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The level structure of the transitional even-even '*Ce nucleus has been investigated using the
1228n(*8Q, 4ny) reaction. The prominent structure observed at high spin is a AI =1 rotational band,
populated with ~25% intensity of the 2* —0™ transition, which has a low dynamic moment of in-
ertia <20#* MeV ™! for frequencies below % =0.45 MeV. This band is interpreted in terms of a
two-quasiproton-two-quasineutron configuration with a shape close to the collectively rotating
¥ = —60° oblate shape, and is related to the oblate 7h,, ,®[vh,,,,]* configuration seen in several
nearby odd-Z nuclei. The systematics of such oblate rotational bands in this mass region are dis-
cussed. Other AT =2 bands, built on states including A, , quasineutron orbitals, are also associated
with collective oblate rotation. In addition, tentative evidence is presented for a weak band (<2%
intensity), showing an enhanced dynamic moment of inertia ~57#> MeV ~!, built on the highly de-
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formed [vi 3, ]* prolate configuration.

I. INTRODUCTION

The transitional nuclei in the light rare-earth region of
mass A ~ 135, just below the neutron shell closure at
N=82, exhibit a variety of interesting phenomena. These
nuclei are predicted to be soft' ~* with respect to y, the
shape asymmetry parameter in the polar representation
of rotating quadrupole shapes, and shape changes can
readily be achieved by the rotational alignment of specific
quasiparticle pairs.*> Whereas valence 4, ,, protons sta-
bilize near-prolate y ~0° shapes (the Lund convention® is
used for the definition of y), valence h,, ,, neutrons can
induce significant shape changes towards the collectively
rotating oblate ¥y = —60° shape. Strongly coupled AI=1
rotational bands, built on multiquasiparticle states with
such an oblate shape, have recently been established in
odd-Z 'La,” 'Pr,® and "»Pr;° doubly-odd 28130] 5; 10
and even-even '*?Ba.!! In this paper, evidence is present-
ed for a similar strongly populated AI=1 band in '**Ce,
and the systematics of such bands are discussed. The im-
portant components of these oblate bands appear to be a
high-Q h,,,, proton coupled to a pair of rotationally
aligned low-Q A, ,, neutrons at y ~ —60°.

An additional interest in the cerium nuclei arises be-
cause of the observation of highly deformed AI=2
decoupled bands in *"!32Ce (Refs. 12 and 13) with a
quadrupole deformation ,>0.35 (y ~0°) corresponding
to a prolate rotor with a 3:2 axis ratio. Recent total-
Routhian-surface (TRS) cranking calculations'*!* have
also predicted low-lying highly deformed prolate bands in
133=136Ce associated with one or more vi 3 ,, B-driving or-
bitals. In '*Ce, a decoupled band has been associated
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with the vi;,, orbital,'® but the observed 25% increase
in the moment of inertia, although indicating a larger
quadrupole deformation than the ground state, does not
suggest a highly deformed (/3,~0.35) structure. Searches
for such a highly deformed band in '33Ce have proven un-
successful,!!® while the analysis of '**!3Ce from the
present data is still in progress. However, tentative evi-
dence for a band of enhanced deformation in **Ce will be
presented in this paper.

Low-lying states in '*®Ce have previously been dis-
cussed by Ward e al.,'” Dehnhardt et al.,° and
Miiller-Veggian et al.?! In addition, an isomeric 10™
state has been established by Yoshikawa?? and the nature
of this isomer has been discussed by Dafni et al.?

II. EXPERIMENTAL METHODS AND RESULTS

A. Coincidence experiments

The '2Sn('80, xny)'*0~*Ce reaction at beam energies
of 85 and 89 MeV was used to investigate high-spin states
of the 3#13513Ce nyclei. Two stacked self-supporting
12281 targets of thickness 500 ug/cm? were bombarded by
beams of '80 accelerated at the Stony Brook Supercon-
ducting LINAC Facility such that the majority of the
recoiling nuclei left the target material with the full recoil
velocity prior to y-ray emission. An array of six
Compton-suppressed Ge detectors®* was used to record
y-y coincidence data. In order to improve the resolution
of the Doppler shifted transitions, lead tapered-slit colli-
mators were inserted in front of the Ge detectors such
that an opening half-angle A(6/2)=4.6" was achieved.
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The effects on the energy resolution when using thin tar-
gets and a small angular acceptance are discussed by
Wyss in Ref. 25. Gamma-ray multiplicity information
was also recorded by fourteen hexagonal bismuth ger-
manate (BGO) crystals covering a solid angle in excess of
80% of 4. This Stony Brook array is shown schemati-
cally in Fig. 1.

