
Vol. 34 (2003) ACTA PHYSICA POLONICA B No 3
CLUSTER FEATURES IN REACTIONS ANDSTRUCTURE OF HEAVY NUCLEIG.G. Adamiana;b;
, N.V. Antonenkoa;
, R.V. Jolosa;
, W. S
heid
and T.M. Shneidman
aJoint Institute for Nu
lear Resear
h, 141980 Dubna, RussiabInstitute of Nu
lear Physi
s, Tashkent 702132, Uzbekistan
Institut für Theoretis
he Physik der Justus-Liebig-Universität35392 Giessen, Germany(Re
eived September 23, 2002)Dedi
ated to Adam Sobi
zewski in honour of his 70th birthdayCluster e�e
ts in the stru
ture of heavy nu
lei are 
onsidered. Theproperties of the states of the alternating parity bands in Ra, Th, U andPu isotopes are analyzed within a 
luster model. The model is based on theassumption that 
luster type shapes are produ
ed by the motion of the nu-
lear system in the mass asymmetry 
oordinate. The results of 
al
ulationsof the spin dependen
e of the parity splitting and of the ele
tri
 multipoletransition moments are in agreement with the experimental data.PACS numbers: 21.60.Ev, 21.60.Gx1. Introdu
tionCluster states are intensively investigated in the light nu
lei [1℄. They aredis
ussed also in 
onne
tion with the properties of heavy nu
lei [2�5℄ wherethey are manifested in nu
lear stru
ture and rea
tions. However, 
lusterstates are better seen in the strongly deformed 
on�gurations whi
h 
an beformed in heavy ion fusion rea
tions used to populate high-spin deformedand superdeformed states.Cluster states in fusion of heavy nu
lei: The fusion of two heavy nu
leiis a multidimensional pro
ess. The 
hoi
e of the most important 
olle
tivevariables needed for its des
ription is a 
ompli
ated problem. It is a 
ommonopinion that the most important degrees of freedom are the elongation ofthe total system, mirror asymmetry and ne
k radius [6℄. Depending on atraje
tory in this three dimensional 
on�gurational spa
e, two approa
hesto the des
ription of nu
lear fusion 
an be imagined. One of them is based(1729)



1730 G.G. Adamian et al.on the pi
ture of the ne
k formation between intera
ting nu
lei and a subse-quent in
rease of a ne
k radius up to the value 
orresponding to a deformed
ompound nu
leus. The other one is related to the mass asymmetry in
reasein a system of two intera
ting nu
lei, when nu
leons are transfered from thelight to the heavy 
luster up to formation of a mononu
leus [7, 8℄. This ap-proa
h allows us to des
ribe a lot of experimental data on fusion of heavynu
lei, espe
ially the produ
tion of superheavy ones.Any model of the 
olle
tive motion (fusion is of 
ourse a 
olle
tive mo-tion) is des
ribed by a Hamiltonian 
onsisting of the two parts: the kineti
energy and the potential energy terms. If the sele
ted 
olle
tive variables arestrongly 
oupled to the intrinsi
 degrees of freedom, whi
h are not expli
itlypresented in the Hamiltonian, a dissipative term (nu
lear fri
tion) should bein
luded into 
onsideration and a pro
ess should be treated in the frameworkof the kineti
 approa
h. The potential energy as a fun
tion of the 
olle
-tive variables has been investigated in many publi
ations and is rather wellunderstood. The inertia 
oe�
ients are rather less investigated [9�12℄. How-ever, inertia tensor is a very important ingredient of any 
olle
tive model.In fa
t, the inertia tensor is related to the nondiagonal matrix elements ofthe Hamiltonian taken between 
on�gurations whi
h are 
hara
terized bydi�erent lo
alization in the 
on�gurational spa
e, and strongly in�uen
es onthe type of the traje
tory along whi
h the system evolves in the 
on�gu-rational spa
e. Set of the diagonal matrix elements of the Hamiltonian isthe potential energy. Smaller nondiagonal matrix elements 
orrespond tolarger inertia 
oe�
ients and vi
e versa. In the 
ase of dissipation and anappli
ation of the kineti
 approa
h transitions between two 
on�gurationsare des
ribed by di�usion 
oe�
ients. Again the larger di�usion 
oe�
ientin 
oordinate 
orresponds to smaller inertia and vi
e versa. It is 
lear fromthe Inglis formula that inertia depends strongly on a density of the singleparti
le states near the Fermi surfa
e. Investigating a dependen
e of the
omponent of the inertia tensor related to the ne
k degree of freedom, it wasshown in [13℄ that this inertia parameter is mu
h larger than one obtainedwithin the hydrodynami
al model and as a 
onsequen
e the growth of ne
kbetween intera
ting nu
lei less probable. This large value of the inertia stabi-lizes a value of the ne
k radius during a rea
tion. In addition, the stru
turalforbiddenness e�e
t (Pauli prin
iple) hinders the motion to smaller inter-nu
lear distan
es [14,15℄ Due to these reasons dinu
lear type 
on�guration,whi
h is in fa
t a 
luster type 
on�guration, survives for a su�
iently longtime and evolves along the mass asymmetry degree of freedom, transformingfrom a one 
luster 
on�guration to the other with di�erent mass partitionbetween 
lusters. This stabilization of a relatively small ne
k radius duringa fusion pro
ess regards the interplay between order and 
haos in a nu
learsystem. When a ne
k radius is small the nearest neighbor level spa
ing dis-



