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Testing microscopic medium effects on nucleons and mesons using polarization observables
in high-spin, unnatural-parity „p¢ ,p¢ 8… reactions at 200 MeV
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~Received 13 May 1999; published 20 December 1999!

We compare measurements of the cross section, analyzing power, induced polarization, and polarization
transfer coefficients for (pW ,pW 8) reactions leading to unnatural-parity, high-spin states in16O and 28Si with
distorted wave impulse approximation calculations. We use an effective nucleon-nucleon~NN! interaction
obtained from a microscopic treatment of nuclear medium effects. TheNN potential is generated from a
one-boson-exchange model of the nuclear force that reproducesNN scattering data well. Medium effects are
incorporated through aG matrix obtained within a Dirac-Brueckner approach to nuclear matter. While agree-
ment for some observables is good, differences for the polarization transfer coefficients indicate that systematic
problems with the relative sizes of the spin-orbit and tensor interaction components exist. The differences are
larger for28Si than for16O. A new model that incorporates density-dependent meson mass reductions produces
only small effects that do not change the quality of the agreement. Connections to previous calculations are
investigated.

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

Proton-nucleus inelastic scattering offers one of the s
plest and cleanest ways to test whether models that inco
rate medium modifications into an effective nucleon-nucle
~NN! force are adequate to describe nuclear reactions. In
ticular, the polarization observables are essentially de
mined by the spin dependence of theNN interaction@1,2#
and provide an excellent way to check the spin-depend
NN amplitudes.

To facilitate the handling of this complicated many-bo
problem, the effects of the surrounding nucleons are inc
porated into an effectiveNN interaction where difference
from the original freeNN force increase with nuclear densit
Experiments completed over the past few years near
MeV now offer high precision polarization data for a numb
of discrete nuclear states. These data can be used to
models of the effectiveNN interaction below the pion pro
duction threshold where the freeNN interaction is well con-
strained by the available two-body data.

In a previous paper, we described a microscopic treatm
of the in-medium effective interaction@3#. TheNN force was
obtained from a one-boson-exchange~OBE! potential whose
parameters had been adjusted to reproduce well the resu
modern phase shift analyses below 350 MeV@4#. Compari-
sons toNN data measured near 200 MeV show excell
agreement. The systematic effects of placing thisNN force
within the nuclear medium are calculated using aG-matrix
approach for infinite nuclear matter that incorporates nuc
binding and Pauli blocking effects@5#. This approach can
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also include the strong mean field scalar and vector po
tials that are part of a covariant treatment of nucleon mot
within nuclear matter@6–9#. We will refer to all of these
mechanisms as ‘‘conventional’’ medium effects.

Distorted wave impulse approximation~DWIA ! calcula-
tions based on this effectiveNN interaction model were com
pared to a body of (p,p8) cross section and analyzing pow
data for largely collective natural-parity transitions@3#. Pre-
vious work has shown that for such cases, a good descrip
of the analyzing power implies that the polarization trans
coefficients will also be well reproduced@10#. We find that
our model provides a satisfactory description of inelas
scattering to natural-parity states.

Natural-parity transitions are primarily sensitive to th
isoscalar spin-independent and spin-orbit components of
interaction. For the investigation of other components,
main purpose of this paper, different transitions are need
The high-spin stretched transitions offer a particularly go
choice. Their unnatural parity makes them sensitive to
spin-orbit and all of the tensor components in the effect
interaction. Because of their high spin, there is usually o
one particle-hole configuration that contributes significan
to the transition, and the pertinent wavefunctions are ea
constrained by transverse (e,e8) form factor measurements
Furthermore, these transitions are among the largest in
(p,p8) excited state spectrum and appropriate for studies
ing single-step Born approximation reaction calculatio
Lower spin unnatural-parity states are also sensitive to
same components of the effective interaction, but pick
sensitivities to nuclear currents and finite-range excha
that complicate the analysis@11#. In addition, the polariza-
tion observables for the lower spin states are sensitive to
the amplitudes for the many possible particle-hole struct
contributions are chosen, and other data is usually of sc
help in making the right choice.

.
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F. SAMMARRUCA et al. PHYSICAL REVIEW C 61 014309
For this study we will consider the three 42 states at
17.78, 18.98, and 19.81 MeV in16O, as well as the two 62

states at 11.58 and 14.35 MeV in28Si. States of bothT50
and T51 isospin character are present, giving us acces
both isoscalar and isovector parts of the effectiveNN inter-
action. These measurements, made for proton energies
200 MeV, have been reported on a number of prior occas
@12–15#. The experiments on28Si are now completed@16#,
and all polarization transfer coefficients are available
comparison.

DWIA calculations reproduce the main trends of the
measurements, as will be discussed in Sec. II. But sev
notable differences exist, especially for the diagonal po
ization transfer coefficients. The nature of the discrepan
leads us to conclude that there are physical mechan
missing from our model, despite efforts to constrain
through independent empirical information.

