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tailed calculations are clearly necessary to under-
stand their structure.
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The transition charge density for the octupole vibration of Pb has been determined
with an unprecedented accuracy for an inelastic transition. A comparison with some of
the best theoretical calculations shows a persistent discrepancy in the interior of the nu-
cleus which offers a measure of the limitations of the various theoretical approaches con-
sidered.

PACS numbers: 21.10.Ky, 25.30.Cg, 27.80.+ w

We present in this Letter the experimental de- recent theoretical calculations. The accuracy in
termination of the transition charge density of the the determination of the density achieved is un-
octupole vibration (2.615 MeV) of 20'Pb along with precedented for an inelastic level and it can only
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be compared with the recent precision measure-
ments of ground-state charge distributions. More-
over, the agreement with theoretical calculations
done in a completely self-consistent fashion is
remarkably good and indicates a significant quali-
tative step in our understanding of the nucleus.
Nevertheless, the precision of the experimental
result shows that improvements in the theoretical
calculations are still needed.' 'Pb, the heaviest doubly magic nucleus, is
an important testing ground for many nuclear-
structure calculations. The recent precise de-
termination of the ground-state charge distribu-
tion of ' Pb and its disagreement with theory'
shed new light on our understanding of nuclear
structure and provided a new impetus for further
theoretical investigations. The determination of
the transition charges associated with various
transitions in this nucleus provides an equally im-
portant test for nuclear dynamics. The collective
octupole vibration of ' 'Pb at 2.615 MeV which has
a strength of -32 Weisskopf units is such an ex-
ample. Its significance has been realized quite
early and it has been investigated repeatedly both
theoretically and experimentally. ' '

Previous experiments showed deviations from
the simple surface-peaked nature in the density.
Such a structure in the interior of the nucleus was
also predicted by theories but showed large dis-
crepancies with experiment. The significance of
these discrepancies was limited by the statistical
accuracy as well as by the insufficient range of
the data in momentum transfer. The advent of
new electron accelerators where high beam in-
tensities and high energy resolution became rou-
tinely available made it possible to extend these
measurements. The new data include cross sec-
tions a,s low as 1.4x 10 '0 mb/sr.

In our analysis we have used all the previous
available (e, e') measurements, ' ' the B(E3) val-
ue as measured by Coulomb excitation, ' and our
own (e, e') measurements taken at the Centre
d'Etudes Nucleaires de Saclay and at the Massa-
chusetts Institute of Technology (M.I.T.). The
data taken at Saclay were obtained at the HE1 end
station. ' The momentum range of 1.74&q &3.4
fm ' was obtained by varying the detector angle
between 6=38 and 6=79' with an incident energy
of 502.0 +0.3 MeV. The scattered electrons were
detected with use of the standard focal-plane
equipment. The data taken at M.I.T. were ob-
tained by use of the Bates high-resolution energy-
loss system. ' The momentum range of 0.55&q
& 2.6 fm ' was explored by varying the incident en-

ergy between 52 and 335 MeV at 8=90' and 70 to
225 MeV at 9=160'. In both experiments 99.14%
isotopically enriched metallic foils were used
with special cooling systems to allow maximum
utilization of high incident-beam currents.

The cross sections were corrected for radiative
effects. Absolute normalization was obtained by
referencing the elastic cross sections to those
calculated from the previously determined "'Pb
ground-state charge distribution. ' Systematic
errors including normalization are estimated not
to be larger than 5%

Data from 250 electron-scattering measure-
ments have been used in this analysis. As can be
seen in Fig. 1, the data from various laboratories
are generally compatible with each other. There
is some disagreement beyond statistics in the im-
portant high-momentum-transfer region between
the data taken at Saclay and those by two of us at
Stanford University, 4 but we believe this comes
primarily because of the difficulty of the Stanford
system' to resolve the 3 from the 5 state at
this region. Most of the data are given in the lit-
erature as ratios of o(3 )/v(elastic) with only
statistical errors quoted. We added to the errors
of those data 5/g of the value of the cross section
in quadrature to account for systematic errors.
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FIG. 1. Experimental cross sections recalculated to
an incident energy of 502 MeV. The solid line represents
the best fit obtained with the Fourier-Bessel analysis.
Solid circles, new data taken at Saclay; crosses, new

data taken at M.I.T.; open circles, previous data (Refs.
3-5).
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FIG. 2. Comparison of experimental transition charge
density of the 3 level at 2.615 MeV in Pb with various
theoretical predictions: curve a, from Ref. 15; curve
b from Ref. 13; curve c, from Ref. 12; and curve d,
with use of the Migdal interaction. The shaded area in
the interior represents the experimental uncertainty
from the previous analysis (Ref. 16). Note that below
+=4.2 fm, curves a and d are indistinguishable.

