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As part of an experimental study of the nucleon-nucleon interaction at medium energy, the free
neutron-proton analyzing power A4,(0y,T,) has been measured at nine incident neutron energies in
the range 375 < T, <775 MeV and for neutron c.m. angles in the range 57° < 0 <159°. Unpolarized
neutrons with a broad continuum of energies, produced by interaction of an 800 MeV proton beam
with a beryllium target, were scattered from a polarized proton target. At each angle, for the whole
energy region, the scattered neutron and conjugate recoil proton were detected in coincidence. A
previously unseen minimum is observed in the energy dependence of 4,(8* ~ 100°) near 625 MeV.

1. INTRODUCTION

Understanding of the isoscalar (I =0) part of the nu-
clear force at medium energies requires comprehensive
measurements of neutron-proton (n-p) scattering observ-
ables, including those involving the spins and relative or-
bital angular momenta of the nucleons. Experimental ac-
tivity in this field began more than 20 years ago,' al-
though it was recognized much earlier that information
on the noncentral nature of the nuclear force must be ob-
tained through measurements of spin dependence.
Nucleon-nucleon (N-N) phase-shift analyses (PSA’s)
combine the proton-proton (p-p) and n-p data in such a
way that the ] =1 phases are determined by the generally
more accurate p-p data; the =0 phases can only be
determined after n-p experiments have been done.

The analyzing power is directly sensitive to those phase
shifts which depend on spin-orbit terms. Analyzing
power measurements in the medium-energy region will
contribute to an understanding of the energy dependence
of spin-orbit forces in the I =0 D and G waves. Measure-
ments of the analyzing power are also of particular im-
portance because the measurements of other spin observ-
ables almost always hinge upon knowledge of the analyz-
ing power.

Most of the previous “n-p” data in the 500-800 MeV
region were actually p-“n” data obtained by quasi-free
proton-deuteron scattering.? The experiment reported
here is a measurement of the free n-p analyzing power
A,(03,T,) for neutron c.m. angles 57°<0} <159° and
laboratory energies 375= 7T, <775 MeV. In this experi-
ment a neutron beam of large energy spread was collimat-
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ed onto a polarized proton target, so that free n-p analyz-
ing power data for a given angular range of about 16 deg
in the center of mass were accumulated simultaneously
for the wide region of neutron energies between 375 and
775 MeV. Since normalization errors caused by uncer-
tainties in the target polarization were the same for all
energies at each angle setting, the shape of the energy
dependence of A4,(6;,T,) at each angle was reliably
determined in this experiment, since energy-dependent
false asymmetries were considered to be negligible.

II. APPARATUS AND EXPERIMENTAL METHOD

The experiment was performed at the Clinton P. An-
derson Meson Physics Facility (LAMPF) with the setup
shown in Fig. 1. General aspects of the experimental
method have been described earlier.>* A summary is
presented in the following, with emphasis on new ele-
ments.

A. Neutron beam

The LAMPF primary H™ beam (later stripped to be-
come a proton beam) was of nominal energy, 800 MeV,
and intensity 1-4 pyA. It was tightly bunched by the
201.25 MHz acceleration voltage into very short micro-
pulses (0.25 ns width) separated by ~5 ns. The neutron
beam was produced by passage of the protons through a
beryllium target of 10 cm thickness. The neutron flux
produced at 0° was collimated with a 2.54 cm diameter
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FIG. 1. Schematic plan view of the experimental setup.

hole in a steel insert of length 3.7 m contained in a thick
concrete shield wall. The collimator exit was ~7 m
downstream of the Be target. The proton beam was
deflected through 60° and buried in a beam dump
upstream of the shield wall. The shape of the neutron en-
ergy spectrum is shown in Fig. 2; it had a pronounced
charge-exchange (CE) peak centered at neutron energy
T,=775 MeV, as well as a broad distribution at lower
energies, associated primarily with pion production in the
Be target; the spectrum was cut off kinematically at
~100 MeV and instrumentally near 300 MeV. The
width of the CE peak (~40 MeV) was caused primarily
by the variation of energy loss in the Be target. A lead
plug of thickness 3.8 cm was placed in the approximate
center of the collimator, in order to substantially reduce
the gamma-ray component of the beam.

