PHYSICAL REVIEW C

VOLUME 52, NUMBER 1

JULY 1995

High-spin bands in 3°Kr
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High-spin states in ®°Kr were studied using the 85Cu(*®0,p2n) reaction at 65 MeV. Prompt
~-v coincidences were measured using the Pitt-FSU detector array with nine high-purity Compton-
suppressed Ge detectors and a 28-element Bismuth Germanate multiplicity filter. The previous level
scheme has been extended by 16 new states up to spins and parities of 20* and (197). The known
band crossing in the positive-parity yrast band of 8°Kr near fw =~ 0.5 MeV may be due to a go/2
neutron alignment, rather than a go/, proton alignment as had been previously thought, based on
the predicted oblate shape by Hartree-Fock-Bogolyubov calculations. No evidence was found for a
second crossing in the yrast sequence up to fiw = 0.9 MeV. The new extension of the ground-state
band through nonyrast states points to another band crossing at fuw ~ 0.62 MeV which may be
caused by a go/2 proton alignment. A new negative-parity high-spin band shows that rotational
bands do form at excitations above the strongly mixed low-spin levels as in the isotone 823r.

PACS number(s): 21.10.Re, 23.20.En, 23.20.Lv, 27.50.+e

I. INTRODUCTION

The high-spin behavior of many Kr isotopes has been
studied rather extensively and has provided consider-
able insight into the structure of f-p-g shell nuclei and
the competition between single-particle and collective de-
grees of freedom. A rich variety of shapes, as well as
shape coexistence, have been seen in the Kr isotopes,
ranging from the highly deformed "#Kr (8 ~ 0.37) [1,2]
to the weakly deformed 82Kr (832 =~ 0.15) [3]. A predicted
variation of the v deformation for low and medium-spin
states (I < 8A) from near-prolate in the light isotopes
through triaxial to near-oblate shape in 8Kr has made
the question of which quasiparticle alignments are re-
sponsible for the observed band crossings in the yrast
bands of the even-even isotopes more complicated than
first thought. The question arises in "*Kr where both tri-
axial and oblate shapes are predicted to coexist [4]. The
triaxial shape was considered more favored until a recent
g-factor discussion [5] indicated a gq /2 neutron alignment,
which should occur at the observed frequency only for an
oblate shape.

The proposed gg/; neutron alignment in 8Kr now
leads to some questions about the gg/; proton alignment
suggested for 8°Kr from an early cranked-shell-model
analysis [6] and two-quasiparticle-plus-rotor calculations
[7]. The situation is now further complicated by an ob-
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served go/; proton alignment in the N = 44 isotones
84Zr (8] and ®2Sr [9,10], which has been confirmed by an-
other g-factor measurement [11], and by the observation
of both gg/; proton and gy, neutron excitations at sim-
ilar excitation energies in the isotope 32Kr [3] and the
isotone "8Se [12].

Furthermore, a number of apparently mixed negative-
parity states, e.g., 7~ states, was seen [6,7] in 3°Kr, very
similar to the structure of negative-parity states in the
isotone 82Sr [9,10], but no negative-parity bands had been
observed to higher spins. Therefore, another goal was to
look for higher-lying states of negative parity connected
with the onset of collectivity.

The present work was undertaken to address some of
these questions about the high-spin structure of 8°Kr.
Recent studies had been made for the lighter 747678Kr
isotopes [1,2,4,13] using large «y-ray detection arrays but
not for 8°Kr. Early investigations of the lowest members
of the ground-state and the y-vibrational bands [14-16]
of 89Kr were followed by rather extensive in-beam ~-
ray studies at low to medium spins using a-particle in-
duced reactions [6] and the 7°Zn(*2C,2n) reaction [7]. In
these papers the yrast positive-parity band was identified
through the first band crossing up to the 6677 keV (141)
level, and negative-parity states up to the 5158 keV (107)
level. Recently, some low-spin states have been reinves-
tigated with regard to the decay of the second 0% state
[17] at 1320.5 keV.

II. EXPERIMENTAL PROCEDURE

The fusion-evaporation reaction ®*Cu(*®0,p2n) was
used to study high-spin states in 8°Kr. Water, H,#0 en-
riched to 95% in 80, was used in the Cs sputter source.
The 80 particles were then accelerated to 65 MeV by the
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Florida State University Tandem-LINAC facility. The
resultant beam was incident upon a thin 0.6 mg cm™2
self-supporting copper foil enriched to 99% in ¢°Cu.

