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Differential cross sections for neutron elastic scattering and inelastic scattering to the first 2+ and
3 excited states have been measured at 10, 14, and 17 MeV for ' Sn and at 10 and 14 MeV for" Sn. Analyzing powers have also been measured at 10 and 14 MeV for elastic scattering from both
isotopes and at 10 MeV for inelastic scattering from ' Sn. These data have been analyzed in the
framework of the coupled-channels formalism for vibrational nuclei. Previously reported neutron
scattering measurements performed below 25 MeV, along with total cross-section measurements
from 10 keV to 100 MeV, and s- and p-wave strength functions were also considered in the analysis
in order to place additional constraints on the optical potential parameters. Neutron scattering de-
formations have been deduced for the quadrupole and octupole vibrations. These deformations
have been compared with those derived from ear1ier {n,n') and (p,p') scattering measurements
which were reanalyzed in the present work.

I. INTRODUCTION

In order to achieve a better understanding of neutron
scattering in the 3=120 region and to investigate the
competition between the surface and volume absorption,
differential cross sections cr(0) and analyzing powers
A (0) for neutron scattering from " ' Sn have been
measured at the Triangle Universities Nuclear Laborato-
ry (TUNL). These measurements provide the only polar-
ization data for neutron scattering from enriched isotopes
in this region of the periodic table. The description of
this type of data places severe constraints on proposed
nuclear models and helps to reduce the uncertainties in
the parametrization of the nucleon-nucleus interaction.
Although the emphasis of the experiments was to obtain
high accuracy o.(0) and A (0) data for elastic scattering,
data for inelastic scattering were also obtained. The ex-
periments covered the energy range between 10 and 17
MeV, the energy region where the volume absorption
starts to become significant.

The new scattering data have been combined with ear-
lier ( n, n ) and ( n, n '

) differential cross section data, '
with {p,p) and (p,p') scattering measurements for

Sn at 16 MeV, with the low-energy neutron scatter-
ing parameters and with total cross section {crT) mea-
surements ' in a comprehensive coupled-channels (CC)
analysis. The primary aim of this analysis has been to
determine the energy dependence of the different terms of
the nucleon-nucleus optical model potential for nucleon
scattering from Sn, primarily over the entire 10 keV to 30
MeV energy range, a range where many constraints can
now be placed on the deformed central potentials and on
the spin-orbit potential. Particular emphasis has been

placed on investigating the energy dependences of the
strengths 8'D and W~ of the surface and volume absorp-
tion potentials, respectively, which have been explored up
to E=100 MeV by optimizing the fit to available o.T
data. ' Through the analysis of the A» {0) data for
(n, n') scattering, deformation lengths 6so for the spin-
orbit potential have been extracted for comparison to
values found earlier for (n, n') scattering from other nu-
clei and also for investigating the conjecture of Raynal
that proton closed-shell nuclei should have anomalously
large values for 6so.

Earlier neutron measurements of scattering and reac-
tions for Sn isotopes have revealed some interesting
features on the interaction between neutrons with these
nuclei, which are characterized by having a closed proton
shell. In particular, for these nuclei the measured s-wave
strength functions So drop to the deepest minimum ob-
served over the wide range of mass beyond 2=40. Al-
though it is generally accepted that this deep minimum in
So( A ) values is related to the shell closure at Z= 50, the
pioneering optical model (OM) studies met with only
limited success in explaining the So behavior in the vicin-
ity of 3=120. More recently, Newstead et aI. ' per-
formed OM calculations designed to explain the So
values measured for the Sn (and Te) isotopic chain. They
had some success by assuming that at low incident energy
(E—10 keV) both the real part V and the surface imagi-
nary part O'D of the OM potential contain the usual syrn-
metry terms:

v= vo —~le. ~D = ~o —~D

where e={N—Z)/A. The strengths derived were
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V& -25 MeV and 8 D &
-45 MeV. While this value for

