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Abstract

Measurements are presented for several mixtures of the spin observ-
ables Css, Cst = Crs, CLL, and CNN for neutron-proton elastic scattering.
These data were obtained with a free polarized neutron beam, a polarized
proton target, and a large magnetic spectrometer for the outgoing proton.
The neutron beam kinetic energies were 484,567, 634, 720, and 788 MeV .
Combining these results with earlier measurements allows the determina-
tion of the pure spin observables Css, CLs, and Cr| at 484, 634, and 788
MeV for c.m. angles 25° < 6. <180°and at 720 MeV for35°<6cm. <
80°. These data make a significant contribution to the knowledge of the
isospin-0 nucleon-nucleon scattering amplitudes.

L. Introduction

In an attempt to better understand the nucleon-nucleon (NN) interaction in the
intermediate energy region (up to Tiab ~ 1 GeV), polarization phenomena have been
studied in great detail over the past several decades. The study of the spin dependence
of the nucleon-nucleon interaction has been used to remove ambiguities among variou§
otherwise acceptable sets of nucleon-nucleon phase shifts.

An unambiguous determination of the five isospin-one (I=1) and five isospin-
zero (I=0) elastic-scattering amplitudes requires a large number of measurements of dif-
ferent spin parameters at each energy and scattering angle. In general, a minimum of
nine observables in both the proton-proton (pp) and neutron-proton (np) systems are
required to determine an unambiguous set of amplitudes above the pion production
threshold. The I=1 elastic-scattering amplitudes are fairly well known to above 1 GeV

from pp elastic-scattering experiments.1-3 By contrast, the [=0 amplitudes have been



poorly known until recently. The np elastic and inelastic interaction data base has been
particularly sparse above 500 MeV.4-5 Significant numbers of np differential cross-sec-
tion and polarization measurements have existed for some time, but only a few mea-
surements of other spin observables were available until the last few years. The data
described in this paper will contribute 155 new points to the existing np data base.

Phase-shift predictions of unmeasured spin observables have generally not fit the
pp data very well until a model-independent amplitude (MIA) analysis of the existing
data could be performed. It is likely that this will also be true for the np data. An MIA
analysis is able to determine the amplitudes at angles where sufficient measurements
have been made without assumptions about high partial waves and inelasticities, which
are needed by the phase-shift analyses. The data discussed here are part of an ongoing
program of measurements, at LAMPF and other laboratories, which should allow MIA
analyses to determine the [=0 nucleon-nucleon amplitudes at several energies in the
near future.

Various phase-shift predictions for measured spin parameters have indicated the
possibility of resonance-like behavior in certain partial waves. This behavior has been
attributed to the possible existence of dibaryon resonances. Evidence for these reso-
nances has been seen in pp (I=1) scattering experiments.6 The interpretation of the
observed behavior of the 1Dy, 3F3, and possibly the 3P; partial waves in pp elastic scat-
tering seen in the various phase-shift analyses of VPI3, Japan?, Saclay-Geneval4, and
Queen Mary College? are clouded by the presence of the pp — NA and pp — nd inelas-
tic channels. It has been proposed that the opening of inelastic channels such as these
may be responsible for the observed energy-dependent structures.8-11 For this reason, a
comparison between the I=1 and I=0 amplitudes should be very interesting because
these inelastic channels do not contribute to the I=0 amplitudes. Because of the basic
nature of the nucleon-nucleon interaction, it is important to know whether such reso-

nances exist. This question is crucial to the further development of QCD descriptions of



the NN interaction, for example. A number of QCD inspired models predict rich reso-
nance structures in the nucleon-nucleon channel with invariant mass above 2180
MeV/c2.12-15 These investigations suggest that large spin effects may occur because of
the presence of dibaryon resonances, which are related to the composite, or quark,
nature of the nucleon.

This paper describes the measurement of three spin-spin correlation parameters
for free np elastic scattering at 484, 634, and 788 MeV beam kinetic energy. In addition,
one spin-spin correlation parameter was measured at 567 and 720 MeV. The spin direc-
tions are defined as N (up) normal to the horizontal scattering plane, L (longitudinal)
along the incident beam direction, and S = N x L (see Fig. 1). Polarized é-type and L-
type neutron beams were scattered from é-type and L-type polarized targets. The pure
spin parameters determined from our measurements were Css, CLs, CLL, and CNN,

where

do do do do
i d—§(++) + 55(——) - —dB(+—) —55(—+)
P do 89,99, 99
dQ dQ T9) dQ

The first index refers to the beam and the second to the target polarization directions.
The + and - refer to spins parallel and antiparallel, respectively, to the N, S, or L
directions for the beam and target. The recoil proton was detected in a magnetic
spectrometer in one of three angular ranges: B1ap = 0-25°, 21-46°, or 43-76°. Interference
with the polarized-target magnet coils generally prevented detection of the scattered
neutron in coincidence. Measurements of Cpp and CgL at 634 MeV and one
spectrometer setting (35°) were made as a cross-check with our previously measured

data.16



The experimental apparatus is described in Sec. II. Only modifications to the
original experimental apparatus as described in previous papers will be discussed in
detail (see Refs. 16-17). Two additional chambers were added to the spectrometer to
improve both the resolution and track-reconstruction efficiency. The data analysis is
described in Sec. III. The results and a comparison to various phase-shift and meson-
exchange predictions are presented in Sec. IV. Conclusions are given in Sec. V.
Preliminary results of this experiment have been presented in a short paper.18 These
measurements were also the basis of a thesis,1? where additional details may be found.
This paper contains additional measurements not previously presented in Refs. 16-19.

Recently, there has been evidence that the neutron-beam polarization was differ-
ent from that believed earlier. The evidence is summarized in Sec. II, and additional
calculations are presented. Revised values of spin-spin correlation parameters mea-

sured in earlier experiments with this same apparatus are also given.

II. Experimental Apparatus

These measurements were performed at the Clinton P. Anderson Meson Physics
Facility in Los Alamos (LAMPF). Most of the experimental apparatus was identical to
that described in our previous papers!6.17.20 with some modifications. The major dif- -
ferences included different readout electronics for one drift chamber (P3), and different
angles of the target polarization with respect to the beam direction.

A. The Polarized Neutron Beam

A polarized neutron beam was produced by single-charge-exchange and polar-
ization transfer of polarized protons scattered at 0° by a liquid-deuterium target. The
neutron beam entered the experimental area (Fig. 2) after passing through a 2.54-cm
diameter lead and steel collimator and a 3.8-cm thick lead plug to convert ¥'s in the
beam. The beam then passed through an intensity monitor, two spin precessing mag-

nets (LORRAINE and CASTOR), a relative neutron polarimeter (JPAN, normaily the



JPAN target was removed during data collection), and finally the polarized proton tar-
get. The beam intensity was typically a few thousand polarized neutrons per second
from the *H(p,7)pp reaction. ‘

The ratio of the neutron beam polarization to the proton beam polarization was
determined previously21-22 in this same beamline. This ratio is KL for longitudinally
polarized beams and KNN for transverse polarizations. More recently, a new measure-
ment,23 using a different experimental procedure, gave significantly different results.
However, there were two minor differences in the beamline configuration used in the
new K1 and KnN measurements and in the spin-spin correlation parameter experi-
ments, namely collimator diameter and the use of a lead converter for ¥s in the beam.

The early measurements of Riley et al.2! were performed with 800-MeV kinetic
energy protons and a 5.08 cm diameter collimator. The measurements of Chalmers et
al.22 used 497, 647, and 800 MeV proton beams, and collimator diameters of 5.08, 5.08,
and 2.54 cm, respectively. The neutron beam momentum spectrum at two energies is
shown in Refs. 24 and 25. In both cases, the neutron beam was scattered from a liquid
hydrogen target, and the recoil protons were detected in a magnetic spectrometer
located at 01, = 30° (center of mass angle 8c.m, ~ 112°). The measured asymmetry €p

for opposite beam spin directions is related to KLL and KnN by

&y
b
P, A,

Kjj=

where P}, is the proton beam polarization, Anp is the np elastic-scattering analyzing

power or polarization parameter measured in other experiments, and

o = Rate(+) - Rate(-)
b Rate(+)+ Rate(-)




The results at all three proton beam energies showed that KL was much larger in mag-
nitude than KNN. With the same set of data determining App for the two measure-
ments, the KL, results of Riley?! and Chaimers22 at 800 MeV with the two different col-
limator diameters were consistent (KLL = -0.640 + 0.014 and = -0.604 + 0.016, respec-
tively). Figure 3a shows values of Anp (30° lab) found from fits with up to third order
polynomials in cos 8¢.m. to most of the world's data26-36 in the angular range 80° < 6¢.m.
< 140°; both statistical and combined statistical and systematic errors are shown. A few
sets of data with relatively large errors have been excluded.

The measurements of McNaughton et al.23 were performed by scattering the
polarized neutron beam from a second liquid deuterium target. Outgoing protons near
0° to the neutron beam direction were detected in a magnetic spectrometer. The spin of
these protons was precessed in the field of the spectrometer magnet and measured in a
carbon polarimeter. The collimator diameter was 5.08 cm at incident proton beam ener-
gies of 318,497, 647, 733, and 798 MeV, and in addition was also 7.62 and 15.24 cm at

798 MeV. The values of Ki | were derived from

t

£
KL= 53 sine,
where gy’ is the asymmetry measured in the carbon polarimeter, Apc is the analyzing |
power for this polarimeter,37-38 and 8}, is the angle of the outgoing proton spin preces-
sion in the spectrometer magnet. The resulting values of K | are 8 to 19% larger than
measured by the earlier experiments. Also, the three values of K, from the different
collimator diameters at 798 MeV were consistent (K| =-0.720 £ 0.017, -0.720 £ 0.017,
and -0.719 £ 0.017 for diameters of 5.1, 7.6, and 15.2 cm, respectively).

Whereas the agreement between measurements of Apc at vario;.ls laboratories is
good to ~ 2% over a wide range of proton energies,23 there are differences of approxi-

mately 10-15% among various App results at many angles and beam energies. These

differences are somewhat beyond quoted statistical and systematic uncertainties. In



addition, it has been suggested by Bugg,” based on a phase-shift analysis of np elastic-
scattering data, that the measured values of &,/ Pp by Riley et al.2! and Chalmers et al.22
are consistent with other results in the np data base, while the Ky . = &,/ Pp Anp values
are inconsistent.

As noted above, one of the differences between this experiment and the recent
KiLL measurements is the presence of a lead converter for ¥s in the beam.
Measurements of the change in beam polarization by the presence of a 3.81-cm lead
converter gave a drop in beam polarization of (0.6 £ 1.1%).34 As a result, no correction
to our data has been made for this effect.

It is also possible that scattering of some beam neutrons from the collimator walls
would result in a slight difference in the magnitude of the beam polarization at the
polarized target. The only K value measured with the same collimator diameter as in
this experiment is the 800-MeV result of Chalmers et al.22 However, this KL value is
about (6 + 3)% smaller in magnitude than the Riley et al.2! results which had a larger
diameter collimator. Monte-Carlo studies were performed for scattering in the collima-
tor walls, taking into account the proton beam width at the liquid deuterium target, a
single elastic scattering in the collimator walls, and attenuation of the neutrons. The
Monte Carlo results suggest that any difference in the beam polarization would be less -
than 1% given the results of the measurements by McNaughton et al.23 with collimator
diameters of 5.1 to 15.2 cm.

The adopted KL and KnN values were derived as follows. The older results of
Riley et al.21 and Chalmers et al.22 were normalized using Anp values from Newsom et
al.32 The Newsom measurements were acquired with a white, unpolarized neutron
beam incident on a polarized proton target. It has been suggested”.23 that the target
polarization in Ref. 32 should be renormalized by a constant factor, resulting in smaller
Anp magnitudes. The Anp renormalization factor was estimated by comparing the

Newsom et al. data32 to recent TRIUMF results,33 and to new measurements at



LAMPF34 which include the recent K| data of Ref. 23. Over the range 80° <0cm. S
140°, the derived ratio to Newsom was 0.§56 +0.006 with x2/d.f. = 1.8. If the compari-
son was restricted to + 8° of the c.m. angle corresponding to 6}, = 30°, which approvi-
mates the acceptance of Ref. 22, the factor becomes 0.878 + 0.011 with x2/d.f.=1.9. The
adopted ratio is 0.88, in agreement with the recommendation of Ref. 23.

However, it should be noted that the Anp renormalization factor derived in this
way does not seem to be independent of energy. The ratios at ~ 425, 480, 630, and 780
MeV for 80° < Oc.m. < 140° are 0.914 * 0.018, 0.884 + 0.009, 0.831 + 0.013, and 0.805 +
0.011, respectively, with x2/d.f. ranging from 0.4 to 1.3. We do not understand this
variation. Furthermore, the published Newsom et al. data seem to agree with data from
Saclay.30313536 Some of these results are from quasielastic scattering with a polarized
deuteron beam while others used a free neutron beam. The pPp quasielastic measure-
ments from the same Saclay experiment agree well with free pp polarization data.

