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High-spin states in the even-even nucléSe were investigated via tH8Cu(*2C, p2n)’“Se 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 assignmggisgaBsiproton andjg,
guasineutron alignments along the yrast line were confirmed when a near-prolate shape is assumed. Hartree-
Fock-Bogoliubov calculations predict a deformed shape for excited statéSéwhich shows, however, a
considerable softness in triaxiality. For the first time in the mass 70 region, band structures and quasiparticle
alignments in"“Se 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 ogy, quasiproton excitations, with gy, quasineutron crossing at higher frequencies leading
to a four-quasiparticle configuration at high spif80556-28188)03906-5

PACS numbgs): 21.10.Re, 21.60.Cs, 23.20.Lv, 27.5@

[. INTRODUCTION strong upbend in the kinematic moments of ine(ae Fig.
7 in Ref.[10]). Moreover, the band containing the levels at

Properties of high-spin states in the neutron deficienfl268.9 and 1884.0 keV has been reinterpr¢fiel] as a sec-
even-even Se isotopes were studied extensively in the pashdK™=0" band built on the second'Olevel at 853.9 keV
and different explanations for the irregularities observedexcitation energy. In this interpretation the larger moment of
along the yrast positive-parity band were publishi#d 10 inertia would force this second*0band to become yrast
The low-spin anomaly in the yrast bands Gf'>"%Se is well  above spin 12 and would cause a band interaction or crossing
known and has been interpreted in a shape coexistence pigshich has not been found, so far. Therefore, we decided to
ture of two bands with different deformatiofig,4,7. The  reinvestigate’*Se at high spins with a thin target coincidence
effect observed in"27%Se has also been interpreted in theexperiment and a larger Ge detector array.
framework of an interacting boson approddh9] without
any special assumption about the nuclear shape or shape co- || exPERIMENTAL PROCEDURE AND RESULTS
existence.

More recently, the yrast bands dP*"Se were investi- The experiment was carried out using tfféCu(*’C,
gated[11] up to spins and parities of (1§ and (28), re-  p2n)’“Se reaction at a beam energy of 50 MeV. The Cu
spectively. In particular, the absence of any sharp backbendarget was a self-supporting foil of 0.6 mg/€renriched to
ing after the low-spin anomaly along the yrast bandi8e  99% in ®°Cu. In this experiment the Pitt-FSU detector array
was interpreted as due to a strong yrast-yrare interaction &15], consisting of 9 Compton-suppressed high-purity Ge de-
prolate deformation causing a gradual alignment of two-tectors with individual efficiencies of about 25%, was em-
quasiprotons and two-quasineutrons in the unique-pggty  ployed. Two detectors were placed at a forward angle of
orbitals. In the same way, however with different interaction35°, 3 detectors at 90°, and 4 detectors at a backward angle
strength, the pronounced upbends observed in the yrasf 145°. The target to detector distance was chosen to be
bands of the heavier isotope$’8e [12—14 were inter- about 18 cm. About & 10’ prompt coincidence events were
preted as due to the interaction of the ground-state band wittecorded on magnetic tape and sorted off-line into a tptal
two-quasiproton and two-quasineutrgg, excitations. matrix after gain correction for the Doppler shift of the

The high-spin level scheme of'Se has been most re- rays. The dispersion used in this matrix was 0.8 keV/
cently studied 10] and the yrast band and three other bandschannel. Threefold events were decomposed into twofold
have been extended to higher spin states. In particular, thevents and subsequently stored in the matrix. The efficiency
yrast band has been tentatively observed up to & 4el,  calibration of the Ge detectors was performed with°&u
where the two highest levels contribute to an unusuallysource placed at the target position. Theay energies and

intensities for transitions assigned t6Se are compiled in

Table 1.
*Present address: Los Alamos National Laboratory, Los Alamos, Moreover, additional sorting of th&°Cu+'“C data was
NM 87545. carried out to determine directional correlations of oriented
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TABLE |. Energies, relative intensities, and DCO ratios, as well as initial and final statesayfs assigned té*Se.

