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Results are presented for the spin-spin correlation parameters Css and CLs for free np elastic scatter-
ing at neutron beam kinetic energies of 484, 634, 720, and 788 MeV and c.m. angles between 25 and 80'.
The measurements were performed with a polarized neutron beam and a polarized proton target. These
are the first measurements of this type to be reported in the forward angular region with a free polarized
neutron beam. The observables Css and CLs are both small at all energies, except for CLs at 788 MeV,
which is larger than phase-shift analysis predictions by more than one standard deviation for most of the
measured points.

PACS number(s): 13.75.Cs, 13.88.+e, 14.20.Pt, 21.30.+y

I. INTRODUCTION

A complete description of nucleon-nucleon (NN) elas-
tic scattering requires knowledge of both isospin-1 (I= 1)
and isospin-0 (I=0) amplitudes as functions of angle and
energy. The pp and nn elastic-scattering amplitudes are
both pure I= 1, whereas np and pn elastic-scattering am-
plitudes have an equal mixture of I=1 and 0. The five
I=O and five I= 1 amplitudes [1] can be related to vari-
ous spin asymmetries measured with polarized beams,
polarized targets, and/or polarimeters to measure the
outgoing nucleon spin [2,3]. The amplitudes can also be
parametrized in terms of phase-shift and elasticity pa-
rameters [4]. Phase-shift analyses (PSA's) are commonly
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used to determine the amplitudes from fits to experimen-
tal data, with various theoretical inputs for the high par-
tial waves and some of the elasticity parameters.

This experiment is one of a series of np experiments
that have been performed at the Clinton P. Anderson
Meson Physics Facility at Los Alamos (LAMPF) to aid
in a determination of the I =0 amplitudes in the energy
range between 500 and 800 MeV, where these amplitudes
are poorly known. This is an extension of another experi-
ment [5,6] using almost the same apparatus, in which
pure CLL and CzL measurements were made for np elastic
scattering in the c.m. angular range 80 &8, & 180'. In
yet another experiment [7], a number of mixed spin pa-
rameters C'& were measured. When all these measure-
ments are combined, an angular distribution of the pure
observables CLL, Czl =CLz, and C&& can be obtained for
c.m. angles 25 & t9, & 180' at incident neutron-beam ki-
netic energies of 484, 634, and 788 MeV. Measurements
of other np elastic spin observables at these same energies
are in progress [8] or have been performed. In addition,
some spin observables have been obtained from quasielas-
tic scattering of protons from deuterium. These will be
discussed further in Sec. VII.

An important objective of this experiment is to study
the energy dependence of spin asymmetries in np elastic
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scattering. These data will help in the search for struc-
ture that may exist in the I=O channel. It has been
shown in the past that there are several I=1 structures
[9], which produce the resonancelike behavior in the 'D2
and F3 partial waves observed in the PSA's of Hoshizaki
and co-workers [10,11], Amdt et al. [12], and the
Saclay-Geneva group [13]. The structures were first seen
[14] in a plot of b, crc (I= 1) and k CLL dcr/dQ, where
AO. L is the difference between the total cross sections for
spin parallel and antiparallel states with longitudinally
polarized beam and target. Since the 1VA and d~ chan-
nels cannot couple to I=O by isospin conservation and
since the masses of NX *, %*X*,or AA states are higher
than the total energy available for an incident kinetic en-
ergy of 800 MeV, it is even more interesting to look for
structures in the I=O channel. Note that recent results
[15] of b,o c (I=O), extracted from the measurements of
b, crL (pp ) and b, o L (np ), reveal structure near an incident
kinetic energy of 634 MeV. Any structures in either the
I=1 or 0 channel are of considerable interest because
they may be evidence for dibaryons, which seem to be an
unavoidable consequence inherent to the quark constitu-
ent model of nucleons [16].

This paper describes measurements of two spin-spin
correlation parameters CLz and Czs in free np elastic
scattering. The first subscript refers to the spin orienta-
tion of the beam and the second to that of the target,

(INCIDENT)

N

N: NORMAL TO THE SCATTERING PLANE

L: LONGITUDINAL DIRECTION
S= N x L IN THE SCATTERING PLANE

FIG. 1. Definitions of N-, S-, and L-type spies.

where +I is along the beam direction, +X is normal to
the scattering plane, and +S is in the scattering plane, as
shown in Fig. 1. In the notation in which the differential
cross section for beam spin in the —i direction and target
spin in the +j direction is denoted do /d 0( —+ ), etc. ,
the spin parameters are defined by

C; = d cr /d 0 ( + + ) +d o. /d 0( ——
)
—d o /d fl ( + —) —d o /d fl ( —+ )

dcr/dQ(++)+do /d0( ——)+der ldf1(+ —)+der ldQ( —+ )

The recoil protons were detected in a magnetic spectrom-
eter, but the scattered neutrons could not be measured at
the same time because of blocking by the polarized target
magnet.

The polarized neutron beam, polarized proton target,
and magnetic spectrometer are described in Secs. II, III,
and IV, respectively. Details of the data analysis are
presented in Sec. V. The results and the determination of
the pure spin-spin correlation parameters are given in
Sec. VI. Interpretation of the data and a comparison to
phase-shift predictions are presented in Sec. VII. Refer-
ence [6] contains a detailed description of the physics
motivation, experimental apparatus, and data analysis;
only changes are described in detail in this paper.

II. POLARIZED NEUTRON BEAM

The beam and most of the experimental apparatus used
for these measurements are the same as for a previous ex-
periment [6]. Polarized protons were accelerated in the
LAMPF linac to nominal kinetic energies of 497, 647,
733, and 800 MeV. After acceleration, the protons were
transported in a well-shielded beam line to a liquid deu-
terium (LD~) target, where the neutrons were produced
at 0' in the reactions p+d ~n +p+p and
—+ n +p +~+X. The noninteracting primary protons

and most of the other charged particles were deflected
away from the 0' neutron path by bending magnets (LB-
BM-06 and LB-BM-07; see Fig. 2). The neutron beam
was collimated for a distance of 335 cm by a circular
aperture of diameter 2.54 cm in a steel and lead channel
through a thick concrete shielding wall. A lead plug of
thickness 3.8 cm, positioned near the downstream end of
the collimator, was used to absorb y rays in the beam.
The spectrum of the neutron-beam momentum consisted
of a peak near the proton-beam momentum from the
pd~npp breakup reaction, which was enhanced by the
pp final-state interaction. It was accompanied by a broad
range of lower-momentum neutrons from other npp
breakup processes and from pion production [17,18]. At
proton energies of 497, 647, 733, and 800 MeV, the aver-
age neutron-beam kinetic energy in the peak is estimated
to be 484, 634, 720, and 788 MeV, respectively. With
5 —10 nA of proton beam, the intensity of the neutrons in
the high-energy peak was a few thousand per second.

