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The nature of two high-spin bands in **Nd built on the two-quasiparticle configuration Th?, J2» Predicted by
the triaxial projected shell model as good candidates of transverse wobbling bands, are investigated experimen-
tally. The mixing ratio of one A/ = 1 transition connecting the one-phonon and the zero-phonon wobbling bands
is established from a high-statistics JuroGam II y-ray spectroscopy experiment by using the combined angular
correlation and linear polarization method. The resulting wobbling excitation energy and ratios of reduced
electromagnetic transition probabilities are in good agreement with results of a new particle-rotor model which
rigidly couples the total angular momentum of two quasiparticles to a triaxial core in an orthogonal geometry,
confirming thus the transverse wobbling nature of the bands.
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I. INTRODUCTION

The degree of collective motion is an intriguing subject
in the A &~ 130 mass region. One possibility is the nuclear
wobbling motion, which was first predicted in the high-spin
region of the even-even systems by Bohr and Mottelson [1]
and is considered as a fingerprint of a triaxial nuclear shape. It
is a collective excitation of a deformed nucleus with three un-
equal moments of inertia which rotates about the axis with the
largest moment of inertia, whose orientation executes a low-
amplitude oscillation. This exotic phenomenon was observed
about 20 years ago in the high-spin regime of several odd-A
nuclei of the A ~ 160 mass region: '°'Lu [2], '®Lu [3,4],
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1Ly 5], 'Lu [6], and '"*"Ta [7]. All observed wobbling
bands were based on strongly deformed triaxial shapes with
a substantial deviation from axial symmetry (e; ~ 0.4, y ~
£20°), and have been interpreted using particle-rotor cal-
culations by assuming parallel angular momenta of the odd
nucleon and the triaxial core [8,9]. The nature of the Al =1
transitions between the excited and yrast wobbling bands in
odd-even nuclei is expected to be predominantly electric since
the entire nuclear charge is involved in the wobbling oscilla-
tion.

Recently, the wobbling motion in odd-even nuclei was
revisited by Frauendrof and Donau [10], and two types of
coupling of the angular momenta of the odd nucleon to the
triaxial core have been proposed, with parallel and orthogonal
geometry, which lead to transverse and longitudinal wobbling,
respectively. The excitation energy of the one-phonon wob-
bling band relative to the zero-phonon band Ey,, [see formula
(4) in Sec. I1I] decreases (increases) with increasing spin in the
transverse (longitudinal) wobbling mode. However, one must
make a distinction between the nature (transverse or longitudi-
nal) of alignment and wobbling, which are not necessarily the
same, as the nucleus can rotate around an axis perpendicular
to the alignment.

©2022 American Physical Society
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Both types of wobbling motion have been recently re-
ported in odd-even nuclei: transverse wobbling bands in '*Pr
[10-12] and in 'Pd [13], as well as longitudinal wobbling
in '%La [14], '®"Au [15], " Au [16], and '*"Xe [17]. How-
ever, contrary to the wobbling bands in the A & 160 mass
region, all the recently reported bands develop at low spin, and
therefore do not fulfill the high-spin approximation employed
by Bohr and Mottelson when deriving the properties of the
wobbling bands [1]. In fact, the existence of the low-spin
transverse wobbling in nuclei is under current debate, see, e.g.,
Refs. [18-20]: it was pointed out that the frozen approxima-
tion proposed in Ref. [10] appears unrealistic, since it leaves
out the effect of the Coriolis force on the quasiparticle which
has the angular momentum coupled transversely to that of the
core. A new concept of tilted precession (TiP) motion was
proposed in the framework of the quasiparticle-triaxial-rotor
(QTR) model for triaxial nuclei by Lawrie er al. [18]: the
three-dimensional rotation can be represented as a precession
of the total angular momentum around a certain axis and at a
given tilt. It was proven that the zero- and one-quasiparticle
bands can be approximated with wobbling motion only at
high spin. Currently, based on new experimental data and
new theoretical calculations, the recently reported low-spin
wobbling bands are seriously questioned [18-28].

