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Band structures and alignment properties in 74Se
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High-spin states in the even-even nucleus74Se were investigated via the65Cu(12C, p2n)74Se reaction at a
beam energy of 50 MeV. On the basis of coincidence data three of the known bands were extended to higher
spins and two new bands were found. Experimental crossing frequencies were deduced for various band
structures and compared with cranked-shell-model results. Previous assignments ofg9/2 quasiproton andg9/2

quasineutron alignments along the yrast line were confirmed when a near-prolate shape is assumed. Hartree-
Fock-Bogoliubov calculations predict a deformed shape for excited states in74Se which shows, however, a
considerable softness in triaxiality. For the first time in the mass 70 region, band structures and quasiparticle
alignments in74Se were also investigated using the projected shell model. The calculations support the previ-
ous conclusions for the positive-parity states and predict that the lowest negative-parity bands are signature
partners based ong9/2 quasiproton excitations, with ag9/2 quasineutron crossing at higher frequencies leading
to a four-quasiparticle configuration at high spins.@S0556-2813~98!03906-5#

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

Properties of high-spin states in the neutron defici
even-even Se isotopes were studied extensively in the
and different explanations for the irregularities observ
along the yrast positive-parity band were published@1–10#.
The low-spin anomaly in the yrast bands of70,72,74Se is well
known and has been interpreted in a shape coexistence
ture of two bands with different deformations@2,4,7#. The
effect observed in72,74Se has also been interpreted in t
framework of an interacting boson approach@6,9# without
any special assumption about the nuclear shape or shap
existence.

More recently, the yrast bands of70,72Se were investi-
gated@11# up to spins and parities of (161) and (281), re-
spectively. In particular, the absence of any sharp backbe
ing after the low-spin anomaly along the yrast band in72Se
was interpreted as due to a strong yrast-yrare interactio
prolate deformation causing a gradual alignment of tw
quasiprotons and two-quasineutrons in the unique-parityg9/2
orbitals. In the same way, however with different interacti
strength, the pronounced upbends observed in the y
bands of the heavier isotopes76,78Se @12–14# were inter-
preted as due to the interaction of the ground-state band
two-quasiproton and two-quasineutrong9/2 excitations.

The high-spin level scheme of74Se has been most re
cently studied@10# and the yrast band and three other ban
have been extended to higher spin states. In particular,
yrast band has been tentatively observed up to a 241 level,
where the two highest levels contribute to an unusua

*Present address: Los Alamos National Laboratory, Los Alam
NM 87545.
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strong upbend in the kinematic moments of inertia~see Fig.
7 in Ref. @10#!. Moreover, the band containing the levels
1268.9 and 1884.0 keV has been reinterpreted@10# as a sec-
ondKp501 band built on the second 01 level at 853.9 keV
excitation energy. In this interpretation the larger moment
inertia would force this second 01 band to become yras
above spin 12 and would cause a band interaction or cros
which has not been found, so far. Therefore, we decided
reinvestigate74Se at high spins with a thin target coinciden
experiment and a larger Ge detector array.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The experiment was carried out using the65Cu(12C,
p2n)74Se reaction at a beam energy of 50 MeV. The
target was a self-supporting foil of 0.6 mg/cm2 enriched to
99% in 65Cu. In this experiment the Pitt-FSU detector arr
@15#, consisting of 9 Compton-suppressed high-purity Ge
tectors with individual efficiencies of about 25%, was em
ployed. Two detectors were placed at a forward angle
35°, 3 detectors at 90°, and 4 detectors at a backward a
of 145°. The target to detector distance was chosen to
about 18 cm. About 53107 prompt coincidence events wer
recorded on magnetic tape and sorted off-line into a totalg-g
matrix after gain correction for the Doppler shift of theg
rays. The dispersion used in this matrix was 0.8 ke
channel. Threefold events were decomposed into twof
events and subsequently stored in the matrix. The efficie
calibration of the Ge detectors was performed with a152Eu
source placed at the target position. Theg-ray energies and
intensities for transitions assigned to74Se are compiled in
Table I.

Moreover, additional sorting of the65Cu112C data was
carried out to determine directional correlations of oriente

s,
2912 © 1998 The American Physical Society



57 2913BAND STRUCTURES AND ALIGNMENT PROPERTIES IN74Se
TABLE I. Energies, relative intensities, and DCO ratios, as well as initial and final states ofg rays assigned to74Se.

Eg
a ~keV! I g

b RDCO
c I i

p d I f
p e Ef ~keV! Eg

a ~keV! I g
b RDCO

c I i
p d I f

p e Ef ~keV!

219.3~1! 0.9~2! 02
1 g 21 853.9

325.1~2! 2.3~2! 1.26~15! 72
2 72 3840.6

346.2~3! 1.2~2! 82 4543.9
368.5~2! 1.0~2! (42

2) 42 3199.7
399.2~3! 1.4~2! 62 3781.3
445.5~3! 0.8~2! (92

2) 92 4847.8
481.5~3! ,1 42 32 2831.2
492.8~1! 14~1! 0.98~4! 52 32 2842.3
511.0~3! '1 32 (23

1) 2349.4
521.0~1! 1.7~3! 31 41 1884.0
529.2~4! ,1 72 62

1 3515.4
539.8~2! 3.3~3! 0.29~8! 62 52 3382.1
550.9~2! 4.8~4! 1.02~9! 62 42 3382.1
571.7~3! 2.1~3! (122

1) 121 6014.3
573.9~3! 2.2~4! 72 4089.3
611.2~2! 7.2~7! 0.69~6! 52 61 2842.3
615.1~1! 6.5~7! 0.68~6! 31 22

