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Angular distributions of the analyzing power 4,(©) have been measured for elastic scattering of
neutrons from 3*Fe and %*Cu at 10 and 14 MeV and for inelastic scattering to the first 2+ state of
*Fe at 10 MeV. We have combined the results with previous measurements and analyses of the dif-
ferential cross sections in the same energy range and have carried out new deformed optical model
calculations where the major concern was to study the spin-orbit interaction. The need for an
imaginary spin-orbit term Wso(r) is discussed. The (n, n’) data are important in reducing an ambi-
guity found between the deformation fBso of the real spin-orbit potential and the strength W of

the imaginary spin-orbit potential.

NUCLEAR REACTIONS *Fe, ®Cu(n,n), E=10, 14 MeV; *Fe(n,n’), E=10
MeV. Measured A4,(E,0). Deduced deformed complex spin-orbit potentials.
Coupled channels calculations.

I. INTRODUCTION

Most of the polarization information accumulated over
the years for investigating the spin-orbit (SO) part of the
nucleon-nucleus optical potential has been obtained
through proton scattering measurements at incident ener-
gies E;, between 15 MeV and 1 GeV. To date, the SO po-
tentials used in neutron-nucleus scattering calculations
have usually been based primarily on these proton polari-
zation results. Two such SO potentials that have been
popular for neutrons are those of Perey! and of Becchetti
and Greenlees.> On the other hand, not much specific in-
formation about the SO potential for neutrons has been
learned directly from neutron scattering cross-section
measurements. In fact, accurate experiments with polar-
ized neutron beams have been very difficult to perform at
energies sufficiently high that the direct reaction mecha-
nism dominates.

In the present paper we report the first in a series of ex-
periments and analyses conducted at the Triangle Univer-
sities Nuclear Laboratory (TUNL) which involve the
scattering of polarized neutrons from medium- and
heavy-mass nuclei at incident energies between 8 and 18
MeV. The aim of this program is to directly determine
the properties of the SO potential

Ugo(r)= Vso(r)—f—iWSo(r)

for the neutron-nucleus interaction and, more generally, to
provide a test for those who are modeling the nucleon-
nucleus interaction on a microscopic basis. In this paper
we report 4,(©) measurements for neutron elastic scatter-
ing from >*Fe and %Cu at 10 and 14 MeV. A preliminary
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report on the data for elastic scattering was given in Ref.
3. In addition, we present here 4,(©) data at 10 MeV for
the inelastic scattering to the 2% state of **Fe at 1.4 MeV.

In contrast to the proton case, for neutron interactions
the availability of data such as the total cross section o,
s- and p-wave strength functions S, and .S, and potential
radii R’ place stringent constraints on the neutron optical
model* and thereby help to remove many of the ambigui-
ties underlying the optical model parametrization. In ear-
lier coupled-channels analyses® of (n,n) and (n,n’) cross
sections for **%Fe and %*%Cu, we paid close attention to
the measured values for Sy, S;, R’, and or. In the present
work we have focused on the 4,(0) data, keeping in mind
that the optical potentials developed here must be con-
sistent with these earlier analyses.

In addition to determining the strength, radius, and dif-
fuseness of Vso(r), the need to incorporate an imaginary
term Wgo(r) in Ugo(r) will be discussed. The size of this
term is not known for neutron scattering from medium-
mass nuclei and, in fact, is also not even well determined
for proton scattering below 100 MeV.6~% Also, we have
examined the importance of A4,(©) measurements for
determining Wgo(r) when the real SO potential Vo (r) is
deformed. Furthermore, we illustrate the significance of
A4,(0) measurements for inelastic scattering in reducing
an ambiguity found between the magnitude of Wgo and
the spin-orbit deformation parameter B, associated with
Vso(r). The code Ecis79 (Ref. 9) of Raynal was used to
perform the coupled-channels analyses presented here.

