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Lifetimes have been measured up to thé 2@vel in the yrast positive-parity band and up to the 18vel
in the negative-parity band iffSe using the line-shape analysis methods. BHE2) andQ, values obtained
from these measurements show a prolate shape stabilization along the yrast band with increasing spins. A
noncollective behavior is obtained even at the moderate spins for the negative-parity band. These experimental
results are compared with theoretical predictions ofekeTED VAMPIR and the projected shell model.
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[. INTRODUCTION up to 14" state along the yrast band. Absence of any sharp
backbending after the low-spin anomaly along the yrast band
The influence of competing energy gaps in fRe-g shell  in ?Se has been interpreted as arising due to a strong yrast-

region reflects itself through drastic changes in collectiveyrare interaction at prolate deformation, causing a gradual
properties of neutron deficient, transitional nuclei with alignment of two quasiprotons and two quasineutrons. A sys-
masses between 70 and 80. Calculations employing th&matic increase of thB(E2) values for spins up to T4has
Strutinsky method1] with folded Yukawa potential includ- been observed2] in "’Se, contrary to the trend found in
ing pairing effects show two minima in potential energy ' S€- This behavior was understood by a soft triaxial rotor
curves for the light Se, Kr, and Sr isotopes: one at a largd/ith large rotation-vibration coupling rather than a rigid axi-
prolate deformation witt8,~0.35— 0.40 and the other at an ally symmetric or triaxial rotor. The IBM in the vibrational

oblate deformation with3,~ —0.30. Energy of the oblate limit gave an excellent fit to energies of the yrast states (4

minimum is several hundred keV higher than the prolateglgm) and the3(E2) values could be reproduced within a

minimum for N,Z =38, but decreases with neutron numberfaCtor of 3. Later, a detailed microscopic investigation was

. _performed for high-spin states upIto= 22" by theEXCITED
:angn\:;t: lliln;rE%Skg\é b_IE_EL?JV\SI t?ﬁepggﬁsg :]TZ%T ;?(;I;f: VAMPIR [12]. The overall agreement between the available

; . experimental data and the calculations was qualitatively rea-
oblate shapes dominates the structure of low-spin states hnable for theB(E2) values

this mass region. One of the best example€&e that shows In the present work, the lifetimes of the levels 88e up

a vibrational behavior in the spectrum up 6=6" and to 17=22" along the yrast bansee Fig. 1 for level scheme
merges into a rotational-type band for higher spins with con{g)) are measured through the doppler shift attenuation
stant moment of inertia and deformatigg~0.3[2-5]. The  method(DSAM) to understand the structure at higher spins
low-spin anomaly in the yrast bands 6t'“Se is also well and excitation energies. Experimentd] values are com-
known and has been interpreted as mixing of two bands witthared with theexciTED vampirR and the projected shell
different deformations. There are theoretical investigationsnodel(PSM) [13] calculations to investigate the shape varia-
[2,6] based on the interacting boson mod&M) to explain  tion with increasing spin in the yrast positive-parity band in
the effect observed if*"Se without any special assumption 72Se. The negative-parity band shows very irregular behav-
about the nuclear shape or shape coexistence. Bands wiily at higher spins, indicating the dominance of single-
different deformations also coexist in the neighboring &dd- particle behavior. The loss of collectivity in the negative par-

isotopes’*-"*Se(7,8]. ity band is also studied through a measurement of lifetimes
More recently, the yrast bands 8%727Se have been in- of the levels by the DSAM.
vestigated[9,10] up to spins ofl "=16", 28", and 22,

respectively. In case of%Se, a well-deformed minimum Il EXPERIMENTAL PROCEDURE AND RESULTS
competes with a noncollective structure for high spins with
=8 and both of the structures persist up tow Levels in "*Se were populated in thé*Fe(**Mg, a2p)

