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NUCLEAR DEFORMATION EFFECTSIN THE CLUSTER RADIOACTIVITY�erban Mi³iuDepartment of Theoretial Physis, NINPE-HHBuharest-Magurele, POB MG-6, Romaniae-mail: misiu�theor1.ifa.roand Dan ProtopopesuyFrank Laboratory of Neutron Physis, JINR141980 Dubna, Mosow Region, Russia(Reeived August 25, 1998)We investigate the in�uene of the nulear deformation on the deayrates of some luster emission proesses. The interation between thedaughter and the luster is given by a double folding potential inludingquadrupole and hexadeupole deformed densities of both fragments. Thenulear part of the nuleus�nuleus interation is density dependent and atsmall distanes a repulsive ore in the potential will our. In the frame ofthe WKB-approximation the assault frequeny of the luster will dependon the geometri properties of the potential poket whereas the penetrabil-ity will be sensitive to hanges in the barrier loation. The results obtainedin this paper point out that various ombinations of luster and daugh-ter deformations may aount for the measured values of the deay rate.The deay rates are however more sensitive to the hanges in the daughterdeformation due to the large mass asymmetry of the proess.PACS numbers: 21.60.Gx, 23.70.+j, 27.90.+b1. IntrodutionThe theoretial study of the heavy-luster emission and the super-asym-metri �ssion started at the end of seventies [1℄. Sine the beginning, thisphenomenon was reognized to be a onsequene of the shell losure of oneor both fragments beause of its old nature, i.e. the low exitation energyy On leave of absene from National Institute for Material Physis, Buharest-M gurele,POB MG-7, Romania. (127)



128 �. Mi³iu, D. Protopopesuinvolved in the proess. Later on, Rose and Jones on�rmed experimentallythe existene of this new phenomenon [2℄. Sine then many theoretial andexperimental studies have been arried out (for a review see [3℄). Reently itwas advoated that the luster radioativity is not an isolated phenomenon,and must be related to other proesses like the old fusion or old �ssion [4℄,where the losed shell e�ets play a dominant role. A still opened problemin the study of the luster radioativity is represented by the question of theexistene of only the spherial or both the spherial and the deformed losedshells. Although both daughter and emitted luster have in many ases, atleast for even-even nulei, a vanishing quadrupole deformation in the groundstate, higher multipole deformations are not rulled out aording to liquiddrop alulations [5℄. Until now there are no experimental data available fordeformed daughters.The in�uene of the ground-state deformations on the fragment emissionprobability have been onsidered in the past [6℄. However, the inlusion ofthe deformation did not destroyed the relative satisfatory agreement alreadyobtained between the experimental results and the results of simple modelswithout deformation. The �rst theoretial study of the luster deformatione�ets on the WKB penetrabilities have been arried out by S ndulesu etal. [7℄ using the double folded Mihigan-3 Yukawa (M3Y) potential for aspherial daughter and a quadrupole deformed emitted luster. The barrierassault frequeny �0 was depending on the deformation only by means ofthe �rst turning point loation, suh that for a deformed on�guration thebarrier was shifted at a larger interfragment distane and �0 was dereasing.In this paper we extend the study of the deformation e�ets in lusterradioativity by aounting also for the deformation of the daughter nuleusand inluding higher multipole deformations, like the hexadeupole one. Theinteration between the daughter nuleus and the luster, in the region ofsmall overlap and throughout the barrier is omputed by means of a dou-ble folding potential. The nulear part inludes a repulsive ore at smalldistanes. In this way our deformed luster approah supposes a lusteralready formed in the potential poket oming from the interplay betweenthe Coulomb and the repulsive nulear ore on one hand and the attrativenulear fore on the other hand. The depth and the width of this poket willdetermine the assault frequeny of the luster on the barrier, through whihit will eventually tunelate. In its turn, the penetrability will depend on theheight and width of the barrier. Sine all these geometrial harateristisdepend sensitively on the shape of the fragments we will investigate in thispaper the modi�ation indued by the quadrupole and hexadeupole defor-mations of the fragments on the poket and the barrier and �nally omputedeay rates for several luster emitters.



