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The differential cross sections of 7r p yn at center-of-mass energy E =1363, 1337, and

1245 MeV are presented. . The angular distributions are compared with recent yn —n p ex-
periments. Though the cross sections for 7( p yn are somewhat lower than those for the

inverse reaction, when all uncertainties are considered, we find that our data are in accept-
able agreement at all three energies with the inverse reaction determined from g /x+ ratio
measurements, in support of time-reversal invariance. The agreement with bubble-cham-

ber measurements at E =1363 and 1337 MeV is less satisfactory. The isotensor dip test
applied to our data is inconclusive. Our measurements are compared with many multipole

analyses, disagreeing with most, in particular with pure fixed-t dispersion relation calcu-
lations. We find no evidence, in the sense suggested by Donnachie, for the classification of

the P «(1470) resonance in an SU(3) antidecuplet. The data are consistent with a small radi-
ative decay of the P «(1470) resonance, as predicted by quark models.

I ~ INTRODUCTION

The study of the reaction

7l P~+8

is of interest for the following reasons: (i) to test
the validity of the

~
aI

~

~ 1 rule for the electro-
magnetic interaction of hadrons; (ii) to test time-
reversal invariance in the same interaction; (iii)
to test pion-photoproduction calculations based on

fixed-t dispersion relations; and (iv) to determine
the radiative decay width of neutral w-N reso-
nances, which is a means of testing quark models,
the SU(3) classification of the Roper resonance,
and sundry theories.

We report here the final results of the first ex-
periment in &hich angular distributions for n P
-yn were measured. Preliminary results have

already been reported. "
II. THEORY

A. Multipole analysis

The description of n P- y, hereafter called
REX (radiative exchange), and of the inverse
process, negative pion photoproduction, will be
made using the expansion of the electromagnetic
interaction into multipole transition amplitudes.
our notation for electric multipoles is E~+ and

E~-), and for magnetic multipoles, M~+) and Mz~ ).
The subscript "L"denotes the angular momentum

A( ) = isovector with I(y) = 1

A( ) = isovector with I (y) = 1

and I (nN) = 2,

and I(((N) = 2,
1 (2)

A( ) =isotensor with I(y) =2 and I(((N) = —,'.
The isospin decomposition of the multipoles of the
four radiative pion capture reactions is (here A

stands for El ~ and ML, a)

A(v-p ~) (2)l/2 A(1/2) +(l)1/2 A(2/2)

/j [ (1)1/2A(S) lA(V)

+ 1A(W) + ( L)1/2A( T)
] (3a)

of the photon and the + or —indicates whether the
total spin of the photon-nucleon system is J= L+ &

or J=L- &, respectively.
The initial state in the reaction ~ P -~ is a

mixture of isospin —,
' and —,', and every multipole

must be decomposed accordingly. The superscript
I= a or 2 in E~, and «J~ indicates the isospin of
the m-N state. The multipoles that are involved in

the radiative decay of low mass ~-N resonances
are given in Table I. In a general isospin analysis'
that involves all four wN-y& reactions, the I =

&

amplitude is decomposed into an isoscalar S and

an isovector V, and the E= 2 amplitude into an
isovector 8'and a hypothetical isotensor T. The
relevant Clebsch-Gordan coefficients can be ob-
tained by associating an isospinor I(y) with the

photon. We define

A( ) = isoscalar with I(y) = 0 and I(((N) = 2,
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TABLE I. Multipoles involved in the radiative decay of the low-mass r-N resonances.

Resonance
N2I K Parity

Width
(MeV) Symbol

Multipole
Name

c.m. angular
distribution

P 33 (1236)

P (( (1470)

Dig (1520)

S (((1535)

110-122

164-400

105-150

50-160

M&&F2)

E(3/2)Eg+
M(b'2)

1

2-

E(1/2)
2

(u2)
Ep+

Magnetic dipole

Electric quadrupole

Magnetic dipole

Magnetic quadrupole

Electric dipole

Electric dipole

2+ 3 sin20

1+cos28

1+cos ~

2+ 3 sin2&

A(s+n p) —(z)l/2 A(l/2) + (1)1/2 A(2/2)

[(1)1/2A(S) 1~(V)

1A(w) (w)l/2A(r)]

A(S&&p yp) — (1)1/2 A(1/2) + (2)1/2 A(2/2)

(1)1/2A(S) ~1(V) 2A(W)
3 +3

(3b)

tions are represented by resonances plus an ad-
justable nonresonant background. '

(iii) Phase-shift style fittings. ' "
(iv) A hybrid of types (i) and (iii) in which the

most salient results of the fixed-t dispersion re-
lation are combined with adjustable parameters for
certain multipoles. ."'"

3(w)»2A(r)

A(s'n-yn) =(-')' ' A ' ') +(-')'+ A(' ')

(1)1/2A(S) 1A(V) 2~(W)

3(~)1 /2 A ( r)
l5

(3c)

(.3d)

Qf these four reactions, only the inverse of re-
actions (3b) and (Sc) have been measured in some
detail. Even if the [ Al)-1 rule should be valid,
in which case &' '=0, there are still three isospin
amplitudes to be determined. Thus the need for
measurements of reactions (3a) and (3d) is evident.
Since no free neutron target is available for ~ ex-
periments, one must measure n P -yn to obtain
unambiguous results.

Each isospin component of every multipole is
made up of two different contributions. The first
contribution is the Born term, due to the interac-
tion of the photon with the electric charge and.
magnetic moment of the nucleon. The Born term
is calculated unambiguously via quantum electro-
dynamics, which makes it time-reversal invariant.
The second contribution is due to n-& itrong in-
teractions, which are of particular importance at
energies where resonances are produced.

There are four methods for determining the
individual multipoles:

(i) Calculations based on fixed-t dispersion re
lations. They were pioneered by Chew, Goldberger,
Low, and Nambu (CGLN) in 19572 and have since
been steadily improved. "The effect of the n-N
strong interactions is expressed via dispersion
integrals.

{ii) Isobar-model calculations. The w-Ã interac-

Specific aspects of these evaluations will be given
in Sec. VI.

An important ingredient in any multipole analysis
is the Watson theorem": It states that the phase
of every ~-& photoproduction amplitude is the
same as the phase of the n'-& elastic scattering
amplitude. The elasticity condition is fulfilled for
all multipoles (except the M, -) when the total
center-of-mass energy is less than 1350 MeV. The
1M, - multipole produces the Roper, &»(1470), res-
onance, which is known to be substantially inelas-
tic. The Watson theorem is a consequence of
unitarity and T invariance. A violation of the T
invariance invalidates the Watson theorem.

B. The IQ,I I&~1 rule

The electromagnetic current, if it transforms
like the electric charge, contains only one isosca-
lar and two isovector components. This implies
the ~41~ ~ 1 rule, which states that the isospin of
the hadrons in any electromagnetic interaction
does not change by more than one unit. Thus,
there can be no isotensor amplitude.

Despite impressive theoretical credentials,
there is no direct experimental confirmation of the
validity of the ) bI( ~ 1 rule. This is discussed by
several authors, and references and credits are
given in a recent paper by Donnachie and Shaw. "

Sanda and Shaw" have proposed a feasible test
of the ( 4t( - 1 rule using only reactions (Sa), (3b),
and (Sc). 'Consider the following ratio

I'(&', -nr)/P(I"S.-Pr) =
I (1+s')/(I- » I

', (4)

where
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(3 )1/2A(T)/A( w)

and I'=decay width. The ~ME~ 1 rule implies that
@=0. The value for I'(&'»-yP) can be determined
from yP-&'P measurements near E=1236 MeV,
where M, ' " is the dominant multipole and the
Born term is small. The problem is to measure
r(P,'3 yn} for which Sanda and Shaw suggest the
following scheme. Assume that in the region of
the P»(1236) resonance the amplitude for charged
pion photoproduction consists of a slowly-varying
background C, plus the rapidly varying M~',").Then

A(v P —yn) - C„+MI, ) + xMI, ),
(6)

A(v'n-yP) - C~+M, , ) —xM, ,).

Since C„ is not very different from C~, and pre-
sumably varies in a similar manner, it,follows
that in the region of the &»(1236) resonance the
ratio will vary slowly when x= 0 but rapidly when
x40. Even more striking will be the variation in
&(o}, where

k
a(c) = —[o,(yp- m'n) —o,(yn- v p)];

k is the photon momentum, and q is the pion mo-
mentum. &(o) will show a dip (or peak) when the
energy is varied across the P»(1236} region and
xw0. The advantage of using e& is that effects due
to uncertainties in the slowly varying small am-
pli.tudes, or due to a possible violation of time-
reversal invariance in the isovector amplitude
cancel to first order in 0, . Since yP-m'n has been
measured in detail, all that is needed in the Sanda-
Shaw scheme-which is called the "isotensor dip
test"—is a measurement of m P-~, assuming
that there is no large violation of time-reversal
invariance in the isoscalar amplitude. The appli-
cation of the isotensor dip test has been discussed
in detail by various authors. " "

C. Time-reversal invariance

For a violation of T invariance to show up in a
detailed balance test, the reaction must have at
least two suitably complex amplitudes, one of
which violates T invariance. The best chance for
this to occur is in the vicinity of a resonance.

