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Shape evolution of the highly deformed "*Kr nucleus examined with the
Doppler-shift attenuation method
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High-spin states of the 7 Kr nucleus have been populated via the *°Cr(**Si,2 pn)”°Kr reaction at an incident
beam energy of 90 MeV. Lifetimes of nine states up to spin / = 33/2 for the positive-parity band and seven states
up to / = 27/2 for the negative-parity band have been measured using the Doppler-shift attenuation method.
The deduced transition quadrupole moments Q, of these bands have been compared to the projected shell-model
calculations to gain insight into the evolution of collectivity for the two experimentally studied bands in 7K.
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Atomic nuclei exhibit a rich variety of phenomena due
primarily to changes in the shell structure with changes in
particle number and excitation energy. The neutron-deficient
isotopes with A ~ 70-80 in particular have attracted consider-
able attention because of the observation of large deformation
and shape coexistence at low excitation energies [1-3]. In this
mass region, dramatic competition among different shapes
occurs because of the oblate deformed shell gaps at N or
Z = 34 and 36, the prolate deformed shell gapsat N or Z = 34
and 38, and the spherical shell gap at N or Z = 40 [4]. Previous
studies of lifetimes in 77" 78Kr [5,6] and 8%-81'Y [7,8] show loss of
collectivity near the band-crossing region, indicating that the
shape changes in each band from prolate at low spin to triaxial
above the first rotational alignment. These results are in good
agreement with theoretical predictions of models such as the
Hartree-Fock-Bogoliubov cranking model and the projected
shell model [7].

In recent years, various structural similarities have also
been observed in lighter neutron-deficient even Z and odd
N nuclei, especially in *Se [9], "’Kr [5], and 7’Sr [10],
because of the occupation of valence neutrons in the unique-
parity go/> orbital. The 7Kr nucleus lies between the two
well-studied 7°Kr and "#Kr nuclei, with greatest deformation
among all the krypton isotopes. Previous recoil distance
lifetime measurements [11,12] for the low-spin states of both
positive- and negative-parity bands revealed that 7Kr has a
large quadrupole deformation of 8, ~ 0.40. The purpose of
the present work is to understand the evolution of nuclear
shape with increasing angular momentum in ">Kr through the
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PACS number(s): 21.10.Tg, 21.10.Re, 21.60.Cs, 27.50.+¢

measurement of lifetimes of high-spin states. These bands
exhibit a slight reduction in collectivity after the band crossing.
The properties of these bands observed up to high spins are
compared with those obtained using projected shell-model
(PSM) [13,14] calculations.

The excited states of the Kr nucleus have been populated
via the °Cr(*®Si,2pn) fusion evaporation reaction at an
incident beam energy of 90 MeV using the 15-UD Pelletron
accelerator [15] at the Inter University Accelerator Centre,
New Delhi, India. The target consisted of ~550 pg/cm? iso-
topically enriched 96% °Cr with ~12 mg/cm? gold backing.
The de-exciting y rays were detected with the Indian National
Gamma Array [16] consisting of 17 Compton-suppressed
clover detectors at the time of the experiment. The clover
detectors were arranged in five rings, at 32°, 57°, 90°, 123°,
and 148° with respect to the beam direction. For the application
of the Doppler-shift attenuation method, line shapes were
obtained from the background-subtracted spectra projected
from matrices consisting of events in the 148° or 32° detectors
along one axis and all other detectors along the second
axis. These matrices contained approximately 3 x 10% and
1.5 x 10® coincidence events, respectively.

The transitions reported in the level scheme developed by
Skoda et al. [12] were identified and used as reference data for
this measurement. For analyzing the line shapes of different
transitions of ’Kr, mentioned in Table I, we have used the
program LINESHAPE developed by Wells [17]. The Monte Carlo
simulation technique has been used in this program for the
velocity and directional history of a series of recoiling nuclei
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TABLE I. Experimental lifetimes of excited states, reduced transitional probability B(E2), and
transitional quadrupole moments Q, for the positive- and negative-parity bands of ”Kr obtained in the
present experiment. Excitation energies (E,), y-ray energies (E,, ), and spins were taken from Ref. [12].

