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a b s t r a c t
The precession of an atomic nucleus can be approximately described as wobbling motion, arising from
the coupling of a rotation and a harmonic vibration. Recently, a number of wobbling bands were reported
at low spin, which violate the wobbling approximation that can be valid only at high spin. In the
present work, we explore the nature of the reported low-spin wobbling bands. Via a new experiment
including both angular correlation and linear polarization measurements, we demonstrate that one such
band in 187 Au is generated by dominant single-particle excitation rather than by the excitation of a
wobbling phonon. Assessing the experimental proofs and discussions to assign the reported low-spin
wobbling bands, we further point out that the imperfect research paradigm used previously would lead
to unreliable identiﬁcation of low-spin wobbling bands.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3 .

Precession is well known as a motion of a macroscopic rigid
body, where its rotational axis describes a cone around a ﬁxed direction. Actually, it appears in quite different scenes such as atomic
nuclei of many-body quantum microscopic systems, for which the
external force can be neglected and the moments of inertia are between hydrodynamic and rigid types. Nuclear precession was predicted by Davydov and Filippov [1], and described as nuclear wobbling in an approximate way by Bohr and Mottelsson [2]. When
a triaxially deformed nucleus precesses, one of the three princi-
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pal nuclear axes plays the role of the axle, and rotates around the
space-ﬁxed angular momentum. In the body-ﬁxed frame of a nucleus, one can observe the precession of the angular momentum.
As shown in Fig. 1, nuclear precession occurs when the rotational
angular momentum R  is not oriented along a principal nuclear
axis (shown with dashed line), but is tilted away and precesses.
The total angular momentum J  resulting from the coupling of R 
and the single-particle angular momentum j also precesses around
the nuclear axis. Within the wobbling approximation, wobbling
phonons are introduced to describe a quantized small-angle deviation of the axle with respect to the direction of J  . Such approximation is only valid at high spin, where it can be regarded as a
harmonic vibration. At low spin, the deviation angle is too large to
satisfy the wobbling approximation, and therefore the description
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Fig. 1. Angular momentum geometry of nuclear precession. Normal (upper) and precession (lower) modes for high-spin (left) and low-spin (right) systems are sketched
in the body ﬁxed frame of an odd-A triaxial nucleus.

of the rotational bands in terms of wobbling phonon excitations is
invalid.
Nuclear wobbling was ﬁrst reported in the 160-mass region,
where all identiﬁed wobbling bands were observed at high spin
[3–8]. However, a number of rotational bands were interpreted
recently as wobbling excitations at low spin [9–15]. These bands
were described as transverse or longitudinal wobbling by Frauendorf and Dönau [16], which is achieved when the angular momentum of the odd quasiparticle is rigidly aligned with one of the
principal axes of the rotating triaxial core. The spins of the lowest observed states in most of those bands are J = j + 1, where j
is the angular momentum of the single quasi-particle (see Fig. 1).
This means that in such low-spin states the wobbling motion can
occur for an extremely slow collective rotation (R  ). However, this
is in contradiction with the approximation condition for wobbling
motion, which requires large angular momentum, as pointed out
by Bohr and Mottelsson for even-even nuclei [2] and by Frauendorf
and Dönau for odd-mass nuclei [16], and recently demonstrated in
the work of Lawrie et al. [17].
It is therefore necessary to explore the true excitation mechanisms generating the low-spin bands interpreted as wobbling
excitations. The reported longitudinal wobbling band in 187 Au is
re-investigated in the present work, since the assignment seems
contradictory. The geometry of the longitudinal wobbling cannot
be fulﬁlled for h9/2 bands in 187 Au, since the proton Fermi surface
is near the bottom of the intruder h9/2 subshell [18], while for longitudinal wobbling the quasi-proton should stay at the middle of a
j-shell [14].
In order to unveil the nature of the low-spin bands in 187 Au,
an experiment was carried out at the Heavy Ion Research Facility in Lanzhou (HIRFL) [19,20], China. The excited states of 187 Au
were populated using the 175 Lu(18 O,6n) reaction with a 108-MeV
18
O beam and a stack of two self-supported natural Lu targets
with a thickness of 0.7 mg/cm2 each. The γ rays were detected
with a detector array consisting of 8 segmented clover detectors
and 16 coaxial High-Purity Germanium (HPGe) detectors. Eight of
the HPGe detectors were equipped with anti-Compton shields. All
clover detectors were placed in a ring perpendicular to the beam
direction. The 16 HPGe detectors were placed in four rings at 26◦ ,
51◦ , 129◦ and 154◦ with respect to the beam direction. Approximately, 5 × 1010 double- or higher-fold events were recorded using
a general-purpose digital data acquisition system [21].
Fig. 2a shows a partial level scheme of 187 Au built in the
present work, together with a partial level scheme of 188 Pt. Bands
1-4 established in previous work [18,22] are conﬁrmed. The structure in pink was reported in Ref. [14], and interpreted as the
unfavored signature branch of the π h9/2 band (Band 1) in 187 Au.
It is worth noting that the 265-, 405-, 412-, and 549-keV transitions have very similar energies to those of the 265-, 405-, 414-,
551-keV transitions of 188 Pt [23] (the sequence in green in Fig. 2a),
which is also populated in the reaction. Our data show no sign for
the existence of the previously proposed 429- and 437-keV link-

