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One and two broken pairs in the interacting boson model: High-spin states in ' '9 ' Hg

D. Vretenar*
Physics Department, Technical University Munich, D-8046 Garching, Germany

G. Bonsignori and M. Savoia
Istituto Nazionale di Fisica Nucleare, Sezione di Bologna and Department of Physics, University of Bologna, Bologna, Italy

(Received 23 October 1992)

The structure of high-spin states in the transitional nuclei ' ' ' Hg is described in the framework of
the interacting boson model with one and two broken pairs. The interacting boson model is extended to
the physics of high-spin states by including selective noncollective fermion states through the successive
breaking of (S,D) pairs. High-spin states are described in terms of broken pairs. In ' ' ' Hg, yrast
states up to J =244, including the positions of the first and second backbending, are reproduced by the
calculation. Data on E2 transitions in the region of the first backbending are compared with model cal-
culations.

PACS number(s): 21.60.Fw, 21.60.Ev

I. INTRODUCTION II. THE MODEL

The interacting boson model (IBM) [1] has been re-
markably successful in the description of nuclear struc-
ture phenomena related to states of relatively low angular
momentum in medium heavy and heavy nuclei. To apply
the model to the physics of high-spin states, one has to
include, in addition to bosons, part of the original shell-
model space for valence nucleons. This is done by break-
ing the boson pairs to form selective noncollective fer-
mion pairs. Various extensions of the IBM have been re-
ported that include two-fermion states (one broken pair)
in addition to bosons [2—6]. In Refs. [7—9] we have fur-
ther extended the IBM to include two- and four-fermion
noncollective states (one and two broken pairs). Such an
approach has a clear advantage over more traditional
models based on the cranking approximation in that all
the calculations are performed in the laboratory frame
and results can be directly compared with experimental
data.

In the present article, we apply the interacting boson
model with one and two broken pairs to the description
of yrast states in the transitional nuclei ' ' ' Hg.
Both the positions of the first and second backbending
are known in these nuclei, as well as data on E2 transi-
tions in the region of first backbending. Some properties
of high-spin states in Hg isotopes have been investigated
in the cranked shell model [11],in the IBM with one bro-
ken pair [2qp (two quasiparticle) states] [3], and with two
broken pairs (2qp and 4qp states) [8].

The model is based on the simplest version of the in-
teracting boson model: the IBM-1 [1]. In the IBM-1
model a nucleus with 2X valence nucleons is described as
a system of N bosons of angular momentum 0 (s bosons)
and 2 (d bosons). The Hamiltonian of the system con-
tains one- and two-body interactions. The bosons can be
regarded as collective fermion pair states (correlated S
and D pairs) that approximate the valence nucleon pairs.
No distinction between protons and neutrons is made.
The model is extended to the description of high-spin
states by including selective noncollective fermion states
through the breaking of the correlated S and D pairs.
High-spin states are described in terms of broken pairs.
A boson can break to form a noncollective fermion pair.
The model space for an even-even nucleus with 2N
valence nucleons is

Xbosons)e ~(X —1) bosons1 broken pair)

e ~(X —2) bosons2 broken pairs) .

Although, in general, the fermions in broken pairs occu-
py all the single-particle orbitals from which the bosons
have been mapped, for the description of high-spin states
close to the yrast line the most important are the unique-
parity high-j orbitals (g—', , h —", , i ", ). The o—ne and two
broken pairs are represented by two- and four-
quasiparticle states, respectively. The model Hamiltoni-
an is [7—9]

H —HB +HF + ~BF+ +mig

'On leave of absence from the University of Zagreb, Croatia. where Hz is the IBM-1 boson Hamiltonian [1],
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H~=ER'd+ g &—2L+1CL [(d Xdt)' 'X(d Xd)' ']' '

L =0,2, 4

+ V [[(dtxdt)' 'X(d X )' ']' '+H. . ]+—V [[(dtxdt)' 'X( X )' ']' '+H.1 1
2 0 (2)

The fermion Hamiltonian HF contains the single-fermion energies and fermion-fermion interactions,

HF g E a a +—g g Vabcd AJM(ab) AJM(cd)
a abed JM

The boson-fermion coupling contains three terms,

V„=ro & (u, , u, , v, v, )& jillI'2llj~&(a,!Xa, )"'g,' '

(3)

1

j j j +2&3+1

X&j

llew

llj, &&j llI' llj &:[(a Xd) ' X(a Xd )
' ]' ':

+AoV5+(2j+1)(atxa. )' '(dtxd)' '

J
(4)

representing the dynamical, exchange, and monopole interactions of the interacting boson-fermion model (IBFM) [10],
respectively. V;„ is the pair-breaking interaction that mixes states with different number of fermions, conserving only
the total nucleon number,

