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High resolution electron scattering measurements on Pb have been performed at 90'
and 160', which allow the spatial reconstruction of transition charge densities and for the
first time, transition current densities. The measurement covering the momentum transfer

range of 0.5 &q &2.6 fm ' is supplemented by high momentum transfer data from Saclay,
extending the data for some of the states up to a momentum transfer of 3.4 fm '. We re-

port on the first three J =5 states and the first J =7 state. Transition charge densities

have been also extracted for the lowest J =2+, 4+, 6+, and 8+ states. The densities are
compared to a number of theoretical calculations. Transverse electric currents are shown

for the 5 states that indicate a quenching of the magnetization current similar to observa-

tions from other states but the absence of quenching in the convection current contribution.

NUCLEAR REACTIONS ' 'Pb(e, e') measured cross sections at 90'
and 160', 0.5&q&2.6 fm '. Low lying J =2+, 4+, 6+ 8+ 5 7
states analyzed. Transition charge densities and current densities ex-

tracted in DWBA.

I. INTRODUCTION

Pb is one of the most intensively investigated
nuclei, both experimentally and theoretically. Al-
most any available probe has been used to study this
nucleus and numerous nuclear structure calcula-
tions complement the experimental work. Since the
description of 'Pb as a spherical and doubly-
closed shell nucleus is rather good, various aspects
of its nuclear structure can be isolated to a good de-
gree and studied independently of each other. In
this paper, we will present and discuss results ob-
tained from the electroexcitation of several low-
lying states. These results pose very strong con-
straints to any nuclear structure calculation at-
tempting to describe this nucleus.

The well understood electromagnetic interaction
makes electrons an exceptionally precise probe in
experimental nuclear structure studies. The elec-

tromagnetic probe, being relatively weak, allows the
separation of the reaction mechanism from the nu-

clear structure under study, thus making it probably
the cleanest probe available. It allows the deter-
mination of the nuclear transition charge and
current densities from which conclusions about nu-

clear structure in general and the residual interac-
tion in particular can be made.

The Pb ground state charge density has been
investigated repeatedly in the past. The (e,e) exper-
iment at Saclay' extended the electron scattering
data up to the momentum transfer of 3.5 fm
Together with the very accurate low momentum
transfer data and the muonic x-ray transition ener-

gies, it enabled a very precise determination of the
ground state charge distribution. The results give
valuable information on the quality of Hartree-Fock
calculations for the nuclear ground state. ' Simi-

larly, the investigation of excited states of the nu-
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cleus sheds light on many nuclear structure ques-
tions such as the nature of the effective residual in-

teraction, its strength, and more.
In the past, the lack of high energy, high intensi-

ty electron beams, together with high resolution
detection systems, has limited the inelastic electron
scattering experiments to the study of low-lying col-
lective states that are strongly excited and well
resolved. Such previous studies include the investi-

gation of the lowest 3 level at 2.615, the 5 levels
at 3.198 and 3.709 MeV (Refs. 6 and 7), as well as
the positive parity band 2+, 4+, 6+, 8+, and 10+.

The new generation of high resolution electron
scattering facilities (like those at the Bates Linear
Accelerator and the Saclay accelerator) eliminate
these shortcomings making now possible the inves-

tigation of excited states to weaker excitations of
single-particle hole character such as the high mul-

tipolarity transitions where the high resolution,
high intensity, and high incident energy are precon-
ditional. The inclusion of the recent high momen-
tum transfer data from Saclay ' in the analysis of
the 3 and 5 levels allowed the determination of
the transition charge density for the J =3, 5

states with an accuracy equaling that of the ground
state charge distribution. With these facilities, it is
possible to study aspects that have not been accessi-
ble so far, such as weak states or the magnitude of
the transverse form factors. We have already re-
ported on the identification of high spin states in

Pb, ' '" and we present in this paper, the results
from the low-lying states below 4.61 MeV that are
indicated in Fig. 1. These results not only allow a
more precise determination of the transition charge
density distributions to the various levels involved,
but they also give, for the first time, a measure of
the transverse form factors for several of these
states.

II. EXPERIMENTAL PROCEDURE
AND DATA REDUCTION

The experiment was done using the MIT-Bates
electron scattering facility. The accelerator and the
spectrometer, with its focal plane detection system,
have been described elsewhere. ' ' Hence, only a
brief summary of the facts relevant to our experi-
ment will be given.

The Bates linac can provide an electron beam
with an incident energy up to 400 MeV. The beam

pulse widths are typically 10 psec with repetition
rates of a few hundred pulses per second. Employ-
ing the dispersion matching technique in the beam
transport between the accelerator and the spectrom-
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eter, the entire beam of hp/p =0.2% can be uti-
lized obtaining still high resolution spectra in the
energy loss, of hp/p &2X10 at the focal plane.
Thus, the combination of high incident energy and
current electron beams with high resolution detec-
tion capability, essential in this experiment, could
be achieved. Currents up to 45 pA were used in
this experiment.

The experiment was done with incident beam en-
ergies from 50 to 335 MeV, detecting the scattered
electrons at 90' or at 160'. Thus, the momentum
transfer region 0.3&q~2.6 fm ' was probed at
both angles.

The electron detection system is located at the

spectrometer focal plane. It consists of a transverse
(to the electron track) multiwire proportional
chamber and a vertical drift chamber, which read
the transverse position and the momentum coordi-
nate of the detected electron, respectively. Two
Cerenkov counters (located underneath the
chambers) provide the fiducial start to the readout
scheme. A coincidence requirement between the
Cerenkov counters helps background rejection im-

208 pb
FIG. 1. Levels in Pb observed in this experiment.

