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Abstract. The states of 104Pd, populated in the EC-β+ decay of the ground (Jπ = 5+) and metastable
(Jπ = 2+) states of 104Ag, have been investigated in the framework of the proton-neutron interacting
boson model, extending a previous analysis to take into account the newly appeared experimental data.
All positive-parity states up to an excitation energy of 3 MeV and spin in the range J = 1–6, fed by
more than 0.3% in the decay of the parent nucleus, have been considered. As a result, strong evidence has
been found for interpreting most of these states as states of collective nature having a quite pure full- or
mixed-symmetry character and, in particular, for identifying the 1+ level at 2276 keV as the lowest 1+

mixed-symmetry state.

PACS. 21.60.Fw Collective models – 21.10.Re Collective levels – 27.60.+j 90 ≤ A ≤ 149

1 Introduction

The symmetry concept has been very fruitful in investigat-
ing the properties of nuclei and providing a simple inter-
pretation of phenomena like, e.g., regularities or peculiar
features in excitation energy patterns. One of the most
remarkable results of the symmetry-based interacting bo-
son model, in the version which distinguishes proton- and
neutron-bosons (IBA-2) [1], was the prediction of states
non symmetric in the proton and neutron degrees of free-
dom, the so-called mixed-symmetry (MS) states [2,3]. The
lowest MS state was predicted to have Jπ = 1+ in de-
formed nuclei [4] and Jπ = 2+ in spherical nuclei [5]. After
the identification of the 1+ MS in 156Gd [6] in the early
eighties an extensive amount of data has been collected
on this state in different rotational regions and its fea-
tures have also been carefully investigated from the theo-
retical point of view (see, e.g., [7,8]). The identification of
the 2+ MS state in nuclei having a structure close to the
U(5) and O(6) limits of the model was achieved shortly
after and in the following years experimental evidence for
this state was obtained by several groups [9–20]. Recently,
a noticeable experimental effort has been devoted to the
identification of the 1+ MS state in γ-soft nuclei, in par-
ticular in the mass region around A = 130 [17,18,21,22].

In the last years we have investigated whether it was
possible, through a phenomenological analysis performed
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in the framework of the IBA-2 model, to achieve a system-
atic identification of MS states, possibly not limited to the
lowest-lying ones, in nuclei having quasi-spherical struc-
ture. In particular, we have focused on the Z � 50 region
and have performed a detailed analysis of excitation en-
ergy patterns and electromagnetic properties of positive-
parity levels in even 98-114Ru (Z = 44) [23,24], 100-116Pd
(Z = 46) [25,24], 110-114Cd (Z = 48) [10,26]. In these
analyses the model parameters vary smoothly along a par-
ticular isotopic chain and among isotones in neighboring
isotopic chains, as required by the collective character of
the states under study.

An IBA-2 analysis of the palladium chain has recently
been performed also by Kim et al. [27] paying special at-
tention to the identification of the lowest 2+ and 3+ MS
states.

In a recent experimental work [28] we have studied
the nucleus 104Pd populated through the EC-β+ decay
of the ground (J = 5+) and metastable (J = 2+) states
of 104Ag. The measurements of γ-γ coincidences, angular
correlations and K-conversion coefficients have provided
new information on spin parity, branching ratios of levels
up to about 3.6 MeV as well as on δ(E2/M1) mixing ra-
tios of several transitions and allowed the identification of
the lowest 1+ state at 2276 keV. These results led us to
extend the analysis of 104Pd performed in [25] where, by
comparing experimental and calculated energies, branch-
ing ratios and B(E2) values, a group of fully symmetric
(FS) states (0+

1 , 2+
1 , 4+

1 , 2+
2 , 0+

2 , 6+
1 , 4+

2 , 8+
1 ) and, below
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Fig. 1. Positive-parity levels of 104Pd populated in the β+-EC decay of 104g,mAg by more than 0.3% and interpreted as collective
states in the IBA-2 model. Their percent feeding is reported on the right. The calculated levels associated with the experimental
ones are shown on the left. For each predicted state the spin and ordinal i, the squared amplitude α2 of the predominant F -spin
and nd components together with the value {nd} of the dominant component are displayed.

