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THE DRAGON GUARDING THE ISLAND OFSUPERHEAVY NUCLEI HAS DROPPED HIS SHIELD�W.D. Myers and W.J. �wi¡tekiNulear Siene Division, Lawrene Berkeley Laboratory,Berkeley, California 94720, USA(Reeived April 4, 2000)The unexpetedly large ross-setion reported for the reation86Kr + 208Pb = 293118 + n may be due to the lowering of the Coulombbarrier (measured with referene to the energy of the ompound nuleus).Some onsequenes of this �unshielding� phenomenon are disussed.PACS numbers: 21.10.DrIt is a great pleasure to ontribute this talk on the oasion of KasimirGrotowski's 70th jubilee. Three sore and ten seems to most people likean appropriate retirement age, but this does not take aount of the twinparadox in speial relativity, whih says that if you travel frequently and far� as Kasimir has done � you age more slowly. I believe that tunnelinge�ets may also have ontributed to Kasimir's looking suspiiously youngerthan 70. As many of you know, Kasimir has done a lot of tunneling atone time, as desribed in a book on the exploits of Polish spelunkers inthe �fties. (P. Burhard, �Z Wypraw Grotoªazów�, Warsaw 1957.) Now,tunneling e�ets are related to so alled instantons, for whih time standsstill. It is true that this is only the ase for quantal tunneling, but some ofthe photographs in Burhard's book have onvined me that the tunnelingmust have been quantal in the tightest passages attempted. In any ase,taking both relativity and quantum mehanis into aount, we are welljusti�ed in not really believing that Kasimir is seventy years old.Figure 1 provides the justi�ation for the title of my talk about thedragon lowering his shield. The shield in question is the Coulomb barrierthat guards the ompound nuleus against a diret attak in a heavy-ionreation. The upper part of Fig. 1 (based on [1℄) shows the exponentially� Presented at the Kazimierz Grotowski 70th Birthday Symposium �Phases of NulearMatter�, Kraków, Poland, January 27�28, 2000.(1471)
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Fig. 1. The upper part shows the ross-setions for forming very heavy nulei withelement numbers between 104 and 118. The lower �gures illustrate the energiesalong the fusion and �ssion valleys as funtions of the overall length of the on�g-uration in question. (See text.)



The Dragon Guarding the Island of Superheavy Nulei . . . 1473dereasing ross-setions for making heavy elements in bombardments of208Pb and 209Bi with progressively heavier projetiles, from 48Ca through70Zn to 86Kr. The bombarding energies were always suh that the exita-tion energy of the ompound nuleus was around 13 MeV, the optimum foremitting just one neutron. The startling feature of the plot is the break inthe systematis in going from 70Zn to 86Kr. The ross setion for the latterreation was about 2.2 pb [2℄, some four orders of magnitude higher thana simple extrapolation would have suggested. The big question is, whathappened between 70Zn and 86Kr?The lower part of Fig. 1 shows the position of the dragon's Coulombbarrier shield (the thik urve, followed by a dashed interpolation) in re-lation to the enter-of-mass bombarding energy (thik horizontal arrow) asone goes through the sequene of the above reations. The barrier shownis the sum of the eletrostati repulsion (dashed urve) and the nulearproximity attration [3℄, alulated for frozen density distributions of theolliding partners. The plots are against the overall elongation of the on-�guration in question. This means the distane between the outer tips ofthe approahing spheres before ontat, and the major axis of the fusingsystem after ontat. The diameter of the spherial on�guration is indi-ated by the medium-weight vertial line. �Firm ontat�, i.e., ontat ofthe two half-density pro�les, orresponds to the thin vertial line. �Gentleontat�, i.e., ontat between the density tails, is indiated by the dashedvertial line. It is the distane at whih for the �rst time the most energetinuleons an be exhanged between the nulei without quantal penetration.(At ��rm ontat� nuleons with any energy an be exhanged for the �rsttime. Aording to a Thomas�Fermi model of the nulear surfae, �gentleontat� is about 2.74 fm outside ��rm ontat� [3℄.) The medium-weighturve shows the energy along the ��ssion valley� of the disintegrating om-pound nuleus, as alulated using the Thomas�Fermi model without shelle�ets. The ground-state shell e�et (as estimated using Fig. 3) produesa deformed ground state (the deformation is small for 294118). Also shownis the estimated loation of the saddle-point de�ning the �ssion barrier thatguards the ompound nuleus against disintegration [4℄.The striking feature of Fig. 1 is the dipping of the Coulomb shield belowthe 1n bombarding energy between 70Zn and 86Kr. Is this responsible for thebreak in the ross-setion systematis? It is di�ult to be sure, sine theredoes not exist an adequate theoretial understanding of the observed minis-ule ross-setions: theories of fusion dynamis and of the subsequent om-petition between partile emission and �ssion have not reahed a su�ientlyquantitative stage. (A semi-empirial treatment an be found in [5℄.) Re-garding entrane hannel fusion dynamis, the relatively abrupt appearaneof a hindrane fator for ompound-nuleus formation when target-projetile



