
PHYSICAL REVIEW C VOLUME 41, NUMBER 1 JANUARY 1990

Occupation probabilities and bole-state strengtbs in nuclear matter
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The interpretation of the nucleon spectral function P(k,E) in terms of two parts, associated
with one- and many-particle emission processes, is discussed in connection with the analytical
structure of the nucleon momentum distribution n(k). The integrals over E of the one-particle
emission part of P(k, E) yield the one-hole strengths. The estimated strengths in the lead region

agree fairly well with recent (e,e'p) data.

The quenching of the shell model occupation probabili-
ties with respect to the predictions of the mean-field
theory represents one of the cleanest signatures of correla-
tion effects in nuclei. The strong NN interactions give rise
to virtual scattering of nucleons to states of energy larger
than the Fermi energy, producing a depletion of the nor-
mally fully occupied states of the Fermi sea.

Empirical evidence of such a depletion has been ob-
tained from elastic e-nucleus scattering experiments,
whose results show that the difference between the charge
densities of 2~Pb and 2MTI (Ref. I), as well as the mag-
netic form factors of 2usT1 and 2 ~Pb (Ref. 2), are sizably
suppressed with respect to the results of mean-field cal-
culations. Valuable complementary information on the
quenching of single-particle occupation probabilities can
also be extracted from inelastic processes3' and from the
coincidence (e,e'p) cross sections, which yield a direct
measure of the nucleon spectral function.

An (e,e'p) experiment on Pb with high missing ener-

gy resolution has recently been carried out at the Na-
tionaal Instituut voor Kernfysica en Hoge-Energiefysica
(NIKHEF). The interpretation of the integrated
strengths obtained from this reaction in terms of occupa-
tion probabilities n(e) of the states in the vicinity of the
Fermi surface leads to a significant disagreement with the
theoretical calculations performed by Pandharipande et
al. , in which short- and long-range NN correlations as
well as surface vibrations are taken into account. The ex-
perimental results, plotted as a function of the separation
energy e, turn out to be similar in shape to the theoretical
n(e), but display an extra quenching of more than 20%.

In this paper we show that the experimental data of
Ref. 7 should be compared with the hole strengths Z(e)
rather than with the occupation probabilities n(e), and
that there is indeed good agreement between Z(e) es-
timated from a fully microscopic nuclear matter calcula-
tion and the data.

In plane wave impulse approximation the (e,e'p) cross
sections are proportionals to the spectral function

P(k,E) QI&nIakIO&I B(E E„+Eo)—,

where k and E are the missing momentum and energy in
the reaction, I 0& is the ground state of the target nucleus,

I rt& are eigenstates of the residual (A —1)-particle system
and Eo and E„arethe corresponding energy eigenvalues.

The leading contributions to P(k, E) at relatively small
values of k are provided by the intermediate states In&

which are close to one-hole states of the target nucleus. In
fact, for a given momentum k, the experimental P(k,E)
shows several peaks, corresponding to the energy eigenval-
ues of single-particle states. However, other intermediate
states, representing two and more nucleon emission pro-
cesses contribute to P(k, E): they give rise to a back-
ground contribution which results to be 2-3 orders of
magnitude smaller and very much spread out in energy.
Its energy integral measures the existing difference be-
tween n(e) and Z(e).

Nuclear matter is a suitable system to estimate such a
difference, since the total momentum is a good quantum
number. It follows that for k «ks, the only peak of
P(k,E) is the one located at E —e(k), with e(k) being
the excitation energy of the quasihole state I k&, and one
can separate it from the background tail.

The quasihole strength is given by

Z[e(k)) I &k I at I 0& I', (2)

whereas the occupation probability is the energy integral
of the full P(k,E) and therefore results to be

n(e(k)] Z I &n I at IO& I &0 I aitat I 0& (3)
n

Recently P(k,E) has been calculated for a symmetrical
nuclear matter at the equilibrium density p 0.16 fm
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using the orthogonalized version of the correlated basis
function (CBF) theory. 'p In such a theory a set of realis-
tic correlated states having the form

S 6F(iJ) I n]

[nIS QF (ij) S pF(ij) In]'t
,i&j ,i(j

is first constructed, ' ' where I n] are Fermi gas states,
F(ij) is a state-dependent two-body correlation operator
including spin-isospin and tensor components, and S is the
symmetrization operator. The correlation operator has
been determined variationally, by minimizing the expecta-
tion value of the bare Hamiltonian on I 0) for the Urbana
v|4+ TNI model interaction. 's The Schmidt and Lowdin
transformations are then used to generate a set of ortho-
normal correlated states I n) which are su+ciently ctose
to I n) to preserve, in the thermodynamical limit, the diag-
onal matrix elements of the Hamiltonian (n I H I n) calcu-
lated variationally, namely H„„&nIH In) (n IH In)
+0(1/A). The orthonormal set I n) is used in a perturba-
tive scheme having an unperturbed Hamiltonian Ho
which has I n) as eigenstates. Such a theory, in conjunc-
tion with the Urbana v~4+TNI model interaction, has
been used in a number of calculations, providing a very
realistic description of various properties of nuclear
matter, such as the equation of state, ' the momentum
distribution, ' the nucleon optical potential, ' and the
response functions. ' '

We have calculated the hole strengths Z(e) and the oc-
cupation probabilities n(e) by integrating over the energy
the proper contributions [see Eqs. (2) and (3)] to P(k, E)
evaluated in Ref. 9. However, for the sake of brevity, our
discussion will be limited here to the terms appearing at
the zeroth and the second orde'r of the perturbative expan-
sion.

