibility that at all five energies—
before, on the peak, and after the P,, resonance—
a possible time-reversal violation is just compen-
sated by the breakdown in the impulse approxima-
tion. Thus, the experimentally observed validity
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of detailed balance indicates the validity of time-
reversal invariance and the impulse approximation
in the region of the P,;, within the experimental
limits of 10-15%.

B. Comparison with other 7 "p—>vyn experiments

The Lausanne-Munich (L-M) collaboration® at
CERN has measured REX at 60°, 90°, 120° using
counter techniques. They rely heavily on the mea-
surement of the neutron TOF to separate REX
from CEX and accidentals. Their latest results
are shown in Fig. 9 together with our data. After
interpolating our results to the energies and angles
of the L-M data, we can calculate the minimum y?
for the two data sets as described above. We find
that x*/np is 2.8, 1.8, 0.5 for the 60°, 90°, 120°
data sets, respectively. The agreement between
the two experiments at 90°and 120° is acceptable,
certainly when one considers that the experiments
have several nontrivial difficulties such as the

absolute calibration of the neutron-counter effi-
ciency and the event extraction from a very large
background. The reason that the agreement at 60°
is so poor is unknown.

The results of our first experiment! are com-
pared with the present experiment at E=1249
MeV in Fig. 10. Some comments are in order.

In the course of the analysis of the present data,
we found a small correction to the result at

E =1245 MeV of our first experiment. The mo-
mentum of the 317+ 6 MeV/c beam in that experi-
ment was determined mainly by a range measure-
ment, but no correction was applied for the range
straggling. The necessary correction raises the
beam momentum to 322 MeV/c with E =1248 MeV.
(There is no change in the other two beam momen-
ta of our first experiment.) The agreement in the
backward direction between the present experi-
ment and our first one is marginal. The main dif-
ference between the two experiments was the set
of 7° anticounters around the hydrogen target to
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reduce triggering on CEX, and this set was not
used in the present experiment. Also, the beam
contamination of the present experiment is some-
what higher.

C. Test of the |A7I<1 rule

Sanda and Shaw? have introduced the “isotensor
dip test” to investigate the possible existence of a
|AI l= 2 component of the electromagnetic inter-
action of hadrons. This test consists of determin-
ing A(o), where

A0) 1;— [o,(rp = 1) = 0,(vn~1P)],

k is the photon momentum, and ¢ is the pion mo-
mentum. A dip in A(0) in the region of the
P,,(1232) is the predicted manifestation of an isoten-
sor component. Table VII shows A(o) calculated

from our total cross section for Yz — 77 and the
Bonn'? and Orsay'* measurements of yp - m*n. The
large errors preclude drawing a meaningful quan-
titative conclusion. Our data are consistent with
the 3% upper limit of the isotensor component re-
cently deduced by Donnachie and Shaw?® from the
7°/m* ratio measurements,'? which are more suit-
able for the isotensor dip test, provided the
charge-dependent corrections to the 7/7* ratio
have been properly assessed. Our results for
A(0) are in general smaller than the values ob-
tained by Pfeil et al.?® and by Suzuki et al.,?* who
performed a conventional multipole analysis of
the Bonn 7* and 7~ data!'*!* supplemented by the
180° Tokyo results'? without using exotic currents.
In a conventional analysis,?® A(0) is an indication
of the isoscalar contribution in photoproduction.
Therefore our isoscalar contribution is less than
that of the above authors. See also Sec. VD.
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TABLE VI. Comparison of yn — m7p obtained via detailed balance from our 7 —yn experi-
ment with yn — 77p derived from recent yd experiments. Interpolations are based on a linear
interpolation of the coefficients of Eq. (7), that was used to fit the data. The last column gives
the x 2 per data point calculated using the statistical errors only. The next to last column
gives the x? per data point when an additional systematic 10% error in relative normalization

is included.
x*/np
Energy of
yn—T1p data set Number of Statistical error Statistical

from yd in MeV data points + normalization error error
PRFN (Ref. 16) 1191 5 0.72 1.29
1208 6 0.65 0.85
1230 6 0.35 0.42
1249 "6 0.17 0.23
1285 6 0.27 0.38
ABHHM (Ref. 15) 1191 5 1.14 1.75
1208 6 0.16 0.22
1230 6 0.60 0.37
1249 6 0.50 0.60
1285 6 0.25 0.33
Tokyo (Ref. 12) 1191 5 1.67 3.28
1208 6 0.25 0.37
1230 6 0.44 0.62
1249 6 0.23 0.29
1285 6 0.35 0.47
Bonn (Ref. 11) 1191 5 2.19 4.82
1208 6 0.27 0.41
1230 6 0.10 1.22
1249 6 0.36 0.53

