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Measurements and analysis of neutron elastic scattering at 65 MeV
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Elastic scattering cross sections for 65 MeV neutrons have been measured for natural targets
of C, Si, Cd, Fe, Sn, and Pb at laboratory angles from 6° to 45°. A unique, compact detection
system consisting of a CHz (proton) converter and large-acceptance, wire-chamber-based, recoil-
proton telescope is utilized for the measurements. The data are compared with macroscopic optical
model potentials derived from proton scattering. In addition, comparisons with the microscopic
optical model potentials, those of Jeukenne-Lejeune-Mahaux and Yamaguchi-Nagata-Matsuda, give

a very good fit to the data.

PACS number(s): 25.40.Dn, 24.10.Ht

I. INTRODUCTION

Measurements of neutron elastic scattering at 65 MeV
are presented for natural targets of C, Si, Ca, Fe, Sn, and
Pb from 6° to 45°. The present work extends the energy
range of the few measurements done at 30 and 40 MeV
at Michigan State University (MSU) [1-3] in the early
eighties. The study of the energy dependence of effective
interactions in microscopic optical model potentials, the
dependence of the imaginary potential in the phenomeno-
logical model, Coulomb effects, and charge symmetry are
[4] some of the theoretical motivations for neutron scat-
tering measurements at higher energies.

Phenomenological optical model potentials (OMP’s)
have been used extensively in the analysis of neutron
scattering data at lower energies, and reasonably good
fits to the data have been obtained by using global op-
tical model parameter sets which have a well behaved
dependence on the incident energy (F) and the A and
Z values of the target nucleus. Improvements in the
fits to the data can be obtained with parameters that
deviate from those prescribed by the global sets. How-
ever, higher-resolution nucleon scattering data available
at lower energies (< 25 MeV) have shown the limita-
tions of the phenomenological OMP’s. Hodgson [5] in
his review of the phenomenological optical potential has
discussed the need for further parametrization of the po-
tentials in order to reproduce the fine structure observed
in proton scattering data and high-resolution neutron to-
tal cross sections.
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Microscopic [6-8] OMP’s have been tested [9-12] ex-
tensively against a large body of proton and neutron elas-
tic scattering and analyzing power data in the last ten
years and over a wide range of incident energies below 30
MeV and mass numbers between Li and Pb. These po-
tentials are described by a one-step folding model of an ef-
fective two-body interaction derived from a free nucleon-
nucleon potential and the nuclear density. Quite good
agreement with the measurements has been obtained
with no more than two or three parameters which show
a smooth dependence on energy (F) and mass number
(A).

In the present work, the measured neutron angular dis-
tributions at 65 MeV are compared to calculations with
phenomenological and microscopic OMP’s. The macro-
scopic optical potentials of Watson, Singh, and Segel [13],
Becchetti-Greenlees [14], Comfort-Karp [15], Schwandt
et al. [16], and Schutt et al. [17] were used in the phe-
nomenological OMP calculations. The microscopic opti-
cal model calculations were done for the potentials of
Jeukenne-Lejeune-Mahaux (7] and Yamaguchi-Nagata-
Matsuda [8]. The quality of the agreement with the data
for the phenomenological and microscopic OMP’s is dis-
cussed in the paper.

II. EXPERIMENT

The 65 MeV elastic neutron data were measured us-
ing the compact detection system [18] at Crocker Nuclear
Laboratory on the campus of the University of California
at Davis. The system [18] (Fig. 1) was originally devel-
oped for (n,n'z) measurements. For the latter, time of
flight is difficult to use, because elastic scattering of the
lower-energy tail (or continuum) of the neutron beam
spectrum falls in the same energies as the (n,n'z) con-
tinuum. The neutron beam is produced by "Li(p,n)"Be
and collimated by 1.5 m of steel. It has a resolution of
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FIG. 1. Scale drawing of the two geometries used for mea-
surement of elastic scattering cross sections. For the low-angle
measurements the beam was in vacuum up to the 5 mil Mylar
window shown in figure.

