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Nuclear Structure Studies with the7Lissse, e000pddd Reaction
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Experimental momentum distributions for the transitions to the ground state and first excited sta
6He have been measured via the reaction7Li se, e0pd6He. They are compared to theoretical distribution
calculated with variational Monte Carlo (VMC) wave functions which include strong state-depend
correlations in both7Li and 6He. These VMC calculations provide a parameter-free prediction th
reproduces the measured data, including its normalization. The deduced spectroscopic factor f
two transitions is0.58 6 0.05, in perfect agreement with the VMC value of 0.60. This is the firs
successful comparison of experiment andab initio theory for spectroscopic factors inp-shell nuclei.
[S0031-9007(99)09267-4]

PACS numbers: 21.10.Jx, 21.60.Ka, 25.30.Dh, 27.20.+n
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In this Letter we present new experimental data o
the reaction7Li se, e0pd6He and compare the deduced
momentum distributions with recentab initio predictions
from variational Monte Carlo (VMC) calculations. Some
years ago, two of us (Lapikás and Wesseling) participat
in electron scattering experiments to determine sh
occupancies in the nuclei30Si, 31P, and 32S [1,2]. In
the latter case, a Li2S target was used, with resolution
sufficient to separate the discrete transitions in the react
32Sse, e0pd31P from those in the reaction7Li se, e0pd6He.
However, the results for7Li were not published at
the time. Independently, one of us (Wiringa) recentl
calculated the overlap wave functionk6Hejasrdj7Li l as
part of a general program of quantum Monte Carlo studi
of the light p-shell nuclei [3,4]. These calculations use
realistic two- and three-nucleon interactions fit toNN
scattering data and few-body nuclear bound states, a
produce fully correlatedA-body wave functions. We
have now found that using the VMC overlap as inpu
to a Coulomb distorted wave impulse approximatio
(CDWIA) code results in excellent predictions of the
observed momentum distributions and transition rms ra
including the absolute normalizationof the cross sections.
This is the first successful comparison of experiment a
ab initio theory for spectroscopic factors inp-shell nuclei.

The effect of including short-range and tensor corre
lations in the calculation of nuclear structure has bee
studied previously in detail for few-body systems. In pa
ticular, momentum distributions for the nuclei2H [5,6],
3He [7], and4He [8,9], measured via the reaction (e, e0p),
have been compared to calculations (Faddeev [10] a
VMC [11,12]) that include state-dependent correlation
derived from bare nucleon-nucleon interactions. Expe
ments on complex (A . 4) nuclei have been performed
[13] abundantly, but theoretical calculations (Green’s fun
tion [14] and cluster VMC [15]) are more difficult, and
have been limited to a few closed-shell nuclei; as discuss
below, these usually overpredict the normalization of th
cross sections. Typically, these data (consisting mainly
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knockout of valence protons) are analyzed by comparing
calculations based on mean-field theory (MFT) that do n
include (short-range and other) correlations, and by ide
tifying the required renormalization as the spectroscop
factor. The resulting factors [13,16] (about 60%–65% fo
nuclei ranging fromA  6 to 209) are usually interpreted
as evidence for the presence of important correlations.

A quenching of this kind was predicted for infinite
nuclear matter [17,18] but the extension of this result
finite nuclei is not straightforward due to the coupling t
surface vibrations that affects the strength for transitio
near the Fermi edge. For the nucleus16O the effect of
both short- and long-range correlations was calculat
with a Green’s function method [14] resulting in a
reduction of the strength to 0.76 of the MFT value
However, the inclusion of center-of-mass effects w
probably increase this value to,0.81 [15], which is still
considerably larger than the observed [19]1p strength
(,0.6) at small excitation energies. It may be tha
16O is an exceptionally difficult case; more succes
has been gained with the larger nuclei48Ca and 90Zr
[20], although these calculations must use aG-matrix
representation of theNN force, a step away from the
bare interaction. In the present case, the VMC meth
uses the bare interactions to produce rather sophistica
six- and seven-body wave functions, including stron
state-dependent correlations, which show the cluster
expected in lightp-shell nuclei.

The theoretical description of the reaction (e, e0p)
has been given in detail elsewhere [21]. In plane-wa
impulse approximation (PWIA), the expression for th
cross section reads

ds

dEe0 dVe0 dTp dVp
 KsepSsEm, pmd , (1)

where the spectral functionSsEm, pmd denotes the proba-
bility to find a proton with separation energy an
momentumsEm, pmd in the nucleus. The quantityKsep is
© 1999 The American Physical Society
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the product of a phase space factor and the elementary
shell electron-proton cross section [22] that describes t
coupling of the virtual photon to the proton. In this
paper we consider the transitions to the01 ground
state (Em  9.97 MeV) and 21 first excited state
(Em  11.77 MeV) in 6He. Hence in Eq. (1)Em has
two discrete values, and we can obtain the momentu
distribution rspmd for each transition by integrating
SsEm, pmd over the appropriate peak inEm. In PWIA the
momentum distributions are related to the overlap wa
function k6Hejasrdj7Li l via

rspmd 

ÉZ
eipm?rk6Hejasrdj7Li l dr

É2
. (2)

