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Microscopic calculations of medium effects for 200-MeM(p,p’) reactions
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We present &-matrix calculation of the effective nucleon-nucle@\iN) interaction for the distorted wave
impulse approximation prediction of the cross section and polarization observablegin (eactions. This
interaction is based on a one-boson-exchange model of th&lfiderce that reproduceldN 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'i®, 2%Si, and*°Ca 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. [S0556-28189)02912-X

PACS numbgs): 25.40.Ep, 21.30.Fe, 24.10.Cn, 24.786.

I. INTRODUCTION describe. BHF approaches are generally not adequate
[33,38. The inclusion of relativistic effects is helpful in the

One of the goals of nuclear physics is to describe thejuasielastic cag89,40. The problems encountered with po-
structure of nuclei and the dynamics of nuclear reactions itarization observables have been associated with the exis-
terms of the underlying interaction between nucleons. Butence of more exotic medium effects. Among those, one of
from a practical standpoint a microscopic calculation of thethe most extensively discussed is the possible reduction of
many-body system is not a viable option. One simplificationmeson masses as a consequence of changes to the QCD
of the nuclear many-body problem is the construction of arvacuum in the nuclear mediupd1—-43. In future papers we
effective nucleon-nucleofNN) interaction, modified so as to intend to investigate these issues. Starting from effective in-
account for the presence of the many-body environment, thagractions based on DBHF methods, we will confront a va-
can be used in a treatment of the properties of nuclear matteiety of unnatural-parity j6,p’) transitions and explore is-
or nuclear reactions. sues such as meson mass scaling.

The most commonly included many-body mechanisms In this paper, our primary purpose is to present the DBHF
arise from Pauli blocking and nuclear binding, and are theechnique we will use, and assess its quality in comparisons
main aspects of what is known as the Brueck@ematrix  to elastic and natural-parity inelastic transitions. For these
approach(BHF) [1-6]. Effective interactions of this type data, the medium effects in both BHF and DBHF density-
have been used as the basis for many calculations of protatependent interactions are large. The opportunity exists to
elastic and inelastic scatterif@—21], in some cases with see how well the medium-modified interaction follows data
considerable success. However, the same approach fails for transitions that vary in average nuclear density, and in
predict correctly the saturation properties of nuclear mattespin and momentum transfer. As a part of this evaluation, we
[22]. More successful in that regard is the relativistic exten-will examine our approach in comparison to the relativistic
sion of the Brueckner theorf23—26, which has also be- treatment of Furnstahl and Wallace. We will raise and test
come an established method for nuclear matter studiesarious distorted-wave impulse approximatiofdWIA)
Known as Dirac-Brueckner theoryDBHF), the method model issues, including the treatment of the exchange ampli-
characterizes the nuclear mean field by strong, competingudes and optical model distortions. Taken together, these
vector and scalar fields that together account for both theests will reveal the systematic features of the effective inter-
binding of nucleons and the large size of the spin-orbit split-action and help to gauge its reliability within DWIA so that
ting seen in nuclear states. Effective interactions that includés strengths and limitations are understood. This information
these relativistic effects have seen much less application tshould prove essential in extending the present ideas and
the study of proton-induced reactiof27—-29, and in fact methods in future work.
have been compared only to natural-parity inelastic transi- We describe in Sec. Il the main ingredients of our model,
tions. We will refer here to all of these effects as “conven-starting with a one-boson-exchan@@BE) representation of
tional” medium modifications. the nucleon-nucleofNN) interaction that provides an excel-

Measurements of the polarization observables for protonlent reproduction of théN observables below pion produc-
induced quasielastic scatterifig0—33 and the excitation of tion threshold. This is an improved version of the Bd&in-
unnatural-parity stateg34—37 have been more difficult to potential[22]. The density-dependent effective interaction is

obtained by solving the Bethe-Goldstone equation in infinite
nuclear matter. It contains all the conventional effects as de-
*Present address: MCI WorldCom, Oakbrook Terrace, IL 60181 fined above, and correctly reproduces the saturation proper-
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ties of nuclear matter. Next the resultiiig matrix is con- TABLE |. OBE meson properties.
verted to a Yukawa-function representatigid] for use in
DWIA calculations, for which we employ theea program ~ Meson  MasgMeV) Coupling °/4w)  Cutoff (MeV)
from Kelly [45].

Relativistic calculations for the case of inelastic scatteringw 222'33 12'8 115785
are relatively few. Here we will compare our results with the 7 ’
work of Furnstahl and Wallaci7,28, where the nucleons * 769 0.99 (,/9,=6.1) 1300
in the nucleus are described by Dirac bound states. Thesé 7826 2 1500
authors consider specific finite nuclei, and point out that the” (T=0) 550 5.966 2000
density-dependent effects for the elastic-scattering channél (T=1) 550 8.5 2000

are less than those for the reaction channels because of the

identity between initial and final states in the elastic case. In ) ) ) o
our work, theG matrix is constructed for infinite nuclear P€€n substantial progress in both high-precision measure-
matter, and no such distinction exists. In particular, aparfents of NN scattering and phase-shift analyses. Since a
from the Cheon effect to be discussed in Sec. Il C, we use thg00d fit to theNN data is a crucial prerequisite for an evalu-
same effective interaction for elastic and inelastic scatteringation of the quality of theig,p") calculations, the parameters
The implications of this difference in approach will be ex- of the model hav_e been adjusted to bn_ng the predictions into
amined in Sec. IlI. better accord with current phase shift analyses from the
Since the primary purpose of this paper is to evaluate ouNijmegem group up to 325 MeY51]. The o meson is now
treatment of conventional medium effects, in Sec. 11l we will different in the two isospin channels. As a consequence of
compare our predictions to measurements of the cross selliS extra degree of freedom, tidmeson becomes unimpor-
tion and analyzing power for several natural-parity, isoscalafnt and is, therefore, omitted. The values for the masses,
(p,p’) transitions. We have chosen the data of Seff46] coupling constants, and cutoff parameters for the mesons are
on %0 and “°Ca (200 MeV) and Chen[47] on 23Sj (180 given in Table I. This scheme alone is not fully satisfactory
MeV) since these are the same energies and targets that wil the T=1 channel. So in a manner similar to that used in
appear in a future consideration of exotic medium effects fotN€ construction of thecharge-dependen€D-Bonn interac-
polarization transfer measurements. For natural parity transfion [52], adjustments have been made to theneson cou-
tions, polarization transfer measurements do not add neRling constant for some individual partial waves. These al-
information to the analysis beyond that contained in the crostéred values are given in Table Il. A comparison WN

section and analyzing powg48] and will not be considered data measured near 200 MeV was found to be excellent.
here. The importance of using an accurdté interaction be-

comes apparent in Fig. 1, where we show calculations for the
40Ca(p,p’)*°Ca reaction to the 3 state at 3.736 MeV based
on this work and several other interactions. The techniques
A. The nucleon-nucleon interaction behind these calculations will be described more fully in Sec.
IIC. Here we concentrate only on the sensitivity of typical
inelastic-scattering observables to the underlyiig force.

