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Shape coexistence in72Se
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Lifetimes have been measured up to the 221 level in the yrast positive-parity band and up to the 132 level
in the negative-parity band in72Se using the line-shape analysis methods. TheB(E2) andQt 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 of theEXCITED VAMPIR and the projected shell model.
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I. INTRODUCTION

The influence of competing energy gaps in thef -p-g shell
region reflects itself through drastic changes in collect
properties of neutron deficient, transitional nuclei w
masses between 70 and 80. Calculations employing
Strutinsky method@1# with folded Yukawa potential includ-
ing pairing effects show two minima in potential ener
curves for the light Se, Kr, and Sr isotopes: one at a la
prolate deformation withb2'0.3520.40 and the other at a
oblate deformation withb2'20.30. Energy of the oblate
minimum is several hundred keV higher than the prol
minimum for N,Z538, but decreases with neutron numb
to some hundred keV below the prolate minimum for s
tems with N,Z535,36. Thus, the coexistence of prolat
oblate shapes dominates the structure of low-spin state
this mass region. One of the best examples is72Se that shows
a vibrational behavior in the spectrum up toI p561 and
merges into a rotational-type band for higher spins with c
stant moment of inertia and deformationb2'0.3 @2–5#. The
low-spin anomaly in the yrast bands of70,74Se is also well
known and has been interpreted as mixing of two bands w
different deformations. There are theoretical investigatio
@2,6# based on the interacting boson model~IBM ! to explain
the effect observed in72,74Se without any special assumptio
about the nuclear shape or shape coexistence. Bands
different deformations also coexist in the neighboring oddN
isotopes71,73Se @7,8#.

More recently, the yrast bands of70,72,74Se have been in
vestigated@9,10# up to spins ofI p5161, 281, and 221,
respectively. In case of70Se, a well-deformed minimum
competes with a noncollective structure for high spins w
I>8 and both of the structures persist up to\v
'1.2 MeV. This result is supported by the observation
several noncollective states in the vicinity of and above
81 level. A recent study of74Se @10# shows a deformed
shape for the excited states with a considerable softnes
wards triaxiality. The structure study of high spin states
72Se is of considerable interest because of the varying sh
evolutions at high spins in even-even Se isotopes. Ea
experiments@2,11# on 72Se included lifetime measuremen
0556-2813/2001/63~2!/024313~7!/$15.00 63 0243
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up to 141 state along the yrast band. Absence of any sh
backbending after the low-spin anomaly along the yrast b
in 72Se has been interpreted as arising due to a strong y
yrare interaction at prolate deformation, causing a grad
alignment of two quasiprotons and two quasineutrons. A s
tematic increase of theB(E2) values for spins up to 141 has
been observed@2# in 72Se, contrary to the trend found i
74Se. This behavior was understood by a soft triaxial ro
with large rotation-vibration coupling rather than a rigid ax
ally symmetric or triaxial rotor. The IBM in the vibrationa
limit gave an excellent fit to energies of the yrast states
<I<14) and theB(E2) values could be reproduced within
factor of 3. Later, a detailed microscopic investigation w
performed for high-spin states up toI p5221 by theEXCITED

VAMPIR @12#. The overall agreement between the availa
experimental data and the calculations was qualitatively r
sonable for theB(E2) values.

In the present work, the lifetimes of the levels of72Se up
to I p5221 along the yrast band~see Fig. 1 for level scheme
@9#! are measured through the doppler shift attenuat
method~DSAM! to understand the structure at higher sp
and excitation energies. ExperimentalQt values are com-
pared with theEXCITED VAMPIR and the projected shel
model~PSM! @13# calculations to investigate the shape var
tion with increasing spin in the yrast positive-parity band
72Se. The negative-parity band shows very irregular beh
ior at higher spins, indicating the dominance of sing
particle behavior. The loss of collectivity in the negative pa
ity band is also studied through a measurement of lifetim
of the levels by the DSAM.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Levels in 72Se were populated in the54Fe(24Mg,a2p)
reaction where an54Fe target was bombarded with 104 Me
24Mg beam from the 14-UD pelletron accelerator at Ta
Institute of Fundamental Research, Mumbai. The target
prepared by rolling a 540-mg/cm2-thick 54Fe foil onto a
9-mg/cm2-thick gold backing used for stopping the recoilin
ions produced in various reaction channels.g rays emitted
from the nuclear excited states were detected in 5 CS-HP
detectors and a CS-Clover detector.g-g coincidence data
©2001 The American Physical Society13-1
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PALIT, JAIN, JOSHI, SHEIKH, AND SUN PHYSICAL REVIEW C63 024313
were collected in the list mode when two or more detect
fired simultaneously. In this arrangement, the Clover dete
was used in the add-back mode@14#, i.e., it was treated as
single detector and kept at 270° with respect to the be
direction. CS-HPGe detectors were kept in the reaction pl
at angles of 15°, 75°, 135°, 225°, and 315° with resp
to the beam direction. The background due to radioactiv
was reduced with the help of a multiplicity filter consistin
of 14 NaI~Tl! detectors. Two-fold coincidences in HPG
Clover detectors were taken as the start of a time