The renormalized Newsom et al. results32 and other Anp data26-3133-36 jn this
energy range were then fit for 80° < 8¢ m. < 140° as described before, and weighted by
the product of the cross section and acceptance given in Ref. 22. The results are shown
in Fig. 3b. The systematic uncertainty in the renormalized data for Ref. 32 was taken to
be £3%. Two fits to these data were performed using polynomials in Tyap, the labora- -
tory kinetic energy. The first fit used the data shown in Fig. 3b. The second fit used the
same data except the Newsom results were unnormalized with a systematic uncertainty
of £7% as quoted in Ref. 32. The r.m.s. deviations per degree of freedom were 3.6 and
3.7, respectively. The adopted Anp values were taken from the first fit; see Table 1 and
Fig. 3b. The adopted uncertainty was the computed statistical error, increased by
m » in quadrature with the difference between the two fits.

The revised KL values from Ref. 22 are also shown in Table 1. No corrections
have been applied for the combined effects of scattering in the collimator walls and the

lead converter. These are expected to be small compared to the quoted uncertainties on
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KiLL as mentioned above. Note that the revised KLL values agree closely with the mea-
surements of Ref. 23. The adopted KL values are weighted averages of data from Ref.
23 and the revised results from Ref. 22. A.n interpolated value is used at 581 MeV, and
the measurement of Ref. 23 is assumed at 733 MeV. The ratio of KNN/KLL from Ref. 22
was assumed correct, and was adopted for the data in this paper. The average beam
polarizations for protons and neutrons for each measurement are given in Table 2.
B. The Polarized Target

The polarized proton target (PPT) was continuously polarizing, utilizing the
technique of dynamic nuclear polarization.39 It consisted of a magnet, a 3He refrigera-
tor, a microwave system, and a nuclear magnetic resonance (NMR) system. The super-
conducting magnet (HERA) and refrigerator were constructed at CEN - Saclay40-41 and
were modified at LAMPF.42

The magnet produced a 2.5-T central field, uniform to within 0.45 mT in a sphere
of 5.0 cm in diameter. In order to allow for the detection of scattered particles, the mag-
net provided a free, unobstructed cone of 90° opening angle with respect to the polar-
ization direction. For nearly pure Cri measurements (CyL), the magnet was positioned
with the field (polarization) direction along the beam. For nearly pure Csi mea-
surements (Cgl) the field was also along the beam, causing a precession of the beam
spin. At a different time, the magnet was rotated at an angle of 37.5° with respect to the
beam to allow measurement of a linear combination of correlation parameters, denoted
by Coes (Cag for I:-type beam), from which Cgg (Cs) can be derived. This was done
because the coil geometry of the magnet prevented a configuration which would allow
measurement of pure Csg for laboratory scattering angles smaller that 61ap = 45° In
order to determine CrL in the angular range 43° < §)3p < 76°, the target-'was rotated at an
angle of 25° with respect to the beam and a mixture of parameters denoted by Cx), was

also measured.
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The HERA field precessed the spin of the incoming neutron when the field was
not along the neutron’s incident spin diregtion. Additionally, the scattering plane was
rotated since the target field bends the trajectory of the outgoing recoil proton.
Calculations of these effects were made for all the data presented in this paper.

The target had a diameter of 3.7 cm and a length of 5.5 cm. Two types of target
material were used in the experiment. During the Cy1 and Cg data taking, the target
material consisted of 85 wt. % ethylamine (C2NH7) and 15 wt. % borane ammonia
(BH3NH3). The atomic composition by weight, was as follows: 45.3% carbon, 5.3%
boron, 33.2% nitrogen, and 16.1% hydrogen. For the Cgq, Cag, and Cy) measurements,
a similar material was used which had a larger percentage by weight of hydrogen
(16.8%) and contained the following percentages of other atoms: 23.8% carbon, 4.3%
boron, and 54.6% nitrogen. Both target materials were doped with CrV radical for
polarization transfer. The materials were prepared in ~ 1-mm diameter beads in order
to improve thermal contact with the 3He bath and to improve dissipation of the heat
produced from the absorbed microwave radiation. The average target polarization and
the number of target polarization reversals for each of the measurements are given in
Table 2.

Scattering from a carbon target was also performed at essentially every incident-
neutron beam kinetic energy and spectrometer setting to provide information for back-
ground subtraction, as discussed later. A study of the effective bound-nucleon polariza-
tion arising from the polarized background nuclei (13C, 14N, 9B, 10B) of this target mate-
rial was performed.43 It was estimated that this effect contributes negligibly to the total
nucleon polarization.

C. The Magnetic Spectrometer

Charged particles were detected in a large acceptance (~ 100 msr) magnetic spec-
trometer (see Fig. 2), in which the momentum of the recoil proton was measured.

Kinematical constraints, which included the recoil angle of the proton, were used to
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determine the missing-mass of the scattered neutron. The momentum resolution was
found to be approximately + 1.5% at 800 MeV..

The various detectors were rigidly mounted on frames attached to the spec-
trometer magnet (SCM105). This made it possible to move the spectrometer as a single
unit. The spectrometer magnet was moved to three positions on air pads for data tak-
ing. With respect to the beam direction, the center of the SCM105 was located at 10.0°,
35.0°, and 57.5°.

For all energies (484, 634, and 788 MeV) where the spectrometer angle was 10° or
35°, the SCM105 was operated at 2000 Amps which gave a central field integral of ~ 763
kG-cm. For data taken at a spectrometer angle of 57.5°, the magnet was operated at
1200 Amps (~ 458 kG-cm). The SCM105 magnetic field was mapped at both currents;
see Refs. 16 and 44.

The detector S1 consisted of two 25.5-cm wide by 28-cm high plastic scintillators
placed next to each other to produce a 51-cm wide by 28-cm high scintillator plane. A
photomultiplier (PM) tube was mounted at each end of each scintillator in the vertical
plane. The two signals from each scintillator were discriminated and the time-average
was formed. The OR of the signals from the two S1 counters was used as the start pulse
for the time-of-flight (TOF) measurements between S1 and S2.

The hodoscope S2 consisted of 25 scintillation counters, each 112-cm high, 14.0-
cm wide, and 1.27-cm thick, with a PM tube mounted on the top and bottom. The cen-
ter of the hodoscope was displaced horizontally by 56 cm from the SCM105 center line
to compensate for the bend of the particle trajectories in the magnetic field. The time
average of the top and bottom PM signals for each counter was formed, and the time
relative to S1 measured. The S1-S2 relative time was corrected for cable lengths, etc., as
well as the bend in the SCM105, in order to derive the TOF. A fast coincidence between
S1 and the OR of the S2 counters was used for charged particle identification and as the

fast trigger for the spectrometer.

-12-



Three multiwire proportional chambers (MWPC's) were used to obtain position
information of a particle before it entered the spectrometer magnet. PO was located
between the trigger scintillators (S1) and t}le small drift chamber (P1), and it was
added!? to improve the track reconstruction efficiency of the upstream portion of the
spectrometer cofnpared to Ref. 16. P2 consisted of two chambers P2L and P2R located
upstream of the SCM105 magnet, and displaced by approximately 10 cm in the direc-
tion (2) from the target to the magnet center. The frames of P2L and P2R overlapped,
resulting in a dead region in the spectrometer acceptance. Operating conditions, wire
spacing, and construction details were essentially identical for PO, P2L, and P2R.16.17
The chamber efficiencies can be defined as the ratio of the reconstructable events in the
chamber to the total number of analyzed events. Typical chamber efficiencies for PO
and P2 were 84% and 92%, respectively.

The P1 drift chamber, described in Ref. 16, was used upstream of the SCM105
magnet. During this experiment, this chamber had an operating efficiency of approxi-
mately 84-87%.

Two identical drift chambers P3 and P4,20 with four planes each (X,X',U,V) and
active areas 3 x 1 m2, were used for particle tracking behind the SCM105 magnet.
Chamber P3 was added!” to improve the reconstruction efficiency and the momentum -
resolution compared to Ref. 16. The readout system for P3 consisted of the LRS 4290
Time Digitizing System operating in the Common Stop mode. Amplifier boards with 16
channels of amplification and discrimination (one TDC for each signal wire in a 16 wire
group) were used. The Autotrim feature of the 4290 system was used to determine the
pedestals for the TDC's. The readout system for P4 was based on the technique where
the determination of which wires were hit was found from differences of propagation
times along a delay line coupled to the wires.20 For P4, each group of 16 wires was
connected to a delay-line board. This limited multiplicities to one hit per 16 wires.

Typical chamber efficiencies were 97% and 79-83% for P3 and P4, respectively.

-13-



A detailed study of the resolution of both P3 and P4 was conducted (see Ref. 20)
using some of the 634 MeV, 35°, CyL data. To measure the chamber resolution, a resid-
ual, Ax'j was calculated:

Ax'j=xCa]c'x=x'+(mx5)'x,

where x and x' are the measured (horizontal) coordinates at the X and X' planes, s is the
distance between the planes, m is the xz-slope, computed with information from P4 and
P3, and j is the chamber number. The chamber resolution was obtained by converting
the FWHM to a standard deviation, corrected for contributions from both the X and X'
planes. This method gave calculated resolutions of + 180 um and + 285 pm for P3 and
P4, respectively.

D. Data Acquisition

The data acquisition was accomplished by using a CAMAC system interfaced to
a PDP 11/60 computer via a microprogrammable branch driver (MBD).45 The software
to control the MBD and computer was written using the LAMPF "Q-System™46, a gen-
eral data analysis and acquisition system, based on the DEC RS5X11-M operating system.
A special CAMAC unit called the LAMPF trigger module (LTM) was used to signal the
MBD that a certain type of event had occurred. The MBD read in a specific set of
CAMAC registers, ADC's, and TDC's and transferred the data to the computer when a
signal for a particular event type was received. The raw data were then written to tape.
The computer was operated in the "may process" mode during data taking, giving first
priority to writing the raw data to tape, and analyzed only a subset of the events. For
the off-line analysis, the analyzer program was run in the "must process" mode, which
required all events to be processed.

The event trigger logic was used to define and trigger LTM events. It was sepa-

rated into two parts, the spin-gated run control logic (SGRC) and the EVENT 9 logic.
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The SGRC logic was needed to trigger LTM EVENTS 7 and 8, as well as to moni-
tor the status of the run and beam, and to define a number of CAMAC scaler inhibits.
These signals were provided by a pair of LAMPF gate generators (LGG1, LGG2).
EVENT 7 read in and cleared the CAMAC scalers at every beam spin change or at the
end of a run. EVENT 8 read the target polarization every 10 seconds, as the signal was
sent from the polarized target monitor/control computer. A schematic diagram of the
SGRC logic s given in Fig. 4. The beam gate (BG) signal, sent from the accelerator cen-
tral control room, was held true throughout the duration of each accelerator
macropulse. The polarized beam gate (POL) was held "true" for polarized beam and
"false” when the proton beam was in the quench mode; this signal came from the ion
source. The LGG1 run gate (RG) was set true by a signal sent from the data acquisition
computer at the start of a run and set false at the end. LGG2 was also reset at this time.
Two additional signals, N = NOR and R = REV, were also sent from the ion source to
indicate whether the polarization direction was normal (N) or reverse (R) with respect
to the beam momentum. Both N and R were false when a spin change was in progress,
indicated by the signal SC = N e« R« POL. When the N and R signals changed, during a
spin change, a noise signal was generated. A 10-sec monostable (one shot) pulse was
added in order to prevent multiple EVENT 7 triggers by this noise. After being inverted
several times, the N and R signals were routed to the LGG2 start and stop inputs,
respectively. These states were read through a Kinetic Systems 3420 input gate and
used to identify the spin state of an event and of the scalers. A logical AND of the N
signal and a 10-KHz clock, and of R with the clock, were made to generate normal and
reverse clock signals which were required in order to compute the beam polarization
via the quench ratio method.4” These gated clock signals were also used to determine
the polarization of the beam for each read of the scalers.

A fast coincidence between one of the S1 scintillator signals and one of the 52

counter signals was defined as FTRG; see Ref. 16. The signal FTRG in coincidence with
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P = POL « RG ¢ BG ¢ SC from the SGRC logic was used to trigger an LTM EVENT 9.
Starts for the time-to-digital converters for the P1 and P4 drift chambers and the 52
hodoscope counters, and the common stop for the P3 drift chamber electronics were
also initiated with FTRG. If a signal was received from P2 (P2L or P2R), the master
trigger MTRG was generated; otherwise the TDC information was cleared and the
EVENT and readout aborted. Additional details and a logic diagram for the fast logic
are given in Ref. 16.

A number of scalers were recorded separately for N or R beam polarization as
well as quenched beam periods. These scalers were gated with either P, which cor-

responded to polarized beam, Q = POL¢BG ¢ RG » SC for quenched beam, or [ =P »

(COMPUTER BUSY) to take into account computer dead time. Scaler reads (EVENT
7) were also triggered by RG ¢ SC, which corresponded to a run terminated or

suspended.

III. Data Analysis
A. Particle Tracking

The off-line data analysis was also performed using the LAMPF Q-system. The
experiment-dependent software used for these measurements (LAMPF E-770) was a :
modified version of that used for LAMPF experiment E-665, which was discussed in
Ref. 16. Only changes in the E-665 software to accommodate the additional chambers
PO and P3 will be discussed in this section. The MWPC P0 was added in the front close
to P1, and the large drift chamber P3 was added in the rear, as discussed earlier. This
allowed for additional chamber combinations which could be used to determine a track
both in front of and behind the SCM105 magnet. As a result, it was no'.t necessary for all
chambers to have good position information in order for events to be reconstructed.

