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Coulomb Sum Rule for 40Ca, 4gCa, and s6Fe for q ~ SSO Mevlc
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Deep-inelastic electron scattering from Ca, Ca, and Fe has been measured at 60', 90',
and 140' and at inelasticities up to and including the A(3, 3) region. Longitudinal response
functions in the momentum interval 300 MeV/c ( ~q~ & 600 MeV/c were extracted. The
experimental Coulomb sum rule is observed between the two calcium isotopes.

PACS numbers: 25.30.Fj

In high-energy electron-nucleus scattering at
large momentum transfer, the quasielectric peak
dominates the spectrum. This peak exhibits
broadening, reflecting the internal motion of the
nucleons in the target, and its position corresponds
approximately to elastic scattering from free nu-
cleons. In previous experiments, ' the position and
the width of this peak have been used to extract the
average nucleon binding energy and Fermi momen-
tum of several nuclei. In order to isolate effects
such as meson exchange currents, systematic stud-
ies have been performed recently on 56Fe, ' C, 3

and Ca, to separate the longitudinal response
function from the transverse one in the quasifree
region. Surprisingly, the longitudinal response,
thought to be largely independent of mesonic de-
grees of freedom, is rather poorly reproduced, both
in magnitude and shape, by a Fermi-gas calculation
at momentum transfer as large as 410 MeV/c.
This result suggests that a shell-model calculation
including the distortion effects of the knock-out nu-
cleon might improve the agreement with experi-
ment. The interpretation of the experiment on ' C
(Ref. 5) shows the improvement quantitatively.

One of the tests of our understanding of the
behavior of nucleons in the nuclear medium is ex-
pressed in terms of sum rules. It is believed that
the Fourier transform of the two-body correlation
vanishes at high momentum and, thus, that the
Coulomb sum contains the total target charge
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strength. This is true of the ' C experiment of Ref.
5, whereas in the '6Fe experiment of Ref. 2 the ex-
pected strength was not attained. This was one of
our motivations to measure the cross sections and
to extract the response functions of medium-weight
nuclei up to a momentum transfer twice the Fermi
momentum (520 MeV/c), where no Pauli blocking
occurs. Another aim was to examine the influence
of neutron excess in the longitudinal response func-
tions of the calcium isotopes.

In this Letter we present results from (e,e') mea-
surements on Ca, Ca, and Fe performed at the
Saclay linear accelerator using the "600" spectrom-
eter in the HE1 end station. In order to separate
the longitudinal response function, data were col-
lected at incident electron energies ranging from
120 to 695 MeV and at three scattering angles, 60',
90', and 140'.

The detector system, described in detail by Bar-
reau et al. ,

' and Leconte et al. ,
' consisted of two

multiwire proportional chambers, a plane of plastic
scintillators, and a gas Cerenkov counter. The scin-
tillation counters in coincidence with the Cerenkov
counter provided the trigger for electrons. The
electron detection efficiency was measured to be
greater than 99% for electron final energy greater
than 250 MeV.

Although most pion events were rejected, ac-
cidental coincidences between pions detected in the
scintillators and background events in the Cerenkov



VOLUME 52, NUMBER 24 PHYSICAL REVIEW LETTERS 11 JUNE 1984

counter could still occur. In order to correct for
such events, pion spectra were systematically mea-
sured. The correction was kept to less than 5% by
adjusting the beam current when necessary. The
contamination due to pair-produced electrons was
negligible at high scattered elecron energy but
reached 10% at the lowest energy retained for the
separations, 100 Mev. It was removed by reversing
the magnetic field of the spectrometer and measur-
ing the corresponding positrons.

