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Role of chirality in angular momentum coupling for A~130 odd-odd triaxial nuclei: **4_a
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Nearly degenerate partner bands observedl+il30 odd-odd triaxial nuclei are interpreted as a manifesta-
tion of chirality in the intrinsic reference frame. A phenomenological approach, based on a core-particle-hole
coupling model, has been developed to address the experimental observables. This laboratory-frame model, in
which chiral symmetry has been restored, includes a triaxial core, a particle/hole single-particle Hamiltonian,
and quadrupole-quadrupole interactions. The optimal model parameters are investigated. The results of the
calculations indicate the existence of pairsf, v~ th,,,, states with the same spin, parity, and similar
excitation energy forming partner bands that are nearly degenerate over a range of spins. These calculated
partner bands are consistent with the chiral band interpretation and are in agreement with experimental obser-
vations in this region. This model has been applied to excited stat€4.ia, which have been studied via the
1235h(*3C,4n) reaction usingy-ray spectroscopic techniques. In addition to the yrast; ,v~ thy,, band, the
partner band was observed with experimental properties consistent with thersame ~1h, 4, configuration.
These doublet bands resemble those observed systematically for Séweralisotones of*4.a.
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I. INTRODUCTION arranged to form two systems with opposite chirality, left-
and right-handedness, as shown in Fig. 1, representing the
Recent experimental investigations of odd-odd nuclei inbreaking of chiral symmetry in the intrinsic frame of the
the A~ 130 region[1-5] have resulted in the observation of nucleus. These systems cannot be transformed into each
systematic doublet bands built on unique-pahity,, valence  other by rotation or space inversion, but are related by an
proton and neutron orbitals. These structures are interpretezperator that involves time reverarlhis can be visualized
as a manifestation of chirality in the angular momentum couwith the use of Fig. 1 following the fact that the time-
pling, which had been predicted in Rg8]. IntheZ~57 and  reversal operator reverses the orientation of each of the an-
N~ 75 region, the Fermi level is in the lower part of thg,,  gular momentum vectors.
proton subshell, but in the higher part of the;,, neutron In this paper, such chirality for an odd-odd triaxial
subshell: Model calculations for a triaxial potentidb,7]  nucleus is studied theoretically with the use of a phenomeno-
indicate that the angular momentum for an orbital in thelogical core-particle-hole coupling model formulated in the
lower part of a highi- subshell is oriented along the short |aboratory reference frame, where chiral symmetry is re-
axis of the triaxial core while for an orbital in the higher part stored. The model is developed from a Hamiltonian with
of the subshell, the orientation is along the long axis. Suclyuadrupole-quadrupole nuclear interactions following an ap-
orientations result in a maximal overlap of the core waveproach presented for odd-even nuclei in R¢g-11]. The
function with the particlelike wave function and a minimal eigenvalues of the Hamiltonian are found using the Kerman-
overlap with the holelike wave function; in both cases, theKlein-Donau-Frauendorf methoffor a recent review, see
overlap results in a decrease in energy due to the attractivRef. [12] and references thergjna similar model was ana-
nature of the nuclear force. The angular momentum of théyzed in Ref.[13]. The triaxial core is introduced into the
core itself is oriented along the intermediate axis, which corcalculations via reduce®2 matrix elements and energy
responds to the largest value for irrotational-flow-like mo-spectra; the parameters fitted to reproduce the properties of
ment of inertia[7,8], thus minimizing the rotational energy. even and odd neighbors are directly applicable to the calcu-
These three mutually perpendicular angular momenta can detions for odd-odd nuclei. For these calculations, the triaxial

*Present address: Department of Chemistry, Washington Univer-2Sych a chiral operator may be defined as a combination of time
sity, St. Louis, Missouri 63130. reversal and rotation by 180° around an axis perpendicular to the
Following this fact and the model calculations presented belowguantization axis. The convention that follows REf] with the z
the configuration for the doublet bands discussed in the currerdindy axes chosen as the quantization and rotation axes, respec-
work is labeledrh,, v~ thy,, throughout the paper. tively, is widely accepted.
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FIG. 1. Two possible couplings of the three angular momentain — 7 1" %> " \ 452
a triaxial odd-odd nucleus to the total angular momenturim the 504%7'. | (147 827\1____(_1_5_’+) __________ ¥ 906
A~130 region, the three mutually perpendicular angular momenta . 453_ 454 .
involved are those for the protdn y, particle (j ), for the neutron (13_)_|...i..783 ........ 786 Yooriionin 830 .%...... (147)
hy1,, hole (j,), and for the coreR). 380 + + 385
12 hole (7,) R 30 | e 775\ _______ wd L
rotor of Ref.[14] is employed for the core. The angular (1) | _3§0 ........ & 686332 (124
momenta coupling of the valence proton, valence neutron, \ """"""
and the core rotation are analyzed via the resulting wave

functions from these model calculations by evaluating expec-
tation values of scalar products of the three angular momen
tum operators; deduced orientations of the angular moment;
allow the exploration of the chiral aplanar condition for the
total angular momentum. The approach presented here is
complementary to the study of chirality from the intrinsic ~ FIG. 2. Partial level scheme fdf4.a. The widths of the arrows
body-fixed reference frame using the microscopic Tilted Axisrepresent the relative intensity of theray transitions with the in-
Cranking (TAC) model of Refs[15,6], which predicts tri- ternal conversion contribution indicated by the white component of
axial shapes with y~30° and aplanar minima for the arrow. Energies are given in keV.

ahy1,v~ thyy, routhians in theA~ 130 region.

The orthogonal coupling of three angular momentum vecheam was provided by the tandem-injected superconducting
tors violates time-reversal invariance. It should be noted| INAC of the Nuclear Structure Laboratory at the State Uni-
however, that the nuclear Hamiltonian, in the laboratory refyersity of New York at Stony Brook. Thé?3Sh target was
erence frame, is invariant with respect to time reversal. Fob mg/cnt thick and backed with 16 mg/chmatural Pb.
specific configurations, states with defined chirality are posThe experimental setup consisted of six Compton-suppressed
sible only in the intrinsic body-fixed reference frame. ForGe detectors working in conjunction with a 14-element BGO
such states in the intrinsic reference frame, the required respyjtiplicity filter. The detectors were placed at approxi-
toration of time-reversal invariance in the laboratory refer-maiely +30°, +90°, and+150° relative to the beam direc-

ence frame results in the doubling of states forming nearlyjo,  The y-ray energy resolution measured a550 keV
degenerate partner bands. Since the core rotational contribiy;as full width at half-maximum~2.2 keV. A total of
tion to the total angular momentum varies along the rota-_goy 1op time-gated prompty-y coincidence events were
tional band, the near degeneracy is expected to exist onlygjiected in this experiment. Coincidentray events were
within a limited spin/rotational frequency range where theggied into arE -E., matrix and analyzed using thg-ray

three vectors of interest are comparable in magnitude. Th@pectroscopy software packag@DwaRE [17]. A partial
wave functions for the doublet states provided by the modej