~1.2 MeV. This result is supported by the observation ofreaction where ai*Fe target was bombarded with 104 MeV
several noncollective states in the vicinity of and above the?Mg beam from the 14-UD pelletron accelerator at Tata
8" level. A recent study of’“Se [10] shows a deformed Institute of Fundamental Research, Mumbai. The target was
shape for the excited states with a considerable softness tprepared by rolling a 54@g/cn?-thick **Fe foil onto a
wards triaxiality. The structure study of high spin states in9-mg/cnt-thick gold backing used for stopping the recoiling
?Se is of considerable interest because of the varying shapens produced in various reaction channejsrays emitted
evolutions at high spins in even-even Se isotopes. Earlieirom the nuclear excited states were detected in 5 CS-HPGe
experimentg2,11] on "?Se included lifetime measurements detectors and a CS-Clover detector.y coincidence data
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7250 amplitude convertefTAC) and the stop was taken from two-
fold (or more coincidences in the Nérl) multiplicity filter.

A 110-nsec-wide prompt window was selected for the time
® 24+ spectrum of the TAC. The single-channel analyzer output of
the TAC was taken as the master for coincidence data. The
beam intensity was around 3 pnA giving singles rate of
2154 ~7 kHz in each HPGe crystals and an event rate of
~100 Hz.
14+ oot The energy calibration for all the detectors was matched

] to 0.5 keV/channel. Data were sorted intk>44k -y ma-
trices with one of the detectors along tkexis and any of

1910 the other detectors along tlyeaxis. The transitions reported
in Ref. [9] were identified in our experiment. To get the
vl 20t line-shape spectra of the concerned transitions, their lower
1 gamma transitions were used as gates and these gated spectra
were added.
1737 Lifetimes of levels were obtained from the analysis of line
shapes in the detectors at 45° and 75°. Line shapes of the
ol Lot B transitions obtained were fitted with the program developed
<> by Wells et al. [15]. The Monte Carlo simulation technique
2 1800 has been used in this program for the velocity and directional
= history of a series of recoiling nuclei. Monte Carlo simula-
g o tion traces both the scattering directions and the velocities of
5 sl (14~ the recoiling ions. The calculations take into account nuclear
5 1457 oz 899 137) stopping that leads to Iarge-angle_scatterlng and_la_lrge energy
= \ 6Q5$_) losses. _ Shell-cprrected Northcliffe and Schlll_lnglG]
S st (3 e 504 electronic-stopping-powers have been used. This program
"] 1y obtains ay? minimization of the fit for transition quadrupole
1328 12m 180 moment Q,), transition quadrupole momef(SF) of the
81 rd myd I modeled side feeding cascade, the intensities of the contami-
| nation peak in the region of interest and the normalizing
1205.4 1058 factor to normalize the intensity of the fitted transition. The
2 - uncertainties in the measured lifetimes are quoted in Table |
for 90% confidence level. We have used rotational cascade

. side-feeding model that consists of a five-state rotational
band with fixed moment of inertia of 204> MeV 1. In the
present analysis, an effective lifetime was obtained for the
22" level by assuming a prompt feed to this state. The side-
feeding intensities for all the states in the positive- and
negative-parity bands were determined from thepectrum
obtained at 90°. This gave the side-feeding intensities

7747, | 2433 ~30% for high-spin states and 20% for the 8 and 10°

Z8 750 states. The side-feeding intensities for the negative-parity

860077 / states were also found to be30%. The fits to the data gave
ol (2 S values for the transition quadrupole moments in side-feeding

bands Q,(SF)=1.6(4) eb for the 20 state, Q,(SF)
FIG. 1. Partial level scheme of’Se relevant to the present —=2.0(4)eb for the 18 state, andQ,(SF)~3.2(4) eb for