The minimum requirement in the software to determine the bend angle in the

spectrometer was good x position information from chambers P4, Pg or Py, and P or P3.
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For the case when there was insufficient data from P3 to determine the x coordinate, the
two chambers in the rear were used to project to a point at the center-plane of the spec-
trometer magnet. This point and the coordinate(s) in either PO and/or P1 were then
used to construct a track in the front.

When there was not enough information in P3 to construct a coordinate, the
tracking scheme incorporated in E-665 was used: the front chambers PO and/or P1, and
P2 were used to construct a track in the front and to project to a point at the center-plane
of the magnet. This point and the coordinate in P4 were then used to construct a track
in the rear. If there was "good"” chamber information in all three chambers in the front,
then a least-squares fit to the three points was done to determine the slopes.

Good chamber information required a unique hit reconstructed in the chamber.
In the horizontal or x direction, this could mean several adjacent wires with signals in
the MWPC's, with the centroids for the X and X' planes within 4 mm. At least three
planes in P4 or P3 with a uniquely reconstructed position were required to be able to
obtain both x and y information from these chambers. Additional details on these
requirements are given in Ref. 16.

The x and y tracking were done independently in the front. This meant different
chamber combinations could be used to determine the xz- and yz-slopes. The tracking-
scheme in the rear used wire position and drift-time information from P3 and P4 to
determine a track for a given event. For the case where both P3 and P4 were "good", the
information in these two chambers was sufficient to determine both the rear xz- and yz-
slopes as well as the position at the midpoint of each chamber.

The algorithm used to determine the position for each plane in P3 and P4 is simi-
lar to the one described in Ref. 16. In that case, the point at the center plane of the
SCM105 magnet was used to constrain the fit in P4, instead of P3. For the situation with
information available from both P3 and P4, a maximum of four wires with signals were

allowed for each plane. The proper combination of wires, one from each plane, was
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chosen to be the one with the minimum r.m.s. deviation Xwire from a least squares fit to
a straight line. In addition, it was required that Xwire £ 5 mm to eliminate fits with a
wire that may have been triggered by noise. In the case that no fit satisfied the con-
straint on Xwire, @ plane was discarded, one at a time, and the fitting procedure repeated
until a good Xwire was obtained. Information from a plane could not be discarded if
there was no data in at least one other plane of that chamber. Finally, the chosen wire
combination together with the drift time for each wire, were used in another iterative
fitting procedure to resolve the left-right ambiguities in each plane. For this second
iteration, the r.m.s. deviation Xdrift was also minimized, and it was required that Xdritt <
V2 mm.

The tracks in the front and rear were used to calculate the bend angle in the
spectrometer and hence the particle momentum. The I Byd2 for the SCM105 magnet
was determined event-by-event using a table look-up parameterization of the SCM105
magnetic field which was generated by a Monte-Carlo program1644 that traced elasti-
cally scattered protons through the field.

With the additional allowed chamber combinations it was possible to attain a
typical track reconstruction efficiency 75 - 83%, as compared to about 60 - 65% for E-
665.16 The reconstruction efficiency was calculated by taking the ratio of the number of
events passing the tests above to the total number analyzed. By allowing additional
chamber combinations the overall resolution of the spectrometer was also improved.

B. The Data Summary Tape (DST)

Because of the extensive computer CPU time required to decode all the raw
chamber information and do the particle tracking, the data analysis was carried out in
two stages. The first stage consisted of making a data summary tape (DST) from a raw
data tape.

In order to make a DST, the raw chamber information was decoded and the par-

ticle tracking done. A software test was applied which required both good front and
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rear tracking in addition to good TOF information. The beam and target polarizations,
time-of-flight, chamber coordinates, and the front and rear slopes were then written to
the DST event-by-event. No kinematic or‘other cuts were required to be passed in order
for an event to be written to the DST, other than the Xyire and Xdrift requirements for the
P3-P4 tracking discussed earlier.

C. Final Pass Data Analysis

After having initially reduced the raw data to DST form, the final pass analysis
was done to calculate the spin-spin correlation parameters. Cuts were applied to vari-
ous kinematic and other quantities. The cuts were varied and the analysis repeated.

Using the "Q" test package, software tests were set up to allow binning of the
data by both c.m. scattering angle and spin orientation of the target and beam. Figure 5
shows a c.m. scattering angle distribution of the recoil protons for 634 MeV data taken
with a spectrometer angle of 8jap = 35°. The data were binned in 5° c.m. bins. The
"hole" in the distribution is caused by the overlap region of the two halves of the detec-
tor P2. The measured laboratory scattering angle was corrected for the target magnetic
field effects and survey information, before the c.m. angle was calculated.

A software test which required beam and target spins to be either "parallel” (++
or --) or "antiparallel” (+- or -+) was made on the data. Histograms for events parallel or
antiparallel were made for each angle bin and these were added or subtracted appro-
priately to calculate Cj;.

D. Cuts on the Data

Cuts were placed on various calculated quantities for the final pass data analysis.
These quantities included the x- and y-target projections, the magnet center-plane
matching (DXTT, DYTT), and the particle mass as determined by the TOF and momen-
tum measurements. Chambers P0, P1, and P2 were used to obtain the target projections
in the x and y directions at z corresponding to the target center. Straight lines fit to

chambers upstream and downstream of the SCM105 magnet were also projected to the
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center of the SCM105 magnet; the difference in projected x and y positions are DXTT
and DYTT, respectively. The purpose of placing cuts on the target projections was to
reject events which did not originate from the target. It was found that using a cut on
the z-target projection had no effect and therefore was not used. Figure 6 shows the
final cut placed on the x-target projection for 634-MeV, 35°, C3L and CoL data. Events
outside the markers were rejected.

For the Cgg and Cy), data where the target was rotated with respect to the inci-
dent beam direction, the target projections were even more important. Figure 7a shows
the x-target projection for the 634 MeV, Cgg data, for a 35° spectrometer angle. Events
originating from the magnet coils and cryostat can easily be picked out as the smaller
peak on the right side of the large peak near x = 0. The final cuts which were used are
also shown.

For the case of a rotated target and a 10° spectrometer angle (Fig. 7b) the x-target
projection looked somewhat different. Rather than having events which originated
from the magnet coils (or cryostat) clearly separated from those originating in the target,
the distribution was continuous with a long tail on the large-x side of the peak.
Furthermore, because the angular acceptance of the spectrometer at 813p = 10° was so
large, the unscattered portion of the beam went through the spectrometer and also con-
tributed to the tail of the x-target projection distribution.

Figure 8 gives the x-target distribution and cuts for the 634 MeV Ca) data. The
polarized target is rotated 25° from L-type, and the spectrometer angle is 57.5°.

In order to separate the desired events from those originating from the magnet
coils and cryostat, a pair of two-dimensional histograms were used. Figure 9 shows one
of these two-dimensional histograms where the x-target projection is plotted against the
x-position in P1. It can be seen that there is a large band of uncorrelated events (zero
slope), which are assumed to originate from or near the target. There is also a band of

events with large non-zero slope. These events were assumed to come primarily from



the unscattered part of the beam and the target cryostat. Shown in the figure are boxes
which are two-dimensional cuts on the data. Events outside the boxes were rejected. A
similar "box-cut" was made for the x-targe;t projection and the PO x-position. A logical
OR between the two sets of box-cuts was required so as not to eliminate an event which
missed the PO acceptance but was reconstructed using only P1.

Cuts on the magnet center-plane matching were made in a fashion identical to
that discussed for the target projections. The quantity DXTT is the difference in x of the
lines fitted to chamber data in front and behind the SCM105 projected to the center of
the magnet; DYTT is defined analogously for the y coordinate. Figure 10 shows the cuts
on DXTT and DYTT used for the 634 MeV, Cy} data with a spectrometer angle of 57.5°.

Loose cuts were placed on the particle mass as determined from the momentum
and TOF. The limits for these were placed with a minimum at 500 MeV/c? and a
maximum at 1300-1500 MeV /2 for all sets of data analyzed (see Fig. 14 in Ref. 16).
These values were chosen so as to eliminate the deuteron background, but keep all
protons (background included). Pion backgrounds were negligible, since their
momentum was too low to be in the spectrometer acceptance.

E. Calculation of the Correlation Parameters

The spin-spin correlation parameters were calculated bin-by-bin as follows:

1 P-aA
PP P+aA-fC

C,‘j

where P is the total elastic plus background counts from the sum of the pertinent runs,
in the missing-mass (MM) for parallel spins, and A is the total counts for antiparallel
beam and target spins. The quantity fC is the normalized carbon backéround described
below. Ppand Pt are the average beam and target polarizations, respectively, and a is
the ratio of total beam for parallel spins to the total beam for antiparallel spins from the

beam intensity monitor FMON.16
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For each 5° c.m. angle bin, the missing mass distribution for the carbon runs was
compared to that for the polarized target runs. The coefficients of the linear function
f(MM) were determined so that fC matchéd the polarized target distribution on each
side of the elastic peak. After subtraction, the elastic events were clearly distinguished,
and Cii(MJ\d) could be computed for each missing mass channel. The final value of Cjj
was the weighted average over the missing mass channels in the elastic peak.
Additional details may be found in Fig. 16 of Ref. 16 and the accompanying text.

The values of Cj; for individual runs were computed using a similar procedure.
The weighted average and r.m.s. deviation Xryn were computed from the pertinent set
of runs. Less than 1% of the total runs were rejected on the basis of large contributions
to Xrun for several c.m. angle bins. The weighted average Cij; agreed to within one stan-
dard deviation with the value computed from the summed runs.

The procedure described above was used for all data in this paper with spec-
trometer angles of 81ap = 10° and 35°. In addition to missing mass, a different quantity
was also used for the Cyy, results at 81ap = 57.5° in order to more accurately estimate the
contribution from background. This quantity was n = plab + A 6l1ab + B,17 where the
momentum measured in the spectrometer is piab, and the constants A and B were cho-
sen to make 1 approximately perpendicular to n + p elastic scattering kinematics in the.
Plab - O1ab plane. Histograms of n for two c.m. angle bins and for polarized target and
carbon background runs are given in Fig. 11. Results for Ca) were computed from the 1
distributions in a manner analogous to the missing mass histograms.

F. Comparison of Background Shapes

Quasielastic scattering from bound nucleons in the helium, boron, carbon, and
nitrogen nuclei in the polarized target was a major contribution to the background
observed in this experiment. In order to determine how accurately the carbon missing
mass or 7| distribution represented the true background shape, measurements were

made by using dummy targets of various materials, such as liquid nitrogen, boron
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nitride, and carbon. The 1 distributions for the carbon measurements and two c.m.
angle bins are shown in Fig. 12. Ratios of boron nitride to carbon and nitrogen to car-
bon are also shown; these ratios are constant near = 0 where the np elastic events
occur. To compare the various background shapes quantitatively, a chi-square test for
binned data was performed between ratios of different pairs of the distributions. It was
found that all the shapes agreed at the two standard deviation level. Comparisons were
also made between "normal" and "reverse" distributions for each material with similar
results, indicating that these nuclei were, in fact, effectively unpolarized.

Additionally, for the 484 MeV Cjy, data, the correlation parameters were calcu-
lated using each of these three materials as a source for the background shape. The
computed values of Cjj with carbon, boron nitride, and liquid nitrogen background
agreed within one standard deviation at all angles. It is concluded that the carbon mea-
surements provided an adequate representation of the background shape.

G. Corrections for Mixed Spin Effects

It was necessary to correct the data for the presence of undesirable spin compo-
nents in both the beam and the target.

A detailed study of the neutron beam spin as measured by the relative polarime-
ter JPAN was performed.1648 Using information on the proton beam polarization
direction just upstream of the liquid deuterium target, and by making polynomial fits to
the magnet sweeps with JPAN to set the LORRAINE and CASTOR magnet currents, it
was possible to determine the neutron beam spin components to within + 3°. The
revised Ki | and Knn values from Table 1 were used in these calculations.

For the measurements with the pure L-type polarized target, the quantities

actually measured (CgL, and C, 1) are linear combinations of C and Cgp,

CoL = ACLL + BCgq
1)
CaL =DCLL + ECgL



where A = cos 061, D = cos 6, and 87 and 6?2 are the angles of the beam spin with respect
to the L-direction for the two cases, respect.vely. The coefficients B and E must include
additional corrections for the precession of the neutron beam spin and the rotation of
the effective scattering plane because of the effects of the HERA magnetic field. Define
the net rotation/precession angle as 8net = 8p - Or, where 6;, is the angle of precession
(in the N-S plane) of the neutron beam spin in the HERA field to the center of the
polarized target, and 6R is the scattering plane rotation angle (also in the N-S plane for
the beam). Then B = sin 81 cos Bnet and E = sin 6 cos Bpet. The angle Bpet was typically
on the order of 10-15° and was dependent on the c.m. scattering angle. The measured
values of Cg1, and Cyr, and the coefficients B or E (b), and A or D (e, see Eq. 2 below) are
given in Table 3.

