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Cluster structure and v transitions in actinide nuclei
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We summarize the recent accumulation of data on electromagnetic transitions between states belonging to
the lowest positive and negative parity bands of nuclei in the actinide region, and show that, in theEEase of
andE3 transitions, the simple patterns exhibited by these data are well reproduced by a binary cluster model.
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There has been a recent accumulation of dat&bnE2, tional to the cluster charge raised to the powet Our
and E3 transitions between states belonging to the lowessimple prescription leads to satisfactory results, and there is
positive and negative parity bands of nuclei in the actinideas yet no need to refine the choice of cluster in the model.
region[1-6]. These data, involving the decays of levels upNevertheless, it is possible that a number of cluster types
to quite largel”, exhibit a simple overall behavior which, in contribute in some casd®], and our prescription corre-
the case oE2 andE3 transitions, can be reproduced using asponds toeffectivevalues of cluster mass and charge. For
binary cluster model whose principal properties are summagxample, there are grounds for proposing that, in addition to
rized below. _ _ 21%pp+ 290, 232Th could be described ag'%Pb+2?0 or

We despnb_e each_ of these nuclei as an appropriate COrees 41 26Ne, In fact, a superposition of such configurations
cluster pair, interacting through a potentl(r) =Vn(r) s probably necessary to describe this nucleus fully, but at the
+Vc(r), with r the core-cluster separation, aNg(r) and 1, oment the available data have large error bars, and do not

VC(r). the nuclear and Coulomp components\qfir), re- . compel such a refinement. We, therefore, retain the simpler
spectively.Vy(r) is assumed parity dependent, and for POSi- - Jdel employing a single cluster

tive parity we use a prescription which results in good fits to Solving the Schirdinger equation for the core-cluster rela-

data on the energy levels and exotic decays of nuclei in thlﬁve motion then yields bands of states, each characterized by
mass region7-9], i.e., ) .
its value of the global quantum numb&=2n+L, with n
X the number of nodes aridthe angular momentum of a state
57 of the band. Positive parity bands requiee=G™* even, and
1+ exd(r—R7)/al for the ground-state bands we €&t =5A_, consistent with
1-x the requirements of the Pauli principle, and with earlier work
+ (1+ exd(r—R")/3a])’ MeV, (D) [7-9]. We thus obtain a"=0*,2*,4%, ... G* ground-
state band for each nucleus. We then use a similar procedure,
whereA, is the cluster mass/; =53.9 MeV,a=0.73 fm,  with V;=0.965/; andG~=G" +1, to generate the lowest
and x=0.36. The Coulomb potentidlo(r) is taken to be J"=17,37,57, ... negative parity band, and optimize its
that arising from a uniformly charged spherical core of theposition by a suitable choice of the radiRs [7-9].
same radiusR™, asVy(r). The radiuR* is chosen so as to The choice of the relative motion valis guided by the
optimize the overall fit to the energies in the ground-statéVildermuth condition[11] and the spherical shell model.
band[9]. Protons and neutrons outsideé®Pb core must have at least
We choose clusters dfC, 20, 2Ne, Mg, and3%Sito  five and six quanta, respectively. A ground stasel)¢shell
model the properties of selected isotopes of Ra, Th, U, Pusluster nucleus consisting of §p*(0p)*41s0d)*c~16)
and Cm, respectively, in line with previous applications.nucleons requires 2. —20 quanta for its constructiofand
These choices are consistent with the observed exotic emig?C, the only non-§d)-shell cluster we consider, requires 10
sions of these nuclei, although in some cases exotic decayuantd. Hence, for a generalsg)-shell cluster we need
has not yet been observed, and in others more than one typé least (Z.X5)+ ([A.—Z.]X6)—[2A.—20])=(4A.— Z.
of heavy-ion is emitted10]. In addition, these choices can +20) quanta for the cluster-core relative motion. This value
be justified to some exteiat posteriorisince, as we shall see should not be regarded as more than a reasonable guess,
later, the cluster charge is largely responsible for the calcusince for the heavy systems of interest here the core and
lated electromagnetic transition rates, and different choicesluster have very different mass@snd hence oscillator con-
of cluster charge lead to predictionsBfE2) strengthgsay)  stant3, and the spin-orbit force strongly shifts single-particle
which are incompatible with the measured valugBor energies from a harmonic-oscillator spectrum as well.
highly asymmetric mass partitions such as we deal with here, Previous experience with particles[12] has shown that
the B(EM) strengths, of multipolarity\, are almost propor- the value ofG and the potential parameters cannot be deter-

Vn(r)=—Vg A.
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mined separately in a unique way. Rather, within fairly wide We apply the model to?*Ra, 232Th, 234236234} and
limits, the values fall into families which describe the half- 2%Cm, with these nuclei treated as a Pb core plu¥'@,
lives, spectra, and electromagnetic transition rates more 0’0, *Ne, and®?Si cluster, respectively. Figure 1 shows the
less equally well. This outcome is repeated for exotic clus€xcellent agreement between theory and experiment obtained
ters. One family of acceptable parameters has been found far the excitation energies of states belonging to the lowest
which the potential depth and th8-value scale in direct 0 and O bands of ***Th, usingR*=6.715 fm andR~
proportion to the cluster mag43]. In view of the compat- =6.877 fm. Similarly good fits for the remaining nuclei re-
ibility of this behavior with expectations from folding mod- quire at most small changes in the values of the core-cluster
els of the the cluster-core potential depth, and our wish tdootential parameters defined abo\. Of interest also is
avoid the introduction of unnecessary free parametrization ithat the largeB(E2|;2"—0") values observed in this re-
the present calculations, we here adopt a formulation ungion, and their systematic increase with atomic number for
changed from our previous work7—9]. Other G values the sequence RaTh—U— Pu—Cm, are easily understood
could certainly be chosen instead, but would entail smalin terms of the cluster modé®]. A further, and very impor-
compensatory adjustments of the potential parameters. Ot@nt, characteristic of the model is shown in Fig. 2 where the
simple formulaG =5A, avoids such changes, is clearly com- radial wave functiong,” and y, of states belonging to the
patible with the Wildermuth restriction for the cases of inter-0" and 0~ bands of?**Th are compared. We see that the