B. Neutron beam monitor

The primary neutron intensity monitor was located im-
mediately downstream of the collimator (see Fig. 1). It
consisted of two symmetrically placed scintillator tele-

RELATIVE YIELD

o B 8 8 838 33

Tn (MeV)

FIG. 2. Incident neutron energy spectrum.

scopes which viewed a polyethylene radiator located in
the beam from left- and right-scattering angles of 25°.
Charged particles in the beam were vetoed by an an-
ticoincidence counter, placed upstream of the radiator.
A magnet M1 located downstream of the monitor swept
charged particles produced in the radiator (or anywhere
else upstream of M 1) out of the neutron beam.

C. Outline of the experiment

The neutron beam passed through a polarized proton
target (PPT), and n-p elastic scattering in the target was
detected by conjugate neutron and proton detectors. The
scattered neutrons were detected in an array of scintilla-
tors labeled NBC (neutron bar counter), and the conju-
gate recoil protons were detected in a multiwire-
proportional-chamber (MWPC) spectrometer system con-
sisting of magnet M3, scintillators S1 and S2, and four
MWPC’s (W1-W4). The asymmetry was measured in
the scattered yield upon reversal of the target polariza-
tion.

D. MWPC spectrometer

The MWPC spectrometer and its readout system were
essentially the same as one described in detail in an ear-
lier paper.* The one major difference was in the high-
voltage planes of the MWPC’s which were fabricated
from aluminized Mylar instead of a grid of wires. Each
MWPC had an x and a y plane with sense-wire spacing of
2 mm. The angle with which a particle emerged from the
strong (2.5 T) field of the PPT magnet M2 was given by
the coordinate information from W1 and W2, and the
additional information from W3 and W4 gave the
deflection of the particle by the field of the spectrometer
magnet M3. From the observed angular deflection, a
measurement of the particle momentum (with typical
resolution Ap /p ~0.02) was obtained. The time of flight
(TOF) between S'1 and S2 could be used to determine the
velocity of the particle, and thus its mass. The timings of
the pulses from S'1 and S2 (and all other scintillators in
the experiment) were determined with constant-fraction
discriminators (CFD’s), and all timings were measured
relative to the S1 CFD signal. Since the particle orbit is
overdetermined by the data from four MWPC’s, events
were accepted whenever at least three of the four x and
three of the four y planes showed hits, together with sig-
nals from S1 and S2. For each event the relative time
difference ¢ between the S'1 pulse and a pulse synchron-
ized with the accelerator rf cycle was also measured, giv-
ing information on the incident neutron velocity. This
parameter provided an independent measurement of the
neutron energy, which was particularly helpful at lower
incident energies, where it could be used to discriminate
between events initiated by low-energy incident neutrons
and those initiated by high-energy neutrons interacting
inelastically in the PPT, the latter being the main source
of background events.
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E. Neutron detector

A valid coincident signal was required from the NBC.
This detector was a scintillator hodoscope consisting of
18 rectangular bars made of NE110 arranged in two tan-
dem banks of 9 bars each (long axis vertical). Each bar
was 101 cm high, 7 cm wide, and 10.1 cm deep, and was
viewed from each end, through acrylic light guides of
length 22 cm, by Amperex XP2230 photomultiplier tube
(PMT) assemblies. The vertical location of the interac-
tion in a given bar could be determined with an accuracy

S1-S2:(W1,- W2, W3, -Wa, ), (W1,-W2,-W3,- W4,

Gains of the PMT’s were equalized by use of a ®Co
source to set pulse-height thresholds near 1 MeV electron
equivalent.

F. Polarized hydrogen target

The polarized target was developed for N-N experi-
ments by a Los Alamos group headed by one of us
(J.E.S.).5 The target material consisted of propanediol

(C3HgO,) beads of diameter ~1 mm, doped by a well- -

known process® with 2% by weight of Cr” complex. The
target cavity was a sphere of diameter 4.57 cm, truncated
symmetrically at top and bottom to have a vertical height