In Fig. 1 we also present the best fit obtained in
distorted-wave Born approximation by a Fourier-
Bessel analysis. " In analyzing our data we as-
sumed that the current responsible for the tran-
sition is of irrotational character. It should thus
be possible to describe the transition by a nucle-
ar current derived from a transition charge den-
sity via the continuity equation. This assumption
was tested and justified by our 160' data to the
level of accuracy of the experiment. The fit shown
was produced by the phase-shift code HEINEL

which allowed the transition charge to vary in
order to minimize g'. The best fit was obtained
with a cutoff radius of 11 fm and varying fifteen
coefficients in the Fourier-Bessel expansion.
The last three coefficients were not sensitive to
the data and were determined from constraints
on the form factor beyond q~„, the maximum
momentum transfer measured. A g' of 1.7 per
point was obtained with a transition charge radius
of 7.334 +0.011 fm. The transition probability
was found to be 6.12x 10' e' fm' +2.2%, compat-
ible with the average of the Coulomb excitation
measure ments. '

The error band of the transition charge corre-
sponding to the best fit is shown in Fig. 2. The
error envelope includes both the statistical and

an estimate of the completeness error. The lat-
ter arises from the lack of knowledge of the form
factor beyond q~»-—3.4 fm '. It was estimated
following Dreher etal. ,"and making an exponen-
tial extrapolation for the uncertainty in the cross
section beyond q~». The improvements in the
determination of the transition charge density are
due to two factors. The large number of data at
low momentum transfer reduce the statistical
contribution to the error. The cross section at
q „is sufficiently small to reduce significantly
the completeness error. The small incompatibil-
ity of the two sets4' of high-q data did not influ-
ence the extracted transition density and the dis-
crepancy lies within the stated error.

A large number of theoretical calculations of
the 3 transition charge density exist nowadays.
We exhibit in Fig. 2 four of them.

The prediction of Qogny and co-workers" is a
result of a fully self-consistent calculation of
collective excitations in the framework of the
random-phase approximation (RPA). In this ap-
proach a Hartree-Fock-Bogoliubov calculation is
performed for ' 'Pb with use of a density-depen-
dent effective interaction of finite range. An RPA
calculation is performed using the particle-hole
(p-h) Hartree-Fock (HF) basis with the same ef-
fective interaction which was also used to extract
the mean field. It thus represents one of the
most fundamental self-consistent calculations
available today to describe "'Pb. The overall
agreement with the experimental result is good,
and the structure is reproduced well in the phas-
ing. Still there is a disagreement which lies out-
side the experimental error. The B(E3) value is
rather high (6.37K 10' e2 ~ fm') and too much struc-
ture is predicted like in the case of the ground-
state charge distribution. '

The calculations by Bertsch and Tsai" are also
fully self-consistent. Both, the HF calculation
for the ground-state and the RPA calculation use
the same zero-range Skyrme interaction.

The calculations with use of the zero-range
Migdal interaction are not fully self-consistent
since the generation of the p-h basis was done
from a HF single-particle potential with use of a
different interaction. The strength of the 3 state
was used to adjust the parameters of the interac-
tion. Thus the agreement in the surface peak is
somehow constrained. The structure in the inte-
rior is qualitatively very good in the phasing. The
better agreement in the interior compared to ear-
lier calculations by Ring and Speth' is due to the
bigger p-h basis of fourteen hv utilized in this
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calculation.
Another way to describe collective excitations

is the approach of the "particle vibration coup-
ling. '"' This scheme describes successfully var-
ious properties of collective excitations in the
lead region. We include in Fig. 2 a calculation by
Hamamoto. " Once again we observe that the
phasing of the structure in the transition charge
is very good but that too much structure is pre-
dicted in the interior. This might be explained by
the coupling between surface mode and compres-
sion mode that is expected to be important at
small radii. It is not contained in the present
model. In the region of the surface where larger
deviations are seen, the surface tension might be
an important effect, which is also not included in
the present formulation of the problem.

In all theoretical predictions shown the negative
lobe in the center of the nucleus is predicted too
large by a factor of 2 or more. This lobe is dom-
inated by the proton 2f», 3s,&,

' and the (3P, 2d ')
p-h components. The ground-state charge distri-
bution suggests a strong depletion of the proton
3s and 3d orbits. This depletion should reduce
the amplitude of these p-h configurations and
thereby the amplitude of the negative lobe in this
transition density.

However small the disagreements are, they of-
fer us a measure of the various shortcomings of
the theoretical calculations. Since the general
approach seems to be sound, one expects that the
discrepancies arise because of the use of various
approximations. The error introduced by basis
truncation is expected to be rather small since
very large bases have been used. The calculation
of Gogny and co-workers should be less sensitive
to basis truncation because their force is of finite
range. The discrepancy between theory and ex-
periment cannot be accounted easily by a single
theoretical shortcoming. It might be the effect of
various second-order processes not adequately
taken into account. Some of them are, for ex-
ample, meson-exchange currents, relativistic
effects (kinetic and potential dependent), dis-
persion and recoil effects, and inclusion of multi-
particle-multihole configurations. The inclusion
of these effects does not go beyond the simplest
version of a theory that accounts for fluctuations

of the one-body density matrix around the HF
equilibrium. As suggested by Gogny, a more
refined theory would introduce, for instance,
"dressed" particles (tluasiparticles in the Landau
sense) instead of the "bare" of the HF basis. In
such a complete picture the coupling between par-
ticles (or holes) and the vibration themselves
would arise naturally.

Our new result shows the need for further re-
finements in present calculations.
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