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Neutron-proton scattering. II. Spin correlation parameter A„„(8)at SQ Mev
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We report on our remeasurement of the n-p scattering observable A (8), in which 50 MeV (lab)
polarized neutrons were scattered from a polarized proton target. Several improvements to the target system
have enabled us to greatly reduce the normalization uncertainty in A», compared to our earlier
measurement. Incorporating these results in a phase shift analysis yields the results
8('P,) = —6.4'+ l.l' and 7 = 3.6'+ 1.0', where E& is the 'S,-'D, mixing parameter.

NUCLEAR REACTIONS H(n, p)n, E„= 50.0 MeV; measured A» (8) from 108 to
174' c.m.

INTRODUCTION

In recent years, there has been a great deal of
interest in the value obtained for the S&- D& phase
mixing parameter e& in phase shift analyses' of
n-P scattering data near 50 MeV. The importance
of q

&
lies in its relation to the n-P tensor force as

manifested, for example, in the 38,— D& admixture
in the deuteron and in the deuteron quadrupole
moment. It has been shown that the total and dif-
ferential cross sections and polarization measure-
ments have little direct sensitivity to p, at 50 MeV.
Accordingly, 7& was very poorly determined in
early analyses' of n-P scattering data, which con-
sisted only of these observables. However, the
spin-correlation parameter A»(8) was found to be
sensitive to e&, and this fact has motivated the
measurements of A»(8) to be described here. The
parameter A»(8) also shows some sensitivity to
the && phase shift; however, it has been shown '3'

that 5(~P, ) depends strongly on which differential
cross-section data near 50 NeV are included in
the phase shift analysis.

We have made two independent sets of measure-
ments of A»(8) at 50.0 MeV, by observing the scat-
tering of polarized neutrons from a polarized pro-
ton target. The first measurements, 6 hereafter
referred to as A„'~l'(8), contained a large normaliza-
tion uncertainty due to the uncertainty in the proton
target polarization. Phase shif t analyses3'4 which
included the A„'~'(8) measurements produced fairly
well-determined values of e& at 50.0 MeV. How-
ever, these values disagree by one or more stan-
dard deviations with those predicted by most
models. Further, the experimental and model
values for 5('P, ) did not agree
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A. Polarized proton target
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FIG. 1. Schematic diagram of the polar ized proton
target system.

The polarized proton target consists of a
(1% Nd) La,Mg, (NO3)~, 24 H, O hexagonal crystal
(commonly called LMN) of 2 mm thickness and
25 mm diameter. Free hydrogen in the waters
of hydration is polarized dynamically; this tech-
nique is well described in the literature (e.g. , see
Hefs. f and 8). A schematic diagram of our sys-
tem is shown in Fig. 1. The crystal is bathed in
supercooled (1.4'K) 4He and a magnetic field of
about 18.8 kG js applied, transverse to the crystal
.z axis. The polarization at thermal equilibrium
(TE), on the basis of Boltzmann statistics, is
0.13%. The polarization is enhanced by applying
microwave power (at a frequency near 71 GHz) to
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the crystal and inducing transitions which simul-
taneously flip the spins of the Nd ions and the
protons through their dipole-dipole coupling. By
a small change in the magnetic field (40 G) the
enhanced polarization may be chosen to be parallel
or antiparallel to the TE polarization direction.
The relative polarization of the crystal is moni-
tored by means of an rf coil wound around the
crystal to observe the proton nuclear magnetic
resonance (NMR), which occurs at a frequency of
about 80 MHz in our case. The absolute polariza-
tion then is obtained from the ratio of the TE and
enhanced NMR signals. Polarizations in the range
between 20 and 50% have been obtained' for our
system. During the scattering experiment runs,
a PDP-11/40 computer and interactive cAMAc
system were used to control the operation of the
NMR circuit and to collect the NMR data. '