V& is in the vicinity of that commonly accepted, "' a
value of 45 MeV for O'D, is abnormally large since it is
believed that the relation O'D&/V& ——,

' is generally true.
Successive DWBA analyses' of (n, n') scattering data
for " ' Sn at 11 and 24 MeV indicated that P'D& has a
"normal" value of about 12 MeV, that is, a value con-
sistent with those obtained for a range of nuclei in (p, n)
analyses for energies above 20 MeV. (For example, see
Ref. 13.) This DWBA value also appears to be more real-
istic than the value 8'D&-23 MeV found in an early
DWBA analysis of (p,p') scattering from Sn isotopes.
One goal of the present work was to extend these earlier
studies to the CC method of analysis, using a larger data
base and one which included for the first time A (0) data
for the neutron channel, in order to see if the complete
data set, including the strength functions, could be ex-
plained with conventional values for V, and 8', .

The present data are also important for other types of
nuclear model investigations. For example, considerable
success has been achieved with microscopic models of
nucleon-nucleus scattering processes, where the models
are based on the nuclear matter approach using realistic
nucleon-nucleon forces. Examples for elastic scattering
of neutrons from Pb, Nb, and Fe(n, n) can be found
in Refs. 14, 15, and 16, respectively. A detailed study of
microscopic spherical OM calculations for elastic scatter-
ing from Sn, including the present data, is currently un-
derway by one of us (R.L.W. ) in collaboration with Han-
sen and Dietrich of Lawrence Livermore National Labo-
ratory (LLNL), and this work will be described in a
separate report. Secondly, neutron scattering models
which include the dispersion relation to connect the ab-
sorptive part of the optical potential to the real part are
beginning to solidify, ' in particular for neutron scatter-
ing from Ca and Pb. One very recent paper' on Ca
describes an extension of the dispersion relation calcula-
tions to the coupled-channels formalism. Such calcula-
tions need to be extended to other nuclei; the present data
for Sn isotopes will be valuable for studying nucleon
scattering from nuclei near 3= 120, but additional isoto-
pic data at more energies than are presently available
would be helpful in drawing convincing conclusions. We
did not attempt to include the dispersion relation, nor
search for energy-dependent geometries at the lower en-
ergies (which re(lect dispersion corrections); this decision
was made in part because we elected to avoid the region
where compound-nucleus scattering adds additional com-
plications to the problem.

The present paper is organized in the following
manner. In Sec. II the experimental setup and data
reduction technique are described. The CC analysis of
the neutron scattering and reaction measurements is
presented in Sec. III. Quadrupole and octupole deforma-
tion parameters deduced in Sec. III from (n, n') data are
compared in Sec. IV with those from (p,p') scattering
measurements that were reanalyzed in the present work.

A preliminary report on the inelastic scattering data
for A (8) has been included in a previous Rapid Com-
munication. ' The present calculations for Sn supersede
those shown in Ref. 19, although the conclusions present-

ed there are not altered. Furthermore, the present data
and calculations supersede the work reported in the
dissertation of one of the present authors (P.P.G.). We
specifically note that the data reported for the Sn isotopes
in Ref. 20 are in error because incorrect densities for the
Sn scattering samples were used in determining the multi-
ple scattering and attenuation corrections.

II. EXPERIMENTAL ARRANGEMENT
AND DATA HANDLING PROCEDURES

For the o (0) measurements the neutron time-of-Aight
facility at the tandem Van de Graaff Laboratory at
TUNL was employed. The setup was similar to that de-
scribed in previous papers. ' The H(d, n) He reaction
was used as the source of neutrons. After accounting for
the energy loss in the deuterium gas and the averaging
over the angle subtended by the scatterer, the average
neutron energies for the measurements were 9.95, 13.99,
and 16.90 MeV with respective energy spreads of 0.14,
0.10, and 0.09 MeV. Isotopically enriched cylindrical
metallic samples of " Sn and ' Sn (96% and 98%, re-
spectively) having masses of 43 and 45 g were used.

