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The transition quadrupole moments, Q;, of rotational bands in the neutron-rich, even-mass 192-198)\o
and 198-112Ry nuclei were measured in the 8-16 f spin range with the Doppler-shift attenuation method.
The nuclei were populated as fission fragments from 2°2Cf fission. The detector setup consisted of the
Gammasphere spectrometer and the HERCULES fast-plastic array. At moderate spin, the Q; moments
are found to be reduced with respect to the values near the ground states. Attempts to describe

the observations in mean-field-based models, specifically cranked relativistic Hartree-Bogoliubov theory,
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from the data.

illustrate the challenge theory faces and the difficulty to infer information on y softness and triaxiality

© 2013 Elsevier B.V. All rights reserved.

Evidence for the presence of a stable triaxial nuclear shape
has thus far mainly been inferred from spectroscopic data at high
spin. Recent examples are the observation of wobbling bands in
the rare-earth region [1] and of chiral structures in the lanthanide
region [2]. Another, earlier example of the presence of a triaxial
shape is associated with the smooth terminating bands in the tin
region. These are understood as corresponding to a gradual change,
over a large spin range, from a prolate shape through the triaxial
plane toward an oblate, non-collective shape [3]. Another testing
ground for asymmetric shapes is thought to be the Zr-Mo-Ru re-
gion of neutron-rich nuclei (neutron number N > 60). This is due
in part to the presence at low excitation energy of bands built on a
y -vibrational state, an observation [4] suggesting that the potential
energy surface (PES) of these nuclei is soft or unstable with respect
to the deformation parameter y. This parameter measures the de-
gree of triaxiality of a quadrupole nuclear shape, which is only
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symmetric if y is a multiple of 60° (e.g., prolate for y =0°, 120°).
However, there is at present considerable uncertainty on this issue
despite the increasing available information on level schemes [5]
and lifetimes [6]. In fact, the data on ground-state bands in the
nuclei of interest appear consistent with the rotation of a prolate
or near-prolate shape accompanied by the usual alignment of a
pair of nucleons at medium spin.

It should be pointed out that the near-yrast structure of the nu-
clei of interest cannot be interpreted in terms of either wobbling
or chirality. The known transitions linking excited- and ground-
band levels are predominantly of the Al =2 and AI =0 type,
in contrast with the selective AI =1 linking transitions associ-
ated with wobbling motion. Furthermore, the alignment properties
exhibited by the excited and the ground-state bands differ signif-
icantly, while they are essentially indistinguishable in the case of
wobbling. The presence of chiral bands indicates that the excited
configuration, on which these bands are built, is associated with
a triaxial shape. It has been suggested that the off-yrast structure
of 110112Ry may contain candidates for such bands [7]. However,
for y-soft nuclei, the PES of an excited configuration and of the
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vacuum configuration will be different, due to the deformation
driving properties of the orbitals in the former configuration and
to differences in pairing. Hence, the presence of chiral bands at
moderately high spin does not imply the onset of triaxiality near
the ground state.

In this Letter, transition quadrupole moments, Q;, in the even-
mass nuclei 192-198\o and 198-112Ry are reported. The Q; values
are the result of lifetime measurements using the Doppler-shift at-
tenuation method (DSAM). The measurements cover a large num-
ber of transitions in the respective ground-state bands, in the
6 < I <18 spin range, and a number of transitions in the y bands.
The data sets are augmented by Q; values from the literature,
including lower-spin transitions accessible by the recoil-distance
Doppler-shift method. The Q; values and the moments of iner-
tia are compared with the results of cranked relativistic Hartree-
Bogoliubov calculations with approximate particle-number projec-
tion by means of the Lipkin-Nogami method (called CRHB + LN
hereafter) [8]. The goal of the study is to examine possible signa-
tures for a shape change in the ground-state band as a function of
spin, herewith addressing the possibility of a rotation-induced tri-
axial shape. The comparison between the data and the calculations
also addresses two related issues: the recent prediction of a stable
triaxial ground state [9], and the predicted competition between a
prolate and an oblate shape near the ground state [10] and in the
ground-state band [6].

