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Seventeen differential cross sections of the pion-nucleon charge-exchange reaction have
been measured at total center-of-mass energies of 1245, 1337, and 1363 MeV. Most mea-
surements are based on the neutron-photon coincidence method, using carefully calibrated
neutron counters and an efficient, large-area photon detector. The results are used to test
the predictions of charge independence, with which they agree. The results also confirm the
Ayed-Bareyre-Sonderegger phase-degeneracy hypothesis at O~p = 180'.

I. INTRODUCTION

We have measured the differential cross sections
for the pion-nucleon charge-exchange (CEX) reac-
tion,

m P-n'n,
at 317-, 452-, and 491-MeV/c pion momenta in
the laboratory, corresponding to E =1245-, 1337-,
and 1363-MeV center-of-mass total energies.
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FIG. 1. Ratio R of predictions for ~. p x n based on
recent phase-shift analyses. CERN disp. and exp. refer
to the dispersion-relations-type and experimental-type
phase shifts of Ref. 10. Saclay I and II refer to the mini-
mum path and minimum surface solutions of Ref. 11.

These data were obtained in the course of another
experiment in which the differential cross sections
for radiative pion capture in flight' (REX reaction),

P~ ypl~

were measured. We believe these data are of in-
terest for four reasons. First, the difficulties of
determining the small REX cross section forced
us to employ a technique which has removed or
reduced some of the systematic errors associated
with previous CEX measurements. ' ' Second, our
data at E = 1245 MeV are close to the peak of the
&(1286), where there is a paucity of data. Third,
there is a need for more CEX data in the phase-
shift analysis of the m-N system, as has been em-
phasized many times. ' Extensive phase -shift
analyses of the m-N system below 2 QeV have been
undertaken by several groups. ' " Shown in Fig.
1 is a comparison between four phase -shift pre-
dictions for the CEX differential cross sections at
E =1362 MeV; differences of more than a factor of
1.5 can be observed. This illustrates clearly the
need for CEX data in our energy range. Fourth,
the CEX data can be used to test the hypothesis
of isospin conservation via the triangle inequali-
ties

A brief historical review of the experimental
methods follows in this section. Section II deals
with theoretical considerations. Sections III, IV,
and V describe our experimental arrangement,
analysis, and results, respectively, and conclu-
sions are discussed in Sec. VI.

The earliest charge-exchange differential cross
sections' ' in our energy region were derived
from measurements of the angular distribution of

single photons. The principal difficulty of this
method is the unfolding of the energy dependence
of the photon detection efficiency. Also, at high
energies, there are uncertainties in background
subtraction due to the production of additional n 's.

A more direct method, used more recently, "
has been to detect the final-state neutron and to
identify a charge-exchange neutron by its unique
energy. This technique is prone to systematic
errors arising from the uncertainties in neutron
detection efficiency. The most recent measure-
ments in this energy region' utilized neutron
counters which were calibrated at only one neutron
energy with 10/~ precision, while theoretical cal-
culations were used to predict the efficiency over
the full range of neutron energies. An earlier
measurement' relied completely on thb calculation
of the neutron detection efficiency. The accuracy
of the second method of measuring CEX cross
sections is further limited by the random back-
ground in the neutron detector, particularly at
forward m' angles, where the neutron energy is
low and the counter biases must be set corre-
spondingly low. When E & 1300 MeV and O„p& 120',
the REX reaction is a non-negligible correction
to the CEX cross sections. W'e have measured
the REX contribution directly.

Our method is a combination of the above tech-
niques, namely, a coincidence measurement of
the neutron and one photon from n' decay. The
CEX events are identified by the time of flight
of the neutron, and the random background is re-
duced to a negligible level by requiring the detec-
tion of a photon. This background reduction is
particularly important for large m' angles at the
higher energies, where the CEX cross sections
are small. The energy-dependent efficiency of
our neutron counter array has been accurately
measured over the entire range of detected neu-
tron energies. " Our photon detector contained
ten radiation lengths. The efficiency for shower
detection is about 98% and nearly energy-indepen-
dent over the range of interest, 150& E& & 300 MeV.
Our main source of uncertainty is the solid-angle
acceptance for a photon from n' decay. Besides the
n-y coincidence technique used for all 17 points,
we determined 10 of these points in a separate
experiment, using only the neutron time of flight.
These independent measurements provide an ex-
cellent check on our determination of the solid
angle and the efficiency of the photon detector.