For the Cgg, Cag, and Cx) measurements, the situation was complicated further
because the target was rotated with respect to the + L-direction. This rotation and the
effects of the HERA magnetic field caused the measured quantities Cgg, Cag, and Cyj to
be linear combinations of the four pure spin-spin correlation parameters. The expres-

sion for Cgg (or Cygor Cai) can be written as

Coo = aCss + bCs + dCnN +eCLL (2)
and
a = -sin Ot cos Or[-cos Or cos Bp cos Ot sin (0 - oT)
- cos BR sin 81 cos(0B - OT) + sin OR sin Op sin (0B - o))
b = -sin @1 cos OR [- cos Op sin Ot sin (8 - O7) + cos BT cos (OB - 6T)]
+ cos 81{-cos OR cos 8p cos 8T sin (6B - 8T) - cos BR sin GT cos (6g - 67)

+ sin Br sin Op sin (8 - 67)].



d = -sin B7sin Or[-sin BR cos 8 cos Bt sin (g - 61)

- sin ORr sin 61 cos(6p - 6-[) - cos BR sin Op sin (6 - 67)]

o
1l

cos O1l- cos p sin 6T sin (6 - 6T) + cos 61 cos O - 67)].

The subscripts on the angles are as follows: T for target rotation angle (in the target L-S
plane, measured from the +L direction), R for rotation angle of the scattering plane due
to HERA, p for the neutron spin precession angle, and B for the initial angle of the beam
spin in the L-5 plane with respect to the L-direction. Table 4 gives the measured values
of Cgg (and Cag) and the spin component admixture coefficients at three energies and
for Cyy, at five energies. The small proton laboratory angle Cgg results at 484 MeV and
634 MeV were also sorted into 30° bins in ¢, as well as 8c.m., and the results are given in

Table 5.

IV. Results

The results of the spin-spin correlation measurements are presented in Figs. 13-15
as a function of the neutron c.m. scattering angle (6. m.). The error bars on the data
reflect the statistical uncertainty and include an estimate of the uncertainty in the back-
ground-fitting procedure. The latter uncertainty was generally small and was estimated
by comparing various background fits. The uncertainties in the beam and target polar-
izations were estimated to be £ 2.0% and * 3.3%, respectively. Combination of these in
quadrature gives an overall systematic error of + 4% in the normalization of the data.
This normalization uncertainty applies to each set of data in Tables 3-5. The typical
uncertainty on the absolute angle is estimated to be 88)ap ~ + 0.3° for all data in this
paper and Refs. 16 and 17 (not 86cm ~ + 0.25° as given in Ref. 16). There are no other
known angle dependent systematic errors, such as may occur in measurements of out-

going proton spin with carbon polarimeters.
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Pure CpL and Cs1. values were derived from the data in Table 3. These are given
in Figs. 16a and 16b. Also shown are the results from Ref. 16 corrected for the revised |
KrL values in Table 1. Essentially all the éu, and CgL data agree to within two standard
deviations with the earlier measurements. In addition, a weighted average was calcu-
lated for Cgr. over the angular range 80° < 8. m. < 125°. For the measurements in this
paper <CsL> = + 0.002 + 0.027, and for the earlier results, <Csp > = + 0.119 £ 0.053. Both
sets of data are consistent within two standard deviations of each other and consistent
with CsL, = 0in this angular range.

Pure CrL, CsL, and Csg np elastic-scattering spin observables have been derived
from the data in Tables 3-5 and in Refs. 16 and 17. The corrections for the revised spin
transfer parameters KL and KNN have been applied to the results in Refs. 16 and 17.
The main changes occurred in the CrL values. The results are presented in Table 6 and
Figs. 17-19. Values of CNN from the VPI phase shifts3 were used to correct for the pres-
ence of this observable in some of the mixed spin observable data; the CNN correction
was usually very smalll7 but was sizable for 155° < 8¢ m. < 180°. At angles near 8c.m. =
180°, values of CNN could be extracted from the ¢ distributions in Table 5. These are
given in Table 6 and compared to other data in Fig. 20.

Tests of consistency between various pp and np data at 90° c.m. have been sug- .
gested.55 One such test was conducted in Ref. 16; the results suggested a possible prob-

lem with the normalization of Cy . This test was based on the relation:35

do / dQ(pp)

= . 1 -1 )
CrLL(np) = 1/2[1 - CnN(np)] + 1/8 [CNN(pP) - 1 +2 CLi(pp)] do /dQ(np)

3)
Experimental values for the differential cross sections, CNN(pp), CLL(pp), and CNN(np)

were taken from the literature; see Table V in Ref. 16. This test has been repeated with

the revised data of Ref. 16 plus the new measurements reported in this paper. The
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results are given in Table 7, and there is now satisfactory agreement. A similar relation

was derived for Cgg:5° :

do/dQ(pp)

C =1/2[1-C 1/8[3C -3-2 .
ss(np) =1/2[1 - CNN(np)] +1/8 [3 CNN(pp) CLuipp)l do / dQ(np)

@
A comparison using this relation is also given in Table 7, and again there is good
agreement.

The pure Cs, CLL and CNN np elastic-scattering results are compared to other
measurements in Figs. 18-20. Quasielastic-scattering data with polarized deuteron
beams and polarized proton targets at 744 and 794 MeV31 equivalent kinetic energy,
and free np elastic-scattering measurements at 800 MeV>2 are compared to the 720 and
788 MeV Ci g data from this experiment in Fig. 18. The agreement is quite good, except
at 788 MeV near 60° c.m., where the Saclay data are closer to zero. Free np CrL mea-
surements at 630 MeV33 and 800 MeV52 are shown in Fig. 19; the Saclay results agree
with the data from this paper. Finally, LAMPF Cnn data at 465 and 665 MeV>4 are
shown in Fig. 20. The two sets of experimental results appear consistent in the angular
regions where they overlap.

Values of the mixed spin-spin parameters are compared to some phase-shift
analysis (PSA) predictions in Figs. 13-15. The Kyoto? and Saclay-Geneva# (and Queen
Mary College 7.50) analyses contained some preliminary results from Ref. 16 and this
experiment in their data bases, but with an incorrect beam polarization as discussed
before. The Virginia Polytechnic Institute (VPI) PSA%? includes all the results of this
paper in its data base, and there is quite good agreement with the measured values.
The other two sets of predictions and the differences between them in :Figs. 13-15 illus-
trate the magnitude of the uncertainties in the phase-shift solutions when the new data

from this paper and from Refs. 23, 34-36, 52 and 56 are not included.
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The final pure spin-spin observables are similarly compared to the recent VP49
and Queen Mary College?-50 phase-shift ahalysis predictions in Figs. 17-20. The meson-
exchange model predictions of Lee et al.5! are also shown in these figures. It can be
seen that all three give a fair représentation of the data, except for the Lee et al. predic-
tions for CNN. Table 8 contains the reduced chi-squared (x2/d.f.) value at each energy
for these predictions compared to the pure spin-spin observables in this paper. The
values of x2/d.f. are typically 2-3 at 484, 634, and 788 MeV. None of the PSA solutions
or models has the best prediction at all energies.

Values of pure I =0 and of interference between I = 0 and I = 1 quantities for Csg,

CLs, and CpL can be obtained using expressions in Ref. 55:

(Con do/dQ);_, = 2(Coq dc/dQ)np (0) +2(Cyq dcs/dQ)np (r-6)
- (Cyy do/dQ) _ (6)

(CLS dc/dQ)I=0 = Q(CLS dc/dQ)np (9) - 2(CLS dO'/dQ)np (TC - 9)
- (CLS do/dQ)pp (9)

(Cag 40/dQ),_, = 2(Cqq d6/dQ) _ (8) ~2(Coq do/dQ), , (n~6)
(CLs do/dQ),, =2(Cys do/dQ) _ (8) +2(Cys do/dQ), (n-9),

with o = L or S. The experimental values of these quantities, using recent VPI PSA¥?
values for the pp observables and for (do/dQ)np, are shown in Figs. 21-23. PSA pre-
dictions of the VPL49 Kyoto,? and Saclay-Geneva# groups are shown for comparison;
the VPI predictions seem to fit best. These quantities are important for a model-inde-

pendent amplitude determination, as described in Ref. 55.



The experimental results for CLL, Css, and CnN from this paper and from other
groups, plus the np elastic-scattering differential cross sections, can be used to estimate
Aoy, (np, elastic) and Aot (np, elastic). The quantity Aoy (elastic) is the elastic scattering
contribution to the total cross-section difference between antiparallel and parallel longi-
tudinal spin states for a polarized beam incident on a polarized target. Similarly, Aot
(elastic) is the elastic total cross-section difference for transversely polarized beam and

target. These quantities can be obtained from:

AGL(elastic) = Oy (;"_)—cel(j) =—] (2 CLL) a@% ETo)
®)
son(elasti) = 0 (14)-a(11) = (Cas + Ouy) 22 a0

Unfortunately, the data do not extend over the full angular range. A numerical integra-
tion for AcL(np, elastic) using np differential cross sections from the recent Arndt et al.49
PSA solution, and Cy | results from Table 6 and from Ref. 52 at 800 MeV was performed.
The results and the c.m. angular region are given in Table 9. Similarly, for Aot (np,
elastic), the same differential cross sections were used and the Cgg results were taken
from Table 6. The values of CnpN at 484 and 634 MeV were obtained from Table 6 and .'
from Ref. 54 (465, 665 MeV). At 788 MeV, the CnnN data of Nath et al. 57 and of Ball et
al.>8 were used. The computed values of Aot (np, elastic) and the c.m. angular range
are also included in Table 9.

The data for Cr do/dQ, CnN do/dQ, and Cgs do/dQ2 were fit with Legendre
polynomials in order to estimate the integrals in Eq. 5 over the full c.m. angular range.

C 11| > 1) at small angles in many cases. Asa

However, the fits gave unphysical results (
result, these quantities were estimated at 0° from PSA predictions,24:4950 and the 0°
values (see Table 9) were added to the measured data set for the fits. The uncertainties

in the 0° results were estimated from the spread in the PSA predictions. The revised fits
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did not exceed do/dQ2 in magnitude, and the values of Aoy, (np, elastic) and Aot (np,
elastic) derived from these fits are presented in Table 9 and Fig. 24. Measured values of
Aoy, (np, total) and Aot (np, total)>9-63 and predictions of the VPI PSA49 are also given
in Fig. 24 for comparison. |

The I = 0 quantities Aoy, (I = 0, elastic) and Aot (I = 0, elastic) can be determined
from:

Aoy, (I =0, elastic) =2 Aoy, (np, elastic) — Aoy, (pp, elastic)

and similarly for Aot. The pp quantities were obtained from the VPI PSA.49 The results
are listed in Table 9 and shown in Fig. 25, along with experimental values of Ao (I =0,
total) and Aot (I =0, total) from Refs. 59-63. It can be seen that the I = 0 elastic and total
results are equal within errors, except perhaps at 788 MeV. This is expected since the
inelastic I = 0 cross section is small at these energies.

Finally, there is a rapid change in CnN, Css and CLL at 8¢.m. ~ 150-180°, caused
by an interference of the one pion exchange amplitudes® with other amplitudes. For
example, CpL goes from large positive values near 150° to large negative values near
180°, crossing zero at a 4-momentum transfer squared u ~ - 1.5 m, 2 = -0.03 GeV2/c2. ‘
Pure one pion exchange amplitudes would give Css =0 =Cnyn=CLL =C1s =P, which
is not observed in the data. Models at higher energy, such as those of Chia65 and Berger
et al.86, predict large negative Cp | near 180° but do not reproduce Cnn or Csg. The
model of Chia has also been compared to other np spin observables in Ref. 67, where

good agreement is observed for some and poor agreement for other observables.

V. Conclusions

New experimental results are presented for the np elastic-scattering spin observ-
ables CLt, Crs, and Csg at 484, 634, 720, and 788 MeV (Figs. 17-19 and Table 6), for CNN
at 484 and 634 MeV (Fig. 20 and Table 6), and for a mixture of spin observables at 567 |
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MeV (Fig. 15 and Table 4). Corrections have been applied for revised neutron beam
polarizations for these data and earlier measurements using the same apparatus. In
addition, values for pure = 0 and for interference of I =0 and I = 1 spin parameters
Css, CLs, and Cp 1. have been deri.ved at 484, 634, and 788 MeV (Figs. 21-23), as well as
the elastic total cross-section differences Aoy, (np, elastic), Aot (np, elastic), Aoy (I =0,
elastic) and Aot (I = 0, elastic) (Figs. 24 and 25 and Table 9). When combined with other
recent data from LAMPF and SATURNE II, and expected results from PS], it is
anticipated that knowledge of the I = 0 nucleon-nucleon amplitudes will be greatly

improved compared to several years ago.
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TABLE 2

Summary of average proton and neutron beam polarizations, < Pgp> and

<Pp,n>, average target polarization <Pr>, number of polarized and background runs

and target spin reversals for each spin observable, spectrometer angle, and beam kinetic

energy Tnlab.
Spin Spedrofneter Tn,lab # # #
Observable Angle MeV | <Ppp>| <Ppn> | <PT> | Reversals | Runs| Background
Runs

Coo 10° 484 | 0.700 | 0.406 | 0.707 13 39 17
Cso 10° 634 | 0.747 | 0.510 | 0.728 13 46 22
Coo 10° 788 | 0.803 | 0.537 | 0.710 6 29 14
CaL 35° 634 | 0.741 | 0.506 | 0.692 12 38
CoL 35° 634 | 0.709 | 0.484 | 0.685 5 19 P
Cio 35° 484 | 0.796 | 0.429 | 0.708 7 21
Coo 35° 484 | 0.751 | 0414 | 0.713 15 47 i
Coo 35° 634 | 0.744 | 0.508 | 0.724 14 45 15
Coo 35° 788 | 0.826 | 0.552 | 0.716 13 48 14
Ca 57.5° 484 | 0.734 | 0425 | 0.717 29 75 20
Ca 57.5° 567 | 0.709 | 0453 | 0.729 11 35 0
Can 57.5° 634 | 0.798 | 0.545 | 0.720 19 - 59 5
Ca 57.5° 720 | 0.772 | 0532 | 0.728 10 36 14
Can 57.5° 788 | 0.720 | 0.482 | 0.735 18 68 29
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TABLE 3

Measured values of the quantities CoL and CaL with the pure L-type polarized
target, a beam kinetic energy Tn,lab = 634 MeV, and a spectrometer laboratory angle of
35° . The minimum, maximum, and average value of 8. m, for each bin are shown in the
first three columns. The coefficients of Cg; = Cr g and Cp| are given in the last two
columns, respectively, from Eq. 2 in the text.