Our presentation of results will also include~Sec. II C! a
comparison with combinations of polarization transfer co
ficients expressed as polarized cross sections. Becaus
their selective dependence upon individual spin-depend
NN amplitudes in a Kerman, MaManus, and Thaler~KMT !
@17# or Bystricky @18# representation, these polarized cro
sections can be used as a powerful diagnostic tool.

At the end of Sec. II, we check the assumption that
isospin of these transitions is well known. We find no e
dence that isospin mixing would offer an appropriate so
tion to the problems we encounter with these data.

Having observed that the established medium effects c
tained in our model do not provide an adequate descrip
of these states, in Secs. III and IV we explore less conv
tional mechanisms. Because these data support the need
substantial reduction of the tensor attraction in the mediu
particular attention will be paid to those contributions whi
can affect the tensor force.

One way to reduce the tensor attraction is to increase
repulsive influence of ther meson by systematically reduc
ing its mass with increasing nuclear density. Known
Brown-Rho scaling@19,20#, this mechanism would signal
change of the system toward a partial restoration of ch
symmetry. The suggestion is supported by QCD sum r
calculations that predict a mass reduction of about 20%
full nuclear matter density@21–24#.

From the experimental side, evidence for in-mediu
r-meson mass reductions has been reported from div
places, including proton elastic and inelastic scatter
@25,26#, measurements of polarization transfer in (p,p8) re-
actions@12,13,27#, dilepton production in relativistic heav
ion collisions@28,29#, andr-meson photoproduction and de
cay @30,31#. In some cases more conventional explanatio
have been offered@32,33#, so the interpretation of these ex
periments remains an open question. In Sec. III, we w
evaluate the impact ofr-meson mass scaling on (p,p8) in-
elastic scattering within the context of a full densit
dependent calculation.

While searching for improvements in the quality
(p,p8) predictions, it is desirable to keep as a constrain
realistic description of nuclear matter saturation propert
not an easy task in the presence of uniform meson m
01430
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scaling @34#. Recently, a model has been proposed@35#
which combines Brown-Rho scaling together with a micr
scopic description of the intermediate-range attraction
terms of a correlated pair of pions. This approach mainta
good agreement with the average properties of nuclear m
@35#. We will explore in Sec. IV whether it can address t
issues raised by the (p,p8) polarization data.

II. CONVENTIONAL MEDIUM EFFECTS

A. DWIA calculations

The DWIA calculations reported here are made with t
program DWBA86@36#.

This program is different from the one used to exam
the natural-parity states in our previous work@3#. The ex-
change parts of the amplitude are calculated using fi
range, which is important in general for the treatment of
spin-dependent parts of the effective interaction.

The transition form factors are calculated assuming tha
single particle-hole configuration is dominant. For the 42

states in16O, this isp3/2
21d5/2, and for the 62 states in28Si it

is d5/2
21f 7/2. In each case the transition goes from an orb

that is filled in the simple shell model to one that is emp
The change of orbital angular momentum by one unit int
duces the negative parity in both cases. While other confi
rations can be constructed that couple to the same valu
spin and parity, they involve orbitals at much higher exci
tion. Those most likely to contribute, such asp3/2

21g9/2 in the
62 case, do not change the DWIA calculation since they
also stretched configurations with the sameL-transfer. To
find particle-hole configurations wherej p1 j h.J, orbitals at
even higher excitation are required, and significant transit
strength there is unlikely. Once the particle and hole wa
functions for the single configuration are adjusted to rep
duce the (e,e8) transverse form factor measurements,
consider the structure of the transition sufficiently well co
strained that we can safely judge the quality of the ot
ingredients in the calculation.

The particle and hole wave functions are calculated
states in a Woods-Saxon well. The binding energies are c
sen to represent the energy needed to separate a proton
neutron, leaving behind the lowest state with the requi
spin and parity. For28Si, these are the 5/21 ground states of
27Al and 27Si. In the case of theT51, 62 state at 14.35 MeV
in 28Si, the f 7/2 proton added to the27Al ground state is
unbound by 2.78 MeV, an energy that is greater than the
of the Coulomb barrier for27Al. In this case the wave func
tion is calculated using the techniques developed by Vinc
and Fortune@37#. For the16O case, the ground states of th
nuclei with one less proton or neutron are not 3/22. Instead,
we use the state at 6.324 MeV in15N and the state at 6.176
MeV in 15O. Again for thed5/2 proton, two of the three 42

transitions require positive proton binding energies~0.53 and
1.36 MeV!.

