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In an axially symmetric, strongly rotating quadrupole-deformed nucleus, the projection K of the angu-
lar momentum along the symmetry axis is a partially conserved quantity. A K isomer (K =25) at low
excitation energy has been observed in '820s which decays into the ground-state band (K=0). The asso-
ciated electromagnetic lifetime at spin /==25 can be interpreted in terms of tunneling of a system
displaying strong pairing fluctuations across a barrier which separates configurations in which the nu-
cleus rotates about the summetry axis and about an axis perpendicular to it. A hindrance factor
=10 "°-10 ~? for the process is calculated, in overall agreement with the data.

PACS numbers: 21.60.Ev, 21.10.Re, 23.20.Ck, 27.70.4+q

The occurrence of collective rotational degrees of free-
dom may be said to originate in a breaking of rotational
invariance which introduces a deformation that makes it
possible to specify an orientation of the system. Rotation
represents the collective mode associated with such a
spontaneous symmetry breaking known as the Goldstone
boson.

The orientation of a body in three-dimensional space
involves three angular variables, such as the Euler an-
gles, and three quantum numbers are needed in order to
specify the state of motion. The total angular momen-
tum I and its component M =1, on a space-fixed axis
provide two of these quantum numbers; the third may be
obtained by considering the component of I with respect
to an intrinsic, body-fixed, coordinate system, usually
denoted K =I3. As a commuting set of angular momen-
tum variables, one may thus choose 1% I,, and I5. The
range of values that the K quantum number can take is
the same as that associated with the M quantum num-
ber.

There is overwhelming experimental evidence that
cold, deformed nuclei display axially symmetric quadru-
pole deformations, and are invariant with respect to a ro-
tation of 180° about an axis perpendicular to the sym-
metry axis. It can also be inferred from the observed
spectra that the deformation is invariant with respect to
space and time reflection (cf., e.g., Ref. 1). A variety of
consequences ensues from these observations; in particu-
lar that the projection of the angular momentum on the
body-fixed symmetry axis is a conserved quantity and K
is a good quantum number; also, that the single-particle
motion in the average deformed potential takes place in
twofold-Kramers’-degenerate orbitals. Because of the
presence of a pairing component in the two-body nuclear
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interaction, the pairs of particles moving in time-reversal
states condense, giving rise to a superfluid system with
K =0 quantum number in the case of nuclei with an even
number of protons and neutrons. This is evidenced by
the fact that the associated moment of inertia is only
about half of the value for rigid rotation.

Because K is a good quantum number, excited states
with high K values are often isomeric, decaying only by
virtue of small admixtures of lower-K components. A
consequence of the K selection rule is that the decay
from high-K states takes place preferentially stepwise
through lower-lying K bands in order to minimize the K
forbiddeness. Values for the hindrance factor per degree
of K forbiddeness vary from 5 to 100.%3

Recently, the decay of an isomeric state with I7=25%
has been observed* in '%20s, directly populating the

*=247 state of the yrast band (K=0), and with a life-
time of the order of 10 us. One single transition thus
changes K dramatically, and with an isomeric lifetime
that is relatively short.

On the basis of these data it was proposed in Ref. 4
that the one-step process could be viewed as a tunneling
between a configuration in which the prolate-deformed
nucleus rotates along the symmetry axis (rotation-
aligned K isomer), and another where it rotates perpen-
dicular to this axis (deformation-aligned, yrast config-
uration), thus involving the y degree of freedom, which
measures the departure of the nuclear shape from axial
symmetry. This picture is quite analogous to that used
in the description of electromagnetic decay of shape iso-
mers in the actinide nuclei.” However, in this case, the
initial and final states have different shapes. In the pro-
posed K-isomer decay in '320s, the initial and final states
have similar shapes but with the angular momentum
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parallel and perpendicular to the symmetry axis, respec-

tively. The path related to such a process is quite unusu-
al, being associated with a shape degree of freedom
which is not usually connected with large-amplitude
motion. In the present paper we calculate the tunneling
of the K isomer along the y path. It will be concluded
that this path can indeed lead to an overall account of
the data.

