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Ground state and quasi-γ bands in the even Ba chain
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The ground state band of the even 118–134Ba and 142–150Ba isotopes, which extend over two neutron major shells,
and the quasi-γ band, in the neutron-deficient Ba region, have been investigated in the framework of the IBA-2
model. All available spectroscopic data concerning these isotopes have been compared to the calculated values.
It has been found that the two bands have different symmetry in the proton and neutron degrees of freedom.
Their structure evolution, as a function of the neutron number, and the decay properties of the quasi-γ band have
been studied in detail.
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I. INTRODUCTION

The Z � 56 even isotopic chains extend over the [50–82]
and [82–126] neutron major shells. A first indication of the
dramatic change in the structure of these isotopic chains, in
going from the neutron-deficient to the neutron-rich region,
stems from Fig. 1. Here, the excitation energy ratio of the 4+

1
to the 2+

1 state, R4/2, for the even Z = 52–60 isotopic chains,
is reported as a function of the neutron number, N .

As is well known, the R4/2 ratio is one of the most im-
portant structural signatures, the larger its value, the stronger
the deformation. In the N < 82 region, the relevant isotopic
chains display strongly different R4/2 patterns, as a function of
N . In the even Te and Xe isotopic chains, effects related to the
underlying nuclear structure are clearly apparent. For Z � 56,
the isotopic chains have mainly collective nature (apart from
a small region around N = 82), as revealed by the R4/2 mono-
tonic increase in approaching the neutron midshell (N � 66).
Only for Z � 58 the deformation attains a value close to that
of a well-deformed nucleus (R = 3.3), whereas, for Z = 56, it
is still remarkably lower (R � 2.9). In the N > 82 region, for
Z � 54 the transition from a spherical to a deformed shape is
sharp, with R4/2 slopes rather similar for the different isotopic
chains. In Fig. 1, two dashed vertical lines, drawn for a neu-
tron number differing by ±10 from N = 82, help highlighting
the different increase of deformation in the relevant isotopic
chains, when moving away from the N = 82 shell closure.

The description of low-lying collective excitations in an
isotopic chain developing along two neutron major shells,
with strong structural changes, is a difficult task. To ap-
proach this problem the interacting boson approximation
(IBA) model [1] is particularly suitable. In this model, based
on a group-theoretical description of collective quadrupole
excitations in nuclei, the boson are identified as correlated
pairs of like nucleons moving in a valence space. The IBA-1
version of the model predicts groups of states fully symmet-
ric (FS) in the degrees of freedom of protons and neutrons.
Its U(5), O(6), and SU(3) symmetry limits correspond, in

a geometrical model, to the harmonic vibrators, γ -unstable,
and symmetrically deformed nuclei, respectively. The model
space is significantly extended in the IBA-2 version of the
model, where valence protons and neutrons are separately
considered. In fact, in addition to FS states, it predicts the ex-
istence of new groups of states, the so-called mixed symmetry
(MS) states [2–4], which contain antisymmetric combinations
of neutron and proton bosons. As far as only FS states are con-
cerned, the Uπ,ν (5), Oπ,ν (6), and SUπ,ν(3) limits of the IBA-2
version correspond to the U(5), O(6), and SU(3) limits of the
IBA-1 version. The importance of MS states in determining
the structure of even-even nuclei at low energy, in different
mass regions, has become increasingly evident over the years
(see, e.g., Refs. [5–14]).

In the study of an isotopic chain, the identification of nuclei
close to the X(5) [15] critical point symmetry can help to
investigate the structure evolution. This dynamical symmetry,
which corresponds to an analytic solution of a simplified
Bohr Hamiltonian, describes nuclei near the critical point of
a spherical to axially symmetric rotor shape transition, which
corresponds to an U(5) to SU(3) transition.

The study of the even Ba chain, in the framework of
the IBA model, has extended over the decades (see, e.g.,
Refs. [16–30]), exploiting the new available information. It
was early found that 128–134Ba isotopes display properties con-
sistent with the O(6) limit [18] and since the very beginning it
has been widely thought that the structure of the isotopic chain
in the N < 82 region changes gradually from a γ -soft to an
axially symmetric one, as N approaches the neutron mid shell.
In a different interpretation proposed by Zamfir et al. [31], in
reality, the O(6) symmetry would be an intermediate structure
situated on a U(5) to SU(3) transitional region. As to the MS
states in the even Ba chain, their presence has been proposed
or recognized in some of the N < 82 Ba isotopes, limited to
the lowest 1+ and 2+ states (see, e.g., Refs. [6,26,32,33]),
while, to my knowledge, no MS state has been identified in
the neutron-rich Ba isotopes.
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FIG. 1. Excitation energy ratios, R4/2, of the 4+
1 to the 2+

1 state in
the even Z = 52–60 isotopic chains. The atomic number is reported
next to each isotopic chain. Horizontal lines indicate the R4/2 value
of the U(5), O(6), and SU(3) limits of the IBA model and of X(5)
dynamical symmetry. The vertical continuous line marks the N = 82
shell closure. Two vertical dashed lines are drawn at N = 72 and
N = 92 (see text for details).

The aim of the present work is to study the structure of
the g.s. band in the even 118–134Ba and 142–150Ba isotopes and
of the quasi-γ bands in the even 122–134Ba isotopes. The g.s.
band, which approaches the proton-drip line on the neutron-
deficient side and extends 12 isotopes away from the most
abundant one on the neutron-rich side, has a widely different
nuclear deformation trend in the two neutron major shells.
The description of such characteristics, possibly with a limited
number of parameters, is the first goal of the present work.

The second one is to extend to the A � 130 mass region
the search of a possible coexistence of a g.s. band of FS
character and a quasi-γ band of MS character, a phenomenon
already pointed out in the A � 80 [5] and A � 110 [34,35]
mass regions. For simplicity, from now on only the term γ

band is used, even though the term quasi-γ band would be
more appropriate.

II. IBA-2 ANALYSIS AND RESULTS

The chain of the Ba isotopes, in which excited states
have been observed, extends from A = 118 to A = 150. The
138Ba (N = 82) isotope has been obviously excluded from the
present study, as have been the neighboring 136,140Ba, where
collective bands are not observed.

As to the g.s. band, the limit J � 10 on the spins taken into
account is due to back-banding effects, which show up when
the yrast band extends to higher J values. In 132Ba the g.s.
band has been observed only up to J = 8. In 134Ba two states
having Jπ = (6+) and a (8+) have been reported in Ref. [36]
as members of the g.s. band. However, the energy spacing of
the (8+) → (6+) → 4+ cascade does not correspond to that
typical of a collective band, where two subsequent transitions
have an energy ratio >1, increasing with J , so that they have
been excluded from the analysis. The excitation energy ratios

FIG. 2. Excitation energies of the g.s. states, relative to that of
the 2+

1 state, as a function of J, for: (a) 118−134Ba, (b) 142−150Ba. The
corresponding predictions of the U(5), O(6), and SU(3) limits are
also reported, together with those of the X(5) critical point symmetry.

of all the states taken into account in the present study to that
of the 2+

1 state, RJ/2, are shown, as a function of J , in Fig. 2.
As to the γ band, it has been observed in the even 122–134Ba

isotopes. In 132Ba a 6(+) state at 2241 keV, reported in
Ref. [37] as a member of the γ band, has been disregarded be-
cause the 6(+) → 4+

2 transition energy (511 keV) is definitely
smaller than that (626 keV) of the 4+

2 → 2+
2 transition.