For simplicity, none of the calculations shown in this test
contain density dependence; i.e., they correspond to free-
spaceNN forces. The top panels of Fig. 1 show predictions
om our work (solid) and three modern high-precision po-
entials, specifically CD-Bonf52] (long dash, NIIMEGEN-II

Il. THE MODEL

The starting point for a microscopic calculation @f,p’)
reactions is a realistic free-spald@l interaction which repro-
duces wellNN scattering observables. Below the pion pro-
duction threshold, we would expect that a one-boson
exchange basis would prove adequate. This is a quantitati
reduction of a more comprehensive model containing mul-t

tiple mﬁson—eichange .ﬁiagrarﬁgz]: q . t th [51] (medium dash andreiD93[51] (short dash The lower

In this work, we will use an improved version of the panel shows five predictions based upon older interactions,
BqnnB potent!al [22]. We have chose.n pseudovector Cou'including Franey and Lov§53] (solid), BonnB [19] (long
pling for the pion, and solve for_ theN interaction throug_h dash, Paris[54] (medium dash von Geramb[15] (short
the use of the Thompson equatip]. The major bosons in . and Reid55] (long and short daghwhich are not as
the model arda) the pseudoscalar pion, which is the lightest .., ate in describing the most modétN data. Clearly, the

and hence longest ranged of the mesons and which provides ijos curves are much more scattered in the lower panel,

most .Of the attractive tensor forcd) th‘?P vector meson, a implying considerably larger theoretical uncertainty. On the
two-pion P-wave resonance that provides a short-range re-

pulsive tensor force(c) the w vector meson, a three-pion
resonance that creates a strong, repulsive central force at
short range and that contributes to the spin-orbit force, angartial wave
(d) the fictitious isoscalar-scalas meson that represents

TABLE Il. o meson couplings.

Couplingd?/4=)

two-pion Swave exchange and that contributes to the me- 3P, 8.9
dium range attraction necessary to bind the nucleus. The D, 10.05
OBE amplitudes for these mesons are given explicitly in  3p, 9.11
Refs.[22,50. Since the parameters of the original BoBn- 3F, 135

interaction were determined about a decade ago, there has
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FIG. 1. A comparison of free interaction calculations for the (solid) calculations, respectively.

4Ca(p,p’)*°Ca reaction to the 3 state at 3.736 MeV. The upper problem, since th& matrix and theunknown nuclear mat-
panels compare our interactidsolid) with CD-Bonn[52] (long  ter potential are related to each other. The numerical proce-
dash, NMEGEN-Il [S1] (medium dash and Reipes [S1] (short  gyyre is facilitated by the so-called effective mass ansatz, in
dash. The lower panel contains the older interactions of Franey andy hich the single-particle energy is approximated by a suit-
Love [53] (solid), Nakayama and Love based on the older Bonn-Bable analytic functior(see Sec. 3.2 of Ref5], or Sec. 10.5
[19] (long dash, Paris[541 (medium dasj) von Geramb and Rikus of Ref. [22] for the relativistic treatmeint In,choosing the
[15] (short dash and Reid55] (long and short dash function, we reproduce momenta above the Fermi level, in
contrast to other calculatiorfi22], because this improves the
quality of the approximation near the beam momentum. The
resulting nucleon effective masses, shown in Fig. 2, are
larger (namely, closer to their free-space valwnd yield
H/eaker density-dependent effects than do those interactions
which do not reproduce the single-particle potential above
the Fermi momentum. The self-consistent calculation that
dproduces the effective masses used here saturates nuclear
matter (in the DBHF casg at the realistic value of 0.17
nucleons/fm with a binding energy of 14.4 MeV.

scale of our comparison tq(p’) data such differences do
matter. A similar conclusion is illustrated for unnatural-
parity transitions by Fig. 2 of Ref56]. In general, older
interactions are not as faithful to presé\itl scattering data,
and are likely to show larger discrepancies when compare
to (p,p’) data. Thus it is important to start from an accurate
two-body input.

Our full density-dependent interaction is constructe
within the DBHF approach to infinite nuclear matter. How-
ever, for purposes of illustration, we will also present predic-
tions obtained within the BHF framework, where medium

effects come in through @pherically averagedPauli opera- B. Transformation to an effective NN interaction
tor and modification of the single-particle energy in nuclear If the t- or G-matrix interaction is to be useful in existing
matter. distorted-wave impulse approximatigpWIA) calculations,

In the DBHF scheme, the mean nuclear potential is exthe NN amplitudes must be expanded in a series of
pressed in terms of an attractive scalar and a repulsive vectgpordinate-space functions. The usual choice is a set of
field. This approach was initiated in the 1970s by Clark andyukawa functions, since these resemble some of the shapes
collaboratorg57] and applied to proton-nucleus elastic scat-involved in the OBE potential. A parametrization using such
tering with significant improvement to the spin observablesfunctions by Love and Frandy4] requires very few terms,
Here we follow closely the relativistic approach to nuclearso we have adopted their choice of Yukawa functions and
matter as reviewed in Chap. 10 of RE22]. The modifica- ranges as our basis.
tions to the nucleon Dirac spinor arising from such strong The transformation between partial wave matrix elements
fields produce a characteristic repulsive effect that is cruciadnd the coefficients of a Yukawa expansion are described in
to describe correctly the saturation properties of nuclear matAppendix A. There the one-step fitting process is also de-
ter. This repulsion appears also in the real central isoscalaailed. The quality of this transformation has been checked
effective interaction. There the effects of the BHF and DBHFby inversion, and the reproduction of the original matrix el-
density dependence are similar in kind, but typically muchements is excellent. In addition, the same Yukawa coeffi-
larger in the DBHF case. cients can be used to expand the interaction in momentum