The lifetime of the K isomer (I"7=25%, K=25) is
equal to 1.3x 10 77 (cf. Ref. 4), of which 2% is associat-
ed with the population of the I*=24"% member of the
yrast band (K=0). The corresponding lifetime of
0.7%10 73 s can be compared with the Weisskopf esti-
mate for M1 decay [7,,(M1)=0.3x10""? 5], leading
to a hindrance factor

Fy=10"%, (1)

In keeping with the discussion above, this quantity can
be identified with the tunneling probability between the
rotation-aligned and the deformation-aligned config-
uration.

In what follows we calculate this probability, making
use of the model of large-amplitude motion proposed in
Ref. 6. The Hamiltonian describing the process is

h? d?

2D a +V (&) |y (&) =E,y,(&). 2
The collective variable & corresponds, in the present case,
to the angle y describing the triaxiality of the
quadrupole-deformed nucleus. It varies in the range
—120° < y=< 0°, leading to a change of &£ in the range
0=<¢=<1. Following Ref. 4, in the initial configuration
(¢=0), neutrons and protons are assigned spin and pari-
ty I"=15%, I"=10", respectively.

The potential energy as a function of & displays two
minima, located at about £ =0 and £=1. These minima
are separated by a barrier of about 2.6 MeV (cf. Fig. 1).
This energy barrier has been obtained from the total en-
ergy surface calculated for '%20s at spin and parity
I"=25% as described in Ref. 7. The barrier is thus
minimized with respect to quadrupole and hexadecapole
deformations. These deformations do not change consid-
erably along the path, being close to ¢,=0.2 and
€4=0.02-0.04.

In heavy nuclei such as '32Os, pairing correlations
play an important role, as attested by the reduced mo-
ment of inertia observed at low spins, and by the sizable
dealignments observed at high rotational frequencies.
These phenomena are associated with the fact that heavy
nuclei are, as a rule, superfluid in their ground state, and
that they display strong pairing vibrations at rotational
frequencies above the critical frequency w., at which the
static pairing gap collapses.

As befitting a condensed many-body system, or one
close to condensation, the nuclear wave function is a su-
perposition of many Hartree-Fock configurations. Pair-
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FIG. 1. A cut through the potential-energy surface of '*20s
at I*=25% as a function of 7, as calculated according to Ref.
7. At y=—120° the nucleus is aligned along the symmetry
axis, while at y=0° it rotates collectively around an axis per-

pendicular to the symmetry axis. The zero-point energy in the
first well is indicated.

ing allows the system to jump from one Hartree con-
figuration to another, eventually reaching states whose
shapes differ considerably from the initial one.

In keeping with this discussion, the inertial mass ap-
pearing in Eq. (2) is strongly dependent on the value of
the pairing gap or of the zero-point amplitude associated
with the pairing vibrations. In fact,?

D=D,+D, 3)

is the sum of the neutron (n) and the proton (p) inertias,
given by

Di _2G; | dm
h? 87 | d¢

where 8, =G, ((y; | PP | y;)) /2 is the value of the “pair-
ing gap” associated with the pairing force H), =G;P'P.
The operator PJ'=E¢1V’r avj creates two particles in time-
reversal states, and G; is the pairing coupling constant.
The quantities §; were determined along the y path, by
carrying out a self-consistent calculation of the pairing
interaction, within the framework of the number projec-
tion formalism, minimizing the energy after projection®
(for more details, cf. Refs. 10 and 11). The strengths of
the neutron and proton components of the pairing force
used in the calculations are G,=18/4 MeV and
G,=21.4/4 MeV. The resulting average values along
the y path are §,=0.37 MeV and 6,=0.52 MeV, re-
spectively. Similar results were obtained making use of
the BCS plus random-phase-approximation formalism as
described in Ref. 12.

The quantity dn;/d&, whose square appears in Eq. (4),

2
(i=n,p), 4
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is the density of configuration changes along the defor-
mation path, when the system is adiabatically deformed
under the influence of pairing. When =0, time-re-
versal invariance insures that each single-particle orbital
is twofold degenerate. For finite values of w, where Kra-
mers’ degeneracy in the single-particle motion is lifted,
the above prescription to calculate dn;/d& is not applic-
able, and has to be extended. In our case, a change of
configuration taking place at y =y, is associated with the
emptying of the orbitals (aj,a;) in favor of the single-
particle states (a3,a4), under the following conditions: '3

ea,(v) tea,(y) =es(v.) tea (v, (5a)
7[171’2=7[37L'4=| N (Sb)
atar=azt+as=0. (5¢)

