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Microscopic calculations of medium effects for 200-MeV„p¢ ,p¢ 8… reactions
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We present aG-matrix calculation of the effective nucleon-nucleon~NN! interaction for the distorted wave
impulse approximation prediction of the cross section and polarization observables in (p,p8) reactions. This
interaction is based on a one-boson-exchange model of the freeNN force that reproducesNN observables well.
The G matrix includes the effects of Pauli blocking, nuclear binding, and strong relativistic mean-field poten-
tials. To assess the quality of this interaction, we compare to 200-MeV measurements of the cross section and
analyzing power for natural-parity inelastic transitions in16O, 28Si, and40Ca that span a variety of spins and
nuclear densities, as well as to the interaction developed by Furnstahl and Wallace within a relativistic frame-
work. @S0556-2813~99!02912-X#

PACS number~s!: 25.40.Ep, 21.30.Fe, 24.10.Cn, 24.70.1s
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I. INTRODUCTION

One of the goals of nuclear physics is to describe
structure of nuclei and the dynamics of nuclear reaction
terms of the underlying interaction between nucleons.
from a practical standpoint a microscopic calculation of
many-body system is not a viable option. One simplificat
of the nuclear many-body problem is the construction of
effective nucleon-nucleon~NN! interaction, modified so as to
account for the presence of the many-body environment,
can be used in a treatment of the properties of nuclear m
or nuclear reactions.

The most commonly included many-body mechanis
arise from Pauli blocking and nuclear binding, and are
main aspects of what is known as the BruecknerG-matrix
approach~BHF! @1–6#. Effective interactions of this type
have been used as the basis for many calculations of pr
elastic and inelastic scattering@7–21#, in some cases with
considerable success. However, the same approach fa
predict correctly the saturation properties of nuclear ma
@22#. More successful in that regard is the relativistic exte
sion of the Brueckner theory@23–26#, which has also be-
come an established method for nuclear matter stud
Known as Dirac-Brueckner theory~DBHF!, the method
characterizes the nuclear mean field by strong, compe
vector and scalar fields that together account for both
binding of nucleons and the large size of the spin-orbit sp
ting seen in nuclear states. Effective interactions that incl
these relativistic effects have seen much less applicatio
the study of proton-induced reactions@27–29#, and in fact
have been compared only to natural-parity inelastic tra
tions. We will refer here to all of these effects as ‘‘conve
tional’’ medium modifications.

Measurements of the polarization observables for prot
induced quasielastic scattering@30–33# and the excitation of
unnatural-parity states@34–37# have been more difficult to

*Present address: MCI WorldCom, Oakbrook Terrace, IL 601
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describe. BHF approaches are generally not adeq
@33,38#. The inclusion of relativistic effects is helpful in th
quasielastic case@39,40#. The problems encountered with po
larization observables have been associated with the e
tence of more exotic medium effects. Among those, one
the most extensively discussed is the possible reduction
meson masses as a consequence of changes to the
vacuum in the nuclear medium@41–43#. In future papers we
intend to investigate these issues. Starting from effective
teractions based on DBHF methods, we will confront a v
riety of unnatural-parity (p,p8) transitions and explore is
sues such as meson mass scaling.

In this paper, our primary purpose is to present the DB
technique we will use, and assess its quality in comparis
to elastic and natural-parity inelastic transitions. For the
data, the medium effects in both BHF and DBHF densi
dependent interactions are large. The opportunity exists
see how well the medium-modified interaction follows da
for transitions that vary in average nuclear density, and
spin and momentum transfer. As a part of this evaluation,
will examine our approach in comparison to the relativis
treatment of Furnstahl and Wallace. We will raise and t
various distorted-wave impulse approximation~DWIA !
model issues, including the treatment of the exchange am
tudes and optical model distortions. Taken together, th
tests will reveal the systematic features of the effective in
action and help to gauge its reliability within DWIA so tha
its strengths and limitations are understood. This informat
should prove essential in extending the present ideas
methods in future work.

We describe in Sec. II the main ingredients of our mod
starting with a one-boson-exchange~OBE! representation of
the nucleon-nucleon~NN! interaction that provides an exce
lent reproduction of theNN observables below pion produc
tion threshold. This is an improved version of the BonnB
potential@22#. The density-dependent effective interaction
obtained by solving the Bethe-Goldstone equation in infin
nuclear matter. It contains all the conventional effects as
fined above, and correctly reproduces the saturation pro.
©1999 The American Physical Society10-1
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F. SAMMARRUCA, E. J. STEPHENSON, AND K. JIANG PHYSICAL REVIEW C60 064610
ties of nuclear matter. Next the resultingG matrix is con-
verted to a Yukawa-function representation@44# for use in
DWIA calculations, for which we employ theLEA program
from Kelly @45#.

Relativistic calculations for the case of inelastic scatter
are relatively few. Here we will compare our results with t
work of Furnstahl and Wallace@27,28#, where the nucleons
in the nucleus are described by Dirac bound states. Th
authors consider specific finite nuclei, and point out that
density-dependent effects for the elastic-scattering cha
are less than those for the reaction channels because o
identity between initial and final states in the elastic case
our work, theG matrix is constructed for infinite nuclea
matter, and no such distinction exists. In particular, ap
from the Cheon effect to be discussed in Sec. II C, we use
same effective interaction for elastic and inelastic scatter
The implications of this difference in approach will be e
amined in Sec. III.