Levels indicated by a solid line are discussed in this pa-
per.



2294 J. HEISENBERG et al.

proving the signal to noise ratio of the measured
peaks. The wires in the vertical drift chamber are
arranged in three delay lines. The arrival times of
the signals from the firing wires to both sides of
each delay line, as we11 as those from the transverse
array (relative to the Cerenkov fiducial), are mea-
sured by an 8-channel time-to-digital converter
(TDC), and used to compute the position and the
angle of incidence for the electron track. The
momentum acceptance of the detection system is
O'Po. Several spectra were taken in the 1ow-energy
runs, with different magnetic field settings to obtain
the higher excitation regions up to 7 MeV.

The incident electron energies and the
spectrometer's linear and quadratic dispersion
parameters were determined by measuring the recoil
energy differences between the elastic peaks of Be,
' 0, Al, and Pb together with peak positions of
excited states in these nuclei with mell-known exci-
tation energies. The spectrometer's magnetic field
was measured with a nuclear magnetic resonance
(NMR) probe. The resulting uncertainty in the in-
cident energy was generally less than 0.2%.

The targets used were Pb foils 99%%uo enriched of
60, 30, and 10 mg/cm thickness. At 90, the 30
mg/cm target was used for energies below 275
MeV and the 60 mg/cm target above that energy,
both in transmission mode. The 10 mg/cm target
was used in reflection mode in the 160' runs.

Owing to a relatively low temperature melting
point of lead, the maximum average current, which
could be used at the Bates linac without target cool-
ing arrangements, was about 10 pA. At high ener-

gy incident beams and particularly at backward an-
gles where the counting rate is rather low, target
cooling techniques were employed to allow higher
incident beam currents. Two methods were adopt-
ed. In the first, hydrogen gas was blown against
both sides of the target. The gas in the chamber
was circulated to maintain a gas pressure of about 1

Torr. Alternatively, the targets were mounted on
circular frames, which were spun at the rate of a
few revolutions per second, while the beam was hit-
ting the target off center. Both arrangements al-

lowed running with incident beam currents as high
as 45 pA.

The beam charge was monitored by nonintercept-
ing ferrite core torroids, ' which were tested to have
an accuracy better than 10 . The solid angle uti-
lized was around 3 msr. To avoid inefficiencies
near the edges of the detection system, the momen-
tum acceptance was limited to 5% only. The rela-
tive wire-to-wire efficiencies were tested by measur-
ing a smooth spectrum in the region of the quasie-
lastic peak and were shown to be uniform to within
5%. To check for slow variations in efficiency
across the detector system, the elastic peak of Pb
was measured at several locations along the focal
plane and was found to be uniform to within 1.5%.

The 90' data and the lower energy 160' data were
normalized to the elastic Pb cross section calcu-
lated with a phase shift code from the best fit
charge distribution that was fitted to all available
(e,e) and muonic x-ray transition data. ~ At 160',
we took absolute measurements, since the elastic
peak was too weak to determine an adequate nor-
malization. The normalizations for incident ener-
gies below 180 MeV indicated agreement to within
5%.

A total of 19 spectra were taken at 90', and 14
spectra at 160'. Typical spectra with an energy
resolution of about 30 keV, taken at both angles, are
shown in Fig. 2. To extract the cross section from
the raw data, a line-shape, fitting program was used
in which an asymmetric Gaussian shape is folded
with the effects of Landau straggling, bremsstrah-
lung, and Schwinger radiation following the method
of Bergstrom. ' In general, the peak shapes were
locked to those of strong excitations. The excita-
tion energies of the fitted levels were allowed to
vary only when the peaks were well defined and
resolved. Otherwise, they were locked to the known
excitation energies measured by the (p,p') experi-
ment of Wagner et aI. '

III. ELECTRON SCATTERING ANALYSIS

The electron scattering cross section is given in
Born plane wave approximation by:

2 I +~(e)
I

'+
~ +tg' —2 ( I +F(e) I

'+
I +P(q) I

')

with

2E/o~ = cos 1+ SIn
2 Mg 2
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FIG. 2. Spectra of scattered electrons taken at 202 MeV incident energy and 90' shown on the upper part, and 140
MeV incident energy and 160' in the lower part. The two spectra match approximately in momentum transfer.

and the momentum transfer q given by

q=2+E;Ef sin —.
2

'

For plotting purposes as well as for the purpose of recalculation (as discussed below), we use the quantity

4 Za
q, =q1+

l A11S
(4)

The form factors can be written as Fourier Bessel (FB) transforms of the nuclear one body transition densi-
ties

Jf
FP q )= pg(r j)»,(qr )r'dv,J. 0



2296 J. HEISENBERG et al. 25

Jf t 00 00
2+f(q)= — v'$+1 I J&i i (rj)i„ i(qr)r dr++ A, Jxi+i(r)ji+&(qr)r dr

J;A, 0

Z, (q)= „- J„(rj),(qr)r dr .0

For spin 0 nuclei such as Pb, only one multipo-
larity contributes in the sum of Eq. (1). The mag-
netic form factor I contributes only in the excita-
tion of the unnatural parity states, which are not be-

ing discussed in this paper, while the longitudinal
and the transverse electric form factors contribute
only to the excitation of the natural parity states.
In the case of a natura1 parity transition, the three
nuclear transition densities pi„(r), Jxi i(r), and

Ji ~+ i (r ) are connected through the continuity
equation:

A,
—

pi,(r)=&&
- Ace

r

-~~+1 + J +()A+2 d
p

Thus the cross section is completely specified
through any combination of only two of these radial
quantities. While it is more convenient to calculate
the cross sections in the distorted wave Born ap-
proximation (DWBA) from the two currents
Ji i &(r) and Ji ~+i(r) (Ref. 17 ), we believe that
within nuclear models where the continuity equa-
tion is not strictly satisfied p~(r) can be calculated
more reliably than the other two. We, therefore,
choose to represent our data through the densities
pi(r) and J& i„+&(r), which completely specify the
measured cross section.

