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Nuclear Structure Studies with the’Li(e, ¢’ p) Reaction
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Experimental momentum distributions for the transitions to the ground state and first excited state of
®He have been measured via the reactioife, ¢/ p)®He. They are compared to theoretical distributions
calculated with variational Monte Carlo (VMC) wave functions which include strong state-dependent
correlations in botl/Li and ®He. These VMC calculations provide a parameter-free prediction that
reproduces the measured data, including its normalization. The deduced spectroscopic factor for the
two transitions is0.58 = 0.05, in perfect agreement with the VMC value of 0.60. This is the first
successful comparison of experiment aattl initio theory for spectroscopic factors ip-shell nuclei.
[S0031-9007(99)09267-4]

PACS numbers: 21.10.Jx, 21.60.Ka, 25.30.Dh, 27.20.+n

In this Letter we present new experimental data orknockout of valence protons) are analyzed by comparing to
the reaction’Li(e,e’p)°®He and compare the deduced calculations based on mean-field theory (MFT) that do not
momentum distributions with receab initio predictions include (short-range and other) correlations, and by iden-
from variational Monte Carlo (VMC) calculations. Some tifying the required renormalization as the spectroscopic
years ago, two of us (Lapikds and Wesseling) participatetactor. The resulting factors [13,16] (about 60%—65% for
in electron scattering experiments to determine shelhuclei ranging fromd = 6 to 209) are usually interpreted
occupancies in the nucléPSi, 3'P, and3?>S [1,2]. In  as evidence for the presence of important correlations.
the latter case, a L5 target was used, with resolution A quenching of this kind was predicted for infinite
sufficient to separate the discrete transitions in the reactionuclear matter [17,18] but the extension of this result to
25(e, e'p)’'P from those in the reactiofli(e,e’p)°He. finite nuclei is not straightforward due to the coupling to
However, the results for'Li were not published at surface vibrations that affects the strength for transitions
the time. Independently, one of us (Wiringa) recentlynear the Fermi edge. For the nucled® the effect of
calculated the overlap wave functigfiHe|a(r)|’Li) as  both short- and long-range correlations was calculated
part of a general program of quantum Monte Carlo studiesvith a Green’s function method [14] resulting in a
of the light p-shell nuclei [3,4]. These calculations use reduction of the strength to 0.76 of the MFT value.
realistic two- and three-nucleon interactions fit &&vn  However, the inclusion of center-of-mass effects will
scattering data and few-body nuclear bound states, arutobably increase this value t60.81 [15], which is still
produce fully correlatedAd-body wave functions. We considerably larger than the observed [19] strength
have now found that using the VMC overlap as input(~0.6) at small excitation energies. It may be that
to a Coulomb distorted wave impulse approximation!®O is an exceptionally difficult case; more success
(CDWIA) code results in excellent predictions of the has been gained with the larger nucféCa and®zr
observed momentum distributions and transition rms radij20], although these calculations must useGamatrix
including the absolute normalizatiasf the cross sections. representation of theVN force, a step away from the
This is the first successful comparison of experiment andbare interaction. In the present case, the VMC method
ab initio theory for spectroscopic factors jirshell nuclei.  uses the bare interactions to produce rather sophisticated

The effect of including short-range and tensor corresix- and seven-body wave functions, including strong
lations in the calculation of nuclear structure has beerstate-dependent correlations, which show the clustering
studied previously in detail for few-body systems. In par-expected in lighip-shell nuclei.
ticular, momentum distributions for the nucl& [5,6], The theoretical description of the reaction, {'p)
3He [7], and*He [8,9], measured via the reaction ¢/p),  has been given in detail elsewhere [21]. In plane-wave
have been compared to calculations (Faddeev [10] anidnpulse approximation (PWIA), the expression for the
VMC [11,12]) that include state-dependent correlationscross section reads
derived from bare nucleon-nucleon interactions. Experi-
ments on complexA > 4) nuclei have been performed do
[13] abundantly, but theoretical calculations (Green'’s func- dE, dQ. dT, dQ,
tion [14] and cluster VMC [15]) are more difficult, and
have been limited to a few closed-shell nuclei; as discussegthere the spectral functiofi(E,,, p,,) denotes the proba-
below, these usually overpredict the normalization of thebility to find a proton with separation energy and
cross sections. Typically, these data (consisting mainly olomentum(E,,, p,,) in the nucleus. The quanti®f o, is