II. THEORY

Under the assumption of isospin conservation,
the amplitudes for the three experimentally ac-
cessible processes in w-N scattering may be ex-
pressed in terms of two isospin amplitudes:
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A(w'p- n'p) =—A'= A,g, ,

A(w p- m p) =A = —', A,y, +SA,(, ,

A(m p-m'n) —= A'= ——,'v2 (A,(,-A3(,).

(la)

(1b)

(1c)

v2 A =A' —A (2)

This equality implies two constraints on the cross
section, namely,

called the triangle inequalities. The constraints
hold for all angles. A measurement of all three
m-N scattering processes at the same energy and
angle can thus be used to test isospin conservation
in I-N scattering. A special angle to consider is
180', since the contribution of the spin-flip am
plitude vanishes there. Tdrnqvist" has noted that
some of the data in the energy region 1300&E
& 1600 MeV, when extrapolated to 180, and when
taken at face value, show a slight violation of the
triangle inequalities. Ayed, Bareyre, and Sonde-
regger" (called ABS here) have interpreted the
published data differently. They assert that at
180' the available data are consistent with the
lower limit of the triangle inequalities in the re-
gion 1230&E& 2100 MeV and probably at all ener-
gies. The spectacularly low CEX cross section
near E=1390 MeV and E=1600 MeV, where the

Three experiments are necessary to determine
the magnitude and relative phase of the two isospin
amplitudes. It follows directly from Eq. (1) that
the following relation must hold:

n' and w cross sections are equal, is certainly
impressive evidence in favor of the ABS hypoth-
esis. When the experimental data are consistent
with the lower bound of the triangle inequalities
there are three possibilities. ' A3/2»+, /2y or +p/2

AL3/ 2 or the re lative phase between A, /, and A, /

is O'. ABS obviously chose the last possibility.
Our data, lying in the region where Tdrnqvist saw
a possible isospin violation, are well suited for
testing the triangle inequalities over the full angu-
lar region, ' also, they can determine whether the
ABS phase degeneracy holds only at 180'.

An uncertainty in all tests of isospin conserva-
tion is caused by the Coulomb interaction, which
does not conserve isospin. The Coulomb effects
have not been calculated rigorously, but estimated,
using potential models with an uncertain range of
validity. Qades" estimates that the total effect
of Coulomb corrections in the backward cross
sections at E= 1230 MeV is 1% or 2%. At the
present level of experimental accuracy, Coulomb
effects are unimportant in our energy range.

III. EXPERIMENTAL ARRANGEMENT

A. Beam

The experiment was performed at the 184-in.
synchrocyclotron of the Lawrence Berkeley Lab-
oratory. The beam transport system made a
triply focused image of a beryllium target in the
internal beam of the synchrocyclotron upon a
liquid-hydrogen (LH) target 14 m away. Beam
tuning was achieved by varying the internal target
position and beam transport magnet currents.

Heavy plate
spark chambe

LHz target

A
I I
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FIG. 2. Arrangement of detection apparatus.
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mination consists of electrons, on-momentum muons, P„TABLE I. Parameters of our pion beams. The beam contamxnatio

=P, and off-momentum muons, P„&P .

c.m. energy
E (MeV)

Lab mom.
P (Me V/c)

Momentum spread
m/P

Rate
x-/sec

Contamination
e p. (P&=. P~) p (P„&P„) Total

1245

1363

317+6

452+ 5

491+5

+3.5%

+3~3%

+3 3%

5.5x 1{j~

4.5x 105

2.5x 105

2% 4%

2% 3.4/o

2.7%

(11+ 3)%

(6.4 + 1.7) /o

(5.7+ 1)/o

The trajectories of the pions entering the LH
target were defined with a hodoscope system of 37
plastic scintillator counters, arranged in four
planes, n, P, y, and 5. (See Fig. 2.) The hodo-
scope determined the incident pion angle to +~'
and the pion position to +6 mm at the LH target.
Further definition of the incident beam was made
with another beam counter, T, used for timing
purposes also. The final element in the beam
counter telescope was an anticounter with a hole,
A,„. The beam momentum, spread, rate, and
contamination are given in Table I. They are dis-
cussed in more detail in the forthcoming paper on
the REX reaction. "

B. Target

The liquid-hydrogen target flask was a vertical
cylinder, 10 cm high&10 cm in diameter. The
flask was divided symmetrically by a vertical
Mylar membrane which was normal to the beam.
This allowed the two halves to be filled indepen-
dently so that runs could be made with either a
full or half-full target. At most points, we chose
to run with half-full target, to keep the uncertainty
of the interaction point to a minimum.