1 1884.0
621.2~2! 3.2~4! 1.14~13! (102

1) 101 4876.9
634.3~3! '12 22

1 21 1268.9
634.6~2! '120 0.99~3! 21 01 634.6
657.0~3! 2.1~3! 92 5059.3
673.1~1! 24~2! 0.99~3! 72 52 3515.4
682.1~3! 1.7~4! <0.5 82 72 4197.7
720.6~3! 2.3~5! 0.71~13! 62 51 3382.1
723~1! ,1 (42

2) (22) 3199.7
728.3~2! 100~2! h 1.02~3! 41 21 1362.9
730.5~8! 3~2! (82

1) 81 3928.6
734.4~2! 15~1! 0.57~5! 52 42

1 2842.3
744.7~3! 6.0~5! 0.70~10! 42

1 41 2107.8
762.9~4! 1.0~3! 4543.9
777.4~3! 6.1~5! 0.80~12! 51 31 2661.4
815.6~2! 12~1! 1.12~7! 82 62 4197.7
838.9~2! 16~2! 42

1 22
1 2107.8

850.1~3! 2~1! (42
2) 32 3199.7

863.6~3! 7.4~9! 0.97~14! 71 51 3525.0
868.2~2! 81~3! 1.02~4! 61 41 2231.1
878.4~3! 3.8~5! 62

1 42
1 2986.2

886.9~2! 21~2! 1.04~5! 92 72 4402.3
924.5~3! 10~1! 0.98~8! 91 71 4449.3
942.7~5! 1.1~3! (82

1) 62
1 3928.6

948.4~5! 2.4~3! (102
1) (82

1) 4876.9
966.8~2! 56~2! 1.04~5! 81 61 3197.9
984.5~2! 2.5~8! (23

1) 02
1 1838.4

986.3~2! 4.0~8! 0.58~8! 32 41 2349.4
1007.1~3! 4.7~7! (92

2) 72
2 4847.8

1011.0~3! 13~1! 0.87~10! 102 82 5208.7
1043.2~3! 7~1! 0.92~9! 111 91 5492.5
1044.4~3! 7~1! 1.11~8! 122 102 6253.1
1057.8~3! 46~2! 1.09~6! 101 81 4255.7
1079.7~3! 4~1! (112

2) (92
2) 5927.5

1080.5~2! 7~1! 0.52~5! 32 22
1 2349.4

1088.0~3! 16~1! 1.11~6! 112 92 5490.3

1135.2~6! 2~1! (132
2) (112

2) 7062.7
1137.5~6! 2~1! (122

1) (102
1) 6014.3

1151.0~2! 4.3~6! 0.75~10! 62 61 3382.1
1157.8~5! 3.4~5! 0.96~11! 152 132 7843.8
1186.9~3! 34~2! 1.03~6! 121 101 5442.6
1192.9~6! 6~1! 1.10~11! 131 111 6685.5

1193.0~12! 3~1! (142
1) (122

1) 7205.9
1195.7~3! 10~2! 1.09~8! 132 112 6686.0
1198.0~4! 4~1! 1.08~10! 142 122 7451.1
1203.9~4! ,1 (23

1) 21 1838.4
1208.2~6! 2.3~5! 0.57~11! 151 141 7943.5
1236.7~5! 1.7~4! 0.34~9! 111 101 5492.5
1243.1~6! 1.4~4! 131 121 6685.5
1249.4~3! 4~1! 0.92~10! 31 21 1884.0
1251.2~4! 1.6~5! 0.66~14! 91 81 4449.3
1258.2~5! 4.9~4! 1.20~18! 151 131 7943.5
1268.9~2! 7.1~6! 22

1 01 1268.9
1284.4~3! 1.8~3! 72 61 3515.4
1291.8~4! 3~1! 0.90~10! 152

2 132 7977.8
1292.4~4! 19~2! 1.05~8! 141 121 6735.0
1293.7~5! 3~1! 71 61 3525.0
1298.6~3! 4.0~4! 51 41 2661.4
1321.6~4! 1.9~3! (172) 152

2 9299.3
1330.5~6! 4.2~8! (162

1) (142
1) 8536.5

1350.4~6! 3.1~5! (171) 151 9293.9
1364.0~5! 2.1~3! 0.91~12! 162 142 8815.1
1381.1~4! 8.8~9! 1.10~9! 161 141 8116.1
1455.4~4! 1.9~3! 0.99~16! 172 152 9299.3
1468.3~3! 6.8~9! 1.10~13! 42 41 2831.2
1473.3~3! 3.5~5! 42

1 21 2107.8
1479.5~3! 4.4~5! 0.64~11! 52 41 2842.3
1532~1! 1.0~5! (191) (171) 10826
1554.8~7! 1.5~5! (182) 162 10369.9
1563.8~6! 4.9~4! 0.97~10! 181 161 9679.9
1591.5~7! 2.9~6! 1.21~18! (182

1) (162
1) 10128.1

1609.6~4! 3.2~6! 0.59~11! 72
2 61 3840.6

1623.5~7! 3.6~7! 1.12~18! 62
1 41 2986.2

1626~1! 1.4~9! (192) 172 10925
1679~1! '1 (102

1) 81 4876.9
1679.7~7! 2.5~8! 1.18~18! 201 181 11359.6

1698.4~12! '1 (82
1) 61 3928.6

1714.9~4! 6.4~6! 0.50~4! 32 21 2349.4
1734~1! 1.4~5! (202) (182) 12104
1759~2! '1 (122