Since the primary purpose of this paper is to evaluate
treatment of conventional medium effects, in Sec. III we w
compare our predictions to measurements of the cross
tion and analyzing power for several natural-parity, isosca
(p,p8) transitions. We have chosen the data of Seifert@46#
on 16O and 40Ca ~200 MeV! and Chen@47# on 28Si ~180
MeV! since these are the same energies and targets tha
appear in a future consideration of exotic medium effects
polarization transfer measurements. For natural parity tra
tions, polarization transfer measurements do not add
information to the analysis beyond that contained in the cr
section and analyzing power@48# and will not be considered
here.

II. THE MODEL

A. The nucleon-nucleon interaction

The starting point for a microscopic calculation of (p,p8)
reactions is a realistic free-spaceNN interaction which repro-
duces wellNN scattering observables. Below the pion pr
duction threshold, we would expect that a one-bos
exchange basis would prove adequate. This is a quantita
reduction of a more comprehensive model containing m
tiple meson-exchange diagrams@22#.

In this work, we will use an improved version of th
Bonn-B potential @22#. We have chosen pseudovector co
pling for the pion, and solve for theNN interaction through
the use of the Thompson equation@49#. The major bosons in
the model are~a! the pseudoscalar pion, which is the lighte
and hence longest ranged of the mesons and which prov
most of the attractive tensor force,~b! the r vector meson, a
two-pion P-wave resonance that provides a short-range
pulsive tensor force,~c! the v vector meson, a three-pio
resonance that creates a strong, repulsive central forc
short range and that contributes to the spin-orbit force,
~d! the fictitious isoscalar-scalars meson that represent
two-pion S-wave exchange and that contributes to the m
dium range attraction necessary to bind the nucleus.
OBE amplitudes for these mesons are given explicitly
Refs. @22,50#. Since the parameters of the original BonnB
interaction were determined about a decade ago, there
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been substantial progress in both high-precision meas
ments of NN scattering and phase-shift analyses. Since
good fit to theNN data is a crucial prerequisite for an eval
ation of the quality of the (p,p8) calculations, the parameter
of the model have been adjusted to bring the predictions
better accord with current phase shift analyses from
Nijmegem group up to 325 MeV@51#. Thes meson is now
different in the two isospin channels. As a consequence
this extra degree of freedom, thed meson becomes unimpor
tant and is, therefore, omitted. The values for the mas
coupling constants, and cutoff parameters for the mesons
given in Table I. This scheme alone is not fully satisfacto
in the T51 channel. So in a manner similar to that used
the construction of the~charge-dependent! CD-Bonn interac-
tion @52#, adjustments have been made to thes-meson cou-
pling constant for some individual partial waves. These
tered values are given in Table II. A comparison withNN
data measured near 200 MeV was found to be excellent

The importance of using an accurateNN interaction be-
comes apparent in Fig. 1, where we show calculations for
40Ca(p,p8)40Ca reaction to the 32 state at 3.736 MeV base
on this work and several other interactions. The techniq
behind these calculations will be described more fully in S
II C. Here we concentrate only on the sensitivity of typic
inelastic-scattering observables to the underlyingNN force.
For simplicity, none of the calculations shown in this te
contain density dependence; i.e., they correspond to f
spaceNN forces. The top panels of Fig. 1 show predictio
from our work ~solid! and three modern high-precision po
tentials, specifically CD-Bonn@52# ~long dash!, NIJMEGEN-II

@51# ~medium dash!, andREID93 @51# ~short dash!. The lower
panel shows five predictions based upon older interactio
including Franey and Love@53# ~solid!, Bonn-B @19# ~long
dash!, Paris @54# ~medium dash!, von Geramb@15# ~short
dash!, and Reid@55# ~long and short dash!, which are not as
accurate in describing the most modernNN data. Clearly, the
various curves are much more scattered in the lower pa
implying considerably larger theoretical uncertainty. On t

TABLE I. OBE meson properties.

Meson Mass~MeV! Coupling (g2/4p) Cutoff ~MeV!

p 138.03 13.8 1700
h 548.8 3 1500
r 769 0.99 (f r /gr56.1) 1300
v 782.6 2 1500
s (T50) 550 5.966 2000
s (T51) 550 8.5 2000

TABLE II. s meson couplings.

Partial wave Coupling (g2/4p)

3P1 8.9
1D2 10.05
3P2 9.11
3F3 13.5
0-2
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MICROSCOPIC CALCULATIONS OF MEDIUM EFFECTS . . . PHYSICAL REVIEW C 60 064610
scale of our comparison to (p,p8) data such differences d
matter. A similar conclusion is illustrated for unnatura
parity transitions by Fig. 2 of Ref.@56#. In general, older
interactions are not as faithful to presentNN scattering data,
and are likely to show larger discrepancies when compa
to (p,p8) data. Thus it is important to start from an accura
two-body input.

Our full density-dependent interaction is construct
within the DBHF approach to infinite nuclear matter. How
ever, for purposes of illustration, we will also present pred
tions obtained within the BHF framework, where mediu
effects come in through a~spherically averaged! Pauli opera-
tor and modification of the single-particle energy in nucle
matter.

