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406 L. Próhniak et al.The model that we use to desribe quadrupole olletive states is anextension of the generalized Bohr Hamiltonian through inluding, in an ap-proximate way, the e�ets oming from oupling with the pairing vibra-tions. The olletive variables we onsider are: Bohr deformation parame-ters (�; ), Euler angles 
 and �n and �p whih are the pairing gaps forneutrons and protons respetively.The Hamiltonian of the model an be written asĤCQP = ĤCQ(�; ;
;�p;�n) + ĤCP(�p;�n;�; ) : (1)The �rst term of (1) is the standard generalized Bohr Hamiltonian andthe seond term desribes olletive pairing vibrations of protons and neu-trons. The dependene of ĤCQ on �n;p appears when we alulate inertialfuntions (and potential energy) from mirosopi theories. Similarly, ol-letive pairing mass parameters depend on deformation of nuleus.Our approah an be skethed as follows [8℄:1. We determine the ĤCP from the nuleon single-partile potential ap-plying the ranking or generator oordinate method. After solving theappropriate eigenequation we obtain the ground state of ĤCP. Thespei� feature of this state is that probability density as a funtion of�(n;p) has its maximum for arguments lower than obtained from thesolution of the BCS equations.2. In the next step we evaluate the inertial funtions entering ĤCQ takingthe orresponding most probable �(n;p). Finally we solve eigenproblemfor ĤCQ as a matrix equation in a properly onstruted basis.Results presented below have been obtained using Nilsson potential withthe standard set of parameters [9℄, while strength of the pairing fores wasdetermined in [10℄ from the mass di�erenes. The olletive potential energyis alulated using Strutinsky marosopi-mirosopi method.Important point is that we do not introdue any additional parametersnor readjust any of existing ones.2. Energy levels and E2 transition probabilitiesThe model presented above has been suessfully applied in several re-gions of nulei with the mass number 100 � A � 160 [8℄. It seemed tobe interesting to test its preditions for muh heavier systems, espeially inthe ontext of reent experimental suesses of in-beam spetrosopy. Wedisuss in this setion the energy levels and E2 transition probabilities ofnulei with 94 � Z � 102 and 146 � N � 158.



Colletive Quadrupole Exitations in Transurani Nulei 4072.1. Energy levelsIn Figs. 1�5 we show theoretial and experimental [11℄ 2+1 level (g.s.band) and bandheads of � and  vibrational bands. They are su�ient fortesting theoretial preditions with experiment beause most nulei in thisregion are good rotors, with similar values of moment of inertia in g.s., � and bands (in experiment and in theory, see as e.g. 250Cf nuleus � Fig. 6).Note also that in Figs. 1�5 both experimental and theoretial values of the�rst 2+ state are multiplied by 5.
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Fig. 1. Energy levels of Pu isotopes. In Fig. 1�6 open (solid) symbols denotetheoretial (experimental) values
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Fig. 2. Energy levels of Cm isotopesThe ground state bands are reprodued quite well, theoretial 2+1 levellies typially 4-5 keV above experimental one. The situation with  bandsis also not bad, but the failure in desribing � bands indiates that our ap-proah needs some improvement. One possible ause of this failure ould bethe fat that most of onsidered nulei have nonzero values of higher defor-
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Fig. 3. Energy levels of Cf isotopes, see also aption to Fig. 1
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Fig. 4. Energy levels of Fm isotopes, see also aption to Fig. 1
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Fig. 5. No isotopes, see also aption to Fig. 1
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Fig. 6. More detailed piture of 250Cf levelsmations (� = 4; 6). Suh deformations ould be partially inluded into ourmodel if we would take single partile spetrum from selfonsistent alula-tions. In suh a ase (�; ) will orrespond to omponents of a quadrupolemass tensor and not to a shape of equipotential surfaes.2.2. E2 transitionsTheoretial probabilities of transitions 2+1 ! 0+1 are underestimated by20%�30% with respet to experimental ones. We show them in Fig. 7 for Cmisotopes, but the previous statement is true also for other nulei. The tran-sitions within the ground state band of 248Cm (Fig. 8) are not reproduedperfetly, but one should remember that we do not �t any parameters anddo not use e�etive harges. There is not muh experimental information oninterband transitions, however we give one example from 250Cf nuleus:TABLE IB(E2) probabilities (W.u.) for interband ( ! g.s.) transitions in 250CfExp Th2+( band) ! g.s. 4+ 0.21 � 0.02 0.242+ 3.7 � 0.4 3.20+ 2.3 � 0.3 1.9



