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Abstract

High-spin states int55Lu have been investigated by in-beamray coincidence spectroscopy using the EUROBALL
spectrometer array. Two new excited rotational bands have been discovered with features similar to a previously known triaxial
superdeformed band in that nucleus. Comparison of the decay pattern of these bands, in particular the unusually large E2
transition strength from the first excited to the yrast superdeformed band, to theoretical calculations shows that they belong
to a family of wobbling excitations with phonon numberg = 0, 1 and 2. These results, together with evidence for nuclear
wobbling in the neighbouring isotopé§3Lu and167_y, firmly establish this mode of excitation in the= 165 mass region.

The observation of wobbling is a unique signature of stable nuclear triaxiality.
0 2002 Elsevier Science B.V. All rights reserved.
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The investigation of deviations from spherical sym- nuclear structure studies for many years. Only nuclei
metry of atomic nuclei has been a prominent subject of with magic proton or neutron numbers, correspond-
ing to closed shells, are spherical at low excitations

energies, while the majority of nuclei are deformed.

E-mail address: schoenwa@iskp.uni-bonn.de . .
Q@iskp The observed deformations span a wide range from
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the well-known ‘normal’ deformation to ‘superdefor- such a deviation from axial symmetry is very diffi-
mation’ [1] and even to possible ‘hyperdeformation’ cult to prove experimentally. It was predicted about
[2,3]. Nuclear shapes can be calculated using the Stru-25 years ago [8] that triaxial nuclei could show wob-
tinsky prescription [4] and taking the effects of rota- bling excitations, a rotational excitation mode unique
tion into account [5,6]. Stable shapes correspond to to a triaxial body. It occurs when the axis of collective
minima in calculated total routhian surfaces. An ex- rotation does not coincide with one of the principal
ample of such calculations, using the Ultimate Cranker axes. For triaxial nuclei with moments of inertia with
(UC) code [7], is shown in Fig. 1 fd%Lu, the nucleus respect to the three principal axes,> Jy, J;, and in
which is the subject of investigation in the present Let- the high-spin limit with most of the angular momen-
ter. It is interesting to note that, in addition to a mini- tum aligned along the-axis, a sequence of wobbling
mum at a normal deformation ef= 0.23, strongly de- bands with increasing number of wobbling quantg,
formed minima exist with a substantial deviation from may be expected at low excitation energy.
axial symmetry ¢ = 0.38,y = +20°). The wobbling mode was first discovered#Lu
The possible existence of nuclei with stable triax- [9,10] and there is also recent evidence for a one-
iality has been discussed for a long time. However, phonon wobbling excitation if67Lu [11]. In these

165U (m=10=1/2 1=61/2)
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Fig. 1. Total energy surface fdf5Lu at 17 = 61/2% calculated using the Ultimate Cranker code [7]. The normal-deformed minimum at
e = 0.23 and the two strongly-deformed triaxial minimaeats 0.38, y ~ +20°are clearly seen. The minimum with the positivevalue is
deeper than the one with negative
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odd-Z nuclei, as in the present case HPLu, an it to higher spins. In addition, its decay to lower-lying
aligned i13/> proton favours the triaxial strongly- normal-deformed (ND) states has been uniquely es-
deformed shape that can be seen in Fig. 1 as thetablished. The analysis revealed also two new TSD
local minimum ate = 0.38 andy = 20°. Particle- bands with properties very similar to those of TSD 1.
rotor calculations show [12] that in this case a unique Gamma-ray coincidence spectra for these three bands
pattern of electromagnetic transitions occurs between are shown in Fig. 2. A partial level scheme’§PLu,

the bands with wobbling quanta, = 0, 1 and 2. showing the three bands and their decay, is displayed
In this Letter we present evidence for the first- and in Fig. 3. The bands TSD 1, 2 and 3 have intensities

second-phonon nuclear wobbling bands %fPLu. of approximately 1.3%, 0.4%, 0.1% of the total four-
The properties of the wobbling bands and the decay neutron-evaporation channel. Fig. 4 shows the simi-
between them show great similarities ¥6*Lu and larity of the dynamic moments of inertia® and the

