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Attempt of applying the interacting-boson-fermion model to the superdeformed
bands of °1:1%Hg
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Energy levels, dynamic moments of inertia of the superdeformed bant®8fHg are studied by incor-
porating fermion degrees of freedom with the superdeformed interacting boson model. Except for the cases
with band crossing, it is found that the single-fermion orbital dominance is sufficient for describing most of the
superdeformed bands. The energy levels can be reproduced quite well. The dynamic moments of inertia can be
reproduced reasonably well for most of the bands. However, the staggering of the moment of inertia observed
in some superdeformed bands cannot be reproduced in the model. The general features of the wave functions
are discussed S0556-28189)04509-4

PACS numbes): 21.60.Fw, 21.10.Re, 27.86w

. INTRODUCTION considering,**%Sn is considered as an appropriate core. The
nucleon pairs outside the core are imitated by active bosons.

In recent years, many superdeformed bands have beeSince we are working in a well deformed region, the distinc-
found for even-odd as well as even-even nuclei. In a givenion between the proton- and neutron-boson can be ignored.
mass region, the superdeformed bands usually show similatherefore, *°*'%Hg can be considered to have 29 and 30
energy band structures and moments of inertia. It is generallyhteracting bosons, respectivefincluding s and d bosong
believed that these superdeformed bands can be described iytside the'*’Sn core. The'®**Hg isotopes are then con-
the couplings between the fermion single-particle degrees dfidered to have 29, 30 interacting bosons plus one fermion.
freedom and a highly deformed core. Therefore, for the masshe possible fermion single-fermion orbitals are theg s,
region A=190, the highN intruder orbitals such aBjij5,  1i,5,, and Jj;5,, orbitals. Previous analyses on the superde-
i13/0, and s, are expected to be important for describing formed bands of®***Hg suggest that most of the bands are
the configurations of the superdeformed states. dominated by one of the above single-fermion orbifals—

The interacting boson modélBA) [1-3] has been ap- 19]. Therefore, in calculating a specific band, we include the
plied extensively to study collective nuclear states which in-corresponding dominant fermion orbital in the model space.
clude the cases of highly deformed ones. The IBA modelro be more specifich,,, orbital is included in band 1 and
was extended to describe even-odd nuclei by coupling @and 2a of-®Hg; i 15, orbital is included in bands 2 and 3 of
single fermion to the even-even cdw5]. The model which  19%g  and in bands 2b and 3 f*Hg; jx, orbital is in-
is usually called interacting-boson-fermion approximationg|yded in bands 1 and 4 dPHg, and in bands 4 and 5 of
(IBFA) has been applied successfully in correlating thel934g The model spaces as described are too big for practi-
nuclear properties of the normal collective even-odd nucleta| calculation. Therefore, we tried to make a reasonable
[6-10. truncation on the boson model space. Similar to the trunca-

Based on the dominance of tH€=0" and 2" nuclear  tion scheme usually used in the shell model, we restricted the
pairs in the Nilsson wave functions, Otsuka and Honma pronumber of bosons in the higher single-boson energy orbital.
posed an algebraic superdeformed interacting boson modgherefore, we restrict the number dof bosonsny by ng
[11]. In this model the inert core is smaller as compared with<| /2+ 10 wherel. means the total boson angular momen-
the normal interacting-boson model and the number of vayym. with this truncation the dimension of the model space
lence bosons is increased considerably since more active Mgt the energy matrix for a specific value of spin can be re-
jor shells are considered. The model with the restrictions tQjuced to about 300 which is feasible for practical calcula-

specific dynamic symmetries was applied to analyze the Sijon. For the Hamiltonian we adopted the usual form used in
perdeformed states of even-even nufléd,13. In this work,  the IBFA calculation:

we attempt to combine the single-fermion degrees of free-

dom with the superdeformed interacting-boson model to H=Hg+Hg+Hgg.

make a detailed phenomenological calculation on the energy

levels and dynamic moment of inertia of the superdeformediereHg means the Hamiltonian of interacting bosons which
bands of the even-odd Hg isotopes. takes the forn{20]

L-L
Il. MODEL HB=8dnd+Copr+C1m+C2QB'QBa

In our working modeft®:1%Hg isotopes are considered as
the coupling system of even-even cores'#!°Hg with a  where ny meansd-boson number operator aqip, L-L,
fermion. In the superdeformed interacting boson model and Q-Q are the boson pairing, angular momentum, and
smaller inert core is adopted. For the mass region we arquadrupole interactions, respectively. fA -L term is in-
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cluded in the denominator of the angular momentum inter- TABLE I. Best fitted interaction parameters in MeV for
action to account for the antipairing effects for the high spin*®***Hg in the IBFA model.

