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We compare exotic cluster model predictions of the properties of 19 even-even actinide nuclei with experi-
mental data. We restrict our attention to clusters which have been observed in exotic (@decay
Hc, 290, ?*Ne, ?8Mg, and®?Si) and concentrate on nuclei which may be modeled as Pb cores combined with
these clusters, i.e., isotopes of Ra, Th, U, Pu, and Cm, respectively. Using fixed parameter values for all cases,
we examine the energies of the states in the low&st0",2%,4%, ... andJ™=1",37,57, ... bands, the
B(E2 |) transition strengths in the positive parity bands, and the valuesB{@&@3 1;0"—3~) and
B(E4 1;0"—4"). The level of agreement between calculated and measured values is generally good.
[S0556-281®8)00910-9

PACS numbes): 21.60.Ev, 23.20.Lv, 23.7@.j, 27.90+b

I. INTRODUCTION the consequences of assuming a substantial amount of exotic
clustering in nuclei which have been observed to decay ex-
We have previously found that a simple cluster model inotically. Independent justification for this assumption would
which an alpha particle interacts with a core through a deegye desirable, in particular from realistic microscopic calcula-
local potential is capable of giving a good description of bothtions, but such calculations are not possible at present. We
the alpha decay half-lives of a wide range of nuglgl] and  note, however, that a recent microscopic estinia@11] of
of the detailed structure of those nuclée, 4Ti, %Mo, the amount of alpha clustering if*%o results in a much
and 2*?Po) which can be described as a doubly magic cordarger value than hitherto supposed.
plus an alpha particlE3—5]. This cluster model was modi-
fied to describe exotic decay half-lives with equal success Il. CLUSTER MODEL
[6], reproducing also the main features of the low-lying o
states of those exotically decaying parent nuclei which could For the even-even nuclei of interest here, our model pos-
be described as a doubly magit®®b core plus a tulqtes a cluster and a core in theit @round states inter-
14c 200, 24Ne, or 28Mg cluster[7]. Further investigations acting through a deep, local nuclear potenti@/(r) and a
involving a 1“C cluster combined with cores gP821021pp Coulomb potentiaV(r). The energies and wave functions

[8] have provided an excellent description of many proper_of relative motion are obtained by SOlVing the radial Sehro

ties of the lowest J"=0%,2%,4%, ... and J7 dinger equation

=1",3",57, ... bands of the corresponding Ra isotopes,

showing that it is not essential to have a core with a closed —#% d®xn.  [A2L(L+1)

neutron shell. Most recently, a good account of the nuclei 21 dr? + 2ur? V() +Ve(r) | xau(r)
232234.2362%) \was also given in a study of the systems

Pb+ ?Ne [9]. =Enxnu(r). 1)

Here, we study all those actinide nuclei which can be
described as binary systems involving a Pb core and one dthysically acceptable solutions have the cluster nucleons in
the clusters emitted in exotic decay. In all, we examine 19rbitals not already occupied by the core nucleons. This is
nuclei using a single cluster-core potential prescription. Infoughly enforced by an appropriate choice of the quantum
the next section we briefly describe our cluster model. ThenpumberG=2n+L (see below, wheren is the node number
in Sec. Ill, we compare calculated values of the energies ofindL the orbital angular momentum of the state. Our model
the states in the lowest positive and negative parity bandgjenerates bands of states labeled by their com@omlue
the E2 transition strengths within these bands, and thevhich will have positive parity andl values0(2)G whenG
B(E3 1;0"—37) andB(E4 1;0"—4%) values with the is even, and negative parity ahdvalues1(2)G whenG is
experimental data for each set of isotopes. The level obdd.
agreement is good, and we present a few typical cases in We then need to specify the value Gf as well as the
greater detail. We also indicate the sort of parameter adjusform and parametrization of the nuclear potential, a not com-
ment needed to bring the poorer examples into line with theletely straightforward task. For @%b core, if we were
data. In Sec. IV we examine systematic trends across thdescribing the cluster and core nucleon orbitals by harmonic
region of nuclei examined and the final section contains oupscillator wave functions, with a common length parameter,
conclusions. the minimum possible value @& could be obtained by re-
We thus use our phenomenological model to investigatguiring all the cluster nucleons to occupy states above the
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Fermi surface of the core. Thus, each proton orbital wouldand in our first study of exotic cluster structyrg we as-
have 2h,+1,=>5, and each neutron orbitahg+1,=6. Sum-  signed the parameter values

ming the individual cluster nucleon contributions, and sub-

tracting G;,, associated with the shell model ground state T1: Vo=56.6A; MeV, a=0.75 fm, x=0.36.
structure of the cluster, would then lead to a well-defined 4

value ofG=5Z.+6N.—Gj,;. HereZ; andN, are the nUM-  \y/a note that these parameter values are very similar to those

bers of protons and neutrons, respectively, in the cluster,. ; : ; ;
' ' in our i f alpha cl ri with th n-
When the valence protons and neutrons of the cluster occupused our studies of alpha clusteripgS], with the depe

