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Evidence for hexadecapole collectivity in closed-shell nuclei
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Evidence for hexadecapole collectivity in closed-shell nuclei is presented by examining the ob-
served characteristics of the lowest 4+ excited state in each case. These 4+ states, presently identified
in the N = 82 isotones Sn and Ce, and the Z = 82 isotopes, Pb and Pb, have nanosecond
half-lives, and are found to decay by enhanced E4 transitions to the respective 0+ ground state,
whereas AI = 2 E2 transitions from, and to, these states have B(E2) values which are only a fraction
of a Weisskopf unit. These features, suggestive of a significant one-phonon hexadecapole component
in the structure of these 4+ states, are interpreted in terms of their shell model configurations.
Similar characteristics are predicted for some other closed-shell nuclei.

PACS number(s): 21.60.Ev, 21.10.Re, 21.60.Cs, 23.20.Lv

Low-energy spectroscopic studies of even-even nuclei
across the periodic table have generally focused on an
interpretation of the I = 2+ and 3 states as sin-
gle phonon (vibrational) states of A =- 2 (quadrupole)
and A = 3 (octupole) type, respectively. The lowest 4+
states in spherical nuclei are either viewed as two-phonon
(members of two A = 2 phonon triplets having I = 0+,
2+ and 4+ states) or (j2)4+ configurations. In either of
these interpretations the 4z states decay primarily to the
2z state, with hardly any strength going into the direct
4~ —+ 0+ E4 transition. If this E4 transition has rel-
atively significant strength, it can imply a one-phonon
%=4 character for the 4z states. This strength would
then provide an experimental evidence for hexadecapole
collectivity through enhanced B(E4) values relative to
their single particle estimates (Weisskopf units, hence-
forth abbreviated as W.u. ). Although evidence of E4
collectivity had been suggested long ago [1,2] through
inelastic scattering experiments, no systematic study of
the 4& to 0+ gamma transitions has been reported so
far to examine the hexadecapole collectivity in spheri-
cal nuclei. Currently an interesting debate is underway

[3] on the hexadecapole-phonon versus double-p-phonon
interpretation for K =4+ bands in deformed even-even
nuclei. Also careful microscopic calculations [2,4,5] have
been undertaken to study the coInplex composition of
these low-lying states with a view to understanding their
interrelationships. Against this background we report
here the results of our survey of the observed properties
of the 4z states in even-even closed-shell nuclei. The
present report focuses on an attempt to deduce experi-
mental evidence for hexadecapole collectivity in such nu-
clei based on the following criteria: an experimentally ob-
served gamma transition between 4~+ and 0+ with B(E4)
value of several W.u. 's and B(E2;4z ~ 2z ) value of a
fraction of a single particle estimate in the same spec-

trum. Experimental information related to 4~ levels in
the four nuclei satisfying these criteria is presented in
Fig. 1 and summarized in Table I. We have also in-
cluded, wherever available, experimental information on
the 6& to 4z E2 transition in each spectrum. As seen
in Fig. 1 and Table I, presently only nuclei with nucleon
number (IV' or Z) = 82 satisfy these criteria. Later we
mention a few other cases wherein a similar situation is
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FIG. 1. Partial level schemes for the four nuclei wherein the
first excited 4+ states decay by a direct gamma transition to
the respective 0+ ground state. The entries on each level are
I (right) and excitation energies in keV (left). The entries
above each transition (shown by vertical arrows) successively
denote the gamma-ray energy (in keV), the relative photon
branching and the multipolarity. All the deexciting transi-
tions are shown from the levels given in this figure with the
exception of a 64.4-keV transition (to a 3 level) in so Snsq
with a relative gamma intensity of 1.3 units.
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TABLE I. Experimental information about the first excited 4+ levels in closed shell nuclei for
which the AI = 4 transition to the 0+ ground state has B(E4) )1 W.u. , whereas the AI = 2
transitions from, and to, this 4+ level have B(E2) &1 W.u. The numbers following the entries for
tip', and B(E4) and B(E2) are uncertainties in the last digit(s). The uncertainties in B(E'4) and
B(E2) values have been calculated by compounding the experimental uncertainties in level tip~
and in gamma-ray branchings.