Very recently Naïdia et al. [38] have found a band in 142Ba
they identify as the γ band, even though it appears to be quite
different from those observed in the lighter isotopes. From
Fig. 2(b), it is seen that the g.s. band of this isotope lays in
a region between the U(5) and O(6) limits, not far from the
O(6) one. It is almost the same region where the g.s. band of
130Ba is positioned in Fig. 2(a). The excitation energy trend,
as a function of J , of the g.s. and γ bands of the two isotopes
are compared in Fig. 3. The g.s. bands have a very similar
behavior, so that it seems reasonable to expect that this is also
the case for the γ bands. Instead, in 130Ba the 2+ band head
has quite the same excitation energy as the 4+

1 state, whereas
in 142Ba it is very close to the 6+

1 state. This is not in agreement
with what is predicted by both U(5) and O(6) limits, i.e., that
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FIG. 3. Excitation energies of the g.s. and γ bands in (a) 130Ba,
and (b) 142Ba isotopes. Two different lines connect the even-spin
(triangles) and the odd-spin (squares) states of the γ bands. The
horizontal lines mark the excitation energies of the 4+

1 and 6+
1 states

in the two isotopes.

the band head of the γ band is the 2+
2 state, degenerate in

energy with the 4+
1 state. Further, the slope of the γ band in

142Ba, as a function of J , is completely different from that
observed in 130Ba, which is similar to that in 132Ba. Therefore,
such a band has been excluded from the present study.

In the analysis of the levels of interest in the even
118–134,142–150Ba isotopes all available excitation energies and
electromagnetic (e.m.) properties have been considered. The
experimental values are taken from Ref. [39], unless explicitly
mentioned otherwise.

The Hamiltonian utilized in the present work reads

H = ε
(
n̂dπ

+ n̂dν

) + κ Q̂(χπ )
π · Q̂(χν )

ν + M̂πν[ξ1, ξ2, ξ3], (1)

where

Q̂ρ = (d†
ρ × s̃ρ + s†

ρ × d̃ρ )(2) + χρ (d†
ρ × d̃ρ )(2). (2)

The indexes π and ν refer to proton and neutron bosons,
respectively. In Eq. (1) the first term represents the d-boson
energy; n̂d (n̂d = n̂dπ

+ n̂dν
) is the d-boson number operator.

The second term represents the quadrupole interaction and
the third one the Majorana operator [40], which has nonzero
eigenvalues only for MS states. This last property provides a
first hint for the presence of important MS components in the
structure of the states. The Majorana parameters ξ1, ξ2, ξ3 can
take independent values [41–44].

In the IBA-2 model the E2 and M1 operators are expressed
as [1]

T̂ (E2) ≡ eν T̂ν (E2) + eπ T̂π (E2)

= eν Q̂ν (E2) + eπ Q̂π (E2), (3)

T̂ (M1) ≡ gν T̂ν (M1) + gπ T̂π (M1)

=
√

30

4π
[gν (d†

ν × d̃ν )(1) + gπ (d†
π × d̃π )(1)], (4)

where eρ and gρ (ρ = π, ν) are the effective quadrupole
charges and gyromagnetic ratios, respectively. The values of

χρ are the same as in the Hamiltonian (consistent-Q formal-
ism [45]). Because of the form of the transition operators, E2
transitions obey the selection rule 
nd = 0, ±1 while M1
transitions can only connect states having the same d-boson
number. The reduced matrix elements 〈‖T̂ν‖〉 and 〈‖T̂π‖〉 of
the M1 transition operator have always the same absolute
values but opposite signs [32,46], so that M1 transition prob-
abilities are proportional to (gπ − gν )2.

The numerical diagonalization of the Hamiltonian has been
performed in the Uπ,ν (5) basis, using the NPBOS code [47]. It
gives, as outputs, the d-boson number and F -spin components
of each wave function. The F -spin quantifies the symmetry of
a state in the proton and neutron degrees of freedom. Analo-
gously to the fermionic isospin, it has projection Fz = +1/2
for proton and Fz = −1/2 for neutron bosons. In the limits
of the model, where the F -spin is a good quantum num-
ber, FS states have eigenvalue F = Fmax = 1/2 (Nπ + Nν ),
where Nπ and Nν are the proton and neutron boson numbers,
respectively. Mixed symmetry, MS, states are characterized
by F = Fmax − 1, Fmax − 2 . . ., down to the minimum value
Fmin = 1/2 |Nπ − Nν |. The bosons are counted with respect
to the nearest closed shell, as particles from the beginning of
the shell up to the midshell and as holes in the second half of
the shell.

Both E2 and M1 transitions satisfy the F -spin selection
rule, 
F = 0,±1. In addition, M1 transitions are forbidden
between FS states [32,46]. Such a property has been always
exploited as an outstanding signature for states having large
MS components.

The Hamiltonian parameters have been deduced via an
iterative procedure. Initial values, deduced through a compar-
isons of the excitation energies, were modified to reproduce,
as closely as possible, the e.m. properties of the relevant iso-
topes, to be again compared to the excitation energies and so
on, until satisfactory convergence to final values was obtained.
The final determination of χπ and χν , which affect both
excitation energies and transition strengths, has been made
difficult by the lack of definite information on the quadrupole
moments. Therefore, for these parameters some support was
obtained by taking into account some general properties con-
sidered in microscopic models [48]: (i) χπ depend only on
Nπ and χν on Nν ; (ii) they both assume high, negative values
at the beginning of a major shell and increase their values,
as a function of Nπ or Nν , respectively, up to achieving high,
positive values approaching the major shell closure. As to the
choice of a fixed value for χπ , two possible values have been
considered, −0.5 and −1.0, finding that the latter leads to a
better agreement with the experimental data.

For what concerns the Majorana parameters, it has been
found in previous works (see, e.g., Refs. [5,12,43]) and fur-
ther checked in the present one, that the calculated excitation
energies of the g.s and γ bands are basically independent of
ξ1. Its value has been arbitrarily kept to 1 MeV. It has been
also checked that the excitation energies of the g.s. band are
essentially not influenced by the ξ2 and ξ3 values. Therefore,
for those isotopes in which only a g.s. band has been estab-
lished, the value of these parameters have been kept fixed at
1 MeV. The full set of the Hamiltonian parameters eventually
adopted is reported in Table I.
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TABLE I. Adopted values for the Hamiltonian parameters used
in IBA-2 calculations. All parameters are given in MeV, apart from
χν (dimensionless). The value χπ = −1.0 has been adopted for all
isotopes. The ξ1 parameter has been fixed at 1 MeV. The ξ2 and ξ3

values are reported in italics whenever arbitrarily fixed at 1 MeV (see
text for details).