The Woods-Saxon geometry parameters~radius and dif-
fuseness!, as well as the spectroscopic factor, are adjus
until a calculation of the transverse form factor@38# in
(e,e8) inelastic scattering reproduces the measurements.
9-2
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FIG. 1. Measurements of the
cross section and polarization ob
servables for the 62, T51 state at
14.35 MeV in 28Si @12,16#. The
calculations represent the DBH
~solid!, BHF ~long dashed!, and
free ~short dashed! effective inter-
actions.
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16O we use the data of Hyde-Wright@39#; and for 28Si the
data of Yen@40#. Because the transverse electron scatter
form factor is mainly sensitive to the isovector part of t
transition density, data is available only for three of the fi
transitions we consider. These include theT51 states in16O
~18.98 MeV! and 28Si ~14.35 MeV!. In addition, the isospin
mixing is such that there is also information available for t
lower 42 state in 16O ~17.78 MeV! @39#. Thus we should
expect quantitative agreement with the cross section only
these three cases. For the remaining two states, a form fa
is chosen which is similar to that for the other states in
same nucleus. The spectroscopic factor will incorporate
formation from pion inelastic scattering, but reaction mec
nism ambiguities prevent this from being a strong constra
In these two cases, only the polarization observables wil
useful in the evaluation of medium effects.

The distorted waves in the incident and exit channels
calculated using a folding model potential in which the ce
tral and spin-orbit terms in the effective interaction are av
aged over the distribution of target nucleons. This distrib
01430
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tion is taken from the charge density for each nucleus@41# by
unfolding the contribution of the proton charge distributio
It is assumed for the twoN5Z nuclei considered here tha
the proton and neutron distributions are the same. This m
ter distribution is also used to determine the local density
which the effectiveNN interaction is evaluated. The foldin
model potential calculation is made with the distorted wa
program LEA @42#, and the local potential transferred t
DWBA86.

The three 42 states in16O are isospin mixed. A three
state mixing model has been adjusted to reproduce the re
of electron and pion scattering@43#. We will use those mix-
ing ratios here. For the upperT50 state at 19.80 MeV, we
will use the same bound-state parameters and spectrosc
factor as the lowerT50 state with the changes from th
isospin mixing model preserved.

For the 62 states in28Si, the energy separation is larg
enough that it is possible to consider them as unmixed, w
the lower ~11.58 MeV! being T50 and the upper~14.35
MeV! beingT51 @43#. In the absence of electron scatterin
-

F

FIG. 2. Measurements of the
cross section and polarization ob
servables for the 42, T51 state at
18.98 MeV in 16O @13–15#. The
calculations represent the DBH
~solid!, BHF ~long dashed!, and
free ~short dashed! effective inter-
actions.
9-3
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FIG. 3. Measurements of the cross secti
and polarization observables for the 62, T50
state at 11.58 MeV in28Si @12,16#. The calcula-
tions represent the DBHF~solid!, BHF ~long
dashed!, and free~short dashed! effective interac-
tions.
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data for theT50 transition, we will use the same boun
state parameters as for theT51 state and adjust the spectr
scopic factor downward by 0.39 to be consistent with
findings of Olmer for pion scattering@44#. The question of
whether some small isospin mixing would help us to und
stand the results for theT51 state will be considered in th
last part of this section.

B. Comparison with data

Figures 1 and 2 show measurements and calculations
the two T51 states, and Figs. 3–5 show the same for
T50 states. In each case all observables, including the c
section, analyzing power, induced polarization, and five
larization transfer coefficients are shown. There are three
culations based on the effective interaction described in R
@3#. The short-dash curves make use of a free~density-
independent! NN interaction. The long-dash curves are bas
on aG-matrix calculation which includes the Pauli blockin
and binding energy medium effects from Brueckner the
only ~BHF!. The solid curves are also density-dependent,
include in addition the changes brought about through a c
sideration of the strong relativistic mean-field potentials
the Dirac-Brueckner approach to nuclear matter~DBHF!.

The cross sections all show a roughly Gaussian distr
tion with momentum transfer and a peak location tied to
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L transfer. In the plane wave limit, not all of the polarizatio
observables are independent@1,2#. In the absence of contri
butions from nuclear currents@11#, the observables tend t
follow the relationshipsA5P andDSL852DLS8 . The mag-
nitudes ofA, P, DSL8 , andDLS8 are a measure of the inter
ference between spin-orbit and tensor contributions to
reaction amplitude@1#. For the isovector transitions~Figs. 1
and 2!, the spin-orbit part of the effective interaction
small, hence these four observables are all close to zero.
is not the case in the isoscalar channel~Figs. 3–5! where the
spin-orbit amplitude is large and there are important
change contributions to the tensor part of the interaction
this case, these observables are larger.

The diagonal polarization transfer coefficients,DNN ,
DSS, and DLL , are sensitive to the balance between sp
orbit and tensor components of the effective interacti
They will be discussed in more detail in the next subsecti

Except for theT50 cross sections~Figs. 3–5!, there is
little difference among the three calculations. For the BH
case, medium modifications to the tensor parts of the ef
tive NN interaction are expected to be small@45#.

