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The interacting boson-fermion-fermion model approach to β decay is applied to the decay from the even-even
124Ba to the odd-odd 124Cs nucleus. The theoretical results for energy levels, electromagnetic properties and
β decay rates are compared with experimental data for 124Cs. The calculated β-decay rates demonstrate that the
interacting boson approximation can be applied in the description of β decays from even-even to odd-odd nuclei.
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I. INTRODUCTION

Theoretical β-decay rates can provide a fine test of
nuclear models because they are very sensitive to details
of wave functions. In the interacting boson [1] and the
interacting boson-fermion model [2] the investigation of
β decay has been successfully applied to decays of odd-
mass nuclei [3–9]. However, β decay from even-even to
odd-odd nuclei in this framework was considered only
by the group theory method in the case of spherical
nuclei [10].

Models based on the interacting boson approximation
have been applied in the description of the structure of
vibrational, deformed, and transitional nuclei all over the
periodic table. This approach is especially relevant for nuclei
in transitional regions, where single-particle excitations and
vibrational collectivity are dominant modes. A region of
nuclei close to mass number A = 130 is typcal for this
type of structure. These nuclei are rather soft, and their
levels are characterized by a strong mixture of different
components. This gives the opportunity to test the model
in a more complex situation in respect to the spherical
case.

The purpose of this work is twofold. First to study the
structure of 124Cs. Second, and most important, to investigate
to what extent the interacting boson approximation can be
applied in the description of β decays from even-even to
odd-odd nuclei. The present work will be the first numerical
study of this type for real nuclei in the interacting boson
approximation.

∗Electronic address: brant@sirius.phy.hr
†Electronic address: yoshida@res.kutc.kansai-u.ac.jp
‡Electronic address: zuffi@mi.infn.it

II. THE IBFFM2 MODEL

A. Hamiltonian and energy levels

In the present work we calculate the structure of 124Cs
in the framework of the proton-neutron interacting boson-
fermion-fermion model 2 (IBFFM2) [11]. This model is
based on the highly successful interacting boson model 2
(IBM2) [12,13] for even-even nuclei, and the interacting
boson-fermion model 2 (IBFM2) [2,14,15] for odd-A nuclei.
The IBM2/IBFM2/IBFFM2 models are based on the concept
of two type of bosons: proton bosons and neutron bosons.
We notice that the other model for odd-odd nuclei in the
framework of the interacting boson approximation based on
one type of bosons, the IBFFM1 [16,17], is very successful
in the description of energy levels, electromagnetic properties,
and transfer reactions, but due to the fact that it does not
distinguish protons and neutrons in the internal structure of
bosons, cannot be applied for calculations of β decays.

The advantage of IBFFM2 in respect to IBFFM1 is that
IBFFM2 is closer to the microscopic models (as all IBA
models based on two type of bosons, i.e., proton bosons
and neutron bosons, are in respect to those based on only
one type of bosons). However, due to the prohibitively large
configuration space, multi-j calculations are far more restricted
in IBFFM2 than in IBFFM1. Therefore, some effects caused
by configuration mixing that IBFFM1 can take into account,
in the IBFFM2 calculations are missing.

In the IBFFM2, an odd-odd nucleus is described as a system
consisting of an even-even core, an odd proton and an odd
neutron. The basis state of total angular momentum I is written
as

|ndπ
απLπ, ndν

ανLν(L), jπjν(J ); I 〉, (1)

where I = L + J, ndπ
(ndν

), and Lπ (Lν) are the proton
(neutron) d-boson number and the total proton (neutron) boson
angular momentum, L is the total angular momentum of the
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bosons (L = Lπ + Lν), jπ (jν) is the angular momentum of
the odd proton (neutron), and J is the total angular momentum
of the fermion pairs ( J = jπ + j ν). The symbols απ and αν

are other labels to specify the boson state uniquely. The even-
even core is described by the bosons of the IBM2, whereas
the odd proton and the odd neutron are independent fermions
occupying certain shell-model orbits. The Hamiltonian is

H = HB + HF
π + V BF

π + HF
ν + V BF

ν + VRES, (2)

where H B is the IBM2 Hamiltonian:

H B = εd

(
ndπ

+ ndν

) + κ
(
QB

π · QB
ν

)
+ 1

2
ξ2[(d†

νs
†
π − d†

πs†ν) · (d̃νsπ − d̃π sν)]

