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Abstract. Guided by the recent experimental confirmation of the validity of the Effective Momentum
Approximation (EMA) in quasi-elastic scattering off nuclei, we have re-examined the extraction of the
Longitudinal and Transverse Response Functions in medium-weight and heavy nuclei. In the EMA we
have performed a Rosenbluth separation of the available world data on 40Ca, 48Ca, 56Fe and 208Pb. We
find that the Longitudinal Response Function for these nuclei is “quenched” and that the Coulomb sum
is not saturated, at odds with recent claims in the literature.

PACS. 25.30.Fj Inelastic electron scattering to continuum

Quasi-elastic electron scattering off nuclei has permit-
ted to investigate the properties of nucleons in nuclei. As
the Coulomb response depends quasi-exclusively on nu-
cleonic degrees of freedom, it was proposed that a Rosen-
bluth separation of the Coulomb and magnetic responses
of a nucleus (RL and RT , respectively) could test a model-
independent property known as the Coulomb Sum Rule
(CSR), SL(q) [1]:

SL(q) =
1
Z

∫ ∞

0+

RL(q, ω)

G̃E
2 dω . (1)

Here G̃E = (Gp
E+N/ZGn

E)ζ takes into account the nu-
cleon charge form factor inside the nucleus (which is usu-
ally taken to be equal to that of a free nucleon) as well as
a relativistic correction (ζ) suggested by de Forest [2]. The
lower limit of integration 0+ excludes the elastic peak. In
the limit of large q, C(q), which depends on correlations,
is predicted to vanish and consequently SL(q) to be equal
to unity. There is a general agreement in non-relativistic
theories, that beyond |q| = q ∼ 500 MeV/c, twice the
Fermi momentum, CL(q) is not bigger than a few % (see
review paper [3]).

In the last twenty years a large experimental program
has been carried out at Bates [4–12], Saclay [13–17] and
SLAC [18–20] aimed at the extraction of RL and RT for
a variety of nuclei. Unfortunately, in the case of medium-
weight and heavy nuclei, conclusions reached by different
experiments ranged from a full saturation of the CSR to
its violation by 30%. As a result, a spectrum of explana-
tions has emerged ranging from questioning the validity
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of the experiments (i.e., experimental backgrounds), in-
adequate Coulomb corrections (especially for heavy nu-
clei) to suggesting a picture of a “swollen nucleon” in the
nuclear medium due to a partial deconfinement [21–25].
Another approach with the relativistic σ − ω model initi-
ated by Walecka [26,27] has been applied to Nuclear Mat-
ter calculations with further improvements including RPA
correlations [28], to finite nuclei without RPA correla-
tions [29], to finite nuclei with Relativistic RPA correla-
tions (RRPA) and local density approximations [30–33].
Recently, for Nuclear Matter, the σ − ω model has been
extended [34] to take into account the internal nucleon
structure using the Quark Meson Coupling (QMC) model
of Guichon [35]. In these relativistic models the nucleon
form factor is changed in the medium due to vacuum po-
larization with NN pairs.

Up to now the Coulomb corrections for inclusive ex-
periments have been evaluated theoretically by two in-
dependent groups, one from Trento University [36,37]
and the other from Ohio University [38]. The Trento
group found that the Effective Momentum Approxima-
tion (EMA) agrees with DWBA with an accuracy better
than 1%, while the Ohio group derived significant correc-
tions beyond EMA. All useful quantities and equations are
defined in [36,37,39,40]. A detailed discussion of the differ-
ent theoretical approaches can be found in [37]. Previous
extractions of RL and RT were performed either without
Coulomb corrections in [14,15] or by applying the Trento
group calculations [17], or by applying the Ohio group
calculations [12,41]. This led to questionable results even
when Coulomb corrections from either groups were ap-
plied, particularly in the region beyond the quasi-elastic
peak known as the “dip region”, since meson exchange
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Fig. 1. e+ (filled circles) and e− (open circles) total response
functions at the same effective incident energies along with the
Ohio group calculations (e+ thick solid lines, e− thick dashed
lines) and the Trento group calculations (e+ thin solid lines,
e− thin dashed lines).

currents and pion production although significant, were
not included in any of the nuclear models used.

A recent comparison of electron and positron quasi-
elastic scattering has given an experimental confirma-
tion that EMA can adequately describe the electron and
positron over the entire quasi-elastic and dip regions, even
for heavy nuclei as we can see in fig. 1.