Production of neutrons at 0 was chosen to minimize
the neutron peak width and to maximize the intensity.
At this angle, however, the incident proton beam must be
polarized in order for the neutrons to be polarized. Mea-
surements [19,20] at three of the energies used in this ex-
periment found relatively large spin-transfer parameters
for longitudinally polarized protons and neutrons (ALL ),
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but small values for transverse polarizations (Kz~ ).
Hence proton beams with a large L-type spin component
were used for the production of the polarized neutron
beam.

The spin direction of the protons was reversed approxi-
mately every 2 min at the Lamb-shift polarized ion
source. Aside from giving measurements of the cross sec-
tions in Eq. (1), this reversal helped to minimize sys-
tematic errors due to various slow changes in the experi-
mental apparatus (efficiency, gain, timing, etc.). In the
process of each spin reversal, there was a short period
during which the polarized beam was "quenched" at the
ion source, leaving primarily the background of unpolar-
ized beam to be accelerated. The magnitude of the
proton-beam polarization P (typically 80%) could be
found from the ratio of beam intensities in the polarized
and quenched periods [21].

The spin direction of the proton beam near the LDz
target was continuously monitored by an in-line polarim-
eter [22]. The X and S components of the polarization at
that point were measured directly. The L component
was derived from these components and the value of P
from the quench-beam information. After the polarime-
ter the beam was deflected magnetically through a hor-
izontal angle of 16 before reaching the LD2 target. Dur-
ing this deflection, the L and S components of the beam
precessed somewhat in the horizontal plane. The orienta-
tion of the beam polarization at the LD2 target was typi-
cally several degrees away from the L direction.

After the LD2 target, the magnetic fields of LB-BM-06
and LB-BM-07 steered the proton beam to a beam dump.
As a result, the direction of the neutron spin was pre-
cessed in the horizontal plane away from the L direction
(45' at 484 MeV). In order to obtain the desired orienta-
tion of the beam polarization, the neutron-beam spin was
corrected by the magnets LORRAINE and CASTOR,
shown in Fig. 2. The excitation currents needed in these
magnets to get either the L or S direction just before
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FIG. 3. Typical spin orientations at various places along the
beam.

entering the field of the polarized target magnet (HERA)
were determined empirically with a relative polarimeter
JPAN, which was located downstream of CASTOR and
measured the neutron polarization direction. JPAN was
similar in design to an earlier neutron polarimeter [23],
and is described in detail in Ref. [6]. JPAN was removed
from the beam line after the desired LORRAINE and
CASTOR currents had been established. Figure 3 illus-
trates a typical spin direction at each location from the
LD2 target to the polarized proton target. A study of the
spin directions in this beam line has been made [24].
Small corrections [6] to these spin directions have been
included for the results in this paper.

The polarization of the neutron beam for a proton po-
larization of P at an angle 4 with respect to the beam
may be expressed as

P„=[(KIIP cos II) +(K~&Pepsin+) ]'

where K«and E~z are the spin-transfer parameters for
an L- and X-type proton beam, respectively. The values
of K«were taken to be —0.499, —0.637, —0.620, and—0.604 at 484, 634, 720, and 788 MeV, respectively [20],
from measurements made under very similar conditions
to those of this experiment. The corresponding values of
K» are —0. 160, —0.079, —0.078, and —0.078. The
estimated values of K«and E» may be modified in the
future because of changes in the values of 3„, the np
analyzing power, since they were obtained from asym-
metry measurements which had to be divided by 3„.

Recent measurements of K«between 305 and 788
MeV made at LAMPF [8] differ by about 15% from
those in Refs. [19]and [20]. However, the new data were
taken under somewhat different beam conditions than
those in this experiment or Ref. [20]. Work is in progress
to understand the cause of the observed difference. It
should be noted that for all data in this paper the renor-
malization would change the values by much less than
one standard deviation. Thus there is relatively little im-
pact on conclusions drawn from these data in comparison
to phase-shift predictions, etc.

III. POLARIZED PROTON TARGET

FIG. 2. Sketch of the experiment E770 layout (not to scale).

The polarized proton target (PPT) setup consisted of a
superconducting magnet (HERA), refrigerator, mi-
crowave source, and nuclear-magnetic-resonance (NMR)
system [6,25 —27]. Its operation was based on the
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dynamic-nuclear-polarization (DNP) method [28] in
which the target material is continually irradiated with
microwaves. The superconducting coils of HERA were
positioned to align the 2.5-T magnetic field in the hor-
izontal plane, perpendicular to the beam direction, as
shown in Fig. 3. Two different target materials, C3H802
(propanediol) and a mixture of 85% by weight
CzH&(NHz) (ethylamine) and 15' BH3NH3 (borane am-
monia), were used during the experiment. Both were in
the form of frozen beads doped with Cr to provide free
electrons for microwave pumping. The latter material
contained a factor of 1.6 higher fraction of polarizable
free protons than the former, and it was used during the
last half of the measurements reported here. The polar-
ization of the PPT was reversed by a small change in the
microwave frequency about every 8 h in order to provide
the four diFerent beam and target spin states (++),
(+ —), (

—+), and ( ——); this also helped to reduce
some systematic errors.

The polarization of the PPT was measured and moni-
tored about every 2 min with the NMR system. Three
NMR coils were placed at different locations surrounding
the target material. One of the NMR coils was placed
around the center and the other two toward each end of
the target. The target material was contained in a Aask
which was 3.5 cm in diameter and 5.0 cm along the beam
direction. The uniformity of the polarization over the
target was checked with the three different coils and was
found to differ by less than 1.8%. The calibration of the
NMR system was accomplished by measurement of the
polarization of the target material in thermal equilibrium
(TE) at about 1 K, at which temperature the polarization
is calculable. This calibration was performed 17 times in
the 3 months during which these measurements were
made. The total systematic error of the PPT system is es-
timated to be +3.3%, which comes mainly from a non-
linearity in the response of the NMR detectors. The typi-
cal PPT polarization was 75% during the experiment.

IV. SPECTROMETER AND DATA ACQUISITION

The magnetic spectrometer is shown schematically in
Fig. 2. It consisted of a pair of scintillation counters S1,
multiwire proportional chambers PO and P2, drift
chambers P1, P3, and P4, a large-aperture analyzing
magnet designated SCM105, and a scintillation counter
hodoscope S2. The spectrometer was identical to that
described in Ref. [6], except that the chambers PO and P3
were added to improve the momentum resolution and
reconstruction efficiency. Chamber PO was similar in
construction to the P2 chambers, but its active area was
25.6X51.2 cm . Chamber P3 was identical to P4, and
its readout scheme also used the delay-line technique
[29]. Both PO and P2 were mounted approximately per-
pendicular to the SCM105 center line, with PO 230.8 cm
upstream and P3 135.0 cm downstream of the magnet
center. Chamber PO was centered on the SCM105 center
line, and P3 was offset to the left by 52.9 cm. The spec-
trometer was centered at 57. 5 to the incident neutron
beam in the laboratory and was not moved during these
measurements. Figure 4 shows some trajectories of the
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FIG. 4. Trajectories of particles through the spectrometer.

elastically scattered protons, viewed from above, along
with the spectrometer. The SCM105 was operated at a
reduced current of 1200 A, corresponding to jBdl =460
kG cm, because the proton momenta were lower than in
Ref. [6]. The center of this magnet was 331.5 cm from
the polarized target.