. ; ““level scheme presenting the yrast band built on the
in the laboratory reference frame are those linear combma;Thll/zV—1hll/2 configuration identified in a previous study

tions of the wave functions for the left-handed and right-r1g] "3nd the partner band observed in the current study, is
handed systems in the intrinsic reference frame, which arg,qwn in Fig. 2. Figure 3 presents theray spectrum
invariant under time reve_rsal.. L . created from a gate on the 380-keV intraband transition of
These model calculation investigations in the laboratory,, partner band. The number of counts in the peak for the
frame are applied to doublet bands built on theggg yey [inking transition in this spectrum compared to the
7110 "1y, CONfiguration observed in the=75 triaxial  ymper of counts for the 360-keV partner-band member in-
¥ a nucleus. Partial results of this work have been given inyicates when corrected for efficienégee Table | for de-
Ref.[16]. The experimental study of*d.a will be presented tails), a significant decay out from the partner band into the
in the next section followed by the development of the COreyrast band.
parFicIe—hoIe coupling model and its application to the ex-" A pirection Correlation from Oriented StatéCO) study
perimental results. [19] was performed to determing-ray multipolarities. An
asymmetric DCO matrix was sorted with the detector® at
~30° andf~150° incremented on one axis and the detec-
Excited states in **3.a were populated with the tors with #~90° on the other axis. DCO ratip$9] extracted
1233h(13C,4n) reaction at a beam energy of 64 MeV. The for known quadrupole-dipole and quadrupole-quadrupole co-

Il. EXPERIMENTAL METHOD AND RESULTS
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L | T B | L negative-parity orbitals. As a consequence, the links should
5t & 3] ] be strongly hindered unless the partner band is built on the
< I - why1v~ thyy, configuration as well.
£ 4r The current experimental data yield relative spin assign-
% i ments only; absolute spin assignments for the bands of inter-
o3r est have to rely on the results of the previous study. The
8 2' whyv~ thyy, band in 1¥2La was proposed in Ref18] to
42 decay to an isomeric state withtg,=24.3 min half-life. A
31 spin and parity (6) for this state was assigned in RE20]
O based on an electron conversion measurement for the ob-
0 served depopulating-ray transitions. The same assignment
. . - . . - was preferred in Ref21] in which the results of an atomic-

30 450 550 650 750

Energy [keV]

150 2%0 beam magnetic resonance measurement are discussed. The

482-keV transition linking the partner bands to the isomeric
FIG. 3. Coincidence spectrum gated on the 380-kekay tran- ~ State was assigned a stretched multipolarity based on

sition. Those transitions reported in Fig. 2 are labeled with thei@ngular distribution measuremerits8] that resulted in the

energies in keV: the other peaks correspond to transitions depop? ) assignment for the bandhead of the yrast band.

lating the (8") state of the yrast band. A systematic study of the bands built on thé1,vhq1»

configuration in the odd-odéd~ 130 nuclei was reported in

o 13 Ref. [22] in which new spin assignments for several bands

incident y rays in **4.a [18] are Rpco=0.57(9) for the | are suggested; it was based on the assumption that the ex-

587-482 keV cascade afthco=0.97(15) for the 778-587 citation energy of the levels with the same spin in a chain of

keV cascade. Energies, intensities, DCO ratios, proposegleformed odd-odd isotopes and isotones varies in a smooth

spin assignments for the observed excited levels, and multiyay. This study includes therh,;.,» *hy;, bands in the

polarities for they-ray transitions are listed in Table I. N=75 isotones, where spin assignments higher by one unit
The experimental values of the DCO ratios extracted folof 7 were proposed if®3La, *3*%Pr, and**%m as compared

the quadrupole-dipole cascades were used to calculate the the original assignments proposed in REf8], [23], and

mixing ratio § for the M1/E2 intraband transitions in the [24], respectively. The spin assignment]i:fPCs proposed in

yrast band19]. These mixing ratios are of the order 0.1 Ref.[25] was treated as a reference point and, therefore, not

when a reasonable spin alignment parametér=0.3 is as-  altered in this study.

sumed. The DCO analysis for the transitions linking the part- These ambiguities in the spin assignment may be attrib-

ner band and the yrast band was performed withRBeo  uted to well-known difficulties with experimental studies of

measured in gates set on stroNyl/E2 transitions in the odd-odd nuclei. The spins proposed in REf2] with the

yrast band. DCO ratios-1.5 were measured for the 622-, (8") assignment for the bandhead of the yrast bantta

689-, 775-, and 786-ke\y rays using gates set on the 161- were found to be in better agreement with the results of the

and 294-keV mixed dipole transitions. This rules outEh  calculations discussed in Sec. IV C and are therefore adopted

assignment for the links since the values calculated foin the present paper.

stretched and nonstretchgd transitions ar&pco=<1.2 and

Rpco=0.6, respectively. A stretcheld2 hypothesis is also Ill. THE CORE-PARTICLE COUPLING MODEL

ruled out due to the expectdhco~0.5. The same is true

for an17=1{ mixed M1/E2 assignment since the calcula-

tions giveRpco=1 for any mixing ratio considered. There-  For the purpose of the current study, the total nuclear

fore, the above four links are all of mixeftll=1 M1/E2 Hamiltonian is assumed to consist of a spherically symmetric

character with a mixing ratié~ —0.3. This yields positive mean-field Hamiltonian and a quadrupole-quadrupole inter-

parity for the partner band and the relative spins as shown iaction term, namely,

Fig. 2. The proposed assignment is consistent with that de-

termined for*%m in Ref.[4]; the Al=1 M1/E2 multipo-

larity for the linking transitions in this work results, in addi-

tion to the DCO analysis, from the polarization . .

measurement. wherefsm denotes the energy for the. single-particle state
The existence of mixed1/E2 links between the yrast |a), a is the set of the quantum numbeis, (m, ,n,.!,) for

and partner band suggests strongly that the partner band € Single-particle statr), and r,7' are indices that run

built on the same unique-parity orbitals as the yrast band@ver both protons and neutrons. Two indices ¢') are

The only other positive-parity configurations at low excita- "equired for the two-body interaction term. The symQir)

tion energy which are possible in odd-odd nuclei in theQenotes the quadrupole operator of protons or neutrons de-

A~130 region involve positive-parity proton and positive- fined as

parity neutron orbitals. However, the selection rules for the 1

M1 andE2 operators yield vanishing matrix elements be- - Mal 3,

tween such configurations and the yrast band built on Qul7) N AT rarTra)[BraBrarTom: - (2)

A. The Hamiltonian

1
H=2 2..8]85=5 2 X 2 Qu(7)Qn(7), (1
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TABLE |. Properties ofy-ray transitions observed in the current study.

E, ?(keV) I, (%) DCO ratio 17 — 17 Multipolarity
67.6 (9%) . (8%) M1/E2
161.3 100.(8.0 0.646) " (10%) . (9%) M1/E2
293.6 . (11 — (10 M1/E2
ponE 140.04.0 0.46(6) 12 ~ (a1 ML/E?
360.1 4.10.1) (12%) . (11%) M1/E2
380.0 2.10.1) (13%) . (12%) M1/E2
385.3 23.80.7) 0.425)" (14%) . (13%) M1/E2
392.1 39.11.2 0.585) (139 - (12 M1/E2
402.7 2.70.1) (14Y) - (13%) M1/E2
426.9 >1.0 (15") . (14%) M1/E2
451.9 9.10.3 X (16%) . (15%) M1/E2
453.6 16.60.5) 0399 (15%) - (14") M1/E2
481.7 18.60.6) 0.579)° E1l
487.5 1.90.1) (18%) . (17%) M1/E2
506.3 4.40.1) 0.52)° (17%) . (16%) M1/E2
558.0 1.40.1) (19%) . (18") M1/E2
587.3 16.20.5) (12%) - (10%) E2
622.0 8.00.3) 1.7(3) ¢ (11) - (10%) M 1/E2
686.1 11.60.4) (13%) . (11%) E2
688.6 7.40.2) 1.4(2) © (12%) . (11%) M1/E2
740.2 1.20.1) (13%) - (11%) E2
774.7 5.40.2) 1.52)¢° (13Y) - (124) M1/E2
777.9 19.90.6) 0.9715)° (14%) - (12%) E2
783.0 1.90.1) (14%) . (12%) E2
783.3 0.70.4) (11%) . (9%) E2
785.5 5.30.2) 1.83) ¢ (14") . (13%) M1/E2
827.0 1.00.1) (15%) - (14%) M1/E2
829.8 >0.5 (15") . (13%) E2
839.2 11.90.4) (15%) . (13%) E2
862.2 1.60.1) (16%) . (15%) M1/E2
906.0 11.80.4) (16%) - (14%) E2
915.6 1.40.1) (16%) - (14%) E2
958.8 5.10.2) (17 . (15%) E2
994.3 4.40.2) (18%) . (16%) E2
1015.6 2.80.1) (20%) . (18%) E2
1046.3 2.60.1) (19%) - (17%) E2

