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DECAY FROM SUPERDEFORMED STATESIN THE MASS 190 REGION�A. Lopez-Martens, F. Hannahiy, A. KorihiCSNSM-IN2P3-CNRS, Bat. 104-108 Campus d'Orsay, 91405 Orsay, FraneT. Dossing, B. HerskindThe Niels Bohr Institute, University of Copenhagen, Copenhagen, DenmarkT.L. Khoo and T. LauritsenPhysis Division, Argonne National Laboratory, Argonne, IL 60439, USA(Reeived January 7, 2003)We report on the experimental results (past and present) onerningthe deay from superdeformed states in the mass 190 region and on thetwo extreme theoretial approahes used to model the proess. These twoapproahes an be ombined into one using a haotiity parameter. Thepossibilities of studying order-to-haos properties of normally deformedstates are disussed and illustrated by the analysis of the primary deay-outstrength distribution in 194Hg.PACS numbers: 21.10.�k, 23.20.�g, 23.20.Lv, 24.60.�k1. IntrodutionSuper deformed (SD) states are populated in fusion-evaporation rea-tions at high spin. In 1% of the reations, after the emission of ooling-asades, the nuleus reahes the SD yrast line and follows it until itsuddenly hanges shape at low spin (8�10~ in the mass 190 region). Indoing so, the nuleus gains a onsiderable amount of deformation energywhih it evauates by emitting a series of -rays until it reahes the nor-mally deformed (ND) yrast line whih it in turn follows to the groundstate.� Presented at the XXXVII Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 3�10, 2002.y Present address: CENBG/IN2P3, Gradignan, Frane.(2195)



2196 A. Lopez-Martens et al.The questions are: what does the deay-out spetrum look like, what arethe exitation energy, spins and parity of SD states and what triggers thesudden shape hange?2. Experimental observationsMany experiments devoted to study of the deay from SD states havebeen arried out at Eurogam, Gammasphere and Euroball. It was possibleto identify the four stages of the life of a SD nuleus [1℄: �rst there is thefeeding stage following the partile evaporation, with a statistial and olle-tive omponent of weak unresolved transitions, then the well known piketfene like emission along the SD yrast line, after whih omes the deay-out spetrum, also onsisting of weak unresolved transitions whih forma quasiontinuum, and �nally the emission along the ND yrast line. Froma quasiontinuum analysis, the average energy removed by the deay-outasades an be extrated and onsequently the average exitation energyof SD states at the point of deay. This turns out to be of the order of3�4 MeV above yrast in the mass 190 region [1,2℄. In a few ases, weak1-step deay-out transitions (alled links) an be observed in the high en-ergy part of the deay spetrum and they give aess to the absolute valueof the spin and exitation energy of SD states. This is the ase in 194Hg[3,4℄ and 194Pb [5,6℄ and the results are in good agreement with the quasi-ontinuum analysis results: the exitation energy of SD states at the pointof deay is large. Also, there is a striking similarity between the deay-outspetrum and a spetrum of -rays following neutron apture at 7�8 MeVabove yrast [7℄. The general shape of the deay spetrum is well aountedfor by statistial deay alulations if the e�et of pairing on the ND leveldensity is inluded [8℄. Finally, a �utuation analysis performed on the de-ay spetrum has shown that the deay is highly fragmented [9℄: of the orderof 104 transitions are sampled by the 192Hg nuleus in the deay from SDstates. 3. Deay mehanismThe deay ours beause of mixing with ND states: the SD wave fun-tion aquires a small amplitude, �2, at normal deformation. The SD statethen has a partial width �1� �2��SD to deay to the next SD state anda partial width �2�ND to deay to lower energy ND states. Even thoughthe ND amplitude may be small, �2 � �ND an trigger the deay-out, es-peially sine �SD dereases when the SD nuleus looses spin whereas �NDinreases as the nuleus gains in exitation energy. If the oupling betweenND and SD states is weak, the mixing will result in two states whih are
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Fig. 1. (a) SD-gated spetrum of -rays deteted in the LEPS detetors (b) SD-gated spetrum deteted in the large volume detetors whih had the best experi-mental resolution (7 out of 35). The SD symbols denote SD lines, the Y's denoteND yrast lines. The insets orrespond to zooms around the 169 keV SD transitionand the dotted line is to guide the eye between both spetra.populated from the previous SD state proportionally to their SD amplitudesquared: �1� �2� for the predominantly SD state and �2 for the predomi-nantly ND state. SD transitions populating SD deaying states should thene�etively be doublets. This is learly observed in the mass 130 [10℄ and 160[11℄ regions. In the mass 190 region, however, the exitation energy of SDstates is suh that the average spaing between SD states and their losestND neighbours is on average very small (tens of eV). This is too small toresolve, exept maybe in the 194Pb ase where the exitation energy of SDstates at the point of deay is lower and where the density of ND states isredued beause 194Pb is a semi-magi nuleus at normal deformation.To establish the mixing senario in the mass 190 region, two experi-ments were performed at Yrastball and Gasp. In both ases, 5 LEPS (LowEnergy Photon Spetrometers) were used beause of their very good energyresolution at low energy (500�700 eV at 121 keV). This was essential if anysplitting of the last SD transitions at 169 and 213 keV was to be observed.



