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Multiphonon longitudinal wobbling in 127Xe
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A family of four odd parity bands in 127Xe has been investigated via in-beam γ -ray spectroscopy and 
conclusive evidence for the first and second phonon longitudinal wobbling excitations has been found. 
Spectroscopic measurements confirm the predominant E2 character of the �I = 1 transitions between the 
wobbling bands. This provides the first experimental evidence of longitudinal wobbling mode associated 
with a neutron configuration.

© 2020 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.
Possibility of the wobbling motion in an even-even triaxially 
deformed nucleus was predicted first by A. Bohr and B.R. Mot-
telson where no intrinsic angular momentum was involved [1]. 
I. Hamamoto showed that the alignment of a high-j nucleon in 
an odd-A nucleus can drive the nucleus towards a triaxial shape 
and make it suitable to exhibit the wobbling motion [2]. S. Frauen-
dorf and F. Dönau classified the wobbling mode as longitudinal and 
transverse in the odd-A nuclei having three axes: long, medium, 
and short with different moments of inertia (MoI) [3]. For the 
longitudinal (transverse) mode, the angular momentum vector ( j) 
of the odd particle is parallel (perpendicular) to the axis with 
the largest MoI. In a transverse wobbler, a particle-like (hole-like) 
quasi-particle, emerges from the bottom (top) of a deformed j
shell, aligns its j with the s-axis (l-axis). On the other hand, a 
triaxial nucleus becomes a longitudinal wobbler when the quasi-
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particle emerges from the middle of a deformed j shell and tends 
to align its j with the m-axis. A pictorial representation of the 
angular momentum geometry of different types of wobbling mode 
and its difference from the signature partner is available in Ref. [4]. 
The wobbling energy (Ewobb) is defined as [3]:

Ewobb = E(I,nω = 1) − [E(I − 1,nω = 0) + E(I + 1,nω = 0)]/2

where, nω is the wobbling phonon number. An increasing (decreas-
ing) trend of the Ewobb, as a function of angular momentum, can 
classify the wobbling nature as longitudinal (transverse) [3].

The wobbling mode is unique to the rotational motion of a tri-
axial nucleus and hence, considered as one of the fingerprints of an 
axially asymmetric shape of an atomic nucleus. Rotation of a tri-
axially deformed nucleus, having three different MoI J x > J y �= J z , 
leads to an observation of a series of rotational �I = 2 E2 bands, 
characterized by the wobbling phonon number, nω [1]. These wob-
bling bands with an increasing number of wobbling quanta (nω =
0, 1, 2, 3, ...) are expected to have similar intrinsic structure and 
as a consequence, they exhibit similar rotational and more im-
portantly electromagnetic properties [5]. Apart from the wobbling 
phonon number (nω), two successive wobbling bands are also dif-
fered by the signature quantum number (α). But, unlike signature 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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partner bands, collectively enhanced �I = 1 E2 transitions are ex-
pected to be observed between these consecutive wobbling bands. 
Therefore, it is important to decompose the E2 and M1 ampli-
tudes of the observed γ -rays between the wobbling bands with 
�nω = 1. A large value of B(E2)out/B(E2)in of �I = 1h̄ interband 
to �I = 2h̄ intraband E2 transitions can serve as evidence of wob-
bling motion in nuclei [6].

Experimentally, the wobbling motion was first realised in A ≈
160 region, namely, in 163Lu [7], followed by 161,165,167Lu [8–10]
and 167Ta [11] nuclei. In the cases of 163,165Lu, the second-phonon 
wobbling excitation was also reported [6,9]. These wobbling bands 
were associated with π i13/2 configuration and tri-axially strongly 
deformed (ε ≈ 0.4) in nature [3,12]. Possibility of wobbling mo-
tion in A ≈ 130 region with lesser deformation (ε ≈ 0.16) was also 
predicted in 135Pr [3] and subsequently observed experimentally 
[13]. Later, the second-phonon wobbling band was also identified 
in this nucleus [14]. Apart from the 135Pr, the 133La [15] is also re-
ported to exhibit wobbling motion in this mass region. Recently, 
presence of the wobbling band was also confirmed in 105Pd [16]
and 183,187Au [4,17], outside of the A ≈ 130 region. In the context 
of the wobbling mode in odd-A nuclei, it is worth noting that, the 
wobbling motion in all the nuclei, apart from the 133La and 187Au, 
is transverse in nature and associated with a one-quasiproton con-
figuration, except in the case of 105Pd.

