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Alternative view of collective bands in actinide nuclei
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A binary cluster model reproduces the quasirotational excitation energies and enE2ntragsition rates
of the low-lying 0" and 0" bands in actinide nuclei. The characteristi=0*,2*,4", ... and 1,37,5, ...
patterns of the bands emerge naturally without involadighocsymmetry arguments. The calculations yield
very similar radial wave functions for levels of a given band up to la§amplying a common intrinsic state
for each band. The model can then be extended to reproduce further phenomena more usually associated with
the deformed rotor picturgS0556-28138)50105-7

PACS numbsg(s): 21.60.Ev, 21.60.Gx, 23.20.Js, 27.90.

The idea of a permanently deformed rotating nucleus hasasily generalizes to describe the coupling of excited core
long been the standard model for explaining the occurrencetates to the assumed bands so as to produce many extra
of the striking spectral band patterns observed in severdland structures.
parts of the periodic tablgl]. Each band is supposed to  Although the above treatment required no symmetry ar-
possess a common underlying intrinsic state and the leveuments it left open the question of how the fundamental
correspond to rotations of the system. But the model needs @Pre bands arise in the first place. Here we discuss a simple
be supplemented bgd hocpostulates about symmetries of model which fqrnlshes the missing dynamics by produc[n'g
the nucleus before a satisfactory account of the spectr{!® cOrrect spin sequences, energy values, and transition
emerges. In particular, the ubiquitous” tbands withJ™ strengths_m Fhe_ basic bands while also yielding essentially a
—0*. 2" 4. ... are assumed to arise from a nuclear Shap8ommon intrinsic state for each band. The results are clean-

with axial and equatorial symmetry in order to eliminate theGSt in the irans-Pb region of deformed nuclei and we canfine

o : our remarks to that neighborhood.
unwanted odd} states, and similarly for the Obands with We have recently shown that the lowest-lying @nd 0

missing every's. . bands of nuclei in the actinide region can be well reproduced

Once such assumptions are granted the model enables g o inary cluster-core modg8,4]. Our original motivation
herent treatment of numerous phenomena, e.g., a generatigl} s was to study exotic decay modes from ground states
of higher bands in terms of beta and gamma vibrationg;s ch nuclei, but we were surprised to discover that good
coupled to the rotations, the Nilsson model for particles inresylts for half-lives could be obtained by taking the emitted
deformed wells, band mixing, decoupling effects and detailsyeutron rich ions to have large preformation factors in the
of gamma decays, and Coulomb excitation. A drawback iarent nuclei[5]. This suggested that the model be taken
that it has always been difficult to account for the observedseriously for other properties. Specifically, we have applied
energy spacings in the bands even when they are clearly oftae model to*?%Ra, 22Th, 233, and 2*%Pu, assuming a com-
rotational nature given bi(J)=E(0)+J(J+1)/2l. Thatis, mon 2°%Pb core for each nucley8], to 2%2?24?%?Ra, assum-
there is no generally accepted dynamical theory for the moing a common '“C cluster for each isotop@4], and to
ment of inertial , which is observed to depart markedly from 232234.236.2%) ysing a commorf“Ne cluster for each isotope
both rigid body and fluid body values. Also, it appears ex-[6]. Most recently we have given a similarly successful ac-
perimentally that effective values bfthange with] in many  count of 23 isotopes of Rn, Ra, Th, U, Pu and Cm A
nuclei, sometimes leading to dramatic backbending effects iparticularly striking result of these studies is that the ob-
the band spectra. So there is a need for a theory which giveserved jumps inB(E2) strengths with increasing atomic
a dynamical reason for the observed spectra while preservingumber follow simply from the increasing cluster charges
the basic ideas of the rotor model. [3,7.8.