Cluster Features in Rea
tions and Stru
ture of Heavy Nu
lei 1731tribution of a single parti
le spe
tra is des
ribed by Poisson distribution [16℄.However, it approa
hes the Wigner distribution if a ne
k radius in
reases.Thus, 
on�guration with a small ne
k radius 
orresponds to a regular singleparti
le motion, i.e. to a motion stable against 
haos. With a ne
k radiusin
rease (before approa
hing the following stable 
on�guration) a single par-ti
le motion be
omes unstable against 
haos. Thus, we see that the e�e
tsof 
lusterization 
an be seen in the fusion rea
tions leading to a formationof heavy nu
lei.Cluster states in deformed light and heavy nu
lei: Di�erent stable de-formed 
on�gurations of light and heavy nu
lei 
an be investigated usingthe Nilsson�Strutinsky or the Hartree�Fo
k methods. The spe
tros
opi
properties of o
tupole-deformed, superdeformed and re�e
tion-asymmetri
hyperdeformed minima of multidimensional potential surfa
e have been dis-
ussed in [3, 4, 17�19℄ Di�erent stable deformed 
on�gurations of nu
lei 
anbe investigated using the Nilsson�Strutinsky or the Hartree�Fo
k methods.The 
al
ulations for light nu
lei and a
tinides [3, 4, 20, 21℄ have shown that
on�gurations with large equilibrium deformations are strongly related tothe 
lustering. Re
ent theoreti
al emphases has been done on the relation ofthe 
lustering to the symmetries of a deformed single parti
le nu
lear poten-tial. As is well known, when the harmoni
 os
illator be
omes deformed thedegenera
y of the single parti
le states, whi
h is presented at zero deforma-tion, is lost at �rst, however, re
reated again when a ratio of the frequen
iesof the harmoni
 os
illator !? : !z be
omes equal to the ratio of the inte-ger numbers n : 1 with n = 2; 3; 4; : : : The 
lustering may be an importantstru
tural feature at these deformations be
ause the magi
 numbers asso
i-ated with the 
orresponding shell gaps are expressed as 
ombinations of thespheri
al magi
 numbers [21℄. This feature was stressed in the appli
ationof the group theory to deformed harmoni
 os
illator [2℄. At the integer ra-tios of the axial symmetry deformations !? : !z = n : 1 the symmetry ofthe many parti
le wave fun
tion 
an be 
lassi�ed in terms of the irredu
iblerepresentations of n SU(3) groups 
oupled together. This feature admits ades
ription of the deformed harmoni
 os
illator in terms of a series of over-lapping spheri
al potentials [21℄. In this des
ription a deformation pro
ess
an be viewed as a division of the original spheri
al potential into a seriesof smaller potentials aligned along the deformation axis [21℄. Fusion 
an be
onsidered in this pi
ture as a pro
ess of the mass ex
hange between thepotentials in agreement with the dis
ussion presented above.The well known example of the mole
ular-like stru
tures in light nu
leiare the ground state bands of 8Be, 20Ne and the ex
ited band in 16O basedon the 0+ (6.06 MeV) state. The rotational bands in 8Be and 20Ne have largemoments of inertia expe
ted for the systems of two 
lusters in a 
onta
t:



1732 G.G. Adamian et al.4He + 4He in the 
ase of 8Be and 16O + 4He in the 
ase of 20Ne. The large�-de
ay widths of these rotational levels indi
ate that these band states havebimole
ular stru
ture.A dire
t and very important 
onsequen
e of the asymmetri
 
luster-typestru
tures like 12C + 4He (16O�) and 16O + 4He (20Ne) is a presen
e ofthe negative parity rotational states with odd angular momenta togetherwith the positive parity rotational states having even angular momenta.The negative parity states are shifted up with respe
t to the positive parityones sin
e there is a non negligible penetration probability of the barrierseparating the 
on�gurations with �-
luster lo
ated to the left and to theright from the heavier 
luster. Indeed, su
h negative parity rotational statesare observed in 16O� and 20Ne. The positive and negative parity states takentogether form alternating parity band. It is very interesting that su
h bandsare known not only in light, but also in the heavy nu
lei: in isotopes of Rn,Ra, Th, U, and Pu. They are 
onsidered frequently as related to the o
tupoledeformation. However, using the ideas dis
ussed above that a deformation
an be treated as a motion (ex
hange) of a mass between the 
lusters, we
an apply the model based on the Hamiltonian with the mass asymmetrydegree of freedom as the main 
olle
tive variable to the des
ription of thealternating parity bands in heavy nu
lei.2. Cluster model of fusion of heavy nu
leiNu
lear systems 
onsisting of a heavy 
luster A1 plus a light 
lusterA2 belong to the 
lass of dinu
lear-type shapes. They were introdu
ed toexplain data on deep inelasti
 and fusion rea
tions with heavy ions [22℄. Thedinu
lear system model of fusion [7, 8℄ 
onsiders the fusion as a di�usion ofthe dinu
lear system in the mass asymmetry, de�ned by� = A1 �A2A1 +A2(A1 and A2 are the mass numbers of the nu
lei of dinu
lear system). Thepotential barrier in � supplies a hindran
e for fusion. In the dinu
lear systemmodel the evaporation residue 
ross se
tion is fa
torized as�ER(E
:m:) =XJ �
(E
:m:; J)PCN(E
:m:; J)Wsur(E
:m:; J) : (1)Here, �
 is the partial 
apture 
ross se
tion for the transition of the 
ollidingnu
lei over the Coulomb barrier. The 
ontributing angular momenta are lim-ited by the survival probability Wsur(E
:m:; J). The probability of 
ompletefusion PCN, dependent on nu
lear stru
ture e�e
ts and on the neutron ex-
ess above the nearest 
losed shells in the 
olliding nu
lei, is very important



Cluster Features in Rea
tions and Stru
ture of Heavy Nu
lei 1733for the 
orre
t 
al
ulation of �ER. PCN des
ribes the 
ompetition between
omplete fusion and quasi�ssion (de
ay of the dinu
lear system after the
apture stage).The experimental evaporation residue 
ross se
tions [23, 24℄ in 
old(208Pb- and 209Bi-based) and hot (a
tinide-based) fusion rea
tions leadingto the produ
tion of heavy and superheavy nu
lei (Z = 104�116) are wellreprodu
ed (Fig. 1).
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=Fig. 1. Evaporation residue 
ross se
tions for 
old and hot fusion rea
tions as afun
tion of the 
harge number of the superheavy nu
leus. The 
al
ulated data areshown by the squares. The open triangles give experimental upper limits.3. Dinu
lear model in nu
lear stru
ture3.1. Mass asymmetry 
oordinate in des
ription of nu
lear shapeInstead of parameterization of the nu
lear shape in terms of quadrupole,o
tupole and higher multipole deformations, the mass asymmetry 
oordi-nate � and the distan
e R between the 
enters of 
lusters are used as rel-evant 
olle
tive variables [1℄. The ground state wave fun
tion in � 
an bethought as a superposition of di�erent 
luster-type 
on�gurations in
ludingthe mononu
leus 
on�guration with j�j=1. The relative 
ontribution of ea
h
luster 
omponent to the total wave fun
tion is determined by the 
olle
tive



