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Microscopic optical potentials for nucleon-nucleus scattering
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Microscopic optical potentials for nucleon-nucleus (NA) scattering obtained from the folding of the effec-
tive g matrices, solutions of the Bruckner-Bethe-Goldstone equation, with the densities of the target, are
applied to the case of neutron-nucleus scattering. Given that the optical potentials are specified in all two-body
angular momentum, spin and isospin channels available to theNA scattering, the only difference in this model
description of proton and neutron scattering observables for a given nucleus is in the inclusion of the Coulomb
interaction.A priori microscopic optical model predictions for neutron and proton elastic scattering are com-
pared with results from a phenomenological optical model and with data. New measurements are recom-
mended to reduce discrepancies in the existing database, and to differentiate between different theoretical
predictions.
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I. INTRODUCTION

All of the developments of the folding models of the m
croscopic nucleon-nucleus (NA) optical potentials for me-
dium energy scattering to date have concentrated on the
scription of proton-nucleus (pA) scattering observables, wit
particular emphasis on studying the effective interaction
its components~see Ref.@1# and references cited therein!.
Much success in the description of differential cross secti
and spin observables has been achieved by using a fol
model in the coordinate space representation when cou
with reasonable models of nuclear structure@2#. More re-
cently, this model has also been applied to the prediction
integral observables, with success in describing data f
both proton and neutron scattering@3#.

A natural extension of the application of this formalis
would be to describe the observables for neutron-nuc
(nA) scattering. Comparison ofnA andpA data for a given
target and at a given energy would elicit details specifica
of the nuclear part of the microscopic optical potential. Su
a comparison would also highlight the role of the Coulom
interaction inNA scattering. It is only the inclusion~or ex-
clusion! of the Coulomb interaction being the only differen
in proton and neutron scattering that results in the predic
that the analyzing powers for neutron and proton elastic s
tering from 208Pb at 100 MeV would be completely out o
phase@4#. This phenomenological result has yet to be expe
mentally verified so it would be instructive to note if a com
pletely microscopic model for the scattering would lead
the same conclusion. Such was done for 100 MeV scatte
by Karataglidis and Madland@5#, whose results supporte
the phenomenological result.

Reaction and scattering information can be obtained
rectly from the optical model. However, while numero
measurements have been made for proton reaction cross
tions and elastic scattering distributions, very few measu
ments have been made for neutrons above 20 MeV, owin
experimental difficulties in producing suitable monoen
getic neutron beams. Thus, phenomenological proton op
potentials can be obtained from fitting the available pro
scattering data, but this approach cannot be directly use
obtain phenomenological neutron potentials, though pro
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dures exist by which the neutron potential may be obtain
from that of the proton using a Lane model. Therefore,
look to the applicability of the microscopicNA optical po-
tentials tonA scattering.

A microscopic theory ofNA scattering must necessaril
start with an appropriate form of the underlying nucleo
nucleon (NN) interaction from which theg matrices for
nucleons scattering from infinite nuclear matter are obtai
as solutions of the Bruckner-Bethe-Goldstone~BBG! equa-
tion. A local-density approximation then maps theg matrix
onto an effectiveNN interaction in medium for the target in
question. That effective interaction is folded with density
the target to obtain the microscopic, nonlocal, optical pot
tial, cast in terms of central, tensor, and spin-orbit terms.
the calculations presented herein, we use the Bonn-B @6# NN
interaction as the starting interaction, with densities obtain
primarily from the shell model, specifying both the dens
dependence of the effectiveNA interaction and the density
of the target.

The examples considered herein are 65 MeV proton
neutron scattering from12C, 28Si, 40Ca, 56Fe, 90Zr, and
208Pb. These choices are predicated on the availability
both proton and neutron scattering data. Comparisons of
results of the microscopic calculations are also made w
results obtained using a global phenomenological optical
tential applicable for the mass range encompassed in
investigation.

II. OPTICAL POTENTIALS

The complete details of the calculation of the microsco
optical potential can be found in a recent review@1#, includ-
ing details of the programDWBA98 @7#, with which we cal-
culated the optical potential and all observables. Herein,
present a summary showing the relevant details to allow
a comparison ofpA andnA scattering.

With rW andrW8 denoting the relative coordinates between
colliding pair of particles, the Schro¨dinger equation describ
ing their scattering by a local Coulomb,VC(r ), and a nonlo-
cal hadronic~optical! potential is of the form
©2001 The American Physical Society01-1
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F \2

2m
¹22VC~r !1EGC~rW !5E U~rW,rW8!C~rW8!drW8, ~1!

where C(rW) is the scattering solution andU(rW,rW8) is the
optical potential. The optical potential is obtained by t
folding of the relevant nuclear structure information with t
effectiveg matrices, as specified inST-channel form and in
coordinate space. They are obtained from the set of infi
matter nuclearg matrices@8,9# obtained by solution of the
BBG equation

gLL8
(JST)

~p8,p;k,K,kF!5VLL8
(JST)

~p,p8!