+
∑

K=1,3

ξK ([d†
νd

†
π ](K) · [d̃π d̃ν](K))

+ 1

2

∑
L=0,2,4

cν
L([d†

νd
†
ν ](k) · [d̃ν d̃ν](k)), (3)

with

ndρ
= (d†

ρ · d̃ρ), (4)

QB
ρ = d†

ρsρ + s†ρd̃ρ + χρ[d†
ρd̃ρ](2). (5)

Here s†ρ and d†
ρ are the creation operators of the s boson and

the d boson, sρ is the s-boson annihilation operator, d̃ρ is the
modified d-boson annihilation operator that is connected to the
d-boson annihilation operator d by d̃ρm = (−1)md−m, where
ρ = π (ν) for the proton (neutron) bosons. The Hamiltonian
of the odd fermion is given by

HF
ρ =

∑
i

ερinρi, (6)

where nρi is the number operator of the ith orbital. For
the energy of the ith orbital, the quasiparticle energy ερi is
taken. The boson-fermion interaction contains the quadrupole,
monopole, and exchange interaction:

V BF
ρ =

∑
i,j


ij

(
[a†

i ãj ](2) · QB
ρ ′
) + A

∑
nindρ′ +

∑
i,j

�
j

ki

×{: [[d†
ρãj ](k)a

†
i sρ](2) : ·[s†ρ ′ d̃ρ ′ ](2) + H.c.}, (7)

where a
†
i represents the fermion creation operator of the ith

orbital and ãim = (−1)ji−mai−m. The symbol ρ stands for
π (ν) for the odd proton (neutron), whereas ρ ′ means neutron
(proton) if the odd particle is a proton (neutron). The orbital
dependence of the quadrupole and the exchange interactions
(taken from Ref. [18]) is:


ij = (uiuj − vivj )Qij
, (8)

�
j

ki = −βkiβjk

[
10

Nρ(2jk + 1)

]1/2

�, (9)

where

βij = (uivj + viuj )Qij , (10)

Qij = 〈
li ,

1
2 ; ji

∣∣Y (2)
∣∣lj , 1

2 ; jj

〉
. (11)

Here uj (vj ) is the unoccupation (occupation) amplitude of the
orbit j. Thus, the strengths of the quadrupole, the monopole,

and the exchange interactions are given by 
,A, and �,
respectively. The last term on the right-hand side of Eq. (2) is
the residual interaction between the odd proton and the odd
neutron given by [17]

VRES = 4πVδδ(rπ − rν)δ(rπ − R0)δ(rν − R0)

− 1√
3
Vσσ (σ π · σ ν) + 4πVσσδ(σ π · σ ν)

× δ(rπ − rν)δ(rπ − R0)δ(rν − R0)

+VT

[
3

(σ π · rπν)(σ ν · rπν)

r2
πν

− (σ π · σ ν)

]
, (12)

where rπν = rπ − rν and R0 is the radius of the nucleus.

B. Electromagnetic transitions

The transition operator consists of the boson and the
fermion terms:

T = T B + T F . (13)

More specifically,

T (E2),B = eB
π QB

π + eB
ν QB

ν , (14)

T (E2),F
ρ =

∑
i,j

e′
i,j [a†

i ãj ](2), (15)

for E2 and

T (M1),B =
√

3

4π

(
gB

π LB
π + gB

ν LB
ν

)
, (16)

T (M1),F
ρ =

∑
i,j

e
(1)
i,j [a†

i ãj ](1), (17)

for M1. The coefficients in the fermion operators above are
connected to the effective charges (eF

ρ ) and the gyromagnetic
factors (gl, gs) by

e′
i,j = − eF

ρ√
5

(uiuj − vivj )〈i||r2Y (2)||j 〉, (18)

e
(1)
i,j = − 1√

3
(uiuj + vivj )〈i||gl l + gss||j 〉. (19)

C. β decay

In treating the β decay from an even-even nucleus to an
odd-odd nucleus, we adopt the same formulation as in Ref. [3],
which was originally applied to the β decay from an odd-A to
an odd-A nucleus. The IBFFM image of the Fermi

∑
k t±(k)

and the Gamow-Teller transition operator
∑

k t±(k)σ (k) are
written as

OF =
∑

j

−
√

2j + 1
[
P (j )

