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Molecular Alpha-Particle Clustering in Ra; Dipole Collectivity in the Vicinity
of Nuclear Shell Closures
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Evidence for the presence of alpha-particle clustering in ' Ra comes from a number of
observables: binding energy, S,„,Q„, E„(J~), g„, and I„. That this clustering is a
signature for the new dipole collectivity suggested by Iachello and Jackson follows from
observation of simultaneous enhancement of selected El, E2, and E3 deexcitation tran-
sition matrix elements; of these the E1 enhancement is most pronounced as would be ex-
pected for dipole collectivity.

PACS numbers: 21.10.Re, 21.60.0x, 23.20.-g, 27.80.+w

The existence of alpha clustering in the low-
lying states of light nuclei, particularly in the
"0-"Ne region, is now well established. ' Re-
cently published' systematics for ground-state
alpha-particle widths for heavy nuclei also indi-
cate large reduced alpha-particle widths in the
vicinity of the Z= 50 and 82 shell closures. It
bears noting that the largest ground-state re-
duced alpha-particle width for any heavy nucleus
yet reported is that' for "'Ra; it exhausts 75% of
the %'igner sum-rule limit. These large ground-
state reduced widths (9„') suggest that configura-
tions such as o. + &, may indeed exist in the vicin-
ity of shell closures. If the overlap between the
alpha cluster and the core nucleus (A, ) is small
(as suggested by the large 6 „'), it may be ap-
propriate to view these states as physically real
molecular alpha-particle cluster states. Such
states could then be viewed as the nuclear equival-
ents of the HBr or HI diatomic molecules which
also invoice consitituents of very different sizes.

Recently, the possible importance of such alpha-
particle clustering in heavy nuclei was empha-
sized and a phenomenological description was
proposed' in which the cluster states are associ-
ated with a new molecular dipole degree of free-
dom. ' The model is developed within the context
of a spectrum-generating algebra to emphasize
the intrinsic symmetries involved; in this case
the cluster is characterized by the length and
orientation of the vector separating the a and A,
centers of mass and thus is associated with a di-
pole degree of freedom and with S and P„(-1
& p. &1) bosons 'he generators of V(4).

In addition to such molecular states it would be
expected, of course, to find the normal quadru-
pole collective states in the low-energy excita-
tion spectraof these he, avy nuclei —and indeed
dipole and quadrupole states having the same J"

would be expected to mix. The result of such
mixing of the normal quadrupole ground-state
band having a sequence 0+, 2', 4', 6', ... , and the
molecular dipole band' having sequence 0', 1,2',
3, 4', .. . then leads to low-lying 1 states, as
observed, ' a sequence 0', 2', 1,4', 3, again as
observed, as well as large ground-state alpha-
particle reduced widths and small relative alpha-
particle hindrance factors for excited states. In
addition, higher-lying states —0,;2, ', .. . with
small hindrance factors are expected. For kigh-
spin states it remains possible that the mixing of
the ground-state band and the cluster band may
not be as important, leaving the interleaved se-
quence 4', 5, 6', 7, . . . .

We report herein our experimental studies on
"'Ra; these were designed to test the validity of
the molecular alpha-particle clustering picture
of heavy nuclei' and to search for evidence for- the
postulated dipole collectivity.

The expected electromagnetic deexcitation width
(1 ) of molecular states can be estimated by eval-
uating molecular sum rules, ' as well as by con-
sidering a classical geometric model' for molec-
ular states. It would be expected that molecUlar
states having large 6) ' should also have T' val-
ues that exhaust a large fraction of this molecular
radiative sum rule. Such a simple classical mod-
el requires that all three of B(El), B(E2), and
B(E3) deexcitation matrix elements are enhanced
for transitions within a molecular dipole band;
enhancement of B(E1)arising from the displace-
ment of the center of charge from the center of
mass is predicted to be the most striking.

