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Framework for using (§,p")reactions to characterize new medium modifications
to the nucleon-nucleon interaction
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Comparing with intermediate-energy data qur,[ﬁ’) spin-flip transitions, such as the one to the, @=1
state in2%Si, we examine distorted-wave impulse-approximation predictions based on effective interactions
derived from modern, high-precision nucleon-nucleon potentials. This establishes a reliable point of reference
from which we explore medium effects in the context of a microscopic nucleon-nuGlenatrix and estimate
the reliability with which the scale and character of any novel medium effects could be determined.
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INTRODUCTION and of leading order in thE N potential, such effects should
appear clearly in nuclear reaction observables. But their de-
A knowledge of the interaction between two nucleonstection and characterization through a comparison to the re-
should lead directly to a description of the dynamics ofaction data require, as a starting point, a reliable baseline in
nuclear reactions. But in the many-nucleon system it is poswhich the NN interaction describes the fré¢N scattering
sible to generate a very large number of intermediate statefata very well, and where the established medium effects
that make the description of reactions from first principles ahave been included as completely and accurately as possible.
complicated task. A more economical way to proceed is to In this paper, we will investigate the status of this baseline
view some of the effects of the many-body environment ags it affects the calculation of cross section and polarization
modifications to the nucleon-nucleoN ) interaction used observables for nucleon-induced reactions sucrﬁaﬁs’a in-

in the nuclear reaction models. These effects can be calcedastic scattering orp, ﬁ) charge exchange at intermediate
lated for infinite, symmetricNl=Z) nuclear matter and then energies. Some groups of transitions, such as those exciting
incorporated into an effective, density-dependsiM inter-  natural parity, isoscalar states with considerable collective
action to be used in simplified treatments of the nuclear reeharacter, show large effects from Brueckner and Dirac-
action process. Brueckner modifications to the effectivdN interaction.

A number of nuclear medium effects have been investiNear 200 MeV, the energy we will use as an example in this
gated in this way. One arises from the presence of a nuclegaper, these effects have been described phenomenologically
mean field that binds the nucleons in the nucleus and move¥d compared with various theoretical modg28,21. But
the scattering kinematics off shell. Another comes from thewith large effects and only a qualitative ability to predict
exclusion principle and prevents scattering into occupiedhem, itis difficult to judge whether other physical processes
states. These two medium effects are the main aspects apght be involved. Fortunately, novell nuclear medlum'modl—
what is known as the Brueckn@-matrix approact1-5].  fications, such as those suggested in R[élfs—lg that in- _

Its relativistic extension is based upon the Dirac equation fov0lve changes to th@-meson spectral properties, predict
single-particle motion in nuclear matter and has becomé&ubstantial effects for the spin-dependent parts of isovector
known as the Dirac-Brueckner approd@14. After con-  transitions, where conventional modifications produce only

siderable effort, the handling of these medium effects hag§Mall change$4]. To emphasize the prospects for this case,

method. ferences between data and predictions. This scenario will
Driven in part by the inability of these medium-modified hopefully provide the best chance to observe a new medium
models to describe some nuclear structure and reaction sy8ffect. Specifically, we will show calculations for the
tematics, and in part by considerations of nuclear maiter  28Si(p,p’)?8Si reaction at 200 MeV to thed T=1 state at
cluding subnucleonic structurender conditions of extreme an excitation energy of 14.35 MeV. By comparing against
density and temperature, additional medium modifications téhese dat§22], we will be able to estimate how reliably we
the effectiveNN interaction have been proposed. Prominentcan identify and characterize any proposed change tbittie
among these are suggestions that the properties of mesoimderaction used as the basis for such reaction calculations,
and nucleonssuch as masses and coupling constastteuld  given the present state of both theory and experiment. By
be modified based on considerations of quark condensates lipoking at a case where a large number of polarization ob-
nuclear matter[15-1§ or the formation of intermediate servables have been measul@2,23, direct connections
states or resonancfg9]. Since these changes are substantia[24,25 to the structure of th& N amplitudes for each spin
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and isospin operator involved should provide a characterization, or spectroscopic factor, was chosen to match the scale
tion that can be compared in detail to the predictions of anyf the (e,e’) data.