E, I3 I E, Previous work Tisg T3 Tace B(E?2) 0,

keV) @) @) (keV) (ps) (ps) (ps) (ps) (Wu)*  (eb)
1594 15/2% 112+ 824 <0.5 0.6871003 0.726700% 0.7067903 16375 3.537948
1963 17/2% 13/2* 896 <0.9 0.4247001% 0.418%00 0.421700% 179T3F 3.54708
2629 19/2% 15/2F 1035 0.199+0016 017710923 (0,188+0:023 195+27 3 .50+0.24
3049 21/2% 17/2% 1086 0.1857000 0.15270005 0.168790% 17272 3.307920
3824 23/2% 19/2% 1195 0.13670013 0.192*05L 0.1647003L 16973] 3.22+038
4277 25/2% 21/2F 1128 0.137+3555 0.09375510 0.115%591 136713 2.85+013
5025 27/2*% 23/2+ 1201 <0.167  <0.122  <0.144 >121 >2.67
5558 29/2+ 25/2% 1281 0.129%35% 0.06275513 0.09675913 132730 2.76+01)
6891 33/2* 29/2* 1333 <0.099  <0.109  <0.104 >100 >2.37
1646 13/2= 9/2= 741 1.0(3) 1.25210073 1.252709%% 15675 3.25%0%
2109 15/27 112 844 <0.6 0.627+:%! 0.6277008) 163713 3.22%013
2562 17/2 13/2= 916 0.4157003 0.35910037 0.3877005 175732 3.2710%9
3110 19/2~ 15/2~ 1001 0.2367003 0.253%0050 0.24570033 177179 3.24101%
3623 21/27 17/2- 1061 <0213 <0200 <0207 >157 >3.02
4290 23/27 19/2~ 1180 0.1387001% 0.178¥0038 0.158700%8 120735 2.63703
5464 27/27 23/2° 1174 <0.197 <0230 <0213  >92  >2.26

AW.u. = 18.79 €% fm*.

in the target and in the backing with a time step of 0.01 ps
for 10,000 histories of energy losses at different depths. Shell-
corrected Northcliffe and Schilling [18] electronic stopping
powers have been used for calculating the energy loss. In the
analysis of both of the bands, an effective lifetime was obtained
for the topmost level by assuming a prompt feed to this
level; for the rest of the transitions we have used a rotational
cascade side-feeding model of five transitions with a fixed
moment of inertia of 207> MeV~! throughout the analysis.
The intensities of side-feeding transitions and branching ratio
for the positive- and negative-parity bands were obtained
from experimentally determined relative intensities listed in
Ref. [12]. The transition quadrupole moments for the side-
feeding bands Q,(SF) were found to be ~2.4(6) e b for the
positive-parity bands and ~2.0(5) e b for the negative-parity
bands from fits to the experimental line shapes. Lifetimes were
determined by analyzing the Doppler-broadened line shapes
of the transitions (see Table I) in 148° and 32° coincidence
spectra. The line shapes of most of the transitions in the favored
signature of the positive-parity band have been obtained with
a gate on the 191-keV transition, de-exciting the 9/2% state
of this band. However, for the 1228- and 1281-keV transitions
the gate on the 896-keV transition has been used to minimize
the interference of the 1201- and 1284-keV transitions present
in the unfavored signature band. The line shapes of lower
transitions of the unfavored signature band were obtained with
a gate on the 392-keV (11/2" — 9/2%) transition. The line
shapes of the 1195- and 1201-keV transitions were obtained
using a sum gate on Al = 1 transitions with energies of 527
and 665 keV in this band and fitting them together. In negative-

parity bands, the lifetimes of 13/2~ and 15/2~ states have been
obtained from coincidence spectra gated on transitions above
the level of interest in the 90° detectors. This procedure is
used to remove the effect of other interband transitions with
energies of 741, 844, and 848 keV (feeding the 5/27, 11/27,
and 11/27 states, respectively, of this negative-parity band) on
the line shapes of the 741- and 844-keV transitions, which are
emitted from 13/27 and 15/27 states, respectively. Lifetimes
of other states above the 15/2~ were determined by gating
below the transition of interest. The experimental and fitted
line shapes for some representative transitions at 148° and 32°
are shown in Fig. 1.