Nulear Deformation E�ets in the Cluster Radioativity 1292. Cluster�daughter double-folding potentialThe nulear interation between the daughter and the luster an bealulated as the double folding integral of ground state one-body densities�1(2)(r) of heavy ions as followsUN (R) = Z dr1dr2 �1(r1)�2(r2)v(s) ; (2.1)where v is the NN e�etive interation and the separation distane betweentwo interating nuleons is denoted by s = r1+R� r2, R being the entre-to-entre distane. In the past a G-matrix M3Y e�etive interation wasused to disuss light and heavy luster radioativity [7, 8℄. This interationontains isosalar and isovetor Yukawa funtions in eah spin-isospin (S; T )hannel and an exhange omponent oming from the one-nuleon knok-onexhange term. However, this interation is based on density-independentnuleon-nuleon fores and onsequently very deep nuleus�nuleus poten-tials are obtained. A double folding potential based on the e�etive Skyrmeinteration will ontain a repulsive ore whih would prevent, aording tothe Pauli priniple, a large overlap of the two interating nulei [9℄. Thusthe nulear potential between two ions ontains an attrative part and arepulsive one. Negleting the spin dependene, it an be written asUN (R) = C0�Fin � Fex�00 �(�21 � �2)(R) + (�1 � �22)(R)� + Fex(�1 � �2)(R)� ;(2.2)where � denotes the onvolution of two funtions f and g, i.e. (f � g)(x) =R f(x0)g(x � x0)dx0. The onstant C0 and the dimensionless parametersFin; Fex are given in Ref. [9℄. To solve this integral we onsider the inverseFourier transform UN (R) = Z e�iq�R eUN (q)dq ; (2.3)where the Fourier transform of the loal Skyrme potential eUN (q) an beasted in the formeUN (q) = C0�Fin � Fex�00 � e�21(q)e�2(�q) + e�1(q) e�22(�q)�+ Fexe�1(q)e�2(q)� :(2.4)Here e�(q) and e�2(q) are Fourier transforms of the nuleon densities �(r)and squared nulear densities �2(r). Expanding the nuleon densities foraxial-symmetri distributions in spherial harmonis we get�(r) =X� �(r)Y�0(�; 0) : (2.5)



130 �. Mi³iu, D. ProtopopesuThen e�(q) = 4�X� i�Y�0(�q; 0) 1Z0 r2dr��(r)j�(qr) ; (2.6)e�2(q) = p4�X� i�̂� Y�0(�q; 0)X�0�00 �̂0�̂00(C��0�000 0 0 )2� 1Z0 r2dr��0(r)��00(r)j�(qr) : (2.7)In this paper we take the one-body densities for both daughter and lus-ter as two-parameter Fermi distributions in the intrinsi frame for axialsymmetri nulei �(r) = �001 + exp((r �R(�))=a) : (2.8)Here �00 = 0:17 fm�3, a denotes the di�usivity whih is taken to be 0.63 fmfor the daughter and 0.67 fm for the luster, andR(�) = R0 1 + �2r 54�P2(os �) + �4 3p4�P4(os �)! (2.9)is the parameterization of the nulear shape in quadrupole �2 and hexade-upole �4 deformations. Here R0 = r0A1=3 with r0 omputed by means of aliquid drop presription [5℄.3. Calulus of deay onstantsWe adopt a modi�ed Gammow approah [3℄ whih is based on the ideathat the luster is pre-born, with a ertain probability P0, in the poket of theSkyrme+Coulomb potential and later on it tunnels through an essentiallyone-dimensional barrier. Although in the present ase, having deformedfragments, we deal with a multi-dimensional penetration problem, we andisregard the orientation e�ets in a �rst approximation. It is not di�ultto show that the value of the penetrability is maximized on the �ssion pathorresponding to daughter and luster having their symmetry axes orientedalong the inter-fragment axis. For suh a on�guration the top of the barrierwill attain a minimum and its loation is found at a larger interfragmentdistane.Consequently the deay rate � will be de�ned as follows:� = �0P0P ; (3.1)



Nulear Deformation E�ets in the Cluster Radioativity 131where �0 is the assault frequeny with whih the luster bombards the wallsof the potential poket. It is given by the inverse of the lassial period ofmotion T0 = rt2Zrt1 drs 2�Q� V (r) ; (3.2)where � is the redued mass of the luster-daughter pair and rt1 and rt2 arethe inner turning points, where the potential urve intersets the Q-value(see Fig. 1). Thus, in our model, �0 depends sensitively on the size of thepotential poket. The barrier penetrability is omputed in the frame of theWKB approah P = exp0��2 rt3Zrt2 drr2�~2 (U(r)�Q)1A ; (3.3)where rt3 is the outer turning point.
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Fig. 1. Variation of the interation potential U(R) with the quadrupole deformationof the luster, �C2 , when the ground hexadeupole deformation for 210Pb is kept�xed, �D4 = 0:008. The distane R is measured between the enters of mass of thetwo nulei. The horizontal line at 30:53 MeV is the Q-value of the deay.The alulus of the preformation probability P0 is usually based on elab-orated mirosopi models. Sine its alulation is beyond the purpose ofthis paper, we limit ourselves to a simple empirial formula proposed by