Yence of the potential depth on cluster mass in line with a
the same major shefhs they do for all the cases of interest _. . ; .
here we have Gy =Z,+N,—4=A.—4 for 2=<(Z.,N,) simple scaling of the nucleon-nucleus potential depth, as

_ Sa < suggested by the folding model. We begin our systematic
zgo_agih%'aghztzﬁg r%ll\:ﬁmlf%_ gézceptze?bl ;O:/a?j e(szé}lgf))- study of the actinides with these values for bands of positive
tained in this way provide a useful guide, they are not rigor-Parlty states. The radig must also be specified for a com-
ously applicable to heavy nuclei. In such systems the cor@!€t€ determination of the potential, and this is done by
and cluster have very different masgasd hence oscillator choosing it so as to reproduce the energy of one known state
length parameteysand the spin-orbit force strongly shifts Of the spectrum. We have usually chosen thegBound state
single-particle energies from harmonic shell values as wellfor this purpose, but in view of this state’s unique sensitivity
Therefore, we trea® as a parameter which is expected to lie to the potential in the nuclear interior, we feel that a better
fairly close to the oscillator value, but which should actually Overall description can be achieved by fitting instead to the
be chosen so as to provide as good a description as possitfigergy of the first excited 4 state. _
of the data. Our studies of clustering in heavy nuclei ~ Although Egs.(2)—(4) represent the best overall potential
[1,2,5 suggest that the optimum value GF is intimately ~ Prescription for exotic clustering we have found so far, there
connected to the precise form of the nuclear potential, ané certainly room for improvement. Indeed, for any nucleus
that equally good descriptions of the available data may b&/here enough high quality data is available, we recommend
made with slightly different values @& provided that com- the §peC|f|_c fitting of_ a potential, |deaIIy_ by means of some of
pensatory adjustments are made in the nuclear potential p§i€ inversion techniques presently being develodetj15,
rameters. This situation seems to prevail for exotic clusterind? Place of the global prescription given aboehich may
as well, and so for simplicity and definiteness we make th&€ regarded as a good starting point for such inversion pro-

global choice for the lowest allowed value Gffor positive ~ cedures Even the proposed parametrizations of Egs-(4)
parity states of contain ambiguities in the sense that modifications in one

parameter value can usually be compensated by changes in
G=5(Z.+N¢)=5A., (2)  the others to produce fits of very similar qualiguch as the
for all clusters. This give& values very close to the oscil- t_rade-off be_tween the value and the pote_nt_ial_ depth men-
lator values fo'r the lightest clusters of intergg0 for 4C tioned previously. It is, perhaps, too optimistic to expect
. . that a single potential with fixed parameters can accurately
compared W'th an c.)sc[llator value ofﬁ_SndG values apout escribe such a diverse array of nuclei. Indeed, in our studies
20% above this guideline for the heaviest clusters of mteres(dgf 232,234.236.2%) [9] we found evidence for a small it
28 32g; ; parity
(140 and 160 for™Mg and *Si compared with 120 and dependence in the potential degdnd radiuy which shows

134). . N
. - learl h&(E | -
The choice of cluster-core nuclear potential is also noai:p most clearly in th&(E3 1,03 ) values, as summa

) —tized in Sec. IlIC below. We dealt with this by taking
well determined, although some commonly used potenti (-)—0.965/") as the potential depth for neaative parit
forms can be discarded as being unable to provide an accept? ' 0 P X 9 parity

able simultaneous description of the exotic decay half-live tates. V\ée lretaln thlsdfpdelfI(;atIC;n Inftfsr(]e following calcula-
and the energies of the lowest bands. In particular, squa ons, and also use a different value of the rador nega-

wells and Woods-Saxon potentials with reasonable radii anfve pari_ty states, which we fix by fitting to the energy of the
diffusenesses, and also folded potentials obtained from re irst excited 5 state. Despite our reservations about the pre-
sonable density profiles and effective interactides., the

M3Y potentia), all yield inverted spectra. That is to say that
the high-spin states have lower energies than the low-spi
states, for the members of bands of betland heavier clus-
ters labeled by fixed values db [5,12,13. However, a
simple analytic form for the cluster-core nuclear potential,

involving a mixture of Woods-Saxon and cubed Woods- . -
Saxon forms, has been found to give a good descriptian of to that of the nuclear potential. Although more sophisticated
clustering throughout the Periodic Table and of exotic clus—;[;?gttmhgn;rgor:]ﬂecie?: Z&nop;?gg c:n t':]heelrseig?atltsr (ézgeb_essbvigrzig
tering in a number of actinides.,5,7, i.e., this for ease of calculation. With th@ value and potential
X prescription thus determined, state energies and wave func-
— tions are obtained by solving the ScHinger equation for
1+exd(r=Ry/a] the required values df.
We shall also requird3(E2 |) strengths within bands
’ 3) from an initial stateJ;=L to a final stateJ;=L— 2, which
we calculate from

cise form of the potential, we do reproduce the available data
rather well with the potential defined by Eq®)—(4) for
ositive parity states, together with the modifications de-
ailed above for negative parity states.
In addition to the nuclear cluster-core potential we also
include a Coulomb potential appropriate to a point cluster
interacting with a uniformly charged core with radius equal

