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New band structures and an unpaired crossing in78Kr
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High-spin states in78Kr were studied using the58Ni( 23Na,3p) reaction at 70 MeV and the58Ni( 28Si,a4p)
reaction at 130 MeV. Promptg-g coincidences were measured using the Pitt-FSU detector array and the
GAMMASPHERE-MICROBALL array. Results from these experiments have led to 26 new excitation levels, some of
which have been grouped into 3 new bands. Spins were assigned based on directional correlations of oriented
nuclei. Two of the new negative-parity bands appear to form a signature-partner pair based on a two-
quasineutron structure, in contrast to the previously known two-quasiproton negative-parity bands. A forking
has been observed at the 241 state in the yrast band, which calculations suggest may result from an unpaired
crossing. The available evidence suggests oblate shapes in the yrast band coexist with prolate shapes in the
negative-parity bands.@S0556-2813~99!04602-6#

PACS number~s!: 21.10.Re, 21.60.Ev, 23.20.Lv, 27.50.1e
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I. INTRODUCTION

The high-spin states of many even-even Kr isotopes h
recently been of considerable theoretical and experime
interest. This interest is due to their rich variety of shap
with particular nuclei exhibiting shape coexistence. Quad
pole deformations vary rapidly withN, ranging from the
highly deformed 74Kr(b2'0.37) @1–3# to the weakly de-
formed 82Kr(b2'0.15) @4#. Various models have been use
to study the ground-state deformation and the evolution
shape, including the interacting boson model@5#, the two-
quasiparticle-plus-rotor model@6#, the cranked Hartree-Fock
Bogoliubov model with a Woods-Saxon potential@7,8#, and
the deformed configuration-mixing shell model@9#. When
these models are applied to78Kr, a large quadrupole defor
mation is calculated, in reasonable agreement with the
perimental data, and near-oblate shapes compete with pr
ones.

In-beamg-ray spectroscopy of78Kr has been performed
with several fusion-evaporation reactions induced
4He,12C,16O,18O, and 24Mg projectiles @5,7,10–13#. A
positive-parity yrast band reaching up to spin 141 at 6480
keV, a positive-parityg band and negative-parity yrast ban
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~spins up to 132) were established in Ref.@5# and extended
to higher spin values in Refs.@7,12#. Many works mentioned
above explained the first band crossing in the yrast band
78Kr in terms of the alignment of a pair ofg9/2 protons.
However, theg factor measured@14# for the 81 state~and
states just above this! was found to be less than the collectiv
value, indicating that the aligning nucleons at the low
band crossing areg9/2 neutrons, instead.

A major purpose of the present experiments was to sea
for new negative-parity bands similar to those which ha
been reported in76Kr @15# and 80Kr @16#. Only one pair of
negative-parity bands, believed to be predominately tw
quasiproton in nature, was previously known in78Kr. Since
somewhat analogous two-quasineutron bands had rece
been found in76Kr, the question arose whether such stru
tures could be found in78Kr. The higher spins accessibl
with the new detector arrays also lead to the possibility
observing effects of the microscopic structure underly
collective bands.

II. EXPERIMENTAL PROCEDURE

Two reactions were used to populate high-spin state
78Kr. The first was the58Ni( 23Na,3p) reaction at 70 MeV.
The beam was provided by the Florida State Univers
Tandem-LINAC facility. The58Ni target was 19.44 mg/cm2

thick and isotopically enriched to 99.89%. Theg rays were
detected with the Pitt-FSU detector array@17# consisting of
10 Compton-suppressed high-purity Ge detectors. A tota
approximately 1.53107 events was collected and sorted@18#
into two triangular matrices with dispersions of 0.5 ke
channel and 1.0 keV/channel with all possible detector p
and a square matrix with a dispersion of 0.8 keV/chan
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containing coincidences between the 35° and 145° detec
on one axis and the 90° detectors on the other. Backgrou
subtracted gated spectra projected from the triangular ma
yielded theg-ray energies and intensities. A similar ener
gating technique used on the square matrix yielded di
tional correlation of oriented nuclei~DCO! ratios.