Over the past few decades, a lot of attention has been paid to 
the structure of the negative parity bands in the odd-A Xe nu-
clei because of the anomaly in observed signature splitting. The 
yrast bands, originating due to the coupling of an h11/2 quasineu-
tron to the ground state configuration of the even-even core, were 
reported with a large signature splitting, S(I), in spite of having 
high-� configurations (� ≥ 5

2 ) [18–25]. Interestingly, the so-called 
unfavoured signature partner of πh11/2 band (after some rear-
rangement) in 135Pr has been reinterpreted recently in terms of 
wobbling excitation [13,26]. Following this, the unfavoured signa-
ture partner of πh11/2 (πh9/2) band in 133La (187Au) has also been 
revisited and evidence for its wobbling nature has been found 
[4,15,27,28]. In contrast to the large S(I) in the yrast bands, the 
yrare bands were reported with a low, fairly constant and inverted 
signature splitting [25,29–31]. The origin of these yrare bands is 
thought to be due to the coupling of an h11/2 neutron with the 
γ -vibration of the core [31]. But, the S(I) of the quasi-γ -bands in 
the core is not inverted and also varies with the mass number [32]. 
Therefore, the origin of the yrare bands is not fully understood and 
demands further investigation. In this work, an attempt has been 
made to infer the structure of the negative parity bands in 127Xe.

Excited states of 127Xe were populated by the bombardment 
of 48 MeV 9Be beam, delivered by the 15UD pelletron accelerator 
[33] of Inter-University Accelerator Centre (IUAC), New Delhi, on 
an 8.4 mg/cm2 thick 99.3% isotopically enriched 122Sn target [34]. 
At this beam energy, the 4n evaporation channel is found to be the 
most dominant with more than 50% of the total fusion-evaporation 
reaction cross-section [34]. The INGA [35] spectrometer, consist-
ing of fourteen Compton suppressed HPGe clover detectors, was 
used to collect ≈ 9 × 108 two and higher fold coincident γ -events 
which were recorded by CANDLE [36] data acquisition software. Of-
fline data analysis was carried out using codes INGASORT [37] and 
RADWARE [38]. Details of the experimental set-up and data analysis 
procedures are available in the earlier publications from the same 
experiment [39–41].

A partial level scheme of 127Xe deduced from this work is 
shown in Fig. 1. The levels are grouped into bands 1-4 based on 
the γ γ -coincidence and intensity relationship. Pertinent energy 
gated γ -spectra are shown in Fig. 2 in support of the placement of 
new γ -transitions in the level scheme. Detailed spectroscopic re-
sults are given in the Supplementary Material [42]. Apart from the 
negative parity bands shown in Fig. 1, several other positive par-
2

Fig. 1. Partial negative parity level scheme of 127Xe.

Fig. 2. Prompt γ -rays observed in coincidence with 651, 577 and 483 keV γ -rays 
belonging to bands 2-4 in 127Xe. Transitions of present interest are marked in keV.

ity bands were also observed in this nucleus [43–46]. The full level 
scheme of 127Xe is available in Ref. [47] and will be presented in a 
forthcoming publication.