For the A„',' measurement, the low sensitivity
of the NMR circuit and a poor signal-to-noise
ratio resulted in an uncertainty of about 25% in
the det:ermination of the TE NMR signal size. Sub-

sequently, the rf coil configuration was changed,
sources of mechanical vibration and electrical
noise mere removed, and the NMR circuit was
electrically isolated. A dramatic improvement
in sensitivity and signal-to-noise ratio resulted
from these changes. Accordingly, the average
uncertainty in the TE signal size for the present
measurement was 2.4/0, while that for the en-
hanced signal was 1.2/0. However, the run-to-run
dispersion in the enhanced-to- TE-signal ratio was
6.3'%%up, apparently due to long term instability in the
NMR circuit. The overall polarization uncertainty
was obtained by adding this dispersion in quad-
rature with (a) a 2.2% uncertainty in the absolute
TE polarization, arising from uncertainty in de-
termining the crystal temperature, and (b) a 2.3%
uncertainty in determining the correction' "to
the enhanced signal magnitude, to account for the
dispersion term in the magnetic susceptibility of
the LMN crystal. The resulting target polariza-
tion uncertainty was 7/0, i.e., the proton polariza-
tion averaged 0.284+ 0.020.

B. Polarized neutron beam

As indicated in Fig. 2, a 38.0 MeV deuteron
beam, typically at an intensity of 12 p, A, is in-
cident on a liquid-nitrogen-cooled cell -containing
approximately 103 Ci of tritium gas at 5.5 atm
pressure. Neutrons from the T(d, is) 4He reaction,
emitted at 29.V '(lab) with an energy of 50.0 MeV
(lab) are collimated to form a partially polarized,
24 mm diameter beam with @n average intensity
of 3 &&10 n/sec in the peak at the polarized proton
target. " The quantization (s) axis is taken along
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FIG. 2. Schematic diagram of the experimental appar-
atus, including the polar ized neutron production facility,
the polarized proton target systexn, and the detector
arr angement.

the neutron beam direction and the y axis is taken
normal to the scattering plane. The neutron beam
polarization has been measured to be 0.476
+ 0.017,"using a method proposed by Barschall. '
The spin-precession magnet shown in Fig. 2 was
used during the experiment to reverse the beam
polarization. Further details of the neutron beam
line are given in Ref. 12.

The neutron beam flux was monitored by placing
a thin polyethylene sheet in the beam, downstream
from the polarized proton target„and detecting
the forward angle recoil protons in. a series of
three NE 102A plastic scintiQators. The neutron
beam peak was separated from the low energy
tail by time-of-flight (TOF) between a deuteron
beam pickoff and the first element of the neutron
monitor. The beam peak had a full width at half
maximum (FWHM) of 0.6 MeV and a mean energy
which has been confirmed to be (50.0+ 0.1) MeV

by a TOF technique. A secondary monitor of the
beam flux was provided by deuteron beam current
integration.

C. Scattering measurement

Recoil charged particles from reactions in the
LMN crystal emerged (at forward angles) through
a 0.08 mm thick brass window in the cavity con-
taining the crystal, a 0.908 mm thick aluminum
windom in the thermal shield which surrounds the
'4He cryostat, and a 0.025 mm thick stainless steel
windom in the cryostat vacuum vessel. . As a re-
sult, detection of the recoil protons from is-P
scattering is limited to forward angles (backward
neutron scattering angles) where the protons have
sufficient energy to be detected. The energy
spread of the recoil protons and their orbits in
the polarizing magnetic field, for a given initial
recoil angle, were calculated using a computer
code" mhich integrated the proton initial position
over the volume of the crystal and took account
of the proton energy loss in materials in the
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flight path. For protons recoiling to the right of
0' (toward the detectors in Fig. 2) the energy
spread for a given initial angle varied from 4.4 to
6.8 MeV for the lab recoil angles in this experi-
ment (0'-37'). Protons recoiling to the left of 0'
had considerably greater energy losses in the
LMN crystal. and various windows. The cor-
respondingly large energy spread which was ob-
served in a trial run during the experiment pre-
cluded lef t- right asymmetry measurements.