@ nergies are typically accurate to within0.3 keV.
bGated on 587-ke\E2 transition.

‘Gated on 778-ke\E2 transition.

dGated on 161-keV mixet 1/E2 transition.
€Gated on 294-keV mixet 1/E2 transitions.

whereo .,=(j o ,Ng,l,) denotes the set of the quantum num- states|a) and |«’). The phase convention for a single-
bers for the single-particle stater) without the magnetic particle wave function as defined in Sec. 3-A of Réf is
guantum numbem, for 7= or 7=v, respectively. The adopted throughout this paper. With this phase convention
symbolq(o,,,0,,) denotes the reduced matrix element of .

the single-particle quadrupole operator calculated between Qm(7)=(=)"Q-m(7) ()
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and the reduced matrix elements |A,Rt,r) is an eigenfunction of the nuclear Hamiltonian for
[T the even-even core state with angular momengivand a
AT 70,070 )= (=) 1'q(0 01,044 (4)  set of additional quantum numbers labefedhe expansion

~ coefficientsu,g(, are defined as
are real. The symbdla’,a,,] .y denotes the coupling of 150 RO

sphgrica}l tensors, in this case the preation operatorg for a (A+ 1JK,5|alﬂ|A7Rt-r>=<ij#Rt||K>U|s(07 Ri)-
particle in orbital\) and a hole in orbitalw), to a state with #
angular momentunbM

(6)

An analogous expansioilwlA,Rt,r) is used for core-hole
[ala,Ju= > (hmij.mJLM)ala,,. (5  coupling with the coefficients s,  r,) defined by
my .M,

The above Hamiltonian does not include pairing correla- <A_1’|K*3|am|A*Rt'r>:<JumuRt||K>UIS(07WRJ)-
tions; however, this simplification is justified by the fact that (7
the model is applied to very specific bands in #he 130
region built on valence nucleons occupying, orbitals. In
this paper, nuclei withz~57 andN~75 are considered,
where the Fermi level is low compared to thé 4, subshell
while high compared to theh,;,, subshell. In such cases, a fined as
simplified model treating the valence proton as a pure par- 4~
ticle and the valence neutron as a pure hole is expected to (Z+1N-1JK s|[ara,,lmlZ,N,RLT)
approximate with sufficient accuracy the quasiparticle _
model, which includes pairing. In the current approach, the _<LMRt|IK>U'S(”mv‘Tw~LvR‘)' ®
pairing interactions for all the core nucleons are considered
to be core properties. Indeed, these are the interactions that C. Application of the Kerman-Klein-Do nau-Frauendorf
result in a irrotational-flow-like behavior for the triaxial-core method
moments_ of in.e_rtia.discuss_ed in Sec. IVA. An an_aliogous The Kerman-Klein-Daau-Frauendorf methoftL2] was
model with pairing interactions for odd-even nuclei is de-\seq in the current study to develop models for both odd-
scribed in Refs[9-11] and references therein. even and odd-odd nuclei. As outlined below, this is a linear-
ized equation of motion method. The equations for both
models are presented to emphasize the similarities in the for-
malism. Model parameters deduced for odd-even nuclei are

For core-particle coupling, the wave function of a stateexpected to be directly applicable to the calculations for odd-
with angular momentunhK (see footnote Band additional odd nuclei.
quantum numbers in odd-even nuclei is expanded in terms  The Heisenberg equations of motion for fermion creation
of a basis of the formaIM|A,Rt,r). The wave function and annihilation operators are

For odd-odd nucleii a basis of the form

[al,a,,]imlZ,N,Rtr) is used and the nuclear wave func-
tion is expanded with the coefficient:!s,s((,m 0y LR de-

B. Wave functions for core-patrticle, -hole, and -particle-hole
coupling model

1

tq_ t L t .
[H'a‘T,u]_ST/J«aTM ; XTT’U%’ 2j#+1q(a-TM1(TT/»L’)[a7'M’Q(T )]JMmM
SESVI ) g P T PUT S 9
ZXTTM’ O 2j#+1 TR T T Pra) Syt d e Cmmy e
(M= et S X S e 0000 (B Q7))
Y T TUE T = TT o 2J”+1 T T T ijM
=V Y 2,8 ;.8 10
_EXTTM’ = ZjM_’_lq(O"r,uyo-q-a)q(O'r,uJ,O'Ta)af,u.’ J#J#r m,m, ( )

These equations lead to the model for single-nucleon coupling. For the coupling of a proton particle and a neutron hole, the
corresponding equation of motion is

3Note that, in the present papkrdenotes the projection of the total angular momentusn the quantization axis in the laboratdiyot
the intrinsig reference frame.

044328-5



K. STAROSTAet al. PHYSICAL REVIEW C 65 044328

[H.[al &, liml=(em—e )@ a,,lim

2

j -
~2 X 2 2 (N Ao o) 2L Lﬁ][[aiwam]uqu')]m

Ju

Jur 2 ] -
+2 Xvr! 2 2 ( )J)\-H#,-H_ V,LL;O-V;L’)\/ZL,+1 t J L/f][[a-;-)\ay,u’]L’Q(T,)]LM
N

Opu’ L'

. v 2 )\ ~
+Xﬂ'v2 2 (_)J)\’+]#+Lq(0-ﬂrr)\!O-w)\’)q(a-ll,ulo-v,u’)|j L J '][a;’)\’aVﬂ']LM
o

Ta\! UV/L' 14

2X7T7Tz 2 2] +lQ(U N O-Wa)q(a- N O-ﬂa)aj}\]}\:[aﬂ)\’av,u]LM

Tra Ta\'

1 q(a-vy, ’ Va)q(a-v,u,’ !0-1/(1) 5jﬂjﬂr[a;)\aVﬂ’]LM . (11)

S0P

21#

The basis defined by E¢6) was used to derive the eigen- particle valence space for the current calculation is restricted

value equation for core-particle coupling to thehy 4, orbital; in such an approximation the last term on
the right-hand side of Eq9) can be neglected since it results
Els(am,R,r)uls((rm,R,r) only in an additive constant to the diagonal matrix elements

of HP. An analogous equation for a core-hole coupling

model was derived from Ed10) using the basis defined in
= > Hp R RISt R 12 £ q10 g
m/,R’,r’ Q( )