FIG. 1. Partial level scheme of72Se relevant to the presen
work.
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amplitude converter~TAC! and the stop was taken from two
fold ~or more! coincidences in the NaI~Tl! multiplicity filter.
A 110-nsec-wide prompt window was selected for the tim
spectrum of the TAC. The single-channel analyzer outpu
the TAC was taken as the master for coincidence data.
beam intensity was around 3 pnA giving singles rate
;7 kHz in each HPGe crystals and an event rate
;100 Hz.

The energy calibration for all the detectors was match
to 0.5 keV/channel. Data were sorted into 4k34k g-g ma-
trices with one of the detectors along thex axis and any of
the other detectors along they axis. The transitions reporte
in Ref. @9# were identified in our experiment. To get th
line-shape spectra of the concerned transitions, their lo
gamma transitions were used as gates and these gated s
were added.

Lifetimes of levels were obtained from the analysis of li
shapes in the detectors at 45° and 75°. Line shapes of
transitions obtained were fitted with the program develop
by Wells et al. @15#. The Monte Carlo simulation techniqu
has been used in this program for the velocity and directio
history of a series of recoiling nuclei. Monte Carlo simul
tion traces both the scattering directions and the velocitie
the recoiling ions. The calculations take into account nucl
stopping that leads to large-angle scattering and large en
losses. Shell-corrected Northcliffe and Schilling@16#
electronic-stopping-powers have been used. This prog
obtains ax2 minimization of the fit for transition quadrupol
moment (Qt), transition quadrupole momentQt(SF) of the
modeled side feeding cascade, the intensities of the cont
nation peak in the region of interest and the normaliz
factor to normalize the intensity of the fitted transition. T
uncertainties in the measured lifetimes are quoted in Tab
for 90% confidence level. We have used rotational casc
side-feeding model that consists of a five-state rotatio
band with fixed moment of inertia of;20\2 MeV21. In the
present analysis, an effective lifetime was obtained for
221 level by assuming a prompt feed to this state. The si
feeding intensities for all the states in the positive- a
negative-parity bands were determined from theg spectrum
obtained at 90°. This gave the side-feeding intensit
;30% for high-spin states and;20% for the 81 and 101

states. The side-feeding intensities for the negative-pa
states were also found to be;30%. The fits to the data gav
values for the transition quadrupole moments in side-feed
bands Qt(SF)51.6(4) e b for the 201 state, Qt(SF)
52.0(4) e b for the 181 state, andQt(SF);3.2(4) e b for
81 to 161 states. The transition quadrupole moments for
side-feeding bands for the negative-parity levels were fou
to be;3.2(4) e b from fits to the experimental line shape
The experimental data along with theoretical fits forg rays
deexciting the 201, 161, and 112 levels in 72Se are shown
in Fig. 2. The lifetimes obtained in the present work and
earlier measurements@2,11# are listed in Table I. The value
obtained in the present work up to the 141 level are in good
agreement with earlier measurements@2,11#. The adopted
values of lifetimes for excited states up to 221 are listed in
the last column of Table I. The lifetimes of th
161, 181, 201, and 221 are also reported. The lifetimes o
3-2
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TABLE I. Experimental values of lifetimes for excited states in72Se.

Level Spin Transition t (ps)
energy I energy
~keV! (\) ~keV! Previous worka Present work Adopted value

861.9 21 861.9 4.8~5! 4.8~5!

1636.6 41 774.7 3.6~8! 3.6~8!

2476.0 61 831.1 2.4~2! 2.4~2!

3424.5 81 956.8 0.8~1! 0.60~13! 0.75~8!

4503.9 101 1079.4 0.37~5! 0.30~5! 0.34~4!

5709.3 121 1205.4 0.20~4! 0.2220.06
10.08 0.21~4!

7037.0 141 1327.7 @0.08~3!# 0.1520.015
10.01 0.13~2!

