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Spectroscopy of 7*Se: Prolate-to-oblate shape transition
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The spectroscopy of 7Se has been studied using the °Zn('>C, «2n)"Se fusion evaporation reaction. The yrast
band of 7Se has been extended to substantially higher spin, allowing observation of the second band crossing.
The much-delayed gy/» proton-pair alignment is discussed in terms of the cranked shell model and most likely is
caused by a shape transition from prolate to oblate along the yrast line occurring in 7°Se. Based on the systematic
investigation of the band crossings associated with the go» quasiparticle alignments and their relationships with
the shape evolutions in the even-A Se and Kr isotopes, a comprehensive picture of shape evolution along with

spin and isospin in these nuclei is obtained.
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The nuclear shape that reflects the spatial distribution of
the nucleons is a fundamental characteristic of the nucleus.
For the neutron-deficient Kr and Se nuclei in the A ~ 70 mass
region, due to the large subshell gaps around Fermi surfaces in
the single-particle spectra at prolate and/or oblate deformation
for proton and neutron numbers 34, 36, and 38, they exhibit
rich and varied shape-related phenomena, such as rapid shape
transition, shape coexistence, and triaxiality, and have been the
focus of intense theoretical and experimental investigations in
recent years.

For the neutron-deficient Kr isotopes, a clear and coherent
picture of shape transitions and shape coexistence has been
obtained. With the increase of isospin, both the experimental
results [1-6] and theoretical calculations [7—14] have demon-
strated that the shape transition of the ground state from oblate
to prolate occurs at *Kr. Meanwhile, the coexistence of prolate
and oblate shapes has also been discovered in these transitional
Krisotopes. For example, alow-lying prolate deformed excited
0" state, which coexists with the oblate 0" ground state, has
been found in "?Kr [3,15], while low-lying oblate deformed
excited 0T states, which coexist with the prolate 0% ground
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states, have been found in 7#7°Kr [2,5,16-19]. These two
coexistent shapes, prolate and oblate, interchange their roles
between 7?Kr and 7*Kr. In addition, with the increase of
angular momentum, a rapid shape transition from oblate to
prolate along the yrast line has been suggested to occur at very
low spins in 7>Kr with the recent lifetime measurement [6].
In contrast, the g-factor [20] and lifetime [21] measurements,
as well as the excited Vampir calculations [9], indicated that
8 Kr undergoes a prolate-to-oblate shape transition along the
yrast line. For 747%Kr, along the yrast line, the prolate shapes
of their ground states were found to be relatively stable and
persist to higher spins [19,22-26].

Compared to the neutron-deficient Kr isotopes, the situation
for the neutron-deficient Se isotopes is not that clear. The
early Coulomb excitation experiments in the late 1970s have
shown that all the ground states of 7+76.78.80.82Ge have prolate
shapes [27,28], while the ®Se was found to have an oblate
ground state [29,30]. For 7%72Se, total-Routhian-surface [31]
and excited Vampir [32] calculations predicted an oblate
ground state. In contrast to the predictions, a Coulomb
excitation experiment of °Se suggested its ground state has
a prolate shape like the heavier Se isotopes [33]. Later, new
lifetime measurements for 7%72Se [34] revised the conclusions
drawn from the Coulomb excitation of 7°Se. The experimental
results in Ref. [34] seem to favor a positive value of the
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spectroscopic quadrupole moment, i.e., oblate shape, for the
70Se. However, due to the large uncertainty of the Coulomb
excitation cross section and its relatively weak dependence on
the quadrupole moment, in Ref. [34], a precise determination
of sign of the quadrupole moment for 7°Se was not achieved.
More accurate experimental confirmation of exact location
where shape transitions of the ground state from oblate to
prolate occur in Se isotopes is still needed. Meanwhile, similar
to 7?Kr, both 7°Se and 7>Se were found to have a prolate shape
at low spins as indicated by the lifetime measurements [34] and
the high-spin studies [31]. For #Se, although direct quadrupole
moments measurements have not been made for excited states
above the 27 level, a high-spin study has revealed that a prolate
shape is necessary to reproduce the character of the observed
band crossings [35]. As a neighboring nucleus of "*Se, 7°Se is
also suggested to have a prolate ground state [27]. So far the
high-spin structure of °Se has not been well established and
the yrast band was observed only up to spin 12% [36]. Due to
little experimental information on the high-spin structure, no
definite conclusion of shape evolution along the yrast line in
76Se has been drawn. An interesting question therefore arose
whether the prolate shape of the ground state in 7%Se persists
to high spins as in the neighboring isotope 74Se or undergoes a
prolate-to-oblate shape transition along the yrast line as in the
neighboring isotone "8Kr. To answer this question and to get
a complete picture of shape evolution with spin and isospin
in the neutron-deficient Se isotopes, extending the high-spin
spectroscopic study to 7®Se is very meaningful.