Let us first discuss the zeroth order of the theory. The
two-body breakup contribution to P(k, E) is obtained by
taking I n) I k& as the only intermediate state, namely

P (k,E) I %g(k) I b[E+e'(k)]8(k —kF), (5)

where %„(k) (n Iai IO) and e'(k) Hpo —Hqq. As a
consequence, Z t i[e(k)] I ~(k) I, which amounts
to take Ik& Ik& in Eq. (2). The following comments are
in order: (i) short-range correlations are already included
at the zeroth order of the theory; in fact, Z )(e) is sub-
stantially quenched with respect to unity (see Table I) and
e'(k) is already in satisfactory agreement with the experi-
mental data on the nucleon optical potential;' (ii) the
cluster expansion of ~(k) reveals interesting similarities
with that of the variational momentum distribution'

n'(k), which is given by the sum of a discontinuous part
nq(k)8(k —kF) and a second part n, (k) which is continu
ous at k kF. It turns out that I~(k) I coincides with
nq(k), which therefore has to be interpreted as the varia-
tional (or zeroth order) estimate of Z[e(k)]. In fact,

I ~(k) I equals the discontinuity of the. momentum dis-
tribution across the Fermi surface and this, according to
the Migdal theorem, ' ' coincides with the strength
Z(eF).

The processes with 2h lp intermediate states I p;h;h ),
which are forbidden in an uncorrelated system, give rise to
the background contribution to P& (k,E). This contribu-
tion is nonvanishing for k & kF, indicating the possibility
of knocking out nucleons from normally empty states out-
side the Fermi sea, and extends over a wide range of miss-
ing energy. As a consequence, in a mean-field-type calcu-
lation very large single-particle basis are required to in-
clude the effects of short-range correlations in a realistic
way.

The analysis of P(k, E) in terms of the one-hole state
part and a background can also be carried out at the
second order of the CBF expansion. Second-order pertur-
bation theory is needed to correct the long-range behavior
of the correlation F(ij ) which is poorly determined by the
variational calculation. In fact, long-range correlations do
not contribute significantly to the expectation value of the
Hamiltonian Hpp, nevertheless, they play an important
role, like for instance, explaining the behavior of n(e)
around the Fermi energy eF. ' Since short-range correla-
tions are already correctly embedded at the zeroth order,
by means of a Fermi-hypernetted-chain treatment which
includes all the important many-body cluster terms,
second-order CBF theory is expected to be a reliable ap-
proximation to evaluate P(k, E).

The inclusion of 2p2h admixtures into I 0& leading to

IO&+ Zao(i) lp p h h &

(6)
1+ —,

' ap(i) '
I

where

ao(i) &ptp/hiht' I H I 0&/'(Hpp Ha)

gives rise to the so-called ground-state corrections
bPs, (k,E). The corresponding terms involving the lh in-
termediate state I k& give a contribution for k ~ kF only,
whereas terms with 2h lp intermediate states provide a
correction at k & kF which is all background. The explicit
expressions of BPs,(k,E) are given in Ref. 9 and will not
be repeated here. The integration of bPs, (k,E) over the
missing energy E exactly yields the perturbative correc-
tions to n"(k) originally derived in Ref. 15:

bns, (k (kF) bZs, (k) ——,
' g I ap(p;p h;k) I I ~(k) I

—
& g[ap(p;p h;k)(p;p/h;k I

apt
I k)@i,(k) c c ], . . (7)

i i

bns, (k & kF ) —,
' g I ap(p;kh;h/) I I (p;kh;h I ait I p;h;h ) I

—
2 g [ap(p;kh;h )(p;kh;h/ I

ait I p;h;h )&z i, z (k) +c.c] .

The intermediate state corrections bP;„,(k,E) are due to the coupling

ai, (i) -&p;h;h I H I k&/(H~~ —H„)
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»;.,«) -——,
' Z I "()I'I ~.«) I'

l

+ —,
' g[ak(i)&0 I &k I pih;h &~(k)+c.c.] . (9)

The remaining background contribution bnb (k)
—bz;„i(k) turns out to be the analytical continua-

tion of Bns, (k & ks ) for k (kp, namely i'ins, (kF )—bz;„i(kF ). As a consequence, the hole-state
strength Z(k) can be written as

Z(k) - (~(k) ( +bZ, (k)+bZ;„,(k), (10)

and the nucleon momentum distribution results to be
given by the sum of two terms: Z(k) which vanishes for
k ) kF and n, (k), associated with the background part of
P(k, E), which is continuous at k kF.