A ε κ χν ξ2 ξ3

118 0.650 −0.110 −0.800 1.0 1.0
120 0.660 −0.120 −0.500 1.0 1.0
122 0.660 −0.120 −0.400 −0.090 −0.100
124 0.660 −0.140 0.100 −0.100 −0.080
126 0.660 −0.140 0.100 −0.110 0.000
128 0.660 −0.140 0.100 −0.100 0.100
130 0.700 −0.140 0.100 −0.100 0.000
132 0.780 −0.170 0.300 −0.060 −0.100
134 0.880 −0.200 0.800 0.030 −0.220
142 0.580 −0.085 −1.100 1.0 1.0
144 0.445 −0.080 −0.900 1.0 1.0
146 0.470 −0.080 −0.800 1.0 1.0
148 0.440 −0.080 −0.700 1.0 1.0
150 0.310 −0.135 −0.600 1.0 1.0

An example of the role played by ξ2 and ξ3 when attempt-
ing to reproduce the excitation energies of the γ bands is
shown in Fig. 4. Here, the experimental excitation energies of
the odd-spin members of the band in 122–128Ba are compared
with those calculated using the adopted set of parameters
reported in Table I or by choosing ξ2 = ξ3 = 1 MeV. With
the latter choice, the calculated states have an Fmax component
(amplitude square) larger than 0.98, since all MS states have
been moved to much higher energies, and no agreement with
the experimental data would be obtained.

As to the e.m. parameters, the effective boson charges have
been kept fixed to the values eπ = 0.15 e b, eν = 0.12 e b
and the gyromagnetic factors to gπ = 0.43 μN , gν = 0.28 μN .
The value of gν is equal to that adopted in Refs. [12,43] for
the even Pd chain and in Ref. [34] for the even Ru chains. The
value of gπ is slightly smaller than that (0.51 μN ) used in the
same references for both isotopic chains. The values of the gy-
romagnetic ratios affect drastically all M1 transition strength,
which, as mentioned above, are proportional to (gπ − gν )2.

It is to be remarked that different parameter sets can lead to
comparable excitation energy patterns, but that this is not the
case when the e.m. properties are concerned.

The comparison of the available electric quadrupole
moments, Q(J ), and magnetic moments, μ(J ), with the cal-
culated values is reported in Table II. Only two quadrupole
moments have been measured and, in both cases, two con-
flicting experimental data are found in the literature. A first
idea of capability of the model to reproduce the experimental
data along the [50–82] and [82–126] neutron shells, as far as
the excitation energies are concerned, can be obtained from
Fig. 5. As to N < 82 isotopes, experimental and calculated
decay patterns concerning the g.s. and the γ bands are shown
in Figs. 6–10.

In 118,120Ba, where only the excitation energies are known,
the detailed comparison shown in Fig. 6 makes it possible to

FIG. 4. The experimental (red line on the left) excitation energies
of the odd spin states of the γ band in 122−128Ba isotopes are com-
pared to those calculated (blue line on the right) with the parameters
reported in Table I and keeping the values of the Majorana parame-
ters at 1 MeV (closed circles).

perceive its goodness (better than 0.1%, on the average). Due
to the closeness of these isotopes to the proton drip line, such a
result is of particular interest. Indeed, it assures the validity of
the shell model (which is at the basis of the IBA model) even
when the neutron-deficient Ba isotopes approach the extreme
limit of the stability valley.

The experimental B(M1) and B(E2) transition strengths
are compared with the calculated ones in Table III and IV,
respectively. The two values reported for both the measured

TABLE II. Experimental electric quadrupole moments (in e b)
and magnetic dipole moments (in μν units) are compared to the
calculated ones (in italics).

A Q(2+
1 )exp Q(2+

1 )calc μ(2+
1 )exp μ(2+

1 )calc

130 −1.02(16) or −0.09(16) −0.73 0.70(6) 0.73
132 0.68(6) 0.73
134 −0.26(8) or +0.15(8) −0.14 0.84(10) 0.74
142 0.85(10) 0.74
144 0.68(10) 0.71
146 0.52(10) 0.69
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FIG. 5. Experimental (circles) and calculated (squares) excita-
tion energies of the g.s. bands of the relevant (a) neutron-deficient
and (b) neutron reach Ba isotopes. A line connects the experimental
data. In (b) the expected trend for a regular deformation increase
is shown by a dashed line; an arrow points out the presence of the
2ν f7/2 subshell closure.

B(E2; 8+
1 → 6+

1 ) and B(E2; 10+
1 → 8+

1 ) values in 126Ba are
incompatible. In going from 128Ba to 134Ba the experimental
B(E2; 2+

1 → 0+
1 ) transition strength smoothly reduces. It is

not so for the experimental B(E2; 2+
2 → 2+

1 )/B(E2; 2+
2 →

0+
1 ) ratios, whose value in 132Ba (3.3) largely exceeds those

in the neighboring 128Ba (0.45) and 134Ba (2.2) isotopes. This
suggests possible problems in the measurement.

The experimental mixing ratios [δ(E2/M1)] are reported
with the calculated absolute values In Table V. Next to each
predicted value is shown the corresponding percentage of M1
component, obtained from the expression

Wγ (M1)/[(Wγ (M1) + Wγ (E2))] = 1/(1 + δ2). (5)

Here, Wγ is the usual γ transition probability for the indicated
multipolarity.

The impossibility of a comparison including a sign of δ

arises from the fact that, in the majority of cases, the mix-

FIG. 6. Experimental (left) and calculated (right) decay pattern
of the g.s. band of 118Ba and 120Ba.

ing ratios have been deduced from γ − γ angular-correlation
measurements. In the literature, there are different definitions
for Akk , the most popular of which are those of Krane and
Steffen [63] and Frauenfelder and Steffen [64], which lead
to a different δ sign. Unfortunately, some authors do not
mention the convention used in extracting the mixing ratio
from the experimental data, which is the reason for limiting
the comparison to absolute values.

It is worth mentioning that the 0+
2 states, band heads of the

so-called β bands, have been observed in the even 124–132Ba
isotopes and that the calculations reasonably reproduce their
excitation energies (see Table VI) without any ad hoc tun-
ing of the parameters. However, the lack of experimental
data does not allow one to extend to the β bands the study
of the low-lying bands in the light Ba isotopes. As to the
N > 82 isotopes, the experimental data concerning excitation
energies and B(E2) transition strengths of the g.s. band are
reported in Fig. 11, where they are compared to the predicted
values.

To summarize the results:

(i) On the average, the calculations reproduce the
excitation energies of the g.s. band and of the
γ band better than 1%. In the N > 82 isotopes
effects due to the presence of a partial sub-
shell closure at N � 90 (see Fig. 5) are well
matched.