Fig. 2. a): Partial level scheme of 187 Au and 188 Pt. The structure in pink was reported in Ref. [14], but not observed in the present data. Instead, a similar sequence
in green was assigned to 188 Pt. b): Spectra gated by the 265- and 233-keV transitions.

ing transitions, as shown in Fig. 2b. In addition, this structure was
not identiﬁed in the detailed β -decay study of 187 Ag performed by
Rupnik et al. [24], in which plenty of excited states in 187 Au with
spin up to I = 19/2 were observed. If this band did belong to 187 Au
and did have the features reported in Ref. [14] in terms of quasiparticle conﬁguration, spin, parity, and very low excitation energy,
it would be present in our data and would have been observed by
Rupnik et al. [24].
Band 2 was ﬁrst proposed as the unfavored signature branch
of Band 1 built on a single-particle excitation [18], but interpreted
later as a collective wobbling band [14]. Band 2 consists of a series
of excited states with spin increasing in steps of 2, and decays to
Band 1 via several  I = 1 transitions. Usually,  I = 1 transitions
are mixed, with mainly electric quadrupole (E2) and magnetic
dipole (M1) components, in proportion described by the E2/ M1
mixing ratio (δ ). If Band 2 is a wobbling band, the  I = 1 transitions are expected to be dominated by the E2 components, giving
rise to larger than one absolute values of δ . This is contrary to the
expectation of M1 dominated character of the transitions between
signature partner branches.
In this work, the δ values of the transitions linking Band 2
to Band 1 were determined using two complementary measurements of a two-point angular correlation ratio, R ac , and of linear
polarization, P . R ac was deduced from the ratio of the γ -ray intensities in the spectra measured by the 154◦ and 90◦ detectors, gated
on transitions observed in all detectors. P was deduced from the
Compton scattering events in perpendicular and horizontal directions in adjacent crystals of the clover detectors (see the supplementary material for the procedures). The measured polarization
2
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Fig. 3. a) and b): Plots of polarization P versus R ac for different values of δ and σ / I , together with experimental results and estimated results for certain δ values. c) and d):
Internal conversion coeﬃcients α K as a function of δ , together with the experimental results from the present work and those from Sensharma et al. [14], Rupnik et al. [24],
and Bourgeois et al. [25]. The δ values for the Refs. [24] and [25] were deduced from the reported internal conversion values using the BrIcc code [26].

of the 376-keV, 11/2− → 9/2− transition is in good agreement
with the value of -0.10(5) reported previously [18]. The δ values
were deduced from the measured values of R ac and P , as shown
in Fig. 3. The curves are sensitive to the σ / I parameter in which
σ is the variance of the projection of the angular momentum I
along the beam direction. The σ / I parameter might be affected
by states with lifetimes of the order of a picosecond or larger. In
the present work, δ values are deduced with the σ / I parameter
not restricted. This induces a larger uncertainty in the measured δ ,
however the result does not depend on an assumed value for σ / I .
Despite the large error bars, it is clear that the absolute values of
the deduced δ values are smaller than 1, indicating dominant M1
nature of these transitions. Data points that correspond to the large
δ values deduced in Ref. [14] are shown in red in Fig. 3. They are
in distinct disagreement with both the presently deduced values
and the values obtained from previous internal conversion coeﬃcient measurements [24,25]. Considering the measured B ( E2) in
values of 100 - 200 W.u. in the collective bands of 187 Au and the
186
Pt core [27,28], the values of B(E2)out are estimated to be only
a few W.u., which is inconsistent with the proposed wobbling interpretation for Band 2 [14], and even with any interpretation that
involves a collective type of excitation of Band 2 with respect to
Band 1.
In order to study further the nature of Band 2, one-quasiparticle-plus-triaxial-rotor (QTR) model calculations using the code
of P. Semmes and I. Ragnarsson [29] were carried out (for more
details see the supplementary material). Standard parameters are
used for the Nilsson potential [30] and for the pairing strength.
The γ -dependence of the moments of inertia of the core has
irrotational-ﬂow nature, as suggested by an empirical evaluation
[31]. The spin dependence is taken into account assuming variable
moments of inertia described by the Harris parameters J 0 = 25
h̄2 MeV−1 and J 1 = 8 h̄4 MeV−3 . The adopted quadrupole deformation of ε2 = 0.21 is similar to that previously used in Refs. [24,14].
The adopted triaxial deformation is γ = 12◦ , as suggested in the
theoretical calculations for the 186 Pt core [32]. The calculated proton Fermi level is near the highest h11/2 and lowest h9/2 orbitals,