of 2.79 cm. The volume of the cavity was ~40 cm®. The

estimated density of hydrogen was ~0.07 g/cm?, result-
ing in ~2.9 moles of hydrogen. The target was located
in a uniform 2.5 T vertical magnetic field, and was refri-
‘gerated to ~0.5 K by a °He refrigerator system
precooled by liquid *“He. Enhanced polarization was
achieved by irradiating the material with ~69 GHz mi-
crowave radiation. The target polarization was moni-
tored with a conventional parallel electrical circuit (LC)
Q-meter nuclear magnetic resonance (NMR) system with
dummy cell subtraction. The system was calibrated by
measuring the signal size with the target in thermal equi-
librium (TE) at 1 K (with the microwave power turned
off). Under these conditions the target had a known po-
larization of ~0.25% calculated from the Boltzmann
distribution of the spin-state populations. The gain of the
amplifier in TE mode was increased by a factor of 50 over
the enhanced mode. The TE temperature was deter-
mined with an accuracy of ~0.1% by measuring the 3He
vapor pressure with a commercial capacitance manome-
ter. The measured enhanced polarization varied in the
range 0.70%0.02. The gain of the NMR system, as deter-
mined by the TE measurements, varied in time by as
much as ~0.45% per day. This variation appeared as a
drift over a period of 20 days of data accumulation.
Since the calibration was checked only about once a
week, it could not be ascertained that this variation was
indeed a monotonic drift. Therefore it was treated solely
as a contribution to the systematic error. The 9% overall
variation was conservatively considered to contribute
+6% quadratically to the systematic error, and when
combined with the other NMR calibration uncertainties
it increased the systematic error by 3%. All errors here

~5 cm (FWHM) by measurement of the time difference
between the signals from the top and bottom PMT’s of
that bar; this was about the same as the horizontal resolu-
tion of 7 cm given by the width of the bar. The time
average of the top and bottom signals gave the neutron
TOF (measured relative to the signal from S1) with a
time resolution ~1 ns. A veto scintillator plane (V')
placed between the target and the NBC made it possible
to reject charged particles in the trigger. Thus, the com-
plete trigger signaling an acceptable event was

)3/4(NBC)I7 .

are percentages of the measured quantities (i.e., relative).

Changes between polarization states parallel and anti-
parallel to the applied field were achieved by altering the
microwave frequency. This method avoided the sys-
tematic errors encountered by the field reversal tech-
nique, but since the order of ~30 min was required to re-
verse the polarization in this way, it was done only about
three times a day.

G. p-p calibration

At the conclusion of the n-p running period, a p-p
scattering calibration run was undertaken in order to ver-
ify the accuracy of the NMR measurements of target po-
larization. Setup of the experimental conditions was less
than ideal because the beam profile could not be con-
trolled. The neutron collimator was removed, and a pro-
ton beam of intensity <1 pA was allowed to drift down

the original neutron beam line; its diameter at the PPT

was ~4 cm. Monitoring was chiefly accomplished by use
of the left-right counter telescopes described above, but
was supplemented by measurements made with an ion
chamber placed in the beam. Magnet M1 was used as a
steering magnet to compensate for the steering of the
beam by the PPT magnet M2. The spectrometer and
NBC array were interchanged and positioned so as to
detect left-scattered protons at average c.m. angle
6y =60° in the NBC along with conjugate protons in the
spectrometer. Counter V was used as a coincidence
counter rather than a veto counter.

The standard NMR system was employed for measure-
ment of the target polarization. Unfortunately, an ac-
cidental warmup of the target during the setup process
melted the original target material, and new material had
to be used. After this change, the TE response was 10%
less than with the previous beads. Although the target
sample was different, the NMR system and TE calibra-
tion procedure were the same, and this was considered to
be a reasonable test of the system.

The p-p analyzing power value measured with this sys-
tem turned out to be ~4% (relative) lower than the value
found by Bevington et al.,’ indicating that the NMR
measurements of target polarization were too high by
~4%. Thus, all measurements of the target polarization
were reduced by the factor 0.961, and the estimated nor-
malization error due to uncertainty of target polarization
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was increased by 5% in quadrature, resulting in an
overall target polarization uncertainty of 7% (relative).

