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Transverse electron scattering form factors at low momentum transfer:
Sensitivity to in-medium modifications of vector mesons?

P. von Neumann-Cosel, F. Neumeyer, B. Reitz, A. Richter, and J. Wambach
Institut für Kernphysik, Technische Universita¨t Darmstadt, D-64289 Darmstadt, Germany

~Received 9 May 2000; published 15 August 2000!

Form factor measurements ofM2 andM4 transitions to the lowestJp522 and 42 states, respectively, in
48Ca with inelastic electron scattering at 180° are reported for momentum transfersq.0.420.8 fm21. These
form factors complement previous measurements at higherq which have been treated by Lallena@Phys. Rev.
C 48, 344 ~1993!#, as a test case to derive information on in-medium modifications of ther-meson mass. He
deduced within the random-phase approximation~RPA! an effective massmr* .0.920.95mr assuming simul-
taneous scaling of thep coupling constant~Brown-Rho scaling!. The validity of the analysis is critically
assessed by comparing the measured form factors to second random-phase approximation~SRPA! calculations
with a p1r exchange interaction. The dependence of the form factors on the choice of the interaction and
corrections such as mesonic exchange currents~MEC! are found to be of comparable magnitude to effects from
a dropping ofmr , and in-medium effects hence cannot be clearly inferred from the data. To quantify the latter
would require first the construction of an interaction which is capable of describing simultaneously and
optimally a large variety of low-energy nuclear properties in48Ca. Remaining discrepancies in such a descrip-
tion could then be studied with the aim to single out in-medium effects of the type advocated by Lallena.

PACS number~s!: 21.30.2x, 25.30.Dh, 21.60.Jz, 27.40.1z
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I. INTRODUCTION

The modification of hadrons embedded in the nuclear m
dium constitutes a central problem of modern nuclear ph
ics. It is experimentally addressed, e.g., in high-ene
heavy-ion reactions@1,2# and electron scattering@3#, but also
in b decay where properties like the axial charge of the w
nucleon axial vector current in nuclei might be modified@4#.
Although it seems at first sight remote, electron scatterin
low energies and momentum transfers might also prov
access to this problem. As an example, medium effects
fluence the pion coupling constantf p and ther-meson mass
and lead to a reduction of the isovector tensor interac
together with a simultaneous enhancement of the spin-o
force @5,6#. The necessity of such corrections has been d
onstrated, e.g., in studies of magnetic dipole transitions
light @7# and heavy@8# nuclei. Isovector transverse electro
scattering is sensitive to changes of the tensor part of theNN
interaction. Therefore, form factors of magnetic transitio
can be expected to be modified appreciably.

Such effects were studied by Lallena@9# for the form
factors of low-lying unnatural parity transitions in48Ca. The
analysis focused on transitions to the lowestJp542 and
Jp522 states atEx56.11 and 6.89 MeV, respectively, in
vestigated experimentally by Wiseet al. @10#. The calcula-
tions of Lallena were carried out in the framework of RP
using the Ju¨lich-Stony Brook residual interaction@11# modi-
fied to permit variations off p and mr , thereby simulating
the medium corrections. One conclusion of Ref.@9# was that
a consistent description can be obtained assuming a sc
of the effective vector meson masses with the reduction
the pion coupling constantf p in the nuclear medium. Such
behavior, predicted by Brown and Rho@12# and now called
‘‘Brown-Rho scaling,’’ can be understood from a partial re
toration of chiral symmetry at finite baryon densities taki
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into account the scaling properties of QCD@2,13#.
The possibility of inferring nuclear medium propertie

from electron scattering at low momentum transfer wou
provide exciting experimental prospects. Some caution
remarks are necessary, however, since quantitative calc
tions of form factors represent a considerable task, eve
the most advanced microscopic models. The results may
pend on the specific choice of the residual interaction as w
as non-nucleonic degrees of freedom~e.g., MEC correc-
tions!. It should also be noted that hadron scattering sho
in principle, be able to probe medium effects but recent
vestigations of stretched states in16O and 28Si with polar-
ized proton scattering seem to question the need for any
troduction of an effectiver-meson mass@14,15#.

The motivation of the present work has been twofo
First, it is shown that recent electron scattering experime
at 180° at low momentum transfers@16–19# yield new infor-
mation on magnetic transitions in48Ca including the ones
discussed in@9#. These results provide crucial constraints f
any interpretation in the framework of medium correctio
mentioned above. Second, in order to disentangle the rol
in-medium modifications searched for from uncertainties d
to peculiarities of the particular used model, independ
SRPA @20# calculations based on the M3Y interactio
@21,22# andp1r exchange are performed which provide
successful description of the magnetic dipole and quadrup
response in medium and heavy nuclei@17,19# already with-
out the medium modifications introduced in@9#.