The transition between the various representa-
tions mentioned can be easily performed within the
Fourier Bessel expansion. In this method, it is as-
sumed that outside the nucleus all transition densi-
ties decrease rapidly with increasing radius so that
beyond a certain radius R„all densities can be set
equal to zero. For r &R„ the densities can be ex-
panded in the following form';

pi(r) = QA„q„'ji„(q '„)— —

Ji i„+i(r)= gg~i„+i(q„r),

1 ficoJi i,(r)= —— & QApj i i(qpRc

+ +7'+1 X&pi i. i(q„'r)-

(11)
where q„R is the vth zero of the Bessel function of
order k. This parametrization always satisfies the
continuity equation. In the plane wave Born ap-
proximation, the divergenceless current J", as given
by the coefficients 8, would lead to a completely
transverse cross section. We call the remaining part
of the current term J~~ &

the irrotational and in-
compressible current J"(r) It is u.niquely tied to
the transition charge pi(r) through the continuity
equation. We should stress, though, that some
small transverse cross section is already produced
by the irrotational and incompressible current J"(r).
The justification for using q„' instead of q, in Eq.
(9) is given in Ref. 17. The division of the currents
into one term describing irrotational and in-
compressible flow (terms depending on A„) and a
second term accounting for a divergenceless current
(terms depending on 8„) is somewhat arbitrary but
without loss of generality. We chose this particular
division for two reasons: (1) The coefficients A
can be determined solely from the transition charge
density pi(r) while the coefficients B„can be deter-
mined solely from the transition current density
Ji„i„+,(r), and (2) experiments support the idea that
the dynamics of collective motion behave hke irro-
tational and incompressible Aow. Thus, the magni-
tude of the divergenceless terms seems to be an indi-
cation of the collectivity of a transition.

Most electron scattering experiments in the past
have been analyzed assuming the modified Tassie
model, i.e., assuming that the coefficients B„are
negligibly small. In this form, the modified Tassie
model is just a restriction to irrotational, incompres-
sible flow. In the most general analysis in which
the densities are being reconstructed from the ex-
periment, both sets of coefficients A„and 8 are fit-
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ted by a least-squares method to the experimental
data that must cover the same momentum transfer
region both in forward and in backward direction.
In the cases discussed in this paper, we deal mostly
with collective states for which the description as
an incompressible and irrotational flow is a fairly
good description of the dynamics. Consequently,
the information on the small current density J"(r)
from this experiment is rather limited. Thus, it
seemed more appropriate to fit the data using a
more restrictive model as will be discussed in more
detail below.

accounted for by RPA correlations. The collective
states are described through the creation of a pho-
non from the nuclear ground state using the phonon
creation operator

Q = QXpl (apaq) —Yph(al, ap) .
ph

(12)

pz(r) = g (Xph+ Y„h)pf"(r),
Jf ph

Within this context, the transition densities are
given as

IV. TRANSITION DENSITIES IN THE
MICROSCOPIC DESCRIPTION

OF EXCITED STATES

g (&„—Y„„)
f ph

X[J;p"(r)+J„"."( )],
(13)

The nuclear structure of the low-lying levels in
Pb is usually described in terms of the random

phase approximation (RPA) assuming that the ef-
fects of ground state correlations can be adequately

where the single ph densities are given by Lee' in
terms of the radial part u of the wave functions,
and its derivatives u'

pf"(r ) =Sphup(r )ul, (r ),
1)J'I,

—&&2 JpJh Jp Jp

v~~
(14)

e, h % g 1 up(r)uq(r)
J&'(+,(r)= S„h (A+1)[up(r)ui', (r) —uI, (r)up(r)]+ [lz(Ip+ I)—ll, (li, + I)]'+ 2mc' " v'Z+Ii r

JH"- (r)=— up(r)u~ (r )
Sph A[up(r)uiI(r) —u~(r)up(r)] —[I (I +1)—ll, (l~+ I)]

2mc' r
(16)

Jaggy](r)=p, Sph - (Xp —X/, ) ——up(r)u/, (r),Mph ~ A, 1

2mc2 v'g+1 j p dr r

JqJ ~(r) = —p, S,h (Xp —XI, ) + up(r)u~(r),M ph ~ A, 1 d ~+1
2mc' ' v'U ' dr r

(18)

with X= (I —j)(2j + 1).
Comparisons of the transition charge density

with theoretical calculations show that the main
features that lead to collectivity are understood.
However, very little is known about the currents in

nuclei. Tassie's description for collective motion as
an irrotational and incompressible flow' leads to
currents in which the contributions from J"(r) van-

ish. Thus, within this context, the absence of these
currents may be taken as a measure of collectivity.

I

In microscopic models (such as the RPA), the
current terms J"(r) are nonzero but are usually

strongly reduced compared to single particle values,

depending on the collectivity of the level. Thus,
again, the magnitude of J"(r) gives some indication
of the collectivity of a level.

In addition to the core polarization through the
residual interaction, which is described adequately

by the RPA, the currents are reduced through
ground-state correlations. These correlations affect
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positive and negative parity states in different ways.
While the main effect of these correlations is to
enhance the transition charge density and produce
destructive interference in the currents, it also pro-
vides partial shell occupations, thereby allowing the
generation of considerable strength in the positive

parity states from the pair breakup modes
(j) + —+(j)&+ usually not contained in the RPA
treatment. In a microscopic single particle model,
the currents of these modes vanish exactly. Thus,
strong contributions in the excitation of the positive
parity states from such modes will lead to particu-
larly small transverse form factors. For negative
parity states, the reduction has to come from ran-
dom phases in the many small nonzero contribu-
tions.