As was the case in Ref. [6], neutron-rich nuclei in this mass
region were populated via spontaneous fission. A 230-uCi 2>2Cf
source, mounted on a Pt backing of thickness 440 mg/cm?, was
used. The source was covered by a 240-pg/cm? Au foil. The experi-
ment ran for 18 days with a detector combination consisting of 98
Compton-suppressed Ge spectrometers of Gammasphere [11] and
the HERCULES array. This array of 64 fast-plastic detectors was de-
signed as an evaporation-residue counter for in-beam studies [12].
In the present experiment, HERCULES served a two-fold purpose:
(i) It helped to determine the fission axis, thereby providing an
orientation axis for the emission angles of the y rays from fission
fragments detected in Gammasphere. (ii) It provided an efficient
way to gate on either the light- or heavy-mass fragment, based on
the measured pulse height and time-of-flight with respect to the
y-ray flash. A total of 2.1 x 10° fragment-y# quintuple coincidence
events were recorded.

Item (i) above is of importance as it enables DSAM lifetime
measurements with the usual approach; i.e., the analysis of asym-
metric line shapes can be performed, in contrast to the situation in
Ref. [6]. The fission axis coincides with the line between the source
position and the HERCULES detector that is hit by a fragment. The
velocity vector of the complimentary fragment, slowing in the Pt
backing and emitting the y ray of interest, is collinear with this
line (due to momentum conservation). The emission angle of the
y ray of interest with respect to the fission axis is denoted by &.
Examples for angle-sorted y-ray coincidence spectra gated with
the heavy-mass fragment are displayed in Fig. 1; more details are
presented elsewhere [13].

The line shapes for the various transitions are fitted with the
code of Ref. [14] and lifetimes are extracted. The light 22Cf frag-
ments have an average initial velocity of 0.046c. For the slowing of
the ions in the Pt backing, the stopping powers of both the SRIM
package [15] and the Northcliffe-Schilling description [16] were
considered. The two treatments differ in stopping powers by about
11%. This difference, along with uncertainties in the initial velocity
and the transition energy, were incorporated into the systematic
uncertainty for each extracted lifetime. The results are reported in
Table 1; they deal only with stretched E2 transitions.

From the measured lifetimes, the reduced transition probabil-
ities, B(E2), were derived. These were translated into Q; values
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Fig. 1. Sample angle-sorted y-ray spectra (§ = 60°,90°,120°) and line-shape fits
(red). Left: the set for the 733.6-keV, 10 — 8] transition in ®*Mo. Right: the set
for the 815.0-keV, 10 — 8 transition in '°Ru. The spectra are the results of a
procedure with a fragment gate (see text) and a y-y gate, where the gating tran-
sitions are below the analyzed transition in the level scheme. Known contaminant
lines (blue) are taken into account in the fits. (For interpretation of the references
to color in this figure, the reader is referred to the web version of this Letter.)

Table 1

Properties of transitions in '92-1%8Mo and '98-112Ru for which Q; values are ob-
tained. Spin-parity assighments and transition energies are adopted from Ref. [5].
Intensities are from the present work and are given relative to I,, = 100 for the cor-
responding ST — Gf transition. Lifetime and Q;-value uncertainties contain both
statistical and systematic errors.

IF — 172 Ey (keV) I,° T (ps) Q¢ (efm?)
102M0

87 — 6] 690.9 =100 159703 315132
107 — 8} 771.5 48.1 1.207538 27239
12 — 10f 834.9 20.6 0.82+021 26712}
147 — 12 879.2 2.3 0.741518 245127
10410

67 — 4 519.2 184 >4.78¢ <380
87 — 6F 641.7 =100 2441028 30519
85 — 65 601.7 24.9 34713 300740°
9 - 7f 646.5 14.0 2.247952 233139
107 — 8 733.6 40.8 1.9370:24 243113
10§ — 85 678.4 6.2 1.8870328 31219
11+ - 97 712.9 5.1 1.96%97%4 267139
127 — 107 798.0 19.7 0.961011 275118
147 — 12 861.3 10.0 0.637929 281723
167 — 14 945.0 2.6 0.55+010 23742}
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17— E, (keV) L,° T (ps) Q: (efm?)
]06M0