(ii) The very limited information on the quadrupole mo-
ments is of great drawback to the whole analysis.

(iii) The magnetic moments are correctly reproduced.
(iv) Only seven B(M1) transitions strengths are known.

Their order of magnitude, which ranges from
10−5μ2

N to 10−3μ2
N , is reproduced in five cases out

of seven.
(v) In most cases the agreement between the calculated

B(E2) transition strengths and the experimental val-
ues is within 1, 2 standard deviations. It is to be
remarked that in the N < 82 isotopes the B(E2)
values span three orders of magnitude.

(vi) A striking feature of the decay of the N < 82 Ba
isotopes is the large number of transitions having
not negligible or large M1 components. The order
of magnitude of the mixing ratios is reasonably re-
produced.

(vii) As to the branching ratios, the overall experiment-
theory agreement is satisfactory, apart from that
concerning the 4+

2 level in 134Ba. Since in this
isotope also the B(M1; 4+

2 → 4+
1 ) value is largely

overestimated, the possibility of considering the 4+
2

state as belonging to the IBA-2 model space is
doubtful.

(viii) On the whole, the trend of the excitation energies
and the E2 reduced transition strengths of the g.s.
band in the N > 82 isotopes are correctly matched.

III. DISCUSSION

From the analysis reported in Sec. II it appears that, on the
whole, the properties of the g.s. and γ bands are satisfactory
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FIG. 7. Experimental and calculated decay patterns of (a) 122Ba and (b) 124Ba. In 122Ba two experimental intensity ratio values, given as
doubtful in Ref. [49], are reported in italics. In 124Ba the 8+

2 → 8+
1 transition has been observed only as a part of an unresolved doublet [50],

so that its intensity relative to the 8+
2 → 6+

2 transitions is unknown.

reproduced. These results suggest performing a detailed anal-
ysis of the relevant wave functions, starting with a preliminary
description of the Uπ,ν (5) basis states, on which they are
expanded.

According to the F -spin and nd quantum numbers, the
Uπ,ν (5) basis states can be arranged in groups, whose
excitation energies have different dependence on the Ma-
jorana parameters [42–44]. A partial excitation pattern of
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FIG. 8. Experimental and calculated decay pattern of (a) 126Ba and (b) 128Ba.

a Uπ,ν (5) nucleus, having Nπ = 3 (as the Ba chain) and
Nν = 4, is shown in Fig. 12. The states included in frame
[Fig. 12(b)] are members of the γ band in the IBA-1
model. The states in frame [Fig. 12(c)] are the counter-
part of the states in frame [Fig. 12(a)], that is, have the
same structure but a lower degree of symmetry, whereas the
states in frame [Fig. 12(d)] do not have corresponding FS
states.

As to the realistic wave functions of the relevant states
in the N < 82 isotopes, the amplitude square of the F -spin
components are reported in Figs. 13 and 14, those of the nd

components in Figs. 15 and 16, separately for the g.s. band
and for the even- and odd-spin branches of the γ band. For
118,120Ba and for the N > 82 isotopes the F -spin components
are not shown because the high values adopted for the Majo-
rana parameters lead to a percentage of the Fmax components
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FIG. 9. As Fig. 8, for (a) 130Ba and (b) 132Ba.

close to 100%. The nd components of the N > 82 isotopes are
displayed in Fig. 17.

Joining the information provided by the F -spin and nd

components of the relevant states, it is possible to investi-
gate the structure evolution of the Ba isotopes, as a function
of N .

A. Structure evolution of the g.s. band in neutron-deficient
and neutron-rich Ba isotopes

To study the evolution of the g.s. band along the [50–82]
and [82–126] neutron major shells, it is useful to compare
the structure of each state of the relevant isotopes with that
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FIG. 10. As Fig. 8, for 134Ba.

of the state of same J in the Uπ,ν (5), Oπ,ν (6), and SUπ,ν (3)
symmetries. In these limits the g.s. band is fully symmetric.
Since the states of the g.s. band in the N < 82 Ba isotopes
have a quite strongly predominant Fmax component (Figs. 13
and 14), and, as mentioned above, the states in the N > 82 Ba
isotopes are fully symmetric, for the comparison one has only
to consider the nd distributions. Those concerning the three
limits of the model are reported in Figs. 18 and 19.

In the Uπ,ν (5) symmetry each state has just one nd com-
ponent (see Fig. 12), whichever is the boson number. In the
Oπ,ν (6) and SUπ,ν (3) symmetries the wave functions, which
depend on the Nπ and Nν values, can be expanded in Uπ,ν (5)
basis states.

TABLE III. Experimental B(M1) values (in μ2
N units) are

compared to the calculated ones (in italics). The experimental
B(M1; 2+

2 → 2+
1 ) transition strength of 126Ba has been deduced from

the B(E2) and δ values of the transition.

Ji → Jf
126Ba 128Ba 132Ba 134Ba

2+
2 → 2+

1 0.0021+0.0009
−0.0017 0.0003(5) 0.0018(18) 0.0013(5)

0.0020 0.0022 0.0029 0.0032
3+

1 → 2+
1 0.00011(4)

0.00003
3+

1 → 2+
2 0.00003(2)

0.0033
4+

2 → 4+
1 0.00013(3)

0.0090

In the Oπ,ν (6) symmetry each state can have multipole nd

components, whose values are all even or all odd. By looking
at Fig. 18 and 19 it is seen how the difference between the nd

distribution of the g.s. band in the Uπ,ν (5) and Oπ,ν (6) sym-
metries increases as Nν increases. This is particularly evident
in the low-spin states, where the number of nd components is
larger than in the states of higher J . For example, in Fig. 18(b)
[Nν = 2], the nd components of the J = 8, 10 states are the
same as those of the corresponding states in the Uπ,ν (5) limit,
while the 0+ state has nd = 0, nd = 2 (predominant), and
nd = 4 components. In Fig. 18(e) [Nν = 6] the 0+ state has a
negligible nd = 0 component, nd = 2 and nd = 6 components
of comparable percentage, and the nd = 4 as the strongest
one. At the same time, the nd = 6 has become predominant in
the J = 8 state and nd = 7 component has a large percentage
in the J = 10 state.

In the SUπ,ν (3) limit each state has multiple nd compo-
nents, which span all the values between the minimum and
the maximum. Strongly predominant nd components are no
longer present and the distribution becomes more and more
flat as the boson number increases. This gives rise to a re-
markable difference with the Oπ,ν (6) symmetry, particularly
evident when comparing Figs. 19(h) and 19(g) [Nν = 8].

Starting from the N < 82 Ba isotopes, it is now possible
to compare the wave functions of the states belonging to the
g.s. band with the corresponding ones in the three limits. As
shown in Figs. 13 and 14, these states have a strongly predom-
inant Fmax component. The small percentage of the Fmax − 1
components reduces for increasing J , that of Fmax − 2 compo-
nents keeps always negligible.
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TABLE IV. Comparison of calculated (in italics) and experimental B(E2) reduced transition probabilities (in e2 b2 units) in the even
122–134Ba isotopes.

