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THE STRUCTURE OF HEAVY OCTUPOLE ANDSUPERHEAVY QUADRUPOLE DEFORMED NUCLEI�N. Amzala, P.A. Butlera, P.T. Greenleesb, R.-D. HerzbergaR.D. Humphreysa, H. Kankaanpääb, J. Bastina, F. BekereP.M. Brewa, J.F.C. Coksb, R.A. Cunninghamd, T. CzosnykaK. Eskolag, J. Gerlf, N.J. Hammonda, K. Haushilde, P. HeikinenbK. Helariuttaf, F.-P. Heÿbergerf , A. Hürstele, I. IwanikiG.D. Jonesa, P.M. Jonesb, R. Julinb, S. Juutinenb, A. KeenanbH. Kettunenb, S. Khlebnikovj, T.-L. Khooi, W. KorteneP. Kuusiniemib, Y. LeCoze, M. Leinob, M. Muikkud, P. NieminenbT. Pagea, P. Rahkilab, P. Reiterh, C.S. Sholeya, G. SlettenkO. Stezowskia, C. Theisene, J. Uusitalob, and H.-J. WollersheimfaOliver Lodge Laboratory, University of Liverpool, Liverpool, U.K.bDepartment of Physis, University of Jyväskylä, Jyväskylä, FinlandHeavy Ion Laboratory, Warsaw University, PolanddDaresbury Laboratory, U.K.eDAPNIA/SPhN CEA-Salay, Gif-sur-Yvette, FranefGSI Darmstadt, GermanygDepartment of Physis, University of Helsinki, FinlandhLudwig Maximilians Universität, Münhen, GermanyiArgonne National Laboratory, USAjKhlopin Radium Institute, St. Petersburg, RussiakThe Niels Bohr Institute, Copenhagen, Denmark(Reeived April 10, 2001)We report here experimental attempts to determine the sign of theeletri dipole moment (relative to the eletri otupole moment) in theotupole deformed nuleus 226Ra. Sensitivity to this quantity is observed inthe measured yields of -ray transitions following very low energy Coulombexitation. Reent progress is also reported in the development of new spe-trosopi tehniques that promise to eluidate the struture of deformed su-perheavy nulei in the region of 254No. The 4+ ! 2+ transition in 254No,as well as higher spin transitions, has been identi�ed using reoil-taggedonversion eletron spetrosopy.PACS numbers: 21.10.�k, 23.20.Lv, 23.20.Nx, 23.60.+e� Invited talk presented at the High Spin Physis 2001 NATO Advaned ResearhWorkshop, dediated to the memory of Zdzisªaw Szyma«ski, Warsaw, Poland,February 6�10, 2001. (2519)



2520 N. Amzal et al.1. IntrodutionFrom a historial perspetive, the alulation of the eletri dipole mo-ment in pear-shaped nulei has presented a hallenge. The earliest alu-lations using the liquid-drop model predited opposite signs for the ele-tri dipole moment, de�ned with respet to the intrinsi nulear frame[1,2℄. There has been a long standing predition [3,4℄ that the sign of theE1 moment hanges for Ra isotopes as the mass is inreased from 222 to226. This arises from the shell orretion to the bulk (droplet) ontributionwhih beomes inreasingly negative as N inreases. The latter marosopi-mirosopi alulations suessfully reprodue the near exat anellationfor the E1 moment whih has been observed for 224Ra [5℄. The experimentalhallenge is to measure the sign of the eletri dipole moment. While a mea-surement of this quantity in isolation is impossible, it is in priniple possibleto measure the sign of the E1 moment relative to the E3 moment for a mixednulear transition. While -ray deay properties depend very weakly on theE3 admixture and Coulomb exitation at lose nulear distanes has littledependene on the E1 admixture, the latter an beome sensitive to therelative amount of E1 and E3 for an optimal distane of losest approah.In the �rst part of this paper, we desribe an experiment to measure therelative phase of the E1, E3 moments in whih the sensitivity of low energyCoulomb exitation to this quantity was exploited.The understanding of the struture of the heaviest, in partiular Su-perHeavy Elements (SHE), is essential for the development of mean �eldtheories that are used to predit nulear properties far from stability. Ex-perimental insight into the struture of superheavy spherial nulei an beobtained by diret measurement of the ground state properties of nulei.Attempts to reah the spherial SHE have been made in reent years andandidates for alpha deay from several nulei with Z = 114�118 have beenreported [6,7℄. Equally important information an ome from the study ofmid-shell deformed nulei, sine seleted single partile orbitals that lie loseto the spherial shell gap in SHE are lose to the Fermi level in nulei havinglarge quadrupole deformation. Suh information an ome from alpha-deaystudies or from in-beam spetrosopy. In the latter tehnique the promptdeay proess is tagged by detetion of the reoiling nuleus or by alphadeay from the reoil, using eletromagneti separators. In this manner, in-beam gamma-ray spetrosopy has enabled the rotational behaviour of theeven�even nuleus 254No to be studied up to spin 20 ~ [8,9℄. In these exper-iments the reation produts, although populated with small ross setions(� < 3�barn), have been separated from the dominant �ssion bakground.