= KO'epS(Em,pm)s (l)
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the product of a phase space factor and the elementary offised as input to the Green’s function Monte Carlo (GFMC)
shell electron-proton cross section [22] that describes thalgorithm, which projects out excited state contamination
coupling of the virtual photon to the proton. In this in the trial function by means of the Euclidean propagation
paper we consider the transitions to te¢ ground W(7) = exd—(H — Eog)7]¥y. The GFMC results are
state €, = 9.97 MeV) and 2* first excited state believed to be within~1% of the exact binding energy
(E, = 11.77 MeV) in °He. Hence in Eq. (1), has for the given Hamiltonian.

two discrete values, and we can obtain the momentum For the AV18/UIX model, the GFMC energy for the
distribution p(p,) for each transition by integrating ’Li ground state is—37.4(3) MeV, where the number
S(E,.,pn) over the appropriate peak i,,. In PWIAthe in parentheses is the statistical error due to the Monte
momentum distributions are related to the overlap waveCarlo energy evaluation. Th&He(0') ground state is

function(°Hela(r)|’Li) via at —27.6(1) MeV and the®He(2") excited state is at
2 —25.8(2) MeV. While theseab initio energies are about
p(Pm) = / e (OHela(r)|"Li) dr| . (2) 5% above experiment (which we attribute to inadequacies
of the AV18/UIX model) the relative excitations of 9.8(3)

For the overlap wave functions we take either the MFTand 11.6(3) MeV are fairly close to experiment. The
or the VMC results, which are discussed below. In ordeVMC energies are not as good, but the one- and two-body
to account for Coulomb distortion of the electron waveVMC and GFMC density distributions are very similar,
functions and for final-state interaction (FSI) betweengiving us some confidence in using thE, to study
the outgoing proton and the residu3iie nucleus we reactions. Recent calculations using the equivaint
use a CDWIA procedure [23]. Here the FSI is treatedfor °Li gave a very satisfactory description of both elastic
via an optical-model potential, the parameters of whichand inelastic electron scattering form factors [32]. For the
were taken from a 100 MeV proton scattering experimenpresent Letter, th€Hela(r)|’Li) overlaps were calculated
on °Li [24]. For the extrapolation of these parametersusing the techniques of Refs. [11,12].

to 90 MeV protons andHe we used Schwandt's [25] In Figs. 1 and 2 we compare the plane wave MFT and
global parametrization for a large number of nuclei andvMC wave functions in momentum space out to large mo-
energies. The uncertainty due the treatment of the FShenta. In order to facilitate the comparison we have scaled
was estimated by also extrapolating the optical-modethe MFT overlap wave functions such that their normaliza-
parameters from proton scattering data at lower [26] andion is identical to that of the VMC wave functions. For
higher [27,28] energies. This yielded model uncertaintieshe ground-state transition (see Fig. 1) we observe that the
on the spectroscopic factors of 6% and on the deduceMFT and VMC wave functions are practically identical up
rms radii of the overlap wave functions of 2%. to p,, = 400 MeV/c, whereas above this momentum the

In mean-field theory the overlap wave function
(°Hela(r)|’Li) reduces to a single-particle wave function
¢.(r) since it is the product of two Slater determinants. 10° L .
It is taken as the solution of the Schrddinger equation with | TLie,e’p)®He O VMC
a Woods-Saxon potential that reproduces the appropriate 10 _ 3Z=>0 _ MFT
binding energy. The radius of the potential is chosen 100 [
such that the calculated momentum distribution fits the
experimental data. Based on the VMC calculations,
which predict dominantl p3, and 1p;,, amplitudes for
the two transitions, respectively, we choose a Mgk,
wave function for thed/2~ — 0" ground-state transition
and alp;, MFT wave function for the3/2™ — 2%
transition to the first excited state.

Quantum Monte Carlo calculations of the ground and
low-lying excited states for six- and seven-body nuclei
have been made [3] using a realistic Hamiltonian con-
taining the Argonnev ;g two-nucleon [29] and Urbana IX 1075
three-nucleon [30] potentials (AV18/UIX model). These
calculations start with trial functionsWy(J7,T), con- 101 e 300 1000
structed from products of two- and three-body correla-
tion operators acting on a fully antisymmetrized set of
one-body p-shell basis states that ameS coupled to FIG. 1. Momentum diStl’i_bUtiOI’]S in PWIA for the ground-
the specified quantum numbers. Metropolis Monte Carlcf/ltate overlap wave functiof’Hela(r)|’Li) as calculated in

. . . . FT (solid curve) and in VMC (circles). The error bars on the
integration [31] is used to evaluat®y |H|¥y) and diago- ¢ data denote the uncertainty due to Monte Carlo sampling.

