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Systematic search ofrh,,®vhqy, chiral doublet bands and role of triaxiality in odd-odd Z=55
isotopes: 128,130,132,13¢S
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The odd-odd Cs isotope¥® *Cs have been investigated in search of chiral doublet bands. Two nearly
degenerate bands built on theh,,,,® vhy,, configuration have been identified #38 1%2Cs. Systematics of
various experimental observables associated with the partner bands are presen®@MIfg/B(M1)g
staggering with spin was discovered to be in phase withBfld 1)/B(E2) staggering for the yrast partner
band. A core-quasiparticle coupling model employing the Kerman-KleinaDe-rauendorf method was ap-
plied to study'?Cs. A triaxial core with an irrotational-flow moment of inertia was assumed. The chiral
features, as well as previously known experimental characteristics eftthg,® vh,4, yrast partner band, are
well reproduced demonstrating the important role played by triaxiality in the underlying physics in these
nuclei.
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I. INTRODUCTION The above scenario leads to three mutually orthogonal
angular momenta, namely,, j,, andR, resulting in a chi-
The complexity of odd-odd nuclei has been a difficult ral geometry. The most notable consequence of chirality is a
challenge for both experimental and theoretical nuclear studdoub“ng of the rotational states. In particular, two nearly
ies. Yet relatively simple nuclear structures emerge at highjegenerate\ | =1 bands built from therhy;,® vhyy, con-

spin involving a wealth of physical phenomena, from which g, ration inA~ 130 odd-odd nuclei are expected because of
the delicate interplay between collective and smgle—partlcl_ he favorable conditions for the formation of a chiral geom-

degrees of freedom can be investigated. One such study in- . . .
volg\]/es the observation of chirality ir? odd-odt= 75 and 73y etry. A well developed sideband associated with the yrast

isotones in theA~130 region[1-5]. The common experi- and in 13%pr [6] was observed before the chiral interpreta-

mental characteristics of chirality that were observed in thesOn Was proposed by Frauendorf and Mdfig States with

bands built from therh;;,,® vh4,, configuration. same spin in the yrast band ndar (10)", but as the spin
Experiments and calculations indicate that even-evefncreases the related states with the saecome closer in
transitional nuclei in this mass region have triaxial deforma-their energy achieving near degeneracy at'(land (15°)*
tions that are soft relative to the triaxial paramejerThe  with a separation of-50 keV[6]. Since there is na priori
Fermi level of these even-even nuclei lies in the lower protorreason to conside**Pr as a special nucleus of this region in
h11/2 subshell and in the upper neutrbr,;, subshell. When terms of the underlying physics, the present work was de-
an hy;,, proton, prolate driving, is added to an even-evensigned to search for chiral doublet bands in the nearby odd-
y-soft core, it will align its single-particle angular momen- odd !?6°13‘Cs isotopes. In reporting these results for
tum j . with the short axis to minimize energy. On the other 22 1*“Cs, this paper will focus on the positive-parity bands
hand, when at,,,, neutron hole, oblate driving, is added to in odd-odd Cs isotopes and their systematic properties. Brief
the core, its angular momentumwill orient along the long  results for **Cs and *®Cs have been presented in Refs.
axis. Therefore, when both a proton and a neutron fronmi3,1], respectively, as a part &f=73 andN= 75 systematics
opposite-shape-driving orbits are added tg-soft core, itis  studies.
expected that the resulting equilibrium shape of the odd-odd The 7h;1,® vhyy, configuration is comprised of two
nucleus will have a relatively stable triaxial shape. With theunique-parity highi- single-particle orbitals for the region
rotational invariance of the system broken by the deformedetween the,N=50 and 82 shell gaps. Therefore, this con-
shape in the intrinsic frame, rotational bands result from thidiguration is effectively free from admixing with nearby nor-
collective degree of freedom, whose properties can be studwnal positive-parityds,, and g, orbitals. The purity of the
ied in terms of a quantum mechanical triaxial rotor charac-configuration greatly facilitates comparisons between experi-
terized solely by the moment of inertia of the core plus thement and model calculations. Moreover, the yrast;
valence particles. This moment of inertia, which can be mod® vh;,, bands in odd-odd Cs isotopes have previously
eled by irrotational flow, is largest along the intermediatedrawn considerable attention both experimentally and theo-
axis for triaxial shapes. As a result, the collective rotaton retically. They exhibit systematic properties such as a pecu-
is oriented along this axis. liar spin dependence of the observab®&(1)=[E(l)

*Present address: Department of Chemistry, Washington Univer- 'Based on spin assignments from R&f which are lower by %
sity, St. Louis, Missouri 63130. than those proposed in Refd.,8].
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TABLE I. The reactions, beams, and targets used in the present studies.

Nucleus Reaction Epeam (MeV) Pulsed Target (mg/cth Pb backing (mg/cR)
l2&cs 12251198, 4n) 47 Yes 3.0 34
13%cs 1245n(29B,4n) 47 Yes 3.0 15
13%cs 130Te(BLi,4n) 38 Yes 2.3 10
13¥4cs 130Te("Li,3n) 28, 33 No 50 3.0 2

—E(I-1)}/2l; this phenomenon, discussed in detail in Sec.along with chirality can be discussed in terms of common
IV A 3, is often referred to asignature inversionin addi- triaxial shape properties and the changing Fermi level in the
tion, B(M1)/B(E2) staggering is observed experimentally. neutronh,,,, subshell. To this end, as a first attempt, a core-
Both systematic properties, however, have eluded definitivguasiparticle coupling model is applied t6%Cs; a slightly
theoretical interpretation. Therefore, in Sec. IV A, the ob-different variation of this model was successfully applied to
served systematic properties associated with tHe,,  *31.a[9] to quantitatively address chiral properties. The de-
® vhy4, doublet bands are summarized and accompanied bails of the theoretical approach are described in Sec. V A. A
a discussion of the interpretations. Furthermore, the currenigid triaxial rotor with an irrotational-flow moment of iner-
study establishes experimentally that a new systematic feaia is used for the core whose rotational energy and variable
ture, namelyB(M1),,/B(M1),; staggering, exists and is moment of inertia are fitted by even-evéffXe properties.
in phase with theB(M1)/B(E2) staggering in the yrast The results show that indeed triaxiality plays a major role in
band. not only predicting the existence of the doublet bands, but
The existence of chiral geometries in specific regions proalso in reproducing reasonably well the staggering phase and
vides a clear, but rare window through which physical prop-magnitude for both th&(l) and theB(M1)/B(E2) ratios.
erties rooted in triaxial nuclear shapes can be observed. Faéso, the calculated spin dependence of
the odd-odd Cs isotopes, the onset of chiralitNat73isa B(M1),,/B(M1)g,; is in agreement with experiment.
vivid manifestation of the triaxial core as the Fermi level  On the other hand, the present model is a phenomenologi-
rises in the neutrorh,,, subshell with increasing neutron cal one. The microscopic origin of triaxiality can be revealed
number. The signature inversion and 8@ 1)/B(E2) spin by self-consistent calculations. In fact, three-dimensional
dependence, which characterize lighter Cs isotopes, atidted axis cranking3D-TAC) calculations have shown sub-
present as well in the chiral Cs isotopes. This experimentadtantial triaxiality with a chiral geometry iN= 75 isotones
observation suggests that these persistent systematic trer{ds10]. A systematic theoretical study in the odd-odd Cs iso-
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FIG. 1. Partial level schemes df81313€s deduced from this work. Only positive-parity bands are included. The bandhead spin is
denoted ad,. As discussed in the texto=9 will be supported. For?%Cs, transitions below the isomer, which is indicated by a thick
horizontal line, are shown as well.
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topes based on relativistic-mean-field tilted axis cranking is TABLE Il. Energies, intensities, and angular correlation data for
underway[ 11]. transitions observed it*®Cs. They-ray energies are accurate to
+0.5 keV. Uncertainties on the relative intensities listed in the

tables vary from 5% for strong transitions up to 30% for weaker
Il. EXPERIMENTAL METHODS transitions.

Excited states int?8139:1321%s have been populated via

a 1 m mC H H
the 122Sn(1%B, 4n) fusion-evaporation reaction at 47 MeV, = (keV) 1, (%" DCORatid I7-I] Multipolarity

12457198, 4n) at 47 MeV, **Te(°Li, 4n) at 38 MeV, and 1428  100.0 0.4%) 107-9* M1/E2
13°_Te(7Li, 3n) at 28 MeV and 33 MeV, respectively. Exci- 2727 295 0.465) 1211° M 1/E2
tation function measurements were carried out for these re- 3486 64.1 0.4(B) 11*-10" M1/E2
actions to determine the beam energies for optimal popula- 357 o 28 14-13" M 1/E2
tion .strengths. Pulsed pgams with a per|oq of 106 ns, 3609 35 13-12* M 1/E2
provided bykthe”tandem—lnjected superr:onducpn_g LINAChat 370.8 4.6 14-13" M1/E2
i‘gony Brook, a owed prompt and delayed timing. In the 5., g 45 0.41) 12+-11* M1/E2
“Cs experiment, a continuous dc beam provided by the 4ot
;i . 408.0 30.2 0.4() 137-12 M1/E2
tandem only was used. Because of a lack of high-spin infor- .
. 13 . . L 409.8 0.6 16-15 M1/E2
mation, 34Cs was studied with two beam energies; a beam .

. 443.5 7.1 15-14 M1/E2
of 28 MeV was chosen to optimize thenZhannel, and a 452.4 10 17-16" M LE2
higher energy of 33 MeV was used to populate higher-spin 464'5 8'3 0.3 15+-14" ML/E2
states in**Cs at the expense of an increased ¢hannel 2031 ) -36) 716" M 1/E
population leading td*%Cs. : S I- )

An array of six Compton-suppressed HPGe detectors, 208.9 27.3 1 '10+ M1/E2
which were positioned approximately at30°, =90°, and 532.0 13.2 12'11+ M1/E2
+150° relative to the beam direction, was used for the ex- 2942 5.9 13‘1{ M1/E2
periments in conjunction with a 14-element BGO multiplic- °71.1 11.5 12"13+ M1/E2
ity filter. The BGO multiplicity filter provided information 621.6 42.5 12-10 E2
on fold K and sum energ¥ for the cascading/-ray transi- 622.2 31 13-12° M1/E2
tions. In all four experiments, Pb-backed targets were used in 638.6 4.1 16-15" M1/E2
order to improve the energy resolution ferrays from low- 651.7 9.1 11-9* E2
lying states, which are emitted after the residual nuclei are 681.1 5.5 13-11° E2
stopped in the backing. An overaltray energy resolution of 719.9 1.2 14-12* E2
full width at half maximum ~2.2 keV was achieved at 735.0 8.8 13-11* E2
~550 keV. Targets of 2—3 mg/cmhickness were used to-  779.2 23.6 1.04L4) 14*-12* E2
gether with Pb backings sufficient to stop the recoiling re- 800.9 3.8 15-13* E2
sidual nuclei. A summary of the experimental details is given 8355 6.4 15-13" E2
in Table I. 874.5 11.0 0.96.8) 16"-14* E2

903.2 3.3 17-15" E2
IIl. DATA ANALYSIS AND RESULTS 903.3 11 16-14 E2
912.4 2.2 17-15* E2

The off-line data analyses_including thg constructipn of 9307 4.4 18-16" E2
the level schemes and directional correlation from oriented g5 g 0.8 19-17+ E2
sta.tes evaluations are discussed below for the individual nu- gg¢ g 13 20-18" E2
clei. The software packagebwARE [12] was used through-
out this process. dntensities are normalized to 100% for the 142.8-keV transition.

