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The m. p charge-exchange analyzing power has been measured from 547 to 687 MeU/c in the

center-of-mass angular range —0.9(cos8 (0.9 using a transversely polarized target. The recoil

neutron was detected in coincidence with a photon from ~ decay. The results are compared with

the three recent partial-wave analyses (PWA's); the VPI analysis is most consistent with our mea-

sured distributions except at 687 MeV/c where no PWA agrees with our data. The charge-

exchange transversity cross sections are evaluated using the differential cross sections of Borcherd-

ing et al. These transversity cross sections are used in conjunction with earlier m
—

p data by our

group to test the triangle inequalities which are a model-independent test of isospin invariance. Our

data satisfy these inequalities everywhere; in contrast, Abaev et al. have reported a violation of
more than 5 standard deviations at 685 MeV/c.

I. INTRODUCTION

Pion-nucleon elastic scattering (trN~trN) is the sim-
plest hadron-hadron interaction that can be determined
completely. Three observables, the differential cross sec-
tion do/dQ, the analyzing power Att (or polarization
P), and one of the spin-rotation parameters A or R, are
needed to determine the scattering amplitudes free of am-
biguities except for an overall phase. We have undertak-
en a program to measure the observables in m+p ~m+p,
~ p~m. p, and m. p~m n for incident pion momenta
from 427 to 687 MeU/c. This program is unique in the
sense that all reactions are measured at the same beam
momenta and that all experiments are carried out by the
same group at the same accelerator. The present experi-
ment is the fourth in the series; the measurements of
der ldQ and Atv for n.+p elastic scatter—ing have already
been reported. '

Accurate data on the 77% system are important for test-
ing theories of strong interactions and many quark, bag,
and Skyrme-soliton models that have been advanced.
Furthermore, a full set of ~Ã data provides a model-
independent test of isospin invariance at intermediate en-

ergies and momentum transfers. The mlV scattering am-
plitudes are at the core of most descriptions of the
nucleon-nucleon interaction as well as pion-nucleus
scattering. We refer to our earlier papers' for a discus-
sion of recent models; here we limit ourselves to a brief
review of the 77.% scattering formalism and to the conven-
tions and notations used. We compare our data to the
three most recent ~A partial-wave analyses, which are

the common vehicle used to parametrize various m.N
data, and we will address aspects of isospin invariance.

II. PHENOMENOLOGY AND CONVENTIONS

A. m.N scattering formalism

The amplitude for spin-0-spin- —, elastic scattering,
constrained by parity and rotational invariance, is given

by

k, xkI
M =f ig o"n, n —=

where f is the spin-nonAip amplitude, g is the spin-flip
amplitude, the 0's are the Pauli spin operators, n is a unit
vector normal to the scattering plane, and the phase con-
vention of Williams has been used. The differential cross
section is given by

d a =d o „„v„[1+A~(8)P, .n],
where P, is the polarization of the target nucleon. The
unpolarized differential cross section is

and the analyzing power A~ is given by

2 Im(f *g)

If I'+ Ig I'
It follows that

do t
——do.„„„[1+A~(8)j=

I f ig I—
38 3365 1988 The American Physical Society



3366 J. A. WIGHTMAN et al. 38

B. Isospin

When the interaction Hamiltonian is invariant under
isospin I, only two scattering amplitudes are needed, I',
and I'3 for I =—,

' and I =—'„respectively. The isospin
decomposition of the scattering amplitudes is

F+ =F(n.+p~m+p) =F3,
F =F(m. p~m p)= ,'F3+ —', F,—,

F:F(n p~—m n)= (F3 F, ) . —o o

3

These amplitudes form a triangle in the complex plane

F+=(F +&2F') .—

The triangle inequalities for the transversity cross sec-
tions are

—,'(Qda t
—+dot ) &der( & 2(+dc—rt ++do t )

(la)

and

,'(+do—+i Qdai )'—&do i & —,'(Qdo+i+Qdai )'.