II. EXPERIMENTAL ARRANGEMENT
AND DETAILS OF DATA ANALYSIS

As the techniques for performing 4,(6©) measurements
with pulsed polarized neutron beams at TUNL have been
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given elsewhere,!®!! only a brief description and specific

details of the experiment will be reported here. The
source of the neutron beam is the 2H(d,)’He reaction at
the reaction angle of 0°. This reaction, when initiated
with polarized deuteron beams, produces a beam of polar-
ized neutrons having about 90% of the vector polarization
py of the incident deuteron beam.'? Typically, in the
present work the time-averaged deuteron beam intensity
was 100 nA. The beam, which had a polarization p, of
about 0.65 and a pulse width of about 2 ns, was incident
on a deuterium gas cell. The cell was 5 cm long and pres-
surized to 3 bars, which gave an energy spread of
AE, =0.44 MeV for 10 MeV neutrons (E;=6.8 MeV) and
0.29 MeV for 14 MeV neutrons (E4=11.0 MeV).

The scattering samples were comprised of enriched **Fe
(97.6%) and ®Cu (99.7%) and were cylindrical in shape
with heights 2.4 and 3.4 cm, diameters 1.9 and 2.0 cm,
and masses 50.9 and 84.6 g, respectively. The scatterers,
which were located 9.3 cm from the center of the deuteri-
um gas cell, subtended a half-angle of about 6°.

Two heavily shielded neutron detectors!® are used in the
A,(©) measurements. Both are set at equal scattering an-
gles, and one counts neutrons scattered to the left, the oth-
er to the right. These detectors were located at flight
paths of 3.7 and 2.7 m, respectively, for the elastic scatter-
ing measurements. For the 54Fe(n,n’) measurements at 10
MeV the flight paths were increased to 5.7 and 3.8 m,
respectively, in order to resolve the elastic scattering peak
from the peak for inelastic scattering to the 1.4-MeV ex-
cited state. The detectors subtended angles ranging from
2.7° to 1.0° for the two flight-path settings.

When using a “two-detector, spin-flip” technique!* in
A,(©) measurements, one only needs to measure ratios of
the yields in the detectors; it is not necessary to normalize
either to yields observed in flux-monitor detectors or to
accumulated charge at the target. Nevertheless, this infor-
mation was obtained as a check on the operation of the
detection and electronics systems.

At each scattering angle data were obtained until the
statistical accuracy in A4,(6©) typically was about
AA4,(©)=10.04. However, at forward angles, where the
differential cross section o(©) is large, the accuracy
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FIG. 1. 4,(6) measurements for **Fe(n,n) at 14 MeV. Com-
parison between uncorrected data and data corrected for effects
due to multiple scattering, attenuation, and finite geometry.
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FIG. 2. Analyzing powers for neutron elastic scattering from
**Fe and **Cu at 10 and 14 MeV. The dashed lines represent CC
predictions using the parameters of Ref. 5. The solid lines
represent CC calculations where the present spin-orbit potentials
are used (see Sec. III B).
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FIG. 3. Analyzing powers for elastic scattering from **Fe
and ®Cu at 10 MeV. Comparison between the present data and
CC predictions when 850 is set to 0, 8., and 25, (dotted, dashed,
and solid lines, respectively).
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FIG. 4. Analyzing power for elastic scattering from **Fe at
10 MeV. Comparison between the measurements and CC pre-

dictions.

The solid and dashed lines are for 850=256, and

Wso=0 and 0.5 MeV, respectively. The dotted line is for

8s0=28, and Wso=0.5 MeV.
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achieved was A4,(©)=10.005. For the **Fe(n,n’) mea-
surements the counting rate was low—about six hours was
required at each angle to obtain the reported accuracy of
about +0.06.

Time-of-flight spectra were acquired using a DDP-224
computer, stored on magnetic tape, and reanalyzed at a
later date. When analyzing the spectra, narrow windows
were set on the elastic scattering peak in such a way that
inelastic scattering events were eliminated.

In order to increase the counting rate, the experiment
employed a tight geometrical configuration and relatively
large scattering samples. The measured yields had to be
corrected for attenuation, multiple scattering, and finite
geometry effects. These corrections were made using the
Monte Carlo code JANE developed at Tiibingen and
TUNL." In the minima of the scattering cross sections
the corrections for these effects are large. A sample of the
uncorrected and corrected 4,(©) data is shown in Fig. 1
for *Fe at 14 MeV. The final uncertainties A4,(©) are
increased to include the additional statistical uncertainty
caused by removing the events due to multiple scattering.
In several cases A4,(©) exceeds £0.10. An uncertainty in
the scale factor of about +0.03 to account for the uncer-
tainty in the neutron beam polarization has not been in-
cluded in the error bars shown for the 4,(©) data. Tables
of the final results for 4,(©) and AA4,(©) are available
from TUNL.