1) 101 6014.3
1763.3~10! 1.6~4! 0.99~21! (142

1) 121 7205.9
1801.6~8! 0.8~3! 0.94~30! (162

1) 141 8536.5
1836.9~5! i 1.0~3! 0.80~23! (42

2) 41 3199.7
1842~1! 0.6~3! 0.81~23! 221 201 13202

1843.1~6! i 1.4~3! 0.99~19! (22) 21 2477.7

aErrors in the last digit are shown in parentheses.
bIntensities deduced from the total matrix of the65Cu(12C, p2n)74Se measurement.
cDCO ratio;R5I g(35°,145°)/I g(90°).
dSpin and parity of the initial state.
eSpin and parity of the final state.
fInitial state energy.
gAssignment taken from Ref.@7#.
hNormalization.
iDeduced from thick target experiment, Ref.@10#.
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nuclei ~DCO! ratios @16,17#. For this purpose a matrix wa
established where the events from the two forward and
four backward detectors were sorted against the 90° ev
~3 Ge detectors!. The DCO ratio is determined from the ex
perimental intensity ratio of a given transition according
RDCO5I g(35°,145°)/I g(90°). In general, the DCO ratio de
pends on the initial and final spins and on the mixing ratio
different multipoles in the gating and in the transition
interest, as well as on the degree of nuclear alignment. W
a gate is set on a stretchedDI 52 transition, then the inter
pretation of the experimental ratios is most straightforwa
In this case the DCO ratio is expected to be about 1.0 and
for stretchedE2 and pureDI 51 transitions, respectively. I
dipole-quadrupole mixing is included, then the DCO ratio
a DI 51 transition may vary between 0.2 and 1.8~depending
also on the nuclear alignment!, with the mixing ratiod.0
for RDCO,0.5 andd,0 for RDCO.0.5, respectively. Fur-
thermore, for a pure dipoleDI 50 transition a DCO ratio of
1.10 is expected. This value is reduced smoothly~down to
about 0.6! with increasing dipole-quadrupole mixing (d→
6`).

In the DCO matrix gates were set exclusively on tran
tions known to haveE2 multipolarity from previous studies
of 74Se. In some cases several background-corrected g
set on stretchedE2 transitions within a certain band wer
added together to improve the statistics. For most low-ly
transitions, gates were set from above to avoid any, even
smallest, influence of the radioactive decay of74mBr
→ 74Se. ~In general, for a very thin target all recoils fl
away.! Wherever possible, different gates or combinatio
were used to extract the DCO ratios. Therefore, the res
given in Table I represent average values. In general, mo
the DCO ratios are in fair agreement with those of Ref.@10#
although the errors quoted here are somewhat smaller du
better statistics. The most significant difference is for
615.1 keV line where gating from above yields a DCO va
of 0.68~6! supporting aDI 51 nature for this transition.

It should be mentioned that the DCO ratios for theDI
51 E1 transitions at 611.2 and 720.6 keV are somew
larger than expected ('0.5) from theory. Similarly, the
DCO ratio for the 1151.0 keVE1 transition is somewhat too
small for a pureDI 50 character. However, the assumpti
of small M2 components in these three transitions seem
be very unlikely.

III. LEVEL SCHEME OF 74Se

The level scheme deduced from our coincidence meas
ment is shown in Fig. 1. It contains several newly introduc
levels and changes compared to the predecessors. Ther
some details will be discussed next.

A. Positive-parity states

The present coincidence results have confirmed the s
up to spin 201 reported@10# for the yrast band, band 2 in
Fig. 1, and a new 221 state at 13202 keV has been adde
The tentatively proposed transitions at 1761.7 and 180
keV introduced in Ref.@10# to feed into the (201) state have
been found to depopulate a weakly excited sideband, ban
and to feed into the 121 and 141 states of the yrast ban
rather than to be the high-spin extension. Neither transitio
e
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in coincidence with the 1381.1 keV~see Fig. 2! or higher-
lying transitions in the yrast sequence. From our data
1842 keV transition is proposed as the decay from the n
221 state, as can be seen in the coincidence gate at 13
keV g-ray energy.

The upper part of the weakly populated sideband 3, lik
of positive parity, has been observed for the first time. T
lowest state of this structure is very probably the (81) level
at 3928.6 keV. This state decays by three low-intensity tr
sitions. One of them is a 942.7 keV transition feeding in
the 62

1 state at 2986.2 keV of theg-vibrational band
@7,10,18#. The even-spin members of theg-vibrational band
are built on the second 21 state at 1268.9 keV and are show
as the lower part of band 3 in Fig. 1. The (101) and (121)
states of band 3 decay, in addition to the intraband tra
tions, via DI 50 g rays at 621.2 and 571.7 keV, respe
tively, to the nearest states of the yrast band. Both interb
transitions can be seen clearly in the coincidence spe
shown in Fig. 3. The higher-lying (141), (161), and (181)
levels of band 3 depopulate byDI 52 transitions only. Here
the DI 50 transitions have not been observed. DCO rat
could be determined for only a few of the transitions in th
weak band, precluding firm spin assignments. The DCO
tios for the 621.2, 1591.5, 1763.3, and 1801.6 keV lines~see
Table I! are consistent withDI 50 or DI 52 decay and with
the suggested spins.

The 42
1 level at 2107.8 keV and the 62

1 level at 2986.2
keV are known from previous work as members of t
g-vibrational band. Their spin assignments could be c
firmed, and an additional decay path via the 1623.5 keVg
ray to the yrast 41 state has been observed. It seems that
even-spin sequence is only weakly populated in our exp
ment compared to the odd-spin signature partner, band
Fig. 1. The odd-spin sequence is built on top of the 31 level
at 1884.0 keV and has been observed up to a 10826
state with a tentative spin 19. Here we have been able to
three new transitions.

