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High-Momentum Protons in 208Pb
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High-momentum components of proton momentum distributions in Pb have been studied from
300 to 500 MeV/c with the (e, e p) reaction. Cross sections were measured with 180 keV excitation-
energy resolution for transitions to the low-lying —,', —,—", , -', , and -', states in ' 'Tl. The data
are compared to distorted-wave impulse-approximation calculations with mean-field wave functions and

with wave functions that include nucleon-nucleon correlations. The data are substantially larger than
mean-field predictions. The observed excess strength at low excitation energy appears to be mainly due
to long-range correlations and not to short-range and tensor correlations.

PACS numbers: 25.30.Fj, 27.80.+w

The atomic nucleus is a many-body quantum system, in
which correlations between the constituent nucleons play
an important role. In proton knockout experiments [1—
3] with the reaction (e, e'p), it has been observed that
correlations cause the spectroscopic strength for a single-
particle orbit to be quenched with respect to uncorrelated
mean-field values and fragmented over a large excitation
energy domain in the spectral function. Moreover, the
correlations are related to the momentum dependence of
the spectral function. In particular, short-range (SRC)
and tensor correlations (Tc) will have a large effect
on nucleons at short mutual distances. Therefore, such
correlations will affect the single-nucleon wave function
predominantly in the nuclear interior, corresponding to
a modification of the high-momentum part in its Fourier
transform, the single-nucleon momentum distribution.

Conflicting predictions for the strength of the induced
high-momentum components exist. With a self-consistent
Green's function method, Muther and Dickhoff [4] have
explicitly included SRC in the calculation of the ' 0
momentum distribution. They observed no significant
increase at high momentum and low excitation energy
compared to a mean-field result. Rather, the high-
momentum part of the momentum distribution increases

significantly at excitation energies larger than about
50 MeV. Similar observations have been made in cal-
culations for correlated infinite nuclear matter [5,6].
For finite nuclei Pandharipande et al. [7,8] obtained
quasiparticle wave functions which include the effects of
SRC by applying the results of variational Monte Carlo
calculations of correlated quantum drops of liquid 3He

to the nuclear system. In the latter technique long-range
correlations are not accounted for.

In contrast, other authors predict an enhanced proba-
bility of the high-momentum components for transitions
at low excitation energy. Ma and Wambach [9,10] and
Mahaux et al. [11,12] employed an effective mass for the
nucleon in the nuclear medium to account for the effect
of correlations. In their approach, the quasiparticle wave
functions are not on1y suppressed in the nuclear interior
but also enhanced at the nuclear surface due to long-range
correlations.

The various calculations predict high-momentum com-
ponents that differ by 1 to 2 orders of magnitude in the

range from 300 to 500 MeV/c. An (e, e'p) experiment
in this domain suffers from low count rate and was thus

far impossible due to the poor real-to-accidental ratio at
the required luminosity. With the high-duty factor facility

2684 0031-9007/94/73(20)/2684(4)$06. 00 1994 The American Physical Society



VOLUME 73, NUMBER 20 PHYSICAL REVIEW LETTERS 14 NovEMBER 1994

AmPS at NIKHEF-K a 20s Pb(e, e'p) experiment has been

performed with adequate real-to-accidental ratios. The
nucleus Pb was chosen as target because momentum
distributions for transitions to final states with different
quantum numbers can be determined. Hence one samples
the proton wave functions at different average densities.
In this Letter we report on this experiment and compare
the data to distorted-wave impulse-approximation calcula-
tions with mean-field wave functions and wave functions
that include the effects of nucleon-nucleon correlations.

The experiment was carried out with the electron beam
from the Amsterdam Pulse-Stretcher facility (AmPS) at
NIKHEF-K [13] at an energy of 487.3 ~ 0.5 MeV. The
duty factor and the average current of the beam amounted
to about 50% and 1.5 p, A, respectively. The scattered elec-
tron and knocked-out proton were detected in coincidence
by two high-resolution magnetic spectrometers [14].

The present data between 300 and 500 MeV/c were
measured under kinematical conditions where the center of
the acceptance corresponded to fixed values of the three-
momentum transfer (q = 221 MeV/c), the energy transfer
(cu = 110 MeV), and the proton kinetic energy (T„i =
100 MeV, corresponding to a proton momentum of p' =
444.6 MeV jc). The angle of the proton spectrometer was
set at 99.17', 112.18', and 139.11' to obtain a missing mo-
mentum of 340, 400, and 500 MeV/c in the center of the
acceptance, respectively. At each setting the covered miss-

ing momentum range is ~30 MeV/c. The experimental
quantity missing momentum is defined as p = p' —q
and can, in the plane-wave impulse approximation, be
identified with the initial momentum of the ejected pro-
ton. For brevity we will refer to p as momentum.