In the DBHF scheme, the mean nuclear potential is
pressed in terms of an attractive scalar and a repulsive ve
field. This approach was initiated in the 1970s by Clark a
collaborators@57# and applied to proton-nucleus elastic sc
tering with significant improvement to the spin observabl
Here we follow closely the relativistic approach to nucle
matter as reviewed in Chap. 10 of Ref.@22#. The modifica-
tions to the nucleon Dirac spinor arising from such stro
fields produce a characteristic repulsive effect that is cru
to describe correctly the saturation properties of nuclear m
ter. This repulsion appears also in the real central isosc
effective interaction. There the effects of the BHF and DBH
density dependence are similar in kind, but typically mu
larger in the DBHF case.

As explained in detail in Ref.@5#, the calculation of theG
matrix ~for both BHF and DBHF! poses a self-consistenc

FIG. 1. A comparison of free interaction calculations for t
40Ca(p,p8)40Ca reaction to the 32 state at 3.736 MeV. The uppe
panels compare our interaction~solid! with CD-Bonn @52# ~long
dash!, NIJMEGEN-II @51# ~medium dash!, and REID93 @51# ~short
dash!. The lower panel contains the older interactions of Franey
Love @53# ~solid!, Nakayama and Love based on the older Bonn
@19# ~long dash!, Paris@54# ~medium dash!, von Geramb and Rikus
@15# ~short dash!, and Reid@55# ~long and short dash!.
06461
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problem, since theG matrix and the~unknown! nuclear mat-
ter potential are related to each other. The numerical pro
dure is facilitated by the so-called effective mass ansatz
which the single-particle energy is approximated by a s
able analytic function~see Sec. 3.2 of Ref.@5#, or Sec. 10.5
of Ref. @22# for the relativistic treatment!. In choosing the
function, we reproduce momenta above the Fermi level
contrast to other calculations@22#, because this improves th
quality of the approximation near the beam momentum. T
resulting nucleon effective masses, shown in Fig. 2,
larger ~namely, closer to their free-space value! and yield
weaker density-dependent effects than do those interact
which do not reproduce the single-particle potential abo
the Fermi momentum. The self-consistent calculation t
produces the effective masses used here saturates nu
matter ~in the DBHF case! at the realistic value of 0.17
nucleons/fm3 with a binding energy of 14.4 MeV.

B. Transformation to an effective NN interaction

If the t- or G-matrix interaction is to be useful in existin
distorted-wave impulse approximation~DWIA ! calculations,
the NN amplitudes must be expanded in a series
coordinate-space functions. The usual choice is a se
Yukawa functions, since these resemble some of the sh
involved in the OBE potential. A parametrization using su
functions by Love and Franey@44# requires very few terms
so we have adopted their choice of Yukawa functions a
ranges as our basis.

The transformation between partial wave matrix eleme
and the coefficients of a Yukawa expansion are describe
Appendix A. There the one-step fitting process is also
tailed. The quality of this transformation has been check
by inversion, and the reproduction of the original matrix e
ements is excellent. In addition, the same Yukawa coe
cients can be used to expand the interaction in momen
space. When a free interaction is expanded this way,
resulting amplitudes can be used to calculateNN scattering

d

FIG. 2. The effective nucleon mass as a function of the Fe
momentumkF corresponding to the BHF~dashed! and DBHF
~solid! calculations, respectively.
0-3
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F. SAMMARRUCA, E. J. STEPHENSON, AND K. JIANG PHYSICAL REVIEW C60 064610
angular distributions that compare well withNN cross sec-
tion and polarization measurements.

C. The DWIA calculations

In this subsection, we describe the main features of
DWIA calculations that will be compared in Sec. III with th
cross section and analyzing power for a number of natu
parity (p,p8) transitions. This involves several choices co
cerning which DWIA program to use, and how to treat t
distortions and structure as well as the interaction. Som
these choices can be tested, and the results of such test
be discussed at the beginning of Sec. III.

In the original work where these (p,p8) data were re-
ported @46,47#, measurements of the cross section and a
lyzing power were matched with a phenomenological eff
tive NN interaction using the DWIA programLEA @45#. We
have used this program here since it incorporates a num
of desirable features. For later studies of unnatural-pa
transitions, the treatment of exchange will become a m
serious problem that requires the use of a finite-range
gram for the exchange part of the scattering.

LEA makes use of a pseudopotential form of the Bo
approximation in which each term of the effectiveNN inter-
action is folded with the appropriate piece~depending on
spin operator coupling! of the nuclear density. The resultin
effective potential is then used to calculate the transition a
plitude by overlapping it with a distorted-wave description
the projectile motion and the appropriate piece of the tra
tion density. In this scheme medium effects are determi
at a density evaluated at the spatial coordinate of the pro
tile. Thus it is most appropriate for the calculation of t
direct part of the scattering. Exchange is handled in a ze
range approximation that adds this piece of the effectiveNN
interaction to the direct part, and the overlap is calculated
it would be if the outgoing nucleon were the projectile. U
like prior applications ofLEA, the kinematics for the ex
change amplitude added here use a momentum transfer
culated by assuming that the struck nucleon is in mot
prior to the collision with a momentum that has the small
possible value in the target frame of reference~see Appendix
B!. For large target masses, this choice converges to the B
frame.

The entrance and exit channel distortions are calcula
using a first-order folding prescription (tr). The same
density-dependent interaction is used for both the elastic
inelastic calculations except for the small change to the
change part required by the different reactionQ value ~Ap-
pendix B!. However, there are corrections to the density
pendence that are different between the elastic and
inelastic channels@58,59#, and these have been included.
addition, we incorporate a small downward rescaling of
effectiveNN interaction resulting from transforming theNN
interaction from the nucleon-nucleon to the nucleon-nucl
frame of Refs.@44,60#.