410 L. Próhniak et al.
0

100

200

300

400

242 244 246 248 250 252

A

BE2 (W.u.)

2->0

Th
Exp

Fig. 7. E2 transition probabilities (2+1 ! 0+1 ) in Cm isotopes
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Fig. 8. E2 transition probabilities within the ground state band of 248Cm nuleus3. Superdeformed statesThe possibility of a proper desription of superdeformed states withinour model is an interesting and less standard question. Suh states appearas a onsequene of an existene of the seond minimum of potential energyfor large elongation. They have been studied in the framework of generalBohr Hamiltonian approah for the �rst time (in A � 190) region by Libertet al. in [12℄.Some tehnial problems appear while investigating superdeformed states,e.g. the number of basis states should be inreased signi�antly and quite alot of work is needed for ensuring desired auray and stability of results.However after solving these problems a set of superdeformed solutions anbe unambiguously identi�ed, e.g. by inspeting their average deformations��, �. These quantities are de�ned through mean values of invariants �2and �3 os 3 as: �� = ph�2i and � = aros(h�3 os 3i=��3)=3, where e.g.h�2i = R 	��2	pgd!, with g and d! denoting the determinant of the met-



Colletive Quadrupole Exitations in Transurani Nulei 411ri tensor and the appropriate volume element respetively (for more detailssee [8℄). The wave funtions 	 of nulear states are obtained by solving theeigenproblem of ĤCQ as mentioned in Setion 1.We have taken as a test ase the nuleus 254No, whih attrats muhattention reently, but of ourse the states in the seond minimum for thisnuleus are not aessible by present experimental tehniques. The interest-ing question if the spontaneous �ssion halftime is large enough for the su-perdeformed states to be observed lies beyond the sope of this paper. Notehowever that the experimental value of T1=2 for 254No is quite large (about50 s, [1, 2℄) and the main hannel of its deay is the � partile emission.The potential energy has been alulated using the reent liquid dropmodel parametrization with a urvature term inluded proposed by Po-morski and Dudek [13℄. For small deformations it gives almost the sameresults as standard LDM, but for larger � the e�ets of the urvature termannot be negleted.It is probably worthwhile to add a remark on the de�nition of deforma-tion parameters �;  used in the paper. We apply the same one as in [8, 14℄and whih an be expressed by giving formulas for the length of semiaxes ofan ellipsoid desribing the shape of nuleus:Rk = R0(�; ) 1 +r 54�� os� � k2�3 �! ; k = 1; 2; 3 (2)with R0(�; ) being determined from the volume onservation. The book [15℄(esp. Chapter 6) ontains a very useful ompilation of di�erent de�nitionsused for nulear shapes and their mutual relationships.In Fig. 9 we present all levels with J = 0; 2; 3; 4 and E < 3:8 MeV, indi-ating also their average deformations �� and �. One an easily distinguishthe sets of normal and superdeformed solutions. In addition we have plottedin Fig. 10 the probability densities of the ground state and the lowest SDstate.Below we give the energies of the lowest SD states in 254No.�rst band0+ ESD;1=3.074 MeV (above the ground state)2+ ESD;1 + 15 keV4+ ESD;1 + 45 keV� band0+ ESD;�=ESD;1 + 580 keV2+ ESD;� + 15 keVIt is also interesting to ompare our results with ranked HFB alu-lations with Gogny fores of Egido and Robledo [6℄. They estimated theenergy of the �rst rotational SD 2+ state (relative to SD 0+1 ) as 17.3 keV.



