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HIGHLY-EXCITED NORMAL AND SUPER-DEFORMEDROTATING NUCLEI STUDIED WITH E1 AND E2-CONTINUUM MEASUREMENTS� ��A. Braoa;b, F. Cameraa;b, S. Frattinia;b, S. Leonia;b,B. Milliona;b, A. Maj, M. Kmieik, B. Herskinddand M. Bergströmda Dipartimento di Fisia, Università di MilanoVia Celoria 16, 20133 Milan, Italyb Istituto Nazionale di Fisia Nuleare, sezione di Milano, Italy The Henryk Niewodniza«ski Institute of Nulear PhysisRadzikowskiego 152, 31-342 Kraków, PolanddThe Niels Bohr InstituteBlegdamsvej 17, Copenhagen DK-2100 Ø, Denmark(Reeived February 2, 1999)The -deay in the ontinuum region and of both E1 and E2 types isinvestigated to learn about the properties of hot and warm rotating nulei.In partiular, two topis onerning highly exited nulei are disussed.The �rst is the searh for the -deay of the Giant Dipole Resonane builton superdeformed (SD) nulear on�gurations of 143Eu. The available re-sults seem to indiate that the superdeformation survives only few MeVabove the yrast line. The seond topi onerns the measurement the rota-tional quadrupole moment of thermally exited high spin states in 168Yb.A new tehnique, based on �utuation analysis has been employed whihhas provided for the �rst time the value of the quadrupole moment fromontinuous spetra.PACS numbers: 21.10.Re, 21.60.Ka, 23.20.Lv, 27.60.+q1. IntrodutionInformation on the properties of warm and hot rotating nulei an beobtained through the study of the unresolved ontinuum spetra. In par-tiular, the analysis of quasi-ontinuum of E2 harater, forming ridge andvalley strutures in -oinident spetra (in the region 0.7<E <1.5 MeV)� Presented at the XXXIII Zakopane Shool of Physis, Zakopane, Poland, September1�9, 1998.�� Partial �nanial support from the Polish State Committee for Sienti� Researh(KBN Grant No. 2 P03B 001 16.) (501)



502 A. Brao et al.has provided information on e�ets beyond-mean �eld suh as that of the ro-tational band mixing indued by residual interation. Conversely, the studyof high energy -rays in the region 5 < E < 20 MeV emitted by the giantdipole resonane (GDR) provides information on the the shape of hot nuleiand on the damping mehanisms of this olletive mode.In the following setions two di�erent topis, one onerning the GDRbuilt on exited states and the other onerning the rotational band mixingproblem are disussed. The �rst is the searh for the -deay of the GiantDipole Resonane built on superdeformed (SD) nulear on�gurations of143Eu. The seond onerns the measurement of the rotational quadrupolemoment of thermally exited high spin states in 168Yb.2. The GDR in superdeformed nuleiOne of the important problems not yet understood onerning superde-formed nulei is how these nulear on�gurations are populated. It has beensuggested [1℄ that the rather intense population of superdeformed bands (ofthe order of 1%) is onneted to the E1 ooling of the nuleus that is expetedto be enhaned due to the large splitting of the GDR strength funtion andto the level density of the superdeformed states.The �rst study aiming at searhing for a signal of the -deay of the GDRin the superdeformed nuleus was done for the 143Eu ase. This nuleus isharaterized by a very intense ontinuum of E2 type that was found to orig-inate from superdeformed on�gurations and to have a deay path feedingonly partiular low-spin states [2℄. At low spins, due to the oexistene ofboth spherial (ND) and triaxially deformed (TD) shapes [3,4℄, this nuleushas a very omplex and irregular level sheme and it beomes superdeformed(SD) at high spins.Both the SD yrast band and the exited SD states forming the E2 on-tinuum follow deay routes leading to the ground state, that populate lowspin states of the spherial shape only (ND). It is therefore expeted thatone should see the -deay of the GDR built on superdeformed states byomparing the high-energy -spetrum gated by low spin ND transitions(populated by the SD deay) with that gated by low spin TD transitions(not populated by the SD deay). A shemati piture of the deay is givenin �gure 1.The results of the experiment, desribed in [5℄ and performed using the37Cl + 110Pd at 165 MeV are displayed in �gure 2.The two high-energy -spetra, one gated by ND transitions and theother by TD transitions and assoiated to the fold interval 6-10 measuredwith the multipliity �lter (hIi � 45 ~), are ompared in Fig. 2. They aredi�erent in the region 7 < E < 10 MeV.