In order to reduce background activity and Coulex
lines, only those Ge-Ge events in coincidence with at
least two BGO elements were written onto magnetic tape.
Under this condition, approximately 120 million two- or
higher-order Ge-Ge events were recorded at 85 MeV
while 160 million events were recorded at 89 MeV. In or-
der to emphasize the 4n channel into '3*Ce, only those
events with fold k (the number of BGO elements firing) in
the range 7=k =14 for the 85-MeV bombardment were
sorted offline on a MICROVAX II computer to produce
a symmetrized array of E,, vs E,. Approximately 75 mil-
lion events were sorted into this array. The background,
arising from many weak unresolved continuum y rays
and from Compton scattering of the strong discrete lines,
was subtracted channel by channel from this array using
the method outlined in Ref. 26. Gated spectra generated
from this array were used to construct the decay scheme
of 13Ce, which is presented in Fig. 2. Examples of such
gated coincidence spectra are shown in Fig. 3.

B. Angular distribution and correlation data

A subsequent angular distribution measurement was
undertaken for the transitions in '3136Ce using the
1243n(1%0, xny)'¥"*Ce reaction. A 91-MeV '°0O beam
was used to bombard a '?*Sn target of thickness 2.3
mg/cm? on a natural lead backing of 50 mg/cm? One
Compton-suppressed Ge detector, 22 cm from the target,
was positioned at angles 90°, 115°, 125°, 135°, and 145°
with respect to the beam axis. A second Ge detector at
—90° served as a monitor. The empirical y-ray intensi-
ties were fitted to the standard Legendre expansion

W(0)=Ay+ A,P,(cosf)+ A4P,(cosh) , (1)

where A,, A,, and A4, are adjustable parameters. The
results of this analysis are presented in Table I, where a
small correction has been made to each 4,/4, and
A4/ A, value to account for the finite size of the detec-
tor. For other transitions assigned to !*°Ce that were
weak or formed doublets in the singles spectra, the inten-
sities were obtained from the coincidence data. These
values are also included in Table I. The transition inten-
sities have been corrected for both detector efficiency and
internal conversion effects.

An angular correlation analysis was also performed
making use of the coincidence data. When recording the
coincidence data, the six Ge detectors, 14.2 cm distant
from the target, had been placed at angles of +145°,
+28° —85° and +80° with respect to the beam axis.
The two detectors nearest 90° (—85° and +80°) were
sorted against the other four detectors to produce a two-
dimensional angular correlation array, from which it was
possible to extract average empirical directional correla-
tion (DCO) (Ref. 27) intensity ratios. Gates were set on
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FIG. 1. A schematic view of the SUNY array.

known quadrupole transitions along both axes of the
correlation array. The intensity ratios of other coin-
cident transitions observed in the two spectra obtained
for each gating transition were used to distinguish be-
tween dipole and quadrupole transitions. The empirical
intensity ratios extracted for stretched quadrupole transi-
tions in this and neighboring nuclei are typically = 1.0,
while values =0.7 are obtained for stretched dipole tran-
sitions. The results of this angular correlation analysis,
averaged for several gating quadrupole transitions, are in-
cluded in Table I.

C. The decay scheme of '3°Ce

The decay scheme of '*°Ce, deduced from this study, is
shown in Fig. 2. The placement of the y transitions in
the level scheme is based on coincidence relations and rel-
ative intensities. The spin-parity assignments were de-
duced from the angular distribution and correlation
analysis, together with the observed decay patterns.