Four &E-E telescopes were used to detect
charged particles, as shown in Fig. 2. Each of
the two forward angle telescopes consisted of
4.6 cm wide by 10.2 cm high plastic scintillator
(NE 102A) elements of thickness 0.15 cm for &E
and 2.5 cm for &. The corresponding dimensions
for the backward angle telescopes were 5.1 cm
(width) by 10.2 cm (height) by 0.10 cm thick (b,E)
and 1.3 cm thick (E). Including the effect of the
crystal diameter, each telescope subtended a
polar lab angle of approximately 6'. Recoil protons
from n-P scattering were detected at angles cor-
responding to average c.m. neutron scattering
angles of 108, 130, 156, and 174 .

Fast timing signals, measured relative to the
deuteron beam pickoff, were derived from each
& detector photomultiplier anode. The overall
resolution of the system varied from 5.4 MeV, at
0 recoil angle, to 8.5 MeV, at 37 recoil angle,
due mainly to the proton energy spread at the
detectors. The analog and timing signals were
processed electronically and transferred, using a
CAMAc interface, to an on-line PDP 15/40 com-
puter. All data were recorded, event-by-event,
on magnetic tape for later off-line analysis.

Data were taken for all four possible combina-
tions of neutron and proton spins, parallel to the

y axis. The pulse-height distribution of the non-
target background for each detector was deter-
mined from earlier runs" with the LMN crystal
removed. No convenient method could be found
to determine the nonhydrogen background contribu-
tion from the LMN crystal. However, as shall be
seen, uncertainties in determining the background
have a small effect on the uncertainty in A„(e).

DATA ANALYSIS AND RESULTS

In an off-line analysis, the data were played back
from magnetic tape and, for each detector, dis-
played in a && vs E spectrum. Soft-mare restric-
tions were used to separate protons from other
types of charged particles. For proton events,
further restrictions on a TOF (relative to the
beam pickoff) vs E spectrum were used to remove
events due to neutrons in the low energy beam tail.
Figure 3 shows an example, for e„(c.m. ) =156,
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FIG. 3. Pulse height spectrum for recoil protons de-
tected at an angle corresponding to a neutron c.m. scat-
tering angle of 156', and subject to particle identification
and TOP restrictions, as explained in the text.

of the proton spectra which were obtained as a
function of pulse height, subject to these restric-
tions.

Detector gain shifts during the experiment were
negligible. Therefore, for a given detector, the
two-parameter software cuts were identical for
all runs for all four target and beam spin orienta-
tions. Likewise, no evidence was seen for depen-
dence of the background spectra on target or beam
spin orientation, and so the assumed background
under the elastic scattering peak was identical for
all runs for a given detector.

The background spectrum for a given detector
was estimated in the following fashion. The
earlier target-out measurement showed the non-
target background to be featureless. Its magnitude
accounted for 60-90% of the yieM in target-in
spectra except, of course, in the region of the
elastic scattering peak. Accordingly, the back-
ground contribution due to (n, p) reactions on the
nonhydrogen components of the LMN crystal was
assumed to be small and the total background
spectrum under the elastic peak was assumed to
be smooth. The magnitude of the background under
the peak was estimated by a fit to the observed
background on either side of the peak, assuming
first a linear shape and later a parabolic shape,
in separate analyses of all the data. For the
former analysis, the peak yield was determined
from counts above background, and for the latter,
both counts above background and a Gaussian fit
to the peak were used. From a comparison of the
yields obtained by these methods, the worst case
uncertainty in determining the background for a
single run was estimated to range from 1% of the
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yield at 8„(c.m. ) = 174' to 6% at 8„(c.m. ) =180'.
This uncertainty was included with the statistical
uncertainty for the peak yield, which mas taken to
be that determined from counts above a linear
background.