The Pitt-FSU detector array [18] used during this
experiment consisted of nine high-purity Compton-
suppressed Ge detectors, each of about 25% relative ef-
ficiency. Three Ge detectors were placed at 90° to the
beam axis, two were located at 35° relative to the beam,
and the remaining four detectors were positioned at 145°.
A 28-element bismuth germanate (BGO) sum energy and
multiplicity filter was used for part of the data acquisition
as well. At least two elements of the BGO multiplicity fil-
ter had to be fired in order to accept a two or higher fold
Ge detector coincidence event. Initially, a *2Eu source
was used for energy and efficiency calibration of all de-
tectors. Subsequently, internal energy calibrations for
the forward and backward detectors were made using the
following lines: 112.0, 142.3, 238.0, and 331.4 keV from
76Br; 454.6 keV from "8Kr; 616.6 keV from %°Kr; 827.0,
and 1025.9 keV from "°Kr. These internal calibrations
automatically correct for the Doppler shift of the y-ray
energies observed by these detectors.

A total of 1.8 x 10® prompt -y coincidence events
were written on 8 mm tapes. The data were sorted [19]
on a DECstation 5000/200 computer, and stored as a
triangular array. For every known or suspected transition
in 8%°Kr, a coincidence spectrum was projected from the
array with proper background correction. These spectra
were used to study the coincidence relations among the
transitions in 8°Kr and thereby to extend the level scheme
to higher spins. Three examples of background-corrected
~-ray spectra relevant for the establishment of the new
high-spin levels are given in Figs. 1, 2, and 3.

To assign spins to the energy levels, directional cor-
relation of oriented nuclei (DCO) ratios were extracted.
For this purpose the data were sorted into a square array
with the events from the 90° detectors on one axis and the
events from the 35° and 145° detectors on the other axis.
The DCO ratios were obtained by dividing the intensity
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FIG. 1. Sum of spectra in coincidence with the 968 and
1060 keV transitions depopulating the 10* and 12% posi-
tive-parity yrast states in °Kr [band (2)], respectively. The
new transitions from the decay of higher-lying states can be
seen clearly. Note that the spectrum has been changed by a
factor of 3 at 1300 keV ~-ray energy.
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FIG. 2. Gamma-ray spectrum in coincidence with the 271
keV 10§ — 10" transition, a linking transition between bands
(3) and (2).

of a given peak detected at 35°/145° in coincidence with
an E2 transition detected at 90° by the intensity of the
peak detected at 90° in coincidence with the same E2
transition detected at 35°/145°. Based on our detector
setup, DCO ratios close to unity and of about 0.5 are
predicted for stretched Al = 2 and stretched Al =1
transitions, respectively. For most of the strong transi-
tions DCO ratios have been extracted. Whenever pos-
sible, the DCO ratios determined from gates on several
E2 transitions close to the line in question were averaged.
Table I presents energy, spin, and parity assignments for
states in 8°Kr together with energies, relative intensities,
and DCO ratios of the y-ray transitions.

III. CONSTRUCTION OF THE LEVEL SCHEME

The level scheme deduced from the present work is
shown in Fig. 4. The states have been grouped partly
in bands following earlier suggestions based on E2 tran-
sition probabilities [6] and based on a comparison with
the isotone 82Sr [10]. In order to facilitate the discussion,
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FIG. 3. Sum of spectra in coincidence with the 835, 1004,
and 1424 keV transitions of the negative-parity band (5).
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TABLE 1. Energy, initial and final spins, and parity of levels as well as energy, relative intensity,

and DCO ratio for transitions assigned to 3°Kr.

Elev (keV) Ir I7 E, (keV) ,® Rpco
616.8 2+ ot 616.8(2) 100° 1.01(4)
1256.6 27 2% 639.8(2) 6(1) 1.04(5)

ot 1256.5(3) 2(1)
1436.6 qt 2+ 819.8(2) 79(3) 1.03(4)
1788.4 3+ 4t 351.9(2) 1
2f 531.8(2) 4(1)
2% 1171.6(2) 4(1)
2146.5 4 4t 709.9(3) 2(1)
27 889.9(2) 4(1)
2392.9 6t 4% 956.3(2) 71(3) 1.03(4)
2439.5 3 2% 1822.4(7) 1
2660.3 5% 3+ 871.7(2) 3(1)
4%t 1224.0(4) 1
2793.6 4 3 353.7(3) 1
4f 647.3(3) 1
3t 1005.1(3) 10(2)
4+ 1357.1(4) 2(1)
2860.3 5~ 3 420.3(4) 1
4% 1423.7(3) 11(2)
3040.7 (57) 6%t 647.7(3) 1
47 894.2(3) 2(1)
3042.2 6~ 5~ 182.1(2) 5(1) 1.13(10)
4" 248.5(2) 5(1) 1.04(11)
5% 381.8(3) 1
67" 649.6(3) 1
3111.0 67 6t 718.1(4) <1
a7 964.5(3) 3(1) 0.9(4)
3173.6 (53) 5~ 313.3(2) 1
6+ 780.7(3) 1
3346.5 65 5~ 486.2(3) 1
4 553(1) <1
5+ 686.2(3) 3(1) 0.57(9)
6+ 954(1) 1
3411.1 8+t 6%t 1018.2(2) 58(3) 1.03(4)
3488.7 (63) 5~ 628.4(3) 1
4 695.1(4) 1
6% 1096.1(5) <1
3531.0 7 67 420.1(3) 1
6~ 488.8(2) 6(1) 0.40(10)
(55 490.5(4) <1
6% 1138.1(3) 1
3559.4 72 6~ 517.0(2) 7(1) 0.39(8)
5~ 699.2(3) 2(1)
6+ 1166.6(3) 1
3582.8 75 5 722.4(3) 4(1) 1.06(9)
6+ 1190.0(3) 4(1) 0.40(8)
3635.8 (a 5+ 975.5(4) 1
3700.9 87 8+ 289.8(2) 4(1) 1.24(10)
6+ 1308.3(5) 2(1)
3917.5 (89) 87 216.8(4) 1
8+t 507(1) <1
6+ 1524.6(8) 1
4127.2 7 596.1(4) 1
65 780.7(3) 4(1)
4164.0 (83) 75 582(1) 1
7 632.7(3) 1
6~ 1121.8(3) 3(1)
4379.1 10% 8+ 678.3(3) 1
8+t 968.0(2) 40(2) 1.03(4)
4394.7 9~ 75 811.8(3) 4(1) 1.13(9)
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Table 1. (Continued).