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Fig. 1. Shemati illustration of -deay of the GDR in exited nulei leading tothe population of spei� �nal states of the same residual nuleus haraterized bydi�erent deformations.The ratio of the ND gated with TD gated spetra , displayed in the insetof �gure 2, shows some exess (of the order of 15 to 35 %) in the regionwhere one expets to �nd the low energy omponent (dipole vibration alongthe symmetry axis) of the GDR built on a superdeformed on�guration.Statistial model preditions of the ratio spetrum were also obtained.We denote with YND(E) the alulation orreponding to the normally de-formed nuleus and with YSD(E) the alulation orresponding to the su-perdeformed on�guration.The YND(E) yield was obtained assuming that the GDR strength fun-tion is a a single Lorentzian with entroid EGDR= 15 MeV and width �GDRvarying, with inreasing exitation energy, from 5 to 8 MeV. The YSD(E)
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Fig. 2. High energy spetra measured with the BaF2 detetors. One in oinidenewith ND transitions (shown in the top part) fed by SD deay (�lled irles) andthe other is in oinidene with TD transitions (also shown in the top part) notfed by SD deay (�lled triangles). In the inset the ratio between the two spetra isshown together with the statistial model alulations desribed in the text.yield was obtained in the same way as the YND(E) yield, with the exep-tion that in the angular momentum region 40~ < I < 55~ and for energy Uabove yrast in the interval U = 0-15 MeV, the GDR strength funtion wasassumed to be a superposition of two Lorentzian funtions. In partiular,for the dipole vibration along the symmetry axis we have used EGDR(low) =9.5 MeV and �GDR(low) = 2.5 MeV , and 33% of the energy weighted sumrule strength (EWSR) and for the dipole vibrations perpendiular to thesymmetry axis EGDR(Hi) = 18.5 MeV and �GDR(Hi) = 6.5 MeV, and 66% ofthe EWSR.Using the alulated YND(E) and YSD(E) yields and assuming that40% of the total deay �ux passes through the superdeformed states, wehave omputed the ratio:Yratio(E) = 0:4� YSD(E) + 0:6YND(E)YND(E) : (1)Sine the E1 deay depends on the density of states, the ratio spetrumwas alulated for two di�erent sets of values for the levels density parame-ters aSD and aND [1℄. In Fig. 2a, the alulation orresponding to aSD = aND



Highly-Exited Normal and Super-Deformed Rotating Nulei... 505= A/8 MeV�1 (dash-line) is shown in omparison with the data and witha alulation with aSD = A/10 MeV�1 and aND = A/8 MeV�1 (full drawnline). The magnitude of the measured yield lies between the two preditions.It is important to stress that the transition probability for the E1 deayfor the SD nuleus is a fator of 4 to 10 larger (depending on the assumedvalue for the superdeformed level density) than that of the ND nuleus andyet, the enhanement in the total ratio spetrum, that reeives ontributionsfrom all the deay steps of the ompound nuleus, is muh smaller (only ofthe order of 15 to 35 %).
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Fig. 3. The ratio of the spetrum inluding superdeformed GDR in the spin win-dow 40-55 ~ with the spetrum orresponding to spherial shape as a funtion ofexitation energy.It is interesting to know the value of the alulated ratio when the in-terval of exitation energy above the yrast in whih the superdeformation isassumed to exist beomes larger. This an be seen in �gure 3 where the al-ulated ratio is shown as a funtion of exitation energy together with theexperimental point (triangle). The experimental value indiates that thenuleus is superdeformed only near to the yrast line. In ontrast, if it wassuperdeformed at the beginning of the ompound nuleus the ratio wouldbe more than 10 times larger.More �rm onlusions on this interesting problem are expeted to beobtained with the new experiment reently performed with the EUROBALLarray.



