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An experiment performed on the early implementation of the GAMMASPHERE array to populate the
high-spin states in**Ce has revealed the presence of several rotational structures with energy spacings of
AE,~100 keV. Some of these bands exhibit a backberfdkat 0.6 MeV and are observed to high rotational
frequencies#%w~0.85 MeV. These characteristics are very different from those observed for any other
rotational bands in this mass region. The properties of these new structures will be discussed within the
framework of cranked Strutinsky-Woods-Saxon calculations. Currently, these bands are thought to be based on
triaxial nuclear shape$S0556-281®6)05708-1

PACS numbse(s): 27.60+], 23.20.Lv, 21.10.Re, 21.60.Ev

[. INTRODUCTION existence of superdeformed structures corresponding to col-
lective rotations of a strongly deformed prolate shape
It is now well established in the ma#s~ 130 region that (8,~0.4) have been known for several years in nuclei
rotational structures with large differences® and y de-  around mass 130, e.§9,10]. Three such bands have been
formation parameters coexist within the same nucleus. Theecently identified inis-Cess [11]. This offers an excellent
transitional A~ 130 nuclei, lying above th&=50, and be- opportunity to study the phenomena of shape coexistence in
low the N=82 shell closures are predicted to hayesoft these nuclei.
cores[1-4]. Consequently, the nuclear shape can be stabi- In this paper we present new results for tHéCe
lized at different specifiey values by the occupation of dif- isotope obtained with the early implementation of the
ferent highj quasiparticle orbital§5]. The shape driving GAMMASPHERE spectrometer array situated at the
effects of these quasiparticles are highly dependent upon tHeawrence Berkeley National Laboratory. Six new rotational
position of the Fermi surface within the shell. When the sur-structures with energy spacings®E,~ 100 keV have been
face is at the bottom of the shell, prolate shapes;0° observed, some of which exhibit a backbend#ai~ 0.6
(Lund conventior{6]), will be favored, while oblate shapes, MeV and extend to high rotational frequenc¥ «{=0.85
y~—60°, are preferred when the Fermi surface lies at theMeV). These newAE,~ 100 keV bands possess similar dy-
top of the shell. Thus, for cerium isotopes with neutron num-namic moments of inertia to a known rotational band in
ber N>74, the occupation of loW h,,,, quasiproton orbit-  *33Ce[7] which has a measured transitional quadrupole mo-
als have the opposite gamma-driving effect on the nucleamentQ,=2.3e b[12]. This value is markedly different from
core to the highQ hyyp quasineutron orbitals. In the those measured for the prolate superdeformed bands in this
N=75 andN= 77 cerium isotopes, which possess significantnucleus,Q;=7.5+0.8 (8,=0.41+0.4) [13]. The properties
triaxiality (y~ —30°) in their low spin yrast stat¢3,8], the  of theseAE,~100 keV bands will be discussed within the
rotational alignment of bothr(h;y,)? and v(hyy0)? quasi-  framework of cranked Strutinsky-Woods-Saxon calculations.
particles are predicted to occur at similar rotational frequen-
cies. The.rotat.ional alignment of thesg pairs of hjghm- Il. EXPERIMENTAL DETAILS
truder orbitals is expected to strongly influence the nuclear
shape. In addition, at high excitation energies and spins the High-spin states in**Ce were populated via th&'Cd
(*°Ne,5n) fusion-evaporation reaction at a beam energy of
120 MeV. The beam, provided by the 88-in. Cyclotron at the
“Present address: Lawrence Livermore National Laboratory, LivLawrence Berkeley National Laboratory, was incident upon
ermore, CA 94550. two 500 ug cm™~ 2 self-supporting'®Cd targets. Coincident
Present address: Lawrence Berkeley National Laboratory, Berkegamma rays emitted during the decay of these high-spin
ley, CA 94720. states were detected with the early implementation phase of
Present address: Research Centre Rossendorf, PF 51011be GAMMASPHERE array which, for this experiment, con-
D-01314 Dresden, Germany. sisted of 31 large-volumér5-80 % efficient HpGe Comp-
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FIG. 1. Spectra obtained as a result of all possible combinations Energy (keV)
of double gates on the members (af triaxial band 1 andb) tri-
axial bands 2 and 3 within a Radware cube.(dh the low-lying FIG. 2. Spectra obtained from a Radware cube as a result of all