To investigate time-reversal invariance in the
electromagnetic interaction of hadrons, one can
test detailed balance in m P =~. This test is very
sensitive, in particular to T invariance in the
isovector amplitudes, because of the dominance of
the M, +

' multipole around E=&236 MeV. Further-
more, one can perform a quantitative, though
model-dependent, evaluation of the sensitivity
since the multipoles at this energy are more or
less known. For instance, in the model of Christ

and Lee, "a T-invariance-violating phase /=10'
in the isovector amplitude produces a 30% dif-
ference in the differential cross section in n P
=yn. Unfortunately, there is no neutron target
available for the measurement y+- n P and its
cross section must be deduced from yd-n' PP.
This introduces a fundamental limitation to the
test.

The isospin nature of a possible T-invariance-
violating electromagnetic interaction is a matter
of educated guesswork. Lee" and Okun" prefer
the violation to be an isoscalar; Barshay" favors
an isovector; Sanda and Shaw" and others"
champion the still undiscovered isotensor.

Christ and Lee" have developed a practical model
to evaluate the effect of a T-invariance violation.
The electromagnetic current of the hadrons is
divided into a T-conserving term J„, and a T-
violating term K„. The inclusion of the latter leads
to a breakdown of the phase condition expressed
in the Watson theorem. Even for a maximal T
violation, it is expected that K„ is small with re-
spect to J„. Thus, the effect of K„can be treated
as a perturbation and the magnitude of the multi-
s~i ace nn1 eiln4 zA 4~we 4 en A44 4 ~~n1 g 4'Kith $4h %4'pV J%v'Q V%44VQ JC4lrlr%A J J Vill 0J %%4llrlVLIQ4 T Ill v QJ J.Chill

theories is unaffected. The K„ term is incorpo-
rated by adding a T-violating phase Q to the T
conserving m-N phase. The analysis of experi-
mental data can be done via an asymmetry function
defined by Christ and Lee as

a(z, g}=do/dG(yn- w P) —(I/D)do/dQ(v P- yn)
do/dO(yn-v P)+(1/D)do/dQ(n P-yn)

(6)

where D is the detailed balance factor. The pa-
rameter a(E, 8) is suited for an estimate of the
magnitude of the phase in a specific multipole,
since it does not depend very strongly on the mag-
nitude of the other multipoles. Our preliminary
data have been analyzed in this manner, ' giving the
above quoted estimate of the sensitivity of this
test of time-reversal invariance.

We want to comment on the effect that a violation
of T invariance will have on the test of the ~ M

~

& 1 rule. If the violation is in the isovector am-
plitude, the differential cross section is affected
but the total cross section is nearly unchanged. If
the violation in the isotensor amplitude is maxi-
mum, that is, x is purely imaginary, then

and the ) &I (
- 1 test discussed earlier is invali-

dated. A violation in the isoscalar amplitude will
raise or lower the cross-section for m P-~ but
affects the reaction yn - n' P in a similar manner.
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Thus the behavior of &(o) cannot be predicted
unambiguously.

D. SU(3) and quark modeis

The classification of the Hoper resonance,
P»(14VO), in an SU(3) multiplet, specifically in an
antidecuplet, has been discussed by Donnachie. "
The usual tests for the classification, namely, the
mass relation and the decay rate are not practical
for the Hoper resonance. However, one can apply
the U-spin test" involving the radiative decay
mode-. In the absence of an isotensor component,
the photon behaves like a U-spin scalar mith

U, = F- gQ=O,

mhere F=hypercharge and Q =electric charge.
By conservation of U spin, the classification of the
Hoper resonance in an antidecuplet mould imply

~,(U, =-') 4P(U, = ')+y(U, =-O),

J»(U, =1)-s(U, =1)+y(U, = 0).

Donnachie" noted that this classification of the
&„(1470)would give a natural explanation for the
"chance" cancellation of the multipoles M~ ~ =

in yP interactions. This cancellation is
apparent in the BD% analysis' and explains the
absence of the Roper resonance in yP experiments.
Since the above multipoles add constructively in
~, a substantial decay of the neutral Hoper res-
onance mould be expected.

In a simple quark model" in which all baryons
are bound states of three quarks, the possible
multiplets are singlet, octet, and decuplet, and
the Hoper resonance would be classified in an
octet. The simple quark model has been spectacu-
larly successful in accounting for many electro-
magnetic properties of the hadrons, as discussed
in recent textbooks such as that by Feld." It pre-
dicts that the E,+ transition for P,',(1236)-yn is
forbidden, because we are dealing with an L, =O- I.=0 transition. Indeed, the analysis" of yP
photoproduction experiment indicates that My+
» E,+'. Incidentally, this result also agrees with
fixed-t dispersion relation calculations. "Second,
the quark model predicts" that the value of M, +

for the transition &»(1236)- yP is —,
' vY p/„where

p,& is the magnetic moment of the proton. This
gives

~
M2M4/" ~=2.V //,

b"'

[see Eq. (3) for the Clebsch-Gordan coefficient in
front of M, +' '~]. It is in acceptable agreement
with the result deduced in various ways"" from
the experimental data,

Is~2MI3++~I=3.4+0 3 pb

It is not clear hom much a possible violation of T
invariance affects the empirical determination.

To discuss quantitatively the radiative decay of
the Roper resonance, one needs a detailed quark
model. Several such models are available:

(a) One is the nonrelativistic quark model, in
which the mass of the quark is very large. Moor-
house" has shomn that the radiative decay of the
charged and neutral Roper resonance is forbidden.
The M~'- ~ amplitude vanishes because of the ortho-
gonality of the space state functions of the Roper
resonance and the nucleon, mhich have different
permutation symmetry.

(b} Another is the quark harmonic-oscillator
model calculation of Faiman and Hendry. " They
predict the following amplitudes for the radiative
decay rates of the Roper resonance:

(~)&/2 M(&/2) 0 3 ~br/2

(-')'/' M("') =0 15 gb

(c) Also, there is the quark harmonic-oscillator
model of Copley et al. '9 In this model the quark is
very light, of order m„ in contrast to the nonrela-
tivistic quark model. The result is the same,
namely, that the radiative decay of the charged
neutral Roper resonance is small. This particular
model has several spectacular predictions involv-
ing the heavier resonances. They will be discussed
in another paper' in which we investigate w P-y+
up to E =1600 MeV. Numerically, Copley et al.
predict that

(—)1/2 M (1/2) 0 14 /bi/2

and

(-)&/2 M&&/2~ —0 13 i/b&/2

(d) The relativistic harmonic-oscillator quark
model of Feynman et a/. " is similar to the pre-
vious one. It predicts that

(~ )1/2 M(I/2) 0 46 @bi/2

(
—)1/2 M(l/2) 0 46 pbl/2

(e} The O(4, 2) model of baryons of Barut and
Nagylaki" predicts that the radiative decay of the
charged and neutral Roper resonance is absent
because the 2S„,—1~«, transition is "forbidden. "

One of the original motivations for our experi-
ment mas to investigate the radiative decay of the
Roper resonance in an effort to test its SU(3) clas-
sification, and thereby perhaps distinguish be-
tween the eightfold way" and the simple quark
model. The Roper resonance could be a suitable
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candidate for the antidecuplet appearing in the
eightfold may. A substantial decay of P~a, twould
imply that the Hoper resonance belongs to an anti-
deeuplet, thereby annihilating all simple quark
models. Qn the other hand, finding that P,, ~ ls
small or zero would be another success for the
quark model.

In the above discussion, we have not considered
the possibility that the Roper resonance belongs to
a 2V-piet. It mould require that the Roper be de-
generate with a P» resonance. The lowest known
P» resonance has a mass of 1910 MeV, mhich is
not degenerate with 1470 MeV. Thus, a 2'7-piet
assignment appears unlikely.

III. EXPERIMENTAL METHOD AND APPARATUS

The main background in our experiment is charge
exchange, n P-m'&, hereafter called CEX; it is
much larger than the desired REX reaction, r P
-&y. Therefore, me designed the apparatus to be
sensitive to the special features of REX, namely:

(i) REX has a two-body final-state reaction,
which implies coplanarity and a unique angle-angle
relationship. This demands a good spatial resolu-
tion of our detectors, a small hydrogen target,
and a pion beam that is well defined in direction
and energy.

(ii) REX also has neutral final-state particles;
thus, a good anticounter box around the target is
needed.

(iii) The energy difference of the neutrons from
CEX and REX is small. Since time of flight is the
only viable method of determining the energy of

the neutrons here, good time resolution is re-
quired of the neutron counters.

Further requirements on the apparatus are ne-
cessitated by the following:

(i) The anticipated smallness of the REX cross
section, typically 10-20 gb/sr; this implies using
an intense pion beam and efficient neutron and y
detectors with a large solid angle.

(ii) We desire to obtain absolute differential
cross sections. This requires that me know the
absolute efficiency and effective solid angle of our
neutron and y detectors.

(iii) The REX cross section varies rapidly in
the region of the P»(1236) resonance, and the
beam energy should be known to 3% or better.

The general. arrangement of the experimental
apparatus in the meson cave of the 184-in. cyclo-
tron at the Lawrence Berkeley Laboratory is
shomn in Fig. 1. The primary systems are beam,
target, neutron detector, y detector, and various
scintillation counters.

t

Pions mere produced by the cyclotron's internal
proton beam in a beryllium target 1.3 em wide,
2.5 cm high, and 1.3 cm thick. The central pion
momentum and the momentum spread were de-
termined by the radius and azimuth of the beryl-
lium target, the cyclotron's magnetic field, a 20-
cm bore quadrupole doublet (not shown in Fig. 1),
and the meson wheel collimator. The final mo-
mentum selection was done by a 19.4-cm-gap
bending magnet. The beam mas focused on our

Heavy plate
spark chambe

LHz target

A
I
I

gl I

I

~ ~

~

r
~ ~

32
COU

~ p ~

f
~ ~

l
'~

'~

I

FlG. 1. Arrangement of experimental setup.
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target by a 30-cm bore quadrupole doublet. The
same beam-transport system was used for the
three different pion momenta. Only the location
of the beryllium target, the angle of the wheel
collimator, and the magnet currents were varied.
For the lowest beam momentum, the cyclotron
field was reversed. The distance from the cyclo-
tron target to our hydrogen target was 14 m.

