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MICROSCOPIC DESCRIPTIONOF SUPERHEAVY NUCLEIWITH THE GOGNY EFFECTIVE INTERACTIONJ.F. Berger, D. Hirata and M. GirodServie de Physique Nuléaire, CEA-Bruyères-le-ChâtelBP 12, 91680 Bruyères-le-Châtel, Frane(Reeived Otober 28, 2002)Dediated to Adam Sobizewski in honour of his 70th birthdayAn overview of the struture and stability properties of superheavynulei obtained from a mirosopi approah employing the Gogny e�etivenuleon�nuleon interation is presented. Shell gaps, �ssion barriers andstability against �-deay are disussed and ompared with experimentaldata and other theoretial approahes. In partiular, a few �-deay hainsof odd nulides observed in reent experiments are examined.PACS numbers: 21.10, 21.60, 27.90.+b, 23.60.+e1. IntrodutionThe theoretial desription of superheavy (SHE) nulei represents a verystringent test of nulear struture models. Internal struture e�ets, suhas shells and pairing orrelations are essential for explaining the stabilityproperties of nulei beyond Z ' 100. Apart from preventing these nuleifrom instantaneous spontaneous �ssion, they strongly in�uene the heightsof �ssion barriers and the probabilities of various kinds of partile deay. Inthis ontext, the progress made in reent years in the synthesis of very heavynulides at several experimental failities over the world [1�4℄ has been ofonsiderable help for guiding theoretial work. For instane, shell-stabiliseddeformed SHE in the Z = 108 region [5, 6℄ have been produed. ElementZ = 112 has been disovered �rst at GSI [7℄, then in Dubna where oneisotope of element 114 has also been found [8℄. Last year, the identi�ationof 292116 has been reported and the deay hains of the previously observed288114 have been on�rmed [9℄. (1909)



1910 J.F. Berger, D. Hirata, M. GirodOn the theoretial side, preditions onerning the stability of transa-tinide nulei have been proposed sine many years. Many of them use themarosopi�mirosopi method based on the Strutinski shell orretiontehnique [10℄ and an impressive body of results has been derived onern-ing masses, spetra and lifetimes [11�16℄. In reent years, this method hasevolved into an approah of onsiderable sophistiation [12, 13, 17℄ whoseresults often are in exellent agreement with experimental data. In thisontext, the Warsaw shool has played a very in�uential role, partiipatingin the �rst works in the domain of superheavy nulei [18℄ and proposinga number of preditions onerning their properties [12℄. One of the mostimportant of them has been the disovery that deformed shell losures ex-isted around nuleon numbers N = 162 and Z = 108 [17℄.In the last ten years, an inreasing number of alulations devoted totransatinide nulei have been made in the framework of mirosopi ap-proahes. They are usually based on the full Hartree�Fok�Bogolyubov(HFB) proedure [19℄, where both the average �eld and the pairing �eld arederived self-onsistently from an e�etive nuleon�nuleon interation. Cal-ulations using ontat fores suh as Skyrme interations to ompute thenulear mean-�eld must employ a di�erent interation in the pairing han-nel. In ontrast, HFB alulations with the �nite range Gogny fore use thesame interation in both hannels. The advantage of a mirosopi approahis to treat on the same footing bulk � liquid-drop like � e�ets and quantale�ets arising from shells and pairing. In addition, the funtional form ofthe nulear average �eld is not a priori presribed. Suh features an beimportant for very heavy nulei where high order multipole deformationsan develop, in partiular along �ssion barriers [20℄. On the other hand, theinterpretation of results obtained from HFB alulations may be deliatesine e�ets oming from orrelations beyond the mean-�eld approximationan be important. For instane, single partile energies in priniple shouldbe renormalized due to the oupling of nuleon propagation to osillationsof the mean �eld, whih an a�et the loation and magnitude of maginuleon numbers in the superheavy region. Moreover, they are indiationsthat suh e�ets depend on the kind of e�etive interation employed.The purpose of this paper is to present an overview of the strutureand stability properties in superheavy elements dedued from a mirosopiapproah employing the Gogny e�etive interation [21℄. The set of param-eters alled D1S [22℄ is used. Extensive appliations have shown that thisparametrization of the e�etive interation is able to desribe a broad rangeof nulear phenomena in nulei from the lighter ones up to atinides [21,23℄.In this ontext, the mirosopi analysis of superheavy nulei disussed herean be viewed both as a test of the validity of this interation for large nu-leon numbers and as an attempt to make preditions in this rih domain.