III. DATA ANALYSIS

The n-p elastic scattering signal was extracted from
background by kinematic selection, over a range of in-
cident neutron energies. In order to determine the true
recoil angles of the proton at the target from the path ob-
served in the spectrometer, it was necessary to correct for
the deflection of the proton in the magnetic field of the
PPT. Then, from the measurement of proton momentum
provided by the spectrometer, with the assumption that
the event was a n-p elastic scattering, the momentum of
the scattered neutron was predicted, along with the hor-
izontal (x) and vertical (y) coordinates expected for the
neutron at the NBC and the time difference (¢) expected
between the S1 signal and the NBC signal. Histograms
of the differences Ax, Ay, and At between the observed
and predicted values of these parameters were construct-
ed. Elastic n-p scattering produced a reasonably sharp
peak in each of these histograms. The angular resolution
of the apparatus (~=*1.5° in the c.m. system) and the
finite size of the target contributed to the widths of the
Ax and Ay peaks. Software gates including only the peak
regions in the Ax and At histograms were used to exclude
much of the background in the generation of the Ay his-
togram. Since the off-peak Ay values reflect deviations
from coplanarity of the reaction, the Ay histogram was
taken as the fundamental signal. It contained a fairly
sharp n-p elastic scattering peak superimposed upon a
broad continuum attributed to quasi-free n-“p” scatter-
ing from target components other than hydrogen. Events
associated with 7° production also contributed to this
continuum. A typical example is shown in Fig. 3.
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FIG. 3. Histogram of Ay, which shows the distribution of the
deviation from coplanarity of the conjugate reaction products.
The solid curve was obtained with the PPT and contains both
elastic n-p and background events. The dotted curve was ob-
tained with a Teflon target, which contains no hydrogen and
simulates the contribution of background events; these are
mostly attributed to quasi-free n-p scattering.

The kinetic energy T, of the incident neutron could be
determined in three ways: (1) from the proton angle and
momentum, (2) from the neutron angle and proton
momentum, and (3) from the z; signal, which reflected
the neutron TOF over the 12.3 m flight path from the Be
target to S1. In method (3), the “frame-overlap” ambi-
guity caused by faster neutrons from a given beam pulse
overtaking and passing slower neutrons from earlier
pulses was resolved by the measurements of methods (1)
and (2). A weighted average of the three measurements
was adopted as the T, value. At the lower energies, the
use of method (3) significantly improved the determina-
tion. The overall resolution of this determination was
usually better than 30 MeV (FWHM).

For each spectrometer setting, the Ay histograms (sep-
arately for positive and negative target polarizations)
were sorted into nine energy bins, each 50 MeV wide, and
into 3 or 4 c.m. angle bins. A least-squares fit in which
the signal was represented by a Gaussian curve and the
background by a quadratic function was made for each
Ay histogram. As a result, any effect due to an asym-
metry in the background was eliminated automatically.
The signal to background ratio varied from 3 to 20, with
a typical value of 10. Live time and neutron monitor nor-
malizing factors were used to obtain the relative signal in-
tensities 7(+) for each histogram, where + or — indi-
cates the direction up or down of proton target polariza-
tion. The scattering asymmetries

= I(+)—1(—)
I(+)+I(—)
were then calculated for each (T,,60}) bin, and the n-p

analyzing power was obtained for each bin through the
formula

(1)

€
P+eAP’

where P is the average magnitude of (+) and (—) target
polarizations and AP is the difference between these; AP
was seldom greater than 0.03 in magnitude.

Differences in beam intensity for the two target polar-
ization states lead to dead-time effects for which a correc-
tion was made based on a small correlation observed be-
tween individual measurements of A4, at different beam
intensities. The maximum correction was 5% =+ 3.5%
(relative).

A4,005,T,)= (2)

IV. RESULTS

The measured analyzing power values A4,(0y,T,) are
presented in Fig. 4 and numerically in Table I. As noted
earlier, the “white spectrum” of incident neutrons has
been divided into nine kinetic energy bins, each of 50
MeV width, the central energy being indicated for each
bin. The errors shown are statistical only. Superimposed
on these should be a systematic uncertainty estimated to
be ~7%, arising from uncertainty in the target polariza-
tion measurements mentioned earlier. This last error
reflects possible variations in the calibration at different
angle settings.
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Also shown in Fig. 4 are the predictions (or fits) of
several phase-shift analyses (PSA’s). All of these were ob-
tained using the computer code SAID of Arndt et al.® with
a recently updated database. This database contains as
yet unpublished data® which are not presented here. The
curves labeled FA87 are given by the energy-dependent
PSA of Arndt et al., while those labeled C400—C800 are
extrapolations from their “single-energy” fits at 400, 500,
600, 700, and 800 MeV. The curves labeled SACL are

