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Abstract. The measured spectroscopic quadrupole moments and deduced deformations of the
194,196Pb(11−) intruder isomers are reevaluated, making use of the recently measured magnetic moments
of these states. This adjustment is necessary since the quadrupole moments were obtained from Level
Mixing Spectroscopy measurements, being sensitive to the ratio of the quadrupole interaction frequency
and the magnetic moment. The results confirm the moderate deformation of the π(3s−2

1/21h9/21i13/2)11−
states. A systematic comparison between the updated experimental and the available theoretical values is
presented.

PACS. 21.10.Ky Electromagnetic moments – 21.60.-n Nuclear structure models and methods – 27.80.+w
190 ≤ A ≤ 219

1 Introduction

Many nuclear structure phenomena manifest themselves
in the light Pb isotopes, varying from shape coexistence
between spherical, prolate, oblate and, sometimes, su-
perdeformed states to excitations associated with the
shears mechanism. Until today, these observed structures
are subject of intensive theoretical and experimental stud-
ies [1,2,3,4,5,6]. In this note we will focus on the deforma-
tion of 194,196Pb(11−) intruder isomers. We summarize all
experimental values necessary to deduce the spectroscopic
quadrupole moments of these states and compare the
re-evaluated experimental values for the quadrupole mo-
ments with several theoretical calculations. This review is
needed because of the new measurements of the g-factors
of the 11− intruder states [7]. The quadrupole moments
were obtained from Level Mixing Spectroscopy measure-
ments, being sensitive to the ratio of the quadrupole inter-
action frequency, νQ, and the magnetic moment, µ. There-
fore, precise knowledge of the g-factors is necessary for a
reliable deduction of the quadrupole moments.

The 11− proton excitations out of the Z = 82 core are
of particular interest for two reasons. On the one hand,
it is widely accepted that the 11− states are shape iso-
mers whose character can only be explained by assuming
an oblate deformation. On the other hand, the 11− iso-
mers have the same configuration as the proton blade in
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a shears band. The spins and lifetimes of the 11− states
allow to study both their single-particle structure and de-
formation by measuring their static electromagnetic mo-
ments. Nuclear moment measurements are not possible for
the observed oblate 0+ states and the quasi-prompt shears
bandheads (with the exception of the 193Pb(29/2−) state
[8,9]). Therefore, experimental values of the quadrupole
and magnetic moments of the 11− isomers provide addi-
tional information on both the nuclear excitations within
the oblate potential well and the shears excitations.

To date, the 11− states have been observed from 188Pb
to 198Pb [10,11,12,13,14,15] (fig. 1). They are interpreted
as two-quasiparticle excitations across the Z = 82 shell
gap, involving a π(3s−2

1/21h9/21i13/2) single-particle config-
uration. Experimental evidence originates from g-factor
measurements in 194,196Pb [7,16]. Both, theoretical cal-
culations and experimental fingerprints indicate that the
11− isomers must take an oblate shape. Their low excita-
tion energies, e.g., are explained by a combination of en-
hanced pairing interactions and a large energy gain asso-
ciated with an oblate deformation, making the 1h9/2 and
1i13/2 orbitals intrude into the low-energy part of the spec-
trum. More recently, surprisingly enhanced E3 strengths
have been observed for the (11− → 8+) transitions in the
even neutron-deficient Pb isotopes (N ≤ 114). The ef-
fect has been linked with configuration mixing in the 8+
state when oblate deformation is established [17]. Often,
information on the nuclear deformation is extracted from
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Fig. 1. Energy systematics of the oblate 11− (bars) and spher-
ical 12+ (circles) isomers in the neutron-deficient Pb-isotopes
[10,11,12,13,14,15]. For comparison the systematics of the
oblate 0+ states (triangles) is added to the picture as well [19,
20,21,22,23].

the properties of the rotational bands built on top of the
state of interest. For the 11− excitations, though, only a
few indications for rotational bands have been observed,
all of them showing irregularities [11,18].

2 Re-evaluation of the experimentally
deduced quadrupole moments

More direct evidence for a moderately deformed shape
came from the measurement of the spectroscopic
quadrupole moments of the 11− isomers in 194,196Pb [24,
25]. They have been measured at the CYCLONE facil-
ity in Louvain-la-Neuve by applying the LEMS technique
[26], being sensitive to the ratio νQ/µ. The quadrupole
interaction frequencies for the 196,194Pb(11−) isomers im-
planted in a Re crystal, as reported in refs. [24,25], were
deduced by using the older experimental g-factor of the
11− state in 196Pb: g = 0.96(8) [16]. By assuming that
g(194Pb,11−) = g(196Pb, 11−), the quadrupole frequen-
cies of νQ(196Pb, 11−) = 199(32) MHz [24] and νQ(194Pb,
11−) = 262(41) MHz [25] were extracted.

