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This letter reports lifetime measurements of excited states in the odd-N nucleus 163W using the recoil-
distance Doppler shift method to probe the core polarising effect of the i13/2 neutron orbital on 
the underlying soft triaxial even-even core. The ratio B(E2:21/2+ → 17/2+)/B(E2:17/2+ → 13/2+) is 
consistent with the predictions of the collective rotational model. The deduced B(E2) values provide 
insights into the validity of collective model predictions for heavy transitional nuclei and a geometric 
origin for the anomalous B(E2) ratios observed in nearby even-even nuclei is proposed.

© 2019 The Authors. 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.
1. Introduction

The emergence of collective phenomena in atomic nuclei is a 
central paradigm in many-body quantum physics. The residual in-
teractions between the increasing number of valence protons and 
neutrons outside closed shells result in low-energy configurations 
with deformed shapes. The onset of deformation promotes a ge-
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ometry in which one or more axes of rotation become distinct 
from the nuclear symmetry axis and collective rotational excita-
tions begin to dominate the spectrum of states at low angular 
momenta [1]. The low-lying excited states in the heavy neutron-
deficient nuclei above N = 82 reflect the evolution from non-
collective excitations in spherical nuclei near the closed shell to 
collective rotational bands in well-deformed axial rotors near the 
midshell.

The low-lying levels vary smoothly between these two regimes 
through a transitional region characterised by soft triaxial shapes, 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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see for example [2]. A more definitive understanding of collectivity 
can be obtained from the measurement of B(E2) reduced transi-
tion probabilities. In heavy neutron-deficient nuclei, considerable 
progress has been made through measurements of excited-state 
lifetimes using Doppler shift methods in conjunction with selec-
tive decay correlation techniques [3]. The relationship between 
level excitation energies and B(E2: 2+ → 0+) values in the Os [4], 
W [5] and Pt [6] nuclei with the number of valence nucleons is 
readily interpreted in terms of collective models. However, ratios 
of reduced transition probabilities for some even-even transitional 
nuclides are much lower than expected from the predictions of 
the rotational model [4–7]. This letter reports the results of life-
time measurements of excited states in the transitional nucleus, 
163W. The deduced B(E2) values constrain expectations of collec-
tive model predictions for heavy transitional nuclei and suggest a 
geometric origin for the anomalous B(E2) ratios observed in nearby 
even-even nuclei.

2. Experimental details

Excited states in 163W were populated via the 106Cd(60Ni,
2pn)163W fusion-evaporation reaction in an experiment performed 
at the University of Jyvaskyla Accelerator Laboratory, Finland. 
The 60Ni beam bombarded a self-supporting isotopically enriched 
106Cd target foil of thickness 1.1 mg/cm2 with a Ta support of 
thickness 1.3 mg/cm2. The Ta foil was placed facing the beam 
resulting in a bombarding energy of 270 MeV and an initial reac-
tion fragment velocity of v/c=3.1% at the front of the 106Cd target. 
The target was stretched and mounted in the DPUNS differen-
tial plunger device [8] along with a downstream 1.0 mg/cm2 Mg 
degrader, which resulted in a reduction in recoil velocity of fusion-
evaporation residues to v/c=2.1%. The target-to-degrader distance, 
x, was changed to allow excited-state lifetimes to be measured us-
ing the recoil-distance Doppler-shift (RDDS) technique [3]. Gamma 
rays emitted at the target position were detected by the JUROGAM 
II γ -ray spectrometer comprising 15 Eurogam Phase 1-type [9] and 
24 Eurogam clover [10] escape-suppressed hyperpure germanium 
detectors.

The velocity-degraded fusion-evaporation residues were trans-
ported through the RITU gas-filled separator [11,12] and implanted 
into the double-sided silicon strip detectors (DSSDs) of the GREAT 
spectrometer located at the focal plane [13]. A planar double-sided 
germanium strip detector was mounted behind the DSSDs inside 
the same vacuum enclosure to detect X rays and low-energy γ
rays [13]. Three clover Ge detectors were mounted perpendicular 
to the DSSDs outside the vacuum chamber to detect higher-energy 
γ rays. All detector signals were timestamped to a precision of 
10 nanoseconds by the total data readout data acquisition system 
[14]. Gamma rays detected at the target and focal-plane positions 
in delayed coincidence with the implanted recoils were analysed 
offline with the GRAIN data-analysis package [15].