work. 8" to 16" states. The transition quadrupole moments for the

side-feeding bands for the negative-parity levels were found
were collected in the list mode when two or more detectordo be ~3.2(4) eb from fits to the experimental line shapes.
fired simultaneously. In this arrangement, the Clover detectofhe experimental data along with theoretical fits forays
was used in the add-back mofled], i.e., it was treated as a deexciting the 20, 16", and 11 levels in "*Se are shown
single detector and kept at 270° with respect to the bearm Fig. 2. The lifetimes obtained in the present work and the
direction. CS-HPGe detectors were kept in the reaction planearlier measuremenfg,11] are listed in Table I. The values
at angles of 15°, 75°, 135°, 225°, and 315° with respecbbtained in the present work up to the*1lkevel are in good
to the beam direction. The background due to radioactivityagreement with earlier measuremen®11]. The adopted
was reduced with the help of a multiplicity filter consisting values of lifetimes for excited states up to"2are listed in
of 14 NalTI) detectors. Two-fold coincidences in HPGe/ the last column of Table |. The lifetimes of the
Clover detectors were taken as the start of a time-to16", 18", 20", and 22 are also reported. The lifetimes of
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TABLE |. Experimental values of lifetimes for excited states’fiSe.

Level Spin Transition 7 (ps)

energy I energy

(keV) (h) (keV) Previous worlé Present work Adopted values

861.9 2 861.9 4.85) 4.8(5)

1636.6 4 774.7 3.68) 3.6(8)
2476.0 6" 831.1 2.42) 2.4(2)
34245 g 956.8 0.81) 0.6013) 0.758)
4503.9 10 1079.4 0.3PB) 0.305) 0.344)
5709.3 12 1205.4 0.204) 0.22°9%8 0.21(4)
7037.0 14 1327.7 [0.083)] 0.15" 3915 0.132)
8494.0 16 1457.0 0.061) 0.061)

10094.0 18 1600.0 0.06QL5) 0.06Q15)

11831.0 20 1737.0 0.1®) 0.102)

13741.0 22 1910.0 <0.07 <0.07
3917.3 7 744.0 0.90' 5% 0.90" %5
4762.8 9 845.5 0.8%12) 0.8512)
5830.8 1T 1068.0 1.2015) 1.20(15)
7041.8 13 1211.0 <1.0 <1.0

8values given in Ref[2].

the 4 levels in the negative-parity band are also reported. ldecay paths involving fasM1 transitions between same
will be seen later that these measurements provide cruciapins and also transition energies2.5 MeV for the 18

information for understanding high-spin behavior ‘68e. —16" transition were excluded. The transition quadrupole
moments obtained for selected cascade ofsth@TED VAM-
[1l. DISCUSSION PIR results are plotted in Fig. 4 along with experimeral

) . o values listed in Table II. These calculations were performed

The aligned angular momentum(=1-73), kinetic mo- oy mixed oblate and prolate configurations. It is seen that the

ment of |nert|aJ_(1_), and dynamic moment of !nert_dz) VS EXCITED VAMPIR calculations reproduce well the qualitative
hw for the positive-parity band are plotted in Fig. 3. The penhavior of theQ, values with increasing spin. The results
gradual increment of aligned angular momentlymand no  jngicate a good agreement between the calculated and ex-
sharp backbending is attributed to strong interaction betWGeBerimental values for spins up to thé Gtate and a prolate
the yrast-yrare band®]. The irregularity ind®) is observed  patyre above it. However, the calculated values are relatively
aroundfw~0.45 MeV. The total Routhian surfad@RS)  |gwer for spins of 8 and 12, and also for the 18 and 20
calculations predict three minima—two oblate and one progates. The lowering o, values for some of the spins was
late at low spin with »<0.3 MeV. But only the prolate interpreted as arising due to dynamical variation of quadru-
minimum persists at higher spins. Assuming a prolate deforpo|e and hexadecapole deformatigag].