The second reaction was58Ni( 28Si,a4p) at 130 MeV.
The beam was provided by the 88-in. cyclotron at Lawren
Berkeley National Laboratory, and the target, enriched
99.7% in 58Ni, was 330 mg/cm2 thick. TheGAMMASPHERE

array @19# consisting of 57 high-efficiency Ge detectors
the time was used to collect prompt coincidence events.
95-elementMICROBALL charged-particle detector array@20#
provided channel selection and information to kinematica
reconstruct each event to substantially reduce Doppler br
ening. Approximately 53106 triples and higher fold event
were recorded on tape for thea-4p evaporation channel
Several triangular matrices were constructed by gating
a-4p events and combinations ofg transitions in the various
bands.

Spins were assigned based on DCO ratio measurem
The DCO ratios were determined from the FSU data acco
ing to

RDCO5
I g~at u gated by gG at 90°!

I g~at 90° gated bygG at u!
, ~1!

whereu was 35° or 145°. The gategG was set on one o
more stretched electric quadrupole (E2) transitions. The
DCO ratios for stretchedE2 transitions as well as for pur
dipole DI 50 transitions are expected to be approximat
unity, while stretchedDI 51 transitions yield ratios of abou
0.5 if the multipole mixing ratio is small@21#. The DCO
ratios measured, along with level energies, spins, and rela
intensities are given in Table I.

III. LEVEL SCHEME

The present level scheme, shown in Fig. 1, was dedu
from coincidence spectra generated by gating on the trian
lar g-g matrices andg-gated triples matrices. Altogethe
over 60 new transitions were identified, leading to 26 n
excited states. Arbitrary numbers are placed above the b
in Fig. 1 to facilitate the discussion.

A. Positive-parity bands 1 and 2

The positive-parity odd-spin sequence, band 2, w
known @7# up to the (91) level at 4251 keV. In our work,
two higher transitions of 1188 and 1391 keV were identifie
leading to a tentative (131) level. Band 1 is an even-spi
sequence which was previously identified@7# up to a tenta-
tive (101) level. We could not confirm the last tentative
placed 1088 keV (101)→(81) transition in our coincidence
data. Instead two transitions of 1087 and 1088 keV h
been placed in bands 4 and 6. One additional interband t
sition of 427 keV between band 2 and band 1 has been fo
in our work.
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B. Positive-parity yrast band 3

The yrast band of78Kr was previously observed to a ten
tative 15 160 keV (241) state@7#. The present work confirms
this structure and provides additional spin assignments in
band. Three new lines at 2040, 2098, and 2133 keV w
observed in coincidence with the transitions in band 3,
shown in Fig. 2. Their energy relations strongly suggest
forking arrangement shown in Fig. 1. It was not possible
verify the ordering of the 2040 and 2098 keV transitio
because of lack of statistics. Therefore, these transitions
the corresponding new level are shown with dashed line

C. New negative-parity bands 4–6

A new band was observed in both the FSU andGAMMA-

SPHEREdata. It is built on a new (42) level at 2891 keV.
This level depopulates mainly by a 1326 keVg ray to the 31

state at 1565 keV. The next band member, the (62) 3341
keV level, deexcites by four transitions~269, 276, 450, and
592 keV!, where the 450 keV transition is weak in intensi
and near the very strong 455 keV ground state transition.
276 keV transition is contaminated by lines from78Rb @22#,
77Kr @23#, and 78Sr @24#, but a gate on the 873 keV transitio
identifies it very clearly, as seen in Fig. 3. The 276 and 5
keV decays to known 52 states@25# suggest negative parity
for this band. Although the DCO ratios of the 276, 873, a
1004 keV lines provide spin assignments to three state
this band, we have left all the spins and parities in parent
ses due to the weakness of the lines and possible contam
tion of the 276 keV transition. This non-yrast band was o
served up to a tentative (142) state. Although a 1087 keV
line was previously associated with the decay of the 52

2 state
@25#, the coincidence relations and relative intensit
strongly support a 1088 keV transition near the top of ba
6, as shown in Fig. 1.

Band 5 is built on the previously known state at 3704 k
@11,13#, which decays by a 1726 keV transition to the yra
band. A portion of theg spectrum in coincidence with two
gates in this band is shown in Fig. 4. The DCO ratio of t
1726 keV transition~Table I! and an earlier angular distribu
tion measurement@13# provide a spin assignment of 7\ to
this state. Similarly, the DCO ratios of the 969 and 1679 k
decay lines provide a spin assignment of 9 to the next stat
the band. The parity of band 5 cannot be determined w
certainty from the observed decay branches. However,
269 and 509 keV decays from band 6 to 5 suggest nega
parity for band 5. These decays and the excitation energ
this band suggest also that it is the signature partner of b
6. The previously known 3072 keV (52) level has been
placed in this band because of a newly observed 632
decay to it. However, as in other nearby even-even nuc
there is evidence of mixing among the low-lying negativ
parity levels and band assignments in this region may no
completely unique.