The Struture of Heavy Otupole and Superheavy Quadrupole : : : 2521In the seond part of this paper we report here a new experimentalmethod that promises greater �exibility than -ray spetrosopy in the studyof heavy nulei. Our tehnique allows the diret detetion of internal on-version eletrons emitted at the target and their tagging by reoil detetionor Reoil Deay Tagging (RDT), using a broad-range, high e�ieny ele-tron spetrometer. The sensitivity of the tehnique is demonstrated here byapplying it to the measurement of the rotational band in 254No, in whihonversion eletrons orresponding to transitions from the 4+ ! 2+ up tothe 12+ ! 10+ were observed in a relatively short running time. This teh-nique has numerous appliations in the study of heavy nulei where internalonversion is a probable proess, suh as odd-mass nulei whose deay se-quene is dominated by low energy M1 transitions, superdeformed nuleithat deay by low energy E2 transitions, or spherial-deformed shape oex-istent nulei whose low lying states deay by E0 transitions to the groundstate. 2. Measurement of sign of eletri dipole momentCalulations using the (semi-lassial) Coulomb exitation least-squares-searh ode GOSIA [10℄ suggest that, if the bombarding energy of a mass40 projetile is about 1.5 MeV/A, the population of the 1� state in 226Ra isvery sensitive to the assumed relative sign of the E1 and E3 matrix elements.In an experiment arried out at the University of Jyväskylä a beam of2 pnA 40Ar irradiated a 226Ra target of thikness 200�g/m2. A parallelplate avalanhe ounter was employed to detet the baksattered 40Ar ionsover an angular range 115Æ�146Æ in the laboratory frame with preision of 2Æ.The -rays were deteted using an array of 4 Compton suppressed TESSAdetetors and 4 EUROGAM phase I detetors at 60Æ and 120Æ to the beamdiretion. The total peak e�ieny of the array at 200 keV was about 1.5%.The beam energy, produed using fourth harmoni aeleration in the JYFLK = 130 ylotron, was 60 MeV. At this energy the yield of the 1� state in226Ra hanges by 30% if the sign of the E1/E3 phase hanges.The yield of the 186 keV 1� ! 2+ transition in 226Ra (see �gure 1)had a statistial unertainty of 20%. The largest ontribution to the errorame from the random bakground, whih arises from the -ray radioativityfrom 226Ra (in partiular the 186 keV transition in 222Rn) and the elastisattering rate. A full variational proedure was employed, in whih the datawere �tted, using GOSIA, by varying all E1, E2 and E3 matrix elements.In this ase the data onsisted of the measured yields and the previouslymeasured matrix elements in 226Ra [11℄. In the �tting proedure it wasassumed that the relative phase of the E1 moments to the E3 momentsis given by the rotational model, and that the sign of (Q1=Q3) is either



2522 N. Amzal et al.

Fig. 1. Gamma-ray spetrum measured in oinidene with baksattered proje-tiles following the reation 60 MeV 40Ar + 226Ra.positive or negative. For the positive solution, the value of �2 per degreeof freedom, with 2 degrees of freedom, was 4.6. For the negative solution itwas 1.6. These values orrespond to a probability level of 10% and 45%,respetively.The data are not su�iently aurate to establish whih hypothesis forthe relative phase is the orret one. Nevertheless, the experiment demon-strates that the measurements are indeed sensitive to this quantity. It will beneessary to redue the experimental unertainty on both the experimentalyields and the matrix elements that an be measured independently with-out employing Coulomb exitation. This an be ahieved in the �rst aseby employing oinidene onversion eletron tehniques, and in the seondase by making aurate measurements of the lifetimes of the 1� and 3�states. Suh experiments designed to ahieve these goals are being planned.3. Eletron onversion measurements in 254NoIn these experiments we employed the SACRED [12℄ eletron spetrom-eter on�gured in a new geometry in whih the eletron trajetories arenearly parallel to the beam diretion [13℄. SACRED onsists of a single SiPIN wafer, 500 mirons thik, segmented into 25 pixels onneted to indi-vidual ampli�ation and timing hannels. The geometry is irular, with6 quadranted annuli surrounding the entral element. The outer diameterof the detetor is 28 mm. Eletrons are transported from the target to the