mation 8,=0.33 andy= —4°, the cranked shell model cal- |t js thus considered highly interesting to examine the
culations predict the breaking of proton pair #&w  pehavior of thes®, values for pure oblate or prolate con-
=0.45 MeV and neutron pair breaking &t»=0.50 MeV.  figurations through a model like the PSM3]. The PSM
This is in accordance with observed irregularity at frequencyequires much less numerical effort. Therefore, the calcula-
fiv~0.45 MeV. tions are stable and interpretations for their results are easy.
The structure of high-spin states 6iSe was investigated The PSM is based on the simple schematic Hamiltonian of

earlier through the microscopic calculations using 89  the pairing plus quadrupole type given by
CITED VAMPIR model [12]. In these calculations, the yrast

states of low spins up to6appear to have mainly an oblate 1 o o L

character. For higher spins, an oblate band coexists with ~ H=FH,~ EXE QlQ,~GuPP-GoX PIP,. (1
many other prolate bands. Altogether, six bands have been ® ®

calculated up to 22. A very complex feeding pattern of

medium-spin states was obtained f88e, including fasE2 H, is the spherical single-particle Hamiltonian. The strength
andM1 transitions. The situation becomes even more comef the Q- Q force parametey is adjusted in such a way that
plicated because of predicted stroMid,, Al =0 transitions, the quadrupole deformatiog is obtained as a result of the
which in some cases are much faster than intralighdran-  self-consistent HFB procedure. Monopole-pairing strengths
sitions. A choice of a few “most probable” paths of the used in this calculation are taken from Ref0]. Finally, the
cascade, leading to the yrast 6tate, was made by compar- strength of the quadrupole pairir@, is taken proportional
ing with the experimental transition strengths. The calculatedo Gy, with the proportionality factor of 0.16. We note that
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FIG. 3. (a) The aligned quasiparticle angular momentum (b)
1455 1465 1475 1485 the kinematic moment of inerti&®), and(c) the dynamic moment
Energy (keV) of inertiaJ® as a function ofiw for the yrast positive-parity band
in"’Se.
250
(e)
200 | J%=117, E=1068 keV
6=75", 1=1.20(15) ps TABLE Il. ExperimentalB(E2) andQ, values for excited states
@ 150 F in ’Se.
2
© Joo b Level Spin B(E2) Q.(Expt.)
I
50 k (keV) (h) (W.u,)?@ (eb
861.9 2 20.1°%3 1.34° 5%
T ———— 1636.6 4 45.6' 330 1.69° 43
1065Enl(r)70(k;\c/))75 1858 2476.0 6 48.1f§:‘71 1.65t8;8§
& 3424.5 g 76.2°91 2.03°912
FIG. 2. Experimental and theoretical lineshapes for(#1&0", 4503.9 10 92.005%° 2.20°9173
(b) 16", and(c) 11 levels in "’Se at§=45° and 75°. The con- 5709.3 12 85.7°37 2.11°0%
taminated peaks in the region of line shape for 1737-keV transiton ~ 7037.0 14 85.4° 135 2.09°012
are shown by dashed lines. 8494.0 16 116.3233 243928
- 10094.0 18 813 92°023
the study by Dufour and Zuk¢f7] has shown explicitly that 13741.0 20 ;S ?%@7 i Ztg;ﬂ
the residual part of the realistic force is strongly dominated 15651I0 ot 25'7*4-8 1'13 011
by pairing and quadrupole interactions. ' =2 -1
The PSM is a spherical shell model truncated in a 391.37 7 122.0 610 3.32+078
Nilsson-BCS single particle basidl3]. The quasiparticle +16.0 051
_ ) : L 4762.8 9 98.0" 150 262037
vacuum|¢) is determined by diagonalization of deformed 5830.8 1T 2540 1.25"009
Nilsson Hamiltonian and a subsequent BCS calculation. For ;444 ¢ 13 ~220 ~1.12

studying nuclei of the mass 80 region, the single-particle
space includeN=2, 3, and 4 major shells for both neu- 3 W.u=17.8 e’fm*.
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SPIN