This experiment has been described in ref. [40]; The
positron beam was created by the interaction of a 100 MeV
electron beam on a tungsten radiator. The beam emit-
tance was 6 times larger than the emittance of the direct
electron beam which results in some uncertainty in the ab-
solute normalization of the measurement. This was over-
come by taking in addition electron data, at the same
beam intensity (30 nA) and with an emittance down-
graded to be comparable to that of the positron beam and
controlled with a wire chamber in the beam. These data
were taken in kinematics previously measured with a small
electron emittance [13,17]. The ratio of the two electron
measurements (0.89 and 0.95 at forward and backward an-
gle) allows us to normalize our positron data, which can
then be safely compared to the small emittance electron
data of [17].

Within EMA the only effect of the Coulomb correc-
tions is to shift the energy of the incident and scattered
electron by the average Coulomb potential of the nucleus
ṼC:

Ei → Ei
eff = Ei − ṼC, Ef → Ef

eff = Ef − ṼC , (2)

ωeff = Ef
eff − Ei

eff = ω , (3)

q = Ef − Ei → qeff = Ef
eff − Ei

eff , (4)

and consequently, one can use the Rosenbluth formula
where the momentum transfer |q| is replaced by the effec-
tive momentum transfer |qeff | as pointed out by Rosen-
felder [39].

We present here the results of a re-analysis of the
Saclay data only using the Coulomb corrections based on
the EMA [42] to extract RL and RT and evaluate SL(q).
Our goal was to first determine the change in our pre-
viously reported results which either had no Coulomb
corrections applied, for 40Ca, 48Ca and 56Fe [14] or for
208Pb [17], had Coulomb corrections applied following a
procedure described by Traini et al. [36] with the value of
the Coulomb potential at the center of the nucleus VC(0)
instead of the average value ṼC.

Next, it was important to test whether including SLAC
and Bates data in the EMA analysis would change the
results obtained with the Saclay data only.

For that purpose, we present the results obtained with
the EMA by combining data on 40Ca, 56Fe, 208Pb from
Saclay [14,17], on 238U and 40Ca from Bates [8,12]1, data
on 56Fe at 180◦ from Bates [6] and data on 56Fe and 197Au
from SLAC [18,43]. As 208Pb has been only measured at
Saclay, we have combined 208Pb from Saclay with 197Au
measured at SLAC and 238U measured at Bates which
have close values of Fermi momenta. We have normalized
197Au and 238U cross-sections to 208Pb cross-section, for
identical kinematics, using the factor

K = Z[(εσL
ep + σT

ep) + N(εσL
en + σT

en)], (5)

where ε is the virtual-photon polarization and σ
L(T )
ep(n) is the

longitudinal (transverse) virtual photon-proton (-neutron)
cross-section.

K is equal to 1.05 for 197Au and 0.88 for 238U.
Figure 2a represents the longitudinal response RL of

56Fe at qeff = 500 MeV/c obtained with Saclay data (filled
circles) and Saclay data combined with SLAC data [43]
and Bates data measured at 180◦ [6]. These data have been
compared to non-relativistic microscopic calculations in
Nuclear Matter (NM) [44] and Hartree-Fock calculations
in 56Fe (HF) [45], taking into account short-range correla-
tions and final-state interactions. These calculations have
been performed with free proton form factors and mod-
ified proton form factors according to Brown-Rho scal-
ing (BR) [46]. We can see that the agreement of HF with
the data is quite good with modified form factors; for NM
if the agreement with the data is improved with modified
form factor, the calculation gives a too broad response.
The same behaviour is observed for 208Pb in fig. 3a.

Figure 2b compares the same data to relativistic cal-
culations using the σ − ω model with RRPA in Nuclear
Matter [28] and in 56Fe using a local density approxima-
tion [33]. The agreement with the data is better than the
non-relativistic HF calculations with free proton form fac-
tors, but less good than with modified form factors.

1 As explained in ref. [42], concerning Bates experiments [8,
12], only data taken with the modified scattering chamber has
been taken into account.
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Fig. 2. Longitudinal response function at qeff=500MeV/c of 56Fe
compared to different theoretical models, non-relativistic (a),
relativistic (b).
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Fig. 3. Longitudinal response function at qeff=500MeV/c of
208Pb compared to different theoretical models (see text).

We have shown also the caculation in NM using the
QMC model [34], the agreement with the data is less good.