The event trigger was a coincidence of signals from
both the S1 scintillation counters and any one of the S2
hodoscope counters. This trigger initiated the reading of
the information from each chamber through CAMAC.
In the case where P2 showed no hit, all chamber infor-
mation was fast cleared to get ready for another trigger.
Whenever the on-line computer was not busy with pro-
cessing the events to tape, an on-line program then calcu-
lated the momentum by establishing the coordinates at
each chamber. The efficiency of each chamber and rates
in all the scintillators were also monitored, run by run, to
check the performance of the apparatus.

V. OFF-LINE ANALYSIS OF DATA

The off-line analysis of the data was carried out in two
phases. The first items to be established were the hodo-
scope and drift-chamber timing constants and spectrome-
ter survey offsets. The spectrometer coordinate system is
indicated in Fig. 2, with the origin located at the center
of the spectrometer magnet. The survey offsets for P1,
P2, and P4 were determined in the previous experiments
[5,6]. Events taken with the SCM105 turned oF were
used to determine the alignment of PO and P3. The
offsets for PO and P3 were chosen to minimize their devi-
ations from straight-line fits to the other three chambers.
The timing constants for the hodoscope counters and for
P 1, P3, and P4 were checked and calibrated as necessary,
since significant timing drifts were occasionally encoun-
tered. After the calibrations were completed, data sum-
mary tapes (DSTs) were made from raw data tapes by an
analysis program that removed the events lacking
sufficient information for reconstruction of the trajec-
tories of the scattered protons. This analysis program
was identical to the one used previously [5—7] except for
additional software needed to handle the data from PO
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and P3 [30]. Typically 75%%uo of the raw events were found
reconstructable by the analysis program. The DST's con-
tained only the position of the track at each chamber lo-
cation for the reconstructable events, as well as the beam
and target monitor information. Once the DST's were
made, the necessary computer processing time for the
off-line analysis was reduced by a factor of about 10, since
there was no need for decoding of the wire information
from the chambers.

In the second phase of the analysis, an accurate lookup
table for f8 dl in the spectrometer magnet was made,
since the f8 dl deviated significantly from its central
value because of the large spectrometer aperture (84 cm
high and 213 cm wide, corresponding to a solid angle
=100 msr). The lookup tables at all energies were made
with a computer program that generated elastic events
with neutrons having known beam momenta which in-
teracted in the polarized target. The energy loss due to
the target material was not taken into account in this
program, and only interactions from the center of the tar-
get were considered. The recoil protons were traced
through the field of the polarized target magnet (PTM)
and the SCM105. The computer program evaluated the
f8 dl from the resultant net bend in the trajectory.
More than 2000 events were traced at each beam energy
in order to establish the JB dl for the entire acceptance
of the magnet.

The momentum for each DST event was determined
from knowledge of the defiection angle and the f8 dl
map. The deAection angle was calculated from slopes be-
fore and after the spectrometer magnet, computed from
the coordinates of each chamber. The scattering angles 0
and P were corrected for the modifications of the paths
due to the S-type magnetic field of HERA. These correc-
tions were given by analytic functions obtained from
tracks through the PTM computed by a ray-tracing pro-
gram.

When the DST events were plotted as a function of
momentum and scattering angle (p and 8), the elastic
locus over the region of acceptance was very nearly a
straight line (see Fig. 5). A variable g=p+ 2 0+8 could
be defined which was orthogonal to this locus. The con-
stants A and B were determined by the np elastic kine-
matics for protons at each energy. This choice for the
variable, as opposed to the missing-mass variable used in
Refs. [5—7], was prompted by the need to obtain a reli-
able estimate of the background. At the 57.5' setting of
the spectrometer, the missing-mass histogram has an un-
desirable sharp cutoff above and close to the elastic peak
region. Typical histograms of the variable g, used to ex-
tract the elastic signal, and the missing mass are shown in
Figs. 6(a) and 6(b). The events in Figs. 6(a) and 6(b) have
passed certain tests, such as having acceptable values of
time of fIight from S1 to S2, particle mass in the spec-
trometer, and projected target interaction point (interac-
tion point in the X-Y plane of Fig. 2). Four separate his-
tograms of g, corresponding to the four different initial
spin states for the beam and target, were accumulated in
5' bins for c.m. angles between 22. 5' and 82. 5 .

The asymmetry for each 5'-angle bin was calculated
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FIG. 5. Loci of np elastic kinematics in the angle-momentum
plane, where the vertical and horizontal axes are the angle and
momentum of protons, respectively. The bulk of the data have
been eliminated to illustrate the central region corresponding to
the kinematic loci for elastic np scattering at the two energies of
500 and 800 MeV. The lack of data near 60' c.m. results from
the gap in the I'2 chamber due to the chamber frames.

with the formula

N(++ )+N( ——) —N(+ —) —N( —+ )

N(++ )+N( ——)+N(+ —)+N( —+ ) —N(bkg)

(3)

In the equation above, N(+ —) is the yield for + beam
spin and —target spin, etc. , and N(bkg) is the back-
ground yield. These yields are all statistically indepen-
dent and are functions of g. The A's correspond to the
number of events passing cuts on particle mass and pro-
jected target interaction point from the spectrometer in-
formation, normalized to the integrated beam intensity.
The relative beam intensity was measured with a set of
scintillation counters (FMON) viewing a CH2 target, lo-
cated in the neutron beam between the collimator and
LORRAINE. This same beam-intensity monitor was
used previously and is described in detail in Ref. [6].

The background yield N(bkg) was based on data taken
with carbon beads in the target Aask in place of the polar-
izable material. The data corresponding to + and
beam spin were summed, since it was experimentally
verified that there was no significant difference in the
shapes of the g distributions. In principle, the back-
ground shapes might be very slightly different because of
the expected polarization of He or of the relatively small
natural abundances of ' C, ' 0, and ' 0 nuclei in
C3Hs02. These eff'ects in the CzH5(NH2) and BH3NH3
material could be significantly greater, because of the
much larger amount of ' N, ' B, and "B that would be
polarized. However, no evidence for differences in back-
ground shape was found for either the polarizable materi-
als or carbon beads.