Eiev (keV) Ir Iy E, (keV) L® Rpco
75 835.4(3) 7(1) 1.07(14)
7 863.6(3) 5(1) 0.92(14)
8+ 984.1(4) 1
4563.6 95 8~ 436.1(4) <1
75 980.8(3) 4(1)
7 1033.0(4) 2(1)
8+t 1152.4(4) 1
4650.1 105 10* 271.1(2) 3(1) 1.21(13)
8F 949.4(3) 4(2)
8+t 1239.0(4) 6(2) 0.95(11)
4976.5 (107) 107 326(1) <1
10t 597(1) <1
8+ 1565.4(8) 2(1) 0.92(15)
5160.2 (107) 8~ 1033.0(3) 4(1)
5375.4 (107) (837) 1211.4(4) 1
5398.4 11~ 9~ 1003.7(3) 12(2) 1.01(10)
5439.4 12% 10t 1060.3(3) 32(3) 1.05(6)
5666.6 (115) (97) 1103.0(3) 3(1)
5891.2 127 12+ 452.0(5) 2(1)
10} 1241.1(4) 6(2) 1.07(10)
6182.4 (127) (107) 1022.2(4) 1
6523.2 13~ 11~ 1124.8(4) 7(1) 1.05(10)
6683.0 14* 12+ 1243.6(4) 20(3) 1.01(10)
7222.9 14F 12§ 1331.7(7) 4(1) 0.92(10)
7772.0 15~ 13~ 1248.8(6) 4(1) 1.03(12)
8089.5 16+ 147 1406.5(6) 13(3) 1.03(9)
8566 (163) 14F 1343(1) 4(1) 0.84(17)
9196.2 177) 15~ 1424.2(7) 2(1)
9692.1 18+ 16* 1602.6(7) 6(2) 0.99(12)
10845 (197) 177) 1649(1) 2(1)
11485 207 18+ 1793(2) 2(1) 1.00(19)

®Intensities determined from the triangular matrix. Weak lines with one intensity unit only have

an uncertainty of about 60%.
*Normalization.

band numbers have been introduced in Fig. 4 atop the
bands similar to the numbers in the 82Sr level scheme.

A. Positive-parity states

The level scheme for the positive-parity yrast band [in
Fig. 4 lower part of band (3) connected by the 968 keV
transition with band (2)] agrees well with previous work
[6,7] through the 147 state, and the yrast band has been
further extended by three new transitions up to spin 20+.
The new transitions can be seen in the «-ray spectrum
given in Fig. 1. The highest transition, a weak 1793 keV
~ ray in Fig. 1, shows clear coincidences also with the
lower-lying transitions at 617, 820, 956, and 1018 keV.
The measured DCO ratios confirm the previous spin as-
signments and suggestions and provide new assignments
to all the new states in the yrast band.

