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Structure of 126,128Xe studied in Coulomb excitation measurements
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The electromagnetic properties of 126,128Xe were studied in subbarrier Coulomb excitation measurements
performed at the National Superconducting Cyclotron Laboratory Re-accelerator facility, ReA3, at Michi-
gan State University (MSU). 126Xe and 128Xe nuclei were accelerated to 3.74 and 3.81 MeV/nucleon,
respectively, and were impinged on 196Pt and 208Pb targets. The γ rays deexciting the populated low-lying
states were detected in coincidence with the scattered nuclei using the JANUS setup. Transition and diag-
onal matrix elements for low-lying states and transitions in 126,128Xe were extracted from the experimental
data using the GOSIA and GOSIA2 codes. The experimental results were compared with the theoretical cal-
culations by the microscopic shell model and the Davydov-Filippov γ -rigid rotor model. The calculated
results from the newly established shell model (called the PMMU model), which is based on the ad-
vanced Hartree-Fock Bogoliubov plus generator coordinate method (HFB + gcm) for a large model space,
agree well with the measurements in both nuclei, except for the second 2+ state. Interpretation for the
experimentally determined nearly vanishing electric-quadrupole moment of this state remains a challenge
for theory.
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I. INTRODUCTION

Atomic nuclei are among the most fascinating quantum
many-body systems and exhibit a rich variety of shapes. Most
nuclei are often assumed to have a quadrupole-deformed, ax-
ially symmetric shape in the ground state. However, in some
regions in the nuclear chart axial symmetry in the quadrupole
deformation breaks down and a triaxial description is required
to characterize the properties of these nuclei. With just four
protons above the shell closure at Z = 50, the stable, even-A
isotopes 126,128Xe provide a good opportunity to study the
emergence of nuclear deformation and collectivity. Experi-
mental properties of many nuclei in this mass region indicate a
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transitional character, as might be expected as one moves from
nominally spherical Sn nuclei towards the midshell region.
The ratio of the excitation energies of the first 4+ and 2+
excited states (R4/2) in the even-A Xe nuclei, in particular,
increases towards the midshell between N = 50 and N = 82.
Nevertheless, it does not reach values above R4/2 ≈ 2.5 which
are typical for γ -soft nuclei [1].

For nuclei exhibiting nonaxial symmetric shapes, one must
also consider the roles of γ -soft and γ -rigid deformation.
There are two extreme phenomenological models that de-
scribe the triaxiality: a γ -rigid rotor model of Davydov and
Filippov (DF) [2] and a γ -soft model of Wilets and Jean
(WJ) [3]. The O(6) dynamical symmetry of the interacting
boson model (IBM) is strongly related to the WJ picture
of γ softness. For the ground-state bands, both the DF and
WJ models give rise to similar level energies and E2 tran-
sition strengths and, therefore, it is hard to delineate the
two conceptually different collective modes. It was sug-
gested by Otsuka and Sugita [4] that the two descriptions
are equivalent. Nevertheless, there has been continuing effort
in searching distinguishing features between the DF and WJ
pictures. For example, Zamfir and Casten [5] and Bhat et al.
[6] demonstrated that the phase of the odd-even staggering
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(i.e., the staggering of the odd- and even-spin levels) of the
γ -vibrational bands could shed light on the nature of triax-
iality. A more stringent test is to examine the entire set of
quadrupole matrix elements, not only the transition ones but
also the diagonal ones, for the ground-state bands as well
as other low-lying collective states. The most relevant col-
lective state is the bandhead of the excited level sequence
starting with 2+, traditionally known as the γ -vibrational
state.

Recent theoretical and experimental works study the even-
A Xe isotopes in the context of a possible critical point in
the shape transition from spherical to γ -soft, O(6)-like nuclei.
The increase of the excitation energies in the ground-state
band within the O(6) limit is faster compared with the vibra-
tional nuclei but slower than the typical values for rotational
structures. Although the energy gaps in the ground-state band
can give an indication to recognize possible O(6)-like struc-
tures, a real probe to test the relationship to this dynamical
symmetry are electromagnetic properties of the nuclei [7]. A
particularly important feature within the γ -soft framework is
the vanishing of the quadrupole moments.