Ji → Jf
122Ba 124Ba 126Ba 128Ba 130Ba 132Ba 134Ba

2+
1 → 0+

1 0.475(26)a 0.415(18) 0.350(18) 0.276(27) 0.227(7) 0.172(12) 0.136(2)
0.487 0.395 0.337 0.284 0.229 0.188 0.143

4+
1 → 2+

1 0.600+120
−70 0.626(15)b 0.480(10) 0.414(19) 0.309(5) 0.214(22)

0.716 0.575 0.491 0.417 0.337 0.195
4+

1 → 2+
2 0.0007(7)

0.0024
6+

1 → 4+
1 0.770(60) 0.637(24)b 0.649(28) 0.383(35) 0.368(23)

0.800 0.634 0.532 0.446 0.353
8+

1 → 6+
1 0.470(70) 0.643(74)b 0.812(58)c 0.364(50) 0.352(117)

0.162(18)d

0.835 0.650 0.531 0.431 0.326
10+

1 → 8+
1 �0.460 0.741(87)c 0.249(38) 0.211(27)

0.165(28)d

0.839 0.519 0.404 0.299
2+

2 → 0+
1 0.013(2) 0.015(6) 0.0015(5)

0.012 0.002 0.0002
2+

2 → 2+
1 0.123(15) 0.575(56) 0.239(22)

0.123 0.156 0.180
4+

2 → 2+
1 0.0035(3)

0.0035
4+

2 → 2+
2 0.238(23)

0.173
4+

2 → 4+
1 0.062(6)

0.044
6+

2 → 4+
1 0.0030(4)

0.0017
6+

2 → 4+
2 0.379(50)

0.244
8+

2 → 6+
1 0.0038(15)

0.0048
8+

2 → 6+
2 0.498(192)

0.196
10+

2 → 8+
2 0.383(115)

0.182
3+

1 → 2+
1 0.00010(3)

0.00030
3+

1 → 2+
2 0.018(3)

0.162

aWeighted average of Refs. [49,57].
bReference [58].
cReference [59].
dWeighted average of data from Refs. [60–62].

By looking at Figs. 15 and 16, it is seen that in going from
the heavier isotopes towards the neutron midshell there is a
gradual change from an Uπ,ν (5) to an SUπ,ν (3) structure. In
134Ba [Nν = 2] the strongly predominant nd = 0, 1, 2 compo-
nents of the J = 0, 2, 4 states, respectively, are just those of
the Uπ,ν (5) symmetry.

In going towards 128Ba the percentage of the nd = 3 com-
ponent in the 2+ state and of the nd = 4 component in the 4+
state, characteristic of the Oπ,ν (6) symmetry, increases, but
the Uπ,ν (5) structure keeps predominant. At the same time,
indications of a slow raising of the SUπ,ν (3) contribution, as
N reduces, stem from the presence of small nd components,
which, in the range of possible values, makes the distribution

continuous for all states, apart from the 0+ state, where the
nd = 1 component is obviously missing.

In 126Ba [Nν = 6] important nd = 0 and nd = 1, Uπ,ν (5)
components are present in the 0+ and 2+ states, respectively.
The Uπ,ν (5) components are predominant in the high spin
states, as it turns out by comparing, for example, the relative
percentage of the nd = 4, 6 components in the 8+ state with
those in the Oπ,ν (6) and SUπ,ν (3) nd distributions [Figs. 18(e)
and 18(f)]. Similar comments apply to 124Ba.

In 122Ba [Nν = 8], where the maximum deformation is at-
tained, the nd distribution is still far from that expected for an
SUπ,ν (3) nucleus with the same number of bosons (Fig. 19).
The nd = 0 and nd = 1 components of the 0+ and 2+ states,
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TABLE V. Experimental δ(E2/M1) mixing ratios in the even 122–134Ba isotopes are compared to the absolute calculated values (in italics).
Next to each predicted value the corresponding percentage of the M1 component is reported in bold face and square brackets (see text for
details).

Ji → Jf
122Ba 124Ba 126Ba 128Ba 130Ba 132Ba 134Ba

2+
2 → 2+

1 M1 +5+2
−1 +13+16

−4 −0.30(1) or −40(13) +14+3
−2 −7.4(9)

−4.5(4)a

4.9 [4] 3.9 [6] 3.8 [7] 2.6 [13] 4.0 [6] 3.5 [8]
3+

1 → 2+
1 M1 +5.5(10) +4+2

−1 −0.001(9) or −4.6(2) +2.2(1) +0.8(1)
−4.5(4)a

5.1 [4] 5.0 [4] 5.1 [4] 2.9 [11] 2.0 [20] 8.3 [1]
3+

1 → 2+
2 E2(+M1) [M1 + E2] +0.31(2) or +13(3) +4.0(12) +10(3)

+20.(8)a

4.6 [5] 5.2 [4] 4.3 [5] 3.3 [8] 2.8 [11]
3+

1 → 4+
1 M1 −1.7(2) +4+3

−1 −0.20(7) or −2.5(5) +6(1) (M1 + E2)
−21(10)a

2.6 [13] 2.4 [15] 2.7 [12] 1.4 [34] 1.0 [50] 0.7 [67]
4+

2 → 3+
1 [M1 + E2]

−1.4 [34]
4+

2 → 4+
1 −0.15+0.25

−0.20 +1.4+8.0
−0.3 −14+8

−16 −0.43(8) or 2.4(5) −2.6(2) +0.26(1)
1.7 [26] 1.2 [41] 1.1 [45] 0.9 [55] 1.3 [37] 1.6 [28]

5+
1 → 4+

1 +3.7+2.2
−1.0 or +0.30(12) M1, E2 M1

2.4 [15] 2.9 [11] 3.0 [10]
5+

1 → 6+
1 M1

1.5 [31]
6+

2 → 6+
1 M1 + E2 +2.8+2.4

−0.9

0.9 [55] 0.6 [74]
7+

1 → 6+
1 +0.6(4) M1

1.2 [41] 1.8 [24]
8+

2 → 8+
1 M1

0.8 [61]

aReference [6].

respectively, are close to 20%. The predominant components
of the J = 6, 8, 10 states are still those of the Uπ,ν (5) limit, as
it turns out from the comparison with those having the same
spin in the three limits of the model, for N = 8 (Figs. 18 and
19). The nd distribution in 120Ba [Nν = 7] is quite similar to
that of 122Ba, but, as revealed by Fig. 2, its deformation is
larger.

In 118Ba [Nν = 6], where the transition from the maximum
deformation towards the Uπ,ν (5) symmetry is beginning, the
deformation is larger than in 126Ba, which has the same Nν .
This is related to the fact that the particle-proton, particle-
neutron bosons interaction in the N < 66 region is larger
than the particle-proton, hole-neutron bosons interaction in
the N > 66 region (see, e.g., Refs. [65,66]).

