Quadrupole Moments of Wobbling Excitations in '%*Lu
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Lifetimes of states in the triaxial strongly deformed bands of '**Lu have been measured in a
Gammasphere experiment using the Doppler-shift attenuation method. The bands are interpreted
as wobbling-phonon excitations from the characteristic electromagnetic properties of the transitions
connecting the bands. Quadrupole moments were extracted for the 0-phonon yrast band and, for the
first time, for the 1-phonon wobbling band. The very similar results found for both bands suggest
a similar intrinsic structure confirming the wobbling interpretation. While the in-band quadrupole
moments for the bands show a decreasing trend towards higher spin, the strength of the inter-band
transitions remains constant. Both features can be understood by a small increase in triaxiality
towards higher spin. Such a change in triaxiality is also found in cranking calculations, to which

the experimental results are compared.

PACS numbers: 21.10.Tg; 21.60.Ev; 23.20.Lv; 27.70.+q

Stable triaxiality in nuclei and related phenomena have
long been predicted but are difficult to prove experi-
mentally. A region of stable triaxiality is predicted in
the neutron-deficient Lu and Hf isotopes around N =
94, where cranking calculations give triaxial minima at
large deformation (triaxial strongly deformed, TSD) with
(€2,7v) =~ (0.4,420°) in the total energy surfaces. These
nuclides have been studied extensively and many rota-
tional structures that can be associated with TSD min-
ima have been observed in several nuclides. The first
proof of stable triaxiality was not the observation of these
bands as such, but rather from that fact that some of
the bands in odd-mass Lu isotopes can be described as
wobbling-phonon excitations [1-4].

The wobbling motion is an excitation mode unique to
a triaxial body. While the nucleus favors the rotation
about the axis with the largest moment of inertia, it can
transfer a quantized amount of angular momentum to the
other axes, resulting in a sequence of rotational bands
built on the same intrinsic structure. In the high-spin
limit the energies of the wobbling bands can be separated
into rotation about the principal axis and the wobbling
motion [5]: Er(I,ny) = I(14+1)/(2S;) + hwy (nw +1/2),
where n,, is the wobbling phonon number and w,, the
wobbling frequency which depends only on the three mo-
ments of inertia. A characteristic fingerprint of the wob-
bling mode is the occurrence of E2 inter-band transitions
with A7l = £1A from bands with n,, wobbling phonons
to bands with n,, —1. The strength of the collective inter-
band transitions B(E2;n, — ny — 1) is expected to be
proportional to n,, /I. The presence of a particle with its
spin aligned to the rotation axis, an ¢13/2 proton in the
case of the TSD bands in odd-mass Lu isotopes, adds an
additional degree of freedom to the wobbling motion, and

its presence may stabilize the triaxial core. The influence
of the aligned proton has been studied in particle-rotor
calculations [6,7].

The wobbling mode was first reported in %3Lu [1,2],
where three TSD bands were identified as the 0-, 1-, and
2-phonon bands, with the evidence based on the charac-
teristic properties of the inter-band transitions, for which
the E2 strength of the A7 = 1 transitions was shown to
exhibit the expected pattern. Shortly afterwards, similar
evidence for the wobbling mode was found in 1%°Lu [3],
167 [4], and possibly also in *®!Lu [8].

It is interesting to note that cranking calculations pre-
dict the Hf isotopes around '%6Hf to be even better can-
didates for TSD bands [9]. Experimental evidence for
such bands, however, exists only in 'S8Hf [10], 17°Hf [11],
and, surprisingly, in '"Hf [12]. There is a discrepancy
between the theoretical prediction of the region of TSD
bands and where they are experimentally found. More
experimental information is needed to determine the ex-
act position of the intruder subshells which lead to the
occurrence of triaxial minima.

Lifetime measurements in the excited TSD bands pro-
vide a crucial test for the wobbling interpretation. Very
similar B(E2) strengths for the in-band transitions are
expected, as the wobbling bands are built on the same
intrinsic structure. Measurements have been attempted
in 1%3Lu [13-15], but only for the yrast band and the
different experiments are not in agreement.

