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Interacting boson fermion-fermion model calculation of the 7zh;;,,® vh,,/, doublet bands in *3%Pr
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The interacting boson fermion-fermion model is employed in the analysis of the positive-parity doublet
bands in'3Pr. It is shown that stable triaxial deformation gives rise to the experimentally observed crossing
between the yrast and yrare bands built on #g,,,® vhy4/» configuration. The collective structure of the
yrast band is basically built on the ground-state band of the triaxial core, whereas the collective structure of the
yrare band is predominantly based on thieand of the core. The mixing between the two bands increases with
angular momentum. A constant energy spacing between the two lowest positive-parity bands is predicted in
other odd-odd\=75 nuclei withvy-soft potential energy surfaces.
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In their pioneering wor1] Frauendorf and Meng pointed chiral systemg3]. It has to be emphasized that in all studies
out that the rotation of triaxial nuclei may give rise to pairs of chiral doublet bands it has been argued that the empirical
of identical Al=1 bands with the same parity in odd-odd separation 0300 keV is too small for the sideband to be
nuclei—chiral doublet bands. These structures arise fronmterpreted as a band built either on the unfavored signature
configurations in which the angular momenta of the valencef the proton orbital, or on the~vibrational excitation. A
proton, the valence neutron, and the core are mutually pery-vibration coupled to the yrast band has been ruled[8ut
pendicular, and can be arranged to form two systems thdiecause in this region they-vibration energies are
differ by intrinsic chirality, a left- and a right-handed system. =600 keV.

When chiral symmetry is thus broken in the body-fixed In the present work we calculate the lowest bandSRr
frame, the restoration of the symmetry in the laboratoryin the framework of the interacting boson fermion-fermion
frame results in the occurrence of degenerate doutdletl ~ model (IBFFM) [4,5]. Based on the highly successful inter-
bands. It has been suggested that such nearly degenerate agting boson modgllBM-1) [6,7] for even-even nuclei, and
tational bands might be observed in the region of transitionathe interacting boson-fermion modéBFM) [8,9] for odd-A
nuclei with A=130. A number of nuclei in this region are nuclei, the IBFFM has been applied in the description of the
susceptible to triaxial deformation and the yrast bands oftructure of vibrational, deformed, and transitional odd-odd
odd-odd nuclei are built on therh;y, particlelike-vh,1,,  nuclei all over the periodic table. The IBM/IBFM approach
holelike configuration. In Ref[2] the existence of self- to the structure of collective states in nuclei, based on the
consistent rotating mean-field solutions with chiral characteinteracting boson approximation, is especially relevant for
has been demonstrated f&Pr and *®8r. The theoretical nuclei in transitional regions, where single-particle excita-
prediction of chiral doublet structures has prompted quite d@ons and vibrational collectivity are dominant modes. In the
number of experimental studies of odd-o8id=75 andN IBM/IBFM framework calculations are performed in the
=73 isotones in théd= 130 region, and nearly degenerate laboratory frame and the results can be directly compared
Al=1 bands built on therh;4,,® vhy;, configuration have with experimental data. All states within the model space and
been identified in many of these nuclei. In RE] in par-  their electromagnetic properties are compared with experi-
ticular, new sideband partners of theh;;,,® vhy;, yrast — ment, rather than just band-head energies.

band have been identified igCs, s7La, and gPm N=75 The IBFFM [4,5] description of the positive-parity struc-
isotones of'3%Pr. For 13%Pr the energy spacing between the tures ing3Pros is fully consistent and starts with the calcu-
doublet rotational bands gradually decreases fronfation of its even-even and odd-even neighbors. The spec-
~0.19 MeV at low spin to the point where the two bandstrum of positive-parity states if**Pr, based on negative-
cross betweeh=14 andl =15. For the otheN=75 isotones parity orbitals of the odd proton and odd neutron, is
the two lowestrh,,,,® vhy1» bands are almost parallel in the calculated by using the quasiparticle energies, occupation
E vs| plot, and the energy spacing between the correspondgsrobabilities, and boson-fermion interaction strengths ob-
ing states with the same spin4s0.3 MeV. tained in the IBFM[8,9] calculations of negative-parity spec-

In *4Pr the two lowest, yrast, and yrareh;,® vhyy,  tra in é§5Pr76 and ég3Ce75. Most of the model parameters,
bands have been interpreted as chiral restored doublet bantterefore, are determined by the structure of collective and
[1-3]. In order to explain similar doublet bands in the othersingle-nucleon states in the even-even and odd-even neigh-
N=75 odd-odd nuclei, it has been suggested that in theseors of 134Pr and, in principle, only the residual interaction
cases the triaxial core deformation is not stable, but perhapsetween the odd proton and odd neutron has to be adjusted to
more vy soft, resulting in collective chiral vibration of the the experimental data in the odd-odd nucleus. In the follow-
core angular momentum between the left- and right-handeihg calculation the interaction strengths, effective charges,
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and gyromagnetic ratios are defined according to Refs.