V;„=—Uo g u~ uj (u~ v~ +ui vi )&JillI'2llgz& I:(aj xa~ )' 's]1

J)J2 J2

—U2 g (u& vj +uj v )&j, ll Y2lljz&[(a Xat )' 'd]+H. c.
J)J2

III. HIGH-SPIN STATES IN ' ' ' Hg

The isotopes ' ' ' Hg are located in a transitional
region which, in the IBM representation, corresponds to
a change from the O(6) to the SU(3) symmetry limit. The
structure of these weakly oblate and y soft nuclei has
been extensively investigated in the framework of the
cranked shell model [11]. Yrast states up to 1=206' in

Hg have been described in the interacting boson
model with one broken pair (2qp states) [3]. For ' Hg
positive-parity states up to J =24%, including the posi-
tions of the first and second backbending, and low-lying
negative-parity bands have been described in the interact-
ing boson model with one and two broken pairs (2qp and
4qp states) [8]. Properties of yrast states of some even
and odd Hg isotopes (195—198) have also been calculated
by coupling one- and two-quasiparticle states to a Bohr-
Mottelson core [12]. The yrast bands of the even Hg iso-
topes reveal an interesting anomaly around angular mo-
menta 8+, 10+, and 12+. The energies of these states are
distributed in an interval of =150 keV. If one plots the
moment of inertia as a function of angular velocity for
the yrast states, a very strong backbending is observed.
The moment of inertia increases by a factor of 20 for the
triplet of states 8+, 10+, and 12 as compared to the
ground-state band. This anomaly is explained by the
alignment of a i—", neutron pair [3,8, 11,12]. The experi-
mental values of the g factors of the 12&+ states confirm

the (vi —", ) structure. A second backbending is observed
at J =20k.

The low-lying spectra of ' ' Hg are very similar.
The ground-state bands are identical to within =30 keV
up to the highest observed collective states 6+. We have
therefore used the same set of parameters of the boson
Hamiltonian (2) for all three isotopes ' ' ' Hg. Their
values are e =0.2775, C0 =0.6082, C2 =0.2065,
C4 =0.2013, V2 = —0.0219, and Vo = —0.2080 (all
values in MeV). The number of bosons is N =7 for

Hg, N = 8 for ' Hg, and X =9 for ' Hg. The yrast
two-quasiparticle structures are based on the states 8,+.
The single-particle orbital, particularly important for the
description of 2qp and 4qp states close to the yrast line, is
vi —", . Because of the large size of the 4qp space (more
than 3000 vectors for ' Hg with only i—", included), we

have not been able to include other neutron orbitals in
the model space. The occupation probabilities are ob-
tained by a standard BCS calculation with single-particle
energies taken from Kisslinger and Sorensen [13] and
the pairing strength 6 =22/2 MeV. Their values
are v;&3&2(' Hg) =0.66, v;&3&2(' Hg) =0.74, and

v, »&z(' Hg)=0. 81. The resulting gap parameters are
4=0.93, 0.88, and 0.81 MeV for ' Hg, '9 Hg, and ' Hg,
respectively. With the Kisslinger-Sorensen choice of
single-particle energies, the BCS calculation gives for the
single-quasiparticle energy E, &3/2 1 MeV. In order to
obtain better agreement with the experimental energies,
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we take E;&3/2 1.2 MeV for all three isotopes. The pa-
rameters of the boson-fermion interaction [Eq. (4)] are
I O=0.45 MeV, g=0.4, and Ao =0 for all three isotopes.
The strength parameter of the exchange interaction is
Ao=1.0 MeV for ' ' Hg and Ao=2. 0 MeV for ' Hg.
For the residual interaction between fermions [Eq. (3)],
we take the surface 6 interaction with strength parameter
Uo= —0.2 MeV. The parameters of the mixing interac-
tion are u2=0. 2 MeV for all three isotopes; uo=1. 3
MeV for ' Hg, uo=2. 0 MeV for ' Hg, and uo=3. 0
MeV for ' Hg.

In Fig. 1 we present the result of the model calculation
of positive-parity states for ' Hg. Only the few lowest
calculated levels (circles) of each angular momentum J
are shown in the figure. They are compared with experi-
mental yrast states (squares). It is seen that the calculat-
ed spectrum reproduces in detail the positions of the
yrast levels. The yrast states 0+, 2+, 4+, and 6+ belong
to the collective ground-state band (GSB). The two-
quasiparticle structure (vi —", ) is based on the triplet of
isomeric states 8+, 10+, and 12+. As we have shown in
Ref. [8] for ' Hg, these states are bandheads of three
different (vi —", ) bands. The leading components in the
wave functions of states belonging to these bands are
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FIG. 2. Yrast levels in ' Hg compared with the model calcu-
lation.

