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Inelastic cross sections for 180 electron scattering from ' Pb have been measured at in-
cident energies of 40.5, 50.4, 60.3, and 75.2 MeV. Transverse electric form factors have
been determined for the 3 state at 2.614 MeV, the 5 states at 3.198 and 3.708 MeV, the
2+ states at 4.085 and 6.21 MeV, the 4+ state at 4.323 MeV, and the 6+ state at 4.422
MeV. The results for these natural parity states are compared to the predictions of an in-

compressible, irrotational current model, and of a particle-hole model. All transverse elec-
tric form factors show strong contributions from intrinsic magnetization currents. Trans-
verse form factors were obtained for the proposed 1+ state at 4.84 MeV, for the group of
1+ states at 7.48 MeV, and for several proposed 2 states. A search for M1 transition
strength was made up to excitation energies of 19 MeV. The future of electron scattering
as a tool for probing M 1 strength in Pb is discussed.

NUCLEAR REACTIONS 'Pb(e, e'), E=40.5, 50.4, 60.3, and 75.2
MeV, measured o.(180'). 'Pb deduced levels and transverse form fac-

tors. Enriched target, magnetic spectrometer.

I. INTRODUCTION

Qf the many unanswered questions about
Pb, two of the mast compelling focus an

the unknown transverse character of the
low-lying collective states, and on the
whereabouts of the long-predicted but
mostly unobserved magnetic dipole excita-
tion strength. In this paper are pre-
sented the results of experimental investi-
gations into these unresolved problems
using 180' inelastic electron scattering.

Much is known's about the longitudinal
character of the low-lying, collective sta-
tes of Pb. Indeed, (e, e ') data on the
longitudinal cross section of the 2.614
MeV, J"=3 state are currently more exten-
sive than for any other nuclear excited
state. ~ Conversely, little is known about
the corresponding transverse cross sec-
tions, especially at low momentum transfers
where data are nanexistent. The availabil-
ity of such transverse data would provide a
stringent test far the numerous madels pro-
posed for the structure of these states.

A long-standing problem in Pb concerns
the whereabouts of the missing " M1
strength. 2 Theoretical estimates of the
total M1 strength [8(Ml ) t] var y be tween 20

(where po denotes the nuclear

magneton), considerably in excess of the
presently conf irmed strength~ of approxi-
mately 8 5 &o~. In simple models, the
expected strength is primarily derived from
the m(hgt 2, hjii2), and u(iii]2, ijsl2} con-
figurations. The failure to find the pre-
dicted strength implies that the current
estimates of the oy ~ a2 part of the ef fec-
tive nucleon-nucleon interaction may lie in
serious error.

The variety of experimental searches con-
ducted to locate M1 strength in Pb has
been reviewed by Raman. " Previous (e, e')
measurements have been hindered either by
inadequate resolution or by adverse longi-
tudinal contamination in the measured cross
sections. Even at scattering angles as far
backward as 165', longitudinal scattering
is often predominant, and transverse con-
tributions cannot be reliably determined.
Moreover, in the case of the missing Ml
strength, recently advanced2se effective
mass arguments suggest possibilities for
pushing this strength ta excitation ener-
gies as high as 12 MeV, in a region of ex-
ceedingly high level density. Experimental
resolution of at worst a few keV is called
for, a requirement well beyond present cap-
abilities. For (e, e') measurements at
180 , however, the longitudinal cross sec-
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tion reaches a minimum, in ef fect producing
a transverse pass filter ." An additional
advantage of 180' measurements. is the mini-
mization that occurs in the underlying con-
tinuum resulting from radiative processes.

II. EXPERIMENTAL METHOD AND DATA ANALYSIS

Measurements were per formed using the
high-resolution 180' electron seat tering
facility of the Bates Linear Accelerator.
Details of this facility have been well-
doeumented elsewhere, ~~la so little elabo-
ration is needed here. The targets con-
s. sted of self-supporting foils of thick-
ness 4.50, 9.88, and 20 0 mg/cm~, enriched
to 99% in O Pb. Through the combined use
of target rotation in the vacuum and a
horizontally-defocussed, dispersion-matched
beam spot approximately 3 mn wide and 30 mm

high, average beam currents on target of up
to 30 pA could be utilized wi thout melting
the target.

