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Shape isomeric band in 32S
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An unconstrained variation after angular momentum projection yields a rotational
shape isomeric band in 32S. The 8.507, 9.065, 10.276 MeV levels of *’S are identified as
the 0%, 2%, 47 members of the band. Any other set of three known levels (with at least

approximate spin assignments) can be ruled out.

NUCLEAR STRUCTURE 32S; calculated shape isomeric band, mo-
ment of inertia. Variation after projection. Finite-range forces. Ex-
perimental levels assigned.

Nuclear fission from shape isomeric states that
are localized in a second prolate minimum of the
deformation energy surface is a typical phe-
nomenon of the actinide region. To date, more
than 30 shape isomers have been observed. Howev-
er, the region of elements with experimentally
known shape isomers is rather narrow
(Z =92—-97); see, e.g., Ref. 1. It has been specu-
lated®? that shape isomers may also exist in light
nuclei such as “’Ca or 32, but there is no experi-
mental evidence for shape isomeric levels in a nu-
cleus lighter than 4 =235.

For 328 we present in this paper both a calculat-
ed shape isomeric band and the identification of
the corresponding lowest three levels in the experi-
mental spectrum. Earlier conjectures about a hy-
pothetical shape isomer in *’S are based on a
second minimum in the potential energy surface
that has been obtained by different methods in-
cluding the constrained Hartree-Fock,*> Brueckner
Hartree-Fock,® cluster model,”8 liquid drop with
Strutinsky correction,>*%1° and a combination of
cranking with the Strutinsky approach.!!

The small particle number of *2S causes prob-
lems in the conventional methods for heavy nuclei,
such as the liquid-drop, Strutinsky, and cranking
approach. Hartree-Fock results have led to con-
tradictory conclusions (there are calculations with
and without the second minimum™'?). In addition,
most existing calculations are for the intrinsic state
only; none have good angular momentum for both
the ground and shape isomeric states. Therefore,
the (possibly large) relative effect of angular
momentum projection on the states in the first and
the second minimum is not known. It is therefore
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difficult to deduce from the existing calculations
information about the shape isomeric spectrum
that is accessible to experimental verification, such
as the excitation energy of the band head and the
rotational constant (if any).

In order to avoid these difficulties, we have per-
formed a variational search for isomeric states
after projection onto good parity and angular
momentum. The spectrum has been calculated for
the standard Brink-Boeker B soft-core Hamiltoni-
an," including the exact Coulomb and center-of-
mass term. The intrinsic states are taken to be
alpha-cluster model states,'* i.e., Slater deter-
minants P of 1s quartet structures centered around
given positions R

DXy ..., Kg)~Ad(Z) - d(Xy), (D
where

¢:(X;) ~expl — (X, —R;)2/2b21x; ,

(i=1,...,4;j=1...,4/4).

2)

Here i labels the nucleons, j the quartet centers,
and X; denotes the spin and isospin state of the nu-
cleon. This type of variational many-body state
has the technical advantage that no Lagrange con-
straint is needed to prevent the isomer search from
going over into the ground state minimum. Thus
the ambiguities associated with the choice of a
shape constraint can be avoided.

The calculation is similar to Refs. 8 and 15 ex-
cept that the variation has now been performed
after projection onto 0F, 2+, 4+, 6%, 8%, and 10%
for the isomeric states and after 0% projection for
the ground state of ’S. The variational space has
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been restricted to the D3, and C,, point sym-
metries of the intrinsic states that result from the
variation® !’ before angular momentum projection.
This reduces the number of variational parameters
to 7 and 4 in the ground state and isomer search,
respectively.

The results are given in Table I. The shape iso-
mer of 32§ turns out to be a very good rotor: The
calculated level spacing follows the J(J + 1) pat-
tern to within 1%:

E(JT)—E(0%)=(77.7keV+1%)J(J +1) ,
(J™=0%,2%...10"). (3)

Moreover, the intrinsic state that minimizes the
energy remains exactly the same for all angular
momentum projections 0%,2%...10%. As consid-
erable computer time is required for the present
calculation, no attempt has been made to calculate
levels beyond the 107, although the spacing and
structure of the higher states would be important
for the experimental population and observation of
the isomeric band.

The deformation of the intrinsic state is in the
vicinity of an axis ratio ¢/a =2 : 1, as one would
expect for the secondary shells of a harmonic oscil-
lator potential. The quadrupole moment of the in-
trinsic state Qo =208 fm? would correspond to a
classical uniformly charged spheriod with an axis
ratio ¢ /a ~2.3. The actual single-nucleon density,
however, is necked-in and deviates substantially
from a spheriodal distribution (cf. Fig. 1 and Ref.
8). It has an axis ratio of 1.7 for the 10% density
contour and 2.1 for the 50% contour.