For the overlap wave functions we take either the MF
or the VMC results, which are discussed below. In ord
to account for Coulomb distortion of the electron wav
functions and for final-state interaction (FSI) betwee
the outgoing proton and the residual6He nucleus we
use a CDWIA procedure [23]. Here the FSI is treate
via an optical-model potential, the parameters of whic
were taken from a 100 MeV proton scattering experime
on 6Li [24]. For the extrapolation of these parameter
to 90 MeV protons and6He we used Schwandt’s [25]
global parametrization for a large number of nuclei an
energies. The uncertainty due the treatment of the F
was estimated by also extrapolating the optical-mod
parameters from proton scattering data at lower [26] a
higher [27,28] energies. This yielded model uncertaintie
on the spectroscopic factors of 6% and on the deduc
rms radii of the overlap wave functions of 2%.

In mean-field theory the overlap wave function
k6Hejasrdj7Li l reduces to a single-particle wave function
fasrd since it is the product of two Slater determinants
It is taken as the solution of the Schrödinger equation wi
a Woods-Saxon potential that reproduces the appropri
binding energy. The radius of the potential is chose
such that the calculated momentum distribution fits th
experimental data. Based on the VMC calculation
which predict dominant1p3y2 and 1p1y2 amplitudes for
the two transitions, respectively, we choose a MFT1p3y2
wave function for the3y22 ! 01 ground-state transition
and a 1p1y2 MFT wave function for the3y22 ! 21

transition to the first excited state.
Quantum Monte Carlo calculations of the ground an

low-lying excited states for six- and seven-body nucle
have been made [3] using a realistic Hamiltonian co
taining the Argonney18 two-nucleon [29] and Urbana IX
three-nucleon [30] potentials (AV18/UIX model). Thes
calculations start with trial functions,CV sJp , T d, con-
structed from products of two- and three-body correla
tion operators acting on a fully antisymmetrized set o
one-body p-shell basis states that areLS coupled to
the specified quantum numbers. Metropolis Monte Car
integration [31] is used to evaluatekCV jHjCV l and diago-
nalize in the one-bodyp-shell basis, giving upper bounds
to the energies of these states. The trial functions are th
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used as input to the Green’s function Monte Carlo (GFMC
algorithm, which projects out excited state contaminatio
in the trial function by means of the Euclidean propagatio
Cstd  expf2sH 2 E0dtgCV . The GFMC results are
believed to be within,1% of the exact binding energy
for the given Hamiltonian.

For the AV18/UIX model, the GFMC energy for the
7Li ground state is237.4s3d MeV, where the number
in parentheses is the statistical error due to the Mon
Carlo energy evaluation. The6Hes01d ground state is
at 227.6s1d MeV and the 6Hes21d excited state is at
225.8s2d MeV. While theseab initio energies are about
5% above experiment (which we attribute to inadequaci
of the AV18/UIX model) the relative excitations of 9.8(3)
and 11.6(3) MeV are fairly close to experiment. Th
VMC energies are not as good, but the one- and two-bo
VMC and GFMC density distributions are very similar
giving us some confidence in using theCV to study
reactions. Recent calculations using the equivalentCV

for 6Li gave a very satisfactory description of both elasti
and inelastic electron scattering form factors [32]. For th
present Letter, thek6Hejasrdj7Li l overlaps were calculated
using the techniques of Refs. [11,12].

In Figs. 1 and 2 we compare the plane wave MFT an
VMC wave functions in momentum space out to large mo
menta. In order to facilitate the comparison we have scal
the MFT overlap wave functions such that their normaliza
tion is identical to that of the VMC wave functions. For
the ground-state transition (see Fig. 1) we observe that t
MFT and VMC wave functions are practically identical up
to pm  400 MeVyc, whereas above this momentum the

FIG. 1. Momentum distributions in PWIA for the ground-
state overlap wave functionk6Hejasrdj7Li l as calculated in
MFT (solid curve) and in VMC (circles). The error bars on the
VMC data denote the uncertainty due to Monte Carlo samplin
The normalization of the MFT wave function has been chose
identical to that of the VMC one.
4405



VOLUME 82, NUMBER 22 P H Y S I C A L R E V I E W L E T T E R S 31 MAY 1999

n
he

.
n

in
of

n,

s

th
e
-
e

l

t to
he

tic
he
e-
y

r

i-
es)

.

es
FIG. 2. Same as Fig. 1 but for the transition to the firs
excited state. The MFT wave function is pure1p1y2, the total
VMC wave function (circles) contains1p and 1f (crosses)
components.