The incident beam energies were 30.0,
40.5, 50.4, 60.3, and 75.2 MeV. However,
data obtained at the lowest energy, never
previously realized at Bates, proved to be
of unreliable quality and were discarded.
Experimental .resolutions (full width at
hal f maximum) of no bet ter than 50 keV were
attained, because of the experimental com-
plexities incurred with the use of the 180
system and the necessity of mounting the
targets in reflection geometry. Various
spectrometer aeeeptanee solid angles up to
3 .52 msr were used in order to investigate
the possibility of longitudinal strength
con tami nat i ng the measured cross sec tions .
The absolute normalization of the data was
established by comparison of the elastic
lH{e,e) cross section to the results of
extensive measurements made at Mainz. ll

The measured spectra are shown in Fig. 1.
In order to determine the cross sections
represented by the observed peaks, a line

shape fitting procedure described in Ref.
12 was used. Reference 12 also contains
the explicit expressions to transform the
measured cross sections into longitudinal
and transverse (e, e ' ) forfn factors. A tab-
ulation of the data is available from PAPS
deposi tory. The level energies quoted in
this paper are mainly from a forthcoming
coinpilation. l"

III. LOW-LYING ELECTRIC TRANSITIONS

da( em) = q
Za

2Ei~

i
) 2

m-eb '. m

2 )
' E,E,

FL(q) + FT(q}

where Ei and Ef are the incident and scat-
tered electron energies, m is the electron
rest mass, Z is the atomic number, a is the
fine structure constant, and q is the kirie-
matic recoil factor. Due mainly to the
effects of the finite angular acceptance of
the spectrometer and multiple scattering in
the target, the effective scattering
angle is usually 2-3' less than the geomet-

Data are presented first on transverse
form factors for known electric transitions
at 2.614 (J"=3 }, 3.198 (5 ) and 3.708
(5 ), 4.085 (2 ), 4.323 (4 ), and 4.422
(6+) MeV. As mentioned earlier, little was
previously known about these form factors,
espec ia1 ly for sma1 l values of the momentum
transfer q. This arises from the inherent
weakness of the transverse form factors,
FT2(q), which for q&.3-1.0 fm are typ-
ically only 10 3 to 10 ~ of the correspond-
ing longitudinal form factors, F 2(q). For
scattering angles close to 180 , however,
longitudinal scattering is heavily suppres-
sed. In the plane-wave Born approximation,
the differential cross section near 180'
is l5

~~ 4 Pb(e e
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Fig. 1. Measured spectra of electrons inelastically scattered from Pb.
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rical scattering angle at 180'. Thus the
kinematic suppression factor for longitudi-
nal scattering is approximately 6x10 4.
Nevertheless, longitudinal contamination in
the 180' data can still be appreciable.
This is strikingly demonstrated in Fig. 2:
Purely longitudinal elastic scattering
gives rise to the strongest peak in the
spectrum. Fortunately, the relative longi-
tudinal contamination in inelastic peaks is
usually much smaller.

In order to separate the longitudinal
contributions f rom the measured cross sec-
tions, the effective scattering angle must
be determined by measuring the elastic
cross section. Since the ground state
charge distribution is well known, the lon-
gitudinal form factor ean be accurately
evaluated in distorted-wave Born approxima-
tion (DWBA) using a phase-shift code.
Substitution of the observed cross section
into Eq. (1) then yields the effective
scattering angle. Once this is known, the
longitudinal contamination in the inelastic
peaks can be isolated. To compute the in-
elastic longitudinal form factors, the
Fourier-Bessel expansions for the tran-
sition charge densities given by Lichten-
stadt were employed. Longitudinal contam-
ination in the measured cross sections
turned out to be &20% for all the states of
interest, except for the 2.614 MeV, 3
state, where the longitudinal contribution
ran as high as 50-60%. The subtraction of
these components from the measured data
yielded the transverse form factors shown
in Fig. 3.

The separability of the longitudinal and
transverse form factors implicit in Eq. (1)
is strictly valid only in the plane-wave
Born approximation. The wisdom of this
separation for a high-Z nucleus such as

Pb is perhaps questionable. Neverthe-
less this separation has been made in the
belief that it identifies more explicitly

the role played by nuclear currents, since
it is these alone which def ine the trans-
verse form factors. The nature of the re-
sults being presented, where the experimen-
tal errors are of ten large, also argues for
this approach. If one were to be concerned
with the detailed comparison with sophisti-
cated theories, then more precise results
would be called for, and the separation of
longitudinal and transverse form factors,
as has been done here, would clearly be
inappropriate.