All the measurements have been corrected for
geometry and multiple scattering effects using the TUNL
code EFFIGY. At each energy absolute normalization is
obtained by measuring yields for 'H(n, n)'H scattering
from a calibrated polyethylene scatterer. An overall nor-
malization error of about 4%%uo is attributed to this
method. For the elastic-scattering data the relative er-
rors were typically about 2 —4%, and are too small to be
seen in our illustrations in Sec. III.

The overall time-of-Aight (TOF) resolution of about 2
ns was inadequate for accurate determination of the
(n, n') yields at forward scattering angles where the
elastic-scattering cross section is relatively large, At the
other angles the greatest error in extracting values for
(n, n') scattering was the uncertainty in the background
level in the TOF spectra; the uncertainties for the (n, n')
scattering data are indicated by the error bars shown in
Sec. III. Tables of the data along with the assigned un-
certainties and Legendre polynomial coeKcients for
describing o.(9) have been submitted to the National Nu-
clear Data Center (NNDC) at BNL.

The A (8) data were obtained using the same time-of-
flight spectrometer. The pulsed and polarized neutron
beam was produced with a pulsed and polarized deuteron
beam through the polarization transfer reaction
H(d, n') He. The deuteron beam polarization was deter-

mined using the quench-ratio method, as in Ref. 24. The
polarization of the neutron beam was typically 0.55. The
two calibrated neutron detectors used in the o(8) experi-
ment were employed to measure the yields simultaneous-
ly on the left and right sides of the incident neutron beam
axis. In order to improve the counting rate, the deuteri-
um gas pressure and the cell length were both doubled,
resulting in overall neutron energy spreads of 0.53 MeV
and 0.49 MeV, respectively, for the average incident neu-
tron energies of 9.90 MeV and 13.89 MeV.

The A (9) data were corrected for multiple scattering
up to third order using the TUNL code JANE, which is a
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modified version of the unpublished code that originated
with Woye and Tornow at Tiibingen. At 9.9 MeV a few
data points for inelastic scattering from ' Sn were ob-
tained in extra long runs in order to obtain sufficient
statistics to be significant in determining structure in
A~(8). The A (8) data are illustrated in Sec. III. The
error bars shown include all known uncertainties, except
for a 3% normalization uncertainty due to the inaccuracy
in our knowledge of the polarization transfer coefficient "
for H(d, n) He. Tables of the A~(8) data, along with as-
sociated Legendre polynomial coeKcients for the fit to
the product A (8)o (8), have been sent to NNDC.

III. DEFORMED NEUTRON QPTICAI. POTENTIAI.

U(r)= —(V+iWv)f (r, a&, RV)

d
+4iaD WD f (r, aD, RD )

2i A, VsoVf (r, aso~Rso ) X V s

+2i)i, &so f (r, aw Rw )1's
1 d
y dy so so

where the form factor f is of a Woods-Saxon type:

f (r, a;,R; )= I 1+exp[(r —R; )la;]I
with

R, =r, A' 1+ gai„Yi„
A,p

(2)

A. Method

B. Analysis

Although we knew that the Sn nuclei that have even A
are not simple vibrators, it was decided to described the
excited states under consideration as harmonic vibrations
of spherical nuclei. This assumption seems justified for
the first 2+ state for which the measured quadrupole mo-
ment Q (2+ ) is nearly zero through the entire isotopic Sn
chain.

The deformed optical potential assumed throughout
the present work may be expressed as

4t
5
3

2.39
2.37
2.27

3
5

2.41
2.28
2.)9

The general method used here to determine the best
overall energy- and isospin-dependent deformed optical
potential has been described previously; only a brief
description will be given here. Prior to initiating CC cal-
culations, it was necessary to decide which excited states
should be included in the coupling basis. This issue was
raised because the first 3 state of each isotope lies in the
vicinity of several excited states which were not
resolved in the present measurements. In order to per-
form manageable CC calculations, it was decided to con-
sider explicitly those excited states which appear to be
the most collective ones in high-resolution (p,p') scatter-
ing measurements. These states are graphed in the
simplified level schemes shown for " ' Sn in Fig. 1.
Therefore, the coupling scheme adopted for the present
study was (0+,2+, 3,4+, 5 ).