412 L. Próhniak et al.
0

1

2

3

0 2 3 4

J

E [MeV]
0.28 <β  < 0.36
10°<γ < 19°

0.85 < β  < 0.88
3° <γ < 5°

normal

superdef

Fig. 9. Energy levels below 3.8 MeV in 254No. Open squares denote �normal� statesi.e. with 0:28<��<0:36 and 10Æ<�<19Æ while full squares orrespond to superde-formed states with 0:85<��<0:88 and 3Æ<�<5Æ
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1Fig. 10. Contour map of the probability density j	 j2pg as a funtion of (�; ) forthe ground and the �rst superdeformed state (254No). The lines are plotted for thevalues of density di�ering by 2, starting from 0.2 (in units [rad�1℄)4. ConlusionsTo onlude brie�y: the model developed in [8℄ gives reasonable desrip-tion of low lying states of the very heavy nulei however some improvementsare still needed to get better treatment of � vibrations. It gives also thepromising perspetive of the study of superdeformed states, espeially inthe ontext of reent experimental works [16℄.



Colletive Quadrupole Exitations in Transurani Nulei 413Some of us (L.P, K.Z and K.P.) gratefully aknowledge the support fromthe Convention IN2P3 � Lab. Polonaises No 99-95 and fruitful disussionswith Philippe Quentin and Jean Libert.REFERENCES[1℄ P. Reiter et al., Phys. Rev. Lett. 82, 509 (1999).[2℄ M. Leino et al., Eur. Phys. J. A6, 63 (1999).[3℄ I. Muntian, Z. Patyk, A. Sobizewski, Phys. Rev. C60, 041302 (1999).[4℄ T. Duguet, P. Bonhe, P.-H. Heenen, Nul. Phys. A769, 427 (2001).[5℄ H. Lafthiev, D. Samsoen, P. Quentin, J. Piperova, nul-th/0011043,submitted to Eur. Phys. J. A.[6℄ J.L. Egido, L.M. Robledo, Phys. Rev. Lett. 85, 1198 (2000).[7℄ K. Zaj¡, L. Próhniak, K. Pomorski, S.G. Rohozi«ski, J. Srebrny, Ata Phys.Pol. 32, 681 (2001).[8℄ L. Próhniak, K. Zaj¡, K. Pomorski, S.G. Rohozi«ski, J. Srebrny, Nul. Phys.A648, 181 (1999); K. Zaj¡, L. Próhniak, K. Pomorski, S.G. Rohozi«ski,J. Srebrny, Nul. Phys. A653, 71 (1999).[9℄ S.G. Nilsson, C.F. Tsang, A. Sobizewski, Z. Szyma«ski, S. Wyeh,G. Gustafson, I.L. Lamm, P. Möller, B. Nilsson, Nul. Phys. A131, 1 (1969).[10℄ S. Piªat, K. Pomorski, A. Staszzak, Z. Phys. A332, 259 (1989).[11℄ Data extrated using the NNDC On-Line Data Servie from the ENSDFdatabase, �le revised as of July 2001.[12℄ M. Girod, J. P. Delarohe, J. Libert, I. Delonle, Phys. Rev. C45, R1420(1992); J. Libert, M. Girod, J.-P. Delarohe, Phys. Rev. C60, 054301 (1999).[13℄ K. Pomorski, J. Dudek, to be published.[14℄ T. Kaniowska, A. Sobizewski, K. Pomorski, S.G. Rohozi«ski, Nul. Phys.A274, 151 (1976).[15℄ R.W. Hasse, W.D. Myers, Geometrial Relationships of Marosopi NulearPhysis, Springer-Verlag, Singapore 1988.[16℄ M. Hunyadi et al., Phys. Lett. B505, 27 (2001); D. Gassmann et al., Phys.Lett. B497, 181 (2001); D. Pansegrau et al., Phys. Lett. B484, 1 (2000).