(lb)

A 5o violation of the triangle inequalities in four con-
secutive data points has been reported for the
transversity-down cross sections at p =685 MeV/c near
cos0= —0.8 by the Leningrad group. The input data
came from three different groups working at slightly
different beam momenta. The charge-exchange (CEX)
Az data were measured by the Rutherford group and
were the only CEX A~ data available at that time. Alder
and co-workers did not see a violation of the triangle
inequalities at p =351, 408, and 427 MeV/c. Their
energy-independent partial-wave analysis indicated a
small isospin violation: namely, a difference of
(2.0+0.4)' in the phase of the P» wave measured in m. +p
and vr p scattering at p =408 MeV/c.

For unpolarized data, the two sets of inequalities in Eq.
(1) reduce to a single set

—,'(+do+ —V do )~&do & —,'(+do+++do )

Comiso et al. tested isospin invariance with this relation

der( ——da„„„[1—A~(8)]=
~ f +ig ~',

where P, and n are parallel (1)or antiparallel (1). These
cross sections are known as the transversity cross sections
and are determined, in practice, by combining the unpo-
larized cross sections with the analyzing power data. The
analyzing power is determined experimentally using the
relation

(der )L,
—(do )R

P, (der)L +(do )„
where L (R) refers to pion scattering to beam left (right).

C. Partial-wave analyses

The most recent partial-wave analysis was made by the
Virginia Polytechnic Institute and State University (VPI)
group. ' The two other major, but older, analyses are by
the Karlsruhe-Helsinki (K-H) group" (1980) and the
Carnegie-Mellon University-Lawrence Berkeley Labora-
tory (C-L) Collaboration. ' The VPI group only reports
the resonances in terms of their pole positions in the com-
plex energy plane. Interestingly, they show two P»
poles: P i i ( I ) = ( 1359—100i) MeV and P i i ( II ) = ( 1410

80i} —MeV. Ayed and Bareyre' had earlier proposed
t,wo nearby P» resonances with masses of 1413 and 1532
MeV based on the Saclay partial-wave analysis. Howev-
er, such a split in the P» is not seen in the K-H or C-L
analyses.

III. EXPERIMENT

The experiment was performed at the Clinton P. An-
derson Meson Physics Facility (LAMPF) using the P
channel. The central momentum, momentum bite, and
flux of each pion beam are given in Table I. The momen-
ta are the same as those of the differential-cross-section
measurements for m*p elastic scattering' and CEX (Ref.
14}and the analyzing powers for elastic scattering. The
central beam momentum of the P channel is known to
+0.3% from time-of-flighti5 and range measurements. i6

The experimental setup is shown in Fig. 1; details are
given in Ref. 17. After exiting the channel, the beam

TABLE I. m. beam characteristics.

(Me V/c)

547
586
625
657
687

(% FTHM)

1.3
2.4
1.6
4.0
5.3

&s
(Mev)

1400
1425
1450
1470
1488

Rate
(10 m/sec)

1.1
1.1
0.8
1.0
0.6

over the range p =239—371 MeV/c and found the in-

equality satisfied.
Many models of the strong interaction allow for a

small violation of isospin invariance. For instance, when
meson exchange is involved, one can have isospin break-
ing by isovector-isoscalar meson mixing, primarily p-~
and m -g. A good energy region in which the ~ -g mix-
ing may manifest itself is near the q-production thresh-
old, which is just accessible at LAMPF and covered in
this experiment. Cutkosky investigated m -g mixing via
the S»(1535) and predicted possible isospin-violating
effects up to 20% in the backward direction. In the
quark model the violation of isospin invariance is a
consequence of the mass difference between the u and d
quark, which is non-Coulombic in origin. Estimates of
this difference are generally 3-5 MeV which, compared
fo a constituent mass of a few hundred MeV, leads one to
expect that the violation will be small.
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FIG. 1. The experimental setup.

passed through a horizontal (I) and a vertical ( Y) steer-
ing magnet. The horizontal steering was necessary to
compensate for the bending of the incident beam in the
field of the polarized-target magnet. A 2 cm X2 cm beam
spot was measured using Polaroid film placed against the
target cryostat. The position of the beam was monitored
continuously by two beain-profile monitors (BPM's), and
the beam flux was measured by two counter telescopes
placed in the beam halo above and below the beam along
with a small counter hodoscope (8) placed directly in the
beam.