Orsay (Ref. 17) 1191 10 5.10

1223 9 2.91

1253 10 1.96

1281 6 1.16
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tained via detailed balance from 7~p —<yn, with the data FIG. 10. Comparison of present experiment at E=1249
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B this experiment. present experiment; & Berardo et al. (see Ref. 1).
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TABLE VII. Isotensor dip test.

- k -
gy (yn —1p) oy typ —*n) A(U)=;[at(1r ) =0, (%))
E (ub) (ub) (ub)
(MeV) UCLA? Bonn® Orsay © UCLA-Bonn UCLA-Orsay
1191 216 +23 218+13 -2 +31
1208 284 + 29 235+ 14 57+37
1230 226 + 26 215+13 202+ 8 13+23 27+ 29
1249 195+ 24 176 +11 1647 21+29 35+28
1285 143+ 14 11817 1105 2717 36+16

2 From 7 p —+yn, this experiment.
b Fischer & al. (Ref. 14).
¢ Betourne et al. (Ref. 13).

D. Multipole analyses

The various published multipole analyses?3-32
of pion photoproduction, with the exception of the
parameter-free dispersion-relation calculation of
Berends et al.?® contain some adjustable param-
eters. The authors determine these adjustable
parameters from a fit to the photoproduction data
existing at the time of writing, and they include
yn-7m"p data obtained from measurements with a
deuterium target. Therefore, the agreement or
disagreement of our data with the multipole anal-
yses reflects the consistency of our data with the
data used in the specific analysis.

In the analysis of the region E <1300 MeV, only
s waves and p waves are considered, and only a
limited number of multipole amplitudes are actual-
ly determined from experiment, namely the elec-
tric dipole E;., magnetic dipoles M., and M,-, and
the electric dipole E,. amplitudes. The higher par-
tial waves are evaluated from theory. It is as-
sumed in all analyses that the phases of the multi-
poles are given via the Watson theorem?®? by their
7N scattering phase-shift values.

Listed in Table VIII are all relevant multipole
analyses,?®*-%2 except the one that includes exotic
currents® and which will be discussed in Sec. VE,
the input data,!+!2:1%16,33-36 gpd the assumptions
used in each. In Fig. 11 we show the results of all
the analyses that have published angular distribu-
tions or multipole values, interpolated to our en-
ergies. Shown in Fig. 12 are the values for the
real part of the s- and p-wave multipoles obtained
by different authors for the 77p —yn channel. The
following conclusions can be drawn from the com-
parison of our data with the calculations.

(1) The multipole analyses based on fixed-¢ dis-
persion relations without adjustable parameters
are not in agreement with our data. Berends et
al *% predict values for the total cross section

which are too large as well as differential cross
sections that are enhanced in the backward direc-
tion. A similar behavior is predicted by the cal-
culation of Ref. 26. The difference with our data
can be reduced by a slight decrease in the E .+ and
M ,. multipoles.?®

(2) Schwela’s calculations®” are in better agree-
ment with our results, although our data are
somewhat lower at the low energies and somewhat
higher at the high energies. Schwela makes an
energy-dependent ansatz for E , and M,. and his
fits are based on the experimental data® pre-
1968.

(3) Below the peak of the P,,(1232) resonance,
our data are in good agreement with the work of
Ball et al.*®* Above the resonance the calculations
are somewhat lower than the data, especially in
the backward direction. The fixed-¢ dispersion-
relation-type calculation by Ball et al. is done as
follows. The photon-nucleon interaction is given
by the Born terms and the strong final-state inter-
actions, including inelastic reactions, are treated
as a rescattering correction with a phenomenolog-
ical parameterization. The parameters are deter-
mined from the data. It is found that the E,, mul-
tipole, and to a lesser extent the M,,, are influ-
enced by the inelastic channels, even at low en-
ergies. The E «(r7) is quite different from the one
in the above analyses. It would be interesting to
update the calculation of Ball ef al. using the most
recent photoproduction data, especially in the 7~
channel.

