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High spin states in Kr: Approaching superdeformation in the A =80 region
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Excited states in Kr were populated via the reaction Ti( S,2pn) at a beam energy of 97 MeV.
Several new high-spin states were found. Evidence for band crossings was found in both the
positive- and negative-parity bands. Calculations using a cranked Strutinsky-Bogolyubov model
with a Woods-Saxon potential indicate noticeably different deformations for the opposite parity
bands: P2=0.40, y= —8' for the positive-parity band and P2=0.36, y=3 for the negative-parity
band. These deformations are comparable to superdeformations reported by other authors in the
cerium region. Signature splitting in both positive- and negative-parity bands was well reproduced
by the calculations. Indirect evidence suggests shape coexistence within the positive-parity band at
low spin.

I. INTRODUCTION

In recent years there have been extensive experimental
and theoretical studies' ' of the high-spin properties of
nuclei in the mass 2 =70—80 region. The nuclear struc-
ture and modes of excitation of nuclei in this mass region
have a strong dependence on X, Z, and angular momen-
tum. Several studies have found strong evidence for
shape coexistence in various nuclei in this region. Pier-
cey et al. discovered evidence for shape coexistence in

Kr. It was found that these nuclei are well deformed
in the ground state and have coexisting, excited 0+ states,
which are interpreted as being nearly spherical. Recent
studies ' of the odd-A nuclei Rb, Br, and Br have
shown that the addition of an odd particle in an even-
even core can stabilize the nuclear shape, removing this
shape coexistence.

The work presented here is a study of high-spin states
in the X =39 nucleus Kr. Previous investigations"
of Kr reported two well-defined rotational bands built
on the [422]—,

'+ and [301)—,
' Nilsson orbitals. Herath-

Banda et al. " discuss the observed signature splitting of
these bands in terms of a particle plus rotor model. A de-
formation of P2 =0.37 and y = —15 gave the best fit to
the data for the ground-state band. ' The present work
considerably extends both bands.

The experimental results are interpreted within the
framework of the cranked shell model. As a first step,
calculations without pairing were performed using the
generalized Strutinsky method. These calculations show
the global shape coexistence properties and the evolution
of nuclear shape with spin. The degree of deformation
indicated by these calculations is comparable to the su-
perdeformation found in the cerium region. ' Using the

information about nuclear shape obtained in this way, we
performed more detailed, pairing self-consistent calcula-
tions, the results of which can be directly compared with
experiment.

II. EXPERIMENTAL METHOD

High-spin states in Kr were populated via the
Ti( S,2pn) reaction using a 97 MeV S beam from the

Notre Dame three-stage tandem accelerator. The target
material was enriched to 81% in Ti. Two stacked, self-
supporting targets of thickness 550 pg/cm were used.
Gamma rays from the reaction were detected with the
Pitt multidetector array, ' which at the time of the exper-
iment consisted of five Compton-suppressed HPGe detec-
tors and a sum-energy and multiplicity spectrometer
(SMS) made up of 14 BOO scintillation detectors. The
HPGe detectors were placed at angles of —65.0', 90.0,—108.3, —150.9', and 151.4 with respect to the beam.
An event trigger was defined by the simultaneous firing of
at least two HPGe detectors and one SMS element. This
multiple-coincidence requirement enhances the selection
of high-spin events. Approximately 30 million events
were collected in event-by-event mode on tape. The
HPGe energy data were gain matched and corrected for
Doppler shifts. All possible coincidence pairs were used
to construct a symmetric 2500X2500 channel y-y corre-
lation matrix. An additional 4.2 million events of singles
data (no coincidence requirement) were collected and
used to determine angular distributions.