It was found that the carbon-bead background shape
Nc(g) did not completely match that for the polarized
data for regions of g outside the elastic peak. The origin
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of the diff'erence in shapes is not known, but may be
caused by (1) differences in g distributions of oxygen, ni-
trogen, and He compared to carbon, (2) imperfect
matching of the average carbon-bead and nonhydrogen
densities in the polarizable material, or (3) multiple
scattering of protons produced in pion production reac-
tions off hydrogen. The ratio of the summed polarized
data, N,„=N(++)+N( ——)+N(+ —)+N( —+), to
Nc(g) was consistent with a straight line, f(g)=Gg+H,
within statistical errors, for q outside the elastic peak.
Therefore N(bkg) in Eq. (3) was chosen to be f(rl)NC.
This procedure was followed for each c.m. -angle bin and
for each energy and spin observable. The g regions used
to determine f(q) changed very little as a function of
beam energy.

The asymmetry E was computed with Eq. (3) as a func-
tion of q in the elastic peak region. The weighted aver-
age of the individual asymmetries, E(q), in the elastic

2000

peak region was divided by the average neutron beam
(P„) and proton target (P, ) polarizations in order to ob-
tain the mixed observables Czz and CL&..

(e)
nP p p (4)

Tables I—IV list these observables and the associated sta-
tistical errors as a function of c.m. angle. The minimum
and maximum limits to the c.m. angle are given for each
bin, as well as the weighted average value derived from
the data.

In order to check for internal consistency, a g per de-
gree of freedom, g /XDF was computed for each weight-
ed asymmetry (E). The values of y /ND„ranged from
0.01 to 1.38, with typically 20 degrees of freedom, and are
given in Tables I—IV. The largest average g /NDF (1.38)
occurred with the 634-MeV data, for which less carbon
background data were taken because of problems associ-
ated with the P3 chamber at the beginning of the experi-
ment.

1500- VI. EXTRACTION OF
THE PURE SPIN OBSERVABLKS Css and Cl s

1000-
C3

500-

In the most general case, assuming parity conservation,
the measured spin-spin correlation parameter C'

p is a
linear combination of the four pure parameters

0
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C'& =aC&&+ bCI.I. +cCL&+dC (5)
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The coefficient a is the product of the S components of
the unit vectors for beam and target polarization, i.e.,
(P„)s(P,)z/IP„I IP, I. The other coefficients b, c, and d
are similarly related to the polarization components.

In this experiment there was negligible L component of
the target polarization. Thus the coefficient b is zero.
The other coefficients can be expressed in terms of three
angles (see Fig. 7) as
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Spin Spin

MISSING MASS (MeV/c')

FIG. 6. Histograms showing the elastic signal. (a) The num-
ber of counts as a function of the variable g defined in the text
at 484 MeV and 6I, =65'. The dashed line gives the measured
background counts normalized to the polarized target counts.
I,
'b) The missing-mass spectrum is shown at the same angle and
energy.

Qo

Y

Scattering Plane

FIG. 7. Various angles needed in order to extract the pure
spin observables using Eq. (6). All three angles 9,pN, P~„, and
P,„~ along with their sign convention are shown in the figure.
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TABLE I. Mixed spin observables at T=484 MeV. The quantities 0;„,0,„,and (0, ) are in de-
grees and represent the boundaries and central value of the c.m. angle for each bin, and the values of a,
c, and d correspond to the coefficients in Eq. (5).

min

22.5

27.5
32.5
37.5
42.5

47.5

52.5
57.5
62.5
67.5
72.5
77.5
22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5

max

27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5

26.6
30.6
35.2
40. 1

45.0
49.8
55.2
60.3
65.0
69.9
74.7
78.9
26.6
30.6
35.2
40. 1

45.0
49.8
55.2
60.3
64.5
69.9
74.7
78.9

Css

0.002
0.136
0.017
0.078
0.133
0.184
0.049
0.148
0.045
0.020

—0.049
0.104
0.143

—0.325
—0.059
—0.047

0.078
—0.074

0.002
0.064

—0.041
—0.010

0.027
—0.016

~css

0.319
0.512
0.182
0.084
0.071
0.067
0.081
0.061
0.058
0.074
0.100
0.202
0.417
0.294
0.213
0.085
0.065
0.068
0.077
0.059
0.056
0.071
0.100
0.184

0.9614
0.9749
0.9795
0.9778
0.9768
0.9782
0.9513
0.9534
0.9582
0.9582
0.9639
0.9749

—0.0400
—0.0294
—0.0248
—0.0267
—0.0276
—0.0262
—0.0456
—0.0453
—0.0422
—0.0422
—0.0383
—0.0294

—0.0922
—0.0929
—0.0931
—0.0930
—0.0930
—0.0930
—0.0917
—0.0918
—0.0920
—0.0920
—0.0923
—0.0929

0.9445
0.9517
0.9542
0.9532
0.9527
0.9535
0.9392
0.9404
0.9429
0.9429
0.9459
0.9517

0.0338
0.0203
0.0157
0.0175
0.0184
0.0170
0.0439
0.0418
0.0371
0.0371
0.0313
0.0203
0.0523
0.0416
0.0371
0.0389
0.0398
0.0384
0.0588
0.0575
0.0544
0.0544
0.0505
0.0416

0.50
0.11
0.74
0.53
0.89
0.51
0.83
0.36
0.42
0.96
0.72
1.14
0.26
0.44
0.75
0.38
0.57
0.89
0.94
0.59
1.03
0.88
0.75
0.69

C'& = Css(sinOJpNcos P,„g
—singp„cosOJpNsind gcosk g)+ CLs(coslp cosOJpNcosk g)

+ C~~(sin8JpNsin P,„+sing „,cos8ipNsing„cosg, „g) .

The neutron-beam spin, before entrance into the magnet-
ic field of the PPT, contained a negligible N component.
In the equation above, OJpN is the angle between the beam
polarization and longitudinal (+L ) direction before the
PPT. The field at the PPT did not affect the S com-
ponent of the beam spin. However, the polarized target
magnet introduced a precession by an angle Pp„of the L
component of the neutron spin in passage to the center of
the target. Finally, the average scattering plane was
slightly rotated from the horizontal ($,„=180) because
of the effect of the spectrometer acceptance and the tar-
get magnetic field on the recoil proton trajectories.

Typical values for these angles are P „,= 15',

$,„=170', and HJpN-3' and 80' for L and S-type neu--
tron beams, respectively. The rotation P,„g of the scatter-
ing plane was determined from the detected events and is
a function of the scattering angle. The coefficients a, c,
and d for the measured parameters Css and CLs were
computed from Eq. (6) with use of the known beam-spin
direction (see Sec. II), the measured field map for HERA,
and P,„. These coefficients are given in Tables I—IV
along with the values of Css and Cls for 484, 634, 720,
and 788 MeV, respectively.