~ 1.2 MeV full width at half maximum (FWHM), due
largely to the thickness of the 7Li target used, and a
flux of ~ 10® neutrons/sec. The system utilizes multi-
wire chambers to track recoil protons which result from
n-p conversions of the scattered neutrons in a large-area
(30 x 30 cm?) CH; converter. The energy of the scattered
neutron is found from the angle of the n-p conversion
and from the energy of the recoil proton as measured in
a large-area (30 x 15 cm?) Nal(Tl) detector. (Nonrela-
tivistically, E, = E, cos?6,,,.) The overall resolution of
the spectra (2.7 MeV) is a result of the combined effects
from the neutron beam’s resolution, energy losses in the
converter, the resolution of the NaI(T1) detector, and un-
certainties in the proton’s recoil angle. The last is due
primarily to the size (adjustable by collimator inserts,but
usually 2 x 4 cm? or 2 x 2 cm?) of the target beam spot
and target-detector distance. The predicted resolution
is 2.4 MeV as expected from nearly equal contributions
from the above four effects [18,19]. The resolution differ-
ence is attributed largely to uncertainties in the response
map of the E detector which is an important factor in the
energy resolution. As shown in Fig. 1, two detector ge-
ometries were used to measure scattering angles of 6° to
48° in the lab frame. The wide-angle geometry with the
CH; converter at 35 cm from the target measured angles
greater than 18° with an angular resolution of +1.5° due
to the size of the beam spot on the target. The low-angle

geometry with the converter at ~ 1 m measured angles
of less than 20° with an improved resolution of better
than +1.0° due to its increased distance from the target.
The “veto” chamber in front of the converter was used
to veto charged particles.

The targets were fairly thick, having a fractional in-
teraction probability in the range ~ 15-21 %, except for
Si which was calculated to be 25% and measured to be
27% (using the beam attenuation method). The neutron
beam is monitored using a recoil-proton telescope at =~ 8
m from the 7Li target, with the integrated charge of the
proton beam deflected into a Faraday cup serving as a
secondary monitor.

In the data analysis, time-of-flight (TOF') cuts are used
to delineate and separate neutron beam peak from beam
tail events. Cuts on AFE vs E spectra allow separation
of protons from deuterons and tritons. The latter are
produced by C(n,d) and (n,t) reactions in the CH; con-
verter.

Figure 2 shows some extracted neutron energy spec-
tra. The energy dependence of the (more convenient)
Binstock n-p parametrization [20] was used in the con-
version of proton to neutron spectra. This parametriza-
tion [20] was used in the conversion of proton to neutron
spectra. This parametrization differs by < 3% from val-
ues based on the more recent Arndt phases [21], which
are used to provide absolute cross section normalization.

The data were corrected for nuclear interactions in the
Nal, for the effects of attenuation and multiple scatter-
ing in the target, for the angular resolution of the sys-
tem, and for those low-lying excited states which were
not resolved from the elastic peak. For the last correc-
tion, (p,p’) cross sections were used to provide strengths
of the low-lying states and DWUCK4 was used to convert
these to (predicted) (n,n') cross sections. Typically the
net correction applied to a given data point was a few
percent or less, although for a few points the correction
was at the 10% level. Data were also taken with no tar-
get to measure the background, which in all cases was
minimal. More details are given by Hjort [22].

A CH, target was used to observe 'H(n,n)'H scat-
tering (Fig. 2) for normalization purposes. Except at
forward angles the 'H(n,n)'H peaks are kinematically
separated in energy from the 12C(n,n)!2C peaks. In any
case, data taken with a C target were subtracted from
the CH, spectra, yielding the 'H(n,n)'H spectra. The
cross section for 'H(n,n)'H at 65 MeV obtained from
Ref. [21] was used to normalize the data from the other
targets. The normalization process involved the relative
beam flux and thickness for each target. The effects of
varying beam attenuations in the different targets were
also taken into account.

III. MEASUREMENTS AND OPTICAL MODEL
ANALYSES

Phenomenological OMP’s

Measured elastic scattering (c.m.) cross sections are
shown in Fig. 3 together with the calculations us-
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ing macroscopic optical model parameter sets obtained
mainly from fits to proton scattering data. Where nec-
essary, the parameters of a model are extrapolated up or
down in energy following the energy dependence given.

The C angular distributions are compared with calcu-
lations using the OMP’s of Watson, Singh, and Segel [13]
and Comfort and Karp [15]. These potentials have been
obtained by fitting proton elastic and analyzing power
data for light nuclei (7 < A < 16) for energies between
10 and 50 MeV (Ref. [13]) and for C up to 185 MeV (Ref.
[15]). The calculated neutron angular distributions with
these potentials give fair fits to the data, with all of them
reproducing the shape of the angular distribution in the
entire angular range of the measurements.