E, 2 (keV) 1P Rpco © |md Te Ef (keV) E, 2 (keV) 1, Rpco © |md I7e Ef (keV)
219.31) 0.92) 0,9 2" 853.9 1088.43) 16(1) 1.11(6) 11° 9 5490.3
325.12) 2.32) 1.2615) 75 7 3840.6  1135.26) 2(1) (13,) (11) 7062.7
346.23) 1.22) 8~ 45439  1137.56) 2(1) (123) (103) 6014.3
368.52) 1.02) (4;) 4- 3199.7  1151.42) 4.36) 0.7510) 6~ 6" 3382.1
399.23) 1.42) 6~ 3781.3  1157.85) 3.4(5) 0.9611) 15~ 13° 7843.8
445.53) 0.82) (97) 9 4847.8  1186.93) 34(2) 1.036) 12" 10" 5442.6
481.53) <1 4 3 2831.2  1192.96) 6(1) 1.1011) 13" 11* 6685.5
492.81) 14(1) 0.994) 5- 3 2842.3 1193.G12) 3(1) (14) (12) 7205.9
511.073) ~1 3" (29) 2349.4  1195.73) 10(2) 1.0998) 13 11° 6686.0
521.41) 1.7(3) 3" 4" 1884.0  1198.G4) 4(1) 1.0810) 14 12 7451.1
529.24) <1 7 6, 3515.4  1203.94) <1 (23) 2" 1838.4
539.82) 3.33) 0.298) 6~ 5- 3382.1  1208.26) 2.3(5) 0.5711) 15" 14* 7943.5
550.92) 4.84) 1.029) 6~ 4- 3382.1  1236.15) 1.7(4) 0.349) 11" 10" 5492.5
571.73) 2.13) (125) 12" 6014.3  1243.16) 1.44) 13" 12" 6685.5
573.93) 2.2(4) 7 4089.3  1249.43) 4(1) 0.9210) 3" 2+ 1884.0
611.22) 7.27) 0.696) 5 6" 2842.3  1251.24) 1.6(5) 0.6614) 9" 8" 44493
615.11) 6.57) 0.686) 3" 25 1884.0  1258.25) 4.94) 1.2018) 15" 13" 79435
621.42) 3.2(4) 1.1413 (105) 10" 4876.9  1268.92) 7.1(6) 25 0" 1268.9
634.33) ~12 2 2" 1268.9  1284.43) 1.83) 7 6" 3515.4
634.642) ~120 0.993) 2" 0" 634.6 1291.84) 3(1) 0.9010) 15, 13 7977.8
657.03) 2.1(3) 9~ 5059.3  1292.44) 192) 1.058) 14" 12+ 6735.0
673.11) 24(2) 0.993) 7 5 3515.4  1293.715) 3(1) 7" 6" 3525.0
682.13) 1.7(4) <0.5 8 7 4197.7  1298.63) 4.004) 5* 4" 2661.4
720.63) 2.305) 0.71(13 6~ 5* 3382.1  1321.64) 1.93) ar) 15, 9299.3
7231) <1 (45) 2) 3199.7  1330.56) 4.2(8) (165) (14) 8536.5
728.32) 1002)" 1.023) 4" 2" 1362.9  1350.46) 3.1(5) a7 15" 9293.9
730.58) 3(2) (8, 8" 3928.6  1364.45) 2.1(3) 0.91(12) 16~ 14 8815.1
734.42) 15(1) 0.575) 5 45 28423  1381.14) 8.8(9) 1.1009) 16" 14" 8116.1
744.73) 6.0(5) 0.70(10) 45 4+ 2107.8  1455.44) 1.93) 0.9916) 17 15 9299.3
762.94) 1.003) 45439  1468.33) 6.809) 1.1013) 4- 4" 2831.2
777.43) 6.1(5) 0.8012 5% 3" 2661.4  1473.33) 3.505) 45 2% 2107.8
815.642) 12(1) 1.127) 8" 6~ 4197.7  1479.53) 4.45) 0.6411) 5 4" 2842.3
838.92) 16(2) 43 27 2107.8  15321) 1.05) (19Y) a7h) 10826
850.13) 2(1) (45) 3 3199.7  1554.87) 1.55) (18) 16~ 10369.9
863.643) 7.409) 0.9714) 7" 5" 3525.0 1563.86) 4.94) 0.9710) 18" 16" 9679.9
868.22) 81(3) 1.024) 6" 4* 2231.1  1591.57) 2.96) 1.21(18) (18)) (163) 10128.1
878.43) 3.805) 65 47 2986.2  1609.4) 3.2(6) 0.5911) 7, 6" 3840.6
886.92) 21(2) 1.0405) 9- 7 4402.3  1623.57) 3.607) 1.1218 6, 4 2986.2
924.53) 10(1) 0.998) 9" 7" 44493  16261) 1.49) (19) 17 10925
942.15) 1.1(3) (85 65 3928.6  16791) ~1 (10) 8* 4876.9
948.45) 2.43) (105) (85 4876.9  1679.17) 2.58) 1.14198) 20" 18" 11359.6
966.92) 56(2) 1.045) 8" 6" 3197.9 1698.412) ~1 (83) 6" 3928.6
984.52) 2.58) (25 05 1838.4  1714.94) 6.4(6) 0.504) 3 2+ 2349.4
986.32) 4.08) 0.598) 3 47 2349.4  17341) 1.45) (207) (187) 12104
1007.13) 4.7(7) (97) 75 4847.8  17592) ~1 (12%) 10" 6014.3
1011.G3) 13(1) 0.8710) 10 8" 5208.7 1763.310) 1.6(4) 0.9921) (14) 12" 7205.9
1043.23) 7(1) 0.929) 11" 9" 5492.5  1801.88) 0.803) 0.9430) (165) 14+ 8536.5
1044.43) 7(1) 1.11(8) 12° 10° 6253.1 1836.95)' 1.003) 0.8023) (45) 4" 3199.7
1057.83) 46(2) 1.096) 10" 8" 4255.7  18421) 0.6(3) 0.81(23) 22+ 20" 13202
1079.73) 4(1) (11,) (95) 5927.5 1843.16)' 1.43) 0.9919) () 2+ 2477.7
1080.52) 7(1) 0.525) 3 25 2349.4

3 rrors in the last digit are shown in parentheses.
®Intensities deduced from the total matrix of tFREU(*>C, p2n)7“Se measurement.

°DCO ratio;R=1,(35°,145°)1,(90°).
dSpin and parity of the initial state.
€Spin and parity of the final state.

fInitial state energy.
9Assignment taken from Ref7].
"Normalization.