C. Detection Apparatus

The experimental apparatus is shown in Fig. 2.
The LH target was surrounded on four sides by
anticoincidence counters: in the front by A.H,
downstream by A.„and left and right by two other
A, . The anticounters suppressed triggering the
system on charged particles that came out of the
LH target, thus eliminating random coincidences
due to elastic pion scattering in the LH target and
straight-through beam particles. The last feature
excluded cases where two pions came within the
resolving time of our beam coincidence circuit.
An incoming pion was defined by a coincidence
between the four hodoscope planes, the timing
counter T in front of the target, and no count in
A.~.

The heart of the experiment was the neutron de-
tector. Details of the construction and calibration
of the detector are given elsewhere. '4 The detec-
tor consisted of an array of 32 cylindrical liquid

9cm
I

0.65 crn Lucite
support pIote

Alumin
support br

(o)

pm 0 uu gJU

FIG. 3. Geometrical arrangement of neutron counters.
Figure 3(a) is the front view as seen by the neutrons.
Each neutron counter is assigned to one of four indepen-
dent time-to-height converters, as indicated by a letter
on each counter. Figure 8(b) is the top view.

scintillator counters, each 46 cm long and 7-cm
in diameter. The individual elements. were ar-
ranged in a semiclose packed array, as shown xn

Fig. 3, with the axis of each cylinder lying along
a radius to the target when the detector was at
its normal 3.7-m radius from the target. To avoid
triggering the neutron counters on the few charged
particles from the target not eliminated by A„a
pair of plastic, counters, labeled A.„, covered the
face of the neutron counters. The neutron array
was mounted on a cart such that both the angle
and the distance from the target could be easily
changed.

The efficiency of the neutron counter array was
measured in a separate experiment. " The method
used was that of elastic neutron-proton scatter-
ing. The recoil proton energy and angle were
measured in a range telescope, thereby determin-
ing the energy and angle of the scattered neutron.
The quantity that was actually measured in the
calibration experiment was the neutron counter
efficiency, modified by scattering of the neutrons
in the target and neutron counters. Separate mea-
surements were made of the probability for cross
scattering of neutrons or their recoil protons be-
tween counters in the array, or out of the array.
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Neutral cross scattering, defined as the scatter-
ing of a neutron from one counter to another (but
detection in the second counter only) averaged 17%%uo

for our array. Charged cross scattering averaged
13%%uo, this occurs when a neutron or a recoil proton
triggers two adjacent counters. A Monte Carlo
program which simulated the calibration conditions
was used to obtain the efficiency per cm of possible
path length of a nonscattered neutron from the
above measurements. The hydrogen target used
in the efficiency measurement was the same as
that of the CEX and REX experiment. The abso-
lute efficiency was between 0.5 and 0.4 in the
energy range of our experiment, and it was deter-
mined to an accuracy of about i3% of the absolute
efficiency. Corrections for neutron scattering in
the hydrogen target were included in the absolute
efficiency.

The photons were detected in a heavy-plate
optical spark chamber. The chamber consisted
of 10 modules. The thickness of each one was one
radiation length. Each module had five metal
plates, forming a, four-gap module. Four of the
plates were laminated lead and stainless steel,
while the fifth was all stainless steel. The active
area of each module was 76&&76 cm. Interspersed
between the front nine modules were eight pairs
of plastic scintillator trigger counters, y, . In
front of the first module was a pair of counters,
A. &, which were in anticoincidence.

The y detector was viewed by a camera from the
top and side, and the resulting photographs were
scanned off-line with an automatic vidicon system. "
The handling of the spark chamber data and the
photon detection efficiency are discussed in detail
in Ref. 18. The entire y detector with its optics
was mounted on wheels and could be moved in
both radius and angle.

