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The rare phenomenon of nuclear wobbling motion has been investigated in the nucleus 187Au. A
longitudinal wobbling-bands pair has been identified and clearly distinguished from the associated
signature-partner band on the basis of angular distribution measurements. Theoretical calculations
in the framework of the Particle Rotor Model (PRM) are found to agree well with the experimental
observations. This is the first experimental evidence for longitudinal wobbling bands where the
expected signature partner band has also been identified, and establishes this exotic collective mode
as a general phenomenon over the nuclear chart.

PACS numbers: 27.70.+q, 23.20.-g, 23.20.En, 23.20.Gq, 21.60.Ev

The shape of a nucleus, determined via specific char-
acteristic spectroscopic features observed in experiments,
is a manifestation of the self-organization of a finite
fermionic system. Studying the appearance of various
shapes with changing of neutron-to-proton ratio or in-
creasing angular momentum reveals new insights into
fundamental principles governing finite fermionic systems
in general. The range of shapes that nuclei can assume
encompasses spherical symmetry and axial deformation
near the ground state, discussed in the textbooks [1], or
coexistence of both shapes in one nucleus [2], in analogy
to stereo isomers of molecules.

Triaxial nuclei (shaped like an ellipsoid with all three
axes unequal), being rare in the ground state [3], have
drawn considerable attention over the years. The exper-
imental observation of this unusual geometry is aided by
two fingerprints: chirality and wobbling. Chirality, al-
though not prevalent in nuclear physics because nuclei
have rather simple shapes, has been observed, nonethe-
less, in a number of nuclei across the nuclear periodic
table [4]. Nuclear wobbling motion, the other principal
signature of triaxiality, is a collective mode that appears
when the moments of inertia Ji of all three principal axes
of the nuclear density distribution are unequal, which is
a clear signal for a triaxial nuclear shape. The mode
is well known in classical mechanics. For a given an-
gular momentum, uniform rotation about the axis with
the largest moment of inertia (the m-axis in Fig. 1) cor-
responds to minimal energy. At a somewhat larger en-
ergy, this axis precesses (wobbles) about the space-fixed

angular-momentum axis ~J . In a quantal system, such as

the nucleus (or a molecule), ~J wobbles about the medium
(m-) axis in the body fixed frame (as illustrated in Fig. 1
(a)). This mode manifests itself in the appearance of ro-
tational bands that correspond to successive excitations
of wobbling phonons, nω, and alternating signature α =
α0 + nω, which determines the spin sequence I = α +
even number. Adjacent wobbling bands nω+1 and nω

are connected by ∆I = 1 transitions with a collectively-
enhanced E2 component, which is generated by the wob-
bling motion of the entire charged body.

Microscopic calculations give ratios between the three
moments of inertia that are close to the ratios of irro-
tational flow [5]. The reason is that collective rotation
about a symmetry axis is not possible for a system of
identical fermions. Accordingly, the medium axis (m-)
has the largest moment of inertia, because deviation from
axial symmetry is maximal. Although predicted quite
sometime ago [1], there is only fragmentary evidence for
simple wobbling (Fig. 1 (a)) in even-even nuclei [6]. In-
stead, wobbling has been demonstrated for a few odd-A
nuclei: 105Pd [7], 135Pr [8, 9], 133La [10], 161Lu [11], 163Lu
[12, 13], 165Lu [14], 167Lu [15] and 167Ta [16].

All these nuclei have an odd nucleon (neutron in the
case of 105Pd [7], and proton for all the other cases) occu-
pying a high-j orbital. Depending on the particle (hole)
nature of the odd quasiparticle arising from the bottom
(top) of a deformed j shell, its angular momentum gets
aligned with the short, s- (long, l-) axes of the triaxial
rotor, because this maximizes (minimizes) the overlap of
its density distribution with the triaxial core, which min-
imizes the energy. If the quasiparticle arises from the
middle of the j shell, it tends to align its angular mo-



2

FIG. 1: (Color online) Angular momentum geometry of a
simple wobbler, signature partner, longitudinal and trans-
verse wobbler in the body fixed frame, where l, m, and s cor-
respond to the long-, medium-, and short axis, respectively.
R, j and J are the rotor, odd particle, and total angular mo-
mentum, respectively.

mentum along the m-axis. As the presence of the odd
quasiparticle modifies the wobbling motion considerably,
Frauendorf and Dönau [17] classified it as “longitudinal
wobbling” (LW) and “transverse wobbling” (TW) when,
the odd nucleon aligns its angular momentum along the
m-axis, or along one of the perpendicular (s- or l-) axes,
respectively (Figs. 1 (c) and (d)).