2198 A. Lopez-Martens et al.A preliminary analysis of the Gasp data has revealed some strength to theleft of the 169 keV transition in the spetrum of -rays deteted in the LEPSdetetors in oinidene with the SD band (panel (a) of Fig. 1). This exessstrength is also visible in the spetrum of -rays deteted in the large volumedetetors (panel (b)) in Fig. 1): it seems indeed that the 169 keV transitionhas a shoulder towards low energies. The ratio of the intensities of the mainSD 8+� 6+ peak and of its satellite yields a 15(5)% ND admixture into the6+ SD state. The energy separation between the two peaks is 1.3(2) keVafter interation and 0.9(2) before interation. The interation strength isextrated to be 0.6(2) keV. The evidene for splitting is present but stillweak. This is why the data is still being analysed in order to obtain morestatistis in the relevant spetra.The mixing an be modelled in di�erent ways and there are two extremes:� The ordered regime is well desribed by the Generator CoordinateMethod [12�15℄. Sine mixing involves a deformation hange, the ol-letive states of the nuleus are desribed as linear ombinations ofHF+BCS �-onstrained solutions. These linear ombinations are on-struted in suh a way as to minimize the expetation value of theHamiltonian. The olletive variable � is the mean mass quadrupolemoment but it an inlude the mean otupole moment and the meanneutron and protong pair gaps. The GCM proedure mixes HF statesand strongly depends on the pair gap and pairing vibrations. Thisolletive model does not involve the oupling of the SD state with themulti-partile-hole states whih lie in the �rst well at the same exi-tation energy and hene the probability to deay out is simply givenby the ratio of the quadrupole transition probability to deay to lowerenergy ND olletive states and to the next SD state.� In the other extreme, the SD state is isolated by a potential energy bar-rier from a haoti sea omposed of ompound ND states desribed bya random matrix [16,17℄. The probability to deay out then dependson the ratio of ND and SD deay strengths and on the spreading ofthe tunnelling width among the ND states. The tunnelling width isgiven by the produt of the SD state knoking frequeny and the trans-mission oe�ient. The ation integral whih gives the transmissionoe�ient is alulated along the least ation path separating the SDand ND states. This involves hopping from one on�guration of thenuleus to the next under the in�uene of the pairing residual intera-tion. The inertia of the system is, therefore, determined by the numberof level rossings in the spae of deformations and by the pairing gapand pairing vibrations.



Deay from Superdeformed States in the Mass 190 Region 2199The bridge between these two pitures an be made by introduing a haoti-ity parameter [18℄. In this piture, the SD state ouples weakly only tospei� ND states through the barrier (see Fig. 2). These states are alleddoorway states and they are equivalent to the HF+BCS states that the GCMproedure mixes with the SD state. The spetrum of ND states is desribedby a large matrix of size N . The matrix elements are random numbers se-leted from a Gaussian distribution entered around 0. There are two waysto introdue a degree of haotiity in the spetrum: the o�-diagonal ele-ments of the random matrix an be saled by 0 � � � 1 or there an be1 � de� � N non vanishing elements per row (sparse matrix approah). If� = 0, or de� = 1, the ND states do not mix and the SD state an onlyaquire an admixture of the nearest olletive doorway state. If on the otherhand, � = 1 or de� = N , the doorway state has dissolved among all theneighbouring ND states and the SD state will aquire (via the fragmentedstrength of the doorway) an admixture of the losest omplex neighbouringND state.The question that an be addressed is: what is � or de� in the deay-outase?