In the past different spin assignments were given for
1884.0 keV level and the sequence built on it. Based
angular distribution and DCO measurements@7,18# spin and
parity of 31 were assigned to this state. However, the p
sibility of a spin 4 was not completely ruled out. The assig
ment was later changed@10# to 41 due to the measured DCO
ratios of the 615.1 and 1249.4 keV transitions. Howev
since the 1884.0 keV level is strongly populated in the
dioactive decay of the74Br high-spin isomer, these DCO
results should be treated with caution especially when ga
from below in a thick target experiment. Recently, a spin
3 was firmly assigned based on the anisotropy coefficie
deduced from a low-temperature nuclear orientation m
surement@19# following the decay of74mBr. The spin 3 as-
signment is confirmed in the present work by the DCO ra
of 0.68~6! for the 615.1 keVg ray. This value has been
obtained by gating from above, i.e., from the analysis o
spectrum gated by the 777.4 and 924.5 keV transitio
Moreover, the DCO ratios for the 1208.2, 1236.7, and 125
keV higher-lying transitions linking this sequence to t
yrast band indicate aDI 51 multipolarity for each transition.
The measured DCO ratio of 0.92~10! for the 31
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FIG. 1. Level scheme of74Se as obtained in the present study. The thickness of the arrow indicates the transition intensit
ed
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→ 21 1249.4 keV transition can be explained with a mix
dipole-quadrupole nature of the transition.

The previous 41 assignment to the 1884.0 keV leve
would also lead to an intensity problem for the higher-lyin
states. Based on our DCO ratios, the transitions involved
band 1 carryE2 multipolarity and, thus, the state at 6685
keV would have a 141 assignment. This state would then b
yrast, as well as the higher-lying states of this sequen
However, the population of these states is much less inte
than that of the 141, 161, and 181 states at 6735.0, 8116.1
and 9679.9 keV in band 2, respectively. All together, t
observations fit if we return to the former suggestion of 31

for the level at 1884.0 keV.

B. Negative-parity states

The negative-parity sequence, band 5, built on the2

state at 2349.4 keV was extended by several transitions u
a 10925 keV state with a tentative spin of 19. The previou
suggested 152 state at 7977.8 keV could be confirme
Moreover, an additional lower-lying 152 state at 7843.8 keV
has been found, pointing to a band crossing in this seque
in

e.
se

to
y

ce.

A new negative-parity sequence, band 4, was identified
top of the 3840.6 keV 72 level. This level was already
known from the observation of a 325.8 keV transition@7# in
coincidence with the lower-lying members of the 32 band.
We found in addition a 1609.6 keVg ray decaying from this
state to the 61 member of the yrast band. The 92 member of
this new band decays, in addition to the 1007.1 keV int
band transition, via a weak 445.5 keVg ray to the 92 mem-
ber of the 32 band. The occurrence of this new band 4
74Se is very similar to that of a recently found band in th
isotone 76Kr, labeled as band 4 in Ref.@20#. However, in
76Kr the band starts at a 52 state not seen in74Se.

The even-spin negative-parity sequence, band 6, built
the 42 level at 2831.2 keV was extended by three new tra
sitions at energies of 1364.0, 1554.8, and 1734 keV. T
highest spin observed in this band is now tentatively 2
Based on the measured DCO ratios the spins assigned p
ously could be confirmed, and in conjunction with theE1
multipolarity for the 1468.3 keVg ray given in Ref.@9#
negative parity has been well established. A few additio
sidefeeding transitions of 368.5, 399.2, and 346.2 keV h
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FIG. 2. Portions of background-corrected coincidence spectra obtained by gating in the total coincidence matrix on theg rays at 1292 and
1381 keV of the yrast sequence, band 2. Since the 1292 keV peak is a triplet coincidences arising from the otherg rays belonging to the
odd-spin positive-parity band 1 and the negative-parity band 5 are marked with the symbols P and N, respectively. Note the chang
at ag-ray energy of about 1450 keV.
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been identified. The level at 3199.7 keV~in decay work at
3200.8 keV! was already known from the74mBr decay by the
observation of a 1837.6 keV transition feeding the 41 state
@21#. The existence of this transition and of the 850.1 keVg
ray is confirmed in the present work, and also from the or
nal coincidence matrices of the58Ni 1 19F thick target ex-
periment of Ref.@10#. In the isotone76Kr the second 42

state appears to be a bandhead for another high-spin
quence, band 5 in Ref.@20#. However, a similar band in74Se
could not be found.

There is experimental evidence for a low-lying state
2477.7 keV not seen in theb-decay studies@21#. This level
decays via an 1843.1 keV transition to the 21 state, clearly

FIG. 3. Portions of background-corrected coincidence spe
obtained by gating on the 1058 and 1187 keV yrast-band tra
tions. TheDI 50 transitions are indicated by their energies. T
peak at 634.6 keV is partly off the scale.
i-

se-

t

seen in the 635 keV gate of the thick58Ni 1 19F experiment
@10# where the top 1842 keV transition from the yrast s
quence is completely Doppler shifted. Furthermore, the l
is not seen in the 728 keV gate of that experiment. T
measured DCO ratio points to aDI 50 or 2 transition. A
level closest to this energy, at 2482 keV, was reported p
viously from a (p,t) reaction study@22# with a spin and
parity assignment of (21). The new level lies about 353 keV
below the 42 state but no connecting transition has be
seen. However, there might be a population by a weak
keV transition from the second (42) state pointing to nega
tive parity for the 2477.7 keV level.

IV. DISCUSSION

A. Alignments in the yrast band and positive-parity sidebands

The yrast band of positive parity was identified up to
221 state at 13202 keV. For most of theE2 transitions a
high collectivity of aboutB(E2)538 to 118 Weisskopf units
~W.u.! was found@7,9,10# resulting in an average quadrupo
deformation of aboutb250.30 if axial symmetry is as-
sumed.