The real spin-orbit and tensor parts of the effectiveNN
interaction arise mainly from specific terms in the OBE p
tential. For the isovector tensor, this comes from the bala
betweenp- and r-meson exchange potentials. For the iso
on
FIG. 4. Measurements of the cross secti
and polarization observables for the 42, T50
state at 17.78 MeV in16O @13–15#. The calcula-
tions represent the DBHF~solid!, BHF ~long
dashed!, and free~short dashed! effective interac-
tions.
9-4



on

TESTING MICROSCOPIC MEDIUM EFFECTS ON . . . PHYSICAL REVIEW C61 014309
FIG. 5. Measurements of the cross secti
and polarization observables for the 42, T50
state at 19.81 MeV in16O @13–15#. The calcula-
tions represent the DBHF~solid!, BHF ~long
dashed!, and free~short dashed! effective interac-
tions.
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calar spin-orbit, this iss- andv-meson exchange, and for th
isoscalar tensorv- and h-meson exchange@which nearly
cancels to zero, leaving the isovector tensor as the main
tribution to (p,p8) reactions through the exchange part of t
DWIA calculation#. For the Dirac-Brueckner~DBHF! calcu-
lation, the effective nucleon mass also changes the pote
terms in the scattering equation, but this has little effect
the OBE potentials for thep andr mesons. Thus little dif-
ference is seen among the three curves in Figs. 1–5 for
polarization observables, especially where the cross sec
is largest. Some of the difference may also be due to
different optical model wave functions associated with
BHF and DBHF effective interactions.

For the twoT51 transitions in Figs. 1 and 2, the con
straint of reproducing the electron scattering form factor
sults in satisfactory agreement with the cross section,
though the medium effects tend to push the large-an
values upward away from the data. This is in contrast to
case for natural-parity transitions@3# where DWIA calcula-
tions systematically overestimate the cross section by
much as 50%. The calculations also reproduce the ang
distributions ofA, P, DSL8 , and DLS8 . It is only for the
diagonalDii that we see substantial disagreements, with
calculations being too positive forDSS and too negative for
DNN . Between the two transitions, the calculations are
most identical, a reflection of the similarity in the spin stru
ture for all stretched transitions. While the discrepancies w
data are similar in kind, the size of the disagreement depe
on the target, particularly forDNN where the data are mor
positive for 28Si than for16O.

For the two nominallyT50 states in16O ~Figs. 4 and 5!,
the amount ofT51 amplitude included with theT50 is of
opposite sign but about the same size. There are elec
scattering measurements to constrain the 42 form factor for
the state at 17.79 MeV in16O ~Fig. 4!. For this case we ge
rough agreement with the size of the cross section. Resca
the T50 28Si transition downward by almost a factor o
three to agree with the pion scattering results also yie
reasonable agreement with the magnitude of that cross
tion. For the state at 19.80 MeV in16O, the measured cros
section is larger than the calculated one, despite using
scattering information as an independent normalization. T
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discrepancy is not understood. It must be noted that the c
section, which comes mostly from the spin-orbit part of t
isoscalar effective interaction, is enhanced by the density
pendence. This is important in achieving any agreement w
the calculations, and confirms the large density depende
present in the isoscalar spin-orbit part of the DBHF calcu
tion. In all threeT50 cases, the large increase in the cro
section when the density dependence is included also pu
the cross section peak to larger scattering angles while
data suggest that the opposite effect is needed. This a
because the effects of the density dependence on the iso
lar spin-orbit term grow with momentum transfer, a tre
which is not supported by these data or the analysis of R
@3#.

Whatever problems exist with the DWIA calculation
they appear to be worse for silicon than oxygen. Whet
this points to a dependence on increasing mass or spin tr
fer, or arises from a structural change in the transition, is
known.

C. Combinations of observables

For stretched transitions, there is~within certain approxi-
mations! a one-to-one correspondence between combinat
of the polarization transfer observables and the sizes of i
vidual amplitudes in the effective interaction, in combinati
with the appropriate structure factor@1,2#. This is most clear
for the KMT form of theNN interaction@17# given by

M5A1Bs1ns2n1C~s1n1s2n!1Es1qs2q1Fs1ps2p ,
~1!

wheres is the Pauli spin operator for particle 1 or 2 actin
along the directionn̂ ~normal to the scattering plane!, q̂
~along the direction of the momentum transfer!, or p̂(5q̂
3n̂). The magnitude of each of the spin-dependent am
tudes in Eq.~1! is related to a single combination of pola
ization transfer coefficientsDi cast in the form of a polarized
cross section as
9-5
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F. SAMMARRUCA et al. PHYSICAL REVIEW C 61 014309
sDls5C2xT
2, sDq5E2xL

2,

sDn5B2xT
2, sDp5F2xT

2, ~2!

wherexL is the spin longitudinal form factor andxT is the
transverse form factor. For stretched transitions, the form
tors are determined from the transverse electron scatte
form factor and the relationshipxL

252JxT
2/(J11). ~All of

theDi must be non-negative, a fact that limits the range o
which the polarization transfer coefficients may vary.! The
observable combinationsDi are given by

Dls5@11DNN1~DSS1DLL!cosu2~DLS82DSL8!sinu#/4,
~3!

Dq5@12DNN1DSS2DLL#/4, ~4!

Dn5@11DNN2~DSS1DLL!cosu1~DLS82DSL8!sinu#/4,
~5!

Dp5@12DNN2DSS1DLL#/4, ~6!

where u is the center-of-mass scattering angle. The co
sponding polarized cross sections are then defined as

s i5sDi . ~7!

