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The known Iπ = 8+1 , Ex = 2129-keV isomer in the semi-magic nucleus 130Cd82 was populated
in the projectile fission of a 238U beam at the Radioactive Isotope Beam Factory at RIKEN. The
high counting statistics of the accumulated data allowed to determine the excitation energy, Ex

= 2001.2(2) keV, and half-life, T1/2 = 57(3) ns, of the Iπ = 6+1 state based on γγ coincidence

information. Furthermore, the half-life of the 8+1 state, T1/2 = 224(4) ns, was remeasured with

high precision. The new experimental information, combined with available data for 134Sn and
large-scale shell model calculations, allowed to extract proton and neutron effective charges for
132Sn, a doubly-magic nucleus far-off stability. A comparison to analogous information for 100Sn
provides first reliable information regarding the isospin dependence of the isoscalar and isovector
effective charges in heavy nuclei.
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PACS numbers: 27.60.+j, 21.60.Cs

The concept of effective nucleon charges was intro-
duced in many nuclear models in order to compensate
for the neglect of the coupling of the electromagnetic op-
erator to nucleons outside the considered valence space
[1–4]. In the nuclear shell model (SM), effective nucleon-
nucleon interactions among the valence nucleons are em-
ployed to calculate the energies of excited states and
effective charges, i.e., charges which include renormal-
ization corrections to the bare charges of both protons
and neutrons, are used in the calculation of electromag-
netic transition probabilities. As illustrated in Fig. 1,
the quadrupole response of atomic nuclei mainly consists
of two components, namely i) particle-hole excitations
among single-particle orbitals close to the Fermi surface,
i.e., within the same harmonic oscillator shell (∆n = 0,
with n the major oscillator quantum number), and ii)
particle-hole excitations to the next harmonic oscillator
shell with the same parity, i.e., ∆n = 2. While the first
give rise to discrete 2+ states with excitation energies
of up to a few MeV, the latter correspond to the Giant
Quadrupole Resonances (GQR) observed at significantly
higher energies (roughly Ex ≈ 2ℏω, e.g. ≈16-17 MeV
for 100,132Sn [6, 7]). In SM calculations considering a full
harmonic oscillator shell as valence space for both pro-
tons and neutrons (commonly called 0ℏω calculations),
the effective charges therefore compensate for the non-
consideration of virtual excitations of the isoscalar and
isovector GQR.
A first general estimate of the isoscalar and isovector
effective charges and their dependence on the neutron
excess based on the collective model was presented by
Bohr and Mottelson [8]. When phenomenological interac-
tions are used, the effective charges are usually adjusted
to available experimental data. For electric quadrupole
transitions in the sd and pf valence spaces corresponding
to the n = 2 and n = 3 harmonic oscillator shells, typi-
cally values around eπ = 1.4-1.5e and eν = 0.5e were de-
termined [9–12] indicating that the effect of polarization
is similar for both neutrons and protons, i.e., isovector
contributions to the effective charges are small. However,
the use of constant effective charges for a given model
space is only an approximation since they are expected to
depend on both the single-particle quantum numbers of
the initial and final states as well as the isospin. Orbital-
dependent effective charges were calculated for many nu-
clei and using a variety of different theoretical approaches
[13–18], but only recently both effective interactions and
effective charges were microscopically derived in a con-
sistent way [19, 20]. On the experimental side, it is very
difficult to disentangle the effects of these two dependen-
cies. In the pf shell, for example, very different (eπ,eν)
values were extracted from measured transition rates be-
tween high-spin states dominated by the 0f7/2 orbital in

the A = 51 mirror nuclei 51Fe/51Mn, i.e., close to N =
Z [21], as compared to those determined based on 0p3/2
dominated states in the N = 30 isotones 50Ca and 51Sc
(N/Z=1.50/1.43) [22]. Since the two cases differ in both
the isospin and the dominant single-particle orbital, no
conclusion can be drawn regarding the dependence of the
effective charges on these two parameters.