π P (j )
ν

](0)
, (20)

OGT =
∑
j ′j

ηj ′j
[
P (j ′)

π P (j )
ν

](1)
, (21)
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where

ηj ′j = − 1√
3

〈
l′ 1

2 ; j ′∣∣∣∣σ ∣∣∣∣l 1
2 ; j

〉

= −δl′l
√

2(2j ′ + 1)(2j + 1)W
(
lj ′ 1

2 1; 1
2j

)
. (22)

The operator P
(j )
ρ stands for the boson-fermion image of the

particle transfer operator. For the transitions from an even-even
nuclues to an odd-odd, it can be either of the two operators:

A†(j )
m = ζja

†
jm +

∑
j ′

ζjj ′s†[d̃a
†
j ′ ](j )

m (23a)

or

B̃(j )
m = −θ∗

j sa
†
jm −

∑
j ′

θ∗
jj ′[d̃a

†
j ′ ](j )

m . (23b)

In the case that we study: 124Ba → 124Cs, the parent nucleus
124Ba has Nπ = 3 proton bosons and Nν = 7 neutron bosons,
whereas the daughter nucleus 124Cs has Nπ = 2 proton bosons
and Nν = 6 neutron bosons. Therefore, both for the proton and
the neutron, the transfer operator involves the creation of a
fermion and the annihilation of one boson. Thus the operators
of Eq. (23b) are applicable:

P (j ′)
π = B̃(j ′)

π , P (j )
ν = B̃(j )

ν . (24)

The coefficients θj , θjj ′ appearing in Eq. (23b) are determined,
for the proton and the neutron separately, by the following
conditions from Ref. [2]:

θj = vj√
N

1

K ′′
j

, (25a)

θjj ′ = ujβj ′j

(
10

2j + 1

)1/2 1

KK ′′
j

. (25b)

Here N is the number of bosons, and the constants K,K ′′
j are

determined by

K =
( ∑

j ′j

βj ′j
2

)1/2

(26)

and ∑
αJ

〈even;0+
1 ||B†j ||odd;αJ 〉2 = (2j + 1)v2

j . (27)

If the odd fermion is a hole, uj and vj are interchanged in
Eqs. (25a)–(27). The squares of the β-decay matrix elements
are

〈MF 〉2 = B(F ) = 1

2Ii + 1
|〈If ||OF ||Ii〉|2 (28)

〈MGT〉2 = B(GT) = 1

2Ii + 1
|〈If ||OGT||Ii〉|2 (29)

from which the f t value is calculated by

f t = 6163

〈MF〉2 + (GA/GV)2〈MGT〉2
(30)

in units of second, where (GA/GV)2 = 1.59.

TABLE I. Parameters of the Boson Hamiltonian of 124Xe (Nν =
6, Nπ = 2) and 124Ba (Nν = 7, Nπ = 3). The unit of the energy is
MeV except for χρ which has no dimension.

Nucleus ε κ χπ χν cν
0 cν

2 ξ1, ξ2 ξ3

124Xe 0.70 −0.145 −0.80 0.00 0.05 −0.10 0.24 −0.18
124Ba 0.72 −0.137 −0.90 −0.20 −0.05 −0.12 0.24 −0.18

III. STRUCTURE OF 124CS IN THE IBFFM2

The interacting boson [1,12,19] and the interacting boson-
fermion [2,14,20] (both in versions with one and two type of
bosons) and the interacting boson-fermion-fermion model 1
[16,17] have been very successful in the description of nuclear
structure in the A ≈ 130 region. These very soft nuclei are
close to the O(6) limit of the interacting boson model (IBM).
The addition of one or two valence fermions can induce strong
polarization effects on the boson core, sizeably changing the
β deformation and especially the deformation parameter γ .
These effects are particularly strong in odd-odd nuclei where
both valence protons and neutrons compete in changing the
shape of the nucleus. Therefore, the wave functions of odd-odd
nuclei in this region can be very complex and are a more
sensitive test of the model than those in spherical or rigidly
deformed nuclei.

In the IBFFM2 calculation of positive parity states in
124Cs the core 124Xe nucleus is described adopting the IBM2
parametrization from Refs. [8,21]. The parameters are shown
in Table I.