[5,1Q.
The spectrum of the core nucleé@Cem is described by 134Ce
the Hamiltonian
H|BM:€dﬁd+pP'P+k,L'L+kQ'Q 3l
+ 04 (d"d"),d"T, - [(dd) . (1) g —

The first four terms represent the standard Hamiltonian of | — @)
the IBM-1[6,7]. The cubic interaction in the last term, with g—— = — s
the strength paramet€r,, is included in order to introduce a 55— o— o
degree of triaxiality[11,12. The best agreement with the S AT &

. . . . . - — B — 123
experimental spectrum is obtained for the following choice 2 . P— — 123

of parameterseg=0.75, p=0.25, k'=0.014,k=-0.003,0, & | &—— — @

=0.025(all in MeV), and y=-0.3 in the quadrupole opera- Ea
tor Q,. This value ofy is also used in the boson quadru- y—
pole operator appearing in the boson-fermion dynamical
interaction, as well as in thE2 operator. The number af
andd bosons iN=7. The same set of boson parametersis 4| »— . - —
also used in the calculation of the two oddauclei and of
134pr, except that a fine tuning of the triaxiality parameter
to ®;=0.03 MeV inproves the agreement of the positive-
parity structures with the experimental spectrum*¥er. —
This fine tuning includes additional polarization effects of
the odd proton and odd neutron on the triaxial core.
In Fig. 1 we compare the calculated low-energy spectrum 0 - 0" ——»——- —

of 13%Ce with available experimental levels of the ground- IBM +CUB EXP  [BM +CUB EXP  IBM +CUB EXP
state band, the-band, and some higher-lying structures. The
lgvels n the Ief’[lcolumns cqrres_pond t9 the 1BM-1 Calcma'experimental positive-parity levelgight columng. The levels in
.tlon with @3:,0 in the Ha}mllt‘onlan(;), .e., the term thaF the left columns correspond to the IBM calculation wih=0 in
induces tr_laXIaI deformatlon_ls_ not included. Th_e reSUItIngthe Hamiltonian(1), i.e., the term that induces triaxial deformation
spectrum is close to the(6) limit of the IBM and is char- s not included. The nucleus igsoft. The middle columns present
acteristic for ay-soft nucleus. The calculated ground-statee ground-state band, theband, and levels belonging to higher

band is in reasonable agreement with the experimental s@yctures, calculated with;=0.025 MeV. The cubic term in the
quence, but they-band displays the characteristic doublet Hamiltonian induces a stable triaxial deformation.

structure not observed in the experimental spectrum. The
middle columns present the ground-state band,y#ieand, and with the pairing strengtis=23/A MeV. The single-
and levels belonging to higher structures, calculated wittproton energies in th&=50-82 shell are from Refl13].
®3=0.025 MeV. The cubic term in the Hamiltonian induces The boson parameters are thoséY€Ce, and the parameters
a stable triaxial deformation and the agreement with the exef the boson-fermion interaction strengths re#d:=0.09,
perimental spectrum is much improved. In particular, the inT7=0.52, A7=0.5 (all values in MeV. A very good agree-
clusion of the three-body boson interaction lowers the oddment between the calculated negative-parity states and the
spin members of they band and therefore removes the experimental spectrum &f%Pr is obtained.
quasidegenerate doublet structure, i.e., the odd-even stagger-The neutron single-particle energies used in the calcula-
ing of the y band is much less pronounced. In addition, statesion of 13°Ce,s and 3 Pr,5 are from Ref.[14] for orbitals in
belonging to higher-lying structures above 2 MeV excitationthe valence shell and from Ref15] for orbitals in theN
energy are considerably lowered by the inclusion of triaxial-=82—-126 shell. A BCS calculation with the pairing strength
ity. A detailed analysis of triaxial shapes in the vibrational G=23/A MeV, and the neutron single-particle energies: 0,
U(5), rotational SWY3), andy-soft O(6) limits of the interact- 0.4, 1.6, 2.0, 2.1, 7.0, 7.8, 8(&ll values in MeV}, for vds,,
ing boson model can be found in R¢L1]. VG772, VS1j2, V3po, Yhyqpo, vi7s0 vP3j0 vhyp, respectively, is