, , E v
The expression for the matrix elemeif, o o ) Is(77 RIS, R
RO, R

results from Eq(9) when applying the wave function for an B 2
odd-even nucleus to its left-hand side and the wave function
for an even-even core to its right-hand side

h
H(am RN(0,, R7Vls(o, RT) (14)

’or
' R r

with the matrixH" given by

p
H{ LRI, R yh
. o Rn)(o, R’
:(ERr+8m)50m0m'5RR’5rr’_X(_)]”,+R+I NG " )

X o i :(ERI’_ST,U,)éaT T 16RR’5I’I”’+X(_)JM’+R+I

Jur J

[; , R‘f}qwm,o-T,nq(Rr,R’r'). 13 2, y

X ela(o,,0aRERT). (15)

In the equations abové;; denotes the energy of the state

with quantum numberés in an odd-even nucleug&g, de- When the wave function of the odd-odd nucleus is applied
notes the energy of the state with quantum numBeri an  to the left-hand side of Eq11) and the wave function of the
even-even core, amKRr,R’r’) denotes the reduced matrix €ven-even core is applled to its right—hand Side, the method
elements of the quadrupole operator between core states witads to the model for core-particle-hole coupling. The ei-
quantum numberRr andR’r’. Equation(13) was derived ~genvalue equation for thels, .o, Lrr) COefficients de-
under the assumptiony,.=x,,=X-,=X. The single- fined in Eq.(8) becomes

_ ph
Eiso .0, LROYIs(@ 0, LRNT EL' o o 0 LR LR YIs(om oy, LR (16)
(PN ,(TV#’, i i

with the matrixHP" defined by
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ph
((rﬂ_)\ Ty ,L,R,r)((rm\, Ty LR r7)

=(BEritexs—eu) 0, ”raLL’aRR’arr’

iv 2 gL 2 L
L j, L'J/IR I R
Ju

©w
(oyrietrera mrrrarga) 2 2 Y 2 b e e )a(ROR)
' Ly L’ R I R "m"m\'q v Tvpr )M ]

T\’ a’v,uo—u

—x(—)WIRAN2 414207 +1

] q(a-'n')\ 10—77)\’)60V#0'Vu/q(Rr1 R'r ’)

!

+X(_)“,+WL[J'.W 2 ju

N L j}\’]q(o-ﬂ'}\vo-wk’)q(o-V/.L10—V,LL')5LL’5RR’5I’I”' (17)

Equation(17) was developed under the same assumption as for (Egsand (15).

The parameters required to calculate matrix elements given by(ER)s(15), and(17) are the energies and reduced matrix
elements of the quadrupole operator for single-particle states and for the core. The model, therefore, can be conveniently
applied to studies of valence particle coupling with various cores. The current calculations consider coupling with a triaxial
rotor [14]. The single-particle basis was limited to the unique pahiy, orbitals for both the valence proton and neutron.
Equations(12), (14), and (16) were solved numerically, which provides the energies and wave functions for odd-even and
odd-odd nuclei. The choice of model parameters is discussed in Sec. IV.

D. Electromagnetic properties

The wave functions resulting from the diagonalization of Eg), (14), or (16) were used to compute the reduced matrix
elements of thé 1 andE2 operators. In the case of core-particle coupling, the reduced matrix element of the opé(atpr
is given by
(I's", A+ 1||M(A)||Is,A+1)

!

) , " A
=21+1V21"+1 2 E (_)J#+R+I +A[ R J R,]<R,r,||M(A)||Rr>u|S(0m,R,r)ul’s’(O'm,R’,r’)
O Rr,R't’ o
j o +RHIFA A
+ 2 E (_) # ; R R <UT}L’||M(A)||O-T}L>U|S(UT ,R,r)ul’s’(aT R | (18)
Orp oy’ R J,u J,u’ © m

The corresponding formula for the core-hole coupling is

('s' A—1||M(A)||1s,A—1)

!

. , I |
=y21+1y2l'+1 2 2 (_)J"JrRH A ’ <R,r,||M(A)||Rr>UIs((r RNOVI'S (o R 1)
T RAR'T R j, R " "
T nR'r M
j tRHI+HA I’ A I
+ Z z C(_) “ : : <UTM’||M(A)||O-T,LL>U|S(U' ROVI'S (o R |1 (19)
Trp Oy’ R Jp R I " i

where

—1 for electric multipoles
c= (20

+1 for magnetic multiples

is a factor related to the transformation properties of the matrix element géthe) operator under particle-hole conjugation
as discussed in Sec. 3.1b of RES].
For proton-particle and neutron-hole coupling to the core, the corresponding reduced matrix element is given by
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E. Scalar operators of angular momenta

MMMEEEEE

The wave function of a state in an odd-odd nucleus pro- Tah v LL! '
vided by the model contains information about the coupling X VR(RT )] (j .+ 1)V2R+1
of the three angular momenta: the angular momentum of the
core R, the angular momentum of the protgp, and the L' 1

angular momentum of the neutrppn. Information specific to X2 wt 12L+1y2L' +1 j

In
the orientation of these individual angular momenta can be g

])\+]M+R+|( )L+L’

partially separated out by employing calculated expectation X{'—' 1 L] U

values for scalar product operators involving these three vec- R | R| 'stom oy LRD)

tors. The scalar operators considered in this study are as

follows: XUis(o,, ., L' R (25)

(IslRf1s)=2, 2 20 2 2 RR DUy o Lri)s

[ 0"# r
(22

<wm&222222muwmwn

T\ Top

_jV(jV+1)}U|25(O-7T}\’O-VIL’L’R’r) (23)
(Is|RjIs)y=2> > > E E (—)hFhrRe

TN Tou L, L’

X JR(R+1)Vj(jy+1)V2R+1
L 1 L

><\/2jx+1\/2L+1\/2L’+1[. C }
In e I

L" 1 L
X R | R UIS(O',,T}\,UVM,L,RJ)
XUIs(a AT LRI (24

F. The orientation operator

An important part of these calculations is to investigate
the chiral interpretation, namely, that the nearly degenerate
band members observed for thé, v~ h,,,, configuration
in triaxial odd-odd nuclei {¥2.a) result from the two orien-
tations, left- and right-handed systems, in which the perpen-
dicular angular momentg,, j,, andR can couple to the
total angular momenturh The operator

o=(j»%xj,)'R (26)
is used below to examine the orientation of these vectors. Its
expectation value would peak for three mutually perpendicu-
lar angular momenta in the intrinsic frame; it has opposite
signs for the left-handed and right-handed systems. This op-
erator changes sign under time reversal.

