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Angular distributions of the analyzing power A4,(6) have been measured for neutron elastic
scattering and for neutron inelastic scattering to the first 2} states of ***Fe and ***Ni at 10 MeV,
and for **Fe and *®*Ni at 14 and 17 MeV. The differential cross sections o(8) for the same processes
were measured at 17 MeV for **Fe and *®Ni. These measurements have been combined with other
measurements of o(6) and 4,(6) and also with total cross sections to form a sizable data set for in-
cident neutron energies up to 80 MeV. This data set has been described in the context of the cou-
pled channels formalism to determine the energy dependences of the various terms of the deformed
optical potential. Some emphasis was placed on investigating the magnitude of the deformation pa-
rameter f3, of the neutron spin-orbit potential and the possibility that it might be energy dependent.

I. INTRODUCTION

During recent years an intensive effort has been made
at the Triangle Universities Nuclear Laboratory (TUNL)
to trace the properties of the optical potential for polar-
ized and unpolarized neutrons scattered from spherical
and nearly spherical nuclei in the incident energy range
from 8 to 14 MeV. For example, it was shown'! for
n +%Ca that a precise determination of geometries, ener-
gy dependences, and deformation parameters can be
achieved, provided that many differential cross section
o(6), analyzing power A4,(6), and total cross section o 1
measurements performed over a broad energy range are
combined in a single coupled channel (CC) analysis. A
similar broad study of neutron data was made by Finlay
et al.? for n +2°®Pb. In this case the analysis was made in
the context of the spherical optical model formalism and
concentrated mainly on describing cross section data.

One interesting outcome of such broad analyses is that
the interplay between surface absorption and volume ab-
sorption can be fairly well mapped. However, characteri-
zation of this interplay requires that ¢(6) data be avail-
able at incident energies E between 10 and 40 MeV. This
necessary condition was fulfilled for “°Ca and 2°®Pb since
complementary o(6) measurements covering this energy
interval were performed at Ohio University, Michigan
State University, and TUNL.

The main purpose of the present CC analysis is to per-
form a similar, broad investigation of the potential for
neutron scattering from **Fe and *®Ni. This investigation
has been made possible in large part by the new o(8) and
A,(6) measurements for the ground and first 2* excited
states of **Fe and “*Ni reported here for 17 MeV. These
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measurements are among the first to be performed in our
laboratory at this relatively high energy. The data base
for the CC analysis also include earlier o(6) and A4,(0)
measurements® > performed at TUNL over the energy
range from 8 to 14 MeV and o(6) measurements from
Ohio University.%” The o; measurements of Larson et
al.® for Fe and Ni samples of natural abundance are used
together with the 0(6) measurements above 17 MeV to
derive an energy-dependent optical potential for the ener-
gy range up to 80 MeV. In contrast with the earlier CC
analyses’™> where the volume absorption W, was as-
sumed to vary as a linear function of the incident energy,
it is assumed here that W (E) varies as a Fermi distribu-
tion

Wy (E)=W,,{1+exp[(E—E,)/A]} ', (n

to ensure that W, (E) does not take on unreasonable
values as E increases up to 100 MeV.

The above measurements performed at 17 MeV have
been supplemented with new A,(6) measurements for
elastic scattering and inelastic scattering to the first 2+
excited state (hereafter labeled as O and 2{", respective-
ly) of **Fe and **Ni at E =10 and 14 MeV. The compos-
ite set of **Fe and *®Ni neutron scattering measurements
has been obtained to form a data base for CC calculations
which is as complete as possible at the present time.
Such a set of 4,(6) data was also intended to allow an in-
vestigation of the possibility that the deformation param-
eter B, of the deformed neutron spin-orbit potential® is
energy dependent. Although a dependence of B, on E is
not well understood, a large energy dependence has been
suggested'® in (p,p’) scattering from the 2;" level of **Fe
at incident energies between 17 and 25 MeV.
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In an additional set of experiments that are also report-
ed here, 4,(6) data have been obtained at 10 MeV for
the ground state and first 2;" excited state of >*Fe and
®Ni to form a set of A,(0) data at this incident energy
for isotopic pairs. No 4,(6) measurements at higher in-
cident energies for these two nuclei have been performed
because of the prohibitive amount of accelerator time
(i.e., about 12 h per datum) presently required to perform
such measurements for inelastic scattering with reason-
ably good statistics. The new A4,(6) measurements at 10
and 14 MeV have been performed at angles selected to
complement the previous TUNL analyzing power mea-
surements of Refs. 4 and 5. The purpose of these addi-
tional measurements for the 2;" state was to permit us to
investigate further the dependence of B, on the nuclear
structure of these four isotope which lie near the shell
closure with N or Z equal to 28.