In the IBFM [8,9] calculation of negative-parity states in performed resulting in the quasiparticle energies and occupa-
the oddZ neighbor£3%Pr,s we have used the following val- tion probabilities of the neutron orbitals. In the IBFM calcu-
ues for the proton quasiparticle energies and occupatiolation of the negative-parity states 1#%Ce we have included
probabilities: e(whyy,)=2.02 MeV, e(mhg,)=5.56 MeV, only the lowest two quasiparticle statess(vh,)
g(mf;)=6.05 MeV, 1A(mh;1,)=0.08, 1A(mhg;)=0.01, =1.29 MeV, &(vf;,)=4.75 MeV, 1A(vhy1,,)=0.62, 1A(vf7))
#(wf;,)=0.008. These values are obtained by a BCS calcu=0.02. The best agreement with th&Ce data is obtained
lation with the following single-particle energies: 0.18, for the choice of boson-fermion interaction strengtidg:
0.795, 2.248, 3.2, 3.41, 6.0, 6(@ll values in MeV, for  =0.12,I';=0.9, Ag=1.4 (all values in Me\}.
7Q7/9, Tsp0, TN112 T3s2, TS0, T, 770, respectively, In the final step of the calculation of positive-parity struc-

FIG. 1. IBM spectra of'3Ce shown in comparison with the
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dicts two states with angular momentaahd 6 at =50 keV

Pr below the state 8 Such a small energy difference cannot be
observed in experimerjil6]. This situation is similar to the
case of'3%Pr, where the levels*6and 5 are found below the
band head 7 In Ref.[17] it has been shown that these levels
are predominantly based on positive-parity proton and neu-
tron configurations. Accordingly we do not consider the
states 7 and § as members of the yrast bandi#Pr. The
admixture of components with positive-parity fermion con-
figurations can also lower the energy of thg Band head
with respect to the Blevel. The comparison of the IBFFM
results with the experimental levels is only possible up to
angular momentum Z7At higher excitation energies a four-
quasiparticle band crosses thd,,,,® vhy4/, structure and
becomes yrast. The admixture of four-quasiparticle compo-
nents into the wave functions of the yrare bandt included

in the present calculatigncould probably account for the
crossing between the tweh,,,® vh;;,, bands at lower spin,

as compared with the prediction of the IBFFM calculation.
vy The calculated excitation energies of the two lowest
7hy1/,® vhy1» bands are in good agreement with experimen-
tal data. In Fig. 2 we also display the calculated intensities
10t for E2 andM1 transitions in comparison with the experimen-
tal values. The effective charges and gyromagnetic ratios are
from Ref. [17], where they were used in the calculation of
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10" o LY electromagnetic properties 6#%Pr: €7=1.0,e"=0.5,g7=1,

o 9% 97=0.5¢7""*°=2.793, ¢=0, g;=0.5gr"*°=-1.913, gg

[ g 8 =Z/A=0.44. The boson charge &°=2.0. They intensities
in Fig. 2 show a good agreement between theory and experi-
EXP EXP IBFFM IBFFM ment, especially for transitions within the bands. The calcu-
0~ lation predicts somewhat stronger interband transitions in the

low-energy part of the spectrum. This is a consequence of the

i . . IBFFM wave functions that in the lower part of the yrare
generate positive-parity bands 1%Pr with the lowest two bands band probably overestimate the contributio and com-
calculated in the IBFFM. The calculation includes the triaxial de- F: Althy Vh Ih truct d ibu 't?;’eb *6h
formation of the core nucleus. The thickness of the arrows thaPOMeNtS: ough such structure does not have a s 9
decay to the yrast band, a closer inspection of the transition
probabilities shows that the interbaMil transitions are too
small only for the two lowest yrare states. The main dis-

i in 139 th idual odd orot d4d tron int agreement comes frofii2 transitions that are stronger than
ures in r, the residual odd proton-odd neutron Intérac-, experimentaly observed. The interb&®itransitions are
tion is taken in the form of a quadrupole-quadrupole interac

. . - " small when compared to those within the band, but IBFFM
tion with the S”er?gth paramettﬁ——OA MeV. In add.'t'on’ &as a collective modghowever overestimates their values.
the .agreerr.lentlwnh the experimental spectrum is IMProved: the most interesting new result is the model prediction
b); fmet.tum.ng ll:)Stog fevzv_vopfr/a\m_e;eés (I)If thle bosop/[ fermlonfor the collective structure of the wave functions of the two
N (\3/(,"?‘% IOI’?SAO_I p ’Aof' h. ' hO' b (g vaiues mh et\;]' lowesth,1,,® vhy1» bands. The yrast band is basically built
!t t. e inclusion of the three-body term in t € Doson ,, the ground-state band of the even-even core. With in-
Hamiltonian, the boson quadrupole operator appearing in th@reasing angular momentum the admixture of heand of

dynamical boson-fermion Interaction and in ‘531 Operator e core becomes more pronounced. The structure of the
should also be extended to higher order. Following the analy