In order to derive pure Css and Cls values, the values

for C» are taken from the phase-shift analysis of Amdt
et al. [31]. The contribution dC» to C'& in Eq. (5) is
small with respect to the other terms, since the coefficient
d is small. The equations for Css and CLs can then be
solved for the pure spin-spin correlation parameters. The
results are given in Table V. The data at 634 and 788
MeV are divided into four or five independent sets of runs
corresponding to different beam-spin conditions and
dates in Tables II and IV. The g values at each angle are
also given in Table V for these two energies. Note that
the values of Css and CLs differ from Css and Cls, re-
spectively, by typically no more than 0.03.

VII. RESULTS AND DISCUSSION

The values of Css and CIs, along with the existing
data [6,7,32], are plotted in Figs. 8(a) —8(h). The PSA
predictions of Amdt et al. [12,31], Hashimoto, Higuchi,
and Hoshizaki [33], and Bugg [34] are displayed by
chain-dashed, chain-dotted, and dashed lines, respective-
ly. The g values for the PSA predictions of Amdt,
Bugg, Bystricky, Lechanoine-Lelue, and Lehar [13], the
newer PSA results of Hoshizaki and co-workers [11],and
the model predictions of Lee and co-workers [35] for Css
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and CI& are given in Table VI. The quality of all recent
predictions are similar, and thus not all these predictions
are given in Figs. 8(a) —8(h). Note that the quantity AZX
calculated in the SAID computer program [31] is
—CLz= —CzL using the definition of these spin observ-
ables in this paper.

The values of C&& at the forward-scattering angles
(25' —80') agree with all the predictions at the lower ener-
gies, but differ significantly with all but Bugg s result [34]
at 788 MeV. All the predictions for CLs except at 788

MeV, also are consistent with these measurements. Each
value of CL& at 788 MeV was obtained by two indepen-
dent sets of data taken about 2 months apart. Therefore
the disagreement on the CI& values with the PSA predic-
tions at 788 MeV is less likely to be due to a normaliza-
tion error in either the measured target polarization or in
the integrated beam intensity. These values of y /ND„of
the data from the five sets of runs were less than 1.0 ex-

cept at a c.m. angle of 78. 1', which is at the edge of the
spectrometer acceptance, and where g /XD„was 2.39

TABLE II. Mixed spin observables at T =634 MeV. The symbols are the same as in Table I.

~min

22.5
27.5
32.5
37.5
42.5

47.5
52.5
57.5
62.5
67.5
72.5
77.5
22.5
27.5
32.5
37.5
42.5

47.5
52.5
57.5
62.5
67.5
72.5
77.5
22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5

~max

27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5
27.5
32.5
37.5
42.5
47.5
52.S
57.5
62.5
67.5
72.5
77.5
82.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5

25.8
30.7
35.4
40. 1

45.0
49.6
55.3
60.1

64.9
69.8
74.4
78.4
25.8
30.7
35.4
40.1

45.0
49.6
55.3
60.1

64.9
69.8
74.4
78.4
25.8
30.7
35.4
40. 1

45.0
49.6
55.3
60.1

64.9
69.8
74.4
78.4
2S.8
30.7
3S.4
40. 1

45.0
49.6
55.3
60.1

64.9
69.8
74.4
78.4

Css

—0.613
—0.025
—0.015

0.037
—0.103

0.151
—0.439
—0.034

0.015
0.149
0.102

—1.282
—0.250

0.075
—0.068

0.194
0.188
0.165
0.288
0.226
0.107
0.288
0.184

—0.203
0.878

—0.385
—0.078
—0.194
—0.029

0.083
0.061

—0.115
—0.156
—0.052
—0.124
—0.936

0.492
0.328
0.262
0.091

—0.024
—0.093
—0.062
—0.091

0.056
0.050
0.177

—0.057

1.775
0.470
0.118
0.192
0.114
0.119
0.194
0.095
0.148
0.141
0.165
1.084
1.665
0.421
0.174
0.123
0.096
0.128
0.205
0.076
0.099
0.111
0.145
0.308
0.808
0.400
0.742
0.122
0.094
0.109
0.239
0.087
0.129
0.143
0.173
0.541
1.312
0.425
0.138
0.122
0.105
0.127
0.172
0.076
0.101
0.108
0.143
0.326

0.9539
0.9709
0.9746
0.9756
0.9766
0.9799
0.9473
0.9503
0.9488
0.9525
0.9619
0.9741
0.9552
0.9718
0.9764
0.9774
0.9769
0.9750
0.9441
0,9565
0.9592
0.9612
0.9679
0.9783

—0.1929
—0.1861
—0.1838
—0.1833
—0.1824
—0.1806
—0.1950
—0.1941
—0.1948
—0.1934
—0.1901
—0.1847
—0.1894
—0.1822
—0.1796
—0.1790
—0.1793
—0.1805
—0.1929
—0.1889
—0.1879
—0.1871
—0.1842
—0.1784

—0.0779
—0.0786
—0.0788
—0.0788
—0.0789
—0.0790
—0.0776
—0.0778
—0.0777
—0.0779
—0.0783
—0.0788
—0.0813
—0.0820
—0.0822
—0.0823
—0.0823
—0.0822
—0.0808
—0.0813
—0.0815
—0.0816
—0.0819
—0.0823

0.9401
0.9485
0.9507
0.9512
0.9519
0.9534
0.9367
0.9382
0.9371
0.9393
0.9439
0.9499
0.9409
0.9495
0.9519
0.9524
0.9522
0.9512
0.9352
0.9416
0.9430
0.9440
0.9475
0.9529

0.0428
0.0258
0.0220
0.0210
0.0200
0.0167
0.0493
0.0464
0.0478
0.0442
0.0347
0.0225
0.0412
0.0245
0.0199
0.0189
0.0194
0.0214
0.0522
0.0398
0.0371
0.0352
0.0284
0.0180
0.0399
0.0331
0.0309
0.0303
0.0294
0.0276
0.0420
0.0411
0.0418
0.0404
0.0372
0.0317
0.0399
0.0327
0.0301
0.0295
0.0298
0.0310
0.0434
0.0394
0.0384
0.0376
0.0346
0.0289

X'~&DF

0.22
1.05
1.09
0.62
1.09
0.77
0.40
1.13
0.87
0.95
0.64
0.18
0.94
0.28
0.48
0.74
0.30
0.80
0.32
0.64
0.76
0.41
0.54
0.84
0.16
0.70
0.24
0.50
0.89
1.38
1.03
0.52
1.02
1.36
0.84
0.87
0.01
0.45
0.44
1.30
0.69
0.54
0.58
1.29
1.17
0.46
0.79
0.23
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TABLE III. Mixed spin observables at T=720 MeV. The symbols are the same as in Table I.