states[21]. The fermion HamiltonianHg includes only
single-fermion energies. Since we include only the dominant €q C1 K f
single-fermion orbital, t_his term appears as a constapt f_oingg Band 1 0.1021 0.0050 —0.0161 3.3x10°5
each pand. Therefore, it can be |gnoreq as far as excitation Band 2 0.0837 0.0050 —0.0138 3.5510°5
fanelzrgles f\r:e (E)alculatfed. The bosgn-ferlmlqntHan:_lltohigpd " Band3 00906 0.0049 —0.0130 3.9%10°5
includes the boson-fermion quadrupole interaction and the Band4 00173 00057 —00158 7.3% 10-5

exchange force term: 9Hg  Band1l 00712 0.0049 —0.0192 6.3X10°5
Band 2a 0.0719 0.0050 —0.0161 3.75 105
Band 2b  0.1045 0.0050 —0.0109 4.15 105
Band 3 0.1108 0.0050 —0.0091 4.16x10°%
Band 4 00494 0.0052 —0.0143 4.9410°°
X (d™x3;,) 0], Band5 01042 0.0052 —0.0093 2.5510 5

Her=KQq- Qe+ X A [(a] xd)
Kijviz

J1lo

whereQg is the boson quadrupole operator Ill. RESULTS
A. Interaction parameters

Q= (stxd+d"x3)— \/—7(de(~1)(2) In searching for the interaction parameters by least-
2 squares fittings, a set of the initial values is needed. There-
fore, we first turned off the single-fermion energy and boson-
and Qg is the fermion quadrupole operator fermion interaction in the Hamiltonian. The interaction
parameters iHg are determined by least-squares fittings to
the energy levels of the superdeformed bands%t°Hg.
Qr= 2 qi..(al x& )@ The resulting values are then used as the initial values in the
P, 2 T calculation of the superdeformed bands'®F!%Hg. In the
calculation on'*1%Hg, it was found that the boson pairing
. . and quadrupole interaction terms are not sensitive to the
a”dqili;: V53l Y@ 2. o N least-squares fittings. Therefore, these terms are omitted
In this work, we choosg,=j,=] wherej is the angular  from Hy. The absence of these terms corresponds to the
momentum quantum number for the dominant single-gy(s) fimit in the interaction boson mod¢R0]. This is also
fermion orbital. The second term iHge is the exchange consistent with the result of Ref13] which calculated the
force term and the: symbol means normal ordering of the syperdeformed bands of even-even nuclei based on an inter-

operators in between, and acting boson model in the $8) limit including g boson. By
choosingay=a,=0, the number of boson interaction param-
12 eters is reduced from 5 to 3. This greatly facilitates the least-
A}‘jz 2| 507 GIY2IKYKIY Y )). squares fitting calculations. In the calculation on the even-

odd Hg isotopes the boson-fermion interaction paraméters
and A are also included in the least-squares fittings. Again,
The monopole interaction term which is adopted in otheras a first trial, all interaction terms are treated on an equal
calculations of similar model is omitted. This is because thifooting. However, it was found that the quality of fittings to
term is proportional tavg and can be absorbed inngy term  the energy levels of the superdeformed band does not depend
by renormalizinge4. Since quite numerous active bosonson the values ofA. Therefore, we omit this term and ended
are included in the model space, an efficient way of calcuwith only four parameters in the fittings. The best fitted in-
lating the d-boson coefficient of parentadefp) is needed. teraction parameters are summarized in Table I. It can be
The cfp’s which are needed in constructing the many bososeen from the table that the valuescofandK are similar for
wave functions are calculated by using a group theoreticahll superdeformed bands. The values ofshe boson energy
method proposed by Swet al.[23]. The chosen Hamiltonian gap (4) are different for different bands. However, they are
is then used to construct the energy matrices in the adopteall much smaller than the corresponding values for the nor-
model space. The interaction parameters in the Hamiltoniamal boson casefsl0]. It is well known in IBA calculations
are determined by least-squares fittings with the energy lewthat the value ok is getting smaller when the deformation
els of the superdeformed bands. In the fittings, as a first triais increased. The smaller valuesef found in this work are

we included all interaction terms and all of the interactionconsistent with the general tendency. This also, in turn, sug-
parameters are varied to improve the fittings. However, irgests that both bands 4 &t11°Hg are more deformed than
the fitting procedures if a interaction term is proved to bethe other bands. The valuesfadre all quite small. This term
quite insensitive to the fittings, the corresponding interactioris needed to fit the energy states for very high spins. Also, it
parameter will be omitted to reduce the number of paramhas the effect to suppress the calculated dynamic moments of
eters. inertia (J,) at high spin regions.
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Refs.[19] and[22].

as 4E,(1+2)—E,(1)]"* whereE,(l) means the transition energy

of angular momenturh state in MeV. The rotational enerdyw is

defined ast[E, (1) +E,(1+2)]. The experimental data are adopted Vary smoothly with rotational energies. If the experimental
values ofJ, vary in zigzag forms, the calculated and experi-

mental values agree with each other in the sense of average
values. At the upper end bifw the experimental values 5

from Refs.[19] and[22].