PDCO ratios listed here are obtained from gating dh=2 E2
A 12&130'133:5 transitions.

°Proposed spin values are basedI§s9" for the bandhead spin
The partial level schemes fdf313%13€s are consolidated (see text for details

into Fig. 1. The measured properties of theay transitions
in the level schemes are tabulated in Tables II, Ill, and IV.1%%Cs isomer studies. The transition energy-time information
The y-ray energies are accurate 100.5 keV. Uncertainties was utilized to separate prompt from delayed events via two-
on the relative intensities listed in the tables vary from 5%dimensionalE, vs t gating. Totals of approximately 54
for strong transitions|(,>5) up to 30% for weaker transi- x10°, 62x 10°, and 42< 10f prompty-y events collected in
tions. the 1%Cs, 1*%Cs, and'32Cs experiments, respectively, were
The pulsed beams used in these experiments allowed thsrted intoE ,-E., matrices.
extraction of information on the distribution of time delays  The level schemes, presented in Fig. 1, were constructed
between the arrival of the beam pulse and detection ofythe on the basis of the observed coincidence relationships. The
rays. Time windows for prompg-y coincidences were set at negative-parity bands are not shown in the level schemes,
At=10 ns; a time window o100 ns was used for the and will not be discussed since the current studies are fo-
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TABLE lll. Energies, intensities, and angular correlation data TABLE IV. Energies, intensities, and angular correlation data
for transitions observed if?%Cs. They-ray energies are accurate to for transitions observed it?’Cs. They-ray energies are accurate to
+0.5 keV. Uncertainties on the relative intensities listed in the*=0.5 keV. Uncertainties on the relative intensities listed in the
tables vary from 5% for strong transitions up to 30% for weakertables vary from 5% for strong transitions up to 30% for weaker
transitions. transitions.

E, (keV) I, (%)? DCORati¢ I7-I7°  Multipolarity E,(keV) 1,(%)?* DCORati® I7-I7°  Multipolarity

151.7 100.0 1.220) 10*-9* M1/E2 147.0 10.8 12-11* M 1/E2
289.9 42.2 0.8 12+-11* M1/E2 150.7 100.0 1.1Q0) 10-9* M 1/E2
349.9 3.0 14-13" M1/E2 152.7 15.7 12-11* M1/E2
353.1 79.9 0.84) 11*-10* M1/E2 163.5 3.3 11-10* M 1/E2
371.9 3.0 13-12* M1/E2 168.0 5.8 13-12* M1/E2
400.9 5.6 0.812  12+-11* M1/E2 298.4 6.7 12-11* M 1/E2
416.8 36.5 0.6() 13+-12* M1/E2 304.1 4.9 12-11° M 1/E2
426.3 8.9 0.80L1) 14+-13" M1/E2 310.2 10.8 12-11* M1/E2
453.5 5.8 0.8012  15'-14" M1/E2 313.4 3.7 13-12° M 1/E2
465.7 1.0 16-15" M1/E2 387.8 4.7 13-12* M 1/E2
468.5 8.8 0.76100  15*-14" M1/E2 401.5 41.7 0.70®) 11*-10* M 1/E2
492.0 2.0 17-16" M1/E2 407.8 26.0 2.4B7)  137-12° M 1/E2
547.0 19.3 0.7®) 11*-10* M1/E2 413.2 9.7 13-12* M1/E2
574.2 6.5 13-12* M1/E2 422.0 2.8 13-12* M 1/E2
595.1 17.1 0.567) 12+-11° M1/E2 427.7 11.2 13-12* M 1/E2
609.4 15.8 0.4(®) 14+-13" M1/E2 446.2 5.9 16-10* M 1/E2
643.5 26.8 1.820)  12*-10" E2 518.6 5.5 12-11° M 1/E2
676.6 1.6 13-12* M1/E2 540.5 3.6 15-13* E2

698.9 4.8 11-9* E2 553.3 16.7 11-10* M 1/E2
707.1 6.6 15600  13"-11° E2 609.9 18.7 11-10* M1/E2
722.4 1.3 14-12* E2 700.2 23.0 1.980  12*-10* E2

773.3 5.3 13-11* E2 704.1 28.0 2.187) 11*-9* E2

803.9 1.9 15-13" E2 706.0 21.1 1.783  12+-10° E2

843.8 20.3 1.8@00  14*-12* E2 760.5 2.6 11-9* E2

895.8 8.1 1.681)  15"-13" E2 883.7 5.9 14-12* E2

934.2 7.1 16-14" E2 994.4 12.2 15-13* E2

957.8 2.2 17-15" E2 996.8 3.6 17-15" E2

4 ntensities are normalized to 100% for the 151.7-keV transition. ntensities are normalized to 100% for the 150.7-keV transition.
PDCO ratios listed here are obtained by gating onAie=1 409-  °DCO ratios listed here are obtained by gating on Ale=1 594-

keV E1 transition. keV E1 transition.

°Proposed spin values are basedI§r-9" for the bandhead spin  °Proposed spin values are basedI§r9" for the bandhead spin
(see text for details (see text for details

cused on the positive-parityh1,,® vhy,, doublet bands. tected at forward/backward angles and at 90°, respectively.

The angular dependence of theray intensities was in- Throughout the papeE ,, refers to the gating transition.
vestigated using the methods of directional correlations from The DCO analysis only allowed the determination of rela-
oriented state$DCO) [13] in order to determine the multi- tive spins in the current studies. Since no transition connec-
polarities of they-ray transitions. Asymmetric matrices were tion to states with known spin has been established, absolute
sorted by incrementing those events in which a coincidencepin assignments for states in the positive-parity bands built
between ay ray detected at- +=90° and another detected at on the 7hy,,,® vhy,,, configuration could only be inferred
either forward ¢ =30°) or backward ¢ *=150°) angle oc- from systematic studies of th&=55 isotopic chain. As will
curred. By denoting the number of counts in a particular celbe discussed in Sec. IV A 1, the systematics support band-
of the asymmetric matrix a,, (x, y), the DCO ratio thenis head spindj= (9) " for the yrast partner bands in all three
defined as isotopes.

N'y(E'yliE‘yZ)

= 1. 1?%Cs level scheme
RDCO Ny(E72’E71) ’ (1)

Partial results fort?®Cs from the present study have been
reported in Ref[3], for the purpose of a systematic compari-
wherex andy are the energies of the coincideptrays de-  son of the ?%Cs, 3%a, and *?Pr nuclei. In addition to a
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FIG. 4. Spectrum obtained by tagging on delayed transitions
shows the yrast and sidebands #fCs. Peaks labeled with B
correspond to delayed transitions below the isomer. Prompt transi-
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.
e

o ) tions are labeled with their energies in keV, and are preceded by
10 150 200 250 300 350 400 450 S orL for yrast, side, or linking transitions, respectively. Counts per
E,(keV) channel have been halved for energies to the left of the dashed lines.

FIG. 2. (a) Total projection of prompty rays coincident with  The panelc) spectrum is the total projection of the delayed-
delayed transitions fot*Cs. (b) Total projection of delayed rays delayed coincident matrix. The strong presence of the 143-
coincident with prompt transitiongc) Total projection of delayed-  ay/ y ray in (a), but its absence ifb) and (c), shows that
delayed coincident events. Absence of peaks at 143 keV and 27gs transition is prompt and thus exists above the isomer. On
keVin (b) and(c) are indicated with dashed lines. the other hand, the reversed situation for the 159-keiy
lplaces this transition below the isomer. As a result, the or-

newly identified sideband of the yrast band, the current wor dering of the two transitions are reversed from that proposed
confirmed the existence of bands 1, 2, 3, and 4 as labeled 1n 9 Prop

) . in Ref. [14], and the isomeric state is identified with the
Er%fégiln‘l]-v'\[lr:tig Tﬁaﬁxgei%“gp dgfri:]he;f?egc_t:l?ﬁeldfg;i(t%ﬁagf thebandhead of the yrast band. These changes are consistent
9 9 . ga > P with the newly observed sidebai® The time profile of the
known T,,,~50 ns isomeric state in?®Cs. The proposed

modification of the 122Cs level scheme is made from the 266-keV transition below the isomer is shown in Fig. 3 along

analysis of the time-gated energy spectra presented in Fig. %Ith that of the prompt resolution function obtained by gat-

S g on prompty events of a similar energy. By tagging on
The top spectrum{@ shows the prompty rays coincident o ! ) oS
with the delayedy rays; conversely, the spectrufin) shows these delayed transitions, it was possible to distinguish

delaved transition incident with the brompt transition rays decaying into the isomer; only those transitions associ-
elayed transitions coincide € prompt ransitions., a4 with the yrast and the sideband were observed to feed

into the isomer, as shown in Fig. @ he intensity imbalance
at the 11 state suggests some additional feeding. The same
is true for the®%13Cs isotopes. See Tables I, IIl, and V.
Because of the importance of the parity and relative spin
assignments for the present study, the assignments will be
discussed in some detail below. These DCO ratios of known
stretched quadrupoleEQ) transitions gated with known
stretched dipole E1) or stretched quadrupoldER) transi-

10000

1000

T

100

Counts per channel

TABLE V. A comparison between experimental and calculated
DCO ratios for knowny rays by gating on the 2—0" 443-keV
E2 transition in*?Xe. A spin alignment parameter, /| =0.3 was
assumed for the calculation.