A first step toward understanding these
data may be made by using an extension of
the Tassie model, which has been widely
applied to the interpretation of collec-
tive, longitudinal form factors. 3 Heisen-
berg" has suggested that the total nuclear
transverse current may be separated into
two different, .components, an irrotational
current and a divergenceless current

having the properties

2L+1 1/2Jir(r) = Ti(i)

f r' pL(r')dr' &(, L, i(r)
0

~'Jdiv(r)

where %~ is the excitation energy and L is
the transition multipolarity. The form of
the current Jir(r) is provided by the con-
tinuity equation when the flow of charge is
assumed to be incompressible and irrotatio-
nal. ~7 The density f r'i ~ ~(r')dr' can be

0
interpreted as the charge which takes part
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Fig. 3. Transverse (e, e') form factors
for low-lying electric transitions in

8Pb. In eases where no experimental
datum is explicitly shown, the error bar
indicates an upper limit, i.e. , the mea-
sured value plus three standard devia-
tions. The solid curves are for irrota-
tional, Tassie-model currents. Dashed
curves include, in. addition, neutron mag-
netization currents due to predicted
strong particle-hole components, as des-
cribed in the text. To facilitate the
comparison of measurements taken under
different kinematic conditions, the data
and the DWBA calculations are plotted as
a function of an ef fective momentum trans-
fer defined by (see Ref. 12) qeff
1 [1+(3Ze/2EiR) ], where {}{ is the f i ne
structure eanstant, and R is the unifarm
density charge radius.

in the current flow. In the strict Tassie
model this takes the shape of the ground
state charge density; however, in this
paper the example of Heisenberg is follow-
ed, and the transition charge density
determined by fitting5 6 forward-angle in-
elastic data is utilized.

Unlike Jir(r), the divergenceless current
Jd- (r) has no manifestation in longitudi-d1.v
nal scattering. Since Jdiv(r) includes
all currents generated by the nucleon mag-
netic moments, it is expected to provide
the dominant contribution to the trans-
verse electric form factor at high q. On
the other hand, unless the eleetrie transi-
tion ha, s either a strong "spin-flip" com-
ponent or the character of a rigid rotator,
the law-q data should be mainly attribu-
table to the irrotational convection cur-
rent o

The form factors shown in Fig. 3 lend
qualified support to these simple expeeta-

tions. It may be observed, for example,
that the magnitudes of the first diffrac-
tion maxima for the 2.614 MeV E3 and 3.708
MeV E5 excitations are satisfactorily
accaunted for by farm factors derived from
the irrotational Tassie model currents
(continuous curves). At higher momentum
transfers, however, the Tassie model con-
siderably underestimates the data. This is
very noticeable in the form factor for the3.708 MeV state, where transverse form fac-
tors have been extracted from scattering
measurements made at 160' by I iehtenstadt
et al . 5 ~ Even for a very collective level
like the 2.614 MeV state, at qef f=1.0 fm
the Tassie model prediction lies a factor
of ten below the observed transverse cross
section. For the 3 198 MeV E5 transition,
the irrotational current model fails to
describe even the firs t di f fraction maxi-
mum. Since these states have vibrational
rather than rotational character, the par-
ticipation of strong intrinsic magnetiza-
tion currents is inferred.

For a more quantitative estimate of the
role played by magnetization currents,
at ten tl on was given to the na tul al pari ty
states at 4.085 (2+), 4.323 (4 ), and 4.422
(6 ) MeV, for . which theoretical structure
calculations are available. As may be seen
from Fig. 3, the measured data again lie
well in excess of form factors calculated
for irrotational, Tassie-model currents.
These three levels form part of' a se uence
of states which has been interpreted ~ as a
"quasirotational band, " since the energy
spacings follow rather closely the J(J+1)
law. Calculations by Weber et al. using
a separable residual interaction model are
in good agreement with the longitudinal
(e, e') form factors measured for these sta-
tes. Although the longitudinal form fac-
tors are determined by very eolleetive
admixtures of proton particle-hole compo-
nents, the quasirotational character of
these states is found by Weber et al. to
arise primarily from (2g9/2 li13/2) and
(li11~2, li13~2) neutron configurations
which pravide about 75% of the wave func-
tion amplitude. These neutron excitations
play no part in longitudinal excitation;
however, by virtue of the neutron ' s intrin-
sic magee ti zation, they may be expec ted to
contribute strongly to the transverse form
factors. The corresponding eleetroexcita, —
tion matrix elements have been computed
using the particle-hole amplitudes of Weber
et al. and harmonic oscillator single par-ti cle wave funct ions .

The results of combining the contribu-
tions of the irrotational and neutron mag-
netization currents are represented in Fig.
3 by the dashed curves. Without access to
detailed model predictions, there exists
some uncertainty concerning the relative
phase of the irrotational and magnetization
terms. The two amplitudes have been added
(constructive interferenee), since this is
what the data clearly demand. In each of
the three cases the neutron magnetizationis found to provide the dominant contribu-
tion to the transverse form factors. Good
agreement wi th the data is obtained for the
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Fig. 4. Separated longitudinal and transverse form factors for transitions in ~""Pb.
(a) Results for peak observed at 4.84 MeV and comparison with two theoretical M1 curves.
(b) The longitudinal form factor of the 6.21 MeV excitation seems to be well described by
a curve reproducing the q dependence of the 4.09 MeV E2 transition. The transverse E2
curve is for an irrotational current only.

