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Cluster structure and g 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 the case ofE2
andE3 transitions, the simple patterns exhibited by these data are well reproduced by a binary cluster model.
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PACS number~s!: 21.60.Gx, 23.20.Js, 27.90.1b
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There has been a recent accumulation of data onE1, E2,
and E3 transitions between states belonging to the low
positive and negative parity bands of nuclei in the actin
region @1–6#. These data, involving the decays of levels
to quite largeJp, exhibit a simple overall behavior which, i
the case ofE2 andE3 transitions, can be reproduced using
binary cluster model whose principal properties are sum
rized below.

We describe each of these nuclei as an appropriate c
cluster pair, interacting through a potentialV(r )5VN(r )
1VC(r ), with r the core-cluster separation, andVN(r ) and
VC(r ) the nuclear and Coulomb components ofV(r ), re-
spectively.VN(r ) is assumed parity dependent, and for po
tive parity we use a prescription which results in good fits
data on the energy levels and exotic decays of nuclei in
mass region@7–9#, i.e.,

VN~r !52V0
1AcF x

11 exp@~r 2R1!/a#

1
12x

~11 exp@~r 2R1!/3a# !3G MeV, ~1!

whereAc is the cluster mass,V0
1553.9 MeV, a50.73 fm,

and x50.36. The Coulomb potentialVC(r ) is taken to be
that arising from a uniformly charged spherical core of t
same radius,R1, asVN(r ). The radiusR1 is chosen so as to
optimize the overall fit to the energies in the ground-st
band@9#.

We choose clusters of14C, 20O, 24Ne, 28Mg, and 32Si to
model the properties of selected isotopes of Ra, Th, U,
and Cm, respectively, in line with previous application
These choices are consistent with the observed exotic e
sions of these nuclei, although in some cases exotic de
has not yet been observed, and in others more than one
of heavy-ion is emitted@10#. In addition, these choices ca
be justified to some extenta posteriorisince, as we shall se
later, the cluster charge is largely responsible for the ca
lated electromagnetic transition rates, and different cho
of cluster charge lead to predictions ofB(E2) strengths~say!
which are incompatible with the measured values.@For
highly asymmetric mass partitions such as we deal with h
the B(El) strengths, of multipolarityl, are almost propor-
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tional to the cluster charge raised to the powerl.] Our
simple prescription leads to satisfactory results, and ther
as yet no need to refine the choice of cluster in the mo
Nevertheless, it is possible that a number of cluster ty
contribute in some cases@9#, and our prescription corre
sponds toeffectivevalues of cluster mass and charge. F
example, there are grounds for proposing that, in addition
212Pb120O, 232Th could be described as210Pb122O or
206Hg126Ne. In fact, a superposition of such configuratio
is probably necessary to describe this nucleus fully, but at
moment, the available data have large error bars, and do
compel such a refinement. We, therefore, retain the sim
model employing a single cluster.

Solving the Schro¨dinger equation for the core-cluster rel
tive motion then yields bands of states, each characterize
its value of the global quantum numberG52n1L, with n
the number of nodes andL the angular momentum of a sta
of the band. Positive parity bands requireG5G1 even, and
for the ground-state bands we setG155Ac , consistent with
the requirements of the Pauli principle, and with earlier wo
@7–9#. We thus obtain aJp501,21,41, . . . ,G1 ground-
state band for each nucleus. We then use a similar proced
with V0

250.965V0
1 andG25G111, to generate the lowes

Jp512,32,52, . . . negative parity band, and optimize i
position by a suitable choice of the radiusR2 @7–9#.

The choice of the relative motion valueG is guided by the
Wildermuth condition@11# and the spherical shell mode
Protons and neutrons outside a208Pb core must have at leas
five and six quanta, respectively. A ground state (sd)-shell
cluster nucleus consisting of (0s)4(0p)12(1s0d)(Ac216)

nucleons requires 2Ac220 quanta for its construction@and
14C, the only non-(sd)-shell cluster we consider, requires 1
quanta#. Hence, for a general (sd)-shell cluster we need
at least (Zc35)1(@Ac2Zc#36)2@2Ac220#)5(4Ac2Zc
120) quanta for the cluster-core relative motion. This va
should not be regarded as more than a reasonable g
since for the heavy systems of interest here the core
cluster have very different masses~and hence oscillator con
stants!, and the spin-orbit force strongly shifts single-partic
energies from a harmonic-oscillator spectrum as well.