The target consisted of two enriched (abundancy
99%) 20sPb foils separated by 5 mm and mounted in a
water-cooled frame. With the double-foil construction
the luminosity could be doubled while maintaining the
excitation-energy resolution at 180 keV by separating
the events from the foils through vertex reconstruction
and subsequently accounting for position dependent
energy loss in the target. The total target thickness of
87.4 ~ 2.8 mg/cm2 has been determined by comparing
the measured cross section for elastic electron scattering
with the calculated cross section from known Fourier-
Bessel coefficients [15]. The total systematic uncertainty
in the cross sections is 6%.

As a check of the performance of the total experimental
system a calibration run was made on Pb at p
150 MeV/c and a proton kinetic energy of 100 MeV
in parallel kinematics. Quint [16] has determined the
cross section under these conditions with an accuracy of
3%. Our data reproduced this measurement within the
statistical error of 8%. During the experiment, calibration
runs were carried out regularly at p = 220 MeV/c to
monitor the beam energy and the overall normalization.

In Fig. 1 the reduced cross section, which is defined
as the sixfold differential cross section divided by the
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off-shell electron-proton cross section cr„"& as given by
De Forest [17]and by the appropriate kinematical factor, is
displayed at a mean momentum of 340 MeV/c. Acciden-
tal coincidences have been subtracted, the phase space has
been accounted for, and the spectrum has been unfolded
for radiative processes [18]. The peaks in this excitation-
energy spectrum are well separated. From the reduced
cross section, momentum distributions have been obtained

by integrating the individual peaks. At a momentum of
500 MeV/c only an upper limit of the momentum distri-
bution has been obtained due to low statistics.

In Fig. 2 the momentum distributions for the transi-
1+ 3+ 11 5+ 7+

tions to the dominant 2, 2, 2, 2, and 2 single-
hole states in Tl as measured in the present experiment
(solid circles) are compared to the data of Quint (plus
marks) [16]. The data at low momenta were measured
in parallel kinematics, whereas the data at high momen-
tum were obtained in (q, cu)-constant kinematics, where q
and cu are kept constant while changing p . In order to
account for the kinematical dependence of Coulomb dis-
tortions in these measurements, the data are plotted as a
function of the effective missing momentum p'tt, which
has been employed by Jin et al. [19]. This effective miss-
ing momentum is defined by p'tt = p' —q'tt = p'—
[kf(1 + f,uZ/R, kf) —k;(1 + f,aZ/R, k;)], with k, the
initial and kf the final electron momentum, R, = 7.1 fm
and f, = 1.5.

The solid curves in Fig. 2 are the result of distorted-
wave impulse-approximation calculations including elec-
tron and proton distortions (CDWIA) [20]. The optical
model parameters used in the calculations have been
taken from Refs. [21] and [22]. For the bound-state wave
functions we used mean-field wave functions @(r) gener-
ated in a Woods-Saxon potential and normalized to give
(P(r)i@(r)) = 1. In the present analysis the normal-
ization factors (N = 1.091 2.27, 6.96, 3.21, and 2.06I+ 3+ ii- S+ 7+f« the transitions to the 2 2 2 2 and 2 states
in 207Tl, respectively) and the radial parameters of the

E„[Me+

FIG. 1. The reduced cross section of the reaction
20'Pb(e, e'p) at an average missing momentum of 340 MeV/c,
showing the knock out of valence protons to discrete states in

Tl, labeled by their spin, parity, and excitation energy. The
solid curve is the result of a fit to the spectrum.
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FIG. 2. Missing-momentum distributions for the transitions to
]+ 3+ ]] 5+ 7+the —,—,—,-+, and -+ states in the reaction 'O'Pb(e, e'p)

at excitation energies of (I.OO, 0.35, 1.35, 1.68, and 3.47 MeV,
respectively. The present data are represented by solid circles,
the plus marks have been measured by Quint [16]. The
solid curves are knockout calculations in the distorted-wave
impulse approximation. The calculations including correlations
as proposed by Pandharipande [8], Ma and Wambach [10], and
Mahaux and Sartor [12] are represented by dash —double-dotted,
dashed, and dot-dashed curves, respectively.

potential have been determined by fitting CDWIA curves
to the data at low momentum. In passing we note that a
comparison of these data with full relativistic calculations
[19] yields spectroscopic factors that are typically 10%—
15% larger than the aforementioned normalization factors
N. Calculations including correlations as proposed by
Pandharipande et al. [8], Ma and Wambach [10], and
Mahaux and Sartor [12] are represented by dash —double-
dotted, dashed, and dot-dashed curves, respectively.
The latter three curves result from CDWIA calculations
employing quasiparticle wave functions 4*(r) and the
same normalization factors N as given above. We have
constructed these 4*(r) by converting the mean-field
wave functions P(r) by the relation 4(r) = G(r)@(r),
where G(r) is shown in Fig. 3 for 2csPb. The resulting
quasiparticle wave functions were renormalized via
4*(r) = 4(r)/~R to give (4*(r)[4*(r))= 1. The
renormalization factors R for the five transitions are
in the range [0.75 —0.79], (0.72—0.83], and [1.15—
1.34} for the quasiparticle wave functions according to
Pandharipande, Mahaux and Sartor, and Ma and
Wambach, respectively.

