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Exotic Cluster States in Actinide Nuclei
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We calculate exotic cluster states for heavy nuclei in the actinide region, using potentials based on an
a-core potential which itself reproduces the properties of the low-lying positive parity statéof
We find that by suitably scaling the parameters of theore potential so as to reproduce the exotic
decay lifetimes, we obtain a good description of the spectra and electromagnetic decay properties of the
ground state rotational bands of the actinide nuclei.

PACS numbers: 21.60.Gx, 23.20.—g, 23.70.+j, 27.90.+b

In light nuclei, «-cluster models give a good description nermost classical turning points andr,, i.e.,
of spectra, electromagnetic transitions (and moments),
a-emission widths, and scattering [1-3]. Howevelky J’Z 2pe _ m
particles are not the only clusters to make their presencd , dr "2 [ - V(R)]=@n+1) 2
felt. There is evidence ofH and ®He clustering in some -
nuclei [4], while the observation of resonances in the = (G, — L + 1)7, (2)
scattering of light heavy ions (such &, %0, etc.) [5] _
suggests the existence of substantially heavier clusterf]€ value ofR can be found, and the-core potential
Indeed, a very successful account of the structuréidy ~ determined. Thex-emission W'dth};a is then given by
results from a“C-?C cluster model with mutual excitation (H2/41) eXIC[—2[ dr k(1]
of the two components [6]. It has also been suggested that r — r
there is significan& clustering in heavy nuclei[7-10], and “ 2 dr[2/K (]
the phenomenon of exotic decay indicates the presence of . r r
heavier clusters in this mass region as well.

Some heavy nuclei in the actinide region are known t
decay both bye and by exotic cluster emission. Fer
decay, we have given a good account of the data using k _ [2u

) ; . orK(r) =4/— 10 — V(r,R)|. 4
a simple model [11-13] in which the-core states are ) ) h? 0 (r Rl “)
characterized by a single value of the global quantumpq a-decay half-life is related to the width b, =

numberG, = 2n + L ~ 20, wheren is the node number ;105 /1 Good fits to thea-decay data can be ob-
of the radial wave function and. the orbital angular 5ineqd using various geometries for thecore potential
momentum. Thex-core potential is given by Vy(r,R), including square-well [11], cosh [12], and the

: ®3)

wherer; is the outermost classical turning point, and the
Qvave numbers are

2 i -
V(r,R) = Vy(r,R) + Vc(r,R) + erz (L + 1/22, mixed Saxon-Woods form [13]
@ x
@ VR = Vo [1 T exd(r — R)/a]

containing nuclear, Coulomb, and Langer-modified cen- 1 — x
trifugal terms. In addition to a radiuB, other parame- + > |- B

ters such as depth, diffuseness, etc. are generally needed {1+ exd(r — R)/3alf

to specify the nuclear potential shape. All such parameTable | shows the parameter values for these geome-
ters are fixed at globally optimized values, except for thdries which give equivalently good fits to the-decay
radius R, whose value is tailored for each decay so agata [13].

to produce anl. = 0 state at the known deca@ value The data examined above involve ground-state to
(corrected for electron shielding [14]). The Coulomb po-ground-state favored transitions, and interest is focused
tential Vc(r, R) is generally taken as that arising from a on s-wave a-core states. Onc&, and the potential
point « cluster and a uniformly charged core of radiushave been determined, the model gives rise naturally to a
R, but for the square well potential we used a surfacédand of states witli. = 0,2,...,G,. In analogy with the
charge Coulomb force, since this allows analytic evalua«w-spherical core light nuclet®Ne and#*Ti, such a band
tion of the half-life forL = 0 transitions [11]. From the could also describe the low-lying positive parity states of
Bohr-Sommerfeld quantization rule, involving the two in- 2!3Po [15], and for this nucleus the model predictions for
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Table I. Cluster-core nuclear potential parameter values fotechniques as for thex decays, are compared with
various geometries, which produce good fitsdedecay data experiment in Table Il. We typically agree to within a
[1316"]}.”‘1 the req”‘ét'on fagtqf of Eq. (6) required to produce  factor of 2—3 with the measured half-lives, except 1
good fits to exotic decay data. emission. In this case the ratizy — Z)/A is somewhat

G Vo a larger than the values for the other exotic clusters, so an
Geometry (Mev)  (fm)  (fm) «x f isospin dependence is again implied. The goodness of
Square well 24 137 — — 0.89 fit to the exotic decays is essentially independent of the
Cosh 20 152 0.55 — 0.88 potential form, as also found fer decay.
Mixed Saxon- 20 238 073 036 092 |tisnatural to investigate next the exotic-cluster spectra
Woods, Eqg. (5) generated by our potentials. As farclustering in?'%Po