The polarized proton target (PPT) from LANL group
P-7 has been detailed in Ref. 18. The target cell was lo-
cated between the poles of a large C-shaped magnet
which produced a field of 25 kG uniform to +3 G over
the volume of the cell. The beam passed through a hole
in the magnet yoke before impinging on the target cell;
this arrangement increased the angular acceptance of the
detectors. The cell containing the propanediol target ma-
terial was a cylinder 2 cm in diameter and 4 cm long
oriented with the axis along the beam direction. The free
protons in the target were dynamically polarized trans-
verse to the scattering plane. The target polarization was
typically 82%%uo with an overall systematic uncertainty of
+3% based on the uncertainty in the calibration.

Recoil neutrons were detected in ten pairs of scintilla-
tion counters covering the range —0.9 (cosO (0.9.
Two neutron counters at a given angle were stacked vert-
ically, and they were centered about the horizontal
scattering plane. We found that pairing the neutron
counters was a good way to monitor possible drifts in the
efficiency. The counters were cylinders 7.6 cm in diame-
ter. The lengths (45.7 cm for NO N5 and 19.1 cm fo—r
N6 —N9) were chosen to give a high detection efficiency
(25 —35%} without compromising the timing resolution

(1.5 —5 ns). To have sufficient temporal separation be-
tween the prompt events and the CEX neutrons, the
flight paths were of different lengths, ranging from 2.5 m
for N9 (slowest) to 4 m for NO (fastest). The discrimina-
tor thresholds were set at 50 mV, except for NO and N1
which were set at 100 mV due to their proximity to the
beam. The 50 mV corresponds to a neutron threshold of
2 —3 MeV. The gain of each photomultiplier tube (PMT}
was set using the Compton edge of Co and was moni-
tored periodically throughout the experiment to correct
any drifts. These counters were the same ones used in the
CEX differential cross-section measurements of Ref. 14.
Thin scintillation counters were placed in front of the
neutron detectors to veto charged-particle events.

Photons from the m. ~2y decay registered in the pho-
ton detectors GF and GK; only one of the photons was
required in the event trigger. The spatial distribution of
single photons from m decay is maximum along the
direction of flight of the m. . This allowed us to "match"
kinematically GF with N5-N9 and GK with NO-N4.
Each photon detector consisted of a lead converter sheet
9.5 inm thick (1.7 radiation lengths), a multiwire propor-
tional chamber (MWPC) measuring 100 cm)& 60 cm and
a triggering hodoscope comprised of eight overlapping,
scintillation counters. Each of the hodoscope counters
had a photomultiplier tube on either end of it. Eight
thin, overlapping scintillation counters in front of the
lead converter were used to veto charged-particle events.
These photon detectors had been used previously as
well. ' The triggering counters provjded the signal for a
photon and the timing of the master event trigger. A
photon trigger consisted of a signal in at least one hodo-
scope counter and no signal in the veto counters. The
MWPC information was used for qualitative investiga-
tions only because of some variation in the eSciency of
the chambers between the time of the data runs and the
background runs with the dummy target, and it did not
form part of the hardware trigger.

CEX candidate events required a coincidence between
a beam particle, a neutron, a photon trigger, and no
dead-time signal. The dead time was 2—3%%uo throughout
the experiment. For each event, pulse heights and timing
signals were recorded for each neutron counter, beam
hodoscope counter, and each photomultiplier tube of the
photon trigger counters. Finally, the position of each
photon shower in the MWPC's was also recorded.