Kinetic Energy = 634 MeV

Omin Omax <Ocm> Cjj A Cii b €
122.5 127.5 124.4 -0.159 0.221 | -0.9463 0.1930
117.5 122.5 120.0 -0.120 0.127 | -0.9467 0.1930
1125 117.5 115.0 -0.124 0.128 | -0.9458 0.1930
107.5 1125 110.0 -0.009 0.183 | -0.9515 0.1930
102.5 107.5 105.1 0.183 0.150 |} -0.9498 0.1930
97.5 102.5 100.2 0.301 0.602 | -0.9519 0.1930

92.5 97.5 94.9 0.195 0.145 | -0.9551 0.1930
87.5 925 90.1 -0.048 0.158 | -0.9585 | 0.1930
82.5 87.5 85.0 0.010 0.142 | -0.9595 { 0.1930
77.5 82.5 80.3 -0.042 0.211 {-0.9626 | 0.1930
122.5 127.5 124.4 0.873 0.263 0.1195 | 0.9920
117.5 122.5 120.0 0.157 0.234 0.1196 } 0.9920
112.5 117.5 115.0 0.359 0.200 0.1195 | 0.9920
107.5 1125 110.0 0.500 0.251 0.1202 ;} 0.9920

102.5 107.5 105.1 0.470 0.206 0.1200 } 0.9920
97.5 102.5 100.2 0.293 0.480 0.1202 ¢ 0.9920

925 97.5 94.9 0.789 0.235 0.1207 } 0.9920
87.5 92.5 90.1 0.154 0.240 0.1211 0.9920
82.5 87.5 85.0 0.427 0.265 0.1212 § 0.9920
77.5 82.5 80.3 1.056 0.324 0.1216 § 0.9920
122.5 127.5 124.4 0.771 0.126 0.0592 ¢ 0.9980
117.5 122.5 120.0 0.742 0.089 0.0592 } 0.9980

112.5 117.5 115.0 0.649 0.092 0.0592 } 0.9980
107.5 1125 110.0 0.559 0.110 0.0595 § 0.9980
102.5 107.5 105.1 0.701 0.090 0.0594 | - 0.9980

97.5 102.5 100.2 0.274 0.214 0.0595 | 0.9980

92.5 97.5 94.9 0.602 0.101 0.0597 | 0.9980
87.5 92.5 90.1 0.528 0.098 0.0600 | 0.9980
82.5 87.5 85.0 0.454 0.106 0.0600 §} 0.9980

775 | 85 803 | 0048 | 0.173 | 0.0602 | 0.9980
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TABLE 4

Measured values of the spin-spin abservables Cgg, Cag, and Cy), at various
spectrometer angles and neutron beam kinetic energies. The minimum, maximum, and
average value of 8¢c.m. for each bin are shown in the first three columns. The coefficients
a, b, d, and e of the pure observables Csg, CLs = Cs1, CNN, and CLL, respectively, are
given in the last four columns; see Eq. 2 in the text.

Kinetic Energy = 484 MeV

Omin Omax <Bm> Cij A G a b d e

177.5 180.0 178.4 -0.492 0.083 0.1011 { -0.2915 | 0.4322 | 0.1801

172.5 177.5 174.7 -0.470 0.054 0.0008 | -0.0630 | 0.5325 | 0.1801

167.5 172.5 169.8 -0.490 0.066 | 0.0677 | -0.2300 | 0.4655 § 0.1801

162.5 167.5 165.0 -0.371 0.048 | 0.1169 | -0.3181 | 04164 | 0.1801

157.5 162.5 160.3 -0.206 0.045 0.1333 | -0.3444 | 0.4000 | 0.1801

152.5 157.5 154.9 -0.110 0.101 0.3225 | -0.5937 { 0.2107 | 0.1801

147.5 152.5 149.9 -0.038 0.079 0.4714 | -0.7601 { 0.0619 | 0.1801

142.5 147.5 145.1 0.051 0.077 0.4714 | -0.7601 | 0.0619 | 0.1801

137.5 142.5 140.1 -0.007 0.047 0.4893 | -0.7804 | 0.0440 | 0.1801

132.5 137.5 135.2 -0.028 0.072 0.4966 | -0.7888 | 0.0367 | 0.1801

127.5 132.5 130.9 0.182 : 0.174 i 04751 | -0.7643 | 0.0582 | 0.1801

122.5 127.5 124.9 0.649 0.201 0.0846 | -0.7011 | -0.0043 | 0.7703

117.5 122.5 120.1 0.474 0.163 0.0858 | -0.7024 | -0.0055 | 0.7703

112.5 117.5 115.1 0.558 0.127 i 0.0842 | -0.7006 | -0.0039 | 0.7703

107.5 112.5 110.1 0.486 0.142 0.0826 | -0.6987 | -0.0023 | 0.7703 -

102.5 107.5 105.8 0.387 0.162 | 0.0848 | -0.7013 | -0.0045 | 0.7703

97.5 102.5 99.3 0.298 0.346 | 0.0759 | -0.6896 | 0.0045 | 0.7703

92.5 97.5 95.0 0.130 0.108 | 0.0769 | -0.6912 | 0.0034 | 0.7703

87.5 92.5 90.0 0.229 0.133 0.0759 | -0.6896 | 0.0045 | 0.7703

82.5 87.5 85.0 0.285 0.118 i 0.0748 | -0.6880 | 0.0056 | 0.7703

77.5 82.5 80.1 0.167 0.109 0.0741 | -0.6870 { 0.0063 | 0.7703

72.5 77.5 759 0.539 0.134 | 0.0763 | -0.6903 | 0.0041 | 0.7703

122.5 127.5 124.9 0.067 0.063 0.5225 | -0.8249 | 0.0102 | 0.1872

117.5 122.5 120.1 0.040 0.065 0.5193 | -0.8210 | 0.0134 | 0.1872

112.5 117.5 115.1 0.025 0.062 | 0.5235 | -0.8262 { 0.0092 | 0.1872

107.5 112.5 110.1 -0.086 0.079 i 0.5275 | -0.8312 | 0.0052 | 0.1872

102.5 107.5 105.8 -0.239 0.104 0.5219 | -0.8243 { 0.0107 | 0.1872

97.5 102.5 99.3 -0.077 0.102 0.5414 | -0.8497 | -0.0088 | 0.1872

92.5 97.5 95.0 -0.181 0.079 0.5395 | -0.8470 | -0.0068 | 0.1872
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Kinetic Energy = 484 MeV (Continued)

Omin Omax <0cm> Cij A G a b d e
87.5 92.5 90.0 -0.055 0.068 | 0.5414 | -0.8497 | -0.0088 | 0.1872
825 87.5 85.0 0.021 0.074 | 0.5433 | -0.8523 | -0.0107 | 0.1872
77.5 82.5 80.1 0.039 0.070 { 0.5444 | -0.8539 | -0.0117 |} 0.1872
72.5 77.5 759 -0.028 0.119 | 0.5407 | -0.8486 | -0.0080 | 0.1872
77.5 82.5 78.9 0.209 0.065 | 0.0040 | -0.4197 | 0.0116 | 0.8936
72.5 77.5 75.0 0.140 0.055 | 0.0050 | -0.4227 | 0.0107 | 0.8936
67.5 72.5 70.1 0.118 0.050 | 0.0049 | -0.4223 { 0.0108 | 0.8936
62.5 67.5 65.1 0.126 0.046 | 0.0036 { -0.4185 } 0.0120 | 0.8936
57.5 62.5 60.5 0.111 0.063 0.0025 { -0.4150 | 0.0131 | 0.8936
52.5 57.5 54.6 -0.013 0.075 | -0.0046 | -0.3888 | 0.0203 | 0.8936
47.5 52.5 50.1 -0.063 0.060 | -0.0067 | -0.3801 { 0.0223 | 0.8936
425 47.5 45.3 -0.034 0.103 | -0.0096 | -0.3663 | 0.0253 | 0.8936
375 42.5 40.6 0.067 0.219 | -0.0134 | -0.3462 | 0.0291 | 0.8936

Kinetic Energy = 567 MeV

Omin Omax <Bcm> Cij A G a b d e
77.5 82.5 78.8 0.314 0.117 ; -0.0142 | -0.3797 | 0.0117 | 0.8927
72.5 77.5 75.0 0.191 0.064 : -0.0132 { -0.3832 | 0.0106 { 0.8927
67.5 72.5 70.1 0.216 0.060 -0.0129 | -0.3839 | 0.0104 0.8927
62.5 67.5 65.2 0.075 0.057 i -0.0138 | -0.3813 { 0.0112 0.8927
57.5 62.5 60.6 0.023 0.094 : -0.0145 { -0.3789 | 0.0120 | 0.8927
52.5 57.5 54.5 0.064 0.119 | -0.0208 | -0.3558 | 0.0182 | 0.8927 -
47.5 52.5 50.1 0.074 0.084 : -0.0223 { -0.3489 { 0.0198 | 0.8927
425 47.5 45.3 -0.327 0.104 -0.0251 { -0.3359 |§ 0.0225 0.8927
37.5 42.5 404 -0.491 0.202 | -0.0280 | -0.3196 | 0.0255 | 0.8927

Kinetic Energy = 634 MeV

Omin Omax <Ocm> Cij A Gjj a b d e

177.5 180.0 178.5 -0.469 0.181 0.4272 § -0.7429 | 0.1200 0.2134

172.5 177.5 174.7 -0.511 0.065 0.0916 | -0.2986 } 0.4557 | 0.2134

167.5 172.5 169.9 -0.505 0.059 0.1072 { -0.3272 | 0.4400 | 0.2134

162.5 167.5 165.0 -0.353 0.054 0.1841 | -0.4491 { 0.3632 | 0.2134

157.5 162.5 160.5 -0.171 0.063 0.2117 | -0.4877 { 0.3356 | 0.2134

152.5 157.5 154.9 -0.004 0.135 0.3603 | -0.6693 | 0.1869 | 0.2134
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Kinetic Energy = 634 MeV (continued)