The occurrence of a low-lying second 01 state at 853.9
keV and its decay to the yrast 21 state via a 219.3 keV
transition withB(E2)582(6) W.u.@23# were interpreted in
a shape coexistence picture@4,7# in which the ground state is
weakly deformed, while the rotational band connected w
the second 01 state contains the yrast 61, 81, and 101

states and is considered to be strongly~prolate! deformed.
The 21 and 41 states of this strongly deformed 02

1 band are
heavily disturbed by their interaction with the low-sp
members of the less deformed ground-state band whic
thought to be built on vibrational excitations@2,7#. This
shape coexistence picture was developed due to the l
similarities at low-spins between74Se and72Se. However, it
seems that the structure of the positive-parity yrast b
above the 81 state in 74Se is more complicated, as alread

ra
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57 2917BAND STRUCTURES AND ALIGNMENT PROPERTIES IN74Se
pointed out@3,7,8# in conjunction with the observed irregu
larity in the moments of inertia at spin 10. This irregulari
corresponds to the first~weak! peak in the dynamic momen
of inertia,J(2), at a rotational frequency of about 0.5 MeV
shown in Fig. 4. This peak is even more pronounced in
yrast bands of the heavier neighbors76,78Se whereas in the
isotope 72Se a smooth behavior occurs after the low-s
anomaly. It was suggested earlier@3# that this irregularity at
0.5 MeV in 74Se is due to an unobserved band crossing w
a band having a larger moment of inertia, i.e., afterg9/2 qua-
siparticle ~qp! alignment has occurred, later identified as
g9/2 quasiproton alignment@8#. However, there was at tha
time no additional experimental evidence for another hi
spin band. In the present study it is shown that the irregu
ity in the yrast band is caused by its interaction with the n
band 3. Analysis of the crossing frequencies supports
conclusion that the peak in the dynamic moment of inertia
0.5 MeV is caused by an alignment ofg9/2 quasiprotons@8# if
a near-prolate shape is assumed. Hence, the nonyrast b
which is thought to have a 2qp structure too is, therefo
predominantly based ong9/2 quasineutron excitations.

The new band 3 built on top of the (82
1) level at 3928.6

keV is connected through a 942.7 keV transition to the ev
spin members of the knowng-vibrational band which is
shown as the low-spin extension of band 3 in the le
scheme of Fig. 1, similar to the observation in band 1 wh
the odd-spins states are connected through a 924.5 keV
sition. The kinematic and dynamic moments of inertia of t
yrast band 2 and bands 1 and 3 are shown in Fig. 5 a
function of the rotational frequency. Both bands, 1 and
start off with a larger kinematic moment of inertia compar
to the yrast band 2. The peaks in the dynamic moment

FIG. 4. Kinematic moments of inertia,J(1) ~top!, and dynamic
moments of inertia,J(2) ~bottom!, for the positive-parity yrast band
in 72,74,76Se as a function of the rotational frequency. The data w
taken from 72Se, Ref.@11# and 76Se, Refs.@12,13#. A value of K
50 was used for all bands.
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inertia at about 0.45 MeV for bands 1 and 3~at the 924.5 and
942.7 keV transitions! are considered to be due to the chan
in structure, from vibrational to qp excitations. The next pe
in the dynamic moments of inertia for bands 1 and 3 at ab
0.6 MeV rotational frequency~see Fig. 5 bottom! indicates
that the bands undergo qp alignment. Thus, ag9/2 quasipro-
ton crossing seems to be likely for band 3 at around spin
leading to a 4qp structure.

As can be seen in Fig. 5, there are two more~weak! peaks
in the dynamic moment of inertia of the yrast band in74Se,
at frequencies of 0.65 and 0.8 MeV, which can be related
additional qp alignments along the yrast line. The seco
crossing at 0.65 MeV is very likely due to ag9/2
quasineutron crossing@8# if a near-prolate shape is sti
present. Thus, the yrast states above the 161 level are 4qp
excitations. It should be noted that the strong upbend in
kinematic moments of inertia for the yrast band in74Se as
shown in Fig. 7 of Ref.@10# has disappeared due to the ne
transition energies found in our study.

To investigate the dependence of the crossing frequen
on the nuclear shape, cranked-shell-model calculations@24#
have been performed for different shape parameters. In
way, theoreticalg9/2 quasiproton andg9/2 quasineutron cross
ing frequencies have been deduced. The results are show
Fig. 6 where those frequencies are displayed as a functio
the quadrupole deformation~left-hand side! and as a function
of the triaxiality ~right-hand side! for protons (Z534) and
neutrons (N540). At a prolate deformation of 0.30, theg9/2
quasiproton and quasineutron crossing frequencies are
dicted to be 0.53 and 0.63 MeV, respectively. The calcula
quasiproton-quasineutron frequency separation is about

e

FIG. 5. Kinematic moments of inertia,J(1) ~top!, and dynamic
moments of inertia,J(2) ~bottom!, for the positive-parity bands buil
on the ground state~band 2!, on the second 21 state at 1268.9 keV
~band 3!, and on the 31 state at 1884.0 keV~band 1!, as a function
of the rotational frequency. In the analysis a value ofK50 was
used for band 2 andK52 for bands 1 and 3.
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2918 57DÖRING, JOHNS, RILEY, TABOR, SUN, AND SHEIKH
MeV at prolate deformation. It becomes smaller as the
axiality moves towards negativeg values, reaching an equa
frequency of 0.60 MeV atg5222°. At an oblate shape with
ub2u50.30 the quasiproton crossing frequency is far abo
the quasineutron one. These calculations support the in
pretation that the first and second crossings observed a
the yrast line in74Se at 0.5 and 0.65 MeV can be ascribed
g9/2 quasiproton andg9/2 quasineutron alignments as long
the shape is considered to be near prolate.