Recently, the g-factors of both the 196Pb(11−) and
194Pb(11−) isomers have been measured at the ANU 14
UD pelletron, resulting in the more accurate values of
g(196Pb; 11−) = 1.04(5) and g(194Pb; 11−) = 1.03(2)
[7]. The shift of � 10% in the g-factors induces a simi-
lar shift in the quadrupole interaction frequencies as ex-
tracted from the LEMS-data. The updated value for the
quadrupole interaction frequency of the 196Pb(11−) iso-
mer, using the weighted mean of its magnetic moment
values, is νQ(196Pb, 11−) = 211(30) MHz. With the mag-
netic moment value for 194Pb(11−), we obtain νQ(194Pb,
11−) = 281(38) MHz.

The electric field gradient of Pb in Re was deter-
mined from the ratios νQ/µ of the 194,196Pb(12+) isomers
in Re. For the magnetic moments of the 12+ states, we
adopt the weighted mean of the different experimental
values in ref. [27]: µ(194Pb, 12+) = −2.06(3) and µ(196Pb,
12+) = −1.92(2). The uncertainty is calculated as the

maximum of the uncertainty on the weighted mean and
the weighted standard deviation. The value for the mag-
netic moment of the 194Pb isomer obtained in this man-
ner, and hence also the extracted quadrupole frequency,
νQ, differs slightly from the one used in ref. [25], where
the value of Stenzel et al.. [28] was adopted. By making
use of the experimental quadrupole moments of refs. [28,
29], we finally get | VZZ(196PbRe) | = 2.42(27)·1021 V/m2

and | VZZ(194PbRe) | = 2.42(23)·1021 V/m2 [24,25]. Since
the electric field gradient is isotope independent and these
two values can be considered as two independent measure-
ments, we adopt the value of | VZZ(PbRe) | = 2.42(17) ·
1021 V/m2. The excellent agreement between the two in-
dependently deduced electric field gradients supports the
suggested analysis procedures. In particular, the double
perturbation analysis including the partial feeding of the
12+ isomer via the 11− isomer is indeed necessary to de-
termine the quadrupole frequencies of the 11− and the 12+
isomers in 194Pb. The extracted electric field gradients dif-
fer with 25% if the feeding via the 11− isomer is not consid-
ered in the analysis [25]. In addition, both the quadrupole
frequencies of the 12+ isomers and the 11− isomers were
extracted from the same set of data, allowing to deduce the
quadrupole moments of the 11− isomers from the ratios
νQ(11−)/νQ(12+). Hence, it is excluded that systematic
errors are present in the determination of Qs(11−).

As a result, we can calculate the spectroscopic
quadrupole moments from the frequency, νQ = eQsVZZ

h ,
as Qs(196Pb, 11−) = (−)3.6(6) b and Qs(194Pb, 11−) =
(−)4.8(7) b. LEMS measurements are not sensitive to the
sign of the quadrupole moment. However, since theoreti-
cal models predict an oblate shape, we adopt the negative
sign. A summary of the relevant values for the extraction
of Qs(11−) and a comparison between the newly and for-
merly deduced values for Qs is given in table 1.

3 Discussion

It is interesting to compare the updated values for the
quadrupole moments with several theoretical calculations
available in literature. Theoretical papers, though, often
quote nuclear deformations, β2, instead of spectroscopic
quadrupole moments. The relationship between the spec-
troscopic quadrupole moment and the nuclear deforma-
tion is only straightforward for axially symmetric charge
distributions with their spins aligned along their deforma-
tion axes (i.e., K is a good quantum number and K = I).
Then we may use the formulae [30] Qs = Q0

3K2−I(I+1)
(I+1)(2I+1)

and Q0 = 3√
5π

R2
0Zβ2(1+0.36β2) in which Q0 is the intrin-

sic quadrupole moment and R0 = r0A
1/3 with r0 = 1.2

fm. Assuming that the former conditions are fulfilled we
find Q0(196Pb, 11−) = (−)4.7(7) b, Q0(194Pb, 11−) =
(−)6.2(1.0) b and β2(196Pb, 11−) = (−)0.17(3), β2(194Pb,
11−) = (−)0.23(3). Note that the lack of well-established
rotational bands on top of the 11− isomers might indicate
that K is not a good quantum number, though another
explanation might be that the bands have not been ob-
served because they are not yrast.
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Table 1. Overview of the experimental quantities necessary to extract Qs(11
−) plus a comparison of the updated and formerly

deduced quadrupole moments and nuclear deformations of the 11− isomers (see notations in the text).

Physical Unit 194Pb Ref. 196Pb Ref.
quantity

| νQ/µ(12+) | [b/µN ] 14(1) [25] 20(2) [24]

µ(12+) [µN ] −2.06(3)(a) [27] −1.92(2)(a) [27]

| νQ(12+) | [MHz] 29(2)(b) 38(3) [24]
Qs(12

+) [b] 0.49(3) [28] 0.65(5) [29]
| VZZ(PbRe) | [1021 V/m2] 2.42(23) [25] 2.42(27) [24]

| νQ/µ(11−) | [b/µN ] 25(3) [25] 19(3) [24]

µold(11−) [µN ] +10.56(88) [16]
| νold

Q (11−) | [MHz] 262(41) [25] 199(32) [24]
Qold

s (11−) [b] (−)4.48(86) [25] (−)3.41(66) [24]
βold

2 (11−) (−)0.21(4) [25] (−)0.156(28) [24]

µnew(11−) [µN ] +11.3(2) [7] +11.2(5)(c) [16,7]
| νnew

Q (11−) | [MHz] 281(38) this work 211(30) this work
Qnew

s (11−) [b] (−)4.8(7) this work (−)3.6(6) this work
βnew

2 (11−) (−)0.23(3) this work (−)0.17(3) this work

(a) Weighted mean of the values in ref. [27].