Brink et al. [2] have shown that the underlying assump- In order to avoid excessive detail we now discuss our
tions of the standard model can be reduced just to the posdeas by making particular reference to thé ground state
tulation of core nuclei with some assigned intrinsic stateband of 234U for which there are extensive data on level
upon which are built degenerate states with spingenergies ané2 transitiond9,10]. We have previously mod-
0%,2",4%, ... (andlor 1",37,5, ...). Thestate functions elled the actinide’*J in terms of the binary decomposition
for a particle interacting with the core bands emerge natu?%®Pb+2Ne, as suggested by the exotic decay mode of this
rally with appropriateK values and are in the usual strong- nucleus together with the systematics RfE2|:2*—07)
coupling form independently of the assumed potentials. Invalues in this region. The exotic decay 8fU suggests the
troduction of a kinetic energy operatb?/2l then leads to a decomposition 21%Pb+2*Ne, or possibly the combination
quantum derivation of the cranking formulas. The argument®Hg+28Mg. The former is preferred because of the simi-
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larity of its B(E2) value of 23810 W.u. to that of?®J,  ons have excitation quanta relative to the core given by
which is 24121 W.u.[10,1]]. As mentioned above, in our (2n;+1;) and correlate with each other to give a cluster with
model similarB(E2) values imply the same cluster charges.M internal quanta then the tot& value for the relative
Hence we choose fof*4U the interacting nuclear pa#®b  orbital motion of the binary system should satigB/=2n
and ?*Ne as the basic dynamical entity to be considered. +L=3;(2n;+1;)—M. This is called the Wildermuth condi-
As a result of numerous cluster calculations throughoution [13]. It leads, for the example of am particle orbiting
the periodic table(ranging from 8Be=a+a to 2%u %0 as a model of the first D and 0" bands of *°Ne, to
=2%8ppt 28\Mg) we have found a form for the cluster-core M=0 andG=8 and 9, respectively. We have found for the
potential energy which gives a good first order approxima-actinides that it is adequate to talée=5A; and, using this
tion to many properties of these systefd®]. This interac- value of G (=120 herg, we findRy=6.720 fm as the radius
tion, as a function of the distaneebetween the constituent which gives the observe® value (corrected for electron
nuclei, is a weighted sum ¢8W) and(SW) 2 shapes, where shielding of 59.026 MeV for exotic decay of the ground

SW stands for Saxon-Woods: state of 24U by emission of?’Ne. The model ground state
hasL=0 andn=60 nodes.
X With the cluster-core potential of EGl) completely de-
V(r)=-Vo {1+exd(r—Rp)/a]} fined, the energies and wave functions of all levels in the

ground state band, having™=0",2*,4",...G", can be
calculated. Also, using the semiclassical methgl the ex-
: (1)  otic decay half-life for emission of*Ne from the 0" state
comes out as 2.5510?° s, to be compared with the experi-
In Eq. (1) we select parameter values as in previous calculaMental value of (8.37 6.10)x 10 s. Other important ob-
tions[4,6], namely servables are the reduced matrix elements of the electric

quadrupole E2) operator, given by

N 1-x
{1+exd (r—Rp)/3a]}®

V(=53.9A, MeV, x=0.36, a=0.73 fm, (2

where for 21%b+2*Ne the cluster masa.=24 and the ra- (J{|M(E2)|J;
dius parameteR, is chosen as explained below. The inter-
nuclear interaction is completed by the simplified Coulomb
potential arising from a point cluster charge relative to a e i
uniform spherical charge distribution of the core, with radiusWhereJi agdqf are initial and final state angular momenta,
equal toR,. and the(r<) integral is computed from the corresponding
A remarkable feature of the above potential is that soluf@dial functions. The factos; is given by
tion of the corresponding Schiimger equation leads natu-
rally to bands of bound and quasibound states which are ZlA§+ ZZAE
labeled by a global quantum numb®r=2n+L, wheren is 2= (AL +A)% " (4)
the node number and is the angular momentum of a band
member. _The energies pf levels within a band Qe”er?‘”y Nith Z;, A, the charges and masses of cluster and core.
crease withL, though this may cease to hold higher in the .
L .~ Although the cluster model ensures a high degree of collec-
band. This is in sharp contrast to results from other potent|al§ : . ;
. : ; Ivity an effective charge needs to be introduced by replac-
of the simple Saxon-Woods or folded forms, in which the. . . !
. . . . ing Z; with Z;+ €A;, in order to compensate for the likely
spectra are inverted. The point of these observations is that N . .
- underestimation of the surface peaking of the radial wave
for G=even(odd the band states hate=even(odd only. functions in our local potential model. Here we use 0.2
Thus this interaction produces just the right kind of spectrg P ' '
: ; . : hroughout.
for possible interpretation as the basi¢ @nd 0 bands .

oo ; . , We now compare our results with those from other ap-
occurring in many nuclei. Even more to the point, the radial roaches. We first convert our excitation energigsto no-
wave functions for the low-lying states of each band, WithFi)onal fre .uencies of rotation using the customary relation
many nodes, are all closely similar over the greater part o} q 9 y
their extent, and hence each band has what amounts to the
same intrinsic state structure. fiw(J)=12AE ;11— Ey-1)- 5

To buttress our hypotheses further we now need to dis-
cuss the physical reasons for our choice of@ealues, and Figure 1 is a plot ofi w(J) against using values obtained
correspondingR, values, which are found to give good si- from the experiment, from our calculation, and from a
multaneous accounts of energy spacings aR(E?2) rotation-vibration mode{(RVM) [9]. Figure 2 shows th&2
strengths in a band. Appropriate values are selected to reduced matrix elements, with values from the same sources,
satisfy the demands of the Pauli principle. This is straightversusJ;. The quality of fit to the data obtained from the
forward in light nucleus combinations such as the closedeluster model is clearly superior to that from the RVM. We
shell core+ alpha particle, but can only be done approxi- further note that a rigid rotor model would yield a linear plot
mately for other binary systems. The principal consideratiorin Fig. 1, and hence a very poor fit; but it would, with a
is that the nucleons in the cluster must all be outside theuitably chosen quadrupole deformation paramgtgrgive
Fermi-surface of the core. A simple oscillator counting argu-E2 values closely similar to ours in Fig. 2 and thus a good fit
ment has proved generally effective. If thecluster nucle- to the data[9]. This highlights the difficulties of previous

a(J3;03;0/20)(r?),
)