III. OPTICAL MODEL ANALYSES

A. Overview

The general form of the optical potential U(T) which is
assumed in the coupled-channels (CC) calculations may be
expressed as follows:

U(r)= —(V+iWy)f(r,ay,RV)

+4iapWp if(r,aD,R,_,)
dr
—2iX3Vso V f(r,asoRs0) X V-3

. 1d ==
+2HWso - fraw ,Rw T3 . (1)

The third term represents the full Thomas form of the
spin-orbit (SO) interaction,!® that is, a deformed real SO
potential, which reduces to the usual real SO potential for
8s0=0. The last term represents an imaginary SO poten-
tial Wgo(r), which is spherical throughout the present
work. The form factor f(r,a;,R;) is of a Woods-Saxon

type,

—1
r'—R"

1

f(r,a;,R;)= ll—{—exp

where R; is expressed in the center-of-mass system as

Ri=r A [14+3a), Y5(Q)
I

for a collective nucleus having quadrupole surface vibra-
tions. The a‘zk, values can be related to the deformation
lengths §; =f847,A'/3. Complex coupling form factors
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were assumed for the central parts of U(T). Deformation
lengths 8, of the central potential were constrained to
have identical values for both real and imaginary terms.
Eventually, the deformation length 85 for the spin-orbit
potential was varied from the identity 8so =25, assumed in
Ref. 5. In the present calculations it was found that the
data could be described adequately without the inclusion
of a volume absorption term; therefore W) was set to
zero.

In preparing a data set to compare with the CC calcula-
tions, consideration was given to the Mott-Schwinger
(MS) interaction, that is, the interaction of the magnetic
moment of the neutron which is moving in the elec-
tromagnetic field of the nucleus. This interaction has a
strong influence on 4,(©) predictions for elastic scatter-
ing at far foward angles. As the CC code does not yet in-
clude this interaction, an estimate of its effect on 4,(8)
was made using a spherical optical model code which has
been modified to include the MS potential.!” The correc-
tions were small, amounting to a shift of less than 0.02.
The elastic scattering data were shifted accordingly for
the search computations and the illustrations of the
present paper. No corrections for MS scattering were ap-
plied to the (n,n’) data; presumably they are negligible.

The analysis of the present 4,(©) data is based on ear-
lier TUNL (n,n) and (n,n’) differential cross section stud-
ies>!? for *°Fe and %*%°Cu at incident energies between
8 and 14 MeV. In this earlier work, which ignored the
Wgo(r) term, it was pointed out® that the optical model
predictions for o(©) are sensitive enough to the parame-
ters for the spin-orbit potential to allow one to roughly es-
timate the geometrical properties of Vgo(r). We have
used the parameters of Ref. 5 to predict 4,(6) for elastic
and inelastic scattering. These CC calculations are shown
as dashed lines together with the present elastic scattering
measurements for **Fe and %Cu in Fig. 2. As can be seen,
the gross structures in the 4,(©) distributions are reason-
ably well reproduced. However, the achievement of better
fits requires a fine tuning of the spin-orbit potential pa-
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FIG. 5. Analyzing power data at 10 MeV for inelastic
scattering to the first 2% state of **Fe. The solid and dashed
lines represent CC predictions for 8s0=28, and Wso=0 and 0.5
MeV, respectively. The dotted line is for 8s0=35, and Wgo=0.
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rameters Vg, aso, and 7so. In particular, the high count-
ing rates at forward angles permit 4,(©) to be measured
very accurately, i.e., to better than +0.01, and the calcula-
tions indicated by the dashed curves in Fig. 2 significantly
disagree with the data in three out of the four instances
shown.