T
Ll

lo?ll n r

60 2 20 0 20 E, (keV) s Expt. Rpco  Calc.Rpeo
Time (ns)

590 427 E2 1.0X10) 1

FIG. 3. Time spectrum of the 266-keV transition below the iso- 704 6" —4" E2 0.9610) 1
mer (upper curvg in ?%Cs shown with that obtained by gating on 1196 5 4% E1l 0.5010) 0.54
the background near the pedkwer curve for comparison.
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TABLE VI. Experimental DCO ratios and calculated mixing 33 ——
ratios for the knowmAl =1 M1/E2 transitions in the yrastrh;y, > Cal. E212>10 °
®@vhyy,band in?8Cs. 1,=9 is assumed for the bandhead sfsiae 1r M gj: gt 1
text for details. 29 + Ca. MUE211510 * 1
---- Ca.MUE210>10 * O, =
M1/E2 E2 Gate 207 2o BXP. Roco ]
E, (keV) I7—=IT 5 E,(keV) 17=I7 Ropco 251 0 » 1
143 10-9* —0050% 779 14 12" 0.496) 23y ]
349 11" 10" -0.16'55, 681 13 —11" 0.406) 21 ¢ 1
273 12 -11" —0.09°3% 779 14 —12" 0.466) oot :
408 13 —12" —-017°9% 622 12 —10" 0.405) 8171 |
371 14 13" -0.09'5% 622 12 —-10" 0.479) o
15 - b
464 15147 —0.2555, 779 14 —12" 0.345)
13 b
. . 11 - b
tions were extracted for transitions from the even-eV&xe
09 b

nucleus populated via thp3n channel. These DCO ratios

are compared to values calculated for the experimental ge- o7 |

ometry [13]. These comparisons, summarized in Table V,

show consistency between the calculated and experimental

values. In'?Cs, the DCO ratios for knowM 1/E2 yrast- o3l T —
e . . -90 -75 -60 -45 -30 -15 0O 15 30 45 60 75 90

member transitions were obtained by gating on stretéizd Arctan(d) (degree)

transitions. Based on these values and known relative spin

assignments, mixing ratios were calculated in @ manner pre- F|G. 5. Experimental and calculated DCO ratios as a function of

scribed in Ref[13]; the results are tabulated in Table VI. A mixing ratio 5 for the 509-keV transition if?éCs. The gating tran-

spin alignment parametar, /| =0.3 was assumed. Subse- sition was the 143-keVAI=1 M1/E2 with —0.12<Jjae<

qguently, DCO ratios of the linkingy rays, the 509-, 532-, +0.01. The experimental upper and lower DCO values are indi-

622-, 571-, and 639-keV transitions, were extracted by gateated as dot-dashed lines, which overlap only with the calculated

ing on theM1/E2 143-, 349-, 273-, 408-, and 464-ke)/  curves for aAl=1 M1/E2 transition(solid curves.

rays, respectively, as tabulated in Table VII. These experi-

mental values were then used to determine multipolarities oiihg transitions, therefore, ensures positive parity and the as-

the linking transitions. Figure 5 shows a comparison betweesigned relative spins for the sideband states.

the experimental and calculat® o for the 509-keVy ray.

The areas defined by the limits of the gating-transition mix- 2. 13%Cs level scheme

ing ratio rule out all possibilities but the mixedl=1

M1/E2 character for the 509-keV linking transition. This

follows from the calculations which show that for a gating

transition with a negative mixing ratio only&l =1 M1/E2

multipolarity for the linking transitions giveRpco<1l. As

in Tables VI and VI, all of the gating rays but the 143-keV

transition were found to havé<0 and the corresponding

Rpco Vvalues for the linking transitions were all less than

unity. The mixedAl =1 M1/E2 multipolarity of all the link-

In the present study of3%Cs, the yrastrhy;,® vhiyp
band has been extended uplf®=(17"), and a sideband
decaying to the yrast band was observed for the first time;
partial results were reported in Rdfl]. The ¥%Cs level
scheme deduced by Sata al. [15] for states above the™
T,,=3.46 min. isomeric state was confirmed. The 609-keV
transition reported in Refl15] is an interband transition be-
tween the new sideband and yrast band in the current level
scheme. Kumaet al. [16] confirmed and extended both the
yrast and the sideband. They also observed additional linking
transitions, which are too weak to be seen in the present
work. A partial level scheme containing the sideband along
with the yrast band is shown in Fig. 1. The coincidence spec-
tra gated by the 401-, 372-, and 677-keMays, which are
relatively clean sidebang rays, are shown in Fig. 6 ds),

TABLE VII. Experimental DCO ratios for transitions which link
the sideband to the yrast band’ffCs. All gating transitions are of
Al=1 M1/E2 characterl;=9 is assumed for the bandhead spin
(see text for details

IE“TESV;/ ART: Sat(ll?s\;y) TART: R (b), and (c), respectively. Pane(a) shows strong coinci-
b4 T Y P beo dences of the 401-keV transition with the 372-, 547-, and
509 11" —10" 143 10" —9* 0.829) 699-keV y rays. While the 152-ke\ ray in the yrast band
532 12" —11* 349 11" —10"  0.8710 is evident in the spectra, the rest of the dipole transitions
622 13 —12" 273 12°—11"  0.6514) above the 152-keV transition are absent. In paix| the
571 14" — 13" 408 13 —12¢  0.8613 strong presence of the 595-kewray together with the 353-
639 16" —15" 464 15 14"  0.6316) and 152-keVy rays can be seen. Also the 350- and 804-keV

v transitions, both of which feed the (13)member of the
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TABLE VIII. Experimental DCO ratios and calculated mixing
: ratios for the knownAl =1 M1/E2 transitions in the yrastrhq,,,
1 ®vhypband in%Cs. 1,=9 is assumed for the bandhead sfsiae
(a) text for details.

189"

3000 -

547

401-keV Gate |

2000 |
M1/E2 Gate

574

1000

699

152 100—9" +0.117%% 644 12 —-10" 0.647)
‘ * +0.12°3% 409 10"—9 1.2210

n

2 (b) 353 11" 10" —0.09'05; 844 14 12" 0.457)

o
% 97"
180" L_

- 1200 |-

j

s % 290 12 —11" -0.0590%5 844 14 12" 0.496)
| g 372-keV Gate | :

§ 800 - o e 417 135120 -0149% 644 12 10" 0.415)

& 400 [ % —

£ 5 M aNot shown in Fig. 1.

>

Q

O 0

‘ DCO ratios for the in-band transitions of the sideband ob-
1 tained, where possible, by gating on the intense 40%keV
(C) 1 (9)"—(8)” dipole (see Table II1.

800 |-

|
|
600 N }
. | 677-keV Gate
400 | in S <! g 1s
= ® 8 I 3. B%Cs level scheme
200 - \ S ,
0 : ‘ The partial level scheme 0f?Cs shown in Fig. 1 shows
200 L ‘ ‘ ‘ L ‘ the sidebandl, discovered in the current work, as well as a
50 150 250 350 450 550 650 750 850 series of positive-parity states labeled $3, which have
E, (keV) been reported by Hayakave al. in Ref.[17]. The present

study confirms the level scheme proposed fCs in Ref.
FIG. 6. Spectra gated of®) 401, (b) 372, and(c) 677 keV, [17] for states above the (7 state, except the (13
showing the sideband transitions i#fCs. Dashed vertical lines are — (11") 726-keVy ray in band J17] was not observed. In
positions of the gating transitions. Peaks marked with # are part odddition to the 147-keV transition previously reported, which
the series ofy rays below therh,;,® vh;y, bandhead|,; these links the (12') state in the band to the (11") state inS2,
transitions are not shown in the level scheme in Fig. 1. Counts pethe 422-keV links between the (13 state inY and the
channel have been doubled for energies to the right of the dotteg 2 state inS2 was observed in this work. Spectra ob-

line. Peaks are labeled with their energies in keV. tained by gating on relatively clean sideba®tl transitions
. ) ) are shown in Fig. 8.
sideband, are present. Pai®l defines the 677-keV link be- As in the previous two isotopes, mixing ratios for the

tween the (13) state in the sideband and the (1%tate in A1 =1 M1/E2 members of ban¥ were calculated based on
the yrast band, via the 290-, 353-, 644-, and 152-kgV  the experimental DCO ratio§The mhy,,,® vhyy,, configura-
transitions. tion is no longer yrast in'*Cs, although it is lowest in
Mixing ratios of the knownAl=1 M1/E2 yrast band energy for a given spin among positive-parity bands; thus it
transitions, namely, the 152-, 353-, 290-, and 417-keV tranis still labeled as bandr in the level schemg.For the
sitions, were calculated based on the experimental DCO rg10")—(9%) 151-keV y ray, Rpco values were extracted
tios in a manner similar to thé*"Cs analysis(see Table py gating on the (9)—(8) 594-keV, (9")—(9~) 343-
VI ) These DCO ratios of the Ilnklng transitions were ob- keV (these transitions are not shown in the level Scheme
tained by gating on the mixeM 1/E2 y transitions and are and (12')—(10") 700-keV y rays; these results placed an
summarized in Table IX; these values were then comparefpper limit on the mixing ratio o< +0.08(see Table X. It
with calculatedRp o using the calculated mixing ratio of the s not possible to determine whether this transitionAis
gating transitions. Figure 7 shows the experimeRigéo of =1 E1 or M1/E2 from the measured DCO ratios alone;
the 547-keV link for the 152-keV gating; an overlap with the however, the former is unlikely based on the systematics of
calculatedRp o occured only for Al =1 M1/E2 transition  he why1,® vhyy, bands in the Cs isotopd$]. A mixing
which determines uniquely its multipolarity. For the 152-keV (atio §<0 was calculated fronRpco Vvalues for the (11)

y ray, theRpco value was obtained either by gating on a _, (10*) 402-keV transitior?. These DCO ratios for the link-
stretched quadrupole or a stretched dipole transition. The

lower and upper limit for the mixing ratié of the 152-keV
gating transition wast0.05 and+0.17, respectively. For 2ot shown in Fig. 1.

other links, agairRpco values smaller than unity were ex-  3the 594- and 343-keV transitions were used as gates for the
tracted from gates oAl =1 M1/E2 transitions with<0.  extraction ofRpq for the 402-keV transition. The 402-keV transi-
Therefore, the relative spins and positive parity were astion is not directly above these gating transition with the 151-keV
signed to the sideband off%Cs as presented in the level transition in between. Thus, in calculating the mixing ratio for the
scheme in Fig. 1. These assignments are consistent with th@®2-keV transition in the threg-ray cascade transition, the 151-

044319-7



KOIKE, STAROSTA, CHIARA, FOSSAN, AND LAFOSSE PHYSICAL REVIEW 67, 044319 (2003

TABLE IX. Experimental DCO ratios for transitions which link 1000 —= — —
the sideband to the yrast band’#’Cs. All gating transitions are of 3 N N }
Al=1 M1/E2 characterl ;=9 is assumed for the bandhead spin 800 |- = S \ (a) |
(see text for detai)s B } 519-keV Gate
o i 600 @ } q
Linking y Gating y }
E,y (ke\/) IIWHI;’T E}/ (keV) IIWHI;T RDCO 400 - g }
547 11— 10" 152 100 -9  0.586) , B3 |
595 12 —11° 353 11'—10°  0.738) Q2005 }
677 13 12 200 12 11" 0.6719 5 " W |
609 14 13" 417 13 —12°  0.871D) o o
& 2500 | |
% 1) ©
_ N _ E | = B (b)
ing transitions between the two sidebands and banhd §2000 r u;v@,% 310-keV Gate
namely, the $1)610-, S2)553-, and £1)519-keV y rays, =
were obtained by gating on the aforementioned 151- and 1500 | e .
Vs

measured values were then compared to the calcuRiied 1000 |
values, as representatively shown in Fig. 9 for the 610- and
553-keV linking transitions. The comparison impliesA&