4 and 6 levels, but not for the 4.085
MeV, 2 state. Given the character of
these states, one may consider form factor
enhancement due to rigid rotator currents.
Except for the 2 state, the data ean be
explained without recourse to such motion.
Recent theoretical work suggests that the
contribution of rigid rotator currents to
transverse form factors is small.

It is almost certain that a similar ex-
planation exists also for the observed
enhancement of the E5 form factors over the
irrotational flow predictions. The struc-
ture of 5 states in Pb is believed to
be not as collective as, for example, the
2.614 MeV 3 level; the character of these
states may be def ined by one or a few domi-
nant particle-hole configurations, which
can be expected to have large magnetization
amplitudes. For example, random phase
approximation (RPA) calculations suggest
that the structure of the 5 state at 3.198
MeV is dominated by the &(2g9/2 3p] /2)
figuration with an amplitude of 0.874. The
relevant dashed curve in Fig. 3 shows the
result of combining this particle-hole term
in opposite phase with the irrotational
flow current. It is seen that, even in
destructi ve inter ferenee, the neutron mag-
netization contribution is more than suf f i-
eient to account for the observed strength
of the first dif fraction maximum. In fact,
the RPA particle-hole amplitude of 0.874
appears too large, unless it happens that
remaining small admixtures in the transi-
tion matrix element coherently combine to
cancel some of the &(2g9/2 3p1 g 2)

To conclude this section, brie f mention
is made of a relatively strong state

appearing at 6.21 MeV in the measured spec-
tra. Weber et al. have predicted the
existence of a 2 state at this energy.+

This state displays both longitudinal and
transverse character and has been given a
tentative 2 assignment by Frey. Fig. 4
shows that the longi tudinal form factor is
well f itted by a curve reproducing the q
dependence of the 4.086 MeV, 2 state.
From the forward-angle results of the
Darmstadt and the M. I.T.-New Hampshire
groups, the strength of the 6.21 MeV state
is estimated as B(E2) 4 = 505+37 e fm". As
shown. in Fig. 4, there now exists a con-
siderable pool of data on the transverse
part of this form factor as well.

IV. SEARCH FOR N1 EXCITATION STRENGTH

The mot ivation for seeking out the Pb
magnetic dipole strength has been compre-
hensively justified in the literature. In
the simplest shell model picture only two
low-lying 1 states can be eonstrueted,
arising from the m(hggg, hji/q) and
v( i] ] /2 i]3/2) conf iguration4, as shown in
Fig. 5. Based on currently accepted
sing le-part icle ener gies, these two basis
states are nearly degenerate, and appre-
ciable mixing may therefore be expected.
Accordingly, the wave functions for the two
mixed 1 states may be written as

Q(1 , AT=0) = A ff(h9/2ph11/2)

. -1+ ~ 1—A g{j 11/2 i13/2) (2a)
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Fig. 5. Single-particle Ml and M2 exei-
tations in Pb. The full and dashed
arrows respectively signify neutron and
proton transitions.

q(1+, &T=l ) = V 1-A m(hg/2 ~ hll /2)
. -1

Au(all/2~'13/2) ~ (2b)

In principle, inelastic electron scat tering '

should provide an explicit means of deter-
mining the structure of the states, since
the (e, e' ) form factor is sensitive to the
parameter A, as well as to the isosealar
( AT=0) or isovector character (bT=1) of a
particular transition.

A detailed appraisal of the status of the
M1 strength in 2 Pb has been given by
Raman. The re lat ive ly well-es tabl ished Ml
strength of 8.5 po2 is shared between 35
states clustered in the 7.25-7.82 MeV

region, and the less well-established
strength, also of 8.5 uo, is shared by 7
states in the 8.22-9.40 MeV region. The
strong fragmentation is attributed to mix-
ing of the two lp-lh configurations with
configurations of the 2p-2h type. Notwith-
standing this observed fragmentation, it is
expected that the structure of the low-
lying 1 states should be given dominantly
hy the doo~w~y "(he/2, hll/2)
v(ill~2, i]3/2) amplitudes. The main
portion of the well-established Ml strength
in Pb is in fact found between 7.40 and
7.55 MeV with a total B(M1) t value of 6.0

f rom radiative neutron capture measure-
ments. 7 ~~ For the same region, threshold
photoneutron studies suggest a somewhat
lower integrated Ml strength of 4.4
Me tentatively identi fy a peak observed at
7.48 MeV in the 180' (e, e ' ) spectra of Fig.
6b wi th this concentration of Ml strength.