IV. DATA ANALYSIS

The analyzing power is calculated from the expression

(2)

where P, is the target polarization, N& (N&) is the nor-
malized yield for target spin down (up), and 8 is the nor-
malized yield from the background target. The yield of
CEX events was obtained from the neutron time-of-flighjt
(TOF) spectra, a typical example of which is shown in
Fig. 2.
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FIG. 2. Typical neutron TOF spectrum in counter N7

(p =625 MeV/c, T„=95.5 MeV). y are the prompt events, n

the neutrons, and 0 the overflows. The TOF start is given by
the photon signal. The bar plot is the background from a
carbon-target run.

A. Data cuts in the oft'-line analysis

The off-line analysis was made in several passes, adding
additional constraints or cuts to each pass. The analyz-
ing power and its uncertainty were calculated after each
pass; the successive passes were found to be mutually
consistent within the uncertainties. There were no cuts
in the first pass as it served as the baseline. In the second
pass, we examined the effect of a good MWPC hit defined
as a coincidence between the two planes of wires (x and
y) in the chamber. We found the chamber efficiency to be
somewhat erratic, and we decided to omit this require-
ment for the remainder of the analysis.

In the third pass, cuts were applied on the photon spa-
tial distribution in the hodoscope and on the neutron and
photon multiplicities. This cut, based on the peaking of
the angular distribution of single photons from m. decay
along the ~ direction, defined an angular region about
the vr direction which was typically 19')&28' for GF and
24 0&38' for GK. The vertical cut was made possible us-
ing the timing difference between the two ends of the
photon hodoscope counters. The horizontal cut was
made by selecting only four or five counters for a given vr

angle. This reduced the background by a factor of 2 —3
with little loss of CEX signal. This cut was also used to
remove the radiative-capture, ~ p~yn, events. The ki-
nematic shadow of the neutron counter on the photon
detector for the radiative capture events was typically
3 &4 for GF and 4')&4 for GK; exclusion of the shadow
region removes these events with only a small loss of
CEX events. The multiplicity cuts required a single
neutron-counter hit and one or two photons in each

event. Of the total number of events, 94% contained
only a single neutron-counter hit with the remaining 6%
predominantly double neutron hits. The double-neutron
events carne from two sources: cross scattering between
the two counters of a given pair ( -4%) and two counters
from different positions firing ( -2%), which is a measure
of the random-event rate. The geometry of the photon
detectors was such that with the spatial distribution cut,
only single photons would be seen in either detector. Be-
cause of the overlap of the hodoscope counters, it is pos-
sible to have two photon signals so that up to two pho-
tons were permitted in each event. Only about 3% of the
total events contained more than two photons.

The fourth and final pass in the analysis added cuts on
the neutron pulse height and beam TOF. These cuts im-
proved the signal-to-background ratio by -50% for the
higher-energy neutrons. In the final analysis, the signal-
to-background ratio varied monotonically from about 3:1
to about I:4 as the neutron energy increased (from
counter N9 to NO). The signal-to-background ratio is not
as important as carefully monitoring the normalization
because Eq. (2) is a ratio of numbers of events.

B. Sources of background

Only 7% of the target by weight was hydrogen; the
rest was mainly carbon and oxygen. Furthermore, there
were the target housing and cryostat along with the cryo-
genic liquids, He and He. The shape of the background
event distribution was measured with the propanediol re-
placed by graphite beads of approximately the same den-
sity. We assumed that the quasielastic charge-exchange
scattering by carbon is similar to that by the other com-
plex nuclei in the target. For the background studies, the
carbon beads were placed in the target cylinder inside the
cryostat with the target running at its normal operating
temperature; only the microwaves were turned off. We
expected the background to be polarization independent
which we did verify by subtracting the spin-down yield
from the spin-up yield and finding that nothing remains
outside of the peak region, see Fig. 3(a).