2.3 MeV, two groups of MS states (the first one consisting
of the 2+

3 , 4+
4 , 0+

4 states and the second one of the 3+
1 , 4+

3 ,
2+
4 states) were identified.

In this work we report the results of the new analysis
where all positive-parity states up to 3 MeV populated to
an extent > 0.3% in the EC-β+ decay of 104g,mAg have
been taken into account.

2 Symmetry character of states in 104Pd

The calculations performed in [25] have been extended
keeping the same values of the parameters appearing in
the Hamiltonian and in the E2 and M1 transition opera-
tors, except for the Majorana parameter ξ1, which strongly
affects only the energies of a group of MS states having
the 1+ state as the lowest one.

Since at the time of our previous analyses no 1+ state
was definitely identified below 2 MeV in any of the above-
mentioned nuclei, the value of ξ1 was kept fixed at 1 MeV,
so as to push the 1+

1 state at an energy ≥ 2 MeV. In
particular, in 104Pd its energy was predicted at 2.902 MeV.
It was also checked that the possibility of reproducing the

properties of all the states identified in these analyses as
having MS character was practically independent of ξ1.

The J = 1 assignment to the 2276 keV positive-parity
level in 104Pd [28] led us to investigate whether this state
could be identified with the lowest 1+ MS state (we recall
that no 1+ FS state is predicted by the IBA-2 model). We
therefore decreased the value of ξ1 to 0.3 MeV so that the
calculated energy of the lowest 1+ state could match that
of the experimental one. As a consequence, three addi-
tional levels of spin 1, 2, and 3 are predicted below 3 MeV
as compared to [25]. The change in the ξ1 value does not
significantly affect the predicted properties of the other
states of 104Pd up to 3 MeV. Indeed, e.g., the maximum
variation in the excitation energies is less than 1% and the
changes in the values of calculated mixing ratios lie well
within the typical experimental uncertainty.

The calculations have been performed by using the
NPBOS code [29] which diagonalizes the Hamiltonian in
a U(5) basis and provides as outputs, in addition to the
standard quantities, the F -spin and nd (d-boson number)
components of the wave functions of the states. In the
U(5) limit, FS states are characterized by the maximum
F -spin value (Fmax = N/2, where N is the total number of
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bosons) and MS states by the quantum numbers Fmax−1,
Fmax − 2 .., etc.

In our previous analyses we found that the mixing of
the F -spin components induced by the use of a realistic
Hamiltonian was, in most cases, sufficiently limited to al-
low a clear cut distinction between states of FS and MS
character.

The number of positive-parity states in 104Pd up to
3 MeV, with spin in the range J = 1–6, populated in the
decay of 104g,mAg amounts to 33 and their feeding varies
over more than four orders of magnitude. The states in
this spin range already identified in [25] as having collec-
tive nature are strongly populated in the β+ decay, with
an intensity varying from 72% to about 1% [30]. In the
present analysis we have considered all the positive-parity
states (21) up to 3 MeV fed with an intensity larger than
0.3%.

To establish a possible correspondence between the ex-
perimental states (not already taken into account in [25])
and the calculated ones we have compared excitation ener-
gies and branching ratios of the levels and mixing ratios of
the de-exciting gamma transitions. For each experimental
level of spin J , we have considered as possible theoreti-
cal candidates those of the same spin having an excitation
energy differing from the experimental one by less than
10%. This constraint was suggested by our previous results
where the agreement between experimental and predicted
excitation energy was generally well within this limit. For
the states at 2572, 2918, 2924 keV, whose spin have dif-
ferent possible values, an enlarged set of candidates was
considered.

No predicted state could be associated to the 2+,
2533 keV and 4+, 2571 keV levels. In almost all other
cases only one theoretical candidate was clearly favored
by the decay mode, leading to the association shown in
fig. 1. Here, on the right are reported the experimental
levels populated by more than 0.3% from the 2+ and 5+

states of 104Ag together with their feeding, on the left the
corresponding predicted states identified in the present or
in our previous analysis. For the latter, spin and ordinal
i, squared amplitudes (α2) of the predominant Fmax or
Fmax − 1 component and of the predominant nd compo-
nents are shown. The detailed structure of the 4+ states
is displayed, as an example, in fig. 2. This point will be
further considered in the subsect. 2.2.