Omin Omax <Bcm> Cij A G a b d e
147.5 152.5 149.9 -0.048 | 0:113 | 0.5065 | -0.8290 | 0.0408 | 0.2134
142.5 147.5 145.3 0.108 { 0.105 0.4838 { -0.8040 | 0.0635 | 0.2134
137.5 142.5 140.2 0.063 | 0.084 0.5077 { -0.8304 | 0.0395 | 0.2134
132.5 137.5 135.2 -0.002 | 0.130 0.5178 { -0.8417 | 0.0295 | 0.2134
127.5 132.5 128.5 -0.111 0.481 0.5469 | -0.8765 { 0.0004 | 0.2134
122.5 127.5 124.9 -0.052 0.064 0.5401 | -0.8680 { 0.0071 | 0.2134
117.5 122.5 120.0 -0.199 0.080 0.5389 | -0.8664 { 0.0084 | 0.2134
112.5 117.5 115.1 -0.233 0.073 0.5406 | -0.8685 { 0.0067 | 0.2134
107.5 1125 110.0 -0.185 0.075 0.5450 | -0.8741 { 0.0023 | 0.2134
102.5 107.5 105.5 -0.169 0.084 0.5410 | -0.8690 { 0.0063 | 0.2134
97.5 102.5 99.2 -0.116 0.136 0.5530 | -0.8847 | -0.0057 | 0.2134
92.5 97.5 94.9 -0.054 0.084 0.5527 {-0.8843 | -0.0054 | 0.2134
87.5 92.5 90.0 0.076 0.066 0.5536 | -0.8856 | -0.0064 | 0.2134
82.5 87.5 85.0 0.177 0.065 0.5551 | -0.8877 { -0.0078 { 0.2134
77.5 82.5 80.0 0.098 0.060 0.5562 | -0.8893 | -0.0089 | 0.2134
72.5 77.5 75.6 0.101 0.085 0.5545 | -0.8868 { -0.0072 | 0.2134
77.5 82.5 78.6 0.194 0.099 §-0.0134 {-0.3819 { 0.0113 | 0.8927
72.5 77.5 75.0 0.222 0.053 | -0.0125 | -0.3849 | 0.0103 | 0.8927
67.5 72.5 70.0 0.140 0.050 {-0.0114 | -0.3882 | 0.0092 | 0.8927
62.5 67.5 65.1 0.193 0.053 -0.0120 § -0.3864 { 0.0099 | 0.8927
57.5 62.5 60.6 0.090 0.069 :-0.0127 {-0.3842 { 0.0106 } 0.8927
52.5 57.5 54.5 0.156 0.094 -0.0187 { -0.3631 0.0166 | 0.8927
47.5 52.5 50.1 0.052 0.055 :-0.0209 | -0.3542 { 0.0188 | 0.8927
42.5 47.5 45.2 -0.037 0.068 -0.0240 | -0.3400 § 0.0219 | 0.8927
37.5 42.5 40.3 0.086 0.082 -0.0273 | -0.3218 | 0.0252 | 0.8927
325 37.5 35.7 0.079 0.211 : -0.0306 | -0.3001 0.0285 { 0.8927
Kinetic Energy = 720 MeV
Omin Omax <Ocm> Cij A G a b d e
77.5 82.5 78.5 0.233 0.259 0.0046 | -0.4237 | 0.0089 | 0.8963
72.5 77.5 74.9 0.356 0.126 0.0049 { -0.4248 | 0.0086 | 0.8963
67.5 72.5 70.0 0.242 0.081 0.0056 { -0.4267 } 0.0079 0.8963
62.5 67.5 65.0 0.086 0.062 0.0051 | -0.4254 | 0.0084 | 0.8963
57.5 62.5 60.4 -0.070 0.092 0.0040 | -0.4220 | 0.0095 | 0.8963
52.5 57.5 54.5 -0.021 0.144 | -0.0003 { -0.4071 } 0.0139 0.8963
47.5 52.5 50.0 -0.186 0.086 i -0.0022 { -0.4002 i 0.0157 0.8963
42.5 47.5 452 -0.082 0.093 | -0.0046 { -0.3903 | 0.0181 0.8963
375 42.5 40.3 -0.269 0.104 i -0.0075 § -0.3769 | 0.0211 0.8963
325 37.5 355 -0.038 0.238 i -0.0108 | -0.3599 | 0.0243 0.8963
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Kinetic Energy = 788 MeV

Omin Omax <Ocm> Cijj A Gy a b d e

177.5 180.0 178.2 -0.464 0.145 0.5630 | -0.8604 | 0.0007 | 0.1650

172.5 177.5 174.8 -0.517 0.110 0.3479 | -0.6299 | 0.2158 | 0.1650

167.5 172.5 170.0 -0.563 0.117 1 0.0593 | -0.2172 | 0.5044 | 0.1650

162.5 167.5 165.0 -0.249 0.088 0.1646 | -0.4018 | 0.3991 | 0.1650

157.5 162.5 160.6 0.024 0.112 0.2467 | -0.5121 | 03170 | 0.1650

152.5 157.5 154.7 0.036 0.179 04717 { -0.7607 | 0.0920 | 0.1650

147.5 152.5 150.0 0.142 0.095 0.5338 | -0.8262 | 0.0299 | 0.1650

142.5 147.5 145.3 0.298 0.197 0.5052 | -0.7956 | 0.0585 | 0.1650

137.5 142.5 140.2 0.267 0.165 0.5365 | -0.8292 | 0.0272 | 0.1650

132.5 137.5 135.2 0.267 0.147 0.5428 | -0.8362 | 0.0209 | 0.1650

127.5 132.5 130.4 -0.173 0.144 0.5428 | -0.8362 | 0.0209 | 0.1650

122.5 127.5 126.1 -0.041 0.228 0.5316 | -0.8238 | 0.0321 | 0.1650

122.5 127.5 124.8 -0.056 0.089 0.5595 | -0.8558 { 0.0043 | 0.1650

117.5 122.5 120.1 -0.008 0.103 0.5571 | -0.8530 | 0.0066 | 0.1650

112.5 117.5 115.1 0.013 0.084 0.5598 | -0.8563 | 0.0039 | 0.1650

107.5 112.5 109.8 0.086 0.099 0.5660 | -0.8643 | -0.0023 | 0.1650

102.5 107.5 105.2 0.028 0.108 0.5620 | -0.8591 { 0.0017 | 0.1650

97.5 102.5 100.4 0.157 0.180 0.5567 | -0.8525 { 0.0070 | 0.1650

92.5 97.5 94.7 0.084 0.137 0.5686 | -0.8679 | -0.0049 | 0.1650

87.5 92.5 90.0 0.011 0.096 0.5675 | -0.8663 | -0.0038 | 0.1650

82.5 87.5 84.9 0.138 0.118 0.5678 | -0.8667 | -0.0041 | 0.1650

77.5 82.5 80.0 0.045 0.088 : 0.5705 | -0.8706 | -0.0068 | 0.1650

72.5 77.5 75.2 0.165 0.097 : 05707 | -0.8710 | -0.0070 | 0.1650 -

77.5 82.5 78.1 -0.200 0.326 | -0.0082 |-0.3963 | 0.0086 | 0.8954

72.5 77.5 74.8 0.242 0.088 | -0.0086 | -0.3949 | 0.0090 | 0.8954

67.5 72.5 70.0 0.141 0.089 ! -0.0076 | -0.3980 | 0.0080 | 0.8954

62.5 67.5 65.0 0.108 0.061 | -0.0076 | -0.3980 | 0.0080 | 0.8954

57.5 62.5 60.1 0.008 0.062 : -0.0085 | -0.3953 | 0.0089 | 0.8954

52.5 57.5 55.4 0.020 0.105 :-0.0099 | -0.3907 { 0.0104 | 0.8954

47.5 52.5 49.8 -0.039 0.063 : -0.0142 | -0.3753 { 0.0147 | 0.8954

42.5 47.5 45.2 -0.156 0.070 {-0.0162 |{-0.3674 | 0.0166 { 0.8954

37.5 42.5 40.3 -0.180 0.120 ! -0.0191 {-0.3540 | 0.0195 | 0.8954

32.5 37.5 35.4 -0.025 0.135 {-0.0220 | -0.3387 | 0.0224 { 0.8954

27.5 32.5 30.8 0.057 0.194 | -0.0245 {-0.3228 | 0.0250 { 0.8954
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TABLE 5

Measured values of the spin-spin observable Cgg at small laboratory angles and
Tn,lab = 484, 634 MeV. Each set of data corresponds to a single value in Table 4.
However, these data are binned in azimuthal angle ¢. The minimum, maximum, and
average values of 6. m,_ for each point are given in the first three columns. The
coefficients a, b, d, and e of the pure spin observables Cgg, CLs = CsL, CNN, and CLL
respectively are given in the last four columns; see Eq. 2 in the text. There were
insufficient data at 788 MeV to determine ¢ distributions at these c.m. angles.

Kinetic Energy = 484 MeV

Omin Omax <Ocm> Cij A G a b d e

177.5 180.0 178.4 -0.416 0.258 0.3963 | 0.8281 } 0.1370 | 0.1801

177.5 180.0 178.4 -0.413 0.268 0.1006 | 0.5421 | 0.4327 | 0.1801

177.5 180.0 178.4 -0.031 0.229 |-0.0291 | 0.1108 | 0.5624 | 0.1801

177.5 180.0 178.4 -0.311 0.211 0.1370 | -0.3502 { 0.3963 | 0.1801

177.5 180.0 178.4 -0.544 0.301 0.4327 | -0.7173 | 0.1006 | 0.1801

172.5 177.5 174.7 -0.605 0.156 0.3963 | 0.8281 { 0.1370 | 0.1801

172.5 177.5 174.7 -0.506 0.101 0.1006 | 0.5421 §{ 0.4327 | 0.1801

172.5 177.5 174.7 -0.369 0.088 {-0.0291 | 0.1108 ; 0.5624 { 0.1801

172.5 177.5 174.7 -0.389 0.087 0.1370 { -0.3502 { 0.3963 { 0.1801

172.5 177.5 174.7 -0.494 0.083 0.4327 {-0.7173 |{ 0.1006 | 0.1801

167.5 172.5 169.8 -0.404 0.145 0.1006 | 0.5421 | 0.4327 { 0.1801

167.5 172.5 169.8 -0.360 0.070 :-0.0291 | 0.1108 { 0.5624 | 0.1801

167.5 172.5 169.8 -0.512 0.066 0.1370 { -0.3502 § 0.3963 | 0.1801

167.5 172.5 169.8 -0.723 0.075 0.4327 | -0.7173 { 0.1006 | 0.1801

167.5 172.5 169.8 -0.619 ¢ 0.162 i 0.5624 | -0.8992 | -0.0291 | 0.1801

162.5 167.5 165.0 -0.155 0.171 0:1006 ] 0.5421 | 0.4327 | 0.1801 -

162.5 167.5 165.0 -0.258 0.069 :-0.0291 { 0.1108 § 0.5624 | 0.1801

162.5 167.5 165.0 -0.309 0.067 0.1370 { -0.3502 | 0.3963 | 0.1801

162.5 167.5 165.0 -0.446 0.066 0.4327 | -0.7173 | 0.1006 | 0.1801

162.5 167.5 165.0 -0.447 | 0.142 | 0.5624 | -0.8992 | -0.0291 | 0.1801

157.5 162.5 160.3 -0.099 0.323 0.1006 | 0.5421 | 04327 | 0.1801

157.5 162.5 160.3 -0.059 0.101 §-0.0291 { 0.1108 | 0.5624 | 0.1801

157.5 162.5 160.3 -0.151 0.071 0.1370 {-0.3502 { 0.3963 | 0.1801

157.5 162.5 160.3 -0.243 0.070 0.4327 | -0.7173 | 0.1006 | 0.1801

157.5 162.5 160.3 -0.498 0.191 0.5624 {-0.8992 { -0.0291 | 0.1801

152.5 157.5 154.9 -0.182 0.111 0.1370 | -0.3502 { 0.3963 | 0.1801

152.5 157.5 154.9 -0.174 0.121 0.4327 | -0.7173 | 0.1006 { 0.1801

152.5 157.5 154.9 0.011 0.169 0.5624 | -0.8922 { -0.0291 | 0.1801
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Kinetic Energy = 634 MeV

177.5 180.0 178.5 | -0.051 (:248 0.5631! 0.9179{ -0.0158! 0.2134
177.5. 180.0 178.5 1 -0.407 0.205 037861 0.81371 0.1686] 0.2134
177.5 180.0 178.5 0.025 0.313 0.0892i 0.4914]1 0.4581]1 0.2134
177.5 180.0 178.5 { -0.711 0.230 -0.01581 0.0374] 0.5631} 0.2134
177.5 180.0 178.5 | -0.154 0.280 0.1686| -0.42661 0.3786] 0.2134
177.5 180.0 178.5 | -0.245 0.319 0.4581; -0.77631 0.0892] 0.2134
177.5 180.0 178.5 | -0.922 0.334 0.56311 -0.91791 -0.01581 0.2134
177.5 180.0 178.5 1 -0.330 0.330 0.37861 -0.81371 0.1686} 0.2134
177.5 180.0 178.5 1 -0.519 0.436 0.0892] -0.49141 0.4581} 0.2134
177.5 180.0 178.5 | -0.621 0.388 -0.01581 -0.03741 0.5631] 0.2134
177.5 180.0 178.5 | -0.568 0.381 0.1686] 0.4266f 0.37861 0.2134
177.5 180.0 178.5 { -0.318 0.245 0.4581;{ 0.7763{ 0.0892} 0.2134
172.5 177.5 174.7 | -0.769 0.249 037861 0.8137} 0.1686f 0.2134
172.5 177.5 174.7 | -0.426 0.101 0.08927 0.4914] 045811 0.2134
172.5 177.5 174.7 | -0.299 0.124 -0.01581 0.0374!1 0.5631} 0.2134
172.5 177.5 174.7 } -0.337 0.122 0.16861 -0.4266f 0.3786f 0.2134
172.5 177.5 174.7 | -0.594 0.127 0.45814 -0.77631 0.0892} 0.2134
172.5 177.5 174.7 1 -0.694 0.135 0.5631; -0.9179; -0.0158} 0.2134
172.5 177.5 174.7 1t -0.687 0.376 037861 -0.8137{ 0.1686{ 0.2134
167.5 172.5 169.9 -0.082 0.101 0.0892] 0.4914f 0.4581 0.2134
167.5 172.5 169.9 -0.492 0.091 -0.0158{ 0.0374] 0.5631] 0.2134
167.5 172.5 169.9 | -0.515 0.103 0.16861 -0.4266f 0.3786} 0.2134
167.5 172.5 169.9 -0.622 0.109 0.45811 -0.7763} 0.0892} 0.2134
167.5 172.5 169.9 -0.749 0.124 0.56311 -09179{ -0.0158} 0.2134
162.5 | 1675 | 1650 | -0246 1 0157 | 0.0892] 04914 045811 03134
162.5 167.5 165.0 -0.239 0.105 -0.01581 0.0374{ 0.5631 0.2134 -
162.5 167.5 165.0 -0.366 0.105 0.16861 -0.4266{ 0.3786} 0.2134
162.5 167.5 165.0 -0.355 0.100 0.45811 -0.7763%{ 0.0892%{ 0.2134
162.5 167.5 165.0 -0.354 0.166 0.5631F -0.9179}f -0.0158] 0.2134
157.5 162.5 160.5 -0.339 0.149 -0.0158: 0.03747 0.5631} 0.2134
157.5 162.5 160.5 -0.091 0.102 0.16861 -0.4266i 0.3786% 0.2134
157.5 162.5 160.5 -0.212 0.101 0.4581] -0.77631 0.0892} 0.2134
1575 11625 1 1605 | -0276 1 0.191 ¢ 0.5631] -0.9179] -0.0158] 02134
152.5 157.5 154.9 0.008 0.123 0.16861 -0.4266{ 0.3786{ 0.2134
152.5 157.5 154.9 -0.157 0.156 0.45811 -0.7763i 0.0892} 0.2134
152.5 157.5 154.9 -0.061 0.247 0.5631% -0.9179{ -0.01581 0.2134
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Table 1 have been included. The measurements of Css and CNN in parentheses are uncertain because

TABLE 6

Final results of the pure spin parameters Css, CLs = CsL, CNN, and CLL, from this experiment
(Tables 3-5) and the data in Refs. 16, 17. Corrections to the earlier data for the revised Ky, values of

of the rapid angular dependence and possible errors in the angle 6c.m, and may be omitted from
phase shift analyses if desired. The quoted uncertainties are statistical. In addition, the estimated

systematic error from knowledge of the beam and target polarization is + 4%. Note that in addition to

these results, Table 4 contains a mixture of spin observable data at Tn,1ab = 567 MeV which are not
included below. The Cnpy values quoted without errors are from a phase shift analysis of Arndt et
al.3 (FA 92) and were used to derive pure spin observables from the measured data.