(4) The isobar model calculations agree quite
well with our data. Walker® fits pre-1968 data® to
a sum of resonances, Born terms, and a smoothly
varying nonresonant background. Moorhouse et
al 3! evaluate the contribution of the isobar and the
smooth background separately for the imaginary
components, while the real part of the multipoles
are calculated from dispersion integrals. The
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TABLE VIII. Multipole analyses and theoretical calculations for pion photoproduction used in Figs. 11 and 12.

Adjusted yn—~Tp Higher
Name of calculation Reference m-N phases multipoles data ref. multipoles
Fixed-t dispersion
relations without
adjustable parameters
(single channel) Berends et d .2}
Engels et al .28 Roper et al .?
Auvil et al .®
Bareyre etal . €
Fixed-t dispersion
relations with adjustable
parameters (single
channel) Schwela?? Eg+ ,M,- 36
Berends e o .28 M-
Fixed~t dispersion
relations with adjustable
parameters (multichannel) Ball et al.? 15,16, 33
Isobar model (resonances
+Born + smooth nonresonant
background) Walker3? 1 =3 energy dependent 36 Born
Moorhouse ¢ at 3! 1 =3 energy dependent 34,35,15 Born

Multipole analysis—

energy independent Noelle et d .3

Particle Data Ey, M-, E+,M+

15, 16, 34,35, 36 Born

UCRL-20030

Pfeil & al .23
Suzuki et al .4

UCRL~20030

Almehed et a1 Ej,M -, E+,M+ 11, 34, 35, 36 Born
Particle Data Ey, M-, E{+,M+ 11,12,34,35 BDW,
energy independent Ref. 25

2 L. Roper et al., Phys. Rev. 138, B190 (1965).
5P. Auvil & al ., Phys. Lett. 12, 76 (1964).
¢P. Bareyre ¢t a ., Phys. Lett. 18, 342 (1965).

values for E .+ and M, - obtained are in reasonable
agreement with the results of Schwela and Ball
et al.

(5) The above multipole analyses substantially
agree on the M . and E,. contributions to the P,,
resonances. Some minor differences are due to
the choice of 7-N phase shifts, recent versions of
which have shifted the resonance position to lower
energy. This is directly reflected in the value of
the energy where M . becomes zero. The recent
energy-independent analyses by Suzuki et al.?*
Noelle and Pfeil,* and Pfeil and Schwela?® show an
almost pure Breit-Wigner shape for the P,,. Pfeil
and Schwela and Suzuki ef al. obtain slightly dif-
ferent values for the E . and M, - multipoles, al-
though they use similar input data sets and the
higher multipoles given by the Born approxima-
tion or by the Berends et al. calculation, which
give similar values. The results agree within
error bars below resonance, but not above. The
effect this difference has on the cross section is
very small, and our data cannot distinguish be-

tween the various multipole analyses. A planned
experiment that uses a polarized proton target will
be very important here .

The solution of Noelle and Pfeil,*? which is in-
fluenced by their preference for the PRFN'® data
and preliminary ABHHM results, is consistent
with our data at £ =1208 and 1285 MeV. These
authors find a strong energy dependence of ReE .
and a smaller magnitude.

To investigate the influence of our new data on
the isospin decomposition of the E, and M,. mul-
tipoles, which are uncertain at present, we made
a fit to our data using the Pfeil and Schwela (PS)*?
analysis but varied E{Y? and M{¥?). This pre-
serves the good PS fit to the 7* photoproduction
data. We used for M,.(r”) and E +(7") the PS val-
ues except at E=1191 MeV, where M,, was varied
also. We find that on the average E\Y?)(r") is re-
duced by 19% compared to PS. Using E{Y2(r*)
from PS, this amounts to an average reduction of
E{} by 9% and makes E{? consistent with zero at
all our energies. Similarly, we find a decrease of
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23% in M, .(7") corresponding to a 21% increase of
M%) and a sizable energy dependence of M{2. We
give the values for ReE .(7") and ReM,.(7") in Fig.
12; the error bars are omitted since they are not
meaningful, because we did not perform a full-
scale PS-type analysis of all 77p -~ yn results.