D. 7r AntiCOunterS

Eight lead-scintillator sandwich y detectors,
designated A„o in Fig. 2, were mounted around
the target. These were inserted for the benefit
of the REX experiment, as they were sometimes
used in anticoincidence to discriminate against
CEX events. For these runs, extra chre was nec-
essary in the analysis of the charge-exchange
cross sections.

The efficiency of the m anticounters was deter-
mined in a separate calibration experiment per-
formed in a tagged photon beam at the Caltech
Synchrotron. 'o Typical results which we obtained
were (30+ 7)/o at 35 MeV, (67+4)% at 50 MeV, and
(91+ 3)% at 100 MeV. The uncertainty in this effi-
ciency contributed to the error in the final cross
section values for those points where the w anti-
counters were in the trigger.

E. Triggering and Electronics
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FIG. 4. Neutron time-of-flight (TOF) spectra, after
subtraction of a small target-empty background. The
triggering mode is an n-y coincidence. The dashed
curve in Fig. 4(a) is a Monte Carlo simulation. Single
arrows indicate the CEX region. The region between
single and double arrows is used for background evalua-
tion.

An event trigger was defined as

nPy5TAsABnyqyqA„Ay(A p) .

y, y, means that two or more planes of scintillator
in the gamma detector were required. This re-
quirement ensured that the photon shower persisted
for at least a radiation length. The time gate for
neutron detection was such that the time of flight
of the neutron had to be within about +35 nsec of
the time expected for the REX neutron. The CEX
neutrons are always inside this time interval.
Our 32 neutron counters were arranged in four
independent groups, called', B, C, and D, each
with its own time -to-height converter. The as-
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signment of individual neutron counters to each
group is indicated in Fig. 3(a). Details on the
electronics are given in the papers describing the
radiative capture experiment. "

The events were obtained in two types of runs.
In the normal (REX) data runs the trigger which
was discussed above was used and CEX events
were taken simultaneously with REX events. We
shall refer to this triggering mode as the "n-y
coincidence method. " At ten points we also took
events for which only a neutron was required by
removing the y, y, A&A, O requirement in the trig-
ger. This triggering mode will be called "n-only. "
This type of run was important to check the Monte
Carlo calculation of the solid angle for detection
of one y from the w decay and the product of effi-
ciency and solid angle of the A, o counters. In
most of the REX-type runs the A, o counters were
in anticoincidence in the main trigger. In a few
runs the A„o counters were latched for recording
on tape and this information could later be used or
ignored.

In all our runs, the counter information and neu-
tron time of flight Of all events which passed our
trigger criteria were recorded on magnetic tape
by a PDP-5 computer for off-line analysis.
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IV. DATA ANALYSIS

The number of charge-exchange events was de-
termined from the measured neutron time-of-
flight spectrum by subtracting, bin by bin, the
small empty-target background. Figures 4(a)-4(c)
show typical spectra of data nainus empty-target
background obtained when the trigger had a y in
coincidence with the neutron. The total back-
ground, including & p- n& ' & ', is normally very
small (2-3%); in the worst case, at Z =1363 MeV
and cose„o = -0.87, it is 7%. In the cases where
the coincident y condition is removed, the random
background can be much larger, as shown in Figs.
5(a)-5(c)." The solid curves in Fig. 5 are fits to
the spectra using Gaussian distributions on a lin-
ear background. The fits are used to evaluate the
number of counts in the peak. o., is the full width

at half height of the CEX peak expected from kine-
matics, counter length, electronic resolution, etc.
The peak at earlier times is the photon "prompt"
peak. In Fig. 4(a) is shown a typical neutron time-
of-flight distribution along with the shape predicted
by a Monte Carlo program. The experimental
spectrum is slightly wider at the base than the one
predicted by the Monte Carlo. This is due to the
imperfection in the determination of the zero time
in each of the 32 neutron counters and due to neu-
trons that scattered in the hydrogen. We estimate
the uncertainty in the CEX cross section due to

FlG. 5. Same as Fig. 4 except that the triggering mode
is the "neutron-only CEX" mode. The solid line is dis-
cussed in the text.

neutron scattering in the hydrogen target to be less
than 1%.

In addition to the number of events, the analysis
must deal with the problems of solid angle and ef-
ficiency. The neutron solid angle is defined as
the geometrical solid angle subtended at the target
by all the neutron counters.