C. Beam normalization

It follows from Eq. (2} that only a relative normaliza-
tion was needed for evaluating the spin-up and spin-down
scattering yields. A11 runs were normalized with respect
to the spin-up runs. The beam normalization was deter-
mined in three ways using the yields of (a) the off-time
events (those events in the neutron TOF spectra at times
later than the CEX neutrons, see Fig. 2), (b) the prompt
events, and (c} the beam monitors. The normalization
based on off-time events obviates the need for correction
factors due to beam wander, changes in the gain of the
PMT's, and efficiency of the MWPC's. However, this
normalization suffers from low statistics, especially for
the final set of cuts. For each beam momentum and cart
position, we computed the normalization factor as the
weighted average of the normalization factors for each
individual counter. The individual normalization factors
were compared with the average, and any that were more
than 2.5 standard deviations from the average were re-
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5 A~ = [( A~ —A~) +(r„] (3)

where A~ and u~ are calculated using the nominal
N

values for the normalization and Az is the analyzing
power with ris increased (or decreased) by its uncertain-
ty.

V. RESULTS AND DISCUSSION

The results of the analyzing-power measurements are
tabulated in Table III and shown in Fig. 4. The quoted
errors are the statistical and beam normalization errors
combined in quadrature as given by Eq. (3). The sys-
tematic uncertainty of +3% due to the target-

where

o. )
——N), o. )

——g)1V), o~ =g~B,2 2= 2=

and 7)~ and gz are the 1/1 and 1/8 normalization fac-
tors, respectively.

The systematic uncertainty is due to the uncertainty in
the target polarization and is estimated to be +3%. This
is based on an analysis of the sources of uncertainty in
determining the polarization including the consistency of
the calibration. The NMR signal is calibrated using the
natural polarization of the free protons at 1 K; this pro-
cedure is detailed in Ref. 18. Four sets of thermal-
equilibrium calibration runs were taken during the exper-
iment; they are consistent to 1%. Sources of uncertainty
in determining the polarization are the following. The
enhanced polarization NMR signal is 2 —3 orders of mag-
nitude larger than the calibration signal, and the
amplifier is not perfectly linear over such a large range.
The NMR signal is measured by a diode whose response
is also not perfectly linear. The calibration is contingent
upon knowing the temperature of the target; this requires
measuring the He vapor pressure and relies on the cali-
bration of the pressure gauge. These considerations form
the basis for our estimate of +3% for the systematic un-
certainty. Because of its effect upon the analyzing
powers, the systematic uncertainty has been handled sep-
arately from the statistical uncertainty. The target polar-
ization appears as a multiplicative factor in Eq. (2), and
the uncertainty in it scales the analyzing powers.

The uncertainty in g& is +1%, based on an analysis of
the relative beam monitors, see Table II. For all data ex-
cept at 687 MeV/c, the uncertainty in gs is +5%. There
are a number of contributors to this uncertainty besides
the statistical uncertainty and the consistency among the
normalization factors. The background target measure-
ments were taken some time after the data taking was
completed, and they required retuning of the beam and
adjustment of the neutron counters. Also, the ratio of
the densities of the propanediol target to the background
target could not be established by weighing as that would
have required melting the target material which was
needed for a subsequent experiment. The 687-MeV/c
data were taken in two sets of runs separated in time and
involving a change in the trigger electronics. We esti-
mate an error of +10% in gz for these data. The uncer-
tainty in gz has been included in the error in Az by

polarization calibration error is not included.
The comparison of AN(CEX) with A~(m —p~m. —p)