In addition, currents are affected by subnucleonic
degrees of freedom, which usually are lumped into
exchange currents. The magnitude of these correc-
tions is not yet well established. There is, however,
no experimental way to separate these contributions
from the others.

Since the size of the transverse current J"(r) is
an interesting quantity to measure, we will discuss
the sensitivity of experiments. As pointed out
above, there is always some transverse strength con-
nected with the irrotational, incompressible flow
term. Thus, the limit of sensitivity in an experi-
ment is achieved at a scattering angle where the
longitudinal scattering is small compared to the al-

ways present irrotational, incompressible flow term.
This irrotational, incompressible Aow term is gen-
erally quite small and for a state such as the 3 lev-

el even at 179' and for q & 1.0 fm ', its transverse
part accounts for less than 25%%uo of the total cross
section. As can be seen from this estimate, consid-
erable sensitivity can still be gained through a 180'
scattering experiment. On the other hand, if the
backward measurement is considered merely for the
purpose of correcting the 90' data for any transverse
contributions, a scattering angle of 160' quite suf-
fices.

It should be noted that for levels that have sub-
stantial J" contributions (such as the 7 state at
4.037 MeV), the maximum sensitivity is obtained at
considerably smaller scattering angles. For those
states, the maximum sensitivity is already achieved
in the comparison between 90 and 160' data.

V. RESULTS FROM THE
POSITIVE PARITY STATES

The data that were included in the analysis with
our data are those of Ziegler and Peterson. The

data of the Mainz group were taken with insuffi-
cient resolution to separate the 7 level at 4.037
MeV, the 5 level at 4.160 MeV, or the group of
levels at 4.256 MeV. For that reason, these data
disagree with our data mostly in the diffraction
minima, and we refrained from including them in
our analysis. For all the data, 5% of the cross sec-
tion has been added in quadrature to the error in or-
der to account for errors due to normalization or
determination of the incident energy.

All the positive parity transitions discussed here
are dominantly longitudinal. The data can be used
to reconstruct the transition charge densities p~(r).
For this purpose, the transition charge density is ex-
panded within a cutoff radius of 12 fm. The tail of
the density (beyond a radius of 8.2 fm) has been
biased through a X criterion to follow an analytic
shape of r exp( —ar), where a is also fitted to the
data. The higher Fourier-Bessel coefficients not
determined by the data were obtained assuming that
the form factor drops rapidly with increasing
momentum transfer, and assigning an uncertainty
given by an exponential upper limit as described in
Ref. 17.

A. The 2+ state at 4.085 MeV

For this state, the data do not extend up to the
same momentum transfer as the other states. The
reason is the 7 level at 4.037 MeV that is separat-
ed by only 50 keV, but has at high momentum
transfer a much larger cross section than the 2+
level. Thus, at large momentum transfer, the accu-
racy of our data is less than that of the other states.
The data cover the momentum transfer range of
0.4&q&2.6 fm '. The experiment determines up
to %=9 of the Fourier Bessel expansion coeffi-
cients, fitting both the 90' and the 160' simultane-
ously. This analysis differs from the analysis
presented in Ref. 17 only by the inclusion of several
additional data points and by the larger cutoff ra-
dius R, .

The data from the Bates accelerator allow a
check on the magnitude of the transverse current by
comparing the fit dominated by the forward scatter-
ing data to those taken at 160'. This comparison
(shown in Fig. 3) demonstrates the absence of trans-
verse currents to a level where contributions at 160'
are less than 10% of the longitudinal form factors.
Thus, at 90', contributions from the transverse form
factor are negligible.

A transverse form factor smaller than this level is
already predicted by RPA calculations. Thus, our
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could either come from an unresolved level or from
a real transverse current in this transition. The
closest level seen in (p,p') is more than 25 keV
separated from this state. Since the resolution in
this experiment was typically 30 keV, contributions
from this level cannot be excluded even though they
seem unlikely.

Because of the small effect, it was impossible to
develop a reasonable model for these transverse con-
tributions. For that reason, we have fitted only the
forward scattering data where the effects from the
transverse components should be considerably
smaller than the quoted error bars. The data deter-
mine up to Ã= 8 coefficients, in the FB expansion.

C. The 6+ state at 4.424 MeV

The data from the 6+ state were handled in the
same way as for the 2+ state, since there was no in-
dication for any transverse current in this transi-
tion. The data determine up to %=7 coefficients,
in the FB expansion.

D. The 8+ state at 4.610 MeV

lO 7=—

)0-8
0.5 2.5I.O

data do not have enough sensitivity to allow a mea-
sure of ground-state correlations. It is suggested
that such experiments be done at 180' where the
contributions from the irrotational, incompressible
part are considerably smaller.

B. The 4+ state at 4.323 MeV

Combining the data from 90' to 160' in one fit
and neglecting the transverse current J",gave unsa-
tisfactory fits with much larger g than in fitting
the 90 or the 160' data separately. This indicates
the presence of transverse cross sections, which

l.5

qEFF fm ~

FIG. 3. Cross section for the even spin natural parity
states in Pb divided by (the cross section for a unit-
point charge). Data and best fit for the 4+ level are
scaled down a factor of 0.03, for the 6+ level a factor of
0.001, and for the 8+ level a factor of 0.00003.