As the interaction strengths for positive and negative parity
states in odd-A nuclei are usually different, in the IBFFM
multi-j calculations the average values are used. In Ref. [22]
a more consistent procedure was applied. In the IBFFM1
boson-fermion matrix elements involving positive (negative)
parity fermion configurations, interaction strengths from the
same matrix elements involving positive (negative) parity
fermion configurations in the corresponding calculations for
odd-A nuclei have been used. In this way levels from odd-A
neighbors have been coupled without an additional fitting. At
≈480 keV in 124Cs, high-spin states with the πh11/2νh11/2

configuration start to appear. As our main topic are
β transitions, in the present work we limit our attention to
low-lying low-spin positive-parity states in 124Cs. These states
are based on positive-parity proton and positive-parity neutron
configurations (s1/2, d3/2, d5/2, g7/2). The β-decay properties
of states based on (s1/2, d3/2, d5/2, g7/2) configurations in
odd-A neighbors of 124Cs have been investigated in IBFM2
in Ref. [8]. Therefore, in avoid calculations in prohibitively
large configuration spaces, we consider the parametrizations
from Ref. [8] and exclude πh11/2 and νh11/2 configurations that
do not contribute to the structure of low-lying states. In this
sense our calculations are similar to the IBFFM1 calculations
of Ref. [22].

The single-particle energies for 125Cs are taken from
Ref. [8], whereas those for 123Xe are taken from Ref. [23],
with a slightly bigger gap between the h11/2 and s1/2, d3/2

024303-3
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TABLE II. Single-particle energies (MeV).

Nucleus g7/2 d5/2 s1/2 d3/2 h11/2 h9/2 f7/2

123Xe −0.20 0.00 1.70 1.75 0.80
125Cs 0.00 0.05 3.35 3.00 1.50 7.00 8.00

single-particle levels. Their values are shown in Table II.
The negative-parity orbits are included only to obtain the
quasiparticle energies and the occupation amplitudes. The
BCS equations are solved with the gap � = 12/

√
A MeV,

where A is the mass number.
Boson-fermion interaction strengths involving odd valence

neutrons have to be derived from IBFM2 calculations for
123Xe. Their mass dependence for 125Xe, 127Xe, and 129Xe
is very smooth [8] and therefore in the present calculation it
is assumed that the boson-fermion interaction strengths for
123Xe and 125Xe are equal, except for the strength of the
exchange interaction that is slightly increased. On the basis of
this weak dependence of interaction strengths for odd neutrons
on the neutron number, it is reasonable to assume that their
values will be conserved in 124Cs, too. The very smooth mass
dependence of boson-fermion interaction strengths for odd-A
Xe nuclei was obtained in the IBFM1 calculations, too [23].
The strengths of the boson-fermion interactions are shown in
Table III.

For interactions involving odd protons the behavior is
different. Boson-fermion interactions in odd-mass Cs nuclei
are strongly mass dependent [8]. Calculations in the framework
of the core-quasiparticle model for 123Cs [24] have shown that
for this nucleus the strength of the core-particle quadrupole
interaction had to be significantly increased in respect to the
value used in the same model for neighboring nuclei [25,26].
That increment simulated the effect of core polarization that
changes the deformation of the core compared with the
deformation of the real neighbouring even-even nuclei. For
the sequence of odd-A 125,127,129Cs nuclei the same effect
was observed in IBFM2 [8]. The boson-fermion interaction
strengths used for the description of these nuclei have been
very strong. In the present calculation the interaction strengths
for 124Cs are smaller than in the odd-A 125Cs nucleus [8]. This
is especially true for the monopole and exchange interactions,
indicating that, due to opposite driving forces of odd protons
and odd neutrons, the effective deformations in odd-odd Cs
nuclei are smaller than in their odd-A neighboring isotopes.
The strengths of the boson-fermion interactions are shown in
Table III.

In Ref. [22] the nucleus 124Cs has been studied by in-
beam γ - and e−-spectroscopic techniques with the fusion-
evaporation reaction 115In(12C, 3nγ ) at 57 MeV. Multipolar-
ities of the main low-energy transitions have been deduced

TABLE III. Boson-fermion interactions (MeV).

Nucleus 
 A �

123Xe 0.39 −0.42 0.62
125Cs 0.72 −0.20 0.70

TABLE IV. Proton-neutron interaction (MeV).