The experimental characteristics of the light stable Xe
isotopes exhibit properties similar to those expected for the
O(6) limit, but notable differences from some O(6) transition
strengths were observed [8,9]. Also, while E (5) critical-point
behavior for the shape transition from a spherical vibrator to
a triaxially soft rotor was proposed for the structure of 128Xe
[10], other investigations [9] suggest that 130Xe is the most
likely E (5) candidate among the Xe isotopes. Central to all
of these arguments is the role of triaxiality, which presently
available data are insufficient to quantify. Thus, more exper-
imental studies are needed in order to make firm statements
about the relation to these dynamical symmetries.

In particular, very few experimental data are available for
the quadrupole moments of excited states in the even-A Xe
isotopes. The importance of such information in O(6) or γ -
unstable nuclei is emphasized by the example of 128Xe in
Ref. [11]. Although a lot of experimentally known features
of this nucleus can be related to the structure predicted by
the O(6) symmetry, it is evident that different theoretical
approaches [11,12] can reproduce the 128Xe level scheme sim-
ilarly well and yet predict very different quadrupole moments.
The consequence is that level schemes are not a sensitive
enough probe, and B(E2) values can provide more detailed
comparisons, but quadrupole moments are the most stringent
test of theoretical models [11].

Different Coulomb excitation measurements were previ-
ously performed in the even-A Xe isotopes [8,9,13–15] but
definitive conclusions about the diagonal matrix elements
were still outstanding.

The present work is focused on the structure of the low-
lying excited states in 126,128Xe. Experimental details are
outlined in Sec. II while the data analysis procedures and
results are presented in Sec. III. The newly determined values
are compared with theoretical model calculations in Sec. IV.
The comparison with the large-scale shell model (called the
PMMU model) results is one of the first extensive applica-
tions of this newly developed shell model in such heavy and
complex nuclei.

FIG. 1. Particle identification of the 128Xe projectile and 208Pb
target nuclei in the forward Si detector. The kinematic lines for the
128Xe projectile (upper locus) and 208Pb target (lower locus) represent
the particle energies when scattering at different angles. The angle
increases with ring number.

II. EXPERIMENTAL DETAILS

Electromagnetic properties of 126,128Xe were studied in
a subbarrier Coulomb excitation experiment performed at
the National Superconducting Cyclotron Laboratory (NSCL),
Michigan State University (MSU). 126,128Xe from an ion
source were injected into NSCL’s electron-beam ion trap [16]
where they were charge bred to 43+, 44+, respectively, and
injected into the ReA linear accelerator. The 126,128Xe nuclei
were delivered at energies of 3.74 and 3.81 MeV/nucleon,
respectively, having the so-called “safe” Coulomb-excitation
criterion [17] in consideration. The Xe nuclei were both im-
pinged on a 208Pb target with a thickness of 0.92 mg/cm2

and a 196Pt target with a thickness of 1.59 mg/cm2. The
average beam intensity was ≈3 × 105 pps for the 128Xe and
≈2 × 105 pps for the 126Xe runs.

The Joint Array for Nuclear Structure (JANUS) [18] ex-
perimental setup was used in the measurements, allowing
for a coincident detection of both the scattered nuclei and
the γ rays following the Coulomb excitation. The detector
configuration consists of a pair of segmented Micron S3-type
double-sided Si detectors (Bambino2) and the Segmented Ge
Array (SeGA) [19]. The Si detector pair includes two 24-ring
detectors which cover the angular ranges 23.8◦–53.8◦ and
133.8◦–161.3◦ with respect to the beam axis. SeGA is com-
prised of sixteen 32-fold segmented high-purity germanium
detectors with cylindrical crystals positioned around the target
chamber in a barrel geometry [18,20].