=1 M1/E2 multipolarity for the §1) 610- and §1) 519-
keV transitions, thus making the ba®&d positive parity and 0
having relative spins as shown in the level scheme in Fig. 1. 100 200 300 200 500 600 700
Although aAl=1 E1 transition cannot be ruled out for the E, (keV)

(S2) 553-keV transition connecting the bang2 andY, a

I
|
|
|
|
|
i
402-keV transitions, and are presented in Table XI. These }
|
|
|
|
|
|
|
|

FIG. 8. Spectra gated dia) 519-keV andb) 310-keV showing
the sideband transitions if?Cs. Dashed vertical lines are positions
of the gating transitions. Peaks are labeled with energies in keV, and

keV mixing ratio was varied within uncertainties as listed in are preceded by, (S1), or L for the main bandS1, or linking

Table X. I . . ;
transitions, respectively. Peaks marked with * are contaminants.
——— Those peaks marked with their energies in parentheses are not
ool » Cal. E212->10" . shown in Fig. 1.
® Cd.E111->10 ‘ 3
= Cal. E110—>10" | - |
L Cal. M1/ — C . . . .
2r & ml,g ié _;8 "0 —+0 05 § mixed Al =1 M1/E2 multipolarity was assigned to the 553-
—-— BXp. Ry . § keV decay as being more likely, as was proposed in Ref.
Y179 1
>
1.6 - 4
| B. 13¢Cs
1.4 - B
o * The level scheme deduced fdf“Cs from the present
B12 . work is shown in Fig. 10. An extensive study on low-lying
o ‘ states in this nucleus, produced through thermal neutron cap-
l |- 4
TABLE X. Experimental DCO ratios and calculated mixing ra-
08 r 1 tios for the knownAl=1 M1/E2 transitions in the yrastrhy,
777777777777777777777777777777 ®vhyy,band in*3%Cs. 1 ;=9 is assumed for the bandhead sfsiee
0.6 - . text for detail$.
04 - M1/E2 Gate
02 ‘ ‘ ‘ ; E,y (ke\/) ITHI;’T 5 E}/ (keV) I:THI;T RDCO
2 290 75 —60 45 30 —15_ 0 15 30 45 60 75 90 0.05 _
Arctan(d) (degree) 151  100—9" +0.03'gR 594 97—8 1.0610
+0.0379%° 343 9" -9~  0.546)
FIG. 7. Experimental and calculated DCO ratios as a function of -0.03"3% 700 12°—10" 0.516)
mixing ratio 6 for the 547-keV transition it*Cs. The gating tran- 402 11 —-10" -0.08'3% 594  9"—8~ 0.8711)
sition was the 152-keVAl=1 MI1/E2 with +0.05< §yaies —0.128‘% 343 9" -9~  0.407)

+0.17. The experimental upper and lower DCO values are indi-
cated as dot-dashed lines, which overlap only with the calculate@Not shown in Fig. 1.
curves for aAl =1 M1/E2 multipolarity (solid curves. bMixing ratios were calculated using three transition cascades.
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the sideband to the yrast band’i¥fCs. All gating transitions are of

TABLE XI. Experimental DCO ratios for transitions which link 134C
Al=1 M1/E2 characterl ;=9 is assumed for the bandhead spin S

(see text for details o’
28
Linking y Gating y 419 738
E, (keV) IT—I1f E, (keV) I[7—I7 Rpco 3
610 (S1) 11" 10" 151 10—9* o619 | | 1
553 (S2) 11" —10" 151 100 —9* 0.8411)
519 (S1) 12" 11" 402 11" —10°  0.8612)

ture, was reported earlier by Bogdanowtal. [18]; how-

ever, no information on high-spin states has been previously o o

reported. Therefore, the identification of the high-spin states F!CG- 10 Level scheme s deduced fromy-y coincidence

associated with3‘Cs is discussed in detail below. measurements in this work. Spins and parities could not be as-
Approximately 40<10° y-y coincidence events were signed.

sorted into symmetri& -E, matrices for the 28-MeV and N .
33-MeV 7Li beam energies. In additiony-y events with a  intensities to that of the 366-keV reference in each spectrum

multiplicity ball conditionK>4 with the 28-MeV run were f'irelflotted in Fig. 12. The dashed-dotted lines areyfoays
sorted into another matrix to enhance the 8vaporation N ' (a2n channel, and the dotted lines are farrays in
channel. Total projections of the three aforementioned matri- Cs (4n channe). The cross sections foy rays of un-
ces are shown in Fig. 11. A strong peak at 366-keV fromknown origins, which are proposed to be #i'Cs in the
133Cs serves as a reference. The relative heights of the 20@resent work, are drawn as solid lines in Fig. 12. Additional
and 296-keV peaks against that of the reference show a si ;/ldence that these unlgnovv}ntays arelglot associated with
nificant increase in the projectiah) at 28 MeV comparedto - Cs comes from the'**Te(°Li, 4n) **Cs reaction at a
those in(a) at 33 MeV. In the fold-gated projectioft), the
three peaks are comparable in height. Ratios of fitted peaks

c
£ 300
=
—_— 0250
3t » Ca.E212° > 107 3 . & 200
® Cd.E111' =10 ! ! £ 150
28 ® Cd.E110°—> 10 : - 1 2
Cd.MUE211'>10" _i _ © 100
26 —-- Ca.MUE210'>10" Op~0.09 1 8 50
—-— 610keV EXp. R peo | j o
24l S5V BP-R poo o7 1 o
£ 200
22 i 8
O
. ] 5 150
2]

18 £ 100
o § 50
81.6 r B S

@ 0

14 ] _

[}
=

12+ . g

(@)
1} 1 g
2 2
0.8 - 1 5
o
o
0.6 - i S
S o ‘ ‘ ‘ ‘ ‘ ‘
04l i 100 200 300 400 500 600 700 800
L 5 (V)

90 —75 —60 45 —30 —15_ 0 15 30 45 60 75 90
Arctan(d) (degree) FIG. 11. (@) Total coincident projection in thé*°Te("Li, xn)
reaction atEpe,,=33 MeV. (b) Total projection from the same
FIG. 9. Experimental and calculated DCO ratios as a function ofreaction, but aE.,,= 28 MeV. (c) Total projection with the same
mixing ratio & for the 610- and 553-keV transitions M“Cs. The  reaction and beam energy as (i), but gated on multiplicityK
gating transition was the 151-keXI=1 M1/E2 with —0.09 >4. The 201-keV peak labeled withcould not be placed. Peaks
< dgates 1 0.08. The experimental upper and lower DCO valuesmarked with * are in the # channel which leads td3%Cs, while
are indicated as dotted lines for the 553-keV transition and dotthose marked witla are proposed to be in then3channel corre-
dashed lines for the 610-keV transition. See text for details. sponding to**“Cs.
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——= 206/366 electron converted. Absolute spin assignments are not pos-
*—e 296/366 . . . .
+—+ 219/366 sible in the current experiment. On the other hand, such in-
~—A 682/366 . . . .
*— 738/366 formation is crucial when a spin-dependent phenomenon

o8l M such as the odd-/even-spin dependence of the queb(tily
P is being investigated. In fact, discrepancies regarding as-

signed spins of therh,,,,® vhy;, band members, among the
odd-odd Cs isotopes as well as neighboring odd-odd nuclei
in the A~ 130 region, motivated Liet al.to reevaluate these
assignments through a systematic study of the band excita-
tion energies in*'® 132Cs[8]. The observation of the addi-
tional Al=1 sidebands in the odd-odtf® *<Cs isotopes
- from the present work, as well as #¥°Cs from Ref.[19],
0 @ 5 o and in 1?“Cs from Ref[20], augments the systematics of the
main bands, as presented in Fig. 13. The smooth change in
FIG. 12. Relative intensities ofy transitions (@) at Ey..m the excitation energies for the sidebands provides strong evi-
=33 MeV, (b) at 28 MeV, and(c) at 28 MeV withK>4 gating.  dence that thé, value, which is the basis of the relative spin
The ratios are of the fitted intensity of a peak over that of the assignment in Fig. 1 and also in RéB] for 124 13%Cg,
strong 366-keV transition if*3Cs. Points connected by solid lines shares the same spin value. Recognizing the importance of
are proposed to represent transitions'#Cs(3n), whereas those reliable spin assignments in the odd-odd Cs isotopes, Gizon
c_o_nnec_ted by dotted and dash-dotted Iings are obtained from trags g|. [20] studied *?Cs by an in-beamy-e~ coincidence
sitions in ***Cs(4n) and **(a2n), respectively. experiment. Electron conversion coefficients were measured
for the main low-lying transitions, and multipolarities were
beam energy of 38 MeV, the 206- and 296-kg\fays were  deduced accordingly. This study assigngd=9", which
not present in these data, while the knOWFCS Y rays from agrees with the value quoted in R&] based on thé30CS

04—

Counts/(Countsin 366 keV in 133Cs)

02—

the 3n channel were. experiment by Salat al. [15]. Moon et al, however, have
proposed J=11" in 2%Cs[21] and *?ZCs[22]. In their ex-
IV. DISCUSSION OF EXPERIMENTAL OBSERVABLES periments, low-energy rays were detected by a low-energy

photon spectrometer, and the decay sequence leading to an
isomer with known spin was identified. Multipolarities for
these transitions were then deduced from observed DCO ra-
1. Excitation energy systematics and absolute spin assignments tios. These conflicting spin assignments remain to be re-

Determination of absolute spins for rotational band memSolved, although the discrepancy in spin by Between the
bers, whose decay paths to the ground state are highly fraéWo assignments do not alter overall systematic trends dis-
mented or delayed by isomeric transitions, is difficult. More-CuSSed in this paper. Because of the completeness and tech-

over, decay transitions of a few tens of keV are often highlynidues of the Ref[20] study as well as the systematics of
Ref.[8], the valuel j=9" will be adopted. Spin values dis-

cussed in this paper are denoted dag+Ai (Ai
®—e Yrast Partner Band Y .
=0,1,2,3...) except when comparisons between the ex-
periment and model calculations demand absolute spin as-
signments, as in Sec. V B.