1734 G.G. Adamian et al.Hamiltonian H = � ~22B� d2d�2 + U(�; I) ; (2)where B� is the e�e
tive mass and U(�; I) is the potential. In order to
al
ulate the dependen
e of the parity splitting on the angular momentum,we sear
h for solutions of the stationary S
hrödinger equation des
ribing thedynami
s in �: H	n(�; I) = En(I)	n(�; I) : (3)The eigenfun
tions 	n of this Hamiltonian have a well de�ned parity withrespe
t to the re�e
tion � ! �� whi
h 
orresponds to the spa
e re�e
tion.The potential U(�; I) in Eq. (2) is taken for j�j < 1 as a dinu
lear potentialenergy U(�; I) = B1(�) +B2(�) �B + V (R = Rm(�); �; I) : (4)Here, the internu
lear distan
e Rm(�) is the tou
hing distan
e between the
lusters and is set to be equal to the value 
orresponding to the minimumof the potential in R for a given �. The quantities B1 and B2 (whi
h arenegative) are the experimental binding energies of the 
lusters forming thedinu
lear system at a given �, and B is the binding energy of the mononu-
leus. The nu
leus-nu
leus intera
tion potential in (4) is given asV (R; �; I) = V
oul(R; �) + VN (R; �) + Vrot(R; �; I) (5)with the Coulomb V
oul, the 
entrifugal Vrot and the nu
lear intera
tion VNpotentials. The potential VN is obtained with a double folding pro
edureusing the ground state nu
lear densities of the 
lusters. Antisymmetrizationbetween the nu
leons belonging to di�erent 
lusters is regarded by a den-sity dependen
e of the nu
leon�nu
leon for
e whi
h gives a repulsive 
orein the 
luster�
luster intera
tion potential. Details of the 
al
ulation of VNare given in [25℄. The nu
leus�nu
leus potential V (R; �; I) and potential U(�driving potential�) were su

essfully applied to the analysis of the experi-mental data on fusion and deep inelasti
 rea
tions with heavy ions [25, 26℄.Our 
al
ulations have shown that in the 
ases of Ra, Th, U and Puisotopes the dinu
lear 
on�guration with an alpha 
luster has a potentialenergy whi
h is 
lose or even smaller than the energy of the mononu
leus atj�j = 1 [27℄. The energies of the Li-
luster 
on�gurations are about 15 MeVlarger than the binding energies of the mononu
lei 
onsidered. Therefore,for small ex
itations only os
illations in � are of interest whi
h lie in thevi
inity of j�j=1.



Cluster Features in Rea
tions and Stru
ture of Heavy Nu
lei 1735To 
al
ulate the potential energy for I 6= 0, the moment of inertia =(�) ==(�;Rm) in the rotational energy term in Eq. (5) has to be �xed. It is knownthat the moments of inertia of superdeformed states are about 85% of therigid-body limit [28℄. As was shown in [29℄, the equilibrium deformationsand the moments of inertia of the highly deformed states are well des
ribed ifwe 
onsider them as 
luster systems. Therefore, we assume that the momentof inertia of the 
luster 
on�gurations 
an be expressed as=(�) = 
1�=r1 + =r2 +m0A1A2A R2m� : (6)Here, =ri; (i = 1; 2) are the rigid body moments of inertia for the 
lusters,
1=0.85 [28℄ for all 
onsidered nu
lei andm0 is the nu
leon mass. For j�j = 1,the value of the moment of inertia is not known from the data be
ause theexperimental moment of inertia is a mean value between the moment ofinertia of the mononu
leus (j�j=1) and the ones of the 
luster 
on�gura-tions arising due to the os
illations in �. We assume that =(j�j = 1) =
2=r(j�j = 1), where =r is the rigid body moment of inertia of the mononu-
leus with A nu
leons 
al
ulated with deformation parameters [30℄ and 
2 isa s
aling parameter whi
h is �xed by the energy of the �rst 2+ state or othereven parity state. The 
hosen values of 
2 vary in the interval 0:1 < 
2 < 0:3.The method of 
al
ulation of the inertia 
oe�
ient B� is given in [31℄.Although this method is more suitable for 
al
ulations of the inertia in thesystems with more heavier 
lusters than �, the results obtained in this way
an be extrapolated to the values of � 
lose to j�j = 1. The formula obtainedin [31℄ shows that B� is a smooth fun
tion of the mass number A. As a
onsequen
e, we take nearly the same value of B�=20�104m0 fm2 for almostall 
onsidered a
tinide nu
lei with a variation of 10%. Only for 222Th and220;222Ra we varied B� in the range B�=(10�20)�104m0 fm2 to obtain the
orre
t value of the ground state energy.The value of B� 
an be estimated also in the other way. Rewriting theS
hrödinger equation (3) with the Hamiltonian (2) in a dis
rete form� ~22B�(��)2 ( n(� +��) +  n(� ���)� 2 n(�)) + V (�) n(�)= En n(�) (7)we obtain the following expression for the nondiagonal matrix element ofthe Hamiltonian in a dis
rete basish� +��jHj�i = � ~22B�(��)2 : (8)