III. DATA ANALYSIS AND EXPERIMENTAL RESULTS

The experimental data were sorted and analyzed using the
GRUTINIZER code [21], based on the ROOT framework [22].
Particle identification and selection of the scattered projectile
and recoiling target nuclei was determined by their differ-
ent kinematic properties as measured in the Si detectors (as
shown in Fig. 1). The Si data were subdivided into four
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FIG. 2. Doppler-corrected γ -ray spectra in coincidence with Xe nuclei registered in the double-sided Si detector for runs with a target of
208Pb and a beam of (left) 126Xe and (right) 128Xe. The γ -ray transitions representing the deexcitation of the populated states in the nuclei are
labeled in the bottom spectra (Xe nuclei detected at backwards angles).

angular ranges—one with events in which 126,128Xe nuclei
were detected in the backwards Si detector (133.8◦–161.3◦
with respect to the beam axis), two of them include events
with 126,128Xe nuclei detected in the forward Si detector
(23.8◦–38.2◦ and 38.2◦–44.4◦, respectively), and the last
data set includes events in which target nuclei were de-
tected in the forward Si detector in the range of 23.8◦–
43.3◦.

Doppler-corrected γ -ray energy spectra of 126Xe and 128Xe
are shown in Fig. 2 while partial level schemes of both nuclei
are presented in Figs. 3. and 4. The γ -ray transitions observed
in the present measurements are highlighted in red.

Experimental γ -ray yields coincident with the subdi-
vided Si-detector data were efficiency corrected for use in
the Coulomb-excitation analysis. They were compared with
yields calculated using the semiclassical Coulomb excitation
code, GOSIA, in order to extract electromagnetic matrix ele-
ments [23,24].

The 〈2+
1 ‖ E2 ‖ 0+

1 〉 matrix elements in 126,128Xe were first
determined from the 196Pt target datasets, following a com-
bined GOSIA + GOSIA2 analysis procedure [25,26], as outlined
in Ref. [27]. The excited states and transitions shown in Figs. 3
and 4 were used in the analysis process. The matrix elements
of transitions which were not observed in the present exper-
iment were set to values known from previously performed
measurements, along with variations within the cited 1σ un-
certainty limits [1].

The final experimental set of electromagnetic matrix ele-
ments for both nuclei was determined after χ2 minimizations

in a standard GOSIA analysis including experimental γ -ray
yields from both target datasets for each nucleus.

FIG. 3. A partial level scheme of 126Xe. The data were taken
from Ref. [28]. Transitions which were observed in the current work
are highlighted in red.
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FIG. 4. A partial level scheme of 128Xe. The data were taken
from Ref. [29]. Transitions which were observed in the current work
are highlighted in red.

The minimizations were performed on the basis of the γ -
ray yields measured in the present experiment and previously
available data [1,29–32]. Known branching ratios and mixing
ratios (see Table I) were taken into account in the GOSIA +
GOSIA2 iterative procedure conducted with the 196Pt target
datasets. Additional lifetimes literature information (shown
in Table I) for states in 128Xe was also used during the fi-
nal GOSIA minimization. A value of τ = 26.8 (3) ps for the
lifetime of the first 2+ state in 128Xe was used as a data point
during this data analysis step. It was determined as a weighted
average of two out of several lifetime results reported in
Ref. [30]. This value is consistent with the 〈2+

1 ‖ E2 ‖ 0+
1 〉

matrix element obtained in the present work using the GOSIA

+ GOSIA2 iterative procedure for analysis of the 196Pt target
dataset [corresponding to τ = 26.6 (9) ps].

The determined transition and diagonal matrix elements
were used to calculate B(E2) values and quadrupole moments.
Transition probabilities from the analysis of the datasets are
listed in Table II, along with comparison to results from
previous measurements. Quadrupole moments of the 2+

1 , 4+
1 ,

and 2+
2 states were calculated from the experimental diagonal

matrix elements and are presented in Table III. The signs of
all matrix elements measured in the present work were chosen
as positive by convention, except for the diagonal matrix ele-
ments and the relative signs of the interband transitions which
are measurable physical observables [34]. The low quadrupole
moments of the second 2+ states are notable, deviating from
the expected theoretical values listed in Table III.

Along with results from measurements in previous works,
the transition and the diagonal elements in Tables II and III
are also compared with theoretical calculations performed by

TABLE I. Experimental values for branching ratios (BR),
E2/M1 mixing ratios (δ), and lifetimes (τ ) in 126,128Xe known prior
to the current work. The data for the branching and mixing ratios
were taken from Refs. [1,29,31] while the data for the lifetimes of
states in 128Xe were taken from Refs. [30,32]. These values were
used in the GOSIA minimization procedures to determine diagonal
and transition matrix elements in 126,128Xe.