As explained in detail in Ref5], the calculation of th&  space. When a free interaction is expanded this way, the
matrix (for both BHF and DBHIF poses a self-consistency resulting amplitudes can be used to calcullsié scattering
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angular distributions that compare well wiliN cross sec- 100
tion and polarization measurements. .
@ 10.0
C. The DWIA calculations g
In this subsection, we describe the main features of theQ 100 A

DWIA calculations that will be compared in Sec. 1l with the g 0 10
cross section and analyzing power for a number of natural-©
parity (p,p’) transitions. This involves several choices con- T
cerning which DWIA program to use, and how to treat the 0-01 ™20 20 600 20 40 60
distortions and structure as well as the interaction. Some o 0., (deg)
these choices can be tested, and the results of such tests will
be discussed at the beginning of Sec. IIl. FIG. 3. Calculations of the cross section and analyzing power

In the original work where thesep(p’) data were re- for the first 2" state in?Si. The short-dash curves use the structure

ported[46,47), measurements of the cross section and anaom factor of Chen[47]. The solid and long dashed curves use

lyzing power were matched with a phenomenological effec_shell-model FranS|t|ons densities. The solid calculations are made

tive NN interaction using the DWIA progranea [45]. We with LEA, while the long-dash curves use the prograwsAsgs.

have used this program here since it incorporates a number

of desirable features. For later studies of unnatural-paritfhe charge distribution of the proton using an unfolding pro-

transitions, the treatment of exchange will become a morgedure available inEA. What remains from the deconvolu-

serious problem that requires the use of a finite-range prdion is assumed to be a point nucleon density that applies to

gram for the exchange part of the scattering. both protons and neutrons, since all of the targets considered
LEA makes use of a pseudopotential form of the Bornhere have equal proton and neutron numbers. This density is

approximation in which each term of the effectid inter-  then evaluated at the position of the projectile.

action is folded with the appropriate pie¢gepending on The transition form factors have been calculated by Seif-

spin operator couplingof the nuclear density. The resulting ert[46] and Cher{47] in a series expansion based again on

effective potential is then used to calculate the transition amlongitudinal electron-scattering measurements. We use their

plitude by overlapping it with a distorted-wave description of €xpansions here. The accurate representation of the form fac-

the projectile motion and the appropriate piece of the transitor is one of the important advantages of usire. Thus

tion density. In this scheme medium effects are determine¢his uncertainty is removed in the comparison with ')

at a density evaluated at the spatial coordinate of the projeglata.

tile. Thus it is most appropriate for the calculation of the

direct part of the scattering. Exchange is handled in a zero- [1l. DWIA RESULTS AND DISCUSSION

range approximation that adds this piece of the effedtlixe

interaction to the direct part, and the overlap is calculated as

it would be if the outgoing nucleon were the projectile. Un-  Before comparing our calculations to a broad range of

like prior applications ofLEA, the kinematics for the ex- (p,p’) transitions, we will examine a number of issues re-

change amplitude added here use a momentum transfer cdéting to the model described in Sec. Il. Elastic and inelastic

culated by assuming that the struck nucleon is in motiordata will be used for comparisons. One such issue relating to

prior to the collision with a momentum that has the smallesthe quality of theNN model was examined in Fig. 1.

A. Verification of the model

possible value in the target frame of referefsee Appendix If the strength of usingEeA is the quality of the transition
B). For large target masses, this choice converges to the Braiensity, its weakness is the use of a zero-range exchange
frame. integral. This approximation can be checked by comparing to

The entrance and exit channel distortions are calculatedwBasges [62,63, one of a series of finite-range DWIA pro-
using a first-order folding prescriptiontd). The same grams based on the work of Schaeffer and Raynal, provided
density-dependent interaction is used for both the elastic anifie inputs can be made identical. When usivggAss, tran-
inelastic calculations except for the small change to the exsitions must be described as a series of particle-hole ampli-
change part required by the different reacti@rvalue (Ap-  tudes. We obtained the particle-hole amplitudes for the first
pendix B. However, there are corrections to the density de2" state in?®Si from the shell-model programxsAsH [64]
pendence that are different between the elastic and theunning thesdshell interaction of Wildenthal65]. Using
inelastic channel§58,59, and these have been included. In harmonic-oscillator wave functiond € 1.808 fm) and scal-
addition, we incorporate a small downward rescaling of theng all amplitudes up to account for collectivity, the cross
effective NN interaction resulting from transforming thdN  sections and analyzing poweisee Fig. 3 from LEA (solid)
interaction from the nucleon-nucleon to the nucleon-nucleusindbwgsAss (long dasheflare essentially identical. TheA
frame of Refs[44,60. result using the best-fit transition densighort dashdiffers

The ground-state nuclear matter density is needed to denore noticeably. Thus it is important to avoid shell-model
termine the density at which the interaction should be evaluexpansions unconstrained by electron scattering, and we lose
ated. We have taken the longitudinal form factor for elasticno precision for natural-parity transitions with the zero-range
electron scatterin61] from each target and corrected it for calculations of_EA.

064610-4



MICROSCOPIC CALCULATIONS OF MEDIUM EFFECS . .. PHYSICAL REVIEW C 60 064610

100 — —
0.8
=
g 0.4
E
0.0 A
g
~
) -0.4
©
-0.8

20 40 60 0 20 40 60

Oe.m. (deg)

FIG. 4. Calculations of the cross section and analyzing power
for the first 2" state in?8Si. The thin solid curves use the original
zero range approximation ofa [45], while the dashed curves use
the formulation described in Appendix B. The interaction is the free
t matrix described in Sec. Il.

Figure 4 shows a similar check for the treatment of the 0 20 20 0 20 20
kinematics of exchange as described in Sec. Il C and Appen 0 (deg)
dix B. The solid curve uses the oldeza treatment in which ¢.m 9

the exchange momentum trqnsfgr Is a constant. Our prescrip- FIG. 5. Measurements of the cross section and analyzing power

tion, shown by the dashed_llne, 1S n_early_the same._ for elastic proton scattering frof¥Si at 180 MeV(top panels and
There have been two kinds of distortions usedifIA  for inelastic proton scattering to the first Xtate in23Si (bottom

calculations. Best-fit optical model calculations use potenpanely. The elastic and inelastic-scattering calculations make use

tials adjusted to reproduce proton elastic-scattering data ogf pest-fit optical potentialgdashed or folding model potentials
the same target and at the same bombarding energy as thgiid).