3. Results

Excited states in 163W were measured in several prior exper-
iments and bands associated with single-quasineutron f7/2, h9/2, 
and i13/2 configurations have been observed [16–18]. A partial 
level scheme for 163W is displayed in Fig. 1 illustrating γ -ray 
transitions in the νi13/2 band and its decay paths to the 7/2−
ground state. In the present study, the lifetimes of the yrast 17/2+
and 21/2+ states in 163W were measured using the recoil-distance 
Doppler-shift method [3]. The experiment used 11 different target-
to-degrader distances ranging from 30 to 5000 μm. The Phase 
1-type detectors used in this analysis were positioned at 158◦ (5 
detectors) and 134◦ (10 detectors) relative to the beam direction, 
Fig. 1. Partial level scheme showing levels and transitions in the yrast band of 163W 
and its decay paths to the 7/2− ground state [16,17]. The levels are labelled by their 
spins, parities, and excitation energies. All energies are stated in keV. The half-life 
of the 13/2+ isomer is taken from reference [17].

which allowed the Doppler-shifted and degraded components of 
γ -ray transitions to be identified. Lifetimes were extracted using 
the Differential Decay Curve Method (DDCM) [19], of which two 
variations were used: a recoil-correlated γ -ray coincidence analy-
sis and an isomer-tagged singles analysis.

The recoil-correlated γ -ray coincidence analysis has the advan-
tage of eliminating side feeding to the level of interest. For each 
distance measured, γ rays in delayed coincidence with recoil im-
plantations in the DSSDs were sorted into two separate asymmet-
ric two-dimensional matrices; one consisting of γ rays detected at 
158◦ versus coincident γ rays detected either at 158◦ or 134◦ and 
the other consisting of γ rays detected at 134◦ versus coincident 
γ rays detected either at 158◦ or 134◦ . Gamma-ray coincidences 
with the fully shifted component of the 555 keV 25/2+ → 21/2+
transition were projected onto the θ = 134◦ or 158◦ axes of their 
respective matrices. Typical spectra generated using this method 
are shown in Fig. 2.

These data were analysed using the DDCM for γ -ray coinci-
dences [19,20]. For coincidences demanded with the fully Doppler 
shifted component (s) of an indirect feeding transition C (with cor-
responding degraded component d), a level with feeding transition 
B and depopulating transition A has a lifetime given by

τ(x) = {Cs, Ad}(x) − α{Cs, Bd}(x)
d

dx {Cs, As}(x)
· 1

v
, (1)

where quantities in braces are coincident intensities at target-to-
degrader distance x, v is the average recoil velocity and α=〈α(x)〉x

with

α(x) = {Cs, Ad}(x) + {Cs, As}(x)

{Cs, Bd}(x) + {Cs, Bs}(x)
, (2)

which corrects for differences in measured intensities in the de-
populating and feeding transitions.

Fig. 3 shows the decay curves and lifetimes determined using 
normalised intensities extracted from the coincidence spectra. The 
mean lifetime was obtained by a weighted average of the values at 
each distance within the region of sensitivity.

The 13/2+ band head is isomeric with a half-life of 154(3) ns 
and is depopulated via two distinct γ -ray cascades to the ground 
state [17]. These isomer-delayed γ rays may be detected in the 
GREAT planar and clover detectors at the RITU focal plane and can 
be used as a selective tag for γ -ray emissions at the target posi-
tion. The 555 keV γ -ray transition that is used to select the νi13/2
band in 163W in the recoil-correlated γ -ray coincidence analysis 
is overlapped by the intense 552 keV transition originating from 
164W [21], which is a strongly populated exit channel in this re-
action. An isomer-decay tagged singles analysis was performed in 
order to confirm that this contamination in the selecting transition 
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Table 1
Measured lifetimes and reduced transition probabilities for excited states in 163W.

Eγ

(keV)
Iπi →Iπf
(h̄)

Detector 
angle

Recoil-correlated 
γ -ray coincidences

Isomer-tagged 
singles

Average values

τ (ps) τ (ps) τ (ps) B(E2)↓ (W.u.)

384.1 17/2+ → 13/2+ 158◦ 21.3(30)
134◦ 21.4(30)
134◦ 26.5(50)

22(2) 80(8)

506.2 21/2+ → 17/2+ 158◦ 2.3(6)
134◦ 3.8(7)

3.0(4) 154(23)
Fig. 2. Recoil-correlated γ γ spectra measured at θ = 134◦ to the beam axis for 
(a) the 384 keV transition depopulating and (b) the 506 keV transition feeding the 
17/2+ state. Coincidences were demanded with the fully Doppler-shifted compo-
nent of the 555 keV transition detected at the θ = 134◦ or 158◦ positions for all 
spectra shown. Fits for the fully Doppler-shifted (s) and degraded (d) components 
are shown by the blue dashed and red dotted lines, respectively, while the total is 
shown by the black solid line.

does not significantly affect the measured lifetime. Recoiling 163W 
nuclei were selected on the condition that implantations were fol-
lowed within 0.5 μs by a 102, 377 or 441 keV γ ray detected in 
the planar Ge detector or a 377 or 441 keV γ ray detected in the 
clover Ge detectors at the RITU focal plane.