II. MEASUREMENTS
A. Cross sections

The differential cross-section measurements reported
here for 17 MeV are some of the first such data to be ob-
tained at TUNL at this energy. The experimental
method represents an extension of the time-of-flight tech-
nique described in previous papers.>* Basically, the ion
source pulsing system, and detector arrangement are
identical to those described in Ref. 3, so only brief com-
ments will be given here. The neutron source reaction is
the 2H(d,n )*He and our Monte Carlo simulation, which
included the energy loss in the gas cell and the geometry
of the scattering arrangement, gave an overall neutron
energy spread of 300 keV and a mean energy of 16.93
MeV. The distance from the gas cell to the scatterer was
about 10 cm. The four scattering samples used for the
work in the present paper ranged in mass from 35 to 50 g
and were enriched to better than 98% abundance.
Specific details of the scatterers are given in Refs. 3 and
5.

Two detectors are used to measure the scattering
yields, one at about 4 m (“right detector”) and one at
about 6 m (“left detector”). At forward angles the detec-
tors are positioned at equal scattering angles on opposite
sides of the beam axis to cancel the angle uncertainty due
to a possible misalignment of the deuteron (or resultant
neutron) beam axis. Using this method, the average
scattering angle is known to within about 0.2°. For other
angles, where the angular dependence of o(8) is not so
severe, the measurements were typically made at alter-
nate angles with each detector, occasionally obtaining an
overlap measurement for accuracy and stability tests.
Absolute cross-section determination is obtained by nor-
malization to the well-known n-p differential cross sec-
tion. This is accomplished by making several inter-
spersed measurements of neutron scattering from hydro-
gen contained in a calibrated polyethylene scatterer. A
fixed neutron detector, which monitors the neutron
source intensity directly, was used to determine the rela-
tive scattering yields at each angle.

A sample time-of-flight spectrum for the 6-m detector
is shown in Fig. 1 for ®Ni. The overall time resolution
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FIG. 1. Time-of-flight spectra for scattering unpolarized 17-
MeV neutrons from >®Ni. See text for details.

(full-width at half-maximum) of about 2.2 ns allowed suit-
able separation of the peaks in both the 6-m and 4-m
detectors. Elastic scattering produces the peak labeled
0ff and inelastic scattering to the first excited state at
1.45 MeV produces the 2;" peak. For **Fe the separation
between the peaks for the Of state and the 2" state at
1.41 MeV for **Fe looked similar, so the spectrum is not
included here. The dotted area illustrated in Fig. 1
represents the level of the background measured when
the *®Ni target was removed. The lower half of Fig. 1,
which shows the yield after subtracting the measured
background, indicates that a residual background exists.
For separately extracting the yields for elastic and inelas-
tic scattering, a different linear background, intended to
represent this residual background, was subtracted from
each peak area. These underlying backgrounds are indi-
cated by the solid line at the base of the 0;" peak and the
dashed line below the 2{" peak. The arrows indicate the
summation limits for extracting the yields.

Multiple-scattering and finite-geometry corrections
were applied in the customary TUNL manner. Relative
uncertainties on the final o(60) data are about 2% to 5%
for the elastic scattering cross sections and are typically
10-15% for the 2{" case. The uncertainty on the nor-
malization introduces a scale error of about +49% for
measurements at this energy of 17 MeV. Values of the
0(6) data have been submitted to the National Nuclear
Data Center at Brookhaven National Laboratory.