Here R; is the potential radius expressed in the center-
of-mass coordinates of the system. In Eq. (2) the mul-
tipolarity A, runs over the values A, =2, 3, 4, and 5, and
the multipole operators a&„are expressed in terms of vi-
bration amplitudes P&, as defined in Ref. 30. The third
term in Eq. (1) represents the full Thomas form of the
spin-orbit (SO) interaction. ' The last term in Eq. (1)
represents an imaginary SO potential. For the calcula-
tions presented here, 8's& is set to zero; the significance
of this choice is discussed briefly in Sec. V.

As in our previous publications, ""' ' ' the deforma-
tion lengths (5i =/3&r, . A '

) of the central potential terms
were constrained to have identical values 5&, for each
multipolarity. For instance, the symbol 5z, will represent
the deformation length of the central potential for a
quadrupole vibration. The deformation lengths 54, and
55, adopted here are those inferred from a (p,p') scatter-
ing analysis. The free parameters associated with vibra-
tions are thus 52, and 53, . Eventually, the deformation
length 5&so for the real SO potential were permitted to
differ from the respective 5&, values. Complex coupling
form factors for the central terms of U(r) were assumed
in the CC calculations, which were performed using the
code ECIS79 of Raynal.

In elastic scattering the A (8) at extremely forward
angles is strongly affected by the Mott-Schwinger (MS) in-
teraction. This interaction is not incorporated in
ECIS79, and was neglected here. The magnitude of the
effect on A~(8) was investigated using a spherical optical
model code in which the MS interaction could be
turned on and off, and for the angular region where
present data were obtained, corrections for this effect are
indeed small. For inelastic scattering possible effects of
the MS interaction are also believed to be small.

1 ~ 29 1.]7 C. Results

p+ O.O p+
120

Sn
O.O

FIG. 1. Simplified level schemes for " ' Sn. The spins, par-
ities, and excitation energies (in MeV) are taken from Ref. 26.

The optimum values found for the potential and defor-
mation parameters are listed in Tables I and II. As ex-
pected, the fit to the s- and p-wave strength functions (So
and Si, respectively) requires small values ( WD (2 MeV)
for the imaginary surface potential depth. Using the po-
tential parameters given in Tables I and II, the s-wave
strength function and potential radius R ' calculated at 10
keV incident energy for " Sn are 0.22 X 10 and 5.68 fm
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TABLE I. Neutron optical potential parameters assumed in the present CC analysis. Incident ener-

gy (E) and potential we11 depths ( V, O'D, 8'v, Vso) are in MeV. Radii and diffusenesses are in fm and
e=(N —Z)/A. Relativistic kinematics used for E) 30 MeV. The estimated uncertainties attached to
V, -21 MeV and 8'D, —16 MeV are 10% and 25%, respectively.

rv 1.23&

av =0.66,
rD =1.25,
aD =0.54,

V =51.97—20.83'—0.22E
8'D =3.29 —15.97m+ 1.71&E
8'D =9.45 —15.97m —0.08(E —13)
'v=00