167 u. Thus, the present results establish the wobbling relative alignments, for the three bands.
mode as a general phenomenonin this mass regionand We observe that bands TSD 2 and 3 decay into
prove the triaxiality of these nuclei. TSD 1 via several transitions. The decay pattern,
High-spin states if%Lu were populated in the re-  which is the main experimental evidence for the wob-
action3%La(3°Si, 4n) at a beam energy of 152 MeV. bling excitations, is very similar to that i#3Lu [10].
The 30Si beam was provided by the Vivitron acceler- In fact TSD 2 and TSD 3 are almost isospectral with
ator at IReS, Strasbourg. The target consisted of two their homologues if®3Lu. The excitation energies of
500 pg'cn? thick La foils which were produced afew  these bands relative to TSD 1 are only about 10 keV
days before the experiment and handled in an Argon higher in165Lu than found in'®3Lu and the energies
atmosphere to prevent oxidation. Gamma-ray coinci- of the inter-band transitions are also very similar. The
dences were measured with the EUROBAlLray DCO ratios of two of the six observed transitions from
spectrometer array [13] which comprises 30 conven- TSD 2 to TSD 1, the 667.9 and 682.5 keV transitions,
tional large-volume Ge detectors as well as 26 Clover could be determined. The results30+ 0.14 and
and 15 Cluster composite Ge detectors. Out of the to- 0.38 £ 0.13, respectively, are compatible with mixed
tal of 239 Ge crystals, ten crystals were rejected during A7 = 1 transitions. These ratios are very close to those
the presorting procedure, because they showed veryobtained for transitions connecting the corresponding
strong gain-shifts which could not be recovered by the bands int®3Lu [9,10]. In 163Lu the population of the
gain-matching routines. All detectors are surrounded TSD bands is larger than #¥°Lu and angular corre-
by BGO scintillators for Compton suppression. In ad- lations as well as linear polarisations could be deter-
dition, an inner ball of 210 BGO detectors was used mined. These data established that the inter-band tran-
as multiplicity filter to enhance the detection of long sitions have a predominantly E2 multipolarity (8@

y-ray cascades. 1.3%) with a small M1 admixture (g & 1.3%). For
Coincidence events were written to magnetic tape 1%°Lu the mixing ratio of the connecting transitions
with a hardware trigger condition of 5 or moyerays is calculated from the DCO ratios given above. The

before Compton suppression detected in coincidencefirst of the two solutions gives gﬂfffz% E2 and
in the Ge detectors, and 10 or morerays detected 7‘7%%2% M1 multipolarity, which is in good agree-
in the BGO inner ball. After presorting and gain-  ment with the result obtained fdf3Lu. The second

matching a total of 3.2_10? three- or higher-fpld solution with a mixing of 285’3% E2 and 972J_r$'3%
Compton-suppressed coincidence events remained for : :

further analysis. These events were sorted into a

gggﬁifr;msn;'_%? I(;];?;”Eagg [Tg]d xg;e;:g?ehlﬂ)r' 2;1 E2 character of the inter-band transitions [9]. Table 1
eas acéess to coincidence spectra and for the analysi summavises the experimental branching ratios and ra-
y P y %ios of B(E2)out/ B(E2)in for three transitions linking

of y-ray directional correlations from the oriented TSD 2 and TSD 1. Of the three transitions that are

nuclei (DCO raths). . o linking TSD 3 to TSD 1, none has sufficient intensity
The data confirm the previously known triaxial su- .
for a DCO analysis.

perdeformed band (TSD 1) ##°Lu [16] and extend

M1 is excluded by the analogy 63_u, where the lin-
ear polarisation measurement proved the predominant
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Fig. 2. Gamma-ray coincidence spectra for the three TSD ban#®lii. The transitions of TSD 1 observed in the two lower spectra are

marked by arrows.

Three transitions link band TSD 1 to the ND level

Table 1

scheme, see Fig. 3. The 445.3 and 486.5 keV lines areExperimentaly-ray branching ratios an@(E2)out/ B(E2)in ratios

unresolved doublets, but for the 590.7 keV transitions

a DCO ratio of 103 + 0.20 could be determined

which suggests that it is of stretched E2 character.
This result suggests that the spins of band TSD 1

have to be increased byi Zompared to the previous
work [16]. In neighbouring'®3Lu, TSD 1 extends
down to the 132" level, but partly decaying into ND
states around spin 22" where band mixing occurs
[17]. In the present case df°Lu, the lowest-spin
state that can be observed is the/25 level. Here,
the band mixing occurs at spins /25 and 292"
causing TSD 1 to decay into the [402}5" and
[411] 1/2* bands. The level mixing can also be seen
as an irregularity in the dynamic moments of inertia
J@ of TSD 1 in the lower panel of Fig. 4. However,
in the medium-frequency range, outside level-mixing

for the inter-band transitions from TSD 2to TSD 1

EU [keV] Tout/ Tin B(E2)out/ B(EDin
638.2 043+0.12 017+0.05
654.1 028+ 0.05 016+ 0.03
667.9 026+ 0.09 022+0.08

and 3 have a similar intrinsic structure. They probably
belong to the same local potential energy minimum
with (e, y) = (0.38,20°) seen in Fig. 1. In Fig. 5
the excitation energies of the three TSD bands are
compared to those of several ND bands. In this plot,
the transitions connecting TSD 2 and 3 to TSD 1
and the transitions from TSD 1 to the ND states are
indicated by dotted arrows.
A unique feature of the inter-band decay from

regions, the moments of inertia of the three bands are TSD 2 to TSD 1 is the unusually large(E2) ratios