B. Analyzing powers

Similar methods to those discussed in previous pa-
pers*> were employed to measure the A,(6) distribu-
tions. Briefly, the 2H(d,n)’He polarization transfer reac-
tion at 0° served as the source of polarized neutrons. The



2054

T T
56ge .7 | L LEFT DETECTOR 60N, +7 -
10 MeV . o‘ 10 Mev

2O

B,g-80"+ |- 6,0p=80

400_LEFT DETECTOR

200 .- 4 L " |

COUNTS

y T
400 | RIGHT DETECTOR

2

30 30 am 750 300 350 a0 450
CHANNEL NUMBER

FIG. 2. Time-of-flight spectra for scattering polarized 10-

MeV neutrons from *°Fe and ®*Ni. The solid line is for neutron

beam polarization directed up, dots are for polarization directed
down. See text for details.

neutron polarization was typically 0.55. As in the ¢(0)
experiments, time-of-flight detection methods were used
to resolve the elastic scattering from 2i scattering. Un-
like most of the previous 4,(6) measurements at TUNL,
the two detectors were positioned at their maximum 4-m
and 6-m flight paths for the right and left detectors, re-
spectively, to obtain maximum resolution. However, the
corresponding decrease in counting rates meant that high
accuracy inelastic scattering data required 12 h at some
of the angles. This large amount of accelerator time
prohibited us from obtaining greater detail in the struc-
ture of the A,(60) distributions for (n,n’) at 10 MeV and
from obtaining data of the same high accuracy for inelas-
tic scattering in the 14 and 17 MeV experiments with
**Fe and **Ni.

The data were obtained for all four isotopes at approxi-
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mately 9.92 MeV and for *Fe and *®Ni at 13.94 and
16.93 MeV. The corresponding neutron energy spreads
were 0.55, 0.39, and 0.30 MeV, respectively. The large
energy spread at 10 MeV was employed purposely to ob-
tain useful statistical accuracy for the (n,n’) data, while
accepting the possible limitations of having poor energy
resolution data for the elastic scattering analyses. Time-
of-flight spectra at E =10 MeV for *°Fe (2 state at 0.85
MeV) and ®Ni (2 state at 1.33 MeV) are shown for both
detectors in Fig. 2. The solid curves indicate the spectra
obtained with the neutron beam polarization oriented in
the ““up” direction and the dots represent the spectra for
the “down” polarization orientation. The large asym-
metry for the Of yields at this energy and angle are quite
evident. The spectra are relatively clean and the resolu-
tion is adequate for A,(6) determinations, since in this
case only the ratio of yields for the spin-up and spin-
down orientations needs to be extracted, and therefore,
narrow (identical) windows can be used to find the rela-
tive yields. As is conventional at TUNL, in order to
avoid some instrumental asymmetries, all 4,(6) data
were measured with the left and right detectors simul-
taneously positioned at equal angles on opposite sides of
the beam axis. Corrections associated with the finite size
of the scatterer were calculated with our Monte Carlo
simulation code JANE.

The present A4,(6) results at 10 and 14 MeV are com-
pared in Fig. 3 to the earlier Fe data of Floyd et al.* and
in Fig. 4 to the earlier Ni data of Guss et al.> The solid
curves represent fits of the product o(6)- 4,(6) expressed
in a series expansion of associated Legendre polynomials.
Not only are the new data consistent with smooth angu-
lar dependences, but they are quite compatible with the
data from Refs. 4 and 5 previously recorded at TUNL.
At 17 MeV no previous data exist for similar compar-
isons; the data from the present work are shown in Sec.
IIT below. The error bars shown on the 4,(6) plots
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FIG. 3. Present A4,(0) data (solid circles) and previous TUNL data (crosses) from Floyd et al. (Ref. 4) for 10 and 14 MeV neutron

scattering from ***Fe.
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FIG. 4. Present 4,(6) data (solid circles) and previous TUNL data (crosses) from Guss et al. (Ref. 5) for 10 and 14 MeV neutron

scattering from *%%Ni.

represent all known uncertainties except for a scale un-
certainty of about 1.00£0.03 associated with the polar-
ization transfer coefficient for the H(d,n)’He reaction.
The A4 y(B ) data have also been transmitted to the Nation-
al Nuclear Data Center at Brookhaven National Labora-
tory. Additional details of the 4,(6) and o(8) experi-
ments, as well as the CC analyses that follow below, are
given in the dissertation of Pedroni.!!