In order to study the isospin dependence of the effec-
tive charges without orbital effects, transitions between
states with the same pure configuration in two nuclei
with very different proton-to-neutron ratio have to be
studied. Such a clean laboratory is offered by the two
semi-magic Cd isotopes 98Cd and 130Cd (Z = 48). In all
calculations performed within the Z = 28-50 proton shell,
they feature excited states of exceptionally pure struc-
ture, namely the 8+ , 6+ (both 100%), and 4+ (>99%)
members of the π0g−2

9/2 multiplet, and span the entire N

= 50-82 major neutron shell, reaching from N≈Z to the
very neutron-rich side of the nuclear chart (N/Z=1.71).
Note that 98,130Cd is the only pair of semi-magic isotopes
or isotones with two nucleons or two holes outside a jj-
closed doubly-magic core which currently is available for

FIG. 1. Sketch of the single-particle orbitals and shell gaps
considering the harmonic oscillator potential, left, and adding
the ℓ2 and spin-orbit terms, right (adopted from Ref. [5]).
The n = 4 (even n in bold correspond to positive parity)
and n = 5 (odd n correspond to negative parity) harmonic
oscillator shells considered as valence spaces in the present
SM calculations are shown as gray boxes. Thick (thin) gray
arrows indicate ∆n=0 (∆n=2) particle-hole excitations of the
doubly-magic nucleus 100Sn.
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such a study. Furthermore, the purity of the first excited
states in these nuclei, which has its origin in the iso-
lated position of the high-j 0g9/2 intruder orbital in the
N = 28-50 shell, is unique. Experimentally determined
half-lives of the 8+ and 6+ states in 98Cd were already
presented in Ref. [23]. Here, we report on high precision
measurements of the corresponding half-lives in 130Cd.
In combination with new large-scale shell model (LSSM)
calculations, these experimental results allow for the first
time to trace the isospin dependence of the E2 effective
charges in heavy nuclei.

The experiment was performed at the Radioactive Iso-
tope Beam Factory (RIBF) of the RIKEN Nishina Center
within the EURICA campaign. The neutron-rich 130Cd
nuclei were produced following the projectile fission of
a 345-MeV/u 238U beam with an average intensity of
about 8 pnA, impinging on a 3-mm thick Be target. The
ions of interest were identified on an ion-by-ion basis by
means of the BigRIPS in-flight separator (BR) [24] us-
ing the ∆E-TOF-Bρ method [25]. Further information
about the identification procedure is provided in Ref. [26]
which reports on the β decay of 130Cd based on the
same data set. In total about 1.8 x 106 130Cd ions were
identified and implanted into the WAS3ABi (Wide-range
Active Silicon Strip Stopper Array for β and ion detec-
tion) Si array [27, 28] positioned at the focal plane of
the ZeroDegree spectrometer (ZD) [24]. Following the
fission reaction, some of the fragments are populated in
isomeric states with half-lives long enough to survive the
flight time through the BR and ZD spectrometers. To
detect the delayed γ radiation emitted following the de-
cay of these isomeric states after the implantation of the
fragments in the Si array, 12 large-volume Ge Cluster
detectors [29] from the former EUROBALL spectrome-
ter [30] were arranged in a close geometry around the
WAS3ABi detector.

A spectrum of γ rays observed in delayed coincidence
with identified and implanted 130Cd ions is shown in
Fig. 2(a). Four transitions with energies of 127.4(2),
137.6(2), 538.6(3), and 1325.0(6) keV, respectively, are
clearly visible, in full agreement with the observation re-
ported in Ref. [31]. In that work, these transitions were
assigned to form an E2 cascade from an 8+ isomer with
a half-life of T1/2 = 220(30) ns to the ground state, al-
though it was not possible to decide which of the two low-
energy γ rays corresponds to the primary isomeric decay.
Thanks to the considerably higher counting statistics ac-
cumulated in the present experiment, the order between
the two low-energy transitions could now be firmly es-
tablished on the basis of excited-state lifetime informa-
tion. Time-difference spectra were sorted for each pair
among the four observed transitions. No delay is ob-
served between the detection of the 538.6-keV, 4+→2+

and 1325.0-keV, 2+→0+ transitions, in agreement with
the expectation of a lifetime of the 2+ state in the sub-
nanosecond range. Therefore, both these transitions are