The absolute efficiency of the detector was
evaluated by measuring elastic cross sections from
' C for incident energies ranging from 100 to 620
MeV and comparing the results with absolute mea-
surements of Reuter et al. " When possible the
momentum transfer was chosen to be near the
second maximum of the form factor at q = 2 fm

The data were corrected for radiative effects in
two steps. The radiative tail of the elastic peak was
first subtracted from measured spectra, and then an
unfolding procedure was applied to the inelastic

~

(continuum) part of each spectrum in order to ob-
tain the one-photon exchange cross sections. The
radiative tail was computed following the "exact"
formulation of Mo and Tsai. ' At each angle the
elastic form factors were calculated with a phase-
shift code which made use of charge densities ob-
tained in previous elastic-scattering experiments. '

The error made in using the first Born approxima-
tion to evaluate the radiative tail was estimated by
Boric' in the peaking approximation with the as-
sumption of a point nucleus. This error amounts to
about 15% of the calculated radiative tail, which led
us to not use data if the magnitude of the tail was
greater than 25% of the measured cross section.
The continuum part of the spectra was corrected for
radiative effects following the unfolding procedure
developed by Miller. '5 This is the standard analysis
procedure followed in Ref. 1-7.

We present the separated response functions Rl
as expressed in the plane-wave Born approximation
by the following formula:

d(r/dO des = (r~((q„/~ q[)4RI (q, o)) + [—,
'

(q„/~ q ~)~+ tan —,e]RT(q, cu) ),

h co. cos —,0
q =M —g,

2E; sin —,8

where q„ is the four-momentum, cv the energy
transfer, E; the incident energy, 0 the laboratory
scattering angle, and 0, the fine-structure constant.
With measurements at three angles, the negligible
effect of distortion was confirmed.

We show in Figs. 1(a) and 1(b) the longitudinal
response functions of Ca, 4 Ca, and 56Fe at

~ q~
=410 and 550 MeV/c. The experimental results
are compared with three theoretical calculations.
The one due to Van Orden'6 (dashed line) uses a
relativistic zero-temperature Fermi-gas model to
describe the target ground state. The two parame-
ters of this model, average separation energy
(~ = 36 MeV) and Fermi momentum (kF ——260
MeV/c for 6Fe and k„=250 MeV/c for Ca),
have been taken from Ref. 1. One can clearly see
that this model overestimates Al whereas, as it is
known, it predicts the total measured response
function fairly well. The other calculation by
Laget' (solid line) uses the shell model with nu-
cleon momentum distributions and separation ener-
gies derived from (e,e'p) experiments. '9 The
final-state interaction of the knock-out nucleon is
calculated with use of the real part of an optical po-
tential. The agreement with the longitudinal
response is clearly better. The third one by Do
Dang' at 410 MeV/c (dot-dashed line) is a first at-

tempt to compute the electromagnetic interaction
with a nucleon bound in infinite nuclear matter
through scalar and vector Lorentz potentials which
are generally used in Dirac phenomenology. The
ground state is described with a shell model. The
only parameter in this model that is free, but that
can be deduced from other studies, is the link
between the scalar potential and the nuclear densi-
ty. This treatment agrees with the data at

~ q ~

= 410
MeV/c and seems to be a promising way to simul-
taneously reproduce the longitudinal and the
transverse response functions in the quasielastic re-
gion. Calculations at other momentum transfers
are under way.

In order to compare the charge-scattering
strength with the Coulomb sum rule based on a clo-
sure relation we have performed the integration of
the longitudinal response function along paths of
constant three-momentum transfer to obtain the
Coulomb sum C (q):

C (q) = J) Rr ( q, co )d o),

where the 0+ limit excludes elastic scattering and
co,„ is the experimental limit beyond which data
are unreliable because of electron-pair contamina-
tion and detector inefficiency. We present in Fig. 2
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FIG. 1. The longitudinal response for Ca, 'Ca, and' Fe at (a) iqi =410 MeV/c and (b) iq~ =550 MeV/c.
The dashed line is a Fermi-gas calculation by Van Orden
(Ref. 16); the solid line, a shell model calculation by
Laget (Ref. 17); and the dot-dashed line a calculation by
Do Dang (Ref. 18).