[13], only the mixed potential of Eq. (5) gives rise to

a simultaneous close correspondence with half-lives and

excitation energies and decays can be compared with €%pectra. \We have fine-tuned the parameters to optimize
periment [8,13,15]. Good overall fits to decay datd  q.qe fits obtaining

the spectrum of!?Po were achieved only by using a po-
tential of the form of Eq. (5) [13]. _ () _ _

We have further found that good fits to the exotic- Ge =5Ac, Vo' = 5664, MeV, a =0.75m,
cluster half-lives of actinide nuclei can be obtained from x = 0.36, @)
the best-fit potentials fora decay simply by scaling '
certain parameters. For an exotic cluster of mass close to the values deduced directly from thedecay
We expectG. ~ A.Gq/4 and V(SC) ~ Acvé“)/4 with all  data [13] shown in Table I. Here we consider only nuclei
other parameters fixed at their best-fit valuesdodecay. having exotic decays to théPb ground state, i.e.,

. . . 222 208 14 228 208 20 232
The data indicate that we can, in fact, take Ra— **Pb+ C, “*Th— “Pb+ <0, “*U—
208Pp + 24Ne, and?**Pu— 28Pb + 2Mg. Other cases

G. = A.G,/4 and vé” = fACV(ga)/AL, (6) are easily treated. The exotic half-lives calculated using
the parameter values of Eq. (7) are given in Table I,
|and the corresponding spectra in Figs. 1 and 2 (the fitted
13 values lie in the rangé.53 = R = 6.62 fm). All the
major experimental features of the spectra are reproduced,
jas, for example, their compression relative to a pure
dotational spectrum and the lowering of thé excitation
ﬁpergies with increasing cluster mass. The excellent
agreement already obtained could be improved by fine
tuning the parameters for each nucleus.

For a given band th&?2 strength between statésand
L—2is

where the reduction factof, obtained by a best fit to
the exotic-decay half-lives, is approximately 0.9 for al
the geometries considered (see Table I). This scaling i
consistent with having more nucleons outside th#®b
core forming heavier clusters, and with folding mode
considerations of how the cluster-core potential might b
generated. We are developing a more complete treatme
of scaling which shows how to construct a universal
interaction applicable to any cluster-core system.

An additional T - =+ isospin-dependent interaction
would account for the factoy. This would generate
a small repulsive effect for neutron-rich exotic clusters

as compared to the self-conjugade clusters, therefore B(E2;L—> L —2) = 15 B3 L~ 1D
decreasing the potential depth. The exotic half-lives 8r = QL+ QL — 1)
deduced from the potentials of Table I, using the same X (L — 2|r*|L)?, (8)
Table Il. Exotic decay half-lives. Comparison of theoretical and experimental half-li\f@saﬁ'd 'If/z, respectively, for all known
even-even to even-even exotic decays, using values for the parameters of the various potential geometries from Table | and Eqg. (7).
Mixed Saxon- Mixed Saxon-
Square Woods Eqg. (5) Woods Eq. (5)
0 well Cosh and Table | and Eq. (7) Experiment
Decay (MeV) Ti) (5) Tl (5) Tl (5) Tl (5) T (5)
22Ra— 208pp + 4C 33.158 1.28 x 10" 1.38 x 10" 1.93 x 10! 2.21 X 10" (1.01 = 0.14) x 10!
24Ra— 20pp + C 30.639 531 X 105 7.36 X 10" 1.30 x 10'° 1.51 x 10'° (8.25 = 2.22) x 10V
20Rg— 212pp + 4C 28.316 4.07 X 10®  7.06 X 10% 1.55 x 107! 1.85 X 10?! (2.21 = 0.96) x 107!
28Th — 208pp + 200 44.867 395 x 10?!  5.64 x 107! 5.78 X 10% 6.71 X 10% (5.29 = 1.01) x 10%
20Th — 206Hg + 2*Ne 57.954 373 X 10* 5.16 X 10* 4.83 x 10* 5.69 X 10% (4.10 = 0.95) x 10*
22 — 208pp + 2Ne 62.492 577 X 10®  5.68 X 10% 475 X 102 3.37 X 10% (2.50 = 0.30) x 10%
B4y — W0Hg + VMg 74.349 230 X 10® 251 X 10% 2.13 X 10% 2.53 X 10% (5.50 = 1.00) x 10%
20py— 208pp + Mg 79.896 2.72 X 10*' 195 x 10! 1.42 X 10?! 1.67 X 107! 4.7 x 10%

