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FIRST EVIDENCE FOR THE WOBBLING MODE IN ATRIAXIAL SUPERDEFORMED ODD-A NUCLEUS�I. Hamamotoa, S.W. Ødegårdb;, G.B. Hagemannb, D.R. JensenbM. Bergströmb, B. Herskindb, G. Slettenb, S. TörmänenbJ.N. Wilsonb, P.O. Tjøm, K. Spohrd, H. Hübele, A. GörgeneG. Shönwassere, A. Braof , S. Leonif , A. MajgC.M. Petraheh, P. Bednarzykg;i, and D. CurieniaDept. of Mathematial Physis, LTH, University of Lund, Lund, SwedenbThe Niels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen Ø, DenmarkDept. of Physis, Univ. of Oslo, PB 1048 Blindern, N-0316 Oslo, NorwaydDepartment of Eletroni Engineering and Physis, Univ. of Paisley, SotlandeISKP, University of Bonn, Nussallee 14-16, D-53115 Bonn, GermanyfDipartemento di Fisia and INFN, Sezione di Milano, Milano, ItalygThe H. Niewodnizanski Institute of Nulear Physis, Kraków, PolandhDipartemento di Fisia and INFN, Sezione di Padova, Padova, ItalyiIReS, 23 rue du Loess, BP28 F-67037, Strasbourg, Frane(Reeived Marh 30, 2001)The wobbling mode is uniquely related to rotation of a triaxial body.The Lu�Hf isotopes with N � 94 provides a possible region of nulei withpronouned triaxiality. We have investigated 163Lu through the fusion-evaporation reation 139La(29Si,5n)163Lu with a beam energy of 152 MeV.The eletromagneti properties of several onneting transitions betweentwo presumably Triaxial, SuperDeformed (TSD) bands have been studied.New partile-rotor alulations in whih an aligned i13=2 proton is oupledto a �wobbling� ore are presented and evidene for the assignment of theexited TSD band as a wobbling mode built on the yrast TSD band in163Lu is given.PACS numbers: 21.10.�k, 21.10.Re, 23.20.En, 27.70.+q
� Combined ontribution from the talks presented by I. Hamamoto and S.W. Ødegårdat the High Spin Physis 2001 NATO Advaned Researh Workshop, dediated tothe memory of Zdzisªaw Szyma«ski, Warsaw, Poland, February 6�10, 2001.(2545)



2546 I. Hamamoto et al.1. IntrodutionRotational bands with the harateristis of SuperDeformed (SD) stru-tures have been observed in several Lu isotopes. In the even N isotopes163�167Lu [1�3℄ the bands are based on the strongly deformation drivingproton i13=2 on�guration, while in odd-odd 164Lu [4℄, the i13=2 proton isoupled to di�erent neutron orbitals. Similar bands have also been observedin even�even 168Hf [5℄. At present, the quadrupole moment is only measuredin 163Lu (Qt � 10:7 b) [1℄, and 168Hf (Qt � 11:4 b) [5℄. In all these observedbands, the dynami moments of inertia are similar and larger than for bandsbuilt on Normal Deformed (ND) strutures in the same nulei.Cranking alulations with the �Ultimate Cranker� [6, 7℄ predit loalminima in the total energy surfae for quadrupole deformations of "2 � 0:4with a triaxiality of  � �20Æ as a general property for nulei in the Z � 71,N � 94 mass region. Figure 1 shows, as an example, a surfae alulated for163Lu for I = 53=2 and � = +, illustrating the ND minimum together withthe loal minimum at "2 � 0:4;  � +20Æ. In general, the loal minima withpositive value of  are found at lower energy than the minima with negative
Total Energy Surface,   163Lu, I=53/2, (π,α) = (+,+1/2)
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Fig. 1. Total energy surfae for 163Lu with I = 53=2 and � = +. The ND minimumtogether with the loal minimum at ("2 � 0:4;  � +20Æ) are learly seen while theloal minimum at ("2 � 0:4;  � �20Æ) is rather poorly developed at this spin.



