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Relativistic random-phase approximation longitudinal response functions for quasielastic electron
scattering with nonlinear models
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The longitudinal response functions for quasielastic electron scattering@n*°Ca, and>®Fe have been
calculated taking into account relativistic RPA correlations. For these calculations relativistic nonlinear mod-
els, providing a good description of ground state properties of finite nuclei, have been used. The effect of the
nonlinear terms on the longitudinal response has been discussed.
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Since the original Walecka mod¢l], relativistic mean is well known, the longitudinal response functions can be
field models have been considerably improved and provide ®ritten in terms of the polarization tensor. This polarization
rather good description of nuclear matter and ground stattensor has been obtained using many nonlinear models.
properties of finite nuclefl—4]. In these models the nucle- Thus, an infinite sum of particle-hole excitatiofis both
ons interact self-consistently through meson field exchangigoscalar and isovector channetss well as contributions
in mean field approximation. The improved versions of thecoming from nonlinear terms have been taken into account in
Walecka model, the so-called nonlinear models, include linthe determination of the response functions. Our results will
ear nucleon-meson couplings in the Lagrangian as well ae compared to the longitudinal response functions obtained
couplings between the mesonic fields. Among many modeldY Jourdar{10]. The purpose of this work is not an accurate
the models NL1[5] and NL-SH[6] contain only o self- comparison of our results with the datahere large uncer-
coupling terms in the Lagrangian while TMfor medium tainties exist especially at large energy.tran)sfbut rathgr a
and heavy nuclgiand TM2[7] (for light nuclej include in comparison between the results provided by the different

" . . nonlinear models.
addition anw self-coupling term in order to reduce the re- As is well known, the longitudinal response function can
sulting strong scalar and vector potentials obtained with NL:Ibe '

written in terms of the polarization tenddr*” (which is
and NL-SH. More recently, two parameter s&% andG2  (efined as the ground-state expectation value of a time-

[8], coming from an effective field theory which z_illows all grdered product of nuclear currenlé and J”). Since the
scalar-vector coupling terms up to fourth order in the La-g|ectromagnetic baryon current operator has been decom-

grangian, have been proposed. In the same W®kkanother  posed into isoscalar and isovector contributions, the response
parameter seQ2, retaining only the same terms as TM1 andfynction can be writtefi11]

TM2 is also given. All of these models lead to results which

compare extremely well with the ground state properties of 1

fnite nuclet, ’ Pov Ru(@,lal) == —Im{IT&w,ol) + 1w, e} (@

In a previous work[9], using the generating functional
method, we determined the in-medium propagators ofsthe In order to obtain longitudinal response functions for fi-
and @ mesons in many nonlinear models. As an applicatiomite systems we will use here the local density approximation
of this formalism, the scalar and vector collective modes anduch that the response of a nucleus is the sum of the re-
the density dependence of the meson mass were consid- sponses of its volume elements treated as nuclear matter with
ered. Since these collective modes happen in the timelikiocal Fermi momentekg,(r), Kenq(r), and local effective
region, the question now arises for finding an observable thatucleon mas#{(r). In the framework of the local density
can characterize meson propagation in the spacelike regioapproximation, the relativistic RPA longitudinal response
A probe able to explore this region is quasielastic electrorfunction for finite nuclei(with Z protons andN neutrons is
scattering. Indeed, quasielastic electron scattering is a povgiven by
erful tool for exploring the meson propagation since the in-
clusive electron scattering differential cross section can be o[ 1\ Z .
written in terms of the polarization tensor directly obtained RL("””q”):“”J L KImHL(ka(r),MN(r),w,||q||)
from meson propagators.

In this work, we have determined the longitudinal re-
sponse functions for'’C, “%Ca, and *°Fe at a three-
momentum transfer of 570 Me¥/taking into account rela-
tivistic random phase approximati¢RPA) correlations. As ~ with TI, =TTXNM+ T129°NM where 14" MM and T4 "M are

the isoscalar and isovector parts of the polarization tensor in
nuclear matter. The nuclear pointlike proton distributions re-
* Affiliated with CNRS as UMR 5797. quired in the present analysis have been deduced, after the

N
+KImHL(an(r),Mﬁ(r):w,llqll) dr, 2
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proton finite-size correction has been made, from the elec B I ------
tron scattering charge densities of Sick and McCaftt] v
for °C, Froschet al.[13] for “°Ca and®%Fe.