III. COUPLED CHANNELS ANALYSIS

A. Method of analysis

The deformed optical potential for neutron scattering
is written as

U(I‘)=—VRf(r,aR,RR )—iWVf(r,ay,RV)
+4iaDWDg;f(r,aD,RD)

— 2RV +iW,)Vf(r,a,R,)XVs], (2)

where the strengths of the real potential, the volume and
surface absorptions, and the real and imaginary spin-
orbit potentials are Vg, Wy, Wp, V,, and W, respec-
tively. The radial form factors are Woods-Saxon types

f(r,a;,R;,)={1+exp[(r—R;)/a;]} ",
with
R;=r;A'"?[1+ 3 a5, Y2(6,¢)] ,
m
where the angles (0,¢) refer to the center-of-mass system
of coordinates. The a,, is a quadrupole phonon operator
which is related to the vibration amplitude 3, according

to a standard definition as given in Ref. 12. The first
derivative of U(r) is assumed for the E2 transitions be-

tween the 0 and 2 levels, and for the reorientation
2*«>27 terms in the CC calculations performed for ¥Ni
and *’Fe. The reduced matrix elements used for the re-
orientation terms were derived®® from the quadrupole
moments of the 2;" levels measured in Coulomb excita-
tion measurements.'>~* In the calculations it is assumed
that the deformation lengths 8, =pBr; 4'/? are the same
for the real and imaginary central potentials. On the oth-
er hand, the deformation length &, for the spin-orbit in-
teraction is allowed to vary with energy and to differ
from §,.

As stated earlier, because of the wealth of data being
described, it was meaningful to introduce a more flexible
energy dependence in describing the absorptive potential.
The functional form assumed for W, (E) has been given
in Sec. I. For the surface absorption, it was initially as-
sumed that

Wy(E)=a(E —eg)%exp{ —[b(E —ep)1} , 3)

where €5 is the Fermi energy. This W, (E) behaves as
(E —ep)? near the Fermi energy,'® and the damping fac-
tor exp[b(E —er)] ensures that that surface absorption
levels off at midenergies and then approaches zero
asymptotically. Even though W (E) does not have the
same functional form as Wj(E), its values near e, are
chosen to be very small [i.e., Wy(ep) <100 keV)]. For
the real central and spin-orbit potentials, the functional
forms Vy and V(E) are those of step 3 in Ref. 5. That
is, Vg is linear in E up to 20 MeV and then varies as InE;
V(E) is linear in E.

The CC calculations were performed using ECIS 79 of
Ref. 16. Relativistic kinematics was used for energies
above 30 MeV. In the early stage of analysis it was seen
that the imaginary spin-orbit potential was of marginal
importance, even for describing the A4,(6) data. So, in



2056

R. S. PEDRONI et al. 38

TABLE I. The optical model parameters obtained in the present analysis of neutron scattering from
*Fe and *°Fe. The units for the potential well strengths are in MeV, and the geometry parameters are
expressed in fm. The term ¢ is equivalent to (N —Z)/ A. The Fermi energy ¢ is the average Fermi en-
ergy for neutrons and has the value of —11.3 MeV for **Fe and —9.42 for >*Fe.

Vg =57.89—20.35¢ —0.46E
Vg =76.25—20.35¢ —9.2(InE)

W, =8.40{1+exp[ —(E —50.0)/10.0]} !
Wp(**Fe)=0.0780(E —¢e )?exp[ —0.0750(E —g)]
Wp(*Fe)=0.0677(E —ef)%exp[ —0.0704(E —&)]
Wy =7.919—14.54c —0.082(E — 12)

V., =6.20—0.015E

0<E <20 MeV
20< E <80 MeV
0<E <80 MeV
0<E <12 MeV
0<E <12 MeV
12<E <80 MeV
0<E <80 MeV