4f - 2f 896.2 55.9 2.337927 115H]9de
67 — 4 511.2 252 >3.80° <443
8) — 67 654.9 =100 2431028 2917117
85 — 65 631.0 12.1 3.461571 21873f
97 — 7F 690.9 9.1 1.817532 31119
107 — 87 784.1 429 1521517 231713
105 — 85 756.4 3.6 1.77+5:32 246138
127 — 107 896.7 17.9 1.027512 200712
147 - 12 992.9 8.9 0.54739%8 211113
167 — 14 1051.5 5.2 0.6310:12 169718
187 — 167 1087.6 1.9 0.57152 16272
108M0

87 — 6} 662.1 =100 2.05104¢ 30935
of -7t 707.0 25.0 16753 31075
107 — 8 776.6 57.7 2.027939 205122
127 — 10f 872.0 19.6 1.0870-2 20812
14+ — 127 945.6 8.2 0.611973 225133
108Ru

4f —2f 940.5 32.2 1.871939 78+28¢
87 — 67 701.6 =100 153702 308134
85 — 65 657.8 20.8 21703 330759
107 — 8} 798.3 41.6 1.20%917 24919
105 — 85 730.0 11.5 1257548 317182
12§ — 10 788.1 19.9 1.28%931 24613
147 — 12 762.2 5.1 1347021 260124
167 — 14 863.6 2.3 0.691912 264123
110Ru

65 — 4F 599.8 62.5 4127094 27852
75— 57 645.5 20.8 3.03%059 292137
87 — 67 705.3 =100 217792 256113
85 — 65 712.7 25.0 1.9470:3¢ 268149
9t —» 7+ 756.0 8.6 1.2470% 299159
107 — 8} 815.0 37.6 2.22792¢ 17411}
127 — 10f 887.6 12.5 1.547023 168714
147 — 12 703.9 7.9 3.6729 190789
167 — 14} 799.7 5.4 203530 187435
112Ru

75— 57 605.4 44.5 3.1019% 350183
87 — 67 649.5 =100 25718 290159
9 - 7F 693.3 26.5 184790 305198
107 — 87 7233 55.9 2.067037 244728
117 - 978 756.0 10.2 1321055 280173
127 — 107 763.4 31.3 1.61702) 239112
147 - 12 791.9 123 2317983 180113
167 — 147 836.0 7.1 1.90753 173712
3 Subscripts 1 and 2 indicate first and second excited state, respectively.

b Uncertainties range from 3% for strong to 40% for the weakest transitions.
; Lower-limit value due to limited DSAM applicability.

€ Q¢ value not shown in Fig. 3.
f

& Transition reported in Ref. [17].

according to the expression
B(E2; I; — Iy)

5

T 167

Intensity-branching ratio of 0.26 £ 0.05 [13] was used (see text).

Intensity-branching ratio of 0.57 £+ 0.13 [13] was used (see text).

2
—— (LiKi(I; = 1) (Ki — Kp) | 7 Kf) - Q2,

(1)

where the term in brackets is a Clebsch-Gordan coefficient de-
termined by the spin I and the K principal quantum number of
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Fig. 2. Kinematic (3M) and dynamic (3®) moments of inertia, as a function of
rotational frequency (w), for the ground-state bands in '92-1%Mo and 108-112Ry,
based on the level schemes in Ref. [5]. The highest values of the %Mo and ''2Ru
3@ moments are off-scale. The 1%8119Ru 3® moments are truncated where the
31 moments show backbends. Shaded areas represent the spin ranges of the Q;
values in Table 1. The solid, red and dashed, green curves present the 3’ moments
for near-oblate (triaxial) and near-prolate minima, respectively, from CRHB + LN
calculations. The blue, dashed lines display the 3 moments of excited prolate
minima at w ~ 0, which become unstable at higher frequencies. These lines are
stretched for visibility. (For interpretation of the references to color in this figure,
the reader is referred to the web version of this Letter.)

the initial (i) and final (f) state. Appropriate error propagation
was taken into account. For some of the transitions in a y band,
the partial lifetimes according to the intensity-branching ratios re-
ported in Ref. [5] (or in a footnote of Table 1) were used. For all
transitions in a y band, K; = Ky =2 was adopted. These values
are confirmed [13] by ratios of measured B(E2) values for differ-
ent y-band to ground-state-band transitions from the same initial
state according to the Alaga rules [18].