The measured lifetimes of levels in the positive- and
negative-parity bands were obtained by taking the arithmetic
averages of the results measured at 148° and 32° and are listed
in Table I. Reduced electric quadrupole transition probability
B(E?2) values obtained from the measured lifetimes and
the resulting transition quadrupole moment Q, values are
listed in the last two columns of Table I, respectively. The
values of spin projection quantum numbers K =5/2 and
K = 3/2 were used for the positive- and negative-parity bands,
respectively. The plot of moment of inertia as a function
of rotational frequency indicates some irregularities around
ho = 0.63 MeV (I = %h) for the positive-parity band and
around hw = 0.57 MeV (I = 2—23h) for the negative-parity
band, which was noticed in the cranking model and interpreted
as gg,» proton alignment in the previous work [12].

Figures 2 and 3 show the variation of transition quadrupole
moments for positive- and negative-parity bands as a function
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of spin. The behaviors of both signature partners are almost
same in both parity bands. The average values of transitional
quadrupole moments are 3.5 and 3.2 e b for positive- and
negative-parity bands, respectively, before the band crossing.
The present work also reports the O, measurements for few
states beyond the band-crossing region. Though these limited
data points indicate some systematic reduction in Q, values
beyond the band crossing, further measurements are required
to produce a concrete picture of the evolution of collectivity
with particle alignment.

The PSM [13], used for understanding the evolution
of collectivity of 7Kr up to high spins, is based on the
Hamiltonian given by

o " 1 At A IR

H=Hy~5x) 0,0,~GuP'P~Go)_
0 I

Here, Hy is the spherical single-particle Hamiltonian, which

contains a proper spin-orbit force. The monopole pairing
strength G, is taken to be Gy =[G — Go(N — Z)/A]l/A
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FIG. 2. Comparison of the measured transitional quadrupole
moments Q, for excited states in the positive-parity bands in Kr
with the prediction of the projected shell-model calculation.

for neutrons and Gy = G;/A for protons with G; = 18.23
and G, = 15.12. To compare these pairing strengths to those
used in the previous PSM calculations for even-even nuclei
in the same mass region (see, e.g., Refs. [19,20]), the pairing
strengths employed in this work are reduced by a factor of 0.90
for G| and 0.94 for G, to take into account the weakened pair-
ing in odd-mass systems attributable to the blocking effect. The
quadrupole pairing strength G is assumed to be 0.16 times
G . Finally, the quadrupole-quadrupole interaction strength
x is determined by the self-consistent relation associated with
deformation &, [13]. The value of deformation &, = 0.365 is
used to construct the deformed Nilsson basis.

As the valence space for this mass region, particles in three
major shells (N = 2, 3, 4 for both neutrons and protons) are
considered. For the low-lying bands of odd-even nuclei, the
quasiparticle (gp) configuration space |¢, ) consists of a set of
1-gp and 3-qp states,

) = (o}, 10), ol ], o 10)), )

where o is the creation operator for a gp and the index n (p)
denotes neutron (proton) Nilsson quantum numbers that run
over the orbitals close to the Fermi levels.
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FIG. 3. Comparison of the measured transitional quadrupole
moments Q, for excited states in the negative-parity bands in 7Kr
with the prediction of the projected shell-model calculation.
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The variation of transitional quadrupole moments with spin
for the positive- and negative-parity bands are compared to the
calculations, in Figs. 2 and 3, respectively. For completeness,
the present measurements of transitional quadrupole moments
(see Table I) for spin above I™ = 15/2% for the positive-parity
band and /™ = 13/2~ for the negative-parity band are plotted
along with the previous measurements from Ref. [12]. It is
found that the moments Q, for both positive- and negative-
parity bands have rather similar values at low spins. At high
spins, in particular after the 1-gp and 3-qp band crossing,
Q, clearly decreases. The decrease in transition quadrupole
moment corresponds to a quenching of system deformation.