In a singles analysis, for a level i fed by levels h and feeding the 
level j, the lifetimes of excited states are given by

τ(x) = −
Q ij(x) − bij

∑

h
([ Jhi/ J i j])Q hi(x)

d
dx Q ij(x)

· 1

v
. (3)

Here Qi j(x)=Id
i j(x)/(Is

i j(x)+Id
i j(x)) and Id

i j (x) and Is
i j (x) are the γ -ray in-

tensities for the degraded and shifted components, respectively, bij

is the branching ratio of level i and Jhi , Ji j are the relative intensi-
ties of respective transitions [19]. In this analysis, the assumption 
was made that the unobserved feeding of the 17/2+ levels has the 
same time dependence as that of the observed feeding.
Fig. 3. DDCM analysis for the 17/2+ (left) and 21/2+ (right) levels. Top: normalised 
fully shifted intensity of the depopulating transition measured at θ = 134◦ . Middle: 
difference in intensity between the degraded components of the depopulating and 
feeding transitions. Bottom: lifetimes measured at distances within the region of 
sensitivity. The solid line indicates the weighted average while the dashed lines are 
the error bars.

The weighted averages of the lifetimes measured using the co-
incidence and singles analyses are shown in Table 1 along with the 
corresponding B(E2) values, which were calculated using the rela-
tion

B(E2; Ii → I f ) = 0.0816

E5
γ (1 + α)τ

, (4)

where Ii and I f are the spins of the initial and final levels, respec-
tively, Eγ is the γ -ray energy of the transition in MeV, α is the 
internal conversion coefficient for the transition [22] and τ is the 
mean lifetime in ps of the emitting state.

4. Discussion

Fig. 4(a) compares the B(E2: 17/2+ → 13/2+) values measured 
in the odd-A W isotopes with the B(E2: 2+ → 0+) values in the 
even-A isotopes as a function of neutron number. The B(E2) values 
vary as a function of neutron number with lower values observed 
in the transitional isotopes above the N = 82 closed shell and 
higher values in the deformed midshell region. The B(E2) values 
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Fig. 4. (a) B(E2: 17/2+ → 13/2+) values for odd-N (circles) and B(E2: 2+ → 0+) 
for even-N W isotopes (filled squares). (b) Ratios of B(E2) values for W isotopes. 
The ratio is B(E2: 21/2+ → 17/2+)/B(E2: 17/2+ → 13/2+) for odd-N isotopes and 
B(E2: 4+ → 2+)/B(E2: 2+ → 0+) for even-N isotopes. The dashed line is the ratio 
predicted by the collective rotational model for even-N isotopes. The measurements 
for 163W are indicated by red circles. Data are taken from refs. [23,31–41].

for the measured odd-A W isotopes follow the general trend es-
tablished by the B(E2: 2+ → 0+) values. This pattern is consistent 
with the expectations of nuclear models [23].

The ratios of reduced transition probabilities in 166W and other 
heavy neutron-deficient nuclei have apparently anomalous values 
that cannot be reproduced in terms of the collective rotational 
model [4–7]. This is illustrated in Fig. 4(b) which compares the 
B(E2: 4+ → 2+)/B(E2: 2+ → 0+) with the predictions of the collec-
tive model [24]. Similarly low ratios are observed in several mass 
regions of the nuclear chart [25–29].

The even-A N ≥ 94 W isotopes have ratios that are consistent 
with the theoretical ratio of 1.43. However, the isotope 166W is 
an excellent example where several excited-state lifetimes have 
been measured but anomalous B(E2) ratios have been extracted. 
The B(E2: 4+ → 2+)/B(E2: 2+ → 0+) ratio is significantly lower 
than the theoretical prediction at 0.33(5) [5]. It has been pro-
posed that the W-Os-Pt nuclei undergo a phase transition between 
non-collective seniority and collective excitations [6]. In nuclei that 
have low average ground-state deformations such a transition be-
tween non-collective low-spin states and collective high-spin states 
can occur [30]. However, in nuclei such as 166W where the B(E2: 
2+ → 0+) values are in excess of 100 W.u. alternative mechanisms 
must be considered.