8'v =0.13(E—13)
Vso =6.50—0.015E

(0.0 MeV(E&100 MeV)
(0.0 MeV(E ~ 13 MeV)
(13 MeV (E( 100 MeV)
(0.0 MeV(E (13 MeV)
(13 MeV(E &100 MeV)
(0.0 MeV&E(100 MeV)

r, = 1.12
a„=0.50

compared, respectively, to the experimental values of
(0.26+0.05) X 10 and (6.2+0.2) fm and for ' Sn are
0.15 X 10 and 5.65 fm compared, respectively, to
(0.14+0.02) X 10 (Ref. 36) and (6.5+0.2) fm (Ref. 4).
At the same incident energy, the calculated S, value is
3.60X10 for " Sn and 2.74X10 for ' Sn compared
to the experimental value of (2.1+0.2) X 10 . In sum-
mary, except for the p-wave strength functions where the
values derived from experiments fall an average of 30%%uo

below the calculated values, there is good agreement be-
tween the data and calculations for the low-energy neu-
tron scattering parameters. Overall the agreement is
quite good„and we note that these results were obtained
with an acceptable value for O'DI of 16 MeV.

The energy dependence for WD(E) is given in Table I.
In order to get the good agreement between the CC cal-
culations and the low-energy parameters discussed above,
as well as with the angular distributions measured at in-
cident energies above 10 MeV, the potential depth
WD(E) is required to increase rapidly in the interval 10
keV&E (10 MeV. This behavior is obtained by assum-
ing that WD(E) increases as &E in this energy domain.

The predictions obtained for o (0) are compared with
the present and earlier' measurements for the ground
states and the first 2+ and 3 states of " ' Sn in Figs.
2 —4. The various curves are intended to illustrate how
variations assumed in the deformation lengths of the SO
potential effect the CC predictions for cr(9). In Fig. 5 we
show how contributions from individual collective states
add up in the CC calculations to form the 10-MeV cross

section for the unresolved multiplet in the vicinity of the
3 state of ' Sn. Similar relative contributions are ob-
tained at 10 MeV for " Sn and for both isotopes at in-
cident energies between 10 and 24 MeV. Figure 6 shows
a comparison between CC predictions and the present
and earlier measurements for A (0). In this figure the
sensitivity to varying 6&so is illustrated, as it also was in
Figs. 2 —4. The calculations for A ( 0) for inelastic
scattering are more sensitive to the value of 6&s~ than
those for elastic scattering. From the curves for A (0)
for ' Sn(n, n') in Fig. 6 it is clear that the best overall
description would occur when both 6»0=-1.262, and

53so =-1.263„although values ranging from about 0.9 to
1.4 might be acceptable. This result is in agreement with
our preliminary findings. ' More A (6) data are required
to draw firm conclusions on 6&so for " Sn. Nevertheless,
it can be said that a satisfactory overall description of the
o (0) and A (0) measurements is achieved up to 24 MeV,
except for the A (0) for elastic scattering at 10 MeV for
45'&0&75.

The calculation for o.T(E) is compared to published
data in Fig. 7. The yet unpublished o T(E) measure-
ments from 4 to 80 MeV, which are not shown in Fig. 7,
are in excellent agreement with the calculation. We note
that the calculated values shown in Fig. 7 for the energy
range from 250 keV to 2 MeV systematically lay about
6% higher than the data reported in Ref. 6. A possible
source for this discrepancy may be our neglect of the
dispersion relation mentioned in Sec. I. [A simple check

TABLE II. Neutron and proton multipole (A, =2,3) deformation parameters (/3„„,/3 ) assumed for" Sn and ' Sn, and related deformation lengths. The Coulomb radius is R& =1.202 ' (fm). For X=2
and 3 the uncertainties on 6~, and 6„values are typically 6% and 10%, respectively.

Reaction

(n, n')

Energy
(MeV)

0—24

Deformation

/3„„=0.110
P„„=0.100
/3„„=0.160
/3„„=0.150

Deformation length
(fm)

6„„=0.660
6,„=0.607
6„„=0.960
6„„=0.910

Nuclide

116S

120S

116S

120S

(p,p') 16

/3~p =0.120

/3p, =0.160

6' =0.720

6' =0.697

6' =0.990
6' =0.971

116S

120S

116S

120S
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FIG». 2. Differential cross sections for neutron elastic scattering from " Sn and "Sn. The curves represent coupled-channels cal-
culations in which the deformation lengths of the deformed spin-orbit potential are varied. The filled circles are the present measure-
ments. The open circles are measurements from Refs. 1 and 2.