This interpretation is supported by the systematics
crossing frequencies derived from the positive-parity ba
observed in the odd-mass neighbors and blocking argume
In the case of the odd-proton nuclei73,75Br @25# a g9/2

quasineutron crossing frequency of\vc
n50.65 MeV has

been deduced from the favored positive-parity sequen
Likewise, the odd-neutron75Se isotope@26# exhibits g9/2

quasiproton frequencies of\vc
p50.56 and 0.48 MeV for the

favored and unfavored positive-parity sequences, res
tively.

B. Alignments in the negative-parity bands

Prior to this study the 32 level at 2349.4 keV was dis
cussed@23# as a collective octupole state due to its lar
B(E3) decay strength of 9.2 W.u. to the ground state.
the DI 52 g-ray sequence built on top of this state, band
in Fig. 1, and observed up to (112) in Ref. @5# and up to
(152) in Ref. @10#, E2 transition probabilities between 5
and 78 W.u. were inferred from lifetimes measurements~see
compilation in Ref.@9#!. Even larger transition strengths~up
to 104 W.u.! were deduced in Ref.@10#. The high collectivity
was taken as evidence for an octupole rotational band
negative parity in74Se @5#.

The even-spin sequence of negative parity, band 6, s
off with the 42 state at 2831.2 keV and has been obser
up to a (202) level at 12104 keV. For the negative-pari
states up to spin 10 the measured lifetimes revealed co
tive E2 intraband transitions withB(E2) values between 30
and 70 W.u.@9#. This high collectivity may be understood i
terms of a rotation-aligned band built on the 42 state which
has a predominantly 2qp structure.

FIG. 6. Calculated crossing frequency,\vc , for the positive-
parity yrast band as a function of the quadrupole deformation
collective prolate (g50°) and collective oblate (g5260°) shapes
~left-hand side!, and as a function of the triaxiality parameterg for
a fixed quadrupole deformation~right-hand side!.
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The kinematic and dynamic moments of inertia deduc
from the experimental level energies for the negative-pa
bands are shown in Fig. 7. Sharp upbends or downbe
occur at rotational frequencies of about 0.55, 0.6, and
MeV in bands 4, 5, and 6, respectively.

In general, the negative-parity bands are based on o
pole and 2qp excitations. The drastic changes in the m
ments of inertia along the bands can be related to additio
g9/2 qp alignments which lead to a 4qp structure in each b
for states above the 102 or 112 states. However, the clea
distinction betweeng9/2 quasiproton andg9/2 quasineutron
excitations as outlined before for the yrast sequence in74Se
as well as seen in76Kr @20# seems to have disappeared
74Se. It is very likely that bands 5 and 6 are signature pa
ners, even though they have slightly different crossing f
quencies. The difference between bands 5 and 6 is abou
same as the quasineutron-quasiproton frequency differen
near-prolate shape prohibiting any structural conclusion
this basis. The problem might be related to the considera
g-softness of the nucleus.

C. Shape calculations

To investigate the predicted nuclear shape of74Se at high
spins, Hartree-Fock-Bogoliubov calculations were perform
using the method outlined in Refs.@10,27#. The calculations
were carried out with a Woods-Saxon potential for t
single-particle energies and a monopole type pairing for
Total Routhian surfaces~TRS! calculated for the positive-
parity yrast sequence at two different rotational frequenc
are displayed in Figs. 8~a! and 8~b!. The plot at 0.404 MeV
rotational frequency which corresponds to a spin of abou
depicts a situation just after the low-spin anomaly and bef
the anticipated band crossing. At this point, the availa

r

FIG. 7. Kinematic moments of inertia,J(1) ~top!, and dynamic
moments of inertia,J(2) ~bottom!, for the three negative-parity
bands 4, 5, and 6 as a function of the rotational frequency. Fo
three bands a value ofK53 was used. In the odd-spin band 5, th
lowest 152 state was taken which causes a large negative dyna
moment of inertia off the range displayed.
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FIG. 8. Total Routhian surfaces for74Se in the (b2 ,g) plane for positive-parity states,~a! and~b!. Negative-parity two-quasineutron an
two-quasiproton surfaces are displayed in~c! and~d!, respectively, for configurations with signaturea50 at different rotational frequencies
The energy separation between contour lines is 200 keV.
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amount of rotational energy has driven the nucleus to a n
prolate shape withb250.33 andg5212°, away from the
low-spin shape coexistence. At higher rotational freque
~at about a spin of 12!, i.e., after the first qp alignment ha
occurred, the near-prolate minimum has evolved toward
triaxial shape which was illustrated already in Fig. 8 of R
@10#. The alignment ofg9/2 quasiprotons obviously drives th
system towards positiveg values in agreement with earlie
findings @27# for Kr isotopes, and another triaxial minimum
appears. Even after the second alignment the system rem
at a triaxial shape as can be seen for a rotational frequenc
0.807 MeV in Fig. 8~b!. There are now two minima in the
energy surface, one withb250.29, g540° and another one
with b250.29, g5226°. Both minima are very close in
energy. However, it is very likely that the shape at the hig
spin yrast states is represented by the collective triaxial m
mum atg5226°.

Shape calculations were also performed for negat
parity configurations. Two sample TRS plots are shown
r-

y

a
.

ins
of

-
i-

-
n

Figs. 8~c! and 8~d! for the two-quasineutron configuratio
EA with signaturea50 and the two-quasiproton configura
tion EA with a50 at a rotational frequency of 0.303 MeV
The quasineutron and quasiproton TRS plots look rat
similar with regard to the predicted shape, i.e., they show
considerable softness of the nuclear shape with regard to
triaxiality parameterg. This might be the reason that n
clear configuration assignment could be made on the bas
crossing frequencies.