those given by the energy-dependent PSA of the Saclay
group.! The data of this experiment were included in the
database for all of the above-mentioned PSA’s, but not in
the database for two older PSA’s, that of the BASQUE
group'® labeled BASQ, and that of Hoshizaki!' labeled
HOSH. As would be expected, the PSA’s of Refs. 10 and
11 do not fit the data of this experiment nearly as well as
do the PSA’s of Refs. 1 and 8. Overall, the SACL fits
seem to be the best. .
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FIG. 4. Comparison of the results of this experiment with various PSA fits (or predictions). The data have been sorted into in-
cident neutron energy bins of width 50 MeV. The central energy (in MeV) is indicated for each bin. The curves labeled FA87 and
NOO are the energy-dependent and single-energy fits of Arndt ef al. (Ref. 8), respectively, where NOO signifies the energy of the
nearest single-energy fit of Ref. 8. Those labeled SACL are the energy-dependent fits of the Saclay group (Ref. 1). The curves labeled
BASQ and HOSH are the predictions of the BASQUE group (Ref. 10) and Hoshizaki (Ref. 11), respectively. The errors shown here
and in all subsequent figures are statistical only. Refer to the text for a discussion of the systematic errors, which are not purely nor-

malization uncertainties.
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TABLE 1. Experimental analyzing power values. The stated errors are statistical only and do not reflect the systematic error,
which is not in normalization only. See the text for an explanation of the systematic error.

T, o T, o* T, o*
(MeV) (deg) A(6%) (MeV) (deg) A(6F) (MeV) (deg) A(6F)

375 57.6 0.206:£0.031 425 57.6 0.229+0.023 475 57.2 0.189+0.018
63.6 0.144+0.025 63.7 0.132+0.018 63.6 0.096:+0.015
70.2 0.071+0.031 70.4 0.018+0.019 70.6 —0.006:£0.014
76.5 0.012:£0.060 76.1 —0.040+0.035 75.8° —0.063+0.024
77.1 —0.089+0.015 76.7 —0.092+0.012 76.2 —0.096+0.010
83.1 —0.175+0.010 83.0 —0.187+0.009 82.9 —0.185+0.008
88.3 —0.264:0.019 88.4 —0.258+0.013 87.9 —0.267+0.010
89.5 —0.248+0.014 89.4 —0.256+0.012 - 89.2 —0.251+0.013
94.1 —0.290-£0.008 94.0 —0.309:0.007 94.0 —0.315+0.007

100.1 —0.308+0.014 100.2 —0.330+0.012 100.4 —0.350+0.011
104.5 —0.290+0.016 103.9 —0.326+0.011 103.4 —0.330+0.010
109.7 —0.295+0.008 109.7 —0.297+0.008 109.7 —0.315:0.008
115.1 —0.244+0.012 115.4 —0.260+0.010 115.7 —0.301+0.009
115.7 —0.234+0.012 116.3 —0.270+0.013 116.8 —0.290-+0.014
123.7 —0.210+0.010 124.3 —0.210+0.008 125.4 —0.235:£0.008
129.8 —0.196:£0.009 130.4 —0.166+0.010 130.8 —0.195+0.010
130.9 —0.152:£0.025 131.9 —0.186+0.011 132.3 —0.180-+0.009
138.7 —0.185+0.021 139.4 —0.184+0.021 139.8 —0.137+0.023
139.1 —0.140+0.008 139.8 —0.142:0.007 140.1 —0.131+0.007
147.5 —0.154+0.022 148.5 —0.144+0.017 148.8 —0.120+0.016
150.5 —0.136:£0.026 149.3 —0.123+0.011 149.4 —0.108+0.009

156.9 —0.114+0.044 157.7 —0.102+0.028

525 57.1 0.192+0.016 575 57.1 0.162+0.021 625 57.2 0.194+0.026
63.5 0.094:+0.014 63.6 0.097+0.018 63.6 0.11140.022
70.6 —0.008+0.015 70.6 0.012+0.018 70.6 0.082+0.023
75.6 —0.089+0.010 75.3 —0.054+0.011 75.1 —0.005+0.015
76.0 —0.073+0.022 76.2 —0.029+0.025 76.4 —0.069+0.031
82.9 —0.195+0.010 82.9 —0.17340.012 82.8 —0.141+0.017
87.4 —0.253+0.010 86.9 —0.279+0.011 86.7 —0.226:+0.014
88.9 —0.278+0.017 88.7 —0.281+0.028 88.3 —0.205+0.054
94.0 —0.334+0.008 94.0 —0.33640.010 94.1 —0.372+0.014