(2J;+1)(23¢+1)
)= \/ 47
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FIG. 1. Comparison of experimental valuewslid line) of rota- R (fm)

tional frequencyiw(J) as a function of] [see Eq.(5)] with our
theoretical cluster model calculatiofsolid squaresand with RVM
predictions(dashed line and open circlefor 234U [9].

FIG. 3. Calculated radial wave functions 8fPb—**Ne relative
motion, representing states of*U with J7=0",4",8" 12",
167, and 20.

models, which do not provide consistent fitting of energies

ano_l transition rates. These remarks also hold true for othghe cluster model depend on the detailed shape of the poten-

actinide nuclei4,6,7,9. _ _ _ tial, and have been found to reproduce observations rather
To further illustrate the relationship of our binary cluster \yq|| as Fig. 1 and previous work shd,4,6).

model and the simplest rotation model, using a deformed owever, when the central parts of the radial functions

rigid rotor, we show in Fig3 a comparison °f+thﬁ "id'al are unimportant, as for thE2 transitions withJ; <120, we

wave ff”Ct'O”S implied by our model fa¥"=0",4".8",  ¢an to good approximation replace all these functions by a

12*,16", and 20", which are low compared tc_) the limiting single one, say, that fad”=0%. This radial function, to-

J=120. We see that outside the central region these funGsether with the internal state vectors of the cluster and core,

tions are essentially indistinguishable. We have checked thalyy then be taken as the single intrinsic state for a band

this characteristic is robust under reasonable changes of parhich thus mimics the assumed situation in rigid rotor mod-

tential, and note that it would almost certainly be accentuategd|s Hence we recover the simp2 strength pattern of a

if, as is likely, the model underestimates the surface peaklnggid rotor with fixed internal state. The values are propor-

[14]. For many purposes therefore the levels of a band havgong| 1o squares of Clebsch-Gordan coefficients. Our model

a fixed intrinsic state function. The vital point here is thatnice|y reconciles the observed quasirotational eneries

this does not imply any simple pattern for the corresponding;crihed by variable moments of ineftiavith the correct

excitation energies arising from our potential model, and iNg(E2) systematicéwhich are implied by the rigid rotor pic-

particular, we do not in general expect to find th@+1) ture).

dependence which is predicted from the axially and equato- \ye have seen therefore, that a binary cluster model of

rially symmetric rigid rotor picture. The energies given by 234 gives rise dynamically to "=0%,2* 4", ... ground
250 state band, based on a common intrinsic state, with energy
O ' ' ' ' ' spacings closely matching the observed spectra. Similar re-
.-g 234U
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FIG. 2. Comparison of experimental valuesolid circles with (T) (E) (T) (E)
error bary of the reduced quadrupole matrix elements
(J{IM(E2)||3;) [see Eqgs(3) and (4)] as functions of angular mo- FIG. 4. Comparison of the measured energiE} ¢f the K™
mentum J; with our theoretical cluster model calculatiofsolid =3/2* parity doublet bands of?*Ra with those calculated in our

line) and with RVM predictiongdashed ling[9]. model (T) [15].
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marks apply to the lowest Oband of this nucleus, described treatment these parity doublets are the natural outcome of
in our approach as th&"=1",37,57, ... set of states be- having a 0" band in ?*Ra almost degenerate with the 0
longing to a global quantum number one unit greater tharand.

that for the 0" band[4,6]. We stress again that although we  In conclusion, we have shown that a binary cluster model,

have choserf%U to make our points, other actinides provide Using a deep potential well and large values of the global
equally good illustration§3,4,6,7,9. guantum numbe@, is not only able to reconcile many prop-

Also of interest is that all the machinery is in pld@ to erties of the ground state bands of even-even nuclei, but also

generate extensions of the model so as to describe additiongfovides a solid foundation for generalizations describing
band structures for comparison with other data on heavy de2ther bands characteristic of heavy nuclei.

formed nuclei by coupling a valence particle to the above set A.C.M. and S.M.P. would like to thank the U.K. Engi-
of states. We have demonstrated this in detail in a calculationeering and Physical Sciences Research Council for financial
of the spectrum of?Ra[15], from which we reproduce in support. S.M.P. would also like to thank the S.A. Foundation
Fig. 4 our results for th& ™=3/2" ground state band, and for Research, and the University of Cape Town, for financial
for its K™=3/2" parity doublet[16]. In our nontraditional support.
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