Compared with the wobbling motion in odd-A nuclei,
the evidence of the wobbling mode in even-even systems is
extremely scarce, even though it has been proposed about
half a century ago. Experimentally, the only simple wob-
bler candidates are low-spin bands in the even-even nuclei
12Ru [29] and '%Pd [30] reported around a decade ago.
However, the wobbling interpretation of these bands is not
fully supported experimentally, the crucial observables for
the assignment of the wobbling nature—mixing ratios and
transition probabilities of the connecting transitions—being
not measured. In addition, these nuclei are expected to have
a soft shape. In such cases the y vibrations are not easy to
disentangle from wobbling motion. At medium spin, after
the breaking of a nucleon pair, the nucleus acquires a more
stable triaxial shape under the effect of rotation and of the
polarization induced by the unpaired particles. Thereafter,
the existence of one-phonon and possible two-phonon trans-
verse wobbling bands at medium spin (above I = 10) was
proposed for the first time in two even-even nuclei, **Ce
and *°Nd [31]. However, this conjecture was also not well
supported experimentally, due to the lack of measured mixing
ratios and transition probabilities of the connecting Al =1
transitions between the proposed wobbling bands. Very re-
cently, the first case of transverse wobbling bands built on
the two-quasiparticle nh%l /2 configuration in the even-even

nucleus '*°Ba was reported [32]. The experimental wobbling
excitation energy Eyop, and the electromagnetic transition
probability ratios were in excellent agreement with the con-
strained triaxial covariant density-functional theory combined
with quantum particle rotor model calculations. It is impor-
tant to note that, at difference from the one-quasiparticle
wobbling bands for which the connecting Al = 1 transitions
between the bands have predominant electric character, in
the case of two-quasiparticle wobbling bands the connect-

ing transitions can be predominantly magnetic, because the
total gyromagnetic factor of two nucleons can lead to signif-
icantly larger magnetic component. The detailed analysis of
the bands properties, that is the probability density distribu-
tions of the orientation of the angular momenta with respect
to the body-fixed frame, and the angular-momentum geom-
etry, demonstrated the transverse geometry of the angular
momenta of the unpaired nucleon and the triaxial core. Thus,
it supported the presence of transverse wobbling motion in
two-quasiparticle bands developing at medium spin in even-
even nuclei [32].

The object of the present study is a pair of medium-spin
bands of '*Nd, a nucleus which has been intensively inves-
tigated previously both experimentally and theoretically. The
band structure of '*Nd is very rich, exhibiting multiple chiral
bands, octupole bands, highly deformed bands, as well as
oblate bands, see Refs. [33-44]. Of particular interest here
are the even- and odd-spin two-quasiparticle bands with the
mhi, s> configuration which have been recently investigated
in detail with the triaxial projected shell model, proposing
their interpretation in terms of transverse wobbling motion
[44]. Following that paper, the '**Nd nucleus became the
second candidate for two-quasiparticle transverse wobbling
bands in even-even nuclei. The proposed two-quasiparticle
wobbling bands in 136N d are similar, to a certain extent, to
the corresponding bands in 1*°Ba close to the bandhead, but
their evolution with increasing spin is different, the wobbling
character being eroded faster in '**Nd. In this work we focus
on the measurement of the crucial experimental evidence for
the predicted transverse wobbling bands in '**Nd, exploring
experimentally the nature of connecting transitions between
these bands and comparing the obtained results with the pre-
dictions of a newly developed particle-rotor approach [45].

II. EXPERIMENTAL DETAILS AND RESULTS

Experimental details can be found in the previous papers
reporting results from the same measurement [38,39,41,43],
and will not be repeated here. The multipolarity and electro-
magnetic character of the y-ray transitions were determined
on the basis of the directional correlation from oriented states
ratios (Rpco), two-point angular correlation (anisotropy)
ratios (R,.), and linear polarization (P), as described in
Ref. [38].