III. RESULTS

Figures 1 and 2 show typical gamma-ray spectra, ob-
tained by gating on the strongest transitions in the
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FIG. 1. Gamma-ray spectrum created by gating on positive-parity transitions. Gates were placed on the 187, 191, 297, 378, 392,
583, and 689 keV transitions.
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FIG. 2. Gamma-ray spectrum created by gating on negative-parity transitions. Gates were placed on the 179, 253, 293, 360, 432,
546, and 653 keV transitions.
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FIG. 3. Decay scheme of "Kr showing the bands extended by this work.

positive- and negative-parity bands of Kr. A decay
scheme showing the bands observed in this work is given
in Fig. 3. Energies and intensities of the observed transi-
tions are given in Tables I and II for the positive- and
negative-parity bands, respectively. Previous studies"'

established the two signature partners of the positive-
parity band to spins —", and —", , and those of the negative-

parity band to spins —", and —", . The present work extends
the positive-parity sequences to spins —", and —", , and the

TABLE I. Level energies, gamma-ray energies, and gamma-
ray intensities for the positive-parity band. Intensities are nor-
malized to the 2+ to —'+ transition.

TABLE II. Level energies, gamma-ray energies and gamma-
ray intensities for the negative-parity band. Intensities are nor-
malized to the 2+ to 2+ transition.

7+
29+
2

11+
2

13+
2

15+
2

17+
2

19+
2

21+
2

23+
2

25+
5

29+
2

EI
(keV)

187.1
377.7

769.8

1067.0

1593.1

1963.1

2627.8

3047.7

3823

4275

5556

(keV)

187.1
190.7
377.7
392.0
582.7
297.4
689.1

526. 1

823.6
370.0
896.0
664.7

1034
419.9

1085
775

1196
452

1227
1281

Intensity

100
68(6)
22(3&

37(3)
16(2)
20(2)
39(4}
22(3)
22'
7(2)

34(5)
22(3)
17'
5a

28'
6a

19'
3'

22(5}
13'

3
25—
2

7
2

9—
2

11—
2

13—
2

15—
2

17—
2

19—
2

21—
2

(23 )2

(
27
2

E
(keV)

178.8
357.8

611.0

904.1

1264.1

1644.6

2107.4

2560.2

3108

3620
4125
5155

(keV)

178.8
179.0
357.8
253.1

432.2
293.1

546.3
359.9
653.1

380.6
740.4
462.5
843.3
452.9
915.6
548

1001
1060
1017
1030

Intensity

5a

65(5)
26(3)
35(3)
29(3)
19(3)
30'

14(2)
34'
9(2)
40'
9(2)
26'
8a

14(3)
35(6)
11'
11'

'Estimate of intensity based on coincidence data. 'Estimate of intensity based on coincidence data.
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negative-parity sequences to —", and —", . Spins and parities
for the new levels were assigned on the basis of intensities
of transitions observed in gated spectra and on angular
distribution data. The spin assignments of the two
highest transitions in the negative-parity band are tenta-
tive.

Results reported in recent conference proceedings' '
also extend the decay scheme beyond what had been re-
ported in Refs. 11 and 12. Our results agree with those of
Ref. 18, except in the assignments of the —", -—", and

transitions.
2 2
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a vr, Q =+,+
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IV. DISCUSSION
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FIG. 4. Experimental Routhians as a function of angular fre-
quency.

A cranked shell model analysis, as proposed by
Bengtsson and Frauendorf, ' ' was applied to the data.
Experimental Routhians are plotted in Fig. 4. There is a
nearly constant signature splitting of approximately 0.1

Me V within the positive-parity band. The negative-
parity band does not show any significant signature split-
ting. The component of spin along the rotational axis I
is plotted as a function of angular frequency in Fig. 5.
The beginning of an upbend can be seen in the ground-
state band at Ace=0.6 MeV. An analogous upbend is
seen ' ' in Kr and Kr, where it is interpreted as result-
ing from the alignment of two g9/p quasiprotons. " ' '

Gross et al. report an upbend due to a quasiproton
alignment at %co=0.5 MeV in Kr.

A sharp upbend occurs in the negative-parity band at
fico=0.5 MeV. This may again be due to a quasiproton
alignment, although we would expect this to occur at
about the same frequency as in the ground-state band.
Another possibility is that this is due to the alignment of
two g9/2 quasineutrons, which is blocked in the ground-
state band. Studies ' of the %=38 nuclei Kr and

Br show similar upbends in the yrast band at
Ace=0. 55—0.6 MeV, although it has not been determined
whether the upbend in Kr is due to a quasiproton or
quasineutron alignment. Because pairing correlations are

0 0 0.2
I

0.4
Std (MeV)

0.6

FIG. 5. I vs angular frequency.

reduced in odd- A nuclei, a reduction in the crossing fre-
quency compared with the even-even neighbors might be
expected. In addition, there is a systematic decrease in
the neutron crossing frequency of the even-even Kr iso-
topes with decreasing neutron number. In Kr this
crossing occurs at %~=0.87 MeV, while in Kr it is seen
at Ac@=0.65 MeV.