Vn(r)=—Vq

N 1-x
{1+exd (r—R)/3a]}®
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o2 TABLE I. Values of B(E2 |; 2" —0%) (W.u).
B(E2;3i—Jp) =7 (23 + 1)(J;03;0]20)%(r?)?
™ System Calculatede=0.2¢) Experimental
B 1505  L(L—1) " 5 Ra='C+%Pp 94 —
- 87 (2L+1)(2L—1) UDEIIC) 2222 a=14C+2%%pp 91 11¥9
~ . 22Ra=1C+2%Pp 88 974
v_vhere_( rey is the mte_gr_al of the_ squared cI_uster—core separaszega_ 14c 4 21 85 1235
tion distancer, multiplied by initial and final state radial
wave functions, and in general, for multipolarity 226Th="2%0 +2°%Ph 162 16410
228Th=200+2"%p 162 1676
Z,A5+(— 1) Z,A) 220Th=200+2'%p 157 1928
a = AiA) (6)  2s2rp—2004 217 152 19811
1e 234Th=200+214pp 148 18416
S0 thata,=(Z;A5+Z,A%0)/(Ar+Az)?%, with Z; and Aj the 233 _ 24y 208y, a1 o4t 21
charge and mass numbers of the cluster and the core. In somey _ 24ye 219 233 23310
cases extensivE2 data are available from Coulomb excita- 236) = 24N g+ 212Ppy 297 246 10
tion measurements, and are presented as the reduced matsiy ) _ 24y 214pp, 221 281 4
elements(J;||M(E2)||J;) rather than aB(E2) strengths.
The relation between these two quantities is a matter of defiZ*Pu=*Mg+2°%b 333 —
nition via the Wigner-Eckart theorem, but the most common?3pu=2&mg+21%b 322 27411
convention has 2% y=28Mg+21%Pb 313 29210
24%pu=25Mg+2%Pb 305 298.51.2
(JIM(E2)[|I3;))=VB(E2]) [in e*fm*]x(2J;+1). - 244p = 28| g + 216y 297 300:5
244Cm="325i+21%p 411 41525
In addition, we calculate B(E3 1;0"—37) and
B(E4 1;0"—4") strengths for comparison with experi-
ment. These are obtained from cluster to be similar to that of the core, to avoid setting up a
large electric dipole momerinobserved in practigeln line
B(EA 1:0"—\)= 2Nt 1a§<r*>2 e fm2, ) with these considerations, we restrict our attention to clusters

A7 which have been seen to be emitted in exotic decay, i.e.,
e, 2%0, #Ne, ®Mg, and %2Si. We begin by using a
where , is defined in Eq.(6) above and(r*)? replaces cluster-core interaction defined by Eq®)—(4), which we
(r32. label potentialTl henceforth. Table | presents a comparison

An effective chargee may be introduced into the above between the measurd®(E2 |;2"—0%) values and those
expressions for electromagnetic transition strengths byye calculate using an effective chargeesf 0.2 for the 19
changingZ; to Z;+ eA;, which corresponds to giving neu- nuclei of interest to us here. The jumps in the values between
trons a charge oée and increasing the proton charge to (1 successive groups of isotopes are quite clear and produce
+ €)e. The value ofe needed to obtain agreement with ex- strong support for the basic ideas of the cluster model. Al-
perimental B(E2) transition strengths is typically in the though our calculations d8(E2 |;2"—0") generally re-
range 0.Z e<0.3, indicating that our radial wave functions quire a variation of the effective charge in the range<0¢2
are not peaked sufficiently strongly at the nuclear surface. A<0.3 to bring them intaexactagreement with the data, for
more microscopically based treatment fdfPo wave func-  definiteness we restrict ourselves ¢e-0.2 for all electro-
tions including both shell model and*°%b cluster configu- magnetic transitions in what follows. The next section exam-
rations confirms the need for such enhancemén®11, ines the excited states of these isotopic sequences in more
and is a feature that it would be highly desirable to includedetail.
eventually in our model.

We describe actinide nuclei in te_rms_of a single cluster IIl. SEQUENCES OF ISOTOPES
and core and concentrate on nuclei which can be modeled
with an isotope of Pb as the core. The choice of cluster is Using potentialT1 and fixed effective charge=0.2 we
guided by observations of exotic decay and the value ofiext present calculations for the energies of the states in the
B(E2 |;2"—0%). The former strongly suggests a signifi- lowestJ"=0%,2%,4%, ... andJ"=1",37,57, ... bands
cant parentage of the emitted cluster in the ground state aff our chosen nuclei, plus other observablesich as
the initial nucleus. Our model also produces values(féy ~ B(E3 1;0"—37) andB(E4 1;0"—4") strength$ wher-
which are very similar for all the Pb-cluster combinationsever they have been directly measuted in the latter case,
that we have examined. In the light of this, E¢S) and (6) deduced from an overall fitting of the Coulomb excitajion
indicate that the measured valuesB§E2 |;2*—0") fora A comparison of our calculated exotic decay half-lives with
sequence of isotopes having a given cluster should be apreasured values can be found in Table | of R&l. We
proximately equal to some constant which is characteristic ofupplement these calculations by using modified potentials
the cluster charge. Although the mass of the cluster is not sahen deviations from the observed excitation energies war-
easily inferred, we expect the charge to mass ratio of theant an effort to improve the theoretical description. To this
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FIG. 1. Comparison of energies calculated using potenfidlandT2 with experiment for the lowest band of positive parity states in
220,222,224,22&a.

