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with the experimental two-body breakup momen-
tum distribution. To investigate this deviation
from unity in more detail, a full Faddeev calcu-
lation of the coincidence cross section in the
kinematics of the present experiment is needed
for both the two- and three-body breakup.

New and accurate *He(e, e’p) data have been
presented here which may serve as a testing
ground for NN potential properties via the cal-
culation of proton momentum distributions in the
three-nucleon system. Tables containing the ex-
perimental spectral function values in the region
0<E, <80 MeV and 0<p <310 MeV/c are avail-
able on request.
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The 3s radial wave function R(») has been determined by electron scattering from 2ph
and ?®T1, The shape of R(#) in the central region of the nucleus is used to test the valid-
ity of the independent-particle shell model at large nuclear density.

PACS numbers: 21.65.+f, 21.60.Cs, 25.30.Cg

The shell model was introduced quite late! in
the historical development of nuclear theory.
The strong repulsive core of the nucleon-nucleon
interaction, the resulting nucleon-nucleon cor-
relations, and the related saturation of nuclear
densities had discouraged the idea of treating
nucleons as independent particles moving in an

average potential. The success of the shell mod-
el came as quite a surprise. The applicability of
the shell model is still one of the striking fea-
tures of finite nuclei.

The foundation of the shell model has been ex-
tensively studied since. Nuclear matter theory?
has enabled us to understand the short healing
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distance (~ 1 fm) of correlated nucleon wave
functions and the role of the Pauli principle,
which prevents the short-range nucleon-nucleon
interaction from scattering nucleons into higher,
already occupied states. The concept of inde-
pendent (quasi-)particles has been then quite well
established for states near the Fermi surface.
Nevertheless, the popularity of the shell model
rests mainly on its success in explaining experi-
mental observables.

Experimental verification in the high-density
region of nuclei is, however, severely limited.
Most observables are determined by using strong-
ly interacting probes that are readily absorbed
by nuclei. Experimental observations therefore
reflect mostly surface properties. This is ob-
vious for all nuclear reactions involving compos-
ite particles (d, *He) or pions, and is true even
for high-energy nucleons that in principle give
better access to the nuclear interior. The large
body of available data has little relevance to a
test of the validity of the independent-particle
model in the high-density region of nuclei. While
the absence of absorption makes electrons the
best tool to study the nuclear interior, electron
scattering has provided little information specific
to the present context. The charge and transition
densities mainly measure collective properties,
and the information provided up to now on inde-
pendent-particle wave functions in the nuclear
interior is quite indirect.

In this paper, we study the isotonic charge-
density difference Ap(r) between 2°°T1 and 2°°Pb
as a test of shell-model wave functions in the
high-density central region of a heavy nucleus.
According to the shell model, Pb and Tl differ
by a 3s proton. The 3s radial wave function has
a very special character: a pronounced maxi-
mum at the center of the nucleus, with two nodes
at »=2.5 and 5 fm. This unique radial structure
can be unmistakably distinguished from other
more complicated contributions to Ap(»), and can
be used as a crucial test of the shell-model wave
functions at high nuclear density.

We have measured elastic electron scattering
cross sections for 2®T1 and ?°Pb at an incident
energy of 502 MeV. The data taken between 30°
and 70° scattering angle cover a momentum-
transfer range from 1.4 to 3.2 fm™!. The experi-
ment was performed in the HE1 end station® at
the Saclay linear accelerator with a beam inten-
sity up to 20 uA. The targets were 100 mg/cm?
thick and isotopically enriched to >95%; their
thickness and homogeneity were determined by

x-ray absorption. To avoid melting, the targets
were wobbled following a Lissajous pattern and
cooled by a jet of hydrogen gas of 1 Torr pres-
sure. Two ferrite toroid monitors and a Faraday
cup were used to integrate the beam with an ac-
curacy of 0.2%.

The scattered electrons were analyzed by the
900-MeV/c magnetic spectrometer. This experi-
ment is the first one to use the new dispersion
matching system “Stradivarius,”* It consists of
a quadrupole dispersing the beam after the mo-
mentum analysis, followed by a five-quadrupole
rotator to match the dispersion plane of the mag-
netic spectrometer. The system has a momen-
tum acceptance AE/E =2X 10”2 for a resolution
AE/E =10"* in energy loss. For this experiment,
the energy resolution used, 2x 107¢, was quite
sufficient to separate the elastic peak from the
first excited state (3*) of 2®T1 at an excitation
energy of 203.7 keV. The scattered electrons
were detected with a new vertical drift chamber®
with 0.15-mm spatial resolution. The trigger
was given by two rows of plastic scintillators and
a Lucite Cherenkov counter. Absolute cross sec-
tions were obtained by normalizing with the ef-
ficiency of the detector system. This efficiency
was determined to be 0.96+ 0.03 by the measure-
ment of **C cross sections in the region of the
second diffraction maximum (g=2.1fm™'). The
targets, mounted on a rotating wheel, were
measured in rapid succession without change of
experimental conditions. With this procedure,
systematic errors largely cancel, yielding only
an overall 1% uncertainty in the measurement
of one isotope relative to another.