The operatoir may be expressed in terms of the coupling
of spherical tensorg26]

o=iV6[[j ,®],11®R],=iV, 27)

wherej ., j,, andR are spherical tensors of rank(\lectorg
andV is a spherical tensor of rank @calaj. The reduced
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matrix element of th&/ Operator between the basis states for TABLE Il. Parameters of the models used in the current Study:

the core-particle-hole coupling model is given by quadrupole deformation parametgsand y, mass parametds for
the moment of inertia and the coupling constgrfor quadrupole-
(1T 2@y LRV 10y 0y LRI quadrupole interactions.
:5”!5}\)\!5,“#!5R Rrarrr(_)L/+R+l Nucleus B Y B(hZ/MeV) X (MeV/bZ)
X \6y2L+1\2L" +12j, +1 *%Ba 0.220  24° 95
131ga 0.21 32° 95 9
X\2j,+ 1V2R+ 1Vjh (Ih+ DV (i, + DVR(R+1) 13834 0192  26° 95
UL 1 B a 0.23 20° 95 9
L' 1 L) 133 a 0.23 21° 95 9
XIR | R] lu Ju 1. (28 139, 021 20° 95 9
iv in 1 ¥pr 025  35° 95 9

The matrix element defined by E@28) changes sign

when transposed. As a consequence, the expectation valueadd nuclei; a triaxial rotof14] is used, therefore, for the
the V and o operators for any state in the laboratory refer-core. A triaxial core withy~ —30° (Lund conventiof) was
ence frame is zero; therefore, the orientation of states in tha prediction of the TAC calculations in the intrinsic frame
laboratory reference frame is never specified. If, however, fof15], although total Routhian surfa¢@7] calculations sug-

a given spinl there exist stated R) and|l £), which come  gest that nuclei in this mass region areoft to some degree.
from the right-handed and the left-handed intrinsic statesThe use of a triaxial rotor seems to be justified by the ex-
respectively, the restoration of time reversal requires that thperimental results of Refd.1-5], which imply relatively

physical states argl6] rigid triaxiality required for the existence afhyy,v thy ),
chiral partners. This most likely results from the fact that, for
1 odd-odd nuclei, particle-hole configurations stabilize triaxial
1+)= E(“RH“Q)' deformations due to the opposing shape-driving forces. The

mathematical simplicity of a triaxial rotor for the core has
advantages in these studies.

[l —)= i_(||R>_||£>)' (29 The Hamiltonian for the triaxial rotor is given by
2 3 e
k
H= —, 33
For nearly degenerate levels, &1 23, (33

|+ [=)y=i{l+]||V||l =)=~i{IR IR). (30
(flolit =) =i +IVIE=)~idRllo[iR). - (0 whereR, and J, denote projections of the angular momen-

The normalized orientation parameter, which varies betweetm operator and moments of inertia in the intrinsic coordi-
+1, is defined as nate frame, respectively. The three irrotational-flow-like mo-
ments of inertia are given by the equati@8]

-~ ~ (IR|o|IR) ~
VARIZNIRVARIZN RV RIRIR) . Jk=4Bﬂzsin2( - T“) k=123, (34
Itis related to matrix elements for the states in the laboratoryyhich is consistent with the corresponding formula of Ref.
system by [6]. The model has three parameters: quadrupole deformation
B, triaxiality v, and mass paramet8
~ \E(I +HVIE-) (32) Deformation parameters 8=0.220, y=24°, and

B=0.192, y=26° were extracted fot*Ba and 1*®Ba, re-
spectively, from theB(E2,2] —0;) values and the ratios of
with j=5.5 for theahy1,0~ *hyy, configuration. In the cal-  the energies of the first and the secoridtateg 29,30 (the
culations discussed below, the wave functions|fof) and  model parameters for all of the nuclei investigated in the
|l —) states are assumed to be those provided by the corgurrent study are summarized in Tablg Ih both Ba nuclei,
particle-hole coupling model for the nearly degenerate pairgood agreement between the calculated and experimental en-
of states. ergies for the excited states in the yrast band was observed
for a mass paramet&=954:2/MeV. Comparisons between

TG+ DRI+ + (- [RT—)

IV. MODEL PARAMETERS FOR THE A~130 REGION

: : i 13083 and B .
A. The core: Calculations for aan . a. “Note that the triaxiality parameter as defined by the Lund con-
The focus of the current study is to investigate grossvention has the opposite sign to that defined in IRE4]. The con-

structure features of the core-particle-hole coupling in oddvention of Ref[14] is consistently applied in the discussion below.

044328-9



K. STAROSTAet al. PHYSICAL REVIEW C 65 044328

3; 13OB agreement with experimental data. Calculations using the
8+ d VMI have been investigated; however, in the present study, a
A constant moment of inertia is assumed for simplicity. Addi-
_ ol 5+ 5+ tionally, in *®Ba and*®Ba, a crossing is observed near spin
> N 6+ 4+ ~104 with the resultingS-band built on an excited two-
= | & 4+ quasineutron If;;,)? configuration as established by a
B 3+ g+ g-factor measurement of Rdf32]. This crossing may per-
:cj 1r 4+ 4+ 2+ ot turb the energies of the yrast levels with spins lower than
- 10", but is blocked in the rotational bands of the odd-odd
|2t 2+ nuclei studied. Therefore, the constant moment of inertia is
ol o o+ expected to approximate the core properties-ifiLa better
yrast yrast ¥ Y than the'*®a nucleus itself.
s cale. P cale. As shown in Fig. 4, the calculated and experimental en-
1328 ergies in they bands have slightly different trends. In the
a calculations, the states with sping 2nd 3" or 4% and 5
5 4 are clustered together, whereas experimentally the clustering
6+ is observed for the states with spiri &nd 4". This feature
2r 6 . was pointed out in Ref33] as a characteristic that differen-
= ; tiates betweeny-rigid and y-vibrational models for even-
2 3+ even nuclei. More sophisticated approaches, such as those of
= 4+ L LA Refs.[34—-3§ based on the Bohr Hamiltonian, the interact-
g 1 AN ing boson model, or the general collective model, respec-
e tively, can be used to calculate the core properties. A more
P 2 detailed core description will be considered in future calcu-
lations.
oL of o+
yrast yrast ¥ Y
oxp. cale. axp. cale. B. Core-particle and -hole coupling: Calculations for **4a,

_ _ _ ) 139 a, and ¥Ba
FIG. 4. Comparisons between energies of excited states in the ) . )
yrast andy bands in**®a and *%Ba with those calculated for a The core-particle coupling model with g=9 MeV/b?

rigid triaxial rotor. See Table Il for the model parameters. The ex-coupling constant for the quadrupole-quadrupole interaction
perimental data are taken from Ref29] and[30] for *®Ba and  was applied for the calculation of tfg,,-band properties in
13283, respectively. odd-proton *3La and ¥3La. The coupling constant when
scaled by a factoA~>?® is consistent withy~11 MeV/I?

selected experimental and calculated level energies are prgsed in a similar study in th&~ 110 region 37] where good
sented in Fig. 4 while those for transition rates are presentedgreement between experimental and calculated energies was
in Table Il observed for thé,;,, band of Te. In the current studies,

It is apparent from Fig. 4 that the energies for the high-the basis for the core consisted of states up to spinidéhe
spin yrast states if®®Ba and**?Ba are overestimated using yrast band and states up to spin‘1i& the y band. The best
a triaxial rotor. This is a consequence of the constant momeraiverall agreement between the calculations and experimental
of inertia assumed in the calculations while experimentallydata was achieved for cores wig=0.23 andy=20°, and
moments of inertia in thé\~ 130 region increase with in- B=0.21 andy=20° for ¥4 a and ¥ a, respectively, for
creasing spir(rotational frequency More sophisticated pa- the mass paramet&=95:2/MeV (see Table I); the values
rametrizations for the moment of inertia, for example, a vari-of 8 and y for the cores are slightly higher and smaller,
able moment of inertiaVMI) [31], yield usually better respectively, than those extracted for the corresponding even

TABLE Ill. Comparison between transition rates #Ba and *Ba with those calculated for a rigid
triaxial rotor. See Table Il for the model parameters. The experimental data are taken frof2Refad[30]
for 1¥Ba and*®Ba, respectively.