132 �. Mi³iu, D. ProtopopesuBlendowske et al. [10℄ for light lustersP0 = (P�0 )A�13 (A � 28) ; (3.4)where the subsript  refers to the luster and the �-spetrosopi fator isestimated as(P�0 )even = 6:3� 10�3 and (P�0 )odd = 3:2� 10�3 : (3.5)In what follows we onsider the 14C-deay of 224Ra.In Fig. 1 we plotted a family of potential urves U(R) for several quad-rupole deformations �C2 of the luster 14C and a �xed hexadeupole defor-mation of the daughter, hosen to be �D4 = 0:008, i.e. the ground state valuefor 210Pb. As one an see on this plot, the inrease of �C2 from negative topositive values is aompanied by the lowering of the barrier, while the bot-tom of the poket goes down further. The deay rate is in�uened mainly bythe hanges with deformation in the region between the �rst turning pointand the top of the barrier.For omparison, the next plot, Fig. 2, shows the variation of the in-teration potential with the hexadeupole deformation of the luster. Thevariation brought by the hexadeupole deformation is slightly di�erent. Likein the previous ase, the barrier lowers with �C4 , but the bottom of the poketrises. Obviously, this will a�et the values of life-times in a di�erent waythan the one �C2 does. The assault frequeny �0 will derease with inreas-ing luster hexadeupole deformation, but not enough to ompensate theinrease of penetrability. In overall the deay rate will inrease with �C4slower than with �C2 .Plots of the interation potential U(R) for di�erent pairs (�D2 ;�C2 ) ofquadrupole deformation are shown in Fig. 3. One an ompare the mag-nitude of the e�et of both luster and daughter quadrupole deformationsand the hanges whih our when we pass from prolate to oblate defor-mation. One an notie that the quadrupole deformation �C2 of the lusterats mainly on the right wall of the poket, while the modi�ation of thequadrupole deformation of the daughter nuleus pushes in opposite dire-tions both walls of the poket.The di�erene between positive and negative quadrupole and hexade-upole deformations of the daughter nuleus an be easily understood fromFig. 4. We observe di�erent type of modi�ations in the shape of the poket,orresponding to �2 and �4 deformations, respetively. The quadrupole andhexadeupole deformations of the daughter hange the depth of the potentialpoket in the same manner, in omparison with the ase of luster deforma-tions whih, as we saw in �gures 1 and 2, move the bottom of the poket inopposite diretions.
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Fig. 2. Variation of the interation potential U(R) with the hexadeupole deforma-tion of the luster, �C4 . All deformation parameters, exept �D4 =0.008, are zero.
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Fig. 3. Plots of the interation potential U(R) for di�erent pairs of daughter�lusterquadrupole deformation (�D2 ;�C2 ).A plot of alulated �, as a funtion of the hexadeupole deformation ofthe daughter nuleus �D4 , for several values of �D2 and a spherial luster, isdrawn in logarithmi sale in Fig. 5. One an see, for example, that if thedaughter nuleus has no quadrupole deformation a hexadeupole deforma-tion �D4 � 0:04 may aount for the experimental deay rate. Values of thedeay rate lose to the experimental one an be attained also by ombina-
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Fig. 4. Comparison between the e�ets of quadrupole and hexadeupole defor-mations of the daughter nulei. Here, ontrary to the ase when the luster isdeformed, the quadrupole and hexadeupole deformations modify the depth of thepoket in the same manner.tions of non-vanishing quadrupole and hexadeupole deformations.The next �gure presents the variation of the alulated deay rate � withluster hexadeupole deformation for four �xed values of �C2 (see Fig. 6). Thistime the daughter nuleus is taken to be spherial. Realling the observationsmade earlier, in onnetion with �gures 1 and 2, on the modi�ation of thepotential due to the quadrupole and hexadeupole deformations one mayunderstand why � inreases faster with �D4 than with �C4 . Therefore, onemay infer that it is less favorable to emit the daughter with a non-zerohexadeupole deformation.In Table I we seleted some of the most favorable ases for the alu-lated deay rates of several luster deay reations. As we expeted, prolatedeformations favor the deay. In the ase of 14C deay of 224Ra deforma-tions between -0.04 and 0.04 in �D2 give us deay rates whih math theexperimental one provided �D4 is taken to be not to large ompared to theground state value, i.e. 0.008. We may also onsider a ase when the lusteris deformed and the daughter is spherial. In the ase of 14C deay of 226Ra,a hexadeupole deformation, not too larger than its ground state value, stillaounts for the experimental value although all other deformations are zero.The fat that the deay rates are more sensitive to the daughter de-formations an be easily understood on ground of the mass asymmetry ofthe deaying system. An easy to follow explanation of this fat is given
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Fig. 5. The dependeny of � on �D4 in logarithmi sale for several values ofquadrupole deformation of the daughter nuleus. The luster is spherial in allases. The horizontal line represents the experimental value for the disussed de-ay, �exp = 9:50� 10�17 s�1.
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Fig. 6. Plots of the variation of alulated deay rate � with hexadeupole de-formation of luster for four �xed values of �C2 . The daughter nuleus is takenspherial.