We note that the effect of angular momentum
projection accounts for more than 50% of the cal-
culated spacing between the 0% ground state and

the 0" isomer level. It turns out that variation
after angular momentum projection lowers the
ground state of 32S by about 12 MeV but the de-
formed isomeric state by only 8 MeV. This may
explain why the calculated value of 7.51 MeV exci-
tation for the O* isomeric band head (over the
—190.674 MeV variation-after-projection ground
state) is much larger than previous estimates from
unprojected calculations.'®

Alpha-cluster model variations after projection
for the B, interaction are known to yield spectra in
light nuclei that are not too far from reality (e.g.,
the 16.75 MeV band!’ in %0, and other spectra;
see Ref. 18). This is particularly true if one allows
for a readjustment of the calculated energies by an
appropriate overall scale factor. As a simple esti-
mate, we have therefore adjusted the calculated
band such that its 0" band head fits the nearest
0% level in the experimental spectrum.!® This re-
quires a 13% increase in the energy scale. The re-
sulting band is given in column 3 of Table I. It
turns out that there are two more states that fit the
adjusted band within 0.025 MeV. The energies,
spin, parity, and isospin assignments of these levels
are listed in Table I.

In addition, we have also searched for alternative
experimental 0%, 2%, 4% candidates (6%, 8%, and
10" are not known) by performing a numerical
search among all experimental levels of Ref. 19
that have at least approximate spin assignments
(e.g., JEO,2 or JE2,3,4). We find that the three
experimental levels of Table I are unique if one
rules out any three levels that

(i) deviate from rotational J (J + 1) spacing by
more than 5%,
(ii) have no definite J =0 assignment,

TABLE I. Shape isomeric spectrum of 32S. The entry “calc. E” gives the band resulting
from variation after projection onto 0%, . . ., 10* for the B, interaction. The adjusted ener-
gies (“adj. E”) are the calculated energies (“calc. E”’) multiplied by a factor of 1.133 to make
the calculated 0% level fit the nearest experimentally known 0* level. The experimental lev-
els in columns 4 and 5 have been determined by a numerical search among all known levels
(Ref. 19) with the requirements described in the text.

Calc. J™;,T Calc. E Adj. E Expt. E Expt. J;T
(keV) (keV) (keV)

0%;0 7510 8507 8507+8 o+
2%50 7981 9040 9065+2 (2+,37,4%);0
450 9076 10281 10276+8 4+
6+:0 10783 12214
8+:0 13085 14822
10+;0 15958 18076
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FIG. 1. Density of the intrinsic state of the shape
isomeric band in 32S. The figure indicates that the
shape isomer has a high degree of %0+ !0 clustering.
The plot is for a cut along the axis connecting the
centers of the %O substructures.

(iii) do not have positive (or unknown) parity,

(iv) differ by more than 50% from the calculat-
ed ratio of rotational constant AE /J(J +1) over
excitation energy E(0%) (i.e., they fail to fit an ad-
justed band no matter how large the scale factor).

The three experimental levels of Table I match
these requirements rather well: They have rota-
tional spacing within 2.5%,

E xpt(J ) =E s (01)+(90.7 keV+2.5%)J (J +1) ,
4)

two definite spin assignments are known, and their
relative slope AE /J(J +1):E(0%) is within 3% of
the calculated value. We conclude from this that
the determination of both the experimental band
and the adjusted band of Table I should be quite

safe within the known spectrum!® of 32S.

In conclusion, we summarize the properties of
the shape isomeric band in *’S that may facilitate
the experimental discrimination among many other
states: The isomeric band is a particularly long ro-
tational band (at least up to the 10*) in a vibra-
tional nucleus and should have a correspondingly
long y cascade. It starts at a high excitation (8.507
MeV), and has a large moment of inertia
[AE /J(J +1)=90.7 keV] and a large quadrupole
moment (Qy=208 fm?). The overlap with the
ground state is small (4-10~°) and should guaran-
tee a relatively long lifetime of the isomer. This
may lead to y-transitions that are sufficiently de-
layed to make their observation feasible. In addi-
tion, the shape isomer is 1.56 MeV above the
(*®Si+a) threshold, and a-decay can possibly serve
as a trigger similar to fission events in the spec-
troscopy of actinide shape isomers. We also note
that the density distribution of the shape isomer is
very similar to the density distribution of the '°0-
160 resonance in Ref. 20. One may therefore
speculate that the y-decay of the °0-1°0 resonance
may serve to populate the shape isomeric band.
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