Fig. 4. Comparison between experimental and calculated a) Excitation energies (E),
b) mixing ratios (δ ), c) B ( M1)out / B ( E2)in ratios, and d) B ( E2)out / B ( E2)in ratios.
The values associated with the previously measured δ values [14,18,24,25] are also
shown. Some points are slightly shifted horizontally to avoid overlapping.

as in Ref. [18]. Nine negative-parity orbitals adjacent to the Fermi
level are included in the calculations.
The calculated excitation energies of the two lowest-energy rotational bands with h9/2 nature are shown in Fig. 4a. The wave
functions clearly indicate that Bands 1 and 2 are based primarily on the lowest and second-lowest energy orbitals originating
from the h9/2 subshell, respectively, suggesting that the excitation between the two bands has a single particle character. The
calculated δ values, B ( M1)out / B ( E2)in and B ( E2)out / B ( E2)in ratios are in good agreement with our data and with the data from
Refs. [18,24,25], but in contrast with those from Ref. [14] (see
Figs. 4b, 4c and 4d). This agreement further supports the proposed
non-collective character of the excitation, for more details, see the
supplementary material.
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Fig. 6. Statistical error on polarization for a reported transition in 183 Au. a): Reported spectra used in polarization measurement for 183 Au in Ref. [12]. N ⊥ and N 
represent the peak area of the 495-keV transition in spectra showing γ rays observed to scatter perpendicular or parallel to the reaction plane, respectively. N b is
the background below the peak. The spectra are adopted from Fig. 1c in Ref. [12].
b): Experimental (red symbol) and calculated (black line) DCO and linear polarization values for the 495-keV transition are taken from Fig. 2d in Ref. [12]. The error
bar in green is the statistical error estimated from the spectra.

transitions (δ = 0). Generally, the two solutions are expected to
correspond to different polarization values, and therefore linear
polarization (P) measurements can help to identify the correct one.
Such measurements were performed for 135 Pr [9] and 133 La [13],
but not for 187 Au [14]. In addition, the |δ1 | > 1 solutions for two
transitions in 135 Pr were only selected based on their positive sign,
but not on the magnitude of the measured P [9], which is insuﬃcient since the |δ2 | < 1 solutions for those two transitions can also
correspond to positive polarization values. Alternative to angular
distribution analysis, the δ values can be extracted using the measured directional correlation ratios of oriented states (DCO) and
polarization values [33]. Such analysis was carried out for the transitions in 105 Pd [11], 183 Au [12], 133 La [13], and 127 Xe [15]. As
shown in Fig. 5b, based on only measured DCO values two solutions for δ are possible, while the additional precise measured
polarization can exclude one of them. For the polarization measurement, only the γ rays detected by two adjacent crystals of
clover detectors are used, and consequently the uncertainty of the
measured polarization value is relatively large. It is thus essential to carefully evaluate the uncertainty on the polarization value
to conﬁdently select the correct solution for δ . However, in some
published work, the uncertainties seem to be signiﬁcantly underestimated. For example, a small uncertainty was reported for the
polarization value of the 495-keV transition in 183 Au [12], while
the experimental data suggest much larger statistical errors (see
Fig. 6 and the supplementary material), leading to larger uncertainty and insuﬃcient precision to distinguish between the two
possible solutions for δ .
According to the overall assessment, the experimental results
on several nuclei do not offer unambiguous evidence in support of
the proposed low-spin wobbling bands.
The assigned wobbling nature was also based on the comparison between the experimental results on reduced transition
probability ratios, (which strongly depend on the extracted δ values) and theoretical calculations. If the experimental δ values are
considerably smaller than the theoretical expectation for wobbling
bands, the wobbling interpretation is ruled out. On the other hand,
only the measured |δ1 | > 1 values cannot constitute suﬃcient unambiguous evidence for the existence of wobbling motion. It is
noticeable that in the work reporting the identiﬁcation of low-spin
wobbling bands, only interpretations in terms of signature partner
band and wobbling band were considered. Actually, other mechanisms can also induce collective motion and thus induce enhanced
E2 component of the linking transitions, such as β -vibration, γ vibration [34], and tilted precession [17,35]. Such collective excitations are well known in the low-spin domain.