TABLE VI. Experimental excitation energies (in keV) of the 0+
2

states in the even 124–132Ba isotopes are compared to the calculated
ones (in italics).

124Ba 126Ba 128Ba 130Ba 132Ba

Elev 1071 983 942 1180 1503
1091 1014 1006 1054 1308

Moving now to the N > 82 region, it is possible to compare
the structure of the g.s. band of an isotope belonging to the
[50–82] neutron shell with that of the corresponding isotope
(same Nν) in the [82–126] neutron shell. It turns out that the
couples of isotopes of same Nν , from (134Ba, 142Ba; Nν = 2)
to (128Ba, 148Ba; Nν = 5), have rather similar nd structures,
even though a larger spread of the nd components reveals a
higher deformation in the neutron-rich isotopes.

A sudden onset of deformation appears in 150Ba (N = 94),
as shown by the increased number of nd components in each
state and by their close percentages. This is at variance with
what observed in 118,126Ba, which have the same Nν , and in the
neighboring 148Ba isotope. By comparing the nd components
of 150Ba with those of 122Ba the difference in deformation is
striking.

An abrupt increase of deformation in the A = 150 region is
a well-known phenomenon observed in even Z > 56 isotopic
chains. It is related to the fact [67] that when neutrons, near to
N = 90, start filling the νh9/2 orbit the strong interaction with
the protons occupying the πh11/2 spin-orbit partner leads to
a significant lowering of the particle energies of both these
orbits with respect to their neighbors. The lowering of the
πh11/2 orbit gives rise to the obliteration of the gap at Z = 64
(midshell at N = 57) and to an increase of the effective va-
lence proton number of Ce (Z = 58) and Nd (Z = 60) nuclei
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FIG. 11. Comparison of experimental (left) and calculated (right) excitation energies and B(E2) transition strengths (in 10−3e2 b2 units)
in 142−150Ba isotopes. The B(E2) transition strengths of the 2+

1 → 0+
1 , 4+

1 → 2+
1 , 6+

1 → 4+
1 , and 8+

1 → 6+
1 values in 144Ba are the weighted

averages of the data extracted from Refs. [51–53] for the first three transitions and from Refs. [52,53] for the last one. In 146Ba the B(E2; 4+
1 →

2+
1 ) value is the weighted average of the data extracted from Refs. [54,55], the B(E2; 6+

1 → 4+
1 ) and B(E2; 8+

1 → 6+
1 ) have been deduced from

Ref. [55]. The excitation energies of 150Ba and the B(E2; 2+
1 → 0+

1 ) transition strengths of 148,150Ba are from Ref. [56].

FIG. 12. Eigenstates of the Uπ,ν (5) Hamiltonian H = ε (n̂dπ
+

n̂dν
) + M̂πν , of a nucleus having Nπ = 3 and Nν = 4. Only the states

of spin J � 10 are shown. Fully symmetric states are displayed
together with F = Fmax − 1 states whose energy does not depend on
the parameter ξ1. At the top of each group are shown the quantum
number (n1, n2) of the relevant Uπ,ν (5) representation. On the left of
each degenerate multiplet the number of d boson is reported in square
brackets. Only the three states of highest spin for each multiplet are
show. The subsets of states enclosed in frames (a), (c), and (d) are of
particular interest for the discussion (see text).

(stronger in the latter one), while that of nuclei with Z < 57
does not change. Such an effect is clearly visible in Fig. 1. The
R4/2 ratio of the Ba, Ce, and Nd isotones has the largest value
for Ba and the smaller one for Nd up to N = 88, at N = 90
the situation reverses.

The strong deformation increase observed in going from
148Ba to 150Ba (N = 94) should instead be ascribed to the
lowering of the νh9/2 orbit. In fact, the presence of a bump
at N = 90 (Fig. 5), indicates a partial subshell closure of
the νf7/2 orbital (midshell N = 86) originated by the gap it
forms with the νh9/2 orbits. It gradually disappears when the
neutrons start filling the latter orbit, giving rise to an increase
of the effective valence neutron number. The presence of such
a gap explains why the excitation energies of 144Ba and 146Ba
(N = 90) are so close.

The conclusions one can draw from the analysis of the
wave functions of the g.s. band all along the isotopic chain
is that both the neutron-deficient and neutron-rich Ba isotopes
perform an Uπ,ν (5) → SUπ,ν (3) transition in moving away
from the N = 82 closure shell.

For the N < 82 isotopes the present findings are in line
with the interpretation proposed in the late 1990’s by Zamfir
et al. [31], according to which the apparent Oπ,ν (6) symmetry
character displayed by the N � 72–76 Ba isotopes would
correspond to a region of a Uπ,ν (5) → SUπ,ν (3) transition. In
the N > 82 isotopes the possibility of correctly matching the
trend of the excitation energies and the E2 reduced transition
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FIG. 13. F -spin components (amplitude square) of the states of the g.s. band (left group) and of the even-spin (central group) and odd-spin
(right group) states of the γ bands in even 122–126Ba isotopes.

strengths of the g.s. band points out the quadrupole collectiv-
ity of this band.

Finally, the present study makes it possible to know the
approximate structure of a nucleus near the X(5) critical point
of the Uπ,ν (5) → SUπ,ν (3) shape phase transition. Indeed, as
shown in Fig. 2, the curve representing the X(5) curve in the
N < 82 isotopes is between those of 118Ba and 122Ba and that
in the N > 82 isotopes between those of the 146Ba and 148Ba.
The nd distribution, which is rather similar in these isotopes,
shows how the Uπ,ν (5) structure is still predominant when the
X(5) critical point is reached.

B. γ band structure in the N < 82 Ba isotopes

Before discussing the γ band structure in the N < 82
Ba isotopes it is worth mentioning that also in the Oπ,ν (6)
symmetry there are two F = Fmax − 1 groups of states with
characteristics analogous to those of the groups of states
reported in column (c) and (d) of Fig. 12 for the Uπ,ν (5)
symmetry.

In the N < 82 Ba isotopes, the difference in the proton-
neutron symmetry between the g.s. band and the γ band
clearly shows up when looking at Figs. 13 and 14. Apart from

the 2+
2 state, all the members of the γ band have predominant

MS character. The amplitude square of the Fmax component
decreases, as a function of J , in both the even- and odd-spin
branches and in most cases, for the states of highest spin,
drops to a percentage of �10%. Among the F < Fmax com-
ponents, the Fmax − 1 component is the strongly predominant
one, reaching in many cases percentages as high as �80%.
Obviously, these states do not correspond to states of the
IBA-1 model.