Two new states at 4732 and 5838 keV were obser
which decay by a cascade to a previously known (72) level
at 3771 keV. They appear to form another band of proba
negative parity—band 4. A previously known 52 state at
3065 keV has been placed below band 4 in the level sche
although no connecting transition has been observed,
cause it is involved in the negative-parity decay scheme.
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TABLE I. Energies, initial and final spin states, relative intensities, and DCO ratios for observed t
tions in 78Kr.

Ex(keV)a Eg(keV) I i
p(\) I f

p(\) I g
b RDCO

b,c

Band 1
1147.8 692.9~3! 21 21 9.5~6! 1.01~8!

1147.8~3! 21 01 4.4~5! 1.00~4!
1872.6 724.8~3! 41 21 7.0~3! 0.99~7!

753.2~7! 41 41 2.1~5! 0.87~24!
1417.4~7! 41 21 1.2~3!

2731.5 753~1! 61 61 0.8~3! 0.75~24!
858.9~7! 61 41 2.4~4! 1.01~20!

3770.7 1039.2~6! 81 61 0.9~3! 1.1~3!
Band 2

1564.7 417.1~3! 31 21 3.9~7! 0.71~22!
1109.8~2! 31 21 9.2~7! 0.68~18!

2299.8 426.5~4!d 51 41 3.5~4! 0.59~21!
735.1~3! 51 31 7.9~7! 1.17~15!

1180.3~4! 51 41 2.3~5! 0.72~21!
3202.7 902.9~4! 71 51 2.1~15! 1.04~7!
4253.7 1051.0~4! 91 71 0.7~1! 0.82~15!
5442d 1188~1!d (111) 91 '0.2

~6833!d ~1391!d (131) (111) '0.2
Band 3

454.9 454.9~1! 21 01 100e 1.05~7!
1119.4 664.5~2! 41 21 70~2! 1.02~7!
1977.6 858.4~2! 61 41 42~2! 0.96~9!
2993.5 1015.7~3! 81 61 24~2! 1.06~11!
4105.8 1112.2~3! 101 81 '9.0 1.1~1!f

5217.4 1112.2~5! 121 101 '6.0 1.1~1!f

6479.4 1262.2~4! 141 121 2.7~11! 1.04~8!
7936.4 1456.8~5! 161 141 1.4~8! 0.9~4!
9568 1632~1! (181) 161 1.5~8!
11312 1744~1! (201) (181) 1.3~7!
13157 1845~1! (221) (201) 0.9~3!
15160 2003~1! (241) (221) 0.7~3!

~15197!d ~2040!d (241) (221) '0.4
~17293!d ~2098!d (261) (241) '0.3

~2133!d (261) (241) '0.5
Band 4

3065.0 315~1!d 52 52 1.0~4! 0.89~15!
~765!d 52 51 0.3~1!

1087.4~5! 52 61 1.1~4!
3770.8 698.9~4!d (72) (52) '0.3

1793.6~6! (72) 61 1.6~3!
4731.5d 960.7~6!d (92) (72) '0.2
5838d 1106~1!d (112) (92) '0.1

Band 5
3071.6 1199.4~5!d (52) 41 0.6~2!

1952.2~6! (52) 41 2.2~5!
3703.6 ~482.7!d 7(2) 62 '0.2

632.4~5!d 7(2) (52) '0.2
1726.0~5! 7 (2) 61 0.8~2! 0.4~1!

4672.9d 969.3~6!d 9(2) 7(2) 0.7~3! 1.1~3!
1679.4~6!d 9(2) 81 0.5~2! 0.4~2!

5776.1d 1103.2~7!d (112) 9(2) 0.3~1!
6853d 1077~1!d (132) (112) '0.2

Band 6
2890.9d 1017.7~1!d (42) 41 '0.5

1326.2~4!d (42) 31 1.1~3!
3340.6d 268.6~4!d (62) (52) 1.4~4!

276.1~5!d (62) 52 6.4~23! 0.45~14!
449.6~4!d (62) (42) 3.4~12!
591.6~8!d (62) 52 0.3~1!