Vis a-Ui-s the different PWA's at 625 MeV/c is illustrated
in Fig. 5. The charge-exchange channel shows greater
differences between the PWA's than the elastic channels.
Thus, AN ( ~ p ~ rr n ) appears to be the most sensitive

means of distinguishing the PWA's.
The numerical comparison of the present experiment

with the three recent PWA's is made in Table IV using
the quantity

( A A PWA)2
X'= —gn $2

where n is the number of data points. The VPI PWA re-
sults used in this comparison are from the fall 1984
analysis and do not include the present measurements.
The effect of the 3% systematic uncertainty from the tar-
get polarization is always small and has not been includ-
ed. At the lower momenta, the VPI solution is preferred
but not overwhelmingly. We previously reported' a
ninth point at 586 MeV/c (cos8= —0.94). This point is
somewhat suspect due to lack of consistency between the
two counters of the pair, and we have omitted it here.
Our group has recently obtained some high-precision
data on AN(n penn) in th. e backward direction' at
some selected angles which very clearly support the VPI
PWA. At the higher momenta, the data show no clear
choice among the PWA's, while at 687 MeV/c, none of
the PWA predictions is consistent with our measured dis-
tribution.

The present measurements along with those of Refs. 2
and 19 were added to the VPI data base prior to the sum-
mer 1986 analysis. The largest changes in the phases
from the fall 1984 analysis which contains none of these
measurements are —2.21 for the P& &,

—1.17' for the P3],
and + 1.84' for the S», all at 687 MeV/c.

Our results are compared with the Rutherford AN
data at the incident energies nearest to ours in Fig. 6; the
agreement with our data is not satisfactory. Earlier, the
Karlsruhe group had questioned the validity of the data
of Ref. 5 (Ref. 11). We have investigated improving the
consistency of the two data sets by lowering the Ruther-
ford beam momenta by 5 —8% as shown in Fig. 7. The
agreement is acceptable, except again with our 687-
MeV/c data. All of the distributions have a similar shape
for cos8&0, and the relatively large error bars on the
Rutherford data for cos8 &0 weaken any comparison. In
fact, our 586-MeV/c data are consistent with all of the
Rutherford distributions up to and including 723 MeV/c.
There is a peculiar spike around cos8= —0.8 in the
Rutherford 675-MeV/e data which is not observed in this
experiment at either 657 or 687 MeV/c. The absence of
this spike is important because it appears that the spike is
the origin of the violation of isospin invariance reported
by the Leningrad group. There is also a spike in the
Rutherford 698-MeV/c data around cosO= —0.6 which
does not coincide with the angular interval of the viola-
tion.

We combine our earlier results for the differential cross
sections, der (Ref. 1) and dc—ro (Ref. 14), and analyzing
powers A~ (Ref. 2) with our present results for AN at the
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TABLE III. The charge-exchange analyzing power. The uncertainty is given by Eq. (5). The cos8
interval is given by the size of the counters and target.

P~
(MeV/c)

547

625

687

cos8

—0.62+0.05
—0.43+0.05
—0.22+0.05
—0.01+0.05

0.18+0.05
0.38+0.05
0.58+0.05
0.79+0.04

—0.93+0.02
—0.76+0.04
—0.55+0.04
—0.35+0.05
—0.14+0.05

0.07+0.05
0.26+0.05
0.45+0.04
0.64+0.04
0.83+0.03

—0.93+0.02
—0.73+0.04
—0.51+0.04
—0.30+0.04
—0.09+0.04

0.13+0.04
0.31+0.04
0.49+0.04
0.68+0.03
0.86+0.03

AN

—0.08
—0.19

0.33
0.81
1.06
1.15
0.81
0.43

0.42
0.48
0.68
0.33
0.50
0.80
1.13
1.04
0.77
0.45

—0.07
—0.16
—0.12
—0.01
—0.06

0.32
0.73
0.70
0.63
0.40

0.21
0.31
0.09
0.20
0.14
0.13
0.07
0.03

0.25
0.32
0.29
0.14
0.13
0.13
0.18
0.10
0.06
0.05

0.11
0.20
0.11
0.14
0.14
0.08
0.13
0.08
0.06
0.12

p~
(MeV/c)