The experimental and predicted data concerning the
energies of the states first taken into account in the present
work and the decay properties of all the levels for which
new spectroscopic data became recently available [28] are
compared in fig. 3.

As is well known [31,32,27,33] even palladium isotopes
display an U(5) → O(6) transitional character in going
from the lighter to the heavier isotopes. This has been con-
firmed by the analysis performed in [25] where, in particu-
lar, it was found that the collective states in 100,102,104Pd
display a structure very close to that of the U(5) limit
of the model, i.e., characterized by a quite pure Fmax or
Fmax−1 character and a single nd component clearly over-
whelming the other ones. From the present work and our

Fig. 2. Squared amplitudes (given as percentage) of the F -spin
and of the four largest nd components for the 4+ states.

previous study it turns out that this is just the structure
of all the states reported in fig. 1 , apart from a few levels
above 2.8 MeV, whose wave functions have different F -
spin (nd) components of comparable squared amplitudes.
As displayed in fig. 4, these states can be rearranged in
different groups resembling the pattern reported in the
inset of the same figure where the eigenstates of the sim-
plest U(5) Hamiltonian (H = εn̂d + M̂ , where M̂ is the
Majorana operator) are shown. Here the FS states are re-
ported in column (a), the F = Fmax−1 states in the three
columns (b), (c), (d) according to the different dependence
of their excitations energies on the Majorana parameters
ξ1, ξ2, ξ3 [34,25]; we remark that the parameter ξ1 affects
only the energy of the states in column (d). The corre-
spondence of the four columns in which are arranged the
states of 104Pd with those in the U(5) limit is stressed by
the use of the same labels (a), (b), (c), and (d). On the
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Fig. 3. Comparison of experimental and calculated energies (full circles) for the states first taken into account in the present
work and decay properties of all the levels for which new spectroscopic data have become recently available [28]. The relative
intensities of the de-exciting transitions are reported above each level, the E2/M1 mixing ratios (in italics) are normally reported
along the arrow representing the transition. Limits for δ refer to absolute values. The calculated quantities are reported in square
brackets.

right-hand side of fig. 4 are shown the positive-parity ex-
perimental states up to � 3 MeV in 106Pd which, on the
basis of the analysis performed in [25], can be grouped in
three columns (a), (b), and (c) having the same meaning
as for 104Pd.

In the next subsections we will discuss in detail the
arguments to assign a given state to a particular group
in fig. 4 . To this aim also the signatures provided by the
decay properties of the states in the U(5) limit will be
exploited. In this limit, M1 and E2 transitions satisfy the
selection rules ∆nd = 0 and ∆nd = 0 or ±1, respectively.
M1 transitions are forbidden between FS states whereas
they are enhanced between F = Fmax − 1 and F = Fmax

states [9]. Proton and neutron E2 transition matrix ele-
ments between Fmax − 1 and Fmax states have equal ab-
solute values and opposite sign so that, for close values
of effective proton and neutron charges, B(E2) values are
small. Hence one of the most important features for the
identification of MS states is that they can decay to FS
state having the same nd component via strong M1 tran-

sitions, i.e., via transitions having a small E2/M1 mixing
ratio.

In the following, to help the reader in the discussion,
the predicted states will be reported in square brackets.

2.1 States in column (a)

The experimental states of 104Pd reported in column (a)
and represented by a full line have been interpreted in [25]
as states of FS character.