new effects. The (p,p’) reaction can support both isoscalar and iso-
Among the NN potentials available today, some have yector contributions. Since these components ofNifein-
reached a level of sophistication where they describe fregraction are substantially different, knowing the proper mix
NN scattering datéselected for high reliabilityto within the g important. Data from£*,7*) reactiong32] would sug-
quoted experimental errof26—28. In particular, we will  gest a small enhancement to the proton contributions to this
use in this work the potentials of NijmegéR6], Reid[26],  transition, but they are poor enough that considerable latitude

and CD-Bonr{28]. A comparison will also be made to some for adjustment is still available. On the other hand, a com-
older, popular potentials to illustrate to which extent the acparison of the spectroscopic strengths for the

curacy of the fit to theNN data has impact on this reaction. 27A1(3He,d)?8Si reaction to the two & transitions places

We will then prOduce a medium-modifiediN interaction S||ght|y more proton Strength in the low@8r=0 member of
from each of these potentials based on conventional Brueckhis pair[33]. The weak binding of the proton particle in the
ner theory._ This \_/\(lll illustrate the size Qf_ such medium ef- f-,, orbit would enhance the proton contribution for periph-
fects, and in addition reveal any sensitivity there may be tqra| reactions such as pion inelastic scattering relative to
differences among the modern potentials in the way theyp '), whose form factor favors smaller reaction radii than
describeNN scattering off shell. We will then use the com- gjther @*,7*) or (3Hed). The Coulomb part of the
parison to the?®Si(p,p’)?’Si data to assess the impact of particle-hole matrix element that mixes tfie=0 andT=1
theoretical and experimental issues on our ability to test focomponents of the two strong ~6 transitions in
nonconventional medium effects. 283j(p,p') ?8Si would increase the neutron component of the

nominally T=1 transition. Adjusting the mix to best repro-
duce the p,p’) polarization data supports the enhancement
DWIA CALCULATIONS of the neutron part of the transition density, and here we will
. . . . . use the mixing determined elsewhere with this d&t4.

In th's s.ectlon we descnbfa the dlstorieg-wave @pulse The NN interaction inside the DWIA calculation was de-
approximation(DWIA) calculations for the§,p’) reaction.  scriped by a set of Yukawa functions whose coefficients and
This one step perturbative approach is well suited to this casfinges were chosen to reproduce ther G matrix near its
since the cross sectidith a maximum near 0.1 mb/sis  gn_ghell valud35]. As the half off-shelt or G matrix moves
both much less than the elastic scattering cross semis  4yay from the on-shell point in momentum space, its contri-
making coupled-channel contributions unimporfanénd  pytion to the fit was reduced by including in the minimiza-
prominent among the inelastic transitiofvghich suppresses tjgn process the Gaussian weighting function
multistep amplitudes relative to single step exd —(k'—k)% B2, with B=0.3 fm~! [35]. The DWIA

The 67, T=1 transition in?*Si(p,p’)?Si was chosen in calculations were performed using the computer code
part because a number of other experiments provide data thetveao1 [36)].
constrain the ingredients of the DWIA calculations. This is
necessary if we expect later to interpret any differences be- FREE-SPACE INTERACTIONS
tween data and DWIA predictions as evidence for new con-
tributions to the in-medium effective interaction. The mea- We will begin our comparison of various potential models
surements were made with 198-MeV polarized protons usin@f the NN interaction by using the free-spatenatrix as the
the high-resolution K600 spectrometer at IUCF, and havestarting point for thep,p’) calculation. The matrix for NN
been described briefly elsewhd22]. scattering is the solution of the Lippman-Schwinger equation