In this letter we present data on a precision lifetime
measurement in %3Lu, which provides the first measure-
ment for the proposed 1-phonon wobbling band (TSD2)
and resolves the discrepancy in previous data on TSDI.
These new data will be used to gain important insight
into the evolution of triaxiality as a function of spin that



can simultaneously explain the observed spin dependence
of the in-band and inter-band B(E2) values.

High-spin states in '®3Lu were populated in the re-
action 123Sbh(*4Ca,4n) at a beam energy of 190 MeV.
The beam was accelerated by the 88-Inch Cyclotron of
the Lawrence Berkeley National Laboratory. The target
comprised a 1 mg/cm? foil of 123Sb enriched to 99.3%
on a gold backing of 12 mg/cm? to slow down and fi-
nally stop the recoils. Gamma rays were detected with
the Gammasphere array [16] which for this experiment
consisted of 102 large-volume Compton-suppressed ger-
manium detectors grouped into 17 rings that cover angles
from 17.3° to 162.7° with respect to the beam direction.
A total of 1.6 x 10° events in which at least five ger-
manium detectors gave coincident signals were recorded
in three days and stored in an indexed, energy-ordered
database using the BLUE software [17]. Angle-dependent
spectra were sorted from the database under various gat-
ing conditions.

The level lifetimes were extracted by the analysis of the
Doppler-broadened lineshapes observed at various angles
with respect to the beam direction. The codes of Wells
and Johnson [18], based on the code of Bacelar [19], was
used for this analysis. The stopping of the recoils was
simulated using Monte Carlo methods with 5000 histo-
ries and a time step of 0.001 ps following the prescription
of Gascon et al. [20]. For the electronic stopping power
the tables of Northcliffe and Shilling [21] were used with
a shell correction. Lineshapes were fitted simultaneously
for multiple transitions and different combinations of an-
gles. The side feeding was modeled by a cascade of five
transitions with the same moment of inertia as the in-
band transitions. The intensity of the side feeding was
constrained to the experimentally observed value. It was
difficult to determine the side-feeding intensity for the
states in the upper part of the bands where the line-
shapes are very broad. In these cases the intensities were
taken from an earlier thin-target experiment [22]. This is
justified since the intensities for the transitions lower in
the bands agree well. The quadrupole moment for tran-
sitions feeding into the bands was allowed to vary only
within 15% of that of the in-band transitions for initial
fits of single states and it was fixed to that value for the
subsequent fits of the entire cascade. Such a constraint
has been found to be a reasonable assumption in earlier
lifetime measurements of TSD bands [14]. Furthermore,
for some transitions in band TSDI1 it was possible to
gate from above, eliminating the effects of side feeding.
The results obtained when gating from above and gat-
ing from below with the above side-feeding model were
in good agreement. The influence of the direct feeding
from TSD2 into TSD1 was neglected since this accounts
only for about 5% of the total feeding and the lifetimes
in band TSD2 are very similar to those in TSD1, as will
be shown. Other fit parameters include a linear back-
ground and the intensities of contaminant peaks. These
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FIG. 1. Spectra and fitted lineshapes for the 753 keV tran-
sition of band TSD1 (left) and for the 766 keV transition of
band TSD2 (right) observed at 50° (top), 70° (center), and
130° (bottom). Contaminant peaks are present and included
in the fit.

parameters were also determined in an initial fit to the
individual transitions and then fixed for subsequent fits
to multiple transitions. The errors were derived from the
covariance matrix of the y? minimization and from the
spread of the results obtained for different combinations
of angles. Systematic errors originating from the choice
of stopping powers are not included. Examples of typical
lineshape fits for transitions in bands TSD1 and TSD2
are shown in Fig. 1.