B. Analyzing powers for elastic scattering

The search for better spin-orbit potentials has been per-
formed independently for >*Fe and ®°Cu, keeping un-
changed the central terms of the potentials of Ref. 5. The
spin-orbit potentials have been varied only slightly; we
have verified that this procedure preserves the fits of Ref.
5 to the differential cross sections. In the CC calculations,
we have proceeded as follows for each nucleus: (i) The
best fits for 4,(©) were sought at 10 and 14 MeV, in-
dependently; (i1) the best-fit parameters Vg, asg, and rgo
obtained at each energy were combined to produce a set of
average parameters. The results were Vgo=5.30 MeV
and ago =0.464 fm for both nuclei; the values of rgo were
1.040 fm for 3*Fe and 1.110 fm for ®*Cu. The main
difference between these SO parameters and those found
in our previous work (see Table 1 and Table 5 of Refs. 5
and 13, respectively) are a smaller strength Vso and a
smaller diffuseness agg for the present work. Moreover,
ago has a value significantly smaller than the 0.75 fm re-
sult obtained in the spherical optical model analysis of
Becchetti and Greenlees,? which is sometimes used in neu-
tron scattering analyses.'® Our parameter set is closer to
the older set recommended! by Perey for protons
(Vso=6.0 MeV, rgo=1.12 fm, and ago=0.47 fm). The
new predictions for 4,(©) are shown as solid lines in Fig.
2. These calculations are in much better agreement with
the high-accuracy data at forward angles, particularly for
65Cu, where the X? for the A,(©) fit is reduced by more
than a factor of 3.

In the CC calculations of Ref. 5 it was assumed that
8s0=06,. This equality, chosen somewhat arbitrarily,
seemed reasonable from what was known from previous
(p,p’) scattering studies.!® Using the parameters Vg, aso,
and rgo obtained above, we have carried out new CC cal-
culations which allow 850 to depart from §,. The 4,(O)
measurements at 10 MeV are shown in Fig. 3 together
with CC predictions for 850 values set to O, 8., and 28,
successively. It can be seen that the predictions are rather
sensitive to the value assumed for 8go. When 8gq is in-
creased, the predicted A4,(©) distributions are pushed
downward. These findings, which are also seen at 14
MeV, seem to be specific to the neutron elastic analyzing
powers: at comparable incident energies the corresponding
sensitivity calculations made for proton elastic scattering
analyzing powers do not show the same effects (see Refs. 5
and 20).

On the basis of these CC calculations carried out for
neutron analyzing powers for elastic scattering, it is doubt-
ful that a unique value of 85o can be determined. In order
to illustrate this point, we have performed further CC cal-
culations in which the complete Eq. (1) for the potential is
assumed; that is, an imaginary SO potential Wso(r) is
now included. According to Brieva and Rook,’ the radius
rwg, should be larger than rgo; thus, we have initially
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chosen rWeo= 1.03rgo. Furthermore, aw,, was set identi-

cal to agg in order to reduce the number of free parame-
ters. Employing all these conditions, values for 6go rang-
ing from O to 28, were chosen, and Wy was varied to ob-
tain the best description of the data. The depth Wgo was
the only free parameter for Wy (7), once the value of 850
was chosen. One result is that within this range for 85,
Wso reaches positive values which might be as large as
+ 1.0 MeV. We have verified that this value does not
change much when "Weo and ayg, are varied slightly from

the respective values assumed for them above. A positive
Wso value of 1.0 MeV is at variance with the microscopic
model predictions of Brieva and Rook’ for proton scatter-
ing above 20 MeV. Their potential depth Wgq has the op-
posite sign and a smaller strength than that found here.
On the other hand, the energy dependence of Wgg at
lower energies is not addressed in the work of Brieva and
Rook, nor have previous experiments determined Wggo
values in our energy range for the Fe-Cu mass region. Al-
though we recently reported?! a Wy value with a similar
sign and magnitude for *°Pb(T,n) scattering at 10 MeV,
we hasten to add that the present Fe-Cu analysis does not
provide conclusive evidence for the need of a Wgg50.

In addition, another result is that the values found here
for Wso depend strongly on the value assumed for 8gq.
An increase of 5o can be compensated by an appropriate

increase of Wso when fitting 4,(©). The ambiguity be-

tween 8go and Wgo makes it impossible to determine
properly either parameter using only 4,(©) and o(O)
measurements for neutron elastic scattering. This result is
illustrated in Fig. 4 for **Fe at 10 MeV. Similar results
were obtained for >*Fe at 14 MeV, and also at both ener-
gies for *Cu.