13()Ba 13ZBa
Exp Calc Exp Calc
B(E2,2, —0;) [e?b?] 0.263) 0.229 0.17613) 0.174
B(E2,2, —0;) [e?h?] 0.005 0.0182) 0.005
B(E2,2 —27) [e?h?] 0.153 0.59160) 0.166
B(E2,2f —27
(E22 =21) 31 396) 31

B(E2,2; —07)
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131 La 131 Ba
4.
3t 27120
27/2- 25/2- L 27/2 25/0-
25/2- 3 a5/
ro27/2 r
S| %‘ F 23/2- a3z )
2 23/2 21/2- 21/2- s 5 2020 22Uz
= | 232 g
[ 3 | 19z 19/2°
g, 1l 9 . 17/2- 17/2- L%’ 1l 17/2- 17/2-
- 13/ 18/2- B e 182- 1z
I 15/2- 15/ oL 1172 11/2- a/o-
of 1z Al exp. calc. exp. calc.
exp. calc. exp. calc.
1 33 L a —t— OXP. o
1.0} oo cale. .'\‘ {
27/ 252 | FAEY
3 | _ - r -
27/ 2520 i - } L
~ 0.6} /
= . . 21/2- = ' '
é’ ol ogp- 23/2 21/2 =e .
E < 0.2
> . - crE \
5 1 19/2- . 17/2 1722 b v
W . 132 B2 72 192 212
13/2 .
L 15/2- 15/0- Spin [h]
ol 112 11/2- . ) . )
FIG. 6. (Top) Comparison between energies of excited states in
exp. calc. exp. calc.

the yrast band in®'Ba with those calculated for @h,;,, hole
FIG. 5. Comparisons between energies of excited states in thgUPIed to a rigid triaxial rotor(Bottom) Comparison between

yrast band in**iL.a and %*%a with those calculated for arhyy, branching ratios in the yrast band t#'Ba with those calculated for

particle coupled to a rigid triaxial rotor. See Table Il for the model & *N11/2 hole coupled to a rigid triaxial rotor. See Table Il for the

parameters. The experimental data are taken from Raf§.and  model parameters. The experimental data are taken from| B&if.

[39] for ¥¥La and '®La, respectively.

Comparisons between the experimengd,39 and calcu-

Ba isotopes. This is consistent with the prolate-deform::ltiorILated level energies are presented in Fig. 5 for the odd-proton
) a nuclei and in the top panel of Fig. 6 for odd-neutron

driving property of therrh,,,, orbital in this mass region. 13 o -
A core-hole coupling model was applied to calculate the Ba. The systematic discrepancy observed in Fig. 5 for the

propeties of s band n odcneutoroa wih the SE1ES % IGHEr Shne efecs o s deciepeney o e
same coupling constant for the quadrupole-quadrupole intef: t I ’ I 9 duced t for the 9/8tat AF\)
action, and the same mass parameter for the core as used pnially are Wel reprol_ uce e(:jx?ep d/or € a ?' b
core-particle couplingsee Table ). The best overall agree- core-(éuaspaf{rtlc € coup lndg (;n? € andor aﬂznore € at_oratef
ment between the calculated and experimental level energief\C re description are needed 1o reproduce he properties o
was observed for a triaxial core wifi=0.21 andy=32°. is 9/2" state. A larger single-particle basis that incluflgs

The larger triaxiality relative to that for the corresponding angli_ng/z orbitals mta)|/ alsdo b? n:etiezstary. it tesir
core is consistent with the oblate driving properties of the € experimental and calculated fransition rates rota

vhy,/, hole orbital. are in good agreement as presented in Table V. ¥fBa
These calculations for odd-even nuclei are not . 3
sensitive to the single-particle energies of thg., TABLE IV. Comparison between transition rates t'La and

states. The reduced matrix element of the quadrupolé -awith those calculated for ah,y, particle coupling with rigid

operator q(hyy/2,hy15)=—0.3636 b used for the coup- triaxial rotor. See Table Il for the model parameters. The experi-
’ . 3

ling of the hy;, proton and neutron was determined Mental data for*!.a are taken from Re{38]

assuming radial wave functions of a harmonic osci-

13 13
llator [28]. The reduced matrix elements of the magnetic ta 1a
. _ Exp Calc Exp Calc
dipole operator {7hyy| M(M1)||7h119=25.1uy and
(vhiyd| M(M1)[|vhyy)=—4.33uy needed to evaluate B(E2,15/2—11/2) [e?h?] 0.34611) 0.329 0.277
M1 transition rates in odd-even nuclei were calculated asg(g2,19/2"—15/27) [e2p?] 0.33G30) 0.361 0.305

suming a 0.6 spin attenuation factor.
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FIG. 7. Comparison between energies of excited states in the
partner band in*®*3La with those calculated forrhy;w thq),
particle-hole coupling with a rigid triaxial rotqsee Table Il for the L
model parameteysTheoretical states are shown only when the cor- 11

yrast
exp.

side
calc.

side
exp.

yrast
calc.

responding experimental states are known.

the experimental and theoretical branching ratios are com-
pared in the bottom panel of Fig. 6. These branching ratios
were calculated using theoretidd{M 1) andB(E2) reduced
transition probabilities and experimental energidgse E2
contributions to the Al=117/2 —15/2° and 21/Z

5 O exp. ;_ 1
calc, ~O--
41 ‘l'ﬁ
Vg !
=3 |
:.: 2t
K R
< 1y !
oS @
g
O =575 6 17 15 10
Spin [h]
5 :
OXP. m—
161 ) cale. -0
* 12l
E
<
= o8 |
+
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< 04} : N -0
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Spin th]

FIG. 8. (Top) Comparison between branching ratios in the yrast
band in**%_a with those calculated fotrhy,,v~*h, 4, particle-hole

\ ~14
15— e e et T 43

Energy [MeV]
n

13 \\ -1
0¥ ‘ ‘ . . ]
0 10 20 40 50 60

30
y[deg]
FIG. 9. Excitation energies for the states forming the yrast band
(solid lineg and the partner ban@dashed lingsin an odd-odd
nucleus calculated with the core-particle-hole coupling model as a
function of triaxiality of the core. The basis for the calculations
shown in the top panel includes the yrast band andhtheand for
the core. The basis for the calculations shown in the bottom panel
includes only the yrast band for the core. States are labeled with
spin and have positive parity. See text for the model parameters.

—19/2" transitions are substantialThe magnitude and
staggering of the experimental branching ratios are correctly
reproduced.

C. Core-particle-hole coupling: Calculation for ¥%.a

The core-particle-hole coupling model was used to calcu-
late the properties of therh,,,,»~ *h,,, bands in odd-odd
133 a observed in the current experiment. The parameters
were those established aboysee Table Il including the
reduced matrix elements of the quadrupole and magnetic
moment operators for single-particle states. The best overall
agreement between the calculated and experimental level en-
ergies and between the branching ratios was observed for a
triaxial core with=0.23 andy=21°. This value forg is
comparable to that of*!La but is larger than that fot*3_a.

This is consistent with the larger collectivity expected for the
core as the neutron Fermi level decreases toward the mid-
shell. The deduced triaxiality for th&*d_a core is closer to

the triaxiality of the odd-proton La isotopes rather than to
that of the odd-neutrot®*Ba. This may suggest that in the
case of'%3_a the driving force exerted by the valenbe,,

coupling with a rigid triaxial rotor(Bottom) Comparison between Neutron hole is not large enough to overcome the prolate

experimental and calculated branching ratios for Ae=1 transi-

driving force of the valencé,,, proton. It should be noted,

tions in the partner band and thiel =1 transitions between the however, that these values of the model parameters are ex-

partner band and the yrast band'fdLa. See Table Il for the model

parameters.

tracted without pairing interactions for the valence nucleons
and are expected to be altered slightly in paired calculations.