I
I

I I

Sn ( n, n') 2' sTATE Q=-I.29Mev sGQ

I I

Sn (n n ) 2 sr' TE Q=-I, I7«&

10.0

5.0

~ TUNL
x QU

24.0 MeV

1o o 1OO

5.0—

----8 =0
2.SO

—&~„=&2c
----- &~so= »zc

17.Q MeV

—10.0

—5.0

1.0—
0.5—

50.0—

10.0
5,0

50.0E

1.0

0.5 1.0

—0-5

50.0
0. 1

10.0 10.0
50 50

50.0

1,0

0.5

10,0
5.0

1.0
0.5

10.0

5.0—
50,0—

10.0
—10.0

5.0
50 500

0. 1

5.0

10.0 1.0 10.0

—1,0

—0.5
V

5.0— 10.0 —,5.0

I (p Ii

5.0— 10.0 —5.0

0.5—

(deg)

I

120 180
1.0 I I

60 120
8, „(deg)

1.0
180

FIG. 3. Differential cross sections for neutron inelastic scattering from the first 2+ state of " Sn and ' Sn. For other comments
see Fig. 2.
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FIG. 4. Differential cross sections for neutron inelastic scattering from the first 3 state of" Sn and ' Sn. For other comments,
see Fig. 2. The calculations include small contributions from neighboring levels not resolved in the present measurements (see the
text).

that the model parameters were somewhat physically
meaningful within this energy range was made by con-
ducting a calculation of o (8) for " Sn(n, n) at 1.63 MeV
and comparing to the work of Harper et al. When the
compound-nucleus contribution reported in Ref. 39 was
added to our CC calculation, the shape was fairly we11

predicted. That is, the calculation agreed with their data
to within +20% and the single minimum in the o(g)
data, which occurs near 115', was properly predicted. ]

IV. COMPARISON OF DEFORMATIONS
OBTAINED FROM (n, n') AND (p,p') SCATTERING

An investigation was also conducted mainly to deter-
2mine whether the quadrupole deformation lengths 6„„

2from (n, n') scattering are smaller than the 5 ~ from
(p,p') scattering, as expected for the Z=50 isotopes from
the calculations in the core-polarization model of Brown
et aI. A second motivation for this study was to ex-
tract 6zz. values for octupole vibrations and to compare

them to 5„„.values for " Sn and ' Sn. The latter was
done even though we knew that the task is more difficult
than it is for the quadrupole vibration because in the
present ( n, n ') measurements the low-lying 3 states
could not be resolved from neighboring states (see Sec.
II). An additional reason that makes this latter compar-
ison more delicate for ' Sn is that an excited state has
not been resolved from the first 3 state in the (p,p')
measurements of Makofske et al. at 16 MeV. In con-
trast with the assumption made there that this state is the
4+ level lying at an excitation energy of 2.19 MeV, we
presume this state is the 4+ level at 2.46 MeV. (See Ref.
26 and Fig. 1.)

The (p,p) and (p,p') calculations presented here have
been conducted in a manner similar to that explained in
considerable detail in Ref. 11. Therefore, only the impor-
tant points will be mentioned here. The first one deals
with the coupling scheme, which involves levels with
spins -and parities identical to those assumed in Sec. III
for " Sn and ' Sn. However, as already stated, the exci-
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FIG. 7. Total neutron cross section of Sn between 10 keV
and 100 MeV. The data shown for 0.25 MeV&E&4.50 MeV
are from Ref. 6 and the others are from Ref. 5. The solid curve
represents CC calculations of the present work (see the text).

was assigned the usual value of 0.4 Z/3' MeV and
5$'& of the imaginary potential was found to favor a
value of h8'c = —0.5 MeV, although the uncertainty on
AW~ was found to be large, i.e., about 50%. For 5qso
(with A, =2,3) we have adopted the values 5&so=5&, in-
ferred from Ref. 19 and present sensitivity calculations.
For 5~so with (A, =4,5) we have also assumed that
5/sQ 6&, . An illustration of the results of the present
CC analysis is given in Fig. 8 for " Sn. Reasonably good
agreement between the calculations and the measure-
ments is achieved. This is also the case for ' Sn, al-
though the comparison is not shown here.