Previous experience witha particles@12# has shown that
the value ofG and the potential parameters cannot be de
750 ©1999 The American Physical Society
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FIG. 1. Theoretical~T! and experimental~E!
energy levels of the ground stateJp

501,21,41, . . . and excited Jp

512,32,52, . . . bands of232Th. A rigid rotor
prediction, based on the 01 –21 energy differ-
ence, for the energy of the 301 state is 7.652
MeV. Similarly, based on the 32 –12 separation,
the rigid rotor predicts the 272 state at 5.250
MeV.
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mined separately in a unique way. Rather, within fairly wi
limits, the values fall into families which describe the ha
lives, spectra, and electromagnetic transition rates mor
less equally well. This outcome is repeated for exotic cl
ters. One family of acceptable parameters has been foun
which the potential depth and theG-value scale in direct
proportion to the cluster mass@13#. In view of the compat-
ibility of this behavior with expectations from folding mod
els of the the cluster-core potential depth, and our wish
avoid the introduction of unnecessary free parametrizatio
the present calculations, we here adopt a formulation
changed from our previous work@7–9#. Other G values
could certainly be chosen instead, but would entail sm
compensatory adjustments of the potential parameters.
simple formulaG55Ac avoids such changes, is clearly com
patible with the Wildermuth restriction for the cases of inte
est here, and works very well also in all other actinides
amined so far.
or
-
in

o
in
n-

ll
ur

-
-

We apply the model to226Ra, 232Th, 234,236,238U, and
248Cm, with these nuclei treated as a Pb core plus a14C,
20O, 24Ne, and32Si cluster, respectively. Figure 1 shows th
excellent agreement between theory and experiment obta
for the excitation energies of states belonging to the low
01 and 02 bands of 232Th, usingR156.715 fm andR2

56.877 fm. Similarly good fits for the remaining nuclei re
quire at most small changes in the values of the core-clu
potential parameters defined above@9#. Of interest also is
that the largeB(E2↓;21→01) values observed in this re
gion, and their systematic increase with atomic number
the sequence Ra→Th→U→Pu→Cm, are easily understoo
in terms of the cluster model@9#. A further, and very impor-
tant, characteristic of the model is shown in Fig. 2 where
radial wave functionsxL

1 andxL
2 of states belonging to the

01 and 02 bands of232Th are compared. We see that thexL
within a band are all very similar in the important surfa
region, implying a common intrinsic state for each band@14#.
s
FIG. 2. Dependence of radial wave function
on cluster-core separationr ~fm!, for ~a! positive
parity with L50(4)28 and~b! negative parity
with L51(4)25.
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FIG. 3. Calculated~solid lines! and measured
~circles with error bars! values of@ME(2)#JiJf

8 ~e

barn! as functions ofJi . Data for 226Ra are from
Ref. @2# and include both positive~full circles!
and negative~open circles! parity states. Data for
all other nuclei are for positive parity states onl
Sources are;232Th Ref. @20# ~open circles!, Ref.
@3# ~full circles!, 238U Ref. @4# and 248Cm Ref.
@6#.
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We summarize the above by noting that for a typic
nucleus in the actinide region our binary cluster model
sults in aJp501,21,41, . . . ground-state band, based on
common intrinsic state, with energy spacings and stron
collective in-bandE2 transitions closely matching observ
tions, and similarly for an excitedJp512,32,52, . . . band.
The model is then able to generate additional structure m
usually associated with the conventional rotational mo
@15#. This has been explicitly demonstrated in calculations
the spectra of223Ra and 223Ac @16,17#, modeled as208Pb
114C1n and 208Pb114C 1p, respectively, which repro
duced the properties of the parity doubletK-bands of these
nuclei.

It is also clear from Fig. 2 that the model gives rise
approximately constant radial matrix elements^x f ur lux i&,
wheneverx i and x f are radial wave functions belonging t
the same band, andl52,4, . . . . Similar remarks apply
l
-

ly

re
l
f

when x i and x f belong to bands of opposite parity, andl
51,3, . . . .These conclusions will be reinforced if, as su
gested by microscopic calculations ofa clustering in 212Po
@18#, our model overestimates the amplitudes of the rad
wave functions in the central region. A test of these conc
sions is provided by electric transitions of multipolarityl,
for which the model yields reduced matrix elements of t
form

@ME~l!#JiJf
5^Jf uuME~l!uuJi&5 f ~Ji ,Jf ,l!al^r l&,

~2!

with

f ~Ji ,Jf ,l!5A~2Ji11!~2Jf11!