Based on our coincidence relations a 949 keV transi-
tion has been placed in the band crossing region between
the known yrare 105 and 8] levels, and the tentative [7]

678 keV 10T — 8;’ transition has been confirmed. In

addition, some new transitions feeding the 107 level at
4650 keV have been identified. They can be seen clearly
in the 271 keV gated «y-ray spectrum shown in Fig. 2.
The strong 1241 keV peak establishes a level at 5891
keV. It is the third transition at about this energy in
the level scheme of 8°Kr. The known 1239 and 1244 keV
transitions depopulating the 10; and 147 states, respec-
tively, cannot account for the observed coincidences. The
new level at 5891 keV is supported by a weak 452 keV
125 — 12% decay branch. The next new transition at
1332 keV firmly establishes a level at 7223 keV. A v ray
of this energy was already mentioned in Ref. [6] but not
placed. There are some more weak transitions, e.g., at
1343 keV and 1440 keV, which show up in various co-
incidence gates of the positive-parity sequence; however,
no definite placement could be made. It should be men-
tioned that our 1343 keV line is related to the high-spin
sequence. Decay data showed [17] that there might also
be a new low-lying transition of this energy in 8°Kr.
The low-lying positive-parity sequence 27 to 63 is
shown below the 8; state at 3701 keV, i.e., in Fig. 4 be-
low band (2), merely for convenience. No evidence was
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FIG. 4. Level scheme of 3°Kr determined in the present work. Some spin and parity assignments for low-lying levels have

been adopted from Refs. [6,7].

found for a 590 keV 8} — 6] transition which would
connect the two decay sequences, e.g., as observed in the
isotone 52Sr [9,10] by a 786 keV E2 transition. Both the
25 to 67 and 3* to 7" [in Fig. 4 band (1)] sequences in
80Kr were populated weakly in this reaction, and hence
it was not always possible to determine DCO ratios for
transitions in these bands nor to locate any new states.
Therefore, the firm spin and parity assignments given in
Fig. 4 were adopted from Refs. [6,7].

B. Negative-parity states

Negative-parity states are known from previous work
up to a (107) state at 5158 keV [6,7]. Some of them
have been placed on top of a 3~ state at 2440 keV due
to their F2 decays. There are two known 9~ states, at
4395 and 4564 keV, and both have been confirmed in the
present work. In addition to the 835 and 864 keV +-
ray transitions to the 7, and 7~ states, respectively, the
state at 4395 keV has been found to decay by a new 812
keV transition to the 73 level at 3583 keV and by a 984

keV transition to the 8+ yrast state. Our DCO ratios of
the 812 and 864 keV transitions confirm the previously
assigned tentative spin and parity and, in turn, that of
the 835 keV decay branch confirms the 7~ assignment for
the 3559 keV state.

Since the lowest 9~ state decays with similar strength
to each of the 7~ levels, the placement of the three 7~
states into decay sequences is somewhat arbitrary. In
previous work [6,7] the highest 7~ state was considered
to form a band with the lowest 5~ state due to the ob-
served E2 transition strength of 23(5) Weisskopf units
(W.u.) for the 722 keV ~ ray. However, our coincidence
data showed that the highest 7~ state is connected with
the onset of another band formed by the 981 keV and the
new 1103 keV transitions, [see Fig. 4, band (6)]. There-
fore, it seems more appropriate that the weaker 699 keV
transition may be a member of band (5). It should be
noted that a decay of the third 7~ state to the second or
third 5~ states has not been seen.

The lowest 9~ level (at 4395 keV) is populated by five
new transitions which extend the decay sequence up to a
tentative 19~ level at 10845 keV [see Fig. 4, band (5)].
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A relevant background-corrected sum spectrum is given
in Fig. 3 where the new transitions can be seen. Two
transitions of this new sequence form close-lying doublets
with known lower-lying transitions in 3°Kr, namely the
1004 and the 1424 keV « rays. In particular, the inter-
ferring 5~ — 4% 1424 keV transition and poor statistics
prohibit the extraction of reliable DCO ratios for the two
uppermost transitions. Therefore, these spins are given
tentatively, based on systematics.

The even-spin decay sequence of negative parity [band
(8) in Fig. 4] was known [6] up to a (107) level at 5160
keV. The previous levels could be confirmed. But only
one more transition, an 1022 keV v ray, leading to a
6182 keV level was added. However, this new transition
is smaller in energy than the lower transition, and some-
what unexpected from a comparison with 82Sr. Also, the
other sequence of even spins, band (9) in Fig. 4, has been
extended by one transition, a 1211 keV y ray. A 463 keV
line has been observed in various coincidence gates of this
band, but no definite placement in the level scheme could
be made.

A previously observed 313 keV transition [6], so far
not placed in the level scheme, has been seen too. Based
on our (weak) coincidences a level at 3174 keV is now
proposed with a tentative 5~ assignment. This is the
third 5~ state; however, no feeding transitions from the
higher-lying 7~ states could be identified. In addition, a
weak 852 keV v ray has been found in coincidence with
the 1424 keV 5~ — 47 and lower-lying transitions, but
the placement is uncertain.

A comparison of the low-lying states in 8°Kr with those
in 82Sr [10] shows a one-to-one correspondence for all
states except for a missing second 4~ state in 3°Kr which
would correspond to the 3007 keV level in 82Sr.