W, =0.0 0<E <80 MeV
re=1.165 ry=1.165 rp=1.290 rv =1.017
ag =0.656 a,=0.656 ap=0.580 ay_=0.600
B,(**Fe)=0.20 B,(*°Fe)=0.24

order to reduce the number of parameters involved in Eq.
(2), it was decided to set W, equal to zero. The CC anal-
yses have been performed separately for the Ni and Fe
isotopes, with an emphasis placed on **Fe and Ni be-
cause the TUNL A4,(6) experiments concentrated on
these two nuclei. Furthermore, the E independent
geometries of Ref. 5 and the complex Lane terms given in
Refs. 3 and 5 for the Fe and Ni isotopes, respectively,
were adopted in the initial step of our CC calculations.

During the early stages of our analysis it was recog-
nized that there is no way to achieve an overall good
quality fit to the o(8) data across the entire energy range
up to 80 MeV by assuming simultaneously the functional
forms given in Eq. (1) for W,(E) and in Eq. (3) for
Wp(E). Therefore, it was decided to allow Wy (E) to de-
crease as a linear function of E beyond some incident en-
ergy in the vicinity of 10 MeV.

B. Results

The optimum values found for the deformed and opti-
cal potential parameters are shown for Fe in Table I and

for Ni in Table II. It can be seen that the potential
geometries are the same as in Refs. 3 and 5, except for the
absorptive terms. Furthermore, it was possible to hold
the deformation parameters at the values obtained in
Refs. 3 and 5. The potential depths Vi, W, (E), and
Wy (E) are plotted as a function of the incident energy in
Fig. 5 for *Fe out to an energy of 100 MeV, although the
data set only reached to 80 MeV. A slight E dependence
was found for V,, but this dependence is much weaker
than that reported in Ref. 5 for the Ni isotopes. The sen-
sitivity of the calculations to the deformation length is
discussed in Sec. III C. For the calculations described in
the present section, 8,, =38, for **Ni and 28, for **Fe.

The dependences of the real and imaginary central po-
tentials upon the asymmetry e=(N —Z)/ A4 are given in
Tables I and II. These dependences cannot be explicitly
given for W,(E) at energies below 12 MeV because the
Fermi energy e takes on different values for each nu-
cleus. However, the parametrizations shown for Wy (E)
in this energy range have been chosen to closely preserve
the dependences on € found for E > 12 MeV.

Finally, to a very good approximation the functional

TABLE II. Same as Table I except for neutron scattering from **Ni and °*Ni. The Fermi energy ¢,
has the average value of —10.6 MeV for **Ni and —9.63 MeV for ®Ni.

Vg =57.75—21.75c —0.46E
Vg =76.12—21.75¢ —9.2(InE)
W, =8.00{1+exp[ — (E —50.0)/10.0]} ~'

Wp(**Ni)=0.0640( E — ¢ )?exp[ —0.0670(E —ef)]
W, (°Ni)=0.0624(E — e )%exp[ —0.0681(E —¢e)]

Wp=7.727—15.54e —0.082(E — 12)
V. =6.20—0.015E

W, =0.0
re=1.165 ry=1.165
ag =0.656 a,=0.656

B,(*¥Ni)=0.19

0<E <20 MeV
20<E <80 MeV
0<E <80 MeV
0<E <12 MeV
0<E <12 MeV
12<E <80 MeV
0<E <80 MeV
O0<E <80 MeV

rp=1.290 ryso=l.017
ap=0.580 aVSO:0.6OO
B>(*°Ni)=0.21
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FIG. 5. Plot of ¥V, Wy, and W, vs incident energy up to 100
MeV for 3*Fe.

form in Eq. (3) that was adopted here for Wj,(E) is
equivalent to the functional form W,(E)=aVE that
was used, for instance, in Ref. 5 to parametrize the E
dependence of the surface absorption below 12 MeV.
Taking the average values of the coefficient in the asym-
metry terms in Tables I and II for the Fe and Ni isotopes,
one can obtain an estimate of these terms that is valid for
the Fe-Ni mass region. The values are 21+3 MeV and
15+4 MeV for the real and surface imaginary central po-
tentials, respectively.