A comparison with data is meaningful only for those thr
transitions where the transition form factor is constrained
electron scattering measurements.

From the combinations in Eqs.~3!–~6!, it is possible to
deduce some general features that are helpful in interpre
the differences shown in Figs. 1–5. If the scattering angl
small, and especially ifDLS8 andDSL8 are also close to zero
we can set cosu'1 and sinu'0 and then invert Eqs.~3!–~6!
to produce

FIG. 6. Measurements of the polarized cross sections for
62, T51 state at 14.35 MeV in28Si @12,16#. The calculations
represent the DBHF effective interaction.
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DNN5Dls1Dn2Dq2Dp , ~8!

DSS5Dls2Dn1Dq2Dp , ~9!

DLL5Dls2Dn2Dq1Dp , ~10!

subject to the requirement

Dls1Dn1Dq1Dp51. ~11!

This makes it possible to quickly see how any change to
of the amplitudes in Eq.~2! might affect the diagonal polar
ization transfer coefficients,DNN , DSS, andDLL . A change
to the spin-orbit amplitude will moveDNN , DSS, andDLL
up and down together. If the spin orbit dominates, as it d
for the isoscalar interaction, then these three polariza
transfer coefficients are close to 1. Likewise, a change to
of the three tensor amplitudes will move one coefficient
one direction while sending the remaining two in the opp
site direction. How the one-against-two pattern appe
among the three coefficients then shows us which tensor
plitude needs to change.

In the plane wave limit, the vanishing of any spin-orb
contribution to the reaction means thatDNN is purely nega-
tive @46#. This is a good approximation for the isovector pa
of the effectiveNN interaction@47#. If the spin-longitudinal
part of the interaction becomes larger, then values ofDNN
become more negative. The measurements ofDNN for the
T51 transitions are positive in the case of28Si ~Fig. 1! or
near zero in the case of16O ~Fig. 2!. Bringing DNN closer to
zero requires a reduction of the pionlike, or spi
longitudinal, contribution to the effective interaction. B
only a significant spin-orbit term can pushDNN to positive
values. These data show the need for a larger spin-orbit c
tribution to the isovector tensor interaction, as well as so
changes among the tensor pieces.

e FIG. 7. Measurements of the polarized cross sections for
42, T51 state at 18.98 MeV in16O @13–15#. The calculations
represent the DBHF effective interaction.
9-6
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TESTING MICROSCOPIC MEDIUM EFFECTS ON . . . PHYSICAL REVIEW C61 014309
As was the case for theT51 states, the differences be
tween data and calculations for theT50 transitions are
larger for 28Si ~Fig. 3! than for 16O ~Figs. 4 and 5!. The data
for DNN are always more positive than the calculations. M
surements forDSS, DLL , andDSL8 fall below their respec-
tive calculations while the opposite is observed forA and
DLS8 . The pattern in the diagonal polarization transfer co
ficients indicates thatDn should be larger relative to th
dominant spin-orbit term in the isoscalar channel.

These conclusions are also evident upon inspection of
polarized cross sections of Eq.~7!. In Figs. 6–8 the calcu-
lated polarized cross sections are compared with the dat
the three transitions for which there is adequate form fac
data. In all cases the calculations are DBHF, including
conventional medium effects. TheT51 transitions in28Si
and 16O are shown in Figs. 6 and 7. In both cases the sp
longitudinal cross sectionsq is overestimated. Since the pre
dictions for the cross section size are fairly close, t
strength comes at the expense of the other polarized c
sections, in particularsn and s ls . These differences ar
more extreme for28Si than for16O. In the case of28Si, the

FIG. 8. Measurements of the polarized cross sections for
42, T50 state at 17.78 MeV in16O @13–15#. The calculations
represent the DBHF effective interaction.
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necessity to increase the spin-orbit contribution in order
attain positive values ofDNN is seen in Fig. 6 as an unde
estimate ins ls .

For the~mostly! T50 transition at 17.78 MeV in16O, the
spin-orbit amplitude seems adequate but there is insuffic
sn tensor, as noted earlier. The increase of the density
pendence with angle~or momentum transfer! for the spin-
orbit interaction is apparent froms ls , where the peak is
shifted to larger scattering angles.

In closing this subsection, we note again that this sepa
tion into four polarized cross sections helps us to iden
which amplitudes in the effectiveNN interaction are most
likely to be at fault when the calculations of the polarizati
transfer coefficients do not match the data.