The trajectories of individual pions were defined
with a four-plane hodoscope system, n, P, y, 0,
totalling 37 counters. They defined an incident
pion to +0.25' and to +6 mm at the target. Further
definition of the beam was done by counter T, 7.6
x7.6X0.32 cm, located 20.3 cm before the target
center. Counter 1'was also used for timing pur-
poses. To handle the high beam flux, a separate
voltage supply maintained the potential across the
last three dynodes of all beam counters.

The typical intensity of our pion beams is listed
in Table D. Also listed in this table is the beam
contamination. The fraction of on-momentum
muons was estimated from our~ange curves and
from calculations, and the off-momentum fraction
was calculated. The electron contamination of the
452- and 491-MeV/c beams was estimated from
other experiments. "'" The total contamination of
these two beams agrees with similar beams. " '
The electron contamination of the 317-MeV/c beam
was evaluated from data taken with a gas Cerenkov
counter in a similar beam in another experiment.
Our 317-MeV/c beam contamination is about 5'
lower than the beam of similar length of Ref. 36.
We attribute the difference to the fact that our
beam was better defined by our hodoscope system
and our small target-defining counter T. In Sec.
VIA, where we use our data to test time-reversal
invariance via detailed balance, we shall consider
the consequences of a 5% increase in beam con-
tamination, since we did not actually measure the
e contamination in the beam used.

Also listed in Table II are the central beam mo-
mentum and the momentum spread. Both were
determined from range measurements. An im-
portant check on the correctness of the beam mo-
mentum was obtained from the analysis of a small

sample of elastic scattering data and from a se-
lected sample of REX events.

B. Target

The liquid hydrogen (LH, ) flask was a vertical
cylinder, 10 cm high, 5-cm radius, 0.19-mm
wall thickness, wrapped with 0.0635 mm of alu-
minized Mylar for insulation. The flask was sym-
metrically divided by a vertical 0.19-mm-thick
Mylar membrane, which was normal to the beam
line. The two halves were completely independent,
so that we had two choices for the LH, thickness.
This option allowed some optimization of target
thickness to improve the resolution. A gas ballast
system was used to prevent target deformation.

C. Neutron detector

The neutron detector was constructed especially
for this experiment. Its design is described else-
where in more detail. " The detector consisted of
32 independent cylinders, each 45 cm long and 7.3
cm inside diameter, filled with NE 224 liquid
scintillator. This liquid scintillator provides an
over-all greater efficiency than plastic scintillator.
The type of photomultiplier used was RCA 8575.
The arrangement of the counters is shown in Fig.
2. The counters focus at a point 366 cm from the
front face of the array. The array of counters is
mounted on a cart, which allows the radius and
angle to be easily changed (see Fig. 1). The letter
in each counter in Fig. 2(b) indicates the assign-
ment of that counter to one of four banks of inde-
pendent time-of-flight measuring systems. This
subdivision is such that no counter from one bank
has another counter from that bank as a nearest
neighbor. This allows a separation of a cross-
scattered neutron from two incident neutrons. For
much of the data taking, A and B, and C and D,
were combined to form two time-of-flight systems
only.

The neutron detector has been carefully calibrat-
ed in a separate experiment" over the full range of
neutron energies of this experiment, namely, 20-
240 MeV. The typical efficiency was 0.450+ 0.015.
Important aspects of the calibration included mea-

TABLE II. Parameters of our pion beams. The beam contamination consists of electrons,
on-momentum muons, p& =p~, and off-momentum muons, p& &p~.

c.m. energy

(MeV)

Lab
momentum

p-
(MeV/c)

Momentum
spread

&p~p Rate
& /sec

Contamination
e p (p&

——p~) p (p&&p~) Total
(%) ( g) (90) (%)

1245
1337
1363

317+ 6
452+ 5
491+ 5

+3.5
+3e3
+3.3

5.5x 10'
4.5x 10~

2.5x 10~

5
3.4
2.7

11+3
6.4+ 1.7
5.7+1
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9
Q crn

Incident
neutron

O ' B ' C ~
Q85 cm lucite

support plate

and restricted the area to 61.0x68.5 cm. For a
photon to be detected, me required pulses from at
least two of the planes. The chamber and its op-
tics, camera, and high-voltage supplies were com-
bined in one unit, which could be moved in angle
and radius [see Fig. (1)]. The chamber was viewed

from the top and side. Each view had calibration
fiducials.

E. Anticounters

WI

Aluminum
support brackets

. L

Uuu Uuu 0uu Quu 0""
(a)

Top ulema

Three anticounters A., one on the downstream
side and one left and one right of the hydrogen tar-
get, detected charged particles leaving the target.
Furthermore, the neutron and y detectors were each
faced with anticounters A„and A&, respectively, to
to detect charged particles entering these detec-

torss.

Eight anticounters A, o, were used to detect pho-
tons from m' decays. Each of these counters was
a sandwich of lead and plastic scintillator, provid-
ing a total of about 10 radiation lengths. The front
surface mas 38&38 cm and two photomultipher
tubes were used for each counter.

F. Electronics

(b)
Front view

FIG. 2. Geometrical arrangement of the neutron
counters. (a) is the top view. (b) is the front view as
seen by neutrons. Each counter is assigned to one of
four independent time-measuring systems, as indicated

by a letter on each counter.

surements of the charged and neutral cross-scat-
tering between the various counters; the probabil-
ity of such scattering amounts on the average to
about 7% and 10$, respectively, for our particular
conf iguration.

D. Gamma detector

The y detector was a metal-plate optical spark
chamber. The chamber contained ten independent

modules. Each module mas composed of five metal
plates, interspaced with four lucite frames, form-
ing a four-gap module. Four of the metal plates
were a lamination of a 1.19-mm, lead plate'between
two 0.46-mm stainless steel. plates. The fifth plate
was a 0.61-mm stainless steel plate. The active
area of a module was 76x 76 cm. Each module had

a total thickness of metal equivalent to about one
radiation length. Interspersed between the front
nine modules mere eight planes of plastic scintil-
lator trigger counters, called y, . Each plane con-
tained two counters, which were summed together

Figure 3 shows the fast electronics logic. The
basic event requirements mere that a pion enters
and interacts in the hydrogen target, that no

charged particle comes out of the target volume,
and that neutral particl. es are detected in the y
detectors and in the neutron detectors within a
predetermined time window. An incoming pion,
called m-, was defined by a coincidence between
a counter in each of the four beam hodoscopes
H= (H„XHe)x(H&—&&He) and the timing counter T,
thus r;„=H & T. One of the two output signal. s from
each counter was delayed for a later coincidence
with the total event trigger allowing the setup of a
fast univibrator (latch) for each counter. The
latches were strobed into the computer for every
event.

If m mas not vetoed by any of the anticoincidenee
counters A„ then it % as called &

& p The pulses
from the discriminators on each counter plane of
the y detector mere summed in a linear adder, the
output of which was proportional to the number of
counter planes triggered by the y shower. A dif-
ferential discriminator on the output of this adder
selected the showers containing at least tmo

planes. The output of this discriminator, mhich

was run in antisleming mode, mas put into co-
incidence with the pion gate to form a n'y coin-
cidence. This coincidence mas vetoed if there
was a pulse in the anticounters A„. A separate
output pulse from the discriminators on each y
plane was provided for measuring the y timing
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FIG. 3. Electronics.

and for recording which y planes had been trig-
gered.

The n„,~ pulse defined above was relatively wide,
-30 nsec, to permit observation of background and
random y-esto~ coincidences in the wy time-of-
flight spectrum. To ensure that no other trigger
would occur until the neutron had adequate time
to report, the r„,„signal was lengthened to -100
nsec in a separate circuit, delayed by 30 nsec, and

put in anticoincidence.
The clipped pulses from the 32 neutron counters

were processed by 32 discriminators operated in

the zero-crossing mode; this mode of operation
was necessary to minimize the time slewing that
was associated with the large dynamic range in
light levels. Each discriminator had two outputs;
one was used to form the event trigger and the
other to measure the neutron time of flight. We
recall that the 32 neutron counters were grouped
into four banks of eight counters per bank. The
output pulses of the eight counters in a bank were
added together and put into coincidence with the
n'y gate. The ~y gate was vetoed by a pulse from
A„. If such a pulse did not occur, the event trig-
ger was formed.

The event trigger had the timing of the neutron.
One output of an event trigger fan-out was used to
gate the timing signals and latches for the neutron
counters. This pulse was narrow, -10 nsec, so
that only the neutron counters which participated
in the event trigger would be recorded. Note in
Fig. 3 that the time-of-flight (TOF) system was
triggered directly from the output of the zero-
crossing discriminators. Furthermore, the TQF
system was started by a pulse from a neutron
counter and stopped by a pulse from counter T.
This is significant in that the over-all dead time
was reduced.