Fig. 5. a): Angular distribution curves with different δ values. Since all curves are
symmetric about 90◦ , only the left part for those with (−1 < δ < 0), and only the
right part for those with (δ < −1) are shown to avoid overlapping. b): A sketch
ﬁgure of the χ 2 as function of δ . c) and d): Estimated angular distribution curves
and experimental results for the reported wobbling bands in 133 La and 187 Au. The
curves for pure M1 transition (in blue) and large δ (in red) are taken from the
original ﬁgures in Refs. [13,14], and those with smaller δ values and same σ / I are
also plotted (in green) for comparison.

In order to check if the risk of misinterpretation also exists in
other reported low-spin wobbling bands, we assessed the published experimental and theoretical evidence. The critical experimental proof in favor of the wobbling interpretation is the observation of predominant E2 character for the  I = 1 transitions
linking the proposed one-phonon wobbling bands to the corresponding zero-phonon bands, which is determined by measuring
the δ (E2/ M1) mixing ratios. Additional support for wobbling motion is provided by a comparison between calculated and experimental results on excitation energies and ratios of transition probabilities.
The δ values can be deduced from angular distribution and/or
linear polarization measurements. Angular distribution curves are
calculated assuming appropriate values for δ and σ / I . The suitable δ values, which correspond to good agreement between the
calculated curves and the experimental points, are obtained. As
shown in Fig. 5a, the angular distribution curves become steeper
and steeper with decreasing δ value below 0. However, for δ < −1
the slope decreases. There are usually two minima for the χ 2 values corresponding to two δ solutions |δ1 | > 1 and |δ2 | < 1 (see
Fig. 5b). In some cases, almost equally good ﬁts are obtained for
both solutions (see Fig. 5c), leading to similar χ 2 minima. Sometimes, one solution can ﬁt the experimental results better than the
other one (see Fig. 5d). It is therefore important to discuss the conﬁdence level of χ 2 , and check whether the second solution for δ
can be conﬁdently excluded based on the χ 2 ﬁt. It is worth noting
that the number of counts in the peaks used to obtain the angular distribution are not measured directly, but deduced from the
γ − γ coincidence matrices. Both the central values and the uncertainties can be affected by the selection of parameters in the
process of creating and analyzing the gated spectra. The resulting
uncertainties of χ 2 should be considered.
Mixing ratios for the linking transitions of the low-spin wobbling bands in 135 Pr [9,10], 133 La [13] and 187 Au [14] were extracted from angular distribution measurements, but the possible |δ2 | < 1 solutions were not mentioned or discussed, and the
curves for |δ1 | > 1 were only compared with those for pure M1
4
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As an approximation, the wobbling motion is invalid at low
spin. Therefore, its low-spin limit should be quantitatively investigated. On the other hand, low-spin precession is still expected
to exist in nuclei, which need to be further investigated in a way
other than wobbling. Actually, the interpretation in terms of tilted
precession [17] of a low-spin rotational band was recently reported
in 135 Nd [35].
However, to make reliable conclusions on this topic, the problems hidden in the research paradigm should be solved. It is insuﬃcient to exclusively adopt only the large δ solutions from the
measured data and based on this to determine the type of excitation. In fact, the low-spin wobbling interpretation was adopted
without exploring other possible modes of excitation. In further
studies, the experimentally measured δ values, which are of critical importance for establishing the collectivity of the excitation,
should be evaluated with better accuracy. The predicted measurable quantities, which can distinguish the different excitation
modes, such as wobbling, tilted precession, vibrations, etc., need
to be identiﬁed and properly treated in order to unambiguously
assign the nature of such low-spin rotational bands.
In summary, the nature of the conjectured low-spin wobbling
bands is probed in the present work since the wobbling motion is
invalid at low spin. The present new experimental results on the
previously proposed wobbling band in 187 Au, unequivocally show
that the band is generated by dominant single-particle excitation
and cannot be associated with wobbling. Furthermore, from an
overall assessment, we conclude that the experimental and theoretical evidence for the reported low-spin wobbling bands is generally insuﬃcient. To understand the mechanisms giving rise to those
bands, convincing experimental and theoretical examinations are
required.
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