inelastic measurements. Another prescription for the distort-

ing potential is the folding model that convolves the isoscalagjn e i the elastic case the identity between entrance and
central and spin-orbit interactions with the point nucleon

densi ithouah il he foldi del i exit channels removes one power of the'Io operator
ensity. Although we will use the folding model in our ap- ¢o the scattering amplitud@7], which reduces relativistic

plications, a comparison between these two models is illusz,aqium effects. In Fia. 6. the top panels show our DBHF
trated in Fig. 5. The top panels show the bestdéshegand ' g- o PP

folded (solid) elastic-scattering calculations in comparison to
the measurements féfSi at 180 MeV[66]. The adjustment
of the best-fit potential to the data succeeds in describing
almost all of the points. The folding of the DBHF interaction
yields a cross section calculation that becomes too large a
the scattering angle increases and overly negative prediction
for the analyzing power. In the lower panels these two dis- __
tortion models are used in DWIA calculations using the
DBHF density-dependent interaction for the,|p’) reaction
to the first excited 2 state of?®Si. In both cases the cross =
section is too large. The crucial difference is for the analyz-G
ing power, where the measurements are much better de2
scribed by the folding model distortions. The folding model ©
optical potential has a repulsive inner core that is abseni
from the best-fit potential. While such a core is needed at
200 MeV to understand scattering from lighter targets such
as 2C [67], it is not required in phenomenological optical
model potentials for targets in the mass range of interest her
[68].

More insight into the difficulties we encounter with the
description of elastic scattering using the DBHF model can

be obtained by a comparison of this model to similar work  FiG. 6. Measurements of the cross section and analyzing power
by Furnstahl and Wallacg27], based on the relativistilN  for proton elastic scattering frofffCa at 200 MeV. The folding
model of Ref[69]. By solving the Dirac equation in a finite model calculations were made using our DBHF interactitap
nuclear system, Furnstahl and Wallace produce effective inpanels or the elasti¢solid curves, lower panelsand inelastiqlong
teractions for specific nuclei. Their effective interactionsand short dash curves, lower pandlsteractions of Furnstahl and
suitable for the elastic or the inelastic case are differentyallace.

(=
v
0
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malized, gives the best representation of the diffractive shape
of the angular distribution. Near the peak of the cross sec-
tion, the prediction of the analyzing power is excellent in all
cases. As the cross section declines, differences appear. The
DBHF model presented here then falls below the measure-
ments, much as the Furnstahl-Wallace model calculation
does when the inelastic interaction is used to generate the
folding model distortions. Thus the use of infinite nuclear
matter to produce the density-dependent interaction will lead
to discrepancies on the order of the differences seen in the
upper panels of Fig. 7. This will need to be remembered in
the interpretations to follow.

do/dQ (mb/sr)

B. Results

We will now present a variety of results with the purpose
of evaluating the quality of our description of the density-
0 20 40 @00 20 a0 %0 dependent effects. The goal of this section is to illustrate the
6. (deg) DBHF calculatl_ons for a variety of transitions chos_en to ex-
¢m plore systematic trends that might affect the quality of the
FIG. 7. Measurements of the cross section and analyzing powetdreéement with data. After reviewing elastic scattering, we
for the first 3~ state in“Ca. The upper panel curves are DWIA Will examine some of the strongest collective states. The
calculations using folding model distortions based on the elastiéorm factors for these states are among the best known since
(solid) and inelastiqlong and short dagtinteractions of Furnstahl  the electron-scattering data is of especially high quality.
and Wallace. The lower panel curves are based on our DBHF inThese transitions tend to emphasize momentum transfers
teraction. near 0.5—1.5 fm! since the total angular momentum transfer
is usuallyAJ=2 or 3. To check smaller and larger momen-
folding model for elastic proton scattering froffCa at 200 tum transfers, we will then look at states with smaller and
MeV. The quality of the agreement is similar to that seen inlarger spins. Finally, the 2 excited states of®Si offer an
Fig. 5. The solid curve on the lower panels uses the Furnstaltlpportunity to examine the DBHF model at different nuclear
and Wallace elastic-scattering interaction in a folding modeldensities since there is a large variety of radial distributions
In this case agreement is better for both the cross section arfdr the transition form factors among these std#4.
the analyzing power. If instead the Furnstahl and Wallace To facilitate comparisons, in each of Figs. 8—-12 the
inelastic interaction is used, the cross section rises and tHeBHF model results are represented by solid curves. The
analyzing power moves toward negative valfesg and density dependence that arises only from the BHF mecha-
short dash curvesThus a large part of the difference be- nisms is shown by long dashed curves. The free interaction is
tween our DBHF model and the elastic-scattering data ariseshown for reference as short dashed curves. In each case the
because our density-dependent interaction is calculated ii®lding model distortions and the DWIA transition are cal-
infinite nuclear matter, which ignores any specific state deculated with the same interaction.
pendence of th& matrix. We start with some additional comments on elastic scat-
This raises the question of the degree to which the inelagering. Figure 8 shows the folding model calculations for
tic calculations we report are sensitive to this issue. We adproton elastic scattering frodfO and?®Si at 200 MeV. The
dress this point by comparing two calculations for the exci-local nuclear matter density was derived from the longitudi-
tation of the first 3 state in*°Ca (see upper panels of Fig. nal electron scattering form fact¢61]. The data for?Si
7). Both calculations are based on Furnstahl and Wallacgere taken in connection with an investigation of high-spin
interactions. Pauli blocking and binding energy effects havestates in that nucleus7]. The features here are similar to
been included28]. The solid curve is their standard pre- those described above f8fCa. The DBHF calculations in
scription with the elastic interaction used to produce the fold-their present form overestimate the cross section and predict
ing model distortions. The dot-dashed curve uses the samalues for the analyzing power that are generally too nega-
inelastic interaction for both the folding model distortions tive. In the analyzing power, we see a progression from posi-
and the DWIA calculation of the transition. This change hagtive to negative values as the size of the density dependence
the effect of again moving the cross section up and the anancreases through BHF to DBHF. Clearly the reduction of
lyzing power to more negative values, but the changes fothe density dependence present in the Furnstahl and Wallace
inelastic scattering are more modest. Near the peak of thealculations would be helpful here, as discussed previously.
cross section, almost no difference exists. Figure 9 shows data for three strong collective states
For comparison, we show in the lower panels of Fig. 7 thealong with the three sets of DWIA calculations. In all cases
same data for the 3transition in“°Ca in comparison with the peak of the cross section is overpredicted by about 50%.
the DBHF calculations from our model. All calculations A number of factors have been included that reduce the cal-
overestimate the cross section. The DBHF model, if renoreulated cross section, including relativistic kinematics for the
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28 Si because they ignore the exchange nonlocalities described by
Perey and BucK70]. Inclusion of this correction(derived

from the energy dependence of the strength of the central
optical model potentialin fact increases the cross section at
the peak and does not, at least its standard form, represent a
helpful way to handle this issue. Generally, the shapes of the
cross section angular distributions match the main features of
the data. Except for the tendency of the DBHF calculation to
remain too large at large scattering anglese the 3 state

in 180), the quality of the agreement is not good enough in
detail to make a comparative evaluation of the quality of the
BHF and DBHF calculations. This large angle enhancement
arises mainly from the density-dependent increase in the size
of the spin-orbit interaction.