The form factor values corresponding to
this peak are shown in Fig . Va. Also
included are the resul ts of measurements by
the Darmstadt group, as well as photon-
point values derived from the radiative
neutron capture and threshold photoneu-

tron measurements. Three different model
predictions are depicted, two of which, the
pure (A=O) proton (7(*) and the pure neutron
( H) transitions, employ the ef fective
operators suggested by Knupfer et al. 4 ~ 25
The third ealeulation, for complete isovee-
tor mixing {A=1/ v 2) of the lp-1 h proton
and neutron conf igurations, employs bare
nucleon charge and mag net ic moment values .
By normalizing the various calculated cur-
ves to the measured data, a range of B(M1)0
values of 14 to 26 po is obtained . This
model dependence of the deduced B(Ml) 4
value arises even for incident electron
energies as low as 40 MeV. The correspond-
ing 180' momentum trans fer places the mea-
surements in a region located beyond the
f irst di f f raction maximum in the form fac-
tor, a region sensitive to nuclear struc-
ture de tails. Hence, the q range of the
existing (e e') data is too high to permit
the extraction of model-independent B(M1)t
values ~

The stark disagreement of the (e,e')
B(M1) 0 value with 5.2 ~2, the average
strength derived from (n, y) and (y, n)
experiments, is even more instructive. It
turns out that any admixture of the two
lp-lh configurations underestimates the
(e,e') data by at least a factor of 2.5
when normalized to B(M1)4 = 5.2 po . As
shown in Fig. 7b, slightly better results
are obtained if the effective operators
suggested by Knupfer et al. are used; how-
ever, the level of disagreement remains
striking. Several possible sources for
this discrepancy will now be discussed.

Firstly, attention is drawn to the
Darmstadt measurements of Prey i 5 indi-
cated in Fig. 7a. These data were obtained
at angles forward of 180', but have been
DWBA-corrected by us to correspond to the
form factor values that would have been
obtained for pure Ml, 180' scattering. The
two 141' points and the 165' measurement at
q = 0.46 fm are seen to lie well above
the trend of the 180' data, disclosing the
existence of longitudinal transition
strength in this excitation region. Fol-
lowing a more detai led analysis, Prey ten-
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&(i11~2,i13~2). Asterisked curves denote the use of effective operators propdsed by
Knupfer et al. (Refs. 24 and 25). (a. ) Normalization of the calculated curves to the
{e,e') data leads to a B(M1)4 value that is inconsistent with that given by (p, n) and
{n,y) measurements . (b) On the other hand, the data are poorly fitted by the M2 q
dependence calculated using the collective model. In this case the Ml curves are nor-
malized to the photon point measurements. The abscissa here is q and not q ff as in other
figures.

tatively assigned longitudinal strength to
possible 1 and 3 levels near 7.5 MeV.
Indeed, neutron capture measurements7 have
provided ground state radiation widths for
several 1 states in this vicinity. These
1 and 3 states will have associated
transverse components which will augment
the 180' cross section . The magni tude of
this enhancement may be assessed by com-
parison with the cross sections observed
for other, more clearly def ined 1 and 3
states. In fact, the transverse electric
strength in def inite and probable E1 and E3
exeitations is observed to be very weak.
Using for reference, known states
5.512, 5.525, and 6.620 MeV, it is esti-
mated that less than 20% of the transverse
cross section measured for the 7 48 MeV
peak is electric in nature. According to
this comparison, it therefore seems unli-
kely that contaminant transverse electric
strength could account for the unexpected
enhancement of the 7.48 Me V peak.

Secondly, Frey ' has proposed that the
bulk of the transverse strength in the 7.48
MeV peak has M2 character on the basis of
similarities observed with a presumed 2
doublet at 8 MeV. The 180 data do not
support this suggestion. As shown in Fig.
7b, these data are not well fi t by a theo-
retical curve that sati sfactor i ly descr ibes
the observed low-q behavior of proposed M2

states.
A third point of conjecture concerns

higher-lying M1 exci tations of 2%~o charac-
ter. RPA calculations, per formed by Speth
et al. " predicted such states to be eon-
eentrated in the 18-22 MeV region, however,
a subsequent experimental search ~ ~ of this
excitation range revealed little signif i-
cant structure. It was then demonstrated
that many of the predicted 2%~o levels
undergo appreciable shif ts to lower excita-
tion energies when pi- and rho meson ex-
changes are considered. ~8 Thus it is con-
ceivable that M1 strength in the 7.5 MeV
region includes large 2%~o admix tures .
Sinee the rad ia 1 de pe nde nee s of the 2~~~o
transition densities are quite different
from those of the low-lying 1p-1h excita-
tions, such mixing would modify consider-
ably the shape of the expected Ml form fac-
tor, and could, in principle, produce a q
dependence consistent with both the elec-
tron scattering and the photon point data.