Considering first the even-spin branch of the γ band, one
can observe that the 2+ state has large Fmax, nd = 2 and im-
portant Fmax − 1, nd = 1 components. By looking at Fig. 12,
its structure should be mainly due to a mixing of the two 2+
basis states belonging to columns (a) and (c). As to the states
with spin J � 4, it turns out from Figs. 15 and 16 that their
structure evolution, in terms of nd distributions, reflects very
closely that of the states with the same spin of the g.s. band. In
126–130Ba the nd components of the corresponding states in the
two bands have a percentage difference within a few percent.
Taking also into account the predominant MS component of
these states, the similarity of their structure with that of the
states of column (c) in Fig. 12 is evident, particularly for
the heavier isotopes and for the states of highest spin in the
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FIG. 14. As Fig. 13, for even 128–134Ba isotopes.

lighter ones. This reflects what is observed in Sec. III A, i.e.,
that the Uπ,ν (5) structure keeps a predominant role in the
evolution of the isotopic chain towards its maximum defor-
mation. As to the odd-spin states, in 130–134Ba, in spite of the
limited number of known collective states, it is evident that
the structure of the states corresponds to that of the states of
column (d) in Fig. 12. In 128Ba, where a well-developed band
is known, the J = 5, 7, 9, 11 states have just one nd compo-
nent strongly predominant, that is, nd = 4, 5, 6, 7 component,
respectively. Such components maintain still predominant in
the lighter isotopes, even though with a reduced percentage. It
is worth mentioning that in a realistic IBA-1 γ band, having
a structure close to that reported in column (b) of Fig. 12, the
J = 5, 7, 9, 11 states would have predominant nd = 4, 5, 6, 7
components, respectively.

An interesting and very particular feature of the γ band
is the odd-even spin energy staggering displayed by its levels.
Such an effect has been observed in different mass regions and
extensively investigated because of the important clues it can
provides about the nuclear structure. Models to distinguish
between quadrupole deformed nuclear shapes with soft triaxi-
ality [68,69] and with rigid triaxiality [70] have been proposed
since the 1950’s. The problem of the triaxiality extent in nuclei
and of a possible stable triaxial deformation in the nuclear
ground states is still a matter of debate.

In the framework of the IBA-1 model, where the shape
of the nucleus can only be prolate, oblate or γ unstable, the
explanation of the staggering effect in some barium and xenon
isotopes was obtained by Casten et al. [71] by adding to the
usual Hamiltonian a three-body term leading to a triaxial de-

064316-14



GROUND STATE AND QUASI-γ BANDS … PHYSICAL REVIEW C 102, 064316 (2020)

FIG. 15. nd components (amplitude square) of the states of the g.s. band (left column) and of the even-spin (central column) and odd-spin
(right column) states of the γ band in even 122−126Ba isotope. The symbols utilized for the different nd values are shown at the top of the figure.
The nd = 8 component, normally negligible, is not reported.

formation. The importance of the inclusion of the three-body
term has been studied also recently by Sorgunlu and Van
Isacker [72] in a study of isotopes close to the O(6) symmetry
including even 128–132Ba isotopes.

As to the present work, the comparison of the ex-
perimental and predicted spin staggering, in the isotopes
where both even and odd branches of the γ band
are sufficiently developed, has been made utilizing the
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FIG. 16. As Fig. 15, for even 128–134Ba isotope.

expression [73]

S(J ) = E (J )E (J − 1)

E (J ) − E (J − 2)

(J (J + 1) − (J − 1)(J − 2)

J (J + 1) − J (J − 1)
− 1, (6)

which vanishes in absence of an even-odd staggering.
The results are displayed in Fig. 20. Noticeably, the rather

good agreement obtained strongly depends on the choice of
the Majorana parameters ξ2 and ξ3 (see Fig. 4 for the latter).

To summarize, in the present interpretation the γ band,
is made up of two branches, corresponding to a large extent
to the F = Fmax − 1 groups of states reported in Fig. 12
which have (nd , 0) (even-spin states) and (nd − 1, 1) (odd-
spin states) quantum numbers. The properties of these states

are smoothly changing as a function of the neutron number, as
required for states of collective nature.

C. Decay of the γ bands in the N < 82 Ba isotopes

Having investigated the structure of the relevant states, it
is now possible to point out some specific properties of the
γ band decay. In the cases of interest for the present work
it is possible to identify three different ways of decay. They
are first schematically discussed in the Uπ,ν (5) symmetry,
where the 〈‖T̂π (E2)‖〉 and 〈‖T̂ν (E2)‖〉 matrix elements of
a transition connecting two 
F = ±1 states have the same
absolute value but opposite sign [74].

(i) 
F = 0, 
nd = 1. This is the case of the in-band
transitions of the two branches of the γ band.
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FIG. 17. As Fig. 15, for even 142–150Ba isotope.

(ii) 
F = −1, 
nd = 0. Because of the expression of
Eq. (2) the transition probability is proportional to
(eνχν − eπχπ )2. Such a kind of transition can connect

(a) a state of the γ band of even-spin J to the state
of the g.s. band with the same spin (ex., 4+

γ → 4+
1 );

(b) a state γ band of odd-spin J to the state of the
g.s. band of spin (J + 1) (ex., 5+

γ → 6+
1 ).

(iii) 
F = −1, 
nd = 1. Because of the expression of
Eq. (2) the transition probability is proportional to
(eν − eπ )2. Such a kind of transition can connect

(a) a state of the γ band of even-spin J to the (J −
2) state of the g.s. band (e.g., 4+

γ → 2+
1 );

(b) a state of the γ band of odd-spin J to the (J −
1) state of the g.s. band (e.g., 3+

γ → 2+
1 ).

Coming now to the Ba isotopes, the three different modes
of decay just described are recognizable in the transitions
connecting the states of the even-spin and odd-spin branches
of the γ band to those of the g.s band. In transitions corre-
sponding to case (i) the 〈‖T̂ν (E2)‖〉 and 〈‖T̂π (E2)‖〉 matrix
elements normally have rather large values and equal sign, so
that the calculated B(E2) values,

B(E2) = (eν〈‖T̂ν (E2)‖〉 + eπ 〈‖T̂π (E2)‖〉)2

2(J + 1)
(7)

are large and of the same order of magnitude as those in
the g.s. band. Their values are only slightly affected by
changes of the effective charges in a reasonable range of
values.

In transitions corresponding to cases (ii) the proton and
neutron contributions to the transition probability add, be-
cause χπ and χν have opposite sign in all the isotopes, apart

from 122Ba (see Table I). Normally, the absolute value of the
E2 matrix elements are smaller than those of case (i).

In transitions corresponding to case (iii) it turns out that
the 〈‖T̂π (E2)‖〉 and 〈‖T̂ν (E2)‖〉 matrix elements have oppo-
site sign and absolute values that tend to approach in going
towards high spin states where the Fmax − 1 percentage is
rather high. As a consequence, cancellation effects originated
by the close values of the effective charges can drastically
affect the B(E2) values, and small variations of eν and eπ can
induce dramatic changes. The outlined transition modes help
understanding why the predicted E2 transitions can span three
orders of magnitude, as the experimental data do.