We recently reported' on the possibility of col-
lective dipole states comprising an z+ "C molec-
ular band in "0 having spin sequence 0+, 1,2',
3, (4'), large alpha widths (0 „'=20/o), and en-
hanced E1 matrix elements [B(Z1)-10 ' W.u. ];
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these B(E1)values are the largest thus far re-
ported in even-even nuclei; they correspond to
13$ of the molecular El sum rule. ' The band-
head in this case is the mell-known four-particle,
two-hole (4p-2h) 0, ' state at 3.63 MeV in "O.

In this Letter we report on our studies of an
alpha-particle-cluster molecular band in "'Ra
involving the nonyrast low-spin and high spin-
states in "'Ra, and their El and E2 deexcitation
modes. We have found that the molecular states
in these bands display enhanced electric deexci-
tation matrix elements of many multipolarities:
El, E2. (and E3) simultaneously. The enhance-
ment of the B(E1)values has been found to be the
most prominent.

We have studied "'Ra via the reaction 'OSPb("C,
3n)"'Ra through measurements of gamma-ray ex-
citation functions, alpha-particle excitation func-
tions, gamma-gamma coincidences, gamma-ray
angular distributions, and alpha-gamma delayed
coincidences. All these studies were carried out
with use of "C beams from our model MP1 tan-
dem accelerator at 67.0 MeV where the 3n chan-
nel cross section maximizes, as well as at 59.0
and 59.5 MeV, near the Coulomb barrier, where
we have attempted to minimize the angular mo-
mentum in the entrance channel of interest and
thus emphasize the population of low-spin (1, 3 ),
nonyrast, high-lying states systematically ap-
pearing in this region. ' A Doppler-shift recoil
distance measurement (RDM) was used to meas-
ure the B(E2) decay matrix elements of the 2'
and 4' states. A similar measurement' on only
the high-spin states of "'Ra shows more limited
but consistent results. Our RDM experiment and
excitation curve near the barrier (58.5 to 60.0
MeV) yield ordering of the 4'-2' and 2'-0'
transitions opposite to that suggested in Ref. 9.

The level spectrum of "'Ba obtained from our
work is shown in Fig. 1. The high-spin structure
of "'Ba indeed shows the interleaved spin se-
quence 4', 5, 6', 7, 8', 9, . . . , 15, 16', 17 . In-
dividual E1/E2 branching ratios exhibit a very
similar ratio: 7.0 x 10 ' &B(E1)/B(E2) &9.5
x 10 ' (in Weisskopf units). Note that these
branching ratios do not vary as much as those re-
ported in Ref. 9. The BDM measurement yields
B(E2:2'-0")= 80+20 W. u. and B(E2:4"-2')
=125+30 W. u. as shown in Fig. 2. Several experi-
mental difficulties are reflected in the large er-
ror bars. To avoid the large background pro-
duced by commonly used metallic stopper foils
we used Mylar stopper foil. A much preferable
experimental arrangement could be achieved by
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FIQ. l. High- and low-spin states of 2' Ha Individual
Q(El) j@(E2) branching ratios, deduced from the shown
intensities, are almost constant. The molecular dipole
cluster band comprises alternating parity states with
enhanced intraband E1 transitions.

use of a '"Pb beam and a reversed reaction; how-
ever, if these B(E2) values are extrapolated to
the high-spin states we find B(E1)=10 ' W.u. for
these as plotted in Fig. 2. These would clearly
reflect very enhanced El matrix elements; in-
deed these would be the fastest El transitions
yet found in heavy nuclei. We thus clearly find
in the high-spin structure of "'Ra evidence for
alpha-particle clustering through the interleaved
spin sequence 4', 5, 6', . . . , 15, 16', 17 and
through the enhancement of the B(E1) matrix ele-
ments.