Fig. 2. Shemati representation of the two extreme oupling senario between SDand ND states. On the left, the ordered ase (� = 0) where the SD state onlyouples to the losest olletive ND state. On the right, the haoti ase (� = 1)where the SD state ouples to its losest ND neighbour via the fragmented strengthof the olletive ND states.4. Order to haos propertiesThe �haotiity� of states has been addressed by a number of people indi�erent regions of the (E,I) plane. The neutron resonanes have been inves-tigated [19℄, as well as near yrast levels in di�erent nulei [20℄. A ompletestudy of levels has been performed in 116Sn [21℄ and 26Al [22℄. All thesestudies were done on the basis of level spaing statistis. The deay fromSD states provides new regions of the (E,I) plane to study the haotiity



2200 A. Lopez-Martens et al.of ND states: at low spin in the �ssion isomers, at moderate spins in themass 190 region and at higher spins in the mass 150 region. The haotiityof ND states with whih the SD states mix an be studied by analysingthe strength distribution of the transitions emitted in the �rst step of theirdeay. Jakson et al., studied the properties of the -deay of 22 1� neutronapture resonanes lying at 7.92 MeV in 196Pt [23℄. The aim was to de-termine whih distribution of primary strengths ould aount for the largeintensity �utuations observed in the -deay spetrum from one resonaneto the next. The most likely distribution was found to be a �2 distributionwith � = 1 degree of freedom, often alled a Porter�Thomas distribution[24℄. This is a diret onsequene of random matrix theory, and in partiu-lar, it re�ets the properties of the Grand Orthogonal Ensemble (GOE) ofmatries [25℄. The partiularity of the Porter�Thomas distribution is thatunlike other �2 distributions with higher degrees of freedom, it divergestowards low strengths, yet it also extends to very large strengths. Thisproperty gives rise to very strong strength �utuations whih ould be thereason why single-step deay transitions are sometimes enhaned and an beobserved experimentally. This is the ase in 194Hg, for whih strong high-energy links have been identi�ed while in the neighbouring 192Hg, studiedwith similar statistis, no suh lines ould be observed (see Fig. 3).In order to show that the enhanement of the strengths in 194Hg may beaused by Porter�Thomas �utuations, a study of the primary strength dis-tribution was performed. The aim was to determine whih �2 distributionof � degrees of freedom and average strength � ould best �t the experimen-tal strengths !i observed above the experimental strength threshold !low.The result for the most likely �2 distribution is the following: � = 1 and� is found to be nearly four times smaller than the experimental strengththreshold [26℄. The unertainty on the number of degrees of freedom � isvery large beause only the high-strength tail of the distribution is aes-sible experimentally and this is a strength domain for whih there is nota pronouned di�erene between �2 distributions. In other words, only thestrongest 19 strengths are observed, whereas a �utuation analysis in thesame transition energy interval (E > 2:6MeV) tells us that there shouldbe � 600. Nevertheless, we performed two simulations of 600 primary lines.Their strengths were sampled from the most likely strength distributionand their energies from an inverse level density formula. To these lines wereadded the experimental detetor resolution, Compton and statistial feedingbakgrounds and ounting statistis. The spetra obtained above 2.6MeVare shown in Fig. 3. They look very similar to the experimental deay spe-tra of 192Hg and 194Hg (top and bottom panels of Fig. 3, respetively) andin partiular simulation #1, with strong lines at high energy, looks like the194Hg spetrum whereas simulation #2 resembles the 192Hg ase, with weak
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Fig. 3. Experimental deay spetra above transition energy 2.6MeV in 192Hg and194Hg (bottom and top panels) and 2 simulated spetra (see text for details).and hene not so visible lines at high energy. So the haoti nature of NDstates with whih the SD states mix through the barrier ould explain whysingle-step links are observed in some nulei and not in others.Two important observations ame out of the simulations. Firstly, thefat that a peak in the simulations stems very rarely from one line. Thisis speially true towards low energy sine the inverse level density energydistribution yields many more lines at lower energies than at higher ones.The lines pile up one on top of the other and yield very broad and/or funny-shaped lines. This is what is alled the pandemonium e�et. Seondly, thee�et of the ounting statistis is non negligible. Given a set of simulatedlines, if one hanges the seed of the random number generator in order toprodue di�erent ounting statistis, the shape and the intensity of the linesvary dramatially: some lines whih are present and sharp in one spetrumdisappear or beome wide or even double in the other. This tells us thataution is needed when treating peaks at the very limit of the resolvingpower of the multidetetors and that setting a 3� limit on the intensity oflines is the absolute minimum riterium to de�ne a peak.The problem in dealing with �2 distributions is that it is not lear what� 6=1 means. In order to overome this problem, the haotiity parameterintrodued in Se. 3 is used. Compound energy eigenstates of the nor-
