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Evidence for Partial Occupancy of the 3s &/2 Proton Orbit in 2OSPb
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The pronounced 1=0 selectivity of the (e,e'p) proton knockout reaction has been exploited to deter-
mine the relative occupation of the 3si/2 proton orbit in Tl and Pb. This value, when combined with
previous electron scattering data, enables us to extract in a largely model-independent fashion the abso-
lute 3sl/2 occupation probability in Pb. The depletion of the 3sl/2 proton orbit is found to be
(18 ~ 9)%, compatible with predictions of many-body theories.

PACS numbers: 25.30.Fj, 21.10.Jx, 21.10.Pc, 27.80.+w

In the mean-field approximation to the nuclear many-
body problem it is assumed that shells are occupied up to
and empty above the Fermi level (eF). This model is

fairly successful in the description of ground-state charge
densities and in providing the basis for shell-model calcu-
lations of nuclear dynamics at low excitation energy.
However, the basic assumption of closed shells is an ap-
proximation only. One should add dynamical corrections
to the static mean field in order to account for nucleon-
nucleon correlations. These correlations are predicted to
smear out the Fermi surface and thus induce a depletion
of states below cF. Theoretical estimates of correla-
tions ' predict a typical depletion of (20—30)% of
valence orbits in Pb, such as the 3s i/2 orbit. Since the
3sl/2 orbit contributes about 50% to the charge density
at the center of Pb, such a depletion would explain the
observed discrepancy of the mean-field predictions with
the charge distribution. In addition the empirical obser-
vation of quenching and missing strength in various elec-
tromagnetic observables may in part be understood in

terms of partial occupancy. However, no sufficiently ac-
curate experimental information on the 3si/2 occupation
probability in Pb has yet been obtained.

In this paper we discuss a high-resolution proton
knockout experiment on Pb and Tl that addresses
the question of the occupancy of the 3s i/~ proton orbit in

the lead region. In order to avoid the difficulties in ob-
taining an absolute occupation probability directly from
the (e,e'p) spectral function, a sum-rule method is used,
in which only relative spectroscopic factors are needed.
Using the well-known fact that the number of 3si/2 pro-
tons n(A) in systetn A equals the spectroscopic strength
Sf(A ) for 3s II2 removal summed over final states (f) in

the (A —I) system, we can write

n(A) —n(A —I) =g&Sf(A) gySf(A —
I ). (I)

For the nuclides Tl (J = —,'+) and Pb the spec-
troscopic strength for 3si/2 proton removal can be relat-
ed to the number z of 3s i/2 protons contributing to the
charge-density diA'erence d p =p(206) —p(205). One
then has z =n (206) —n (205) or, equivalently,

n (206) =z/[ I —QISf (205 )/a/Sf (206) ].

Therefore both n(206) and n(205) can be determined
for a given value of z by measurement of the ratio of
spectroscopic strengths. With the ratio n(208)/n(206)
from a previous (e, e'p) experiment, n(208) can also be
determined. From electron scattering studies at Saclay"
it has been found that z =0.7 is compatible with the
charge-form-factor data. We note that this sum-rule
analysis of combined (e, e'p) and (e, e') data avoids the
difficulty that the interpretation of z in terms of absolute
3si/2 occupancies depends on the amount of configura-
tion mixing.

The experimental method has been described in Ref.
7. The present measurement of the reactions Tl(e,
e'p) and Pb(e, e'p) was performed at an incoming
electron energy of 410 MeV and the kinematical condi-
tions were chosen such that the missing momentum (p )
was centered at 15, 80, and 160 MeV/c.

In the reaction Tl(e, e'p)2o Hg at p =15 MeV/c
three excited states in Hg were identified at
E =1.64(1), 2.37(2), and 2.62(3) MeV (see Fig. I).
The p distributions for the transitions to these states
show the same p dependence as the transition to the
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FIG. 1. The experimental spectral function vs excitation en-

ergy for Pb and Tl at low and high values of the missing
momentum. The states due to 3sl/2 proton knockout have been
crosshatched.
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FIG. 2. Ratio of the 3sl/2 strength between the transition to

the ground and excited states in Hg and the transition to the
ground state of Tl. The dashed curve corresponds to equal
spectroscopic factors for the two isotones. The solid curves are
scaled to fit the experimental ratios.

ground state (see Fig. 2). These transitions are therefore
due to 3s&i2 proton knockout. !n the simultaneously
measured reaction Pb(e, e'p) Tl the fragment of
3si/2 strength found in the transition to the Tl ground
state relative to the total observed strength was found to
be 0.80(3). Averaging this with the previously deter-
mined value 0.78(4) yields the value of 0.79(2). Apart
from the ground-state transitions and the transitions to
the two known —,

' states in Tl at 1.21(1) and 1.43(2)
MeV and to the three excited states in Hg, no transi-
tions with a 3s~/2 character were observed. The resulting
spectroscopic strengths relative to that of the ground-
state transition in Pb are listed in Table I. The ratio
of the summed strengths found in the individual transi-
tions in the two isotones is

QISf (205)/QfSf (206) =0.49(4).