The ground-state nuclear matter density is needed to
termine the density at which the interaction should be eva
ated. We have taken the longitudinal form factor for elas
electron scattering@61# from each target and corrected it fo
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the charge distribution of the proton using an unfolding p
cedure available inLEA. What remains from the deconvolu
tion is assumed to be a point nucleon density that applie
both protons and neutrons, since all of the targets consid
here have equal proton and neutron numbers. This densi
then evaluated at the position of the projectile.

The transition form factors have been calculated by S
ert @46# and Chen@47# in a series expansion based again
longitudinal electron-scattering measurements. We use t
expansions here. The accurate representation of the form
tor is one of the important advantages of usingLEA. Thus
this uncertainty is removed in the comparison with (p,p8)
data.

III. DWIA RESULTS AND DISCUSSION

A. Verification of the model

Before comparing our calculations to a broad range
(p,p8) transitions, we will examine a number of issues r
lating to the model described in Sec. II. Elastic and inelas
data will be used for comparisons. One such issue relatin
the quality of theNN model was examined in Fig. 1.

If the strength of usingLEA is the quality of the transition
density, its weakness is the use of a zero-range excha
integral. This approximation can be checked by comparing
DWBA86 @62,63#, one of a series of finite-range DWIA pro
grams based on the work of Schaeffer and Raynal, provi
the inputs can be made identical. When usingDWBA86, tran-
sitions must be described as a series of particle-hole am
tudes. We obtained the particle-hole amplitudes for the fi
21 state in28Si from the shell-model programOXBASH @64#
running thesd-shell interaction of Wildenthal@65#. Using
harmonic-oscillator wave functions (b51.808 fm) and scal-
ing all amplitudes up to account for collectivity, the cro
sections and analyzing powers~see Fig. 3! from LEA ~solid!
andDWBA86 ~long dashed! are essentially identical. TheLEA

result using the best-fit transition density~short dash! differs
more noticeably. Thus it is important to avoid shell-mod
expansions unconstrained by electron scattering, and we
no precision for natural-parity transitions with the zero-ran
calculations ofLEA.

FIG. 3. Calculations of the cross section and analyzing po
for the first 21 state in28Si. The short-dash curves use the structu
form factor of Chen@47#. The solid and long dashed curves u
shell-model transitions densities. The solid calculations are m
with LEA, while the long-dash curves use the programDWBA86.
0-4
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MICROSCOPIC CALCULATIONS OF MEDIUM EFFECTS . . . PHYSICAL REVIEW C 60 064610
Figure 4 shows a similar check for the treatment of
kinematics of exchange as described in Sec. II C and App
dix B. The solid curve uses the olderLEA treatment in which
the exchange momentum transfer is a constant. Our pres
tion, shown by the dashed line, is nearly the same.

There have been two kinds of distortions used inDWIA

calculations. Best-fit optical model calculations use pot
tials adjusted to reproduce proton elastic-scattering data
the same target and at the same bombarding energy a
inelastic measurements. Another prescription for the dist
ing potential is the folding model that convolves the isosca
central and spin-orbit interactions with the point nucle
density. Although we will use the folding model in our a
plications, a comparison between these two models is il
trated in Fig. 5. The top panels show the best-fit~dashed! and
folded ~solid! elastic-scattering calculations in comparison
the measurements for28Si at 180 MeV@66#. The adjustment
of the best-fit potential to the data succeeds in describ
almost all of the points. The folding of the DBHF interactio
yields a cross section calculation that becomes too larg
the scattering angle increases and overly negative predic
for the analyzing power. In the lower panels these two d
tortion models are used in DWIA calculations using t
DBHF density-dependent interaction for the (p,p8) reaction
to the first excited 21 state of28Si. In both cases the cros
section is too large. The crucial difference is for the anal
ing power, where the measurements are much better
scribed by the folding model distortions. The folding mod
optical potential has a repulsive inner core that is abs
from the best-fit potential. While such a core is needed
200 MeV to understand scattering from lighter targets s
as 12C @67#, it is not required in phenomenological optic
model potentials for targets in the mass range of interest
@68#.

More insight into the difficulties we encounter with th
description of elastic scattering using the DBHF model c
be obtained by a comparison of this model to similar wo
by Furnstahl and Wallace@27#, based on the relativisticNN
model of Ref.@69#. By solving the Dirac equation in a finite
nuclear system, Furnstahl and Wallace produce effective
teractions for specific nuclei. Their effective interactio
suitable for the elastic or the inelastic case are differe

FIG. 4. Calculations of the cross section and analyzing po
for the first 21 state in28Si. The thin solid curves use the origina
zero range approximation ofLEA @45#, while the dashed curves us
the formulation described in Appendix B. The interaction is the f
t matrix described in Sec. II.
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since in the elastic case the identity between entrance
exit channels removes one power of the Mo¨ller operator
from the scattering amplitude@27#, which reduces relativistic
medium effects. In Fig. 6, the top panels show our DBH

r

e

FIG. 5. Measurements of the cross section and analyzing po
for elastic proton scattering from28Si at 180 MeV~top panels! and
for inelastic proton scattering to the first 21 state in28Si ~bottom
panels!. The elastic and inelastic-scattering calculations make
of best-fit optical potentials~dashed! or folding model potentials
~solid!.