Band 1 is a negative parity sequence which was reported ear-
lier up to Iπ = (51/2−) [39,48]. No new γ -ray belonging to this 
band is identified in this work. Previously, band 2 was reported 
up to Iπ = (17/2)− at 1704 keV [22,45]. In this work, three addi-
tional γ -transitions, viz. Eγ = 845, 906, 912 keV (Fig. 2), have been 
placed in this band to extend it up to Iπ = 29/2− at 4367 keV. 
Band 3, reported earlier up to Iπ = 21/2− at 2243 keV [22,43], has 
also been extended in this work up to Iπ = 33/2− at 5132 keV by 
the addition of Eγ = 870, 973, 1045 keV γ -transitions (Fig. 2). An-
other cascade of three γ -transitions, viz. Eγ = 735, 808, 872 keV 
(Fig. 2), have been established above Iπ = 15/2− state at 1369 
keV. First two energy levels of this band were reported earlier [22]. 
Placement of two more new γ -transitions in this work leads to an 
extension of this band up to Iπ = 27/2− state at 3784 keV. All 
the energy levels of bands 2 and 3 have been found to decay into 
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Table 1
List of the experimental DCO ratio (RDCO), linear polarization asymmetry (�asym), multipole mixing ratio (δE2/M1), E2
fraction and the transition probability ratios for some �I = 1 inter-band γ -transitions belonging to 127Xe.

Eγ Iπi → Iπf RDCO �asym δE2/M1 E2 fraction
B(M1)out

B(E2)in

B(E2)out

B(E2)in

(keV) (h̄) (err) (err) (err) (%) (
μ2

N
e2b2 )

483 13/2− → 11/2− 0.303 (21) +0.058 (32) −2.1+0.2
−0.2 81.5+2.6

−3.2
639 17/2− → 15/2− 0.304 (15) +0.008 (36) −2.2+0.2

−0.1 82.9+2.3
−1.4 0.138 (12) 2.352 (565)

735 21/2− → 19/2− 0.313 (10) +0.031 (25) −2.4+0.1
−0.1 85.2+1.0

−1.1 0.098 (5) 1.500 (172)
800 25/2− → 23/2− 0.352 (41) +0.074 (61) −2.9+0.7

−0.5 89.4+3.5
−4.2 0.071 (31) 1.346 (879)

884 29/2− → 27/2− 0.366 (88) +0.048 (82) −3.1+1.9
−1.1 90.6+5.6

−10.6 0.052 (44) 0.922 (895)

577 15/2− → 13/2− 0.245 (28) +0.051 (37) −1.7+0.2
−0.3 74.3+4.0

−8.1
638 19/2− → 17/2− 0.311 (66) +0.068 (115) −2.4+0.9

−0.7 85.2+6.4
−10.9 0.062 (26) 1.364 (999)

651 13/2− → 11/2− 0.717 (69) −0.012 (137) +0.15+0.05
−0.05 2.2+1.6

−1.3 0.180 (4) 0.014 (9)
876 17/2− → 15/2− 0.849 (132) −0.114 (132) +0.26+0.10

−0.10 6.5+5.4
−3.9 0.053 (2) 0.007 (5)
Fig. 3. Variation of theoretical DCO ratio (black line) as a function of the mixing 
ratio (δ) for the 13/2− → 11/2− (�I = 1) γ -ray. The 17/2− → 13/2− (�I = 2) 
transition was considered as the gate. The red (blue) shaded region corresponds 
to the experimental RDCO of 483 (651) keV γ -ray. Inset: Experimental data (red 
dot) and theoretical contour plot (black dashed line) of DCO Ratio versus linear 
polarization, as a function of δ, for 483 keV γ -ray.

band 1 by �I = 1 γ -transitions. However, the states belonging to 
band 4 have been found to decay into both band 1 and band 3 via 
�I = 0, 1, 2 γ -transitions.