The measured neutron elastic differential cross sections
from Si, Ca, Fe, Sn, and Pb were compared with calcula-
tions using the global “best fit” neutron-nucleus optical
model parameters of Becchetti-Greenlees [14], based on
an extensive set of proton data below 50 MeV and neu-
tron data below 24 MeV. This potential fits very well
the Si angular distributions but the agreement with the
data deteriorates as function of increasing A value. The
source of this problem could be (1) in the symmetry po-
tential which was obtained only from proton data above
30 MeV, or (2) in the A'/3 dependence for all the radius
parameters of the potentials, or (3) in the absorption po-
tential, or (4) in the need of coupled channel calculations
when strong collective effects are present. However, in

order to validate any one of the above assumptions one
would have to carry out an extended set of calculations.

The potential (parameter set B) of Patterson, Doering,
and Galonsky [14], which is based on that of Becchetti-
Greenlees (BG) with the isospin term determined from
(p,n) measurements, does not give as good a fit for 2%Si.
As in the BG case, these potentials were derived from
data below 50 MeV, and mostly for A > 40 MeV.

The Schwandt et al. global OMP [16] obtained from
fits to the elastic scattering data of 80-180 MeV polar-
ized protons gives a good representation of the present
measurements with the exception of the Pb data for an-
gles below 15°. This potential also gives a good fit to the
Si data (not shown but very close to that of Becchetti-
Greenlees). The Schutt et al. [17] OMP, which was ob-
tained by fitting exclusively neutron scattering (13.5<
E, < 40 MeV) and total cross section (2 < E, < 250
MeV) data from 1°8Pb, fits the measurements reasonably
well only up to 18°.

Microscopic OMP’s

The comparisons of the measured angular distributions
with the calculations using the Jeukene-Lejeune-Mahaux
(7] (JLM) and Yamaguchi-Nagata-Matsuda [8] (YNM)
microscopic OMP’s are shown in Fig. 4.
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FIG. 3. 65 MeV (n,n) cross sections for natural C, Si, Ca,
Fe, Sn, and Pb compared to predictions of several optical
model potentials.
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FIG. 4. Fits to the elastic data obtained from the JLM and
YNM microscopic optical model potentials for (n,n) scatter-
ing at 65 MeV.

These microscopic OMP’s are folding potentials of the
type

U(r,E) = /t(r, )p(r')dr, (1)

where t(r,7') is a complex effective interaction, spin and
isospin dependent, which is a function of energy and the
nuclear density p(r):

t(r,r') = t[E, p(r), 7, 7] (2)

Most of the physics contained in the microscopic OMP’s
is in the effective interaction and the nuclear density. The
main differences between these potentials result from the
choice of the effective interaction and in the approxima-
tions done in going from infinite nuclear matter to finite
nuclei.

The JLM potential calculates the potential in infinite
nuclear matter from the Reid’s hard-core nucleon-nucleon
interaction [23] using the Brueckner-Hartree-Fock (BHF)
approximation. The potential for the finite nucleus was
obtained using an improved [9] local density approxima-
tion (LDA), where the effective interaction between the
projectile and the target is calculated using the “mid-
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point LDA” [the density at which Egs. (1) and (2)
are calculated is evaluated at the position correspond-
ing to the average value of the projectile and target radii
(r +7')/2]. The JLM potential only includes the cen-
tral part (real, imaginary, and Coulomb potentials) of
the OMP. The spin-orbit (SO) potential is calculated in
a folding model [Eq. (1)] using the M3Y interaction (en-
ergy and density independent) with Elliot oscillator G-
matrix elements as given by Bertsch et al. [24].

The YNM potential calculates the OMP in infinite nu-
clear matter from the Hamada-Johnston nucleon-nucleon
interaction [25] using the BHF approximation. Only the
real part of the SO potential is calculated in addition to
the central potential. Calculations of the neutron and
proton analyzing power using the YNM spin-orbit inter-
action (real, energy and density dependent) compare well
[12] with the results obtained with the M3Y interaction.