FIG. 6. Measurements of the cross section and analyzing po
for proton elastic scattering from40Ca at 200 MeV. The folding
model calculations were made using our DBHF interaction~top
panels! or the elastic~solid curves, lower panels! and inelastic~long
and short dash curves, lower panels! interactions of Furnstahl and
Wallace.
0-5
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folding model for elastic proton scattering from40Ca at 200
MeV. The quality of the agreement is similar to that seen
Fig. 5. The solid curve on the lower panels uses the Furns
and Wallace elastic-scattering interaction in a folding mod
In this case agreement is better for both the cross section
the analyzing power. If instead the Furnstahl and Walla
inelastic interaction is used, the cross section rises and
analyzing power moves toward negative values~long and
short dash curves!. Thus a large part of the difference b
tween our DBHF model and the elastic-scattering data ar
because our density-dependent interaction is calculate
infinite nuclear matter, which ignores any specific state
pendence of theG matrix.

This raises the question of the degree to which the ine
tic calculations we report are sensitive to this issue. We
dress this point by comparing two calculations for the ex
tation of the first 32 state in40Ca ~see upper panels of Fig
7!. Both calculations are based on Furnstahl and Wall
interactions. Pauli blocking and binding energy effects ha
been included@28#. The solid curve is their standard pre
scription with the elastic interaction used to produce the fo
ing model distortions. The dot-dashed curve uses the s
inelastic interaction for both the folding model distortio
and the DWIA calculation of the transition. This change h
the effect of again moving the cross section up and the a
lyzing power to more negative values, but the changes
inelastic scattering are more modest. Near the peak of
cross section, almost no difference exists.

For comparison, we show in the lower panels of Fig. 7
same data for the 32 transition in 40Ca in comparison with
the DBHF calculations from our model. All calculation
overestimate the cross section. The DBHF model, if ren

FIG. 7. Measurements of the cross section and analyzing po
for the first 32 state in40Ca. The upper panel curves are DWI
calculations using folding model distortions based on the ela
~solid! and inelastic~long and short dash! interactions of Furnstah
and Wallace. The lower panel curves are based on our DBHF
teraction.
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malized, gives the best representation of the diffractive sh
of the angular distribution. Near the peak of the cross s
tion, the prediction of the analyzing power is excellent in
cases. As the cross section declines, differences appear
DBHF model presented here then falls below the meas
ments, much as the Furnstahl-Wallace model calcula
does when the inelastic interaction is used to generate
folding model distortions. Thus the use of infinite nucle
matter to produce the density-dependent interaction will le
to discrepancies on the order of the differences seen in
upper panels of Fig. 7. This will need to be remembered
the interpretations to follow.

B. Results

We will now present a variety of results with the purpo
of evaluating the quality of our description of the densit
dependent effects. The goal of this section is to illustrate
DBHF calculations for a variety of transitions chosen to e
plore systematic trends that might affect the quality of t
agreement with data. After reviewing elastic scattering,
will examine some of the strongest collective states. T
form factors for these states are among the best known s
the electron-scattering data is of especially high qual
These transitions tend to emphasize momentum trans
near 0.5–1.5 fm21 since the total angular momentum transf
is usuallyDJ52 or 3. To check smaller and larger mome
tum transfers, we will then look at states with smaller a
larger spins. Finally, the 21 excited states of28Si offer an
opportunity to examine the DBHF model at different nucle
densities since there is a large variety of radial distributio
for the transition form factors among these states@47#.

To facilitate comparisons, in each of Figs. 8–12 t
DBHF model results are represented by solid curves. T
density dependence that arises only from the BHF mec
nisms is shown by long dashed curves. The free interactio
shown for reference as short dashed curves. In each cas
folding model distortions and the DWIA transition are ca
culated with the same interaction.

We start with some additional comments on elastic sc
tering. Figure 8 shows the folding model calculations f
proton elastic scattering from16O and28Si at 200 MeV. The
local nuclear matter density was derived from the longitu
nal electron scattering form factor@61#. The data for28Si
were taken in connection with an investigation of high-sp
states in that nucleus@37#. The features here are similar t
those described above for40Ca. The DBHF calculations in
their present form overestimate the cross section and pre
values for the analyzing power that are generally too ne
tive. In the analyzing power, we see a progression from p
tive to negative values as the size of the density depende
increases through BHF to DBHF. Clearly the reduction
the density dependence present in the Furnstahl and Wa
calculations would be helpful here, as discussed previou

Figure 9 shows data for three strong collective sta
along with the three sets of DWIA calculations. In all cas
the peak of the cross section is overpredicted by about 5
A number of factors have been included that reduce the
culated cross section, including relativistic kinematics for t
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ic

n-
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MICROSCOPIC CALCULATIONS OF MEDIUM EFFECTS . . . PHYSICAL REVIEW C 60 064610
transformation fromt matrix to the Yukawa expansion an
the transformation of the interaction fromNN to N-nucleus
coordinates described by Eq.~14! of Love and Franey@44#.
This overestimate has been an issue in other investigati
and has been handled in the empirical interaction of
Kelly group @46,47# by attenuating the free interaction by
factor of about 0.8. There the overestimate has been asc
to an inadequacy in the local-density approximation.
lower bombarding energies such overestimates of the c
section in DWBA calculations have been attributed to d
torted wave functions that are too large in the nuclear inte

FIG. 8. Measurements of the cross section and analyzing po
for 16O and 28Si at 200 MeV. The folding model calculations a
based on the free~short dash!, BHF ~long dash!, and DBHF~solid!
forms of the effective interaction.