Examples corresponding to the decay modes just described
can be found in 128Ba, which is the isotope where the richest
information on E2 transitions is available (see Table IV).

(i) The B(E2) values of the in-band transitions of
each branch of the γ band are in the same range
(0.200/0.500 e2 b2) as those of the g.s. band.

(ii) The B(E2; 4+
2 → 4+

1 ) transition strength has a value
(0.062 e2 b2) definitely lower than those of case (i).

(iii) The B(E2) values of the 4+
2 → 2+

1 , 6+
2 → 4+

1 , 8+
2 →

6+
1 transitions (�0.0035e2 b2) are about two orders of

magnitude lower than those of case (i).

As to the M1 transitions, since their probabilities
are proportional to (gπ − gν )2, to have separate infor-
mation on the gyromagnetic ratios, one has to consider
the magnetic moments, in the expression of which gν

and gπ take independent values. The agreement between
calculated and experimental magnetic moments (see Ta-
ble II) indicates that both coefficients have been correctly
fixed.
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FIG. 18. nd components (amplitude square) of the states of the g.s. band in the Uπ,ν (5), Oπ,ν (6), and SUπ,ν (3) symmetries. In the Oπ,ν (6)
and SUπ,ν (3) limits, they have been evaluated for Nπ = 3 and for the Nν values reported in each panel. The symbols utilized for the different
nd values are shown at the top of the figure. The nd = 8 component, normally negligible, is not reported.

FIG. 19. nd distributions in the Oπ,ν (6) and SUπ,ν (3) models for Nπ = 3 and Nν = 8. The symbols utilized for the different nd values are
shown at the top of the figure.

064316-18



GROUND STATE AND QUASI-γ BANDS … PHYSICAL REVIEW C 102, 064316 (2020)

FIG. 20. Observed (circles) and calculated (squares) signature splitting, S, of the γ bands in (a) 124Ba, (b) 126Ba, (c) 128Ba, and (d) 130Ba.

As shown in Table III, the information on B(M1) transition
strengths is extremely limited and in four cases out of seven
it concerns the 2+

2 → 2+
1 transitions (in 126,128,132,134Ba). Be-

cause the 2+
1 states have FS character, the 2+

2 states have a
large FS component, and the nd distribution is not very similar
in the initial and final states, particularly in the heavier iso-
topes, the M1 transitions are partially forbidden. Their order
of magnitude is 10−3μ2

ν .
Additional information on M1 transitions can be obtained

from the analysis of branching ratios and mixing ratios. As
it turns out from Table V, it can happen that in a transition
connecting a state of the γ band, which has predominant MS
components, to one of the g.s. band, of FS character, the M1
component competes with the E2 component. It is important
to distinguish if this is due to a small E2 component or to a
strong M1 component.

In the realistic case of Ba isotopes, where multiple F -
spin and nd components are present in the relevant wave
functions, one can just give some schematic explanation of
how the two cases happen. The first one concerns 
F = −1,

nd = 1 transitions. This means E2 transitions of type (iii),
which are very weak because of the cancellation effects, and
M1 transitions, which are mainly forbidden, because of the
selection rule 
nd = 0, but have strengths larger than those of
the competing E2 transitions. As an example, it is possible to
consider the 7+

1 → 6+
1 transition in 122Ba. Both the predicted

E2 and M1 reduced transition strengths are small [B(E2) =
0.0037e2 b2, B(M1) = 0.0020μ2

N ], but the M1 percentage is
41% (Table V). The experimental branching ratio of 7+

1 level
and the mixing ratio of the 7+

1 → 6+
1 transition are reasonably

reproduced. In the second case, 
F = −1, 
nd = 0, the E2
transitions are of type (ii), so do not have strong B(E2) values,
whereas the M1 transitions are allowed.

It is possible to take as examples the transitions connect-
ing the J � 4 even-spin states of the γ band with the states
of same J of the g.s. band. In the 4+

2 → 4+
1 transitions in

124−132Ba the predicted M1 percentages (Table V) are always
large; in 130Ba the M1 component is predominant. As shown
in Figs. 7–9, in the observed decay of the 4+

2 states, the
4+

2 → 4+
1 transition is the strongest one in 124,126,130Ba and

has a large percentage in 128,132Ba. The possibility of repro-
ducing the branching ratios of the 4+

2 states and the order of
magnitude of δ in the 4+

2 → 4+
1 transitions is strongly due

to the presence of the M1 components. For the transitions
of this type deexciting the states of higher spin the calcula-
tions predict an increase of the B(M1) values, because the
wave functions of the initial and final states match better the
conditions concerning F spins and nd distributions that allow

M1 transitions. No significant change is instead predicted for
the competing B(E2) transition strength. This reflects on the
calculated M1 percentages in the 6+

2 → 6+
1 , and 8+

2 → 8+
1

transitions (Table V), therefore in a reduction of the δ values.
When the comparison is possible, it is seen that the calcula-
tions are able to correctly reproduce the branching ratios of
the initial level as well as the mixing ratio of the transitions.
In the cases just discussed of allowed M1 transitions the order
of magnitude of the calculated B(M1) transition strength turns
out to be �10−2μ2

N .

IV. CONCLUSIONS

The collective states of the g.s. band in the 118–134,142–150Ba
and of the γ band in 122–134Ba isotopes have been studied
in the framework of the IBA-2 model, taking into account
excitation energies and all available e.m. properties. Only
three parameters have been adjusted in the analysis of the g.s.
band and five in that of the γ band. The general satisfactory
agreement between theory and experiment has stimulated the
in-depth study of the wave function of the relevant states.

By comparing the structure of the Ba isotopes of interest
with that of the three limits of the IBA-2 model it has been
possible to study in detail the structure evolution of the
isotopic chain over the [50–82] and [82–126] major shells
reaching the conclusion that both the neutron-deficient and
neutron-rich Ba isotopes perform an Uπ,ν (5) → SUπ,ν (3)
transition in moving away from the N = 82 closure shell.
In the N < 82 isotopes no isotope displays an outstanding
Oπ,ν (6) structure, even though nd component characteristic
of this symmetry contribute to the structure evolution. The
different deformation in the N < 82 and N > 82 regions is to
be ascribed, in part, to the different nature (hole or particle)
that the neutron boson have in the different N regions, but,
overall, to the underlying nuclear structure, with residual
interactions between protons and neutrons in specific orbits.

In the N < 82 isotopes it has been pointed out the coex-
istence of a g.s. band of FS character and of a γ band of
MS character, whose even-spin and odd-spin branches cor-
respond, to a large extent, to two Uπ,ν (5) group of states
characterized by different quantum numbers. The relative
excitation energies of the predicted even-spin and odd-spin
branches of the γ band matches correctly the observed energy
staggering in 124–130Ba isotopes. The specific decay modes of
the two branches of the band have been discussed in detail.
The cases where the presence of M1 transitions connecting
the γ band to the g.s. band can be essential to reproduce the
experimental data have been pointed out.
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