The data from the 8+ state again indicate the
presence of a small transverse current. This is not
surprising since our measurements on 10+ states"
show a very strong transverse current that can be
described by quenched single particle currents with
a quenching factor of 0.65. The currents observed
in this 8+ state are considerably weaker, and we
used our data mainly to correct the 90' data for any
transverse contributions. This was done assuming
quenched currents from the proton component,
~(lh9&2, lhii~2 '), the quite dominant neutron

v(1ji&&q, 3&i~q '), and the neutron v(ii»&z,
lii3/2 ') component, which mostly cancels the
current contributions from the proton configura-
tion.

In all cases of the positive parity states, it was
sensible because of the smallness of the transverse
current to recalculate the data to the maximum in-
cident energy. These recalculated data are defined
as

do
dQ

der(Em, „,q,rr)DWBA

dQ,„der(E,„~,q,rr)DWBA

(19)

These recalculated data are shown together with
the best fit in Fig. 3. The fact that for the 2+ and
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the 6+ level the 160' data show no significant devia-
tion from the combined fit, indicates the absence of
the transverse currents to the hmit of our experi-
ment. For the 8+ level, the g of 1.1/deg of free-
dom for the 160' data indicates that our iterative
procedure corrects properly for any transverse con-
tributions.

The resulting transition charge densities are
displayed in Fig. 4, where they are also compared to
theoretical predictions from various RPA calcula-
tions. ' Their FB expansion coefficients are
given in Table I.

VI. RESULTS FRAM THE
NEGATIVE PARITY STATES

A. The 3 level at 2.615 MeV

The collective octupole vibration at 2.615 McV
has bccn subject to several investigations, ' which
have been recently summarized by Goutte et al.
Figure 5 shows our data taken at 160' in compar-
ison to the fit done to the forward scattering data
and assuming the absence of J"(r). This compar-
ison shows that the 160' data are consistent with the
absence of J"(r). In all cases, we use the transition
density as extracted from the forward scattering
data and presented in Ref. 5. The prediction using
J"(r)=0 is hardly distinguishable from the predic-

tion with J'"(r) as given by the RPA from Heisen-
berg and Krcwald. It shows that there is little
sensitivity to the exact shape of J"(r) in our data.
It should be pointed out, though, that this is just a
consequence of the smallness of J"(r). As pointed
out above, considerable sensitivity would be gained
through measurements at 180'.

B. The 5 levels at 3.198,
3.709, and 3.961 MeV

The negative parity states with spins J& 3 behave
quite differently. Most levels discussed so far show
negligible or very small contributions from the
current term J'"(r). This is not the case for the 5
levels in Pb, which show substantial transverse
cross sections. These transverse currents have been
ignored in previous analyses. ' The origin of these
transverse currents stems from the microscopic
structure of these levels. They can be viewed as a
remnant from dominant ph configurations, an in-
terpretation that is consistent with the stripping re-
action result, showing for instance, substantial
strength of the v(2g9/2 3p, &2

') neutron component
in the 3.198 MCV level.

This is essentially reproduced by the RPA giving
an amplitude of 0.874 for the v(2g»2, 3p»2 ')
component. The RPA result also agrees with the
4% admixture from the proton ~(lh9~2, 3s~~2 ')
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Heisenberg and Krewald (Ref. 23).
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TABLE I. Fourier Bessel coefficients that give the experimental transition charge densities in 10 e/fm3 using a cut-

off radius of 12 fm. The absence of errors indicates that the fit was not done in the FBE.

2+(4.os5) 4+(4.323) 6+(4.424) 8+(4.610)

1

3
4
5

6
7

9
10
11
12
13
14
15

B(EA, )

8.716+0.453
10.881+1.268

—4.687+0.173
—8.901+0.335

2.523+0.226
4.786+0.204

—1.476+0.170
—1.518+0.123

0.884+0.244
0.302+0.396

—0.143+0.292
0.190+0.313

—0.048+0.2S9
—0.040+0.171

0.051+0.122
0.318 e b

+5%

7.192+0.605
14.258+ 1.396
5.170+0.298

—6.661+0.345
—3.473+0.191

3.018+0.180
1.415+0.125

—0.672+0.133
0.327+0.337
0.287+0.310

—0.321+0.242
0.064+0.227
0.116+0.179

—0.080+0.135
—0.030+0.096

0.155
+7%

~ 2b4

4.728+0.657
11.222+ 1.440
8.660+0.625

—0.851+0.167
—3.994+0.291
—0.094+0.075

1.237+0.118
—0.341+0.209
—0.321+0.298

0.377+0.188
0.094+0.188

—0.033+0.185
0.092+0.086
0.028+0.080

—0.043+0.056
0.0665 e b

+10%

1.775+0.741
5.540+ 1.560
6.373+0.810
2.250+0.280

—1.104+0.1S6
—0.957+0.133
—0.436+0.217
—0.431+0.263

0.016+0.246
0.230+0.133
0.031+0.181
0.031+0.128
0.060+0.060
0.004+0.099

—0.002+0.066
0.0054 e b'

+17%

5 (3.198) 5 (3.709) 5 (3.961) 7 (4.037)

1

2
3
4
5

6
7

9
10
11
12
13
14
15

B(EA.)