transitions of**Ce are marked by an asterisk, while those transi-possible combinations of double gates on the member®)afi-
tions observed in coincidence with band 1 and tihe,,, band are  axial bands 4 and %b) band 6, andc) band 7. In(a) the transitions
labeled in italics. In(b) triaxial band 3 is labeled in italics and the of band 5 are marked in italics and the 644.1 keV transition in
768.1 keV transition in triaxial band one is indicated by\a All triaxial band one is indicated by a. All transitions are labeled in
transitions are labeled in keV. keV.

ton escape-suppressed detectptd]. Approximately 1.5 ergy spacing,AE,~100 keV. Furthermore, some of the
% 10° events were recorded with a suppressed Ge$old.  bands exhibit a backbend &t»~0.6 MeV and are observed
These data were unpacked into doubles and sorted into t@ high rotational frequency; w~0.85 MeV. These charac-
standarcE ., — E,, matrix. Using the triples data, the3ce  teristics are very different from those of the superdeformed
reaction channel was enhanced by demanding that one &&nds reported in this mass region and consequently the
thesey rays was an uncontaminated low-lying transition in AE,~100 keV bands are expected to have a somewhat dif-
13%Ce. The remaining two coincidentrays were then incre- ferent structure.
mented into arE,,— E,, matrix. The unpacked triples data ~ The intensities of th& E,~100 keV bands relative to the
were also sorted into af,;—E,,—E,; RADWARE cube total population of13%Ce have been estimated using single
[15]. gates from double coincidences to bel0% for band 1,
~2% and ~1.5% for bands 2 and 4, respectively, and
Ill. RESULTS ~0.5% for bands 3, 5, 6, and 7. With the exception of band
1, these bands are populated with intensities very similar to
Using a variable-spaced lattice search anal{s8 per-  those of the superdeformed bands observed in this nucleus.
formed on the present®*Ce gated matrix, six new weakly An intriguing feature is that even with the high selectivity
populated rotational sequences with energy spacings cvailable from the high-fold data of the GAMMASPHERE
AE,~100 keV have been extracted, in addition to the threearray it has not proved possible to either, confirm the exist-
superdeformed bands reported [ibl]. These bands have ence of the decay paths linking band 1 and the low-lying
been assigned t6>Ce from observed coincidence relation- states indicated in Reff7] or, to determine any other definite
ships with known low-lying transition$7]. Examples of decay path from this band. This is surprising given the inten-
y-ray spectra for these new structures are presented in Figsity of this band ¢10%) and leads us to believe that the
1 and 2, which are the result of all possible combinations obandhead of this sequence may be an isomeric state. How-
double gates on the members of each band from a RADever, transitions with energies 832, 847, 934, and 1177 keV
WARE cube. The cascade shown in Figa)lhas been re- have been observed in coincidence with band 1 and the low-
ported previously in Refd.7] and[17]. The remaining rota- lying yrastvh;;,, band(labeled B1 in Fig. } and it may be
tional bands, triaxial bands 2—7, are new. The main featurpossible to link these into the level scheme at a later date. It
common to these bands is the relatively large transition enhas also not been possible to observe transitions linking the
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FIG. 3. Predominant decay paths between the newly discouvkEed-100 keV bands and the previously known low-lying states in
13%Ce. Transition energies are given in keV. The right part shows the lower portion of the level scheme, while the left-hand side displays the
the extension of these bands up to the highest observed states.

other AE,~100 keV rotational bands to the normal de- IV. DISCUSSION
formed states. Consequently, the excitation energies, spins
and parities of states in the bands are not known. Howeve{
the primary decay paths of the newly discovered
AE,~100 keV bands into the previously known low-lying