FIG. 9. Measurements of the cross section and analyzing po
for the (p,p8) reaction leading to the 21 and 32 states in16O at
6.917 and 6.130 MeV, and the 21 state in40Ca at 3.904 MeV. The
DWIA curves are based on the free~short dash!, BHF ~long dash!,
and DBHF~solid! interactions.
06461
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because they ignore the exchange nonlocalities describe
Perey and Buck@70#. Inclusion of this correction~derived
from the energy dependence of the strength of the cen
optical model potential! in fact increases the cross section
the peak and does not, at least its standard form, repres
helpful way to handle this issue. Generally, the shapes of
cross section angular distributions match the main feature
the data. Except for the tendency of the DBHF calculation
remain too large at large scattering angles~see the 32 state
in 16O!, the quality of the agreement is not good enough
detail to make a comparative evaluation of the quality of
BHF and DBHF calculations. This large angle enhancem
arises mainly from the density-dependent increase in the
of the spin-orbit interaction.

Of the three calculations shown, the best reproduction
the analyzing power is clearly with the DBHF prediction
The strong density dependence of the DBHF model ra
the analyzing powers at angles forward of the cross sec
maximum and lowers it beyond, something that is neede
get a better representation of the data. Based on the ag
ment here to the analyzing power, a model that is consis
with the bulk properties of nuclear matter is also best
nucleon-induced inelastic scattering.

Near the peak of the cross section, the analyzing pow
described by Eq.~21a! of Love and Franey@44#, is domi-
nated by the positive values of the interference between
real spin-orbit and imaginary central effective interactions.
the DBHF model the reduced effective nucleon mass@22#
enhances the real spin-orbit interaction~see Fig. 4 of Ref.
@27#!, leading to more positive values of the analyzin
power. This effect is much smaller atq,1 fm21 for the BHF
model ~see Fig. 4 of Ref.@46#!. Dramatic improvements are
also present with the DBHF model for the diffractive osc
lations in the analyzing power. This effect cannot be d
scribed with such a plane-wave argument. In contrast,
cross section, which in plane wave is the incoherent sum
the central and spin-orbit magnitudes, shows smaller effe
near the peak because of the balance between decre
central and increasing spin-orbit contributions.

For the weaker (p,p8) transitions, agreement with the ca
culations is a bit more elusive. In Fig. 10, we again show
three types of calculations for the 01 state in 28Si at 4.98
MeV and the 12 state in16O at 7.117 MeV, both noncollec
tive transitions of low spin. For the most part, the gene
features of the cross sections are reproduced. Again,
DBHF model provides a better description of the analyz
powers, but the differences between the BHF and DB
results for the 01 state are mixed. These results are le
supportive of the quality of the interaction at low momentu
transfer than was noted for the large collective states
Fig. 9.

The higher spin states shown in Fig. 11 have simpler
gular distributions. Here the quality of the reproduction
comparable to the strong collective states shown in Fig
All of the analyzing powers show a falling angular distrib
tion between 20° and 40° that is well reproduced and sho
little sensitivity to density dependence. The overestimate
the cross section is still present. In all of the cases exami
so far, the agreement with the data deteriorates at the la
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angles, usually around 50°. Since the cross section at t
larger angles is down at least an order of magnitude below
maximum, it is not clear that we can separate inadequacie
the interaction from inadequacies in the DWIA treatment

Last, we examine whether the DBHF effects vary c
rectly with changing nuclear density. We will do so by e
amining states whose transition strengths occur at nuc
densities that are sufficiently different from each other
make a meaningful comparison. This opportunity is pres
for 28Si where a series of 21 states shows the needed varie
In Fig. 12, the states considered in this analysis~cleanly re-
solved in the experiment! are shown from left to right in

FIG. 10. Measurements of the cross section and analy
power for the 01 state in28Si at 4.98 MeV and the 12 state in16O
at 7.117 MeV, along with calculations as described in Fig. 9.

FIG. 11. Measurements of the cross section and analy
power for the 41 state in16O at 10.356 MeV, the 41 state in28Si at
4.62 MeV, and the 52 in 40Ca at 4.492 MeV, along with calcula
tions as described in Fig. 9.
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order of decreasing reaction radius. This change is appa
from the expansion of the diffraction pattern as the react
radius decreases. When the reaction radius is relatively la
then one would expect that most of the transition takes pl
in regions of the nucleus where the density is small and
changes to the effectiveNN interaction would be modest
This appears to be the case, as the size of the den
dependent modifications increases going from left to righ
Fig. 12. This is true of both the cross section and the ana
ing power. As the radius moves the transition to regions
higher nuclear density, the DBHF calculations do overal
better job of following the measurements. There are so
problems describing the transition with the lowest density,
seen from the first state in Fig. 12, which may indicate t
the density dependence is too strong at low density.

Overall, the DBHF interaction appears to provide a re
sonable basis for density-dependent distortions and the e
tive interaction in the (p,p8) transitions we considered here
However, there are systematic issues. In all cases, the c
section is overestimated. Detailed agreement with shap
often tricky if the data contains sharp diffractive oscillation
Even the use of form factors fit to (e,e8) measurements doe
not constrain the cross section to tight agreement w
(p,p8) angular distributions. The DWIA together with th
DBHF scheme appears to do best for angles near the m
mum in the cross section. There the analyzing power alm
always comes very close to the measurements. The analy
power is also very sensitive to the choice of model~free,
BHF, or DBHF! and the higher quality of agreement favo
the DBHF model, even though the density depende
present in the folding model distortions remains too stro
This density dependence could, in principle, be redu
through a treatment of theG matrix for finite nuclear sys-
tems.