II. DATA

Measurements have been performed at the 180° scatte
facility @23,24# of the superconducting Darmstadt electr
linear accelerator S-DALINAC coupled to a large soli
angle, large momentum-acceptance spectrometer@25#. An
isotopically enriched (.97%) target of48Ca ~10 mg/cm2)
©2000 The American Physical Society07-1
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was bombarded with electron beams of typically 1 – 3mA.
Spectra were taken at four incident electron energies ofE0
542.4, 50.0, 66.4, and 82.2 MeV corresponding to a m
mentum transfer rangeq.0.420.8 fm21. The energy reso-
lution, mainly limited by the target thickness, ranged from
to 70 keV. The spectrometer settings covered an excita
energy rangeEx54 – 15 MeV. Experimental details are de
scribed in@16,18#.

Figure 1 presents spectra of the excitation regionEx
.5.528 MeV measured atE0542.4, 66.4, and 82.2 MeV
The two transitions of interest are clearly visible in all cas
and well separated from other excitations. It is thus straig
forward to integrate the lines and to derive the correspond
form factors@16#. These are shown in Fig. 2 as a function
the effective momentum transfer together with the data
higher q (q.1 fm21) from @10#. It may be noted that the
inclusion of the new data permits us to resolve the ambig
of the earlier work @10# in the multipolarity assignmen
(M2,M5) of the transition populating theEx56.89 MeV
level.

III. ANALYSIS WITH A LANDAU-MIGDAL-TYPE
INTERACTION

In the following, we briefly summarize the form facto
calculations of Lallena@9# and the impact of the new low-q
data for a derivation of ther-meson effective mass. Th
approach starts from the Ju¨lich-Stony Brook interaction@11#
which is composed of a zero-range part of the Land
Migdal type plus long-rangep andr exchange potentials

Vres5C0(g0s1•s21g08s1•s2t1•t2…1
1

e
Vp1eVr~e!.

~1!

FIG. 1. Background subtracted spectra of of the48Ca(e,e8) re-
action at 180° for various incident energies in the excitation ene
rangeEx55.528 MeV. TheJp522 and 42 states of interest are
indicated by arrows.
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The calculations allow for a simultaneous variation of thep
andr potential expressed in Eq.~1! by the parameter

e5S m

m*
D 2

, ~2!

wherem* denotes the effective mass. The chosen form
Eq. ~1! assumes a simultaneous scaling of the pion coup
constantf p and ther-meson mass based on a ‘‘univers
scaling’’ law for the effective nucleon (mN) and meson
(ms , mr , mv) masses in the nuclear medium

mN*

mN
'

ms*

ms
'

mr*

mr
'

mv*

mv
'

f p*

f p
~3!

proposed by Brown and Rho~Brown-Rho scaling! @12#. For
e51 the original interaction of@11# is attained. The strength
parametersg0 andg08 of the interaction were fixed to repro
duce the energies and transition strengths in208Pb @26#.

The experimental form factors in Fig. 2 are compared
calculations with the interaction~1! for e51 ~solid line!, 1.2
~dashed line!, 1.6 ~dotted line!, and 2 ~dashed-dotted line!.
Strong effects due to the variation ofe are visible. The new
low-q data on48Ca from our 180° experiments described
the previous section clearly provide an upper constraint
e'1.2 by the behavior of theM2 transition around the firs
maximum of the form factor. Since results for theM4 tran-
sition also confirm the need for a valuee.1 already inferred
from the higher-q data @9# and since they are reasonab
compatible withe'1.2 too, a small but finite reduction o

y

FIG. 2. Form factors of theM4 andM2 transitions to the low
lying Jp542 andJp522 states atEx56.11 and 6.89 MeV in48Ca
measured in inelastic electron scattering at the S-DALINA
~circles! and Bates@10# ~triangles!. The curves represent calcula
tions @9# with the interaction~1! for valuese51 ~solid line!, 1.2
~dashed line!, 1.6 ~dotted line!, and 2~dashed-dotted line!.
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the r-meson massmr
!'0.920.95mr might be deduced

from an analysis employing an interaction of the type~1!.

IV. ANALYSIS WITH A p¿r EXCHANGE INTERACTION

However, as pointed out in the Introduction, we ask o
selves if the data can be described equally well by a differ
interaction as the one in the previous section and in part
lar without invoking a change ofmr in the medium. There-
fore, the form factors are independently analyzed in
framework of SRPA using a M3Y interaction which wa
shown to account successfully for the globalM1 and M2
response in48Ca @17#. In contrast to@17#, single-particle
wave functions were determined in the Woods-Saxon par
etrization of@27#. The depths and radii of the potentials we
varied~under the condition of a constant volume integral! to
reproduce the experimentally known single-particle energ
The resulting proton potential yields a mean-square cha
radius^r &p53.47 fm in excellent agreement with experime
@28#. From the neutron potential^r &n53.76 fm is obtained.
Inelastic hadron scattering experiments~see@29# and refer-
ences therein! suggest a neutron radius in48Ca larger than
the proton radius by about 0.220.3 fm consistent with the
above value.