Further evidence for the admixture of
2%, 60oeonf igurations into the 7.5MeVcl us
ter of 1 states ma also be indicated by

+
recent ~" BPb(P, n) ~O~Bi measurements ~~ a.t
O' . Petrovich, Love, and McCarthy have
demonstrated how forward-angle (p, n) cross
sections may be combined with radiative
transi t ion probabi 1i ties to separate con-
vection current and spin current contribu-
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tions in isovector Ml excitations. This
procedure has recently been extended " to
enable separation of the spin and orbital
contributions to the 7.5 MeV M1 strength in

Pb, which is accessible by both the iso-
vec tor and the isoscalar operators. Com-
parison of the 0' (p, n) rreasurements with
the B(M1) t value deduced from (n, y) and
( y n) work leads to two possible results

~p (q=7. 5 MeV/c)
~

= 0.8 + 0.2,

(q=7.5 MeV/c) ~

= 1.1 + 0.5 or 2.6+ 0.5,

for the isovector spin and proton orbital
current transition densities, respectively.
The two densities are constrained to have
opposite signs, implying a strongly des-
tructive interference between spin and
orbital currents at the photon point qW~.

The deduced transition densities may now
be compared with nuclear model predictions.
For example, for a pure isovector (A=1/v2)
transition between the two spin-orbit part-
ners represented in Eq. (2b), one obtains
ps =-1 .10 and p "=+0 .27 . Thus, the purely
isovector mode l does not seem tenable since
it cannot account for the large proton
orbital current indicated by the comparison
of . the (p, n) data with the experimental
B(M1)0 value. Of all the various possible
admixtures of the two simplest 1p-1h con-
figurations, the maximum calculated orbi-
tal current density corresponds to the
pure proton transition represented by
m h0g2, hi(/2}. In this case, P =-0.89 and

=Q.38. Unfortunately, the enhancement
obtained in p~~ is insufficient to permit
easy reconciliation with either of the
alternative experimental values.

Thus, the comparison of the 0' (p, n) data
with the measured B(M1) t value seems to
suggest the same conclusion as the combined
(e, e ' ), (n, j), and (y, n) analysis. The Ml
strength in the 7.5 MeV region of Pb can
only be ver y crude ly de scr i bed as a simple
admixture of the two low-lying single-
par t icle exci tati ons. I n par ticular, the
large collective orbital current indicated
by the ana lys is impl ies that 2%~o and
higher-lying components are participating
in some coherent fashion. The proposed
low-q, destructive inter ference between the
enhanced convection current and spin cur-
rent warrants further investigation. It
may of Xer a partial explanation of why Ml
transition strength is not readily obser-
vable in (e, e ' ) measurements on heavy
nuclei.

Another point of contention regarding the
Ml strength in Pb is the relatively
weak fB(M1)4 1.2 po ] 1 state calculated
by Vergados at 5.45 MeV. It has been
noted that the isoscalar nature of this
state renders it insensitive to theoretical
conjectures such as ef fective mass argu-
ments. ~ The nearest experimental claim for
this crucial state belongs to Swann, who
carried out a comparison between self-
absorption and scattering results, and con-
cluded that there were two unresolved ((3
keV) levels (1 and 1 ) at 4843 keV, each
with ground state radiation widths of 2.8

eV f B(M1) & = 5.8 vo ] . It is known through
( u, e' y) measurements 3~ that a def inite 1
state exists at this energy, but the 1
state has not been conclusively shown to
exist. Two new measurements have addressed
this problem. The resonance fluorescence
experiment of Biesot and Smith using
plane-polarized photons can effectively
excite only one member of the postulated
doublet. Their results favor a 1+ assign-
ment for this member, although a 1 possi-
bility is not excluded. Chapuran et al. , 3~

on the other hand, have essentially repeat-
ed Swann ' s measurements, and have found no
compelling reasons to invoke such a dou-
blet.

The present (e, e ' ) data acquired at 180'
with 40.5 and 50.4 MeV electrons do reveal
a small peak at 4.84 MeV as shown in Fig.
6a. Comparison of our poi nts wi th the more
forward angle data of Lichtenstadt in Fig.
4 indi ca te tha t thi s peak has bo th long i tu-
dinal and transverse character, and there-
fore must accommodate an electric transi-
tion. There is no a priori reason to sus-
pect, however, that the transverse form
factor may not also include the superim-
posed contribution from a (purely trans-
verse) magnetic excitation.