D. Isospin mixing for 28Si

One factor that may differ among nuclei is the degree
isospin mixing present in any particular stretched state.
recently suggested@48# that the large differences seen for th
T51 transition in 28Si might arise from the admixture o
someT50 strength. Tuning the amount of mixing based
the data available from Ref.@12# produced closer agreemen
eliminating the overestimate forsq shown in Fig. 6. Now,
with a complete set of polarization transfer coefficients
this transition, it is possible to reevaluate this conclusion

The isospin mixing of theT51 transition in28Si can be
described, independent of its spectroscopic strength, by
angleh in the expression coshup&1sinhun& whereup& andun&
are proton and neutron contributions to the transition. A p
T51 transition lies ath5135°. For reference, thisT51 cal-
culation is shown by dashed curves in Fig. 9 where the th
observables were selected as the most sensitive to
spin mixing. A chi square minimization was made as a fun
tion of h, and the smallest value considering all the polariz
tion data for this transition lies ath5127.4°. This calculation
is represented by the solid curves in Fig. 9. The polariz
cross sectionsq improves, as doesDNN . But the combina-
tion DSL82DLS8 becomes worse, indicating that the ne
contribution to the interference between spin-orbit and ten
interactions is inappropriate.~This information was not
available for Ref.@48#.! There is no value ofh that improves
agreement for all observables, thus no reason to cons
significant isospin mixing for this transition. Similar conclu
sions apply to the other transitions studied in this paper.

e

in
FIG. 9. Measurements of thesq polarized
cross section,DNN , and the combinationDSL8
2DLS8 for the 62, T51 state at 14.35 MeV in
28Si @12,16#. The calculations represent isosp
mixing with an angle of 135°~dashed, pureT
51! and 127.4°~solid!.
9-7
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III. PREVIOUS WORK WITH r-MESON MASS SCALING

A number of attempts have been made to explain the
ferences between theory and experiment for the stretcheT
51 transitions in terms of scaling of ther-meson mass in the
nuclear medium. In all cases density-independent DWIA c
culations have been used under the assumption that
change would correspond to some average density for
transition.

Stephenson and Tostevin@13# modeled the change in th
effectiveNN interaction with an additional Yukawa term o
short range that was chosen to resemble the change in
OBE potential with a reducedr-meson mass. They used
different Yukawa for the isovector spin-spin and tens
terms, and adjusted a complex coefficient for each u
agreement was reached for the16O polarization transfer ob
servables. By comparing the real parts to a standard form
the r-meson potential@49#, they found an average reductio
of ^m* /m&50.93860.016. In another analysis, Bagha
et al. examined primarily measurements ofDNN for the 31

→02 transition in10B and found̂ m* /m&50.9 @27#. In both
cases, obtaining good agreement with the data require
careful adjustment of the imaginary parts of the interact
that arise from the density-dependent integral term in
scattering equation and thus have no simple connectio
the OBE potential.

The appearance of even larger differences forDNN in 28Si
prompted another analysis by Stephensonet al. @12#. In this
case the amplitudes in the effectiveNN interaction were pa-
rametrized and adjusted to reproduce the data. The new
plitudes were then compared with OBE potential model c
culations using a series of reducedr-meson masses. Value
of ^m* /m&50.8 seemed helpful for two of the four ampl
tudes considered, namely the ones associated withsq and
s ls .

To illustrate the effects of changing ther-meson mass in
a density-independent calculation, we show in Fig. 10
polarized cross sections for theT51 state in16O. The solid,
long-dash, and short-dash curves represent interactions b
on ^m* /m&51.0, 0.9, and 0.8, respectively. For the thr
tensor components~sq , sn , and sp!, the variations are
roughly linear inDm5m2m* . The reduced tensor attrac
tion is manifest in the reduction ofsq whose spin operato
corresponds to pion exchange. Its counterpartsp , which can
be associated with the pionlike tensor as it would appear
knock-on exchange contributions to the reaction, is also
duced. The changes to the spin-orbit seem to be highly n
linear, and may contain theDm3 dependence discussed b
Brown et al. @34#. The reduction needed to obtain bett
agreement forsq and sn lies between 10 and 20 %. Eve
though this represents the change at some average densi
the transition, it is plausibly consistent with the expectat
of a 20% reduction of ther-meson mass at full nuclear den
sity.

We have repeated the calculation shown in Fig. 10 i
density-dependent environment in which ther-meson mass
is assumed to scale down linearly with increasing dens
The result is shown in Fig. 11, where the only densi
dependence comes from the changingr-meson mass~no
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conventionalG-matrix medium effects are included!. Com-
pared to Fig. 10, the effects are similar in kind but mu
smaller, and would suggest typical average densities of
order of 15–30 % for the stretched transition. At these d
sities, the effect of the expected change inr-meson mass is
too small to be detectable in a comparison with these d
Results similar in size to those shown in Fig. 11 are obtain
when the change to ther-meson mass is included along wit
the DBHFG-matrix calculation.

FIG. 10. Measurements of the polarized cross sections for
42, T51 state at 18.98 MeV in16O @13–15#. The calculations
represent density independent interactions with ther-meson mass
scaled aŝ m* /m&51.0 ~solid!, 0.9 ~long dashed!, and 0.8~short
dashed!.