very similar. The similarities in the moments of inertia

(see Table 1) which can only be explained under

and the alignments suggest that the bands TSD 1, 2the assumption that they are wobbling excitations
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Fig. 3. Partial level scheme &fSLu showing the three TSD bands together with the ND structures to which they decay.
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Fig. 4. Alignmenti, (upper panel) and dynamic moment of iner#i&) (lower panel) for the three TSD bands 3i°Lu as a function of
rotational frequency. The reference for the alignmertds= Jgw + J103 with Ig = 3042 MeV—1 and31 = 4054 MeV—3.
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Fig. 5. Excitation energies relative to a rigid rotational core for the three TSD bands (open symbols) and some of the ND structures (filled
symbols) int65Lu. The transitions between the bands are marked by dotted arrows.
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[12]. The rotational motion of a triaxial nucleus with the particle-rotor model. In these calculations one
three different moments of inertia connected with the i13/> quasiproton coupled to the core with a triaxial
rotation about the three principal axes may give rise shape was considered. The calculations show that four
to a sequence of wobbling bands. Their energies for bands out of the six lowest-energy bands, two with

Je > Jy, J; are favoured signatureis and two with unfavoured sig-
2 natureay, can be identified as a family of wobbling
Rl +1) .
Er(I,nw) = ————— + how(nw + 1/2), bands. For these bands the collective angular momen-
2J; tum R of the core is almost the same, while the di-
wheren,y is the wobbling phonon number and rection of R is tilted away from thex-axis with in-
e — I (s — )TV creasing angles as one goes from the yrast band with
iy = hwrot[ X yx Tz } nw = 0 to the higher-lying bands with,, = 1 and
Iyl higher. The calculated quasiparticle alignments remain

with Awrer = h21/J, [8]. The excitation energies of almost constant for these bands. The ratioBdE?2)

the bands increase with increasing wobbling phonon Values, B(E2)ouy/ B(E2)in, calculated within this ap-
numbersny. A characteristic signature of the wob- Proach are compared to the experimental values de-
bling excitation is the occurrence &7 = +1 inter- termined in this work in Fig. 6 for the inter-band
band transitions with unusually largB(E2)ou: val- transitions withA7 = 1 from TSD 2 to TSD 1. The

ues. Thus, the inter-band transitions can compete with 9reat similarity of the band structures, of the excita-
the very enhanced/ = 2 E2 transitions within the  tion energies of TSD 2 and TSD 3 relative to TSD 1

strongly deformed bands. and of theB(E2)out/ B(E2)in ratios observed if®3Lu

For the neighbouring odd- nucleus®3Lu the and *®5Lu justifies a comparison to the same calcu-
spectroscopic properties of excited states and, in par-lations. As can be seen, the agreement between cal-
ticular, the transition probabilities between the bands culation and experiment is reasonable, given the large
have been calculated [12] within the framework of €Xperimental uncertainties. The calculations predict a
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Fig. 6. Experimental and calculate@®(E2) ratios of theAl = 1 inter-band transitions t&/ = 2 in-band transitions for bands TSD 2 and
TSD 1. Values for the wobbling mode correspond:ip= 1 — ny = 0 transitions.
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1/1 dependence for thB(E2) ratios, assuming a con-
stanty -deformation. Different values of would af-
fect the calculated3(E2) ratios [18]. The transitions
from TSD 3 to TSD 1 arise from anharmonicities
[10,12].

The total-energy surface calculations predict a well

G. Schonwaller et al. / Physics Letters B 552 (2003) 9-16

excitations with wobbling-phonon quantg, = 0, 1
and 2. The observation of wobbling uniquely estab-

lishes stable nuclear triaxiality in tha = 165 re-
gion.

pronounced minimum with large deformation and a Acknowledgements

substantial triaxiality as seen in Fig. 1. The obser-
vation of wobbling bands in thet = 165 mass re-
gion is a unique evidence for a stable triaxial shape
which is difficult to prove in other ways. Different
explanations for the observed bands TSD 2 and 3
meet with great difficulties. In particular, the unusu-
ally large B(E?2) ratios are impossible to explain in
another way. Calculations with the UC code [7] do
not predict a stable strongly-deformed minimum for
the signature partner of the proto,» orbital for ei-
ther of the two nuclet®3Lu and16%Lu. Therefore, it

is expected that the highly excited signature partner
to TSD 1 should have rather different features, unlike
those of TSD 2 or 3. Furthermore, a possible signature-
partner band would have a vanishingly small E2 tran-
sition strength to band TSD 1 [9,12]. A more com-
plicated configuration of TSD 2 or 3 seems also un-
likely as one would expect additional alignments rel-
ative to TSD 1 which are not observed experimen-
tally.

In summary, high-spin states°Lu have been in-
vestigated by in-beam-ray coincidence spectroscopy
using the EUROBALL spectrometer array. Two TSD
bands have been found which decay into the pre-
viously known TSD band 1. The unusually large
B(E2) values of the decay of TSD 2 to TSD 1
can only be explained by the wobbling mode. The
bands TSD 1, 2 and 3 form a family of wobbling
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