Assuming for the moment that the sum exhausts the
3si/2 strength, one can deduce the occupation numbers

by substituting the summed ratio in Eq. (2). By adopt-
ing the value z =0.7 given in Ref. 8, we obtain n(206)
=1.37(10) and n(205) =0.67(10). In the quoted errors
the systematical uncertainties were added linearly to the
statistical errors, but no estimate of the uncertainty in z
was included. With the ratio gfSf(206)/Sg, (208)
=0.83(7) for the lead isotopes Pb and Pb deter-

d» Ref. 7, «e obta»s the 3s ii2 occupancy of 208Pb

as n(208) =1.65(18).
Inherent to the above analysis is the assumption that

the identified discrete transitions represent all 3s|/2
strength. We have checked this assumption by carrying
out a multipole decomposition of the spectral function
up to 5.5 MeV (see Fig. 3). The ratio of the I =0
strength integrated up to 5.5 MeV is fS(205)/fS(206)
=0.46(5), in agreement with the ratio of the summed
strengths mentioned above. A similar agreement has

TABLE I. 3sl/2 strength in Tl and Pb relative to the
ground-state transition for Pb. Only statistical errors are
given. The 4% error in the denominator of Sf/Se, (206) has
not been included, since it cancels in the further analysis. The
spectroscopic factors (S) for the 3s lg strength in 2a6Pb and

Tl have been deduced with Eq. (2) (see text) with use of
z =0.7 (Ref. 8). The systematic error from this experiment on

the spectroscopic factors for Tl is 6% and for ~Pb 3%, no
contribution from the error in the value of z has been included.

&x
(MeV)

0.00
1.64(1)
2.37(2)
2.62(3)

Total

0.0
l.2l(&)
1.43(2)

Total

Sf/Ss. .(206 )

"'Tl(e,e'p)' Hg
0.29 (1)
0.20(1)
0.08 (1)
0.0S(i)
0.61(2)

Pb(e e'p) Tl
l.oo(4)
0. 18(2)
0.07 (1)

1.25 (4)

Sf

0.32 (3)
O.22(2)
0.08(1)
0.OS(i)

O.67(6)

1.10(5)
o.2o(2)
0.08 (1)

1.37(6)
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been observed for the lead isotopes, where we found
fS(206)/fS(208) =0.84(11). Obviously the l-decom-
position method yields less accurate results, because it
lacks the additional information on the number of
discrete transitions. Since there is no evidence from the
energy distribution of 3sli2 strength (see Fig. 3) that we
have missed any 1=0 transition of sizable strength, we
base our final result n(208) =1.65(18) on the peak-
fitting method. Hence the present analysis yields an oc-
cupation probability of 82(9)% for the 3s|g2 orbit in
208Pb
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The question arises as to how much 3s &g2 strength
could possibly reside at excitation energies higher than
5.5 MeV. First, the single-particle spreading width for
orbits near the Fermi surface is expected to be only a few
megaelectronvolts. Second, the fragmentation of
single-particle states into the continuum at high excita-
tion energies has been calculated with Jastrow correla-
tions. ' The result is that for all nuclei involved only
very small amounts (about 5%) of 3s~~q strength are
fragmented above 5.5 MeV. To investigate this we have
applied the following method. At low missing momen-
tum the observed strength is predominantly 1=0 with a
small contamination of I =2 (2d) strength. This allows
the determination of the difference D in 3s~y2 strength
between the two isotones relative to the ground-state
transition from Pb to Tl by a direct bin-by-bin sub-
traction of the two spectral functions:

t E, pE
S(206) —(I —s) g S(205)

Ss, (206)