end we define two further sets of parameter values: A. 220222220 2R 5= 14C 4 206,208, 210213}

Figures 1 and 2 compare our results using poteitlafor

. + __ — —
T2: Vg=53.%; MeV, a=0.73 fim, x=0.36 the energies of the lowest positive and negative bands of

O states in2202222242283 with the experimental valud46—
and 20]. The experimental database féf>?*Ra has recently
been enlarged by Coclet al.[16]. The calculated bands are
T3: V{=59.6A, MeV, a=0.77 fm, x=0.36, stretched out a little too much, generally overestimating the

(100  energy of the state of highest known spin in each isotope by
up to 1 MeV. The experimental tendency fortto increase

labeling the corresponding potentials B andT3, respec- slightly as the core mass increagesmpare the energies of
tively. Both T2 and T3 yield good fits to the exotic decay the 20" states of the various isotopes, for exampg&cor-
half-lives of Table | of Ref[7], with T2 having been used rectly reproduced.
previously in calculating the properties of isotopes of Ra and The problem with the moments of inertia has been noted
U [8,9]. In all cases we continue to use=5A. and V, before[8], and can be largely corrected by using a potential
=0.9659/, . The successively higher values of the diffuse-with a slightly smaller diffusenesgand smaller depth A
nessa for the potentialsT2, T1, andT3 lead to progres- previous study8] used potential 2 to calculate the proper-
sively more stretched-out spectsmaller effective moments ties of 22222422Ra, and in Figs. 1 and 2 we also reproduce
of inertia). The main effect of using these different potentialsthe improved fit to the excitation energies obtained with this
is thus on the excitation energies of the higher-spin stategjotential.
with those of the low-spin values scarcely affected and the A thorough discussion of the electromagnetic data avail-
effect on the electromagnetic transition rates marginal. Onable for 22222422Ra, and our model’'s success in describing
common fault is that often we do not describe the®"-4* it with the parameters of potentidl2, is given in Ref[8].
or the 17-37-5~ spacings very well, indicating that our po- Since our predictions for electromagnetic properties are
tential does not have quite the right shape near the origirargely insensitive to the choice of potential, and since no
This is also borne out by its having a nonzero derivative agxtra data are available fé*°Ra, we simply summarize our
r=0, and so in principle, there is room for some improve-previous results. For?°Ra, using an effective charge of
ment. Nevertheless, the global fit to the excitation energies dd.2%, we were able to give a good account of #&2 and
19 different nuclei using the fixed parameter values of po-E3 transition rate data obtained from Coulomb excitation
tential T1 of Egs.(2)—(4) is surprisingly good and, even in measurements by Wollersheist al. [21] involving many
the worst cases, is superior to that obtained from a rigid rotostates of both bands. We also gave a satisfactory account of
with moment of inertia based on the' 82" spacing. Fur- the B(E2 1;0"—2%), B(E3 1;0"—37), and
thermore, we reproduce rather well many of the electromagB(E4 1;0"—4") transition strengths. The only difficulty
netic properties of these nuclei using a consistent approactncountered was in describing tBdl transition rates. The
with a single (moderat¢ value of the effective charge electric dipole operator is uniquely sensitive to the neutron/
throughout. proton ratios in the cluster and core, and could not be accu-
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FIG. 2. Comparison of energies calculated using potenfidlandT2 with experiment for the lowest band of negative parity states in
220,222,224,22@a.

rately deduced from a single cluster-core combination. A suhalf-lives for *C emission from?22222422R4 was obtained

perposition of several cluster-core pairs, centered on thgom the parameter sets of both potenffd and potential
combination used in the simple model, is almost certainlyrs.

necessary. However, it was possible to circumvent this com-

plication by fitting the electric dipole moment to the data 226,228,230,232. 2341 _ 20~ 1 206.208,210,212.2

. . ; . B. 226:228,230,232,234 = 200 4. 206,208,210.212.2 18,

(which required the introduction of one extra parameter .

Then theE1 transitions in??Ra could be well described by ~ Calculated and experimental spectra for

the model. A similar strategy was also successful in describ?26:228:230.232.238, [22_25 are shown in Figs. 3 and 4. In
ing the measurements B{E1 |)/B(E2 |) ratios in?*Ra  terms of our systematic investigation of trends from the Ra
and ??"Ra [16]. An excellent account of the exotic decay to Cm isotopes, these nuclei represent a changeover region.