We have chosen to take the optical potentials that detemhich has the schematic form
mine the entrance and exit channel distorted waves from fits
to the elastic scattering differential cross section and analyz-
ing power. The data near 200 MeV for the entrance channel
was measured and described by an optical potential by Liu
[29]. For the excited state exit channel distorted waves, wevith V the two-nucleon potential and elthe two-nucleon
use the 180-MeV data and potential by OInj@0]. These propagator.
two potentials are part of a larger set whose parameters vary In Fig. 1, we compare predictions based bmnatrices
smoothly with energy. derived from four high-precisioWNN potentials, CD-Bonn

The transition under consideration is isovector and easily28], Nijmegen-l, Nijmegen-1l[26], and Reid9326]. CD-
observed in magnetic electron scattering. Since the probe iBonn is a charge-dependent, one-boson exchange potential
this case is well described, we used the transverse form fa¢OBEP. Being a meson-theoretic, relativistic potential, it is
tor to constrain the DWIA transition density. This density nonlocal. The other three potentials are based upon three-
was the overlap of ds;, hole state and afy,, particle state, dimensional nonrelativistic invariants. However, while
coupled to the maximal spin and parity of 6The particle  Nijmegen-Il is entirely local, Nijmegen-I contains some non-
and hole wave functions were described using bound statdscalities in the central force. Reid93 is a regularized version
in a Wood-Saxon well whose geometry was chosen to matchf the older Reid potentidl37] (Reid68 and is local.
the g dependence of thee(e’) data[31], and whose depth All of these four potentials are essentially identical in
gave a bound state energy consistent with the lowest particléaeir fit to theNN data, with ay?/datum approximately equal
separation energy for each spin and parity. The normalizato one for theNN data below 350 MeV. We see from Fig. 1

1
t=V+V

o/t 1
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FIG. 1. Predictions for the cross sectien(in units of mb/sy,
the analyzing poweA, the polarizationP, and three polarization
transfer coefficient®y, D,, andD, , for the 67, T=1 state at
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FIG. 2. Real part and imaginary part of the half-off-shi, t
matrix elementgin units of fm). The on-shell momentum is 1.55
fm~1. The predictions are obtained with: CD-Bofia8] (solid);
Nijmegen 1[26] (dashegt Nijmegen 11[26] (dash-dottej Reid93

structed. Thus, the advent of modern potentials greatly re-
duces the uncertainty in the evaluation of medium effects.
(Note: Differences similar to those seen among the pre-
dictions shown in Fig. 3 arise when comparing with the free-
spacet matrix of Franey and Lovg39]. This interaction is
not included in our comparison because it is a reproduction
of the amplitudes in a global phase shift analysis and not a
potential model. A potential model is required for a develop-
ment of the medium effects discussed in the next segtion.

14.35 MeV in%Si(p,p’)%Si. The predictions are based upon the

curve: CD-Bonn[28]; dashed curve: Nijmegen[R6]; dash-dotted

curve: Nijmegen 1[[26]; dotted curve: Reid9®6]. Data from Ref. 0. 5

[22].

very little or no model dependence. Any of the four poten-

0.40 |
matrices as derived from four high-precisidiN potentials. Solid L

tials would represent an equally acceptable starting pointto”; g

explore further model modifications. 5
0.4 F

The DWIA calculation, because of the transformation be-
tween the nucleon-nucleon and the nucleon-nucleus frame:
of reference, and also because of the explicit treatment of the

exchange amplitudes, depends to a considerable extent o-qg 4 |-
the values of thé matrix off shell. From the close agreement -
among the four calculations shown in Fig. 1, we can con--0-8 [~

clude that the freé matrices(which are only constrained by

NN data on shellhave only very minor off-shell differences 1

at momenta relevant for this reaction. Those differences are 0.4 |- .4
displayed in Fig. 2 for theé’S; half off-shell transition am- p
plitude. The on-shell point lies at 1.55 fih for this proton 0 3 1 ) -0
bombarding energy. 0.4 < d-0.4
To illustrate the importance of a high-quality fit to theN - P + D g
data, we show in Fig. 3 one of the modern potenti@- -0.8 |- o o L T 7~ T -0.8
Bonn, solid ling along with two older potentials, namely, 20 20 20 20
Paris[38] and Reid6837]. These potentials do not fit the 9 (deg)