4213.5d 508.6~7!d (82) 7(2) 0.5~2!
872.9~4!d (82) (62) 2.4~7! 0.85~8!

5217.3d 1003.8~5!d (102) (82) 3.4~6! 0.80~18!
6305d 1088~1!d (122) (102) 0.9~4!

~7457!d ~1152!d (142) (122) '0.4
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TABLE I. ~Continued!.

Ex(keV)a Eg(keV) I i
p(\) I f

p(\) I g
b RDCO

b,c

Band 7
2763.5 364.4~3!d 42 32 1.0~2!

1199.1~4! 42 31 1.7~7! 0.74~23!
1644.1~5! 42 41 4.9~13! 1.10~11!

3219.1 455.5~6! 62 42 '6
470.0~5! 62 52 3.2~5! 0.4~1!
920.1~5! 62 51 3.8~13! 0.52~4!

1241.7~6! 62 61 2.1~8! 0.97~8!
3917.4 629.4~8!d 82 72 0.5~1!

698.3~2! 82 62 4.2~6! 1.06~7!
715~1! 82 71 0.2~1! 0.4~1!

924.4~7! 82 81 0.6~2!
4807.4 890.0~3! 102 82 4.8~8! 0.83~5!
5854.0 1046.5~5! 122 102 2.2~3! 0.95~15!
7065.8 1211.8~7! (142) 122 0.6~2!
8468.2 1402.4~7! (162) (142) 0.5~2!
10060d 1592~1! d (182) (162) 0.5~2!

Band 8
2398.7 1943.8~4! 32 21 3.4~5! 0.41~12!
2749.1 350.5~6! 52 32 0.7~2! 0.93~6!

771.3~6! 52 61 1.2~4! 0.4~1!
1629.7~3! 52 41 8.9~10! 0.53~10!

3287.8 294.2~4!d 72 81 0.9~3! 0.49~11!
538.9~2! 72 52 4.3~6! 1.10~12!

1310.1~2! 72 61 5.2~4! 0.5~1!
4028.1 740.3~2! 92 72 10.3~21! 0.88~9!

1034.7~6! 92 81 1.0~4! 0.5~1!
4965.2 937.1~4! 112 92 3.2~9! 0.96~5!
6086.4 1121.2~7! 132 112 2.4~9! 1.1~2!
7391.8 1305.3~7! (152) 132 1.0~3!
8881.7 1489.9~9! (172) (152) 0.6~3!
10551 1669~1! (192) (172) 0.3~2!
12389 1838~1! (212) (192) 0.3~2!

Additional States
2413.0 848.4~3! 31 1.29~22!

1265.1~4! 21 1.44~25!
1293.5~4!d 41 0.55~15!

2901.0d 1781.6~4!d 41 1.8~4!
2968.5d 291.0~3!d 1.9~4!

569.1~3!d 32 0.5~2!
1403.8~7!d 31 0.7~2!
1820.9~6!d 21 0.4~1!
1849.3~6!d 41 1.6~4!

2999.3 1851.9~6!d 21 1.13~18!
1879.5~6! 41 1.36~20!

3036.4d 1917.0~5!d 41 0.75~17!
3136.8d 1158.6~6!d 61 1.3~4!

2017.4~6!d 41 1.0~3!
3160.4 1287.5~4! 32 41 0.6~2!

1595.8~5!d 32 31 0.8~3!
2012.5~6! 32 21 1.8~5!
2041.1~6! 32 41 1.3~3!

3337.6d 338.6~3!d '0.2
1773.1~5!d 31 0.6~2!
2217.7~7!d 41 0.7~3!

3439.9d 690.7~5!d 52 0.5~2!
1041.3~7!d 32 1.0~3!

3548.1d 1248.1~5!d 51 0.2~1!
1570.5~6!d 61 1.0~3!

3607.9 614.3~5! 81 81 1.6~4! 1.1~3!
1630.4~8! 81 61 0.7~2!
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FIG. 1. The level scheme for78Kr as deduced from the present work.

TABLE I. ~Continued!.

Ex(keV)a Eg(keV) I i
p(\) I f

p(\) I g
b RDCO

b,c

3724.8 823.1~4!d 0.2~1!
1326.0~5! 32 0.6~2!
1852.4~5! 41 1.6~4!
1969.6~6!d 21 0.3~2!