In order to better understand the microscopic struc-
ture of nuclei in this region, we have performed calcula-
tions using a deformed Woods-Saxon potential and Stru-
tinsky shell correction. The parameters used to charac-
terize the Woods-Saxon potential are the "universal" pa-
rameters (see, e.g. , Cwiok et al. "). Eigenstates g of the
cranking Hamiltonian

were calculated by expanding the P wave functions into
the static eigenfunctions of the Woods-Saxon Hamiltoni-
an, Hws. The total nuclear energy in the lab frame was
then found using a shell-correction approach:

Etot ELD +~Eshell

where ELD is the liquid drop energy calculated using the
Moiler-Nix formula and 5E h ~~

is the Strutinsky shell
correction generalized to use the eigenstates of the crank-
ing Hamiltonian. These calculations are carried out for
a mesh of 255 points on the (P2, y ) plane, with P~ chosen
at each point to minimize the liquid drop energy at an in-
termediate spin. The calculations were performed for 21
values of Ace in the range 0.0—2.0 MeV. The method is
described in some detail by Dudek et al. and references
quoted therein (for original presentation in terms of the
Nilsson model see, e.g., Bengtsson and Ragnarsson ).
At this stage of the calculations pairing interactions were
neglected. Total energy surfaces corresponding to four
difterent spin values are shown in Fig. 6. The total ener-
gy surfaces shown in this figure were calculated requiring
positive parity and signature a=+ —,'. As is the case for
other nuclei in this mass region, the surfaces display a
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—5significant degree of gamma softness. At I =
—, the

deepest minimum is at the prolate shape P2 =0.40,
y = —8'. This is in fairly good agreement with the results
of Ref. 11 when one takes into account the gamma soft-

25ness. This minimum remains yrast to a spin of —,, with
the value of P2 changing only slightly to 0.39. Four sur-
faces with negative parity and a= —

—,
' are shown in Fig.

7. Here the nucleus is predicted to be almost axially sym-
metric. The deepest minimum at I =—,'occurs at
P~=0. 37, y=3'.

The large elongations suggested by the theoretical cal-
culations for Kr are in direct correspondence with the
general abundance of the superdeformed configurations
as proposed in Ref. 29. There it is argued that the ap-
proximate pseudo-SU(3) symmetry, manifested by the
realistic average field potentials, should give rise to
characteristic "chains" of superdeformed shell closures.

In order to compare our experimental results with the
model calculations in a more quantitative fashion, it is
necessary to include pairing correlations. Calculations
were performed with monopole pairing interactions in-
cluded, using the deformation values corresponding to
the energy minima in the nonpairing calculations de-

scribed earlier. Previous studies" have found that this
approach gives satisfactory results except, perhaps, at the
lowest spins. The pairing gaps and the corresponding
quasiparticle energies were calculated self-consistently as
a function of ar. The moment of inertia calculated in this
way is compared with experiment in Fig. 8. The agree-
ment between calculation and experiment, especially in
the position of the proton upbend, is quite good. Calcu-
lated quasiparticle Routhians for Kr as a function of75

angular frequency are shown in Fig. 9 for the deforma-.
tion P2=0.40, y= —8'. Plots of the pair gap are shown
below the Routhian plots. The positive-parity proton
Routhians [Fig. 9(a)] exhibit a crossing at Iso=0.6 MeV,
in good agreement with the experimentally observed up-
bend in the ground-state band. There is qualitative
agreement between the observed signature splitting in the
positive-parity band (Fig. 4) and the energy difference be-
tween the lowest two neutron Routhians in Fig. 9(b). On
the other hand; for this choice of deformation parameters
the calculations predict a very large signature splitting
for the negative-parity band, a result which does not
agree with the experiment. As was seen above (Fig. 7),
the nuclear shape is predicted to be nearly axially sym-