IV. DISCUSSION

Although there are many similar features between the
level scheme of 8Kr and that of the nearby even-A Kr
isotopes "6Kr [4,13,20], "®Kr [4,13], and 32Kr [3,21,22],
its low-spin energy spectrum and high-spin band struc-
ture are most similar to that of the isotone 32Sr [9,10].
Both nuclei show a well-pronounced band crossing in the
positive-parity yrast band around spin 10/ and several
nonyrast side bands which will be analyzed in more de-
tail below.

A. Cranked-shell-model analysis
1. Band crossings in the positive-parity states

The cranked-shell model can provide further informa-
tion about the structure of 3°Kr and its relation to nearby
nuclei. An extensive analysis of quasiparticle excitations
around mass A = 80 has already been presented in Ref.
[6], and two-quasiparticle-plus-rotor calculations at pro-
late deformation have been performed in Ref. [7]. In both
papers the conclusion was drawn that in 8°Kr at spins 8%
and 104 the positive-parity ground-state band is crossed

by an aligned two-quasiparticle, gg/2 proton, band. This
conclusion is mainly based on a comparison of experi-
mental aligned angular momenta and on the assumption
of similar (prolate) quadrupole deformation which is now
questioned. Large M1 transition strengths [23] of 1.0(5)
and 0.8(4) W.u. for the 271 and 290 keV AT = 0 transi-
tions, respectively, do support the interpretation in terms
of two crossing bands, although they do not allow a dis-
tinction between go,/2 proton or neutron alignment.

The kinematic, J(1), moments of inertia for the
positive-parity yrast band of 8Kr are shown in Fig. 5
along with those of nearby Kr isotopes. The known
backbend in the yrast band of 8°Kr at Aw =~ 0.50 MeV
was interpreted as a gg/; proton alignment in the previ-
ous analysis [6,7], although the present information will
bring some doubts into the suggested proton nature of
the aligned two quasiparticles. As Fig. 5 shows, the first
alignment occurs in "®Kr at /iw ~ 0.56 MeV, a slightly
higher frequency than in 8°Kr, and at 0.68 MeV in 74#7¢Kr
(the nucleus 7#Kr is not shown in Fig. 5). The first cross-
ing in "76Kr is connected with a large gain in aligned
angular momentum (almost twice that of "®Kr) and was,
therefore, interpreted as a simultaneous alignment of gg /2
protons and gg/; neutrons [2,13,20]. In "8Kr a second
band crossing has been seen at Aw ~ 0.9 MeV pointing to
a situation where gg/, protons and gg,; neutrons align at
different frequencies. If this trend would persist through
80Kr, the second alignment in the positive-parity yrast
band would take place beyond the observed frequency
range. However, such a large second crossing frequency
(Aw > 0.9 MeV) is difficult to explain in either case, gg/2
proton or gg/> neutron alignment.

The band crossing interpretation in 8°Kr is somewhat
reflected in the way the level scheme has been drawn. It
shows that the aligned two-quasiparticle band [band (2)]
is built on the second 87 state at 3701 keV and becomes
yrast through the 10T state at 4379 keV. Even though
the states in the band crossing region are mutually mixed,
as already pointed out in Refs. [6,23], some band assign-
ments have been made based on the predominant decay
components. Using these assignments, the kinematic and
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FIG. 5. Kinematic moments of inertia, J(), for the pos-
itive-parity yrast bands in ®°Kr and nearby Kr isotopes. A
value of K = 0 has been used for all bands. The experimental
data has been taken from: "®7®Kr Refs. [4,13] and %?Kr Ref.
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FIG. 6. Kinematic, J), and dynamic, J® moments of
inertia for the positive-parity bands in 3°Kr and %2Sr. The
828r data and related labels have been taken from Ref. [10]
whereas the two uppermost transitions in band (2) of ®2Sr
have been adopted from Ref. [9]. A value of K = 0 has been
used for the ground-state bands, bands (3), and K = 2 for
the 2gp excitations, bands (2).

dynamic moments of inertia have been deduced for bands
(2) and (3) and plotted as a function of the rotational fre-
quency in Fig. 6. For comparison the moments of inertia
for the corresponding bands in 32Sr have been graphed
too. The two-quasiparticle band in 32Sr is assumed to
be built on the second 8% state at 3622 keV and be-
comes yrast at spin 127, a somewhat higher spin than in
80Kr. In both nuclei the bands show a smooth behavior
in the kinematic moment of inertia with the 8°Kr figures
being about 10% lower at high spins. The large displace-
ment at the lowest point of band (2) in 3°Kr is due to
a stronger interaction with the ground-state band than
in 828r. In both nuclei the yrast two-quasiparticle bands
[bands (2)] do not experience a second band crossing at
high spins as can be seen in Fig. 6 from the smooth be-
havior of the dynamical moments of inertia. In 82Sr this
two-quasiparticle yrast band is considered to be oblate
deformed [9]. For spins I > 14/ an additional smooth
alignment of gg/; neutrons is predicted to take place.

