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620 P.A. Butler et al.1. IntrodutionBetter understanding of the e�etive nulear interation omes from test-ing the preditions and limits of appliability of nulear models by probingnulei under extreme onditions. One approah is to examine the quantalbehaviour of nulei having extremes in overall mass (heavy and superheavynulei). The appliation of a partiular theoretial model to very heavy nu-lei is a severe test of the model and demands a rigorous derivation of thenulear Hamiltonian. At present, the preditions of di�erent state-of-the-art models, using the Strutinsky approah and the Skyrme�Hartree�Fokmethod, give very di�erent positions of the next spherial shell losure forprotons beyond Z = 82 [1℄.The small ross-setions for the prodution of nulei with Z > 100 has,in the past, restrited the measurement of observables of very heavy quan-tal systems to ground state deay properties [2℄. This leture desribes howreent developments in -ray and eletron spetrosopy will lead to the avail-ability of a muh wider spetrum of experimental measurements, allowingmore stringent testing of nulear models.2. In-beam gamma-ray spetrosopy ofeven�even nobelium isotopesThe most important development in gamma-ray spetrosopy of heavynulei has been the oupling of germanium detetor arrays at the targetto reoil separators apable of �tagging�, or identifying prompt gamma-rayemission by diret measurement of the mass of the reoiling nuleus or bymeasurement of radioative deay. In the ase of Radioative Deay Tag-ging (RDT), it is neessary to make both time and position measurementsat the foal plane in order to orrelate the deay proess with the eventsmeasured at the target [3℄. The tehnique is urrently apable of identify-ing prompt gamma-rays from nulei populated with ross-setions of a fewhundred nanobarns. The realisation that the ross-setion using the rea-tion 208Pb(48Ca,2n)254No (� 3�b), employing doubly-losed shell projetileand target, is su�ient for RDT measurements led to the observation of theground state rotational band in the Z = 102, N = 152 nuleus up to spin20~ [4,5℄. This measurement is signi�ant beause it on�rms that 254Nois well deformed, with a value for � = 0:32 � 0:02 [6℄. The quadrupole de-formation is dedued from the extrapolated 2+ ! 0+ transition energy andthe systemati dependene of the lifetime of the 2+1 state on its energy [6℄.This observation is onsistent with expetations of several lasses of mean�eld theories, e.g. [7℄, whih all predit that the stability against �ssionof this mid-shell nuleus arises from shell orretions enhaned beause ofquadrupole deformation.



Towards in-Beam Spetrosopy of the Heaviest Elements 621Reently, measurements have been arried out following the reation206Pb(48Ca,2n)252No, whih has a ross setion of about 300 nb [6,8℄. Thisexperiment was arried out at Jyväskylä using the JUROSPHERE -raydetetor array [3℄ in onjuntion with the gas-�lled separator RITU [9℄.The ground state rotational band was observed up to spin 20~ and showsan upbend (see Fig. 1) at a frequeny ! = 200 keV whih is absent from254No. The dedued quadrupole deformation in this ase is 0:31� 0:02 [6℄.

Fig. 1. Dynamial moment of inertia as a funtion of rotational frequeny for252;254No. Taken from Ref. [6℄.3. Loation of next spherial shell gapsAs mentioned already, the di�erent mean �eld approahes give di�er-ent preditions for the loation of the next spherial magi numbers beyond208Pb. Systemati studies [1,10℄ of three types of mean �eld, Strutinsky,Skyrme�Hartree�Fok (SHF), and Relativisti Mean-Field (RMF), give re-spetively (114,184), (124�126,184) and (120,172) for the next spherial shelllosures (Z;N). The weakness of the marosopi�mirosopi approah ap-pears to be its lak of self-onsistent treatment of surfae properties suh asproton di�useness [1℄. The di�erene between the SHF and RMF approahesseems to lie in the treatment of the spin�orbit fore [10℄. These di�erenesare magni�ed for heavy systems in whih the single-partile spetrum be-omes ompressed, the spin�orbit splitting is attenuated, and Coulomb ef-fets are enhaned [1℄.De�nitive experimental information on these positions an only omefrom diret measurements of superheavy nulei lying lose to the expetedpositions of the losed shells [11,12℄. However, the various mean �eld pa-