D. Calculations by the projected shell model

1. Theory

In this section the projected-shell-model theory is brie
introduced as used for the interpretation of high-spin state
74Se. A more detailed description of the model can be fou
in a recent review article@28#. The projected shell model is
spherical shell model truncated in a deformed~Nilsson-type!
BCS single-particle basis. More precisely, the truncation
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FIG. 9. Calculated excitation energy for positive-parity~a! and negative-parity~b! excitations in74Se using the projected shell mode
Note that the two 2qp negative-parity bands are nearly degenerate in energy, as are the two 4qp bands.
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first achieved within the quasiparticle basis with respec
the deformed BCS vacuumuf&, then rotational symmetry is
restored for these states by standard projection techn
@29# to form a spherical basis in the laboratory frame, a
finally the shell-model Hamiltonian is diagonalized in th
basis. The truncation obtained in this way is very efficie
Usually, quite satisfactory results can be obtained by cho
ing only a few quasiparticle orbitals near the Fermi surfa
because the quasiparticle basis already contains most o
pairing and quadrupole correlations@28#.

The vacuumuf&, is determined by the diagonalization o
a deformed Nilsson Hamiltonian and a subsequent BCS
culation. Hereby the standard Nilsson scheme@30# is used
for the deformed single-particle calculation. The configu
tion space includes three major shells,N52, 3, and 4, for
both neutrons and protons. The Hamiltonian employed
this work is @28#

Ĥ5Ĥ02
1

2
x(

m
Q̂m

† Q̂m2GMP̂†P̂2GQ(
m

P̂m
† P̂m , ~1!

whereĤ0 is the spherical single-particle shell-model Ham
tonian and the other terms are quadrupole-quadrup
monopole-, and quadrupole-pairing interactions, resp
tively. The strength of the quadrupole-quadrupole forcex is
adjusted in such a way that the employed quadrupole de
mation e2 is obtained as a result of the Hartree-Foc
Bogoliubov self-consistent procedure. Thus all the ba
shown here have a fixed deformation which has been cho
to be e250.29. The monopole-pairing force constantsGM
used in the calculations are
o

ue
d

.
s-
,

the

l-

-

n

le,
c-

r-
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s
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GM
n5F20.25216.20

N2Z

A GA21, GM
p520.25A21. ~2!

These constants were taken from Ref.@31# with a scaling
factor of 0.9. The scaling factor was introduced because
single-particle basis is larger than theirs.~We would like to
mention that the monopole-pairing forces chosen here m
not be the optimal ones.! Finally, the strength parameterGQ
for the quadrupole pairing was simply taken to be prop
tional toGM . For the present calculation a value of 0.16 w
chosen which is consistent with the value used in other m
regions@28#.

2. Results

In the A580 mass region, both quasineutrons and q
siprotons occupy the same shell-model configuration sp
This is a remarkable difference compared with rare-earth
clei. In the rare-earth region, the neutron alignment is usu
favored since the neutron intruder orbital has a highej
quantum number. One usually does not observe a pro
alignment prior to the neutron alignment, i.e., a prot
aligned band cannot become yrast. In the present case,
ever, the situation is different. Neutrons and protons can
cupy the same orbitals, and it is not obvious,a priori, which
alignment will be favored. This will depend on the individu
case and critically depends on the orbitals at the Fermi
face.

In 74Se, we found that the neutron Fermi level lies b
tween the Nilsson orbitals withK5 3

2 and 5
2 of ng9/2 and also

close toK5 3
2 of n f 5/2, and the proton one betweenK5 1

2 and
3
2 of pg9/2 and also close toK5 1

2 of pp3/2. For the positive-
parity states, the lowest-lying neutron 2qp configurati
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FIG. 10. Comparison of experimental~a! and theoretical~b! excitation energies for positive-parity bands in74Se.
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must be the one based on@ 3
2 g9/2, 5

2 g9/2# neutrons and the

lowest-lying proton 2qp configuration on@ 1
2 g9/2, 3

2 g9/2# pro-
tons. Their combination gives the lowest 4qp state, a s
with both aligned quasineutron and quasiproton pairs.
the negative-parity states, two sets of configurations
nearly at the same lowest energy: One is the most favo

2qp configuration of a neutron pair@ 5
2 g9/2, 3

2 f 5/2#. By adding

a quasiproton pair@ 1
2 g9/2, 3

2 g9/2# to this neutron 2qp configu
ration, one can have a favored 4qp state of negative pa
te
r

e
d

y.

The other one is the most favored 2qp configuration o
proton pair @ 1

2 g9/2, 1
2 p3/2#. By adding a quasineutron pa

@ 3
2 g9/2, 5

2 g9/2# to this proton 2qp configuration, one can ha
another favored 4qp state of negative parity.

In Fig. 9 the band diagram for74Se is shown, which is
characteristic for this mass region. Note that this figure
calculated without an interaction between the bands. On
left-hand side of this figure the positive-parity bands w
even spins are illustrated. Four bands are plotted so one
see how they behave as a function of spin, although m
FIG. 11. Comparison of experimental~a! and theoretical~b! excitation energies for negative-arity bands in74Se.
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bands are included in the calculation. The ground-state b
increases monotonically, showing a pure rotational behav
The 2qp bands, both for quasineutrons and quasiprotons
first downwards, bend at the minimum and then go up. T
kind of behavior@32# is analogous to the decoupling effe
@33# in the particle-rotor model. Because of this, 2qp ban
can cross with the ground-state band and become yrast.

Figure 9~a! clearly shows three band crossings along
yrast line: two of them around spin 8 and one close to s
16. Here, one can see that the band with ag9/2 quasineutron
pair, which lies about 3 MeV above the ground-state ban
the beginning, crosses with the ground-state band before
8 and becomes yrast after the crossing. Theg9/2 quasiproton
pair, which is located about 1 MeV higher than theg9/2

quasineutron one at the beginning, comes down and cro
first with the ground-state band and then with the neut
2qp band just after spin 8, becoming yrast for the spin reg
10 to 14. The 4qp state becomes yrast at spin around
where it crosses with the proton 2qp band.