E. Test of time-reversal invariance in the
Christ-Lee~-Donnachie-Shaw model

In the Christ-Lee model® as applied by Donnachie
and Shaw,?° the T-violating phases are considered
only in the isovector and presumed isotensor part
of the dominant M{¥# multipole. The parameteri-
zation used by Donnachie and Shaw is

MY D= G2 (W)[x, explix,) - (2)Y %, explixs)]
= (3)V2M(W)x, exp(i¢,) ,
MY = (BWV2M(W)[x, explix,) + ()Y %, exp(ix )]
= (3)V2M(W)x, exp(i®,) ,
with

Ak . . 8
MW)= 7 exp(i6,,) sin (633+x,%—5> .

The variables are defined in Ref. 20. The T-
violating phases x, and x, change sign under time
reversal. When x,=x,=0 one finds x,M(W)=-3A"
and x M(W)==-3A‘", where A"") and A‘™ are the
familiar isovector and isotensor parts of the I=3
amplitude.

A quantitative test of time-reversal invariance
using the above Christ-Lee-Donnachie-Shaw mod-
el was done as follows. First we performed a
conventional multipole fit to our own data aug-
mented by the forward data points of CERN.!® A
similar fit was made to the inverse reaction, for
which we chose the Bonn!! and Tokyo!? data inter-
polated to our energies. In the fits we used the
phenomenological multipoles of Pfeil and Schwela®!
since they fit the yp -~ 7% and yn -~ 7*n data, modi-
fying only the E (") and M,.(7") multipoles. Since
the isotensor component is zero or small, Don-
nachie and Shaw quote x,/x,<0.03 (see Sec. VC),
we limited the analysis to the case x,=0 and
x,=1=x,=x,and ¢,= ¢, =x,. In other words, the
T violation is restricted to the isovector part of
M'¥? only. Finally, we made a simultaneous fit
to our data and the inverse using the average of
the multipole values obtained above from the in-
dependent fit to our data and to the inverse reac-
tion, only varying the T-violating phase of M{¥?.
The results for each of our five energies are
given in Table IX. The average value of the T-
violating phase ¢,=-1.1°+ 0.8° is consistent with
zero and no violation of time-reversal invariance.
A safe upper limit for ¢ is 2°, which is a substan-
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FIG. 11. Multipole analyses and theoretical predictions
compared with the data from this experiment (8) and
those from Ref. 18 (A). (1) Pfeil, Schwela (see Ref. 23);
(2) Schwela (see Ref. 27); (3) Berends, Donnachie,
Weaver (see Ref. 25); (4) Schmidt (see Ref. 26); (5) Ball,
Campbell, Shaw (see Ref. 29); (6) Noelle, Pfeil (see Ref.
32) (E, =300 and 420 MeV); (7) Suzuki, Kurokawa, Kondo
(see Ref. 24).
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27); (6) Noelle, Pfeil (see Ref. 32); (7) Ball, Campbell, Shaw (see Ref. 29); (8) Schmidt (see Ref. 26); (9) Walker (see

Ref. 30); B fit to our data points.

tial improvement over the result of related experi-
ments, 384

Shown in Fig. 13 are the fit to our data and some
selected results of the inverse reaction, plus the
effect of a +6° T-violating phase in M{¥? calculat-
ed in the manner just outlined. Though at some
points there seems to be a small difference be-
tween yn— 7"p and the inverse reaction, if one in-
sists on consistency among the results of our five
beam energies in the spirit of the Christ-Lee-
Donnachie-Shaw model, there is no evidence that
detailed balance is not valid.

F. CEX/REX ratio

The CEX/REX ratio is measured at a particular
angle in the laboratory and it is not a covariant
quantity. The Jacobians for CEX and REX at the
five energies of this experiment are not very dif-
ferent; therefore we may regard the substantial
variations in the CEX/REX ratio to be representa-
tive of the relative variation in the center of mass
of REX compared to CEX. The CEX/REX ratios

measured in this experiment are given in Table IV.