4p
^Ji0Jf0ul0& ~3!
FIG. 4. Calculated~solid lines! and measured
~circles with error bars! values of@ME(2)#JiJf

8 ~e
barn! as functions ofJi . Data for 234U are from
Ref. @3#, 236U Ref. @21# ~open circles!, Ref. @3#
~full circles!, and 238U Ref. @4#.



f
-
.
rd

n

PRC 59 753CLUSTER STRUCTURE ANDg TRANSITIONS IN . . .
FIG. 5. Weighted mean values o
@ME(1)#JiJ1

8 /@ME(2)#JiJ2
8 and corresponding er

rors for eachJi>7 in 226Ra. Data are from Refs
@1#, @2#, @5#. The overall mean value and standa
deviation deduced from the data, (2.2560.04)
31024 fm21, are indicated by solid and broke
horizontal lines, respectively.
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Z1A2

l1~21!lZ2A1
l

~A11A2!l
. ~4!

Zi and Ai are the charge and mass of cluster and core,
spectively, and an effective chargee can be introduced by
substitutingZi→Zi1eAi . We remove the sign and explicitJ
dependence of the matrix elements by defining

@ME~l!#JiJf
8 5u@ME~l!#JiJf

/ f ~Ji ,Jf ,l!u. ~5!

Most of the data@1–6# involve in-bandl52 transitions.
Figures 3 and 4 show that the model reproduces the es
tially constant@ME(2)#JiJf

8 within each band, as well as th

observed jumps with atomic number. These jumps are
direct consequences of the increasing cluster charge
though some fine-tuning using the effective charge is
e-

en-

e
al-

quired (e50.33,0.32,0.21,0.24,0.29, and 0.15 for226Ra,
232Th, 234,236,238U, and 248Cm, respectively!. We note that
although these results could be reproduced by suitably
rametrized rigid rotors, the latter would lead to poor fits
the excitation energies, which depart markedly from aJ(J
11) pattern as seen in Fig. 1. Again, the cluster mo
@ME(2)#JiJf

8 for a given nucleus already show some var

tion for the higherJi , unlike the case for the intrinsic quad
rupole momentQ0 of a rigid rotor, and it would be interest
ing to have data for yet larger spins.

Measurements of cross bandE1 andE3 transitions have
also been reported. Data onE1 transitions in the form of
E1/E2 intensity ratios@1,2,5# are principally from the work
of Ackermannet al. @5#, who deduceuD0 /Q0u values for
several transitions within each of the nucl
226Ra, 224,226,228,232Th, and 230,232U. Their conclusion is
that, except possibly for224Th, these ratios show no depen
d
,

l

FIG. 6. Calculated ~open
squares! and measured values~full
circles with error bars! of
@ME(3)#JiJf

8 ~e fm3) for 226Ra as
functions of Ji and Jf . Data are
from Wollersheimet al. @2#. The
overall mean value and standar
deviation deduced from the data
1546625 e fm3, are indicated
by solid and broken horizonta
lines, respectively.
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754 PRC 59B. BUCK, A. C. MERCHANT, AND S. M. PEREZ
dence on rotational frequency. For226Ra, there are a numbe
of independent determinations of theE1/E2 intensity ratios
for initial states withJi>7. These result in the approximate
constant@ME(1)#JiJ1

8 /@ME(2)#JiJ2
8 ratios shown in Fig. 5.

One experiment@2# yields sharply lower values of this rati
for Ji,7, possibly indicating a similar behavior to that foun
for E1 transitions in some lighter nuclei@22#. We do not
make detailed comparison with calculation here, since dip
transitions are not reliably deterimined in our model, w
the charge factora1 of Eq. ~4! involving the residue of
strong cancellations between core and cluster charge/m
ratios @7,16#.

For 226Ra we can also extract@ME(3)#JiJf
8 from data on

E3 transitions between the 01 and 02 bands@2#, and in Fig.
6 we compare the results with the corresponding model
dictions. The observed@ME(3)#JiJf

8 are approximately con

stant within rather large experimental errors, and are rep
duced by the model using a somewhat larger effective cha
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e50.48 than thee50.33 required to fit the@ME(2)#JiJf
8 for

the same nucleus. We note, however, that the value
@ME(3)#308 deduced by Wollersheimet al. @2# is 50% larger
than the corresponding quantity quoted by Spear@19#.

In conclusion, a remarkable characteristic of our bina
cluster model is that it gives rise to similar radial wave fun
tions for states belonging to the lowest 01 and 02 bands of
nuclei in the actinide region. One consequence of this is
the radial matrix elements of the type^r l& for either the
in-band E2 or the cross-bandE3 transitions within a given
nucleus are predicted to be approximately constant, and
model reproduces well the simple patterns exhibited by
available data.
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