est here, and works very well also in all other actinides exwithin a band are all very similar in the important surface

amined so far. region, implying a common intrinsic state for each babd.
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We summarize the above by noting that for a typicalwhen y; and y; belong to bands of opposite parity, aikd
nucleus in the actinide region our binary cluster model re=1,3,... .These conclusions will be reinforced if, as sug-
sultsinal™=0%,2%,4", ... ground-state band, based on agested by microscopic calculations efclustering in?'%Po
common intrinsic state, with energy spacings and strongly18], our model overestimates the amplitudes of the radial
collective in-bandE?2 transitions closely matching observa- wave functions in the central region. A test of these conclu-
tions, and similarly for an excited™=1",37,57, ... band. sions is provided by electric transitions of multipolarity
The model is then able to generate additional structure moror which the model yields reduced matrix elements of the
usually associated with the conventional rotational modeform
[15]. This has been explicitly demonstrated in calculations of

the spectra of?*Ra and??*Ac [16,17], modeled as?*®Pb [ME(N)T50,= (3 IMEM)]13)=F(3; I M ay (),
+%¥C+n and 2%Pb+14C +p, respectively, which repro- ' @)
duced the properties of the parity doublebands of these
nuclei. with

It is also clear from Fig. 2 that the model gives rise to
approximately constant radial matrix elemerg|r*|x;),
whenevery; and y; are radial wave functions belonging to £33, M= \/(2\]i+1)(2Jf+1),‘]0\J orD) (3
the same band, and=2,4, ... . Similar remarks apply P 4 AT
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and quired (¢=0.33,0.32,0.21,0.24,0.29, and 0.15 fét°Ra,
N NN 232Th, 234236.234)  and 24%Cm, respectively We note that
N _ZiRet (DA 7 although these results could be reproduced by suitably pa-
A (Ap+A) ' rametrized rigid rotors, the latter would lead to poor fits to

the excitation energies, which depart markedly frord(a

Z; and A; are the charge and mass of cluster and core, re+1) pattern as seen in Fig. 1. Again, the cluster model
spectively, and an effective chargecan be introduced by [ME(2)];;, for a given nucleus already show some varia-
substitutingZ; —Z; + A; . We remove the sign and explidt 5, for the higherJ;, unlike the case for the intrinsic quad-
dependence of the matrix elements by defining rupole moment), of a rigid rotor, and it would be interest-
ing to have data for yet larger spins.

Measurements of cross bafd andE3 transitions have
also been reported. Data dfil transitions in the form of

Figures 3 and 4 show that the model reproduces the esseﬁ—llE2 intensity ratiog1,2,5] are principally from the work
of Ackermannet al. [5], who deduce]D,/Qg| values for

tially constanf ME(2)]} ;. within each band, as well as the " o )
. L . several transitions within each of the nuclei
observed jumps with atomic number. These jumps are thez a 224226228231 and 230233 Their conclusion is
direct consequences of the increasing cluster charge, atl ' ' )
though some fine-tuning using the effective charge is re-

[ME(\)T}5, = [IME) 1, /f(3. 300 ()

Most of the datd1-6] involve in-band\ =2 transitions.

hat, except possibly fof?*Th, these ratios show no depen-
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dence on rotational frequency. F&Ra, there are a number €=0.48 than thee=0.33 required to fit th¢ME(2)];, for

of independent determinations of thel/E2 intensity ratios the same nucleus. We note, however, that the value of
for initial states withJ;=7. These result in the approximately [m E(3)]4, deduced by Wollersheirat al.[2] is 50% larger
constant ME(1)];, /[[ME(2)]3,, ratios shown in Fig. 5.  than the corresponding quantity quoted by Sgast.

One experimenf2] yields sharply lower values of this ratio In conclusion, a remarkable characteristic of our binary
for J;<7, possibly indicating a similar behavior to that found cluster model is that it gives rise to similar radial wave func-
for E1 transitions in some lighter nucl§®2]. We do not tions for states belonging to the lowest @nd 0~ bands of
make detailed comparison with calculation here, since dipol@uclei in the actinide region. One consequence of this is that
transitions are not reliably deterimined in our model, withthe radial matrix elements of the tyge*) for either the

the charge factorr; of Eq. (4) involving the residue of in-band E2 or the cross-bar3 transitions within a given
strong cancellations between core and cluster charge/massicleus are predicted to be approximately constant, and the

ratios[7,16). model reproduces well the simple patterns exhibited by the
For ?*Ra we can also extrafME(3)]}; from data on available data.
E3 transitions between the'0and 0~ bandg[2], and in Fig. A.C.M. and S.M.P would like to thank the U.K. Engineer-

6 we compare the results with the corresponding model P'&hg and Physical Science Research CoufERSRG for fi-
dictions. The observefME(3)];,, are approximately con- nancial support. S.M.P. would also like to thank the S.A.
stant within rather large experimental errors, and are reproFoundation for Research, and the University of Cape Town,
duced by the model using a somewhat larger effective charger financial support.
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