'Deduced from thick target experiment, REF0].
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nuclei (DCO) ratios[16,17]. For this purpose a matrix was in coincidence with the 1381.1 kelsee Fig. 2 or higher-
established where the events from the two forward and th&ing transitions in the yrast sequence. From our data an
four backward detectors were sorted against the 90° events842 keV transition is proposed as the decay from the new
(3 Ge detectops The DCO ratio is determined from the ex- 22* state, as can be seen in the coincidence gate at 1381.1
perimental intensity ratio of a given transition according tokeV y-ray energy.

Rpco=1,(35°,145°)1,(90°). In general, the DCO ratio de-  The upper part of the weakly populated sideband 3, likely
pends on the initial and final spins and on the mixing ratio ofpf positive parity, has been observed for the first time. The
different multipoles in the gating and in the transition of |,vest state of this structure is very probably the Y8evel
interest, as well as on the degree of nuclear alignment. Whegy 39-8 g keV. This state decays by three low-intensity tran-

argta;?ois éfttr?;; Sgre.:ggfalzé t_t(r)an_sitir?]g, tthetpa'thr?tfi(;]:e;r 4Sitions. One of them is a 942.7 keV transition feeding into
pretat Xperl 105 1S MOSt Straightiorw e 6, state at 2986.2 keV of they-vibrational band

In this case the DCO ratio is expected to be about 1.0 and 0"[97,10,18. The even-spin members of thevibrational band

for stretchedE2 and pureAl =1 transitions, respectively. If .
dipole-quadrupole mixing is included, then the DCO ratio for&r€ built on the second2state at 1268.9 keV and are shown
as the lower part of band 3 in Fig. 1. The (9)0and (12)

aAl=1 transition may vary between 0.2 and {d&pending , S ; .
also on the nuclear alignmentwith the mixing ratios>0 states of band 3 decay, in addition to the intraband transi-

for Rpco<0.5 and8<0 for Rpco>0.5, respectively. Fur- tons, viaAl=0 vy rays at 621.2 and 571.7 keV, respec-
thermore, for a pure dipolal =0 transition a DCO ratio of tively, to the nearest states of the yrast band. Both interband
1.10 is expected. This value is reduced smootligwn to  transitions can be seen clearly in the coincidence spectra
about 0.6 with increasing dipole-quadrupole mixings¢>  shown in Fig. 3. The higher-lying (14, (16"), and (18)
+ o), levels of band 3 depopulate iyl =2 transitions only. Here

In the DCO matrix gates were set exclusively on transi-the Al =0 transitions have not been observed. DCO ratios
tions known to havéE2 multipolarity from previous studies could be determined for only a few of the transitions in this
of “Se. In some cases several background-corrected gategak band, precluding firm spin assignments. The DCO ra-
set on stretchedt2 transitions within a certain band were tios for the 621.2, 1591.5, 1763.3, and 1801.6 keV lifses
added together to improve the statistics. For most low-lyingTable |) are consistent witthl =0 or Al =2 decay and with
transitions, gates were set from above to avoid any, even th@e suggested spins.
smallest, influence of the radioactive decay 6f"Br The 4 level at 2107.8 keV and thej6level at 2986.2
— ™Se. (In general, for a very thin target all recoils fly ey are known from previous work as members of the
away) Wherever possible, different gates or combinations, iprational band. Their spin assignments could be con-
were used to extract the DCO ratios. Therefore, the resul med, and an additional decay path via the 1623.5 keV

given in Tab!e | represent average Va'“?S- In general, mostc? y to the yrast 4 state has been observed. It seems that this
the DCO ratios are in fair agreement with those of R&@)] . . ; .
ven-spin sequence is only weakly populated in our experi-

although the errors quoted here are somewhat smaller dueﬁ% nt compared to the odd-spin sianatur rtner. band 1 in
better statistics. The most significant difference is for the ent compared 1o the odd-spin sighature partner, ba

615.1 keV line where gating from above yields a DCO value'9: 1- The odd-spin sequence is built on top of thel8vel
of 0.68(6) supporting aAl =1 nature for this transition. at 1884.0 keV and has been observed up to a 10826 keV

It should be mentioned that the DCO ratios for the  State with a tentative spin 19. Here we have been able to add

—1 E1 transitions at 611.2 and 720.6 keV are somewhatf€€ néw transitions. _ _
larger than expected=~0.5) from theory. Similarly, the In the past different spin a35|gnments.were given for the
DCO ratio for the 1151.0 ke\E1 transition is somewhat too 1884.0 keV level and the sequence built on it. Based on
small for a pureAl =0 character. However, the assumption angular distribution and DCO measurememg8| spin and
of smallM2 components in these three transitions seems tgarity of 3" were assigned to this state. However, the pos-
be very unlikely. sibility of a spin 4 was not completely ruled out. The assign-
ment was later changé¢dO] to 4* due to the measured DCO
IIl. LEVEL SCHEME OE 74g5e ratios of the 615.1 and 1249.4 keV transitions. However,
o since the 1884.0 keV level is strongly populated in the ra-
Th(_e level schem_e deduced frpm our comudenqe measUrglinactive decay of thé*Br high-spin isomer, these DCO
ment is shown in Fig. 1. It contains several newly introduceqrggits should be treated with caution especially when gated
levels and changes compared to the predecessors. Therefofgyy pejow in a thick target experiment. Recently, a spin of
some details will be discussed next. 3 was firmly assigned based on the anisotropy coefficients
deduced from a low-temperature nuclear orientation mea-
A. Positive-parity states suremen{19] following the decay of"“"Br. The spin 3 as-
The present coincidence results have confirmed the statéégnment is confirmed in the present work by the DCO ratio
up to spin 20 reported[10] for the yrast band, band 2 in of 0.686) for the 615.1 keVy ray. This value has been
Fig. 1, and a new 22 state at 13202 keV has been added.obtained by gating from above, i.e., from the analysis of a
The tentatively proposed transitions at 1761.7 and 1800.6pectrum gated by the 777.4 and 924.5 keV transitions.
keV introduced in Ref[10] to feed into the (20) state have Moreover, the DCO ratios for the 1208.2, 1236.7, and 1251.2
been found to depopulate a weakly excited sideband, band BeV higher-lying transitions linking this sequence to the
and to feed into the 12 and 14 states of the yrast band yrast band indicate Al =1 multipolarity for each transition.
rather than to be the high-spin extension. Neither transition ihe measured DCO ratio of 0.08®) for the 3*
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FIG. 1. Level scheme of“Se as obtained in the present study. The thickness of the arrow indicates the transition intensity.