The wobbling energy (Ewobb), which is the energy of
the nω = 1 wobbling band relative to the nω = 0 band,
is defined in Ref. [17] as:

Ewobb = E(I, nω = 1)−[
E(I + 1, nω = 0) + E(I − 1, nω = 0)

2

]
(1)

For a qualitative understanding of its I-dependence, let
us assume that J‖ refers to the axis of uniform rotation,
and the moments of inertia of the two perpendicular axes
are equal to J⊥ (this is the case for irrotational flow
and the triaxiality parameter γ = 30◦). In accordance
with Frozen Alignment (FA) approximation of Ref. [17],
the quasiparticle angular momentum ~j is assumed to be
rigidly aligned with the axis. With Ai = 1/2Ji, the
rotor energy is given by A‖R

2
‖ + A⊥R

2
⊥. Exciting the

first wobbling quantum corresponds to changing J‖ from
I to I − 1, for fixed I. The geometry of the precession
cones in Fig. 1 implies a change of R2

⊥ from 0 to ≈ 2I
and of R2

‖ from (I − j)2 to (I − j − 1)2, which gives an
increase in the rotor energy by:

Ewobb = (A⊥ −A‖)2I + 2j̄A‖, j̄ = j + 1/2 (2)

In case of the simple and the longitudinal wobbler (Fig.
1 (a) and (c)) the precession cone revolves about the m-
axis with the largest moment of inertia. As A‖ < A⊥,
the wobbling energy Ewobb increases with I. For the case
of transverse wobbling (Fig. 1 (d)), the precession cone
revolves about the s- (or l-) axis, which has a smaller mo-
ment of inertia than that for rotation about the m-axis.
In this case, A‖ > A⊥ and the wobbling energy Ewobb

decreases with I until zero, where the mode becomes un-
stable.

The expression,

Ewobb =
√(

(A⊥1 −A‖)2I + 2j̄A‖
) (

(A⊥2 −A‖)2I + 2j̄A‖
)

(3)
obtained in Ref. [17] for three different moments of in-
ertia J⊥1, J⊥2, J‖, is the geometric mean value of the
wobbling energies given in Eq. 2.

It should be understood that the frozen alignment
scenario discussed here is an idealization to illustrate
the longitudinal and transverse coupling schemes in a
transparent way. The odd particle responds to the in-
ertial forces, changing its orientation to a certain de-
gree. Nevertheless, the qualitative classification remains
valid. Wobbling is characterized by collectively enhanced
I → I − 1, E2 transitions from the wobbling to the yrast
band, where the wobbling energy increases (decreases)
for LW (TW).

The signature-partner bands represent another type of
excitation involving a partial de-alignment of the odd
particle with respect to its preferred axis (Fig. 1 (b)); for
those, the connecting ∆I = 1 transitions are of predomi-
nant M1 character, with very little, if any, E2 admixture.

In all of the cases mentioned above (except 133La[10]),
the wobbling bands have been identified as corresponding
to TW, because Ewobb decreases with increasing angular
momentum. In this Letter, we report on the observa-
tion of bands structures corresponding to longitudinal
wobbling motion in the nucleus 187Au. This is the first
case of observation of bands corresponding to longitudi-
nal wobbling, clearly distinguished from the associated
signature-partner band. Further, these results open up
a new mass region, and a different set of orbitals, where
this exotic collective motion is established. Occurrence of
triaxiality at low spins has been established in this mass
region by observation of chiral band pairs in several nuclei
[18–20] and suggested by large-scale, mean-field calcula-
tions (see, for example, Refs. [3, 21, 22]). Also, earlier
studies of the coupling of an odd number of particles to
a rotor had revealed substantial deviations from an axial
shape [23, 24].

To populate the levels of interest in 187Au, a 19F beam
was used with an enriched 174Yb target (13 mg/cm2-thick
foil with a 33 mg/cm2 208Pb backing) at the ATLAS fa-
cility of the Argonne National Laboratory. Data were
collected with the Gammasphere array in two separate
runs using the same beam and target combination. For
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the first run, a total of 57 Compton-suppressed Germa-
nium detectors of the Gammasphere array were employed
and the beam energy was 105 MeV. For the second, the
number of detectors was 73, and the beam energy 115
MeV. Data were acquired in the triple-coincidence mode,
with the combined total of three- and higher-fold γ-ray
coincidence events being 10.2 × 1010.