Moreover, due to the separation of the current operator ir & E """" """ o

Dirac and Pauli parts, each isoscalar and isovector contribu
tion to the polarization tensor can be written as a sum of four
contributions: a purely vector piecd/{), a purely tensor
piece (TT), and two interference term&/{ and TV), such
that

Non-linear terms
(only in the isoscalar part)

2 Trmv Particle-hole excitation
+F2iSHTTiS’ (3)

HMVNM FEIUHC\]; Iv+FlIUF2IU(HVT iv I_‘ILLI'L\]; iv) 2)
+F§ivﬁfl"# v - (4)

For all of the models considere@NL1, NL-SH, TM1, b
TM2, Q2, G1, andGZ2), the part of the Lagrangian density -
which will contribute to the scalar and vector meson propa- [abisiv = +
gation in symmetric nuclear matter reads

£=Z{m(iﬂ”—gw1V“—gpp“)—(MN—ggM)

f, feo 1
MLV __ yay — 13
4M T PO _4M F oo |+ 2(&M¢<? [0

b)

FIG. 1. The diagrammatic representation of the meson propaga-
tors is displayed in parta). Part(b) shows the diagrammatic rep-
—m§¢2)+ %m v, VH— %FMF‘”Jr mIZJ Tr(pﬂp”) resentation of the polarization tensor of nuclear matter.

1 1 1 1 and °®Fe as a function of energy loss at a three-momentum
- ETI’(pMVp'“V)— §ga3¢>3+ §gw3¢>vﬂw— Zgg4¢4 transfer of 570 MeV¢. We have chosen a relatively high

three-momentum transfer since previous calculations suggest

1 1 that contributions from final-state interactions should vanish
+ Zgw4(VMV/‘)2+ Zgw4¢2VMV“, (5)  at sufficiently high|g?|. Our results will be compared to the
response functions obtained by Jourdpi0] using the
“world data” on inclusive quasielastic scattering.

First, we have studied the influence of both relativistic
RPA correlations and nonlinear terms on the longitudinal

whereMy is the nucleon massp, andm,, m, the scalar
and vector meson masses, and, as U§I7JL@|=6 V,—d,V,
andp,,,=d,p,~d,p,, -

Using the generating functional method, we have deter-
mined the in-medium propagators of the w, andp me- 000 b 0. |
sons. Their expressions can be found in Ref. The dia- ’ Ca q =570 MeV/c
grammatic representation of Dyson equatidteking into o
account an infinite sum of polarization insertipis shown E
in Fig. 1(a). As already mentioned, the polarization operators <~
include particle-hole excitations as well as contributions &
coming from nonlinear terms in the Lagrangiéxcept for 0.02 |
the p meson. The full lines in Fig. 1 represent the in-
medium nucleon propagator in which the nucleon self-
energy includes linear as well as nonlinear teftagen into
account through the nucleon effective maswhile the
dashed lines represent the mesons. The polarization tensc ‘ N >
has been calculated using the in-medium meson propagator: 0 100 200 300 400

W (MeV
The diagrammatic representationidf;, ;, andil“. in Egs. (MeV)
(3) and(4) is then shown in Fig. (b). FIG. 2. Longitudinal response function f8%Ca as a function of

We show in Figs. 2-5 the longitudinal response functionsenergy transfer for a three-momentum transfer of 570 Mel¢ee
calculated with relativistic RPA correlations fofC, 4%Ca,  text). The experimental data are taken from Hé].
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FIG. 3. Longitudinal response functions f&C, *°Ca, and>®Fe FIG. 5. Same as Fig. 3 but here the solid curves have been
as a function of energy transferfor a three-momentum transfer of obtained with theG1 model while for the dashed curves we have
570 MeV/c. The solid curves have been obtained by taking intoused theG2 model.
account relativistic RPA correlations using the NL1 model while

for the dashed curves we have used the NL-SH model. The experj: . .
mental data are taken from Ré10]. the effects of the nonlinear terms have been omitted. In the