3748.1 611.3~4!d '0.2
1349.4~5! 32 1.5~6!

3773.6 872.6~4!d 32 0.6~2!
1199.3~4!d 32 1.35~22!
1374.9~5! 32 32 2.7~6!
1901.1~6! 32 41 0.35~12!
2208.8~7! 32 31 0.53~18!

3791.7d 653.9~7!d '0.2
1814.1~6!d 61 1.0~2!

3919.3d 1520.7~6!d 32 0.8~3!
3923.1d 314.8~4!d 81 1.0~3!

1945.8~6!d 61 0.9~3!
4395.6 289.5~5! 101 101 0.5~2! 1.2~4!

1402.3~6! 101 81 2.2~6!

aEnergy of the initial state.
bDetermined from the58Ni( 23Na,3p) reaction.
cDCO ratios were determined from spectra gated on one or more stretchedE2 transitions.
dNew level assigned to78Kr or new transition placed in the level scheme.
eNormalization.
fDCO ratio of the doublet.
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D. Negative-parity bands 7 and 8

One pair of signature-partner negative-parity bands w
known in 78Kr from prior work @7,12#. The odd-spin se-
quence, band 8, is built on the low-lying 32 level at 2399
keV and was identified up to a tentative (212) state at 12389
keV. The even-spin sequence, band 7, starts at the 2764
42 level and was observed in prior work@7# through a 162

level at 8469 keV. A transition of 1592 keV was seen in t
GAMMASPHEREdata, extending this sequence up to the (182)
state at 10 060 keV. Additional decay lines of 294, 364, a
629 keV were seen from these bands. The measured D
ratios permitted firm spin assignments to several additio
states in the two bands.

E. Additional states

Additional yrare 81 and 101 states decaying into th
yrast band were previously reported@10,11,13#. These states

FIG. 2. A portion of the triples coincidence spectrum from t
GAMMASPHERE experiment with combinations of gates on all pa
of transitions in band 3 between the 455 and 1632 keV lines. Ne
reported lines are indicated with asterisks.

FIG. 3. A portion of theg spectrum in coincidence with the 87
keV line in band 6 as observed in the58Ni( 23Na,3p) reaction. New
transitions assigned to78Kr in the present work are indicated wit
asterisks.
s

eV

d
O

al

have been confirmed in the present work. The present e
tation energies of 3608 and 4396 keV are within 1 keV of t
previously reported values, except for a value about 9 k
lower reported in Ref.@10# for the 81 state. Two decay
branches have been observed from this state in the pre
work, in agreement with an earlier report@13#. The 3608 keV
level was first assigned a spin-parity of 72 in Ref. @13# and
later (81) in Refs. @10,11#. The present assignment of 81

agrees with the latter one and is based on the DCO rati
the 614 keV transition and the existence of the 1630 k
decay.

The 23Na158Ni reaction also populated78Rb strongly
@22#. Therefore some of the states observed in78Kr in the
FSU data were populated following theb decay of the 42

isomer and~to a lesser extent! the 01 ground state of78Rb
@25–27#. States for which new information was obtained a
listed in Table I, but not shown in Fig. 1. Since the initi
alignment is lost beforeb decay occurs, DCO ratios are no
meaningful forg transitions in the daughter nucleus.

The second 01 state at 1017 keV is shown on the lev
scheme since its 562 keV decay transition was clearly see
the data. No connections could be reliably established w
any states in Fig. 1 above the 21

1 level. Coincidences were
seen between the 562 keV line andg rays of 738 and 2420
keV, confirming some previousb-decay results@25–27#.

IV. DISCUSSION

A. Positive-parity bands

The kinematic moments of inertiaJ(1) in bands 1–3 are
compared in the lower part of Fig. 5. For the yrast band
J(1) generally increases over the observed spin range f
0\ to 26\. The irregularities at rotational frequencies\v of
0.55 and 0.9 MeV have previously been associated withg9/2
pair alignments. There has been some difficulty in determ
ing which alignment is associated withg9/2 protons and
which with g9/2 neutrons, in part because protons and n
trons in 78Kr occupy the same major shell. Hartree-Foc