As already noted' the excitation energy of the
J"=1,3 states in this region reaches a low val-
ue of -200 keV. However, additional increase of
the excitation energy of the J "=1 states as A
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FIG. 2. Enhanced E1, E2, and E3 transitions in"Ba. The extracted B(E1) matrix elements are the
largest known in heavy nuclei. Also, the reduced alpha
widths in ' Ha are the largest (Ref. 2) known in heavy
nuclei (0& = 75%). The g2 enhancement is more than
expected for regular collective states (Ref. 10) [char-
acterized by &(F2) E(2+) = const]. The molecular di-
pole cluster states show extra enhancement of their
F.1, E2, and E3 deexcitation matrix elements as dis-
cussed in Ref. 6.

approaches 126 is observed'; it arises from the
decrease in the energy of the ground states (i.e.,
larger binding energies) rather than from an in-
crease in the intrinsic excitation of the 1 state
itself. In the vicinity of the Ã= 126 shell closure,
we find evidence for extra binding of the Nth nu-
cleus with respect to the (N+ 2)nd nucleus. That
extra binding is clearly observed as a deviation
from linearity of the two-neutron separation en-
ergy (S,„), which is usually linear in iV. This
extra binding is, in fact, equal to the increase in
the excitation energy of the J ' = 1 state. The ob-
served extra ground-state binding could possibly
reflect mixing of the closely lying 0' alpha-parti-
cle-cluster bandhead and the 0' quadrupole
ground state with consequent depression of the
latter and elevation of the former. In contrast the
alpha-particle separation energies (Q ) exhibit a
linear dependence on N. In the cluster model this
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ean be understood as a cancellation of the extra
binding evj.dent for Ra and Th. The rj.se j.n
the excitation energy of the J "=1 state (toward
N= 126) is also correlated with the well-known
decrease" in the hindrance factor (I'„)by -1000
and the increase in 6 ' for the ground state, ' all
suggesting that in these light actinide nuclei the
molecular cluster band lies low, close to the
ground-state band with which it mixes.

It has been suggested previously" "that the low

energy of the J "=1,3 states in this region is
evidence for the existence of permanent octupole
shapes. We note first that, as shown in Ref. 6,
alpha-particle-cluster states yield permanent
(pear-shape) octupole moments, but also yield
polarization (dipole moment) and deformation
(quadrupole moment). It will be of interest to
study further the detail. ed connection between
alpha-particle cluster and permanent octupole
deformation. The large ground-state reduced
alpha width for "'Ra (0„'=75%%uo), however, pro-
vides support for the reality of the cluster inter-
pretation. '

We have already noted that the B(E1)matrix
elements in "'Ra are large. In Fig. 2, we com-
pare these B(E1)values to those of "'Ra" and
'"Ra.' We clearly observe an enhancement of
B(E1) in moving toward the light Ra isotopes. The
extrapolated B(E1:0'-1 ) in "'Ra exhausts 15%
of the molecular sum rule' for E1 transitions. It
is also well known" that for regular quadrupole
collective states of even-even nuclei the product
B(E2:2,'-0')E(2') is a constant (proportional to
Z'/A, ), as observed for the heavier Ra (and Th)
isotopes, as shown in Fig. 2. We observe an ad-
ditional enhancement of B(E2:2'-0') for "'Ra,
as well as '"Ra (and "'Th), ' over that predicted
for normal collective states"; a rotational cluster
model, ' on the other hand, predicts an enhance-
ment of a factor of 4 beyond that of the collective
model. " Unfortunately, no data are available as
yet on B(E3:3, -0') in "'Ra. The only three
known B(E3) for stable targets in the region""
suggest an increase in B(E3) toward N ~ 126; a
rotational cluster model predicts an enhanced
B(E3) of 58 W. u. for "'Ra.' As shown then in Fig.
2, all the low electric multipoles are enhanced

in "'Ra, but the enhancement of the B(E1) is most
striking; similar behavior is observed" for

' ~ Th where only the yrast high-spin states
were measured and only relative B(E1)'s are re-
ported. We emphasize that the nonyrast low-lying
1 and 3 states are, however, essential for the
molecular cluster interpretation.
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To conclude, we find evidence for alpha-parti-
cle clustering in the light Ra isotopes and in
"'Ra, in particular. The alpha-particle-cluster
states are low lying near shell closures and a
signature for them is found in incremental and
simultaneous enhancement of El, E2, and possi-
bly E3 transition rates. The molecular alpha-
particle-cluster states exhibit a new collective
dipole behavior near shell closures. A complete
description of these heavy actinide nuclei, how-
ever, will require that the cluster dipole degree
of freedom be treated in coexistence with the
other well recognized quadrupole and octupole
collective degrees of freedom, much as in the
coexistence observed' in "Q.