Because the 4.84 MeV peak is relatively
weak, the derived form factors are rather
sketchy. Nevertheless, an upper limit to
possible Ml strength may be assessed by
comparing the low q transverse data with
two of the theoretical curves shown in Fig.
7. This procedure yields an upper bound of

less than half of the strength
proposed by Swann. Recal ling, however,
that even the most success ful of the theo-
retical descriptions overestimated the Ml
strength in the 7.48 MeV peak by a factor
of 2.5, the deduced upper limit may be
considered generous, especially since the
transverse electric strength that must
exist in compliance with the finite longi-
tudinal cross section observed for the 4.84
MeV peak has been neglected.

The total M1 strength in O Pb becomes
highly uncertain if it is as highly frag-
mented as demonstrated by the cluster
of 35 sta tes in the 7.25-7 .82 Me V re g ion .
In this region, the total strength carried
by 35 states is less than 8.5 uo2 wi th no
single state carrying more than 1.6
In other energy regions, similar experimen-
tal sensitivities have neither been at tain-
ed, nor are likely in the near future. The
theoretical problem posed by the existing
measurements lies less in the total
strength than in the absence of strong 1+
states predicted by all RPA calcula-
tions. o It has been suggested2~8~28
that these early calculations erred in
employing unperturbed particle and hole
energies, and that appreciable strength
should be found at substantially higher
excitation energies than previously fore-
seen. If so, the fragmentation should
become even more severe and difficult to
measure. Even though strong 1 states are
no longer expected, a search was made for
them up to excitation energies of 19 MeV.
As shown in Fig. 2, no evidence was found
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above 9 MeV for narrow structure comparable
in magnitude to the 7.48 MeV peak.

l05—

V. MAGNETIC QUADRUPOLE (N2) TRANSITIONS

I n contrast to the M1 ease where the sim-
ple single-particle model identif ies only
two low-lying 1 states, the same model
predicts a multitude of M2 exeitations, as
shown in Fig, 5.. A priori, it is then
expected that the M2 spectrum will show a
high degree of collectivity arising not
only from the intermixing of the 1p-1h
basis states, but also from mixing with the
2p-2h exeitations which appear to play a
vital role in fragmenting the M1 strength.
Calculations made in RPA by Ring and
Speth3 predict the strongest 2 state to
lie at 7.5 MeV with a B(M2)t value of 9380
po2fm , which is half the total expected M2
strength.

The orily existing inf ormation on M2 tran-
sitions in Pb comes from previous (e, e ' )
measurements. ~ " Based on comparison
with the RPA calculations, Frey et al .
identified eight 2 states between 6.428
and 8 008 MeV with a total B(M2)t strength
of 8510 + 750 pofm . Figure 8 shows the
data available on the four most easily
resolved of the proposed M2 transitions.
The present 180' data lie in good agreement
wi th measurements made at more for ward
angles. Thus the results are consistent
with the purely transverse eharaeter expec-
ted of magnetic transitions.

A comparison is made not only to the pre-
dicated RPA form factor, but also to the q
dependence obtained from a phenomenological
collective model in which the M2 current
densit, y is defined by" 2 j(r)~ dp(r)/dr,
where p(r ) is the simple two-parameter
Fermi representation of the ground state
charge distribution of half-density radius
6.412 fm, and skin-thickness 2.47 fm. The
two contrasting models yield M2 form fac-
tors which follow a similar q dependence as
far as the first diffraction minimum at
qeff " 0-9 fm . However, as Fig. 8 indi-
cates, the two ealeulations diverge at this
point, with neither accounting for the
enhanced high q cross sections measured by
Lichtenstadt et al.

Table I shows B(M2)0 transition strengths
deduced using only data below the first
diffraction minimum, where the theoretical
description seems adequate. Note that the
eolleetive model gives values approximately
55% in excess of the RPA results. This
discrepancy further underlines the model
dependence in the reduced transition proba-
bilities extracted from incomplete or sta-
tistically imprecise (e, e') data. In this
ease the model uncertainties may carry even
more far-reaching consequences, as will be
discussed in the following

section�.

VI. CONCLUDING DISCUSSION

The nature of our results is to raise,
rather than answer, questions about the
magnetic dipole states in Pb. This
arises mainly from two experimental dif-
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ficulties: the inability to achieve the
required fine energy resolution, and the
failure to measure to very low momentum
transfers. As noted at the outset, the

TABLE I. Experimentally deduced transi-
tion probabilities for ~Pb transitions
exhibiting M2 character. The two sets of
values correspond to the different q-
dependences predicted by the RPA and
collective models.