experimental results for the Coulomb sum rule at
momentum transfers between 330 and 550 MeV/c.
These are compared to the calculations by Van Or-
den and Laget, in which the energy-loss cutoff in
the integration is close to the experimental one (see
Table I). As pointed out by Noble, 2' most of the
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FIG. 2. Coulomb sum rule for Ca, 'Ca, and ' Fe
(full circles); calculations are the same as in Fig. 1. The
errors shown include both statistical and systematic con-
tributions. The open squares are data from Ref. 7; the
open lozenges are data from Ref. 2.

single-particle strength is concentrated in the
quasielastic region. However, within the limit of
our integration in cu, the lack of strength is ob-
served to be 30% in Ca and 20% in both Ca and

Fe. This situation is different from the ' C case
where the Coulomb sum is well saturated. Viollier
and Walecka estimate the effect of two-body
correlations to be at most 10% suppression in the
region iqi = 2k„corresponding to infinite nuclear
matter (kF ——1.42 fm ). This effect is difficult to
disentangle from the experimental point of view,
because the sum rule needs an integration over an
infinite range of excitation energy, while the experi-
ment is limited by the physical region t0 ( i q i. On
the other hand relativistic effects in the e -N interac-
tion can modify the sum rule substantially.

An interesting effect is observed when we com-
pare the Coulomb sum of the two calcium isotopes.
The ratio of the Coulomb sums evaluated over the
same region of excitation energy (Table I) exhibits
a slow increase in favor of Ca with increasing
momentum transfer. The order of this effect is
20% at iqi = 550 MeV/c, and neither Van Orden
nor Laget predict an effect of this magnitude in the
longitudinal response function due to the eight ex-
tra neutrons in Ca. The recent relativistic calcula-
tion by Walecka, however, suggests this kind of ef-
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TABLE I. Coulomb sum rule C(lql) for Ca, 4sCa, and '6Fe nuclei at the given
momentum transfers Iql and energy losses a&,„. The ratio between the C(lql) for the
two calcium isotopes is also given.

~ max

(MeV/c ) (MeV)
C(l ql)

"Ca
C(l ql)

Ca
Ratio
48/40

max
(MeV)

c(lql)
56F

330
370
410
450
500
550

175
195
235
265
290
310

6.58 + 0.56
5.98+ 0.55
5.31 + 0.62
4.52 + 0.64
3.58 + 0.68
2.73 + 0.56

6.66 + 0.60
6.14 + 0.60
5.92 + 0.70
5.29+ 0.70
4.43 + 0.72
3.19 + 0.67

1.012 + 0.038
1.027 + 0.039
1.115 + 0.042
1.170+0.044
1.237 + 0.047
1.168 + 0.049

160
180
240
260
310
350

8.85 + 0.57
8.36 + 0.81
7.83 + 0.98
6.85 + 0.83
5.86 + 1.03
4.6 +1.07

feet. Great care was taken in testing the homo-
geneity of each isotope target (by absorption of 60-
keV photons from a 4'Am source), because it is
the main source of error in this kind of comparison.

In summary, we have measured deep-inelastic
electron-scattering cross sections from Ca, Ca,
and 6Fe and separated the longitudinal part, RL, of
the total response function up to a momentum
transfer I q I

= 550 MeV/c. RL exhibits features that
the Fermi-gas model cannot explain at 410 MeV/c
and higher momentum. This result is within quot-
ed uncertainties but slightly different from the re-
cently published result on 4cCa (Ref. 7) where the
Coulomb sum rule gives (90+ 30)% of the Fermi-
gas prediction at this momentum transfer. The
Coulomb sum rule was computed and shows a
suppression of 30% for 4oCa and of 20% for both

Ca and Fe at a momentum transfer greater than
twice the Fermi momentum. We have observed a
difference in Coulomb sum rule between the two
calcium isotopes.
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