FIG. 2. (a) Delayed γ-ray spectrum (t = 75 ns - 2 µs) in co-
incidence with 130Cd ions implanted in WAS3ABi. (b) Time-
difference distributions of the 127.4- (filled circles) and 137.6-
keV (open circles) γ rays as start and the 538.6-keV/1325.0-
keV transitions as stop and (c) time distribution of the 127.4-
keV γ ray fitted by a single exponential decay (red line).

equally well suited to construct the time-difference dis-
tributions for the two low-energy γ rays. The summed
distributions, with either the 538.6- or the 1325.0-keV
transition as stop, are shown in Fig. 2(b). Obviously,
the two distributions exhibit a very different temporal
behaviour. While the time difference between the 538.6-
keV/1325.0-keV γ rays and the 137.6-keV transition is
well described by a Gaussian distribution with a width
which reflects the time resolution of the Ge detectors,
the one for the 127.4-keV transition clearly features an
exponential decay component. This finding allows to un-
equivocally assign the 127.4-keV transition to decay from
the 8+ and the 137.6-keV transition from the 6+ state
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and thus to fix the excitation energy of the 6+ state to
Ex(6

+) = 2001.2(7) keV. To determine the half-life of
the 6+ state, a likelihood fit of the time-difference dis-
tribution between the 127.4-keV γ ray and the two high-
energy transitions shown in Fig. 2(b) was performed with
an exponentially modified Gaussian in which the width
of the Gaussian was fixed to the value obtained from a
fit of the distribution of the 137.6-keV transition. This
analysis yielded a value of T1/2(6

+) = 57(3) ns, which
is in perfect agreement with the result T1/2(6

+) = 57(5)
ns obtained from a simple exponential fit in the range
outside the prompt region, i.e., for ∆t > 100 ns. To re-
determine the half-life of the 8+ state, the decay curve of
the 127.4-keV γ ray was fitted outside the prompt range
with a single exponential component, see Fig. 2(c). The
resulting half-life of T1/2(8

+) = 224(4) ns is in agreement
with the literature values [31, 32] but features a signifi-
cantly reduced uncertainty.

The B(E2) values deduced from the measured half-
lives and transition energies, together with the analog
information for 98Cd [23], are reported in Table I. Also
included are theoretical values of (eπ,eν) which were ex-
tracted from the measured B(E2) values as detailed be-
low, as well as the predictions from Ref. [8]. We start
the discussion considering the most simple valence space,
i.e., the one consisting of a single proton orbital, namely
π0g9/2. We find that for both 98Cd and 130Cd, the exper-
imental B(E2) value for the decay of the 8+ state is well
reproduced using a proton effective charge of eπ = 1.5e.
Note that for two nucleons, or two holes, in a single-j
shell, the B(E2) values are independent of the interac-
tion [36]. Considering the full Z = 28-50 major shell as
valence space does not alter the above result since the
8+, 6+, 4+ levels remain nearly pure π0g−2

9/2 states.

In the following, LSSM calculations are considered
with valence spaces consisting of entire harmonic oscilla-
tor shells for both protons and neutrons. For 98Cd, such a
0ℏω calculation using the n = 4 (sdg) harmonic oscillator
shell as valence space was already reported in Ref. [34].
There, the SDGN interaction [37] was used and the exci-
tation of up to five nucleons (t=5) from the 0g9/2 intruder
orbital across the N = Z = 50 shell gaps was considered.
The effective charges extracted from these calculations
are quoted in Table I. In the present work, new 0ℏω cal-
culations were performed for 130Cd (again with t=5) con-
sidering the n = 4 (sdg) and n = 5 (pfh) spaces for pro-
tons and neutrons, respectively, and using the NNS110
interaction introduced in Ref. [38]. Based on these cal-
culations, effective proton and neutron charges were ex-
tracted from the newly measured B(E2; 8+ → 6+) value
in 130Cd and the experimental B(E2; 6+ → 4+) value
in 134Sn [35]. In contrast to the single-j calculations,
significant differences between the two Cd isotopes are
observed when the 100Sn respectively 132Sn cores are
opened. In the case of 98Cd, a much smaller proton
charge of eπ = 1.11(7)e is extracted as compared to the