First Evidene for the Wobbling Mode : : : 2547value of . The triaxial minima are found for all ombinations of parity andsignature, and believed to have their origin from a pronouned shell gap atN = 94 in the triaxial neutron system.So far, no diret experimental evidene of the triaxiality of these bandshas been found, and the interpretation of these as Triaxial SuperDeformed(TSD) bands has been based on the alulated properties. However, oneunique onsequene of a rotating nuleus with a triaxial shape would be theexistene of �wobbling bands�, an exitation mode predited more than 25years ago [8℄, but, until now, never observed in experiment.For a triaxial body with di�erent moments of inertia with respet to theprinipal axes, Jx � Jy 6= Jz, and in the high spin limit with most ofthe spin aligned along the x axis, the wobbling bands an be representedby a sequene of bands with inreasing number of wobbling quanta, nw =0; 1; 2; : : : . This is illustrated in Fig. 2, where the harateristi patternof the ompetition between the in-band transitions and the deay betweenthe bands are indiated. In the present work the detailed properties of thedeay transitions between the bands are pinned down from the analysis ofexperimental data. The omparison between those properties and what isexpeted from the wobbling mode with aligned partiles provides a �rmevidene for the wobbling motion in 163Lu.

Fig. 2. Wobbling pattern simulated with !wob=!rot = 3.



2548 I. Hamamoto et al.2. Experimental methods and resultsIn an early Euroball [9℄ experiment on 163;164Lu at Legnaro, a seondband (TSD2) was observed in 163Lu [10℄. This band ould not be onnetedto the rest of the level sheme, although it ould be seen in oinidene withTSD1. Carrying about 3% of the intensity in the hannel, as ompared tothe 10% of TSD1, this band was onsidered to be a andidate for a wobblingexitation built on TSD1.To �nd the transitions that onnet TSD2 to TSD1, a new experimentwith the 139La(29Si,5n)163Lu reation at a beam energy of 152 MeV, wasdone with the Euroball IV setup [9℄ at Strasbourg. At the time, 15 Clusterdetetors, 25 Clover detetors, and 26 Tapered detetors were used togetherwith the BGO inner ball. With the gating onditions of 3 or more suppressed-rays in the Ge detetors and 8 or more -rays deteted in the BGO innerball, approximately 2:4 � 109 lean events were olleted.The analysis of the triple oinidenes resulted in the partial level shemepresented in Fig. 3, inluding 9 transitions onneting TSD2 to TSD1. Aspetrum of the onneting transitions in oinidene with in-band transi-tions in TSD1 and TSD2 is displayed in Fig. 4.To gain further knowledge of the nature of these onneting transitions,the diretional orrelation of -rays from the oriented states (DCO-ratio)was obtained for the strongest transitions using �25Æ� and �90Æ� data. Inaddition, two angular distribution matries were sorted. The two most for-ward rings of the Tapered detetors and the most bakward ring of theCluster detetors were inluded at �25Æ�, while the Clover detetors om-prise the �90Æ� data. Linear polarization measurements were also attemptedfrom two sorted matries with any angle along one axis and either horizontalor vertial sattering, respetively, within the two rings of Clover detetors,on the other axis. All types of matries were gated by a list of �ve leansingle gates in TSD1 in any angle in the spin range 21/2�45=2 ~. The spinalignment, usually parametrised as �=I for a Gaussian distribution of them-substate population, Pm(I) / exp(� m22�(I)2 ) [11℄, was determined from aomparison of the distribution ratio W (�25Æ�)=W (�90Æ�) to the orrelationratioW (�25Æ���25Æ�)=W (�90Æ���25Æ�) in whih the experimental detetione�ienies anel. The omparison was made for a number of strethed ele-tri quadrupole (E2) transitions in the same spin region as the onnetingtransitions. There was no detetable spin dependene, and an average valueof �=I is 0:25 � 0:02.The results of the angular orrelation and angular distribution analysesexlude the possibility of pure transitions of strethed dipole or non strethedquadrupole nature. The mixing ratio Æ of the eletri quadrupole- and mag-neti dipole transitions strength E2/M1 has been determined. With no spin
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Fig. 3. Partial level sheme of 163Lu showing the two TSD bands together with twoof the normal deformed strutures in the nuleus.
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Fig. 4. Sum of double gates:(315+386+450+515+639)
(472+595+654+711+766+820+873+926). Seven of the onneting transitions are marked in blak.dependene within the errors, the extrated values of Æ for the di�erent tran-sitions were averaged, and the average values for both methods were om-bined to give the two possible �nal values of Æ = �3:10+0:36�0:44 or �0:22+0:05�0:03. Inthe polarization measurements the onneting transitions show their eletriharater, with the same sign and magnitude as the neighbouring strethedE2 in-band transitions, thus exluding the latter solution of Æ = �0:22+0:05�0:03.The �nal result with Æ = �3:10+0:36�0:44 orresponds to (90:6 � 1:3)% E2and (9:4 � 1:3)% M1 in the onneting transitions, when disregarding thealternative solution of E1/M2 mixing whih would result in unexpetedlylarge matrix elements for both M2 and E1 transitions.On the basis of this result the �rm parity and signature assignment ofTSD2 is (�; �) = (+;�1=2), and the exitation energy of TSD2 is only250�300 keV above TSD1, dereasing as the spin is inreasing as illustratedin Fig. 5. The experimental redued transition probabilities B(M1) and
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First Evidene for the Wobbling Mode : : : 2551B(E2)out an be determined relative to B(E2)in by the branhing ratios� = T;out(M1 + E2)=T;in(E2) and the mixing ratio Æ = �3:10+0:36�0:44 foundabove. The results for �ve of the onneting transitions are summarisedin Table I. The experimental values are quite similar for all the transitionsexept for the last one whih also has a larger error. TABLE IRatios of redued eletromagneti moments for the ross-band transitions omparedto the in-band transitions in TSD2.I( ~) Eout(keV) Ein(keV) B(M1)B(E2)in � �2Ne2b2� B(E2)outB(E2)in35/2 607 472 0:00560� 0:00011 0:2125� 0:0239/2 626 534 0:00570� 0:00011 0:2020� 0:0243/2 644 595 0:00667� 0:00013 0:2238� 0:0247/2 659 654 0:00656� 0:00013 0:2102� 0:0251/2 673 711 0:00975� 0:00290 0:2994� 0:103. The wobbling mode with aligned partilesIn the wobbling motion of quantum mehanial systems desribed in theliterature the only angular momentum onsidered in the motion is the to-tal angular momentum I. The wobbling phonon energy is ~!w = ~!rot�p(Jx � Jy)(Jx �Jz)=(JyJz) with ~!rot=I=Jx [12℄. In the wobbling mo-tion of nulei the angular momentum oming from the intrinsi motion anplay a role. In the understanding of the experimental data on the SD rota-tional bands in 163Lu the presene of a high-j aligned partile plays a ruialrole in the wobbling motion. The wobbling motion is strongly related to theshell-struture of the nuleus and an appear at relatively low angular mo-menta. Moreover, the nulear shell-struture favours a partiular (triaxial)shape depending on angular momenta as well as the neutron and protonnumber.In the yrast spetrosopy of nulear high-spin phenomena �high-j� one-partile orbitals have played a speial role. The rotational perturbation inthe partiles oupying those orbitals is so strong that the angular momen-tum of those partiles immediately aligns as rotation sets in. It is knownthat orresponding to the degree of shell-�lling a partiular triaxial shape(a partiular value of ) is favoured by the fully aligned high-j partile.For a single j-shell we an write the triaxially-deformed quadrupole po-tential in the formV = �j(j + 1) ��3j23 � j(j + 1)� os  +p3 �j22 � j21� sin� ; (1)