The set of quantum numbers a; = (7;,a;) and the energy
e, (7) in the rotating frame of reference (routhian'*)

metries left in the single-particle motion are those associ-
ated with reflection operations on a plane perpendicular
to the symmetry axis which contains the origin of coordi-
nates (parity x), and with rotations of 180° around an
axis perpendicular to the symmetry axis'> (signature, a).
Following this prescription we obtain dn,/dé=7, as
shown in Fig. 2, where the single-neutron orbitals are
displayed which follow the maximum overlap of the wave
functions.!! A similar calculation for protons leads to
dn,/dé=2.
Using the values discussed above, we obtain

D=75hR>MeV . 6)

We are now in possession of all the elements needed to
calculate the hindrance factor (1) which, in the present
discussion, is the probability of the K-isomer state,
peaked around the maximum at £=0 (y=—120°), to

This is because the only sym- have a component in the well around £é=1 (y=0°).

identify each orbital.

0.02 0.0l 00
(.U/wo

000 00l 002 003  -I20° -90° -60° -30° 0° 004 003
w/(uo Y

FIG. 2. The single-particle neutron levels used for counting the number of crossings. Levels of positive parity, having signature
equal to § or to — 5, are drawn by solid and dashed lines, respectively; levels of negative parity having signature equal to  or to
— 4 are drawn by dash-dotted and long-dashed lines, respectively. On the left-hand side of the figure, the levels are drawn as a
function of the rotational frequency o, at the fixed value y = —120° (aligned configuration, corresponding to rotation about the sym-
metry axis) starting from @ =0, and ending at ® =0.04wo, where the configuration assigned to the K isomer under study is found to
have spin and parity I*=15% (the corresponding proton configuration has I*=10"%). The quantity wo is the frequency of the single-
particle harmonic-oscillator potential (hwo==414 ~'> MeV). Because the spin of the neutron configuration is odd, its signature is
equal to 1. On the right-hand side of the figure, the levels are instead followed as a function of the rotational frequency at the fixed
value y=0° (corresponding to collective rotation about an axis perpendicular to the symmetry axis), starting from » =0 and ending
up to @ =0.05wo, at which value the lowest configuration of parity and signature (+,1) is found to have the value I*=15%. The two
configurations, having the same spin, parity, and signature, but different y and w, are then connected by a path in the {w,y} plane.
We let w vary linearly as a function of y between w =0.04wo and @ =0.05wo along the path, and the resulting single-particle levels
are shown as a function of y in the central part of the figure. The orbitals are drawn to follow the development of the wave functions
and therefore levels with the same parity and signature might cross. The Fermi energy €r associated with the K-isomer configuration
at y= —120° is indicated. When a change in configuration takes place along the path, as explained in the text, two single-particle
levels become occupied, and two become empty at the same time. Levels becoming occupied are marked by filled squares, and levels
becoming empty are marked by open circles, at the y value y. where the configuration change takes place. Constant quadrupole and
hexadecapole deformations, €2 =0.202 and €4 =0.032, are used throughout the figure.

2450



VOLUME 62, NUMBER 21

PHYSICAL REVIEW LETTERS

22 MAY 1989

This quantity is given by

FH=J;b|wo(§)|2dé, )

where yo(£) is the wave function associated with the
lowest eigenstate of Eq. (2), that is peaked around & =0.
The limits of integration a and b are the boundaries in
the well around £=1 associated with this state, whose
zero-point energy is ==0.4 MeV (cf. Fig. 1). One ob-
tains

Fy==10"%-10"°. ®)

The error ascribed to the calculated Fpy is associated
with the uncertainties connected with the potential ener-
gy around the second well, and with the fluctuations of
the “pairing gap” &; along the y path. It is noted that
assuming the system to display, in the K-isomer con-
figuration, the same pairing gap as in the ground state
(6;=1 MeV), the decay will proceed with lifetimes
which are 5-6 orders of magnitude shorter.

We conclude that the K-isomer decay of '®2Os taking
place at I = 25 can be viewed as a tunneling in the y de-
gree of freedom, strongly renormalized by the presence
of pairing vibrations, between a configuration where the
nucleus essentially carries all the angular momentum in
single-particle motion (y= —120°) to the situation in
which the system rotates as a whole (y =0°).
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