One of us (M.G. ) wishes to thank E. Dafni,
F. Davidovsky, and C. Broude for their help in
the initial attempt to measure the B(E2)'s of
"'Ra, carried out in the Weizmann Institute. We
acknowledge discussions with F. Iachello,
F. Stephens, and P. Vogel. This work was sup-
ported in part by the U. S. Department of Energy
through Contract No. DE-AC02-76ER03074.

~'~ Present address: Lawrence Berkeley Laboratory,
University of California, Berkeley, Cal. 94720.

Temporary address: Physics Division, Oak Ridge
National Laboratory, Oak Hidge, Tenn. 37830.

'A. Arima, in Clustering Aspects of Nuclear Struc
ture and Nuclea~ Reactions, edited by W. T. H. Van
Oers et al. , AIP Conference Proceedings No. 47 (Am-
erican Institute of Physics, New York, 1978), p. l.

E. Roecki, in Proceedings of the International Con-
ference on Nucleus-Nucleus Collisions, Michigan State
University, September 1982, Nucl. Phys. A400, 131c
(1983).

3F. Iachello and A. D. Jackson, Phys. Lett. 108B,
151 (1982); F. Iachello, Nucl. Phys. A396, 233c (1983).

4F. Iachello, Phys. Rev. C 23, 2778 (1981).
'F. S. Stephens, Jr. , F. Asaro, and I. Perlman,

Phys. Rev. 100, 1543 (1955).
6Y. Alhassid, M. Qai, and Q. F. Bertsch, Phys. Rev.

Lett. 49, 1482 (1982).
7M. Gai, M. Ruscev, A. C. Hayes, J. F. Ennis,

R. Keddy, E. C. Schloemer, S. M. Sterbenz, and D. A.
Bromley, Phys. Rev. Lett. 50, 239 (1983).

C. M. Lederer and V. S. Shirley, Table of IsofoPes
(Wiley, New York, 1978).

~J. Fernandez Niello, H. Puchta, F. Riess, and
W. Trautmann, Nucl. Phys. A391, 221 (1982). Y. Gono
et al. (private communication) report the 4+ and 2+ as
suggested in Fig. 1.

' L. Qrodzins, Phys. Lett. 2, 88 (1962).
"A. Gyurkovich, A. Sobiczewski, B. Nerlo Pomorska,

and K. Pomorski, Phys. Lett. 105B, 95 (1981).
"Q. A. Leander, R. K. Sheline, P. Moiler, P. Olan-

ders, I. Ragnarsson, and A. J. Sierk, Nucl. Phys.
A388, 452 (1982).

'3C. Mittag, R. Zimmerman, and J. de Boer, unpub-
lished; J. de Boer, private communication (to be pub-
lished).

' F. K. McGowan, C. E. Bemis, Jr., W. T. Milner,
J. L. C. Ford, Jr., R. L. Robinson, and P. H. Stelson,
Phys. Rev. C 10, 1146 (1974).
"D. Horn, G. D. Draooulis, A. P. Byrne, and C. H.

Fahlander, private communication; D. Ward, Q. D.
Dracoulis, J. R. Leigh, R. J. Charity, D. J. Hinde,
and J. D. Newton, to be published; %. Bonin, M. Dah-
linger, S. Qlienke, E. Kankeleit, M. Kramer, D. Habs,
B. Schwartz, H. Backe, Z. Phys. A 310, 249 (1983).