126Xe

Jπ
i Jπ

f Eγ [keV] BR δ

2+
2 2+

1 491 1 +9.1 (+43 −23)
2+

2 0+
1 880 0.2541 (19)

4+
2 2+

2 608 1
4+

2 2+
1 1099 0.211 (3)

4+
2 4+

1 546 0.504 (5) +3.0 (+10 −9)
128Xe

Jπ
i Jπ

f Eγ [keV] BR δ

2+
2 2+

1 526 1 +4.4 (7)
2+

2 0+
1 969 0.268 (5)

4+
2 2+

2 635 1
4+

2 2+
1 1161 0.361 (10)

4+
2 4+

1 571 0.772 (19) +1.9 (+3 −5)

Jπ E [keV] τ [ps]

2+
1 443 26.8 (3)

4+
1 1033 4.8 (2)

6+
1 1737 1.8 (2)

2+
2 969 8.7 (5)

4+
2 1604 3.5 (2)

the DF model [2] and the recently developed shell model [35].
The asymmetric rotor-model values were deduced within the
approach outlined in Ref. [2], with the triaxiality parameters γ

determined from the experimental transition matrix elements
of the second 2+ excited states in 126,128Xe. The results for the
asymmetric rotor calculations were normalized with respect
to the experimental values of the transition matrix elements
of the first-excited state in each nucleus. The details about
the theoretical calculations and outline for the shell model are
presented in Sec. IV.

The uncertainties of the transition matrix elements, and
therefore the B(E2) values, were obtained by taking into
account all possible correlations between the matrix elements
[23]. The majority of the new results agree with the known
literature data within a 1σ uncertainty interval. A notable dif-
ference is observed between the measured B(E2; 2+

1 → 0+
1 )

value in 126Xe and the previously known data.
A different approach was used to determine the uncertain-

ties of the diagonal matrix elements and quadrupole moments.
For a range of fixed diagonal matrix elements of a given state
of interest, GOSIA χ2 minimizations were performed where all
other matrix elements involving the decays of the 2+

1 , 4+
1 , and

2+
2 states were allowed to vary. This leads to a χ2 distribution

for the diagonal matrix elements, allowing the 1σ uncertainty
to be determined by the simple χ2 + 1 criterion [33].

A visualization of the results and the uncertainty estima-
tion procedure for the diagonal matrix elements of the first
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TABLE II. Transition matrix elements and B(E2) values in 126,128Xe determined in the present work. A comparison to results from
previously performed measurements and theoretical calculations is presented. Known literature values of BR, δ, and τ (as noted in Table I)
were used along with the present experimental data to determine the matrix elements.

126Xe

Jπ
i Jπ

f 〈Jπ
i ‖ E2 ‖ Jπ

f 〉expt B(E2)expt 〈Jπ
i ‖ E2 ‖ Jπ

f 〉PMMU B(E2)PMMU B(E2)DF B(E2)a

[eb] [W.u.] [eb] [W.u.] [W.u.] [W.u.]

2+
1 0+

1 1.03 (4) 56 (5) 0.99 51 56 41.0 (13)b

4+
1 2+

1 1.48 (4) 65.1 (34) 1.63 77 79 71.0 (67)
6+

1 4+
1 2.07 (9) 88 (8) 2.13 91 99 84 (11)

2+
2 2+

1 1.00 (4) 54 (4) 0.96 48 56 43.2 (26)
2+

2 0+
1 0.119 (9) 0.75 (11) 0.125 0.82 1.86 0.63 (7)

4+
2 2+

2 0.97 (6) 27.6 (34) 1.31 50 26 36.1 (42)
0+

2 2+
1 0.12 (4) 3.9 (29) 0.15 5.8 5.9 (9)

128Xe

Jπ
i Jπ

f 〈Jπ
i ‖ E2 ‖ Jπ

f 〉expt B(E2)expt 〈Jπ
i ‖ E2 ‖ Jπ

f 〉PMMU B(E2)PMMU B(E2)DF B(E2)c& B(E2)d

[eb] [W.u.] [eb] [W.u.] [W.u.] [W.u.] [W.u.]