The newAE,~100 keV bands reported in this work are
he first of this type to be observed in the mass 130 region.
At the present time both the uniqueness of these structures to

ot o i Fig. 3. A ing that the | ‘ b133Ce and the rather large number of bands observed makes
states are shown in Fig. 5. Assuming that the 1oWest OBy oyt 1o assign configurations. If detailed searches in

served state in band 1 is the-27/2: bandheadsee discus-  gyiqting data sets were to establish the occurrence of similar
sion in Sec. IV A and that the unseen linking transitions panqs “in neighboring nuclei, then it could be possible to
between band 6 and the band labeled B2 in Fig. 3 also conpyoke blocking arguments to facilitate the configuration as-
tribute ~4# to the total spin, then bands 3 and 6 are ob-gignments. However, at present it is only possible to interpret
served up to approximately spin 98/2and 93/, respec- the current findings using the results of total Routhian sur-
tively. In obtaining this estimate it was also assumed that théace and cranked Woods-Saxon calculations'f3€e. These
in-band transitions are stretched E2’s. Although it has notalculations predict that at low frequenciésy<0.23 MeV,
proved possible to perform a directional correlati@CO)  the yrast minimum aB,~0.18 andy~ — 30° corresponds to
analysis for these bands from the GAMMASPHERE datathe valence neutron occupying tfhB14]9/2~ orbital; see
because of insufficient statistics detected at 90° relative t&ig. 4(@). This configuration has been previously assigned
the beam axis, the intensity ratib6136°,57°)1(57°,136°)  [7] to the low-lying vh,,,, band. The negative parity band
have been extracted for band 7] indicating theAl=2 na-  built on the 23/2 state, labeled B2 in Fig. 3, has been as-
ture of the in-band transitions. The othA,~100 keV  signed avhi;;,® m(hyy2)? configuration, while the positive
bands have also been assumed tdbe 2 bands. An excel- parity band, labeled B3, built on the 15/2evel was as-
lent example of shape coexistence is therefore exhibited isigned a vhyy® 7why1,® g7, structure [7]. Cranked
13%Ce, with theAE,~100 keV bands competing in intensity, Woods-Saxon calculations performed with pairing for
excitation energy and spin with the superdeformed bands. '3Ce using the deformation paramete;,=0.18 and
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FIG. 6. Experimental alignment for triaxial band 1 and the
vhyy, band in 13Ce are plotted as a function of rotational fre-
quency. The alignment of both signatures of the side band 1 in
FIG. 4. *%Ce total Routhian surface calculations with the odd 133ce, the reference band, are also shown. The filled points indicat-

neutron occupying the lowest m{a)=(—,—3) orbital. (@  ing the states over which the Harris parameters were fitted.
0=0.117 MeV#k and(b) ©=0.234 MeV#.

X=B,cos(y+30)

range 0.2/ w=<0.45 MeV; see Fig. 4. This minimum is
associated with @(h,;/,)® configuration. The alignment of a
pair of high{) quasineutrons would be expected to exert a
A. Triaxial band 1 strong y-driving force upon the nuclear core inducing a
A vi13® m(hyy)? structure has been previously associ-Shape change fromy~—30° for the vhyy, band to
ated with band 1 in*3%Ce [7]. However, it is difficult to ¥~ —80° for the three quasineutron band. Indeed, cranked
reconcile this configuration assignment with the contempoYV00ds-Saxon calculations performed with pairing and the
rary data that exists in this mass region on rotational banggeformation parameters associated with #he, , configura-
built upon thevi 4, intruder orbital. In particular, rotational tion (8,=0.18 andy=—30°) predict av(h;,)? alignment
bands have been observed#13213&e which are thought atw~0.3 MeV. To determine whether the(h;,)° con-
to based omwiysy, (1322, and v(iism)2vfs, configura-  figuration corresponds to bdrl a comparison between the
tions, respectively, with deformations measured to befxperimental and theoretical alignment gaihg, for the
B>,=0.4[18,11]. The different behavior of thg (2 moment v(hll,z)z crossing needs to be made. As stated above, this
of inertia of the'33Ce AE ~100 keV band compared to the alignment has a strong-driving effect on the core and the
vi 135, Superdeformed bands in the Ce isotopes shown in Figtomplication of a suitable reference arises. However, since
5 suggests a somewhat different highenfiguration for this @l the low-lying structures are based onya —30° vhyy,
band. configuration the only choice available is to use a
To resolve the configuration assignment for band 1 iny=—30° reference. Therefore, when making a comparison
133Ce total Routhian surface calculations for this nucleusP&tween the theoretical and experimental the different
were performed for the four lowestr{@) combinations. ¥-deformations of the structures involved must be taken into
These calculations predict venysoft oblate/triaxial minima ~ account. . o .
with 8,~0.19, y~—70° to —90° which are yrast or, near ~ 1he experimental alignment for triaxial band 1 is pre-