8494.0 161 1457.0 0.06~1! 0.06~1!

10094.0 181 1600.0 0.060~15! 0.060~15!

11831.0 201 1737.0 0.10~2! 0.10~2!

13741.0 221 1910.0 ,0.07 ,0.07

3917.3 72 744.0 0.9020.30
10.25 0.9020.30

10.25

4762.8 92 845.5 0.85~12! 0.85~12!

5830.8 112 1068.0 1.20~15! 1.20~15!

7041.8 132 1211.0 ,1.0 ,1.0

aValues given in Ref.@2#.
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the 4 levels in the negative-parity band are also reported
will be seen later that these measurements provide cru
information for understanding high-spin behavior of72Se.

III. DISCUSSION

The aligned angular momentumI x(5I 2 1
2 ), kinetic mo-

ment of inertiaJ(1), and dynamic moment of inertiaJ(2) vs
\v for the positive-parity band are plotted in Fig. 3. Th
gradual increment of aligned angular momentumI x and no
sharp backbending is attributed to strong interaction betw
the yrast-yrare bands@9#. The irregularity inJ(2) is observed
around\v'0.45 MeV. The total Routhian surface~TRS!
calculations predict three minima—two oblate and one p
late at low spin with\v<0.3 MeV. But only the prolate
minimum persists at higher spins. Assuming a prolate de
mationb250.33 andg524°, the cranked shell model ca
culations predict the breaking of proton pair at\v
50.45 MeV and neutron pair breaking at\v50.50 MeV.
This is in accordance with observed irregularity at frequen
\v'0.45 MeV.

The structure of high-spin states of72Se was investigated
earlier through the microscopic calculations using theEX-

CITED VAMPIR model @12#. In these calculations, the yra
states of low spins up to 61 appear to have mainly an obla
character. For higher spins, an oblate band coexists
many other prolate bands. Altogether, six bands have b
calculated up to 221. A very complex feeding pattern o
medium-spin states was obtained for72Se, including fastE2
andM1 transitions. The situation becomes even more co
plicated because of predicted strongM1, DI 50 transitions,
which in some cases are much faster than intrabandE2 tran-
sitions. A choice of a few ‘‘most probable’’ paths of th
cascade, leading to the yrast 61 state, was made by compa
ing with the experimental transition strengths. The calcula
02431
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decay paths involving fastM1 transitions between sam
spins and also transition energies>2.5 MeV for the 181

→161 transition were excluded. The transition quadrupo
moments obtained for selected cascade of theEXCITED VAM-

PIR results are plotted in Fig. 4 along with experimentalQt
values listed in Table II. These calculations were perform
for mixed oblate and prolate configurations. It is seen that
EXCITED VAMPIR calculations reproduce well the qualitativ
behavior of theQt values with increasing spin. The resul
indicate a good agreement between the calculated and
perimental values for spins up to the 61 state and a prolate
nature above it. However, the calculated values are relativ
lower for spins of 81 and 121, and also for the 181 and 201

states. The lowering ofQt values for some of the spins wa
interpreted as arising due to dynamical variation of quad
pole and hexadecapole deformations@12#.

It is thus considered highly interesting to examine t
behavior of theseQt values for pure oblate or prolate con
figurations through a model like the PSM@13#. The PSM
requires much less numerical effort. Therefore, the calcu
tions are stable and interpretations for their results are e
The PSM is based on the simple schematic Hamiltonian
the pairing plus quadrupole type given by

Ĥ5Ĥ02
1

2
x(

m
Q̂m

† Q̂m2GMP̂†P̂2GQ(
m

P̂m
† P̂m . ~1!

H0 is the spherical single-particle Hamiltonian. The streng
of the Q̂•Q̂ force parameterx is adjusted in such a way tha
the quadrupole deformatione2 is obtained as a result of th
self-consistent HFB procedure. Monopole-pairing streng
used in this calculation are taken from Ref.@10#. Finally, the
strength of the quadrupole pairingGQ is taken proportional
to GM with the proportionality factor of 0.16. We note tha
3-3
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PALIT, JAIN, JOSHI, SHEIKH, AND SUN PHYSICAL REVIEW C63 024313
the study by Dufour and Zuker@17# has shown explicitly that
the residual part of the realistic force is strongly domina
by pairing and quadrupole interactions.