min

22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5

max

27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5

25.7
30.6
35.1

40. 1

45.0
49.8
55.4
60.1

64.9
69.8
74.3
78.3
25.7
30.6
35.1

40. 1

45.0
49.8
55.4
60.1

64.9
69.8
74.3
78.3

C'ss

0.403
—0.089

0.210
—0.112

0.162
—0.046

0.356
0.326
0.203
0.217
0.340

—1.937
0.030
0.023
0.198

—0.116
—0.013

0.363
0.068

—0.007
0.028

—0.029
0.025
0.279

0.569
0.226
0.234
0.181
0.150
0.193
0.201
0.119
0.152
0.202
0.343
1.472
0.525
0.492
0.492
0.118
0.167
0.192
0.238
0.135
0.160
0.238
0.282
0.916

0.9578
0.9719
0.9757
0.9773
0.9789
0.9752
0.9426
0.9571
0.9585
0.9619
0.9701
0.9818

—0.1037
—0.0971
—0.0971
—0.0940
—0.0931
—0.0953
—0.1093
—0.1040
—0.1034
—0.1020
—0.0981
—0.0911

0.0084
0.0084
0.0084
0.0084
0.0084
0.0084
0.0083
0.0083
0.0084
0.0084
0.0084
0.0085
0.9551
0.9621
0.9621
0.9648
0.9655
0.9637
0.9476
0.9548
0.9555
0.9572
0.9612
0.9669

0.0422
0.0281
0.0242
0.0226
0.0211
0.0248
0.0573
0.0429
0.0415
0.0381
0.0299
0.0182
0.0392
0.0326
0.0326
0.0295
0.0285
0.0307
0.0448
0.0395
0.0389
0.0374
0.0335
0.0266

X'/&DF

0.98
0.33
0.75
0.52
0.64
0.57
1.05
0.44
1.28
0.88
0.24
0.41
1.24
0.33
0.33
0.75
0.60
0.56
0.67
0.51
0.46
0.46
0.46
0.66

(see Table V).
One interesting feature of the observable Czz appears

when the 634-MeV results are compared with those for
788 MeV. At 634 MeV, C&& shows a prominent peak and
dip in an angular region between 25 and 120' as seen in
Fig. 8(b), while Csz at 788 MeV seems to be fiat in this
angular region. A dip and peak also appear [5,6] in Crr
between 90 and 125 at 634 MeV. Recently, a structure
in b.o L(I =0) was reported [15] which has a peak around
634 MeV. It is uncertain at this time whether or not the
peak and/or dip in C&& might be related to the structure
in b.err(I=O). It is also somewhat surprising that the
average value for CL& at 788 MeV in the forward-
scattering region (25' —80' in disagreement with PSA pre-
dictions) rises up to 0.263+0.039, while it is consistent
with zero at lower energies (in agreement with the PSA
predictions). Note that the observable CLs must vanish
at 0' and 180'. It is also expected to become small as the
c.m. energy increases if nucleon helicity is conserved.

The solid lines in Fig. 8 represent least-squares fits to
all the data with a ninth-order polynomial in cos8. The
highest-order polynomial needed to fit the data was es-
timated by a method based on the F distribution ex-
pressed as a function of y [36].

To investigate the behavior of the spin observables fur-
ther, it is convenient to define the amplitudes

y, =(y, —y, )/2=(&++ I++ &
—&++

I

——&)/2,

t)tt, =(P, +Q )/2=( & ++ I++ &+ & ++
I

——
& )/2,

=($ —P )/2=(&+ —I+ —
&
—&+ —

I

—+ &)/2,

do
2 lm(dt, r45, 1 0 T, I4'5, I ) (8)

do
2 Re(kt, 105,1 NT, I05,1) (9)

c„„" = —y„'+
I y„I' —

I y„I'+
I y„r I', (10)

C„——
I y, , r I I gt, r I'+

l b T, I I
+—

I @.,I I

lf. ,r I
+ Ittt, r I

+ 1tt'T, r I Ittr, r I +21ttf's, r I

(12)

where these expressions hold for both I=O and 1. The
pure I =0 spin observables are given by [37]

P,=($5+$4)/2=(&+ —I+ —)+ &+ —
I

—+ ) )/2,

y, =y, = &++ I+ —),
where p„p2, t)tr5, p4, and p5 are the usual helicity ampli-
tudes as defined in Ref. [1] (in the equations above, the +
and —refer to the nucleon helicities). The amplitude t)tr,

contains only spin-singlet contributions, QT and p, con-
tain only spin-triplet partial waves, and Pt and t)It5 contain
only coupled spin-triplet terms [1]. Some observables of
interest in terms of these amplitudes are [37]

d~
=

I p, , r I'+ Ip, ,
I'+ l&T, I'+ lp. , I'+21&, I',
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TABLE IV. Mixed spin observables at T=788 MeV. The symbols are the same as in Table I.

~min

22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
22.5

27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
22.5
27.5
32.5
37.5
42.5

47.5
52.5
57.5
62.5
67.5
72.5
77.5
22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5

max

27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5
27.5
32.5
37.5
42.5

47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5

(~, )

25.8
30.6
35.4
40.1

44 9
49.8
55.4
60.0
64.9
69.8
74. 1

78.1

25.8
30.6
35.4
40. 1

44.9
49.8
55.4
60.0
64.9
69.8
74. 1

78.1

25.8
30.6
35.4
40. 1

44.9
49.8
55.4
60.0
64.9
69.8
74. 1

78.1

25.8
30.6
35.4
40. 1

44.9
49.8
55.4
60.0
64.9
69.8
74. 1

78.1

25.8
30.6
35.4
40. 1

44.9
49.8
55.4
60.0
64.9
69.8
74.1

78.1

Css

0.047
0.022
0.253
0.052
0.239
0.158
0.026
0.109
0.158
0.422
0.088
0.057
0.213
0.196
0.148
0.152
0.010
0.183
0.018
0.046
0.138
0.229
0.082
0.293
0.270
0.162
0.018
0.079
0.011
0.308
0.007
0.041
0.009
0.114
0.103
0.770
0.436
0.086
0.401
0.071
0.405
0.252
0.190
0.342
0.252
0.337
0.219
1.102
0.818

—0.092
0.280
0.137
0.506
0.189
0.332
0.217
0.138
0.120

—0.028
—0.599

Css

0.467
0.441
0.395
0.317
0.201
0.226
0.164
0.130
0.162
0.531
0.445
0.358
0.798
0.263
0.147
0.100
0.086
0.124
0.110
0.086
0.121
0.205
0.342
0.312
0.899
0.199
0.146
0.098
0.100
0.149
0.106
0.082
0.112
0.175
0.249
0.448
0.396
0.322
0.279
0.245
0.147
0.122
0.113
0.095
0.113
0.309
0.383
0.477
1.493