1
2

p (
l
E

0

`

VLl
(JST)~p8,q!

3@H#glL 8
(JST)

~q,p;k,K,kF!q2dq, ~2!

where

H~q,k,K,kF!5
Q̄~q,K,kF!

Ē~k,K,kF!2Ē~q,K,kF!1 i«
, ~3!

in which Q̄(q,K,kF) is an angle-averaged Pauli operat
with an average center-of-mass momentumK @8,9#. The en-
ergies in the propagator of the BBG equation include au
iary potentialsU @8,9# ~first-order mass operator! and are
defined by

Ē~q,K,kF!5~q21K2!1S m

\2D $U~ uqW 1KW u!1U~ uqW 2KW u!%.

~4!

The nuclear structure information is specified in terms
the one-body density matrix elements~OBDME! @with a

specifying the setn,l , j and ãam5(21) j 2maa2m]

Saa8I5^Jf i@aa8
†

3ãa# I iJi&→^Ji@aa8
†

3ãa# I iJ&, ~5!

for the case of elastic scattering from a target of spinJ. With
the diagonal OBDME specified in the occupation numb
representation, forI 50,

Saa05A2 j 11saa , ~6!

where saa is the fractional shell occupancy with a fille
shell signifying saa51, the optical potential given by th
folding process, takes the form

U~rW1 ,rW2 ;E!5 (
ama8m8

~2 j 11!saa8

3Fd~rW12rW2!Ewa8m8
* ~sW!UD~R1s,E!wam~sW!dsW

1wa8m8
* ~rW1!UEx~R12,E!wam~rW2!G , ~7!

where R125urW12rW2u and R1s5urW12sWu, wam are the single
particle ~SP! wave functions specifying the nucleons, a
06460
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UD andUEx are appropriate combinations of the multipol
of the effective interactions for the direct and exchange c
tributions to the optical potential, respectively. The exchan
term arises from the antisymmetry of the projectile and
struck ~bound! nucleon within the nucleus.

The exchange terms are the major component of no
cality in the NA optical potential. Indeed, neglect of thos
terms specifically in folding models leads to severe proble
in the description of the observables@10#, with the differen-
tial cross sections being overpredicted in some cases by u
several orders of magnitude. Another source of nonlocalit
the NN interaction itself. In the calculation ofg matrices,
that nonlocality also contributes to that of the optical pote
tial and manifests itself partly in the energy and density
pendences in thoseg matrices. That it contributes to the ove
all nonlocal nature of the optical potential is also evide
from the off-shell part of theg matrices. The extrapolation
of the g matrices off shell, relative to their on-shell value
are similar to those for the freeNN t matrices@1#, and so all
aspects of theNN interaction are carried through in the s
lution of the BBG equations. We define such a model ag
folding.

It is clear from Eq.~2! that the appropriate form of the
optical potential forpA andnA scattering calculations ma
be obtained from the commong matrix, with the projectile
isospin allowing the selection of the correct compone
through the appropriate two-body isospin channels. The o
addition in the case ofpA scattering is the inclusion of the
Coulomb interaction in Eq.~1!.

The microscopic neutron and proton scattering predicti
are compared with predictions from a phenomenological
tical potential developed by Madland@11#. This potential is
global in projectile energy, isospin, and target (Z,A), uses
Woods-Saxon form factors, and was developed for use
relativistic Schro¨dinger ~relativistic kinematics! approach.
The potential extends the earlier Schwandt work@12# by in-
creasing the target mass range fromA524–208 to A
512–208, increasing the energy range fromE580–180
MeV to E550–400 MeV, and transforming the Schwan
proton potential to a projectile-isospin-dependent poten
for neutrons and protons, using a relativistic Lane mo
naturally incorporating Coulomb effects. Experimental da
for integrated observables~proton reaction, and neutron tota
cross sections! and proton elastic scattering angular distrib
tions, were used to determine the phenomenological po
tial parameters. The potential is described in detail in R
@11#.