Thus, the first peak inJ(2) of the yrast band~see band 2 in
Fig. 5! should be due to a nearly simultaneous crossing
neutron and proton 2qp states with the ground-state b
around spin 8. The second one in this band is due to
4qp-band crossing with the proton 2qp band around spin
The measured third peak cannot be reproduced within
present model space. However, it is expected that ano
band crossing with a 6qp configuration will occur arou
spin 22. The reason for not reproducing that experime
peak is that 6qp configurations have not been included in
present calculations.

The band diagram for negative-parity bands in74Se is
displayed in Fig. 9~b!. Of the 2qp neutron and proton con
figurations discussed above, we found that the tw
quasiproton configuration at lower spins and the 4qp c
figuration ~with a quasineutron pair added to this tw
quasiproton state! at higher spins dominate the observ
negative-parity bands 4, 5, and 6. The reason is that o
these configurations show the staggering character bec
these states have smallerK quantum numbers. On the othe
hand, no staggering is found in the 2qp-neutron state and
corresponding 4qp state has a largerK number. Although
they are all included in the configuration mixing, the releva
2qp-proton and the corresponding 4qp states are plotte
Fig. 9~b! only for an easier reading of this figure.

The quasiproton pair@ 1
2 g9/2, 1

2 p3/2# can be coupled to
states having a totalK5 0 and 1, and the two correspondin
bands can have a similar bandhead energy. As one can
from Fig. 9~b!, these two bands behave similarly as a fun
tion of spin, and in fact, they are nearly degenerate. Arou
spin 13, 4qp bands come into play, which have a structur
the present proton 2qp configuration plus a quasineutron

of @ 3
2 g9/2, 5

2 g9/2#. They cross the 2qp bands and beco
lower in energy. This explains, in general, the observ
anomaly in the dynamic moments of inertia,J(2), of the
negative-parity bands shown in Fig. 7. At very low spins, t
2qp bands show a flat behavior as a function of spin, an
strong interaction with other 2qp states not shown in the p

The final results to be compared with data are obtained
diagonalization of the Hamiltonian given in Eq.~1!. Bands
discussed above are thus more or less mixed by this pr
nd
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dure, i.e., in a strict sense, they no longer have the p
configurations shown above. All the bands discussed in
following are obtained by one diagonalization which co
tains about 100 configurations in the mixing. The theoreti
results for the positive-parity bands are compared with
perimental data in Fig. 10. The numbers used to denote
bands are identical to those in Fig. 1. The yrast band~band 2!
is very well described by the theory. The predicted first e
cited band~even-spin sequence! agrees well with the mea
sured one, band 3, up to the first band crossing, but not
states at higher spins. The lowest odd-spin band is calcul
theoretically too high in energy, when compared with t
measured one, band 1. Two possible points could lead
these deviations. First, bands 1 and 3 could have diffe
deformations compared to band 2, as was discussed for
lying states a long time ago@2# in terms of shape coexist
ence. Secondly, TRS calculations suggest a non-neglig
g-deformation for both low- and high-spin states in th
nucleus. In our calculation, the deformed states are c
structed at a fixed deformation (e250.29) with axial sym-
metry. Although our model is a shell model in nature, it c
take care of shape fluctuations around a certain deforma
through configuration mixing. It seems that this is n
enough to account for the various shape changes in
present case. Inclusion of theg degree of freedom in the
deformed states could improve the agreement but this
quires three dimensional projection of angular momentu
Clearly, the present data pose a challenge to the theore
model.

Finally, theoretical results for the negative-parity ban
are compared with experimental data in Fig. 11. The t
degenerate states from the different coupling schemes sh
in Fig. 9 are now pushed apart by interactions between th
Clear signature splitting can be seen: the bands separate
two DI 52 sequences. The theoretical results are a little
high in energy for the first states in the calculated ban
when compared with experimental bandhead energies
bands 5 and 6. Nevertheless, they show a correct descrip
for higher-spin states and suggest that these bands ha
structure as shown in Fig. 9~b!. The calculated bands als
show a signature splitting similar to that deduced from
experiment, suggesting that bands 5 and 6 are signature
ners.

V. SUMMARY

New results for low- and high-spin states in74Se studied
via the 65Cu(12C, p2n)74Se reaction were presented, leadi
to modified spin and parity assignments for a few low-lyi
states and to different moments of inertia for the yrast hi
spin states when compared with the previous level sche
In particular, a recent nuclear orientation measurement
the present DCO ratios suggest a return to the earlier
and parity assignments of 31 for the 1884.0 keV state, lead
ing to a firm odd-spin level sequence of positive parity
band 1.

The known irregularity in the kinematic moments of ine
tia at the 101 yrast state and the behavior in the spin ran
10 to 16 can mainly be ascribed to the influence of ag9/2
quasiproton band if an axial-deformed prolate shape is
sumed. Projected shell-model calculations support this s
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nario. Thus, the new positive-parity band 3 which is built
the (82

1) state at 3928.6 keV can be related to ag9/2

quasineutron excitation at the beginning. At about spin
the yrast band and band 3 are crossed by a 4qp band
taining bothg9/2 quasiproton andg9/2 quasineutron excita
tions.

The lowest states of the even-spin and odd-spin band
negative parity, bands 5 and 6, known to show octupole c
relations, are interpreted in the framework of the projec
shell model asg9/2 quasiproton excitations before crossin
At higher rotational frequency the bands are influenced b
g9/2 quasineutron pair alignment leading to 4qp excitation
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