2+
1 0+

1 0.940 (15) 46.1 (15) 0.92 44 46.1 47 (5) 42.6 (64)e

4+
1 2+

1 1.38 (4) 55.4 (32) 1.51 66 65 60 (6) 63.5 (52)
6+

1 4+
1 1.95 (12) 76 (10) 2.00 80 82 79 (8) 106 (13)

2+
2 2+

1 0.92 (4) 44 (4) 1.02 54 46 49 (5) 50.1 (97)
2+

2 0+
1 0.105 (8) 0.58 (9) 0.068 0.24 1.56 0.63 (5) 0.65 (8)

4+
2 2+

2 21 29 (5) 29.6 (29)

aFrom Ref. [8].
bThe study in Ref. [8] uses a value from Ref. [31].
cFrom Ref. [13].
dFrom Ref. [9].
eThe study in Ref. [9] uses a value from Ref. [36].

and second 2+ states in 126Xe is presented in Fig. 5. The
values determined using this approach are consistent with the
full correlated uncertainties deduced from the standard GOSIA

analysis.

TABLE III. Diagonal matrix elements and quadrupole moments
in 126,128Xe determined in the present work. A comparison to results
from PMMU shell-model calculations is presented. The experimen-
tal values are also compared with asymmetric rotor calculations
(QDF

s ), given that the sign of Q(2+
1 ) is negative.

126Xe

Jπ 〈Jπ ‖ E2 ‖ Jπ 〉expt Qexpt
s QPMMU

s QDF
s

[eb] [eb] [eb] [eb]

2+
1 −1.0 (2) −0.76 (15) −0.57 −0.52

4+
1 −0.78 (16) −0.59 (12) −0.69 −0.30

2+
2 +0.14 (9) +0.11 (7) +0.51 +0.52

128Xe

Jπ
i 〈Jπ ‖ E2 ‖ Jπ 〉expt Qexpt

s QPMMU
s QDF

s

[eb] [eb] [eb] [eb]

2+
1 −0.58 (−15 +12) −0.44 (−12 +9) −0.37 −0.49

4+
1 −1.38 (13) −1.04 (10) −0.45 −0.28

2+
2 +0.01 (−10 +9) +0.008 (−0.08 +0.07) +0.33 +0.49

IV. DISCUSSION

Besides the transition probability for the decay of the first
excited state in 126Xe, the B(E2) values determined in the
present work are in a reasonable agreement with previous
measurements [1,8,9,13,37].

Although the experimental B(E2; 2+
1 → 0+

1 ) =
56 (5) W.u. for the decay of the 2+

1 state in 126Xe differs
from the evaluated data in Refs. [28,31] [B(E2) = 44 (4)
W.u. in Ref. [28] ], it fits well with recently performed
measurements [36,38,39] reporting values of 56.5 (16) W.u.
and 54.2 (+70 −30) W.u. A broad range of experimental
results were reported for this transition probability over the
years [37]. In a recent Coulomb excitation study [8] the value
from the evaluation in Ref. [40] (which does not take into
account the results presented in Ref. [39] and Ref. [36]) was
used to set the absolute scale. The result obtained in the
present work with the 196Pt target dataset differs from that
value.

In general, the B(E2; 2+
1 → 0+

1 ) values follow a smooth
trend along the Xe isotopic chain [1]. They decrease with
increasing the neutron number towards the shell closure at
N = 82, pointing out well the collective properties in the
midshell region. The R4/2 ≈ 2.5, as well as the decay patterns
of the lowest-lying states are consistent with the concept for
γ softness and O(6) characteristics of 126,128Xe. Nevertheless,
the relation to the O(6) dynamical symmetry was questioned
based on the decay properties of some excited states [8,9].
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FIG. 5. Total χ 2 plotted as a function of the (a) 〈2+
1 ‖ E2 ‖ 2+

1 〉
and (b) 〈2+

2 ‖ E2 ‖ 2+
2 〉 diagonal matrix elements (ME) in 126Xe

measured in the current work. The uncertainties of the experimental
values were determined on the basis of the χ 2 + 1 criteria [33].
Fits of the experimental data points with a polynomial function are
presented with continuous red lines in the plots while the χ2 + 1
values are shown with straight dashed blue lines.