FIG. 11. Measurements of the polarized cross sections for
42, T51 state at 18.98 MeV in16O @13–15#. The calculations
represent interactions with the only density dependence ari
from a linear scaling of ther-meson mass with density where,
full nuclear matter density,̂m* /m&51.0 ~solid!, 0.9 ~long dashed!,
and 0.8~short dashed!.
9-8
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In an analysis that considered a larger base of transiti
including both natural and unnatural parity, we conside
variations of the meson masses in more detail@48,50#.
Density-dependent mass modifications were used. The h
was to find some degree of freedom that would impro
agreement across a large range of transitions and thus
toward physics missing from our model. It was found tha
careful balance was needed between thes- and v-meson
masses in order to maintain the mean field for natural pa
transitions. Beyond that, there was very little sensitivity to
scaling of ther-meson mass@50#, thus confirming the con-
clusion reached here. Only if larger modifications were
plied could some improvements be observed, but they w
not systematic across all transitions being considered.

Simple scaling of ther-meson mass, like a modificatio
to the isospin mixing, does not address the full range
differences observed for these (p,p8) transitions. This does
not eliminate the possibility that a more comprehensive
of changes to the OBE meson properties based on additi
physics considerations might contain the needed alterat
to the spin dependence in the nuclear medium. One s
model is evaluated in the next section.

IV. A REALISTIC IN-MEDIUM MESON EXCHANGE
MODEL

A. Review of the model

In this section we consider an approach to the med
effects on theNN interaction that contains meson mass sc
ing and a more thorough treatment of the intermediate-ra
attraction typically described in terms of thes meson. The
properties of this model have been captured in a OBE fo
@35# and we have incorporated it into our framework. Fir
we review the physical considerations underlying this n
approach to nuclear matter.

One problem with meson mass scaling is the loss
nuclear matter saturation@34#. If the s andv masses scale a
the same rate, the increased attraction generated by
reduced-masss will dominate over the corresponding in
crease in repulsion from the~reduced-mass! v, thus prevent-
ing saturation. This crucial observation is the starting po
of the development of the model by Rappet al. @35#.

At a microscopic level, the fictitiouss meson stands, in
part, for a correlated pair of pions interacting in a relativeS
wave. The effect of the nuclear medium on thep-p correla-
tions has been investigated and observed to be very stron
the scalar-isoscalar channel@51#. However, this overly strong
attraction~which is qualitatively similar to that of a reduce
s mass in the OBE picture! can be moderated by the inclu
sion of p-p contact interactions, which are repulsive in n
ture, while still allowing a realistic description of free pion
pion scattering@51#. These terms are required by chir
symmetry through the soft-pion theorem constraints on
scattering length@52#.

It is shown in Ref. @35# that, when the microscopic
chirally-constrainedp-p interaction from Ref.@51# is used to
describe the correlatedS-wave 2p exchange, then the as
sumption of dropping meson masses, implemented wi
the DBHF framework, does indeed lead to nuclear ma
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saturation at the empirical density.
Starting with the OBE model of Ref.@3# ~which repro-

duces accurately freeNN scattering below 325 MeV!, the
zero-width s meson is replaced by the microscopic mod
for 2p exchange of Ref.@51#. This model contains chira
symmetry contact terms which considerably slow down
increase in attraction observed when the interaction is pla
into the nuclear medium.

The 2p exchange model has been parametrized@35# in
terms of two sharp scalar mesons with density-depend
masses and coupling constants. These density-dependen
rameters are shown in Table I of Ref.@35#. The correlated 2p
exchange thus described accounts for more than half the
termediate range attraction. The remaining attraction is t
parametrized in terms of a scalar-isoscalar boson with
proximately half the strength the usuals boson would have
in a typical OBE potential. This combination for the inte
mediate range attraction reproduces the original free sp
potential from Ref.@3#.

The Brown-Rho scaling scenario@19,20#, together with
the above mechanism to provide additional repulsion in
2p sector, is then found to be consistent with stable nucl
matter. The scaling prescription is applied to nucleon a
vector meson masses. Masses scale linearly to 85% of
free-space values at full nuclear matter density, which is c
sistent with QCD sum rules analyses@21–24#.

B. Comparison with the data

The predictions we obtain when using the Rapp presc
tion show similar effects for all states with the same isosp
so only a single example of each will be shown here. Figu
12 and 13 show calculations for theT51 andT50 stretched
62 states in28Si. The dashed curves use the DBHF mod
described earlier; the solid curves use the Rapp model.

FIG. 12. Measurements of the polarized cross sections for
62, T51 state at 14.35 MeV in28Si @12,16#. The calculations
represent the Rapp~solid! and DBHF ~dashed! effective interac-
tions.
9-9
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FIG. 13. Measurements of th
cross section and polarization ob
servables for the 62, T50 state at
11.58 MeV in 28Si @12,16#. The
calculations represent the Rap
~solid! and DBHF~dashed! effec-
tive interactions.
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Though some sensitivity to the change of model can
seen in some of the observables, particularly at the la
angles, a global look at the new calculation shows no ove
significant improvement or deterioration in the quality of t
predictions as compared to those from the DBHF mod
This is true for both isospin channels.