1736 G.G. Adamian et al.For the transfer of a pair of nu
leons �� = 4=A. We estimate the nondiag-onal matrix element of the Hamiltonian by the pairing intera
tion 
onstantG = 25=A MeV responsible for transfer of pairs of nu
leons into the valentshells. Then B� = ~2A3/800. Taking A = 230 we obtain the value B� =64� 104 m0 fm2, whi
h is 
lose to the value given above.3.2. Des
ription of the alternating parity bandsWith Eq. (3) we �rst 
al
ulated the parity splitting for several isotopesof Ra, Th, U and Pu for di�erent values of the angular momentum I. Theresults of 
al
ulations agree well with the experimental data [32℄. The largestdeviations of the 
al
ulated values from the experimental data are found inthe lightest Ra and Th isotopes. As an example, the results of 
al
ulationsfor Th isotopes are shown in Table I. A good des
ription of the experimentaldata, espe
ially of the variation of the parity splitting with A at low I andof the value of the 
riti
al angular momentum at whi
h the parity splittingdisappears, means that the dependen
e of the potential energy on � and Ifor the 
onsidered nu
lei is 
orre
tly des
ribed by our 
luster model.TABLE IComparison of experimental (Eexp) and 
al
ulated (E
al
) energies of states of the alter-nating parity bands in 232�222Th. Energies are given in keV. Experimental data are takenfrom [32,37℄.232Th 230Th 228Th 226Th 224Th 222ThI� Eexp E
al
 Eexp E
al
 Eexp E
al
 Eexp E
al
 Eexp E
al
 Eexp E
al
1� 714 693 508 485 328 350 230 254 251 204 250 1952+ 49 49 53 53 58 58 72 72 98 98 183 1833� 774 761 572 557 396 423 308 340 305 311 467 3664+ 162 160 174 172 187 177 226 238 284 296 440 4615� 884 882 687 684 519 549 451 490 465 494 651 6166+ 333 330 357 354 378 391 447 475 535 563 750 7607� 1043 1051 852 859 695 748 658 698 700 739 924 9208+ 557 553 594 589 623 634 722 761 834 868 1094 10779� 1249 1263 1065 1075 921 971 923 958 998 1036 1255 125810+ 827 822 880 869 912 919 1040 1079 1174 1202 1461 143011� 1499 1511 1322 1326 1190 1229 1238 1263 1347 1384 1623 162412+ 1137 1130 1208 1215 1239 1235 1395 1424 1550 1564 1851 181513� 1785 1792 1615 1629 1497 1517 1596 1609 1739 1772 2016 201914+ 1482 1470 1573 1565 1605 1572 1781 1796 1959 1966 2260 222615� 2101 2099 1946 1941 1838 1823 1989 2002 2165 2194 2432 245016+ 1858 1841 1971 1935 1993 1918 2196 2200 2398 2405 2688 266317� 2445 2449 2310 2274 2209 2154 2413 2429 2620 2651 2873 290618+ 2262 2229 2398 2318 2406 2281 2635 2640 2864 2880 3134 312819� 2813 2794 2703 2624 2861 2890 3341 338020+ 2691 2633 2850 2709 3097 3115 3596 3621



Cluster Features in Rea
tions and Stru
ture of Heavy Nu
lei 1737The ground state energy level lies near the top of the barrier and theweight of the �-
luster 
on�guration estimated as that 
ontribution to thenorm of the wave fun
tion whi
h is lo
ated at j�j � �� is about 5� 10�2 for226Ra, whi
h is 
lose to the 
al
ulated spe
tros
opi
 fa
tor [33℄. This meansthat our model is in qualitative agreement with the known �-de
ay widthsof the nu
lei 
onsidered.The spe
tra of those 
onsidered nu
lei whose potential energy has aminimum at the alpha 
luster 
on�guration 
an be well approximated bythe following expressionE(I) = ~22J(I)I[I + 1℄; if I is even;E(I) = ~22J(I)I[I + 1℄ + ÆE(I); if I is odd; (9)where the parity splitting ÆE(I) is given asÆE(I) = 2E1(I� = 1�)1 + exp(b0pB0I[I + 1℄) (10)with B0 = ~22 � 1=(� = 1) � 1=(� = ��)�whi
h des
ribes the 
hange of the height of the barrier with spin I. Themoment of inertia in Eq. (9) is given by the expressionJ(I) = wm(I)=(� = 1) + [1� wm(I)℄=(� = ��) (11)whi
h 
ontains a probabilitywm(I) = wm(I = 0)1 + b1B0I[I + 1℄ ; (12)to �nd the mononu
leus 
omponent in the wave fun
tion of the state withspin I of the ground state band. Sin
e wm(I) de
reases with angular mo-mentum in
rease, J(I) in
reases with I. The quantity w�(I) = 1 � wm(I)gives the 
orresponding probability of the �-
luster 
omponent. The 
on-stants =(� = 1) = 0:3=r(� = 1), wm(I = 0)=0.93, b0 = � MeV�1=2 andb1 = 0:2 MeV�1 were obtained by �tting the experimental data. With these
onstants the spe
tra of many nu
lei are des
ribed quite well. Therefore,Eqs (9) and (10) 
an be used to predi
t the energies of the unknown levels.