100.5 —0.364+0.011 100.5 —0.38940.014 100.4 —0.414+0.019
103.1 —0.360-£0.010 102.9 —0.39840.013 102.7 —0.436:+0.017
109.6 —0.359+0.009 109.6 —0.382:£0.012 109.6 —0.428+0.017
115.9 —0.317+0.010 116.0 —0.380£0.012 116.0 —0.387+0.017
117.3 —0.33640.017 117.8 —0.353+0.024 118.0 —0.419+0.041
124.6 —0.264+0.010 124.7 —0.337+0.013 124.7 —0.339+0.018
131.3 —0.205+0.013 132.1 —0.244+0.020 132.6 —0.248+0.018
132.2 —0.205:0.010 132.5 —0.230+£0.014 132.9 —0.209+0.038
140.3 —0.1350.007 140.4 —0.177+0.009 140.5 —0.149+0.013
140.4 —0.1350.029 141.3 —0.244+0.046 149.3 —0.1580.032
149.0 —0.107+0.018 149.2 —0.128+0.023 149.5 —0.127+0.015
149.3 —0.105+0.010 149.5 —0.111+0.012 158.8 —0.030-£0.040
158.2 —0.105+0.027 158.6 —0.003+0.031

675 57.3 0.160-0.027 725 57.4 0.238+0.021 775 57.9 0.173+0.021
63.6 0.147+0.022 63.6 0.172+0.017 63.6 0.141+0.015
70.6 0.066::0.024 70.5 0.098::0.019 70.5 0.090+0.016
75.1 —0.018+0.017 75.3 —0.009+0.014 75.3 0.002+0.011
76.6 —0.002+0.030 77.0 0.000-0.023 77.0 —0.033+0.019
82.5 —0.127+0.020 82.1 —0.146:£0.017 81.7 —0.081+0.016
86.5 —0.215+0.016 86.4 —0.207+0.014 86.4 —0.199+0.010
94.1 —0.337+0.016 94.1 —0.295+0.014 93.9 —0.284+0.010

100.1 —0.390+0.024 99.8 —0.306:+0.024 99.6 —0.341+0.022
102.7 —0.397+0.019 102.7 —0.326:£0.015 102.7 —0.318+0.011
109.7 —0.386:£0.019 109.6 —0.34140.016 109.6 —0.33640.010
115.9 —0.385+0.018 115.7 —0.348+0.016 115.7 —0.306+0.014
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TABLE 1. (Continued).
T, o T, M T, ox

(MeV) (deg) A(0)) (MeV) (deg) A(6F) (MeV) (deg) A(6F)
124.8 —0.335+0.021 125.1 —0.325+0.020 125.5 —0.283+0.012
132.9 —0.2224+0.020 132.8 —0.266+0.018 133.0 —0.231£0.010
140.7 —0.153+0.015 141.0 —0.159+0.014 141.8 —0.163+0.008
149.5 —0.084+0.041 149.7 —0.109+0.014 149.8 —0.114+0.008
149.6 —0.111+0.017 150.1 —0.102+0.040 150.8 —0.160+0.027
159.1 —0.1351+0.047 159.2 —0.1161+0.042 159.3 —0.088+0.027

In Fig. 5 the data of this experiment are compared

2,12—25

A common feature shared by all of these angular distri-

with most of the data included in the SAID data-
base. Omitted are some measurements by Sakuda et al.?®
and Kazarinov et al.,”’ which have very large error bars
and, for the most part, are not in disagreement with the
results of this experiment. Since the only published re-
sults available between 650 and 700 MeV are those of
Sakuda et al., the 675 MeV results are not displayed in
Fig. 5.
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FIG. 5. Comparison of the results of this experiment with
other available data at comparable energies. The labels are as
follows: Ba—Bagaturia et al,, 600 MeV (Ref. 12); Bl—Ball et
al.,, 544 and 719 MeV (Ref. 13); Bt—Barlett et al., 800 MeV
(Ref. 14); Bi—Bilenkaya et al., 605 MeV (Ref. 15); By—
Bystricky et al., 725 and 800 MeV (Ref. 16); Ch—Cheng et al.,
400, 500, 600, and 700 MeV (Ref. 2); C1—Clough et al., 425 and
495 MeV (Ref. 17); Dz—Dzhelepov et al., 635 MeV (Ref. 18);
Ko—Korolev et al., 633 and 784 MeV (Ref. 19); Le—Leung,
600 MeV (Ref. 20); Ma—Marshall et al., 500 MeV (Ref. 21);
Ra—Ransome et al.,, 790 MeV (Ref. 22); Si—Siegel et al., 350
MeV (Ref. 23); Wr—Wright et al., 425 MeV (Ref. 24); Zu—
Zulkarneev et al., 635 MeV (Ref. 25).