226 228 230. 232 234.
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FIG. 3. Comparison of energies calculated using potenfidlandT2 with experiment for the lowest band of positive parity states in
226,228,230,232,23|4h.
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FIG. 4. Comparison of energies calculated using potenfidlandT2 with experiment for the lowest band of negative parity states in
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In the Ra isotopes, the parameters of poterftalgenerally In addition toE2 transition strengths, directly measured
provide a superior fit to those df1, whereas from the U values of B(E3 1;0°"—37) and inferred values of
isotopes onward, the parameters of poteriidl give better B(E4 1;0"—47) are also available fof*>**7Th. Our cal-
results. However, for the above-mentioned Th isotopestulated values, using Eq&) and(8) and an effective charge
some are best described willt, others byT2, and some fall ©f €=0.28, are shown in Tables Il and Ill. ThE3 transi-
almost midway between the two sets of calculations. Th ions are very well descnl:_)ed by our model, and the _calcu-
figures show that both the positive and negative parity ener-ated E4 results are also in acceptable agreement with ex-

. 29 periment.
gies of °Th are very well accounted for b1, even at the As a final point, it is interesting to note that there are

lowest-spin values, so that this calculation represents one @idications of exotic cluster structure in the thorium isotopes
our more successful reproductions of the experimental datg addition to the2’0-Pb combination studied here. The ob-
in the actinide region. However, the measured energies of theervation that?*®**Th can decay by emitting“Ne [26] sug-
positive parity states of**Th lie betweenT1 andT2 (and  gests that it may contain a significa’iNe—2Hg compo-
could be best described by a potential having diffusem@ess nent, which might be correlated with the spectral changes
=0.74 fm), whereas the negative parity states are very welbetween??6228rh and 2°23Th noted above. Also, the ob-
described byT2. For 2%4Th only positive parity states up to servedB(E2 |;2"—0") strengths of 747 and 96-7 ob-
8% are presently known, and this limited information is ad- served in??Th and ??Th, respectively, are characteristic of
equately described by boffil andT2. Our description of values obtained withC clusters. The spectra of these two
230Th js of about the same standard as thaf®Th. Thus, nuclei can also be reasonably well modeled'45-Po sys-
the experimental positive parity states generally lie betweetems with a potential in line with Eq$2)—(4). Although we
the predictions ofT1 and T2, whereas the experimental do not pursue the idea further here, we note that these indi-
negative parity states are well described by T2.2fTh, cations suggest that ;he d_omlnant exotic cluster may be
however, both positive and negative parity states are be§h@nging as the thorium isotopes are traversed frdm
described byT2, which gives rise to another of the more =222 10 234.
successful applications of our model to the actinide nuclei.
There are measurements B(E2 | ;2" —0") based on
lifetime measurements fg?®228230.2322%h_The values are  Figures 5 and 6 present a comparison of the observed
close enough to each other to suggest that the dominant cluwest positive parity and negative parity bands of
ter is an isotope of O in all cases, but the effective chargeg32234236.2% 24,2527 with the results of a ?’Ne
required to reproduce the measured values exdetl9.2e  +208210.212218p clyster model using potenti@ll, as well as
for 2262287 and~ (0.26—0.29)e for 22923223%h] again in-  with the results of an earlier calculati¢®,28] using poten-
dicate some small change between these sets of isotopewl T2. The experimental energies fé#°U are quite tightly
Additional lifetime data for ??4%%h allow values of sandwiched between the values calculated from these two
B(E2 [;4"—27) to be deduced of 2429 and 26111  prescriptions, while the spectra 6f%U and 2% are best
Weisskopf unitW.u.), respectively. Our calculations using described byT1. The energy levels of*U are very well
€=0.2C yield 231 and 224 W.u. for comparison. fitted with potentialT2 [28].

C 232,234,236,23&] — 24Ne+ 208,210,212,21pb
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TABLE II. Values of B(E3 7; 0"—37) &2 b®

System Calculatede=0.2e) Experimental 21,29
22Ra=11C+2%Pb 0.63 0.740.04
and 1.16-0.11
230Th=200+21%p 0.68 0.640.06
232Th=200+ 21%pp 0.63 0.65:0.06
and 0.45-0.05
234 =2"Ne+2%Pp 0.67 0.56:0.18
238y =24Ne+2%pp 0.62 0.530.07
and 0.69-0.08
238 =24Ne+2YpPb 0.58 0.59:0.05
and 0.64-0.06
23%py=28Mg+21%b 0.58 0.7£0.12
249py=28Mg+21%Pb 0.53 0.4%+0.06
24%py=28Mg+ 2%Pb 0.48 0.420.07
24py=28\Mg + 2%Pb 0.43 0.36:0.10
24cm= %25+ 21%pp 0.44 0.52-0.07

There are extensive measurements onERetransitions using a different value for the potential radius fitted to place
rates within the positive parity bands 61+2%¢2%%), coming  the lowest excited 5 at the correct energy. This radius is a
mainly from Coulomb excitation experiment81-35. The little larger than that for the positive parity states, resulting in
results of calculations of these electromagnetic quantities angie moment of inertia for the negative parity band being a
largely independent of which potential parameter set we useittle larger than that for the positive parity band, an effect
and we have already given a good account of the redE@d observed in many of the isotopes examined to date. The par-
matrix elements for 2342323y for spin values ity dependence of the potential leads to a phase difference
0"-28", 07-28" and 0"-30" using potentiall2 and ef-  petween the oscillations of the radial wave functions of the
fective charges of 02 0.2, and 0.28, respectively, in  positive and negative parity states involved inE&® transi-
Table Il of Ref.[9]. tion, which in turn leads to a reduced transition stren§th