The present discussion focuses on the ground-state bands and
starts with their alignment features. These are depicted in Fig. 2
in terms of the kinematic and dynamic moments of inertia as a
function of rotational frequency. The %Mo and %Mo nuclei have
essentially the same characteristics and the latter case is omitted
for brevity. As indicated by the shaded area in each plot, the spin
range where Q; values are now available, overlaps in part with the
band-crossing region. In %Mo, for example, this region is centered
around fiw = 0.4 MeV and [ = 12. In all nuclei under discussion,
the rise of the moments of inertia is attributed to the rotational
alignment of a pair of hy1/, neutrons [19].

The Q; values, as a function of spin, for the in-band transitions
in 102-108\jo and 198-112Ry are provided in Fig. 3 with full symbols.
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Fig. 3. Transition quadrupole moment as a function of spin for ground-state bands
(circles) and y bands (triangles up) in 192-198\Mo and '98-112Ru. Data from this work
are given as full symbols, data reported in the literature as open ones. The CRHB +
LN results are drawn with the convention of Fig. 2 and are labeled accordingly.

They are combined with previous results from the literature [5,6],
shown as open symbols. A distinction is made between the Q;
values for the ground-state and y bands by circles and triangles,
respectively. The values for the two types of bands are comparable
in magnitude.

For the ground-state bands the following observations can be
made: The Q; values decrease with increasing spin and this be-
havior is accentuated in the heavier isotopes. This observation
holds for both Mo (102194Mo vs. 106108\g) and Ru (1%8Ru vs.
10.112Ry) isotopes: the weighted-average values for 8 < I < 16 of
192 + 16 efm? and 198 + 26 efm? for ''%!12Ry are to be com-
pared with 261 + 11 efm? for '°Ru. Moreover, these averages
for 110112Ry are also somewhat smaller than those for 106108)\jg,
Hence, the decrease in the Q; values seems more severe in the Ru

=0

0.25

Bzcos(y+60)

B2sin(y+60)

¥=—60

Fig. 4. PES for '®*Mo from a triaxial RMF + BCS calculation. The energy difference
between equipotential curves is 0.5 MeV. The color scale shown at the right has the
unit MeV.

isotopes than in the available Mo nuclei. This observation suggests
a dependence of Q;(I) on Z and N. It is worth noting that a reduc-
tion of Q; moments with increasing spin is also seen in 74Kr [20]
and in the rare-earth region [21]. In these nuclei, this reduction
has been interpreted as being due to a y soft PES polarized by
rotation-aligned quasiparticles inducing a triaxial shape.

As stated above, the Mo and Ru nuclei under investigation are
thought to be characterized by y-soft energy surfaces and their
successful description would be expected to use mean-field based
models. Unfortunately, as discussed in Section 4.1 of Ref. [9], no
consistent picture emerges from the model calculations and dif-
ferent methods reach different conclusions. These calculations face
two principal difficulties. First, strong shape variations with Z and
N are expected that can be attributed to shell effects in the single-
particle spectrum. Hence, the results depend sensitively on the
adopted single-particle energies, the accuracy of which is model
and parameter dependent [22,23]. Second, the results of calcula-
tions strongly depend on the treatment of pairing as exemplified
below.

In this Letter, the covariant density functional theory of Ref. [8]
is applied. The first task was to perform PES calculations as a func-
tion of the y degree of freedom and the quadrupole-deformation
parameter 3,. This was done for selected Mo isotopes with a code
for triaxial relativistic mean-field theory plus BCS with separable
pairing (called RMF + BCS hereafter). The second task was to cal-
culate the alignment and deformation properties of the bands and
this was done within the CRHB + LN approach [8], where the
Gogny D1S force was used in the pairing channel. This code does
not have constraints on the diagonal and off-diagonal elements of
the quadrupole-moment tensors, Q> and Qgq. As a result, the
solution is restricted to local minima; i.e., the observables of inter-
est, Q; and I, are calculated at the equilibrium deformations of
these minima, which change with frequency. In both calculations
the NL3* parametrization of the RMF Lagrangian [24] was used.