The observables are obtained once the optical poten
has been calculated, as is detailed in a recent review@1#. In
particular, the integral observables are obtained from thS
matrix, or equivalently the phase shifts,d l(k),

Sl
6[Sl

6~k!5 exp2id l
6

~k!5h l
6~k!exp$2i Re[d l

6(k)%#,
~8!

where

h l
6[h l

6~k!5uSl
6~k!u5 exp$2 Im@d l

6~k!#%. ~9!
1-2
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In terms of these and withE}k2, the elastic and total reac
tion ~absorption! cross sections are given by

sel~E!5
p

k2 (
l 50

`

$~ l 11!uSl
121u21 l uSl

221u2%,

sR~E!5
p

k2 (
l 50

`

$~ l 11!@12~h l
1!2#1 l @12~h l

2!2#%,

~10!

respectively. The total cross section,s tot(E), is the sum of
these two cross sections.

III. RESULTS

Select results are presented for elastic 65 MeVNA scat-
tering from 12C, 28Si, 40Ca, 56Fe, 90Zr, and 208Pb. We
present the differential cross sections and analyzing pow
for all cases, as well as consider the integral neutron sca
ing data: the total, elastic, and total reaction cross secti
The shell-model calculations, where applicable, were p
formed using the codeOXBASH @13#. The startingNN inter-
action for the microscopic calculations was the BonnB
interaction@6#.

The SP wave functions for the microscopic calculatio
were chosen to be harmonic oscillators, with the oscilla
parameter chosen to reproduce the root-mean-square~rms!
radius of each nucleus within the given shell model spa
The exception to that was208Pb, for which we used a
Skyrme-Hartree-Fock~SHF! calculation@14#. In that calcu-
lation, the neutron wave functions were chosen such that
difference in the neutron and proton rms radii were 0
60.02 fm, the Friedman-Pandharipande neutron equatio
state serving as the constraint. The choice of SHF wave fu
tions reproduce both the proton and predicted neutron
radius. For the other nuclei, Table I lists the oscillator para
eter used for each nucleus along with the shell model u
and predicted rms radius. In all cases, the models used
gether with the choice of oscillator parameters reproduce
rms radii quite well. For all nuclei, these models and
wave functions were used in the microscopic calculations
the scattering presented below.

The results of the microscopic calculations of the scat

TABLE I. Shell model space, interaction, harmonic oscillat
parameter (b), and rms radii for the nuclei listed.

Nucleus
Model
space Interactionb ~fm!

r rms ~fm!

~Theory!
~Experiment

@15#!

12C (012)\v WBT @16# 1.67 2448 2.47260.015
28Si 0\v USD @17# 1.85 3.088 3.08660.018
40Ca 0\v packed 2.00 3.464 3.48260.025
56Fe 0\v a FPD6 @18# 2.05 3.796 3.80160.015
90Zr NISJ NISJ@19# 2.15 4.27 4.25860.008

aA 2p-2h f p-shell model built on the minimalf p-space wave func-
tion.
06460
rs
r-
s.
r-

s
r

e.

he
6
of
c-
s
-
d,
to-
e

f

r-

ing from 12C, as well as those obtained from the pheno
enological model, are compared with the available data
Fig. 1. Therein, the proton scattering data of Katoet al. @20#
and the neutron scattering data of Hjortet al. @21# ~squares!
and Ibarakiet al. @22# ~diamonds! are compared with the
results of the calculations made using the microscopic
phenomenological optical potentials. While the microsco
potential results tend to underestimate the region of the m
mum (;40°), for both proton and neutron scattering fro
12C, the model reproduces well the overall shape and m
nitude. The model also reproduces the analyzing pow
well, and predicts the negative slope above 60°, which is
present in the result from the phenomenological calculati
For neutron scattering, the microscopic model gives mu
better agreement with the data for the forward angle cr
section, and so one expects that the total cross section w
be better reproduced by this model. That total elastic cr
section, along with the total reaction and total neutron sc
tering cross sections for all the nuclei, are given in Table
As expected, the total cross section forn-12C scattering at 65
MeV is much better reproduced by the microscopic res
Also, there are differences between the predicted total ela
and total reaction cross sections. The microscopic model
dicts a smaller elastic cross section and larger reaction c
section than the phenomenological model, suggesting the
croscopic model calculates a weaker real and stronger im
nary part of the potential. Note that the total neutron scat
ing cross section from12C predicted by the microscopi
model at intermediate energies is in good agreement with
data@3#.