— 2% 1249.4 keV transition can be explained with a mixed A new negative-parity sequence, band 4, was identified on
dipole-quadrupole nature of the transition. top of the 3840.6 keV 7 level. This level was already
The previous 4 assignment to the 1884.0 keV level known from the observation of a 325.8 keV transit[di in

would also lead to an intensity problem for the higher-lying coincidence with the lower-lying members of the ®and.
states. Based on our DCO ratios, the transitions involved ifye found in addition a 1609.6 ke ray decaying from this
band 1 carrye2 multipolarity and, thu.s, the state at 6685.5 giate to the 6 member of the yrast band. The nember of
keV would have a 14 assignment. This state would then be s new band decays, in addition to the 1007.1 keV intra-
yrast, as V‘r’]e” as tlhe hlgr;e[]-lymg states of thr']sl S€QUENCeand transition, via a weak 445.5 kexray to the 9 mem-
However, the population of these states is much less intens§ ' : .

. er of the 3 band. The occurrence of this new band 4 in
than that of the 14’ 16", and 18 stat'es ar6735.0, 8116.1, "4Se is very similar to that of a recently found band in the
and 9679.9 keV in band 2, respectively. All together, theisotone 7okr. labeled as band 4 in Ref20]. However, in
observations fit if we return to the former suggestion of 3 76Ky the baﬁd starts at a5state not seen iﬁ4Se ’

for the level at 1884.0 keV. The even-spin negative-parity sequence, band 6, built on
B. Negati ity stat the 4~ level at 2831.2 keV was extended by three new tran-
- negative-panity states sitions at energies of 1364.0, 1554.8, and 1734 keV. The

The negative-parity sequence, band 5, built on the 3 highest spin observed in this band is now tentatively 20.
state at 2349.4 keV was extended by several transitions up ®ased on the measured DCO ratios the spins assigned previ-
a 10925 keV state with a tentative spin of 19. The previouslyously could be confirmed, and in conjunction with tBé
suggested 15 state at 7977.8 keV could be confirmed. multipolarity for the 1468.3 keVy ray given in Ref.[9]
Moreover, an additional lower-lying I5state at 7843.8 keV negative parity has been well established. A few additional
has been found, pointing to a band crossing in this sequencsidefeeding transitions of 368.5, 399.2, and 346.2 keV have
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FIG. 2. Portions of background-corrected coincidence spectra obtained by gating in the total coincidence matmxrapsia¢ 1292 and
1381 keV of the yrast sequence, band 2. Since the 1292 keV peak is a triplet coincidences arising from theaythérelonging 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 changes in scale
at ay-ray energy of about 1450 keV.

been identified. The level at 3199.7 kéWi decay work at  seen in the 635 keV gate of the thi€kNi + °F experiment
3200.8 keVf was already known from th&"Br decay by the [10] where the top 1842 keV transition from the yrast se-
observation of a 1837.6 keV transition feeding the skate  quence is completely Doppler shifted. Furthermore, the line
[21]. The existence of this transition and of the 850.1 kgV is not seen in the 728 keV gate of that experiment. The
ray is confirmed in the present work, and also from the origi-measured DCO ratio points to &l =0 or 2 transition. A
nal coincidence matrices of th&Ni + % thick target ex- level closest to this energy, at 2482 keV, was reported pre-
periment of Ref[10]. In the isotone’®Kr the second 4 viously from a (,t) reaction study{22] with a spin and
state appears to be a bandhead for another high-spin sparity assignment of (2). The new level lies about 353 keV
guence, band 5 in Ref20]. However, a similar band in’Se  below the 4 state but no connecting transition has been
could not be found. seen. However, there might be a population by a weak 723
There is experimental evidence for a low-lying state atkeV transition from the second (4 state pointing to nega-
2477.7 keV not seen in thg-decay studie$21]. This level tive parity for the 2477.7 keV level.
decays via an 1843.1 keV transition to thé 8tate, clearly

IV. DISCUSSION

Gate 1187 keV, 12
634.6\

1000 A. Alignments in the yrast band and positive-parity sidebands

The yrast band of positive parity was identified up to a
22" state at 13202 keV. For most of tHE2 transitions a
high collectivity of abouB(E2)= 38 to 118 Weisskopf units
(W.u.) was found 7,9,1Q resulting in an average quadrupole
deformation of aboutB,=0.30 if axial symmetry is as-
sumed.