Vδ Vσσ Vσσδ VT

0 0 0 0.02

from electron spectra. A level scheme was proposed with
firm Iπ assignements. Several positive-parity states have been
previously seen in the β+/EC radioactive decay of 124Ba [27].
The γ decay patterns that include the state at 0.170 MeV
and a low log10 f t value indicate that this state is a doublet
consisting of the 1+

2 , and 2+
1 states. States at 0.253, 0.272,

and 0.273 MeV observed in Ref. [27] are assigned as 1+ and
their γ decays are compared to the experimental values from
Ref. [27].

The residual interaction strengths between the odd proton
and the odd neutron are shown in Table IV. In obtaining
the energy spectra, we have diagonalized the Hamiltonian
(2) matrix for each I . The dimensions of some matrices
exceeded 30000, but no truncation of the basis states has
been made. The energy levels are shown in Fig. 1 where
the experimental data are taken from Refs. [22,27,28]. The
agreement between the experiment and the calculation is very
good.

The wave functions of low-lying low-spin positive-parity
states, as expected, are very fragmented. Deformation,
γ softness, and a relatively small distance between quasipar-
ticle states result, with a strong mixing of fermion configura-
tions. The mixing is stronger than in the IBFFM1 calculation
[22] and the dominant components show some differences in
respect to the predictions of IBFFM1. The present calculation
is in agreement with the results from Ref. [22], where at
low excitation energy the νd3/2 configuration had a dominant

FIG. 1. Energy levels in 124Cs.
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role compared to νs1/2 and νd5/2 configurations. However,
proton components of low-lying low-spin positive-parity states
in the present calculation are fragmented over all avail-
able configurations (πs1/2, πd3/2, πd5/2, πg7/2), whereas in
Ref. [22] the dominant component in the lowest states was
πd5/2 and above ≈0.250 MeV excitation energy the πg7/2

configuration tended to dominate. For the ground state of
124Cs, the Nilsson configuration 1+(π1/2+[420]ν1/2+[411])
with antiparallel angular-momentum coupling (K = 0), was
considered dominant [27]. The π1/2+[420] Nilsson configu-
ration is predominantly based on πg7/2 (with large contribution
of πd5/2), whereas the ν1/2+[411] Nilsson configuration is
predominantly based on νs1/2. The wave function of the ground
state of 124Cs in the present calculation is therefore more
complex than it would be expected on the basis of the Nilsson
scheme.

The electromagnetic transitions are calculated using
Eq. (13), with the effective charges eB

π = eB
ν = 0.15 eb,

eF
π = 1.5e, eF

ν = 0.5e, and gyromagnetic factors gB
π =

0.8µN, gB
ν = 0µN, gπ

l = 1µN, gν
l = 0µN . The spin g-factor

of the odd proton is quenched by a factor 0.85, whereas that
of the odd neutron is quenched by 0.5. All effective charges
and gyromagnetic factors are equal to those used for the odd-A
neighbors [8]. The calculated branching ratios for γ decays
are compared to the experimental data in Table V. The main
transitions are qualitatively reproduced by the model. Some
discrepancies in the decay patterns of 3+ states are due to the
existence in a very narrow energy interval, in both theory and
experiment, of several 3+ states. These states mix strongly in a
way that is not possible to describe in the present calculation.
The same problem was encountered in the IBFFM1 calculation
[22]. The magnetic and quadrupole moments of the ground
state of 124Cs are known to be µ = +0.673µN,Q = −0.74 eb.
The calculated values µ = +0.91µN,Q = −0.43 eb are in a
fair agreement with the experimental data.

The present calculation is not aimed to describe lev-
els above 0.4 MeV, especially not those with Iπ � 5+. It
was shown in Ref. [22] that the 5+ level observed at
0.479 MeV and 6+ level at 0.492 MeV have complicated wave
functions containing both the πg7/2νg7/2 and πh11/2νh11/2

configurations. The higher spin states in the calculation
were almost pure πh11/2νh11/2 states. The structure of wave
function of the calculated 6+

2 state supported the existence of
the complicated observed decay including bypasses through
the 6+ level at 427.6 keV and 5+ level at 373.6 keV [22].