Mirosopi Desription of Superheavy Nulei with . . . 1911A brief presentation of theoretial methods is given in Se. 2. Se. 3 de-sribes the results obtained with this approah onerning shell gaps, �ssionbarriers and lifetimes with respet to �-deay for nulei ranging betweenZ = 104 and Z = 128. Some of the results shown here have already ap-peared previously [24℄. Among new ones, let us mention alulations of�-deay energies in a few hains of odd nulides whih have been measuredin reent experiments.2. The mirosopi approahThe basis of our mirosopi approah is the Hartree�Fok�Bogoliubov(HFB) theory. The e�etive nulear Hamiltonian is assumed to beH =X�;� T�� y�� + 14 X�;�;;Æ v��Æ y�y�Æ ; (1)where y� and � are reation and annihilation operators assoiated witha omplete representation of single partile nulear states j�i, T�� are ma-trix elements of the kineti energy in this representation, and v��Æ are theantisymmetrised matrix elements of the two-body interation.In the ase of even�even nulei the HFB equations are derived by ap-plying a variational priniple to the mean-value of the Hamiltonian (1) ina state j~0i whih is assumed to be the vauum of quasipartiles operators ofthe form �y� =X� (U�� y� + V�� �) : (2)In odd nulei, use is made of the bloking tehnique, i.e. the trial state j~0iis replaed by �y�b j~0i, where �b labels the quasi-partile state hosen to rep-resent the odd nuleon orbital. In the present work, time-reversal symmetryof the mean-�eld and pairing �elds is preserved by taking averages over thenulear state �y�b j~0i and its time-reversed �y�b j~0i. The ground state and low-lying exited states of the nuleus are then obtained by performing suessiveHFB alulations with di�erent �b.The onstraints h~0jN̂ j~0i = N and h~0jẐj~0i = Z ensuring that j~0i desribesa nuleus having on the average N neutrons and Z protons are taken areof by adding ��nN̂ ��pẐ to H, where �n and �p are Lagrange parametersrepresenting the neutron and proton hemial potentials. The U and Vin (2) are then found to be the solutions of the HFB system of equationsX � h� � ���Æ� ������ �h�� + ���Æ� �� UV � = ��� U�V� � ; (3)



1912 J.F. Berger, D. Hirata, M. Girodwhere h is the matrix of the one-body Hartree�Fok Hamiltonian, the sumof the kineti energy and of the nulear average �eld, and � is the matrixof the pairing �eld.In order to derive potential energy surfaes (PES), multipole onstraintsh~0jQ̂lmj~0i = Qlm are introdued. This is done by adding to H external�elds ��lmQ̂lm allowing one to vary di�erent kinds of nulear multipole de-formations. Let us note that multipole deformations not subjet to expliitonstraints automatially adopt the values that minimize the total deforma-tion energy.The results presented in the next setion have been obtained by using theD1S interation proposed by Gogny [21,22℄. This is a �nite range interationwhih has been designed in order to desribe simultaneously the nulearmean-�eld and pairing orrelations. Non-loal e�ets in the average �eld(exhange terms) as well as all multipoles of the pairing �eld are takeninto aount. Conerning the Coulomb �eld between protons, the diretontribution is omputed exatly, whereas the Slater approximation is usedin the exhange term. One- and two-body orretions for enter of massmotion are extrated self-onsistently.The onstrained HFB equations are solved by expanding quasi-partilestates on �nite sets of deformed harmoni osillator states ontaining at least15 major shells. In most of the alulations presented here, axial symmetryis assumed and a onstraint on the axial quadrupole moment Q20 is used.However, single quasi-partile states are not required to have good parity.Consequently, the e�et of a spontaneous breaking of the left�right symme-try of the nulear shape an be analyzed, in partiular on �ssion barriers. Ina few instanes, alulations have been performed in triaxial symmetry. Inthese ases, a onstraint on the non-axial quadrupole moment Q22 assoi-ated with  deformation is introdued, and only left�right symmetri shapesare