NN data as well, and they disagree noticeably with the CD-
Bonn predictions for thef{,p’) reaction. In fact, some of the

FIG. 3. Same observables as defined in Fig. 1, with predictions

most preciseNN polarization data near 200 MeV laboratory from the CD-Bonn[28] (solid), Reid68[37] (dashed, and Paris
energy was not available when these potentials were cori38] (dash-dottefipotentials. Data as in Fig. 1.
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“CONVENTIONAL"” MEDIUM EFFECTS

0.40

In this section, we move to the investigation of the effects
of including Pauli blocking and nuclear binding in tiheN
interaction. While thé matrix (namely, the free-space inter-
action was obtained from the Lippmann-Schwinger equa- 0
tion, the in-medium interaction, @& matrix, is a solution of '
the Bethe-Goldstone equation, schematically written as

0.10

04

0.01

Q 0.8
G=V+V—G. 2)

e* 0.4

The energy denominator of the propagator is now modified 0.0
as compared to the free-space one to reflect the binding en-o.
ergy of the nucleons in nuclear matter. Also, the Pauli pro-
jection operatorQ has appeared to prevent nucleons from ~0-
scattering into occupied states.

In order to make the in-medium calculation tractable, we
follow the standard procedure of replacing the Pauli projec- 0.
tor with its angle average8]. The angle-averaged Pauli func-
tion approaches the exact value only when the center-of- 0.
mass momentum of the in-mediunNN scattering _g.
approaches zero. In the context of nuclear matter saturatior
(negative incident energigst has been shown that the angle -90.
averaging is a good approximati¢pAQ]. Cheon and Redish
[41] have demonstrated that the quality of this approximation
is still good for positive energies up to about 300 MeV and

normal nuclear matter densities. FIG. 4. Predictions based upon t@ematrices derived from the

Another density-dependent feature of E@®) is the  game four high-precision potentials applied in Fig. 1. Observables
nucleon mean field due to the medium, which reduces th@ng definition of curves as in Fig. 1. Data as in Fig. 1.

mass of the nucleon and increases the magnitude of the en-
ergy denominatoe* as compared to Eq1). This has been
known as thalispersive effecin nuclear matter, the energy
of a single nucleon with maga and momentunp is

@

o

0 (deg)

extend the present comparison to a full Dirac-Brueckner cal-
culation. This issue is left to a future confrontation with the
data.

The medium-modified calculations for tH&Si(p,p’)28Si
observables are shown in Fig. 4. Compared to Fig. 1, there is
now considerably more scatter among the different calcula-
/ ° . f tions. These differences are now of a size that is comparable
The single-particle energ¥(p,m) in Eq. (3), appearsinthe to and in some cases larger than, the experimental errors.
propagator of Eq(2). Thus, theG matrix depends oJ(p).  The predictions of the two entirely local potentials, namely,
The potentiald (p) must be determined from the interactions Nijjmegen-Il and Reid93, remain essentially indistinguish-
of a nucleon with all the other nucleons in the Fermi sea, s@ple, while the remaining two, CD-Bonfnonloca), and
it depends on the reactidd matrix. Therefore, a procedure Nijmegen-|(containing some nonlocal termgre Separated

E(p,m)=T(p,m)+U(p) ©)

with U(p) the auxiliary potential and the kinetic energy.

has been developed to determi@eand U self-consistently.
For details, see Ref3].

For reasons of numerical simplification, we use #fiec-
tive massansatz, which amounts to setting

T(p.m)+U(p)=T(p,m*)+U,. (4)

The self-consistenfmomentum-dependenpotential U (p)
is parametrized in terms of the effective mas$ and a
constantJ . Again, this follows closely Ref.3]. For a given
value of the nuclear density, or Fermi momentum, the calcu
lation outlined above is free of adjustable parameters.