The first comparison between experimental results and
the CC calculations that we make is for the s- and p-wave
strength functions written as S, and S, respectively, and
for the potential scattering radius R’. The new CC re-
sults for 3*Fe, Fe, and **Ni are only slightly different
from those given in Refs. 3 and 5; thus this new analysis
does not help to remove the discrepancies observed ear-
lier>* between the measurements of these quantities and
the calculations. The same observation can be made for
®Ni: The new R’ and S, measurements!” at E =225 keV
[R'=5.54+0.03 fm and S, =(3.01+0.5)x 107°] are to be
compared with the CC results (R'=5.56 fm and S,
=6.43%107%) calculated for the same incident energy.

Comparisons between the o measurements of Larson
et al. (Ref. 8), which are averaged over 2 MeV bins, and
the present CC calculations are shown in Fig. 6. The un-
certainties on these data are about 2% at E =4 MeV and
increase up to 4% by E =80 MeV. Typical error bars are
indicated in Fig. 6. Above 8 MeV the agreement between
the calculated and measured o is very good. These cal-
culations give better agreement with the data than those
which use the deformed optical potential of Ref. 5. In
the region between 5 and 8 MeV there is a systematic
discrepancy between the data and the curves that has not

4 T T T T L T T T

—— CC Calculation

x  Larson et al.

[
I
1

o, (b)

6] 20 40 60 80
E, (MeV)

FIG. 6. The total cross section data of Larson et al. for sam-
ples of Ni and Fe having the natural abundance compared to
the CC calculations for *®Ni and **Fe. The break in the solid
line at energies between 30 and 32 MeV is intended to indicate a
discontinuity in the calculations when the transition is made to
relativistic kinematics at 30 MeV.

been explained as yet. For that reason and the problem
with S| mentioned above, it seems that the optical poten-
tial for Fe and Ni presents serious difficulties in the low
energy region which deserve further attention. This
problem is discussed in Sec. IIT E.

C. Comparison to o(0) data

Comparisons between the calculations and the mea-
surements for **Ni at 17 MeV for the elastic and inelastic
scattering differential cross sections are shown in Fig. 7.
Overall, there is quite good agreement between the calcu-
lations and the measurements. The CC calculations also
compare favorably to the data of Guss et al.’ at 8, 10, 12,
and 14 MeV and of Yamanouti et al.® at 24 MeV. The
comparison is not shown here as the CC calculations of
the present work and those already shown in Ref. 5 are
qualitatively quite similar. One small difference of a sys-
tematic nature is that the calculations in Ref. 5 provide
better agreement with the elastic scattering data at angles
between 30° and 60°, while the present ones are closer to
the data between 130° and 160°. Both the present and
Ref. 5 calculations for inelastic scattering are also in
quite good agreement with the measurements, except in
the vicinity of 6=120° at E =12, 14, and 17 MeV, where
the calculations overpredict the cross section. We have
been unable to eliminate this problem around 120° nei-
ther changing the potential parameters nor adding the
coupling to the low-lying 3; state helped. The
differences between the CC calculations and the measure-
ments in the vicinity of 120° might be tied with our in-
complete treatment of the dynamic properties of these
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FIG. 7. Comparison of the present measurement at 17 MeV
and CC calculations of ¢(8) for scattering to the O and the 2;
states of *®Ni.

nuclei. The possible effects of coupling to E2, T=0 giant
resonances, which are located at an excitation energy be-
tween 13 and 17 MeV, might influence the calculations in
a way that gives a better description of the data, but this
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was not investigated in the present analysis.