E(2+) E(4+) t, g (4+) B(E4:4+ —+ 0+)
z A ~ (keV) (keV) (ns) W.Q.

gp Snsg 4041.1 4416.2 3.95 13 7.9 5

AI=2 E~
I, m It (keV)

4+ m 2+ 375.1
6+ m 4+ 299.6

B(E2:I, m It)
W.u.

0.40 2

0.282 8

Ref.
[11]

58 Ce82 1596.2 2083.2 3.45 3 12 ~ 1 4 —+ 2+ 4870
6+ m 4+ 24.6

0.137 1
0.29 9

82 Pb].2p 960.7 1382.9 1.97 2

82 Pb] 22 899.2 1274.0 265 10

4.7

2.5

4+ m 2+ 422.2 0.291 3

4+ -+ 2+ 374.7 0.00382 14 [12]

expected but not presently identifi. ed. In the following
we briefly discuss each of these four cases. It may be re-
marked that the E4 character of the transitions in Ce
and Pb has been experimentally determined based on
conversion electron spectroscopy [6,7], whereas it is de-
duced for Sn [8—11] and Pb [12] from gamma-ray
spectroscopic studies.

The experimental, as well as the theoretical, charac-
teristics of the 2083 keV 4z state in Ce have been in-
vestigated extensively [2,6]. The multipolarity of the 4+i

to the 0+ ground-state gamma transition has been un-
ambiguously established as E4 from conversion electron
spectroscopy. Meanwhile, detailed microscopic structure
calculations for the low-lying collective states have been
reported recently [2] in connection with the inelastic elec-
tron scattering experiments. In particular, calculations
using Soloviev's quasiparticle-phonon model (@PM) ap-
proach [13] conclude [2] that the 4i state in Ce is
"essentially a pure first one-phonon 4+ configuration. "
As seen in our Table I, the 4z to 2z transition rate
B(E2) = 0.137 W.u. , whereas B(E4; 4+i m 0+)=12.1
W.u. Also the 4i has a long half-life (tiy2 ——3.45 ns).
These experimental features can be understood by look-
ing at the microscopic structures [2] of the involved
states. Whereas the first quadrupole-phonon 2~ state
has vr(dsr2) as its main (91%%uo) component, this two-
quasiparticle configuration contributes only 13.1% to the
4i state; this one-hexadecapole-phonon 4z state has, in
addition, a(g7~2) as its dominant (53.8%) constituent
with a 29.4%%uo contribution from the a(g7/2)vr(dsg2) con-
figuration. In contrast, it is interesting to note that the
addition of two more protons to the Ce core brings
about a change in the character of the 2098 keV 4i state
in i42Nd which is assigned [5] almost a pure vr(dsy2)
configuration.

The exotic doubly magic nucleus Sn has been the
subject of several investigations [8—11]with precise exper-
imental results on its level scheme reported very recently
[11] in the context of "first observation of octupole col-
lectivity. " However, the unusually large (13.9%) 4416.2
keV 4& to 0+ gamma branch observed in this nucleus has
not received much attention. The lowest positive parity
states (2+, 4+, 6+, and 8+) have been interpreted [8,9] as

constituting a v( f7g2) v(hi i~2) multiplet. Shell model
calculations [8,9] assuming this characterization are in
good agreement for the observed B(E2) transition rates
for the higher spin states while "the 4+ to 2+ transition
rate is observed to be enhanced by a factor of 2." It was
concluded [9] that the 4i+ state may have admixtures of
the v(psy2) v(hiig2) configuration, and both the 4i and

2z states may also have configuration admixtures of col-
lective nature, in particular proton excitations involving
the 7r(gsy2) orbital. @PM calculations yielding micro-
scopic composition of these collective states, similar to
those discussed above for Ce, are desired for a detailed
comparison. However, the very similar observed exper-
imental characteristics for Sn and Ce, as listed in
Table I, point to a similar one-hexadecapole-phonon in-
terpretation for the 4416.2 keV 4i state in Sn.