In contrast, in both nuclei the extensions of the
ground-state bands [bands (3)] through nonyrast states,
not seen in any of the lighter even-even Kr isotopes, ex-
hibit fluctuations in the dynamical moments of inertia.
These happen at spins of about 12 and 16 in 8°Kr and
828r, or at rotational frequencies of about fuw = 0.62 and
0.75 MeV, respectively. Therefore, a second crossing is
assumed in 8Kr caused by a two-quasiparticle band op-
posite in nature to the first crossing as already suggested
for 828r [9].

All experimental crossing frequencies observed in the
positive-parity bands of the even-even Kr and Sr nuclei
are plotted in Fig. 7 as function of the neutron num-
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FIG. 7. Experimental proton and neutron crossing frequen-
cies, fuw., as a function of the neutron number for some Kr and
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89Sr Ref. [24], 82Sr Refs. [9,10], and ®*Sr Refs. [25,26].

ber. The comparison and identification of quasiparti-
cle alignments (protons or neutrons) among those Kr
isotopes is complicated by predicted shape differences
and the strong dependence of crossing frequencies on
the quadrupole deformation (B, and the triaxiality pa-
rameter <y [4]. Although a well-deformed prolate shape
(B2 = 0.35) is predicted to be favored for the ground-state
band of "Kr, the nearby nucleus "2Kr is predicted to be
very vy soft with competing oblate and triaxial shapes
[27-30]. For "®Kr, the alignment of a g /2 proton pair
at the first crossing was considered [4] to be the most
likely scenario, but doubts were raised because of the two
competing shapes and the difficulty of accounting theo-
retically for the high frequency of the second alignment
by go/2 neutrons. A recent discussion [5] of g factors
(although no measured g-factor values are given) in the
yrast band of "®Kr indicates a gg/, neutron alignment
at the first crossing at Aw = 0.56 MeV, which would be
comnsistent with the oblate, rather than the triaxial shape.
Equilibrium calculations for 8°Kr (see Sec. IV B.) also
favor an oblate shape for the low-lying positive-parity
yrast excitations. The calculated quasiparticle energies
for this shape are given in Fig. 8 for both protons and
neutrons. This leads to the conclusion that a gg /2 neu-
tron alignment is predicted to occur first at approxi-
mately the observed backbending frequency of Aw ~ 0.5
MeV, while the lowest gg/2 proton alignment is calculated
at about 0.7 MeV, slightly higher than the observed sec-
ond crossing. This interpretation, first a gg /2 neutron
and subsequently a go/, proton crossing, would be in line
with the isotopes "8Kr and 82Kr [3] where in analogy to
the measured g factor of the yrast 8% state in 34Sr [11,31]
the gg/2 neutrons were considered to align first.
However, a further complication is that the alignment
at the same frequency (hw = 0.55 MeV) in the N = 44
isotones ®4Zr and 82Sr has been identified unambigiously
with g/ protons from g-factor measurements [8,11].
The question of which particles align first in these nu-
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FIG. 8. Proton and neutroh quasiparticle Routhians calcu-
lated for 8°Kr with a fixed shape of 8 = 0.245, v = —53.6°,
and B4 = —0.012. Parity and signature of the Routhians are

indicated in the following way: (7# = +,a = -21';), solid line;
(r =+, = —é) dotted line; (7 = —,a = %) dash-dotted;
(r = —,a = —1) dashed line. Crossing frequencies of

hwe = 0.73 and 0.5 MeV have been deduced for go/; protons
and go/; neutrons, respectively.

clei is closely coupled to that of their shapes, which are
very sensitive to many influences and may change dra-
matically from nucleus to nucleus, or even from band to
band [32]. As a result, comparisons between nearby nu-
clei have to be treated with caution. Since the shapes
predicted by the Hartree-Fock-Bogolyubov (HFBC) cal-
culations have often been verified at least qualitatively,
it seems more likely at this time that the yrast band of
80Kr is associated with a near-oblate shape and that the
band crossing at iw ~ 0.5 MeV is due to a gg/; neutron
alignment, in apparent analogy with ®Kr and 32Kr, but
opposite to the case of 82Sr or 8¢Zr. Clearly a measure-
ment of g factors in the region of the first alignment in
80Kr could help to bring more evidence into this matter.

2. Negative-parity bands

The negative-parity sequences in 7%7®Kr show an al-
most constant kinematic moment of inertia and are con-
sidered as one of the best examples of collective rotation
in the mass 80 region. For 8°Kr, however, such a well-
developed high-spin band was not known prior to this
work. Attempts have been made to interpret the low-
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FIG. 9. Kinematic, J), and dynamic, J®, moments of
inertia for negative-parity bands with signature o = 1 in 3°Kr
[band (5)] and neighboring even-even nuclei. In the analysis
a value of K = 3 has been used for all bands.

lying states using the cranked-shell model [6,7] and the
interacting boson model [33].