The appreciable difference in shape between the con-
version function G(r) of Pandharipande relative to that of
Ma and Wambach and Mahaux and Sartor is due to the
presence of long-range correlations in the latter calcula-
tions. Ma and Wambach and Mahaux and Sartor use phe-
nomenological models of the quasiparticle effective mass,
which is the product of two terms: the k mass, which
is determined by the momentum dependence of the self-

energy, and the F mass, which is determined by its en-

FIG. 3. The function G(r) which is employed to convert
mean-field nucleon wave functions in '- 8Pb to quasiparticle
wave functions, according to the prescriptions of Pandharipande
[8] (dash —double-dotted), Ma and Wambach [10] (dashed), and
Mahaux and Sartor [12] (dot-dashed).

ergy dependence. Suppression of the k mass below unity
is attributed to short-range correlations arising from the
nucleon-nucleon interaction and the exchange contribu-
tion to the Hartree-Pock potential. Long-range correla-
tions are included via the coupling of the hole state to
low-lying excitations, which leads to an enhancement of
the F. mass, particularly at the surface.

In order to compare to the data, the calculated
CDWIA cross sections are divided by the electron-proton
cross section of McVoy-Van Hove oNa [23] and by the

appropriate kinematical factor. In this way we account
for the fact that the nucleon-current operator that is used
in the CDWIA calculation is a nonrelativistic expansion of
the one that is used in o,,t. The ratio of aNR/a„& varies
from 1.2 to 1.7 over the covered momentum range. In
order to account for eikonal approximations made in the
treatment of electron distortions in CDWIA as compared
to the full relativistic calculation of Jin et al. [19],we have
plotted the CDWIA curves against p'" with f, =2.0. .

The curves that include correlations according to the
Pandharipande prescription do not significantly differ
from the mean-field calculations, indicating that within
the above discussed approach the effect of short-range
and tensor correlations is small in the presently inves-

tigated domain of momentum and energy. A similar
observation was made by Muther and Dickhoff [4].
In contrast, the calculations of Ma and Wambach and
Mahaux and Sartor differ significantly from the mean-field
calculations. Clearly, long-range correlations —which
are only included in the calculations of Ma and Wambach
and Mahaux —have a large effect on the shape of the

quasiparticle wave functions. As a result, the momentum
distributions are appreciably enhanced at high momenta.

The high-momentum data are substantially larger than

the mean-field momentum distributions and the curves in-

cluding the SRC and TC as prescribed by Pandharipande.
Rather, the data tend to prefer the momentum distribu-
tions calculated from quasiparticle wave functions given
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by Mahaux and Sartor and Ma and Wambach. This pref-
erence is an indication of the importance of long-range
correlations. Furthermore, we observe that the experi-
mental data for transitions to final states with different
quantum numbers all show a similar behavior. In particu-
lar, no significant difference is seen for knock out from the
surface-peaked lh» and lg7 orbitals and those from the

2 2

multinodal 3s I, 2d 3, and 2d 5 orbitals. The latter momen-
.2 2 . 2

turn distributions receive appreciable strength from the
interior part of the wave functions. Hence, we have no
indication for a density dependence of the observed high-
momentum components.

By integrating the momentum distributions according to
Mahaux and Sartor, which roughly reproduce the data, we
find that the number of protons associated with the data
in the momentum range of [300—500 MeV/c] is ~0.5%
of the corresponding number of protons in the momentum
range [0—300 MeV/c]. This implies that a considerable
part of the unobserved protons should be located at higher
excitation energy as suggested by Ref. [4] for 'sO and
Refs. [5] and [6] for nuclear matter.

Thus far the data have been interpreted in the frame-
work of a one-body current operator. Going beyond this
approach, meson-exchange currents (MEC) could be con-
sidered. Their inhuence is estimated to be small as the
present data have been collected in dominantly longi-
tudinal kinematics (e = 0.87), although MEC may con-
tribute to the cross section via the longitudinal-transverse
interference structure function WL,r. Boffi and Radici
investigated the contribution of MEC and isobar configu-
rations in the reaction 4oCa(e, ep) sK9in comparable
(q, at)-constant kinematics and concluded their effect
to be about 10% of the one-body contribution at high
momenta [24].

In summary, an electron-induced proton knockout ex-
periment on 2osPb has been carried out in (q, ta)-constant
kinematics covering the momentum range between 300
and 500 MeV/c. The data have been compared to
CDWIA calculations with mean-field wave functions and
with quasiparticle wave functions. For final states at low
excitation energy the effect of short-range and tensor cor-
relations on the observed strength at high momentum is
less important than that of long-range correlations. No
significant differences have been observed in the high-
momentum behavior of 3sl, 2d3, lh», 2d5, and lg7 pro-

2 2 . 2 2 2.
ton knock out. Since the calculations of Ref. [4] indicate
that the effects of short-range and tensor correlations in-
crease with excitation energy, further work should be de-
voted to measurements of high-momentum components at
large excitation energies.
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