The occurrence of a low-lying second Gstate at 853.9
keV and its decay to the yrast'2state via a 219.3 keV
transition withB(E2)=82(6) W.u.[23] were interpreted in
a shape coexistence pictyee 7] in which the ground state is
weakly deformed, while the rotational band connected with
the second 0 state contains the yrast'6é 8", and 10
. states and is considered to be stron¢yolate deformed.
— — — The 2" and 4" states of this strongly deformed (band are

550 600 650 heavily disturbed by their interaction with the low-spin
members of the less deformed ground-state band which is
ENERGY (keV) thought to be built on vibrational excitatio®,7]. This

FIG. 3. Portions of background-corrected coincidence spectr&hape coexistence picture was developed due to the large
obtained by gating on the 1058 and 1187 keV yrast-band transisimilarities at low-spins betweeffSe and’’Se. However, it
tions. TheAl=0 transitions are indicated by their energies. Theseems that the structure of the positive-parity yrast band
peak at 634.6 keV is partly off the scale. above the 8 state in"“Se is more complicated, as already
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FIG. 4. Kinematic moments of inertid™® (top), and dynamic FIG. 5. Kinematic moments of inertid® (top), and dynamic

moments of inertia)® (bottom), for the positive-parity yrast bands moments of inertia)‘® (bottom), for the positive-parity bands built

in 72747%e as a function of the rotational frequency. The data wereon the ground statéband 2, on the second 2 state at 1268.9 keV

taken from "?Se, Ref.[11] and ®Se, Refs[12,13. A value of K (band 3, and on the 3 state at 1884.0 keband 2, as a function

=0 was used for all bands. of the rotational frequency. In the analysis a valuekot0 was
used for band 2 anE =2 for bands 1 and 3.

pointed out[3,7,8] in conjunction with the observed irregu-
larity in the moments of inertia at spin 10. This irregularity inertia at about 0.45 MeV for bands 1 ande the 924.5 and
corresponds to the firgtveak peak in the dynamic moment 942.7 keV transitionsare considered to be due to the change
of inertia, J®®, at a rotational frequency of about 0.5 MeV as in structure, from vibrational to gp excitations. The next peak
shown in Fig. 4. This peak is even more pronounced in thén the dynamic moments of inertia for bands 1 and 3 at about
yrast bands of the heavier neighbdfs’®Se whereas in the 0.6 MeV rotational frequencysee Fig. 5 bottomindicates
isotope "?Se a smooth behavior occurs after the low-spinthat the bands undergo gp alignment. Thusea quasipro-
anomaly. It was suggested earl[&] that this irregularity at ton crossing seems to be likely for band 3 at around spin 14
0.5 MeV in "“Se is due to an unobserved band crossing witHeading to a 4gp structure.
a band having a larger moment of inertia, i.e., afigs qua- As can be seen in Fig. 5, there are two m@weak) peaks
siparticle (qp) alignment has occurred, later identified as ain the dynamic moment of inertia of the yrast band’fise,
0y quasiproton alignmenii8]. However, there was at that at frequencies of 0.65 and 0.8 MeV, which can be related to
time no additional experimental evidence for another high-additional gp alignments along the yrast line. The second
spin band. In the present study it is shown that the irregularerossing at 0.65 MeV is very likely due to &g
ity in the yrast band is caused by its interaction with the newquasineutron crossing8] if a near-prolate shape is still
band 3. Analysis of the crossing frequencies supports theresent. Thus, the yrast states above thé tEyel are 4qp
conclusion that the peak in the dynamic moment of inertia aexcitations. It should be noted that the strong upbend in the
0.5 MeV is caused by an alignment@j;, quasiproton$8] if kinematic moments of inertia for the yrast band te as
a near-prolate shape is assumed. Hence, the nonyrast bandibwn in Fig. 7 of Ref[10] has disappeared due to the new
which is thought to have a 2qp structure too is, thereforetransition energies found in our study.
predominantly based ogy,, quasineutron excitations. To investigate the dependence of the crossing frequencies
The new band 3 built on top of the {8 level at 3928.6 on the nuclear shape, cranked-shell-model calculafiaa
keV is connected through a 942.7 keV transition to the evenhave been performed for different shape parameters. In this
spin members of the knowr-vibrational band which is way, theoreticaby, quasiproton andg,, quasineutron cross-
shown as the low-spin extension of band 3 in the leveling frequencies have been deduced. The results are shown in
scheme of Fig. 1, similar to the observation in band 1 wherd-ig. 6 where those frequencies are displayed as a function of
the odd-spins states are connected through a 924.5 keV trathe quadrupole deformatigteft-hand sidg¢and as a function
sition. The kinematic and dynamic moments of inertia of theof the triaxiality (right-hand sidg for protons €=34) and
yrast band 2 and bands 1 and 3 are shown in Fig. 5 as @eutrons N=40). At a prolate deformation of 0.30, tlyg,,
function of the rotational frequency. Both bands, 1 and 3quasiproton and quasineutron crossing frequencies are pre-
start off with a larger kinematic moment of inertia compareddicted to be 0.53 and 0.63 MeV, respectively. The calculated
to the yrast band 2. The peaks in the dynamic moments afuasiproton-quasineutron frequency separation is about 0.1
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axiality moves towards negative values, reaching an eqyal FIG. 7. Kinematic moments of inertid® (top), and dynamic

frequency of 0.60 MeV ay= —22°. Atan oblate shape with oments of inertia J® (bottom, for the three negative-parity

|B2|=0.30 the quasiproton crossing frequency is far aboveyands 4, 5, and 6 as a function of the rotational frequency. For all

the quasineutron one. These calculations support the intethree bands a value #=3 was used. In the odd-spin band 5, the

pretation that the first and second crossings observed alorigwest 15 state was taken which causes a large negative dynamic

the yrast line in"*Se at 0.5 and 0.65 MeV can be ascribed tomoment of inertia off the range displayed.