There are also direct measurements BfE3 ;0" Failure to account for this effect leads to repeated overesti-
—37) and deduced values &(E4 1;0"—4") available mates of8(E3 1;0"—3") by a factor 6-7. Table Il shows
for 24236234 The E3 strengths give a very strong indica- that, with this adjustment, a good account can then be given
tion that a small parity dependence is needed in the clusteof values ofB(E3 1:0"—37), not just for 23423623¢) pyt
core potentia[9]. We have introduced this by taking a po- also for other actinide nuclei. Table Il shows that we also
tential depthV, for the negative parity states, which is achieve a fair reproduction of th&(E4 1;0"—4™)
96.5% of the depthv, for the positive parity states, and strengths, although we are not able to account for the small

TABLE III. Values of B(E47; 0" —4") e?b*.

System Calculatede=0.2e) Experimental21,30
226Ra="19C +21%Pb 1.10 1.080.15
230Th= 200+ 21%p 1.83 1.19:0.32
232Th=200+21%pp 1.79 1.480.34
234 =24Ne+2%Pp 2.63 1.96:0.56
238y =24Ne+2%pp 2.57 1.69:0.57
238 =24Ne+2YpPb 2.53 0.68:0.37
23%py=28Mg+21%b 3.49 1.90.7
24P y=28Mg+2%Pb 3.42 1.30.6
24%py=28Mg+2%Pb 3.36 0.55'933
249py=28Mg + 21%Pp 3.30 0.09°3%3

24Ccm=32sj+21%Ph 4.32 0.0°5%°
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FIG. 5. Comparison of energies calculated using potenfidlandT2 with experiment for the lowest band of positive parity states in
232,234,236,2%.

value deduced fof38U. Good descriptions of the half-lives duced up to spins of about 10 In the heavier isotopes

for 2*Ne emission from?32234J are also achieved with the 2**?*Pu, there are indications, even for these low-spin

parameter sets of boffil [7] and T2 [9]. states, that the calculations are underestimating the energies.

This problem gets progressively worse for higher spins, and

the values for the 26 states in?*>2*Pu are about 0.4 MeV
elow the measured values. A modification of the parameters
o the values foiTf 3 given in Eq.(10) corrects this problem.

D 236,238,240,242,21§u= 28Mg +208,210,212,214,2:}§b

Figure 7 compares our calculations of the energies of th

bands of lowest-lying positive parity states ©f-2*Pu us- _ —

ing potentialT1, with the currently available dafa4,27,36— We plot the resul_tmg spectra in F|g._7, Iabel_ed 0g. The

39]. Apart from the usual difficulties in describing thé @* 22?%'?"9(1 energies o_f the states n the lighter isotopes
spacings, the lower reaches of the spectra are well repro- - Pu are now slightly overestimated, but those of

232 234 236 238U
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FIG. 6. Comparison of energies calculated using potenfidlandT2 with experiment for the lowest band of negative parity states in
232,234,236,23@.
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FIG. 7. Comparison of energies calculated using potenfidlandT3 with experiment for the lowest band of positive parity states in
236,238,240,242,215u'

24224y are much improved, so much so, that the spectrurare in very good agreement with the data, while the energies
for 24%Pu represents one of the best fits we have been able foom T3 are slightly larger. There is not a great deal of
achieve. information on the electromagnetic transitions in these nu-
Energies of negative parity states 238242295 have clei, and Tables | and Il show that the calculated
not been measured beyond the-3-5~ states, and so no B(E2 |;2"—0%) are all in satisfactory agreement with
spectra are plotted for these cases. However, negative paritgeasurements. The only significant deviations are those ex-
states in?*®Pu have recently been reportg87] up to J™  hibited by theB(E4 1;0"—4%) strengths deduced from
=27, and we compare calculations using potentiglsand ~ Coulomb excitation experiments far*®-24Pu [30], which
T3 with these measurements in Fig. 8. The results fidin  are seen to decrease with increasing mass number and, for

240
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======== s
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FIG. 8. Comparison of energies calculated using potentialandT3 with experiment for the lowest band of negative parity states in
240y,
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24224y in particular, are much smaller than our calculatedhe Pu isotope¢Mg clusters. This trend should be repro-

values(see Table ). We remark further on this point in the duced to some extent by a double-folding procedure, involv-
next section. ing a core of fixed mass and cluster of increasing mass.