yrast, for all ¢, ) configurations in the rotational frequency S€nted in Fig. 6 as a function of rotational frequency.zThis
plot was produced using Harris parameters /gt 21.%

MeV ! and 7;=11.171* MeV ~3, obtained by fitting levels
above the 19/2 state in thewvh,,,® why,,® g7, sSide
band, with(K)=5/2. It was also assumed that the lowest
observed state in triaxial band 1 hks 27/24. From these
data, the experimental alignment gain for triaxial band 1
relative to thevh,,,, band has been deduced to be approxi-
mately 1%.

Cranked Woods-Saxon calculations performed with a re-
duced pairingA [ (w) =0.7X A (w), and the deformation pa-
rametersB,=0.18 andy= —30° predict a gain in alignment

y=—230° support these configuration assignments.

® Ce AE,~100 keV band 1

2. 0"CeSD1 of ~4.5 for the v(h;,,)? crossing, whileAi,~8.0% is pre-
Cmeeon dicted with 8,=0.18 andy=—80°. In addition, the shape
change will also affect the contribution to the aligned angular
0= o4 Y3 03 o momentum of the 75th neutron, occupying the
fi> (MeV) [514]9/2 «= —1/2 orbital. Therefore, the total alignment

gain expected for the(h,;,,)? crossing, in conjunction with
FIG. 5. A comparison between the dynamic moments of inertisthe associated shape changeAig~7.5-11.@. From the
of triaxial band 1 and the/(i,3,)" bands in'3:13213¢e, reasonable agreement between theory and experiment a
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structural assignment of(hy;,)° is proposed for triaxial

band 1. The gradual alignment sf,, andds,, neutron pairs B Shnieie i
are thought to be partially responsible for the smooth in- 20 idasn
crease in the alignment of triaxial band 1; see Fig. 6. & :
A mean transitional quadrupole mome@t=2.3 e b has et =
been measured for band [12]. For nonaxial symmetric g B T
shapes the intrinsic quadrupole momént is related to the g 151 i 44.0n < band 1
transitional quadrupole momef; by 20 C band 2
< T o ® band 3

O band 4

1) ® band 5

0.1 03 0.5 0.7 09
Rotational Frequency (MeV/h)

V3Q

Qo= 3 cog 7+ 30)

—
<
N

and the value of the intrinsic quadrupole moment is related
to the ellipsoidal deformation parametgs by

1+1\F T
g Valtgglat

From these relationships the quadrupole deformation for triment of pairs ofds,, g7, andh,/, protons athw=0.6,
axial band 1 has been extracted to Bg=0.18, using 7% ®=0.65, andfiw=0.6, respectively. Unlike thels, and
y=—80°, in good agreement with the predictions of thehiu quasi-proton alignments, tig,, alignment has almost
total  Routhian  surface  calculatons for  the N0 shape driving effect on the nuclear corejat —80°.