The nuclear density for the neutrons was assumed to be
proportional (N/Z) to the proton density. Point-proton
densities were obtained by deconvoluting the electron
charge density obtained from electron scattering mea-
surements [26]. For the 2°8Pb(n,n) angular distributions,
the proton density used in this calculation was taken from
the measurements of Hoffman et al. [27], with a neutron
skin of 0.14 fm.

The calculations of the elastic scattering and analyz-
ing power angular distributions are done by inserting the
microscopic central (real and imaginary) and SO (real
only) potentials into a spherical optical model code. The
comparison with the data proceeds by a least-square ad-
justment of three normalizing parameters, Ay, Aw, and
Aso, respectively:

U=AvV +iAdwW + AsoVso.- (3)

A value of 1 for these parameters indicates that no adjust-
ment of the calculated microscopic potentials is required.
The Aso was not adjusted since in the present work only
the elastic scattering angular distributions were mea-
sured.

The two microscopic OMP’s, JLM and YNM, give very
close results in the fits to the (n,n) angular distributions
at 65 MeV. However, there are differences in the values
of the parameters Ay and Ay obtained from the fits to
the data shown in Fig. 4. The values are listed in Table
I for each of the targets. The deviations from unity for
the values of Ay are about +£10% for the JLM potentials
with an average value of 0.97. The average value for the

YNM potential is 0.90. These results indicate that the
real central potential is well described at this energy by
these microscopic models, as was also the case at lower
energies [9-12]. The values of Aw for the JLM potential,
with the exception of the C value, are also close to unity
with an average value of 0.95. The YNM potential over-
estimates the absorption potential by almost a factor of
2 and the average value of Ay, without including C, is
0.613. The correction of the W potential for the C target
is in both models much larger than that for the heavier
nuclei, which is not surprising for this light nucleus.

The values of the volume integrals for the real and
imaginary central potential, Jy /A and Jw /A, calculated
for the JLM and YMN potentials, together with the
respective total elastic and reaction cross sections, are
listed in Table II. These values are in reasonably good
agreement with those obtained from an extrapolation up
to 65 MeV of the energy-dependent functions given by
Winfield et al. [28] for Jy for 12C, 28Si, and %°Ca, which
were obtained from (n,n) scattering up to 40 MeV. For
Si and Ca the agreement ‘is better than 5%, while for C
it is around 10%.

Winfield et al. [28] discussed the charge symmetry
breaking (CSB) in the mean nuclear field. This has been
suggested by the Nolen-Schiffer or Coulomb anomaly
[29], which is that binding energies in mirror nuclei are
larger by 5-10% than the values calculated taking into
account the effects of the Coulomb interactions. The
anomaly indicates that V, is stronger than V,,. Negele
[30] calculates that the CSB effect would arise from the
difference in the single-particle potential felt by a valence
neutron and a valence proton (the neutron feels a more
attractive potential than the proton, the difference cor-
responding to a volume integral of J°SB = —19 MeV fm?3
for 4°Ca). Winfield et al. obtained the following expres-
sion for CSB:

JOSB = 2(J, — J)/A (MeV fm?), (4)

where J, and J, are the neutron and proton volume in-
tegrals of the real central potential and J}, is obtained by
correcting J, for the Coulomb shift AE¢, which the au-
thors calculate following the prescription of DeVito et al.
[3]. They obtained JC5B values for '2C, 28Si, 32S, and
40Ca of 0+24, —30+11, —29+ 16, and —8+14 MeV fm?3,
respectively. The authors state that the Ca result is per-
haps the most reliable, since corrections for coupled chan-
nel effects are the smallest for this nucleus. Extrapolat-

TABLE 1. Values of the normalizing constants used for the real (Av) and imaginary (Aw) central
potentials obtained from a best fit to the data for the JLM and YNM microscopic OMP’s.