ly

FIG. 4. A portion of the spectrum in coincidence with either t
969 or the 1726 keV lines in band 5 observed in the58Ni( 23Na,3p)
reaction. New transitions assigned to78Kr are indicated with aster-
isks.
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Bogoliubov ~HFB! cranking calculations@7# predict a well-
deformed, butg-soft, shape with two energy minima for th
low-energy states of78Kr. It was first suggested@7# that the
yrast band corresponds to the triaxial minimum (b2
'0.3, g'215°). This accounts nicely for the first crossin
as a proton alignment, but predicts the second, neut
alignment too low in frequency (0.6 MeV<\v
<0.7 MeV). A subsequentg-factor measurement reporte
@14# that the observed rotation implies ag factor significantly
less than the collective value for the 81 state or for states jus
above it. This was interpreted as a strong indication that
first crossing is a neutron alignment and that the yrast b
corresponds to the nearly oblate minimum in the HFB cal
lations. The configuration-dependent shell-correction ca
lations discussed in Sec. IV B also predict an oblate sh
around spin 8, in confirmation of this interpretation.

A neutrong9/2 crossing at the 81 state has been deduce
from recent deformed configuration mixing~DCM! shell-
model calculations@9#. This differs from the HFB results
because the neutron crossing occurs at prolate (b2'0.21),
rather than oblate, shape. The DCM calculations also pre
a protong9/2 crossing at the 141 state. One difference be
tween the DCM and HFB calculations is that thef p orbitals
are grouped about a factor of two closer together in
DCM, giving rise to a much larger gap at particle number

Comparisons with neighboring nuclei are not as helpfu
this mass region because of the rapid shape changes w

FIG. 5. Kinematic moments of inertiaJ(1) calculated for the
bands in78Kr. The following list gives the band numbers followe
by the K value used in parenthesis: 1–2 (K52), 3(K50), 5–8
(K53).
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can occur with small changes in particle numbers. The p
ton and neutron alignments are nearly simultaneous in76Kr
@7,12#, where the predicted prolate shape appears to be
sistent with the observed data. On the other hand, only
alignment has been observed in80Kr up to \v50.9 MeV
@16#. HFB calculations predict an oblate shape which wou
imply that the neutrons align first. However, there are
g-factor measurements or other direct evidence to determ
the nature of the alignment in80Kr. Earlier interpretations
favored a proton alignment. It appears likely that the sha
of the yrast band in the even-even Kr isotopes changes f
prolate in 76Kr to oblate in 80Kr.

The other positive-parity bands are energetically un
vored and more difficult to explore experimentally. Tw
DI 51 decays between bands 2 and 1 and the relative p
tions of the states suggest that bands 1 and 2 may be s
ture partners. The moments of inertia of these two ba
follow that of the yrast band rather closely except for the l
point where two-quasiparticle configurations become imp
tant. Reasonably good agreement was obtained betwee
properties of these bands and theg-bands predicted in inter
acting neutron-proton boson model calculations@5#.

The 81 and 101 states at 3608 and 4396 keV look simil
to a pair of states of the same spin reported in80Kr @16#, and
no connectingE2 transition was observed. A two-level mix
ing calculation was performed to infer the unperturbed en
gies of the corresponding yrast states in78Kr @10# and ac-
count for irregularities in the band structures. The differen
of about 9 keV in the position of the 81 state between Ref
@10# and the present work does change the conclusion
that study.

B. Configuration-dependent shell-correction calculations

To understand the forking seen at the top of band 3
further examine the shape of this band, calculations h
been performed within the configuration-dependent sh
correction approach with the cranked Nilsson potential us
parameters previously fitted toA'80 nuclei @28#, as de-
scribed in Refs.@29–31#. Pairing correlations have been n
glected, so the predicted energies can be considered rea
for spins above 10 or 15\. The full Nilsson Hamiltonian has
been diagonalized in the calculations, even though the c
figurations will be discussed below in terms of the ma
components of their wave functions.

The calculated energies of the lowest positive-par
even-spin configurations are shown in Fig. 6 after subtrac
of the energies of a rigid rotor to magnify the deviatio
from rigid rotation. The measured energies of band 3~above
the region where pairing is most important! are shown in the
same way in the figure for comparison. The theoreti
curves are labeled by their dominant configurations acco
ing to @p1,n1#, where p1(n1) is the number of protons
~neutrons! in the g9/2 orbital.