136 �. Mi³iu, D. Protopopesu TABLE IDeformations of lusters and daughters whih �t the alulated deay rate (seeEq. (3.1)) to the experimental one �exp. Empty spaes in the table mean nullvalues. Deay Cluster Daughter �exp�C2 �C4 �D2 �D4 (s�1)224Ra!14C+210Pb 0.160 0.056 9.50�10�17-0.040 0.0720.0400.040 0.007226Ra!14C+212Pb 0.029 3.50�10�22234U!24Ne+210Pb -0.215 0.155 0.098 5.94�10�260.170 0.010234U!28Mg+206Hg 0.323 -0.136 -0.033 2.00�10�260.113 0.080 0.080230Th!24Ne+206Hg -0.215 0.155 0.123 1.60�10�250.063if we onsider only the Coulomb part of the barrier. The asymptoti partof the barrier, inluding the region where the third turning point rt3 is lo-ated, is determined essentially by the Coulomb multipoles. Introduing thequadrupole moments of the harge densityQD;C2 =r4�5 Z 10 r2dr�D;C2 (r)r2 (3.6)the potential will behave for R!1 as(C202000 )2ZCQD2 + ZDQC2R3 : (3.7)Sine the quadrupole moments of the daughter QD2 and luster QC2 depend ontheir quadrupole deformations �2 it is obvious that due to the asymmetry inmass and harge (ZC=ZD � 0:1), the deformation of the daughter will havea larger in�uene on the barrier and eventually on the value of the deayrate. 4. ConlusionsThe aim of this paper was to extend previous studies of deformatione�ets in luster radioativity by onsidering also the deformation of the



Nulear Deformation E�ets in the Cluster Radioativity 137daughter nuleus and to inlude the next higher even deformation, the hex-adeupole one. Considering that the luster is pre-born in the potentialpoket produed by the interplay between repulsive and attrative fores,we investigated the modi�ations indued by deformations on the spei�potential that we employ. The omputed deay rates depend on the assaultfrequeny, whih varies with the poket depth, and on the penetrability,whih hanges with the barrier height. We showed that the experimentalvalues an be reprodued for several seletions of the deformations. If wemaintain the luster spherial and vary the quadrupole and/or hexadeupoledeformations of the daughter nuleus we may reah the experimental valuewithin a reasonable range of deformations parameters. Conversely, if thedaughter is spherial, then only for signi�ant values of �C2 we an repro-due the experimental value without taking into aount �C4 . One mightonlude that deformed states of the daughter are needed to be onsideredin order to reah the experimental � within reasonable values of luster de-formation. Con�gurations with a spherial luster and only a hexadeupoledeformation for the daughter are likely to our. Also ombinations of smalldeformations of both fragments should not be disarded. In onlusion,the study arried out in this paper points mainly to the importane of thedaughter nuleus deformations, and espeially its hexadeupole one.One of the authors (�.M.) would like to aknowledge the hospitality ofProf. R. Jolos at the Bogoliubov Laboratory for Theoretial Physis duringthe ompletion of this work and to express its gratitude to Dr. A. Nasirov formany enlightening disussions. We are also very indebted to Dr. F. Cârstoiouwho provided us with the routines for alulating the Coulomb part of theinteration potential. REFERENCES[1℄ A. S ndulesu, D.N. Poenaru, W. Greiner, Sov. J. Part. Nul. 11, 528 (1980).[2℄ H.J. Rose, G.A. Jones, Nature 307, 245 (1984).[3℄ R.K. Gupta, W. Greiner, Int. J. Mod. Phys. 3, 335 (1994).[4℄ A. S ndulesu, A. Floresu, W. Greiner, J. Phys. G: Nul. Part. Phys. 15,1815 (1989); S. Singh, R.K. Gupta, W. Sheid, W. Greiner, J. Phys. G: Nul.Part. Phys. 18 , 1243 (1992).[5℄ P. Möller, J.R. Nix, W.D. Myers, W.J. Swiateki, At. Data Nul. Data Tables59, 185 (1995).[6℄ Y.J. Shi, W.J. Swiateki, Nul. Phys. 464, (1987) 205.[7℄ A. S ndulesu, R.K. Gupta, F. Cârstoiu, M. Horoi, W. Greiner, Int. J. Mod.Phys. E1, 379 (1992); R.K. Gupta, M. Horoi, A. S ndulesu, M. Greiner,W. Sheid, J. Phys. G: Nul. Part. Phys. 19, 2063 (1993).
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