Spin and parity of these states have been assigned based on the 
results of angular correlation and linear polarization measurements 
[42]. The E2/M1 multipole mixing ratio (δ) of some �I = 1 inter-
band γ -transitions has been estimated by comparing the experi-
mental DCO ratio with the corresponding theoretical values, calcu-
lated for the different values of δ, using the computer code ANGCOR 
[49], as shown in Fig. 3 for Eγ = 483 and 651 keV γ -transitions. 
The present analysis resulted in a mixing ratio of δ = −2.1+0.2

−0.2 or 
−0.29+0.03

−0.04 for the 483 keV lowest inter-band �I = 1 transition 
between band 1 and band 3. This agrees well with the earlier re-
ported result of δ = −1.7+0.4

−0.6 or −0.45+0.12
−0.12, determined from the 

angular distribution studies [22]. However, the linear polarization 
(P = 0.23 (13) [this work] or 0.22 (3) [22]) of 483 keV γ -transition 
supports the higher magnitude of δ as shown in the inset of Fig. 3. 
Therefore, the presence of a high E2 admixture in 483 keV γ -
transition is concluded. The present value of δ = +0.15+0.05

−0.05 for the 
651 keV lowest inter-band �I = 1 transition between band 1 and 
band 2 agrees only within the error limits with the earlier result of 
δ = +0.03+0.07

−0.07 [22]. Good data statistics permit the assignment of 
lower error limits in the present δ value. In contrast to the case of 
483 keV γ -ray, the present RDCO of 651 keV γ -transition indicates 
only one value of δ within −4 ≤ δ ≤ +4 limit. Another larger value 
of δ = +30+∞

−20 was also reported for this transition, which indi-
cates ≈ 99.9% E2 content [22]. The linear polarization (P = −0.4 
(3) [22]), although having a large error bar, disagree with such 
a high mixing ratio. Present linear polarization asymmetry of the 
3

Fig. 4. Plot of E2 admixture, as a function of spin, in the �I = 1 γ -rays between 
nω = 1 and nω = 0 wobbling bands in different nuclei at low spin regime.

651 keV γ -ray contains large uncertainty mainly due to the poor 
population of band 2. Moreover, the presence of a contaminant 652 
keV E2 γ -transition in coincidence with 745 keV E2 γ -transition 
in neighbouring 127I nucleus also influence the magnitude of the 
linear polarization asymmetry [50]. Nevertheless, the RDCO = 0.61 
(4) of 486 keV E1 γ -transition in 127Xe [43], RDCO = 0.62 (3)/0.61 
(5)/0.66 (8) of 490/215/254 keV E1/M1/M1 γ -transitions in 127I 
[51] and RDCO = 0.61 (5) of 718 keV E1 γ -transition in 125Te [41]
was also found quite similar to that of 651 keV transition and 
hence, support the smaller δ value. Spectroscopic results of some 
of the important �I = 1 γ -transitions are summarized in Table 1.

The �I = 2 negative parity rotational bands, as shown in Fig. 1, 
were also observed in lighter oddXe isotopes and identified as the 
yrast (marked as band 1 and band 3 in Fig. 1) and yrare (marked 
as band 2 and band 4 in Fig. 1) bands based on νh11/2 orbital 
[25,29–31]. Theoretical calculation predicts that the signature split-
ting in yrast bands is very sensitive to the γ -deformation [52]. 
For instance, the observed S(I) in the case of 125Xe ([523] 7

2 ) is re-
produced well with γ ≈ 24◦ [53]. However, the non-yrast nature 
of the unfavoured signature partner of πh11/2 band in 135Pr was 
predicted from QTR calculation [13]. In this scenario, it becomes 
important to identify the proper signature partner of the νh11/2
band in 127Xe. As per the spin-parity assignment and the decay 
pattern of the γ -rays, both band 2 and band 3 are the potential 
candidates for the unfavoured signature partner of band 1. Nor-
mally, however, in the case of signature partner bands, the �I = 1
inter-band γ -rays are expected to be predominantly M1 in nature. 
Therefore, band 2, rather than band 3, is the right choice for the 
unfavoured signature partner of band 1.