0.291
0.247
0.181
0.170
0.215
0.195
0.140
0.175
0.288
0.331
1.006

0.9568
0.9711
0.9741
0.9756
0.9760
0.9721
0.9441
0.9542
0.9521
0.9548
0.9655
0.9774
0.9553
0.9707
0.9741
0.9757
0.9762
0.9719
0.9415
0.9524
0.9501
0.9531
0.9647
0.9778
0.9544
0.9683
0.9713
0.9727
0.9731
0.9693
0.9418
0.9517
0.9497
0.9524
0.9629
0.9744

—0.0713
—0.0641
—0.0622
—0.0613
—0.0610
—0.0635
—0.0765
—0.0725
—0.0733
—0.0722
—0.0672
—0.0601
—0.0496
—0.0420
—0.0401
—0.0391
—0.0388
—0.0414
—0.0551
—0.0508
—0.0517
—0.0505
—0.0452
—0.0378

—0.1036
—0.1044
—0.1046
—0.1047
—0.1047
—0.1045
—0.1029
—0.1035
—0.1034
—0.1035
—0.1041
—0.1048

0.0452
0.0456
0.0456
0.0457
0.0457
0.0456
0.0449
0.0451
0.0451
0.0452
0.0454
0.0457

—0.1335
—0.1346
—0.1348
—0.1349
—0.1350
—0.1347
—0.1326
—0.1333
—0.1332
—0.1334
—0.1342
—0.1351

0.9590
0.9666
0.9682
0.9690
0.9692
0.9671
0.9523
0.9576
0.9565
0.9580
0.9636
0.9700
0.9595

0.9671
0.9687
0.9695
0.9697
0.9676
0.9527
0.9581
0.9570
0.9584
0.9641
0.9704

0.0373
0.0231
0.0200
0.0186
0.0181
0.0220
0.0501
0.0400
0.0421
0.0393
0.0286
0.0168
0.0436
0.0281
0.0248
0.0232
0.0227
0.0270
0.0574
0.0465
0.0488
0.0458
0.0342
0.0211
0.0359
0.0220
0.0190
0.0176
0.0172
0.0210
0.0485
0.0385
0.0406
0.0379
0.0274
0.0158
0.0382
0.0309
0.0291
0.0282
0.0278
0.0303
0.0433
0.0393
0.0402
0.0390
0.0340
0.0269
0.0391

0.0316
0.0296
0.0287
0.0283
0.0309
0.0446
0.0404
0.0413
0.0400
0.0348
0.0274

X'~&DF

0.96
0.30
0.42
0.38
0.60
0.52
0.50
0.71
0.90
0.20
0.37
0.40
0.26
0.17
0.46
0.70
0.72
0.42
0.66
0.73
0.53
0.72
0.35
0.87
0.15
0.38
0.33
0.75
0.59
0.39
0.72
0.22
0.64
0.46
0.32
0.28
0.19
0.40
0.05
0.53
0.57
0.58
0.66
0.66
0.47
0.43
0.24
0.82
0.22

0.28
0.34
0.46
0.43
0.27
0.53
0.34
0.59
0.59
0.28
0.36
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(0}=2
dQ I=o

dO

dQ
np

(8}+2 (8)=2 I'
I =0 np

(8)—2 P
np

(m. —0)

.pp
dQ

(13)
dO

dQ
(14)

TABLE V. Pure spin observables. The quantities 8;„,8,„, and (8, ) are in degrees and represent
the boundaries and central value of the c.m. angle for each bin.

~min

22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5

22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5

22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5

22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5

max

27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5

27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5

27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5

27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5
72.5
77.5
82.5

26.6
30.6
35.2
40. 1

45.0
49.8
55.2
60.3
65.0
69.9
74.7
78.9

25.8
30.7
35.4
40. 1

45.0
49.6
55.3
60.1

64.9
69.8
74.4
78.4

25.8
30.6
35.1

40. 1

45.0
49.8
55.4
60.1

64.9
69.8
74.3
78.3

25.8
30.6
35.4
40.1

44.9
49.8
55.4
60.0
64.9
69.8
74. 1

78.1

&ss

T=484
—0.012

0.172
0.022
0.083
0.127
0.194
0.046
0.144
0.046
0.017

—0.059
0.105

T=634
—0.375

0.030
—0.011

0.150
0.067
0.163

—0.110
0.119
0.077
0.245
0.156

—0.323
T=720

0.424
—0.090

0.217
—0.117

0.163
—0.047

0.368
0.332
0.204
0.218
0.345

—1.972
T=788

0.108
—0.164

0.080
—0.107

0.047
0.234
0.000
0.024
0.093
0.191

—0.050
0.079

~&ss

MeV
0.336
0.528
0.187
0.087
0.073
0.069
0.086
0.065
0.061
0.078
0.105
0.209
MeV
1.296
0.329
0.102
0.108
0.077
0.091
0.152
0.064
0.088
0.093
0.115
0.309
MeV
0.594
0.232
0.240
0.185
0.153
0.198
0.223
0.124
0.158
0.210
0.353
1.498

MeV
0.388
0.156
0.104
0.071
0.064
0.091
0.074
0.057
0.078
0.137
0.192
0.215

Cl.s

—0.152
0.345
0.060
0.048

—0.082
0.079

—0.006
—0.068

0.039
0.004

—0.038
0.014

0.748
—0.045

0.262
—0.026
—0.017

0.038
—0.049
—0.088
—0.015

0.058
0.084

—0.371

0.018
—0.032
—0.184

0.107
0.026

—0.385
—0.037

0.036
—0.014

0.047
0.003

—0.479

0.494
—0.024

0.361
0.089
0.444
0.243
0.220
0.304
0.227
0.238
0.081
0.664

0.444
0.310
0.224
0.089
0.068
0.072
0.083
0.063
0.060
0.076
0.106
0.194

0.790
0.318
0.146
0.094
0.076
0.090
0.155
0.063
0.088
0.095
0.121
0.304

0.553
0.511
0.178
0.124
0.173
0.200
0.252
0.142
0.168
0.249
0.295
0.957

0.401
0.223
0.189
0.148
0.114
0.109
0.103
0.082
0.099
0.219
0.260
0.439

X ~&DF

0.04
0.76
0.13
1.59
1.91
0.56
3.40
2.30
0.97
0.45
0.96
1.44

0.06
0.09
0.27
0.25
0.71
0.30
0.22
0.55
0.30
0.20
0.14
2.39
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TABLE VI. Values of y per degree of freedom for various phase-shift and model predictions com-
pared to the data in Table V. The results of Bugg's [34] predictions at 634 and 720 MeV are from an in-

terpolation by Bryan et al. in the sAID computer program of Amdt et al. [31].