1738 G.G. Adamian et al.3.3. Ele
tri
 multipole transition momentsWith the wave fun
tions obtained, we have 
al
ulated the redu
ed ma-trix elements of the ele
tri
 multipole moments Q(E1), Q(E2) and Q(E3).The e�e
tive 
harge for E1-transitions has been taken to be equal to ee�1 =e(1 + �) with an average state-independent value of the E1 polarizability
oe�
ient � = �0:7 [34,35℄. This renormalization takes into a

ount a 
ou-pling of the mass-asymmetry mode to the giant dipole resonan
e in a dinu-
lear system. In the 
ase of the quadrupole transitions we did not renormal-ized the 
harge ee�2 = e. For o
tupole transitions we took ee�3 = e(1� 0:2�z)assuming that an additional 
ontribution to the e�e
tive 
harge arises fromthe 
oupling of the mass-asymmetry mode to the higher-lying isove
tor andisos
alar o
tupole ex
itations [34℄. The results of these 
al
ulations are listedin Table II. In general, the obtained values are in agreement with the exper-imental data for Qexp� [36�39℄, however, with some ex
eptions. For instan
e,a small value of D10(0+ ! 1�) in 224Ra is not reprodu
ed. The highermoments are in agreement with the 
al
ulations of Ref. [30℄. The 
al
u-lations qualitatively reprodu
e the angular momentum dependen
e of theexperimental matrix elements of the ele
tri
 dipole operator. TABLE IICal
ulated and experimental intrinsi
 multipole transition moments. The values ofthe dipole moment D10 are given for those values of the nu
lear spin I for whi
hthere are experimental data. These values of I are shown in the se
ond 
olumn.The experimental data are taken from [32,36�39℄.D10 Q20(0+ ! 2+) Q30(0+ ! 3�)Nu
leus (e fm) (e fm) (e fm2) ( e fm2) (e fm3) (e fm3)
al
. exp. 
al
. exp. 
al
. exp.220Ra 0.28 (I=7) 0.27 397 558 3305222Ra 0.30 (I=7) 0.27 395 675 3197224Ra 0.133 (I=3) 0.028 510 633 2543226Ra 0.111 (I=1) 0.06�0.10 574 718 2800 2861222Th 0.29 (I=6) 0.38 397 548 3120224Th 0.312 (I=10) 0.52 495 2564226Th 0.223 (I=8) 0.30 561 830 2334228Th 0.151 (I=8) 0.12 653 843 2070230Th 0.054 (I=6) 0.04 666 899 1720 2144232Th 0.007 (I=1) 719 966 1369 1969234U 0.004 (I=1) 758 1035 1407 1895236U 0.004 (I=1) 786 1080 1318 1951238U 0.004 (I=1) 818 1102 1313 2041



Cluster Features in Rea
tions and Stru
ture of Heavy Nu
lei 1739Fig. 2 illustrates the angular momentum dependen
e of the 
al
ulatedintrinsi
 transition quadrupole moment. It is interesting that the 
lustermodel shows an in
rease of the quadrupole moment with angular momentumin the transitional nu
leus 226Ra and its 
onstan
y in the well deformed 238U.Staggering seen in Fig. 2 for both 226Ra and 238U isotopes is explained bythe higher weight of the �-
luster 
omponent in the wave fun
tions of oddI states. This 
luster 
on�guration has a larger deformation.
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e of the 
al
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on
lusion, the manifestations of the 
luster e�e
ts in the rea
tionsand stru
ture of heavy nu
lei are illustrated. A 
luster interpretation of theproperties of the alternating parity bands of Ra, Th, U and Pu isotopes as-suming os
illations in the mass asymmetry degree of freedom is suggested.The existing experimental data on the angular momentum dependen
e ofparity splitting and on multipole transition moments are quite well repro-du
ed. The 
hara
teristi
s of the Hamiltonian used in the 
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ulations weredetermined by investigating a 
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