Kinetic Energy = 484 MeV

OMin | OMAXx | Css £ ACss | Crs + ACLs | Cir + ACLL | CnN £ ACNN | x2/d.f.
1775 { 180.0 -— —-- -0904 0.099 ——
1725 | 1775 }(-0903 0.180) | -0.102 0.049 {-0.762 0.057 | (-0.463 0.118)j 19.73/25
1675 | 1725 {(-1.159 0.169) 0.001 0.049 {-0.755 0.041 (-0.491 0.099)] 12.04/16
162.5 | 167.5 -0.799 0.169 -0.047 0.065 {-0456 0.051} -0.324 0.099{ 4.81/11
1575 | 162.5 -0.751 0.198 -0.171 0.087 |-0.226 0.068}{ -0.071 0.131 3.69/7
152.5 | 157.5 -0.157 0.258 0.053 0.091 { 0.261 0.0804 -0.519 0.296 0.54/1
147.5 | 1525 -0.123  0.202 0.058 0.069 ; 0.324 0.058 0.094
1425 | 1475 -0.316 0.228 -0.106 0.098 | 0.588 0.086 0.221
1375 | 1425 -0.366 0.181 -0.084 0.095 i 0.516 0.079 0.310
1325 { 137.5 -0.436 0.222 -0.106 0.104 | 0.507 0.088 0.368
1275 | 1325 0.217 0.429 0.142 0.138 ! 0910 0.115 0.397 2.76/3
1225 { 1275 -0.156 0.155 0.006 0.062 i 0.804 0.064 0.400 1.26/4
1175 | 1225 -0.298 0.156 -0.032 0.059 { 0.844 0.064 0.382 1.31/2
1125 | 1175 -0.051 0.153 0.089 0.061 i 0.674 0.065 0.346 097/2
1075 { 1125 -0.249 0.185 0.083 0.068 i 0.624 0.071 0.300 0.62/2
1025 { 107.5 -0.861 0.240 -0.122 0.082 ¢ 0.553 0.084 0.250 0.48/2
97.5 | 1025 | -0.705 0234 | -0270 0.088 i 0.401  0.088 0.203 1.60/2
925 97.5 -0.630 0.179 -0.078 0.064 ! 0.421 0.064 0.162 4.58/2
87.5 92.5 -0.359 0.168 -0.075 0.071 i 0.391 0.070 0.130 0.91/2
82.5 87.5 -0.022 0.206 0.038 0.099 i 0.364 0.091 0.109 0.13/2
77.5 82.5 0.079 0.142 0.057 0.098 : 0.269 0.082 0.097 0.52/5
725 775 -0.050 0.090 -0.032 0.091 ¢ 0.141 0.075 0.093
67.5 725 0.015 0.067 0.004 0.065 ; 0.133 0.064 0.093
62.5 67.5 0.040 0.053 0.034 0.051¢ 0.156 0.057 0.094
57.5 62.5 0.124 0.056 -0.058 0.054 { 0.095 0.075 0.095
52.5 57.5 0.039 0.074 -0.006 0.071 ;{ -0.019 0.089 0.094
475 52.5 0.167 0.059 0.068 0.062 1-0.043 0.072 0.092
425 475 0.109 0.063 -0.071 0.059 {-0.068 0.118 0.088
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Kinetic Energy = 484 MeV (continued)

OvMiN | OMax | Css £ ACss | Cus + ACLs | CiL + ACLL | CnntACNN [x2/d £

375 | 425 | 0.071 0.074 0.041 0.077 0.089  0.24 0.081

3251 375 | 0.019 0.161 ] 0.051 0.193 — 0.070

275 | 325 | 0.147 0454 | 0296 0.267 — 0.051

225 | 275 | -0.011 0.289 | -0.132 0.382 — 0.018

Kinetic Energy = 634 MeV

MmN | OMaAX Css + ACgg CLs + ACLs CL £ ACL, | CnNEACNN | x2/d.f.

1775 | 180.0 i 20706 0.113 =

1725 | 1775 [(-1.099 0.193) | -0.078 0.053 |-0.802 0.084 | (-0.247 0.147) | 28.42/27
1675 | 1725 |(-0.927 0.187) | 0.004 0.072 |-0687 0.095 | (-0.3920.123) | 36.19/19
1625 | 1675 | -0.768 0.210 | -0.082 0.069 |-0.058 0.067 | -0.4660.147 |14.79/12
1575 | 1625 | -0448 0.260 | 0.000 0.100 10.103  0.099 | -0.4010.202 3.65/6
1525 | 1575 | -0.346 0.358 | 0.031 0.115 10.346  0.153 | -0.006 0.370 0.23/1
1475 | 1525 | -0.095 0.254 | 0.121 0.065 ]0.460  0.073 0.052

1425 | 1475 | -0.012 0268 | 0017 0.086 10.540  0.078 0.187

1375 | 1425 | -0.377 0.224 | -0.114  0.082 i0.695  0.093 0.286

1325 | 1375 | -0.199 0300 | 0072 0.088 :0.709  0.108 0.352

1275 | 1325 0.048 0.104 | 0471 0.135 0.390 1.09/2
1225 | 1275 | -0.167 0.185 | 0126 0.081 0679  0.088 0.403 3.17/5
1175 | 1225 | -0258 0.188 | 0235 0.068 :0.655  0.056 0.396 5.69/3
1125 | 1175 | -0.680 0.168 | 0.007 0.057 ;0.647  0.061 0.373 7.65/3
1075 | 1125 | -0512 0.190 | 0.050 0.077 0642  0.068 0.341 2.08/3
1025 | 1075 | -0.580 0.199 | -0.011 0.074 | 0627  0.061 0.303 1.76/3
975 | 1025 | -0.680 0347 | -0.173  0.142 10507  0.133 0.262 2.2073
925 | 975 | -0.397 0.187 | -0.038 0.062 10624  0.074 0.220 0.74/3
875 ]| 925 | -0.120 0.171 | -0.052 0.070 :0.455  0.077 0.178 3.76/3
825 | 875 | 0059 0.171 | -0.050 0.073 :0.473 _ 0.072 0.137 1.39/3
775 | 825 | 0077 0.165 | 0.031 0.095 i0.283 0083 0.099 14.55/8
7251 775 | 0147 0.106 | 0080 0.111 0285  0.077 0.069 19272
675 | 725 | 0230 0.08 | 0.057 0.087 :0.184  0.068 0.042 0.90/2
625 | 675 | 0.075 0.081 | -0.009 0.081 :0.213 _ 0.070 0.019 1.93/2
5751 625 | 0.114 0059 | -0.076 0.058 :0.070  0.082 ~0.002 45772
525 { 575 | -0.096 0.140 | -0.039 0.143 i{0.157  0.121 20.022 6.80/2
4751 525 | 0.152 0.084 | 0038 0.083 ;0.078 0.070 720.043 1.11/2
425 475 | 0.064 0.071 | -0.012 0.070 |-0.043 0.081 -0.064 3.81/2
375 425 | 0140 0.100 | -0.020 0.087 {0.095 0.097 -0.085 3.19/2
32,5 375 1-0.008 0.094 0245 0.135 i0.174 0.241 -0.106 0.26/2
275 | 325 | 0030 0303 | -0038 0294 = - 0.131 1.52/2
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Kinetic Energy = 720 MeV

OMIN | OMAX | Css + ACss Cis t+ AGis CLL * ACLL CNN

77.5 825 — J— 0.073 0.486 0.087

72.5 77.5 0.301 0.305 0.005 0.255 0398 0.186 0.080

6751 725 | 0192 0.181 0.044 0216 0289 0.137 0.072

62.5 67.5 0.181 0.137 | -0.008 0.145 0.091 0.098 0.060

575 62.5 0292  0.107 0.036 0.123 -0.063 0.117 0.042

52.5 57.5 0326 0.192 | -0.025 0218 | -0.035 0.188 0.018

475 525 | -0.038 0.171 -0.329 0.173 -0.354 0.124 -0.011

425 47.5 0.144 0.132 0.027 0.150 -0.078 0.122 -0.043

375 425 | -0.098 0.160 0.097  0.107 -0.258 0.124 -0.076

325 375 0.190 0207 | -0.155 0.154 -0.100 0.272 -0.109

27.5 325 | -0.075 0.201 -0.023  0.442 — -0.142

Kinetic Energy = 788 MeV

6vaN | OMAX Css + ACss. CLs * ACis CLL + ACLL CNN x2/d.f.
1725 | 1775 -1237 0395 | -0274  0.131 | -0.589 0.134 -0.748 1.00/3
1675 | 172.5 -—— -0.034 0.073 | -0.347 0.069 -0.716 2.03/3
1625 | 167.5 -0.302 0556 | -0.026 0.060 | -0.107 0.062 -0.481 0.73/3
1575 | 162.5 0332  0.491 0.068  0.090 | 0.251 0.080 -0.205 0.60/3
152.5 | 1575 -0.136 0582 | -0.004 0272 | 0574 0.204 0.020 1.47/3
1475 ]1525 -0392 0275 | -0252 0.136 { 0.837 0.152 0.186 1.30/3
1425 | 1475 0534 0457 | 0.063 0.153 | 0.375 0.170 0.288 1.21/3
1375 | 1425 -0.099 0363 | -0.227 0.125 | 0.747 0.129 0.320 6.66/3
1325 | 1375 0.170 0325 | -0.051 0.118 | 0.761 0.124 0.286 491/3
1275 | 1325 -0.589 0323 | -0.082 0.121 | 0.448 0.125 0.202 13.54/8
1225 | 1275 -0.353 0220 | -0.070 0.103 | 0.495 0.067 0.096 7.42/9
1175 | 1225 0.020 0225 { 0.106 0.082 | 0.431 0.058 -0.004 0.81/3
1125 | 1175 0.011 0196 | 0.102 0.081 | 0.573 0.059 -0.084 1.55/3
1075 | 112.5 -0.107 0226 | -0.053 0.092 | 0.612 0.063 -0.134 6.16/3
1025 | 107.5 -0.153 0225 | 0.017 0077 | 0.777 0.067 20.152 4.18/3
975 | 1025 0331 0437 | 0.132 0.189 | 0.521 0.150 -0.136 5.04/3
925 975 -0291 0266 | -0.163 0.072 | 0.655 0.066 -0.090 1.32/3
875 2.5 -0389 0227 | -0.131  0.098 | 0.714 0.081 -0.028 0.13/3
82.5 875 -0.030 0256 | -0.103 0.097 | 0397 0.083 0.030 2.22/3
77.5 825 0.030 0.156 | 0.002 0.115 | 0.194 0.118 0.074 17.31/9
72.5 77.5 0.001 0.150 | -0.107 0.131 | 0.199 0.112 0.103 3.38/9
67.5 72.5 0.166 0.116 | 0206 0.185 | 0.249 0.129 0.119 0.59/3
62.5 67.5 0.085  0.066 | 0.198 0.084 | 0.208 0.078 0.121 0.90/3
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Kinetic Energy = 788 MeV (continued)

8MIN | 6MAX | Css + ACsg CLs * ACis CL + ACLL CNN x2/d.f.
57.5 6%.5 0.026 0.048 0.263 0.069 0.124 0.076 0.106 1.64/3
52.5 57.5 0.008 0.063 0.193 0.087 0.106 0.123 0.076 0.64/3
47.5 52.5 0.201 0.077 0.211 0.093 0.047 0.080 0.036 091/3
42.5 47.5 0.043 0.054 . 0.380 0.096 {-0.017 0.088 -0.009 2.14/3
37.5 425 }-0.088 0.060 0.079 0.125 }-0.170 0.143 -0.056 0.76/3
32.5 37.5 0.071 0.088 0.310 0.160 0.094 0.162 -0.101 0.80/3
27.5 325 }-0.135 0.132 {-0.016 0.189 0.058 0.227 -0.144 0.27/3
22.5 27.5 0.096 0.329 0.424 0.340 - -0.186 0.18/3
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TABLE 7

Consistency of 90° c.m. data. The values of CL(np) and Css(np) are calculated
using Eqs. 3 and 4 with experimental data given in Table V of Ref. 16. The calculated

values are to be compared with measured data from Table 6, which are also given.