envisaged [25℄.Moments of inertia and an inertia tensor for multipole vibrations areomputed as funtions of the deformation parameters by means of formu-las of the Inglis�Belyaev type [26℄. Inertia and PES an then be used tobuild a quantized olletive Hamiltonian, whose diagonalisation yields eigen-energies and olletive wave funtions desribing a orrelated ground stateand vibrational exitations [27℄. With this method, zero-point energies inground state and isomeri wells an be omputed, as well as ground state�dynamial� �-deformations inluding the e�et of quadrupole osillations.The omputed inertia and PES an also be used to estimate spontaneous�ssion lifetimes within the standard WKB approximation [28℄. Q� arealulated from mass di�erenes inluding the above mentioned zero-pointenergies. Half-lives T1=2(�) are then derived from an empirial model [29℄



Mirosopi Desription of Superheavy Nulei with . . . 1913depending on 9 parameters whih have been determined in order to repro-due experimental �-deay lifetimes of even�even �-emitters in the rare-earth and atinide regions.3. Results and disussion3.1. ShellsAs mentioned in the introdution, the stability of transatinide nuleistrongly depends on their internal struture, in partiular on the presene ofgaps in single-partile spetra. Fig. 1 shows the magnitude of the neutronFermi gap obtained at spheriity with the Gogny fore in N = 184 isotonesfrom Z = 110 to Z = 128 (left part), and the spherial proton Fermi gapsin several Z = 114, Z = 120 and Z = 126 isotopes (right part). In allN = 184 isotones, the gap is of the order of 3MeV, with a slight inrease inthe viinity of Z = 126. A strongly di�erent pattern appears on the protonside: proton shell gaps are found smaller and they signi�antly depend onneutron number. From this �gure, the �best� doubly magi superheavynulei are 310126184 and, to a lesser extent, 292120172. The �rst of thesetwo nulei is found to be a rigid spherial nuleus bearing resemblane with208Pb, whereas the seond one adopts the form a �semi-bubble�, i.e. thenuleon density at the entre of the nuleus is only two thirds of the normaldensity [30℄.One observes that Z=114 is not really a magi number, ontrary to thepreditions of most marosopi�mirosopi methods [12, 13, 31℄. For in-stane, proton pairing orrelations ontribute 17 MeV to the binding energy
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Fig. 1. Left: Spherial Fermi gap for neutrons in ten N = 184 isotones. Right:Spherial Fermi gaps for protons in several Z = 114, 120 and 126 isotopes.



1914 J.F. Berger, D. Hirata, M. Girodof 298114184. However, as in marosopi�mirosopi alulations, a spher-ial neutron subshell is found at N=164 with the Gogny fore and a protonone at Z=92 (see Fig. 2). One an say that neutron and proton spherialshells are the same in the two approahes exept that Z = 114 is replaedwith Z=126. Let us add that the magi number we obtain next to N=184isN=228.
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Fig. 2. Proton and neutron single partile energies in the viinity of the Fermisurfae in 270Hs as funtions of axial quadrupole deformation. Values of jz from1=2 to 15=2 are indiated by dots, +, �, irles, �, squares, triangles, diamonds,respetively. Solid (dashed, respetively) lines represent positive (negative, respe-tively) parity levels. The blak irles follow the nuleus proton and neutron Fermilevels.Results similar to the present ones are derived in mirosopi approahesusing modern versions of the Skyrme fore (SkM*, SkP, the SLy and SkIfamilies) [32, 33℄ and from di�erent versions of the relativisti mean �eld(RMF) approah [33�35℄. However, some parameterizations of the mesonLagrangian yield a Z = 120 shell losure muh larger than the one atZ = 126 [33℄. These results are interesting sine the magnitude of thespin-orbit two-body fore, whih determines level ordering in heavy nulei,is not independent of the other omponents of the nuleon�nuleon e�etiveinteration in RMF approahes, ontrary to non-relativisti desriptions.