The partial level scheme of '**Nd showing the predicted
zero- and one-phonon transverse wobbling bands L1 and L3
is plotted in Fig. 1. Band L3 was first identified in Ref. [34]
and later confirmed in Refs. [36,39], A clean y-ray spectrum
obtained by double gating on the 989- and 390-keV transitions
is also shown in Fig. 1, in which the transitions have several
thousands of counts, ensuring thus a sufficient precision for
the measurement of the angular correlation and linear polar-
ization.

Band L1 built on the 10" state has been reported and
discussed previously in Refs. [34,36,37,39,42,43], and has
spin-parity values firmly assigned up to spin 24*. The cur-
rent work confirms all previous results. Band L3 consists
of five levels with spin-parities from 13 to 217, and de-
cays to band L1 via the 768-, 785-, 751-, and 740-keV
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FIG. 1. (a) Double-gated spectrum on the 989- and 390-keV transitions showing the transitions in bands L1 and L3. The transitions of the
ground state band and of band L1 are indicated in blue, while the transitions of band L3 are in red. The transitions in green are from other
bands of '*°Nd [39] (355 keV between bands L1 and N1, 501 keV in band N1, and 693 keV between bands N1 and GSB). (b) Partial level

scheme of '3Nd relevant for the present work.

Al =1 transitions. For wobbling bands, these Al = 1 tran-
sitions should have predominant E2 character [2—4,10].
Therefore, a high-precision measurement of the mixing ratio,
8(E2/M1), is crucial. In the present work, a combined linear
polarization P and R, method was used to uniquely extract
8 values of the connecting transitions between the one- and
zero-phonon wobbling bands, as described in Refs. [46-50].
For such analysis, one should pay attention to use clean
gates. Unfortunately, the 768-keV (137 — 121) transition is
strongly contaminated by the 770-keV transition of the ground
state band (GSB), and therefore cannot be used to extract the
linear polarization P, which is very sensitive to the number of
counts. To analyze the 785-keV transition, one cannot use the
810-keV gate since a 811-keV transition is present in the y
band of '°Nd, and therefore the 785-keV connecting transi-
tion will be contaminated by the 785-keV transition of band
D5 and the 784-keV transition of band D6 located at higher
spin in the level scheme of '**Nd [39]. Another possible gate
is on the 661-keV transition. However, such a gate will also
induce the contamination from 784-keV transition of band
D6 [39]. We therefore conclude that one cannot perform the
polarization analysis of the 785-keV transition. The transition
from band L3 to band L1 with the energy of 740 keV is too
weak, no linear polarization value could be deduced. It should
be also mentioned that another extraction method of mixing
ratio is using the angular distribution alone, but this method
always yield two solutions of mixing ratio, and one cannot
safely exclude any of them only from the best fit of angular
distribution curve, see Refs. [23-27].

The only connecting transition for which we could per-
form the combined P-R,. analysis and extract its mixing
ratio, is the 751-keV 17+ — 167 transition. We selected the
989-keV gate to create the polarization spectra, since it leads
to clean spectra, as demonstrated by the double-gated spec-
trum shown in Fig. 1, which only shows known transitions

of ¥°Nd. The extracted R,. ratio for the 751-keV transi-
tion is 0.55(5), indicating a mixed M1 and E2 character. The
polarization asymmetry of Ap = 0.03f8:8$ leads to a linear
polarization of P = 0.02’:8:8‘51. Figure 2 provides the measured
asymmetry spectra obtained by gating on 989 keV. One can
distinguish the different behavior of the 770-keV, 4T — 2+
transition of the GSB which has E2 character, from that
of the 751-keV transition, ensuring thus the correctness of
the present analysis. However, from these spectra, it is not
easy to deduce the electromagnetic character of the transi-
tion, due to the very similar number of counts in the spectra