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∆ = 0.03 ∆ = 1 Fig. 4. Simulations of admixtures jh�jSij2 of the basis states into the predominantlySD state for di�erent values of the haotiity parameter �. The admixtures arenormalised to the interation strength V and the average level spaing between NDstates.mally deformed spetrum are desribed by oupling the basis of j�i stateswith a Hamiltonian matrix seleted from the Gaussian Orthogonal Ensem-ble. However, if part of the struture of the basis states is kept in the energyeigenstates, the o�-diagonal matrix elements are redued, and this is per-formed by saling them with a ommon haotiity parameter � (0 � � � 1).The matrix is then diagonalised. After this proedure, the SD state jsdi isinluded in the middle of the spetrum together with its oupling V tothe doorway state jdi and one more diagonalisation is arried out. When� is equal to 1, the ND spetrum is fully mixed, the doorway state hasdissolved among all the ND states and sine the oupling V is weak, oneof the �nal states jSi, whih has a predominant SD omponent, will in-lude many small admixtures of the original ND basis states j�i. In theplot of the distribution of these admixtures into jSi for di�erent values of �(Fig. 4), it is immediately lear what is meant by �haos assisted tunnelling�.For small values of �, the admixture into jSi is mostly due to the doorwaystate (state 100) at an arbitrary value of � 10�4 (the states in the middleof the spetrum, losest to the SD state, ontribute also, but this is due tothe energy denominator fator). When � = 1, all the N basis states willontribute on average with one admixture of that order: the admixture of



Deay from Superdeformed States in the Mass 190 Region 2203ND states into the SD state is N times larger in the haoti limit than inthe ordered limit. To proeed further, the onjeture is that admixtures anbe viewed as strengths: eah basis state j�i is onneted to one �nal statej�0i at lower energy. Ns simulations are arried out. For eah simulation,Nt strengths are hosen. This orresponds to seleting a spei� interval oftransition energies, usually assoiated to the highest energies. Out of theseNt, the No strongest (o for observed as in the experiment) are seleted. Thesmallest of these No strength is then equivalent to the experimental strengththreshold and all the strengths are normalised to it. For a given set of �and Nt, 500 di�erent GOE matries of size N = 400 are diagonalised. Theobservational threshold is set to No = 19, as in the 194Hg ase. The aver-age umulative distribution is omputed: the number of strengths observedas a funtion of strength averaged over the 500 simulations. The umula-tive omparison is then de�ned as the fration of simulations whih displaya larger �2 deviation from the average umulative distribution than the data.This is plotted in Fig. 5 as a funtion of � and Nt. A data set is onsideredto be suessful if it ompares better than 25 % of the simulations. Thisondition is ful�lled when the total number of primary strengths is largerthan 200 and when � is larger than 0.1. This determination of the relevantparameters is in agreement with the measurement of 600 primary lines inthe 2.6�5 MeV transition energy range and with the result of the most likely�2 distribution.
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Fig. 5. Perspetive plot of the omparison to simulated umulative funtions forthe 19 visible deay-out transitions in 194Hg.



2204 A. Lopez-Martens et al.It appears, therefore, highly probable that the deay-out in 194Hg isa statistial proess and that the ND states to whih the SD states oupleto at 4.2 MeV above yrast are ompound states.5. ConlusionThe deay-out of SD states provides new regions of the (E,I) for inves-tigation of order to haos properties of the nuleus. A new method basedon a haotiity parameter has been devised and its appliation to the deayfrom SD states in 194Hg shows that the deay in this nuleus is most proba-bly haoti. The analysis of the primary strengths using sparse matries is inprogress and urrently, 194Pb and 236U are being investigated. Finally, theexperimental di�ulties assoiated with the identi�ation of primary linesrepresent onsiderable limitations. The development of new, more powerful-arrays suh as AGATA [27℄ and GRETA [28℄, based on the reonstru-tion of the photon trajetories in the germanium, will no doubt bring newprospets to this �eld of study.The authors aknowledge that the experiment performed at LNL (Leg-naro) with Gasp was supported by the following European Contrats: HPRI-CT-1999-00083 � V Framework Programme �Transnational Aess to ma-jor Reaserh Infrastrutures-Improving the Human Researh Potential andSoio-Eonomi Knowledge Base� 01/11/00-31/10/03 and ERBFMGECT980110 � IV Framework Programme TMR (Training and Mobility of Re-searhers) Aess to Large Sale Failities 01/04/98-30/04/01. This workwas partially supported by the U.S. Department of Energy under ontratW-31-109-ENG-38. The authors would like to thank J. Genevey (ISN,Grenoble) and G. Lo Biano (University of Camerino) for lending their LEPSdetetors. REFERENCES[1℄ R.G. Henry et al., Phys. Rev. Lett. 73, 777 (1994).[2℄ T. Lauritsen et al., Phys. Rev. C62, 44316 (2000).[3℄ T.L. Khoo et al., Phys. Rev. Lett. 76, 1583 (1996).[4℄ G. Hakman et al., Phys. Rev. Lett. 79, 4100 (1997).[5℄ A. Lopez-Martens et al., Phys. Lett. B380, 18 (1996).[6℄ K. Haushild et al., Phys. Rev. C55, 2819 (1997).[7℄ T.L. Khoo, Proeedings from the Institute for Nulear Theory on Tunneling inComplex Systems, Seattle, WA 1998, Ed. by Steven Tomsovi, World Sienti�,Singapore, 1998, vol. 5, p. 229.
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