The newly determined quadrupole moments of the first
2+ states in 126,128Xe also suggest deviations from the O(6)
symmetry in the ground-state band of the nuclei. Their large
magnitudes are in conflict with the O(6) limit, which implies
vanishing quadrupole moments. The results are consistent
in a systematic way with recently performed Coulomb ex-
citation measurements in 130Xe where a value of Q(2+

1 ) =
−0.38 (+17 −14) eb was determined [15].

A. Comparison with model predictions

The experimental quadrupole moments of the second ex-
cited 2+ states are of significant interest since the measured

values are close to zero. These newly determined quadrupole
moments in both nuclei are lower in magnitude compared with
the measured Q(2+

1 ). This is also consistent in a systematic
way with the Q(2+

2 ) = 0.1 (1) eb value in 130Xe [15]. Such a
behavior seems to agree with a recent study concluding that
the ground-band levels in 126Xe may exhibit O(5) symmetry,
while the excited bands have the characteristics of O(6) sym-
metry [41].

The measured Q(2+
1 ) are also reduced compared with a

simple γ -rigid symmetric rotor model [Q(2+
1 )rot = −0.93 eb

for 126Xe and Q(2+
1 )rot = −0.85 eb for 128Xe]. To study the

possible triaxiality of the nuclei, B(E2) values and quadrupole
moments were calculated using the γ -rigid asymmetric rotor
approach [2]. The triaxiality parameters γ were determined
from the experimental strengths for the 2+

2 → 2+
1 and 2+

1 →
0+

1 transitions in 126,128Xe. In both cases the triaxiality pa-
rameters are similar (γ ≈ 26◦). These values agree with an
independent determination of the γ parameter from the exci-
tation energies of the first 2+ excited states in the nuclei. The
ratios between the electromagnetic transition probabilities for
the respective values of γ in both nuclei were deduced from
the model. A normalization with respect to the experimental
〈2+

1 ‖ E2 ‖ 0+
1 〉 transition matrix element in each nucleus was

performed. A comparison to the measured values is presented
in Tables II and III. The collective structure of 126,128Xe was
investigated in more detail by microscopic shell-model cal-
culations. The model employs a realistic Hamiltonian (called
PMMU) combining the pairing plus multipole terms with the
monopole interaction obtained by the monopole based uni-
versal force [42], which has been proven to work well over
a wide range of nuclei for describing nuclear properties such
as energy spectra and electromagnetic transitions [43,44]. In
the recent study of the neighboring 130Xe isotope, the authors
of Ref. [15] found that, for their shell-model description,
unusually large effective charges were needed to reproduce
the quadrupole transition strengths. That together with an
overprediction of the excitation energies in Ref. [15] indicated
that their model space between the shell gaps at N, Z = 50 and
82 is not large enough to describe the collective nature of this
region. In contrast, our PMMU model adopts a much larger
model space (1g9/2, 1g7/2, 2d5/2, 2d3/2, 3s1/2, 1h11/2, 2 f7/2)
(referred to as gdsh f ). However, with such a large model
space, a conventional shell-model calculation cannot be per-
formed. To overcome this problem, an advanced many-body
technique is required. In a recent development [45], Shimizu
et al. proposed the Hartree-Fock-Bogoliubov plus generator
coordinate method (HFB + gcm) to solve the shell model in
a large model space. Briefly, it uses the HFB method to gen-
eralize a suitable mean field and applies the gcm calculation
to obtain the wave functions by superimposing many con-
figurations in the quadrupole-deformation plane. In this way,
the effect of shape changes can be included. Furthermore, the
HFB method makes it possible to visualize the nuclear shape
through the plots of potential-energy surfaces. Hence, this is a
powerful tool for nuclei of γ softness and can generally study
shape evolution in heavy-mass regions as functions of particle
number and spin. It has been shown [35] that the quadrupole
interaction in the quasi-SU(3) partner orbits (1g9/2, 2d5/2) and
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FIG. 6. Experimental energy levels (expt) for (a) 126Xe and
(b) 128Xe compared with calculated energy levels within the PMMU
shell model (calc). Not all of the states plotted in the figure were
observed in the present experiment.