A. Systematics of experimental observables in positive-
parity bands

3.0+

2. Degeneracy between partner bands: Chiral doublets

20 The mechanism involved in the coupling of the three an-

gular momenta into a chiral geometry was outlined in the
Introduction. In essence, the chiral geometry minimizes the
total energy for a given spin. This leads to a two-fold degen-
eracy in the energy eigenvalue; the corresponding energy
eigenstates or solutions are denote¢isand|R). The total
nuclear Hamiltonian is invariant under the chiral operator
7Ry(77)1

Excitation Energy (MeV)

1.0+

H,7R =0, 2
FIG. 13. Experimental excitation energies of the yrast and side- [ y(m)] @

band members relative to the referengeas a function of neutron . .
numberN. Closed circles connected by solid lines are for the yrastwhe.reT_represen.ts time reversal afitj() a rotation about
partner band denoted & and horizontal bars connected by dotted the intrinsicy axis by 180°. However, under theR, ()
lines are for the side partner band denotedaghis choice coin-  OP€rator,

cides with that in Ref[8] for 1,=9. The sideband information for

126.12¢s js from Refs[19,20. TRy(m)|L)=|R), (3)
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and

N

TRy(m)|R)=|L). (4)

=

o

Since chiral symmetry, which is preserved by the Hamil-
tonian, is broken for these solutions, the formation of the

3
=3
é
]
LICJ
chiral geometry in the intrinsic frame of rotating nuclei is an % 3 7]
example of so-calledpontaneous symmetry breakir&§]. 22 7
In the ideal case of strong symmetry breaking, i.e., & 1 ]
(LIH|R)=(R|H|L)*=0, any linear combination of the L% 0 N
two is an eigen solution. However, those which can be ob- _
served in the laboratory frame are invariant under the chiralg 3 ]
operator and given as 22 b
|+)=12 (IR)+£)), g o .
. S 3 B
|=)=iV2 (IR)~|L)), ® =z, .
where ? 1 7
c
w o _
S .
Ry(m)|-)=-). ® 3, ]
(See Ref.[24] for detailed discussiop.The time reversal o LT
operator is antiunitary involving complex conjugation. The lo 1grL 1g+2 1g+3 1g+4 15+5 15+6 15+7 15+8 15+9 15+10
|£) and|R) wave functions are, therefore, necessarily com- Spin ()

pEIethtor[der tﬁ be."t]rgntsl’l:orm(:dt.to Olns ago'th(ta\?%(@)d FIG. 14. Excitation energy vs spin for odd-odd? '?4Cs.
ach state with spim in the rotational band 1S two-1o e- Closed(open circles connected by solitHotted lines are for the
generate, and it cannot be associated with either purely left; iy bandy (the sidebands). For 13%Cs, two sidebandsS1 and

or purely right-handed solution. S2, are included and the energy axis has a different scale from the
Weak symmetry breaking, however, occurs when the depgg;.

generacy is lifted via nonzer@C|H|R)=(R|H|L)*. These
off-diagonal matrix elements represent perturbations to a chi-
ral geometry, namely, an admixture of nonchifalanay
component in the otherwise puf€) and|R) wave func-
tions. It is important to emphasize that chiral geometry for-
mation is a dynamical process as a function of spin. Even fo
an ideal chiral nucleus, the core rotation is small near th
bandhead of the doublet bands leading to the total angul
momentum confined close to the plane spanned by the sing
proton and neutron angular momenta. Thus, the two doublq
bands cannot be inherently degenerate near the bandhe%
The degree of symmetry breaking evolves with spin from
weak to strong as the core angular momentum increases fro
small to larger values relative to the orbital angular mo-
menta. Besides thisherentplanar component at the lower )
spin, there are additional contributions to the planar part spe- 3. Oddfeven-spin dependence of(B) =[E(l) —E(I —1)}2I

cific to individual nuclei. For example, a deviation of the  Since the signature quantum number is not a good quan-
core shape from maximum triaxiality e.g., y vibration)  tum number for tilted axis cranking as required for aplanar
would destabilize the orientation of the core rotation alongtriaxial geometries, the quantit$(l) is introduced as the
the intermediate axis. Another situation could be that Fermappropriate replacement. Its relation to the signature quan-
levels are less favorable for the valence proton and neutrotum number for axial principal axis crankin@AC) will be

to be treated as a particle-hole configuration. Moreover, as idiscussed to explain this replacement.

the case of the Cs isotopes, these factors are not independentA wealth of experimental information already available
by themselves, but interfere with each other. Thesirnal  for the yrastrh,4,® vhy4, bands in thisA~ 130 region prior
contributions to the inherent planar component could preverto the chiral doublet search owes its existence, in large part,
the achievement of level degeneracy and thus strong symme the study of the so-called signature inversion phenom-
try breaking also at higher spin in the doublet bands. enon. The signature quantum number is extensively used to

Indeed, this appears to be the case for the Cs isotopes. The
degree of degeneracy of the two bands for thé& ¥%Cs
isotopes is indicated by the excitation energies of the band
members as a function of spin, shown in Fig. 14. Except for
fi32Cs, which will be discussed separately in Sec. IV B, the
%wo curves maintain a roughly constant energy difference
ver the?6~13%Cs isotopes. As argued in Ref4,9], a sepa-
tion of = 300 keV is too small for the sidebands to be
erpreted as a band built either on the unfavored signature
‘the protonj .. orbital, or on they-phonon excitation. The
chiral geometry in'?4132Cs will be argued as the cause of
fRe nearly degenerate doublet bands.
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‘\5\. 132 Cs,,

classify Al =2 bands since it is a good quantum number in 18
the limit of PAC where the wave function is invariant under

R.(7), a rotation by 180° around theaxis. The eigenen- op
ergy states of opposite signature are degenerate when the 121~
cranking frequencyw is equal to zero, but for nonzere 9
values, the degeneracy is lifted resulting in the so-called fa- 61
vored and unfavored signatures. 18

As first-order perturbation theory illustrates, the contribu- 15
tion from the Coriolis interaction to the Routhian is the well- L
known #w(j,) term for smallw; the signature states are 121~
approximated by the linear combination(|j,Q)= |j, 9l
—Q)) wherec is the phase anfl is the projection of on < B

. . o S 6

the symmetry axis. The expectation val(ig) is nonzero, 2 1gF
with opposite signs for each signature when the wave func-= |
tion has an()=1/2 component. For axially symmetric odd- ‘,% 151~
odd nuclei, the favored signature of a rotational band is given ; 12—
asa¢=j3[(—1)= Y2+ (=1)»"12], where the total angular ¥ [
momentum | is related to af by I=a;+2n (n E\: -
=0,1,2,3...). In thecase of therh;,,® vh;4, configura- I 1g —
tion, ay=1, and the favored signature band members havey = |
odd spin. However, in the odd-odd® 132Cs isotopes, it has 15
been observed for lower spins that the favoregd=1) sig- 12
nature members lie higher in excitation energy than the ex- oL
pected unfavoredd,=0) members. In'*8-126Cs; this trend -
continues up to some critical spig, after which the signa- 6 1 1 . . . P I
ture ordering expected for axial symmetry is restored. The 181~ 124
quantity S(1)=(1/2)[E(1)—E(1—1)] is often usef to 15— Cseg
present signature changes such as the inversion phenomenon. 15[
(For a recent discussion of the subject see the paper by -
Riedingeret al.[25].) N

Tajima [26] performed systematic calculations on odd- 6 | | | | | | |
odd 24 130Cs isotopes in an attempt to reproduce the experi- 10 12 14 16 18 20 22 24
mental features based on a particle-rotor model. A triaxial I(h)

rigid rotor with an irrotational-flow moment of inertia and _ e :
the inclusion of proton-neutron interactions were shown to | deFtlair.wc}SilnS(gzid—-i/cjzél[g‘(B“CE(IFillle)c]:l V;rlclfgértigi nlweegnaa:zdfg;e
be key factors for obtaining agreement with the experimenta? . .t 9

results in ?4Cs. It was also pointed out that the lack of oddeven-spin sequencelg =9 was assumed for the bandhead

. . . ts in th 130 . d spin. See the text for details. Points connected by solid lines are for
rigorous spin assignments in (€ mass region made Cone majn band, while those connected by dotted lines are for the
parisons between theory and experiments difficult.

- ) . sideband. The open circle and triangle in tRécs plot are for the
Because the focus of the current study is to investigate thg,jahand denoted &2 in Fig. 1.

observed systematic properties on the basis of chiral geom-

etry and triaxiality, caution must be taken in discussing the ) ) o o

properties associated wit(1). In axial PAC, there exists a teérmed as signature inversion in the-130 region is more

direct one to one correspondence between signéyreme-  appropriately discussed as an odd-/even-spin dependence of

try of the intrinsic systemand total angular momentua  the quantityS(l).

good quantum number in the laboratory framtherefore, In Fig. 15, S(l¢,en) and S(1,49) are plotted for the dou-

the experimental behavior &(1) in terms of signature is blet bands in'?*"132Cs. (Due to the sparcity of data for the

justified. However, the correspondence no longer holds fosideband in'3<Cs, it will be excluded from the discussion

TAC in a triaxial nucleus. The grouping of excited states inbelow) Although the even-spin states are consistently fa-

terms of a signature quantum number is inappropriate in thisored in energy over the odd-spin sequence in the main band

case[26]. Hereafter in this paper, what is conventionally at lower spins, there is no clear pattern in the sideband. Also
it should be noted that energy difference between the
S(lepern) @andS(1,44) curve is consistently somewhat smaller

“This definition ofS(l) depends explicitly on spin, unlike an al- for the sideband than the main band.

ternative definition, S(1)=[E(I)—E(l—1)]— %[E(I +1)—E(l)

+E(l-1)—E(I—2)]. The latter, however, requires four ener :

Ieve(ls as)opp(osed)élo two in the former defini?ion. Since the s?ge- 4. The B(M1)B(E2) and B(ML), /B(M1)o. staggering

bands, involving fewer energy levels, are less developed than the The experimental reduced transtion probabilRyM 1)

main bands, the former definition is preferred in this study. can be a sensitive measure of deviations from axial symme-
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10§ = 1SOCS7N —;o B(M1,|S_>|S_1)|n
1 - % él B(Mlyls_’ls_ Dout
E E <01
N% %7 i R S R 1Y 3 Ey(ls_’ls_ Dout ’ 1+5éut ®)
E = E 128 f = —_—
< TN B, 151, | MO L 8l
g aL E E l ER .
§ ; 4 R where the branching ratios are defined Mg ou= 1,(1°
S U 1 Fee 33T —15-1),/1,(15=1%= 1)y The uncertainty in\iyou
A E 3 makes the contribution of (& 63,,)/(1+ &%) insignificant,
P ) 4 ER and thus this contribution was not included. The measured
P % i F 301 values are presented in the right column of Fig. 16. Ratios
01— AII‘S(h)g T8 15 s iuém)é T8 900 for !2%Cs were reproduced from Ref[20]. The

o B(M1),,/B(M1)g,; values do exhibit a spin dependence.