Jg/2 quasiproton andjy, quasineutron alignments as long as

the Shape is considered to be near pr0|ate_ The kinematic and dynamiC moments of inertia deduced
This interpretation is supported by the systematics ofrom the experimental I_evel energies for the negative-parity

crossing frequencies derived from the positive-parity band®ands are shown in Fig. 7. Sharp upbends or downbends

observed in the odd-mass neighbors and blocking argument@CcUr at rotational frequencies of about 0.55, 0.6, and 0.5

In the case of the odd-proton nucléf’Br [25] a g, MeV in bands 4, 5, and 6, respectively.

quasineutron crossing frequency #i=0.65 MeV has In general, the negative-parity bands are based on octu-

» . I d?2 itations. The drastic ch in th -
been deduced from the favored positive-parity sequenc o' and 2qp excitations © drastic changes In the mo

oW h 5Se | hibi ents of inertia along the bands can be related to additional
Likewise, the odd-neutror>Se isotope[26] exhibits §o, ¢ o1 alignments which lead to a 4qp structure in each band

quasiproton frequencies éfwg=0.56 and 0.48 MeV for the  {o;"states above the T0or 11 states. However, the clear
favored and unfavored positive-parity sequences, respegistinction betweergy, quasiproton andyg, quasineutron
tively. excitations as outlined before for the yrast sequencé'se
as well as seen if®%r [20] seems to have disappeared in
B. Alignments in the negative-parity bands "4Se. It is very likely that bands 5 and 6 are signature part-
Prior to this study the 3 level at 2349.4 keV was dis- ners, even thou_gh they have slightly different crqssing fre-
cussed[23] as a collective octupole state due to its Iargequenues. The d|fference betwe_en bands 5 and 6 IS about the
B(E3) decay strength of 9.2 W.u. to the ground state. EoPame as the quasineutron-quasiproton frequency difference at

_ . . near-prolate shape prohibiting any structural conclusion on
the Al=2 +-ray sequence built on top of this state, band 5,, : : : :
in Fig. 1, and observed up to (1) in Ref. [5] and up to this basis. The problem might be related to the considerable

(157) in Ref. [10], E2 transition probabilities between 51 y-softness of the nucleus.
and 78 W.u. were inferred from lifetimes measuremésés
compilation in Ref[9]). Even larger transition strengtlsp
to 104 W.u) were deduced in Ref10]. The high collectivity To investigate the predicted nuclear shap€fe at high
was taken as evidence for an octupole rotational band afpins, Hartree-Fock-Bogoliubov calculations were performed
negative parity in’*Se[5]. using the method outlined in Refsl0,27. The calculations
The even-spin sequence of negative parity, band 6, startgere carried out with a Woods-Saxon potential for the
off with the 4~ state at 2831.2 keV and has been observedingle-particle energies and a monopole type pairing force.
up to a (20) level at 12104 keV. For the negative-parity Total Routhian surfaceéTRS) calculated for the positive-
states up to spin 10 the measured lifetimes revealed collegarity yrast sequence at two different rotational frequencies
tive E2 intraband transitions witB(E2) values between 30 are displayed in Figs.(8 and &b). The plot at 0.404 MeV
and 70 W.u[9]. This high collectivity may be understood in rotational frequency which corresponds to a spin of about 6,
terms of a rotation-aligned band built on the 4tate which  depicts a situation just after the low-spin anomaly and before
has a predominantly 2qp structure. the anticipated band crossing. At this point, the available

C. Shape calculations
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amount of rotational energy has driven the nucleus to a neafigs. 8c) and 8d) for the two-quasineutron configuration
prolate shape witl8,=0.33 andy=—12°, away from the EA with signaturea=0 and the two-quasiproton configura-
low-spin shape coexistence. At higher rotational frequencyion EA with «=0 at a rotational frequency of 0.303 MeV.
(at about a spin of 12i.e., after the first gp alignment has The quasineutron and quasiproton TRS plots look rather
occurred, the near-prolate minimum has evolved towards aimilar with regard to the predicted shape, i.e., they show a
triaxial shape which was illustrated already in Fig. 8 of Ref.considerable softness of the nuclear shape with regard to the
[10]. The alignment ofjy;, quasiprotons obviously drives the triaxiality parametery. This might be the reason that no
system towards positive’ values in agreement with earlier clear configuration assignment could be made on the basis of
findings[27] for Kr isotopes, and another triaxial minimum crossing frequencies.
appears. Even after the second alignment the system remains
at a triaxial shape as can be seen for a rotational frequency of
0.807 MeV in Fig. 8b). There are now two minima in the
energy surface, one witd,=0.29, y=40° and another one
with 8,=0.29, y=—26°. Both minima are very close in In this section the projected-shell-model theory is briefly
energy. However, it is very likely that the shape at the high4introduced as used for the interpretation of high-spin states in
spin yrast states is represented by the collective triaxial mini““Se. A more detailed description of the model can be found
mum aty= —26°. in a recent review articlg28]. The projected shell model is a
Shape calculations were also performed for negativespherical shell model truncated in a deforniBlilsson-type
parity configurations. Two sample TRS plots are shown inBCS single-particle basis. More precisely, the truncation is