Eight lifetimes of states in TSD1 and seven in
TSD2 were determined from the Doppler-broadened line
shapes. The results are summarized in Tab. I. The values
for TSD1 agree within errors with the earlier measure-
ment of Schonwafler et al. [14], in which the transition
quadrupole moments of the 752, 805, and 858 keV tran-
sitions were found to be 8.11’%‘2, 8.31’%‘3, and 8.01’%‘2 eb,
respectively. They are, however, in disagreement with
the much larger values reported by Schmitz et al. [13]. Tt
has been speculated [14] that this discrepancy is due to
an inconsistent treatment of the side feeding in ref. [13].
Due to the far higher efficiency of the Gammasphere spec-
trometer compared to GaSp and Nordball, with which
the earlier data were taken, the new data have smaller
uncertainties. In the present data there are about 15
times more counts in the peaks (for each angle) com-
pared to the GaSp data [14], and about 35 times more
than in the Nordball data [13]. In addition, data at more
angles were recorded in the present experiment. We now
feel that the weight of evidence is against the results re-
ported by Schmitz et al. [13].

While the measured lifetimes in band TSD1 can be di-
rectly converted into the B(E2) strength, the ones mea-
sured in TSD2 have to be corrected for the competing



TABLE 1. Lifetimes, B(E2) values,
quadrupole moments @ for the in-band transitions in bands

TSD1 and TSD2.

and transition

I By keV]  rlps]  B(E2) [V] Q. [¢°D]
41/2% 578.6 0.36475-0%% 3.45%0%° 9.937 053
45/2% 639.0 0.25019:935 3.0710-48 9.3419:72
49/2% 697.0 0.20215:921 2.451928 8.321047
53/2% 752.6 0.11915:9%% 2.8410:2¢ 8.9310-38
57/2% 805.6 0.09615912 2.501932 8.3710 %0
61/2% 857.7 0.08819-019 1.99192¢ 7451045
65/2% 909.7 0.06710-010 1.9510-4 7.3719%2
69/2% 962.5 0.0471007 2101049 7.637 0 4o
47/2% 654.6 0.21575-0% 2.56705% 8.5170723
51/27% 711.2 0.14415017 2671941 8.6710-65
55/2F 766.2 0.0951091° 2.8159% 8.8810 8%
59/2: 819.9 0.087}5%2 2.19}5;% 7.82%;22
A e
71/2+ 0802 00567000  1gifoAs  gggriie
. . —0.029 . —0.49 . —1.02

decay out in order to get the strength of the in-band
transitions. Since it is difficult to obtain the branching
ratios from the Doppler-broadened peaks, the values ob-
tained in the thin-target experiment [22] were used to
correct for the decay out. For axial symmetric nuclei,
quadrupole moments can be extracted from the B(E2)
values using B(E2) = 1o-Q*([;K20|I;K)?. For a tri-
axial nucleus K is not a good quantum number and,
instead, a distribution of K values assuming that the
i13/2 proton is fully aligned with the rotational axis has
been used. The K distribution can be calculated using
Wigner’s D-function. The resulting in-band quadrupole
moments are summarized in Tab. I and plotted in Fig. 2.

The values for the two bands show a striking similar-
ity. This is expected in the wobbling-phonon picture,
as the bands are built on the same intrinsic structure.
One would expect a difference of only about 4% in the
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FIG. 2. Transition quadrupole moments of the in-band
transitions in bands TSD1 and TSD2.

quadrupole moments due to the tilting of the core angular
momentum for the 1-phonon wobbling band and there-
fore slightly different vector coupling coefficients. The
identity of the quadrupole moments cannot stand as a
proof alone, but is a necessary condition to be fulfilled
by wobbling bands and is, therefore, further evidence for
the wobbling motion and stable triaxiality.

Both bands exhibit a decrease in the B(E2) and Q.
values as the spin increases. The fact that both bands
have not only very similar values, but also show the same
change of these values further strengthens the argument
that the bands are built on the same structure. The
observed decrease in the in-band transition strengths will
also be important to understand the spin dependence of
the inter-band transition strengths, which is one of the
key observable signatures of the wobbling motion.