TABLE I. Experimental transition probabilities, B(E2; Iπi →
Iπi − 2), for transitions in semi-magic 98Cd and 130Cd calcu-
lated using total internal conversion coefficients from BRICC
[33] and proton and neutron effective charges, (eπ,eν), ex-
tracted based on single-j and LSSM calculations (see text for
details) and predicted by Bohr and Mottelson (BM) [8].

nucleus Iπi B(E2) single-j 0ℏω LSSM

(e2fm4) eπ/e eπ/e eν/e
98Cd 8+ 38.6(41)a 1.49(8) 1.11(7)b 0.84(2)b

6+ 126(19)a 1.70(13) 1.30(11)

combinedc 1.17(9) 0.83(3)

BM 100Sn 1.18 0.82
130Cd 8+ 46.2(11) 1.50(2) 1.32(2)d 0.54(1)d

6+ 136(7) 1.63(4) 1.45(4)

combinede 1.35(5) 0.54(1)

BM 132Sn 1.05 0.55

a from Ref. [23]
b from Ref. [34]
c 8+ and 6+ decays in 98Cd and 6+ decay in 102Sn [34]
d 8+ decay in 130Cd and 6+ decay in 134Sn [35]
e 8+ and 6+ decays in 130Cd and 6+ decay in 134Sn [35]

value of eπ = 1.32(2)e obtained for 130Cd. The same
trend is also observed for the eπ values extracted from
the B(E2; 6+ → 4+) values in 98,130Cd (see Table I), al-
though the latter are systematically larger as compared
to those derived from the 8+ → 6+ transitions. Such
state-dependent effects within the same multiplet, here
π0g−2

9/2, were recently already reported for other heavy

nuclei [35, 39, 40] and will further be discussed in a forth-
coming publication [41]. Since their origin is not yet un-
derstood, final (eπ,eν) values were determined taking into
account both these transitions and the 6+ → 4+ decays
in 102,134Sn [34, 35] and the errors of the combined val-
ues were multiplied by the square-root of the normalized
χ2. Note that in the LSSM calculations the t=0 con-
tent in the relevant wave functions is still about 75-80%
while the remaining 20-25% are highly fragmented among
many different proton and neutron particle-hole config-
urations. Therefore, it is not to be expected that small
variations of the LSSM parametrizations would lead to
drastic changes of the extracted effected charges.
The proton and neutron effective charges for the 100Sn

and 132Sn cores, extracted from precisely measured tran-
sition rates on the basis of 0ℏω LSSM calculations,
provide first solid empirical information regarding the
isospin dependence of polarization charges in the heavy
mass region. The isoscalar, eIS , and isovector, eIV , con-
tributions to the latter arise from virtual excitations of
the IS and IV GQR. A first prediction for eIS and eIV
and their isospin dependence was made by Bohr and Mot-
telson many years ago (BM, formula (6-386) of Ref. [8]).
It was derived using the harmonic oscillator model and
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FIG. 3. (a) Isoscalar and (b) isovector effective charges, eIS and eIV , respectively, extracted from experimental data (bullets:
100,132Sn [34] and present work; open square: estimate for 56Ni [21]) as compared to theoretical predictions (black: BM [8],
green: 0f7/2 and gray: 1p3/2 orbitals from Ref.[19]). The dashed lines and shaded regions are drawn to guide the eye.

making several simplifying assumptions. Later on, more
elaborated calculations were performed, mainly using the
microscopic particle-vibration coupling model based on
the Hartree-Fock and random-phase approximations [42–
44]. For light nuclei, shell-model calculations including
∆n = 2 single-particle excitations in first order pertur-
bation theory were presented [45]. In a very recent work,
orbital-dependent effective charges for several Ni isotopes
were calculated from a realistic chiral interaction using ab
initio approaches [19]. While the authors state that the
results for 78Ni may not be fully converged, the calcula-
tions for 48,56,68Ni provide a solid microscopically derived
prediction of the polarization charges and their isospin
dependence in heavy nuclei. In the following, the results
reported in the present work will be confronted with both
this ab initio [19] as well as the BM prediction [8].