044328-12



ROLE OF CHIRALITY IN ANGULAR MOMENTUM . .. PHYSICAL REVIEW C 65 044328

3t 132 _ +132 -
La — La _
exp. 1 calc. -
%‘ 2 p T -
22t - _
g - -
5 -
o o _
w T - i — — ] FIG. 10. Comparisons be-
_ — ] tween energies of observed
ol - 1 o - | Wh11/2V71h11/2 states |n 132La
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— those calculated for
3 —1 ] .
134Pr 134Pr —_ 7Th11/21/_1h11/2 par'[IC|e-h0|e COu-
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3 ol — : ] See Table Il for the model param-
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The experimental and calculated level energies are confeor the branching ratios, if a spin (7, rather than the (8),
pared in Fig. 7. Both the yrast band and the partner band amgas assigned to the bandhead of the yrast band as was pro-
reproduced in the calculations. Comparisons between the eyosed in Ref[18].
perimental and theoretical branching ratios are presented in
Fig. 8. The branching ratios were calculated using theoretical V. DISCUSSION
B(M1) andB(E2) reduced transition probabilities and ex-
perimental energies. The top panel of Fig. 8 presents the A. Role of the core triaxiality and the y-band coupling
branching ratios for the intraband transitions in the yrast Tphe  core-particle-hole  coupling  model  with
band. A good general agreement is observed; however, th)gzg MeV/k?, the core parameters3=0.23 and
ca!culated branching ratios are systematically larger at |9VE=95ﬁ2/MeV, and single-particle parameters discussed
spins. The bottom panel of Fig. 8 presents the br""mh'n%bove was applied to study the role of the core triaxiality in

ratios for the_Al =1 transitions in the partner band and the ?dd-odd nuclei. The basis for these calculations includes the
Al=1 transitions between the partner band and the yras

] . ; 7 yrast band and the band of the core as discussed in Sec.
band; the order of the magnitude for these branching ratios 'E(A Excitation eneraies calculated for states in the vrast
correctly reproduced. The agreement between the calculation "™ 9 y

and the experimental data is significantly worse, especiall nd th? partner bands of_a gene_ric Odd'Odd. nucleus are
P g y P >Zhown in the top panel of Fig. 9. It is observed in the calcu-

: : : : : lations that the 12, 13", 14", and 15 states of both bands

P ] are separated by an energy of several hundred keV for the
~ | core withy~0° andy~60°, but become nearly degenerate

for a triaxial core withy~30°. Experimentally, such degen-

—] eracy is observed fot**Pr [23], which is anN=75 isotone

of ¥ a. The best agreement between the calculated and the

experimental energies for the bands %#Pr was observed

] for a core with=0.25 andy~35°. Figure 10 summarizes

T the results of the calculations in comparison to the experi-
oo e mental data from**3.a and **Pr.

-
A o ® ©
[oNeRog )

o
o

Contribution to the wave function

0.0
0 10 20 30 40 50 60 To further investigate the role of coupling to theband,
¥ deg] the calculations were repeated 6 0.23 and the standard

FIG. 11. Linea: Contribution of the core yrast states to the wave Md€l parameters with a basis that includes only the yrast
function of the yrast 14 state. Lineb: Contribution of the corey ~ States of the core. The resulting excitation energies for states
states to the wave function of the yrast'ldtate. Linec: Contribu- 1N the yrast band and the partner band in an odd-odd nucleus
tion of the core yrast states to the wave function of thé &tate in ~ are shown in the bottom panel of Fig. 9. Both sets of calcu-
the partner band. Line: Contribution of the corey states to the lations presented in Fig. 9 show the same trend, although
wave function of the 12 state in the partner band. The calculations degeneracy is observed only for the*14tate in the calcu-
were done for a core with quadrupole deformatgs 0.23. lations with the basis not including the coyeband.
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v | N | FIG. 12. Expectation values

20l c-—| ool for the scalar operators defined in
Sec. llIE: (top left) (R?), (top

10 110 e e - right) (j .j,), (bottom lef) (Rj.),
o ) , , ) , 0 ) ) , ) ) and (bottom righ} (Rj,), calcu-
o 1o 220 3 4 5 6 0 10 20 30 40 50 &0 lated as a function of triaxiality

v[deg] Yldeg] .
60 60 for the core with=0.23 and for

(line a) the yrast 14 state and
(line b) the 14" state in the part-
ner band. The horizontal line

o
% 40 gives the expectation value for the
P2\ _/i2

& 30} (J,,}*(j,,} operator for thehy;,
v orbital.
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The wave.functions fpr Fhe stgtes in an odd-odd nucleu%rough cog=(jj ,,>/*/<sz><]2”>, the calculations predict near
calculated with the basis including the cogeband were  ernendicular coupling witlf~ 75°.

inspected to identify contributions from the yrast band and The calculations presented in the left bottom panel of

g‘f"”dlif .thde core.hThG; resultg fquthe+11$t§1tes ;ggwnh in Fig. 12 show a distinct dependence(&j,.) (linesa andb)
Ig.t b tl'n |cfate tthat %r a dtn:o:;}a core .Wlt}170~0 % f ’ :he on the core triaxiality. For near prolate shapes wjtk0°
contribution from they band of the core is- 15% Tor the the(Rj,) is smaller but comparable {&R)(j ), which indi-

yrast 14" state(line b) and ~30% for the 14 state in the ;
. . A cates a preference for alignment of the angular momentum of
partner bandline d). It is further observed in Fig. 11 that for .
. oo LS the proton particle along the angular momentum of the core.
core deformations aroungl=30°, the contributions due to . R S
Jror near oblate shapes wit~60°, (Rj,) is significantly

the y-band coupling decrease. It is concluded, therefore, th . S .
although the coupling of the valence nucleons with the smaller than R)(j ), which indicates a preference for align-

band of the core does play a role in these detailed calculdl€Nt of the angular momentum of the proton particle along a
tions, some other mechanism, which predominantly involvedlirection perpendicular to the angular momentum of the

coupling with the core yrast states, is needed to explain thgore. The opposite conclusions can be reached for the neu-
level degeneracy for odd-odd triaxial nuclei. The chiral hy-tron hole.

pothesis offers such a mechanism. For triaxial shapes withy~30°, the expectation values
for {j.i.), (Rj,), and(Rj,) calculated for 14 states in the
B. Coupling of angular momenta yrast and in the partner bands are nearly equal. This suggests

i . similar perpendicular geometries for the coupling of angular
: Th? scalar operators defined in Sec. Il E were used t?nomenta. If the effective angles between the core angular
investigate the coupling of the angular momenta of the core

the proton particle, and the neutron hole to the total angula';nomentum and the angular momentum of the valence