In order to understand the decrease of the @, crank-
ing calculations have been performed with the Ultimate
Cranker code [23]. The quadrupole moments calculated
from the wave functions are compared to the experimen-
tal values for TSD1 in the upper part of Fig. 3. This
comparison allows to associate the band with the sec-
ond minimum at (e3,7v) = (0.4,+20°). The calculated
quadrupole moment for the normal deformed minimum
at (e2,7) =~ (0.2,0°) is shown for comparison. The cal-
culations reproduce a small decrease in the quadrupole
moment due to an increase in the triaxiality parame-
ter v from ~ 19.5° to ~ 21.5° and a slight decrease in
quadrupole deformation €5 from ~ 0.40 to ~ 0.38. This
is illustrated in the lower part of Fig. 3. However, the
decrease in the calculations is not as pronounced as in
the experimental data.
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FIG. 3. Comparison of the transition quadrupole moments
with cranking calculations for the TSD and the normal de-
formed minimum (upper panel). The lower panel shows the
quadrupole deformation (solid line) and triaxiality (dashed
line) at the minimum in the total energy surface as a function
of spin.



TABLE II. B(E2) and B(M1) values for the connecting
transitions from TSD2 to TSDI1.

I7 Ey [keV] B(E2) [¢*b’] B(M1) [u]
47/2% 658.9 0547017 0.01710.00¢
51/2% 673.2 0.54%00% 0.01713-29%
55/2% 686.8 0.70%218 0.024109-008
59/2% 701.1 0.65%0%4 0.02319-012
63/27% 716.3 0.6619-2% 0.02415012

The new lifetime results for band TSD2 allow, for the
first time, to establish the absolute B(E2) and B(M1)
values for the transitions connecting bands TSD2 and

TSD1. They are shown in Tab. II, where an average
value of the mixing ratio d = —3.101’81%2 was used, taken

from measurements of the angular correlation and linear
polarization of the transitions [1,22]. This average value
did not vary significantly up to spin 51/2 and was used
to extract the B(E2) and B(M1) values at higher spins.

Due to the combined uncertainties of the lifetimes, the
branching ratios [22], and the mixing ratio [1], the er-
rors are too large to determine the spin dependence of
the inter-band B(E2) strengths, which in the wobbling
picture should be proportional to n, /I. However, it is
possible to use the ratio of the inter-band to in-band
B(E2) values for which the uncertainties of the lifetimes
do not enter, and compare them to the particle-rotor cal-
culations [6,7]. This is illustrated in Fig. 4. The B(E2)
ratios are constant and do not follow the expected depen-
dence on spin. However, this ratio strongly depends on
the triaxiality parameter +, as B(E2;out) o sin?(y + 30°)
and B(E2;in) o cos?(y + 30°). Together with the re-
sults for the in-band transitions this behavior indicates a
stronger increase in triaxiality towards higher spin than
found in the calculations. An increase from v &~ 16° to
~v & 22° would explain the pronounced decrease in the
in-band quadrupole moments and, at the same time, the
constant B(E2) ratio for the out-band transitions, so that
a consistent overall description of the new experimental
data is reached.

In summary, lifetimes of states in the TSD bands 1 and
2 in '%3Lu were measured using the Doppler-shift attenu-
ation method. The in-band B(E2) values and quadrupole
moments for the two bands are very similar and suggest
that the bands are built on the same intrinsic structure.
Furthermore, the values show a decrease towards higher
spin for both bands which is qualitatively reproduced by
cranking calculations. The ratio of inter-band to in-band
B(E2) values is found to be constant as a function of
spin. We propose that the decrease in the in-band B(E2)
and the constant inter-band B(E2) have the same phys-
ical origin and correspond to a stronger increase in the
triaxiality than predicted by the calculations. The new
results support the interpretation of the TSD bands as
wobbling-phonon excitations and give an experimental
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FIG. 4. Ratio of the out-band to in-band B(E2) values in

comparison with particle-rotor calculations for different values
of ~.

handle on the triaxiality parameter .
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