3.709+0.218
7.470+0.491
3.600+0.198

—1.874+0.100
—0.794+0.054

1.832+0.092
0.981+0.055

—0.184+0.046
—0.077+0.070

0.003+0.067
—0.003+0.075

0.067+0.038
—0.004+0.053

0.004+0.035
0.018+0.022

0.0447 e b
+6.8%

2.804+0.180
5.639+0.409
2.170+0.135

—2.646+0.142
—1.583+0.093

1.185+0.068
1.099+0.058
0.435+0.054
0.307+0.053
0.089+0.045
0.041+0.048
0.078+0.022
0.020+0.028
0.017+0.019
0,022+0.014

0.0241
+7.5%

e 2b5

—0.602
—1.412
—1.059
—0.807
—1.575
—1.267

0.091
0.564
0.194

—0.032
—0.012

0.006
—0.002
—0.001

0.002
O.OOOS e'b'

0.659
1.800
1.726
0.155

—0.771
0.003
0.753
0.383

—0.105
—0.043

0.100
0.023

—0.017
0.018
0.017
0.0010 e b

component, as measured by McClatchie et al.
In the Bi (d, He) Pb reaction, the strength

from the proton n(lh ~ 93sz~~z ') component has
been observed mainly in the 3.709 MeV and in the
3.961 MeV states. These two states comprise in
lowest order two orthogonal mixtures of the neu-

tron v(2g»z 2f,&z
') and the proton m(lh9&z,

3s
& &z

') components. The transition charge
scattering for these two configurations is produced

mainly by the proton component and by all the
small amplitudes that couple to the strong neutron

configuration. Thus, they follow in phase the neu-

tron configuration and may be referred to as the in-

duced charge. In the 3.709 MeV state this induced



2302 J. HEISENBERG et al. 25

IO

lO ~=

lo-4 =

I05=
JD
E v)

bg
lO-6 =

!0 7=-

lO-8 =

lo-9 =

charge adds constructively at the nuclear surface
with the proton component while they add destruc-
tively in the 3.961 MeV state. This leads to a drast-
ically different behavior of the forward electron
scattering cross sections of these two states. In the
3.961 MeV state, the first diffraction maximum has
almost disappeared. This cancellation seizes at
higher momentum transfer because of the strongly
different q dependences of the form factor for the
proton configuration and that for the induced
charge. In coordinate space, this can be described
as a cancellation or strong reduction of the outer
node in the transition charge from the proton con-
figuration by the induced charge. Since the induced
charge is mostly surface peaked, no cancellation
of the interior node takes place. Thus, the transi-
tion charge distribution of the 3.961 MeV state is
located in the interior of the nucleus in contrast to
the transition charge of the two lower 5 states.

The transverse currents for all the 5 states were
fitted employing a microscopic model allowing for
contributions from all the ph configurations listed
in the wave function of Heusler and Brentano.
The currents were calculated using quenched single
particle currents, as given above. In the 3.198 MeV

I i ( i I i I ( I i I

0.5 l.O l.5 2.0 2.5 5.0
qEFF [rm

FIG. 5. Cross sections for the 3 level at 2.615 MeV
measured at 160' and compared to the best fit of Ref. 5

assuming the absence of any transverse current.

state, the currents are dominated by the v(2g9/2,
3pi/i ) configuration that gives rise to the high
Fourier components and causes the dominant trans-
verse cross section on the fourth maximum at
qdf ——2.6 fm '. For this state, the small amplitudes
of tlie 'lr( 1Ii9/2 3$ i/2

' ), v( li i i/q, 3p i/2 '), and
v(2g9/2 2f5/2 ') components were fitted as well as
an effective magnetic moment.

For the 3.709 and 3.961 MeV states, the max-
imum sensitivity to the transverse current is around
the second maximum in the form factor where the
transverse cross section from the ir(lh9/z 3$i/2 ')
component dominates. These states present an in-
teresting case, since in the rather large transverse
electric currents, the convection current from the
proton n.( lh9/2y 3$]/2 ') configuration gives a
strong contribution. Recently, many states have
been observed in electron scattering where the tran-
sition currents are reduced to about 70% or less of
the single particle values. ' "' In all those cases,
the currents were produced exclusively by the mag-
netic moment of the nucleons. Thus, the observed
currents in these 5 levels present the first case
known to us where one can get information about
the quenching in the convection currents.

The level most sensitive to the proton configura-
tion is obviously the 3.961 MeV state. The fit to
our data in which we fit the magnetic quenching f
separately from the quenching of the convection
current f, gives:

f~ =0.43+0.015

f, =0.97+0.055 .

Thus, it indicates that in these transitions, only the
magnetization current is quenched while the con-
vection current is essentially unquenched.

If we assume that the origin of the observed
quenching here is the same as for the quenching ob-
served in the high spin states, this result allows us
to distinguish between the model developed by
Krewald and Speth ' and that developed by
Hamamoto et al. '' In the calculations of Krewald
and Speth, the quenching is dominantly caused by
fractionation of the strength through mixing with
2p2h configurations. If this interpretation were
also applicable for the 5 states, the magnetization
current and the convection current term should be
quenched by the same amount. However, if as
Hamamoto et al. assume, the quenching is caused
through core polarization through the residual in-
teraction, the quenching would mainly affect the
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magnetization or spin current but not the convec-
tion current. Thus, our results seem to favor the in-
terpretation of Hamamoto et al.

The transition charge density of the 3.198 MeV
and the 3.709 MeV states are defined well enough
from our data to warrant a Fourier Bessel Analysis
(FBA}, as described in Ref. 17. The data for these
states include forward scattering data from
Mainz ' and some recent data taken at Saclay.
These data from Saclay cover the momentum
transfer range from 1.25 &q & 3.4 fm ' and allow
a substantial reduction of the incompleteness error.
Similar to the observations on the 3 level at 2.615
MeV, the cross section does not follow a regular
diffraction pattern but beyond the momentum
transfer of about 2.6 fm ', drops much faster,
showing the lack of high Fourier components in the
wave function. It is that feature which justifies the
method of estimating the incompleteness error as
described in Ref. 17.