— 1 . r T r r 1 T T T 1
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— G 770(E2)
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FIG. 2. Asymmetry spectra measured for the 751-keV (177 —
16™) transition in which the perpendicular (Cy) and parallel (C;,)
spectra are marked with blue and red, respectively. The 781-keV y
ray is an intraband E2 transition in an other band of **Nd, which is
in coincidence with the 989-keV, 15~ — 13~ transition of band N1
in SNd.
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FIG. 3. Linear polarization (P) versus R, ratio for the 751-keV
transition.

corresponding to perpendicular and parallel Compton scatter-
ing between the clover crystals. This is also the reason why
we used the combination of polarization P and R, analyzes
to extract the mixing ratios. The measured and calculated
values of P and R, for the 751-keV transition are illustrated
in Fig. 3. A mixing ratio of § = —0.48"1} is thus obtained.
It corresponds to a 19% E2 component, a magnitude similar
to the E2 component (*25%) for the transitions between
the one- and zero-phonon wobbling bands S1’ and S1 in
130Ba [32]. This amount of E2 component in the connecting
transitions was attributed to the fact that two high-j quasipar-
ticles are involved in the configuration of the bands S1 and
S1’, which leads to larger M1 matrix elements than in the
wobbling bands built on one-quasiparticle configurations and
predominant magnetic character. The relative contribution of
the E2 component to the A/ = 1 transitions is smaller than
the M1 contribution, and therefore does not dominate like in
the case of the one-quasiparticle bands of the odd-even wob-
blers [32]. The measured branching ratios B(M 1)oy/B(E2)in
and B(E2)ou/B(E2)i, of the transitions depopulating the 17+
state in 2°Nd are 0.61(29) and 0.36(17), respectively.

III. DISCUSSION

To investigate the nature of the motion leading to bands
L1 and L3 in "*®Nd, we performed calculations with the
semiclassical model coupling a triaxial core and a pair of
quasiparticles rigidly aligned to the short axis introduced in
Ref. [45] and based on Ref. [51]. The method prescribes a
Schrodinger equation in a variable x associated with the total
angular momentum projection on the medium axis:

o= = o TV (1
where
[(21— D2 = )T = T2 j«/ﬂ—zﬂ}1
B(x) = + ,
20,7, 7
Ve = I+ T) Q=) =) (T = T)
49T, 20w 4 T
JNE=x* B'(x) 9B
T 8[B(x)12  32[B()P

0.6 T T T T T T
m  Exp.
- -- PRM
—04F TSSO i
5 -
= So
T3 B~
= N
M 0.2t AN .
I\\\
.\
~
\N
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Spin (7)

FIG. 4. Wobbling excitation energy versus spin for band L3. The
errors on the experimental energies are smaller than the size of the
symbols

are the coordinate-dependent effective mass and the wobbling
potential, respectively, with j = 10 being the amount of spin
alignment coming from the quasiparticle pair. The notation
s, m, | stands for short, medium, and long semi-axes when
hydrodynamic moments of inertia

4 .5 2
u7k=§..7081n V-gkﬂ, k=1,2,3 )

are considered. The solutions of the constructed quantum
Hamiltonian are confronted with the experimental energy lev-
els and the associated electromagnetic properties, giving thus
information on the deformation of the nucleus and specific
evolution of the rotational dynamics with angular momentum.
The theoretical energy to be compared with experimental data
is expressed as

E(I, n) = EgiaglJo, y; I(n+ DI+ CIU + 1)+ Ey,  (3)

where the energy obtained from the diagonalization of Eq. (1)
is amended with a reference energy Ej and a rotational cor-
rection which do not change the system’s symmetry. The
wobbling quantum number 7n is provided by the diagonal-
ization solution’s order and the associated eigenfunction is
then used to define the coefficients of the total wave-function
expansion in rotation matrices. The parameter values y =
23°, Jo = 46.3, Ey = 4.45 MeV, and C = 5.43 keV [45] are
determined by minimizing the sum of the rms values for the
wobbling energy