VMC wave function is appreciably larger due to the in
clusion of short-range and tensor correlations, which a
absent in MFT. The transition to the first excited stat
contains both1p and1f components, as shown in Fig. 2.
Here the deviation between the VMC and MFT wave func
tion already starts at250 MeVyc because in MFT the wave
function is purely1p1y2, whereas the VMC overlap con-
tains four components (1p1y2, 1p3y2, 1f5y2, 1f7y2). In ad-
dition to the effect of correlations, these extra componen
cause an appreciable enhancement of the VMC wave fun
tion at high momentum relative to the MFT wave function

The experiment was performed with the 1% duty facto
electron beam from the NIKHEF medium-energy acce
erator and the high-resolution two-spectrometer set
in the EMIN end station [33]. The data were taken
concurrently with those for the reaction32Sse, e0pd [1,2]
for which purpose a self-supporting disk of Li2S was
used as a target (thickness roughly25 mgycm2). The
target could withstand maximum average currents
6 mA when rotated continuously. The target thicknes
was monitored via frequent measurements of elas
scattering. The measurements were carried out in para
kinematics for an outgoing proton energy of 90 MeV
As a result we needed two incident energies (329
and 454.7 MeV) to cover the missing momentum rang
of 270 to 260 MeVyc. Since the beam was tuned in
dispersion matching mode [34] we could achieve anEm

resolution of 180 keV (FWHM), sufficient to separate th
discrete transitions from the two reactions.

The data analysis was performed in a standard w
described in detail elsewhere [35]. From the measur
cross sections we determined momentum distributio
by integrating over the appropriate missing-energy pe
4406
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and by dividing out Ksep , for which we used the
current-conserving expressionscc1

ep of de Forest [22]. The
resulting experimental momentum distributions are show
in Fig. 3, where only the statistical errors are shown. T
experimental systematic uncertainty on these data is 5%

In the only earlier reported [36] study of the reactio
7Li se, e0pd6He the missing-energy resolution of 7 MeV
was insufficient to separate the two transitions presented
this Letter. However, when corrected for the presence
some unresolved1s knockout strength and the difference
in ejected proton energy, their momentum distributio
integrated over the regionEm  6 15 MeV, agrees within
error bars with that for the sum of the two transition
studied here.

In order to compare the theoretical calculations wi
the data we carried out CDWIA calculations with th
MFT and VMC wave functions as input. For the mean
field calculations we treated the normalization, i.e., th
spectroscopic factorS, and the radius of the WS potentia
(that fixes the rms radiuskr2l1y2 of the wave function) as
free parameters to be determined from a least squares fi
the data. The resulting values are listed in Table I. T
summed spectroscopic strength for1p knockout is0.58 6

0.05, where we have included the experimental systema
uncertainty and the uncertainty due to the choice of t
optical potential. The observed reduction of the singl
particle strength to 58% of the MFT value (which is unit
for a single proton in the1p shell) is in good agreement
with the reduction found for a large number of othe
complex nuclei [13].

FIG. 3. Experimental momentum distributions for the trans
tions to the ground state (circles) and first excited state (cross
in the reaction7Li se, e0pd6He, compared to CDWIA calcula-
tions with MFT (solid) and VMC (dashed) wave functions
The dot-dot-dashed curve represents the1f contribution to the
full VMC curve for the transition to the21 state. The error
bars on the data are statistical only. For clarity data and curv
for the ground-state transition have been scaled by 10.
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TABLE I. Spectroscopic factors (S) and rms radii deduced in the present experiment fo
the transitions to the01 and21 states in6He (first row). The listed errors include statistical,
systematic, and model uncertainties. The second (third) row presents the corresponding v
for the VMC calculation with1p (1p 1 1f) wave function components.

S S S rms (fm) rms (fm)
Model 01 21 01 1 21 01 21

Expt. s1pd 0.42(4) 0.16(2) 0.58(5) 3.17(6) 3.47(9)
VMC s1pd 0.41 0.18 0.59 3.16 3.14
VMC s1p 1 1fd 0.41 0.19 0.60 3.16 3.16
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Figure 3 also shows the calculated momentum dist
butions with the VMC wave functions, which are essen
tially parameter-free. The agreement with the data is ve
good as shown in Table I where the calculated spectr
scopic factors with these wave functions are given. Th
summed strength (0.60) for both transitions agrees with
error bars perfectly with the value0.58 6 0.05 deduced
from the MFT analysis.

The VMC rms radius for the ground-state transitio
agrees with the value deduced from the MFT analys
showing that the calculated VMC ground-state wav
functions for 6He and 7Li have the correct shape. For
the transition to the first excited state the rms radiu
of the VMC wave function is smaller than that found
in the MFT analysis. This is caused by the differen
structure for both overlaps: the MFT wave function wa
assumed to be pure1p1y2, whereas the VMC wave
function contains1p3y2, 1f5y2, and 1f7y2 components in
addition. The contributions of the1f components, which
depend sensitively on the details of the nucleon-nucle
interaction employed, would show up in measurements
higher pm and could thereby serve as a further accura
test of the VMC wave functions.

In summary, we conclude that for the first time struc
ture calculations for a complex nucleus, based on a
alistic nucleon-nucleon force, have been performed a
compared to (new) experimental data for the reactio
7Li se, e0pd. The calculated spectroscopic strength (0.6
explains the reduction of the strength to0.58 6 0.05
found in a MFT analysis of the data, while the calcu
lated shape of the momentum distributions for1p transi-
tions nearly coincides with the experimental data. Thu
we have confirmed the necessity of including full correla
tions in the nuclear wave functions.
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