butions is the existence of a positive maximum for 4, at
angles near 30° and a minimum (negative maximum) for
angles near 100°. The minimum is much better deter-
mined experimentally than the maximum. The results of
this experiment are in good agreement with most of the
data except in the vicinity of this minimum, where no
simple pattern of discrepancy is apparent. For example,
there is good agreement with the 400 and 600 MeV data
of Cheng et al.? (shown at 375 and 575 MeV in Fig. 5),
while Cheng et al. find a shallower minimum at 500 MeV
(shown at 525 MeV) and a deeper minimum at 700 MeV
(shown at 725 MeV). On the other hand, Ball et al.!? find
a deeper minimum at 544 MeV (compared at 525 MeV)
and also at 719 MeV (compared at 725 MeV). Recent
measurements?® at 744 and 794 MeV tend to confirm the
results of the present experiment, although not with high
statistical precision. In order to reduce the clutter, these
results are not shown in Fig. 5.

The biggest disagreement appears to be with the sta-
tistically precise measurements of Clough et al.'” at 425
and 495 MeV, where they find the minimum to be shal-
lower. The source of this disagreement is not under-
stood, especially since the A, values obtained in the
present experiment are in agreement with those of Cheng
et al.? at all energies except 525 MeV, and the values of
Ref. 2 were used (in part) by Clough et al. in normaliza-
tion of their data. More specifically, Clough et al.!” nor-
malized their 4, values (via PSA) using two kinds of in-
put: (a) the absolute A, values measured by Cheng et al.?
(and at lower energies by Tinlot and Warner?); (b) the
measured polarization-transfer parameter R, for free n-p
scattering and r for quasi-free p-n scattering from deu-
terium, corrected for three-body effects (in the notation of
Ref. 17 in which the exact procedure is described). The
two normalizations they obtained differed by only 3%,
and the one they adopted was the average of the two.
Thus, the 4, values of Clough et al. should be in reason-
able agreement with Cheng et al. in the 300-500 MeV
energy region. As can be seen from Fig. 5, however, the
A, values of the present experiment are in good agree-
ment with those of Cheng et al. at all energies except 525
MeV, but are in sharp conflict with Clough et al. in the
region 400-500 MeV. We see no way of resolving this
difficulty. It should be noted, however, that at 400 MeV
there are no data from Cheng et al. in the angular region
where the results of the present experiment disagree sub-
stantially with those of Clough et al.
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It is not possible to attribute these disagreements to the
normalization uncertainty in this experiment, because
that comes from the uncertainty of the target polariza-
tion and is the same for all energies at a given angle, while
the disagreements are different for different energies. Of
particular interest is the variation with energy of the
minimum in A4,, which occurs near 6} =100°. A plot of
the values of 4,(0; =100°) vs T, found in this experi-
ment, several other experiments,>!372729732 and the
PSA’s is presented in Fig. 6. The values of 4(100°) for
this experiment were obtained with second-order least-
squares fits to points in the vicinity of 100° (80°-118°),
whereas the values for other experiments were chosen
from their direct measurements in the range 97°-102°.
The error bars shown on the graph are indicative of the

statistical error of the points in this region. Incidentally, -

it was found that Legendre polynomial fits to the entire
angular range of the present experiment yielded a
smoother energy dependence in the region 625-775
MeV. It was felt, however, that the local fits were more
representative of these data in the vicinity of the minima.
It is evident (especially from the results of this experi-
ment) that the back-angle n-p analyzing power
A(~100°) goes through a minimum value near 625 MeV.
The previous experiments (especially that of Cheng
et al.?) showed a monotonic decrease of 4(~ 100°) up to
700 MeV and did not reveal the existence of a minimum,
although they were not inconsistent with it. While no
specific explanation is advanced for the existence of this
minimum, it is worth noting that a similar minimum is
seen in the analyzing power for p-p elastic scattering.

The angle at which the analyzing power passes through
zero (the zero-crossing angle) is of interest to those en-
gaged in tests of charge symmetry> and time reversal in-
variance,?* because the absolute calibration of a polarime-
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FIG. 6. Values of 4, vs T, for 0 =100° (the most negative
region of the angular distribution for 4,) as given by other ex-
periments, various PSA’s and the present experiment. The
two-letter designation of other experimental points is the same
as in Fig. 5, except as follows: Ti—Tinlot et al. (Ref. 29);
Am—Amsler et al. (Ref. 30); Cn—Chamberlain et al. (Ref.
31); Sa—Sakuda et al. (Ref. 26); Th—Thomas et al. (Ref. 32).
Note also that the symbols for Ti, Cn, Sa, and Th here are those
used for Bi, Bt, Ko, and By, respectively, in Fig. 5. Also shown
are the predictions of three PSA’s, identified in the same way as
in Fig. 4. The PSA prediction of Hoshizaki (Ref. 11) is not
shown because it differs drastically from the data.