The Monte Carlo program used to analyze the
CEX and REX experiments included the following
for the neutron: (1) a means of calculating the
efficiency of a single counter as a function of dis-
tance from the LH, target, (2) a model of the neu-
tral and charged cross scattering between neutron
counters in our array, and (3) corrections for
neutron scattering in the LH, target structure and
surrounding anticounter s.

To evaluate the y solid angle one must determine
the probability for one y from ro to enter the fidu-
cial region of the spark chamber, where the effi-
ciency for detection is known, and for the other y
not to trigger an A„D counter. This last condition
was of course ignored in the cases where the
A„o's were not in the trigger. A Monte Carlo
program, which simulated the entire experiment,
was used to calculate the y solid angle. This num-
ber is typically between ~e and +.
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V. RESULTS

The differential cross section for charge ex-
change is calculated from the following formula:

do N..~.
—Nmx

dQcEx t pm* dQ„-Jf *

The numerical value of each of the parameters is
given in Table II, where

N,„„=number of events, in CEX time-of-flight
interval, after adjustment for empty tar-
get and random events;

X„Ex——number of m P-ny background events;

m*;„=number of incident pions that traversed
the hydrogen target (see below);

dQ„=the geometrical solid angle subtended by
the neutron counters;

tp=the number of target protons per cm' seen
by an incoming pion, averaged over our
pion beam distribution;

J=neutron Jacobian =dQ/dQ„»;

f*=the product of all factors which affect our
detection efficiency.

In detail, we define f* as follows:

f (1 f ~ q)(1 fy )(1 f ~o p )(1 f p~)(l o2 Nooq)gyp (fo,g»)(1 fq„o g')(I f q)(l f » )(f ))(1 fsp~k),

where

f„„„=the fraction of neutrons which are unde-
tected due to scattering in the liquid hy-
drogen or the target walls, or scattering
out of the neutron counter array (varies
from 2.7% to 25/p);

fz „„„=thefraction of CEX events which had a
photon convert in the target or the anti-
counters on the way to the spark cham-
ber (about 7.4%%up);

f p &
= the fraction of good CEX events which

were lost because of accidentals in the
vo anticounters (varies from 8'%%up to 8/p);

f „.,o= the fraction of good CEX events which
were lost because of accidentals in the
target anticounters, A, (varies from
1.5% to 3.7%%up);

N,„,=the number of inoperative neutron count-
ers (normally zero);

g„=the measured efficiency for detecting a neu-
tron which traversed a full counter length
(52 -40%%up);

f„p, =the average fraction of a neutron counter
length traversed by the neutrons which
passed through the front face of a neutron
counter (varies from 0.87 to 0.89);

g~ = the detection efficiency for a photon which
goes in the fiducial volume of the spark
chamber (it is taken to be 0.98 over the
range of y energies considered here, as
justified in Ref. 18);

f~„o, p =the fraction of good CEX events lost
because one photon passed through an
A „o counter (varies from 18/p to 45%%up);

f„„,=the fraction of incident particles which
were not pions (varies from 8%%up to 11'%);

f, ,», =the fraction of pions which were absorbed
by interactions in the timing counter and
the LH target (1.7%);

f„,~= the geometrical acceptance for one photon
from w as determined by the fiducial vol-
ume of our spark chamber (varies from
12'%%up to 38%%up);

f,p „=the fraction of events lost in the analysis
due to our minimal spark requirement
for an acceptable photon shower (this
correction is either zero or 5%).

The numerical value for every correction factor
for every energy and angle is available in Ref. 22.
The number of REX events, NR~x, was determined
from our own measured cross sections. The value
of the w*'s was calculated by subtracting doubles
and randoms from the number of incident beam
particles and then multiplying the difference by
the fraction of events which were analyzable (usu-
ally larger than 0.95). The unanalyzed events are
normally associated with film-scanning problems.
The value of f* is dominated by the quantity f„„
and fz,o,„„.The last two factors were evaluated
with the same Monte Carlo program which gener-
ates CEX and REX events for the REX analysis.
In addition to geometry, the factor fz, o „depends
on the efficiency of the ~ anticounters, discussed
in Sec. IHD.