Mirosopi Desription of Superheavy Nulei with . . . 1915In what onerns the deformed shell losures �rst predited in [17℄, pra-tially all approahes, either marosopi�mirosopi or mirosopi, �ndone at N = 162, the proton ounterpart being Z = 108 [32℄ or Z = 110 [13℄.Some of them [17℄, inluding ours, also �nd a weaker deformed losure atN = 152.This an be seen in Fig. 2 whih displays the single partile energies ob-tained near the Fermi surfae in 270Hs as a funtion of �-deformation. Thesespetra have been derived by diagonalizing the Hamiltonian h of Eq. (3) al-ulated with the Gogny fore. One an learly see a large gap at N = 162 inthe neutron spetrum for � ' 0:25 and smaller one at N = 152. In the pro-ton spetrum, Z = 108 and Z = 104 are subshells at the same deformation.Some of the spherial losures mentioned above also appear in this �gure.Let us mention that the existene of these deformed shells is supported byexperimental measurements [36℄.3.2. Deformation propertiesIn order to explore ground state and deformation properties, onstrainedHFB alulations restrited to axial and left�right symmetries have beenmade for about one hundred even�even nulei between Z = 104 and Z = 144,using a onstraint on the mass quadrupole moment Q20 = h2r2P2i. ThePESs obtained in this way have been found to depend essentially on thenuleus neutron number N . A representative sample of them is shown inFig. (3). For N ' 162 the ground state well is strongly deformed, an e�etof the above mentioned N = 162 deformed shell, and the �ssion barrierontains only one hump. As N inreases, the ground state deformationdereases gradually and a �rst hump in the �ssion barrier develops while theformer one progressively disappears. For N ' 184�188, ground states arespherial and �ssion barriers reah 10MeV.Beyond N = 190, the single humped barrier tends itself to vanish. Asa onsequene, for N ' 192 � 202, an equilibrium on�guration of the nu-leus an hardly been found, and the orresponding nulei should have anextremely short lifetime. However, for larger values of N , one observesthe birth of a new minimum at large oblate deformation orresponding to� = �0:4. With respet to the top of the �ssion barrier, the depth of thisoblate minimum reahes 8 MeV for Z = 128. A further analysis of thisphenomenon showed that this minimum was even muh more pronounedfor heavier nulei, in partiular those lying on the proton-rih side of the�-stability line. In 360144216 for instane, the oblate well is 16 MeV deepand its deformation is � = �0:8. Unfortunately, alulations performedin triaxial symmetry have shown that the barrier preventing these nuleito �ssion is strongly redued when -deformations are taken into aount.For instane in 332124208, the 6.5 MeV high axial �ssion barrier is redued
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Fig. 3. Deformation energies of a representative set of superheavy nulei along theline of �-stability derived from onstrained HFB alulations with the Gogny D1Sinteration. Axial and left�right symmetries have been imposed. The absissa isthe total axial quadrupole moment h2r2P2i.to 2 MeV when triaxial shapes are inluded. The same kind of alulationperformed in 360144216 shows that the 16 MeV high axial �ssion barrier isredued to a very small value, of the order of 100 keV. Although this analy-sis has not been performed for all nulei displaying a strongly oblate groundstate, it an be expeted that most of them have a rather short spontaneous�ssion half-life.Ground state �-deformations for superheavy nulei with proton numbersZ between 102 and 142 are displayed in Fig. 4. One learly distinguishes thethree regions depending on neutron number disussed above. The transitionbetween prolate deformed nulei with N � 176 and spherial ones for 182 �Z � 192 is less sharp than the one between spherial nulei and oblate ones.This is due to shape oexistene between oblate and prolate on�gurations,as an be seen for instane for 280108172 in Fig. 3. In this ase, the � valueplotted in the �gure is the �dynamial� �-deformation mentioned at the endof Se. 2.