The somewhat irregular ground-state band could be
followed up to I"=87". Shown to the right in Fig. 2 is
the 10" state with a measured half-life ¢, ,,=2.2 ps.?
The g factor of this state has been measured by Dafni
et al.?® as g~ —0.18 indicating a [vh,, , ]* configuration
for this state. Two quadrupole transitions have been ob-
served above this isomeric level up to the 14* level at
4834 keV. Several other transitions, mainly dipole in na-
ture, have been placed above the 4834-keV level. In addi-
tion, several low-lying negative-parity states are shown to
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FIG. 2. The decay scheme of **Ce deduced from this work. The transition energies are given in keV and the width of the arrows

represents the relative transition intensities.

the left in Fig. 2 that are connected predominantly by
stretched quadrupole transitions.

Shown at the highest spins is a relatively strongly pop-
ulated AI=1 band. A y-ray spectrum showing transi-
tions within this band is presented in Fig. 3(a). The or-
dering of the two topmost transitions of energies 515 and
525 keV is not certain and hence they are shown dashed
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in Fig. 2. This band decays by in-band AI=1 transitions
with none of the crossover E2 transitions being observed
despite the intensity of the band. Reliable angular distri-
bution data could only be extracted for the 380 and 436
keV transitions; the values are consistent with negative
E2/M 1 mixing ratios 8, (using the sign convention
of Ref. 28) for these AI=1 transitions (see Table I).
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FIG. 3. Examples of gated coincidence spectra with transition energies labeled in keV: (a) A gate set on the 194 keV (16~ —157)
transition depopulating the A7=1 band (this transition forms a doublet with the weaker 193 keV 8~ — 8™ transition). The transitions
marked with solid circles are associated with the AI=1 band. The rise in the background at low energies is a consequence of the
background-subtraction technique (Ref. 26). (b) A gate set on the 568 keV transition showing evidence for a weak band (solid circles)

with AE, ~70 keV.
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Finally, two weak sets of coincident transitions were
established with intensities less then 2% of the 2* —0"
transition. One set of transitions is shown to the extreme
left in Fig. 2. These y rays are in coincidence with the
low-lying 552-762-900-741 keV sequence. In addition, all
of these transitions are coincident with a 911 keV transi-
tion. This 911 keV transition may therefore form the
link, or part of the link, between the two bands, but be-
cause of the uncertainty, it is shown dashed in Fig. 2. It
is assumed that the new transitions are of stretched quad-
rupole character because of the regular nature of the
transitions observed to high transition energies. A con-
stant energy spacing AE,~70 keV is observed in this
band. A gate set on the 568 keV transition is presented in
Fig. 3(b) showing the weak band.

The second weak set of transitions of energies 189-
158-201-169-384-234-293 keV (not included in Fig. 2)
that probably feeds the (right-hand) 8" level at 2990 keV
via the 857 keV and other transitions was established.
Some of the higher y rays in this sequence are also in
coincidence with the 665-1073 keV transitions above the
isomeric 10" level. The ordering of the transitions is tak-
en from individual gated spectra. Because of the low en-
ergies of the transitions, they are most likely of AI=1
character.

III. DISCUSSION

A. The ground-state band

The low-lying 552-762-900 keV sequence was initially
established by Ward et al.'® who interpreted these transi-
tions as members of the ground-state rotational band of
B38Ce up to the first I"=6" level at 2214 keV. A second
6" level occurs at a higher excitation energy of 2367 keV.
By applying the variable moment of inertia (VMI) mod-
el,? Miiller-Veggian et al.?' suggested that this second
6" state and the higher 8" state at 2990 keV are not col-
lective and proposed [7g,,,]* (67) and [vh,,,]* (8")
configurations, respectively. In addition, the measured
B(E2;4" —27) value of ~8 W.u. (Ref. 20) indicates a
low collectivity for the ground-state band. Moreover, the
ground states of the 76 =N =80 even-even nuclei of this
mass region are predicted to exhibit small quadrupole de-
formations together with significant triaxial deforma-
tions, >1* while stable prolate deformations 3, >0.2 occur
for N <74. Indeed, recent TRS cranking calculations'*
for 13%Ce predict a shallow minimum at (f3,=0.06,
vy = +13°) for the ground-state rotational band.

