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Magnetic Form Factors of Tl and Pb: Establishing the Limits of Mean-Field Theory
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The ground-state magnetization densities of Pb and Tl have been studied by 180 elastic electron
scattering. The magnetic form factors were found to be quenched substantially relative to the predic-
tions of the independent-particle model. Microscopic calculations indicate that core polarization can ac-
count for part of the observed suppression but it is not sufficient to reproduce the data. The quenching
observed at high momentum transfers is comparable to that observed in related electron-scattering stud-
ies in the lead region, and can be explained in terms of partial occupancy of shell orbits in Pb.

PACS numbers: 25.30.Bf, 21.60.Cs, 21.60.Jz, 27.80.+w

The ground-state magnetic properties of nuclei neigh-
boring doubly closed shells provide sensitive tests of nu-

clear models. The magnetic moments of these nuclei
oA'er a well understood and easily accessible meeting
ground between theory and experiment, but they ofler
little guidance on the physics that must be added to
remedy the observed shortcomings of theoretical calcula-
tions. The comparison of theoretical and experimental
results for the distributions of magnetization that give
rise to these moments (or, equivalently, for their form
factors) has proven to be much more informative. ' We
report here the first measurement of the elastic magnetic
form factors of Pb and Tl. The comparison of
these data with available calculations provides new quan-
titative tests of our understanding of nuclear structure in

the lead region. Specifically, we will assess through such
comparisons the adequacy of the mean-field description
and the degree to which the introduction of partially oc-
cupied shell orbits in Pb can reconcile theory and ex-
periment.

The elastic magnetic form factors of Pb and Tl
arise from unpaired nucleons in the 3pl/2 neutron and
the 3sl/2 proton valence orbitals of the Pb core. In the
case of Tl the absence of an additional pair of neu-
trons from the 2f5lq orbit of the Pb core introduces
additional degrees of freedom that are important but
well understood; their influence can be estimated through
configuration-mixing calculations. ( Tl would be pref-
erable to Tl, but it is unstable and therefore not acces-
sible by electron-scattering experiments. ) The magnetic
form factors of these nuclei are unique in two important
ways. First, both nuclei have spin- —,

' ground states. As
a consequence, only a single multipole, Ml, can contrib-
ute to the transverse elastic electron scattering, making
the connection between the measured form factor and
the nuclear current density unambiguous. Second, both

the 3pl/2 and 3sl/2 orbitals are characterized by a high
principal quantum number, % =3, which implies rapid
oscillations and a concentration of strength in the nu-
clear interior. As a result their magnetic form factors
have distinctive structure with substantial components at
high momentum transfer, permitting easy detection and
identification.

The experiment was performed with use of the 180'
scat tering facility at the Bates Linear Accelerator
Center. Cross sections were measured for effective mo-
mentum transfers q, p ranging from 1.3 to 2.6 fm
Sets of enriched metallic foils 10, 52. and 78 mg/crn
thick were used as targets for each isotope. Beam
currents as high as 40 pA were used tu measure cross
sections as low as 10 " cm /sr. It was not possible to
isolate the transverse cross section at momentum
transfers below 1 3 fm ' since, even at 180, the
Coulomb form factor greatly exceeds the transverse form
factor because of the finite solid angle of the spectrom-
eter and multiple scattering in the target. At intermedi-
ate momentum transfers (1.3 fm ' & cl, tr & 1.9 fm ')
we accounted for the Coulomb contribution by measur-
ing the cross section of Pb at 180 under identical
conditions and correcting for the precisely known ratios
of 2O7Pb/20 Pb and 'Tl/ 0 Pb charge scattering. The
deduced elastic magnetic form factors are shown in Figs.
1 and 2.

The predictions of the independent-particle model
(IPM) are also shown in Figs. 1 and 2. The calculations
were performed in distorted-wave Born approximation
with Hartree-Fock wave functions. An alternative
choice of the Hartree-Fock eA'ective interaction yields
almost indistinguishable results, while other reasonable
choices for the wave functions yield cross sections that
exhibit almost identical momentum-transfer dependence
with variations in amplitude that do not exceed 20%.
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uration mixing in the ground state of Tl. Transfer re-205

actions and shell-model calculations indicate that the

ground state of Tl is best described as

I I '&205 &13sI/2 &"
I
0+&206+f3 2ds/2'&" 12+&2o6

+ r I
2d3/2'& x

I
2'&206

Recent (d, He) measurements' find a2 =0.89 ~ 0.08 in

reasonable agreement with a recent Pb(e, e'p) mea-
surement, ' which gives a =0.79+ 0.02. The perturba-
tion calculation of Zamick, Klemt, and Speth' yields
e =0.74. Such a description of the Tl ground state
will produce at high momentum transfers (q, tr

=2.0
fm ') a f'orm factor nearly identical to the one labeled
"single particle" but quenched by a factor a . The form
factor for the

~ 3s~/2 )x ~0+)206 component of the
ground-state wave function dominates in the region of'

the last maximum (q, tr=2 fm '). This is due to rapid
falloff of the Pb quadrupole form f'actor' and to the
fact that the

~

3s ) single particle form factor extends
to substantially higher momentum transfers than do the

~

2d ~) single-particle f'orm factors because of its more
rapid oscillation in coordinate space. Detailed calcula-
tions show that the (2d 6/2 ', 2d 6/2) M ~

and (2d 3/2 ',

2d3/2)Mt contributions to the cross section are an order
of magnitude smaller than the (3sI/2, 3s~/2)M~ contribu-
tion. Their influence is further diminished when multi-
plied by the corresponding small spectroscopic factors,
P and y . Inclusion of this extra quenching will im-

prove the agreement between mean-field calculations
and Tl data in the region of last maximum.