The PSM is a spherical shell model truncated in
Nilsson-BCS single particle basis@13#. The quasiparticle
vacuum uf& is determined by diagonalization of deforme
Nilsson Hamiltonian and a subsequent BCS calculation.
studying nuclei of the mass 80 region, the single-parti
space includesN52, 3, and 4 major shells for both neu

FIG. 2. Experimental and theoretical lineshapes for the~a! 201,
~b! 161, and ~c! 112 levels in 72Se atu545° and 75°. The con-
taminated peaks in the region of line shape for 1737-keV transi
are shown by dashed lines.
02431
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FIG. 3. ~a! The aligned quasiparticle angular momentumI x , ~b!
the kinematic moment of inertiaJ(1), and~c! the dynamic moment
of inertiaJ(2) as a function of\v for the yrast positive-parity band
in72Se.

TABLE II. ExperimentalB(E2) andQt values for excited states
in 72Se.

Level Spin B(E2) Qt(Expt.)
I

~keV! (\) ~W.u.! a ~eb!

861.9 21 20.121.9
12.3 1.3420.07

10.08

1636.6 41 45.628.3
113.0 1.6920.16

10.23

2476.0 61 48.123.7
14.4 1.6520.06

10.08

3424.5 81 76.227.3
19.1 2.0320.10

10.12

4503.9 101 92.029.7
112.3 2.2020.11

10.15

5709.3 121 85.7213.7
120.2 2.1120.18

10.24

7037.0 141 85.4211.4
115.5 2.0920.14

10.19

8494.0 161 116.3216.6
123.3 2.4320.18

10.23

10094.0 181 72.8214.7
124.3 1.9220.21

10.29

13741.0 201 29.024.8
17.3 1.2120.11

10.14

15651.0 221 .25.7 .1.13

391.37 72 122.0227.0
161.0 3.3220.38

10.78

4762.8 92 98.0212.0
116.0 2.6220.17

10.21

5830.8 112 2523.0
14.0 1.2520.07

10.09

7041.8 132 .22.0 .1.12

a1 W.u.517.8 e2fm4.
3-4
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SHAPE COEXISTENCE IN72Se PHYSICAL REVIEW C 63 024313
FIG. 4. Comparison of the measured transition quadrupole
mentsQt for excited states in72Se with the predictions of PSM an
EXCITED VAMPIR model. The PSM is calculated with a prolate sha
e250.29 and an oblate shapee2520.24.

FIG. 5. Band diagram of72Se for an oblate shape withe25
20.24.
02431
trons and protons. The shell model basis is constructed
including the vacuum and the lower-lying two-quasipartic
~2-qp! and four-quasiparticle~4-qp! states. The rotationa
symmetry of these deformed states is restored by stan
projection technique to form the spherical basis in the la
ratory frame. This basis is used to diagonalize the sh
model Hamiltonian given by Eq.~1!. The details can be
found in the recent systematical study of even-even mas
nuclei by the PSM@18#.

In the present work, bands in72Se are calculated for a
fixed oblate deformatione2520.24 and a prolate deforma
tion e250.29 corresponding to the minima obtained in t
TRS calculations mentioned earlier. The important config
rations for the oblate deformation withe2520.24 and the
prolate deformation ofe250.29, are shown in Fig. 5 and
Fig. 6, respectively. These are so-called band diagrams@13#.
It can be seen in Fig. 5 that the neutron 2-qp state involv
@422#5/2 and @413#7/2 orbitals crosses sharply the groun
band betweenI 510 and 12. After that, this 2-qp state re
mains the lowest in energy and is the main component of
yrast band in this nucleus. On the other hand, proton 2
state lies higher in energy, thus plays a less role in the y
band. This sharp band crossing by a single 2-qp band le
generally to a larger effect. In contrast, Fig. 6 shows a sim
taneous crossing of the proton 2-qp band based on the
figuration involving @440#1/2 and@431#3/2 orbitals and the
neutron 2-qp band involving@431#3/2 and@422#5/2 orbitals.
Together with the ground band, a picture of band interact
within three bands is seen betweenI 510 and 12. In this
case, the effective band interaction is much stronger as
plicitly discussed in Ref.@13#. This picture is consistent with
the early understanding about the gradual alignment of 2

o-
FIG. 6. Band diagram of72Se for a prolate shape withe2

50.29.
3-5
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PALIT, JAIN, JOSHI, SHEIKH, AND SUN PHYSICAL REVIEW C63 024313
pairs@9#. Around I 518 to 20, the decoupled 4-qp band wi
K52 ~see Fig. 6 for its configuration! crosses the 2-qp band
and starts contributing maximum to the yrast states.