The level at 2924 keV (J = 4+ or 5+) is tentatively
associated to the [46] state at 2880 keV; it is represented
in column (a) by a dashed line since its wave function has
a largely predominant nd = 4 component, as expected for
a state belonging to the nd = 4, FS “multiplet”, but com-
parable Fmax and Fmax − 2 components (see fig. 2). To
account for such a structure we observe that the calcula-
tions predict at about 2.9 MeV a second 4+ state ([4+

7 ] at
2897 keV) which also has a predominant nd = 4 compo-
nent and comparable Fmax and Fmax−2 components. The
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Fig. 4. Experimental levels up to 3 MeV in 104Pd and 106Pd which are interpreted as having collective character. Close to
each experimental state is reported the label Ji of the corresponding predicted one. A vertical line defines a group of states
having the same predominant {nd} component. In the panel at the bottom of the figure the F = Fmax and F = Fmax − 1 states
in the U(5) limit are schematically represented. States in columns (a), (b), (c) belong to degenerate nd-multiplets, displayed
slightly splitted for the sake of clarity. The states in 104Pd and 106Pd are analogously reported in separate columns to stress
their correspondence with the U(5) states.

structure of these two states can be traced back to that of
the two 4+ states which, in the U(5) limit, belong to the
nd = 4 FS multiplet and Fmax − 2 triplet (see [24] for the
latter). The value of δ reported in fig. 3 for the transition
to the 4+

1 state is that deduced in [28] in the hypothesis
of J = 4.

2.2 States in column (b)

The identification of the lowest MS state in 104Pd with the
2+
3 state at 1794 keV was proposed by Kim et al. [27] who,

in the analysis of even palladium isotopes (performed in
the framework of the IBM-2 model by using parameters
consistent with microscopic calculations) identify also the
lowest 2+ MS state in 106Pd.

The same conclusions were independently drawn by
our group [35]. In [25] we further associate the states 4+

at 2265 keV and 0+ at 2138 keV of 104Pd to the [4+
4 ], [0+

4 ]
states whose structure is close to that of the [4+], [0+]
states belonging to the 2d-boson MS triplet in the U(5)
limit (column (b) in the inset of fig. 4).

As to the relevance of the new experimental data on
104Pd [28], we first note that the small value deduced for
δ(2+

3 → 2+
1 ) provides further support to the identifica-

tion of the 2+
3 state as the lowest 2+ MS state and, sec-

ondly, that its value allows to deduce a lower limit for
B(E2; 2+

3 → 0+
1 ), B(E2; 2+

3 → 2+
1 ) and B(M1; 2+

3 → 2+
1 )

when combined with the upper limit [30] of the half-life
(T1/2 < 1.4 ps) and the known branching ratios of the 2+

3
level.

The experimental data on the B(E2) and B(M1) of
the transitions de-exciting the 2+

3 state and on δ(2+
3 → 2+

1 )
in 104Pd and 106Pd are compared in table 1 with those cal-
culated in [27] for both isotopes, in the present work for
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Table 1. Comparison of experimental and calculated values of B(E2) (in e2b2), B(M1) (in µ2
N ) and δ for the indicated

transitions and of the dipole magnetic moment of the 2+
1 state (in µN ) in 104,106Pd. The experimental values of B(E2; 2+

1 → 0+
1 )

and µ(2+
1 ) in 104Pd and 106Pd are from [36] and [37], respectively. In 106Pd the experimental B(E2) values of the transitions de-

exciting the 2+
3 state are from [38] whereas the experimental value of B(M1; 2+

3 → 2+
1 ) is deduced from that of the B(E2; 2+

3 →
2+
1 ) and from the value of δ(2+

3 → 2+
1 ) reported in [37]. The values for the effective charges and gyromagnetic factors adopted

in [27] are eπ = 0.12 eb, eν = 0.10 eb and gπ = 1 µN , gν = 0 µN while those adopted in [25] and in the present work are
eπ = 0.095 eb, eν = 0.11 eb and gπ = 0.51 µN , gν = 0.28 µN (the values of gπ,ν are the same as in the ruthenium chain [23]).
The values of δ(2+

3 → 2+
1 ) in column (4) and (7) are deduced from the calculated B(E2) and B(M1) values reported in the

same column.