In order to keep the analysis transparent, we restrict o
selves to a simplified interaction which consists of the cen
and tensor pieces forp andr exchange of the original M3Y
interaction@22#

Vcentral~q!5S f

mp
D 2F1

3
s1•s2t1•t2

mp
2

q21mp
2

1eK1s1•s2t1•t2

mr
2

q21mr
2G ,

Vtensor~q!52S f

mp
D 2 t1t2

3
~3 s1•q s2•q 2 s1•s2 q2!

3F 1

q21mp
2

1eK2

1

q21mr
2G , ~4!

where the constantsf, K1, andK2 are given in@22#. Varia-
tions of e are restricted to ther meson. Note that fore51
and q50 the interactions~1! and ~4! coincide in the spin-
isospin channel.

Before application to our problem the interaction~4! is
tested on the much-studied~see, e.g.,@30# and references
therein! form factor of the prominentM1 spin-flip transition
in 48Ca @31#, given in Fig. 3. A good description is obtaine
rather independent of the choice ofe. A variation between 1
~solid line! and 1.6~dotted line! leads to small changes o
less than 10% at the first maximum of the form factor on
and both calculations are compatible with the data at hig
q. It may be noted that a calculation with the full M3Y in
teraction is practically indistinguishable from thee51.0 re-
sult. A quenching factor ofgs

e f f50.67gs
f ree is included to

achieve quantitative agreement. This is in reasonable co
spondence with recent large-scale shell model calculation
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the M1 strength in theN528 isotones@32# and f p-shell
Gamow-Teller transitions@33#. Furthermore, the results o
@17# demonstrate that the quenching factors agree forM1
andM2 strengths in48Ca. Therefore, it seems reasonable
include it as a global correction to the spin part of all ma
netic transition operators.

Proceeding to the transitions of interest, the influence
ther-meson mass is first tested on the strength distributio
As an example, Fig. 4 displays the variation of theB(M2)
strength between 4 and 9 MeV excitation energy for differ
values ofe. In the bottom part, the experimental distributio
folded with a Lorentzian of comparable width to the SRP

FIG. 3. Form factor of the prominentM1 spin-flip transition at
Ex510.23 MeV in 48Ca @31# compared to calculations with th
interaction~4! for e51 ~solid line! and 1.6~dotted line!.

FIG. 4. B(M2)↑ strength distribution in48Ca for Ex5429
MeV calculated with SRPA and the interaction~4!. Results are
shown fore51, 1.2, 1.4, and 1.6. The experimental strength dis
bution folded with a Lorentzian of a width comparable to the SR
calculations is presented at the bottom for comparison.
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P. von NEUMANN-COSELet al. PHYSICAL REVIEW C 62 034307
results is presented. The calculations generally resem
quite well the experimental findings of an isolated transit
below Ex57 MeV and a group betweenEx58 and 9 MeV.
~One may note that a further transition at 6.69 MeV is e
perimentally observed for which aM2 character cannot b
excluded.! For e51.0, the two most prominent transition
around 6.5 and 8 MeV are of dominant one particle–one h
~1p-1h! structure and can be interpreted to arise mainly fr
the interference of then(2p1/21d3/2

21) andp(1 f 7/21d3/2
21) con-

figurations ~constructive for the lower, destructive for th
upper state!. The inclusion of two particle–two hole~2p-2h!
states leads to small, but noticeable effects. With increa
e ~dropping r mass! a slight overall shift towards highe
energies is observed, while the strength of the lowest tra
tion decreases, mainly due to stronger mixing with anot
close-lying~but much weaker! excitation. Similar results are
obtained for the low-energyM4 strength not shown her
with two close-lying states resulting from the mixing of th
p(1 f 7/22s1/2

21) andp(1 f 7/21d3/2
21) couplings. The lower-lying

transition is identified with the experimental excitation of t
6.11 MeV level.

Calculations for the experimentalM4 andM2 form fac-
tors of the 6.11 and 6.89 MeV states, respectively, with t
approach are summarized in Fig. 5 for valuese51 ~solid
line!, 1.2 ~dashed line!, 1.4 ~dashed-dotted line!, and 1.6
~dotted line!. The main effect on theM4 transition is a glo-
bal reduction for allq. However, independent of the choic
of e the experimental position of the second form fac
maximum is predicted at momentum transfers somewhat
high. The best description for theM4 transition is obtained
for an e value close to 1, while the optimume value at the
first maximum of theM2 form factor would be between 1.
and 1.2. However, theM2 predictions show a pronounce
dependence on the effectivemr in the momentum transfe

FIG. 5. Same as Fig. 2, but calculations with the interaction~4!
for valuese51 ~solid line!, 1.2 ~dashed line!, 1.4 ~dashed-dotted
line!, and 1.6~dotted line!.
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rangeq.0.621.5 fm21 favoring e51.0. At higherq inde-
pendent ofe the form factor falls off too steeply.