586

657

cosO

—0.59+0.05
—0.39+0.05
—0.18+0.05

0.03+0.05
0.22+0.05
0.41+0.05
0.6120.05
0.81+0.04

—0.94+0.02
—0.75+0.04
—0.53+0.04
—0.32+0.04
—0.11+0.04

0.10+0.04
0.28+0.04
0.47+0.04
0.66+0.04
0.84+0.03

AN

0.06
0.14
0.39
0.71
0.95
0.96
0.69
0.43

0.09
—0.02
—0.01

0.21
0.34
0.51
0.94
0.89
0.69
0.46

0.23
0.13
0.14
0.14
0.12
0.12
0.06
0.04

0.13
0.27
0.13
0.29
0.15
0.15
0.18
0.12
0.07
0.05

1.0

0.5

x 0 0

—0.5

0.5

0.0

547 MeV/c .-

m II
I I I ~ I I I I I I I I I I I I

I I
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I I I I Ii I I I I I I I

I ~
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FIG. 4. The present charge-exchange analyzing powers and
the predictions of the three recent PWA's: K-H (Ref. 11), C-L
(Ref. 12), and VPI (Ref. 10).

1.0 0.5 0.0 —0.5 —1.0

cos 0,
FIG. 5. Comparison of the analyzing powers in the charge-

exchange and n.—p elastic-scattering channels. The curves are
the recent P%'A's.
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TABLE IV. P' consistency test of the measured distributions
with Ref. 10 (VPI), Ref. 11 (K-H), and Ref. 12 (C-L); v is the
number of degrees of freedom. 1.0 I I I I

IF)P

F

I
t

I 1 I I
I

I I

~ pl,

)(/

I I I- I 1 I I

p~
(MeV/c) VPI K-H C-L 0.5

547
586
625
657
687

11.3
6.1

5.6
13.3
65.4

28.7
24. 1

5.6
9.9

64.5

17.6
29.0
11.7
14.6
75.9

8

8
10
10
10

0.0

—0.5

I I I e. . I )
' ' 'zIaXll

g )( )
I

I I
1

I I I I
I

I I

- 586 MeV//c ~
-6i7 Mew/c X..

» I
/ II

-- 625 MeV/c ~
—&75 MeV//c )(--

I 1 Ti I 1!j
I )(')5(l

' ' '

)1'1(
I ..

same momenta to obtain the transversity cross sections
and to test isospin invariance in the ~N system using the
triangle inequalities. A fit to the data is necessary to ob-
tain the bounds since d 0 and Az have been measured at
different scattering angles. The procedure is detailed in
Ref. 2 and summarized as follows.

(a) The differential cross sections are fit to Legendre
polynomials using a least-squares routine.

(b) The polynomials are evaluated at angles where we
have measured the analyzing powers to calculate do.

t

and do
&

with their errors.
(c) New Legendre polynomials are fit to d IT

&
and d 0 I.

(d) These new Legendre polynomials are used to calcu-
late the bounds of the triangle inequalities for the
transversity cross sections and their uncertainties.

The transversity-up and -down cross sections were fit

0.5 -px

0.0
I » I»

4 ~l ~

II /.- ~ a» ''
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—0.5 - 657 Me% ~

-698 MeV/c x
—1.0 i I I I I i i I i I i I I i I I I 1 I I I I
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MeV//c )(
I » I i I I I I I I I I I I

1.0 0.5 0.0 -0.5 0.5 0.0 -0.5 -1.0

cos 8, cos 8,
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10-l

E

FIG. 7. Comparison of the present measurements (squares)
with those of Ref. 5 ( )& 's) where the beam energy of Ref. 5 is re-
duced by -5%.
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cos 0,
FIG. 6. Comparison of the present measurements (squares)

with those of Ref. 5 ( X's).