The @2,4# configuration forms the lowest collective ban
below spin 24\. The shape of this curve is rather similar
the experimental data over the range 10<I<24. The good
agreement above spin 10\ is similar to what has been see
for 81Sr @32# and gives additional confidence in other pred
tions of the model. No real termination is seen for the cal
lated @2,4# configuration because the proton holes migr
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down to thef 7/2 subshell. The result is a steady rise in ener
relative to the rigid rotor value above spin 22\. A well-
deformed, oblate shape (e250.29, g5260°) is predicted
for this configuration up to spin 12\, as shown in Fig. 7. As
mentioned in the last section, this prediction of oblate sh
agrees well with the neutron alignment observed in
g-factor measurement. Above 12\, e2 decreases and th
shape becomes more triaxial. Because no true termina
occurs,g does not reach160°.

Although the more deformed@3,5# configuration lies con-
siderably higher at low spins, it falls rapidly with spin and
predicted to cross the@2,4# configuration at spin 24\. This is
exactly the point at which a forking is observed in band
and suggests that the observed forking may result from
crossing of the calculated@2,4# and @3,5# bands. If so, the
agreement is remarkably good, although perhaps some
less surprising in view of the good agreement observed
lier in 81Sr @32#. In this interpretation, the last 261 state seen
experimentally would correspond to the@3,5# configuration
and the next state would be harder to observe because
theoretical curve is starting to rise at 28\. The predicted
deformation for this configuration~see Fig. 7! starts ate2
50.33 and decreases steadily with spin whileg remains
about240°.

The @2,6# configuration is predicted to be somewhat mo
deformed (e250.36), but would be more difficult to observ
since it always lies above the@2,4# and @3,5# configurations.
Other interesting predictions of the model which have not
been seen experimentally are the yrast noncollective sta
They are indicated mostly with large open circles in Fig. 6
very short terminating band consisting of only theI
520–24 states can be identified in the calculations. T

FIG. 6. Energies relative to a rigid rotor calculated within t
configuration-dependent shell-correction approach with a cran
Nilsson potential. The labeling of the theoretical curves is discus
in the text. The observed level energies in band 3 relative to
same rotor are shown with squares in the lower panel. The exp
mental curve is graphed with the same dispersion but its abso
position relative to the theoretical ones is arbitrary.
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main difference between the collective and noncollect
configurations in the calculations appears to be that both
p1/2 proton and neutron holes couple to spin 0 in the lat
case. By contrast, no pair ofN53 holes couples to spin 0
among the collective configurations. One could also note
the more collective bands are generally located ‘‘below’’ t
g5230° line in Fig. 7, while the states with little or n
collectivity lie near160° with e2;0.20–0.25. Rather simi-
lar noncollective yrast states appeared in the81Sr calcula-
tions @32# and also await experimental observation.

C. Negative-parity bands

In contrast to those in the positive-parity bands, the m
ments of inertia in the two previously known negative-par
bands 7 and 8 start at higher values and drop to reac
remarkably constant value of 22 to 23\2/MeV ~see Fig. 5!.
Although they begin from very different values, the momen
of inertia in the bands of both parities converge to simi
values ~approximately the rigid-rotor value! at the highest
rotational frequencies, most likely due to the decreasing
fluence of pairing@33#. The behavior of theJ(1) values in
bands 7 and 8 is rather similar to that of the lowest negat
parity bands in76Kr @15# except that no evidence is seen f
an alignment in78Kr up to \v50.9 MeV, whereas a clea
alignment was seen in76Kr at \v'0.8 MeV.

In 74,76,78Kr the lowest negative-parity bands were asso

ated with the two-quasiproton configurationp@431# 3
2

1

^ p@312# 3
2

2, based in large part on the absence of a low
frequency proton alignment expected for a two-quasineut

d
d
e
ri-
te

FIG. 7. Evolution of predicted shape with spin for 3 configur
tions calculated in the configuration-dependent shell-correction
proach. The shapes are shown on a polar graph with the magn
of quadrupole deformatione2 as the radial coordinate and the tr
axiality parameterg as the angular one. Lines of constantg are
drawn at 30° intervals. The starting and ending spins are indica
for each sequence. Since a number of the low-spin points ove
the shapes at the crossing point, 24\, are shown with open symbols
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configuration@3,7#. This analysis was confirmed nicely whe
a higher-lying pair of negative-parity bands was found
76Kr, which do align at a much lower frequency@15#. They
are the two-quasineutron bands. Measurements ofg factors
in bands 7 and 8 of78Kr showed precession angles signi
cantly larger than in the yrast band@14#. This was interpreted
as strong evidence for the two-quasiproton nature of th
bands. The DCM calculations@9# also predict a signature
partner pair of negative-parity bands at about the ener
seen experimentally, although an inversion occurs at the
tom of the band with the 32 level above the 52 one. These
bands also involve a two-quasiproton configuration, in agr
ment with the HFB results.