The Struture of Heavy Otupole and Superheavy Quadrupole : : : 2523detetor using a solenoidal magneti �eld generated by four separated, nor-mal onduting oils. The target-detetor distane is 550 mm. The beamaxis is at an angle of 2.5 deg to the �eld axis, interseting at the targetposition. This arrangement has the advantage of an approximately ollineargeometry, while ensuring that the beam is displaed by 25 mm from the �eldaxis at the detetor position. Fousing of the beam through the apertureat this position redues the bakground from eletrons produed near thedetetor. It also results in a large beam size at the target that distributes theeletrons produed at the target, dominated by low energy delta eletrons,more evenly over the detetor. The delta eletron bakground is redued toan aeptable level by an eletrostati barrier plaed between the target andthe detetor.The ollinear geometry, while o�ering the advantage of reduing Dopplerbroadening of the eletron lineshape and a redution in delta eletron yieldin the bakward diretion, enabled the eletron spetrometer to be oupledto the gas-�lled reoil separator RITU [14℄. In this ase the reoil produtswere transported in RITU to a parallel plate proportional ounter and seg-mented silion pad detetor at its foal plane. The magnet volume of RITUand the setion of SACRED ontaining the target that is onneted to RITUwere �lled with 0.7mbar helium gas. This volume is separated from the re-maining volume of SACRED by two foils of 50�g/m2 arbon with pumpedintermediate volume. In this way the pressure of the region between thebarrier and detetor was maintained at 10�6 torr or better, thus reduingthe bakground from aelerated eletrons produed following ionisation ofthe residual gas moleules by the beam.The beam of 219 MeV 48Ca was provided by the ECR soure and K =130 ylotron of the aelerator laboratory of the University of Jyväskylä.The beam energy was seleted so that the average beam energy in the entreof the target (216 MeV) orresponds to the maximum of the yield of thereation 208Pb(48Ca, 2n)254No. The target, whose thikness was variously400 �g/m2 and 250 �g/m2, was bombarded by a beam of 1:5 pnA forapproximately 4 days. The potential of the eletrostati barrier (with respetto target and detetor) was �40 kV when the thiker target was used and�45 kV in the ase of the thinner target.Figure 2 shows an eletron spetrum tagged by the detetion of 254Noreoils. Even though the data analysis performed to produe this spetrumis preliminary, the sequene of disrete onversion-eletron lines orrespond-ing to the 4+ ! 2+ up to the 12+ ! 10+ transitions in 254No is learlyvisible. The average energy resolution arises mostly from the 4 keV intrinsiresolution of the individual detetor hannels. In the previous experimentswhere -rays were deteted in 254No [8,9℄ the 4+ ! 2+ transition was notobserved beause of internal onversion.
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Energy    (keV)Fig. 2. Eletron spetrum at the target position obtained by reoil tagging followingthe reation 208Pb(48Ca, 2n)254No. A barrier voltage of �40 kV was employed formost of the experiment. The beam urrent was 1:5 pnA, with total irradiation timeof about 4 days. The peaks are labeled aording to the deay sheme of Ref. [9℄;the dispersion is 2 keV/hannel. The data analysis used to reate this spetrum isat a preliminary stage.The most interesting feature of �gure 2 is the ontinuous bakgroundbeneath the disrete line struture, whih peaks at around 75 keV. Thisdoes not arise from sattering of eletrons from the detetor (in the SACREDgeometry the eletrons have almost normal inidene on the detetor andthe probability of baksattering is less than 20%). Figure 3 demonstratesthat the eletron multipliity of the bakground is signi�antly higher thanthat of the disrete line struture. In this �gure (whih represents a subsetof the total data) events are seleted aording to two riteria: (1) if a hitis reorded in only one of the 25 detetor pixels; or (2) if one or more hitsare reorded in the detetor. As expeted, the intensity of the ground staterotational band shows no di�erene: the estimated eletron multipliity fortransitions above the 40 kV barrier is 2 and the hit probability (= hm"ei) is0.15. In ontrast, the bakground is redued by a fator of 2 by demandinga single hit, suggesting that it has an eletron multipliity of around 5�10.There are at least two possible soures for this bakground. One possi-bility is that it is largely atomi in origin, arising from the ollisions of thereoiling nobelium atoms with the lead atoms in the target. It annot arisefrom Ca + Pb ollisions: the normal (singles) �delta� bakground peaks atthe barrier voltage whereas the spetral shape in oinidene with reoilsis very di�erent. Another possibility is that the bakground has a nulearorigin, suh as from a quasi-ontinuum of M1 transitions. There are several