The data obtained in the present work for **Fe at 17
MeV are compared to the CC calculations in Figs. 8 and
9, along with comparisons for data obtained previously at
other energies. The dotted lines shown at 8 MeV indicate
the sum of the CC calculation (direct interaction contri-
bution) and the compound nucleus (CN) contribution cal-
culated'® using the code CINDY. At the higher energies
the CN contribution is negligible. As in the case of *>Ni,
the CC calculations agree reasonably well with the *Fe
data, especially considering the wide energy range de-
scribed by our model. One distinction between the com-
parison for inelastic scattering is that for *Fe the data
between 10 and 12 MeV lie above the calculation near
6=120°, which is opposite to the discrepancy discussed
above for *®Ni. [Although not shown here, the calculated
o(0) is not very sensitive to the change in 8, from 1.0 to
2.0 &,; that is, the difference in the discrepancies near
120° for the two nuclei are not caused by our different
choices of 8,.] Inclusion of the CN contribution at 8
MeV causes the calculations for *Fe (and also **Ni) to
overpredict the measured o(8) for elastic scattering (see
Fig. 8). On the other hand, the data for inelastic scatter-
ing in Fig. 9 favor the magnitude of the calculated CN
contribution. We do not believe that errors in the mea-
surements’ are the cause of this apparent contradiction.

D. Comparison to 4, data

The A!(O) measurements for elastic scattering from
54Fe and *®Ni are shown in Figs. 10 and 11 and for inelas-

10% T T T T

54Fe(n,n°) _

& TUNL (Present work)

e TUNL (El-Kadi) |
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FIG. 8. Comparison of the data and CC calculations for o(8) for neutron elastic scattering from *Fe. The dotted curves at 8 MeV
represent the sum of the compound nucleus and the CC contributions. Present measurements are shown by the triangles at 17 MeV.
Data from earlier work are also shown: Solid circles are from Ref. 3 and crosses are from Ref. 7.



o (8)(mb/ssr)

FIG. 9. The data for neutron inelastic scattering to the 2; state of >*Fe compared to CC calculations. See caption of Fig. 8.
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FIG. 10. Comparison of A4,(6) data to CC calculations for elastic scattering and inelastic scattering to the 2; state of S8Ni.
Present data are indicated by the triangles.
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FIG. 11. Comparison of A4,(6) data to CC calculations for elastic scattering and inelastic scattering to the 2; state of 3%Fe.

Present data are indicated by the upright triangles.

tic scattering to the 2; levels of ***®Fe and **®Ni in
Figs. 10—14. There is quite good overall agreement be-
tween the CC calculations and the measurements for elas-
tic scattering. All the calculations for *Ni shown as
solid curves in Figs. 6, 7, and 10 have been performed
with the condition that 8,,=8,. For >*Fe the calculations
in Figs. 8, 9, and 11 were made with the condition that
5,,=2 §, at all energies; this value is consistent with the
earlier finding of Floyd et al.* and Guss et al.> Figures
12—14 illustrate the large sensitivity of the CC predic-
tions of 4,(0) for the 2{" excited state variations of &,
As b, is increased from O to 2.0 §, the nature of the sen-
sitivity is unaltered when the incident energy is increased
from 10 to 17 MeV. As can be seen from these figures for
A,(6), there is good overall agreement between all the in-
elastic scattering measurements and the CC calculations
when 8,,=35,, except for **Fe at 10 MeV, which prefers
8,,=1.68.. However, due to the relatively large uncer-
tainties on the 4,(6) measurements for inelastic scatter-
ing at the higher energies, it is not possible to claim to
have found definite evidence that 8, for **Fe is energy
dependent; a value of §,,=1.45, adequately represents all
the data. [We note that Van Hall et al.'® found that 8,
for 3*Fe(p,p’) varied between 3.0 and 1.5 times 8, as the
proton energy increased from 17 to 25 MeV.] It should
be noted that the few data points for 4,(6) reported in
our earliest paper!® on inelastic scattering from **Fe and
’8Ni are included in the plots shown here and still stand
as reliable values; however, the present CC calculations
are more complete and supersede those in Ref. 19.
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FIG. 12. Sensitivity of the CC calculations for variations in
8., for neutron inelastic scattering to the 2; state of **Ni.
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FIG. 13. Sensitivity of the CC calculations to variations in
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E. Discussion

Although our main emphasis was the study of
differential cross sections and analyzing powers at E > 8
MeV, a look at the lower energy range reveals
deficiencies in the optical potential parametrization
shown in Tables I and II. This weakness has already
been mentioned for o and S, in Sec. III B. Another
problem is evident at E=8 MeV where the elastic
scattering cross sections are overpredicted for *Fe (see
dotted curve in Fig. 8) and for *®Ni.