To take advantage of higher statistics, the data from
both measurements were combined, and the analyses per-
formed using the RADWARE suite of codes [25]. Energy and
efficiency calibrations were performed for the added data
set and the calibrated data was sorted into γ-γ coinci-
dence matrices and γ-γ-γ coincidence cubes. A partial
level scheme for 187Au relevant to the focus of this work
is presented in Fig. 2; additional information on the level
structure, along with details of the coincidence relation-
ships, as well as the relevant coincidence spectra, will be
presented in a forthcoming publication [26]. The arrange-
ment of Gammasphere detectors into 17 different angular
rings around the beam line has enabled high statistics
angular distribution measurements for the relevant tran-
sitions of Fig. 2. The analysis procedure followed for
these measurements is the same as that described in Refs.
[8, 9]. The validity of the method has been established
by examining the angular distributions for two known
stretched E2 transitions (333.8- and 413.7-keV) in the
Yrast band (shown in Figs. 3 (g) and (h)). As expected,
the mixing ratios extracted for these stretched E2 tran-
sitions are extremely small: δ = -0.04(1) and -0.03(1),
respectively. Further details, including a discussion of
the various factors that might affect the extraction of
final results—efficiency corrections, spin alignment, at-
tenuation coefficients etc.—will be provided in Ref. [26].

Spins and parities of the bandheads as well as some
low-lying levels of Bands (1) and (2) had been established
previously [27, 28]. In addition to these, the present work
has identified a new band [Band (3)] built on an 11/2−

state at 386.3 keV. The spins and parities for the levels
in Band (3) have been assigned on the basis of angular
distribution measurements as well as coincidence rela-
tionships, details of which will be provided in Ref. [26].

Band (2) in Fig. 2 is found to decay to Band (1)
(the Yrast band) via six ∆I = 1 transitions. Previous
work [29, 30] has identified this band as the unfavored
signature partner of Band (1). However, based on the
high-statistics angular distribution measurements for the
connecting transitions between the two bands, this se-
quence has been identified in the present work as the
first wobbling (nω = 1) band. Figs. 3 (a) – (d) provide
the angular distributions for the four lowest nω = 1 →
Yrast (nω = 0) connecting transitions. The mixing ra-
tio, δ, and the percentage of E2 mixing are noted on each
plot. These transitions have an 87%–93% E2 component,
clearly identifying them as ∆I = 1, E2 in nature, which
is the hallmark of wobbling bands [12]. The present work
has not been able to identify any other wobbling bands

FIG. 2: (Color online) Partial level scheme of 187Au relevant
to the focus of present work. Shown are the Yrast band, the
nω = 1 wobbling band (LW) and the signature partner band
(SP). Newly identified transitions are marked with an asterisk
(*). All the stretched E2 transitions are shown in green, pure
M1 transitions in blue, and the M1 + E2 mixed transitions
in gold color. The lowest level shown is a 9/2− isomeric level
with Ex = 121.0 keV.

corresponding to higher phonon numbers (nω = 2 and
above). The absence of these bands can be attributed to
reasons discussed previously in Ref. [17].

Band (3) is found to decay to the yrast band via two
∆I = 1 transitions (265.3- and 436.5-keV). The angular
distributions for these transitions (Figs. 3 (e) and (f) )
reveal a very small E2 component (≈ 0.4% and 1.0% E2
admixture, respectively), identifying these transitions as
being essentially of a pure M1 character. Angular dis-
tribution measurements for the in-band transitions have
revealed a stretched E2 character. Moreover, a ∆I = 2
crossover transition (429.2-keV) was also identified, con-
necting the 15/2− level in Band (2) to the 11/2− level
in Band (3). The spin and parity of the 15/2− level in
Band (2) have been established previously [27, 28]. The
observed ∆I = 2 nature of the in-band transitions, as
also of the 429.2-keV transition, along with the pure ∆I
= 1 nature of the two connecting transitions (265.3- and
436.5-keV) have led to the spin and parity assignments
in Fig. 2. Band (3), with its two almost pure M1 con-
necting transitions to the Yrast band, has, thus, been
identified as the unfavored signature partner (SP) of the
Yrast band.

Fig. 4 (d) displays the variation of Ewobb with spin.
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FIG. 3: (Color online) Angular distribution plots for the four
lowest LW → Yrast linking transitions [(a)–(d)], two SP →
Yrast linking transitions [(e),(f)], and two Yrast in-band tran-
sitions [(g),(h)]. The experimental points are shown by black
squares and the solid red lines are fits to the angular distribu-
tions. The dashed blue lines [in (a)–(f)] and the dotted green
lines [in (g),(h)] represent the expected angular distribution
for pure ∆I = 1, M1 and ∆I = 2, E2 transitions respectively.

The increasing trend clearly identifies 187Au as a lon-
gitudinal wobbler. This is different from all the other
known wobblers, which have been identified as being of
the transverse type. Thus, 187Au represents the first clear
observation of longitudinal wobbler motion in nuclei.