104Pd 106Pd

Experiment Present work [27] Experiment [25] [27]

B(E2; 2+
1 → 0+

1 ) 0.105(6) 0.096 0.116 0.137(9) 0.122 0.142

B(E2; 2+
3 → 2+

1 ) > 3 × 10−4 4 × 10−4 1 × 10−4 16(3) × 10−4 4 × 10−4 10−8

µ(2+
1 ) 0.82(6) 0.74 0.84 0.80(4) 0.72 0.78

B(M1; 2+
3 → 2+

1 ) > 0.008 0.017 0.568 0.021(4) 0.011 0.361

δ(2+
3 → 2+

1 ) +0.14(9) +0.17 ±0.01 +0.24(1) +0.17 ±10−4

104Pd and in [25] for 106Pd. In the same table is also re-
ported the comparison of B(E2; 2+

1 → 0+
1 ), to give an idea

of the kind of agreement obtained for allowed E2 transi-
tions, and on µ(2+

1 ), whose value depends on both the
effective gyromagnetic factors (instead those of B(M1)’s
depend only on their difference).

Both the calculated values reported in columns (3) and
(4) for B(E2; 2+

3 → 2+
1 ) and B(M1; 2+

3 → 2+
1 ) are consis-

tent with the experimental limits. However, this is not
the case for the corresponding quantities in 106Pd which
are better reproduced by the calculations in [25]. Since an
abrupt change in the properties of corresponding states of
collective nature in neighboring isotopes is very unlikely,
one can reasonably assume that the values of B(E2) and
B(M1) in 104Pd, for which only lower limits are known,
are close to those measured in 106Pd. The values predicted
in the present work for the reduced transition probabili-
ties of the transitions de-exciting the [2+

3 ] state in 104Pd
would then have at least the right order of magnitude.
This is confirmed by the good agreement found between
experimental and calculated value of δ(2+

3 → 2+
1 ).

As to the 4+
4 state at 2265 keV, its preferential decay to

the 4+
1 state is just that expected for the lowest 4+ state of

column (b). However, the values predicted for the branch-
ing to the [2+

2 ] state and for δ([4+
4 ] → [4+

1 ]) are smaller
than the experimental values. At the same time, the pre-
dicted value [−10] of δ([4+

2 ] → [4+
1 ]) is overestimated with

respect to the experimental one [−0.8(2)] [25]. Taking into
account the detailed structure of the [4+

2 ] and [4+
4 ] states

(see fig. 2), the above-mentioned selection rules and the
small difference in the excitation energy of the correspond-
ing experimental states it is apparent that some stronger
mixing of these states would be needed.

The “missing member” of the nd = 2 “triplet” is here
identified with the 2+, 2338 keV level, associated to the
[2+

6 ] state. The experimental and calculated energies differ
by less than 3.5% and the branching ratios to the 0+

1 and
2+
1 states are correctly reproduced. However, the intensity

of the transition to the 2+
2 state, predicted to have pre-

dominant M1 character, is overestimated and the value
of δ([2+

6 ] → [2+
2 ]) turns out to be small with respect to

the experimental one. Analogously to the case of the [4+
4 ]

state, it seems that the calculations predict a too pure
F = Fmax − 1, nd = 2 structure for the [2+

6 ] state, which
reflects in a too strong M1 transition towards the [2+

2 ]
state which has a quite pure F = Fmax, nd = 2 structure.

For the 1+, 2+, 2918 keV state we propose the asso-
ciation to the [2+

9 ], 2875 keV state. The squared ampli-
tudes of its predominant components are α2(Fmax) = 0.40,
α2(Fmax − 1) = 0.46, α2(nd = 3) = 0.41, and α2(nd =
4) = 0.46. It has been reported in column (b) of fig. 4
(because of its largest F -spin component) with a dashed
line to mean that its structure is almost equally shared
between the 2+ states belonging to nd = 4 “multiplet” of
column (a) and nd = 3 “multiplet” of column (b).

2.3 States in column (c)

In the search performed by Kern et al. [39], in the frame-
work of the IBA-1 model, for nuclei exhibiting the U(5)
dynamical symmetry it was apparent that the main prob-
lem for 104Pd was related to the 3+

1 state at 1820 keV.
The identification of this state as the lowest 3+ MS state
in 104Pd was proposed by Kim et al. [27] and, indepen-
dently, by our group [35].