An analog behaviour can be observed for NM relativis-
tic calculations [28,34] in fig. 3b for 208Pb. The agreement
is improved with the calculation [28] applied to 208Pb with
a local density approximation [47] improves the agreement
with the data (fig. 3b dashed line).

Figure 4a shows the comparison of the 56Fe longitu-
dinal response at qeff = 550 MeV/c with the same rela-
tivistic calculations in Nuclear Matter as the previous fig-
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Fig. 4. Longitudinal response function at qeff=550MeV/c of 56Fe
compared to different theoretical models (see text).

ures [28,34]. We have represented also the non-relativistic
calculation with the free form factor of ref. [44].

Figure 4b shows the comparison of the data with avail-
able relativistic calculations in 56Fe at qeff = 550 MeV/c
including RRPA [30,31,33]; we observe a quite good agree-
ment with the data. We reach the same conclusions as
previouly.

Finally, we show in fig. 5a the Coulomb Sum
Rule (CSR) for 40Ca, 48Ca, 56Fe and 208Pb obtained with
the Saclay data only using the EMA analysis. In fig. 5b we
have included data from Bates and SLAC-NE3 together
with Saclay data to perform Rosenbluth separation. We
have used the Simon et al. [48] parametrization of the
proton charge form factor and the Herberg et al. [49]
parametrization for the neutron charge form factor. We
show also the SLAC-NE9 result at q = 1140 MeV/c.

Microscopic non-relativistic Nuclear Matter calcula-
tion [44] of the total CSR, represented by the thick
solid line, exhibits only a few percent quenching beyond
qeff ∼ 500 MeV/c.

To compare the experimental results to the theoreti-
cal calculations, we have integrated the latter within the
experimental ω domain.

The long-dashed curve represents the non-relativistic
microscopic NM calculation [44]. We find that the exper-
imental CSR evaluated with the correct Coulomb correc-
tions is not saturated, and “quenched” by ∼ 25–30% in
all medium and heavy nuclei, contrary to the analysis
by Jourdan [41], represented by the star in fig. 5b, who
has applied the Ohio group Coulomb distortions calcula-
tion [38].

This quenching corresponds to an increase by 13± 4%
of the proton r.m.s. radius for a dipole form factor.
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Fig. 5. Experimental CSR obtained with EMA compared to
different theoretical models (see text).

The thick dot-dashed curve represents the former cal-
culations with modified form factor according to Brown-
Rho scaling which agree fairly well with the data.

Non-relativistic Hartree-Fock calculations in 208Pb at
qeff = 400 and 500 MeV/c, including short-range correla-
tions and final-state interactions [45] give very close values
to the NM calculations and cannot be distinguished in the
figure2.

The thin long-dashed and the thin dashed curves rep-
resent, respectively, the relativistic calculations in NM and
in 56Fe within the σ − ω model with RRPA [28,33]. The
thin dotted curve represent the relativistic calculation in
NM [34] within the QMC model [35]. The comparison of
the experimental CSR with the theoretical calculations
are the same as in the discussion of figs. 3, 4, 5.

In conclusion, the observed quenching of the CSR gives
a serious indication for a change of the nucleon form factor
with the nuclear density. No appreciable quenching is seen
in 3He, as shown in fig. 5.

The present experiments will be extended until qeff =
1 GeV/c in an approved experiment at TJNAF [50].

BR scaling and σ−ω model calculations predict a very
small change of the transverse response because the nu-
cleon free mass is replaced by the nucleon effective mass in
the denominator of the magnetic operator. This explains
the observed y scaling in the SLAC experiments at high
momentum transfers [43]. In these experiments where no
longitudinal-transverse separation have been performed,
the longitudinal component represents less than 20% of
the total cross-section; consequently a 30% quenching of

2 In a previous paper [42] we have found ∼ 5% difference
because we had taken the Simon et al. [48] proton form factor
to evaluate the HF CSR instead of the dipole one used by the
authors [45] to calculate the longitudinal response.
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Fig. 6. 56Fe scaling function evaluated with free and medium
modified proton Coulomb response (see text).

the Longitudinal Response results in a 6% quenching of
the unseparated response.

In fig. 6, we have shown the scaling analysis of the
SLAC experiment [43] (solid curves) and the same anal-
ysis with a 30% quenching of the longitudinal proton re-
sponse (dashed curve). The shift between the solid and
the dashed curves is much smaller than the dispersion of
the scaling curves; consequently the quenching observed
in the longitudinal response is not in contradiction with
the y scaling observed at high momentum transfers [43].
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