To further understand the nature of wobbling, we have
carried out calculations in the framework of the Particle
Rotor Model (PRM) [17, 31, 32] for the h9/2 band struc-
tures, with the deformation parameters β = 0.23, γ =
23◦, the pairing gap ∆ = 0.88 MeV, and the chemical
potential located at λ = −1.32 MeV, 0.38 MeV below
the second level of the h9/2 shell. The h9/2 proton is
described by a single-j shell Hamiltonian. Including the
f7/2 orbital into the PRM calculations provided results
that agree with Figs. 4 and 5 within the shown accuracy,
because the admixture of the f7/2 proton to the eigen-
states is lower than 5%. We have also carried out crank-
ing calculations based on the configuration-fixed covari-
ant density functional PC-PK1 [33–37]. The equilibrium
deformations changed only slightly from β = 0.28, γ =
22◦ at I = 9/2 to β = 0.28, γ = 25◦ at I = 29/2,
which justifies the assumption of a constant deformation
for the PRM calculations. The analogue calculations for
the 186Pt core provided quite similar equilibrium defor-
mations. As input for the PRM, we used the smaller
deformation β = 0.23, γ = 23◦ found by the HFB-D1S
calculations for 186Pt [38] because it accounts for the ex-
perimental values of B(E2,13/2+ → 9/2+) = 1.49 (eb)2

for 187Au [39] and B(E2,2+ → 0+) = 1.44 (eb)2 for 186Pt

[40]. The moments of inertia are of the irrotational-flow
type: Jk = J0 sin2(γ − 2kπ/3), with J0 = 38.0 ~2/MeV.
The PRM calculations locate the chemical potential in
the middle of the h9/2 shell. Frauendorf and Dönau [17]
had predicted the appearance of LW for quasiparticles
from half-filled shells.

FIG. 4: (Color online) Experimental level energies minus a
rotor contribution for the (a) Yrast (b) LW and (c) SP bands.
(d) Wobbling energy plot for the LW band as a function of
spin. Also shown for comparison are results from PRM cal-
culations (dashed, dotted, and dash-dotted lines). The line
through the experimental points in (d) is drawn to guide the
eye.

Figures 4 (a) – (c) display the experimental level en-
ergies minus a rotor contribution for the Yrast, LW and
the SP bands. The general agreement between the exper-
imental level energies and those calculated in the PRM is
satisfactory. The wobbling energy, as predicted by PRM
(shown in Fig. 4 (d)), reproduces the increasing trend,
but the value is slightly underestimated as compared to
the experiment.

Also indicative of wobbling bands is a high reduced
E2 transition probability, B(E2), for the nω = 1 →
nω = 0 connecting transitions. In Figs. 5 (a) and
(b), we present the ratios of the transition probabil-
ities B(E2)out/B(E2)in and B(M1)out/B(E2)in, respec-
tively, for these connecting transitions. The measured
B(E2)out/B(E2)in ratios are large (up to ∼ 0.7), indi-
cating that the band exhibits the character of a collec-
tive quadrupole excitation, which further strengthens our
argument that Band (2) is, indeed, the wobbling band.
PRM calculations reproduce the B(E2)out/B(E2)in ratios
well but the B(M1)out/B(E2)in ratios are overestimated
somewhat (note the very different vertical scales in (a)
and (b)).
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FIG. 5: (Color online) (a) B(E2)out/B(E2)in ratios vs. spin
and (b) B(M1)out/B(E2)in vs. spin for the LW → Yrast con-
necting transitions. (c) and (d): same as (a) and (b), but
for SP → Yrast connecting transitions; the vertical scale for
these is on the right side. The experimental points are shown
by black squares connected by black solid line and the blue
dashed lines correspond to results from PRM calculations.

The results for the transitions from the SP to the
Yrast band are presented in Figs. 5 (c) and (d). The
B(E2)out/B(E2)in ratios for these transitions are much
smaller than those for LW → Yrast linking transi-
tions, which further supports the wobbling and signature-
partner interpretations for the LW and SP bands. The
PRM calculations overestimate the B(M1)/B(E2)in ra-
tios for the LW band and underestimate it for the SP
bands. This may be attributed to an incorrect mixing
between the wobbling and SP states, which is sensitive
to the excitation energies and the ratios between the mo-
ments of inertia.

In summary, we have observed wobbling motion in the
nucleus 187Au. Two rotational bands have been identi-
fied as corresponding to nω = 0 and nω = 1 wobbling-
bands pair. The signature partner of the nω = 0 (yrast)
band has also been identified. An increasing wobbling
energy, Ewobb, with spin establishes 187Au as the first
nucleus in which longitudinal wobbling motion has been
observed and clearly distinguished from the signature-
partner band. Results from PRM calculations are in good
agreement with experimental observations. These results
open the A∼190 region as a new arena where this exotic
collective mode has now been observed and establish this
mode as a general phenomenon over the nuclear chart en-
compassing many different nuclear orbitals. Continuing
experimental efforts are warranted to explore this behav-
ior further.
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