As discussed in Ref. [34], the (eπ,eν) values extracted
for N = Z 100Sn and the region around 56Ni [21] are in
very good agreement with the BM prediction. The same
is true for the neutron effective charge determined in the
present work for 132Sn, while the extracted proton effec-
tive charge, eπ = 1.35(5)e, is significantly larger than the
predicted value. Interestingly, the empirical values are
close to eπ = 1.31e, eν = 0.46e calculated by Dufour and
Zuker [46] and used in LSSM calculations in the 78Ni re-
gion [47, 48]. To discuss the isospin dependence of the
polarization charges, eIS and eIV (deduced from the re-
lations eπ = 1+eIS−eIV and eν = eIS+eIV ) are shown
as function of the relative neutron excess in Fig. 3. The
first important observation is that the empirically de-
termined values for the N = Z cores clearly evidence a
strong isovector contribution to the polarization charge,
as predicted in Ref. [8]. The ab initio calculations, in gen-
eral, yield considerably smaller polarization charges [19].

As representative examples, the results for the 0f7/2 and
1p3/2 orbitals are shown in Fig. 3. The new results for
the 132Sn core suggest that the isovector charge, eIV , de-
creases much faster with increasing neutron excess than
predicted by the two theoretical approaches. The oppo-
site trend is observed for the isoscalar charge, eIS , which,
in contrast to the predictions, barely changes between
100Sn and 132Sn. Note that such a rapid decrease of eIV
when leaving the N = Z line, together with a nearly con-
stant eIS , may explain why the effective charges obtained
from a fit to available experimental data for the sd and
pf valence spaces seem to indicate rather small isovector
contributions (see introduction).

Finally, we mention that the (eπ,eν) values chosen ’ad-
hoc’ to best describe experimental data in recent sys-
tematic Monte Carlo shell-model studies of the 90−110Zr
[49] and 100−138Sn [50] isotopes, namely (1.3e,0.6e) and
(1.25e,0.75e), respectively, are very close to the aver-
age over the respective (N -Z)/A ranges considering the
isospin dependence empirically established for the Sn iso-
topes in the present work. It would be very interesting to
compare the calculations performed with constant effec-
tive charges in Refs. [49, 50] to those in which the isospin
dependence established here is taken into account.

To conclude, the exotic Cd isotopes in the vicinity
of doubly-magic 100Sn and 132Sn offer exceptionally
clean conditions for the study of the isospin dependence
of the proton effective charge due to the existence of
seniority isomers based on the π0g9/2 intruder orbital.
The precise measurement of the half-lives of the 6+

and 8+ states in 130Cd presented here, in combination
with available experimental information for 98Cd and
new LSSM calculations including the full 0ℏω part
of the quadrupole operator, allowed to determine the
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isospin dependence of the isoscalar and isovector po-
larization charges. The isovector contribution is shown
to decrease much faster with increasing neutron excess
than theoretically predicted, while the isoscalar charge
stays nearly constant over the full major N = 50-82
shell. The present work aims to guide the choice of
effective charges in future LSSM calculations in the
heavy neutron-rich region of the nuclear chart in which
experimental information is scarce.
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Dewald, O. Möller, B. Saha, M. Axiotis et al., Phys. Rev.
Lett. 93, 222501 (2004).

[22] J.J. Valiente-Dobón, D. Mengoni, A. Gadea, E. Farnea,
S.M. Lenzi, S. Lunardi, A. Dewald, Th. Pissulla et al.,
Phys. Rev. Lett. 102, 242502 (2009).

[23] J. Park, R. Krücken, D. Lubos, R. Gernhäuser, M. Le-
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