The important parameters used in our cross
section determination are hsted in Table II. The
errors in the parameters mh„dQ„, and J are less
than 1% and have not been listed We did n.ot deem
it necessary to obtain the cross section for all the
32 counters separately, so the results for the en-
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tire neutron array have been lumped together and
averaged. This accounts for the sizable interval
in cos8,0. The results of our measurements of the
CEX differential cross sections for both the n-y
coincidence method and the n-only method are
listed in the next to last column of Table II. In
general, the agreement between the two methods
is satisfactory. The measurements based on the
n-y method have a smaller error than those based
on n-only. This is due principally to the fact that
the number of CEX events is determined with much
greater accuracy by the n-y method (compare Fig.
5 with Fig. 4), offsetting the uncertainty introduced
by demanding a photon in the trigger. The total
error in our measurements can be divided into a
normalization error and a relative error. The
normalization error scales all measurements at
each center-of-mass energy in the same way. It
is due, e.g., to uncertainty in the beam contamina-
tion and the loss of good events because of random
noise in the anticounters. It amounts to +4.8% at
E = 1245 MeV, +4.4% at E = 1337 MeV, and +3.7%
at E =1363 MeV. The relative error varies for
different measurements. It is due, e.g., to count-
ing statistics. The relative error is listed in
Table II. Our final result in the cases where
there are two measurements is the average,
weighted according to the square of the relative
error. The error quoted for our cross section
values is the normalization error and the weighted
relative error combined in quadrature. Our final
cross sections are plotted in Fig. 6.

8I

E
4-

O
b

0
LO

4-

u) 3

E

2b

E=1245 MeV 7r p -7r'n
/

(a)

0.6

I I

0.2

cos e~o

-0.2 -Lo

I I I I i I I i

0~n
(b)—

t at E=I337MeV)

0.6 0.2 -0.2
COS H~o

—0.6 -I.O

&-+-~ Our data
———CERN D (phase shift at E= I247 MeV)

VI. DISCUSSION AND CONCLUSIONS

Recent phase-shift predictions" " for charge
exchange at our energies have been included in
Fig. 6 with our measurements. In general, there
is agreement with the gross features. Our mea-
surements are not sufficiently accurate to distin-
guish clearly between the four different sets of
phase shifts available at E =1362 MeV. We have
made a fit of our data to a Legendre-polynomial
expansion; in addition to our measured points, we
used a dispersion-relation calculation of the 0'
cross section. The coefficients from our fit are
given in Table III. Also shown in this table are
the following: in column 7, the total cross section
obtained by integrating the polynomial; in column
8, the total cross section as measured by
others"'4; and in column 9, the total cross sec-
tion predicted by the CERN and Saclay phase-shift
analyses. "'" Our calculated total cross sections
depend strongly on the 0 differential cross section
calculated by Olsson, '3 to which we assigned an er-
ror of 15/0 at E = 1245 MeV, and 5% at E = 1337 and
1363 MeV.

I I I I

E=I363 MeV vr p —vr n
(c)—

C: Q5-0
b

Ql

l,0 Q6

C OS e~p

—
Q2

PEG. 6. Differential cross section for 7r p m n as a
function of cose ~0. We have plotted the weighted average
of the n-y coincidence and the n-only measurements.
The error plotted includes both the normalization and
the relative error. The lines represent the phase-shift
predictions, Refs. 10 and 11. Also shown in Fig. 6(c}
are the data at E = 1361 MeV of Lind et al. , Ref. 7.
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The data points indicated by open circles in Fig.
6(c) are the CEX values reported in Ref. 7. They
are generally lower than our measurements; the
disagreement is largest in the backward direction.
We note that the neutron counters used in Ref. 7
were surrounded on four sides by anticounters.

I
]

I t I t I t I

E= 1245 MeV

7r p 7ron
100=

50-

( ~ = our data)

g
10—

5
8'.:':Y

(a)
10

E=I337 MeV
'~&7r p 7r n;

Q

I-

E 05-

10

j
b~i ~—

(b)
I I I

I I

gE= 1363 M@V

~~7r p 7m
lj

a g.:'f
j., /

i+ ~

0.5-

0.1
=
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.Ol =

1.0

+

p:. :.:'/

j:.'::::::':.':::::!

(c)
I I I I I I

0.6 02 -02 -0.6 -1.0

c as e~o

FIG. 7. Our x p x n data compared to the bounds of
the triangle inequalities a = 2(Wo.++Wo. )2 and b = & (v a.+

-v o )2, with o = do/dQ(m~p 7t~p). The shaded region
at each bound indicates the area of uncertainty due to the
uncertainties in the a+ and a data, which are taken to be
at least 6%.