FIG. 7. Experimental alignment for triaxial bands 1-5 in
13%Ce are plotted as a function of rotational frequency. The Harris
(2 parameters used to obtain this plot wefg=21.9:%> MeV ! and
Ji=11.15* MeV 3,

_ 3
Qo_ \/EZRoﬁZ

(m,a)=(—,—1/2) three quasineutron structure further cor-However, the protoord5,2 alignmer:t tends to drive the core
roborating thev(hy;,)® configuration assignment to this Shape fromy~—80° to y~—120°, and the alignment of a
band. pair of low-} h,,,, protons has the oppositedriving effect,

preferring y~—30°. Cranked Woods-Saxon calculations
o performed aiB,=0.18 andy= —120°, with pairing, predict
B. Triaxial bands 2 and 4 the ds, crossing to occur at-0.55 MeV, while similar cal-
Both bands are observed to primarily depopulate into tri-culations performed ay=—30° predict thewh,,,, align-
axial band 1(see Fig. 3and consequently their structures arement to occur at the lower rotational frequencyfab=0.4
believed to be closely related to that of this band. It has noMeV. Itis therefore ther(h;)? alignment that is currently
been possible to determine the ordering of the 882 doubldfought to result in the population of triaxial bands 2 and 4
and the 892.4 keV transitions in band 2. Therefore the asfom triaxial band 1. The rotational alignment of a pair of
sumption has been made that there is a monotonic increase iz Protons is predicted to contribute-6-8.81 to the
transition energy with increasing spin. Furthermore, thes@!gnéd angular momentum, depending on the degreg of
transitions are also believed to be E2's from the similarity Ofdeformatloon. Hclwever, the change iry d%format!on
their intensities and the detector geomefifhe majority of y=—80 H_?’O.) a_ssomated W'.th the"(h.lm) Crossm39
the detectors in the early implementation phase of GAMMA-Causes the contribution to the aligned spin of mel.m)
SPHERE were positioned at forward and backward angleguasmartlcles Io be reduced by5.0i. This results in an

: : ) : ~ “effective alignment gain ofAi,~1.0-3.8 for the 7hy,),
Ii}lgiﬁggézteegigeﬁg;?if :2 (s_ov_erlll\él)l )S'jl'?)r?engifnillsa :irtl;:)ef protons, in reasonable agreement with the experiment values.

. . The 5 quasiparticle structungh;;,)3® (h has there-
the behavior of bands 2 and 4 leads to the speculation that - beqen teFr)wtativer assigrrgd ltI(SZ)triaxia(ll Ilalézr)ms > and 4.

these bands are signature partners. This implies that the un-
seen transitions in each of the decay paths between bands 4
and 1, indicated in Fig. 3, total an odd value of spin. The
experimental alignments of bands 2 and 4 relative to triaxial A feature common to both triaxial bands 2 and 4 is a band
band 1, obtained using the Harris parameters given in Se€rossing atiw~0.6 MeV resulting in the population of tri-
IV A and (K)=5/2, are shown in Fig. 7. The alignment gains @xial bands 3 and 5, respectiveee Fig. 3. This backbend

for triaxial bands 2 and 4 relative to band 1 have been exiS more easily seen in Fig. 7, and is thought to arise from the
tracted to beAi,~4.0h and~3.2%, respectively. It was as- alignment of a pair 07, protons. Thegy, proton alignment
sumed the unseen linking transitions in each decay path frof}@s little y-driving effect on the core at the-deformation at
band 4 to band 1 contributé:3A spin of 41/Z is therefore Which bands 2 and 4 are thought to reside, namely
assigned to the lowest observed level in bandAh align- y~—30°. Th_e alllgnmen.t gain ag~ —30 gssomated with
ment gain of~1.24 would be extracted for band 4 if the the g7 crossing is predicted to be 5.0z, in good agree-

linking transitions contribute only7L This would be in con- ment with the experimental value afi,~4.3:. The triaxial
flict with the earlier speculation that bands 2 and 4 are sigbalnds 3 and 5 are therefore tentatively assigned the 7 quasi-

¥ H 3 2 2
nature partners. particle v(hq1,)°® m(hq19)°® 7(g7,2) < Structure.