IV. CONCLUSIONS

The primary focus of this paper has been to explore
basis for inelastic scattering calculations with a mediu

g

g

FIG. 12. Measurements of the cross section and analyz
power for three 21 states in28Si at 7.933, 1.779, and 8.259 MeV~in
order of increasing nuclear density!, along with calculations as de
scribed in Fig. 9.
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MICROSCOPIC CALCULATIONS OF MEDIUM EFFECTS . . . PHYSICAL REVIEW C 60 064610
modified effectiveNN interaction. To assess the quality
that basis, we have compared calculations to isosca
natural-parity transitions where medium effects from the
tablished many-body models are known to be largest.
reported our predictions for several such states obtaine
(p,p8) inelastic scattering at energies near 200 MeV.

Our starting interaction is based on a relativistic OB
model with input parameters optimized to agree with
most modern sets of phase shift solutions to theNN scatter-
ing data base. We observed that it is important to start fr
an accurate two-body force. Medium effects are accoun
for via a Dirac-Brueckner many-body approach. The pro
handling of the nucleon in the medium through a correla
Dirac wave function provides a crucial saturation mec
nism. Thus this framework describes realistically not on
NN scattering data, but also the ground-state propertie
nuclear matter through a self-consistent~that is, free of ad-
ditional parameters! calculation.

We compared our DBHF predictions with those from t
relativistic model of Furnstahl and Wallace and find simi
quality of agreement for inelastic scattering. For elastic sc
tering, Furnstahl and Wallace achieve a better agreem
with data. This arises from the fact that Furnstahl and W
lace treat nucleons as Dirac bound states in the nucl
rather than infinite nuclear matter spinors.

Agreement of the DBHF model with inelastic scattering
satisfactory, although the quality of the predictions for t
cross section deteriorates at the larger angles. At the s
time, our DBHF model provides a very good description
the analyzing power, particularly in the angular region n
the cross section peak. The analyzing power is also v
sensitive to the model for the density dependence, and
results suggest that the density-dependentNN force given by
the DBHF model is essentially correct.

Some systematic problems remain with the cross-sec
angular distributions, where the size is overestimated
about 50%. This problem persists regardless the partic
effective interaction used, and may originate in the choice
the DWIA as a reaction mechanism.

In closing, we observe that a quantitative, relativistic tw
body force combined with a Dirac approach to nuclear m
ter captures the main features of the (p,p8) data considered
here, particularly for the analyzing power. A similar fram
work has already proven successful in microscopic nuc
structure calculations@71#. Thus the scheme where a quan
tative two-body force is applied self-consistently in the m
dium continues to provide a satisfactory picture of a w
range of nuclear processes. For future studies involving
spin dependence of the in-mediumNN interaction, this
model appears to be a satisfactory basis on which to proc
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APPENDIX A

In this appendix, we describe a transformation betwe
the S-matrix or t- ~G-! matrix representation of~in-medium!
NN scattering and the expansion of the effectiveNN interac-
tion in terms of Yukawa functions, as described by Love a
Franey@44#. The fiveNN interaction amplitudes for the two
isospin operators,1 andt1•t2 , are separated by spin oper
tor according to

t5t01tss1•s21tLS~s11s2!•n1tTDS12~ q̂!1tTXS12~Q̂!
~A1!

with q̂5(k82k)/uk82ku, n̂5(k3k8)/uk3k8u, and Q̂
5q̂3n̂. The five pieces in order are the central, spin-sp
spin-orbit, tensor direct, and tensor exchange. The direct
of each amplitudet i is represented by the sum of 2–
Yukawa functions. The exchange part is computed from
direct using the symmetries ofNN scattering@44#. When
combined with the direct for the free case, this gives a se
amplitudes that describeNN scattering measurements.

The Yukawa functions in coordinate space are@44#

tC~r !5(
a

Va
CY~r /Ra!,

where

Y~x!5e2x/x, ~A2!

tS~r !5(
a

Va
SY~r /Ra!, ~A3!

tT~r !5(
a

Va
Tr 2Y~r /Ra!, ~A4!

with the Fourier transforms

tC~k!54p(
a

Va
CRa

3

11~kRa!2 , ~A5!

tS~k!58p(
a

Va
SkRa

5

@11~kRa!2#2 , ~A6!

tT~k!532p(
a

Va
Tk2Ra

7

@11~kRa!2#3 . ~A7!

The Va
C , Va

S , andVa
T are the central, spin-orbit, and tens

Yukawa coefficients, and theRa are their associated range
A single set of coefficientsVa can be used for either a
coordinate- or momentum-space representation oft.

The S-matrix elements that describe~medium-modified!
NN scattering may be obtained from the~complex! phase
shifts according to

Sn5edn, ~A8!
0-9
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if the phase is uncoupled, or

Sn5S e2id l cos 2e
iei ~d l1d l 8! sin 2e

iei ~d l1d l 8! sin 2e
e2id l 8 cos 2e D , ~A9!

if the phase shifts are coupled. Here the quantum numben
include the total angular momentumJ, the total spinS, the
total isospinT, and the orbital angular momental andl 8. The
S-matrix elements are related to thet-matrix elements
through

Sl 8 l
JST

~p!5d l 8 l2 ikt l 8 l
JST

~p!. ~A10!