(b) The value slightly differs from the value in ref. [25] since it was deduced by using a slightly different magnetic moment (see also text).

(c) Weighted mean of the values in refs. [16] and [7].

First calculations on the deformation of the 11− isomer
in 196Pb have been made by Bengtsson et al. [31]. They
made use of a Woods-Saxon potential, the monopole pair-
ing interaction, the standard Strutinsky renormalization
and the Lipkin-Nogami treatment of the pairing prob-
lem. Similar values for the first excited 0+(π[505 9/2])2
state and the 11−(π[505 9/2] π[606 13/2]) configuration
in 196Pb have been found: β2 � −0.17. This calculated
deformation is in perfect agreement with the deformation
extracted from our experiments.

Recently, a systematic theoretical study of the de-
formation of the 11− isomers in the 184−198Pb and
188−200Po isotopes has been performed [32]. The calcu-
lations were performed in the framework of the Hartree-
Fock-Bogoliubov method with a Skyrme interaction, a
density dependent pairing force and the Lipkin-Nogami
prescription of the pairing problem. Smirnova et al. found
deformations ranging from β2 = −0.15 for 198Pb to
β2 = −0.19 for 184Pb, also in fair agreement with our ex-
perimental values. The deformations will further increase
towards midshell. The calculations show that the deforma-
tions of the Pb(11−) isomers are significantly larger than
the deformations of the corresponding Po isomers, vary-
ing from β2 = −0.114 for 200Po to β2 = −0.117 for 196Po.
This effect is explained in terms of core polarization due
to breaking of the Z = 82 core in the Pb isotopes

A different approach is suggested by the particle-core
coupling model [33]. In this model, the 2p − 2h intruder
states in APb are described as a coupling of the two pro-
ton particles to a A−2Hg core, whereas the two parti-
cles in A+2Po are coupled to a APb core. Despite the
quite different approach the conclusions from the particle-
vibration coupling calculations are similar to the ones ob-

-6

-5

-4

-3

-2

100 104 108 112 116

N

Qs [b]

Fig. 2. Comparison between the experimental (filled symbols)
and theoretical (empty symbols) spectroscopic quadrupole mo-
ments of the 11− isomers in APb as a function of the neutron
number. The theoretical values include the results from the
Hartree-Fock-Bogoliubov method [32] (diamonds), particle-
core calculations [33] (triangles), TAC calculations [24] (circles)
and the calculations of Bengtsson et al. (square) [31], where
the spectroscopic quadrupole moment was obtained from the
deformation by applying the standard formulae (see also text).

tained from the mean field calculations: the core polar-
ization is much stronger in the Pb isomers (for 196Pb
roughly 4 times larger than the single-particle contribu-
tion) than in the Po isomers (for 198Po roughly of the
order of the single-particle contribution). This gives rise
to theoretical spectroscopic quadrupole moments ranging
from Qs = −0.85 b to Qs = −1.83 b for the 210−198Po
chain and from Qs = −3.64 b to Qs = −3.90 b for the
196,194Pb isomers. The theoretical values for Pb are again
in good agreement with the experimentally deduced spec-
troscopic quadrupole moments.
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Tilted Axis Cranking (TAC) calculations result in
somewhat lower values for the spectroscopic quadrupole
moments and the deformations of the 194,196Pb(11−) iso-
mers: Qs = −2.86 b and β2 = −0.127 [24]. In this
model the size of the deformation is controlled by the
quadrupole-quadrupole coupling constant, κ, which was
chosen such that the quadrupole moment of the the
ν(1i−2

13/2) isomer, Qs(12+) = 0.65 b [29], is reproduced.
An overview of the several theoretical values in com-

parison with the experimental results is given in fig. 2.

4 Summary

We have put together and critically evaluated all experi-
mental values which have been used in order to extract the
quadrupole moments of the 11− isomers in the Pb-nuclei.
This was necessary after a new measurement of the g-
factors of these states [7]. The resulting values, Qs(196Pb,
11−) = (−)3.6(6) b and Qs(194Pb, 11−) = (−)4.8(7) b,
are about 10% larger than the previously published values,
though still within the formerly quoted experimental un-
certainties. The relative uncertainties have been reduced
and are now of the order of 15%. The new results have
been compared with all available theoretical calculations
and are in fair agreement with most of them. They confirm
the moderate deformation of the 11− intruder isomers.
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