Here, we report an experimental investigation on the
high-spin properties of °Se via the 7°Zn('?C, «a2n)’*Se
fusion-evaporation reaction. The collective structure of 7°Se is
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expanded significantly, allowing the observation of the second
band crossing. The characters of band crossings in 7°Se are
discussed in terms of the cranked shell model (CSM) and
suggest that a possible shape transition from prolate to oblate
along the yrast line occurs in 7®Se.

The present experiment was performed at iThemba LABS
in South Africa. The high-spin states of 7Se were populated
via the 7°Zn(">C, o2n)’%Se fusion-evaporation reaction at
beam energies of 60 and 65 MeV. The target was self-
supporting "°Zn with a thickness of 0.85 mg/cm?. The in-beam
y-rays were detected by the AFRODITE array [37], which
consists of eight Compton-suppressed clover detectors. The
clover detectors have been arranged in two rings at 90° (four
clovers) and 135° (four clovers) with respect to the beam
direction. To select specific reaction channels, the DIAMANT
array [38,39], which consisted of 64 CsI(TI) scintillators in
the present experiment, was also used with the AFRODITE
array.

A total of 124 x 10® a-y-y coincident events were
collected, from which a symmetric matrix was built. The
level scheme analysis was performed using the RADWARE
program [40]. The y-ray spectra gated on the known y-ray
transitions in 7°Se are shown in Fig. 1. In order to obtain
Directional Correlations of y rays deexciting Oriented states
(DCO) intensity ratios to determine the multipolarities of y -ray
transitions, the detectors around 90° with respect to the beam
direction were sorted against the detectors around 135° to
produce a two-dimensional angular correlation matrix. To get
clean DCO values for transitions in "6Se, gates were set on
uncontaminated stretched E2 transitions. In general, stretched
quadrupole transitions were adopted if DCO ratios were larger
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FIG. 1. Coincidence y-ray spectra generated from (a) the sum of gates on 1007.1-, 1029.6-, and 1131.2-keV transitions, (b) the sum of
gates on 942.8- and 962.0-keV transitions. The peaks marked with stars are known contaminants.
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FIG. 2. (Color online) Partial level scheme of 7°Se. Energies are
in keV. New observed transitions are indicated by red lines.

than 1.0, and stretched dipole transitions were assumed if DCO
ratios were less than 0.8.

The partial level scheme of 6Se deduced from the
present work is shown in Fig. 2. It was constructed from
y-y coincidence relationships, intensity balances, and DCO
analyses. As shown in Fig. 2, the previously reported positive-
parity bands [41,42] have been considerably extended. The
yrast band (band 1) of 7°Se is extended from spin 12* at
5429.4 keV to spin 227" at 13678.9 keV and the y-vibrational
band (band 2) is extended from spin 10 at 4685.3 keV to spin
19% at 11144.9 keV.

The high spin states of 7°Se, observed in the present work,
allow band crossing phenomena and shape evolution to be
studied. In neutron-deficient nuclei in the A ~ 70 region, both
protons and neutrons occupy the same high-j go/, intruder
subshell and give rise to strong competition between the go,>
neutron and proton alignments, which together with the variety
of shapes in these nuclei, means it is usually difficult to discern
which alignment will be favored for the band crossing. To
identify the origin of the observed band crossings in this mass
region, systematics and theoretical studies of the characters of
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FIG. 3. (Color online) The kinematic J" and dynamic J® mo-
ments of inertia as functions of rotational frequency for the yrast
bands in "Se, "Se, and "*Kr. New data of "5Se are indicated by solid
red triangles.

the band crossings are very helpful. In Fig. 3, the kinematic JV
and dynamic J® moments of inertia as functions of rotational
frequency for the yrast band in 7®Se, in comparison with those
for the yrast bands in neighboring isotope "#Se and isotone
8K, are plotted.