622 P.A. Butler et al.rameterisations an be tested by examining the single partile properties ofmid-shell deformed nulei. For example, the Z = 114 shell gap is replaed bya gap at Z = 126 if the p 12 , p 32 and f 52 single partile levels are lowered withrespet to the i 112 level. In this ase the position of the [521℄1/2 deformedproton level, lose to the Fermi level for Z = 102, is ritial. Attempts havebeen made at both Argonne and Jyväskylä to study the odd mass nulei253No and 255Lr respetively by observing the reoil-tagged gamma-ray emis-sion at the target. In both ases strong internal onversion and frationationof intensity hinders identi�ation of gamma-ray sequenes, inferring that inboth ases the yrast sequene ontains strongly oupled signature partnerbands with rather large values of gK � gR. This provides some informationabout the struture of the levels near the Fermi surfae. For example, thereare two sets of parameters ommonly used in the Nilsson model that havebeen extrated from �tting experimentally measured single partile levels,with relatively little input from nulei heavier than 208Pb. For the mass 250region, the values of � and � are very di�erent for the two sets [13℄. One setof parameters predits that the yrast sequene of 253No is a strongly oupledband; the other set predits that a gamma-ray sequene should be learlyobservable [14℄. For 255Lr, the ground state on�guration [514℄7/2 preditedby both Woods�Saxon and SHF models would lead to small B(M1)=B(E2)ratios and modest internal onversion [15℄. Reent experiments at Jyväskylähave also revealed the presene of isomeri states in even�even nulei suhas 254No. Fig. 2 shows the spetrum of gamma-rays measured using the GSISuperlover [16℄ positioned at the foal plane of RITU, in prompt oini-dene with alpha partiles having energy of about 8 MeV.

Fig. 2. Spetrum of -rays measured at the foal plane of RITU, in prompt oini-dene with �-partiles having energy � 8MeV, following the reation 208Pb+48Ca.The beam energy halfway through the target was 216 MeV.



Towards in-Beam Spetrosopy of the Heaviest Elements 623Three gamma lines an be learly identi�ed. Their nuleus of originannot as yet be determined and await further experiments. Nevertheless,the measured properties of the isomeri state should reveal details about theunderlying single partile struture.Further information about the loation of the next spherial shell gapsan be extrated from the systemati behaviour of the B(E2 : 2+ ! 0+) ofnulei lying in the shell above 208Pb. Aording to the NpNn systematisof referene [17℄, the value of the B(E2) for nulei with Z > 100 shouldbe very di�erent for the di�erent assumptions for the proton and neutronnumber at the next spherial losed shell. Fig. 3 shows the values of B(E2)obtained from lifetime versus exitation energy systematis [6℄ for 252;254Nofor the two senarios Z = 114, N = 184 and Z = 126, N = 184. Un-fortunately the experimental unertainty does not distinguish between thetwo possibilities. Preise measurements of the energy of the 2+1 state in256Rf, either by in-beam measurements using the � � 5nb ross setion208Pb(50Ti,2n)256Rf [18℄ or by the 10 % � branh following the � � 300pbreation 208Pb(54Cr,2n)260Sg [19℄ should, however, be able to make the dis-tintion.

Fig. 3. Experimental B(E2 : 2+ ! 0+) values versus the produt NpNn. Thevalues obtained for 252;254No are indiated with losed and open symbols assumingthat the next spherial gap is at Z = 114; N = 184 (losed) and Z = 126; N = 184(open), respetively. The straight line is the expeted trend taken from Ref. [17℄.4. Outlook: target eletron spetrosopyand foal plane spetrosopyIt is lear that detailed spetrosopy of very heavy nulei that are reatedwith sub-mirobarn ross setions requires the development of new spetro-sopi tools. The Liverpool�Jyväskylä SACRED silion detetor array [20℄is designed to detet multiple onversion eletron emission from the tar-