506 A. Brao et al.3. The quadrupole moment of the 168YbSeveral studies of the rotational quasi-ontinuum for normally deformednulei in the rare earth region have been made in the last few years analysingthe �ridge-valley� struture in E1 � E2 spetra [6℄. These studies haveshown that the rotational motion is arried by regular rotational bands atlow exitation energy, followed by a transition to strongly mixed bands atthe densely spaed levels at higher exitation energy. By omparing theexperimental data with preditions of the rotational damping model [7℄, onehas learned that the mixing among rotational bands is strongly governed bya residual interation inluding high multipole terms, and that the mixingis on�guration dependent [8-9℄.In spite of the progress made reently in this �eld, one of the basiassumptions behind the rotational damping model, namely that the warmnuleus is strongly olletive with a quadrupole moment Qt of the same orderof that of the old regular rotational bands, has never been experimentallyveri�ed. To test this assumption, lifetime measurements of the dampedtransitions are neessary.So far, lifetimes of disrete high spin states have been measured by em-ploying the Doppler Shift Attenuation Method (DSAM). In addition, thefrational Doppler shifts of the regular bands forming ridge strutures inE1 �E2 spetra, and of the unresolved high energy rotational transitionsforming the upper edge of the E2 bump in one dimensional (1D) spetra,have been measured [10℄. However, only for the ridges and for the disretelines it has been possible to dedue the value of Qt, sine the high energytransitions at the edge of the E2 bump were found to be fully shifted andonsequently no sensitivity to the value of the quadrupole moment was ob-tained.To dedue the quadrupole moment in the region of strongly mixed bandsa method, based on the �utuation pattern of ounts of unresolved tran-sitions in the diagonal valley of E1 � E2 spetra, was developed and em-ployed [11℄. By fousing on the valley, we selet damped transitions in themost lean way, exluding transitions whih display the energy orrelationsharateristi of regular rotational bands. A Doppler shift analysis of the�utuation patterns is made through a ovariane analysis of shifted ountsin the valley.The fusion reation 30Si + 138Ba ) 168Yb was used to populate theresidues 163;164;165Yb after xn evaporations. The experiment was arried outat the Institut de Reherhes Subatomiques of Strasbourg using the Vivitrontandem aelerator and the multidetetor system EUROGAM II. Two runswere made, one with a baked 138Ba target of 225 �g/m2 evaporated on aPb-baking of 9 mg/m2, the other using a stak of two targets eah evap-



Highly-Exited Normal and Super-Deformed Rotating Nulei... 507orated on a thin Au foil of � 580 �g/m2. The total thikness of the 138Bawas 450 �g/m2. The initial veloity of the residual nulei in the middleof the target was alulated to be v= = 1:8%. The residual nuleus 164Ybwas most strongly populated (approximately 70% at high spin), reahing amaximum angular momentum alulated to be 63~. A total of 220 and 120M triple and higher-fold events (with an average Ge-fold of 5) were olletedin the thin and baked target experiments, respetively. Energy-dependenttime gates on the Ge time signal were used to suppress bakground fromneutrons.The data were sorted into 2D spetra, namely (EF1 � EB2) and (EB1 �EF2), where B and F indiate bakward and forward angles, respetively.Two sets of spetra were then onstruted. The �rst onsists of spetra ofthe type (EB1�EF2)Shift=N , obtained by shifting the ounts in hannel (X;Y )to hannel (X+N; Y �N), eah orresponding to given integer values, N =1; 2; 3 : : : . The seond set onsists of spetra of the type (EF1�EB2)Shift=�N ,obtained by shifting the ounts in hannel (X;Y ) to hannel (X�N;Y +N).The orrelations in �utuations between any two (EB1 �EF2)Shift=N and(EF1 � EB2)Shift=�N spetra (denoted in the following equation by M(A)and M(B)) were evaluated in terms of the ovariane of ounts, de�ned as:�2;ov(A;B) � 1NhXj (Mj(A)� ~Mj(A))(Mj(B)� ~Mj(B)) : (2)The sum is over a region spanning Nh hannels in a 2D 60 keV � 60 keVwindow, and ~M denotes an average spetrum (whih in our ase is found bythe routine STATFIT as a numerial smoothed third-order approximationto the 2D spetrum [6,12℄).To normalize the ovariane and thereby determine the degree of or-relation between the two spetra, the orrelation oe�ient r(A;B) wasalulated:r(A;B) � �2;ov(A;B)q(�2(A)� �(raw)1 (A))(�2(B)� �(raw)1 (B)) : (3)Here, �(raw)1 is the �rst moment of the raw spetrum, and �2 is the seondmoment of the COR-subtrated spetrum, both de�ned for the same regionNh, as the ovariane. The seond moment is related to the ovariane bythe relation �2(A) = �2;ov(A;A).The ratio of the value orresponding to the maximum of the orrelationoe�ient r and to the full shift position, the frational Doppler shift F (�)is dedued. We �nd an energy region in the valley 800 < E < 1000 keV
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Fig. 4. The frational Doppler shift obtained for the baked and unbaked targetexperiments applying the �utuation analysis tehnique.where F (�) is signi�antly smaller than 1 and thereby a sensitivity to thevalue of the quadrupole moment. As an be seen from Fig. 4, F (�) inreaseswith hEi, as expeted.A stringent test of this new method is obtained by analyzing data for thesame reation but using a thin target. In fat, in the ase of thin target dataone expets to �nd F (�)� 1 for all -transition energies beause the emissionfrom the reoiling nuleus ours in �ight with the maximum veloity. Theresults of the analysis of the baked and thin target data are shown in Fig. 4.In the �gure we ompare data orresponding to the same average transitionenergy for a baked and a thin target. Indeed, while the baked target datadisplay partial shifts, the thin target data are in aordane with the fullshifts, giving a onvining support to the validity of the new method.The observed Doppler shift attenuation orresponds to e�etive deaytimes related to the history of the paths from the entry point to the time ofemission of the observed transitions. The  asades proeed through the re-gion of rotational damping, where the energy spread of the deay transitionsa�ets the average lifetimes due to the E5 fator in the E2 transition proba-bility. In order to extrat the nulear quadrupole moment Qt from the mea-sured shifts, the -asades from the exited nuleus have been realistiallysimulated by theoretially alulated asades inluding damping, startingfrom an entry distribution in energy and spin of the residual nuleus [13℄and ending at the transition energy in question. The ompetition betweenstatistial E1 transitions, governed by the tail of the GDR resonane, andE2 transitions from mirosopially alulated rotational bands is simulated.The energies and transition probabilities of the rotational bands mixed by



Highly-Exited Normal and Super-Deformed Rotating Nulei... 509the residual interation are available for the 168Yb nuleus in great detailand have therefore been used to represent typial deay paths in a deformednuleus in the same mass region [13℄.The intrinsi lifetime �i of a state i at spin I and exitation energy Uiwas alulated starting from the transition probabilities for E1 and E2 deayT (E1; Ui) and T (E2; Ui). The simulation program alulates the e�etivelifetime � of a transition at spin I as the sum of the lifetimes �i of thepreeding transitions with spin J � I, �(I) = �J�I�i(J). Making use ofthe veloity pro�le of the reoiling nuleus in the target and baking, theprogram alulates the veloity of the nuleus at the time � and then theassoiated Doppler shift.