Of the three calculations shown, the best reproduction of
the analyzing power is clearly with the DBHF predictions.
The strong density dependence of the DBHF model raises
the analyzing powers at angles forward of the cross section
maximum and lowers it beyond, something that is needed to
get a better representation of the data. Based on the agree-

Gc_m_ (deg) ment here to the analyzing power, a model that is consistent
. ] with the bulk properties of nuclear matter is also best for
FIG. 8. Measurements of the cross section and analyzing powey ,cleon-induced inelastic scattering.

for Y60 and?%Si at 200 MeV. The folding model calculations are - ;

_ Near the peak of the cross section, the analyzing power,
based on the freéshort_dash BHF(Iong dash, and DBHF(solid) described b)F/) Eq(21a of Love and Franey44] ?; dgmpi-
forms of the effective interaction. nated by the positive values of the interference between the
real spin-orbit and imaginary central effective interactions. In
the DBHF model the reduced effective nucleon mgz3|

cross section
(mb/sr)

transformation front matrix to the Yukawa expansion and
the transformation of the interaction frohN to N-nucleus . o . .
coordinates described by E(4) of Love and Franey44]. enhances '.[he real spm-orblt. !nteractltsee Fig. 4 of Ref:
This overestimate has been an issue in other investigationgz,ﬂ)’ Iﬁ_&;}dlngﬁ tot more Eos't'vlf vaiule? 91; fthethanBall_lyémg
and has been handled in the empirical interaction of thepovge:. |ng ez 'Sf rgufcdfgm%erq i m “forine "

Kelly group[46,47] by attenuating the free interaction by a model (see Fig. 4 of Ref{46]). Dramatic improvements are

factor of about 0.8. There the overestimate has been ascrib&f° prgsetnr;[ with tlhe' DBHF mOd_?Lfor tfk]:e ij|ﬁractl\{[ebosc(;l-
to an inadequacy in the local-density approximation. Apations n the analyzing power. This €fiect cannot be de-

lower bombarding energies such overestimates of the crossscr'beOI with such a plane-wave argument. In conirast, the

section in DWBA calculations have been attributed to dis-C'0SS S€ction, which in plane wave is the incoherent sum of
torted wave functions that are too large in the nuclear interio};he central and spin-orbit magnitudes, shows smaller effect_s
near the peak because of the balance between decreasing

central and increasing spin-orbit contributions.

For the weakerf,p’) transitions, agreement with the cal-
culations is a bit more elusive. In Fig. 10, we again show the
three types of calculations for the"Ostate in?%Si at 4.98
MeV and the T state in'®0 at 7.117 MeV, both noncollec-
tive transitions of low spin. For the most part, the general
features of the cross sections are reproduced. Again, the
DBHF model provides a better description of the analyzing
powers, but the differences between the BHF and DBHF
results for the O state are mixed. These results are less
supportive of the quality of the interaction at low momentum
transfer than was noted for the large collective states in
Fig. 9.

The higher spin states shown in Fig. 11 have simpler an-
gular distributions. Here the quality of the reproduction is
comparable to the strong collective states shown in Fig. 9.

FIG. 9. Measurements of the cross section and analyzing powefl! of the analyzing powers show a falling angular distribu-
for the (p,p’) reaction leading to the 2 and 3 states intfO at tion between 20° and 40° that is well reprOduced and shows
6.917 and 6.130 MeV, and the' 2state in*°Ca at 3.904 MeV. The little sensitivity to density dependence. The overestimate of
DWIA curves are based on the fréshort dash BHF (long dash, the cross section is still present. In all of the cases examined
and DBHF(solid) interactions. so far, the agreement with the data deteriorates at the larger

16
o, 2!

%0, 3 Dca, 2f
, — —

cross section
(mbysr)

Gc.m. (deg)
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+
2

2si, 0} %o, 1;

cross section
(mbysr)

cross section
(mb/sr)

Oc.m. (deg)

FIG. 12. Measurements of the cross section and analyzing
power for three 2 states irfSi at 7.933, 1.779, and 8.259 Mdih
order of increasing nuclear densitglong with calculations as de-
scribed in Fig. 9.

ec.m. (deg) order of decreasing reaction radius. This change is apparent
. ._from the expansion of the diffraction pattern as the reaction
FIG. 10. Measurements of the cross section and analyzing, s decreases. When the reaction radius is relatively large,
power for the 0° state in’Si at 4.98 MeV and the 1state in"*O  yhon one would expect that most of the transition takes place
at 7.117 MeV, along with calculations as described in Fig. 9. i, regions of the nucleus where the density is small and that
changes to the effectivBIN interaction would be modest.
angles, usually around 50°. Since the cross section at theJdis appears to be the case, as the size of the density-
larger angles is down at least an order of magnitude below itdependent modifications increases going from left to right in
maximum, it is not clear that we can separate inadequacies &fig. 12. This is true of both the cross section and the analyz-
the interaction from inadequacies in the DWIA treatment. ing power. As the radius moves the transition to regions of
Last, we examine whether the DBHF effects vary cor-higher nuclear density, the DBHF calculations do overall a
rectly with changing nuclear density. We will do so by ex- better job of following the measurements. There are some
amining states whose transition strengths occur at nuclegroblems describing the transition with the lowest density, as
densities that are sufficiently different from each other toseen from the first state in Fig. 12, which may indicate that
make a meaningful comparison. This opportunity is presenthe density dependence is too strong at low density.
for 28Si where a series of 2 states shows the needed variety.  Overall, the DBHF interaction appears to provide a rea-
In Fig. 12, the states considered in this analysisanly re- sonable basis for density-dependent distortions and the effec-
solved in the experimentare shown from left to right in tive interaction in the |f,p’) transitions we considered here.
However, there are systematic issues. In all cases, the cross
6o 4+ By 4+ 0o, s section. is o_verestimated. D_etailed agreement with_ sh_ape is
S, T Tt often tricky if the data contains sharp diffractive oscillations.
i - 1 , ] Even the use of form factors fit te(e’) measurements does
b not constrain the cross section to tight agreement with
(p,p’) angular distributions. The DWIA together with the
DBHF scheme appears to do best for angles near the maxi-
mum in the cross section. There the analyzing power almost
always comes very close to the measurements. The analyzing
power is also very sensitive to the choice of modfete,
: il i ¢ PR BHF, or DBHF and the higher quality of agreement favors
A g o AN | { b i1i¥ 1 the DBHF model, even though the density dependence
1 iy o present in the folding model distortions remains too strong.
This density dependence could, in principle, be reduced
through a treatment of th& matrix for finite nuclear sys-
tems.