ter (in the case of time reversal tests) and the absolute
measurement of polarization of beam or target are not
necessary if the measurements are performed to deter-
mine the zero-crossing angle. Various charge-symmetry-
breaking models®® predict a difference in this angle for a
polarized proton target as opposed to a polarized neutron
beam. The observed energy dependence of this zero-
crossing angle and some PSA predictions of it are shown
in Fig. 7.

Another insight to be gained from these data is made
possible by the separability of the I =0 and I=1 contri-
butions to the quantity 4 do /dQ, which may be called
the “spin-dependent cross section” since it combines both
the analyzing power A4 and the differential cross section
do/dQ into a single quantity. In the formalism of
MacGregor et al.,*® with the assumption of time reversal
invariance that 4 equals the polarization function P, the
spin-dependent cross section for n-p scattering can be
shown to be

49 p)=Pn-p) 22
P(n-p)dQ(n =P%n-p)——(n-p)

dQ
+P1(p-p) (p-p)
Pm(n-p) (n -p), (3)

where the superscripts indicate the isospin state, and
P n-p) is a term containing interference between I =0
and /=1 amplitudes. From the symmetry properties of
these amplitudes, the pure isospin terms (the first and
second terms on the right) are antisymmetric about 90°,
while the interference (third term) term is symmetric.
The equation can be rearranged to put experimentally
determinable quantities on the left-hand side:

P(n-p)L(n-p)—P (p-p) (pp)

dQ

—Po(n-p)%(n-p)—%Pm(n-p) do

d().( n-p). @

T TITY T T T T T T T
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FIG. 7. Zero-crossing angle as a function of energy as given
by this experiment, other experiments, and various PSA’s. The
two letter designation of the points is the same as in Figs. 5 and
6. Since only the trend of the data was meant to be seen here,
the errors are not shown; for the data of the present experiment
they are ~1°-2°.
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FIG. 8. (a) Interference contribution to the spin-dependent
cross section versus energy at several angles. (b) Pure I=0 con-
tribution versus energy at several angles. The errors shown are
rough estimates based on the errors associated with the fits to
both the analyzing power and the cross section data.

Since data are available for angles both below and above
90°, this side of the equation can be evaluated and broken
up into symmetric and antisymmetric parts, which then
determines the interference term (symmetric) and the
pure I =0 term (antisymmetric) on the right-hand side.
The existence of extensive n-p differential cross section
data at 459 MeV (Ref. 37), 647 MeV (Ref. 38), and 802
MeV (Ref. 39) makes it possible to carry out this pro-
cedure without too much extrapolation at four energies
of this experiment (475, 625, 675, and 775 MeV).

NEUTRON-PROTON ANALYZING POWER MEASUREMENTS FROM . . . 973

Fourth-order polynomials were fit to the do/dQ(n-p)
data®”73% and to the data of the present experiment, so as
to obtain smoothed values of these observables at 5° inter-
vals of 8%. The values used for do /dQ(p-p) and Pl(p-p)
were those provided by the C450, C650, and C800
single-energy fits given by the PSA of Arndt et al.® at the
same angles. The left-hand side of Eq. (4) was then evalu-
ated at angles symmetric about 90° and broken into an-
tisymmetric and symmetric parts. The results are
presented in Figs. 8(a) and (b), which show, respectively,
the interference (symmetric) and I =0 (antisymmetric)
contributions to the ‘“spin-dependent cross sections,” as
functions of incident neutron energy for a number of
different angles. While the energy dependences seen in
Fig. 8 are relatively structureless, the points are widely
separated and it would be useful to have additional points
at intermediate energies such as 525, 575, and 725 MeV.
More cross section data in finer energy steps must be-
come available in those regions to fill in these points.

The results presented here are measurements of an
essential parameter describing free n-p elastic scattering.
They also are necessary for the extraction of other spin-
dependent parameters for n-p scattering experiments in
this energy region.?3%344 Fyrthermore, these results
have been employed in several PSA’s and have contribut-
ed significantly to the building of the firm database re-
quired for the representation and understanding of the
I=0 N-N interaction at medium energies.
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