The fast signals that passed through the "H
Strobe Gen, "which was strobed by an event trig-
ger, were T, m„,„, and ny. The T pulse was used
for the reference time in the y and neutron TQF
measurements. The ~,&,~ signal had the timing of
the beam hodoscopes and was used to gate the
latches for these counters. The wy gate was used
to gate the y-counter latches, since it had the tim-
ing of the y counters. We stress that all signals
used in the TQF measurements were gated by
pulses with the timing of the signals themselves.
Thus, the signals used for TQF measurements
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were undistorted by their position in time, refer-
enced to their respective gates.

The event trigger was also used as a flag for the
computer, indicating that data were stored in vari-
ous counter latches, and to initiate the dead-time
circuitry. This dead time disabled the apparatus
from further acquisition of data until the com-
puter had recorded the last event. A fast high-
priority dead-time gate was generated at the out-
put of the +

$ p by a discriminator labeled "BU87
BOX." The dead time, 100 nsec, ensured that no
further n;„was considered while an event trigger
mas being formed.

An event trigger also caused a high-voltage pulse
to be applied to the spark chambers (approximately
300 nsec after the y rays traversed the chambers)
and advanced the film and the data box. Some
forty scalars were used to record various coinci-
dence and singles rates.

G. Data collection

The data for each angle and energy were taken
in two major blocks, called block A and B, except
for the 452-MeV/c data, which were taken in one
block. The blocks were separated in time and were
interspersed with blocks with different angles and
beam energies. To remove systematic errors on
a smaller scale, different types of runs were in-
terspersed for a given setup. The types of runs
were REX, CEX, elastic scattering, "beam only"
and "prompts. " The "beam only" runs were used
to determine the spatial distribution of pions
across the target in an unbiased way. The
"prompt" runs consisted of y's in the neutron
counters and provided a readily identifiable TOF
peak for timing calibration. The elastic-scatter-
ing runs were used to check the alignment of the
apparatus. Target-empty runs were taken for
background subtraction. The on-line computer re-
corded the event number in the data box, the 85
counter latches, and the neutron and gamma TOF's
for each event. The computer also monitored the
event-by-event data, performed cheeks, and pro-
vided many displays for monitoring purposes.

vidieoning efficiency, including the subsequent
conversion of the vidicon coordinates into chamber
coordinates, varied from 90-99%. There were
occasional runs, for instance, when the event rate
was very high, which had slight film-advance pro-
blems and which resulted in a decreased efficien-
cy; an appropriate correction was made for this.

The efficiency of the y detector is given by the
product P,P~P~s, where P „ is the probability
of converting a photon into a shower with at least
4 sparks. The photon energy in this experiment
varied between 210 and 470 MeV; There are -10

radiation lengths in our detector; we estimate that
P „=0.99. Next, P@ is the probability of identifying
a shower as such. The definition of a shower is a
group of 15 or more vidicon hits, which is about
5 or more sparks. They must lie within a cone of
+15' axound the line connecting the hydrogen tar-
get and the first spark. The spark cutoff was de-
termined by visual inspection of many pictures and
tested by noting the sensitivity of our final results
to various spark cutoffs. We estimate that P&
=0.99. Finally, P„~ is the probability that two

y, counters are triggered by photons in the energy
range of our experiment; we determined that P„,,
=0.98 for E&=215 MeV, "while P«approaches
1.0 for larger Ez. To avoid uncertainties due to
edge effects in the counters and spark chambers,
we imposed fiducial 1.imits. Not included in the
above are ineffieieneies due to photon conversion in
the hydrogen target, A, , or A~.

The number of true double showers was about
1%. We selected the largest one as the most likely
one due to a REX event. The fraction of frames
with no shower depends on the beam intensity and
location of the spark chamber with respect to the
beam. Typically, it is about 4%. . Careful film
scanning showed that it.is not due to malfunction
of the vidicon; rather, we believe it is due to a
combination of tube noise, interactions of slow
neutrons in the scintillator, and charged particles
that produce Cerenkov light in the light pipes.
Finally, hand-measuring was used to check the
accuracy and reliability of the vidicon measuring
system.

IV. DATA PROCESSING

A. Film

The film was analyzed by a vidicon automatic
scanning system controlled by a PDP-5 computer. "
The relative positions of the sparks and fidueials
on the film, plus the calibration frames and data-
box characters, were stored on magnetic tape.
The resolution was about 0.75 mm in the trans-
verse direction and 4.0 mm in depth. Each spark
produced 3-4 vidicon bits on the average. . The

8. Selection of data

The digital data from the on-line computer and
the film data were combined by matching run/
event numbers. During this process some events
were lost. Causes of missing run/event numbers
were double pulsing of the data box, tape parity
errors, and/or failures of the film-scanning sys-
tem. The last can be traced to missing fiducials,
missing start-stop marks, or improper film ad-
vance of the camera or film-scanning table. All
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of these effects are of low frequency, random,
mechanical, and unbiased. Ne found it convenient
to introduce the notion of "effective number of in-
cident-beam particles, "which is the number of
real beam particles counted in a run scaled down

by the fraction of events lost due to film-handling
problems; it is called r .

Approximately 45@ of the data had multiplicity
M &1, by which we mean that more than the ex-
pected number of latches were present. This was
caused by scattering in the neutron counters and by
random triggers. 1% of the events had a missing
latch and 4% of the film had an unidentifiable show-
er, as discussed previously. In these cases, M=0.
If M& 1, the kinematical reconstruction program
described below considered all combinations of
counters and shower vertices. The combination
which best fitted the HEX hypothesis was selected.

The following types of events were eliminated
from the analysis;

(i) eight or more hodoscope counters latched;
(ii} four or more neutron counters latched;
(iii) four or more shower vertices;
(iv) no neutron counter latched;
(v) fewer than four hodoscope planes latched.

The number of incident pions was scaled to ac-
count for these rejected events. A typical correc-
tion is 1.5%., This procedure introduces no bias.
In a separate experiment" it was shown that 200-
MeV photons produced sizeable showers that were
identified as such in more than 99% of the cases by
the film-analysis program, provided the vertex
was in the fiducial region. Thus no scaling was
done for events with no shower vertex.

C. Event parameterization

For each event we measured the following quanti-
ties: the neutron TQF &„, the pion-neutron angle
8„", and the pion-photon angle 8„". The beam mo-
mentum P„was measured separately for each of
the three beams. Since r P y& is a two-body
reaction, the kinematics are overconstrained and
it is possible to make consistency checks. For
example, we define P, =—P(8", 8,") as the incident-
pion momentum kinematically derived from the
measured neutron and photon angles. W'e can com-
pare P~ with P,'. Similarly, we define the kinemati-
cally derived neutron TOP r»=—(8„",p, ) and compare
it with ~,. Another parameter derived from the
measured quantities is the deviation from coplan-
arity, D„. This is defined, at the face of the neu-
tron-counter array, as the perpendicular distance
between the center of the triggered neutron counter
and the r y plane. The expected value of this pa-
rameter is zero. Note that D„depends only on the
alignment of the equipment.

For the comparison of P~, 7„, and D„with their
expected values P„, r„, and zero, we calculate the
following parameters:

S, =(T»- T„)/o, ,

S» —
( p» —p, )/o»,

S~ =D„/on .

(9a)

(9b)

(9c)

The o's are uncertainties introduced by the finite
target size, the resolution of the detectors, and
the divergence and momentum distribution of the
beam.

A statistically correct g' cannot be formed from
these parameters, since the uncertainties are non-
Gaussian. However, ",pseudo g2" values can be
calculated from the three possible pairs of param-
eters for each event, namely,

x'(P» '») =s»'+s. '

X (PD».)=S» +SD,

X (~»~ D ) =S~ +SD

%e can also define

x'(P», &», D.) = S»'+S, '+SD'.

(10a)

(10b}

(10c)

D. Event reconstruction

A Monte Carlo program generated REX, CEX,
and random events in the same format as the ex-
perimental data, that is, S5 counter latches and
various TQF's. Input to the Monte Carlo program
consisted of neutron- and y-detector angles and
radii, location of the A 0 counters, hydrogen tar-
get status, the central beam momentum and mo-
mentum spread, and actual hodoscope latches from
runs requiring only r as an event trigger.

Included in the Monte Carlo program were mod-
els which represented the energy dependence of
the efficiency of the neutron and X,o counters, the
differential CEX cross section, random neutrons
and y's, and the scattering in or out of the neutron-
counter array. '~ A significant feature is thai the
events generated by the Monte Carlo program were
processed by ihe same kinematical program as the
experimental data.

The event data from the on-line computer. and
from the film-scanning system were combined in
the kinematical reconstruction program. This pro-
gram calculated the values of &» P» D„, and the
parameters defined in Eqs. (9) and (10}. The out-
put normally consisted of accounting information
and 58 one-variable- and 66 two-variable-fre-
quency distributions of kinematical and spatial
quantities.

E. Monte Carlo program
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The reliability of the Monte Carlo program was
checked by comparing the frequency distx ibutions
generated by the kinematical program for the
Monte Carlo data and experimental data. De-
tailed checks were made of TOF distributions, the
spatial distributions in the neutron and y detectors,
and the frequency of triggering various A„o coun-
ters.