Here s is a small correction ( = 5%) due to the
difrerence in separation energies of the two nuclei, which
makes both the 2d and 3s~g2 momentum densities near

p =15 MeV/c about 5% larger for Tl than for Pb (see,
e.g. , the dashed curve in Fig. 2 for the 3s~/2 wave func-
tion). The subtraction procedure of Eq. (3) would yield
an exact result if Tl and Pb contained the same
number of 2d protons. Even if this were not the case the
error would still be less than 4% if we assume the ex-
treme of one 2d proton for the diA'erence, since at
p =15 MeV/c the momentum density for one 3s~y2 pro-
ton is, according to the distorted-wave impulse approxi-
mation calculations, a factor of 30 larger than that for
one 2d proton. Applying the subtraction (3) to the

E„[MeV] m

FIG. 3. Fragmentation of the 3sI/2 proton-hole strength in
Tl and Hg. The absolute scale of S has been calibrated

by Use of z =0.7 (Ref. 8).

present data we find D (E„=5 MeV) =0.67 (4) and
D(E„=15 MeV) =0.67(6). This is an indication that
there is no, or equal, 3s&/2 strength fragmented between
excitation energies of 5 and 15 MeV in Tl and Pb.

The same method has been applied to the data of an
(e, e'p) experiment involving the lead isotopes 6Pb
and Pb. Here D(E =15 MeV), evaluated relative to
Ss, (208), is 19(8)%, which is in excellent agreement
with the observed diA'erence 17(7)% for the discrete
transitions alone.

We conclude that there is no significant difference in

3s~~q strength at excitation energies from 5 up to 15
MeV between the three nuclei involved in the present
analysis. As a consequence the observed difference be-
tween the summed 3s ~y2 knockout strength up to
E„=5.5 MeV is equal to z and absolute spectroscopic
factors for the individual transitions can be deduced in
the described way.

A possible source of error in our analysis is the ques-
tion of whether the 3s ~/2 bound-state wave function for a
transition from the ground state in Tl to an excited
state in Hg should be calculated while keeping either
the radius of the potential well, or the rms radius of the
wave function, constant. In this analysis we have chosen
for a constant rms radius, an assumption supported by
results of a recent (e, e'p) experiment. " If the analysis
is done with a fixed-well geometry the value for n(208)
increases from 1.65(18) to 1.70(18).

We emphasize that all 3s~y~ occupation probabilities
deduced from the present sum-rule analysis scale linearly
with the value of z as obtained from the absolute elastic
electron scattering form factors of Pb and Tl. In
the framework of the mean-field theory the obtained
value of z =0.7 is almost independent of the efrective in-
teraction employed in the calculations. Further theoret-
ical work which includes dynamical correlations in self-
consistent calculations is needed in order to delineate the
possible limitations of the present interpretation in the
framework of mean-field theory.

Combining the results from the present relative experi-
ment on Pb and Tl with the experimentally deter-
mined 3s&/2 component in the charge-density diAerence
of these isotones, we conclude that these nuclei have a
68(5)% occupancy for the 3s~y2 proton orbit relative to
the sum-rule prediction. Using this number and the
3s ~/2 occupation ratio of Pb and Pb deduced previ-
ously, we obtain an 82(9)% occupation probability of
the 3s~/2 orbit in Pb. It should be noted that these oc-
cupancies remove to a large extent the discrepancy be-
tween the measured4' charge densities for 2o5Tl, 2o6Pb,

and Pb and mean-field calculations. ' When a partial
occupancy of the 3s&/2 orbit is introduced in Hartree-
Fock calculations, the required reduction of the charge
density in the nuclear interior is indeed obtained. De-
pletions of a similar magnitude have also been invoked in
order to explain the systematic quenching of high-spin
magnetic and electric transition form factors for nuclei

1090



VOLUME 58, NUMBER 11 PHYSICAL REVIEW LETTERS 16 MARCH 1987

in the Pb region.
The derived 82(9)% occupancy of the 3s ~l2 orbit of the

doubly magic nucleus Pb is compatible with the occu-
pation probability of 0.92(13) deduced with a similar
sum-rule method from (d, He) experiments. ' Note
that both errors given here do not account for the uncer-
tainty in z. These results support the predictions from
many-body theory that the occupancy for orbits near the
Fermi surface in Pb is 70-80%, when random-phase
approximation and short-range correlations are includ-
ed. ' ' Separate (e, e ') and (e,e 'p ) studies yield in-
direct information on the depletion of the 3s~~2 proton
orbit in Pb; the combined, largely model-independent
analysis presented here has given direct evidence for a
depletion that is compatible with theoretical predictions.
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