Ewob(l)zE(I,l)—%[E(I+1,0)+E(I—l,0)] “

and the associated energy levels of the yrast band and the one-
phonon wobbling band. The obtained triaxial deformation y is
consistent with that deduced, e.g., from the Coulomb excita-
tion measurement of Ref. [52]. The consequent distribution of
inertia about the long, short, and medium axes are 9.42, 22.3,6
and 60.82 /i>/MeV, respectively. The evolution with spin of
the wobbling energy depends only on the triaxial deformation.
As one can see in Fig. 4, the calculated wobbling excitation
energy is in good agreement with experiment: it decreases
with increasing spin, which is the characteristic behavior for
a transverse coupling of the angular momenta of the unpaired
nucleons and the core.
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FIG. 5. Comparison between the experimental data (symbols)
and calculated (lines) B(M 1)oy/B(E2);, and B(E2) oy /B(E?2);, ratios
for the AI = 1 transitions between bands L3 and L1 of '**Nd.

For a realistic description of electric-quadrupole transi-
tion probabilities, it is necessary to include a second-order
contribution to the E2 operator. As the y deformation is
already fixed from energy levels, its contribution relative to
the usual first order E2 term is factorized by the product
(x B2) [53], which is fixed by equating the theoretical formula
with the single experimental B(E2)qy/B(E2);, data point.
For example, considering the value 8, = 0.185 tabulated in
Ref. [54], the additional parameter then corresponds to x =
2.14. Figure 5 shows the extrapolation of the theoretical re-
sults from the experimental data point to other states, which
are predicted to have a parabolic decrease with increasing
spin. In what concerns the B(M1),,/B(E2);, ratios, these
are usually overestimated by an order of magnitude if one
considers the usual quenching of the free spin gyromagnetic
factor and the crude hydrodynamic estimation of Q entering in
the quantity (g.r/Q)? factorizing the ratio. Various quenching
mechanisms [13,20,55] were adopted in order to match the
experimental data and which can compensate the missing
coupling of the wobbling and scissor-like excitations [56]. We
chose to fix the quantity g.s/Q by fitting the experimental
Al = 1 mixing ratio of the 751-keV transition. As one can
see in Fig. 5, the predicted B(M1)oy/B(E2)i, ratio is then
well reproduced and has a higher curvature parabolic depen-
dence on spin. Moreover, the model predicts an increase of
B(M 1)y /B(E2)i, values after I = 17, a behavior similar to
that reported in Ref. [32] for the experimental data of the
13084 nucleus. However, the theoretical calculations made for
130Ba [32] and the triaxial projected shell-model predictions
[44] for the presently considered '*°Nd nucleus deliver in-
stead a saturation of the B(M1)q,/B(E2);, ratio at higher
spin states. This distinction can be attributed to the fact that

the high-spin experimental wobbling energy is overestimated
by the calculations of Ref. [44] due to the depleting of the
quasiparticle alignment on the short axis which is otherwise
kept a priori rigid in the present model.

We note that calculations similar to those for '°Ba [32]
employing the constrained triaxial covariant density func-
tional theory combined with the quantum particle rotor model
[57] also leads to a good agreement with the experimental
results for bands L1 and L3 of '3*Nd, revealing the presence
of transverse wobbling type of motion in the assigned two-
quasiparticle A3, /> configurations.

IV. SUMMARY

In summary, the present paper reports the necessary ex-
perimental evidence of the transverse wobbling nature of two
medium-spin bands in '**Nd, predicted by triaxial projected
shell-model calculations. The experimental mixing ratio for
one A = 1 transition linking bands L1 and L3 in '**Nd based
on the two-quasiparticle h?, /> configuration has been deter-
mined based on combined R, and polarization measurements.
The wobbling excitation energies and the ratios of reduced
transition probabilities calculated using a new particle rotor
model which rigidly couples the total angular momentum of
two quasiparticles to that of a triaxial core in an orthogonal
geometry are in good agreement with experimental data, sup-
porting the interpretation of the bands as the second example
of transverse wobbling bands in even-even nuclei.
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