The moments of inertia for new bands 5 and 6 dif
significantly from those of bands 7 and 8 by increasing r
idly with frequency above\v.0.45 MeV. This behavior is
very similar to what was seen in the new negative-pa
bands in76Kr and indicates at least the start of a quasipa
cle alignment at 0.45 MeV<\v<0.55 MeV. The analogy
with 76Kr suggests that bands 5 and 6 may have a tw
quasineutron configuration. Also, only one energy minim
appears in the total Routhian surface~TRS! shown in Fig. 19
of Ref. @7# for the two-quasiproton configuration of signatu
a50, r 511 ~even spins!, and this was assigned to band

HFB calculations were examined for the lowest tw
quasineutron configuration with signaturea50 ~even spins!,
usually designated the AE configuration@34#. The resulting
TRS at a rotational frequency of\v50.4 MeV, shown in
Fig. 8, implies a substantial quadrupole deformation ofb2
'0.3, but a wide range of possibleg values. Three energy
minima occur at (b2 ,g) values of (0.31,160°), (0.29,
115°), and (0.29,244°), but configurations at intermed
ateg values are hardly less favored. A shape at or near
noncollective value ofg560° is very unlikely to correspond
to the observed band. Because one of the quasineutron
this configuration lies in ag9/2 orbital, Pauli blocking argu-
ments imply that the lowest alignment should be among

FIG. 8. Total Routhian surface for the two-quasineutron c
figuration AE corresponding to a negative-parity, even-spin ban
a rotational frequency of\v50.40 MeV. The spacing betwee
contour lines is 0.25 MeV.
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g9/2 quasiprotons. The single quasiproton energies are sh
as a function of rotational frequency in Fig. 9 for both th
nearly prolate shape ofg5115° and the nearly oblate shap
of g5244°. The predicted proton alignment frequencies
\v50.4 and 0.65 MeV, respectively, bracket the observ
value. Thus, a two-quasineutron configuration with a p
dicted b2 of 0.29 and ag value intermediate between th
two minima in Fig. 8 would be consistent with the observ
bands 5 and 6. This is quite reasonable, given theg softness
of the TRS.

V. SUMMARY

High-spin states in 78Kr were examined using the
58Ni( 23Na,3p) reaction at 70 MeV and the58Ni( 28Si,a4p)
reaction at 130 MeV. Promptg-g coincidences were mea
sured using the Pitt-FSU detector array and
GAMMASPHERE-MICROBALL array. A number of new transi
tions and energy levels were found, and spin assignm
were made using DCO ratios. Three new bands were ide
fied. On the basis of the observed alignment and HFB ca
lations, two of them appear to be based on a tw
quasineutron structure, complementing the previously kno
two-quasiproton band. This extends a pattern of parallel p
ton and neutron excitations that was first seen in76Kr.

An interesting forking behavior has been observed at
top of the yrast band. Configuration-dependent sh
correction calculations interpret this forking as an unpai
crossing of the@2,4# ground band by the more deforme
@3,5# structure at spin 24\. Across the even Kr isotopes, th

-
at

FIG. 9. Single quasiproton energies as a function of rotatio
frequency for the indicated shapes. Parity and signature (p,a) of

the Routhians are indicated in the following way: (1, 1
2 ), solid line;

(1,2 1
2 ), dotted line; (2, 1

2 ), dash-dotted line; (2,2 1
2 ), dashed

line.
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shape of the yrast band appears to change from prolate
74,76Kr to oblate for 80Kr. Although earlier HFB calculations
suggested a prolate shape for78Kr, an oblate shape is re
quired to reproduce the first neutron crossing implied
g-factor measurements. The configuration-dependent s
correction calculations, which account nicely for the o
served forking at high spins, predict an oblate shape at low
moderate spins, in agreement with theg-factors. The bulk of
the available evidence now favors an oblate shape for
yrast band, but more prolate shapes for the negative-pa
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bands. This would imply that prolate and oblate shapes
exist in 78Kr.
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