The calculated yrast energies based on the oblate and
late configurations, separately, are compared with the exp
mental energies of the yrast levels in Fig. 7. One can see
the calculations using the oblate mean field gives be
agreement compared to the prolate mean field for the
states ofI<6. On the other hand, a better agreement is
tained with the prolate mean field forI .6. These PSM re-
sults are satisfactory for a description of a transitio
nucleus with various shapes.

Transition quadrupole momentsQt obtained from the
PSM calculations for both the oblate and the prolate m
fields are also plotted in Fig. 4. At lower spins, i.e.,I<6,
results with the oblate mean field reproduce the experime
values, but the calculated values are very different from
experimental numbers for the high-spin states. In particu
the sudden drop inQt at I 512 is not supported by the data
This drop has its source as the sudden structure change i
yrast wave function that is caused by the sharp band cros
discussed in Fig. 5. In Fig. 4, similar disagreement with d
at I 512 can also be seen from the earlyEXCITED VAMPIR

results. The transition quadrupole moments calculated by
PSM with the prolate mean field give very good agreem
with all the experimentalQt values aboveI 56 except for
I 520. Thus, the experimentalQt values along with the PSM
calculations, support the oblate deformation for low sp
with I<6 and the prolate deformation forI .6 in 72Se.

The negative-parity band in this region is characterized
strong deformation and octupole vibrational phonon coup

FIG. 7. Comparison of experimental energies of the yrast lev
in 72Se with the calculated energies for a prolate shape withe2

50.29 and oblate shape withe2520.24.
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to the rotational bands@19#. MeasuredQt values for the
negative-parity band show a continuous drop with increas
spin ~see Table II!. The shape for the negative-parity ban
for 72Se has been calculated as a function of rotational
quencies in the cranked Hartree-Fock-Bogoliubov mo
with the Woods-Saxon potential and the monopole pair
force @20,21# to understand the observed drop inQt values.
In these calculations, the pairing term was calculated
solving the BCS gap equation at rotational frequencyv50
using the interaction strengthG obtained from systematics
The pairing gapD was allowed to vary smoothly as a linea
function of v in such a way that it becomesD0/2 at the
critical frequencyvc , whereD0 is the pair gap atv50.
\vc

p51.15 MeV for proton and\vc
n50.95 MeV for neu-

tron are taken for nuclei in this mass region. The TRS w
calculated in ab2-g mesh for the negative-parity odd

ls

FIG. 8. Total Routhian surface plots in theb2-g plane for the
negative-parity odd-signature quasiproton band in72Se for two ro-
tational frequencies\v50.4 MeV and 0.7 MeV are shown in~a!
and~b!, respectively. The energy separation between the contou
250 keV.
3-6
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SHAPE COEXISTENCE IN72Se PHYSICAL REVIEW C 63 024313
signature quasiproton band. These are calculated at va
rotational frequencies and the total energy is minimized w
respect to the hexadecapole deformation parameterb4 for
each value of (b2 ,g). The TRS results were plotted in Fig.
for two frequencies\v50.4 and 0.7 MeV. It can be see
that there are two minima within 250 keV energy differen
for \v50.4 MeV. One of them is the collective prola
with b250.35,g50° and the other is the noncollective o
late with b250.30,g560°. The noncollective shape wit
b250.3,g554° stabilizes at higher frequencies. The d
crease of measuredQt values can thus be attributed to th
stabilization of noncollective shape.

IV. CONCLUSION

Lifetimes of the high spin states were measured up
highest possible spins along the yrast positive-parity, as w
as the negative-parity bands. The transition quadrupole
ments obtained from the measured lifetimes were compa
with the predictions of different models. For the positiv
parity band, theEXCITED VAMPIR model predicted qualita
tively well the observed variation in transition quadrupo
moment Qt with increasing spin through the dynamic
changes in intrinsic quadrupole and hexadecapole mome
It, however, produced much deeper minima atI 512 andI
-
H

K

-

.
.

N
.

, S

S
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;18–20 than the observed experimentally. On the ot
hand, the PSM calculations in the present work neatly c
firmed the oblate deformation at lower spins withI<6 and a
transition to the prolate shape at higher spins, but it produ
smaller dips around the second band crossing. Both calc
tions and experimental data are, however, consistent with
conclusion of an oblate character of72Se at lower spins and
a stabilization towards prolate shape with dynamical chan
in deformation at high spins. The negative-parity band see
to favor noncollective shape. However, detailed investi
tions of the structure of the high spin region in72Se in search
of the fastM1 transitions predicted by theEXCITED VAMPIR

calculations are still needed.
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