FIG. 16. B(M1)/B(E2) and B(M1),,/B(M1)oy plots for _Fu_rthermore, _theB(M 1)n/B(M1)o,: Staggering with spin
1301281265 Closed symbols are ratios obtained from gates setS I phase with that of the yra&(M1)/B(E2) ratio stag-

above the level of interest. Open symbols are obtained from th@€find, shown on the left column of Fig. 16, revealing a
intensities fitted with theescLer package for'3%12Ts, while for ~ correlation between the two observables. The existence of

124C5 the intensities listed in Ref20] were used with the errors  this doublet-band correlation could represent a sensitive
prescribed therein. Points with udown) arrows represent lower Probe into chiral geometries involving triaxial shapes.

(uppe limits for B(M1),,/B(M 1), ratios in ?813€s when the
correspondingM1 transitions are too weak to be resolved from
background, while the other branching out transitions are observed. . .
Similar points are indicated by shaded squares with pointed arrows UnNlike the other odd-odd Cs isotopes, thé;,,® vhyy,

for 124Cs, although the upper or lower limits could not be placedconfiguration is no longer yrast it**Cs[17]. Therefore, it is
from Ref.[20]; these points are included here solely to illustrate themore difficult to observe both the stronger partner and side-
staggering pattern for both ratios. The abscissas show the spin rel@@nds up to high spin in this nucleus. The sideband labeled
tive to thel ;=9 bandhead. Note the different scale of the ordinatesS2 in Fig. 1 appears to be a better candidate for the chiral
between thé8(M1)/B(E2) andB(M1),,/B(M1)g, plots. Points  partner of the main band in terms of degeneracy than the
connected by solidlotted lines are for the maiiside band. bandS1 as shown in Fig. 14. However, thg+2 andl,

+ 3 states in th&2 band decay to the main band via strong
try [27]. Reduced transition probability ratios are experimen-21 =2 E2 transitions. The sideband observed in the other
tally extracted using the relation odd-odd Cs isotopes are linked by intense mixed=1

M1/E2 transitions. TheS2 band is not likely the partner
band despite the fact that thg+ 3 states in the¥ and S2
,uﬁ, bands are only 5 keV apart resulting in cross transitions be-
22|’ tween the two. A possible configuration assignmentSdris

(7) mh11,@ v(f7/2,hgp).

B. Two positive-parity sidebands in **%Cs

B(MLl—I-1)
B(E2|—1-2)

lEy(I—>I—2)]5E 1
TE,(1>1-1) N 1462

V. THEORETICAL METHODS AND COMPARISON

where N\ is the branching ratio obtained frorh, (11|
—2)/1(I—1-1). The mixing ratio terms?=1,[E2(I —|

-11,[M1(l—1-1)] are neglected since observed val-
little effect on the

ues of § are small and have
B(M1)/B(E2) ratio compared to the uncertainty ix.

OF THE CALCULATIONS WITH DATA
A. The core-quasiparticle coupling model

In the current studies, a core-quasiparticle coupling model
(CQPCM for odd-odd nuclei, which follows the Kerman-

While theB(M1)/B(E2) staggering as a function of spin in Klein-Donau-FrauendorfKKDF) method (for a recent re-
the yrast band is clearly present as shown in the left columriew, see Ref[28], and references thergjnis applied to
of Fig. 16, it is not as pronounced in the sideband. Furtheraddress the experimental results presented above. This model
more, the spin dependence of band-member energies for theas a laboratory reference frame basis with the total angular
odd-odd Cs isotopes discussed in the preceeding section isomentum as a good quantum number. Thus, calculated and

accompanied by a spin dependence for B{¢1)/B(E2)
ratios within the yrast band.

measured observables are directly related. A corresponding
core-particle-hole coupling model without pairing for the va-

Complete information on electromagnetic transitions inlence nucleons has been applied to investigate chiral proper-
regard to the doublet-band structures is important for an urties of the 7h,,,® vh;,, doublet bands in odd-odd®*d_a
derstanding of the nuclear shape as well as the behavior §9]. In these calculations, pairing for the core nucleons was
the valence particles. Thus, an investigation of electromagincluded in the model for the core, while the valerttg),
netic transition properties between the doublet bands will bgroton and neutron were treated as a pure particle and a pure

examined. Ratios between intra-band and interb(d 1)
values are obtained experimentally from

hole, respectively. This simplification worked surprisingly
well for ¥4 a mainly due to the fact that faf =57 andN
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=75 the position of the Fermi level is low and high within where ., denotes the eigenenergy for the single-particle
the why,, and vhyy, subshells, respectively. The calcula- state|a), which is represented by a set of quantum numbers
tions without pairing resulted in doubletrh,;,® vhyy,  (j,,m,,n,,l,) for the single-particle statey), and indices
structures with theoretical energies and eIectromagneti(;T, ') are running over both protons and neutrons. Two
properties in good agreement with those observed experindices (-, 7') are required for the two-body quadrupole
mentally. Scalar operators used to investigate the angulgpteraction term, while one indexr| is sufficient for the
momentum coupling based on the calculated wave functiongairing since proton-neutron pairing interactions are not con-
suggested that the doublets are indeed related to chirality. §4ered here.

model which includes pairing effects for the valence nucle- The separable monopole pairing interactions in @gare

ons is necessary, however, to address the curndn, expressed using the opera®{r) which annihilates a pair of

B . _ 713 .
@Vhll/z band systematics in the odd-od#" *Cs isotopes, rotons or neutrons in single-particle states with opposite
since the range of neutron numbers correspond to a change.

in the neutron Fermi level from the uppiy, subshell for fientations of angular momentum. This operator is defined
N=79 to theh,,,, midshell forN=69. Although, in the cur- as
rent studies, botlhn,,,, valence nucleons are treated as qua-
siparticles, the valence proton maintains nearly pure particle P(T)zz amam_ (10)
character due to the Fermi level being low within b4/, Ta
subshell aZ =55, while the character of the valence neutron
changes from being nearly a pure hole ndar79 to having The symbolQ(7) denotes the quadrupole operator for
a pronounced quasiparticle characteNat 69. protons or neutrons defined as

The model for a core-quasiparticle coupling for odd-even
nuclei which follows the KKDF approach is discussed in a 1 .
number of papergsee, for example, Ref§29—31). In the Qm(7)= E . 27 , (0 ra T ra)[@708700 12m,  (11)
present studies, the KKDF method is applied to calculate e
properties of odd-odd nuclei using consecutive Odd'partid%\/hereom:(ja,na,la) denotes the set of quantum numbers

coupling. In the first step, a proton is coupled to an eveng, single-particle statgy) without the magnetic quan-
even core, and energies and matrix elements of the electr im numbeim, for 7= 7 or 7= v. The symboly(c....c..)
a - -V Ta 'Y ra’

magnetic operators are calculated for the resulting odd- . " .
9 P 9 enotes the reduced matrix element of the single-particle

proton nucleus. This odd-proton nucleus is then treated as q | lculated b dle’
core in an odd-neutron coupling scheme which resuilts ifiuadrupole operator calculated between statgsand|a’).

predicted energies and electromagnetic properties for the col-"€ Phase convention for the single-particle wave functions
responding odd-odd nucleus. In addition, the neutron can b@s defined in Sec. 3 A of R€f35] is adopted throughout this
coupled directly to the even-even core which results in thd?aper. With this phase convention,
calculated properties of the corresponding odd-neutron t "
nucleus. Comparisons between calculated and experimental Qm(m)=(=)"Q-m(7), (12)
observables for odd-mass nuclei provide a test for the cor- )
rectness of the coupling scheme as well as the applied mod@nd the reduced matrix elements
parameters. Since all of the essential model parameters can N
be fixed from the calculations for odd-mass nuclei, the re- (0710 rgr) = (=) 0'Q(0 01,0 74)
sults for odd-odd nuclei can be considered effectively ~ )
parameter-free. As pointed out in RdB2], for example, are real. The symbdial,a,, ] ., denotes the coupling of
Coriolis attenuation is not necessary in this model. A modebpherical tensors, in this case the creation operators for a
similar to the one employed here was studied in R88];  particle in orbital|a) and a hole in orbitala’), to a state
however, it was not applied to a specific nucleus. with angular momentunhm,

Although the details of the model are derived in Refs.
[29-31], some of the main features of this derivation are ~ . o, ~
discussed below for completeness and to emphasize its rela- [@fear im= 2 , (loMaj amilLmal @z, . (14)
tion to the calculations discussed in REJ]. The presented Mo Mg
approach follows that of Ref34]. The results of these cal-
culations will then be compared with the experimental data. 2. The basis

There are three natural choices for basis sets which can be
constructed for the core-proton-neutron coupling model. In

In the present study, the Hamiltonian consists of a spherieur previous studies in Ref9], the basis set was chosen in
cally symmetric mean-field, monopole pairing, and separablevhich the proton and neutron are coupled to a pair with a

(13

1. The Hamiltonian

two-body quadrupole-quadrupole interactions: good angular momentum and then the pair was coupled to an
1 even-even core. The other choice for basis sets is that con-

H :Z gma’;aam_ — 2 G.PY(r)P(7) structed via the coupling of the valence prot@rutron to
T.a 2% an even-even core and consecutive coupling of the neutron

1 (proton to the odd-mass core. The basis choice for the cur-
— 2 XTT'E QTm( Qm(7), 9) rent study with a proton coupled to an even-even core and
277 m then a neutron coupled to the resulting adldore was made
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mainly for convenience in dealing with pairing interactions
in this mass region. States with spi and additional quan-
tum numbers resulting from the core-quasiparticle coupling
are expanded in this basis which includé§|A— 1Rtr) as

well asETM|A+ 1Rtr) states, where theA+1Rtr) are

eigenfunctions of the nuclear Hamiltonian for the neighbor-

ing core states with angular momentuRt,® and a set of
additional quantum numbers labeledThe expansion coef-
ficients are defined as

(A,IM,s|al JA=LRGN)=(j, MRt|IM)u,S((,mYR,r),

(AIM s[a,,|A+ LR =(j,m,RUIM)vis

R,r) -
(15

This expansion, which includes! JA—1Rtr) as well as
a,,|A+1Rtr) states, is espeC|aIIy convenient for diagonal-

ization of the Hamiltonian with pairing. However, since the

basis is overcomplefeunphysical spurious states are intro-

duced; the identification and elimination of these are dis-

cussed below.