~
(vi —", ), JF,Jz, J =J~+J~ ), where Jz is the fermion pair

angular momentum, ~J~) denotes a collective (boson)
state of the ground-state band with angular momentum
J~, and J is the total angular momentum. The yrast 2qp
band has (vi —", ) J~ = 12 as the main components in the
wave functions, and we also identify states that belong to
the band (vi —", ) JR=10. The state 8,+ is the bandhead of
the strongly mixed band (vi ", ) JF—=8. Just above the
yrast, we find the odd-spin band

~
( vi ", ) J—F= 12,J& ',

J=JF +Jz —1 ) . The second backbending of the mo-
ment of inertia at J =20,+ is due to the alignment of a
second pair of neutrons in the i —", orbital. The state 20&+

is the bandhead of the band (vi ", ) JF=20,J~;—
J =20+J~ ). In Figs. 2, 3, and 4, we compare in a more
usual form the results of the model calculation with ex-
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FIG. 3. Comparison between experimental and calculated
yrast levels in ' Hg.

FIG. 1. Comparison between calculated (circles) and experi-
mental (squares) positive-parity states in ' Hg.
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perimental yrast levels for ' Hg, ' Hg, and ' Hg, re-
spectively. For all three isotopes, we obtain an excellent
agreement with experimental data up to the highest 4qp
states J =24k. It is more diScult to obtain the correct
ordering of the almost degenerate triplet 8&+, 10&+, and
12&+. In our calculation the dynamical boson-fermion in-

teraction favors the state 12& to be the lowest member of
this triplet.

A very sensitive test for our interpretation of the triplet
of isomeric states is provided by the 8 (E2) values for the
transitions 12&+~10&+ and 10&+—+8&+ [14,15]. The E2
transition operator has the form

T(E2)= e"' 8 [(dt Xs+st Xd )' '+y(dt X d )' ']
4m

1—e — gq, '(u u —v v, )(a Xa, )''—
Jz

J)Jp

Q~ VJ Qj V~

[(a Xa )' 'Xs]' '+ —[(a. Xa )' 'Xs ]' ' ',v'~

where

e, , =&All"I'~11~2~

and we take (r ) =—,'Ro, Ro=0. 123'~ 10 ' cm. For
the neutron effective charge, we take e =0.5 and g=0.4
is the same value that is used in the boson quadrupole
operator of the dynamical boson-fermion interaction [Eq.
(4)]. e"' should be fixed to reproduce the experi-
mental value of B(E2;2,~0, ). Unfortunately, B(E2)
values for transitions within the ground-state band are
not known for i9O, &9&' &94Hg. For '9 Hg and ' Hg
8(E2;2,~0&)=2000 e fm . The ground-state bands in

Hg look very similar (the spectra are identical
to within 30 keV) so that we can extrapolate the experi-
mental value 8 (E2;2,~0& ) from ' ' Hg to

Hg. In order to obtain 8(E2;2,~0, )=2000
e fm, we take e" =1.0 for ' Hg, e" =1.5 for ' Hg,

and e"' =1.2 for ' Hg. In Table I we compare the ex-
perimental 8 (E2) values [14,15] for the transitions
10&+—+8&+ and 12&+ ~10&+ with results of the model calcu-
lation. The experimental values are much larger than
those usually found in the region of backbending and
especially if one thinks of them as describing interband
transitions. The calculated 8 (E2)'s are of the correct or-
der of magnitude, but are smaller than the experimental
values. This indicates that in the model calculation we
do not obtain enough mixing in the wave functions of
these states. However, we remark that part of the
discrepancy between calculated and experimental
8(E2)'s might be accounted for by the uncertainty in
8 (E2;2,~0& ). The best result is obtained for ' Hg. The
calculated 8 (E2)'s are just a factor of 2 smaller than the
experimental values. In all three isotopes, we obtain

8(E2;10,—&8, ) &8 (E2;12,~10,),

E (MeV)

EXPT

Hg (7r=+)

THEOR

in agreement with experimental data.
In conclusion, we have analyzed the structure of high-

spin states in the transitional nuclei ' ' ' Hg in the
framework of the interacting boson model with one and
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two broken pairs. Yrast states up to J =24k, including
the first and second backbending, are reproduced by
model calculation. Comparison of B (E2) values for
transitions between the isomeric states 8&+, 10&+, and 12&+

with results of the model calculation confirms our inter-
pretation of these states as being bandheads of three
difFerent (vi —", ) bands.
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