The low energy excitation spectra of Pb and Pb
show a remarkable similarity; the lowest six levels in each
nucleus have identical I and very similar level energies.
This may be simply understood by recalling that the two
nuclei correspond to v(fsr2) and v(fs~2) structures,
respectively, with a filled 3p3y2 and an unfilled 3pqy2 neu-
tron shell in each case. Thus the lowest 4+ configuration
in each case is expected to have (vfsg2)4+ as its domi-
nant component; this interpretation is supported by the
observed E5 transition rates [14] to these 4+ states from
the respective 9 [(viisy2) (v fsy2) ] isomer. Detailed
shell model calculations [4] aimed at revealing the multi-
component structure of these low-lying states in the lead
isotopes concluded that, for this isotopic chain, % = 114
becomes a semimagic number and that the lowest 2+ and
4+ states in the 4=198—204 isotopes are mainly built
from the 2psy2, 1fsr2, and 2pig2 neutron orbitals. Fur-
ther, these calculations [4] concluded that whereas the 2+i

strength in Pb is widely distributed in all the available
5 combinations, the (pi~2, fs~2) configuration is the main
component of the 2i state in Pb; the 4i wave function
in both these nuclei is predominantly (fs~2) with 15%
contribution from the (fsy2, psy2) configuration. Thus
there is very little overlap between the wave functions of
the 2i and 4i levels in these nuclei and consequently the
E2 transition connecting these two levels is hindered. On
the other hand, the observed enhanced E4 transition (see
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Table I) connecting the 4i and 0+ ground state is indica-
tive of a significant one-phonon (hexadecapole) character
for the 4& levels in these nuclei.

Vfe have scanned the nuclear structure data bases at
Brookhaven for all the known cases wherein 4z states
have half-lives of the order of a nanosecond. All such
cases are seen to belong to the semimagic (N = 82 or 126
or Z = 82) or doubly magic (4~Ca, Sn) category. All
the six N = 82 isotones with Z=50(2)60 fall in this cate-
gory. Experimental observation of a direct 4z to 0+ tran-
sition, expected in all such cases, is presently awaited.
Such experiments are diFicult in view of the crossover
(E4) gamma energy being the same as the summed en-
ergy of the two E2 (4+ -+ 2+ and 2+ —+ 0+) gamma ener-
gies, and the E4 branch being very small. However, with
the advent of gamma detector arrays and advances in
techniques for precise spectroscopic measurements, their
identification should be possible. Based on the present
known B(E2:4+ -+ 2+) transition rates, the particu-
lar cases of interest, as revealed from our present analy-
sis, are the identification of the 4~ to 0+ transitions in
the %=82 isotone Ba and the %=126 isotone Ra.
The experimental half-lives and excitation energies for
4i states and B(E2:4+ —+ 2+) transition rates in these
two nuclei are ( Ba): 2.17 ns, 1898.6 keV, 0.286 W.u. ;

and (zi4Ra): 32 ns, 1637.1 keV, 0.17 W.u. An assumed
B(E4) 4 W.u. predicts percentage of gamma branching
-0.03 for the 4z to 0+ E4 branch in Ra. Experimental
identification of these E4 transitions will be of interest

from the point of view of the present discussion.
In summary, in this systematic survey, we have pro-

vided evidence for the occurrence of hexadecapole col-
lectivity in closed shell nuclei by discussing the observed
transition rates and deduced composition of the lowest
4+ excited states in four closed shell nuclei, and have
further pointed out specific cases wherein similar features
may be expected to occur. Careful experimental inves-
tigations focused at identification of E4 gamma transi-
tions, in parallel with theoretical studies aimed at reveal-
ing the collective one-phonon composition of 4z states,
are desired to elucidate this challenging facet of nuclear
structure.

Note added in proof It h.as been brought to our notice,
after acceptance of our manuscript, that Y. D. Devi and
V. K. B. Kota had published, in Pramana 3. Phys. 39,
413 (1992), a review of hexadecapole degrees of freedom
in nuclear structure within the framework of the sdg in-
teracting boson model; however they did not include any
discussion of the closed shell nuclei which are the subject
matter of the present paper.
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