A preliminary effort has been made to try to track the
origin of these deficiencies. For instance, for **Ni we
have made sensitivity calculations for o, in which Vj is
allowed to depart at low energies from the linear energy
dependence given in Table II. An improved description
of o 7 measurements?® below 6 MeV (see dashed curve in
top half of Fig. 15) is achieved by using the representa-
tion of ¥z shown as a dashed curve in lower half of Fig.
15. We have also tried to improve the description of
0(0) for elastic scattering at lower half of 8 MeV by
changing the geometry of the real potential. Significant
improvements (now shown here) are obtained by increas-
ing the real potential radius by 5%. These preliminary
results are encouraging, but a thorough series of calcula-
tions must be performed to decisively determine if the
geometry parameters need to be E dependent and if Vj
departs from linearity as E decreases toward very low
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FIG. 14. Sensitivity of the CC calculations to variations in
8., for neutron inelastic scattering to the 2; state of **Fe and
®Nj at 10 MeV. Earlier data (crosses) are from Guss et al. in
Ref. 19 and Fig. 9 of Ref. 5.
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FIG. 15. Top half: Total section for **Ni calculated using ¥
from Table I (solid curve) and using modified Vi (dashed
curve). Data are for *Ni (dots) and naturally abundant Ni
(crosses) from Refs. 21 and 8, respectively. Bottom half:
Strength of real potential as function of energy according to
Table I (solid curve) and to modified form (dashed curve).
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values. Such work is underway by two of the present au-
thors (C.R.H. and J.P.D.).

IV. CONCLUSIONS

Neutron scattering data were obtained for *Fe and
8Nii for A,(6) from 10 to 17 MeV and o(6) at 17 MeV.
These data were combined with other scattering and re-
action data to determine energy-dependent optical poten-
tials for neutron energies up to 80 MeV. A good overall
description of the data is achieved. Although the present
analysis does not bring any firm evidence of a need for an
imaginary spin-orbit potential, the exclusion of this term
was not explored exhaustively.

From the 4,(0) measurements for inelastic scattering,
no evidence exists for an energy-dependent deformation
parameter for the spin-orbit term of the n +*Ni poten-
tial. Furthermore, this spin-orbit deformation length is
found to have a magnitude equal to that of the central
potential. For *Fe and data suggest that 8., decreases
from about 1.68. to 1.06. as E increases from 10 to 17
MeV, although an energy independent value of
8,,~1.48. cannot be excluded. An energy independent
value is at variance with (p,p’) scattering results, which
indicate that 8., drops rapidly from 3.08, to 1.58, as the
incident proton energy increases from 17 to 25 MeV. In
addition to these A,(0) measurements for inelastic
scattering to the 2, states of **Fe and *®Ni, complemen-
tary data for *Fe and ®Ni were obtained at 10 MeV.
For these nuclei, it was found that §,,~8,, similar to the
observation for *Ni.
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Our deformed optical model analyses, based on the as-
sumption that geometries are independent of energy,
present deficiencies at incident energies below 10 MeV.
The origin of these deficiencies is presently not well un-
derstood. Preliminary sensitivity calculations in which
the geometry and depth of the real potential are varied
from the values shown in Tables I and II lead to improve-
ments. It would be valuable to extend this CC study of
the behavior at low energies to examine the connection
between the energy dependence of the geometry parame-
ters and the need to modify ¥V to include a correction
for the dispersion relation associated with W(E ).

The data reported here along with the earlier TUNL
A,(6) and o(6) data for the Fe and Ni isotopes form a
unique set of neutron data for this region of the periodic
table and therefore provide a special test for microscopic
folding models, for instance, of the type discussed by
Dietrich and Petrovich.?! Microscopic analyses of simi-
lar sets of TUNL data for other nuclei are underway in
collaboration between one of us (R.L.W.) and Dietrich
and Hansen of LLNL, and neutron scattering from the
present nuclei will be included in the near future.
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