In this region, a common feature of even-A nuclei with ap-
parently anomalous B(E2) ratios is that they have ratios of 4+
to 2+ excitation energies close to that of a gamma-soft rotor 
[E(4+)/E(2+)=2.5]. Soft-triaxial nuclear deformations arise due to 
the spatial density distributions for protons and neutrons at the 
top and bottom of their shells, respectively or vice versa [42]. In 
the N ∼ 92 nuclei, γ -soft shapes arise from the competing polar-
ising effects of protons in the high-� h11/2 orbitals and neutrons 
in the low-� f7/2, h9/2 and i13/2 orbitals, where � is the projec-
tion of the single-particle angular momentum on the symmetry 
axis. This is reflected in the ratio of 4+ to 2+ excitation ener-
gies in the ground-state bands of neutron-deficient W isotopes, 
which have values close to the γ -soft limit of E(4+)/E(2+)=2.5. 
The E(4+)/E(2+) ratios for 162W [21], 164W [21] and 166W [43]
are 2.25, 2.48 and 2.68, respectively. Furthermore, the signature 
splitting between the low-spin states of coupled bands in the 
neighbouring odd-Z isotones is also indicative of γ -soft triaxial 
shapes [44–46]. A parallel study has measured the lifetimes of 
low-lying states in 163Ta to confirm its quadrupole and triaxial de-
formations [47].

The wavefunctions of nuclear states are sensitive to the geo-
metric shapes adopted by nuclei [48]. The B(E2) values calculated 
in the rotational model depend on the projections of single-particle 
angular momenta on the symmetry axis. The projection of the total 
angular momentum on the symmetry axis (K ) is a good quantum 
number for axially deformed nuclei with a unique rotation axis 
but is ill-defined for soft-triaxial shapes. Therefore, the measured 
properties of triaxial nuclei may deviate from the predictions of 
collective rotational models that assume axial symmetry and hence 
a well-defined K -value. It follows that the resulting B(E2) ratios in 
odd-A W isotopes should be consistent with the collective model if 
the odd neutron occupies an orbital that polarises the soft-triaxial 
core towards an axial prolate shape. The angular momentum of 
the single-i13/2 neutron is directed in a quasi-parallel direction to 
the core angular momentum and has a small component along 
the symmetry axis. Thus, the i13/2 neutron is expected to have a 
strong polarising effect on the core due to its spatial orientation 
in an equatorial orbit. Indeed, the core-polarising influence of the 
i13/2 neutron configurations is apparent in the three-quasiparticle 
structures of the light Ta isotopes, which are formed by coupling 
a single h11/2 proton to neutron configurations in their underlying 
W cores [44].

In this work, lifetimes have been measured from both the 
17/2+ and 21/2+ states in the νi13/2 band of 163W. Fig. 4(b) 
compares the present measurements of ratios of reduced tran-
sition probabilities with those of the heavier isotopes including 
167W, which is currently the only other transitional odd-A iso-
tope for which lifetime measurements have been performed [41]. 
High- j and low-� orbitals in odd-A nuclei are highly suscepti-
ble to the Coriolis force and are effectively decoupled from the 
core rotation [49]. In such cases, the spectrum of excited states is 
characterised by rotational excitations of the even-even core cou-
pled to angular momentum of the decoupled neutron. For this 
reason, the B(E2: 21/2+ → 17/2+)/B(E2: 17/2+ → 13/2+) ratios 
extracted for odd-N isotopes are compared with the theoretical 
value of 1.43 predicted for the even-even isotopes. A ratio of B(E2: 
21/2+ → 17/2+)/B(E2: 17/2+ → 13/2+) = 1.93(34) was measured 
for the isotope 163W, which is within 2σ of the theoretical value 
predicted by the rotational model. The ratio extracted for 167W 
using the measurements of Li et al. is similarly close to the ax-
ial limit. These measurements suggest that there is no anomaly in 
either 167W or 163W whose core is expected to be closer to the 
γ -soft limit.

These results indicate that rotational collective models are ap-
plicable in transitional odd-A nuclei when the occupation of a 
rotationally aligned high angular momentum orbital restores ax-
ial symmetry to an otherwise soft-triaxial even-even core. The 
anomalous B(E2) ratios observed in even-A nuclei are attributed to 
soft-triaxial shapes that result in poorly defined K quantum num-
bers and perturbed rotational wavefunctions.
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5. Summary

The mean lifetimes of the 17/2+ and 21/2+ states in the 
νi13/2 band of 163W have been measured using the recoil-distance 
Doppler-Shift method in an experiment using the JUROGAM II 
γ -ray spectrometer in conjunction with the DPUNS differential 
plunger device. The ratio of extracted B(E2) reduced transition 
probabilities is found to be consistent with the predictions of the 
collective rotational model. This agreement within experimental 
(2σ ) uncertainties suggests that the νi13/2 configuration of 163W 
adopts an axial prolate shape. This is a marked difference from 
the B(E2) ratios extracted for the nearby even-even nuclei such as 
166W. The anomalous B(E2) ratios in 166W and other nearby transi-
tional nuclei are therefore attributed to their γ -soft triaxial shapes 
for which K is poorly defined with consequences for nuclear wave-
functions and their dependent B(E2) values. This hypothesis could 
provide a useful test for the predictions of fully self-consistent 
mean field models that do not rely on the assumptions made in 
collective or geometric models.
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