F. Fitting procedure

For each block of data, a fitting procedure was
applied to frequency distributions of P~, T~, D„
and the parameters defined in Eqs. (9) and (10),
obtaining the number of REX events from each.
The procedure ~as to subtract the hydrogen-out
data from the hydxogen-in data and then to fit the
result, bin by bin, with the Monte Carlo signal and

background. The fit consisted of determining two
parameters, + and P, such that

[D, —(PC, +uR()]2a i
{11)

wa, s a minimum. Here N is the number of channels
to be fitted, D; is the number of net data events in
channel i, and C; and R, are the number of CEX
and REX events in channel i, as given by the Monte
Carlo program. The denominator is the sum of
the squares of the statistical uncertainties. The
statistics of the Monte Ca,rlo program usually
were such that both a and P are much less than
one.

Normalization was not required during the fitting
process. In this way, the shape of the distributions
was emphasized. The requirements for an accept-
able fit were that g„'/{N —2) =1 and that

i,e., that normalization was automatically
achieved. Typically T=0.97 to 1.01. The num-
ber of REX events is then given by

E

N„E„aGENRE„= (o.'a 6n) Q —,
where 4o.'is the statistical uncertainty in e. For
a given block of data, different values of g„', T,
~REX and +~Rpxcould be obtained as the fitting pro
cedure is applied to the different frequency distri-
butions. The range of values for NRE„served to
indicate the reliability of the method.

G. Recursive feature

If the number of REX events, as obtained from
the fitting program, varied from one frequency

P„Data Type of
(MeV/c) e& ~ block fit Range X /Dpb N&&x

317
317
317
31V
452
452
452

1O7 5 B
107.5 B
128.3 B
128.3 B

0 ~ 0

43 1
43 1 ~ ~ ~

D
A
D
A
D
C
B

0-30
Q-21
Q-35
Q-26
0-39
0-19
0-19

1.50 370+ 39
1.50 389+49
0.97 322 + 55
1.35 355+ 68
2.20 372+ 33
1.32 358+ 36
4.25 377 + 29

452
452
452
452
452
491
491

491
491
491
491
491
491
491

70.7
70.7
70.7
70.7
70.7
91.7
91.7

91.7
91.7
91.7

150.5
150.5
150.5
150.5

B
B

B
B
B
B
B
B
B

D
B
D
A
C
D

C
A
A
A
A
A

0-39
0-20
0-19
0-20
0-20
0-20
0-40

0-20
0-20
0-20
0-10
0-20
0-20
0-20

1.14
0.72
1.27
1.18
1.13
1.85
1.59

1.75
0.95
0.98
0.47
0.69
0.65
0.78

244 + 28
253+39
246+ 28
243+ 35
194+38
274+26
273 + 25

296+41
220+46
289 + 33
379+26
378+ 26
377+26
384+26

Type of fitiA =8&+S~ with IS~i «3.5; B=S& +S„, with (S~[
«3.5; C =S&2+/~ with lS& ( «3 5& D Sp~+SD2+S2

DF =degrees of freedom.
')s, I 3.o.
'Is, l 4.0.
Range = number of y2 channels of the frequency distribution

that were used in the fit.

distribution to another, it signified that some as-
pect of the run. data eras in errox. For exampLe,
if the timing calibration parameters were in er-
ror, a different value of +„~would be obtained
from the TOF array than from the incident-mo-
mentum array, which was reconstructed only
from opening angles. To resolve such discrepan-
cies we used the numerous frequency distributions
supplied by both the kinematical reconstruction
program and the fitting program to find the pa-
rameter in error. When adjustments in the run
data had been made, the complete analysis was
repeated. This process was continued until satis-
factory agreement was obtained for the value of
N„E„ from all frequency distributions. The sen-
sitivity of the procedure is evidenced by the fact
that the adjustments were only about +0.5 nsec in
the neutron TOP zero point, +8 MeV/c in the in-
cident pion momentum, and +0.2' in the angles of
the neutron and y detectors. Table III lists the
values of N«„obtained from the frequency distri-
butions for typical data blocks. Examples of the
frequency distributions are shown in Fig. 4 and
Refs. 1 and 2.

TABLE HI. Values of,+&&& obtained from the frequency
distributions for typical data blocks.
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FIG. 4. Examples of frequency distributions.

V. CALCULATION OF CROSS SECTIONS

The center-of-mass g p- yn cross section was
obtained from the expression

f is defined as

NREx
dA tv dA„Zf'. (14)

(16)
where N„E„=the number of REX events; g = the
number of target protons/cm' seen by an incoming
pion, averaged over our pion-beam distribution;
v- = the effective (see Sec. IVA) number of single
particles incident on the hydrogen; dQ„= the geo-
metrical solid angle subtended by the front face of
the 32 neutron counters; J= the neutron Jacobian,
dA/dA~; f= the product of all factors which affect
the efficiency for detecting REX events. In detail,

where f „,= the fraction of incident particles which
were not pions (see Table II); f, ,b,

= the fraction
of pions which are absorbed by interactions in the
timing counter, the target walls, and half the hy-
drogen in the target (1.7 or 3.0%); f„~„=the frac-
tion of REX neutrons undetected due to scattering
in the hydrogen, the target walls, 7L.„and the
neutron counters (varies from 1% to 26%}; q„
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= the efficiency for detecting a neutron which tra-
verses a full neutron-counter length (52 to 40%);
f „„=the average fraction of a neutron-counter
length traversed by neutrons which entered the
front face of a neutron counter (either 0.87 or
0.89); &,„,= the number of inoperative neutron
counters (normally zero); f „„=fraction of REX
events lost due to conversion of the photon in the
target or anticounters (varies from 3 to 4%); 7i

= the detection efficiency for a REX photon which
enters the fiducial region of the spark chamber,
it is taken to be 0.98 over the range of photon
enex'gies considered here, as justified in Refs.
39 and 2; f„„=geometrical match factor, or the
percentage of detectable REX events, due to the
fiducial region of the spark chamber which does
not completely match the neutron counter array
(varies from 99% to 88%); f,o „.= the fraction of
REX events lost by random triggers in the A„o
counters (varies from 2% to 7%); f, „=the fra.c-
tion of REX events lost by accidentals in the A,
counters (varies from 1.5% to 3.7%%u~). The numeri-
cal value for every correction factor, for every
enexgy and angle, is available elsewhere. '0 The
value of g,.„was calculated by subtracting double
and random triggers from the number of incident-
beam particles and then multiplying the difference
by the fraction of events which were analyzable
(usually larger than 0.95).

The important parameters used in our cross-
section determination are listed in Table IV. The
errox in the parameters g. , dg„, and J is less
than 1% and has not been listed W.e did not deem
it useful to obtain the cross section for all of the
32 neutron counters separately and the results
are based on sums or averages of these counters.
This accounts for the sizeable interval in cos g.
The result of our measurements of the REX dif-
ferential cross sections fox both data blocks are
listed in Table IV. In general, the agreement be-
tween the two blocks is satisfactory.

The total error in our measurements can be
divided into a normalization error and a relative
error. The normalization error scales all mea-
surements at each center-of-mass energy in the
same way. It is due, for example, to the loss of
good events because of random noise in anticoun-
ters. It amounts to +6% at g = 1245 MeV, +4.5%
at g =1337 MeV, and+4. 2% at g =1363 MeV. The
relative error varies for different measurements.
It is due, for example, to counting statistics. The
relative error is listed in Table IV. Our final
HEX result, in the cases where there are two
blocks, is weighted according to the square of the
relative error and shown in the next to last col-
umn of Table IV. The error quoted for our cross-
section values is the result of combining normali-

zation error and the weighted relative error in
quadrature. The last column of Table IV shows
the cross section for the inverse reaction yn- g p
calculated from the preceding column using the
detailed balance factor.

The results given in Table IV are the final, fully
corrected results of our experiment. Differences
with the preliminary results of Ref. 1 are due to
several small, effects, such as the improved cal-
cu1.ation of the neutron scattering, beam random
triggers, the effective number of target particles,
and a correction for occasional runs with the
film-handling problems discussed in Sec. IV A.

The differential cross section for m charge ex-
change, which is our main background, has been eval-
uated separately ' and found to agree well with phase-
shift predictions and measurements. For instance,
when we integrate our measured CEX differential
cross section to obtain the total cross section and
compare the result to the published total cross
section, we find at g =1363 and 1337 MeV the
ratio 1.00+ 0.07, while at g = 1245 MeV' the ratio
is 0.93+0.06. %e consider this agreement evi-
dence that our experiment was not plagued by
hidden systematic errors, such as a calibration
error in the neutron or photon counter.

VI. DISCUSSION OF RESULTS

A. Test of time-reversal invariance

Qur measured differential cross section for
g p- ym can be used as a test of time-reversal
invariance by comparing it with yn- m p data,
assuming the last can be extracted reliably from
yd- z X measurements. A real discrepancy be-
tween our data and the inverse would have far
reaching consequences. %e will discuss in detail
all factors affecting this comparison. %e start
with the necessary deuterium correction which
must be applied when extracting yz- 7) p cross
sections from the yd experiments.

The analysis of the yd experiments is based on
the spectator model. The validity of this model
in the region of the P»(1236) resonance, where the
photon wavelength is about 1 F, is not well known.

The corrections due to the use of a deuterium
target fall into two classes~:

(i) model-dependent dynamical effects such as
(a) multiple scattering in the final state, (b)
Coulomb scattering in the final state, (c) reduc-
tion of final-state phase space due to the Pauli
exclusion principle, (d) shadow effects in the
initial state; and

(ii) kinematical corrections such as (a) off-
mass shell corrections, because the neutron is
bound inside the deuteron; their magnitude depends on

the energy of the spectator proton; and (b) corrections
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FIG. 6. Total cross section for yn m p below
S' =1400 MeV calculated by integrating the Moravcsik-
type fit [see Eq. (17)] that was made to the various pub-
lished differential cross sections (see Refs. 43-46).
The symbols are the same as in Fig. 5. The dashed
vertical extension of some of the data points indicates
the magnitude of the systematic error in the experi-
ment.