Ty =484 GeV 634 MeV 788 MeV
CLL calc (np) +0.34 +0.04 +0.45+ 0.04 +0.54 +0.05
CLL (np) +0.391 + 0.070 + 0.455 + 0.077 +0.714 +0.081
Css,calc (np) -0.21+0.05 -0.08 +£0.05 +0.12+0.06
Css (np) -0.36 £ 0.17 -0.12+0.17 -0.39+£0.23
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TABLE 8

Comparison of phase shift and model predictions to the data in Table 6. The chi-
squared per degree of freedom is given at each energy for the predictions of the Saclay-
Geneva,* VPI49 Queen Mary College,”50 and Kyoto? phase shift groups and for the
meson-exchange model of Lee et al.>1 At 567 MeV, the predictions are compared to the

mixed spin parameter given in Table 4.

Tlab Saclay-Geneva | VPI |Queen Mary College | Kyoto | Lee et al.| d.f.
484 MeV 2.80 1.91 2.05 291 2.11 96
567 MeV 10.99 1.77 ---- 3.08 1.83 9
634 MeV 3.54 1.47 1.62 2.40 2.12 94
720 MeV 3.40 0.99 1.62 1.02 30
788 MeV 6.83 1.93 1.84 2.82 3.55 91
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TABLE 9

Total cross section differences for longitudinal and transverse beam and target polarizations.
These cross sections were obtained using Eq. 5 and Refs. 49, 52, 54, 57, 58, and the data in Table 6, as

described in the text.
a) AoL
Tiab 484 MeV 634 MeV 788 MeV

Partial Aoy, (np, elastic) -11.03+£1.01mb | -10.40+1.10mb -6.66 + 0.52 mb
c.m. Angle Range 40 - 180° 35 -180° 30 - 175°
CrL do/dQ (0°) -1.45% 0.35 mb/sr | -2.28 +0.38 mb/sr | -1.34 + 0.59 mb/sr
Estimated Aay, (np, elastic) -76£29mb -76+5.6 mb -43+15mb
Measured Aoy, (np, total) -6.07 £1.27 mb -2.23+1.12mb -6.65 + 0.93 mb
Estimated Aoy (I = 0, elastic) +2.0+59 -1.5+11.2mb +5.5+3.2mb
Measured Aoy (I =0, total) -0.35+2.55mb +7.40+2.25mb +3.91£1.89mb

b) Aot
Tiapb 484 MeV 634 MeV 788 MeV

Partial Aot (np, elastic) +3.87 +1.06 mb +2.30£0.85mb -0.36 £1.03 mb
Css c.m. Angle Range 25-175° 30-175° 25-175°
CNN c¢.m. Angle Range 70 -175° 70-175° 30 - 150°
Cnn do/dQ (0°) = -2.16 £ 0.27 mb/sr | -3.20+0.58 mb/sr | -3.33 £ 1.24 mb/sr
Css do/dQ ((°)
-JCnn do/dQ dQ -1.1£7.2 mb -1.8+13.6 mb +0.30 + 0.28 mb

-/ Css do/dQ dQ

+3.03+0.44 mb

+2.04+0.45mb

+1.58 £ 0.54 mb

Estimated Aot (np, elastic) +1.9+72mb +0.2+13.6 mb +1.88+0.61 mb
Measured Aot (np, total) +109+19mb +7.84+4.06 mb | .+7.57+0.66 mb
Estimated Ao (I =0, elastic)|] +3.2+144mb +12+272mb +4.2+1.2mb

Measured Aot (I =0, total) +15.0£3.8mb +9.36 £ 8.04 mb +10.18 £ 0.76 mb

56-




Figure 1

Figure 2

Figure 3a

Figure 3b

Figure 4

Figure 5

Figure Captions

Definition of the spin directions for the beam, target, forward-scattered,
and recoil particles for nucleon-nucleon elastic scattering.

Layout of the experimental area. The polarized neutron beam entered from
the top of the figure through a collimator and lead plug, and then passed
through the front beam-intensity monitor (FMON), spin-precession mag-
nets (Lorraine and Castor), a relative neutron polarimeter (JPAN), and the
polarized target (HERA). The magnetic spectrometer consisted of scintilla-
tion counters (S1, Sp), multiwire proportional chambers (Pg, P3), and drift
chambers (Py, P3, Py) attached to a large-aperture magnet (SCM-105). Two
other beam-intensity monitors (TMoN, BMON) are also shown as well as
various equipment associated with the polarized target and magnets.

Values of App, (30° lab) determined by fits to the world's data (Refs. 26-36)
in the c.m. angular range 80° - 140°. Statistical errors and combined statis-
tical and systematic errors are shown. Note the spread in the data.

Plot of the computed values of Anp weighted by the acceptance and cross
section from Ref. 22. The Newsom et al. data (Ref. 32) were normalized as
described in the text. The solid line is a fit to these results as a function of -
laboratory kinetic energy. The dashed line is a similar fit to all the data, but
in this case the Ref. 32 results were not normalized.

Schematic diagram of the spin-gated run control logic used for this experi-
ment. The signals are defined in the text.

Histogram of the c.m. scattering angle for the 634 MeV Cgq data with the
spectrometer centered at a laboratory angle of 35°. The events shown
passed cuts on the projected target positions and the missing mass, which
included the elastic scattering events.
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Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Distribution of the projected x interaction point in the polarized target for
the 634 MeV Cj1. data. The spectrometer was centered at a laboratory
angle of 35°. The target magnet was oriented to give a pure L-type polar-
ization, and the beam was far from any part of the magnet cryostat. The
final cuts for the Cy1 data are shown as lines.

Histogram of the projected x interaction point in the polarized target for
the 634 MeV Cgq data. The spectrometer was centered at a laboratory
angle of 35° (a) and 10° (b); note the comparison to Fig. 6. Interactions from
the magnet cryostat can be seen as the events to the sides of the main peak.
The final cuts on this quantity for the Cg data are indicated with lines.

Histogram of the projected x interaction point in the polarized target for
the 634 MeV Cy data. The spectrometer was centered at a laboratory angle
of 57.5°. Multiple scattering and imperfect energy loss corrections and cor-
rections for the effect of the target magnetic field on the slow recoil proton
trajectories broadened this distribution compared to Fig. 6. The final cuts
on this quantity for the Cy are indicated with lines.

Two dimensional histogram of the x position in chamber P1 and the pro-
jected x interaction point in the polarized target. Interactions from the tar-
get are located in a horizontal band, mostly contained within the "box cuts"
shown for the final data. Interactions from magnet cryostat walls are
located in bands with a nonzero slope.

Histograms of the differences, DXTT (a) and DYTT (b), in the position of
the straight line projections of tracks from the upstream and downstream
chambers to the center of the SCM105 magnet. The data are from the 634
MeV Cyj measurements with a spectrometer laboratory angle of 57.5°. The
final cuts on these quantities for the C» data are indicated with lines.

Histograms of the kinematic quantity n for the 720 MeV Cj) data with a
spectrometer laboratory angle of 57.5°. The polarized target results are
givenin (a) and (b), and the carbon background data in (c) and (d). The
c.m. angular ranges are 47.5° - 52.5° ((a) and (c)) and 72.5° - 77.5° ((b) and
(d)).
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Figure 12

Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

Histograms of the kinematic quantity n for 484 MeV carbon background
data at O¢c m. = 47.5° - 52.5° (a} and 72.5° - 77.5° (b). Ratios of the boron
nitride background to the carbon background are shown at the same c.m.
angles ((c) and (d) respectively). Ratios of liquid nitrogen to carbon, also at
the same angles, are given in (e) and (f). These ratios are not corrected for
the total incident beam, target thickness, empty target background, etc.
Note that the ratios are reasonably constant as a function of 7.

Measured values of the mixed spin observables (a) CaL and (b) CoL at 634
MeV and a spectrometer laboratory angle of 35°. The curves show phase
shift predictions of Arndt et al. (solid line, Ref. 49), Hoshizaki et al. (dot-
dashed line, Ref. 2), and Bystricky et al. (dashed line, Ref. 4).

Measured values of mixed spin observables with the polarized target mag-
netic field rotated at an angle of 37.5° with respect to the beam. The beam

kinetic energy and spin observable are: (a) 484 MeV Cgg (b) 484 MeV Cjg,
(c) 634 MeV Cgg, and (d) 788 MeV Cgg. The curves are the same as Fig. 13.

Measured values of the mixed spin observable Cy at a spectrometer labo-
ratory angle of 57.5°. The laboratory beam kinetic energies were: (a) 484
MeV, (b) 567 MeV, (c) 634 MeV, (d) 720 MeV, and (e) 788 MeV. The curves
are the same as Fig. 13.

Derived values of the pure spin-spin parameters (a) CLL and (b) CsL = Cs
at 634 MeV from the Ciar and Cg[. data in Table 3 (solid circles). Also
shown are the revised CpL and Cs data from Ref. 16 (open circles).

The pure spin-spin observable Csg from this experiment and Refs. 16 and
17 at (a) 484 MeV, (b) 634 MeV, (c) 720 MeV, and (d) 788 MeV. The curves
are from phase shift predictions of Arndt et al. (solid, Ref. 49) and Bugg
(dashed, Refs. 7, 50). A model prediction by Lee et al. (dot-dashed, Ref. 51)
is also shown.
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Figure 18

Figure 19

Figure 20

Figure 21

Figure 22

Figure 23

The pure spin-spin observable Csp = CLs from this experiment and Refs. 16
and 17 at (a) 484 MeV, (b) 634 MeV, (c) 720 MeV, and (d) 788 MeV. The
curves are described in Fig. 17. The open triangles in (c) and (d) cor-
respond to quasielastic data with a polarized deuteron beam at 744 and 794
MeV equivalent energy from Ref. 31, and the open circles to free np elastic
scattering data at 800 MeV from Ref. 52.

The pure spin-spin observable CLL from this experiment and Refs. 16 and
17 at (a) 484 MeV, (b) 634 MeV, (c) 720 MeV, and (d) 788 MeV. The
curves are described in Fig. 17. The open circles in (b) and (d) correspond
to free np elastic scattering data at 630 MeV (Ref. 53) and 800 MeV (Ref. 52).

The pure spin-spin observable CNN from this experiment at (a) 484 MeV,
and (b) 634 MeV. The curves are described in Fig. 17. The open squares in
(a) and (b) correspond to free np elastic scattering data at 465 and 665 MeV,
respectively (Ref. 54).

Pure I = 0 (a,c,e) and interference of I = 0 and I = 1 (b,d,f) spin-spin observ-
ables (Css » do/dQ) derived from data in Table 6 and from VPI phase shift
predictionsﬁ‘9 The energies are 484 (a,b), 634 (c,d), and 788 (e,f) MeV . The
curves show phase shift predictions of Arndt et al. (solid line, Ref. 49),
Hoshizaki et al. (dot-dashed line, Ref. 2), and Bystricky et al. (dashed line,
Ref. 4).

Pure I = 0 (a,c,e) and interference of [ = 0 and I = 1 (b,d,f) spin-spin observ-
ables (CL L » do/dQ) derived from data in Table 6 and from VPI phase shift
predictions.49 The energies are 484 (a,b), 634 (c,d) and 788 (e,f) MeV and
the curves are the same as in Fig. 21.

Purel = 0(a,c,e) and interference of I =0 and I = 1 (b,d,f) spin-spin observ-
ables (Crs » do/dQ) derived from data in Table 6 and from VPI phase shift
predictions.49 The energies are 484 (a,b), 634 (c,d), and 788 (e,f) MeV, and
the curves are the same as in Fig. 21.

-60-



Figure 24

Figure 25

Total np cross section differences between antiparallel and parallel spin
states, a) AoL (np) and b) Aot (np), as a function of lab kinetic energy. The
total elastic cross sections (solid circles) are from Table 9 and are described
in the text. The measured values for AcL (np, total) and Aot (np, total) are
from PSI (Ref. 61, open squares), LAMPF (Ref. 63, open circles), and Saclay
(Refs. 59, 60, 62, open triangles), and the curves are PSA predictions from
Arndt et al.4? The solid lines correspond to the total and the dashed lines to
the elastic cross sections.

Total isospin-0 cross section differences between antiparallel and parallel
spin states, a) Aor (I =0) and b) AcT (I = 0), as a function of lab kinetic
energy. The total elastic cross sections (solid circles) are from Table 9 and
are described in the text. The measured values for Aoy, (I = 0, total) and
Aot (I =0, total) are from PSI (Ref. 61, open squares), LAMPF (Ref. 63, open
circles), and Saclay (Refs. 59, 60, 62, open triangles), and the curves are PSA
predictions from Arndt et al.#9 The solid lines correspond to the total and
the dashed lines to the elastic cross sections.
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