In order to try and identify the nature of the particles L
aligning at%Zw~0.45 MeV, cranked Woods-Saxon calcula- D. Triaxial band 6
tions have also been performed with pairingBat=0.18 and The principal decay path of this band feeds into the
y=—80° for protons. These calculations predict the align-vh,,,® (hy;,)? side band and therefore triaxial band 6 is

C. Triaxial bands 3 and 5
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FIG. 8. Experimental alignment for triaxial bands 3, 5, and 6 in 020 I AT
13%Ce plotted as a function of rotational frequency. The Harris pa- 000 010 020 030
rameters used to obtain this plot werg=21.%2 MeV ! and X
. =B,cos(y+30
J1=11.1* MeV 2. For bands 3 and K)=3 was used, while Bacos(y+30)

(K)y=73 and an initial spin ofy was used for band 6.
FIG. 9. 13%Ce total Routhian surface calculations with the odd
expected to have a configuration based on this structure. Theutron occupying the lowestr(a)=(—,—3) orbital.
absence of any signature splitting observed for the
vhy1,,® (hy10)? side bands suggests that this configurationwhich feed into band 1, are suggested to be built on either
has a near prolate shapg~€0°), since the signature split- Signature of the relates(h;;) ®® 7(h;,,)* configuration. A
ting due to the odd neutron is expected to fall to zero at thism(97,2)* alignment is currently thought to be responsible for
v deformation. Paired Woods-Saxon calculations performedhe backbend observed in bands 2 and 4 at-0.6 MeV
with 8,=0.18, y=0° indicate that band 6 could be built on resulting in the population of triaxial bands 3 and 5, respec-
the v(hy11/)2® 1S, ,® h?, , structure. Again, the occupation tively. The backbend observed in pand Ghai~0.6 MeV is
of an additionah,, neutron orbital is expected to drive the also believed to be due to the alignment of a pairgop
nucleus fromy~0° towardsy~ —30°, resulting in a mini- Protons. A configuration of v(hy1,)*® v8;,,® 7(h11/9)°
mum at deformation parameters similar to those at which® m(d72)° is therefore proposed for band 6 after the ob-
bands 3 and 5 are believed to reside. In view of the behavioserved backbend, while band 7 is tentatively assigned a
exhibited by bands 3 and 5, a backbend could be expected(h11/2°® ¥S1,® mhy1,5® g7, Structure. However, the ex-
and is indeed observed, to occur in band & at~0.6 MeV.  act nature of these bands is still an open question. The ob-
The similarity of the alignment of band 6 and triaxial bandsservation of similar structures in neighbouring nuclei will be
3 and 5, see Fig. 8, suggests the backbend observed in bagcial in order to aid firm configuration assignments to all
6 is also due to the alignment of a pair gf,, protons. A the bands. . _ .
configuration of v(hy1)%® vS1,® (1) %@ m(g70)? IS Finally, it is interesting to note that at hlgh rotat|ongl fre-
therefore proposed for band 6 after the observed backbenduency the total Routhian surface calculations predict that
there are weak noncollective oblate minimg~+60°) for
E. Triaxial band 7 all (7,«) combinations; see Fig. 9. This leads to the specu-
) o ) _lation that these minima are associated with the complete
Band 7 is observed to primarily depopulate into the posi-alignment of the spin vectors of the particles making up the

tive parity low-lying vhyy,,® hy;,,® 797/, side band and is  various triaxial configurations. An experiment on a large ar-
therefore thought to be related to this structure. The OCCqu'ay may enable the terminating states for some of these struc-
tion of the favouredh,,; andgy, quasiproton orbitals blocks  tyres to be observed. This would provide the first opportunity
both of theh,,,, andg, proton alignments discussed above. to study such “soft band” termination outside tie~110
Again, this configuration is thought to be prolate because ofegion[19]. Recent calculations by Afanasjev and Ragnars-

the lack of signature splitting ofhy;,® 7h11/,® 77/, side  son[20] also indicate that a new region of “soft” termina-
bands. Therefore, cranked Woods-Saxon calculations withon should exist around=57—61 and\=72-79.

pairing have been performed for both protons and neutrons at
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