very first place, the effects of the nonlinear terms can be seen

relatively small since the long-dashed curve is close to the

response. In 'Fig. 2, the shor.t-dashed curve is obtained with She obtained with the fulG1 model. However, note that the
simple _Ferml gas model without any adjus_ted _parameters.ffects of nonlinear terms are also to change the nucleon
The solid curve represents a calculation taking into aLccoungffective mass as well as the coupling constants of the linear
relativistic RPA correlations obtained with th@1 model pling

while for the dotted curve th&1 model is used but without couplings. For example, we have verified Fhat the longitudi-
relativistic RPA correlationgthe dotted curve represents in &l response obtained with t@1 model without the non-
fact the result of a Fermi gas calculation where the nucleofin€2r terms contribution strongly differs from the one given
effective mass obtained in tf@1 model has been used\s in the Wale_cka model whlch does not contain any l_"nonlmear
can be seen in Fig. 2, this curve is very close to the solid oné", showing that the influence of these terms is not so
obtained with the fullG1 model. Thus, the effect of relativ- Small.

istic RPA correlations is found to be small with ti@1 In Fig. 3 we show the results for very simple nonlinear
model for this high momentum transfer and a great part ofmodels in which only ther self-coupling terms in the La-
the response is given by the use of the appropriate nuclecgrangian are taken into account. The solid curves have been
effective mass. The long-dashed curve represents the longbbtained with the NL1 mod¢b] while for the dashed curves
tudinal response calculated with t@d model in which only  the NL-SH model[6] has been used. As we can see, the
longitudinal response functions are not very different from
one model to another and give suitable agreement with the

0.01 q = 570 Mev/e data. However, for high energy transfers we overestimate the
response especially fd°Ca and®Fe.
,9005 B ] In Fig. 4, some more elaborated nonlinear models have
T> 0 been considered including in addition an self-coupling
2 term in the Lagrangian. The solid and short-dashed curves
<0.02 ¢ 7 have been obtained, respectively, with the TNfbr Z
Xaoor 1 ] =20) and TM2(for Z<20) models[7] while for the long-
dashed curves th®2 model[8] has been used. Here the
O results obtained with TM1 and TM2 are in better agreement
with the data than the ones obtained with {2 model,
0.02 . especially at large energy transfer.
In Fig. 5, we have used recent models which allow all
0 w w w scalar-vector coupling terms up to fourth order in the La-
0 100 200 300 wa?gv) grangian. The solid and the dashed curves have been ob-

tained, respectively, with th&1 and G2 models[8]. Al-
FIG. 4. Same as Fig. 3 but here the solid and short-dashefl0ugh these two models provide prac'gcally the same
curves have been obtained, respectively, with the TM1 and TmZlescription Qf the nUC'?ar pr0pert“§§ame)( for G1 and
models while for the long-dashed curves we have usedQBe GZ2), they give very different longitudinal response func-
model. tions. TheG1 model gives a better agreement with the data
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than the results obtained with ti&2 model for all the nuclei  the nonlinear models used in this work lead to a rather good

considered. However, note that the height of the peak islescription of the nuclear properties, they give different re-

slightly overestimated for th&1 model. sults for the longitudinal response. Indeed, the longitudinal
In this work, we have determined the relativistic RPA response obtained with the TM1 a@L models are in fair

longitudinal response functions for quasielastic electron scatagreement with the data while the results given by the other

tering USing nonlinear models. Three nuclei have been COMmodels are worse especia“y for tl&2 model where the

; 1 40 56 . .

sidered, ’C, “°Ca, and*°Fe, and we have chosen a rela- agreement is bad in the whole range of energy transfer. Thus,

tively high three-momentum transfer, 570 MeVin orderto  gyen if there are some uncertainties in the experimental data,

reduce the contribution coming from final-state interactionsy,q longitudinal response function can be seen as a tool to

We have found that the nonlinear terms contribution seemg;gtinqyish realistic nonlinear models from nonrealistic ones.

rather weak on the final result but, since the nonlinear terms

lead also to a change on the linear coupling constants, we The authors would like to thank Dr. J. Jourdan for pro-

concluded that their influence is not so small. Although all ofviding them the numerical values of the response functions.
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