JLM YNM
Target Av Aw 2 Av Aw x2
C 0.928+0.019 0.658+0.049 3.69 0.937+0.015 0.449+0.030 2.44
Si 1.003+0.052 0.986+0.136 19.7 0.941+0.039 0.661+0.078 13.2
Ca 1.08610.049 0.985+0.097 9.85 0.996+0.036 0.656+0.056 6.60
Fe 1.033+0.045 0.960+0.080 11.1 0.934+0.034 0.617+0.047 7.63
Sn 0.89310.029 0.899+0.053 9.90 0.805+0.021 0.557+0.028 6.71
Pb 0.903+0.029 0.926+0.056 17.8 0.814+0.024 0.574+0.031 14.3
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TABLE II. Values obtained from microscopic OMP’s for the real and imaginary volume integrals
per nucleon JVg/A and JW;/A (MeV fm®) and the reaction, elastic, and total cross sections, og,
og, and oiot (mb/sr). The fractional uncertainties in the J/A values are to first order given by the
fractional uncertainties in the A values quoted in Table I.

JLM YNM
Target Jv/A Jw/A OR OE Otot Jv/A Jw/A OR oE Otot
C 337.0 102.9 273.4 449.6 723.0 328.9 91.4 255.7 444.9 700.6
Si 302.2 109.7 552.3 899.8 1452.1 2984 105.8 564.8 915.4 1480.2
Ca 321.8 106.6 725.8 1201.3 1927.1 312.6 102.3 738.0 1226.1 1964.1
Fe 290.7 91.2 851.6  1447.2 2298.8 282.3 88.3 868.5 1472.8 23414
Sn 235.3 71.4 1322.6 2132.2 3454.8 231.7 70.9 1356.6 2149.7 3506.3
Pb 235.6 69.9 1977.2 2533.6 4510.8 232.0 69.5 1985.2 2540.4 4525.2

ing the coupled channel corrections to 65 MeV, one finds
that they become very small and within uncertainties are
even consistent with zero. Thus we have made no cor-
rection for these effects in the values quoted below. The
authors [28] also discuss core-polarization effects and cal-
culate these for bound protons and neutrons. The effects,
if applicable to scattering states,would increase J“SB by
5-9 MeV fm3, thus making them less negative. We have
not made any such corrections in our values.

Taking an average of the values of J,, obtained with the
JLM and YNM microscopic potentials (Table II) and us-
ing the expressions of J;, from Ref. [28] extrapolated up to
65 MeV, values of J°5B equal to —57.6+25.4, —6.4+22.1,
and —5.2+ 20.9 MeV fm? are obtained for C, Si, and Ca.
The uncertainties in JSB have been estimated assuming
that for Jy /A the JLM and YNM model values and un-
certainties are independent and averaging these; and es-
timating the (smaller) uncertainties in J,, from the data
given in Ref. [28]. The best agreement with the Winfield
et al. results is for the Ca values, which could result from
having derived the energy dependence function for J,
from (p,p) data including measurements up to 61 MeV,
while for the other nuclei the highest energy was only
40 MeV. Furthermore, although the C values show the
largest disagreement, Winfield et al. note that the value
of 0+ 24 could have been 22 £+ 29 MeV fm? depending on
which (n,n) data they included in the derivation of the
JCSB value for this nucleus. Because of the above-quoted
uncertainties and the uncertainties in the corrections due
to coupling effects and core polarization, it does not seem
meaningful to quote an average value for J°SB from the
present data.

IV. CONCLUSIONS

The analysis of the neutron scattering from C, Si,
Ca, Fe, Sn, and Pb at 65 MeV was done with global
phenomenological [13-17) OMP’s and with two micro-
scopic OMP’s, the JLM [7] and the YNM (8] poten-
tials. The phenomenological potentials, extracted mainly
from (p,p) scattering data over a wide range of energies
(Ep < 180 MeV) and (n,n) data up to 40 MeV, repro-
duce reasonably well some of the present measurements.
However none of the potentials were able to reproduce
the (n,n) data over the entire range of A values for these
measurements. Both microscopic OMP’s gave very good
fits to all the data with only two parameters, Ay and Ay
(normalizing constants to the real and imaginary cen-
tral potential). The average values of Ay for the JLM
and YNM potentials were 0.97 and 0.90, respectively.
The values of Ay (without including C, which has a
larger correction) were 0.95 for the JLM and 0.613 for
the YNM potential. The values of these normalizing pa-
rameters are an indication that the JLM potential gives
a very good representation of the central potential in the
optical model, while YNM overestimates the absorption
potential by almost 40%.
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FIG. 1. Scale drawing of the two geometries used for mea-
surement of elastic scattering cross sections. For the low-angle
measurements the beam was in vacuum up to the 5 mil Mylar
window shown in figure.