D. Calculations by the projected shell model

1. Theory
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first achieved within the quasiparticle basis with respect to N—2Z

the deformed BCS vacuuia), then rotational symmetry is Gy=|20.25- 16.26—— AT GR=202A"1 (2

restored for these states by standard projection technique

[29] to form a spherical basis in the laboratory frame, and

finally the shell-model Hamiltonian is diagonalized in this These constants were taken from Rf1] with a scaling

basis. The truncation obtained in this way is very efficient.factor of 0.9. The scaling factor was introduced because our

Usually, quite satisfactory results can be obtained by choossingle-particle basis is larger than theifg/e would like to

ing only a few quasiparticle orbitals near the Fermi surfacemention that the monopole-pairing forces chosen here may

because the quasiparticle basis already contains most of @t be the optimal onesFinally, the strength paramet&y

pairing and quadrupole correlatiof®8]. for the quadrupole pairing was simply taken to be propor-
The vacuurr| ¢), is determined by the diagonalization of tional toG,, . For the present calculation a value of 0.16 was

a deformed Nilsson Hamiltonian and a subsequent BCS cafhosen which is consistent with the value used in other mass

culation. Hereby the standard Nilsson scheii8@] is used regions[28].

for the deformed single-particle calculation. The configura-

tion space includes three major shelé=2, 3, and 4, for 2. Results

both neutrons and protons. The Hamiltonian employed in

this work is[28] In the A=80 mass region, both quasineutrons and qua-

siprotons occupy the same shell-model configuration space.
This is a remarkable difference compared with rare-earth nu-
clei. In the rare-earth region, the neutron alignment is usually
XE QLQM_GMﬁTﬁ_GQZ ﬁ;ﬁw (1) favored since the neutron intruder orbital has a higher

u u quantum number. One usually does not observe a proton

alignment prior to the neutron alignment, i.e., a proton

A aligned band cannot become yrast. In the present case, how-
whereH,, is the spherical single-particle shell-model Hamil- ever, the situation is different. Neutrons and protons can oc-
tonian and the other terms are quadrupole-quadrupoleupy the same orbitals, and it is not obvioaspriori, which
monopole-, and quadrupole-pairing interactions, respecalignment will be favored. This will depend on the individual
tively. The strength of the quadrupole-quadrupole foycds  case and critically depends on the orbitals at the Fermi sur-
adjusted in such a way that the employed quadrupole defoface.
mation €, is obtained as a result of the Hartree-Fock- In “Se, we found that the neutron Fermi level lies be-
Bogoliubov self-consistent procedure. Thus all the band$ween the Nilsson orbitals witk = § and3 of vgg, and also
shown here have a fixed deformation which has been chosetose toK = £ of vfs,, and the proton one betwe&n= 3 and
to be €,=0.29. The monopole-pairing force constas 2 of Qg and also close t& = 3 of 7wp,,. For the positive-
used in the calculations are parity states, the lowest-lying neutron 2qp configuration

H:HO_

N -
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FIG. 10. Comparison of experimenté) and theoreticalb) excitation energies for positive-parity bands’itse.

must be the one based ¢Bdqy,5gq,] Neutrons and the The other one is the most favored 2qp configuration of a
proton pair[3gey,3P3]. By adding a quasineutron pair

lowest-lying proton 2qp configuration dgg,,3dgs,] pPro-

tons. Their combination gives the lowest 4qp state, a statk3 Jor2,3der2] to this proton 2qp configuration, one can have
with both aligned quasineutron and quasiproton pairs. Fognother favored 4qp state of negative parity.

the negative-parity states, two sets of configurations lie In Fig. 9 the band diagram fof‘Se is shown, which is
nearly at the same lowest energy: One is the most favoregharacteristic for this mass region. Note that this figure is

2qp configuration of a neutron pdi gy, fs,]. By adding

Energy (MeV)

calculated without an interaction between the bands. On the

_ ) ; _ _ left-hand side of this figure the positive-parity bands with
a quasiproton pair;ge/2, > Jg/2| to this neutron 2gp configu- even spins are illustrated. Four bands are plotted so one can
ration, one can have a favored 4qp state of negative paritgee how they behave as a function of spin, although more
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bands are included in the calculation. The ground-state bandure, i.e., in a strict sense, they no longer have the pure
increases monotonically, showing a pure rotational behaviorconfigurations shown above. All the bands discussed in the
The 2gp bands, both for quasineutrons and quasiprotons, gollowing are obtained by one diagonalization which con-
first downwards, bend at the minimum and then go up. Thigains about 100 configurations in the mixing. The theoretical
kind of behavior[32] is analogous to the decoupling effect results for the positive-parity bands are compared with ex-
[33] in the particle-rotor model. Because of this, 2qp bandgPerimental data in Fig. 10. The numbers used to denote the
can cross with the ground-state band and become yrast. Pands are identical to those in Fig. 1. The yrast biathd 3
Figure 9a) clearly shows three band crossings along theS Very well descrlbgd by the theory. The pre.dlcted first ex-
yrast line: two of them around spin 8 and one close to spirfitéd band(even-spin sequengagrees well with the mea-
16. Here, one can see that the band with,a quasineutron sured one, band 3, up to the first band crossing, but not for
pair, which lies about 3 MeV above the ground-state band attztoerset&iléahlightirosﬁlini Lh(;rl]%\:vest fvﬂi_fpégrgagfeﬁ ﬁ!{ﬁuiﬁfd
the beginning, crosses with the ground-state band before spin y 9 a9y P