3. The Kerman-Klein-Dmau-Frauendorf method
for core-quasiparticle coupling

PHYSICAL REVIEW C 67, 044319 (2003

2XTT2 Z 2J#+1q 1O Ta)

1 Oj

JJ'5

XA(0 70 10 r0) 85, ﬂmﬂ, (16)
When wave functions for the core and those wave func-
tions defined in the preceding section for the nucleon cou-
pling are applied to the right-hand and the left-hand side of
the above equations, the following is derived for the expan-

sion coefficients:

Els((rm,R,r)uls(um R.r)
p
“Uis(o,, Rr)A+ 2 H(o’ RO, R
" R/ ’ T TH
><uls(gm,,R’,r’)a
Els(am,R,r)UIs(am R.I)
h
=Uis(o,, Rr)A+ z Ho RN, R
" R/ ’ T T
les(om,,R',r'), (17

The Heisenberg equations of motion for fermion creationunder the assumption that the matrix element of the pair

and annihilation operators for the Hamiltonian with pairing
are analogous to those derived in Ré&f| for a core-particle
or core-hole coupling model:

[H 7a1,u,] = (87,4.1,_ Gr)aip,_ GTETMPT(T)

_Z XTT’E

(TTM’

1
quw’“w’)
/Q(T,)]jﬂmﬂ

33y

Xq(o

T
x[a,,

+1 q(a-r,u ' Ta)

UTa)a Sm m

Tr' T}L/JJ’/_L/_L

[H ’a’T/.L] == STMa’TM

+2, XTT'E
-

(TT/J*

s
a,,P(7)

1
——qQ(0 Oy
, WQ( 123 ,u)

X Q(O-T//./ !O-Ta)an.ﬂ 5ijM/ 5m#m#,

SRt denotes two quantum numbeRsand t, which are the core

angular momentum and its projection, respectively. This is analo-

gous to theM notation.
®In principle, a basis which consists af |A—1Rtr) ora,,|A

+1,Rt,r) states only should be sufficient to expand the wave func-

tion of interest.

transfer operator betweeh*1 core states is

(A—1R't',1'|G,P(7)|A+1Rtr)= Sgis S /A

(18
The matrix elements dfi” andH" are given by
L AT el L=< CE O LY
| i 2 0,
_X(_)Jﬂr-%—R-H R | R’
XQ(0,,,0,)9 H(RIR ),
h A+1
H((J'W,R,r)(a-mr, ) [E N ( TM_)\F)]aamomfﬁRR'ﬁrr’
| i 2 0,
+x()W TR R R
XA(0 7,07, )G THRILR ).

(19

TABLE XII. Four core parameters fitted from experimental val-
ues of 1%Xe [38,47.

Joo 1.975 ¢:/MeV)

C 4.43<10° % (MeV3/4%)
B 0.19

y 27°
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In the equations abovg,; denotes the energy of the state ~ The Hamiltonian given by Eq22) can be represented as
with quantum numberss resulting from the nucleon cou- the sum of two part$l=H,+Hg with
pling. For the core states with quantum numbeRsr§, the

excitation energy of a state with respect to the ground state is I (HP—HM) A
denoted byER; . The parametek, defined by the energy H,= . N
difference of the core ground states A — 2 (HP=H")
! ! L (HP+HP 0
Ne=5[Eo(A+1)—Eo(A-1)]+5G,, (20 2 (HP+HT)
2 2 He= . (23
0 3 (HP+HD

is related to the Fermi energy for the nucleons being coupled

by As the first step, the matrik, i; diagona;lized. This is done
_ _ by the diagonalization of the(HP—H") matrix (which
Er=Bo(AT1)=Ae. (21) yi)(/elds effec?ive single-particle eEIergies f)or h® coupling
In the discussion below is treated as a parameter of the followed by a subsequent quasiparticle transformation which
model. The reduced matrix elements of the quadrupole opdiagonalizes th@ia matrix and defines quasiparticle energies
erator between core states with quantum numb@rs)(and ~ @nd wave functions. Because of the structure oftthema-
(R',r") are denoted byg®**(R,r,R’,r’). Equations(19)  trix, each quasiparticle state with energyand wave func-
were derived under the assumptien, = x,,= x-,=x- The  tion (u,v) has a partner state with energys and wave
single-particle valence space for the current calculation i§ynctions (—v,u). Quasiparticle states with positive energies
restricted to thehll,z_orbnal; in s_uch an approximation, the only are used for the diagonalization of théHP+H" ma-
last terms on the right-hand sides of H@6) can be ne- y"in the second step, while quasiparticles with negative
glected since they result only in anhaddmve constant to thenergies are treated as spurious states. Diagonalization of the
dlagonal_matrlx elements CWJ andH". 2(HP+H") matrix in a positive-energy quasiparticle basis
Equations(17) define an eigenvalue problem yields the energie€,; and wave function {,v) for states

u u HP A resulting from the nucleon coupling.
Els( ):H( ) H—( h), (22 It should be noted that, in the case of the present studies,
v v A H the elimination of the proton spurious states is of relatively

hich i ved bel ieldi . q funct little importance compared to the elimination of the neutron
¥vrlct ,;S scr) Ve Itine ?;N%/'?h 'nng elnerrglyles aTin wave tunc Ionsspurious states. This is due to the fact that the proton Fermi
or states resuiting fro € hucieon coupling. energy\¢ is low compared to the energy of the spherical
4. Diagonalization of the Hamiltonian and elimination mhyy, State of interest and the wave function for an atld-

of spurious states nucleus is dominated by tiui,h11/2|A— 1,Rt,r) components.

As pointed out in the basis discussi@®ec. V A 2, over-
completeness of the model basis results in unphysical spuri-
ous states which need to be eliminated during the diagonal- The expansion coefficients resulting from the above di-
ization of Eq. (22). The diagonalization is carried out, agonalization are used to compute the reduced matrix ele-
therefore, in two steps following the method of Refs. ments of theM1 andE2 operators. The reduced matrix ele-
[29,31,34. ment of the operatoM(A) is given by

5. Electromagnetic properties

1" A |
<A,I's’||M<A>||A,|s>=mm[z (<_)1H+R+|'+A{ _ }
O Rr,R 1’

) R j, R

X[{A=1R'r'||M(A)||A- 1,R,r)u,s(gmvar)u|,S,(UTM'R,Yr,)+<A+ LR, r'||M(A)

+ 2 2<(_)jM,+R+|+A_I A .I
O Oyt R,r ’

X||A+lvRyr>UIs(om,R,r)UI’s’(om,R’,r')] i R j
H H

X0 7t || M(A)] |0'7-p.>[uls(om ROUs (o ROFTCUIs(o, ROVI'S (0, ,R,r)]) ] , (24)
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L 6 737 gt 1734 v o tween the calculation and the experiment for
c w3 uo 128¢e. Experimental data are from RéB8].
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Exp.  VMI_DF
where is assumed to be rigid, its moment of inertia is of a different
character. In fact, variable irrotational-flow moments of iner-
—1 for electric multipoles tia are used as given by
c= . . 25
+1 for magnetic multipoles, @9
4 ) 2k
is a factor related to the transformation properties of the ma- JkRngORSIHZ y——3 |, k=123 (27)

trix element of theM(A) operator under particle-hole con-

jugation as discussed in Sec. 3.1 b of H8b]. . ) . ) )
The spin-dependent moment of inerfigi is a unique posi-
B. Application of the model to 26Cs tive solutlpn of Eqs(28) and(29) as described by Mariscotti
et al.[37]:
1. Arigid triaxial core: ?8Xe

The rigid triaxial rotor of Davydov and Filippo{36] is 1 , 1R(R+1)
employed for modeling the core. The Hamiltonian of the ER(‘]OR):EC(JOR_Joo) +§ Jr (28)
rotor is defined as

3 R2 JE(Jor) —0

= LS —=0, 29
Hrot kzl 2‘]k, (26) a‘JOR ( )

whereRy andJy are the component of the total angular mo- whereEg represents energies in the ground-state band of the
mentum of the core and the moment of inertia along thesven-even core, ant}, andC are fitted from the experimen-
principal axisk, respectively. Although the shape of the rotor tal Ex [38]. Similar methods for simulating cores are applied
in the triaxial rotor plus particle description of negative-
parity states in oddx 12312Xe [39,4Q and 12512712€s[41].
sz 3767 129CS In addition toJyy and C, the deformation parametef?
and y are fitted from the experimentaB(E2;2" —0")
=0.15(8) €%b?) [42] and the energy ratio of the first and
i 7z 25 e s the second 2 state[36], respectively. The core parameters
27/2 2660 R — . . . .
— 25/2 250 are summarized in Table XIl. Figure 17 shows the fitted en-
i ergy levels together with those from the experimgsg].
21/2 2056 .
2+ sy o Yr_E i I The yrast band fits remarkably well. The calculated energy
e 21/2 1744 . H
T levels for they band are noticeably overestimated for states
/o8 with spins higher than three, reflecting the fact thasoft-

4,

31/2 3539

- - 17/2 6 . . .
o SR VR ness is required to fit the data properly.

13/27 575 13/27 597

15/2 448 B/Z 461

TABLE XIIl. Quadrupole-quadrupole coupling constant and
oL Wr o wr__ o relative Fermi levels for protons and neutrons 8fCs.

Exp. CQPCM  Exp.  CQPCM

Excitation Energy (MeV)

X 10 (MeV/©?)
Nr€n,, —2.5 MeV
FIG. 18. Comparison of energy levels between the calculation Ny en,, +1.75 MeV

and the experiment fol*°Cs. Experimental data are from Rp43].
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128Cs Experiment 12805 Calculated
/>\ i (17)* 3099 S o soem
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FIG. 19. On the right: a level scheme predicted ¥8{Cs using the model with parameters listed in Tables Xl and XIII. Widths of arrows
are proportional to calculated reduced transition probabilities, naBéM,1) andB(E2). On the left: The level scheme obtained from the
current study. The arrow width is constant. The broken arrows represent unobserved transitions. A bighdBéaid assumed.