. = second-yrare band, however, is that of the odd proton and
sis of Ref.[11], we have r_nod|f|ed the_ §tandard boson quad'odd neutron coupled to the band of the core, especially in
rupole operator by including the additional term

~ - the lower part of the band. With increasing angular momen-
7 (dd)5(d"d)5],. (2) tum both ground-state band aneband components contrib-
ute to the wave functions of the yrare band#iPr. In the
In the present calculation this term is included in the dynamitegion of band crossing, in particular, the wave functions of
cal boson-fermion interaction and in i operator, with  the yrare band contain sizeable components of the higher-
the strength parameter=-0.46 MeV. lying core structuregsee the right column in Fig.)1The
In Fig. 2 the two lowest calculated positive-parity bandsIBFFM prediction, therefore, is that the two lowesh,;,,
in 2P are shown in comparison with the experimental dou-® vh,;,, bands in13%Pr are built, in leading order, on the
blet bands. Both calculated bands are based onmthg,  ground-state band and theband of the core nucleus, respec-
® vhyy, configuration. We note that the calculation also pre-tively. Their wave functions closely follow the triaxial struc-

FIG. 2. Comparison of the experimental doublet of nearly de-

denote transitions corresponds to the relatvéntensity in each
branch.
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mation (0;=0.03 Me\) the energy difference between the
yrast and yrare bands gradually decreases, and between an-
gular momenta 16and 17 the two bands cross. Except for
the exact position of the band crossiqghich can be also
affected by four-quasiparticle configurations not included in
the model spagethe “energy vs spin” diagram in the right
panel of Fig. 3 is in excellent agreement with the experimen-
tally observed evolution of the two lowest positive-parity
bands in*3*Pr. The results shown in Fig. 3 are also in agree-
ment with the conclusions of Ref3], where it has been
suggested that in the odd-odi=75 nuclei other thaf34Pr

the triaxial core deformation is not stable, rather ityisoft,
resulting in the two lowestrh;1,>® vhyy,, bands being al-
most parallel in theE vs | plot, with the energy spacing of
~0.3 MeV. In 13Pr, on the other hand, the stable triaxial
deformation causes the two lowest positive-parity bands to
become almost degenerate.

In conclusion, the structure of the two lowest and almost
degenerate positive-parity bands i#Pr has been investi-
gated in the framework of the interacting boson fermion-
fermion model. A very detailed analysis, which also includes
the calculation of the spectra of the even-even and odd-even
ture of the core nucleus. As the IBFFM calculations are perneighbors, has demonstrated that stable triaxial deformation
formed in the laboratory frame, they cannot determine thegives rise to the experimentally observed crossing between
alignment of the odd particles along the body fixed axes. Théhe yrast and yrare bands built on th,,,® vhy4,, configu-
present analysis, focused on the collective structure of theation. A constant energy spacing between the two lowest
doublet bands, indicates that thedegree of freedom plays positive-parity bands is predicted in other odd-oNe 75
an important role in their formation. nuclei with y-soft potential energy surfaces. The analysis of

The effect of the triaxial deformation is illustrated in Fig. the wave functions and transition intensities has shown that
3, where we display the yrast and yrarh,;,® vh;;,, bands  the collective structure of the yrast band*#Pr is basically
in 13%Pr calculated in the IBFFM for th&Ce core without built on the ground-state band of the triaxial core, whereas
triaxiality (left panel,®;=0), and with stable triaxial defor- the collective structure of the yrare band is predominantly
mation(right panel,®;=0.03 Me\). For®;=0 the core isy  based on the band of the core. The mixing between the two
soft and the two bands do not cross or become degeneratgands increases with increasing angular momentum, and the
Rather, an almost constant energy spacig00 keV be- region of band crossing is characterized by sizeable admix-
tween the two bands is predicted. For a stable triaxial defortures of higher-lying collective structures.

E(MeV)

8 9 1011121314 151617
|

8 ©1011121314151617 °
I
FIG. 3. The yrast and yrareh,;,,® vhy1,, bands in**Pr cal-
culated in the IBFFM for the'®Ce core without triaxiality(left
panel, ®3=0), and with stable triaxial deformatiofright panel,
©5=0.03 MeV).
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