A sample result of the triaxial RMF + BCS calculations with
NL3* is shown in Fig. 4. The PES plot illustrates the y softness in
this case. An oblate minimum and a shallow excited prolate mini-
mum are seen. In contrast, axial RMF + BCS calculations [25] with
the NL3 parametrization of the Lagrangian predict the prolate min-
imum to be the lowest in 19210%4Mo, whereas the oblate one be-
comes the lowest in the heavier Mo isotopes. However, CRHB + LN
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calculations with the NL3 parametrization suggest that the oblate
minimum is lowest by 20 and 240 keV in 192104Mo, respectively.
These examples indicate that the energy surfaces strongly depend
on the treatment of pairing.

The results of the CRHB + LN calculations are first compared
with the experimental 3V moments in Fig. 2. The ground states of
102,104106\fg are calculated to be triaxial (y ~ —44°), near-oblate
(y ~ —53°), and oblate, respectively. These solutions are energet-
ically favored in the calculations. However, they fail to reproduce
the rise of the 3V moments with frequency. In Fig. 3, the triaxial
and oblate solutions are represented by a full curve. Substantial
shape changes take place in the associated configurations with
increasing spin: the g, deformation increases while y drifts to-
wards —30°. The latter feature is pronounced in %Mo, where
y ~ —30° is reached at I ~4 and the Q; value rises accordingly.
This prediction is in conflict with the data, including the new Q.
values, which show the opposite trend. A similar situation occurs
in the Ru isotopes. Thus, the interpretation of the alignment and
deformation properties of the observed bands in terms of collec-
tive motion associated with oblate and near-oblate shapes faces
substantial difficulties. It turns out that it is also impossible to de-
scribe the radii of neutron-rich Mo nuclei with such shapes [10].

The alternative is to associate the observed bands with a prolate
minimum, although it is an excited one in Fig. 4. The CRHB + LN
calculations indicate that, without constraining the Q29 and Q32
moments, the solution in the local prolate minimum becomes un-
stable when w increases. Only in the case of %Mo is a solution
obtained over a significant frequency range. Figs. 2 and 3 indi-
cate that the CRHB + LN prolate solution in %Mo, represented
by dashed, green curves, provides a good description of the J(D
moment and the band-crossing frequency as well as the Q¢ values
for I < 8. The downslope of Q; with increasing I is reproduced
and is attributed to a combined decrease in B, and increase in
y deformation induced by rotation. For the other nuclei, the pro-
late solution is only stable at the lowest @ values. The 3V and
Q; values extracted from these minima agree rather well with ex-
periment, though in a limited range of frequency and spin. Due
to this limitation, the trends in the predicted low-spin and mea-
sured high-spin Q. values are, in the case of %Mo and %Ry,
not comparable. They can, however, be viewed as complemen-
tary. It is worth noting that the current Q; data are covering the
band-crossing region; this spin range disappears in the cranking
calculations performed as a function of w if the calculated cross-
ing is sharp [26].

The trend seen in the data appears to be consistent with rota-
tion associated with a near-prolate shape below the band crossing.
Above it, a significant excursion into the triaxial sector may be
present according to the current CRHB + LN calculations. These
data represent a challenge for theoretical calculations based on
mean-field models. This is demonstrated here within the CRHB +
LN framework. The predicted oblate shape and a low-spin triax-
ial shape with y ~ —44° are ruled out by the data. For some of
the nuclei viz. 1%Mo, the calculations with the prolate minimum
reproduce the observations, but reliable predictions with such a
minimum cannot be made for all the nuclei discussed. For nu-
clei with a very soft PES, a description on the mean-field level
may not be adequate and methods beyond mean field may be
required [27,28], as correlations due to configuration mixing and
angular-momentum projection can affect the relative energies of
the various minima. However, such methods also depend sensi-
tively on the underlying single-particle structure which remains
model and parameter dependent [27]. Thus, description within
such a framework will not necessarily provide reliable results. In
addition, the description of rotational spectra requires the use of

a phenomenological scaling factor for the moments of inertia, as
time-odd mean fields are neglected in the current realizations of
these methods [28].

In conclusion, Q; moments up to I = 16-18 have been obtained
for the 102-108\jo and 198-112Ry even, neutron-rich isotopes. A sys-
tematic decrease of the Q; moments with spin is observed. The
available data remain a challenge for theory to explain.
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