Amdt Bystricky, Lechanoine-Leluc, Hoshizaki and Lee and
Parameter et al. [12,31] and Lehar [13] Bugg [34] co-workers [11] co-workers [35]

484 MeV
Css
CLS

634 Mev
Css
CLS

720 MeV
Css
CLs

788 MeV
Css
CLS

0.44
2.54

1.65
1.71

0.61
0.89

3.37
2.93

1.07
2.04

.0.66
2.09

0.79
0.99

4.76
2.13

0.69
2.70

0.95
1 ~ 56

1.23
0.86

0.90
2.87

0.63
2.42

0.90
0.66

2.35
1.42

3.86
3.45

1.18
2.54

1.65
1.26

4.74
4.22

1.2
1

0.8
0.6
0.4
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0
-0.2
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-0.6
-0.8
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FIG. 8. Plots of the spin observables Css
and CLS at 484, 634, 720, and 788 MeV. Solid
circles with error bars are the present data.
Open circles with error bars are the data from
the previous runs of these experiments {E665
and E770). Solid lines are fits to the experi-
mental data. All other lines are PSA predic-
tions; chain-dashed, dashed, and chain-dotted
lines are from the PSA predictions of Amdt
et al. [12,31], Bugg [34], and Hoshizaki and
co-workers [33], respectively. The more recent
PSA (Saclay [13] and Hoshizaki and co-
workers [11]) and model (Lee and co-workers
[35]) predictions are all similar to those of
Amdt et al. and Bugg, while the prediction of
Hoshizaki and co-workers shown is typical of
older PSA's, before much of the recent data
had been added to the np databases.
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do d0
CLs (6))=2 CLsdQ

do—2 CIS dQ
np

do
dA I=O

(0)=2 C

d0
LS d~ .pp

np

(15)

+2 C
np

(~—9)

d0
oa d~ .pp

(16)

where a indicates the polarization direction (X, L, or S)
of the beam and target. Note here that both
(dcT/dQ)r o and (C d r/cd')r o are symmetric about
0=90'.

Figure 9 shows (Cr.s der /df) )r=o and (Css der /
d Q)r o at 484, 634, and 788 MeV. Differences in shape
are noted for both quantities as a function of energy. The
I =1 spin observables and np differential cross sections

were taken from the SM89 phase-shift predictions of
Amdt et al. [31], and the np data for Crs and Css for
c.m. angles between 80' and 155' are from Refs. [6] and
[7], respectively. The error bars shown in Fig. 9 are from
statistical uncertainties on the np data for CLs and Css
only.

The (Crs dc7/dQ)r —o and (Css do /dQ)r o results
were fitted, respectively, with associated and regular
Legendre polynomials of even order. Three terms were
used in all fits, and the results are shown in Fig. 9. In
general, the coefficients of the higher-order terms show
less energy dependence than the lower-order coefficients.
However, the uncertainties on the higher-order
coefficients are particularly large for the
(Css dcT/d0)r=o data.

A Legendre analysis of the partial waves contributing
to (Crs der ldQ)r —o and (Css dcT/dA)r o was per-
formed. Spin-singlet partial waves, such as 'I', and 'I 3,
cannot contribute to CLs do. /dA. Also, partial waves
with higher J contribute to the higher-order Legendre
polynomial coefficients, whereas waves with small J do
not. The results suggest that the observed variation is
consistent with changes in the D

&
wave if only one par-

tial wave is responsible. On the other hand, there are
insufficient statistics to rule out other (especially higher-
order) waves, nor can the case with energy variation in
more than one partial wave be rejected.

A set of spin observables that correspond purely to an
interference of amplitudes for I=O and 1 can also be
defined [37]:

2.0
o 0.0

—2.0

2.0
0.0

—2.0

4.0
0 0

—4.0
= (c)

d0 de
dQ . dQint pfp

do
dA

(8)=2 P

(8)—2

(8)+2 P
np

np

np

(ir —8),

(18)

(rr —8), (17)

2,0 =

I ! ~ ~

)

I I ~ &

)

20 40 60 80 100

0, (de )

do
LS d~ int

do(8)=2 Cr.s
np

d0+2 CLS
np

(~—8), (19)

(e)

d0
dQ int

(8)=2 C
np

4.0 =-

o.o= (&)

d0—2 C
np

(m —0), (20)

I I I

[
I I I I

[
I I I I

)
I I I I

)

I I I

20 40 60 80 100

0, (deg)

FIG. 9. Plots of the quantities {C» d ~ //d 0 )I o and
(CI&do. /dQ)1 o from the data in this paper combined with
other results [6,7,31]. Data are presented for (a), (d) 484 MeV,
(b), (e) 634 MeV, and (c), (f) 788 MeV as a function of c.m.
scattering angle. The curves are Legendre and associated
Legendre polynomial fits as described in the text.

where a refers to N, I., or S as before.
Figure 10 shows (Crs dcr/dQ);„, and (Css dcr/dQ);„,

calculated using the same data as for Fig. 9. Fits with
odd order associated and regular Legendre polynomials
are also given. Again, the coefficients of the higher-order
terms show less energy dependence than the lower-order
coefficients.

A unique determination of the pp amplitudes, aside
from an overall phase, requires at least 11 different exper-
iments [38] since the amplitudes are complex and bilin-
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FIG. 10. Plots of the quantities ( Czz d o./d 0 );„, and
(CLz do. /d 0);„,from the data in this paper combined with oth-
er results [6,7,31]. Data are presented for (a), (d) 484 MeV, (b),
(e) 634 MeV, and (c), (fl 788 MeV as a function of c.rn. scatter-
ing angle. The curves are Legendre and associated Legendre
polynomial fits as described in the text.

the modulus of each amplitude [37] can be determined at
present from the results of this series of experiments
( CLL ~ CNN ~ CSS, CLS ).

However, existing data and measurements in progress
at LAMPF will permit a full I =0 amplitude reconstruc-
tion in the near future. Other elastic-scattering observ-
ables measured between 400 and 900 MeV include free np
differential cross sections [39—52], polarizations
[53—60], and other spin observables [5—8, 54—56, 59,
61—63]. Many of these data are at backward c.m. angles,
and there are some inconsistencies that may eventually
limit the knowledge of the amplitudes. The inconsisten-
cies in the polarization data (see Ref. [59]) may be
clarified by new measurements in progress at LAMPF.
There are also discrepancies among various backward
differential cross-section data (see Refs. [46) and [48]). In
addition to the free np results, np quasielastic (pd)
scattering measurements exist in this same energy region
for differential cross sections [64—66], polarizations
[66—79], and other spin observables

[8, 19,20, 69—71,76, 78—82]. Comparison of free and
quasielastic spin observable data for pp elastic scattering
frequently shows good agreement. This suggests that
both the free np elastic and np quasielastic measurements
will be very helpful in the amplitude determination.

The data presented in this paper provide substantial in-
put to the nucleon-nucleon database and will go far to-
ward a model-independent determination of the ampli-
tudes for discrete energies between 450 and 800 MeV, as
well as the establishment of a unique phase-shift solution
in the I=0 channel in this energy range.
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