28py — 200Hg + 328 91.474 6.79 X 10¥  5.64 X 10% 4.19 X 10% 2.64 X 10% (1.89 = 0.68) X 10%
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20+ (rotor) Table Ill. B(E2 |) transition strengths. Comparison of theo-
....... retical and experimenta#(E2 |) transition strengthsB(E2 |)7
a0l ] and B(E2 |)E, respectively, using the mixed Saxon-Woods po-
~ 9+ — tential of Eq. (5) and with parameters taken from Eq. (7), to
5 - generate wave functions. An effective chargeeof 0.25¢ is
g 14" (rotor) _ 16+ (rotor) employed throughout. See discussion in text.
Bo2of 0 mmeee-e eeeeeee 4
5 — e ——  — B(E2 )T B(E2 )"
; T == T Decay (W.u.) (W.u.)
;§ 10 - e g — ] 22RA2T — 01) 107 111 =9
3 frrotor) S ——  g— 2Th2" — 0%) 170 167 + 6
& gz T —— 8+___ szZU(zi — 0++) 250 241 = 21
00 for—=— or—= 0+;; §+;; J PPU2T — 07) 360 -
T E T E T E T E
23R, 28T 23275 26py 28Th(2* — 0%) 170 167 = 6
2Th(4T — 2%) 243 242 £ 9
FIG. 1. Exotic cluster spectra, generated by the mixed Saxon=*Th(6* — 47) 267 -
Woods potential of Eq. (5) with parameter values from Eq. (7)**Th(8* — 6%) 278 -

(T), compared with experiment (E). The dashed lines show

the energy of the highest known spin member of each band

e>+<pe+cted from a pure rotational model spectrum based on the

27-07 energy splitting. factor B, of Eq. (9). We then have a natural explana-
tion for the observed discontinuities B(E2) values as
the cluster charge increases, without resorting to the extra
parametrization necessary in the collective model. Fur-

Z|A} + Z,A3 ther, although there is no experimen®&(E2:2" — 0%)
B2 = A+ A2 ) value available for®®Pu, we expect the values for all
with Ay, Z,, and Ay, Z being the masses and chargeSPu isotopes to be similar, and indeed the measurements

238,240,242,2
of the 2%Pb core and exotic cluster, respectively. Ta—f%ro L5 W u%rue;)fgzgvgl llérze%reif;sloor;aztig ;:_rlotea?od our
ble Ill shows that the large values of the experimental3 o Y p23 Y, yc
B(E2:2* — 07") values are well reproduced using a mod—pdeCtE’(.j value for”Pu. The .B(E2 V) variations be-
erate effective charge = 0.25¢ throughout. The matrix tween differentL states of a given nucleus are almost

elements(Z. — 2|r?|L) do not vary much withi, within entirely due to the explici. dependence displayed in

. Eg. (8). Only ?°Th among our choser®Pb-core nu-
a given nucleus, nor even from one nucleus to another,

This implies that the variation between nuclei with dif- clei has aB(E2 |) measurement for any transition other

I : : "
ferent charges (i.e., different exotic clusters orbiting thethanz 0%, but we predict ratios foB(E2) transition

20 ? : . . strengths in the ground state bands of all actinide nuclei

®b core) is largely attributable to the differences in theto be similar. The ratios fop* — 04+ — 26+ —
4*:8% — 6™ are predicted to be 1:1.43:1.57:1.65, which
compare favorably with the ratios derived féfU of
1:1.41:1.54:1.59 from the experimen&(E2 |) strengths.
This is the only actinide nucleus for which such full re-
sults are extant.

Finally, we point out that the model allows a natural
explanation of the low-lying excited rotational bands
of nuclei in the actinide region. If, for example, the
cluster has an isolated first excited state, then this
1 will couple with the orbital motion to produce excited
K™ = 0%,2%, and1™" rotational bands [16]. Similarly, if
the core has a first excitéi” vibrational state (e.g., as in
208pp), the composite system will possess the well-known
221, 2287 23277 286y, octupole rotational bands. Higher nodal excitations are
0.05 . . . . also possible.

Mass Number A To summarize, we have found, using an exotic-cluster

FIG. 2. Excitation energies of* states, generated by the modeldof the at(J:tln:jdes, t.hﬁ foh”O.WI?g' I(l) The r;;gtl_onal
mixed Saxon-Woods potential of Eq. (5) with parameter valuesgfrom]r -State bands, wit t eir level sequences =

from Eq. (7) (open circles), compared with experiment (solid0™,2", ..., are reproduced in potential modehwithout
squares). recourse to any special symmetry requirements to remove

where

0.20 |

0.15 |

Excitation energy (MeV)

o
o
o

T
L
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