FIG. 5. Recent measurements of the differential
cross section for yn m p. (a) Bubble-chamber mea-
suremeuts of yd w p»: f =ABHHM {Ref. 43) snd

=PRFN (Ref. 44). (b) w /w' ratio: /=Tokyo (Ref.
45), with o(yp 7t'n) by Betourne gt al. (Ref. 47) and

$ =average of Tokyo (Ref. 45) and Bonn (Ref. 46}, but

o(yp n'n) by Fischer {Ref.48). (c) (1/D)[do/dO{w p
ys)] technique: g Schiuzel et al . {Ref. 50) snd

$ =this experiment (D =detailed balance factor).

due to the Fermi motion of the neutron inside the
deuteron; this motion must be taken into account
when evaluating the yn center-of-mass energy and
the photon flux that is seen by the target neutron.

Two groups, Aachen. -Bonn-Hamburg-Heidelberg-
Munich" (ABHHM) and Pavia-Rome-Frascati-
Napoli' (PRFN), have used a deuterium-filled
bubble chamber exposed to a 5.3-GeV and 1.0-GeV
bremsstrahlung beam, respectively, to measure
yn- m p. It has been estimated~ that the deuteri-

um corrections of type (i) amount to about 6% and

type (ii} to 15-20% in these experiments.
Recently two groups, Tokyo4' and Bonn~ have

investigated yn-& p with counters and a method
based on the w /w+ ratio ft(8), which is defined as

ft(8) =- do(yd w X)/do(yd w+ Y). (16)

The cross-section for yz- z p is obtained by mul-
tiplying R(8) by do/dQ(yp- w'n). The favorable
aspect of this method is the fact that R(8) is in-
sensitive to most deuterium corrections, except
to Coulomb effects, the 2.6-MeV mass difference
between the (w pp) and w'nn) final state, and effects
due to the Fermi motion. The last are the most
important whenever the cross section is varying
rapidlyas ar,ound the P»(1236) resonance, or
when H(8} varies substantially, as in the backward
direction in our experiment.

The differential cross section for yz- z p ob-
tained by ABHHM and PRFN, interpolated to the
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+ A~X (17)

In this formula

—(«)
dQ

dQ

1
(1+p„«)" (18)

where «=cos8; f„'=0.08, the pion-nucleon cou-
pling constant; 4 = incident-photon energy in the
c.m. system; 8' =E = total energy in the c.m. sys-
tem; p„= ('tf„, &o,) = the pion four-momentum;

p = (-q„,W —cg ) = the nucleon four-momentum;
p„= pion velocity; p„= nucleon velocity; our units
are such that I=c =m, =1. The above expression
contains the electric part of the Born approxima-
tion only. The magnetic part is contained in the
power series and the interference term. This
type of fit corresponds to a Moravcsik fit with
fixed value of the residue at the pion-exchange
pole. Equation (17) has the advantage" that the
contribution of the P,~ resonance appears almost
completely in the power series. Integration of the
above expression yields the total cross section.

energies of our experiment and binned in 20' in-
tervals to reduce the statistical error, is shown
in Fig. 5. Also shown are the results based on
the v /w' ratio using at E = 1337 and 1363 MeV the
A(8) results from Tokyo" (which have not been
corrected for effects due to the Fermi motion},
and the dg(yp-v'n) data from Betourne et a&."
At E = 1245 MeV we used for ft(8) values inter-
polated between the Tokyo" and. Bonn~ results,
and for do(yp- m'n) we used separately the recent
data by Fischer et al. ~8 and Betourne et al. , ~ be-
cause the latter are some 10%%u~ lower near 100'.
At 180' we always use the Tokyo measurements. 4'

Shown also in Fig. 5 are our m p- ypg measure-
ments, converted to the inverse reaction via de-
tailed balance and two points at g =1245 MeV by
Schinzel et al. '0

In order to compare quantitatively the various
experiments on yp- z p with each other and with
ours we have looked for a suitable interpolation
method, as model-independent as possible. %e
chose a type of Moravcsik fit" that was used by
Fischer et al. ~' for their yp- g'g data and mod-
ified it for the yn- z p case. The formula used
to fit the c.m. yg- g p cross section is as follows:

do do (1 —«')«1—(«) =.—(«) +a,
dQ dQ ~,„'1 —P,x 1+P„x

Thus we treat alI. data sets in the same way. Re-
sults for the total cross section are displayed in
Fig. 6. Differences up to 20%%uo occur for different
data sets. The Bonn" and Tokyo~' data can be
fitted by a smooth curve and agree when taken at
the same energy. The ABHHM data with their
large error bars overlap the v /w' measurements
in most cases. Our integrafed cross section,
though somewhat lowex, is in acceptable agree-
ment with the Tokyo data at E = 1337 and 1363 MeV.
For instance, at E =1337 we find o, (v ') =86 + 15 pb
versus Tokyo's 102+ 12 pb [we include a systemat-
ic error" of +10%%u~ for da(yp- v+n} used here]. Our
data at face value disagree, however, with all in-
verse data at E =1245 MeV.

Next we compare the differential cross sections
for yg-g p obtained in the various experiments.
Again we start with a fit to each data, set, using
Eq. (17). Then we use a linear interpolation in
energy of the cross sections obtained with the fitted
parameters for making the comparison at the
same energy, assuming that the fitted parameters
vary linearly with energy.

The Moravcsik-type fit to our data is shown in
Fig. 7. The horizontal line through our data points
indicates the angular acceptance of the neutron
counters. The solid curve in this figure is the
Moravscik-type fit to the Tokyo v /v' and Orsay"
p' data. Note that at F =1245 MeV there is also
a dot-dashed curve based on the Tokyo v /v', but
with the Bonn g' results. The marked difference
between the two m' data sets around 100' is par-
ticularly unfortunate for our test of T invaxiance,
since it reveals a systematic error in the p' of
6-10%%u~. Also included in Fig. 7(c), represented by
the dot-dot-dashed curve, is the Pfeil-Schwela
fit to the Bonn~ v /m' data in conjunction with the
Bonn~e p' results.

The various data sets are quantitatively com-
pared in a uniform fashion by evaluating the min-
imum y' for the mutual consistency of each pair of
data sets. Furthermore, we can calculate the
minimum X' for the case of an adjustable normal-
ization factor C~ for each pair of data sets; in this
way we can investigate the existence of a possible
systematic "scaling" error. Table V gives the
results of our comparisons. Inspection of this
table reveals that in the energy interval covered
by our experiment thex e is about the same dis-
crepancy between ABHHM, PRFN, «'/n ratios,
and our results.

In detail we have the following:
(a) The Bonn~ data agree with the Tokyo4' data

at Z =1249 Mev,
(b) The ABHHM~ data agree with the Tokyo"

data at E = 1241 MeV, and disagree at higher ener-
gies with an 18-30% difference in normalization.
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(c) The PRFN4~ data disagree with the Tokyo~'
data at 1261&g & 1322 MeV, i.e. , in the region
just above the P» resonance, with 20-32% dif-
ference in normalization.

(d} Our experiment agrees with the Tokyo data
at g =1337 and 1363 MeV, though there is a differ-
ence in normalization of 17% between the two ex-
periments, which is about the sum of the system-
atic errors. We disagree with the Bonn data as
well as with the Tokyo data at F. =1245 MeV.

(e) We always disagree with the PRFN and
ABHHM data.

The above conclusions do not change if the only
other data available for v p-ny (see Ref. 50) are
included.

To test time-reversal invariance via detailed
balance, one must evaluate not only the relative
and the systematic error in both yn- m p and

p p-yz, but also determine the "comparison er-
ror. " As mentioned in the experimental section
(Sec. III), there is an uncertainty of +6 MeV/c in
the determination of the central momentum of our
317 MeV/c beam and a 1-3 MeV uncertainty in the
beam energy of the inverse reaction, leading to a
"comparison error. " The magnitude of this was
evaluated as follows: We compared our data with
interpolated data from the inverse reaction for
two energies deviating from the nominal value by
3 and 7 MeV. The result is shown in Table VI.
The relative energy shift can remove almost the
entire discrepancy, except with ABHHM.

The remaining difference amounts to nearly the
sum of the systematic errors in the experiments.
As mentioned in Sec. IIIA, we cannot exclude the
possibility that at E =1245 MeV our beam contam-
ination was actually 5% higher than calculated,
leading to a uniform increase of 5% of our data
and an even better agreement with the inverse
reaction.

At E = 1363 and 1337 MeV the cross section hard-
ly changes with energy, ' as a result the comparison
error at these two energies is negligibly small.