For the lowest spin states of positive parity the calculated
values underpredict the previous measured Q; values, as
seen in Fig. 2. This discrepancy in Q, can be attributed to
our simplified description of the deformed basis. A similar
problem was found for the even-even nuclei of the same
mass region [20]. In the present PSM calculation for 7K,
a fixed prolate deformation is assumed. It is known that this
nucleus is characterized by shape changes at low spins [12].
This means that, near the ground state, the potential energy
surface has a soft character, which cannot be ideally modeled
by a single deformation. For the negative-parity band the
transitional quadrupole moments (Q,) remain constant up to
the band-crossing region and then decrease slightly by ~13%.
This trend is quite nicely reproduced by the calculated (Q;)
values of PSM, as shown in Fig. 3.

For the positive-parity states, we find that the neutron 1-qp
band of %[402] lies lowest in energy in the low-spin region,

whereas the other two, the 1-qp %[420] and %[402] bands,
lie, respectively, about 0.7 and 1.9 MeV above. Thus, the
main component in the positive-parity band under discussion
should be of K = % However, the band cannot retain its
pure configuration when the nucleus rotates faster because the
3-gp configurations are seen to be lower, approaching or even
crossing the K = % band at higher spins. The three important
3-gp bands that are found to be the lowest among many other
3-gp bands are listed in Table II. Around the region of band
crossing, the corresponding wave functions must undergo a
configuration change because of band mixing. The changes
in configuration can lead to reduced @, values near that

spin (as seen in Fig. 2). Similar variations discussed earlier
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TABLE II. Important configurations of 1- and 3-qp states
used in band mixing of positive- and negative-parity bands.

Parity qp Total K Configurations

+ l-qp 52 v 5/2[402]
12 v 1/2[420]
312 v 3/2[402]
+  3gp 32 v 5/2[402] @ 7 1/2[400] ® 73/2[402]
72 v 5/2[402] @ 7 1/2[400] & 73/2[402]
512 v 3/2[402] @ 7 1/2[400] & 73/2[402]
- lgp 32 v 3/2[321]
52 v 5/2[312]
312 v 3/2[312]
—  3qp 12 v3/2[321]® 7 1/2[400] ® 73/2[402]
512 v 3/2[321] @ 7 1/2[400] & 73/2[402]

in this report happen also in the negative-parity band. The
lowest band is the neutron 1-qp %[321] band. The other two

1-gp bands, the 3[312] and 2[312] bands, lie about 1.5 MeV
above it. At I = 25/2, the calculation predicts a crossing of
the %[321] band by two 3-qp bands (see the configurations
listed in Table IT). Because of this crossing, a similar reduction
in Q, is expected, as in the positive-parity case. A detailed
PSM analysis of the nearby odd-A nuclei will be presented
in a forthcoming article to get a systematic picture of shape
evolution in this region [21].

In summary, lifetimes of the high-spin states have been
measured via the 5()Cr(28$i,2pn)75Kr reaction, for the yrast
positive- and negative-parity bands of 7Kr. The extracted tran-
sitional quadrupole moments for both bands remain constant
before the band crossing. The experimental values of transition
quadrupole moments have been compared with the predictions
of PSM and provide a good description of the measured data.
Further measurements of the lifetime of excited states up to
higher spins for this nucleus are required to quantify the effect
of particle alignment on the evolution of collectivity.
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