The parent nucleus in the β-decay 124Ba was analyzed
in the IBM2 framework [21]. The Hamiltonian parameters,
taken from Ref. [21], are included in Table I. In Table VI the
calculated log10 f t values are compared with the experimental
values in 124Cs. The hierarchy of values for transitions into
four lowest 1+ states is reproduced well. The log10 f t values
of the lowest three excited 1+ states are accurately predicted.
This nice agreement with experiment gives confidence that the
calculation can fairly well describe the β decay to 124Cs. The
discrepancy between theory and experimental data is related
to the decay to the ground state, because the strong feeding of
the ground state cannot be reproduced.

Due to the fragmentation of wave function components, the
β-decay matrix elements consist of many small contributions.

TABLE V. Branching ratios in 124Cs.

Level (MeV) Transition Iγ (IBFFM2) Iγ (EXP)

0.170 1+
2 → 1+

1 100 100
0.170 2+

1 → 1+
2 0.0

2+
1 → 1+

1 100 100
0.189 2+

2 → 2+
1 0.4 1

2+
2 → 1+

2 0.1
2+

2 → 1+
1 100 100

0.211 3+
1 → 2+

2 0.1 2
3+

1 → 2+
1 1

3+
1 → 1+

2 0.0
3+

1 → 1+
1 100 100

0.243 3+
2 → 3+

1 0.0
3+

2 → 2+
2 38 100

3+
2 → 2+

1 95
3+

2 → 1+
2 0.1

3+
2 → 1+

1 100 27
0.253 1+

3 → 3+
2 0.0

1+
3 → 3+

1 0.0
1+

3 → 2+
2 33

1+
3 → 2+

1 32
1+

3 → 1+
2 5 3

1+
3 → 1+

1 100 100
0.272 1+

4 → 3+
3 0.0

1+
4 → 1+

3 0.0
1+

4 → 3+
2 0.0

1+
4 → 3+

1 0.0
1+

4 → 2+
2 3

1+
4 → 2+

1 0.0
1+

4 → 1+
2 1 8

1+
4 → 1+

1 100 100
0.379 4+

1 → 3+
3 12

4+
1 → 3+

2 19
4+

1 → 3+
1 100 100

4+
1 → 2+

2 1
4+

1 → 2+
1 7

0.400 4+
2 → 4+

1 0.1
4+

2 → 3+
3 0.2

4+
2 → 3+

2 100 100
4+

2 → 3+
1 25

4+
2 → 2+

2 2 5
4+

2 → 2+
1 1

In addition to the odd fermions, the bosons also contribute
to the decay, because in the underlying microscopic struc-
ture they contain pairs of fermions. Higher-order terms can
have sizable contributions, but in many cases positive and
negative contributions to the matrix element can almost cancel
each other. The calculated matrix element for the decay to the
1st 1+ state is

〈1+
1 (124Cs)||OGT||0+

1 (124Ba)〉 = 0.091. (31)

If we classify the contributions according to the neutron
configurations in 124Cs, the largest contribution (as expected
from the structure of the wave function) comes from the νd3/2,
which gives 0.099, where the leading term from Eqs. (21)
and (23b) ηj ′j θπj ′θνj sπ sν[a†

πj ′a
†
νj ](1), for πd5/2 νd3/2,

024303-5



S. BRANT, N. YOSHIDA, AND L. ZUFFI PHYSICAL REVIEW C 74, 024303 (2006)

TABLE VI. log10 f t values for levels in 124Cs. For comparison, the experimental log10 f t values for levels in
126Cs and 128Cs are presented, too.

Level log10 f t(IBFFM2, 124Cs) log10 f t(EXP, 124Cs) log10 f t(EXP, 126Cs) log10 f t(EXP, 128Cs)

1+
1 5.68 4.68(5) 5.36(9) 5.28(5)

1+
2 5.70 5.37(7) 6.36(12) 5.09(13)

1+
3 6.20 6.00(9) 5.49(5) 5.6(5)

1+
4 6.59 6.29(8) 6.44(17)

contributes 0.087. Contributions arising from νg7/2 and νd5/2

almost cancel with contributions from νs1/2.
It is interesting to compare the IBFFM2 results with

experimental data for 126Cs and 128Cs. The calculated log10 f t

value for the ground state of 124Cs is close to experi-
mental log10 f t values in 126Cs and 128Cs. On the basis
of data for static moments of the 1+ ground states in
124,126,128Cs (µ = +0.673(3),+0.777(4), 0.974(5)µN ; Q =
−0.74(3),−0.68(2),−0.570(8) eb), it is evident that the
ground states of 124,126,128Cs have very similar wave functions.
The structure of ground states of parent Ba nuclei is also very
similar. Therefore, the log10 f t values for ground states of
124,126,128Cs should be similar, too. The rather low log10 f t in
124Cs is an indication of additional correlations, either in the
parent or daughter nucleus, on which the β-decay operators
are very sensitive.