1474 W.D. Myers, W.J. �wi¡tekiombinations exeed a ertain size may, indeed, be orrelated with the rel-ative degrees of ompatness of the tangent-sphere and the saddle-pointon�gurations [6℄. The trend of this relative ompatness an be seen in theplots in Fig. 1, where for 50Ti + 208Pb the �rm ontat on�guration is onlysome 1.5 fm outside the saddle, the di�erene growing to 2.6 fm for 70Zn and4.8 fm for 86Kr. One expets that somewhere between gentle ontat and�rm ontat a tendeny to heal the nek region between the two nulei wouldset in (unless this is resisted by the shell and �ongruene� energies � seelater). This is bad for fusion, beause with inreasing nek the system slidesdown � gets injeted � into the �ssion valley, where the driving fore istowards re-separation. As an be seen from Fig. 1, this driving fore, as wellas the distane between a likely injetion point and the saddle, grows withinreasing Z. This is the �extra push� phenomenon that may be ontributingto the rapid derease of ross-setions in Fig. 1. But, somewhere between70Zn and 86Kr, one may expet a qualitative hange. The Coulomb shield nolonger stops the approah of the nulei, and the system may �ght its waytowards a more ompat on�guration, delaying the near fatal injetion intothe �ssion valley. But one should remember that in going from 70Zn to 86Krthree things atually happen. In addition to the favourable lowering of theshield, two unfavourable hanges take plae: the �rm ontat on�gurationhas moved up from 22.5 fm to 23.1 fm, and the saddle has moved bak from19.9 fm to 18.3 fm (the ground state of element 118 is almost spherial,and the saddle is orrespondingly more ompat). Perhaps this inrease by2.2 fm in the distane from the ontat on�guration to the saddle is re-sponsible for the fat that, despite the lowering of the Coulomb shield, theross setion to make element 118 has remained at the piobarn level.Is there a way of testing the hypothesis that the break in the trendof ross-setions in Fig. 1 is assoiated with the lowering of the Coulombshield? It turns out that this should atually be relatively easy. Fig. 2shows how. Element 108 was made at GSI with a peak ross-setion loseto 70 pb in the reation 58Fe + 208Pb = 266108, and this, as you an see, is areation shielded by the Coulomb barrier. The same isotope an be reahedby 128Te + 138Ba = 266108, whih is unshielded (but with a ontat on�g-uration that moved up by 1.0 fm). In these two reations the ompoundnuleus is the same, with the same exitation energy, so the only di�ereneis in the entrane hannel. If the observed ross-setion turns out to bemore than 70 pb, this will be a strong indiation that unshielding o�ersde�nite advantages. The same test an be arried out in the ase of element112, produed at GSI with a piobarn ross-setion in the shielded reation70Zn + 208Pb = 278112. Again, the same isotope an be reahed by the un-shielded 136Xe + 142Ce. Will the ross-setion be 10 pb, 100 pb, perhapsmore?
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Fig. 2. The fusion and �ssion valleys for shielded and unshielded reations leadingto 266108. (For the meaning of the lines and urves refer to the text.)The reason why unshielded reations make their appearane only withvery heavy target-projetile ombinations is elementary. The energy neededto deform a ompound nuleus into two tangent fragments is resisted by thesurfae energy and favoured by the eletrostati energy. Hene the greaterthe harge on the ompound nuleus, the lower the Coulomb barrier (as mea-sured with respet to the ground-state energy) until, above a ritial harge,the Coulomb barrier sinks below this energy (or this energy augmented bysome onstant, like the 13 MeV in the examples above). This happens �rst



1476 W.D. Myers, W.J. �wi¡tekifor deformations into two equal piees, where the Coulomb energy relief isgreatest. For even higher harges there opens up a range of asymmetriesfor whih unshielding is ahieved. (Negative shell e�ets in the target andprojetile piees will enhane the unshielding by lowering the energy of thetangent on�guration.)Unshielded reations that use more nearly symmetri target-projetileombinations have two disadvantages: the above mentioned loss of om-patness of the ontat on�guration, and (often) the loss of the advan-tages assoiated with targets near the doubly magi 208Pb. The advantageof using (doubly) magi targets has long been reognized as lowering theCoulomb shield. But the other, less obvious advantage is that the magi-ity of target and/or projetile delays the injetion into the �ssion valley.This is beause the shell energy resists for as long as possible the growthof the nek that destroys this extra binding energy. In this onnetion itmay be noted that the shape-dependent �ongruene energy� of [7℄, relatedto the �Wigner term� in nulear mass formulae, ats like a shell e�et: italso resists the transformation of two nulei into one. (The negative ongru-ene energy is approximately halved after fusion.) As an illustration, in thereation 58Fe+208Pb, the initial total shell e�et is 0:40 MeV �13:41 MeV= �13:01 MeV, and the hange in ongruene energy in going from the om-pound nuleus to the two fragments is �6:05 MeV, for a total extra bindingthat resists nek formation of �19:06 MeV. (All these estimates are made us-ing [8℄.) In the unshielded reation 128Te+138Ba the orresponding numbersare: total shell �6:68 MeV, hange in ongruene energy �4:54 MeV, for a�nal total of �11:22 MeV. This hange from �19:06 MeV to �11:22 MeVrepresents a signi�ant loss of resistane against nek formation. In the aseof the two reations mentioned above that lead to 278112, the orresponding��gures of merit� are nearly equal: �15:77 MeV (shielded) and �12:52 MeV(unshielded).Unshielded reations, if proved bene�ial, might open a broad avenue formaking heavy elements, in partiular for reahing the island of superheavynulei around N = 184 and Z = 114�126. Fig. 3 illustrates what the futuremight bring. The ontour lines are based on alulated shell e�ets in MeVtaken from [9℄. The diamonds represent known nulei, inluding the heavyelements from Z = 106 to 112, laboriously reated in the past 25 years inshielded reations, whose ross-setions peter out ominously at the piobarnlevel for Z = 112. The irles refer to Z = 118 and its alpha deay produts,resulting from last year's unshielded reation arried out in Berkeley [2℄. If itis on�rmed that also Z = 108 and Z = 112 an be produed with inreasedross-setions in unshielded reations, then the way seems open to eventu-ally reating dozens of new isotopes for Z > 105, up to perhaps Z = 120, oreven beyond. In Fig. 3 we have shown only two additional andidate rea-
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