Apart from this feature, there is also a tendency for the
E. 2%4Cm=32Si4 21%pp spectra of a sequence of isotopes to become more com-
pressed as the mass number increases. This was pointed out
Although we would like to model the isotopes of Cm in for the Ra isotopes, by reference to the energies of their 20
terms of 32Sj clusters and Pb cores, we seem to have reachestates, but is true for the other isotope sequences as well. The
the limits of applicability of such a binary combination in trend is captured semiquantitatively by our calculations. Part
this region. The value oB(E2 |;2"—0") acts as a good of this change is certainly due to the increasing effective
indicator of the dominant cluster to be employed in our mod-mass produced by the rising mass number of the Pb core.
eling of the actinide nuclei, and the systematic variationgHowever, it is also noticeable that tigvalue for separating
across the different families of isotopes displayed in Table the parentinto cluster and core decreases as the Pb-core mass
[and in line with Eq.(5)] suggest that a Si cluster is certainly Number increases. For our fixed potential geometry prescrip-
appropriate for?*4Cm. However, the other isotopes of Cm tlon_thls means that the poten_tlal radius parameter, ol:_)talr_1ed
for which measures oB(E2 |:2*—0") are available are by fitting to theQ value, must increase. The larger radius is
246cm and?%Cm, where the measured values of 326and then responsible for slightly more compressed spectra. _
324+ 4, respectively, are strongly suggestive of Mg clusters, One final note on the spectra is that the observed excita-
and we do not pursue our investigations?#-2*€m further tion energy of the ba”dhead.ogztge lowest Gand has a
here. For?*Cm the available information on energy levels MN'MUM of around 200 keV irf# _‘R"’F rising to about 1
[39] only goes up to 8 in the ground state band, and al- MeV T 4Pu. We find that a potentlal fitted to the p_ropertles
though theT1 potential results fit these limited data quite of_aO grounq state band results in t_he corresponding I_owest
well, they are not severely tested by them. For this nucleud bands be|r!g several MeV_ too high. To +reme£jy this, as
the calculated values of B(E2 |:2*—0%) and well as to obtain agreement with tI&(EB 7;0 —>.3 ) val-
B(E3 1:0"—3") are in good agreement with the corre- ues, we have as'sumed the pqtentlal to be parity dependent.
sponding measurementsee Tables | and JI However, we We thus use a different potential depth _for the_negatlve par-
predict a large value fdB(E4 1;0"—4") whereas no such ity band(96.5% of _that ”S?d for the positive parity b_z)rax_d1d
result is deduced from Coulomb excitation, where a value of't the corresponding radius parameter to the excitation en-

zero seems to be consistent with the scattefsee Table ergy of the 5 state of the negative parity band. This results
). As for 238 and 238-24by, we thus find a marked dis- in a somewhat larger potential radius for the negative parity

crepancy withB(E4) values deduced from Coulomb scatter- band than for the p_ositive parity band and_has th_e conse-
ing for 24Cm. Other(more directly measurecbservables quence of compressing the calculated negative parity band a

for these heavy nuclei are in good agreement with our modjlttle more than the positive parity band, as if it had a slightly

predictions, and we strongly recommend confirmation of th arger effectiye mome”t of inert.ia. This slight Compre?’?‘.o”
B(E4) experimental results of the negative parity states with respect to their positive

parity counterparts is discernible in the data.
The most striking trend in our results is the sequence of
discrete jumps in the values B{E2 |;2*—0") from one
Our aim in the preceding sections has been to describe tHgotope set to another. These are calculated from (Bg.

. . . [ 2\2 H
properties of sequences of isotopes ranging fréfiRa to  Where itis found that the value ¢f<)“ only changes slightly
244Cm as cluster-core combinations interacting through a pofrom one nucleus to another. Thus tB€E2|) jumps mirror
tential with a fixed prescription. This approach has beerthe corresponding jumps in values of;~[Z,/(1
quite successful in describing the energies of the lowestrA;/A;)]? as the cluster chargé; changes from one iso-
bands of states and observed electromagnetic propertig©pe set to another. The experimental valueB6E2 |;2*
However, there are indications of systematic deviations from—0") therefore gives a very strong clue as to the charge of
experiment. the cluster to be used in our model, and provides one of the

Our theoretical description of the spectra of the variousnost striking vindications of its applicability in this mass
nuclei examined is good, but not perfect, showing that theregion. Table | shows that a good account can be given of the
shape of the potential we have used could be improved. 148 measured values frorff’Ra to 2*ACm using a small ef-
particular the 0-2"-4" and 1 -37 -5, spacings are often fective charge of 02 We have no such simple indication of
calculated to be smaller than those observed, implying thahe mass of the cluster, butZ A ratio for a cluster rather
the shape near the origin needs modification. This is particusimilar to that for the core is necessary to avoid an unaccept-
larly true for Ra, less so for Pu, and hardly a problem at allably large intrinsic electric dipole moment of the cluster-core
for Th and U. system. In view of the near constancy(of)?, the variation

Another trend in the spectra is that, using the potentiabf B(E2 |;L*—(L—2)")is closely given by the explicit
prescription of Eqs(2)—(4), we tend to stretch out the spec- dependence shown in Ecp). This is well borne out by those
tra of the lightest nuclei and compress too much those of théew cases where sufficient data exist to check it, ?&Ra
heaviest nuclei. This can be corrected by taking the diffusef8], 232Th, and 23423623 9],
ness of the potential to increase marginally with increasing In all probability, our model should be extended to deal
cluster mass, as can be seen from the better fits obtained withith a linear superposition of different cluster-core combina-
the potential parameters of EQLO), wherea=0.77 fm for  tions centered around the unique pair that we have used to