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Fig. 4. Ground state �-deformation of superheavy nulei as a funtion of neutronnumberN . The di�erent symbols indiate values of the proton number Z aordingto the olor/grey sale on the left.For N > 190, two lines appear at � = �0:4 and � = �0:8 for nuleihaving Z = 118 to 128 and Z = 130 to 142, respetively. They orrespond tothe nulei with large oblate ground state deformation mentioned previously.As was disussed, unless partiular shell e�ets develop in some of them,it is unlikely that these nulei possess a reasonably long lifetime againstspontaneous �ssion.Let us stress that non-axial deformations and re�etion asymmetry usu-ally strongly a�et the shape and height of the barriers shown in Fig. 3.Calulations with these symmetries broken have been made for a few nulei.We �nd that the high axial �ssion barrier of 298114 is not lowered when moregeneral deformations are inluded. As a onsequene, the alulated spon-taneous �ssion half-life T1=2 (SF) of this nuleus is larger than 109 years.A di�erent situation is found in the well-known 266Sg. The one-humped�ssion barrier displayed in Fig. 3 (106160) is found to be unstable againstboth non-axial and left�right-asymmetri deformations. Taking these defor-mations into aount redues the �ssion barrier by 5 MeV, whih leads toa derease of T1=2 (SF) from 14 y to 71 s. This time is of the same orderof magnitude as the �-deay half-life alulated for this nuleus with themodel mentioned in Se. 2, whih yields T1=2(�) = 270 s (see next setion).



1918 J.F. Berger, D. Hirata, M. GirodThese numbers appear in reasonable agreement with experiment: assuminga SF branh of 50% gives 56 s for the alulated half-life of 266Sg, whereasthe measured one is 20 s [36℄.This result is a �rst indiation that, at least in alulations with theGogny fore, axial symmetry may lead to a large overestimation of SHE �s-sion barrier heights and �ssion lifetimes. One must point out in this respetthe extensive analysis performed by the Warsaw group [12℄ who showed that,within marosopi�mirosopi methods, non-axial shapes often lower �s-sion barriers, but do not lead to a derease in �ssion half-lives when WKBtunnelling is applied along dynamial �ssion paths. As suh paths minimizethe WKB ation by inluding the variations of the nulear inertia, they areoften found to di�er signi�antly from minimum energy paths. This interest-ing e�et is presently being studied in the ontext of the present mirosopiapproah.In even�even nulei, Q� are alulated from mass di�erenes for groundstate to ground state transitions. In odd and odd�odd nulei, unique valuesof Q�'s annot be unambiguously given sine the density of low-lying levelsis large and therefore, several allowed transitions may exist. In this ase,only the most probable �-deay hains will be disussed.3.2.1. Systematis in even�even nuleiA systematis of Q� obtained with the present approah in even�evennulei between Z = 102 and 126 is presented in Fig. 5. The observedN -dependene learly re�ets the presene of neutron shells at N = 162(deformed) and N = 184 (spherial). Theoretial values appear in fair agree-ment with experimental data, although Q�'s are slightly underestimated inZ = 102 and Z = 104 isotopes. One origin of this disagreement may be anoverestimation of ground state �-deformations in these isotopes and a notvery pronouned N = 152 deformed shell, as ompared to marosopi�mirosopi alulations of Refs. [13℄ and [12℄ for instane.The empirial model mentioned in Se. 2 has been used to omputeorresponding �-deay half-lives. The result is displayed in Fig. 6. Threeregions of inreased �-deay stability are observed, around neutron num-bers 162, 180�188 and 202�212, respetively. These regions orrespond tostrongly prolate, spherial and strongly oblate nulei (see Fig. 4). They arelearly related to shell e�ets in the Q�'s. Let us mention that, due to ex-treme sensitivity to values of Q�, the unertainty in the plotted lifetimesan reah two to three orders of magnitude. Still, many nulei are seen tohave � half-lives in exess of 1 s.A detailed omparison between experimental and theoretial Q�'s foreven�even isotopes of nulei from Cf to Z = 110 and for one Z = 114deay hain is shown in Fig. 7. The theoretial results shown have been
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1920 J.F. Berger, D. Hirata, M. Girodobtained from HFB with the Gogny interation and from the Dira�Hartree�Bogoliubov (DHB) approah of Ref. [34℄. Q� values are alulated assumingground state to ground state deay. The Gogny and DHB results appearof similar quality, exept for a few isotopes where the two approahes di�erby 700 keV to 1 MeV. The DHB method shows the same disrepany withdata in Z = 102 isotopes as the HFB Gogny method, but gives a betterdesription of Q�'s in Z = 104 ones. This result may be an indiation thatthe relativisti approah employed yields more realisti �-deformation valuesin these nulei than non-relativisti HFB.