At this point, the next natural step would be to include
Dirac effects. However, this requires theN potential to be

constructed from Dirac spinors, which is the case for CD-

Bonn (a relativistic, meson-theoretic potenjiabut not for

away from the other potentials when medium effects are con-
sidered. This is also seen in Fig. 5, where we show predic-
tions for theD+ observable from the four potentials with
(solid curve and without(dashed medium modifications.
There is a small but noticeable tendency of medium-
modified calculations to discriminate between local and non-
local potentials. This could be due to the strength of the
tensor force, typically different for local and nonlocal poten-
tials [28].

In Fig. 6, we select one of the high-precision potentials
(CD-Bonn and show p,p’) observables with and without
medium modifications. This way, we can assess the scale of
the medium effects relative to the difference between calcu-
lation and experiment, and relative to the experimental er-
rors. In general, medium effects are small since they enter
only in second and higher ordéthe second term in the

the other high-precision potentials. Thus we are not able tBethe-Goldstone equatipnFor the central part of th&lN
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FIG. 5. Predictions for th® ) coefficient from the four high- - P T Dk 1
precision potentials of Fig. 1 with(solid curve and without 5 N e N e -0.8
(dashedl medium modifications. Data as in Fig. 1. 20 40 20 10

interaction, the two terms in the Bethe-Goldstone equation 0 (deg)
are comparable, and substantial medium effects are seen. ThefG. 6. Predictions from the CD-Bonn potential wigolid) and
6, T=1 transition in 28Si(p,p’)?8Si, however, only de- without (dashedi medium modifications. Observables as defined in
pends on the spin-dependent parts of k¢ force, namely, Fig. 1. Data as in Fig. 1.
the tensor and the spin-orbit parts, for which the largest con-
tribution is already contained in the first order tefnamely,  certainty to the comparison of about 0.04. For a high spin
the bare potential Thus, the conventional medium effects state such as the 6in 28Si, the angular distributions fok
are small. This also means that any new medium effects thaindP are similar since the contributions to the reaction from
would change th&lN potential should be readily observed in nuclear current terms are sm##5]. This similarity exists
such transitions, and reactions such as the one illustrateglso for the distorted-wave impulse-approximation predic-
here would be a suitable place to observe and characteriz@ns, thus these comments apply equally well to both ob-
them. servables. The disagreement between data and the medium-
The differences shown in Fig. 6 between the data and thgnodified calculations of Fig. 6 rises with angle, and at the
medium-modified calculatiofsolid curve$ can help us as- |argest angle may depart from the calculation by 2 standard
sess how well we might be able to measure the scale of anyeviations when all contributions are included. Thus the best
new medium effectsuch as the chiral restoration parameterone could do is to determine the size of a new medium effect
of Ref.[42]), provided it is able to account for these differ- within that uncertainty, assuming the new effect had an ad-
ences in all observables. This would mean, given the varietyustable scale that would bring the calculations into agree-
of polarization data available, that the spin structure of thenent with the data, and that such improvements were
proposed effect is appropriate. In addition to the experimensystematic.
tal errors indicated for each data point, we also must consider A similar evaluation may be made for the rank-2 polar-
off-shell differences among the calculations as shown in Figization transfer coefficients. While the differences between
4 and how well these interactions actually reproduce redata and calculations may be larger, especiallyDigg,, S0
ported NN polarization data in the neighborhood of 200 are the additional uncertainties from off-shell differences in
MeV bombarding energy. the theory and from the agreement with the fi¢ polar-
The rank-1 polarization observables are the analyzingzation transfer data. Typical off-shell differences are larger
power and the induced polarizati@these are the same in the than 0.05, and may exceed 0.1. Disagreements wittNike
free NN system). High precision data for th&IN analyzing  data are about the same. There is some tendency for the
power exists near 200 Me43,44], and modern potentials comparisons to be worse for the “off-diagonal” polarization
can reproduce it with differences typically less than 0.02transfer coefficient®s, . andD, g than for the “diagonal”
over the momentum transfer range where we hqwgf)’() onesDyy, Dss, andD . Thus the disagreements fbr,,
data. Differences between the local and nonlocal mediumandD, in Fig. 6 are of only marginal significancB.yy may
modified calculations foA or P are typically near 0.03 in yield new information at the largest angle at a level of 3
the same range. Combining these contributions adds an ustandard deviations.
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Other parts of the distorted wave calculations may give We find that moderiNN potentials have been developed
rise to additional uncertainties in the comparison. Sensitivityto the point where the differences among them are well be-
to the optical potential treatment of the distortions may bdow the level where they would affect the characterization of
estimated by substituting a global optical potential for theany new medium effect. The same is not true for olblét
ones we have used that were adjusted to reproduce a partigoetentials, and their use for nucleon-induced reaction calcu-
lar set of elastic scattering measurements. We have choséations would affect the reliability of any conclusions con-
the potential of Schwand®6] since it covers the required cerning medium dependence. At the same time, there may
range of mass and bombarding energy, and repeated the fremmain some systematic differences between the observables
space and the density-dependent calculations made with tiem these potential models and the fridN polarization
ables in our selected angle range were typically less thagt 5 petter level.