(1h11/2, 2 f7/2) across the Z = 50 and N = 82 shell gaps, re-
spectively, are responsible for the observed large quadrupole
collectivity.

We perform the PMMU shell-model calculation for 126Xe
and 128Xe in the gdsh f model space employing the same
HFB + gcm code as in Ref. [46] and using the same
parameters as in Ref. [35]. Figure 6 compares measured and
calculated energy levels for 126Xe and 128Xe. For both nuclei,
the calculations excellently reproduce the ground-state band
as well as the sideband in the experiments built on the second

excited 2+
2 state, while the first excited 0+ state is calculated to

be slightly lower than the experimental level. The calculated
energy ratios, R4/2 = 2.56 and 2.46 for 126Xe and 128Xe, are
in good agreement with the experimental ones, 2.42 and 2.33,
respectively. These R4/2 ratios lie in the middle of the char-
acteristic vibrational (2.0) and rotational (3.3) values and are
consistent with the γ -soft (2.5) value. Therefore, the sideband
may be understood in terms of a γ -vibration nature.

The calculated B(E2) and Qs values are compared with
experimental data in Tables II and III, respectively, where the
effective charges are taken as ep = 1.0e and en = 0.4e. A vi-
sual representation of the experimental and theoretical values
is shown in Fig. 7. It is remarkable that the PMMU calcula-
tions reproduce well the small experimental B(E2; 2+

2 → 0+
1 )

for 126Xe and 128Xe. It should be noted that the γ -soft model
predicts a small B(E2) value for this transition, consistent
with this result. In contrast, for models such as the DF which
enforce γ rigidity and irrotational flow, a much larger B(E2)
value is predicted. We note that, when the inertial tensor is
treated independently [47], a rigid rotor can also satisfy this
weak B(E2).

However, as listed in Table III, the experimental Qs values
of 0.11 (7) eb and 0.008 (−0.08 +0.07) eb for the second
excited 2+

2 states are significantly smaller than the theoretical
values, 0.51 and 0.33 eb, respectively. This situation is similar
to the recent 130Xe data [15]. In 130Xe, all theoretical calcula-
tions predict a large positive Qs value for the second 2+

2 state,
as discussed by Morrison et al. [15]. In their calculations, it is
notable that the absolute Qs value is almost the same as that of
the first 2+

1 state, while it has the opposite sign. Thus, it seems
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FIG. 7. A comparison between experimental values (black squares) and calculations within the PMMU shell model (green circles) and the
asymmetric rotor model (red triangles) for (a) transition matrix elements in 126Xe, (b) transition matrix elements in 128Xe, (c) diagonal matrix
elements in 126Xe, (d) diagonal matrix elements in 128Xe.
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FIG. 8. Potential-energy surfaces (PES) for 126Xe and 128Xe.

to be difficult for the current shell models to obtain the small
Qs value for the second excited 2+

2 state in 126Xe and 128Xe as
well as in the 130Xe case.

Experimental data for Q(2+
2 ) along the nuclear chart are

sparse and often the uncertainties of the measured values
are large [48]. Although some experimental results in nuclei
with well-defined and observed γ bands follow the Q(2+

2 ) ≈
−Q(2+

1 ) dependence, a general statement for the uniqueness
of the situation in the Xe isotopes is difficult.

An interpretation for the experimentally determined nearly
vanishing electric quadrupole moment, Qs in 2+

2 , is currently
challenging. To learn more about the nature of the studied nu-
clei, we examine the potential-energy surface (PES) obtained
by the constraint HFB method from our PMMU model. The
PES plots as functions of quadrupole moments Q0 and Q2

for 126Xe and 128Xe are shown in Fig. 8. Both plots suggest
extremely soft energy surfaces for a wide area in the parameter
plane so that it is impossible to talk meaningfully about shape
for these two nuclei. With such kind of potential surface it is
not difficult to imagine that a perturbation (such as rotation)
can easily drive the nucleus moving in the Q0-Q2 plane. In
other words, for a nucleus with no well-defined shape there
can be rich possibilities to develop shape(s) including unusual
ones when it gets excited. This seems to be what we have
encountered in the present examples.