B. Dynamic moment of inertia

mental data. For®Hg the overall root-mean-squafems)
deviations for all superdeformed band are around 1 keV o
smaller. Fort®Hg the rms’s are around 2 keV. Even for the

formed band 3 of®*Hg. The experimental data are adopted from

The calculated energy levels are very close to the experi§hOW some tendency c.)f going do"““f"‘”ds 1’;2 Th|§ trend .
cannot be reproduced in the calculation. It will be interesting

jo see whether this trend of downturn of the experimental
values ofJ, will continue for higher rotational energies. The
alculated and experimental valueslgfof **Hg are shown

low-lying states in the superdeformed bands the level spac(E : ; .2

N ; In Figs. 5-10. The quality of agreement is similar to that of

ng 1S arhound IO'3| Medv. Tgereforg, the ulsual plot \I/vh|c|h C-0m_19]+—|§ Again, in theqregic))/n tha% the experimental data vary
ares the calculated and experimental energy levels is not . = ' ) i

b B 9y uickly the calculated values can fit the data only in the

very illuminating. We present instead, the comparison of th
calculated and experimental dynamic moments of inerti
(J5) which are very sensitive to the theory-experimental dis
crepancies. The calculated and experimegdtalvalues of

191Hg are shown in Figs. 1-4. From the figures we can se
that the general tendency of the increaselgfversus the

variation of 4w can be reproduced. The theory-experiment

agreements are very good if the experimental valued,of
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FIG. 2. Calculated and experimentd} values for superde-
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ense of average values. For bands 1, 2b, 3, and 4, the cal-
culatedJ, values are higher than the experimental data at the
upper end of rotational energy. Of particular interest are the
‘.:]2 values of band 1 at high rotational energies. The experi-
mental data show a rather flat behavior. On the other hand,
the calculated values increase smoothly versus the increase
of the rotational energy. The failure in reproducing thédge
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FIG. 4. Calculated and experimentd} values for superde-

formed band 2 of®*Hg. The experimental data are adopted from formed band 4 of®'Hg. The experimental data are adopted from

Refs.[19] and[22].

Refs.[19] and[22].
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FIG. 5. Calculated and experimentd} values for superde-
formed band 1 of®*Hg. The experimental data are adopted from
Ref.[18].

FIG. 7. Calculated and experimentd} values for superde-
formed band 2b ot®*Hg. The experimental data are adopted from
Ref.[19].

values afterhiw=0.27 MeV seems to be consistent with the

conjecture of orbital crossing at this po[ii6,22]. However, function |j) is simply characterized by its orbital angular

the calculated, values of band 4 up tho=0.4 MeV fit the momentum. For a specific value of boson-fermion total an-
2 i pular momentumJ the dimension of the truncated model

experimental data quite well. If band 4 also has an Orb'ta%oace is still quite large. Usually it is over 300 for the

crossing as conjectured, it seems the crossing energy will b 5 87 : .
much higher than that for band 1. values betweer and %Y. For theJ values outside this range

the dimension decreases. It is around 200Jfers? and 150
. for J=%2. An analysis of the energy eigenfunctions indicates
C. Wave functions that the intensity distributions are in general rather disper-
The basis states used in this work are the boson baskve, although only about one fifth of the basis states make
states coupled with the single-particle fermion basis statesignificant contributions. However, we can still find some
For the boson basis states the following group chain is senteresting features for those important basis stdig¢sthe
lected: boson angular momentumand fermion angular momentum
j satisfy L+j=J. (ii) Low ny states are in general more
U(6)DU(5)D0(5)20(3). important than the highery states. This lowny dominance
. . becomes more prominent dsincreases. This also justifies
Lhﬁrifsri’> t\r/]vie?gsnls ;:]‘Ztis Z:: ;}Zarﬁjﬁgéfigbgnz]z for%r truncation scheme in the quel spagie) For a given
bossc()jnS\A/ meansd-boson se?ﬂorityn countsd-boson trip- value ofng, only those states with=ng; v=ny—2 and
lets COL;pIed to zero angular momeﬁtum ancheans boson v=ng—4 are important(iv) Most of the important states
! haven,=0. The rest of the few such states have=1.

total angular momentum. The fermion single-particle WaVe L rom these features, it seems that the bosons and the fermion
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FIG. 6. Calculated and experimentd} values for superde- FIG. 8. Calculated and experimentd} values for superde-
formed band 2a ot**Hg. The experimental data are adopted from formed band 3 of®*Hg. The experimental data are adopted from
Ref.[18]. Ref.[18].
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FIG. 9. Calculated and experimentd} values for superde-

formed band 4 of®*Hg. The experimental data are adopted from
Ref. [18].