The deformation Pz and deformation lengths 5z, of the
real central potential for quadrupole and octupole transi-
tions obtained from our proton scattering analyses are
shown in Table II. Although the uncertainties are rela-
tively large (see Table II), the comparison in Table II be-
tween the quadrupole vibration amplitudes deduced from
(n, n') and (p,p') measurements suggests that the relation
5„„5 ~ proposed by Brown and Madsen holds for the
Z=50 isotopes. On the other hand, our analysis suggests
that 6 6pp for octupo 1e vibrations . Unfort un atel y,
calculations in the core polarization model do not exist
yet for octupole transitions in Sn. Finally, the empirical
findings about the deformation lengths that we derived in
the CC analysis of the comprehensive set of data are con-
sistent with DWBA results for Sn nuclei published by
Finlay et al. The deformation parameters obtained
above in the analysis of the proton data of Makofske
et aI. overlap with the values reported by Abbott
et al. ' in an analysis of recently obtained proton data at
16 MeV. This latter analysis was based in part on the
present neutron analysis, so the values of Abbott et al.
should not be considered completely independent of those
reported here, however.

E
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FIG. 8. Elastic and inelastic scattering of 16-MeV protons
from " Sn. The comparison is between the measurements of
Ref. 3 and present CC calculations.

V. COMMENTS ABOUT 8 ~(E) AND 8'so

The volume integrals for the real and imaginary poten-
tials (J~/2 and J~/3, respectively) deduced from our
CC analysis were calculated and compared to those for
the microscopic model of Jeukenne, Lejeune, and
Mahaux, ' denoted by JLM. The calculations for
J~/A for our CC model agree with the JLM values to
within 3% over the entire energy range. A similar com-
parison for J~/A is not as straightforward since the
JLM calculations" of the absorptive potential are based
on a spherical model, whereas an absorptive potential de-
rived from microscopic CC calculations would be lower
in magnitude due to the absorption processes that are ex-
plicitly accounted for in the CC method. We note that
J~/2 for our CC model falls about 15% to 25% under
that of JLM in the energy range between 10 and 30 MeV.
Considering our coupling scheme and some phenomeno-
logical spherical optical model calculations that were per-
formed by us, a decrease of this percentage is reason-
able. However, the CC values for J~/3 cross over the
JLM values around 50 MeV and by 100 MeV exceed the
JLM values by 25%. This apparently unphysical behav-
ior, in relation to the JLM predictions, can be eliminated
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by allowing the Wi, to fall off to a nearly constant value
for neutron energies above about 60 MeV. Such energy
dependences are being investigated now at TUNL (Ref.
44) in a renewed attempt to describe neutron scattering
data for Ni and Fe isotopes from 10 keV to 80 MeV.

It was stated above that we chose to set WsQ=O for
the present analysis. The importance of this term has not
been carefully explored for nucleon-nucleus scattering in
the energy range below 30 MeV, particularly in the CC
method. From the proton-nucleus analysis of Schwandt
et al. , the spherical optical model prefers a WsQ that is
negative around 80 MeV and above, and that is probably
near zero around 50 MeV. In the phenomenological
spherical optical model studies of the A (8) for neutron-
nucleus scattering around 10 MeV that are being con-
ducted at TUNL, some analyses favor a WsQ that is posi-
tive. Inclusion of a nonzero WsQ in the CC calculations
affects A (8) for both elastic and inelastic scattering, and
leads to ambiguities between 5$Q and WsQ. It would be
helpful to have better quality o (8) and A~(8) data for in-
elastic scattering, as well as additional A~(8) data for
elastic scattering over a wider neutron energy range in
order to characterize the nature of WsQ below 30 MeV.