B. Model-independent determination
of quadrupole shape parameters

The new experimental results were used to extract collec-
tive parameters in a model-independent way by applying sum
rules as outlined in Refs. [17,23,49,50]. Zero-coupled prod-
ucts of spherical tensors are rotationally invariant. The ex-
pectation values of such products for the electric-quadrupole
operators can be expressed in terms of the model-independent
parameters Q and δ. The first two rotational invariants for a
given state s are

〈s|Q̂2|s〉 =
√

5〈s|[Ê2 × Ê2]0|s〉 (1)

and

〈s|Q3ĉos3δ|s〉 =
√

35

2
〈s|{[Ê2 × Ê2]2 × Ê2}0|s〉. (2)

Using the short notation for matrix elements Mi f =
〈i|Ê2|f〉, intermediate state (t, u) expansions can be written

FIG. 9. Centroids of the (a) magnitude and (b) asymmetry of the
intrinsic frame E2 properties for states in 126,128Xe, determined from
the experimental matrix elements measured in the present work. The
four different points for the asymmetry of each state in 126,128Xe
correspond to values derived from four different calculated rotational
invariants, along with their uncertainties.

as

〈s|[Ê2 × Ê2]0|s〉 = (−1)2Is

√
(2Is + 1)

∑
t

Mst Mts

{
2 2 0

IsIsIt

}
(3)

and

〈s|{[Ê2 × Ê2]2 × Ê2}0|s〉

= (−1)2Is

(2Is + 1)

∑
tu

MsuMut Mts

{
2 2 2

IsIt Iu

}
, (4)

where { ...} represent the Wigner 6 j symbols. Higher-order
invariants can be constructed using the different intermediate-
spin couplings and summation over different sets of data.
This procedure allows for a self-consistency verification of the
invariants. A more detailed insight on different couplings can
be found in Ref. [23].

The Q and cos3δ parameters for states in 126,128Xe were
investigated with the present sets of experimental data. The
values obtained for the 0+

1 , 2+
1 , 4+

1 , and 2+
2 states in 126,128Xe

are presented in Fig. 9. The magnitudes of Q show consistent
results for the quadrupole deformation within the ground-state
bands. For the 2+

2 states, the smaller Q values indicate a
possible incomplete summation or a less deformed shape.
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The asymmetry parameters cos3δ were determined using
different invariants, allowing to check their completeness and
convergence. The results suggest similar triaxiality in the
ground-state bands of both nuclei. Although some of the sum-
mations lead to high uncertainty of particular cos3δ values, the
calculations show that, in general, cos3δ ≈ 0.5 in the ground-
state bands in 126,128Xe. The asymmetry parameters could
not be clearly determined for the 2+

2 states in both nuclei. It
is possible that there is missing strength from higher-lying
excited states in the present dataset due to the nonobservation
of the transitions. Thus, the summation within the measured
matrix elements datasets for the second excited 2+ states may
be incomplete.

V. SUMMARY

The electromagnetic properties of 126,128Xe were studied
in subbarrier Coulomb excitation measurements performed at
ReA3 using the JANUS setup. Results for transition prob-
abilities in both nuclei are in a reasonable agreement with
previously known values from the literature. The newly mea-
sured quadrupole moments of low-lying excited states suggest
a prolate deformation of both nuclei and a deviation from the
O(6) dynamical symmetry in the ground-state bands.

The schematic rigid-γ rotor model and the micro-
scopic shell-model calculations were performed for the

126,128Xe isotopes. The experimental transition probabilities
and quadrupole moments are in general in a reasonable agree-
ment with the theoretical results. However, the calculations
fail to reproduce the experimentally determined electric-
quadrupole moment of the second 2+ states in both nuclei,
resulting in a challenge to understand the unusual structure of
the γ bands in these nuclei.
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