As shown in Figs. 3(a) and 3(c), at low rotational frequency
<0.55 MeV, the kinematic moments of inertia for "*Se, 7°Se,
and 7®Kr increase rapidly. Above a rotational frequency of
0.55 MeV, the kinematic moments of inertia of 7°Se and "®Kr
become flat until a rotational frequency of 0.80 MeV, while
the kinematic moment of inertia of 7*Se continues to increase
until a rotational frequency of 0.70 MeV and then becomes
relatively flat. Above the rotational frequency of 0.80 MeV,
both 7°Se and "8Kr display a similar onset of other upbending.
As shown in Fig. 3(b), corresponding to the long upbending
in the kinematic moments of inertia, there are two close peaks
around frequencies of 0.50 and 0.65 MeV, in the dynamic
moment of inertia of the yrast band in 74Se. In Ref. [35], the
long upbending observed in 7*Se was ascribed to the successive
alignments of a pair of gg,» protons around hw = 0.50 MeV
and a pair of g9/, neutrons around i = 0.65 MeV, meanwhile
its prolate shape was assumed to persist up to the second band
crossing region. For 78Kr, the g-factor [20] and lifetime [21]
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FIG. 4. (Color online) Experimental and calculated moments of
inertia for the yrast band of "°Se.

measurements have indicated that the two well-separated band
crossings occurring around Aw = 0.55 and 0.90 MeV can be
well ascribed to the alignments of a pair of g9/, neutrons
and a pair of gg/» protons, respectively. Meanwhile, a shape
transition from prolate to oblate around the first band crossing
region for "8Kr is suggested. The striking similarity in the
moments of inertia between 7°Se and 7®Kr indicates that 7°Se
has a similar alignment behavior to that of isotone 78Kr, which
is different from that of isotope 7Se. In addition, it is well
known that the nuclear moment of inertia is very sensitive
to the nuclear shape. Considering that previous experimental
investigations [27,28,43,44] have indicated that all the ground
states of 7*Se, 7°Se, and "8Kr have similar prolate shapes,
the similar moment of inertia behavior between 7°Se and 7Kr
implies that 7°Se may undergo a similar prolate-to-oblate shape
evolution along the yrast line as "3Kr.

To further understand the details of band-crossing phe-
nomena and shape evolution in 76Se, the CSM calculations
[7,45-47] using a Woods-Saxon potential with the deformation
parameters (B;,84,y) = (0.267,0.014,0°) and (B,,Bs,y) =
(0.267,0.014, — 60°) for both quasineutrons and quasiprotons
in 7%Se are performed. The quadrupole and hexadecapole de-
formation parameters $, = 0.267 and B84 = 0.014 are deduced
from the coupled-channel analyses of the polarized-protons
inelastic scattering measurements [48]. With the prolate shape,
the gg/> proton-pair alignment and gy, neutron-pair alignment
occur around the similar rotational frequency, while with
the oblate shape, the band crossing shifts to a much higher
rotational frequency for the gg,, proton-pair alignment but
remains nearly unchanged for the g9/, neutron-pair alignment.
InFig. 4, we compare the experimental moments of inertia with
the theoretical results using the oblate deformation parameters
for the yrast band of "°Se. The overall agreements between
the experimental data and theoretical results are reasonable.
Therefore, the pronounced delay of the g9, proton-pair
alignment can be seen as a sign of oblate shape, and a
prolate-to-oblate shape transition along the yrast line appears
to well explain the underlying reason for the observation of
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FIG. 5. (Color online) Calculated crossing frequency, hw., for
the yrast band as a function of the triaxiality parameter y for the
fixed quadrupole and hexadecapole deformation parameters 8, =
0.267 and B, = 0.014.

the delayed band crossing for the go/> proton-pair alignment
in 7°Se.