2552 I. Hamamoto et al.where �, whih is proportional to the size of quadrupole deformation �2, isused as an energy unit [13℄. Inluding the pair orrelation with the parameter� in the BCS approximation, it is shown [14℄ that for a given value of(�;�; !) the quasipartile energy is a minimum for jx = j and the -valuedetermined by �2 os( � 60Æ) = �� for � 2 < �� < 2 ; (2)where � expresses the degree of shell-�lling while ! denotes rotational fre-queny. We note that all one-partile energy eigenvalues "� of the potential(1) for a high-j shell lie well inside the region of �2 < "�=� < 2. Examplesgiven by the relation (2) are: = 8<:�30Æ for � = 0 ,0 for �� = �1:0 ,+20Æ for �� = �1:532 . (3)The half-�lled shell, � = 0, orresponds approximately to the ase of h11=2protons in �-stable rare-earth nulei, while (�=�)=�1:532 for  = +20Æexpresses the Fermi level plaed just below the lowest one-partile energyeigenvalue. The latter expresses the situation of i13=2 protons for the su-perdeformed bands of 163Lu.When a given  value favoured by the aligned partile is supported alsoby the ore, the nuleus may keep the shape in a wide region of angularmomentum. In the favoured-signature (�f) state with a fully aligned partilethe rotation of the ore about the axis of the largest moment of inertia forthe shape given by Eq. (2) is energetially heapest. If the triaxial shapeis energetially favoured very muh by the fully aligned high-j partile, theunfavoured-signature (�u) state, whih onsists of the fully aligned partiletogether with a wobbling motion of the rotational angular momentum of theore, may appear very low in energy. When the gain in the intrinsi energyof the high-j partile on�guration in the wobbling mode wins against theloss in the olletive rotation energy of the ore, the wobbling mode beomesthe lowest �u state. At very high spins the rotational energy dominates overthe intrinsi energy and, thus, in the lowest �u state the wobbling mode willbe replaed by the ranking-like mode. The possibility of this kind of bandrossing of �u states along the yrast lines is pointed out in Ref. [15℄, takingan example of rotational bands based on h11=2 protons in odd-Z �-stablerare-earth nulei. The unsuessful attempt of �nding suh experimentaldata might be due to the fat that the triaxial shape ( � �30Æ) favouredby the aligned h11=2 proton was not supported by the ore of those odd-Znulei in the relevant region of angular momentum.