The above comparisons show that the most complete
microscopic mean-field calculations available are quite
sensitive to model parameters and lead only to a qualita-
tive description of the data. The situation is even less sa-
tisfactory when one requires a consistent description of
all the available electron data in the lead region. ' This

difhculty has been attributed ' ' to the basic assumption
of mean-field calculations, that shell orbits are fully oc-
cupied in Pb. Partial occupancy can explain the
reduction of single-particle strength that is observed at
high momentum transfer. For a number of transitions,
electron scattering at high q is predominantly sensitive to
the single-particle component of the wave function. ' As
in the case of the configuration-mixing terms discussed
above, the multiparticle, multihole components, arising
because of correlations, contribute weakly at high
momentum transfers because of the rapid falloff charac-
teristic of their collective nature. In the case of' Pb
and Tl, the high-momentum-transfer behavior of the
M1 form factors arising from the rapid oscillations of
the 3pi(2 and 3siy2 wave functions makes the isolation of
this single-particle component of the total wave function
feasible. The high-q suppression of the form factors of
the components of the Tl and Pb ground-state wave
functions not associated with the 3pi~2 and 3sjy2 valence

orbitals explains the fact that static integral properties
like the magnetic moment of Pb agree rather well
with mean-held calculations while, at the same time, the
M 1 form factor is found to be quenched at the last max-
irn urn.

The form factors of Tl and Pb at the region of
the last measured maximum thus allow us to test v heth-
er the observed reduction can be explained by partial oc-
cupancy of Pb orbitals. Partial occupancy in - "Pb
implies' that the single-particle magnetic form factor»
of neighboring nuclei are quenched with respect to the
IPM prediction by a factor Z =n ——n+, where n+ and

denote the occupation probabilities of orbitals lying

immediately above and below the Fermi energy. The
quenching factor Q =0.7+ 0.07 obtained by comparing
the IPM prediction to our measured Pb f'orm factor
determines the Z factor of the neutron shell directly.
The quenching factor Q =0.55 ~ 0.07 observed in -'"'Tl

is due to both partial occupancy and configuration n&ix-

ing. For this nucleus we can write Q =a Q =a Z. Tak-
ing a =0.79+ 0.02 from recent (e, e 'p) measure-
ments, ' we find Z =0.7+ 0.07 for the proton shell as
well. Our value, Z =0.7+ 0.07, for the discontinuity of
occupation numbers at the Fermi energy differs sig-
nificantly from the value used in mean-field calculations
(Z=1.0). Given this value of Z, one can expect mean-
field theory to predict single-particle properties of nuclei
in the lead region with an accuracy of order 70%.

Pandharipande, Papanicolas, and Wambach ' have es-
timated occupation probabilities in Pb by adding RPA
corrections to nuclear-matter results; they estimate a
value for Z =0.6 ~ 0.1. Partial occupancy of shell orhit-
als in Pb can account for the systematic failures of
mean-field theory to account for the lack of' single-
particle strength throughout the lead region' ' and for
the central depression in the charge densities of the lead
isotopes. ' Similar conclusions have been reached by
Mahaux and co-workers' ' who analyzed low-energy
neutron-scattering data using dispersion relations; they
estimate that Z is between 0.7 and 0.8. The good agree-
rnent between these theoretical estimates and the value
of Z =0.7+ 0.07 inferred from this measurement can be
taken as further support for the need to account for par-
tial occupancy in future theoretical descriptions of nu-
clei.

To summarize, the measurement of the elastic mag-
netic form factors of -' Tl and - Pb has revealed sub-
stantial deviations from the predictions of the indepen-
dent-particle model. At high q, after we account for
configuration mixing in Tl, both the - Pb and the

'Tl f'orm factors exhibit a quenching of 0.7. Core po-
larization appears to be an important mechanism respon-
sible for the observed quenching. At lower q, the unusu-
ally high suppression of the Tl form factor relative to
the IPM prediction and its attribution to the tensor com-
ponent of the interaction needs further exploration. The
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partial occupancy of Pb orbitals, expected on the basis
of many-body correlations, provides a satisfactory ex-
planation of the observed suppression of the magnetic
form factors at high q is compatible with other electron-
scattering data available in the lead region. On the basis
of the measurements reported here, we deduce a Z factor
(the discontinuity of occupation numbers at the Fermi
energy) of 0.7 ~ 0.07 for both the neutron and the pro-
ton shells in Pb, in excellent agreement with recent
t heoret ical estimates. ' '
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