. . FIG. 6. Band diagram of’?’Se for a prolate shape witl,
FIG. 4. Comparison of the measured transition quadrupole mo-_ ) g

mentsQ, for excited states if?Se with the predictions of PSM and

EXCITED VAMPIR model. The PSM is calculated with a prolate shapetrons and protons. The shell model basis is constructed by
€,=0.29 and an oblate shagg=—0.24. including the vacuum and the lower-lying two-quasiparticle
(2-gp and four-quasiparticlg4-qp states. The rotational
symmetry of these deformed states is restored by standard
projection technique to form the spherical basis in the labo-
ratory frame. This basis is used to diagonalize the shell
model Hamiltonian given by Eq(l). The details can be

— g-band, K=0 ?ge found in the recent systematical study of even-even mass-80
------------ v0,,[6/2,7/2], K=1 :

28 ——- ng,,[7/2,9/2], K=1 e, =-0.24 nuclei by the PSM18].
— - — g, [5/2,7/2] + 1Q,,[5/2,9/2], K=1 In the present work, bands if’Se are calculated for a

fixed oblate deformatior,=—0.24 and a prolate deforma-
tion €,=0.29 corresponding to the minima obtained in the
TRS calculations mentioned earlier. The important configu-
rations for the oblate deformation witéy,=—0.24 and the
prolate deformation ok,=0.29, are shown in Fig. 5 and
Fig. 6, respectively. These are so-called band diagfdi8ils

It can be seen in Fig. 5 that the neutron 2-qp state involving
[422]5/2 and[413]7/2 orbitals crosses sharply the ground
band betweer =10 and 12. After that, this 2-gp state re-
mains the lowest in energy and is the main component of the
yrast band in this nucleus. On the other hand, proton 2-gp
state lies higher in energy, thus plays a less role in the yrast
band. This sharp band crossing by a single 2-qp band leads
generally to a larger effect. In contrast, Fig. 6 shows a simul-
taneous crossing of the proton 2-qp band based on the con-
figuration involving[440]1/2 and[431]3/2 orbitals and the
neutron 2-gp band involvinf§431]3/2 and[422]5/2 orbitals.

_4 . . L L . L Together with the ground band, a picture of band interaction

E (MeV)

0 4 BT 2 within three bands is seen betwees 10 and 12. In this
case, the effective band interaction is much stronger as ex-

FIG. 5. Band diagram of?Se for an oblate shape with,= plicitly discussed in Ref.13]. This picture is consistent with
—0.24. the early understanding about the gradual alignment of 2-gp
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FIG. 7. Comparison of experimental energies of the yrast levels t 02 — ./ T NN o
in "?Se with the calculated energies for a prolate shape wjth C NN o 2 X
=0.29 and oblate shape wity=—0.24. ) i PP VRN
§ 0= L AN
pairs[9]. Around| =18 to 20, the decoupled 4-gp band with = = NV )
K =2 (see Fig. 6 for its configuratigrcrosses the 2-gp bands 00 RN _— “ a / I
and starts contributing maximum to the yrast states. oL AAYYY ) l ;/’ /i
H ] 4 ! ARy
The calculated yrast energies based on the oblate and pro- LNS T K O o //«
late configurations, separately, are compared with the experi- -0 NUHTTD oA / /4
mental energies of the yrast levels in Fig. 7. One can see that TN AL L S / /, v
the calculations using the oblate mean field gives better T o2 o3 o4
agreement compared to the prolate mean field for the spin B, cos(y+30)
states ofl<6. On the other hand, a better agreement is ob-
tained with the prolate mean field for~6. These PSM re- FIG. 8. Total Routhian surface plots in tif-y plane for the
sults are satisfactory for a description of a transitionalnegative-parity odd-signature quasiproton band’®e for two ro-
nucleus with various shapes. tational frequencied w=0.4 MeV and 0.7 MeV are shown i(@)