Based on a cranked-shell-model analysis of the aligned
angular momenta of the negative-parity bands in 8°Kr
at low rotational frequency, a gg/2 proton structure com-
bined with a 3~ octupole excitation has been proposed
(6]. In the lighter isotopes "®78Kr [4] a similar conclu-
sion about the negative-parity bands was deduced. The
observed extensions of the bands in 8°Kr and their re-
semblance to the neighbors support this assignment.

The kinematic, J(), and dynamic, J(?, moments of in-
ertia for the negative-parity bands with signature a = 1
in "Kr, 8Kr [band (5)], and 82Sr [band (5) in Ref. [10];
are compared in Fig. 9. It can be seen that the J(
moments of inertia in 8°Kr below 0.4 MeV rotational fre-
quency are close to those of 82Sr. With increasing fre-
quency the behavior deviates more and more from 32Sr
and comes closer to 7®Kr. The peak in the J(2) moments
at fw ~ 0.55 MeV may indicate a band crossing which
has been seen in #2Sr, but not in "®Kr. Blocking argu-
ments favor the alignment of a g9/, neutron pair, in agree-
ment with the crossing frequency deduced for neutrons.
The alignment leads to a four-quasiparticle structure for
the band at spins higher than 13~. This interpretation
is in line with the findings for band (5) in 82Sr where the
observed broad peak has been related to a go/» neutron
alignment [9] too.

The second band of negative parity with a = 1 in 8°Kr,
band (6), may start with the third 7~ state at 3583 keV.
A decay to the second 5~ state at 3041 keV, analogous
to that in 82Sr, has not been observed. The moments
of inertia (not shown) are increasing somewhat, but the
band is too short to draw definite conclusions.

The JO) and J® moments of inertia for the negative-
parity bands with signature o = 0, band (8), are given in
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FIG. 10. Kinematic, J(l), and dynamic, J(z), moments of
inertia for negative-parity bands with signature o = 0 in 8°Kr
[band (8)] and neighboring even-even nuclei. In the analysis
a value of K = 3 has been used for all bands.

Fig. 10 along with the data for some neighbors. Again, a
go,2 Proton structure has been suggested previously [6,7]
for this band in 8°Kr, and for the corresponding bands
in 7678Kr [4] and 82Sr [9]. The similarities in the smooth
behavior of the J(!) moments of inertia support the com-
mon configuration, even though the 8°Kr moments are
slightly lower. The sharp peak in J(®) for ®2Sr [band
(8)] at about 0.75 MeV rotational frequency has been at-
tributed to an additional gg/; proton alignment [9] not
seen in 7880Kr.

B. Shape changes in 8°Kr

As discussed above, the interpretation of the observed
quasiparticle alignments in 8°Kr and the comparison
with its neighbors depend sensitively on the underly-
ing shape, whether prolate, oblate, or triaxial. Cal-
culations of the potential-energy surface and nuclear
ground-state deformation for the even-even Kr isotopes
have previously been performed using a Yukawa-plus-
exponential macroscopic model [27,28]. For 8°Kr (see
Fig. 31 in Ref. [28]) a quite flat energy surface was ob-
tained with the prolate minimum slightly deeper than
the oblate one. For the prolate minimum an elec-
tric quadrupole moment of 0.7 eb [27] has been cal-
culated, which would correspond to an axial deforma-
tion of B2 = 0.09. Similar results have been obtained
from theoretical equilibrium deformations calculated
within the configuration-dependent shell-correction ap-
proach (Hartree-Fock-Bogolyubov cranking model with
a Woods-Saxon potential) [29] for #°Kr which also show
an almost flat ground-state energy surface for | B2 |< 0.3
when pairing is included, with two minima only 50 keV

apart; an oblate minimum at G, = —0.20 and a prolate
minimum at B, = 0.10 (see Table 1 of Ref. [29]). With-
out pairing a large oblate ground-state deformation is fa-
vored due to the oblate Z = 36 gap in the single-particle
energies. The flatness of the energy surface for the
ground state implies that a small amount of rotational
energy might be sufficient to drive the nucleus towards
the more deformed oblate shape. Two examples of the
total Routhian surfaces (TRS) calculated for 3°Kr within
the Hartree-Fock-Bogolyubov cranking model [29] at dif-
ferent rotational frequencies are shown in Figs. 11(a)
and (b) for the vacuum configuration, which represents
the ground-state band. The minimum in the plot for
hw = 0.30 MeV (representing a situation below the band
crossing) describes a near-oblate shape with 8; = 0.24,
v = —53.6°, and B4 = —0.012. This is the shape which
implies that the g/, neutrons align at a lower frequency
than the gg/; protons. However, the shape is quite soft
both in the 7 direction and towards smaller (5 values.
Above the band crossing at Aw = 0.59 MeV essentially
the same shape remains favored but with much less soft-
ness towards smaller deformations. According to the cal-
culations the excitation of the go/; neutrons is shortly
followed by a gradual alignment of a gg/; proton pair.
This leads to a four-quasiparticle configuration for spins
I > 14A which forms the positive-parity yrast sequence
as in 828r.