First Evidene for the Wobbling Mode : : : 2553As desribed in the introdution, for nulei with N � 94 and Z � 71the �Ultimate Cranker� [6,7℄ predits stable triaxial shapes ( � �20Æ) withlarge quadrupole deformation for all ombinations of parity and signature.Following the fat in (3) that  = +20Æ is preferred by the fully alignedj = i13=2 proton in 163Lu, we perform the i13=2-partile-rotor alulationalong the line of Ref. [15℄ with parameters  = +20Æ, �=� = 0:30, and�J0 = 90. The latter two parameters are hosen so that the observed levelsheme of both TSD1 and TSD2 is, on the average, reprodued using aproper value of �. Employment of the hydro-dynamial moments of inertiaJk = 43 J0 sin2� + 23�k� ; (4)where the su�x k(= 1; 2; 3) on the right-hand side should be understoodas k(= x; y; z) on the left-hand side, automatially restrits ourselves to therotation with �60Æ <  < 0Æ in the sense of the ranking model. That is,the largest moment of inertia and, onsequently, the largest omponent ofolletive rotational angular momentum is the one along the intermediateaxis of the nulear shape. In order to get a rotation in the partile-rotormodel, whih orresponds to  > 0 in the ranking sense, we exhange [16℄the moments of inertia, Jx and Jy, obtained from the hydro-dynamialmodel. For example, �J0=90 with  = +20Æ means �Jx = 116, �Jy = 50and �Jz = 14, so that the system rotates mainly about the x-axis, whihis the shortest axis of the j  j= 20Æ triaxial shape. If we use the value of�=� = �1:532 whih is most favourable for the fully aligned i13=2 proton at = +20Æ, the aligned i13=2 partile oupled with wobbling motion of the oreremains the lowest �u state in the entire region of the total angular momentaof TSD2 disussed in the previous setion. We naturally use this value of �=�in the alulation of B(M1) and B(E2) values shown in Fig. 6. However,in order to illustrate the band rossing of the �wobbling� regime and the�ranking� regime in the �u states, in Fig. 7 we hoose �=� = �1:20, forwhih the �ranking� regime beomes energetially lower than the �wobbling�regime at angular momentum values � 35=2~, onsiderably lower than inthe ase of �=� = �1:532.In Fig. 7 the expetation values of R, Rx and jx alulated by usingthe wave funtions of the lowest-lying states in the partile-rotor model areshown as a funtion of the total angular momentum, I,~I = ~R +~j ; (5)where ~R is the rotational angular momentum of the ore. In the presentmodel both I and j are good quantum numbers, while R is not. It is seenthat for the yrast �u(= �1=2) states, where I = �mod2, we have jx � j and



2554 I. Hamamoto et al.

10
−3

10
−2

10
−1

0.0 

0.2 

0.4 

Cranking regime
Wobbling mode
Exp.

272 312 352 392 432 472 512Spin I (�h)
B(M1) B(E2) in(
�2 N e2 b2)
B(E2) out B(E2) in

Fig. 6. Experimental and alulated eletromagneti properties of the onnetingtransitions.
jx 

Rx 
R  where   R 2 = R(R+1) 

Particle-rotor model with i13/2-shell 

γ =+20° 
λ/κ = −1.200 
∆/κ =0.300 
κ ℑ 0 = 90.0 

11 15 19 23 27 31 35 39 43 47 51 55
0

5

10

15

20

2 Ι Fig. 7. Expetation values of R, Rx and jx as a funtion of the total angularmomentum I , whih are alulated by using the wave funtions of the lowest-lyingstates in the i13=2-partile-rotor model. See the text for details.Rx � R� 2 for I < 35=2; namely the intrinsi energy with the fully alignedi13=2 proton is made to be lowest by the sari�e of the ore rotational energy.On the other hand, for I > 35=2 jx � j � 1 and Rx � R; namely the orerotational energy is made to be lowest by the sari�e of the intrinsi energy.In ontrast, for the yrast �f(= +1=2) states we have jx � j and Rx � Rfor all I values, in whih both the intrinsi (partile) angular momentum ~j