The results of our analysis can be stated as
follows: At g' =1363 and 1337 MeV there is sub-
stantial agreement between our data and the in-
verse reaction obtained by the v /v' ratio method,
but disagreement with the bubble-chamber experi-
ments. Assuming that the z z' method is pre-
ferred, because of its smaller corrections, we
find no violation of detailed balance and thus sup-
port time-reversal invariance in the electromag-
netic interaction of hadrons. At g' =1245 MeV our
measurements at 6& 60' are some 20%%u~ lower than
various inverse- reaction measurements. How-
ever, all uncertainties in the comparison amount
to about this percentage and we conclude that there
is no real evidence for a violation of time-reversal

20
L
VI
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20- '
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C=1337MeV-
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FIG. 7. Differential cross section for yn n p at
E =1245, 1337, and 1363 MeV. + =this experiment.
The horizontal error bars indicate angular acceptance
of the neutron counters. ) =Schinzel et el . (Ref. 50).
———Moravcsik fit to this data. Moravcsik Gt to
the (~ /w')-ratio data from Tokyo (Ref. 45), using the
7(+ data from Betourne et al . (Ref. 47). - — same as the
solid curve, but using the n+ data from Fischer et aL.
(Ref. 48). -"- Pfeil-Schwela (Ref. 10) fit to the Bonn
(Ref. 46) (m /7(.+)-ratio data and the Bonn (Ref. 48) n+

cross section.

We have calculated the b, (g) parameter of Sanda
and Shaw, "defined in Eq. (7), to investigate the
validity of the (aI~ c1 rule by the isotensor dip
test. Our measured angular distribution has been
parametrized in the manner discribed in Sec. VIA
to obtain b, (cr}. The result is listed in Table VII.
The magnitude of the errors precludes drawing a

invariance in the region of the P»(1236) resonance
either. The sensitivity of our experiment to a
possible violation of time-reversal invariance in
the various multipoles and isospin amplitudes has
already been discussed by us, ' using our prelim-
inary results.

B. Test of the lhi I~~1 rule
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TABLE V. Comparison of various experiments on yn n p, using the fit based on Eq. (17)
to each data set. In the fifth column is listed the X per data point for the comparison of data
set 1 in column 1 with data set 2 in column 2. In the seventh column is shown the X per data
point for a floating normalization and the normalization factor C~ is given in column 6.

Data sets compared

Energy of
data set

(MeV)

Comparison
without
floating

normalization
g2/(number of
data points)

g2/(number
of data

points -1)

Comparison with
floating normalization

normalization
(Data set 2)
(Data set 1)

This
experiment

This
experiment
+ 2 points
from
CERN Qef.
ABHHM

Bonn

PRFN

PRFN

ABHHM

Bonn
Tokyo (1)'
Tokyo (2)
Tokyo (2)
Tokyo (2)
PRFN
ABHHM
Bonn
Tokyo (1)~

50) Tokyo (2)~

Tokyo

Tokyo

Tokyo

1245
1337
1363
1245
1337
1363
1245

1337
1363
1245

1179
1194
1210
1226
1241
1256
1271
1293
1322
1348
1377
1187
1218
1249
1278
1184
1194
1221
1234
1261
1291
1322
1351
1382

2.9
3.0
2.4
5.1
2.7
2.5
3 4
2.4
1.5
0.9
1.1
2.3
3.8
3.0
2.0
1.5
1.5
0.8
1.2
1.4
0.7
2 ~ 6
2.1
3.0
4.5
1.3
3.4
3.3
1.2
1.1
1.3
1.4
1.0
1.1
0.8
3.0
1.8
2.8
0.9
1.0

1.23
1.42
1.31
1.40
1.44
1.43
1.22
1.25
1.19
1.17
1.17
1.16
1.35
1.23
1.20
1.19
0.93
0.95
0.89
0.89
0.93
0.82
0.83
0.80
0.70
0.88
0.73
0.89
0.93
0.93
0.92
1.02
0.98
1.03
1.03
0.80
0.80
0.68
0.89
0.80

0.6
0.5
0.6
0.4
0.2
0.2
0.8
0.6
0.6
0.2
0.4
1.7
0.8
0.9
0.6
0;2
1.5
0.8
0.4
0.8
0.5
1.0
0.6
1.2
0.5
0.8
0.7
0.6
0.3
0.2
0.3
1.4
1.1
1.1
0.8
2.0
1,0
1.2
0.8
0.7

~Tokyo (1) refers to the ~ /r+ measurement of Fujii et al. (see Ref. 45) combined with the
x+ measurement of Fischer et al .(see Ref. 48).

Tokyo (2) uses the x+ measurement of Betourne et al . (see Ref. 47}.

firm conclusion. We note that at E =1337 MeV we
find that a(o) is small in contrast to the prediction
of 40 p.b by Sanda and Shaw. The model-dependent
test of Donnachie and Shaw" using the angular
distributions (see Sec. VIC) yields z= -Q.3, but
in obtaining this quantity Donnachie and Shaw as-

sumed a violation of p invariance. Since we have
shown in Sec. V that there is at present no solid
evidence for a violation of time-reversal invari-
ance, the Donnachie and Shaw model is insuffi-
ciently established.

We note that the recent yn- m p data obtains
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TABLE VI. Evaluation of the comparison error. Our data are compared with the inverse
reaction extrapolated to a slightly higher energy. The notation is the same as in Table V.

Data sets compared
1 2

Energy of
data set
(MeV)

2

Comparison
without
floating

normalization
x /(number of

data points)

Comparison with
floating normalization

Cz
normalization X /(number
(Data set 2) of data
(Data set 1) points —1)

This
experiment

Tokyo (1)

Tokyo (2)

Bonn

PRFN

ABHHM

1245 1245
1245 1248
1245 1252
1245 1245
1245 1248
1245 1252
1245 1245
1245 1248
1245 1252
1245 1245
1245 1248
1245 1252
1245 1245
1245 1248
1245 1252

2.4
1.5
0.8
1.5
1.1
0.8
3.7
2.4
1.6
2.9
2.1
2.0
5.1
3.9
2.9

1.25
1.19
1.13
1.19
1.13
1.08
1.22
1.22
1.18
1.23
1.21
1.19
1.40
1.35
1.29

0.6
0.4
0.3
0.3
0.2
0.2
1.1
0.8
0.6
0.6
0.6
0 ' 7

0 4
0.3
0.2

with the (w /w')-ratio method is quite suitable for
the isotensor-dip test. The Bonn~ as well as the
Tokyo" data do not show the predicted dip struc-
ture. They also get a(o) = 0 instead of 40 p,b above

py =400 MeV. Furthermore, in analysing photo-
production data ignoring the radiative-capture
data, the introduction of an isotensor current is
not needed, though the PRFN g data" could be
consistent with x = -0.2.

C. Multipole analysis

In the following we compare our measurements,
converted into yn- z p cross sections, with vari-
ous theoretical predictions in the order discussed
in Sec. II.

(i) Fixed-t dispersion relations. The most ex-
t nsive analysis of this type, in which the coupled
dispersion-integral equations are solved by the
conformal-mapping technique, was done by
Berends, Donnachie, and Weaver' (BDW). They
retained small contributions from s and p waves
in the imaginary parts of the dispersion integrals,
including the electric quadrupole contribution to
the p» resonance, and they replaced the static
limit used in earlier work by fully relativistic
projections. As can be seen in Fig. 8, which
shows the BDW predictions and our measurements,
this theory without adjustment is in disagreement"
with our data. The same holds for the only other
parameter-free calculation of this type. ' The pre-
dictions are limited to E„&500 MeV. An obvious
modification to make is in the M(11/2) multipole,
since the Roper resonance is a highly inelastic

resonance, and it is unknown whether it can be
photoproduced. Berends and Donnachie, "as well
as Donnachie" in a separate paper, proposed set-
ting „M",P =0 =~M",-'" [this would put the P» into
an SU(3) octetj. Their curves are shown for com-
parison in Fig. 8. The change improves the agree-
ment with the data and, as we indicated in the
analysis of our preliminary data, ' a small addi-
tional change in the isospin--,' part of the electric
dipole can produce an acceptable fit. However, as
we will see below, when the phase- shift-style fittings
are discussed, this is not a unique solution by any
means.

(ii) Isobar model. The analysis of Walker' is
concerned with photoproduction data from all chs6-
nels prior to 1969 and he takes the following con-
tributions to the pion photoproduction amplitudes. '

electric Born approximation, resonances for which

g
(MeV)

v,(y —w-p) v, (~-~+n', a(o) =q[o;(m-) —o,(x')]
(p,b) (pb) (pb)

1245

1337
1336

170+22

85+18
85+15

186+ 12
174+ 9
84+ 5b

80+ 5

-16+25
-4+ 24

1+19
5+16

Fischer et al. (Ref. 48). Error includes a 6% sys-
tematic error.

Betourne et al. (Ref. 47). Error includes a 4.2% sys-
tematic error.

TABLE VII. Comparison of e&(yp m+n) with o't(yn m p)
for the isotensor-dip test.
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FIG. 8. Comparison of theoretical calculations and
multipole analysis with our data. Dispersion relations:——Berends, Donnachie, and Weaver (Ref. 4) for
E =1245, 1337 MeV; " Engels, Miillensieffen, and

Schmidt (Ref. 5) for E =1245, 1337 MeV. Dispersion
relatfions with adjustable parameters: —- Berends,
Donnachie (Ref. 54), and Donnachie {Ref. 22) Qf&~ =0),
for E =1245, 1337 MeV; -"-Schwela (Ref. 11) (I&-,
Eo adjusted) for E =1245, 1337 MeV, Isobar model:

Walker (Ref. 6) for E =1355 MeV. Fits including
T-violating phases: — Donnachie and Shaw (Ref, 12)
for E =1245 MeV; —.—Berardo et gl. (Ref. 1) for
E=1245 MeV, 8 =1351 MeV.

the position and width is fixed'from (v-~)-scatter-
ing phase-shift analysis, and additional smooth
nonresonant contributions in the low partial waves.
His curve for F. =1352 MeV is compared with our
data at g =1363 MeV in Fig. 8(a). The agreement
is quite good, which is not so surprising, since
the g data of Neugebauer et al."used in his fit
a,re in essential agreement with our data as dis-
cussed in Ref. 1. (There are no angular distribu-
tions available for the other energies. ) He uses
zero contribution from the Roper resonance, but
a small I,- contribution of either sign can also
be accomodated, and no conclusion on the multiplet
assignment could be drawn.