Ex
(MeV)

B(M2) 4 ( po frn )

Collective

6.48
6.93
7.92
8.01

1018
2582

1453
Sum = 7594

1596
3985
40 10

Sum = 11901

q „,(fm ')
Fig. 8. Transverse form factors deduced

for Pb transitions exhibiting M2 char-
acter.
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states of interest exist in a region of
high level density. It is known, for exam-
ple, that at least eight states eontri-
bute7 strongly to the 7.48 MeV peak discus-
sed in Section IV.

I t is emphasized, however, that fi ne res-
olution alone would be insufficient to
satisfy the basic requirements of an
interpretable (e,e') experiment. Coulomb
distortion effects and the large nuclear
radius of Pb combine to shi ft the di f-
fraetion structures of low-multipole form
factors to small momentum transfers. For
example, if the predicted q dependenees
shown in Fig. 7 are approximately eorreet,
our measurements seareely touch upon the
first diffraction maximum, and are there-
fore conf ined to a region that is sensitive
to model uncertainties. As a result,
li t tie can be deduced regarding the charac-
ter or strength of low-multipole transi-
tions.

In order to measure weak transverse cross
sections to small momentum transfers, low
incident electron energies must be used.
For the ease in point, it is necessary to
produce and detect electrons of energy ~10
MeV. However, at such energies, the radia-
tion tail rises sharply, severely degrading
the signal-to-background ratio. There fore,
although it would seem advantageous to mea-
sure at 180', where the radiation tail is
minirrrized, inspection of Fig. 1 suggests
that, even at 180', the unwieldy magnifica-
tion of the radiation tail may well become
a limiting factor.

One possible solution to this problem,
involving the use of an e+ beam, has been
considered by Heisenberg and Papanicolas. "3
For positrons, Coulomb distortion of the
incident and scattered waves by the high-Z
nucleus serves to push the inelastic form
factors to higher q, rather than to lower

as oeeurs with electrons. Thus the
f i rst di ff rac tion maximum of the M1 form
factor could be conveniently surveyed at
moderate incident beam energies, where the
elastic radiation tail is more manageable.
The present limitation on the use of this
technique is that the e+ fluxes typically
provided by existing facilities are about
three orders of magnitude less intense than
the 1 pA average current that would be
required to complete the M1 measurements
within a reasonable time span.

In view of the foregoing discussion, it
is debatable that (e,e') experiments will
ever solve such problems as determining the
distribution of low-multipole magnetic
strength in 8Pb. Perhaps this particular
problem will be more profitably addressed
by using eoineidenee techniques with high
duty-factor electron beams.

To some extent, the difficulties experi-
enced in the interpretation of the present
measurements are exacerbated by the lack of
a more firmly-rooted theoretical under. —
standing. For example, if the predicted q
dependence of the Ml form factor was un-
equivocal, 1 states could be more confi-

dently identif ied. At the same time it is
the theoretical dubiety which moti vates
further experimental studies.

The interpretation of the proposed M2

transitions is also qualif ied by theoreti-
cal uncertainties. I t has been argued that
the multiplicity of possible M2 exeitations
might be expected to produce a high degree
of collectivity. Recent RPA calculations
by Heisenberg44 deny this conclusion, sug-
gesting that the lp-1h basis configurations
mix very little and consequently yield a
spectrum of relatively pure single-particle
exeitations. As a result, the predicted M2

form factor shapes may vary strikingly from
excitation to excitation, making the iden-
tification of M2 transitions rather prob-
lematical. The RPA calculations also pre-
dict that low-multipole electric tran-
sitions can also retain a high proportion
of single-particle character. Therefore, a
relatively pure neutron excitation with
small longitudinal cross section might be
mistakenly identified as a magnetic tran-
sition.

The outlook for the measurement of the
low-lying electric transitions is much more
encouraging. These states are well
resolved, and the ability to determine both
the longitudinal and transverse form fac-
tors provides a comprehensive test for
nuclear models. In this experiment, there
were several examples of states having in-
trinsic characters defined by one or a few
dominant neutron particle-hole configura-
tions. Transverse electron scattering
probes these components directly, whereas
longitudinal scattering is sensitive only
to minor proton particle-hole fragments in
the wave function.

I t has been shown, in addi tion, that the
irrotational eonveetion currents expected
in the collective, liquid-drop picture suc-
ceed only in describing the transverse
electric form factors at very low momentum
transfers. Intrinsic magnetization cur-
rents are primarily responsible for the
transverse electric form factors measured
in this experiment. Convection current
contributions can be studied more clearly
in self-conjugate nuclei, where there exist
transitions proceeding solely by the iso-
sealar operator. Obviously, more detail-
ed theoretical investigations are required.
It is to be hoped that the increasing
availability of transverse form factor mea-
surements will stimulate more endeavors in
this direction.
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