As is well known, triaxiality plays an important role in this
transitional nuclear region [11,49-51]. To investigate the de-
pendence of the gg/, quasiparticle crossing frequencies on the
triaxiality, in Fig. 5, the calculated g9/ quasineutron and g9/»
quasiproton crossing frequencies as functions of the triaxial
deformed parameter y are plotted. Here the Lund convention
for the y value is used in the CSM [52]. It can be seen that
with a prolate-like deformation (—20° < y < 30°), the gg/»
quasineutron and gg/, quasiproton crossing frequencies are
close to each other, while with an oblate-like deformation
(=60° < y < —40°), the g9/> quasiproton crossing frequency
is much higher than that of g9,> quasineutron. The calculations
further illustrate the role of oblate shape for the delayed second
band crossing in "%Se.

With the new results in 7°Se, to achieve an overall picture
of the g9/» quasiparticle alignments and their relationships with
the shape evolutions in A ~ 70 mass region, the systematics of
the go/> neutron and proton crossing frequencies are plotted as
functions of neutron number for even-A Se and Kr isotopes, in
Fig. 6. Several interesting systematical features can be clearly
seen. (1) For the lighter *72Se and 7>7476Kr isotopes, they
have similar alignment schemes: simultaneous g/, proton-pair
and neutron-pair alignments. The 7>Kr has been found to have
an oblate ground state and undergo a rapid shape evolution
from oblate to prolate at low spins. For 77?Se, previous
studies have shown that these two isotopes also have prolate
shapes at low spins, although the shapes of their ground
states have not been definitely determined. Meanwhile, the
prolate shapes of ground states of "7°Kr were found to be
preserved to higher spins. Thus the simultaneous occurrence
of g9/» proton-pair and neutron-pair alignments in these light
Se and Kr isotopes can be interpreted in terms of their
prolate shapes at the band crossing region. (2) For ’* Se, the
alignment behavior is somewhat different from that of 7%72Se
and ">7+7Kr. The frequency of go» quasiproton alignment
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FIG. 6. (Color online) Systematics of experimental crossing fre-
quencies for the gy, proton-pair and gg/» neutron-pair alignments in
the (a) Se and (b) Kr isotopes. The arrow indicates that only the lower
limit can be deduced from the present data. Experimental data are
taken from Refs. [24,26,31,35,53-59].

is 0.15 MeV lower than that of g9/, quasineutron. Based on
the measured B(E2) value, an average prolate quadrupole
deformation B8, = 0.30 at the band crossing was deduced for
74Se [35]. The CSM calculations in Ref. [35] have shown that
if the prolate quadrupole deformation S, of 7#Se is larger than
0.25, the g9/> quasiproton alignment will occur before the gg/»
quasineutron alignment. (3) For the N = 42 isotones °Se and
8K, which have prolate ground states, the gg> quasiproton
crossing frequency is far above the go/> quasineutron crossing
frequency. As discussed above, such a delay of g9, proton-pair
alignment can be well attributed to the shape transition from
prolate to oblate along the yrast line in these two isotones.
(4) For the heavier nucleus 8Kr, the nearly simultaneous go /2
proton and neutron pair alignments occur again. In Ref. [54],
the almost simultaneous alignments of gg,, neutron and proton
pairs in 8Kr can be explained by assuming an oblate-to-prolate
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shape change. In contrast to 3°Kr, which has an oblate ground
state, the N = 44 isotone "®Se was suggested to have a prolate
ground state with the Coulomb excitation experiments [27]. So
far the yrast band of "8Se was only established up to spin 12+
and the first band crossing was ascribed to the g9/, neutron-pair
alignment. The go/, proton-pair alignment, which is sensitive
to the nuclear shape as discussed, has not been observed in
this nucleus. Thus, it would be very interesting to extend the
high-spin spectroscopic study to "8Se.

In this paper we reported a spectroscopic study of 7°Se. The
yrast sequence of 7°Se is first extended up to the second band
crossing region. Based on the systematic comparison with the
band crossings observed in the neighboring nuclei and CSM
calculations, the much-delayed alignment of g, proton pair
most likely is caused by a shape transition from prolate to
oblate along the yrast line occurring in 7®Se. Systematic study
of the underlying reason for the band crossings observed in
the Se and Kr isotopes gives a comprehensive picture of the
shape evolutions along with spin and isospin in this mass
region. To get further insight into the shape evolutions in this
mass region, more experimental spectroscopic and theoretical
studies are needed; especially in determining the ground-state
triaxiality in this region by using, for instance, the technique
of rotational invariants [60,61].
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