In constructing the IBFFM image of the β-decay operators,
we have adopted the method in which we replace the fermion
transfer operators by their IBFFM images and then couple
them to construct the β-decay operator [3]. This procedure
gives a good approximation as long as the shell-model
space and the IBFFM space have good correspondence. In
fact, the matrix element of a one-body operator c

†
j ′c

†
j between

two states |A〉 and |B〉 is calculated as

〈B|c†j ′c
†
j |A〉 =

∑
C

〈B|c†j ′ |C〉〈C|c†j |A〉. (32a)

The corresponding matrix element in the IBFFM is

〈B ′|Pj ′Pj |A′〉 =
∑
C ′

〈B ′|Pj ′ |C ′〉〈C ′|Pj |A′〉. (32b)

The image Pj is constructed so that cj is well simulated in
the so-called SD plus one-particle space [29], i.e., in the space
where one fermion is coupled to the SD subspace [13,18]. The
sum in Eq. (32a), however, includes a part that is outside the
subspace:∑

C

=
∑

C∈SD+one-particle space

+
∑

C /∈SD+one-particle space

. (33)

The former sum on the right-hand side is well approximated by
coupled transfer operators. But the latter sum is not taken into
account in constructing the images of the transfer operators.
Thus, if the contribution from the latter sum is large, then
appreciable effect will arise. Similar problem arises in the
summation in Eq. (32b) because spurious states may be
contained. Thus, these combined transfer operators do not
necessarily become the proper images when the dimensions of
the space become large. For a more precise approximation

it will be desirable to construct the one-body operator by
comparing the matrices between the one-body operators
directly:

〈B|c†j ′c
†
j |A〉 ≡ 〈B|Pj ′Pj |A〉 (34)

among important states |A〉, |B〉, . . . [6], such as the OAI
mapping [13] for the microscopic basis of IBM, and its
extension to IBFM [29]. The effect from the core excitation
can also be appreciable. These effects should be investigated
in future study.

The reliable assignment of higher calculated 1+ states to
some of the observed levels [27] is not possible. Due to the high
density of states at higher excitation energy, the compositions
of wave functions depend on details of parametrization of
interaction strengths. Accidentally, the theoretical β-decay
strength can be concentrated on one or two states at higher
excitation energy. In this case the calculated log10 f t has
no direct physical meaning. In the real nucleus the decay
strength could be distributed over several states. Nevertheless,
the appearance of more than one strongly populated state at
higher excitation energy can point to the limitations of the
model or to a real physical effect. In the present calculation
some calculated 1+ states in three regions of excitation energy
have log10 f t values close or lower than 5.

The first group of strongly populated calculated states
appear between 0.35 and 0.5 MeV of excitation energy,
i.e., at excitation energy where admixtures of components
of the intruder proton π9/2+[404] Nilsson configuration are
expected in wave functions. As this components are small in
the wave function of the ground state of the parent nucleus,
they would strongly reduce the transition matrix elements
and the theoretical log10 f t values would be sizable higher.
The long half-life (T1/2 = 6.3s) of the 7+ isomer at 462.8 keV
in 124Cs suggests the presence of the π9/2+[404] intruder
[22]. In light odd-A Sb, I, and Cs nuclei, a pronounced
prolate minimum associated with the π9/2+[404] orbital
occurs dramatically low in excitation energy. It is formed
by particle-hole excitations across the closed shell ( [30] and
references therein). A proton is excited from the lower shell
leaving a hole in πg9/2 and appearing as a valence πg7/2 or
πd5/2 particle. The intruder configuration is of the one-hole
(πg9/2)-two particle (a pair of protons in πg7/2 or πd5/2)
type. The coupling with πg9/2 is very strong, pushing this
configuration strongly down, and the pairing of two protons
in πg7/2 or πd5/2 additionally decreases the excitation energy.
The corresponding states in 124Cs would therefore be based on
four-quasiparticles. In the IBFFM2 picture the decay would
occure between states that have very different boson structure,