They are also shown in Fig. 14 vs {cosb)
s%(cosé',o+cosﬂ,). The energy of the CEX neu-
trons near cosf=0.7 of the four lowest energies
is too low for us to make reliable CEX measure-
ment, although the REX is easily measurable.
For these four points we have obtained the CEX/

REX ratios by dividing the CERN CEX value by
our measured REX result.

Figure 14 shows that the angular variation of
the CEX/REX ratios in our energy region is con-
siderable and has a typical bowl shape. The rea-
son that the CEX/REX ratio has this shape is the
following. The CEX cross section is dominated by
the P,,(1232) resonance. In the vicinity of the
peak of this resonance, the angular distribution
has the characteristic (1+ 3 cos?6) shape of a p-

TABLE IX. Numerical results of a test of time-re-
versal invariance in the Christ-Lee—Donnachie-Shaw
model. Our data augmented by 2 forward points of
CERN (see Ref. 18) are compared with those of Bonn
(see Ref. 11) and Tokyo (see Ref. 12) assuming that the
difference is due to a T-violating phase ¢ in the M&/?
multipole. The third column shows the x? per degree
of freedom for the comparison.

E ¢ Number of data points

(MeV) (deg) X/n  Ttp—yn yn—7p
1191 1.1+3.2 3.9 7 16
1208 -3.4+1.1 0.6 8 17
1230 04+1.4 1.1 8 17
1249 -2.0+1.9 1.6 7 17
1285 -2.3x2.5 1.9 8 17
Average -1.1x0.8 1.8
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wave resonance. The REX cross section is domi-
nated also by the P,, but its radiative decay pro-
ceeds via the magnetic dipole transition which has
a (2+3 sin?6) angular distribution. Figure 14
shows in a qualitative way that the decay of the
P,, via the electric quadrupole transition, which
has a (1 + cos?6) dependence, is suppressed. This
suppression appears in all multipole analyses,?3-32
and it is one of several remarkable predictions
that were made when the quark model was applied
in calculating®! the radiative decay of various
resonances.

V1. CONCLUSION

Our measurements of the differential cross
section for 7°p — yn around the P,,(1232) reso-
nance are in agreement with most of the data on
the inverse reaction, Fig. 6 and Table VII. Be-
cause of the sensitivity for testing the validity of
detailed balance in 7 —¥n at our energies, as
discussed for example by Christ and Lee,? our re-
sults provide a good test of the validity of time-
reversal invariance in the electromagnetic inter-
action of hadrons (see Fig. 13 and Table IX). We
can place an upper limit of 2°to a possible T-
violating phase of the isovector component of the
electromagnetic current.

It is worthwhile to point out that the demonstrated
validity of detailed balance here implies that the
impulse approximation is good to about 15% for
extracting yn data from yd experiments even in
the region of the strong P,,(1232) resonance.

Our new data show the limited usefulness of the
known multipole analyses for 7~ photoproduction.
Figure 11 illustrates the fact that none of the pub-
lished multipole evaluations are capable of fitting
all our new data.

Finally, our experiment is consistent with the
traditional decomposition of the electromagnetic
current in only isoscalar and isovector compo-
nents, without isotensor.
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FIG. 13. Test of time-reversal invariance in yz=r"p
based on the Christ-Lee—Donnachie-Shaw model. Curve
1: Conventional multipole fit to Yz —7"p data. Curve 2:
Conventional multipole fit to our 7°p —yn data, aug-
mented by the CERN small angle data (see Ref. 18).
Curve 3: Effect of a T-violating phase ¢ =—6° in the
isovector part of M +. Curve 4: Same as curve 3 but for
¢ =+6°. Note that ¢ =0 corresponds to the average of
curves 1 and 2. B this experiment; ¥ CERN (see Ref.
18); O Bonn (see Ref. 11); O Tokyo (see Ref. 12).
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FIG. 14. Ratio P do(n p — 1'%) /dg(1"p —yn) as a function of (cosd) = i(cos§,,o +cosf y)e The solid line is an eye-
guiding line through the E =1191 MeV data; the dashed line is through our £ =1185 MeV data.
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