~ -0.2

Kr I =21/20.6-

—0.2 0 0.2 0.4 0.6 -0.2 0 0.2 0.4 0.6 0.8
P cos (50 + y)

FICx. 6. Calculated total energy surfaces for four spins in the ~=+, u=+
2 sequence.=+—' se uence. Filled circles mark the position of the

deepest energy minimum, empty circles the second deepest, and empty squares the third deepest minimum.
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FIG. 7. Calculated total energy surfaces for four spins in the m = —,a = —
2 sequence.
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FIG. 8. Calculated versus experimental moments of inertia.
Dashed lines indicates neutron contribution, dashed-dotted line
proton contribution, and solid line the sum of the two. Squares
indicate the experimentally derived points.

metric for negative-parity states. Routhian plots are
shown in Fig. 10 for the deformation f32=0.36, y=3,
typical for the negative-parity band. Here the near-zero
signature splitting of the negative-parity band is well
reproduced. At this deformation the first two-
quasiparticle alignments are predicted at Ace=0.55 MeV
(protons) and A'co =0.65 (MeV) (neutrons), values too
large to explain the observed upbend in the negative-
parity band.

The experimentally derived moments of inertia, J'",
are plotted in Fig. 11 as a function of angular frequency
for the yrast sequences of the four nuclei Kr. The
strongly reduced value of J'" for the lowest co values in

Kr have been attributed to the interaction of the
ground state with an excited, shape coexistent (spherical
or slightly oblate) 0+ state which lowers the ground-state
energy and increases the 2+-0+ energy of the ground-
state band. In the neighboring odd nuclei ' Kr, the
value of J'" increases for the lowest value of co. This be-
havior may result from the depression of the —', + member
of the band due to the presence of an as yet unobserved
shape coexistent —', + state. The presence of such states
have been established in the X =39 isotgnes Zn, 'Ge,

Se, and associated with the [404]—',
+ Nilsson orbital cor-
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FIG. 11. Moments of inertia for the yrast sequences of the
nuclei Kr. Data for Kr is from Roth et al. (Ref. 22), for

Kr from Kaplan et al. (Ref. 6), and for Kr from Gross et al.
(Ref. 7).
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FIG. 9. Calculated quasiparticle Routhians for protons {a)
and neutrons (b) at deformation P2=0.400, y = —8', typical for
the positive-parity band. Routhians are labeled by parity and
signature quantum numbers: solid line (m=+, a=+

2 ), long-

dashed line (+, —2), short-dashed line ( —,+ 2), and dashed-

dotted line (—,—
2 ). The calculated pairing gap 6, is shown

beneath the Routhian plots.
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V. CONCLUSION

The high-spin part of the Kr level scheme has been
extended. Upbends were found in both the positive- and
negative-parity bands. Calculations using the generalized
Woods-Saxon-Strutinsky method with pairing were per-
formed. These calculations suggest that the observed
bands are superdeformed. The data are consistent with
deformations of p2=0.40, y= —8' for the positive-parity
band and p2=0.36, y=3' for the negative-parity band.
The quasiparticle Routhians calculated using these shape
parameters correctly reproduce the signature splitting in
both bands. In addition, the moment of inertia of the
ground-state band as a function of angular frequency is
well reproduced by the calculations. The positions of the
experimentally observed and the theoretically predicted
upbend in the negative parity-band differ by about 0. 1

MeV.
There exists indirect evidence for a nearly spherical or

slightly oblate state which coexists with the prolate-
triaxial ground-state band. Further investigations of life-
times and of spins above the band crossings will be im-
portant to test the superdeformed configuration hy-
pothesis which, although reasonably well founded on
theoretical grounds, has not yet been experimentally
confirmed.

a)
(b)0—

0 0.2
I I I I I I I

0.4 0.6 O. 8 1.0
'Rm (MeV)

FICi. 10. The same as Fig. 9 at deformation P2=0.360, y=3',
typical for the negative-parity band.
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