C. Analyzing power for inelastic scattering from **Fe

The ambiguities found between 855 and Wy may be
resolved to some extent when A4,(6©) measurements for in-
elastic scattering are also considered in the CC analysis.
In our previous paper,?? we illustrated the strong sensitivi-
ty of 4,(©) predictions for (n,n’) scattering from five nu-
clei to the size of the deformation length 85o. The
4Fe(n,n’)**Fe(2*) data shown in Ref. 22 were obtained as
a part of the present measurements. These data are
presented in Fig. 5 along with CC calculations (solid line)
which assume 850=28, and Wgo=0. The sensitivity to
8so is indicated by the dotted line, which corresponds to
8s0=5; and Wso=0. The solid line gives a good descrip-
tion of the data, and the sensitivity permits us to estab-
lish? that, at 10 MeV, 855/8,=2.0+0.4 when Wy, is set
to zero. Note that the solid line in Fig. 4, which gives a
good representation of the elastic scattering data, also cor-
responds to 8s0=28, and Wgg=0.

Finally, we relaxed the constraint that Wg,=0 and
searched for better fits simultaneously for the elastic and
inelastic scattering data, allowing the code to search on
Wso while keeping 850=28,. The best value was found
to be Wgo~ + 0.5 MeV. These new calculations are
shown as dashed lines in Figs. 4 and 5. There is a little
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improvement for the elastic scattering when comparing
the dashed and solid lines in Fig. 4. For inelastic scatter-
ing both solid and dashed lines agree with the measure-
ments.

IV. SUMMARY AND CONCLUSIONS

Analyzing power measurements for elastic scattering of
neutrons from >*Fe and ®*Cu at 10 and 14 MeV have been
obtained at TUNL with a unique time-of-flight system.
The first 4,(0) measurements for (n,n’) scattering for a
medium-mass nuclei are also reported.

In this limited range of mass and incident energy, new
information on the neutron spin-orbit potential has been
obtained using the CC formalism. First, it is found that
the asp and Vgo values are significantly smaller than
those deduced by Becchetti and Greenlees from global
analyses. Implications from this result might be impor-
tant. For instance, when only differential cross section
measurements are considered in an optical model analysis,
inaccurate assumptions on the spin-orbit potential para-
meters may lead to an improper determination of the cen-
tral parts of the optical potential.

Second, it is found that the predicted A,(©) values for
both elastic and inelastic scattering depend on the strength
of Wgo(r) and the deformation of Vgq(r). There is evi-
dence for an ambiguity between the magnitudes of Wgg
and 8s0; this ambiguity cannot be removed by considering
A,(©) measurements for elastic scattering only. For in-
stance, comparable fits to the elastic scattering data for
both **Fe and %Cu can be obtained using 8so=0 and
Wso= +1 MeV, 850=8, and Wgso= + 0.5 MeV, or
850=28, and Ws5o=0. Note that, whatever magnitude
Wso has in the range from 0 to + 1 MeV, the sign of
Wso(r) is opposite to that predicted by Brieva and Rook’
for low incident nucleon energies.

However, if 4,(©) data for elastic and inelastic scatter-
ing are considered simultaneously, part of this ambiguity
can be resolved. For instance, the values 855=28, and
Wso =0 lead to good fits for all the 4,(©) measurements
shown here at 10 MeV for 3*Fe. Since good fits were also
obtained using 8s0=26, and values of Wy, up to ~ 4 0.5
MeV, the value of Wg is estimated to be between 0 and
~ + 0.5 MeV. The inclusion of the 4,(©) measurements
for (n,n’) scattering therefore restricts the maximum
strength for Wgo to a value smaller than that obtained
from the above analysis of the elastic scattering data only.
The presently available 4,(©) data for neutron elastic and
inelastic scattering from 3*Fe therefore suggest that the
size of the ratio Wgo/Vso is indeed between O and 0.1.
The lower limit is consistent with the result predicted by
Brieva and Rook’ for proton scattering above 20 MeV.
However, the value which gave us the best fit, i.e.,
Wso/Vso= + 0.1, is still opposite in sign to the result
predicted in Ref. 7.

As a concluding remark, one might say that these find-
ings about Wgo are somewhat tentative since they are
based on the analysis of 4,(©) measurements over a limit-
ed range of energies. More 4,(©) data for elastic and in-
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elastic scattering at higher neutron energies are required to
remove the ambiguity that we found and also to establish
whether Wy or 85 are strongly energy dependent. Such
experiments will be difficult and time consuming, but we
are moving in this direction at TUNL by reducing back-
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ground contributions and narrowing the width of the
beam pulse.
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