cross section
(mbysr)

0, m. (deg)

FIG. 11. Measurements of the cross section and analyzing IV. CONCLUSIONS

power for the 4 state in*%0 at 10.356 MeV, the 4 state in?®Si at
4.62 MeV, and the 5 in *°%Ca at 4.492 MeV, along with calcula- The primary focus of this paper has been to explore a
tions as described in Fig. 9. basis for inelastic scattering calculations with a medium-
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modified effectiveNN interaction. To assess the quality of Physics Department, and the University of Idaho Research
that basis, we have compared calculations to isoscalaGouncil.

natural-parity transitions where medium effects from the es-

tablished many-body models are known to be largest. We APPENDIX A

reported our predictions for several such states obtained in . . . .
N : , . In this appendix, we describe a transformation between
(p,p’) inelastic scattering at energies near 200 MeV.

o 2 L the Smatrix ort- (G-) matrix representation gin-medium)
Our starting interaction is based on a relat|V|st|c_ OBENNscattering and the expansion of the effectiAd interac-

d h hi Ui Nt €tion in terms of Yukawa functions, as described by Love and
most modern sets of phase shift solutions toléscatter-  £raneyra4] The five NN interaction amplitudes for the two

ing data base. We observed that it is important to start fro”i‘sospin operators] and 7, - 7,, are separated by spin opera-
an accurate two-body force. Medium effects are accounteg, according to

for via a Dirac-Brueckner many-body approach. The proper
handling of the nucleon in the medium through a correlated t=t,+t ;- o+t s( o1+ 05) - N+ t1pSia( ) + t1xS1A Q)

Dirac wave function provides a crucial saturation mecha- (A1)
nism. Thus this framework describes realistically not only .

NN scattering data, but also the ground-state properties ofith §=(k’'—k)/|k’—k|, A=(kxk’)/|kxk’|, and Q
nuclear matter through a self-consistéthtat is, free of ad- =¢§xn. The five pieces in order are the central, spin-spin,
ditional parametejscalculation. spin-orbit, tensor direct, and tensor exchange. The direct part

We compared our DBHF predictions with those from theof each amplitudet; is represented by the sum of 2-4
relativistic model of Furnstahl and Wallace and find similar Yukawa functions. The exchange part is computed from the
quality of agreement for inelastic scattering. For elastic scateirect using the symmetries dfiN scattering[44]. When
tering, Furnstahl and Wallace achieve a better agreememibmbined with the direct for the free case, this gives a set of
with data. This arises from the fact that Furnstahl and Wal-amplitudes that descridéN scattering measurements.
lace treat nucleons as Dirac bound states in the nucleus, The Yukawa functions in coordinate space ptd]
rather than infinite nuclear matter spinors.

Agreement of the DBHF model with inelastic scattering is _ c
satisfactory, although the quality of the predictions for the ‘C(”‘é VaY(r/Ra),
cross section deteriorates at the larger angles. At the same
time, our DBHF model provides a very good description ofwhere
the analyzing power, particularly in the angular region near
the cross section peak. The analyzing power is also very
sensitive to the model for the density dependence, and our
results suggest that the density-dependédtorce given by ts(r)=>, VSY(r/R,), (A3)
the DBHF model is essentially correct. «

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

In closing, we observe that a quantitative, relativistic two-

Y(x)=e ¥/x, (A2)

tr(r)=2 VIr?Y(r/R,), (A4)

body force combined with a Dirac approach to nuclear mat- _ VSRi

ter captures the main features of theg’) data considered tC(k)_A'Tr% 1+(kR,)?’ (A5)
here, particularly for the analyzing power. A similar frame-

work has already proven successful in microscopic nuclear VSkR®

structure calculationg71]. Thus the scheme where a quanti- ts(k)=87, 1+(T<R C; ik (AB)
tative two-body force is applied self-consistently in the me- @ @

dium continues to provide a satisfactory picture of a wide T 2R7

range of nuclear processes. For future studies involving the ¢ (k):32772 VKR, (A7)
spin dependence of the in-mediuMN interaction, this T = [1+(kR,)?]*

model appears to be a satisfactory basis on which to proceed.
The VS, V3, andV! are the central, spin-orbit, and tensor
Yukawa coefficients, and thRe, are their associated ranges.
ACKNOWLEDGMENTS A single set of coefficientd/, can be used for either a
coordinate- or momentum-space representation of
We acknowledge the assistance of Malcolm Macfarlane The Smatrix elements that descridenedium-modified
with the transformation fron® matrix to effectiveNNinter- NN scattering may be obtained from tiieompley phase
action. This paper was produced with financial assistancenifts according to
from the U.S. NSF under Grant No. NSF-PHY-9602872, a

NATO travel Grant No. 900235, the University of ldaho S,=e%, (A8)
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if the phase is uncoupled, or a least-squares minimization was employed to choose the
ois G4 o best coefficient values. The transformation matvix con-
_ [ e"7cos2 e sin2e Ag)  hects these two spaces througk-MV_whereG andV are
Si=liei@ta0sin2e @ cos2e |0 (A

vectors containing, respectively, ttfeSlT(p) matrix elements
and theV, Yukawa coefficients. Sinckl is linear, the mini-

if the phase shifts are coupled. Here the quantum numbers ™.~ " : . -
mization process may be accomplished in one step. Defining

include the total angular momentudn the total spinS, the
total isospinT, and the orbital angular momeritandl’. The
Smatrix elements are related to thematrix elements Q,:Z GiMj;, (A11)
through !