momentum. The expectation values of these operators calcffucleon are defined through ops (Rj)/\V(R®)(j7) and
lated as a function of the triaxiality for the core with COSE=(Rj,)/\(R?)(j%), the calculations prediat~ &~65°.
B=0.23 for the yrast 14 state and the 14 state in the The results presented above are consistent with the inter-
partner band are shown in Fig. 12. pretation based on the chiral hypothesis. Degenerate levels
According to the calculations presented in the top leftare indeed observed for states that have a core contribution to
panel of Fig. 12, the average core contribution to the totathe total angular momentum comparable to the angular mo-
angular momentum for both I4states(lines a andb) is  mentum of the valence proton and the valence neutron. For
comparable R~6.5%) to the contributions from the valence these doublet states, the calculated effective angles between
proton and valence neutrdn, orbital (line c). The results  the three angular momenta involved indicate similar geom-
for the(j .j,) shown in the top right panel of Fig. 1nesa etries with near perpendicular coupling. The scalar operators
and b) indicates that the coupling of the angular momentadiscussed above do not define, however, the handedness of
for the valence proton and valence neutron changes onlihe system. The wave functions provided by the core-
slightly with the core triaxiality. If the effective angle be- particle-hole coupling model with the standard set of param-
tween the proton and neutron angular momenta is definedters were used, therefore, to evaluate the expectation value
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10 7[deg] FIG. 14. Excitation energies for the states forming the yrast
’ ' o band (solid lineg and the partner banddashed linegsin an
2 v=30 A=130 odd-odd nucleus calculated with the core-particle-hole cou-
? 0.8¢ 1 pling model as a function g8 deformation for the triaxial core with
‘é y=230°. States are labeled with spin and have positive parity. See
g 0.6} 1 text for the model parameters.
o
.% 04 The core-particle-hole coupling model with standard pa-
£ rameters was used to investigate the role of the core defor-
b5 ozl mation in detail. Energies for states in the yrast and the part-
’ ner bands calculated as a function @ffor a fixed y=30°
triaxiality are shown in Fig. 14. At a deformation of
00 —g3 02 03 04 B=0.35, the levels with a common spin between" l&nd
P 19" in the yrast and in the partner bands have energies that

differ by less than 50 keV; these energies start to diverge for
£<0.23 and are hundreds of keV apart for deformations
smaller thanB~0.17. This trend correlates very well with

that shown for the orientation parameter in the lower panel
of Fig. 13. The effective angles between the angular mo-

of the orientation parameter defined in Sec. Ill . The up- Menta of the proton, the neutron, and the corgab.35 are
per panel of Fig. 13 presents the results at spifi 34 a {~ Y~ £~80°. These results are in full agreement with the

function of triaxiality for 3=0.23 and8=0.35. In both cases Cchiral hypothesis.

the orientation parameter peaks fp=30° and decreases as At high deformations, the calculations show that the core
the core becomes axially symmetrigsor a classical me- band still contributes up to 20% to the wave function for

, ~ i the degenerate states. If threband is removed from the core
chanical systemg=1 for mutually perpendicular vectors basis, the levels with a common spin betweer Hod 17

yielding an aplanar orientation, while=0 would represent in both bands have energies that differ by less then 100 keV.
a planar orientation This trend correlates very well with the The v band in the core seems, therefore, to play a role even
level degeneracy observed in the upper panel of Fig. 9. That high deformations, but is not essential to generate levels
lower panel of Fig. 13 presents the orientation parametewith similar excitation energies in these triaxial odd-odd nu-
calculated as a function g8 for a core with fixedy=30°.  clei.

The orientation is predicted to increase as core deformation

increases. Both trends shown in Fig. 13 are in full agreement VI. SUMMARY AND CONCLUSIONS

with those expected from the chiral hypothesis.

FIG. 13. (Top) Orientation parametar calculated as a function
of triaxiality y for 8=0.23 andB=0.35. (Bottom) Orientation pa-

rametero calculated as a function g8 for y=30°.

Information regarding the excited states built on the
whyyv~ thyyy, configuration in'*3.a was extended in the
current experiment from the previous work in Ref8]. The

As shown above, not only the~30° triaxiality but also  7rhy,;,,»~th,,;, yrast band and the partner band identified in
a relatively largeg is essential to observe the degeneratethe current studies show striking similarities when compared
states in odd-odd nuclei. Indeed, in the-130 region, two  to the corresponding bands i*Pr, which is arlN= 75 iso-
of the three mutually perpendicular angular momenta argone of *1.a. The interpretation proposed in Ré¢8] for
provided by the valence proton particle coupled to the shorthese structures as resulting from the coupling of the or-
axis of the core and the valence neutron hole coupled to thghogonal angular momenta vectors in triaxial odd-odd nuclei
long axis of the core. This coupling is expected to occur onlyinto right- and left-handed systems of opposite chirality was
if the axes of the core are sufficiently different in length. Forinvestigated with the use of a phenomenological core-
a triaxial shape withy=30°, the ratio of the short to long particle-hole coupling model. The Hamiltonian for the model
axis is s/l~0.9 for g=0.1, s/I~0.8 for =0.2, and included single-particle terms and quadrupole-quadrupole in-
s/1~0.7 for 3=0.3. teractions. The eigenvalues for the Hamiltonian were calcu-

C. Role of the coreB deformation
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lated using the Kerman-Klein-bau-Frauendorf method y~30°, the levels with a common spin between®18nd

that provides a convenient way to study the valence particla9" were calculated to be less than 50 keV apart for the

coupling with various cores. The coupling to a triaxial rotor 7rh,,,,v ™~ *h,,,, configuration.

was investigated in the current study. The model parameters The calculated spins for the doublet states are dependent

were fitted to reproduce the properties of the yrast bands inot only on the single-particle configuration and core defor-

even-even nuclei and the;;,, bands in odd-even nuclei in  mation, but also on the collective basis assumed for the core

the A=130 region, which resulted in good descriptions forin the calculations. The energy difference for the doublets

five sgBa ands-La nuclides within a consistent set of values. was found to increase and the doublets appeared at lower

Good agreement between the experimental energies arspins when they band was removed from the core collective

branching ratios in odd-od&#f4_a and those calculated using basis fory~30°. In the calculations with thes band in-

the core-particle-hole coupling model was achieved with thecluded in the core collective basis, the contribution of the

use of these parameters. corey states to the wave function of the states in an odd-odd
The results of the calculations for an odd-odd nucleusucleus was observed to be smaller than 30%-aB0° and

were analyzed for the configuration with by, proton par-  8~0.2. They-band states still contribute at higher deforma-

ticle and arh,4,, neutron hole as a function of the cgBeand  tions (~20% for y~30° andg~0.35), which suggests that

v deformations. The resulting coupling of the angular mo-the degrees of freedom associated with shband are im-

menta of the core, of the valence proton, and of the valencportant for detailed calculations, although not essential to

neutron was studied by evaluating the expectation values afenerate the doublet states.

the {j .i.), (Rj.), and(Rj,) operators and the orientation = The results summarized above are consistent with those of

operatoro. The particle angular momentum was observed toR€fs.[1-6] and with the proposed interpretation for the ob-
align with the core angular momentum for the prolate coreservedmhyy v~ *h;,), bands as resulting from the coupling
and in the direction perpendicular to the core angular moof the mutually perpendicular angular momenta of the core,
mentum for the oblate cores; the opposite was observed fdiroton particle, and neutron hole into two systems that differ

the hole. In the calculations, the alignment was stronger foPY intrinsic chirality. Other possible explanations discussed
larger . in these papers for the observed doublet structures are ruled

In triaxial odd-odd nuclei withy~30° and moderate de- Out as inconsistent with the experimental data. The model
formation g for configurations with a higfj-particle and a  feported in the current paper can be easily applied to study
high- hole, the model predicts the existence of levels witheffects of the corey softness as well as influences of the
the same spin/parity and energies withirl00 keV. Nearly specific proton-neutron interactions on the structure of these
orthogonal coupling of angular momenta vectors for thesdands.
doublets is suggested by the calculated expectation values
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