We compare the results of our calculations for the
MeV scattering of nucleons from28Si with the data in Fig. 2.
The proton scattering data are those of Sakaguchiet al. @23#,
while the neutron data are those of Hjortet al. @21# and

FIG. 1. Differential cross sections and analyzing powers for
scattering of 65 MeV protons~a! and neutrons~b! from 12C. The
proton scattering data of Katoet al. @20# ~circles!, and the neutron
scattering data of Hjortet al. ~squares! @21# and Ibarakiet al. ~dia-
monds! @22# are compared with results of the calculations ma
using the microscopic~solid line! and phenomenological~dashed
line! optical potentials.
1-3
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TABLE II. Elastic, total reaction, and total cross sections for the scattering of 65 MeV neutrons from
nuclei given. The microscopic and phenomenological results are denoted by MOMP and POMP, respe

sel ~b! sR ~b! s tot ~b!

Nucleus MOMP POMP MOMP POMP MOMP POMP Experiment@29#

12C 0.417 0.537 0.331 0.269 0.748 0.806 0.75360.005
28Si 0.852 0.988 0.598 0.523 1.450 1.511 1.50060.006a

40Ca 1.122 1.235 0.788 0.690 1.910 1.925 1.96660.009
56Fe 1.370 1.465 0.964 0.890 2.334 2.355
90Zr 1.714 1.847 1.299 1.272 3.013 3.119 3.04860.003
208Pb 2.415 2.661 2.195 2.339 4.610 5.000 4.63560.001

aA natural target was used.
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Ibaraki et al. @22#. The proton scattering data are describ
well by both models, the phenomenological model giving
better representation of both the cross section and analy
power. There is a discrepancy between the two sets of n
tron scattering data around the first minimum, at 25°. B
model results favor the Ibaraki set, giving excellent rep
duction of those data, including in the region of the discre
ancy. The models give similar results for the neutron ana
ing power. In Table II, we find similar behavior in the optic
potentials for 28Si as for 12C, as evidenced by the relativ
elastic and total reaction cross sections. Both models pre
the total cross section to within 3%.

The differential cross sections and analyzing powers
the 65 MeV scattering of nucleons from40Ca are presented
in Fig. 3. As with the previous results, both the microsco
and phenomenological results agree with the data of Sak
chi et al. @23# quite well, with the phenomenology giving
better representation of the observables. However, as
28Si, both calculations are unable to reproduce the neu
scattering differential cross section data of Hjortet al. @21#,
in the region of the minimum,;23°. There are no othe
available data for this case with which to compare.

In Fig. 4, we compare the results of both model calcu

FIG. 2. As in Fig. 1, but for28Si. The proton scattering dat
@circles, ~a!# are those of Sakaguchiet al. @23#, while the neutron
scattering data~b! are from Hjortet al. @21# ~squares! and Ibaraki
et al. @22# ~diamonds!.
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tions for the scattering of 65 MeV nucleons from56Fe to the
proton scattering data of Sakaguchiet al. @23#, and to the
neutron scattering data of Hjortet al. @21# and Ibarakiet al.
@22#. The agreement between the model calculations and
data for proton scattering is quite good, and as before
phenomenological result gives the better representation
the data. As with28Si, a discrepancy between the Hjort an
Ibaraki data sets exists in the region of the first minimu
(;22°) of the neutron scattering differential cross sectio
The model calculations both favor the Ibaraki set. The
would appear to be a normalization problem in the Hjort d
in this region in general, when one considers also the pr
ous examples. This would suggest the need for another m
surement of these data in order to resolve the discrepanc
the case of the neutron integral observables, the optical
tentials for 56Fe reflect the same behavior as for the ligh
systems, although in this case the predicted total cross
tions are in agreement.

The results of both model calculations for the 65 Me
scattering of nucleons from90Zr are compared with the pro
ton scattering data of Sakaguchiet al. @23# and neutron scat-
tering data of Ibarakiet al. @22# in Fig. 5. There is good
agreement between the model results and the data. Th
also reflected in the total cross section, for which both m

FIG. 3. As in Fig. 1, but for40Ca. The proton scattering dat
@circles,~a!# are those of Sakaguchiet al. @23#. The neutron scatter-
ing data~b! are those of Hjortet al. @21# ~squares!.
1-4
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els are in agreement with the measured value to within 1
However, we would encourage measurement of the neu
analyzing power in this case. That analyzing power as p
dicted by both models is very much different to the prot
one, unlike those of the lighter nuclei. This is an effect th
was first observed by Kozack and Madland@4# for 100 MeV
nucleon scattering from208Pb, and confirmed recently b
Karataglidis and Madland@5# using the microscopic Schro¨-
dinger model.

In Fig. 6, the results of the model calculations for the
MeV scattering of nucleons from208Pb are compared with
the proton scattering data of Sakaguchiet al. ~circles! @23#
and the neutron scattering data of Hjortet al. @21# ~squares!
and Ibarakiet al. @22# ~diamonds!. While both models give a
reasonable representation of the proton scattering data,
the phenomenological model doing better, the neutron s

FIG. 4. As in Fig. 1, but for56Fe. The proton scattering dat
@circles, ~a!# are those of Sakaguchiet al. @23#, while the neutron
scattering data in~b! are those of Hjortet al. @21# ~squares! and
Ibaraki et al. @22# ~diamonds!.