It should be noted that the calculations also provide a
well-deformed near-prolate band of positive-parity which
lies an average of only 400 keV above the lowest near-
oblate yrast band. This band is connected with the first
alignment of a gg/> proton pair. The theoretical evolution
predictions of the different shapes for the positive-parity
states are shown in Fig. 12 in a polar coordinate diagram.

The lifetimes reported in Ref. [6] provide experimental
information on the quadrupole deformation of 3°Kr. The
deduced average transition quadrupole moment | Q; | in
the ground-state band is 2.0(3) eb, corresponding to an
axial quadrupole deformation of | B2 |= 0.25(3). This
is in good agreement with the predicted magnitude of
the deformation from Fig. 11, but provides no direct
information about the v degree of freedom.

The Hartree-Fock-Bogolyubov cranking model calcu-
lations [29] also predict that for spins of I > 204, first
a well-deformed and subsequently a strongly deformed
near-prolate band will become yrast, as can be seen in
Fig. 11 (c). The strongly deformed band is predicted to
contain the lowest h,;,/, neutron orbital. The prediction
of this superdeformed band is very similar to the corre-
sponding band in 82Sr. However, this spin region is far
beyond the present experimental results.

For the negative-parity bands there is a larger varia-
tion among the | Q; | values inferred from the measured
lifetimes. The average value is 1.7(8) eb with a large
standard deviation which would imply an axial deforma-
tion of 0.22(10). In general, the negative-parity states
are considered to comsist of a two-proton configuration
which may be represented by the configuration fa in Fig.
11 (d). Two minima can be seen in the theoretical TRS
plot. The absolute minimum in the prolate noncollective
sector would imply a | Q; | value of 0.9 eb, while the
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somewhat higher collective triaxial minimum would give
about 2.8 eb, about 60% larger than the average experi-
mental value. These triaxial minima have been assigned
to the low-spin negative-parity states plotted in Fig. 12.
Since the transition quadrupole moments were only mea-
sured for states of spin 5~ to 8~ in the region of strong
mixing, the mixed nature of these states may lower the
E?2 transition strengths. Therefore, it is quite possible
that the collective triaxial shape with B2 =~ 0.27 and
v =~ —18° may represent the low-lying negative-parity
states. For higher states of negative parity (I > 9k),
a near-oblate shape but with less quadrupole deforma-
tion is predicted for both signatures. At spins around
24~ a competing well-deformed near-prolate band might
be populated which would drive the nucleus towards a
strongly deformed prolate shape.

V. SUMMARY

High-spin states in 3°Kr were populated using the
85Cu(180,p2n) reaction at 65 MeV. Prompt y-v coin-
cidences were measured using the Pitt-FSU detector ar-
ray with nine Compton-suppressed Ge detectors and a
28-element BGO multiplicity filter. The positive-parity
yrast band was extended by three new transitions up
to the 20% state. The kinematic and dynamic moments
of inertia of the new high-spin members of the yrast
band remain quite constant at about 21 #%/MeV and
show no obvious evidence of a second band crossing for
hw < 0.9 MeV. However, the extension of the ground-
state band through nonyrast states shows a band cross-
ing at fww = 0.62 MeV which may be caused by a two-
quasiparticle band opposite in nature to the band at the
first crossing.

A question remains about the identity of the parti-
cles which align first in the positive-parity yrast band
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at hw =~ 0.5 MeV. A gg,; proton alignment was origi-
nally suggested based on a comparison of the amount of
aligned angular momentum in neighboring odd-A nuclei.
However, the theoretically predicted near-oblate shape
would imply a gg/2 neutron alignment at this frequency.
Systematics of experimental data from Z = 36 nuclei
support that the gg/2 neutrons align first, but those from
N = 44 nuclei favor gg/; protons. A measurement of
the g factors just above the first band crossing would
best resolve this question in 89Kr. The magnitude of the
theoretically predicted oblate deformation is consistent
with the previously measured lifetimes, but this does not
directly prove that the shape is oblate.

A new negative-parity high-spin band was found above
the 4395 keV 9~ level, and the onset of an additional
decay sequence built on the second 9~ state has been
observed. The high degree of mixing seen among the
medium-spin negative-parity states is similar to that of

the isotone 32Sr and may be partly due to admixtures
with an octupole phonon. As in 32Sr a negative-parity
band with no signs of mixing has been found above a 9~
state. All in all, a very close resemblence is seen between

the negative-parity structures of the isotones 3°Kr and
828r.
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