B. The sidebands

1. Positive-parity states

The g-factor measurement of Dafni et al.?® has implied
a [vh,,,,]* configuration for the isomeric 10" level in
136Ce. Because of the shape-driving forces®’ that are ap-
plied to the y-soft core by the aligned 4, ,, neutrons, it is
expected that this 10T state possesses a shape close to the
collectively rotating y = —60° oblate shape. Similar ob-
late shapes have been proposed in several N=76 (Refs.
11, 30, and 31) and N=78 (Ref. 32) isotones, while recent
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TRS calculations for such a configuration in '*®Ba are
presented in Ref. 33.

Above the 141 state at 4834 keV, several other
positive-parity states, connected by relatively high-energy
AI=1 transitions, have been established. The structure
of these states is not clear and will not be discussed fur-
ther.

2. Negative-parity states

Following comparisons with isomeric states observed
in neighboring odd-N nuclei, Miiller-Veggian et al.?!
proposed a vh,,,,®vs,,,(d;,,) configuration (the vs,,
and vd,,, orbitals are strongly mixed) for the low-lying
57,67, 7 ... states in *Ce, with possibly a large nega-
tive y deformation y <<0°. Specifically, £ * isomers have
been observed in several N=77 isotones including !**Ce
and *'Nd,* which have negative g factors®® consistent
with a vs, ,®[vh,, ,]* three-quasineutron configuration.
The excitation energies of these isomers are independent
of the proton number, as is the case for 5~ states in the
corresponding core nuclei, also implying a neutron char-
acter for these states. For this y-soft nucleus it would be
relatively easy for the valence h,;,, neutron to induce a
significant negative ¥ deformation close to the collective
¥ = —60° oblate shape. A similar structure has recently
l]);szen plrloposed for the low-lying negative-parity states in

Ba.

The two transitions of energies 632 and 928 keV,
placed on top of the 11~ state at 4241 keV may form part
of a band built on the vs,,,®[vh;,,,]* oblate four-
quasineutron configuration. Alternatively, this band
could be associated with the prolate decoupled band ex-
pected for the wh,; ,®mg;,, configuration. Such side-
bands built on the prolate wh,, ,,®7g,,, configuration
have been predicted and observed®®’’ in the well-
deformed light barium nuclei. Furthermore, rotational
sidebands built on both of the proposed configurations,
namely prolate-proton and oblate-neutron configurations,

have been observed at similar excitation energies in
132g, 11
a.

3. The AI=1 band: Systematics
of collective oblate rotation

The existence of strongly coupled AI=1 rotational
bands with distinct properties has been established for
several nuclei of this mass region including odd-Z,”°
doubly-odd, '° and even-even'' nuclei. The characteristic
features of these bands are: (1) Intense AI=1 transitions.
Where the E2 crossovers have been observed, values of

B(M1;AI=1)/B(E2;AI =2)~10(uy /eb)>

have been extracted; (2) no signature splitting, i.e., the
AI=1 transition energies increase smoothly with spin; (3)
negative E2/M1 mixing ratios 8, for the AI=1
transitions, when measured; and (4) relatively low dynam-
ic moments of inertia J'*'=dI /d w, typically only 60% of
values for known prolate bands.

In the case of *'La,’ such a band was identified with
the 7h,,,,®[vh,,,,]* configuration at a shape close to
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the collectively rotating y = —60° oblate shape. Compar-
ison with cranked shell-model (CSM) calculations indi-
cated that it is the rotational alignment of upper midshell
h,, , neutrons that induces the shape change towards the
collective oblate shape, especially for the y-soft nuclei of
this mass region. However, the 7h; ,[505]4 ~ orbital is
strongly down sloping in energy on the oblate side
(B,<0) of a Nilsson diagram and may also contribute to
the stability of the oblate shape. Indeed, collective oblate
bands built on this single high-Q wh, ,, orbital have re-
cently been observed®® to low spin (1 7) in light iodine
nuclei. For such an oblate shape, the [S05]4 ™ orbital is
near to the proton Fermi surface for proton numbers
Z ~56.