Transition quadrupole moment®, obtained from the and(b), respectively. The energy separation between the contours is
PSM calculations for both the oblate and the prolate meas>? kev.
fields are also plotted in Fig. 4. At lower spins, i.es6,
results with the oblate mean field reproduce the experimentd® the rotational band$19]. MeasuredQ, values for the
values, but the calculated values are very different from théegative-parity band show a continuous drop with increasing
experimental numbers for the high-spin states. In particularSPin (see Table ). The shape for the negative-parity band
the sudden drop i@, at| =12 is not supported by the data. for ?Se has been calculated as a function of rotational fre-
This drop has its source as the sudden structure change in tBgencies in the cranked Hartree-Fock-Bogoliubov model
yrast wave function that is caused by the sharp band crossirifith the Woods-Saxon potential and the monopole pairing
discussed in Fig. 5. In Fig. 4, similar disagreement with datdorce[20,21 to understand the observed dropQn values.
at |=12 can also be seen from the eaHYCITED VAMPIR In these calculations, the pairing term was calculated by
results. The transition quadrupole moments calculated by theolving the BCS gap equation at rotational frequency 0
PSM with the prolate mean field give very good agreementising the interaction streng® obtained from systematics.
with all the experimental), values aboved =6 except for ~ The pairing gap\ was allowed to vary smoothly as a linear
| =20. Thus, the experimentg), values along with the PSM  function of » in such a way that it becomesy/2 at the
calculations, support the oblate deformation for low spinscritical frequencyw., whereA, is the pair gap atw=0.
with <6 and the prolate deformation for-6 in "*Se. hwg=1.15 MeV for proton andiw;=0.95 MeV for neu-
The negative-parity band in this region is characterized byiron are taken for nuclei in this mass region. The TRS was
strong deformation and octupole vibrational phonon coupledalculated in aB,-y mesh for the negative-parity odd-
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signature quasiproton band. These are calculated at various18—20 than the observed experimentally. On the other
rotational frequencies and the total energy is minimized withhand, the PSM calculations in the present work neatly con-
respect to the hexadecapole deformation paramgtefor  firmed the oblate deformation at lower spins with6 and a
each value of 8,,v). The TRS results were plotted in Fig. 8 transition to the prolate shape at higher spins, but it produced
for two frequenciesiw=0.4 and 0.7 MeV. It can be seen smaller dips around the second band crossing. Both calcula-
that there are two minima within 250 keV energy differencetions and experimental data are, however, consistent with the
for Aiw=0.4 MeV. One of them is the collective prolate conclusion of an oblate character e at lower spins and
with 8,=0.35;y=0° and the other is the noncollective ob- a stabilization towards prolate shape with dynamical changes
late with 8,=0.30,y=60°. The noncollective shape with in deformation at high spins. The negative-parity band seems
B>=0.3,y=54° stabilizes at higher frequencies. The de-to favor noncollective shape. However, detailed investiga-
crease of measure@; values can thus be attributed to the tions of the structure of the high spin region’ifSe in search
stabilization of noncollective shape. of the fastM 1 transitions predicted by thexCITED VAMPIR
calculations are still needed.

IV. CONCLUSION

Lifetimes of the high spin states were measured up to
highest possible spins along the yrast positive-parity, as well
as the negative-parity bands. The transition quadrupole mo- We gratefully acknowledge the help of all the pelletron
ments obtained from the measured lifetimes were comparestaff for smooth functioning of the accelerator. We are thank-
with the predictions of different models. For the positive- ful to Dr. V. Nanal for her help during the beam time. We are
parity band, theexCITED VAMPIR model predicted qualita- grateful to Dr. G. Mukherjee for TRS calculations. One of us
tively well the observed variation in transition quadrupole (Y.S. thanks Professor G.-L. Long for his warm hospitality
moment Q; with increasing spin through the dynamical and for the support from the China National Science Foun-
changes in intrinsic quadrupole and hexadecapole momentdation under Contract No. 19775026 and the senior visiting
It, however, produced much deeper minimal at12 andl scholar program of Tsinghua University.
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