First Evidene for the Wobbling Mode : : : 2555and the ore angular momentum ~R an take the respetive lowest energyon�guration. A proper desription is that for I < 35=2 the yrast �u statesare in the �wobbling� regime, while for I > 35=2 they are in the �ranking�regime. Though in the wobbling mode for �u the alignment of the i13=2proton is nearly equal to that of the yrast �f state, the signature splittingof the energy has the same sign as for the signature partner in the rankingmode.We �nd that the �I = 1 zigzag pattern of both B(E2) and B(M1)values in the �wobbling� regime is out of phase ompared with the ase ofthe �ranking� regime. In the �wobbling� regime the �I = 1 transition isdominated by E2 and not by M1. We summarise the harateristi featuresof the �I = 1 eletromagneti transitions between the �u wobbling statesand the yrast �f states as follows: (a) B(M1 : �fI ! �uI � 1) values areredued, beause of �Rx � 2~; (b) B(E2 : I ! I � 1) values are of theorder of 1=I in the limit of high I values, sine the wobbling amplitudeis of the order of 1=pI; () B(E2 : �fI ! �uI � 1) values are redued,beause the ontributions from Q0 and Q2 almost anel for  = +20Æ.On the other hand, the features of those transitions between the �u statesin the �ranking� regime and the yrast �f states may be summarised as:(A) both B(M1 : �uI + 1 ! �fI) and B(E2 : �uI + 1 ! �fI) values areredued, beause �R � �Rx � 2~ and, simultaneously �jx � 1~; (B)B(E2 : I ! I � 1) values are small and of the order of 1=I2 due to therelevant angular momentum algebra [16℄; (C) B(M1 : �fI ! �uI�1) valuesare relatively large being of the order of unity.4. Comparison to dataIn Fig. 6 we show the alulated B(M1)=B(E2)in and B(E2)out=B(E2)invalues of the �I = 1 transitions between the wobbling �u state and the yrast�f state, in omparison with experimental data on the onneting transitionsof mixed E2/M1 nature. We have used the value of �=� = �1:532, whih isappropriate for the SD bands of 163Lu and, onsequently, all alulated �ustates are in the wobbling regime. The parameters used in the alulationof B(M1) are ge�s = (0:6)gfrees and gR = 0:4. For referene, in the �gure wealso denote B(M1) and B(E2) values in the �ranking� regime, whih arealulated using �=� = �1:20.The agreement of the present experimental data with the results al-ulated for the wobbling mode appears quite satisfatory from Fig. 6 andTable II, in view of the shemati harater of the partile-rotor alula-tions inluding a single proton i13=2 subshell. The failure of a ranking-likesolution is partiularly obvious from the E2 strength, and the extratedproperties summarised in the Table II.



2556 I. Hamamoto et al. TABLE IIExperimental and alulated values of mixing ratio Æ, branhing ratio � and ele-tromagneti nature of the onneting transition for I = 43=2 ~! I = 41=2 ~. Thetheoretial values are based on alulated matrix elements and experimental -rayenergies. For I = 43=2 ~ ! I = 41=2 ~ in the ranking regime both E2 and M1transitions are approximately forbidden. Thus, the sign of the mixing ratio an beeither plus or minus. Æ � E/Mexp �3:10+0:36�0:44 0:36� 0:04 Ewobbling �2:4 0:48 Eranking-like �0:15 0:02 MThe observed gradual inrease of B(M1) values is not obtained in thepresent simple model. It may ome from the gradual inrease of neutronalignment in the ore, whih is seen in the observed alignment but notinluded in the alulation of B(M1) values. In the ase suggested of TSD2as a 1-phonon wobbler, the ratio ~!w=~!rot varies from 1.5 to 0.5 withinreasing spin, indiating a gradual hange in the three moments of inertia.A possible alternative on�guration, in whih the � = �1=2 signatureis omposed of � = +1=2 in the proton system, like TSD1, and a two-quasineutron exitation with � = 1, is predited by UC alulations. Thison�guration has a loal minimum idential to that of TSD1, but the exi-tation energy is approximately 3�4 times higher than found experimentallyfor TSD2. Furthermore, an expeted additional alignment of � 2~ relativeto TSD1 is not ompatible with the data for TSD2. This interpretation is,therefore, disregarded. 5. SummaryThe andidate for a wobbling exitation in 163Lu, TSD2, has been on-neted to TSD1 by 9 linking transitions. The eletromagneti properties to-gether with the alignments are in agreement with the assignment of TSD2 asa wobbling exitation in the presene of an aligned partile, built on TSD1.Alternative interpretations as a signature partner or a three-quasipartileexitation ould be rejeted. For the �rst time, the wobbling mode whihuniquely proves the triaxiality of the TSD states is established experimen-tally.
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