This has the effect of reducing the cross section
because of charged cross scattering, which is
particularly important in the backward direction
where the neutron energy is the highest.

In Figs. 7(a)-7(c), we have plotted our differen-
tial cross sections along with the upper and lower
bounds of the CEX cross sections given by the
triangle inequalities, Eq. (3). The m'p data for the
triangle inequalities at E = 1245 MeV were obtained
by interpolating the CERN phase-shift predictions.
At E = 1337 MeV we used interpolated values from
the data of Rugge and Vik,"and at E = 1363 MeV
we used the data of Ogden et a/. " In calculating
the triangle inequalities, we assumed the error in
the m'P data to be at least 6/g, resulting in a region
of uncertainty that is given by the shaded area in
Fig. 7.

Our data are in agreement with charge indepen-
dence at all energies and angles, a slight exception
being one measurement at E = 1245 MeV at cos8„0
=0.52. We interpret this mainly as a statistical
fluctuation, not unexpected among 27 measure-
ments.

Inspection of Fig. 7 reveals several interesting
phenomena. First, the CEX data at E = 1245 MeV
are consistent with the lower bound of the triangle
inequalities over the entire angular region. This
is not unexpected, of course, since all phase-shift
analyses and theoretical models indicate A,~,» A,~„due to the dominance of the b(1236) in the
region of E=1245 MeV. Second, our measure-
ments at all three energies, when extrapolated to
180', are consistent with the lower bound of the
triangle inequalities. Thus, we fully support the
idea of a phase degeneracy at 180' in the m-N sys-
tem as suggested by Ayed, Bareyre, and Sonde-
regger. The data at E = 1363 MeV are especially
interesting in that our CEX data are nowhere near
the bounds of the triangle inequalities except in
the very backward direction. Thus, the ABS phase
degeneracy only holds at 180', which makes it
hard to explain as a dynamical effect due to acci-
dental cancellation of certain amplitudes. Third,
it is interesting to note how the CEX data pull-
away from the lower bound of the triangle inequal-
ities in going from E =1245 to E = 1363. This can
only be due to the increasing influence of the A. ,g,
amplitude, and, because of the relatively low en-
ergy, this, is presumably a manifestation of the
P»(1470) resonance. The difference between Fig.
7(b) where E = 1337 MeV and Fig. 7(c) where E
=1363 MeV is particularly striking. Thus, we find
it difficult to support the hypothesis of Hauser
et al. ,

"that the small CEX cross section at 180
in the vicinity of E =1400 MeV is evidence for the
P~~. We contend that the low backward CEX cross
section in the vicinity of E = 1400 MeV is a conse-
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TABLE IG. Legendre coefficients of the least-squares fit to our measurements and the 0' calculation by Olsson. 3

In column 7 is given the total cross section calculated from the Legrendre fit. Column 8 shows total cross-section mea-
surements by others. ~ Column 9 gives the total cross section calculated from the CEHN and Saclay phase-shift
analysis. ""

g
(Me V/c) (Me V)

Co
(mb/sr)

Cg

(mb/sr)
C2

(mb/sr)
C3

(mb/sr)

+ tot &tot
(mb) (Other

Integrated measurements)

0'

Phase-shift
predictions

317
452
491

1245 2.92 + 0.15 0.09 + 0.36 2.40 + 0.36 —0.07 a 0.29 36,6 + 2.6
1337 1.07 + 0.05 1.58+0.12 1.23 + 0.11 0.25+ 0.10 13.5 +0.8
1363 0.99+0.05 1.64+ 0.11 1.10 + 0.11 0.41 + 0.07 12.4 + 0.8

39.5+0.5 "
13.8 +0.5
11.1 +0.2 d

13.6 +0.6

40 (CERN)
13.8 (CERN)
12.4 (CERN-D)
11.1 (Saclay-I)
11.8 (Saclay-II)

da
C,P, (eos9~ )i.

1=0
b Interpolated between E=1233 and 1250 MeV (Ref. 24).

Interpolated between E™=1322 and 1362 MeV (Ref. 7).
dE 1362 MeV (Ref. 7).
'Z =1363 MeV (Ref. 6}.

@uence of the ABS phase degeneracy.
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