For the case of beam and target polarized along
the y axis and the final spin states not observed,
the scattering angular distribution is given by'

I(8, P~, Pt) =ID(8)[1+(P~ + P,)A„(8) + P~P, A»(8)]

{1)

Io(8) is the (unpolarized) n-P differential cross
section, A„(8) is the analyzing power, and P~ and
I', are the beam and target polarizations, re-
spectively Th.e measured values of I{8,P~, P,)
for the four different spin orientations may be
combined, using Eq. (1), to yield

0.6
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0.4
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-0 I— {1)~ A), y

(&)-0.2 — o A&& (present results)

n-p 50.0 MeV

ec.m. x„(e, )

( {tf)—(04)+ (4k) —(40)
(ft) + (40) + (44) + (4t)

Note that this combination not only eliminates the
need for knowing Io(8) and A„(8), but also substan-
tially reduces the contribution of systematic un-
certainties. For example, the uncertainty in
background subtraction is eliminated in the numer-
ator, at least to first order.

Approximately 25 hours of useful data mere ob-
tained at four angles for each spin combination.
The dispersion in the run-to-run yields agreed
very well with that expected on the basis of Pois-
son statistics. Therefore, the uncertainty in the
total yields mas calculated from counting statis-
tics and background subtraction uncertainty. This
overall statistical uncertainty in I(8) ranged from
1.3% at 8„(c.m. ) =174' to 2.0% at 8„(c.m. ) = 108'.

A»(8) was calculated at each angle using Eq. (2);
the results appear in Table I. The uncertainties
shown in the table do not include the overall nor-
malization uncertainty, which is 7.8%, arising
from uncertainties in the beam (3.6/o) and target
(7%) polarizations. The present results are also
compared with the A'„~'(8) values in Fig. 4. In this
figure, the experimental values of A'„~'(8) and
A„'~1~'(8) have been multiplied by normalization
factors of 1.23 and 1.07, respectively, obtained
in a phase shift analysis. 3 As ca,n be seen, the
agreement between the A„',~'(8) values and the
present results is quite good; on the average, the

TABLE I. 4~3,(II).

-Q4 i I ) I I I I I

0 20 40 60 80 I00 l20 I40 160 l80

8,
FIG. 4. Angular distributions for the At/(8) measure

ments (solid dots) and the present [A~t~(8) ] measurements
(open circles). The curves are present phase shift analy-
sis (solid curve), and OBE2 model predictions, as des-
cribed in the text: Ref. 23 (dashed curve) and Ref. 24
(broken curve) .

statistical uncertainties for the present results
are 70% of. those for A„'„'(8). The significant im-
provement in the present results, compared to
A„'„'(8), however, is not shown in the figure. That
is, the 26% normalization uncertainty for the
A„'~'(8) data has been reduced to 7.8% for the
present results, as a result of an improved mea-
surement of the target polarization. The absolute
target and beam polarization determine the slope
of A»(8) data at backward angles; i.e. , an in-
crease in P, or P~ makes the slope of A„„(8) less
negative for 100' & 8„(c.m. ) & 180'.

As a check on the values used for I'~ and &„ the
analyzing power, A„(8), was calculated from the
measured yields for the four spin orientations,
using Eq. (1) to obtain two expressions for A„(8),
in terms of the yields and either &, or &l),. That
is, at each 8, two values for A„{8)were obtained
by averaging over either the beam' or target po-
larization. The values obtained are shown in
Table II. As can be seen, the two values are in
good agreement at each angle, and no systematic
difference between the values is apparent. These
A„(8) data also agree, well within statistics, with
phase shift results3 and with earlier data from
Harmell" and Davis, ' also shown in Table II.

108'
130'
156'
174'

+0.241 + 0.071
+0 189+ 0 072
-0.037 + 0.051
-0.194+ 0.054

DISCUSSION

In a 1974 paper, 2 Binstock and Bryan discussed
the sensitivity of various n-P scattering ob-
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TABLE II. Comparison of A~(0, ~ ).

0, A~(0, , )

Present results
A. (0.. . ) A. (0, ), 0.