IV. SYSTEMATIC TRENDS
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analyze the data on the actinide nuclei here. In long sein larger phase shifts. This results in the values(ot)?

quences of isotopes we might then look for evidence of thdecoming progressively smaller. In fact, it more than offsets

dominant cluster shifting with changing mass. The lighterthe increase in the factonf:3 so that the predicted

isotopes of thoriumA=222 and 22%can be best described B(E3 1;0"—37) strengths show a slight decrease with in-

by *C clusters orbiting Po cores, a subject which we havecreasing mass number. This decrease appears to be present

not pursued in the present investigation. Rather more surprigiso in the measured values.

ingly, the E2 data for the heavier isotopes of Cri\<£ 246

and 248 can be best described in terms of Mg clusters or- V. SUMMARY

biting Po cores. There are also indications from exotic decay . .

of the need to introduce a multicluster descriptiGAlU is 22&/?2@ h%\ﬁmf ex%g*;'_”;g% 23%?24épeven-evenz4 nuclei

observed to emit both Ne and Mg ions, afiPu emits both ( A h, ' P, _and ACm).
within a local cluster-core model using a fixed prescription,

Mg and Si ions(for a recent review, see Rd#0]). . X -
Our model predicts a similar behavior for the Egs. (2)—(4), for thg effective potgntlal, and a fixed vqlue,
€=0.2, of the effective charge. This approach has previously

B(E4 1;0"—4") values, varying ag?_,. Values inferred . >
from Coulomb excitation experiments are available for 11 Ofbeen shown 1o give a good description of the measured ex-
otic decay half-lives of these nuclgf]. Here, we have seen

the nuclei we have examinddee Table Il. We emphasize at it also gives a good account of the eneraies Bad
that these values are not themselves measured directly, bl gn good 9 -
ctromagnetic  transitions of the lowestJ

deduced as necessary input ingredients to a code which seeks. . . 2 oA e
to provide a complete description of the Coulomb excitation_. 27,47, ... andJ"=1",37,57, ... bands of states.

process. Many of the measured values have considerable ggggrrr'}rge;g'ggggi;?;g”ﬁﬁg%é?é;g; bz‘:ttr;?; or;zge;;
ror bars, but we can claim that six of them are more or les P 9

consistent with the predicted trend. However, the quoted valour calculations with flxe.d parameter values sugggst. This
ues for 238 and 24224py are significantly smaller than ex- €& be accommodated within our model by a small increase
pected(although, again, with large error bardt should be in the diffuseness of the potential with increasing total mass.
] ’ HP H 7=y .o+ +

pointed out that the sign of tHe4 matrix element is ambigu- The siriking changes in the values (EZ 1:27—07) .
ous, and that if Bemist al.[30] had made a different choice, observed betwgen one sequence of isotopes and another is
they would have calculated a much larger value fornaturally explamec_i In our ”.‘Ode' by a change of_cluster
B(E4 1:0°—4%). They rejected this choice partly on the charge. Indeed, this feature is so pronounced that it can be
grounds’ that they. considered the resultiig deformation used as a strong indication of the charge_ of the Cll.JSte.r to be
parameter to be unreasonably large. We, on the Contraremployed in any attempt to model actinide nuclei. Similar

N+ +
predict that the3, deformation should indeed be very Iarge,)étrong changes d8(E4 10" —4") are expected from one

and strongly urge a reevaluation of existing Coulomb exci-fee;t?f '222??: dtovzrllget!k;er%o?utthage hneoatv(i)ebrse;\éﬁgi ér; t?ﬁj ;glr
tation data and a remeasurement of the heavier nuclei thgLJy 238‘24‘gu and244cm.

determine whether the apparent falloff B(E4T) is a real Overall, a good description of the observations on 19

effect or not[41]. heavy nuclei has been given in terms of a simple binary

TheB(E3 1;0"—37) transition rates and the need for a ; g : ;
: . . cluster model. More detailed descriptions in terms of a linear
small parity dependence in the cluster-core potential werég

discussed in our previous study of the uranium isotd@és Superposition of such cluster-core pairs and through internal

: . excitation of the cluster or core or both are expected to be

Table Il lists 11 nuclei where measurements have been mad . .
I ) ) ﬁighly instructive.

and rather similar values are obtained in all cases. Our cal-
culations are generally in quite good agreement with these
values, but to achieve this the potential parity dependence
was crucial. With our adopted parity dependence, we calcu- A.C.M. and S.M.P would like to thank the U.K. Engineer-
late shifts of the positions of the positive parity relative to theing and Physical Science Research CoufeEPSRQ for fi-
negative parity wave functions which are similar in magni-nancial support. S.M.P. would also like to thank the S.A.
tude for all isotopes. However, the wave functions for theFoundation for Research and the University of Cape Town
heavier nuclei have shorter wavelengths, and so this resulfsr financial support.
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