FIG. 10. Calculated and experimentd) values for superde-
formed band 5 of®*Hg. The experimental data are adopted from
Ref.[18].

tend to assume a most economic coupling to reach the high ) . .
ping g For those experimental data which show a very quick

spin. This is because it has the effect to reduce the needed ' - .
number ofd bosons and in turn, reduces the energy eigeny""”"’mor_1 of J, versus the_ change of rotatlon.al energy, the
value. This is consistent with the tendency that stability seS@/culation can only provide a correct result in the sense of

lects low energy configurations. The low value dominance of:Vérage. The staggering of dynamic moment of inertia ob-
n, is also reasonable. A higher value of means more served in some superdeformed bands can not be reproduced.

d-bosons coupled to zero angular momentum. This has th&liS theory-experiment discrepancy also happens in the su-

effect to restore the nucleus to a more spherical shape. merdeformed interacting boson model calculation on even-

order to reach the high spin values of the superdeformeﬁven Hg is_otopes. In qrder to e_>_<plain the staggering, appar-
states, morel bosons are needed. This, in turn, increase th&ntlY @ refined model is neededi) For the superdeformed

. - 19 - .
energy of the state. Therefore, from both considerations op@nd which shows band crossitigand 1 of *Hg), itis not

energy and superdeformation, law dominance is reason- Possible to reproduce thé, values for the whole range of
able. rotational energies. It will be interesting to see whether the

experimental data can be reproduced by introducing two or
more single-fermion orbitals simultaneously in the calcula-
tion on this band. However, this will enlarge the model space
and a more radical truncation to the model space is needed to
The superdeformed bands B¥f1°Hg are studied by cou- make the calculation feasible. For a calculation which de-
pling single-fermion orbitals with the superdeformed inter-mands very small theory-experiment discrepacies in energy
acting boson model. For each superdeformed band, we idevel spacings, this becomes a rather large uncertain factor.
clude the corresponding dominant fermion orbital suggeste&urthermore, this also introduces more interaction param-
by the experimental data. In general, the energy level spectreters in the calculation and the determination of the interac-
can be reproduced quite well. The dynamic moments of intion parameters by the least-squares fittings will be much
ertia can be reproduced reasonably well. It was found that imore cumbersome.
the boson interactions a modified form of angular The criterion of stability selects low-energy configura-
momentum-angular momentum interaction and the terntions. This can be achieved by having a small number of
ngeq are the most important ones. For the boson-fermiord-bosons or a strong boson pairing. However, in our calcu-
interaction the quadrupole-quadrupole interaction is the modation it was found that the boson pairing interaction can be
important one and the exchange interaction can be neglectedeglected. This is consistent with the picture of superdefor-
The calculated values afy which are around 0.1 MeV or mation since the pairing has the tendency to restore the
smaller are much smaller than those found in normal internucleus to a spherical shape. Therefore, we expect anjpw
acting boson model calculations. Therefore, in the picture otonfiguration dominance. The analysis on the energy eigen-
superdeformed interacting boson model, the superdeformednctions indeed reveal this tendency. However, in order to
nuclei can be considered as numerous superdeformed bosdmsild up the high spins, mang bosons are needed. There-
interact with a smaller core and among themselves. Théore, the superdeformed systems tend to make a most eco-
small values of4 suggest that the energy gaps between thenomic coupling to build up the high angular momentum. As
s-boson andl-boson orbitals are small. Except for the casesa result, thed-boson angular momenta tend to align with
of structure changes, the general behaviors of the dynamieach other. Furthermore, the dominance of the statesJwith
moments of inertiad,) can be reproduced. We would like to =L +j also suggests that the single-fermion angular momen-
mention the following two theory-experiment discrepanciestum tends to align with the boson total angular momentum.

IV. SUMMARY
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The success of the superdeformed interacting-bosorbands. In the mass number regidn=150, there are also
fermion model in correlating the main features of the superquite numerous superdeformed band data. As compared with
deformed bands of*1%Hg is encouraging. The model has the superdeformed bands in the mass redien190, there
the advantage to incorporate the fermion degrees of freedomsre more bands with irregular variations in the moments of
with the even-even core in an easy and consistent way. Binertia. We believe that a detailed calculation on the super-
including more fermion orbitals, it may be used to study thedeformed band in the mass regidn=150 will manifest
band crossing mechanisms observed in some superdeformatbre clearly the advantages and limitations of the model.
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