024303-6



β DECAY OF THE EVEN-EVEN 124Ba NUCLEUS: A TEST FOR THE . . . PHYSICAL REVIEW C 74, 024303 (2006)

both in deformation and in the fermion composition of the
bosons, resulting in a big quenching of the, otherwise strong,
πg9/2 → νg7/2 transition. In the proton-neutron quasiparticle
random-phase approximation (pnQRPA) the “particle-hole”
interaction does not cause significant quenchings of transition
matrix elements, whereas the “particle-particle” interaction
causes huge quenchings and in limiting cases even total
forbiddeness of decays [31–34]. In the present calculation
the valence protons (particles) interact predominantly with
neutron bosons (holes) and valence neutrons (holes) interact
predominantly with proton bosons (particles). The main part
of the interaction (in pnQRPA terms) is the particle-hole
interaction. The predominant part of the interaction involving
πg9/2 would be between protons (holes) and neutron bosons
(holes), i.e., of the particle-particle type, which would lead to
strong quenchings of transitions to states with admixtures of
πg9/2 components. The IBM-based model for odd-odd nuclei
that includes four-quasiparticle states has not been developed.
In relation to the previous discussion [Eqs. (32a), (32b),
(33), and (34)], strongly populated calculated states appearing
between 0.35 and 0.5 MeV of excitation energy could be the
evidence that for these states the shell-model space and the
IBFFM space do correspond well.

A state at 800 keV and two around 900 keV, with log10 f t

lower than 5, are predicted in the present calculation. Although
this could be an accidental concentration of calculated β-decay
strength in three states, we notice that in this mass region states
with low log10 f t values at these excitation energies, have
been observed in 132Pr [35] (log10 f t = 4.51 for the state at
715 keV and log10 f t = 4.84 for the state at 981 keV). The
state at 715 keV in 132Pr has the log10 f t value that is even
smaller than the log10 f t for the 1+

1 state.
In 124Cs a group of four rather strongly populated levels is

observed between 1.2 and 1.4 MeV of excitation energy [27].
The same group of levels in 126Cs is observed between 1.2
and 1.3 MeV with the lowest log10 f t = 4.54. The present
IBFFM2 calculation predicts states with log10 f t values of
this order at excitation energies between 1.0 and 1.15 MeV, in
fair agreement with experimental data.

The influence of πh11/2νh11/2 components (that are not
included in the present calculation) is difficult to predict.
They would admix to wave functions of 1+

1 states, based on
s1/2, d3/2, d5/2, g7/2 configurations, through odd-l terms of the

residual proton-neutron interaction. At low excitation energies
πh11/2νh11/2 components are not present. At high excitation
energies, where the level density is high, their percentage
in wave functions of individual calculated states would be
accidental.

The F-spin vector boson components [1] are contained in
very high 1+ levels. But as far as low-lying states and even
states up to 1.5 MeV are concerned, the effect is very small
because the excitation energy (≈2.5 MeV) of the first 1+ level
in the core nucleus 124Xe is high.

IV. CONCLUSION

The structure of 124Cs has been investigated in the frame-
work of the interacting boson-fermion-fermion model. A
detailed analysis, that included the calculation of the spectra
and electromagnetic transitions has been performed. The
IBFFM2 images of the Fermi and Gamow-Teller transition
operators do not contain any free parameter. In contrast to
shell model calculations of log10 f t values, where additional
normalization is used, the log10 f t values in IBFFM2 are
obtained in a parameter free calculation, without any additional
normalization. The log10 f t values depend only on the wave
functions of parent and daughter nuclei. The calculated
β-decay rates have demonstrated that the IBFFM2 wave
functions of the parent and daughter nuclei are realistic and
that the interacting boson approximation can be applied in the
description of β decays from even-even to odd-odd nuclei.
The limitation of this approach is given by the accuracy in
approximating fermion pairs with bosons, and simulating the
β-decay operators with operators in the SD plus one-particle
space. For majority of levels the correspondence between the
shell-model space and the IBFFM space is good, resulting
in good agreement between experimental data and theoretical
results.
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