FIG. 5. As in Fig. 1, but for90Zr. The proton scattering dat
@circles, ~a!# are those of Sakaguchiet al. @23#, while the neutron
scattering data in~b! are those of Ibarakiet al. @22# ~diamonds!.
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tering data are far better reproduced by the microsco
model. The phenomenological model significantly underp
dicts the cross section above 20°. In Fig. 7, we show the t
and total reaction cross sections for the scattering of neut
from 208Pb. Between 60 and 200 MeV the predicted to
cross section as calculated by the microscopic model sh
excellent agreement, to within 1.5%, with the data of Finl
et al. @3,29#. The phenomenological model does reasona
well above 80 MeV, underpredicting the total cross sect
by at most 4%. Below 80 MeV, however, the phenomen
logical model fails to reproduce the minimum. This is co
sistent with the relatively poor results of the phenomenolo
cal model at 65 MeV. As the elastic cross section is w
reproduced by the microscopic model, one has confidenc

FIG. 6. As in Fig. 1, but for208Pb. The proton scattering dat
@circles, ~a!# are those of Sakaguchiet al. @23#, while the neutron
scattering data in~b! are those of Hjortet al. @21# ~squares! and
Ibaraki et al. @22# ~diamonds!.

FIG. 7. Total and total reaction cross sections, displayed in~a!
and~b!, respectively, for the scattering of neutrons from208Pb. The
total cross section data of Findlayet al. ~open circles! and total
reaction cross section data@24–28# are compared with the results o
the microscopic~solid line! and phenomenological~dashed line!
calculations.
1-5
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the predicted microscopic results of the total reaction cr
section. Those measurements rely on careful subtractio
the elastic from the total cross section and hence some
gree of error is to be expected. That we can predict the
action cross section to within 10% of measurement is
couraging. The phenomenological model does worse. N
that unlike the optical potentials for the other nuclei, we fi
a weaker imaginary part of the microscopic optical poten
relative to that of the phenomenological.

As with the results of Kozack and Madland@4#, which
were based on a relativistic Dirac phenomenological opt
potential model, and of Karataglidis and Madland, as ba
on the microscopic Schro¨dinger model@5#, we observe a
significant difference between the proton and neutron ana
ing powers for the 65 MeV scattering from208Pb. The ana-
lyzing powers are not completely out of phase, however
was observed in the other calculations at 100 MeV, sugg
ing an energy dependence.

IV. CONCLUSIONS

We have presented detailed comparisons of model pre
tions of proton and neutron elastic scattering at 65 MeV fo
number of nuclei. The models used were a phenomenol
cal relativistic model and a microscopic one based on thg
matrices of the Bonn-B NN interaction.

In all cases, the differential cross sections and analyz
powers were well reproduced by both models. This is of n
as the microscopic optical potentials for both proton and n
tron scattering are derived from the sameg matrix, with isos-
pin selecting the appropriate components. Thus the cha
in magnitude and shape between the proton and neutron
tering observables are contained within the same underl
is
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physics. While the phenomenological potentials are deri
within a relativistic Lane model, those potentials rely on
global fit to constrain parameters and hence differences
tween the proton and neutron potentials. Those differen
are naturally contained in the microscopic model.

Both the microscopic and phenomenological model ana
ses contained herein have allowed us to identify a prob
with the existing set of neutron scattering data. The two s
of data~Hjort et al. @21# and Ibarakiet al. @22#! show a dis-
crepancy between them in the region of the first minimu
The analyses favor the Ibaraki data and, as the two
proaches to the scattering problem are fundamentally dif
ent, one has some confidence in the results. A new meas
ment would be required of these data, especially of
n-40Ca elastic scattering cross section.

Measurements of the neutron scattering analyzing pow
are also suggested. First, the differences between the
models are most noticeable in the results for the neut
analyzing powers, suggesting a method of delineation
tween the two. Second, for the heavier nuclei, a signific
difference is observed between the proton and neutron
lyzing powers. That difference is attributed to the absence
the Coulomb potential in neutron scattering@4#. A measure-
ment of the neutron analyzing power for scattering from90Zr
or 208Pb at intermediate energies, admittedly a difficult e
periment, would demonstrate this effect, and a system
study based on the microscopic model is under way to de
mine in which cases this effect would be strongest@30#.
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