108' 0.063 + 0.071
130' 0.026 + 0.072
156' 0.024+ 0.051
174' 0.001 + 0.054

0.084 +0.071 0.113
0.048+ 0.072 - 0.059
0.007 + 0.051 0.018
0.009 + 0.054 0.003

0.095 +0.011, 109.3
0.058 +0.008, 129.4
0.014 +0.013, 149.6'

0.105 %0.0120 109
0.062 +0.010, 129
0.007 +0.014, 158.5'

Averaged over incident neutron spin.
Averaged over target proton spin.
Heference 3 phase shift results.
Heference 18. .' He ference 17.

base for a phase shift analysis, which yields, at
&„=50 MeV, the values e&

——3.6's 1.0' and 5(iP&)
= —6.4'+ l.l'. The resulting prediction for'A„(8)
is shown as the solid curve in Fig. 4.

Compared to the results of earlier analyses,
these values are in much better agreement with
values obtained in model-dependent analyses. The
A»(8) distributions for two model-dependent cal-
culations are also shown in Fig. 4. These are (a)
a one-boson-exchange-potential (OBEP) medel of
Bryan and Gersten ~ ("model C: e, =2.78', 5( P&)
= —8.76'), shown as a dashed curve, and (b) an
OBEP model, with asymptotic power law energy
dependence, of Ueda and Green'4 ("model IV",
q& ——2.40', 6(~P&) = —10.24'), shown as a broken
curve.

As part of a general investigation" of phase
shift parameters near 50 MeV, the dependence of

e, and 6('P&) on the n-P data base has been studied
extensively. For the data set indicated above,
which includes the present A»(8) and 63.1 MeV
differential cross section" measurements, the
addition of other differential cross-section data ~

now causes e, and 6('P, ), respectively, to vary by
less than a standard deviation. Details of this
study will be forthcoming. General conclusions
which can currently be drawn are that as a result
of the new measurements of A»(8) and o(8)2O nega-
tive values of e, near 50 MeV are ruled out, the
values. obtained for e& and 6(~P&) show markedly
better stabOi. ty tha. n, formerly, and the agree-
ment of these phase parameters with model values
has improved.
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servables at 50 MeV to a change in one of seven
phase parameters. In particular, they found that
A,„(8)was sensitive to 6(~P, ) and especially to e, .
Although other observables, such as A„and C

are somewhat more sensitive to e& than is A»,
these measurements entail considerably greater
experimental difficulty than does A».

The inclusion of the A,'„' data in phase shift
analyses of n-P and P-P scattering data substan-
tially reduced the uncertainty in &&. However, in
two separate analyses, the valises obtained at 50
MeV, e, = 0.2'+ l.7' (Refs. 3 and 6) and e&

———0.92'
+2.19' (Ref. 4), respectively, were lower than

the (positive) 2-3' resulting from most calcula-
tions based on models of the two-nucleon interac-
tion. Even for the analysis of Ref. 6, negative
values of e& could not be ruled out at 50 MeV.
Further, the value obtained for e, was founds to
depend strongly on the differential cross-section
data used in the analysis, apparently in conflict
with the result of Binstock and Bryan, ~ who found

little change in v(8) for a 3' change in e, . This
effect, as well as the dependence of 6('P~) near
50 MeV on various cross-section data sets, will
be discussed in a later paper. "

These results strongly suggested that the deter-
mination of e, and 5('P, ) couM be improved by (a)
an independent measurement of o'(8) near 60 MeV,
and (b) additional measurements of A»(8) at 50
MeV with reduced uncertainties. The former
measurement has been. carried out recently and
is reported in the preceding paper. ' The latter
mea, surement, reported here, represents a reduc-
tion of statistical uncertainties by 30%, on the
average, and a reduction of the normalization un-

certainty by a factor of 3.3, compared to the
A„'~'(8) data. These new data, together with new

Davis A„(8) data" at 50MeV, total cross sections"
at 49.1, 54.4, and 59.4 MeV, differential cross
sections 2 at 50 MeV, A„(8) data' at 50 and 60
MeV and the A,'„'(8) data, e formed the n Pdata-
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