One obvious difference to the results of Lallena is a mu
less dramatic dependence on the variation ofe. The overall
reduction observed in both transitions with decreasingmr

can be traced back to a modification of the spin-isospin c
pling constant because of short-range correlations, as sh
e.g., by Baym and Brown@34#. One may speculate that thes
differences mainly arise from the inclusion of MEC effec
due to pion and seagull terms by Lallena@9#. The good de-
scription of the prominentM1 form factor without any need
for MEC contributions is somewhat contradictory to th
rather strong role of those contributions played within t
model described in Sec. II@35#.

Finally, we study in Fig. 6 the sensitivity of the present
results to the choice of the interaction. The solid lines
again the result using interaction~4! with e51, while the
dashed lines correspond to the M3Y interaction as applie
@17#, where exchange terms are neglected. The dotted l
show calculations restricted to the spin-isospin channe
the M3Y interactions, but including exchange terms. T
predictions for theM4 transition depend mainly on the rati
of the relevant 1p-1h components. The increase of the fo
factors for the latter two interactions is related to the ratio
the p(1 f 7/22s1/2

21) to the p(1 f 7/21d3/2
21) amplitude. TheM2

form factors exhibit an additional sensitivity to the mome
tum transfer at the first minimum. The main structure is in
cases defined by thep(1 f 7/21d3/2

21) and n(2p1/21d3/2
21) con-

figurations. Using the M3Y interaction without exchang
terms, the modification with respect to thep1r force is
mainly caused by additional admixture of then(2p1/21d5/2

21)
transition. Using the spin-isospin part of the M3Y, inste

FIG. 6. Dependence of the form factors of theM4 and M2
transitions to the low lyingJp542 and Jp522 states atEx

56.11 and 6.89 MeV in48Ca on the choice of the interaction. Soli
line: p1r exchange, Eq.~4!. Dashed line: M3Y@21,22# with ex-
change terms. Dotted line: M3Y without exchange terms.
7-4
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the p(1 f 7/21d5/2
21) transition comes into play leading to

global shift towards higher momentum transfers. It is evid
that the differences induced by the choice of a particu
interaction are of comparable magnitude to the variations
mr

! ~cf. Fig. 5!, and there is no obvious way to distinguis
them.

V. CONCLUDING REMARKS

The present work aimed at an investigation of the role
in-medium vector mesons~in particular ther meson! for
transverse inelastic electron scattering form factors in nu
at low excitation energies. Sizable effects have been
dicted by Lallena in a study of the lowestM2 andM4 tran-
sitions in 48Ca @9#. Here, new experimental information a
low momentum transfers is presented which provides imp
tant constraints on such an analysis. A consistent descrip
of the data can be achieved with a small, but finite effect
r-meson massmr

!'0.920.95mr and a simultaneous sca
ing of the p coupling constant, i.e., assuming Brown-R
scaling@12#.

However, our main emphasis was a critical test of
model dependence of such conclusions. Results fromp
1r exchange force constructed from the M3Y interacti
also provide a reasonable description of the data, but sug
that no dropping of the in-mediumr-meson mass is neede
in line with the findings of@14,15#. The comparison of the
two models reveals that modifications of the results due
the particular choice of the residual interactions as well
o,
tt.

l.

Y

R
hy

ys
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extra corrections such as meson exchange currents are i
tinguishable from the sought medium effects.

One general limitation of the approaches discussed he
the neglect of a density dependence of the effective mas
predicted by QCD sum rules@36#. This might restrict the
feasibility of the results to some average surface value c
responding toq values around 1.522 fm22. It would be
highly desirable to include density-dependent effects in
ture work as attempted, e.g., in@37# for the description of
quasifree hadronic reaction variables.

At present, one must conclude that, while magnetic fo
factors at low momentum transfers exhibit considerable s
sitivity to in-medium modifications of vector mesons, th
freedom in fixing parameters of the residual interaction
including corrections such as MEC lead to effects of com
rable magnitude inextricably intertwined. Thus, while inela
tic electron scattering transverse from factors in nuclei ar
potentially interesting opportunity to investigate in-mediu
properties of vector mesons, first an optimum interact
successfully describing a large variety of low-energy nucl
properties has to be determined before a quantitative ana
may be possible.
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