The coefficientk52pmp wherem is the reduced mass i
theNN system andp is theNN center-of-mass momentum.
is the values oft l 8 l

JST(p) that are available from theG-matrix
calculation.

To adequately represent the pion tail, we calculatet l 8 l
JST(p)

matrix elements throughJ515. A satisfactory Yukawa ex
pansion need contain no more than the 44 coefficients u
by Franey and Love@53# in their 210-MeV interaction. With
t l 8 l
JST(p) matrix elements outnumbering Yukawa coefficien
e

nd

06461
ed

,

a least-squares minimization was employed to choose
best coefficient values. The transformation matrixM con-
nects these two spaces throughG5MV whereG andV are
vectors containing, respectively, thet l 8 l

JST(p) matrix elements
and theVa Yukawa coefficients. SinceM is linear, the mini-
mization process may be accomplished in one step. Defin

Gj5(
i

GiM i j , ~A11!

Mjk5(
i

M ikM i j , ~A12!

the solution becomes

Vk5(
j

Mjk
21Gj . ~A13!

The ranges are fixed in advance of the fit at the values u
by Franey and Love@53#.

The closed-form expression for the elements of the tra
form matrix M is
t l 8 l
JST

5
1

2p2 S d l 8 lgC
ST~ l ,p!26d l 8 ldS1~2 ! l 1JH l J 1

1 1 l J F(l
~2l11!^l100u l0&2H l l 1

1 1 lJ gS
T~l,p!G

2~2 !~ l 82 l !/22A30dS1~2 ! l 81J13H l 8 J 1

1 2 l J FA2l 811^ l 8200u l0&
1

p2 @gT
T~ l ,p!1gT

T~ l 8,p!#1A30(
l

~2l11!

3^l100u l 80&^l100u l0&H l 8 l 2

1 1 lJ 1

p2 gT
T~l,p!G D . ~A14!
m
ff-

the
gle
l-
or

x-
For
bed
ram
ed

m

The sums onl run from the maximum ofl 21 or l 821 to
the minimum ofl 11 or l 811. The Yukawa coefficients ar
contained in the expressions for theg functions as

gC
ST~ l ,p!5(

a
Va

CRaQa~ya!, ~A15!

gS
T~ l ,p!5(

a
Va

SRaQa8 ~ya!, ~A16!

gT
T~ l ,p!5(

a
Va

TRaQa9 ~ya!, ~A17!

where theQa are Legendre functions of the second kind a
the derivatives are with respect toya where

ya511
1

2p2Ra
2 . ~A18!
The details of this transform were provided by Malcol
Macfarlane, who derived them as part of a study of the o
shell unitarity of the effectiveNN interaction@72#.

APPENDIX B

For proton inelastic scattering to a specific state of
target nucleus, the laboratory energy as a function of an
for the scattered proton will differ significantly from the va
ues for freeNN scattering. Thus we must adopt a model f
choosing the momentum transferq and crossed momentum
transferQ that will be used to evaluate the direct and e
change pieces, respectively, of the effective interaction.
the calculations reported in this paper, the model descri
in this appendix replaces the standard choice in the prog
LEA @45# of fixing Q at all angles to be the value associat
with 0° scattering.

In the center-of-mass frame, a projectile with momentu
k scatters at an angleu, leaving with the new momentumk8.
For reactions with a nonvanishingQ value, the magnitudes
of these two momenta are not equal,k8Þk. The momentum
transfer for the direct amplitude is taken to beq5k82k. The
0-10
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vectorq lies at an anglew, 0<w<p/2, with respect to the
beam axis. Using this choice forq to evaluate the direc
amplitude is consistent with the assumption that the pro
tile makes an on-shell scattering from a nucleon in the ta
that is in motion prior to the collision. Binding-energy e
fects are neglected.

The model for the crossed momentum transferQ begins
by choosing the momentumkt for the struck nucleon to hav
the smallest possible value in the target frame of refere
consistent with on-shell scattering. This imposes two con
tions that are determined nonrelativistically for a target
massA. First, the projection ofkt on the momentum transfe
axis must beq/2 to maintain on-shell kinematics. Secon
the projection ofkt perpendicular to the momentum transf
axis in the scattering plane must be the same as the pro
tion of the struck nucleon’s share of the target momentu
2k/A, onto the same direction. This minimizes the mome
tum of the struck nucleon in the target frame of referen
With kt thus constrained,Q5k82kt . The magnitude ofQ
used to evaluate the exchange amplitude is most easily
pressed in terms of its components,Qx and Qy with Q2

5Qx
21Qy

2, as

Qx5k8 cosu1
k

A
1h cosw, ~B1!
s.

ar

y

s.
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and

Qy5k8 sinu2h sinw, ~B2!

where

h5
q

2
2

k

A
cosw. ~B3!

Relaxing the second condition to include larger values
the struck nucleon momentum in the target frame, and wit
variety of possible directions, results in values ofQ that can
be either smaller or larger than the one described abo
Thus this model forQ does not depend strongly on the m
mentum of the struck nucleon being very close to the lim
ing case of minimal size in the target frame.

Exchange amplitudes calculated using this model w
compared with the exact finite-range amplitudes fro
DWBA86 @62# in the preparation of a study of the strong 62

transitions in28Si @37#. The results were clearly superior t
those calculated using the fixed value ofQ.
ar-

kin,
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