Sp)=8n—ixt)(p). (A10) M= MM, (A12)
I
The coefficientk=2mup where u is the reduced mass in
the NN system angb is theNN center-of-mass momentum. It the solution becomes
is the values otlJ,SlT(p) that are available from th&-matrix
calculation. V=, MG (A13)
To adequately represent the pion tail, we calcullé?é( p) !

matrix elements througi=15. A satisfactory Yukawa ex- The ranges are fixed in advance of the fit at the values used
pansion need contain no more than the 44 coefficients useasl Franey and Lové53].
by Franey and Lovg53] in their 210-MeV interaction. With The closed-form expression for the elements of the trans-

tf,S,T( p) matrix elements outnumbering Yukawa coefficients,form matrix M is

1 1 J 1 ! 1
tf,S,T=$z<5|f|9§T(|,P)—65|'|551(—)|+J[1 L |H§<2x+1><A10qI0>2|1 1 A]gé(mm

!

_(_)(l’|)/22\/§)581(_)|'+J+3{|1 )

1
l][¢2I’+1<I'20q10>§[g$<|,p>+g$<l',p>]+@g (2M+1)

!

><<>\10qvo><>\10mo>[

2] 1 T
1 1 )\]FQT()\,P) ) (A14)

The sums o\ run from the maximum of—1 orl’'—1 to The details of this transform were provided by Malcolm
the minimum ofl +1 orl’ +1. The Yukawa coefficients are Macfarlane, who derived them as part of a study of the off-
contained in the expressions for thdunctions as shell unitarity of the effectiv\N interaction[72].

APPENDIX B
92'(1,p) =2 VER,Q.(Ya), (A15)

For proton inelastic scattering to a specific state of the
target nucleus, the laboratory energy as a function of angle
for the scattered proton will differ significantly from the val-

94(1,p) =2 ViR, QL(Y.), (A16)  ues for freeNN scattering. Thus we must adopt a model for
“ choosing the momentum transfgrand crossed momentum
transferQ that will be used to evaluate the direct and ex-
. T . change pieces, respectively, of the effective interaction. For
91(1,p)=2 VIR, QLY. (Al7)  the calculations reported in this paper, the model described
“ in this appendix replaces the standard choice in the program
LEA [45] of fixing Q at all angles to be the value associated
where theQ,, are Legendre functions of the second kind andwith 0° scattering.
the derivatives are with respect yg where In the center-of-mass frame, a projectile with momentum
k scatters at an angk leaving with the new momentui .
1 For reactions with a nonvanishing value, the magnitudes
Vo=1+-—>—5. (A1g8)  of these two momenta are not equel# k. The momentum
2p°R;, transfer for the direct amplitude is taken todpe k’ —k. The
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vectorq lies at an anglep, 0< o< /2, with respect to the and
beam axis. Using this choice far to evaluate the direct
amplitude is consistent with the assumption that the projec-
tile makes an on-shell scattering from a nucleon in the target Qy= k' sind—hsine, (B2)
that is in motion prior to the collision. Binding-energy ef-
fects are neglected.

The model for the crossed momentum transfebegins  where
by choosing the momentufy for the struck nucleon to have
the smallest possible value in the target frame of reference
consistent with on-shell scattering. This imposes two condi- g k
tions that are determined nonrelativistically for a target of h= 25— 4 Cose. (B3)
massA. First, the projection ok, on the momentum transfer
axis must beg/2 to maintain on-shell kinematics. Second,
the projection ok; perpendicular to the momentum transfer  Relaxing the second condition to include larger values of
axis in the scattering plane must be the same as the projethe struck nucleon momentum in the target frame, and with a
tion of the struck nucleon’s share of the target momentumyariety of possible directions, results in values@that can
—k/A, onto the same direction. This minimizes the momen-e either smaller or larger than the one described above.
tum of the struck nucleon in the target frame of referenceThus this model foilQ does not depend strongly on the mo-
With k; thus constrainedQ=k’ —k;. The magnitude ofQ mentum of the struck nucleon being very close to the limit-
used to evaluate the exchange amplitude is most easily exng case of minimal size in the target frame.
pressed in terms of its component3, and Q, with Q2 Exchange amplitudes calculated using this model were
=Q§+ Q§, as compared with the exact finite-range amplitudes from
DWBAS6 [62] in the preparation of a study of the strong 6
transitions in?®Si [37]. The results were clearly superior to

k
Q=K' coso+ 7 +hcose, (B1) those calculated using the fixed value(@f

A

[1] K. A. Brueckner, C. A. Levinson, and H. M. Mahmoud, Phys. [19] K. Nakayama and W. G. Love, Phys. Rev.38 51 (1988.

Rev. 95, 217 (1954). [20] L. Ray, Phys. Rev. @1, 2816(1990.
[2] H. A. Bethe, Phys. Rev103 1353(1956. [21] S. Karatiglidis, P. J. Dortmans, K. Amos, and R. de Swiniar-
[3] J. Goldstone, Proc. R. Soc. London, Ser229, 267 (1957). ski, Phys. Rev. G2, 861 (1995.
[4] H. A. Bethe, Annu. Rev. Nucl. ScR1, 93 (1971)). [22] R. Machleidt, Adv. Nucl. Physl19, 189(1989.
[5] M. I. Haftel and F. Tabakin, Nucl. Phy&158, 1 (1970. [23] M. R. Anastasio, L. S. Celenza, W. S. Pong, and C. M. Shakin,
[6] D. W. L. Sprung, Adv. Nucl. Physs, 225(1972. Phys. Rep100, 327 (1983.
[7] F. A. Brieva and J. R. Rook, Nucl. PhyA291, 299 (1977); [24] R. Brockmann and R. Machleidt, Phys. Lett49B, 283
A291, 317 (1977; A297, 206 (1978. (1984); Phys. Rev. C42, 1965(1990.
[8] L. Ray and G. W. Hoffmann, Phys. Rev.31, 538(1985. [25] C. J. Horowitz and B. D. Serot, Phys. Let37B, 287 (1984);
[9] S. Karatiglidis, P. J. Dortmans, K. Amos, and R. de Swiniar- Nucl. Phys.A464, 613 (1987.
ski, Phys. Rev. (53, 838(1996. [26] B. ter Haar and R. Malfliet, Phys. Rep49, 207 (1987.
[10] P. J. Dortmans, K. Amos, and S. Karatiglidis, J. Phys233 [27] R. J. Furnstahl and S. J. Wallace, Phys. Rev4T; 2812
183(1997. (1993.
[11] M. A. Suhail, S. M. Saliem, and W. Haider, J. Phys2& 365 [28] J. J. Kelly and S. J. Wallace, Phys. Rev4@ 1315(1994.
(1999. [29] L. Kurth, B. C. Clark, E. D. Cooper, S. Hama, S. Shim, R. L.
[12] S. P. Weppner, Ch. Elster, and D. lbr, Phys. Rev. (7, Mercer, L. Ray, and G. W. Hoffmann, Phys. Rev4@, 2086
1378(1998. (1994.
[13] E. Bauge, J. P. Delaroche, and M. Girod, Phys. Re\68C  [30] L. B. Rees, J. M. Moss, T. A. Carey, K. W. Jones, J. B. Mc-
1118(1998. Clelland, N. Tanaka, A. D. Bacher, and H. Esbensen, Phys.
[14] G. Q. Li, R. Machleidt, R. Fritz, H. Mther, and Y. Z. Zhou, Rev. C34, 627(1986.
Phys. Rev. C48, 2443(1993. [31] C. Chanet al,, Nucl. Phys.A510, 713(1990.