For the fitting, we used an iterative procedure:
First the 90 data were fit in the FBA. We then fit
the 160' data keeping the transition charge density
constant and fitting only the current J"(r) accord-
ing to the microscopic models, as quoted. The 90
data were then corrected for any contribution from
J"(r) and a new FBA fit was performed, assuming
the absence of the current J'"(r) This p. rocedure
was repeated until convergence. It represents a
separation of longitudinal and transverse form fac-
tors in the presence of strong Coulomb distortions.

Since the transition charge of the 3.961 MeV
state is not determined as well, we took a more res-
trictive model to fit the data. The transition charge
was composed from an induced charge, which we
assumed to have a radial shape similar to the shape
of the transition charge observed in the 3.198 MeV
state and the m(ih»i 3s, &z

'}ph component calcu-
lated from a Woods Saxon well. The current densi-
ty J"(r) was composed from single particle densi-
ties, as given by the expressions of Eq. (3). Thus, in
the determination of the transition charge, only 3
amplitudes were fitted.

The resulting fits. to the 90' and 160' are shown in
Figs. 6 and 7. The transition charge distributions
for the three S states are displayed in Fig. 8.
They show the general features described above
where for the two lower states, the density peaks at
the nuclear surface, while for the transition to the
3.961 MeV 5 state, the density at the nuclear sur-
face is very sinall and the main peak of the density
is located in the nuclear interior.

In Fig. 8, we compare the experimental results of

0 I I I I I I
]

1 II
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I
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I I I I
)
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v

the 3.198 MeV and the 3.709 MeV level to some
theoretical calculations of different degrees of so-
phistication. Curve (b) due to Gogny is the prod-
uct of a fully self-consistent calculation in which
the collective excitations are calculated in the
framework of the RPA with the same effective in-

teraction (Dl) that generated the Hartree-Fock-
Bogoliubov basis. The calculation (d) by Bertsch
and Tsai ' is also fully self-consistent based on the
zero-range Skyrme interaction, but does not include
the pairing aspect. The calculation [curve (a)] by
Heisenberg and Krewald, uses the zero-range den-
sity dependent interaction similar to that of Speth et
al. with a ph basis and a parametrization of the
residual interaction identical to those used by Rink-

0-7 i I s« i I i i « I, i i, I »» l, » i lv,I

0.5 I.O I.5 2.0 2.5 5.0
JEFF fm '.

FIG. 6. Cross sections and best fit (divided by 0.~)
for the first three 5 levels in Pb for the forward
scattering data. The dashed line for the 3.961 MeV lev-

el indicates the calculated cross sections without the
transverse part. For this level, all data shown were tak-
en at 90'. The data and best fit for the 3.709 MeV level
are scaled down a factor of 0.1, those of the 3.961 MeV
level are scaled down a factor of 0.01.
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FIG. 7. Cross section and best fit (divided by o~) for
the backward scattering data of the first three 5 levels
taken at 160'. The dashed line represents the cross sec-
tion without the transverse current. The deviation of
the data from this line gives the sensitivity of the trans-
verse current to the data in the various regions of the
momentum transfer. The data of the 3.709 MeV level
are scaled down a factor of 0.1, those of the 3.961 MeV
level are scaled down a factor of 0.01.

er and Speth. Curve (c) is due to Knupfer and
Huber,

Compared to the generally good agreement ob-
tained for the 3 level, the agreement for the 5
levels is poor. While both calculations shown for
the 3.709 MeV state give about the correct strength,
almost all calculations overpredict the transition
charge density at the nuclear surface considerably,
even though the 8(E5) values are not in strong
disagreement with the experimental result. The
main cause for this situation is that these states are
much less collective. As a consequence, the particle
hole energies become very important in determining
the relative amplitudes of the various ph com-
ponents, while in the case of the 3 level, the physi-
cal state is far removed in energy from the ph ener-

gies and thus only moderately affected by it. This
is particularly visible in the density due to Bertsch
and Tsai, which has even the incorrect phasing in
the interior structure. This seems to be a general
problem of a fully self-consistent approach, since
generally one cannot expect that the ph energies are
reproduced with the needed precision.

For that reason, one expects those calculations
that use experimental ph energies from neighboring
odd-even nuclei to give better agreement than the
fully self-consistent calculations, especially for the
less collective states. However, even the experimen-
tal particle and hole energies do not represent the
proper Hartree-Pock energies in Pb. This be-

comes particularly apparent in the 3.961 MeV 5
state where considerable improvement in the
description of this state was achieved by reducing
the ph energy of the n( lb 9/2, 3s&/z ') component
relative to that of the v(2g9/2 2f5/2 ') configura-
tion. This reduction was also required to reproduce
the experimental excitation energies of the 6 lev-

els. Thus, the success in describing this transition
charge density confirms the need to shift the effec-
tive ph energy.

Figure 8 also shows extracted current densities
J"(r). Even though these current densities were not
derived in a "model independent" way, they
represent the observed currents over the full range
of the momentum transfers covered by this experi-
ment. For example, the high frequency of the tran-
sition current density of the 3.198 MeV state is not
only a requirement of the model but also demanded

by the data that show the dominant effect from the
transverse current at q =2.6 fm '. The theoretical
current densities shown are from Heisenberg and
Krewald and strongly overpredict the measured
currents except for the 3.709 MeV state.
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FIG. 8. Transition charge and current densities for the first three 5 levels in Pb. The theoretical curves are (a)
from Heisenberg and Krewald (Ref. 23), (b) from Gogny (Ref. 35), (c) from Knupfer and Huber (Ref. 22), and (d) from
Bertsch and Tsai (Ref. 21). For the 3.961 MeV state curves (b) are from Ref. 23 also but calculated with a shifted h9/2
energy.