The strongly coupled nature of the h,,,, proton pro-
duces several experimentally observable effects. First, the
high Q gives rise to a regular A/=1 band with no signa-
ture splitting. Secondly, the large positive g factor of the
h,,,, proton leads to a sizeable component of the mag-
netic moment p perpendicular to the spin I of the nu-
cleus. In terms of the geometrical model of Donau and
Frauendorf,* the high-Q orbital will induce a strong
B(M1) rate and will produce an E2/M1 mixing ratio
OE2,m for the AI=1 transitions whose sign reduces to
the sign of the quadrupole moment, i.e., sgn[dg, 1]
=sgn[Q,]. Hence, for an oblate shape with Q, <0, then
8k, /a1 Will be negative.

The intense AI=1 band observed in '**Ce and shown
in Fig. 2 has no signature splitting. From the observed
intensities of the AI=1 transitions, together with upper
limits for the unobserved crossover E2 transitions, a con-
servative lower limit for the B(M1;AI =1)/B(E2;AI
=2) ratios of 10 (uy /eb)? is obtained for the band, con-
sistent with values obtained in similar A7=1 bands in
130,131 5 107 The E2/M 1 mixing ratio 85, 5 could only
be extracted for two of the AI=1 transitions in **Ce but
was found to be negative thereby implying an oblate
shape for the band. A relatively low dynamic moment of
inertia

J¥=dl /dw=4#"/AE , <20# MeV ™'

was extracted for this band for rotational frequencies
below i =0.45 MeV.

With regard to the discussed configurations for the
negative- and positive-parity sidebands, an obvious
choice for the configuration associated with the AI=1
band in '°Ce is the 7g,,®mh, ,®[vh, ,]* two-
quasiproton—-two-quasineutron configuration at y ~ —60°.
This structure has recently been proposed for a similar
AI=1 band in '*?Ba;!! this band was populated, however,
with only ~3% of the intensity of the 2 —0% transi-
tion. Comparing the collective oblate bands systematical-
ly observed in this mass region, it is possible to write
down quasiparticle configurations for these structures ob-
served in odd-Z, doubly-odd, and even-even nuclei, i.e.,

BlLa, 3 Y7pr: 7hy, @ [vhy, 2] (0dd Z),
130La: vg7/2®77h“/2®[vh”/2]2 (Odd Odd),

132
Ba,l36ce3 7Tg7/2®7Th“/2®[Vh“/2]2 (even CVen) .
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The common element of these bands is a pair of rotation-
ally aligned low-Q h, ,, neutrons coupled to the [S05]4 ~
high-Q h,,,, proton orbital. As previously stated, the
aligned neutrons drive the y-soft core to the collective
oblate ¥ ~ —60° shape where the h,, ,, proton is responsi-
ble for both the regular (no signature splitting) sequence
of the AI=1 transitions and for the large B(M1)/B(E2)
ratios. The extra positive-parity quasiparticles for doubly
odd °La, and even-even '3?Ba and '*°Ce, showing rela-
tively flat Routhians with respect to y, are essentially
spectators with no influence on the nuclear shape.

The dynamic moments of inertia for the oblate bands
in BOBILa 132B3 and '*®Ce are compared in Fig. 4.
These values are much lower (~60%) than those extract-
ed for prolate rotational bands in neighboring nuclei and
indicate a somewhat different shape and deformation. A
classical ellipsoid rotating around an axis perpendicular
to its symmetry axis (collective rotation) has a moment of
inertia given by J=J5,(1+0.31p5,), where J, relates to a
spherical shape. In this simple picture, an increase in
prolate (oblate) deformation B,>0 (B,<0) results in an
increase (decrease) in J. A quantitative comparison is
difficult to make, however, since the pairing-induced irro-
tational flow, which reduces J from its rigid value, is al-
tered by the quasiparticle blocking of some of the pairing
correlation strength. The preceding simple argument
suggests, however, that the low dynamic moments of in-
ertia observed for the oblate bands in this mass region im-
ply an enhanced (more negative) quadrupole deformation.
Moreover, cranked shell-model calculations performed as
a function of the quadrupole deformation, for an oblate
shape, indicate that the Routhians of the valence high-Q
hy{,, proton orbitals fall sharply with increasing (nega-
tive) deformation towards 3,= —0.2, and then drop more
gradually towards B,~ —0.4, which represents an oblate
shape with a 2:3 axis ratio. Hence, such high-Q A,
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FIG. 4. A comparison of the dynamic moments of inertia
(dI/dw=4ﬁ2/AE),) for collective oblate bands in this mass re-
gion, including odd-Z ('*'La), doubly odd ('*°La), and even-even
(132Ba, %Ce) nuclei. The dashed line represents the moment of
inertia expected for a prolate nucleus.
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proton orbitals in an oblate nucleus introduce a S-driving
force on the nuclear core to larger quadrupole deforma-
tion. In contrast, the valence low-{} &, ,, neutron orbit-
als are more flat with respect to the quadrupole deforma-
tion, favoring a shape closer to the spherical 3, =0 shape.