The Struture of Heavy Otupole and Superheavy Quadrupole : : : 2525
0

20

0

0

20

0

0 100 200 300 400 50050 150 250 350 450

10

30

30

10

10

20

30

All electron folds

Single electron

MC Simulation

   Energy   (keV)

No254

Fig. 3. Eletron spetra (number of ounts in the vertial axis) for the same reationas desribed in �gure 2. Upper �gure: events are seleted if a hit is reorded in anyof the 25 detetor pixels of SACRED. Middle �gure: events are seleted if a hitis reorded in only one of the detetor pixels. Lower �gure: simulated spetrum,assuming that only the ground state rotational band ontributes to the spetrum.Only the �rst half of the experimental data, during whih the eletrostati barrierwas 40 kV, has been sorted to produe these spetra.high 
 orbitals near the Fermi surfae of 254No (e.g. [514℄7/2�, [624℄9/2+protons, [624℄7/2+, [734℄9/2� neutrons) that an give rise to low lying 2quasi-partile high K rotational bands whose �I = 1 in-band transitionswould mostly deay by internal onversion.4. SummaryWe have demonstrated that at very low bombarding energies the Cou-lomb exitation yield of low lying negative parity states in otupole deformednulei is sensitive to the relative phase of the eletri dipole and otupole



2526 N. Amzal et al.matrix elements. This will allow us to obtain information about the shapeof the eletri harge distribution in pear-shaped nulei, and enable thesign of the eletri dipole moment be inferred diretly from experimentalmeasurements.We have also shown that the detetion of internal onversion eletronsemitted at the target, when tagged by reoil detetion, is now o�ering om-parable sensitivity to -ray spetrometry. The SACRED eletron spetrom-eter, used in onjuntion with the gas-�lled spetrometer RITU, has beenused to measure the ground state rotational band in the deformed super-heavy nuleus 254No. In addition to learly observing transitions depopula-tion states from the 4+ to the 12+, the experiment revealed the presene ofa bakground that may originate from the in-band deay of low-lying twoquasipartile high K bands.We would like to thank R. Bengtsson, W. Nazarewiz and A. Sobizewskifor useful disussions. This work was supported by the Aess to LargeSale Faility programme under the Training and Mobility of Researhersprogramme of the EU, The Aademy of Finland under the Finnish Centreof Exellene Programme 2000-2005, the U.K. Engineering and PhysialSienes Researh Counil, and the U.S. Department of Energy.REFERENCES[1℄ A. Bohr, B.R. Mottelson, Nul. Phys. 4, 529 (1957); Nul. Phys. 9, 687 (1958).[2℄ V.M. Strutinsky, At. Energ. 4, 150 (1956).[3℄ G.A. Leander et al., Nul. Phys. A453, 58(1986).[4℄ P.A. Butler, W. Nazarewiz, Nul. Phys. A533, 249 (1991).[5℄ R.J. Poynter et al., Phys. Lett. B232, 447 (1989).[6℄ Yu.Ts. Oganessian et al., Nature 400, 242 (1999); Phys. Rev. C62, 041604(R)(2000); Phys. Rev. C63, 011301(R) (2001).[7℄ V. Ninov et al., Phys. Rev. Lett. 83, 1104 (1999).[8℄ P. Reiter et al., Phys. Rev Lett. 82, 509 (1999); Phys. Rev. Lett. 84, 3542(2000).[9℄ M. Leino et al., Eur. Phys. J. A6, 63 (1999).[10℄ T. Czosnyka et al., Bull. Amer. Phys. So. 28, 775 (1983).[11℄ H. Wollersheim et al., Nul. Phys. A556, 261 (1993).[12℄ P.A. Butler et al., Nul. Instrum. Methods Phys. Res. A381, 433 (1996).[13℄ H. Kankaanpää et al., to be published.[14℄ M. Leino et al., Nul. Instrum. Methods Phys. Res. B99, 653 (1995).