nalize in the one-body-shell basis, giving upper bounds The normalization of the MFT wave function has been chosen
to the energies of these states. The trial functions are thddentical to that of the VMC one.
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10° ——— T and by dividing outKo.,, for which we used the
. “Li(e,e’p)®He O VMC (1p+1f) current-conserving expressiorgg1 of de Forest [22]. The
T 3/2°>2* X VMC (1f) ] resulting experimental momentum distributions are shown
MFT ] in Fig. 3, where only the statistical errors are shown. The
experimental systematic uncertainty on these data is 5%.
In the only earlier reported [36] study of the reaction
"Li(e, e'p)®He the missing-energy resolution of 7 MeV
was insufficient to separate the two transitions presented in
. this Letter. However, when corrected for the presence of
some unresolveds knockout strength and the difference
in ejected proton energy, their momentum distribution,

- integrated over the regidfy, = 6—15 MeV, agrees within
error bars with that for the sum of the two transitions
T studied here.
__ In order to compare the theoretical calculations with
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the data we carried out CDWIA calculations with the

MFT and VMC wave functions as input. For the mean-
field calculations we treated the normalization, i.e., the
spectroscopic facta$, and the radius of the WS potential
FIG. 2. Same as Fig. 1 but for the transition to the first(that fixes the rms radiug2)!/2 of the wave function) as
excited state. The MFT wave function is purg,/,, the total  free parameters to be determined from a least squares fit to
Xgﬂmi)owng‘éfs_f“m“on (circles) containgp and 1f (Crosses) e data, The resulting values are listed in Table I. The

summed spectroscopic strength fgr knockout is0.58 =

0.05, where we have included the experimental systematic
VMC wave function is appreciably larger due to the in- uncertainty and the uncertainty due to the choice of the
clusion of short-range and tensor correlations, which areptical potential. The observed reduction of the single-
absent in MFT. The transition to the first excited stateparticle strength to 58% of the MFT value (which is unity
contains bothl p and1f components, as shown in Fig. 2. for a single proton in thd p shell) is in good agreement
Here the deviation between the VMC and MFT wave func-with the reduction found for a large number of other
tion already starts &50 MeV/c because in MFT the wave complex nuclei [13].
function is purelylp;,,, whereas the VMC overlap con-
tains four componentd pi /2, 1p3/2, 15,2, Lf7/2). In ad-
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dition to the effect of correlations, these extra components F ' "Li(e,e’p)°H 0 3/ > 6+
cause an appreciable enhancement of the VMC wave func- 10° | NIKHEF X 3/2°>0% -
tion at high momentum relative to the MFT wave function. F MFT

The experiment was performed with the 1% duty factor
electron beam from the NIKHEF medium-energy accel-
erator and the high-resolution two-spectrometer setup
in the EMIN end station [33]. The data were taken
concurrently with those for the reactidhS(e, ¢/p) [1,2]
for which purpose a self-supporting disk of,5 was
used as a target (thickness rougiy mg/cn?). The
target could withstand maximum average currents of
6 uwA when rotated continuously. The target thickness
was monitored via frequent measurements of elastic 10_10:
scattering. The measurements were carried out in parallel E
kinematics for an outgoing proton energy of 90 MeV. i
As a result we needed two incident energies (329.7 10 . . . A\
and 454.7 MeV) to cover the missing momentum range w100 0 100 200 %00
of —70 to 260 MeV/c. Since the beam was tuned in Pr [MeVic] —
dispersion matching mode [34] we could achievelan  FIG. 3. Experimental momentum distributions for the transi-
resolution of 180 keV (FWHM), sufficient to separate thetions to the ground state (circles) and first excited state (crosses)

discrete transitions from the two reactions. in the reaction’Li(e, ¢’p)°He, compared to CDWIA calcula-
ons with MFT (solid) and VMC (dashed) wave functions.

Thg dat".i anaIy.SB was performed in a standard Waghe dot-dot-dashed curve represents tiiecontribution to the
described in detail elsewhere [35]. From the measure Il VMC curve for the transition to the* state. The error

cross sections we determined momentum distributiongars on the data are statistical only. For clarity data and curves
by integrating over the appropriate missing-energy pealkor the ground-state transition have been scaled by 10.
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TABLE I. Spectroscopic factorsS§ and rms

radii deduced in the present experiment for

the transitions to th@* and2* states in’He (first row). The listed errors include statistical,
systematic, and model uncertainties. The second (third) row presents the corresponding values
for the VMC calculation withl p (1p + 1f) wave function components.

S S S rms (fm) rms (fm)
Model 0t 2 0t + 2% 0" 27"
Expt. (1p) 0.42(4) 0.16(2) 0.58(5) 3.17(6) 3.47(9)
VMC (1p) 0.41 0.18 0.59 3.16 3.14
VMC (1p + 1f) 0.41 0.19 0.60 3.16 3.16
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