(iii) Phase-shift-style fitting. Four recent pa-
pers' "are devoted to a model-independent ener-
gy-dependent analysis of all photoproduction data.
The comparison with the results of this type of
analysis will reflect the agreement or disagree-
ment of our data with the input data. The analyses
are limited to the energy region below 450 MeV,
and two of them" are further limited to m' data.
We reproduce in Fig. 1(c) the curve of Pfeil and
Schwela' for g =1245 MeV, essentially based on
the rather arbitrary selection of Bonn photoproduc-
tion data. The Pfeil and Schwela fit is in disagree-
ment with our data, which is expected, since the
Bonn data disagree with ours. The multipole fits
for the low partial waves indicate which amplitudes
might be possible candidates for deviations from
the fixed-t dispersion calculations. For the proton
data one finds" 15-20% deviation in g~,",", g,",",
and M (,'+~'~ and a larger deviation in M {,'@, E{,',",
and M,'-'". Pfeil and Schwela, "who include g

data, find that the E(,","amplitude has a stronger
energy dependence than predicted by the Born
approximation, in agreement with our findings in
the analysis of our preliminary data. ' Further-
more, the M,""and the I,","amplitudes deviate
strongly from the predictions: the M~" amplitude
especially at higher energies, and the I{,',~'~ notably
in the P,3 resonance region. The surprising fact
is that in the analysis of Pfeil and Schwela the
large ~,'"~ contribution to the yn- g p cross sec-
tion of BD%' is essentially preserved in contrast
to all other analyses. It is not clear whether this
is accidental, since we find corresponding changes
in the nonresonant component with different isospin,
of the same multipole. It appears that keeping

M,'+' as well as ~,'~' at their Born values and

changing the resonant ~,'+", and M,'", the latter
yielding I,'"~= 0, gives an equivalent fit, as
shown in our previous analysis. '

(iv) Dispersion relations zvith adjustable Param-
eters. An energy-dependent parametrization of

e @{0'I"and M{&'I"with the parameters determined
from the data, as an improvement of the tradition-
al approach of fixed t-dispersion relations, is the
basis of the work of Sehwela. " His curves are
also given in Fig. 8, but caution is necessary,
since older data were used. Agreement at the
higher energies is good, %e must pay special
attention. to those calculations which incorporated
our preliminary data into the determination of
multipole amplitudes. The possible vio1ation of
detailed balance at E = 1245 MeV made all three
groups, """consider a violation of T invariance.
In the light of the detailed analyses of the experi-
mental facts presented in Sec. VI A one should
look at these analyses as providing some feeling
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for the order of magnitude of the possible T-vio-
lating amplitudes and pha, ses involved.

The boldest approach is the one by Donnachie
and Shaw, "who introduced an isotensor and T-
violating electromagnetic current. To give an.

example of the results of this type of calculation,
we will quote their results in more detai. l. For
the other calculations we refer to the original
works. "" The resonant magnetic dipole is para-
metrized in the following way:

,M",,"'= (-', )"'M(W)[x,e'*4 —(-.')'"x,e'"6]

= (-', }"'M(W)x,e' ~. ,

M~"S =(—')"'M(W)[x,e'" —(5)"'x,e'*6]

= (-',)"'M(W)x„e",

with

M(W) = —,e»sin 5»+x, —,Ak ]g . q

interpreted as a reduction of the resonating mul-
tipole M~,'7@, the difference with the quark-model
prediction" " would be slightly decreased. This
prediction is 20% lower than the present value for
~~,","determined from g' photoproduction. ""

It is a,pparent from Sec. VIC that there is no
unanimity rega, rding the extraction of the M,""
multipole. Consequently the radiative decay of
the Roper resonance cannot at present be consid-
ered to be firmly established. Our data, favor the
analysis where M~,"~~ is small, consistent with
the quark-model predictions. The large M,'-"
contribution pxedicted by BD 18 excluded fxoxxl

our data. Unfortunately, the Pfeil and Schwela'0

analysis, which shows a large M~,'~'~, stops at
E =1313 MeV, where the relative contxibutions
from the P» are still small and may be compen-
sated fox by changes in other multipole amplitudes.

The T-violating phRses ~4 Rnd g, defined jn Ref.
12, change sign under time reversal. With x,
= x, =0 one finds xpf(W }= --',A~v' and xpf(W) = =,'A~ '

in the nomenclature of Eq. (3). The fit to the
photoproduction data below g' =1320 MeV yields

-0.28~ g= " ' ~ -0.36,
xp

0.23 ~ ]= —' ~ -0.31,
X2

-7.9' ~ y„» -11.4'.

For pure isotensor T violation (x, =0') one has

y„=-11, t =-0.28, and x, =51', and y, =7.6' and
x=-0.31. For pure isovector T violation (x, =0 ),
one has P~

= -7.1', x, = -8.6, and x = -0.35. The
corresponding curve is shown in Fig. 8(c) and

agrees with the data. The M," is also varied in
this fit; all other multipole values are taken from
BD%. It must be stressed again that at E =1337 and

1363 MeV these changes are not sufficient to fit the
data. Our own pxevious analysis' proceeded, along
the same lines, with the electric dipole E 0'+' as
an additional parameter, with a 10% instead of a
20% change of the g~,",'~. The question of the iso-
spin nature of the possible T violation is not an-
swerable, as was also pointed out by Berends and
%eaver. " Their results for the T violating phases
are in complete agreement with the ones from
Donnachie and Shaw" and our previous simplified
RBRly sls.

D. Comparison with quark mode1s

The differential cross section measured by us
at g' =1245 MeV is somewhat smaller than predic-
tions, as discussed in Sec. V. If this effect is

vn. eoMMENTS

The test of time-reversal invariance in g p-yg
depends on the reliability of extracting the yp p"p
cross sections from yd experiments, using either
the bubble-chamber technique or the s /w' ratio
method. Some measure of the reliability is given

by the agreement between the two methods. As
shown in Fig. 5 Rnd Table V the results of the two

techniques differ by 10-20%. At present, this
determines the limit to which detailed balance can
be tested in g p=ye. Vfe note that it is still a very
sensitive test of time-reversal invariance. In the
model of Christ and Lee" a 15% uncertainty be-
tween z p-:n and its inverse near g = 1245 MeV
limits the time-reversal violating phase in the
isovector amplitude to 5'.

The (x /r')-ratio method requires fewer correc
tions than the bubble-chambex method and is there-
fore preferred. Indeed, our data at g =1363 and
1337 MeV favor the (w /v')-ratio res~its over the
ones from the bubble chamber. The (m /w')-ratio
methods depend on the availability of g' photopro-
duction data. We note that o,(yp- v'n) determined
by Fischer et al."is systematically 7% higher
than Betourne e~ «.'7 and the difference in the
shape of the differential cross section is even
larger (see Fig. 7). Better x'-photoproduction
data in the region of the P» are needed to improve
our knowledge of the g -photoproduction process
and to sharpen the test of time-reversal invari-
ance.

The accuracy of the time-reversal test can be
improved by reducing the comparison error. This
ca,n be done by performing the experiments at the
peak of the photoproduction of the P» resonance,
rather than on the fast-falling slope. Such an ex-
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periment is under way at present.
Recent experiments" "in search of a violation

of time-reversal invariance in the electromagnetic
interaction of hadrons have shown no evidence for
a sizeable violation. The sensitivity of these ex-
periments is hard to evaluate and is only optimis-
tically comparable to ours. Even the elegant meth-
od based on the upper limit of the electric dipole
moment of the neutron yields, in the model of
Broadhurst, "a sensitivity in the 7-violating phase
of 15' for the present upper limit" of 1x 10 "ecm.

Next we consider the sensitivity of the isotensor-
dip test. The accurate determination of b, (a) di-
rectly from the measured o,(yp- w'n) and o,(w p- ys) is not feasible at present due to the system-
atic errors in both experiments, compounded by
the comparison error. Using the (w /w') ratio for
the dip test appears to be better in this respect
and the available results '~ preclude a large dip.
The accuracy of the b (o}evaluation using the (w /w' }
ratio depends in detail on the reliability of the
various corrections to the (w /w') ratio. The Tokyo
measurements" have not been corrected except
for Coulomb effects, and the size of the correc-
tions to the Bonn measurements~ is unreported.
Our measurements of t p-yn do not preclude the
possibility that the (w /w'} ratio 'measured is un-
certain to 7$ and consequently that the a(o) eval-
uated from the (w /w'} ratio is uncertain to 15-20
p.b, which is about the accuracy of our determina-

tion given in Table VII. We conclude that present
evidence supports the (nl I ~ 1 rule, but that the
test is not accurate enough.

Finally, we comment on the results of the multi-
pole analysis. The diversity in the multipole val- .

ues of the nonresonant multipoles obtained by var-
ious authors implies that better data are needed.
The determination of the M, - multipole, which is
important to obtain the radiative decay of the
Roper resonance, can be helped substantially when

polarization data become available, in particular
for the reaction p p-yn using a polarized proton
target.
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