VI. CONCLUDING REMARKS

The aim of the present o(8) and A~(8) measurements
was to obtain information about the scattering properties
of ", Sn and ' Sn in the energy interval from 10 to 17
MeV. These measurements, as well as earlier results that
include differential and total cross sections and strength
functions, have been combined to develop a phenomeno-
logical, deformed optical potential for the whole energy
range from 10 keV to 100 MeV. The potential parame-
ters are listed in Table I.

First, the geometrical parameters and well depths
determined here for the spin-orbit (SO) potential are
somewhat similar to those derived earlier in this labora-
tory for Fe and Cu. Second, the SO potential must be de-
formed in order to reproduce the A (8) data for (n, n')
scattering. Under the assumption that there is no imagi-
nary SO potential, the deformation lengths for the central
and SO terms of the optical potential are found to be
nearly identical. These results are at variance with ear-
lier conjectures, which suggest that 5sQ=-25, for quadru-
pole transitions induced by (n, n') scattering from proton
closed-shell nuclei.

Our deformed optical potential is energy dependent
and includes a symmetry term. At very low incident en-
ergy (E—= 10 keV) the small values of W~ directly rellect
the very small So values measured previously for the s-
wave strength functions. A steep increase of Wz is re-
quired in the interval 10 keV (E( 10 MeV. This empiri-
cal finding is consistent with the microscopic spherical
optical model predictions of JLM for 2 MeV E 10
MeV. For E) 10 MeV the volume and surface absorp-
tions have a strong interplay; the surface absorption was
found to vanish at about 100 MeV. However, about

equally good fits of the o. T data can be obtained with a
combination of a 8'z that drops linearly to zero around
70 MeV- and a Wz that has a steeper slope and flattens
out around 80 MeV. Differential cross-section and A~(8)
data for neutron scattering in the 50- to 70-MeV energy
range would provide useful information for' constraining
the parameters more tightly in this region. Some ambi-
guity still exists at 1ow energies also. In our model we
chose to allow the strength of Wv to approach zero
linearly. The data favored the occurrence of this inter-
cept at 13 MeV. However, if instead Wz is allowed to
approach zero asymptotically, the data do not rule out a
W& of about 0.5 MeV around an incident energy of 10
MeV, if W~ is allowed to decrease correspondingly.

The criterion employed in the present analysis for ob-
taining the best overall fit was the best qualitative agree-
rnent, in our judgment. Of course, this method of evalua-
tion is quite subjective. Therefore, limits on the range of
most parameters have not been stated here. As indicated
above, different functional forms of energy dependences
will give new families of potentials. The present potential
is clearly not unique; however, within the constraints ex-
pressed above, it does give a good description of a wealth
of data. We have refrained from defining limits on the
range of the 8'z and W~ parameters using the usual
standard of chi squared per degree of freedom. This mea-
sure is hard to interpret because different groups use
different criteria for assigning uncertainties to the data,
and because weaknesses in the model cause systematic
discrepancies in o (8) or A (8) in certain angular regions.

The symmetry potential U&: V] + ~ Wg) &, with V& -= 21
MeV and Wg)&=16 MeV, is consistent with the isotopic
differences existing between the interaction of neutrons
with " Sn and ' Sn. An anomalously large Wz„value
was not found to be required in the present analysis. Our
estimated value W~, =(16+5) MeV is intermediate be-
tween the values of 12 and 23 MeV found in earlier in-
dependent (n, n') and (p,p') scattering studies, respective-
ly. It is also consistent with the average value of 16.6
MeV obtained by Wong et a/. in an isospin-consistent
spherical optical model analysis of differential cross-
section data for elastic nucleon scattering and for the
analog-state (p, n) reaction at 25 MeV for Sn.
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