C. The 7 state at 4.037 MeV

The 7 state at 4.037 MeV is the lowest state of
this multipolarity. Nevertheless, it shows no sign of
collectivity. The form factor is dominated by the
transverse scattering. This behavior is consistent
with the main configuration of the state being a
v(2g9/2 2f5/2 ) configuration where all the charge
scattering is due to the induced charge of the neu-
tron. This charge is small and our data are not very
sensitive to the shape of the transition charge densi-
ty. Because of this lack of sensitivity, the fitting
was modified for this state. For the transition
charge density, we assumed the identical radial
shape of the lowest 7 excitation at 2.2 MeV in

Pb, which had been analyzed with the FBA.'
The magnitude of this transition charge was fit to
the data. The transverse currents were described by
the model of quenched single particle densities.
The single particle wave functions were calculated
from a Woods Saxon well with a radius fitted to the
data.

Since all the currents originate from the magnetic

moment of the neutron, there is no ambiguity as to
whether the quenching in the convection current
term and in the magnetization current term are the
same. A quenching factor f =0.505 resulted from
the fit.

As can be seen in Fig. 9, fitting the three parame-
ters specified to the data gives quite satisfactory re-
sults and measures the spatial extent of this ph con-
figuration. It also shows that similar to the high
spin states, ' "only about 25% of the predicted sin-
gle particle strength is observed in the transverse
scattering. The induced charge density at the nu-
clear surface is about 50% of the neutron single
particle transition density, equivalent to an "effec-
tive charge" of 0.5, again confirming that this is not
a collective state.

Figure 10 shows the transition charge and current
densities for this state. It should be emphasized
that the error bands shown here are strongly model
dependent. Considering this, the comparison to the
calculations of Ref. 23 show fair agreement in the
transition charge even though too much strength is
predicted. The transition current is overpredicted
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by about a factor of 2.
Table I summarizes the best fit Fourier Bessel

coefficients for all the transition charge densities
determined. This table also includes the resulting
8(EA, ) values with their statistical uncertainties. It
should be noted that this transition probability is,
for most levels, an extrapolated quantity and does
not represent the best information available from
the experiment. The most precise information is
usually given through the amplitude of the density
at the first maximum.

VII. CONCLUSION

JVT 7
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qEFF fm '
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FIG. 9. Cross sections and best fit for the 4.037 MeV
7 level (divided by oM). The upper curve represents
data at 160', the lower curve those taken at 90.
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FIG. 10. Transition charge and current density for
the 7 level at 4.037 MeV. The curves are from
Heisenberg and Krewald (Ref. 23).

For the positive parity states and the 3 level,

very little transverse electric excitation is observed.
That means that the transitions behave like irrota-
tional, incompressible flow as described by the
modified Tassie model. Transition charge densities
have been extracted for these transitions and com-

pared to various RPA calculations. The theoretical
predictions for these transition charge densities give

generally the proper shapes dominated by the sur-

face peaked nature. Nevertheless, large discrepan-
cies remain in such details as the magnitude of the
interior structures and the overall strength of the
transition.

For the negative parity electric transitions as well

as for the positive parity states, we observe a drastic
decrease in collectivity with increasing multipolari-
ty. This result is consistent with results from other
probes and seems to justify the interpretation of the
high spin states as dominantly individual 1plh con-
figurations. This reduction in strength for the high
multipolarities comes to some extent from the den-

sity of states in the basis. It also depends strongly
on the proper q dependence or I. dependence of the
residual interaction. Our data, with those results
given in Ref. 11, span the range A, =2 to A, =12 in

multipolarity, corresponding to the momentum
transfer range as given by the first and dominant
maximum in the form factor of 0.5 to 2.1 fm
Thus, these data seem to be particularly suited to
check the effective q dependence of the residual in-
teraction in any theoretical calculation.

The negative parity states show significant trans-
verse form factors. In all cases, the transverse
strength is quenched to about at least 50%%uo of the
single particle strength. There seems to be an indi-
cation in our data that only the contribution from
the magnetization current is quenched while the
convection current contribution is unquenched.
This quenching of the magnetization contribution
has manifested itself in a wide range of transitions
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of different multipolarities and regions of the
Periodic Table. Similar effects have been ob-
served in other reactions, most notably in the exci-
tation of the Gamow Teller resonances. Our re-
sults imply that the mechanism for the quenching is
not caused by fractionation or through correlations
in the ground state, but either through a residual

spin exchange interaction or through meson ex-

change corrections. '

The interpretation of the currents in terms of sin-

gle particle transition currents including only a few
components should be used with caution if these
amplitudes are interpreted to represent the spectro-
scopic factors for these configurations in the ob-
served state, since it implies that the quenching in
the ph components is independent of the configura-
tion and excitation energy and can be represented
through an effective magnetic moment. On the
other hand, one may treat it as just a convenient
parametrization of the transition current, which,
once it describes the observed cross sections in the
range of the momentum transfer of the data, sup-
plies a proper representation of the nuclear current
density.

The presented results show a great variety of phe-
nomena: collective surface peaked densities, almost

pure single particle states, or states where the transi-
tion charge density lies in the interior of the nu-
cleus. The theoretical RPA predictions of these
transitions are very sensitive to the ph energies.
Thus, in a completely self-consistent treatment, it is
impossible to reproduce all these observed features.
With readjusted ph energies, the densities are very
sensitive measures of the details of the residual in-
teraction such as the density dependence, the nonlo-
cality, and the spin or isospin exchange admixtures.

The results presented are part of a more general
investigation ' of the stable Pb isotopes. Infor-
tion on many more excited states has been obtained,
which will be subject to further publications. All
data or listings of densities can be obtained from
the authors.
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