624 P.A. Butler et al.get. It employs a solenoidal magneti �eld to transport the eletrons fromthe target to the detetor. The detetor itself is segmented so as to form25 independent elements, whih have individual ampli�ation and timinghannels. An important omponent of the spetrometer is the eletrostatibarrier, whih suppresses the high �ux of low energy eletrons produed inatomi proesses. The typial peak e�ieny of the array is about 10% foreletrons with inident energy between 100 and 300 keV. For reoil taggingor RDT experiments, where the heavy reoils are deteted using the RITUreoil separator, the solenoid has its axis approximately parallel to the beamdiretion, in a ollinear geometry. The annular silion detetor is plaed up-stream of the target, whih has the advantage that the atomi eletron �uxis smaller in this diretion and the kinemati broadening of the eletrons is aminimum. A test experiment performed reently showed promising results.In these experiments the angle of the beam with �eld axis was about 2:5Æ,so that the displaement of the beam at the detetor position (580 mm fromthe target) was about 25mm. This has the advantage that there is no ne-essity for a entral hole in the detetor, as the outer radius of the detetor(divided into 6 onentri rings with 4 quadrants, with an additional entralregion) is 14mm. The detetor and high voltage barrier was isolated fromthe 0.76 mbar He gas in RITU by a double window system with intermediatepumping. Eah window onsisted of 50�g/m2 C foil.Fig. 4 shows the prompt eletron spetrum gated by reoil detetion inRITU, for the reation 124Sn(48Ca,xn). The barrier voltage was �35kV. Inthis experiment the resolution was limited by noise pikup on the detetorand poor base-line suppression, and is far from the value expeted from kine-mati e�ets (better than 3 keV). A short run for the reation 208Pb+48Cademonstrated that events orresponding to 254No ould be leanly isolatedfrom the bakground, and struture orresponding to the 4+ ! 2+ transitionin 254No was observed in this experiment.The study of low-lying states in heavy nulei an also be ahieved byobservation of their deay properties at the foal plane of the reoil separator.Typially the ross-setions for the formation of the parent nuleus is 10times smaller than that for diret population of the daughter, but advantagean be made of higher beam urrents and detetor e�ienies available fordeay spetrosopy.In order to ahieve the neessary level of sensitivity, a tagging detetionsystem deployed at the foal planes of the high-transmission reoil separa-tors must be highly segmented, provide exellent energy resolution and havethe highest possible e�ieny. A new foal plane spetrometer, GREAT(Gamma, Reoil, Eletron, Alpha, Time/Tagging), and its assoiated ele-tronis and data aquisition system will be onstruted to satisfy these ri-teria.



Towards in-Beam Spetrosopy of the Heaviest Elements 625

Fig. 4. (a) Reoil-gated eletron spetrum following the reation 124Sn(48Ca,xn).The beam energy halfway through the target was 215 MeV. (b) Reoil-gatedeletron�eletron spetrum, obtained by applying a gate on the L-line of the 228 keV4+ ! 2+ transition in 166Yb (see inset). This spetrum is dominated by the ele-tron lines arising from the 102 keV 2+ ! 0+ transition.The GREAT spetrometer (see Fig 5) is designed to measure the proper-ties of reation produts transported to the foal planes of reoil separators.GREAT omprises �ve distint omponents:(1) double-sided silion strip detetors into whih the reation produtsare implanted and used to measure subsequent � partile, � partileor proton emission;(2) an array of silion PIN photodiode detetors to measure onversioneletron energies with good (� 4 keV) energy resolution;(3) a double-sided planar germanium strip detetor to measure the ener-gies of X rays, low energy  rays and � partiles;



626 P.A. Butler et al.(4) a high e�ieny segmented germanium Clover detetor to measure theenergies of higher energy  rays;(5) a multiwire proportional ounter in front of the silion strip detetorsto at as an ative reoil disriminator.
Fig. 5. Sheme of the GREAT spetrometer. The reoils pass through, in order,the multiwire proportional ounter (not shown), the PIN Si box, the implantationSi detetor, the planar Ge detetor and the large volume Ge Clover detetor.The silion strip detetors and the germanium detetors are segmentedto enable position orrelations be made with assoiated deays in the par-tile detetors of GREAT, while the separation of the photon energy rangeinto two types of germanium detetor gives the greatest �exibility and perfor-mane. GREAT will provide the apability to measure all of the deays fromthe radioative reation produts for both in-beam tagging and radioativedeay studies. 5. SummaryNew developments in nulear spetrosopy of prompt emission at thetarget and deay emission at the foal plane of reoil separators are takingplae, whih will allow measurements of the struture of superheavy sys-tems. In-beam -ray measurements of even�even nulei in the rotationalsuperheavy region, 252;254No, have been arried out, revealing the propertiesof the ground state rotational bands up to spin 20~. Measurement of promptonversion eletrons emitted from even�even and odd mass nulei populatedat sub-mirobarn ross-setions is now possible, and sensitive foal plane in-struments are being onstruted whih an identify deay proesses followingthe radioative deay of the parent nuleus. In this way mean �eld theoriesthat are extrapolated from medium-mass nulear systems to the superheavyregion an be tested.
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