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Fig. 5. The Frational Doppler shift obtained from the analysis of the disretepeaks, ridge and valley strutures. The urves are obtained with the simulationsdesribed in the text.In Fig. 5, the experimental data are shown together with the frationalshifts dedued from simulated spetra for three di�erent values of Qt = 5.5,6.6 and 7.6 eb. One an see that the data are well desribed by the urveorresponding to Qt = 5.5 b (or 200 W.u.). For this high spin region, similarvalues of the quadrupole moment were also found in previous works [14,15℄using a di�erent reation and experimental setup, in whih Doppler shiftswere dedued for both disrete lines and ridge strutures.An important onlusion an be drawn from this work: the disreteexited bands arry the same rotational olletivity as the yrast band, andthis olletivity is also maintained for the thermally exited mixed bands upto around 2 MeV of exitation energy above yrast.For the mixed bands, the lifetime is not only sensitive to the total Qt, butalso to the distribution of the transition energy of the fragmented strength.A signi�ant part of the strength might not be available for rotational deay,



510 A. Brao et al.beause it is shifted too far up in exitation energy, and thereby down intransition energy. The present measurement shows that the major part ofthe strength remains onentrated around the average deay energy.In summary, a new method based on a ovariane analysis of spetrameasured with detetors at forward and bakward angles has allowed toextrat for the �rst time the quadrupole moment of states in a nuleuswith exitation energies in the ontinuum region. The results show that thenuleus onserves its olletivity at inreasing exitation energy (� 2 MeV),thus giving strong support to the rotational damping model.4. ConlusionThe �rst measurement aiming at searhing the deay of the giant dipoleresonane in superdeformed nulei has given indiations that the superde-formation is a property of nulei near the yrast line. If future experimentson�rm this �ndings it will be important to hek in another way the nu-lear deformation at few MeV above yrast. This an be done measuring thequadrupole deformation of the E2 ontinuum.The tehnique to be used to perform this type of measurements hasbeen developed and tested in the ase of a normal deformed nuleus 164Yb.The results in that ase show that the nuleus onserves its olletivity anddeformation at few MeV above yrast, thus giving strong support to therotational damping model. REFERENCES[1℄ B. Herskind et al., Phys. Rev. Lett. 59, 2416 (1987).[2℄ S. Leoni et al., Phys. Rev. Lett. 76, 3281 (1996).[3℄ A. Ata et al., Phys. Rev. Lett. 70, 1069 (1993).[4℄ M. Piiparinen et al., Z. Phys. A343, 367 (1992).[5℄ F. Camera et al., Ata Phys. Pol. B28, 207 (1997).[6℄ T. Døssing et al., Phys. Rep. 268, 1 (1996).[7℄ B. Lauritzen, T. Døssing, R. A. Broglia, Nul. Phys. A457, 61 (1986).[8℄ M. Matsuo et al., Nul. Phys. A617, 1 (1997).[9℄ M. Matsuo et al., Nul. Phys. A620, 296 (1997).[10℄ B. Million et al., Phys. Lett. B415, 321 (1997).[11℄ S. Frattini et al., Phys. Rev. Lett. 81, 2659 (1998).[12℄ P. Bosetti et al., Phys. Rev. Lett. 76, 1204 (1996).[13℄ A. Brao et al., Phys. Rev. Lett. 76, 4484 (1996).[14℄ I.Y. Lee et al., Nul. Phys. A554, 485 (1993).[15℄ H. Xie et al., Nul. Phys. A599, 560 (1996).