The �I = 1 inter-band transitions between band 1 and band 3 
have predominantly E2 character. Existence of such highly mixed 
γ -transitions between two quadrupole bands is a unique signature 
of wobbling excitation in an atomic nucleus [7]. The E2 fractions of 
these inter-band transitions are found to increase further with in-
creasing angular momentum (Fig. 4). This feature is also observed 
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Fig. 5. Variation of wobbling energies with spin for the nω = 0, 1 wobbling bands 
pair in 105Pd [16], 133La [15], 135Pr [13], 187Au [4] and 127Xe [this work].

Fig. 6. Plot of level energies of the negative parity bands as a function of angular 
momentum (I).

in other cases of wobbling excitations reported in the low spin 
regime [4,13,15,16]. The B(M1)out/B(E2)in and B(E2)out/B(E2)in
transition probability ratios, listed in Table 1, for these �I = 1
transitions are also found to be similar to those reported in the 
cases of other wobbling excitations [42]. Therefore, the origin of 
band 3 can be explained in terms of the first phonon wobbling ex-
citation (nω = 1) in this nucleus. The energy of the nω = 1 band 
3 relative to the nω = 0 band 1 is known as the wobbling energy 
(Ewobb). Fig. 5 represents the plot of Ewobb as a function of angular 
momentum for different wobbling bands reported in the low spin 
regime. The wobbling energy for 127Xe shows an increasing trend 
with spin similar to that of 133La and 187Au. This suggests the ex-
istence of longitudinal wobbling mode in this nucleus. The first 
phonon wobbling band is found lower in excitation energy than 
the unfavoured signature partner band (Fig. 6), as was predicted in 
the case of 135Pr [13]. Non-yrast nature of the unfavoured signa-
ture partner band is possibly responsible for its lesser population 
in 127Xe.

The �I = 1 inter-band transitions between band 3 and band 4 
also have large E2 admixtures. The energy levels of this band are 
found to decay into both band 1 and band 3 through �I = 2, 1
γ -transitions, respectively. Earlier, similar kind of decay pattern 
and/or transition probability ratios were observed in the case of 
second phonon transverse wobbling band in 163,165Lu [6,9] and 
135Pr [14]. Thus, this band possibly originates due to the second 
phonon longitudinal wobbling excitation. This provides the first 
experimental evidence of second phonon longitudinal wobbling 
mode in an atomic nucleus. Interestingly, all the energy levels of 
band 4 (nω = 2) are also found to decay into band 1 (nω = 0) 
via �I = 0 transitions. These �I = 0 transitions are found to be 
more intense than the �I = 2 transitions between the same two 
bands 1 and 4. However, no such �I = 0 transitions between the 
4

nω = 2 and nω = 0 wobbling bands were observed in the previ-
ous three cases of two-phonon bands. Rather, this decay pattern is 
quite similar to that observed between the ground state band and 
the even spin sequence of the quasi-γ band in 126Xe [32]. There-
fore, it might be an indication of the coupling between wobbling 
motion and γ -vibration in this nucleus. Such type of coupling was 
also predicted in 164Hf using self-consistent calculations based on 
the tilted-axis cranking model [54]. A further theoretical investiga-
tion is essential to infer the microscopic structure of this band in 
127Xe.

Thus, the present study can successfully address the long-
standing issue on the structure of negative parity bands in odd-A
Xe nuclei. The configuration of the observed negative parity bands 
in 127Xe can be summarised as follows in term of wobbling exci-
tation:

Band 1: nω = 0 wobbling band (α = − 1
2 ),

Band 2: nω = 0 wobbling band (α = + 1
2 ),

Band 3: nω = 1 wobbling band, and
Band 4: nω = 2 wobbling band.
To conclude, the 127Xe has been identified as the third nucleus 

to exhibit longitudinal wobbling excitation. This Letter reports the 
first observation of longitudinal wobbling mode in a nucleus with 
an odd-neutron. The second phonon longitudinal wobbling band is 
also observed in this work for the first time in an atomic nucleus.
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