[15] H. V. von Geramb;The Interaction Between Medium Energy [32] X. Y. Chenet al, Phys. Rev. G417, 2159(1993.
Nucleons in Nuclei—1982\IP Conf. Proc. No. 97AIP, New [33] T. N. Taddeucckt al, Phys. Rev. Lett73, 3516(1994).

York, 1983, p. 44. [34] S. W. Wissink, inSpin and Isospin in Nuclear Interactions

[16] L. Rikus, K. Nakano, and H. V. von Geramb, Nucl. Phys. edited by S. W. Wissinlet al. (Plenum, New York, 1991 p.
A414, 413(1984). 253.

[17] J. J. Kellyet al, Phys. Rev. C39, 1222(1989; see also ref- [35] E. J. Stephenson and J. A. Tostevin,Spin and Isospin in
erences irj46]. Nuclear InteractiongRef. [34]), p. 281.

[18] James J. Kelly, Phys. Rev. 89, 2120(1989. [36] H. Baghaeiet al., Phys. Rev. Lett69, 2054(1992.

064610-11



F. SAMMARRUCA, E. J. STEPHENSON, AND K. JIANG PHYSICAL REVIEW 60 064610

[37] E. J. Stephenson, J. Liu, A. D. Bacher, S. M. Bowyer, S.[55] R. V. Reid, Jr., Ann. PhysN.Y.) 50, 411 (1968.
Chang, C. Olmer, S. P. Wells, and S. W. Wissink, Phys. Rev[56] F. Sammarruca and E. J. Stephenson, Phys. Re¥8,G07

Lett. 78, 1636(1997). (1998.
[38] A. De Pace, Phys. Rev. Leff5, 29 (1995. [57] L. G. Arnold, B. C. Clark, and R. L. Mercer, Phys. Rev1G,
[39] C. J. Horowitz and D. P. Murdock, Phys. Rev.3Z, 2032 917 (1979.
(1988. [58] T. Cheon, K. Takayanagi, and K. Yazaki, Nucl. Php€37,
[40] H. Toki and I. Tanihata, Phys. Rev. %9, 1196(1999. 301(1985; A445, 227 (1985.
[41] G. E. Brown, M. Buballa, Zi Bang Li, and J. Wambach, Nucl. [59] T. Cheon and K. Takayanagi, Nucl. Phys155, 653 (1986.
Phys.A593, 295 (1995. [60] A. K. Kerman, H. McManus, and R. M. Thaler, Ann. Phys.
[42] G. E. Brown and M. Rho, Phys. Rev. Le@6, 2720 (199J); (N.Y.) 8, 551(1959.
Phys. Rep269 334 (1996. [61] H. de Vries, C. W. De Jager, and C. De Vries, At. Data Nucl.
[43] T. Hatsuda and T. Kunihiro, Phys. Rep47, 221 (1994, and Data Tables36, 495 (1987).
references therein. [62] R. Schaeffer and J. Raynal, programsA7o; S. Austin, W. G.
[44] W. G. Love and M. A. Franey, Phys. Rev.23, 1073(1981)). Love, J. R. Comfort, and C. Olmer, extended versiovBAge
[45] James J. Kelly, Program Manual foea, 1995. (unpublishedl
[46] H. Seifertet al,, Phys. Rev. G47, 1615(1993. [63] J. Raynal, Nucl. Phys97, 572 (1967.
[47] Q. Chen, J. J. Kelly, P. P. Singh, M. C. Radhakrishna, W. P[64] ProgramoxsAsH, B. A. Brown, A. Etchegoyen, and W. D. M.
Jones, and H. Nann, Phys. RevAQ, 2514(1990. Rae, MSU-NSCL Report No. 54.

[48] Jian Liu, E. J. Stephenson, A. D. Bacher, S. M. Bowyer, S.[65] B. A. Brown and B. H. Wildenthal, Annu. Rev. Nucl. Part. Sci.
Chang, C. Olmer, S. P. Wells, S. W. Wissink, and J. Lisantti, 38, 29 (1988.

Phys. Rev. (63, 1711(1996. [66] C. A. Olmeret al, Phys. Rev. @9, 861(1984.

[49] R. H. Thompson, Phys. Rev. D 110(1970. [67] H. O. Meyeret al, Phys. Rev. @3, 616(198)).

[50] R. Machleidt,One-Boson Exchange Potentials and Nucleon-[68] P. Schwandt, H. O. Meyer, W. W. Jacobs, A. D. Bacher, S. E.
Nucleon ScatteringComp. Nucl. Phys. 2—Nucl. Reactions, Vigdor, M. D. Kaitchuck, and T. R. Donoghue, Phys. Rev. C
edited by K. Langanke, J. A. Maruhu, and S. E. Koonin 26, 55(1982.

(Springer, New York, 1993 p. 1. [69] J. A. Tjon and S. J. Wallace, Phys. Rev3g 280(1987; 36,

[51] V. G. J. Stokset al, Phys. Rev. G419, 2950(1994). 1085(1987).

[52] R. Machleidt, F. Sammarruca, and Y. Song, Phys. Re83C [70] F. Perey and B. Buck, Nucl. Phy32, 353(1962.

1483(1996; (unpublisheg [71] M. F. Jianget al, Phys. Rev. C16, 910(1992.
[53] M. A. Franey and W. G. Love, Phys. Rev.31, 488(1985. [72] M. H. Macfarlane and Edward F. Redish, Phys. Rev3T
[54] M. Lacombeet al, Phys. Rev. @1, 861(1980. 2245(1988.

064610-12