8 and b « after th : iorot measured one, band 1. Two possible points could lead to
and becomes yrast after the crossing. @b quasiproton these deviations. First, bands 1 and 3 could have different
pair, which is located about 1 MeV higher than tbeg,

, S deformations compared to band 2, as was discussed for low-
guasineutron one at the beginning, comes down and cross

. . : ffing states a long time agi®] in terms of shape coexist-
first with the ground-state band and then with the neutrony,ce Secondly, TRS calculations suggest a non-negligible
2qp band just after spin 8, becoming yrast for the spin region,_getormation for both low- and high-spin states in this

10 to 14. The 4qp state becomes yrast at spin around cleus. In our calculation, the deformed states are con-

where it crosses with 'gh((ez)p>roton 2qp band. _ structed at a fixed deformatiore{=0.29) with axial sym-
Thus, the first peak id*’ of the yrast bandsee band 2in - etry - Although our model is a shell model in nature, it can

Fig. 5) should be due to a nearly simultaneous crossing ofye care of shape fluctuations around a certain deformation
neutron and proton 2qp states with the ground-state banfough configuration mixing. It seems that this is not

around spin 8. The second one in this band is due to then,gh to account for the various shape changes in the
4qp-band crossing with the proton 2qp band around spin 16, eqent case. Inclusion of the degree of freedom in the
The measured third peak cannot be reproduced within thgetormed states could improve the agreement but this re-

present model space. However, it is expected that anothefjires three dimensional projection of angular momentum.

band crossing with a 6qgp configuration will occur aroundcjeary, the present data pose a challenge to the theoretical
spin 22. The reason for not reproducing that experimental, el

peak is that 6gp configurations have not been included in the Finélly

present calculations theoretical results for the negative-parity bands

) . . - i are compared with experimental data in Fig. 11. The two
_The band diagram for negative-parity bands fie is degenerate states from the different coupling schemes shown
displayed in Fig. &). Of the 2qp neutron and proton con- i, Fig g are now pushed apart by interactions between them.
figurations discussed above, we found that the tWOrjear signature splitting can be seen: the bands separate into
quasiproton configuration at lower spins and the 4qp cong,q | =2 sequences. The theoretical results are a little t00
figuration (with a quasineutron pair added to this tWo- high in energy for the first states in the calculated bands
qua3|proton .sta)eat higher spins dominate the.observedwhen compared with experimental bandhead energies of
negative-parity bands 4, 5, and 6. The reason is that only,nqs 5 and 6. Nevertheless, they show a correct description
these configurations show the staggering character becaugg higher-spin states and suggest that these bands have a
these states have smallérquantum numbers. On the other gy ciure as shown in Fig.(9). The calculated bands also
hand, no staggering is found in the 2qp-neutron state and thg,,\y 5 signature splitting similar to that deduced from the

corresponding 4qp state has a largemumber. Although  gyheriment, suggesting that bands 5 and 6 are signature part-
they are all included in the configuration mixing, the relevant, g5

2gp-proton and the corresponding 4qp states are plotted in
Fig. 9b) only for an easier reading of this figure.

The quasiproton paif 3ges,3P3»] can be coupled to V. SUMMARY

states having a toté = 0 and 1, and the two corresponding  New results for low- and high-spin states ffSe studied
bands can have a similar bandhead energy. As one can sgg the 85Cu(*2C, p2n) “Se reaction were presented, leading
from Fig. 9b), these two bands behave similarly as a func-i, mogified spin and parity assignments for a few low-lying
tion of spin, and in fact, they are nearly degenerate. Aroundates and to different moments of inertia for the yrast high-
spin 13, 4qp bands come into play, which have a structure afyin states when compared with the previous level scheme.
the present proton 2qp configuration plus a quasineutron pajn particular, a recent nuclear orientation measurement and
of [3dg,3095]- They cross the 2gp bands and becomethe present DCO ratios suggest a return to the earlier spin
lower in energy. This explains, in general, the observedand parity assignments of"3for the 1884.0 keV state, lead-
anomaly in the dynamic moments of inerti#?), of the ing to a firm odd-spin level sequence of positive parity in
negative-parity bands shown in Fig. 7. At very low spins, theband 1.
2qp bands show a flat behavior as a function of spin, and a The known irregularity in the kinematic moments of iner-
strong interaction with other 2gp states not shown in the plottia at the 10 yrast state and the behavior in the spin range
The final results to be compared with data are obtained b0 to 16 can mainly be ascribed to the influence ajq.g
diagonalization of the Hamiltonian given in E@L). Bands quasiproton band if an axial-deformed prolate shape is as-
discussed above are thus more or less mixed by this proceumed. Projected shell-model calculations support this sce-
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