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Mirosopi Desription of Superheavy Nulei with . . . 1921The �-deay hain277112 11:45; 11:17 MeV�! 273110 11:20; 11:08 MeV�! 269Hs 9:23; 9:18 MeV�! 265Sg8:62; 8:75 MeV�! 261Rf 8:52 MeV�! 257No 8:34 MeV�! 253Fm ;where the numbers above the arrows indiate experimentally measured � en-ergies, was �rst observed at GSI in 1996 [37℄. Very reently a new experimenthas been performed that on�rmed previous results [4℄. The time-of-�ightof the ompound nuleus formed from the reation 70Zn + 208Pb ! 278112is in the �s range. This is onsidered long enough for the ompound nuleusto be in its ground state before its implantation into the detetion system.Therefore, we will assume here that the initial 277112 is in its ground state.Fig. 8 displays the low-lying levels alulated with the Gogny foreand the HFB bloking tehnique in axial symmetry for the seven nuleiof the above �-deay hain. All possible one-quasipartile exitations up to1:0MeV have been onsidered. The eigenvalue K of Jz and the parity of ex-ited states is indiated on the left of eah level. These nulei all are prolatein their ground state, with a �-deformation inreasing along the hain from�2 = 0:12 in 277112 to �2 = 0:30 in 253Fm.In order to examine possible �-deay paths, we assume that (i) � transi-tions onserve parity and (ii) -ray or internal onversion to lower levels inthe daughter nuleus an take plae before the next � transition ours. Letus note that the latter assumption is invalid when the levels populated by �
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1922 J.F. Berger, D. Hirata, M. Girodtransition are long-lived isomers. The possible positive parity and negativeparity paths obtained under these assumptions are shown in Fig. 8 as solidand dashed arrows, respetively.The deay sequene orresponding to solid arrows an be summarized asfollows:[716℄13=2� 277112 12:12 MeV�! [716℄13=2� 273110 11:02MeV�! [725℄11=2� 269Hs ;[604℄9=2+ 269Hs 8:79 MeV�! [604℄9=2+ 265Sg ;[725℄11=2� 265Sg 8:68 MeV�! [725℄11=2� 261Rf ;[624℄7=2+ 261Rf 8:29 MeV�! [611℄3=2+ 257No 7:85 MeV�! [631℄1=2+ 253Fm :Exited states are labeled by their Nilsson quantum numbers in additionto K and parity and the numbers above the arrows indiate theoretial �energies. The largest disrepany with experimental data appears in theenergy of the �rst emitted �, where the theoretial result overestimates theexperimental one by 670 keV. One ould have onsidered a transition fromthe [716℄13=2� ground state of 277112 to the [761℄1=2� in 273110. This wouldredue the � energy to 10:81 MeV, in slightly better agreement with exper-iment. However, this �K = 6 transition seems to be highly improbable.Let us stress that the predited ground state spin-parity of 253Fm isJ� = 1=2+, in agreement with data from systematis [38℄. In 257No, a 3=2+ground state and a 7=2+ level at 200 keV exitation energy are found, whereassystematis predit J� = 7=2+ for the ground state of this nuleus.The next �-deay hain we examine here is the one of the nuleus 289114289114 9:71 MeV�! 285 112 8:67 MeV�! 281 110 8:83 MeV�! 277 Hs :This hain was observed at Dubna through the reation 48Ca + 244Pu wherethe nuleus 292114 was formed after emission of 3 neutrons [2℄.The result of our alulations is displayed in Fig. 9. Under the sameassumptions as above, the most probable deay hain is the negative parityone indiated by solid arrows:[707℄15=2� 289114 8:85 MeV�! [707℄15=2� 285112 ;[600℄1=2+ 285112 8:36 MeV�! [600℄1=2+ 281110 9:22 MeV�! [600℄1=2+ 277Hs :Another deay path indiated by dashed arrows an be followed if thetransition from the 15=2� state to the 1=2+ ground state in 285112 is fastenough. Comparison with experimental data shows that our alulationunderestimates the energy of the �rst emitted � by 860 keV. Any other
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