Our results for the cross-section ratio of 2Tl
to 2°°Pb are shown in Fig. 1 together with the re-
sults at 119 and 199.5 MeV measured by Euten-
euer, Friedrich, and Voegler.® (We have omitted
the 289-MeV data for which we find the same in-
consistencies observed earlier.”) The ratio of
cross sections shows a striking variation in the
region of momentum transfer ¢ =2 fm™!, which is
the effect of the 3s,,, proton hole in ?**T1, The
3s,,, wave function has a very pronounced maxi-
mum at » =0 with a shape similar to a Bessel
function j,(¢'), where ¢’ =2 fm™!. Consequently,
the ratio of the cross sections of 2°T1 to 2°Pb
exhibits a strong peak close to a 6(g’ —¢) function,
Thus, the peak region in the ratio of cross sec-
tions directly yields information on the shape of
the 3s,,, wave function. The core polarization,
which corresponds mainly to a size increase of
the nucleus and has a much smoother shape, in-
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FIG. 1. The experimental 2°°T1-to-2%Pb cross-section
ratios from the present experiment (closed circles)
and Ref. 6 (open circles) as a function of momentum
transfer. The best fit is given by a solid line. The
mean-field calculations of Dechargé and Gogny (Ref,
11) and Campi and Sprung (Ref. 10) (dashed line) are
virtually indistinguishable.

duces variations at smaller momentum transfer.

The charge density has been determined from
a fit to the electron scattering cross sections
combined with five moments deduced from the
measurement of muonic x-ray transitions.® A
model-independent analysis was made with an ex-
pansion of the charge density in a sum of Gaus-
sians.® The width parameter of this expansion
has been determined by a fit to Hartree-Fock
calculations (y =1.388).

The resulting charge-density difference is
shown in Fig. 2 together with the experimental
uncertainty which includes the contributions of
statistical, systematic, and model errors. The
shape determined by the experiment is strikingly
close to the one expected for a 3s,,, wave func-
tion.

We have compared our experimental results to
the predictions of two density-dependent-Hartree-
Fock (DDHF) calculations.!®!! These calcula-
tions assume that the nucleons move independent-
ly in an average potential determined by the in-
teraction with the other nucleons. This effective
interaction has a density dependence which re-
flects the short-range correlations between nu-
cleons. In both calculations, the ground state of
295T1 is described as a pure (3s,,,), *(3p,,,),®
hole state in 2°®Pb, Figure 1 shows that these
calculations explain qualitatively the structure of
the data. However, the amplitude of the observed
peak at 2 fm™! is significantly smaller than the
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FIG. 2. Experimental charge-density difference
between 26Pb and %%T1 together with prediction of
mean-field theory (Ref. 10) (solid line) and adjusted
calculation (Ref. 15) (dashed line).

theoretical one.

Such disagreement is not surprising, since
DDHF calculations are not sufficient for odd-even
nuclei. Calculations for °°T1 show that the
ground-state configuration is more complicated.
Both studies™ of coupling of the 3s proton to col-
lective excitations of 2°°Pb as well as shell-model
calculations® for the (3s,,,)"%(2d,,,)"? state show
that the 3s-hole strength in ?®T1 amounts to s
=0.7-0.9. The remainder of the strength is main-
ly found in the 2d,,, configuration. These pre-
dictions are confirmed by the results of transfer
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FIG. 3. Same as Fig. 1. The solid curve represents
the adjusted calculation (Ref. 15) performed using a 3s
hole strength of 0.7,
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reactions.’® Proton pickup from **Pb measures
only 70% of the I=0 strength found in 2°®Pb. Ac-
cordingly, a new DDHF calculation'® has been
performed with the hole strength constrained to
S3,=0.7 and s,,=0.3. The resulting prediction
for the cross-section ratio is shown in Fig. 3.
The experimental data are amazingly well re-
produced.

In configuration space there is a small devia-
tion between data and dashed curve smoothly de-
creasing in the region from 0 to 7 fm. This can
probably be attributed to a too simple treatment
of core polarization effects, i.e., the neglect of
many small wave-function admixtures beyond
2d,,,. The shape of the oscillatory behavior of
Ap(r), however, is very well accounted for. This
shows that the 3s radial wave function is very
similar in shape to the one predicted by mean-
field calculations.

The present work provides clear evidence that
the concept of a shell-model wave function in the
center of a heavy nucleus is well founded. Even
in this high-density region, the independent-par-
ticle picture retains an impressive degree of
validity.
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