The similarity between the DBHF and the Rapp pred
tions for these observables indicate that the two models m
have a rather similar spin dependence. This can be fur
explored by comparing specificG-matrix elements from the
two models. In Fig. 14~a!, we show the3S1-3S1 matrix ele-
ment at 200 MeV and nuclear matter density, as a functio
the~half-off-shell! NN center-of-mass momentum, while Fi
14~b! shows the3S1-3D1 transition under the same cond
tions. As before, the solid and the dashed curve are ca
lated within the Rapp and the DBHF model, respective
We notice from Fig. 14~a! that the Rapp calculation for th
3S1-3S1 case is considerably more repulsive than the DB
curve, which is to be expected on the basis of the ab
discussion. The differences between the two curves in
14~a! most likely reflect differences in the central force orig

FIG. 14. Calculations of the real part of the half-off-shell mat
elements for the3S1-3S1 ~a! and 3S1-3D1 ~b! transitions using the
Rapp~solid! and DBHF~dashed! effective interactions.
01430
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nating from Rapp’s handling of the intermediate range
traction as compared to DBHF. The matrix element shown
Fig. 14~a! also receives a contribution from the tensor forc
which could in principle be partially responsible for the d
ferences. But the small difference between the two curve
Fig. 14~b! indicates that the tensor force is very similar in t
two models.

While concluding that this prescription does not reso
the problems raised by these data, we must at the same
also notice that no deterioration in the overall quality of t
predictions is observed, suggesting that we are looking
case that is not sensitive to this level of scaling. Perhap
process involving typically much higher densities is bet
suited to test a mass rescaling model such as the one we
applied here.

V. SUMMARY AND CONCLUSIONS

We have examined the cross section, analyzing pow
induced polarization, and polarization transfer coefficie
for (p,p8) reactions to unnatural-parity, high-spin states
16O and 28Si. We compared this data with DWIA calcula
tions using an effectiveNN interaction derived within a mi-
croscopic treatment of nuclear medium effects. The mo
which is based on a quantitative OBE potential and incor
rates medium effects through a relativisticG-matrix ap-
proach, has been previously confronted with data for natu
parity, isoscalar transitions with satisfactory results@3#.

The spin-flip nature of the states considered here rest
their sensitivity to the spin dependent parts of the effect
interaction. The high-spin character emphasizes the sin
particle aspects of the nuclear structure, which are ea
constrained by measurements of the electron scattering f
factor.

Comparison with the data shows that the effects of c
ventional density dependence are essentially absent, ex
for the size of the spin-orbit interaction in the isoscalar ch
nel. This particular density-dependent change appears fo
T50 cross section, where the agreement in size with
9-10
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TESTING MICROSCOPIC MEDIUM EFFECTS ON . . . PHYSICAL REVIEW C61 014309
DBHF calculation appears to confirm this effect. The shift
the angle of the maximum in theT50 cross section would
however, suggest that the momentum transfer dependen
the changes to the isoscalar spin-orbit are incorrect.
DBHF calculation manifests some problems for stretch
transitions, and the diagonal polarization transfer coefficie
in particular. As illustrated by the decomposition into fo
polarized cross sections, these differences would sugges
the balance between spin-orbit and tensor components o
effective NN interaction still needs modification. For theT
51 transitions, the contrast between16O and28Si in the size
of the discrepancies makes it difficult to assess the exten
which these differences can be addressed by system
density-dependent changes to the effective interaction. N
ertheless, the overestimate ofsq remains in both cases, sug
gesting that there is still too much tensor attraction in
isovector channel. For the threeT50 transitions, the differ-
ences between data and theory are larger and more sys
atic. In these transitions, where the isoscalar spin-orbit c
ponent is the dominant contribution, there is a clear signa
in the diagonal polarization transfer coefficients for an
crease in the tensor interaction associated withsn . While a
change in the isospin character of the transitions may a
the balance of spin-orbit and tensor components, a deta
investigation did not confirm the need for such a mechani

Because the observed discrepancies indicate the nee
alter the balance between tensor and spin-orbit forces, a
sible explanation was sought in terms of modifications of
underlying meson-exchange potential in the medium.
model which employs in-medium meson-exchange inter
s
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tions while providing a satisfactory description of nucle
matter ground state properties has recently been prop
@35#. We applied this model but observed no significa
changes in the quality of the predictions. This is consist
with our evaluation of past work, where it was observed t
effects from linear scaling of ther meson mass cannot b
reliably detected through these data at the present leve
experimental error and theoretical uncertainty.

Since open questions remain, we are prompted to c
tinue looking for other mechanisms which can potentia
alter the relative strength of the tensor and spin-orbit forc
A possibility can be identified in one of the sources of co
ventional density dependence, namely the Pauli projec
operator, which has traditionally been handled through
angle-average approximation@5#. The quality of this ap-
proximation was explored about a decade ago and fo
satisfactory@53#, even for inelastic scattering off-diagona
G-matrix elements. On the other hand, at the level of pre
sion appropriate to present standards it may be reasonab
reexamine the validity of even well-established approxim
tions, especially if they are likely to affect the spin
dependent terms.
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