2. The consecutive CQPCM: odd-oddCs constanty=10 MeV/t’ and\ ,—&p,  =—2.5 MeV, where

Using the KKDF method, the valencle;;, proton is \_ is the Fermi level for proton ancs:lhm2 is the energy for
coupled to the calculated even-evéiiXe core described in  the ;. spherical orbit. The calculated energy levels are
the preceding section yielding results f6fCs. Good agree-  shown in Fig. 18 and the two parameters are listed in Table

ment between the calculated and the experimental energyj||. subsequently, the same method is reapplied by cou-
levels[43] for the 7h,;/, band is obtained with the coupling pling the valencen,,, neutron to the calculatet?*Cs core,

yielding the odd-odd'?Cs results.

sl T T T T ] The calculated and experimental energy levels f6Cs
L5 purehole -7 h are compared in Fig. 19 for the neutron Fermi lewgl
.ol | —&p,,,= T1.75 MeV. Nearly degeneraterh,,® vhyy),

g sl i doublet bands emerge for a range of neutron Fermi levels in
e ‘ -~ Theory-Yrast the model calculations. The predicted energy levels plotted
Lo L e | ] as a function of spin in Fig. 20 show that not only the overall

*—o - . . .
05— v—v Exp-Side - excitation energy, but also the energy difference between the
o — ground and first excited band are sensitive to the neutron
S I L A B Fermi level. The experimental data are best reproduced when
) S the neutron Fermi level measured relative to the spherical
“T B hy1» shell is at\,—¢, =+1.75 MeV as shown in the
- | 11/2
%\ 20
S 151 —
g 20
Wwio —
05— — [ N
or I I I I I I I I I H ~ 15— —
T T T T T T T T T §
30 —
s | A
251 n g
—~ 20— — — § 10— B |
g - ¥
S 151 _ S
Wio _ iy -
05— — o 5 —- A:purehole -
.—. B: Av-shm:1.75 MeV
o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ] L .. CAjg, OMeV
8 9 10 11 12 13 14 15 16 17 18 o—e Experiment
; | | | | | | | |
Spm (h) O9 10 11 12 13 14 15 16 17 18
1(n)
FIG. 20. Calculated excitation energies'fiCs as a function of
spin| with different relative neutron Fermi leve(dot-dashed lines FIG. 21. Calculate®(l) values(broken lineg for the yrast band
for the yrast and dotted lines for the sidebarithe experimental in 2%Cs, with different relative neutron Fermi levels. The experi-
curves are indicated by filled symbols with solid lines. mental values are filled circles connected by solid lines.
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FIG. 22. TheS(1) values calculated for the parameters listed in ~ FIG. 23. Top: Calculateddot-dashed lineand experimental
Tables XII and XIIl for the sidebands and yrast bands'fics ~ (Solid line) values for B(M1),/B(M1)oy; in 1#Cs. For data
(broken lines. Experimental points for the sideband are connectedP0ints with an arrow refer to Fig. 16. Bottom: Comparisons be-
by solid lines. tween the calculations and dataB{M1)/B(E2) values for both

the yrast and sideband i%Cs.

middle panel of Fig. 20. When the relative Fermi level is at ] ) _ -
zero (\, ==&y, ), resulting in equal amplitudes of particle- neutron number in these isotopes since the enhanced gtab|llty
like and holelike states for the quasiparticle wave function,due tp the mcreaseg comper]sates the less-perpendicular
the energy difference between the two bands is excessiveﬁPUp!mg of the smgle-partlcle angular mzomenta for
large and the model under-predicts the enegys spin| uasmegtrons near the midshell as cpmparea 1. The
cuestoatom panl On the other and,when a pur ne ERETELET O SIS o b 1 e 0 eg,
tron hole is considered, the model over-predicts Ehes | = 3330 ") s rrounded b apsoft chiral-geometry region which
curves and near degenerate states result at spin (it y 9 yreg
pane). Provided that they and 8 values are fixed, the above extend to th_e lowN Cs Isotopes. .
trend is expected within the chiral interpretation; as the The pos_|t|_on of the Fermi level ha_ls an influence on the
Fermi level increases, the highquasihole couples more energy splitting pattern, as _weII_, within the ground-state
strongly to the long axis of the triaxial core resulting in a 71128 vhyyband as shown in Fig. 21. Far,=ep, , (C),
good chiral geometry. the calculated staggering pattern is opposite to that observed
One important point to note, as discussed in F{Q], above Spin 12, i.e,, odd-spin states |Ie lower in ene_rgy. At
however, is that largeg values fory~30° have an effect of \,-en,,,=+1.75 MeV (B), the staggering pattern begins to
strengthening the coupling of the valence particle to the corebe restored, and for a pure hol&)(, the even-spin states are
This effect contributes to the stabilization of the chiral ge-clearly favored in energy in the calculation above spin 12. In
ometry. By the same argument, redugédieformations, as all cases, the model fails to reproduce the experimental re-
occur when the neutron number approaches the magic nursults at spin 12. The cause of this deviation at this particular
berN=82, destabilize the perpendicular coupling of angularspin is not understood. However, at lower spin, proton-
momenta. The neutron Fermi level situated in the, mid-  neutron @n) residual interactions are expected to play an
shell influences both thg and v value of the triaxial core. important part in causing the odd-/even-spin dependence of
The energy differences between the partner bands i8(1) [26]. These residual interactions might also enhance the
124.12¢s are comparable to those iffCs. This suggests that overall staggering amplitude, which could explain the under-
the chiral conditions do not change rapidly with decreasingestimated values of the amplitude predicted by the model.

TABLE XIV. Calculated reduced transition probabilities f&Cs.

I B(E2;1—1-2) (?b?) BM1;I—I—1) (u) BM1L;I5—=IF—1) (u2)
Yrast Side Yrast Side=B(M1);, Side=B(M 1)p,:
17 0.244 0.244 1.62 0.605 0.075
16 0.230 0.184 0.034 0.032 231
15 0.177 0.187 1.64 1.04 0.050
14 0.125 0.088 0.00 0.00 2.13
13 0.079 0.118 1.39 1.23 0.386
12 0.062 0.034 1.25 1.43 1.00
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tion of spin, andS(1) is shown in the bottom panel.

Since the present study does not include ineinteractions,
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transition probabilities are tabulated in Table XIV. While the
B(E2) increases somewhat smoothly with spin, B(gM1)

as well asB(M1)g,; values depend markedly on the odd/
even-ness of the spin.B(M1;l,qq—(1—1)epen) and
B(M1;Ig‘uerﬁ(ls—l)odd)out are in many cases two orders

of magnitude larger thalB(M1;lg,en— (I —1)0qq) and
B(M1;15,4— (15— 1)eyen)out. respectively; thus, according

to the model, staggering of the ratios for the electromagnetic
transitions is attributed to the spin dependence oBid 1)
values. Notably, another consequence of the above is the
much larger staggering amplitude for the
B(M1),,/B(M1)g, than theB(M1)/B(E2) ratios.

Since the core energies and electromagnetic properties
must be externally provided, the current theoretical approach
allows various assumptions for the core to be tested against
measurement. The assumed stable triaxial deformation and
irrotational-flow moment of inertia imposed on the core are
'shown to be appropriate it¥%Cs. Wheny is changed from
27° to 0° (axially symmetric corg keeping the remaining
parameters the same, drastic changes are made to all of the
observables discussed in the paper. The sideband is displaced

their effect on the discussed observables is not addressedti@ h|gher energy by more than a factor of 2 Compared with
this paper. The better agreement at higher spin could be dufie data, as shown in the upper panel of Fig. 24. The spin
to the fact that the assumed rigid triaxial core is more appligependence o$(1) is lost, andS(l) becomes more or less

cable than in the lower-spin range since thsoft core will

constant over a large interval of spin, as presented in the

be driven towardsy=30° by the increasing core rotation |ower panel of Fig. 24. Similarly, th&8(M1) decreases
which minimizes the rotational energy. It is argued in Ref.smoothly, and th(E2) steadily increases as a function of
[44] that the energy splitting is a very sensitive probe ofspin (see inset in Fig. 25As a result, the staggering in the
shape changes in nuclei. Thug;soft cores as well as the B(M1)/B(E2) ratio is not seen with an axially symmetric
inclusion of pn interactions are additional areas for theoret-core, as shown in Fig. 25.

ical investigations. (Interestingly,

the calculation for

It is very encouraging that the present model, with rather

\,-en = +1.75 MeV predicts that the odd-spin states arecryde approximations of the core, successfully reproduces

apparently favored in energy for the sideband as shown iexperimental features related to the doublet bands described

Fig. 22, while the data do not show a clear spin dependgncein this paper. Once the od@l-core is determined, only the
The model with the parameters listed in Tables Xll andneutron Fermi level is an adjustable parameter for the fit to

Xl correctly predicts

B(M1)/B(E2) in the yrast band an8(M1),,/B(M1)g;

the staggering pattern

of the data. Considering the Fermi level fits of the valence pro-

ton and neutron, the chiral interpretation of the doublet bands

for the sideband as presented in the lower and upper pandaiilt on the highj 7h,,,,® vhy,, configuration is supported.
of Fig. 23, respectively. Calculated reduced electromagneti€urther analysis including the calculation of the coupling

25
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FIG. 25. The calculate@®(M1)/B(E2) val-

18 ues (dashed lines assumingy=0° for ?%Cs
compared with the corresponding datsolid
lines). The inset shows the calculated absolute
B(M1) andB(E2) values as a function of spin.
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angles, namely(R-j .,,) and{j +j,) as well as orientation moment of i_nertia was tested by comparing the calculations
operatoro=(j ,Xj,) - R are planned. A formalism equivalent to the experimental result.

to that applied in Ref{9] would need to be developed for the A good overall agreement between the calculations and
current basis. the experiment for the various observables was remarkable

considering the simplifications made. Therefore, the present
study suggests that indeed triaxiality is an essential feature in

VI CONCLUSIONS understanding the underlying physics in odd-odd Cs isotopes
The odd-odd'?~13%Cs isotopes have been studied in the@nd perhaps neighboring transitional nuclei in this mass re-

present work as a search for chiral doublet bands. New 9ion. As a consequence of a stable triaxial deformation, i.e.,
rays were identified ift*Cs; however, the nucleus did not & substantial deviation from axial symmetry, a proper lan-

show significant collectivity. Sidebands to therhy,, 9Ya9e to describe physical phenomena relate(_j to triaxiglity is
® vhy,, yrast partner band were identified in th-130.13¢ required. In particular, what is referred to as signature inver-

isotopes in the current study. Positive parity and relativeson for theA~130 region has a different origin than in

spins of these sidebands were deduced based on the mixagially deformed regions. Classification of excited states into

Al=1 M1/E2 character of the linking transitions between rotational bands according to the signature quantum number

the two bands, which is uniquely determined from DCO IS suitable and successful in nuclei in which the total angular
analyses. This results in near degenerate=1 bands as momentum coincides with a principal axis; however, this

expected when a chiral geometry is attained in these nuclefcn€me is not appropriate if applied in triaxial odd-odd nu-

Smooth variation of the excitation energy for the sideband<'€l When the total angular momentum does not coincide

from 124Cs to 13%Cs provides further support to the energy wi_th any principal axes. Hence the wostynaturebecomes
systematics proposed in Rd8] for odd-odd Cs isotopes. mlsleadlng_ when_ us_ed in this case. .

These experimental data make the chain of odd-odd Cs nu- F_urt_he_r Investigations are necessary to SJFUdy the influence
clei a reliable source of information on properties such as thé"c tnaX|§1I|ty in this mass region. The theoretical methodi em-
odd-/even-spin dependence $fl) values in the mass 130 ployed In the current study fof**Cs can be equally_ applied
region and the staggering &(M1)/B(E2) values in the to the Ilgh'Fer Cs |sotqpes, yvhere chiral g_e_or_netrles are not
yrast partner bands. Combined with the sidebands, the sta xpected, in order to Investigate the sensitivityS§f) and
gering of B(M1),,/B(M1)o,; correlated with that of D(M1) values to triaxiality.

B(M1)/B(E2) was experimentally recognized. The core- ACKNOWLEDGMENTS

guasiparticle coupling model, following the Kerman-Klein-
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