It should be pointed out that Z(k) ' can be expressed
in terms of the so-called-E mass, namely

Z(k) ' me [1 —|IReX(k,E)/8E]e-, (p), (11)

Z(k, E) being the proper self-energy. There are formal
similarities between the CBF corrections to Z(k) given
here and those provided by G-matrix theory. An
important feature of the present approach is that
1 —

( ~(k)
~

as well as the second term on the right-hand
side of Eqs. (7)-(9) include short-range correlation
effects which are taken into account only at high pertur-
bative orders in G-matrix theory. Recent calculations
performed in nuclear matter at the second order in G-
matrix give values much too high for the effective mass
m and the background as compared to those found in the
present work.

The breakdown of the various terms contributing to
Z(e) is reported in Table I, whereas in Fig. I Z(e) and
n, (e) resulting from our calculations are displayed togeth-
er with the full occupation probability distribution n(e).
It clearly appears that Z(e) and n(e) appreciably differ,
particularly in the vicinity of eF.

The difference between Z(e) and n(e) points to the
problem of the interpretation of the (e,e'p) data in 2 sPb

between (k& and the 2Ii I@states )p;h;h &. One can easily
verify that, up to quadratic terms in a, the 2h lp admix-
tures do not contribute to g„(&n ( ak ) 0& ), but the de-
pletion of the one-hole strength

bZ;„,(k) - l &k I ~ 10& I' —
I &kl kl0& I'

is given by

1.00

(e)080--
II

---- Z(e)

0.60-
&, 1 I„'"ZPb(e)

0.40-

0.20-

0.00

I

I
I

/

I

rr

3xn (e)

20

FIG. 1. Occupation probabilities n(e) and hole-state
strengths Z(e). The nuclear matter results n(e), n, (e), and
Z(e) have been obtained at kF 1.33 fm '. The dashed line
gives the estimated Z(e) in 2~Pb. Experimental data are taken
from Ref. 7.

1.00

k=1.2 fm-I

in terms of shell model occupation probabilities. The fact
that the observed integrated strengths are a factor -0.8
smaller than the theoretical occupation probabilities could
be regarded as a possible signature of a modification of
the elementary eN cross section in the nuclear medium.
However, because of its magnitude and shape, it is unlike-

TABLE I. Breakdown of the one-hole strength Z(k) de6ned
in Eq. (8). All quantities are multiplied by a factor of 100.

k (fm ') 1 —[4i(k) [ bZ, (k) bZ;, (k) Z(k)

0.010

0.892
0.986
1.072
1.152
1.226
1.296

12.66
12.56
12.45
12.33
12.21
12.08

—52
—5.8
-6.4
—7.3
—8.4
—9.9

-1.4
—4.1

-6.9
—9.0
-9.9
—8.4

80.7
77.5
74.3
71.4
69.5
69.6

0.001

20 40
E (MeV)

60

FIG. 2. Spectral function of nuclear matter at k 1.2 fm
The dashed line represents the two-body breakup contribution.
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ly that the background contribution has been included
into the observed integrated strengths in Pb. Moreover,
we have shown that the energy integral of the background
in nuclear matter is -0.1 in the vicinity of the Fermi
momentum, and this value roughly accounts for the dis-
crepancy between the observed strengths and the theoreti-
cal estimates of n(e). ' To better stress this point in Fig.
2, the spectral function at k 1.2 fm ' is displayed: the
area below the dashed curve, representing the two-body
breakup contribution to P(k,E), is 0.7, whereas n(k)

0.82.
A fully realistic calculation of Z(e) in z Pb should in-

clude a consistent treatment of surface effects. An esti-
mate of the coupling between single-particle states and
surface vibrations~ within the present approach has been
obtained by modifying the imaginary part of the CBF
self-energy in such a way to reproduce the measured

widths of the states around the Fermi surface. The E be-
havior of the CBF self-energy around eF weakly depends
upon k and has been described using the empirical param-
etrization ImX —Wo(e —eF), with Wo 0.024 MeV
for )e —eF ( (10 MeV. Figure 1 shows that there is a
fair agreement between the theoretical estimates of Z(e)
and the experimental data of Ref. 7. Although a fully
quantitative comparison with the data would require a
more accurate treatment of finite size effects, two main
conclusions can be drawn from the results of our calcula-
tions: (i) the relatively low missing energy spectra mea-
sured at NIK HE F, corresponding to single nucleon
knock-out processes, provide a clean evidence of correla-
tion effects; (ii) the empirical integrated strengths do not
include the background contribution and therefore have to
be regarded as a measure of hole strengths rather than oc-
cupation probabilities.
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