0.01. For the rank-2 polarization transfer, the differences \when theG matrix is used in place of thematrix, more

were typically in the range 0.01 to 0.04 for the “diagonal” yariations are seen among mod® N potentials. These dif-
coefficients, and only slightly larger for the “off diagonal.” ferences may be related to nonlocalities present in some of
These changes are less than those arising from off-shell efne potentials. They should be regarded as a theoretical un-
fects and from differences with the fré¢N polarization  certainty and included with other uncertainties. Variations
data, and hence do not add significantly to the theoreticajithin realistic limits in the parameters for the optical poten-
uncertainties already discussed. tial distortions do not add significantly to this theoretical

Clearly these estimates, made only for thediate shown  yncertainty.
here, are more general only to the extent to which other cases The combined uncertainties mean that the best one can
resemble this one if°Si. (We have not included consider- expect to do with present theory and experimental data is to
ations of the cross section here since normalization and forfjetermine the size of a proposed medium effettch as
factor errors also contribute, making such estimates MOrgcaling of meson masseto about 3 standard deviations.
difficult.) We note that the disagreements shown here arghjs estimate assumes that such an effect has the correct spin
both smooth and rise with increasing scattering angle. Thesgperator character and that agreement with all polarization
observations would suggest that any new medium effectghservables improves simultaneously. At present, the rise in
apply only at short range in théN interaction. A mecha- the disagreements with angle suggests that any such changes
nism which improves the agreement in this domain is moreyre of short range.
likely to produce improvement over the entire angle range of Clearly, any new hypothesis should be tested against a
the data. By Combining information from all pOlarization ob- broad range of data_ We have presented a Single case for
servables, the scale of such a change could at best be detg@fastration, but comparisons with other cases are now easily
mined with a precision at or somewhat better than 3 standarghgjized.
deviations. The next step in our pursuit will be a complete Dirac-

Brueckner calculation. This will be confronted with data
CONCLUSIONS from a large range of transitions, so that the quality of the
We have examined the baseline context for using datgstablished many-body effects can be evaluated even as new
. . .effects are explored.
from nucleon-induced reactions to probe for new, systematic
changes to théIN interaction inside nuclei. Some of these
changes arise from considerations of nucleon substructure, ACKNOWLEDGMENTS
and would play an important role in the description of
nuclear matter at high temperatures and densities. The base- The authors are grateful to G. E. Brown for his valuable
line context we have explored is given by the currently avail-input. They also acknowledge useful discussions with T.-S.
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