C. Other band structures in '3Ce

Two sets of weak coincident transitions with intensities
<2% of the 2" —0" transition were established from
this analysis. One group of transitions appears to be of
AI=1 character, while the second group appears to be of
AI=2 character. However, because of the weakness of
the transitions, it was not possible to experimentally
determine the multipolarities of the transitions. Tenta-
tive interpretations of these weak structures are presented
in the following.

1. The AI=1 transitions

A set of transitions (not included in Fig. 2) of energies
189-158-201-169-384-234-293 keV was established, and
because of the low energies of the transitions, they are as-
sumed to be AI=1 transitions. One possible explanation
is that they form a collective oblate band (y ~—60°)
similar to the one already seen in '**Ce although the ener-
gy spacings are somewhat irregular. Furthermore, two
such AI=1 sequences have recently been established in
the even-even '*?Ba nucleus. !!

2. The AI=2 transitions

A regular set of weak coincident transitions of energies
425-495-568-640-706 keV, as shown to the left in Fig. 2,
appears to be in coincidence with the ground-state band
of ¥Ce. The transitions are most likely of stretched
quadrupole character because of the regular nature of
these y rays observed to high transition energies. This
set of transitions has a fairly constant energy spacing
AE, ~70 keV which, assuming the quadrupole nature of
these transitions, corresponds to a dynamic moment of
inertia J'%'~57#* MeV ! (cf. J'*' <20#* MeV ! for the
oblate AI=1 band, shown in Fig. 4) that is in excess of
the spherical rigid-body estimate. Such a high moment
of inertia is comparable to that observed in the highly de-
formed band of '*?Ce (Ref. 13) and is close to the rigid-
body estimate for a 3:2 axis ratio. Hence it is speculated
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that these transitions may be part of the corresponding

band in '*Ce. If this is the case, the band exists at a

much lower excitation energy in '**Ce compared to '3?Ce

with a relatively low band-head spin. Indeed, recent TRS

calculations'*!® predict the highly deformed [vi,;,]?

i:}c;nﬁguration to lie at a relatively low excitation energy in
Ce.

IV. CONCLUSIONS

The high-spin properties of '*Ce have been investigat-
ed. The prominent structure observed at high spins is a
strongly populated A7=1 band that is believed to be as-
sociated with the collective oblate rotation (y ~ —60°) of
a structure built on the 7g,,®mh, ,®[vh ]
configuration. The properties of this band are similar to
other collective oblate bands that have systematically
been observed in nuclei with Z=56-58 in this mass re-
gion. The shape change to oblate, via the ¥ plane, is
driven by the rotational alignment of upper-midshell
h,,,, neutrons. For such an oblate shape, the &, ,, pro-
ton orbitals near the Fermi surface are negative 3 driving,
which may stabilize the oblate nuclear shape. In addi-
tion, a shell gap exists in the Nilsson single-particle sys-
tematics for the proton number Z=56 at an oblate defor-
mation 3, < —0.3. These features should help to stabilize
the collective oblate shape at large deformations near the
2:3 axis ratio.

In contrast to the AI=1 band showing a low moment
of inertia, a weak band showing an enhanced moment of
inertia, in excess of the spherical rigid-body estimate, was
observed in coincidence with the low-lying states of '**Ce.
This band possibly corresponds to the [vi3,,]*
configuration that is partly responsible for the highly de-
formed prolate band (B,>0.35) in *2Ce with a 3:2 axis
ratio. Because of the weakness of this band, it would be
worthwhile to further investigate the high-spin structures
of **Ce using the sensitivity of a large array.
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