10-j

E

10
1.0 —1.0 1.0 0 -1.0

COS ec m COS 8& m

FIG. 8. The triangle inequalities for the transversity-up
(do. ~) and transversity-down (do ~) cross sections as a model-
independent test of isospin invariance in the m.N system up to
the g-production threshold. The shaded region is disallowed by
isospin invariance. The X's are from Ref. 19.
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p~
(MeV/c)

547

625

687

cos8

—0.62+0.05
—0.43+0.05
—0.22+0.05
—0.01+0.05

0.18+0.05
0.38+0.05
0.58+0.05
0.79+0.04

—0.93+0.02
—0.76+0.04
—0.55+0.04
—0.35+0.05
—0.14+0.05

0.07+0.05
0.26+0.05
0.45+0.04
0.64+0.04
0.83+0.03

—0.93+0.02
—0.73+0.04
—0.51+0.04
—0.30+0.04
—0.09+0.04

0.13+0.04
0.31+0.04
0.49+0.04
0.68+0.03
0.86+0.03

dCT )
(mb/sr)

0.11+0.03
0.17+0.07
0.41+0.09
0.78+0.11
1.03+0.12
2.00+0.23
2.86+0.29
3.53+0.35

0.16+0.04
0.10JO.03
0.15+0.04
0.19+0.04
0.34+0.08
0.61+0.07
1.09+0.14
1.73+0.18
2.01+0.21
4.31+0.45

0.41+0.10
0.14+0.04
0.08+0.02
0.13+0.03
0.19+0.05
0.51+0.07
0.73+0.09
1.84+0.21
2.90+0.31
4.31+0.57

do i
(mb/sr)

0.13+0.04
0.25+0.08
0.21+0.05
0.08+0.09

0+0.07
0+0. 12

0.30+0.11
1.41+0.16

0.06+0.03
0.04+0.02
0.03+0.03
0.09+0.03
0.12+0.04
0.07+0.04

0+0.09
0+0.08

0.27+0.08
1.65+0.21

0.47+0. 11
0.20+0.05
0.10+0.02
0.13+0.03
0.21+0.05
0.27+0.05
0.11+0.06
0.32+0.09
0.66+0. 13
1.85+0.41

TABLE V. The center-of-mass transversity cross sections.
The limits on cos0 are given by the size of the counters and tar-

get.

The results of our test of isospin invariance at 547, 625,
and 687 MeV/c are shown in Fig. 8. The data of Ref. 14
have been corrected where necessary for radiative cap-
ture contamination using the compilation of Ref. 20. The
CEX transversity cross sections are compiled in Table V.
There is no evidence for a violation of isospin invarianee.
The violation of isospin invariance reported by the Len-
ingrad group for transversity-down data at 685 MeV/c is

not substantiated by any of our data. We have not in-

cluded the Rutherford data at 675 MeV/c in Fig. 8 be-
cause they are at a lower momentum than our 687
MeV/c data, lying at the lower limit of our momentum
bite. The three transversity-up plots in Fig. 8 share an in-

teresting feature, namely the CEX data closely follow the
upper bound in the forward hemisphere and cross over to
follow the lower bound at far backward angles.

VI. SUMMARY AND CONCLUSIONS

We have measured angular distributions of the analyz-
ing power in n p~n n from 547 to 687 MeV/c. Our
data at 547, 586, and 625 MeV/c favor the VPI PWA
over the ones by K-H and C-L. The 657-MeV/c data
show no clear preference among the PWA's, while none
of them are consistent with our distribution at 687
MeV/c. Our data combined with cross-section measure-
ments yield transversity-up and -down cross sections that
fa11 within the limits of the triangle inequalities derived
from m.—p~~+—p data. Therefore, our data support iso-
spin invariance in the region of the g-production thresh-
old. Our transversity-up cross sections in forward direc-
tion closely follow the upper bound of the triangle ine-
qualities; at very backward angles, both the transversity-
up and -down CEX cross sections lie near the lower limit
of the triangle inequalities.

simultaneously using least squares such that
do &+do ~

——2do. Since Az ——0 at 0' and 180', con-
straints were added to the fitting procedure which forced
do t

——do
~
——do at these angles. Another constraint was

added to prevent the fit for do
&

and der
&

from assuming
values which would require

~
AN

~

) 1.
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