Further support to this identification is provided by
the compatibility of the predicted value of δ([3+

1 ] → [2+
2 ])

with the experimental upper limit for its absolute value
[28]. In the light of what stated at the beginning of sect. 2,
this is particularly significant since, in our interpretation,
the [3+

1 ] → [2+
2 ] transition would be a “∆F = 1” transition

connecting two states having the same predominant nd =
2 component. On the other hand, the new experimental
value of δ [−15+6

−23] [28] (which is at variance with that
reported in [36] but compatible with the lower limit |δ| >
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13 given in [40]) is not sufficiently precise to allow a useful
comparison with the predicted one.

In [25] we have associated the levels 4+ at 2182 keV
and 2+ at 2245 keV in 104Pd to the [4+

3 ], [2+
5 ] states

whose structure is similar to that of the [4+], [2+], 3d-
boson states of column (c) in the inset of fig. 4. The new
experimental data [28] on the mixing ratios of the tran-
sitions de-exciting the two states and the branching ratio
of the 4+

3 → 2+
3 transition confirm the model predictions;

this meaning that the structure of these states is predicted
correctly.

In the U(5) limit the third member of the 3d-boson
triplet has spin 5 and its decay is characterized by a strong
transition to the 2d-boson [3+] MS state and by a large
M1 component in the transition to the 3d-boson [4+] FS
state. The 2444 keV state, to whom has been assigned
spin 5 in [28], displays just these decay features and has
therefore been associated to the [5+

1 ] state at 2343 keV of
quite pure nd = 3 and F = Fmax−1 structure. We remark
that the attempt to identify the 2444 keV level with the
lowest 5+ FS state would fail not only on the basis of the
excitation energy (predicted at 2989 keV) but also because
no important branching to the 3+ MS state is predicted
and, in any case, the transition to the 4+

2 state would have
a quite strong E2 component.

The 2+, 2695 keV and 4+, 2774 keV levels have been
identified with the [2+

7 ] and [4+
5 ] states, which are mem-

bers of the 4d-boson “multiplet” of column (c), respec-
tively. Indeed, the experimental excitation energies are
reproduced to better than 2%; moreover, the 2695 keV
state de-excites only via a transition to the 2+

1 level and
it has been checked that the [2+

7 ] → [2+
1 ] transition is the

strongest one among the nine calculated transitions taken
into account in evaluating the branching ratios from the
[2+

7 ] state. Finally, the [4+
5 ] state is predicted to decay

mainly to the [4+
1 ], [2+

1 ] states, as observed experimen-
tally.

2.4 States in column (d)

The identification of the 1+ MS state in non deformed
nuclei was first achieved in 200Hg, which has an U(5) →
O(6) transitional structure [41]. The search for the 1+

MS state in γ-soft nuclei has led to its identification in
196Pt [21], in some nuclei of the A � 130 region [11,22,
17,42] and in 94Mo [17,18]. The vibrational 112Cd nucleus
has recently been investigated by Lehman et al. [43] who
propose positive parity for the state of spin 1 at 2931 keV
and its identification as the 1+ MS state.

As to 104Pd, in view of a possible identification of the
level at 2276 keV as the lowest 1+ MS state we have
considered the signatures [32,44] characterizing the decay
of the 2d-boson 1+ MS state in the U(5) limit: the M1
transitions to [0+

1 ] and [2+
1 ] states are forbidden whereas

those to the 0+
2 and 2+

2 are enhanced and a strong E2
transition is predicted to the lowest 2+ MS state. Ratios
of B(E2), B(M1) and ∆(E2/M1) reduced mixing ratios
[∆ = 〈Jf‖T̂ (E2)‖Ji〉/〈Jf‖T̂ (M1)‖Ji〉] of transitions de-
exciting the 1+ state with respect to a proper reference

transition turn out to be independent of the model pa-
rameters [45] since their analytical expressions contain
only the boson numbers. These quantities are reported
in column (1) of table 2 by using the symbols 1+

M , 2+
M

to indicate the lowest 1+ and 2+ MS states in the U(5)
limit and the [1+

1 ] and [2+
3 ] states in 104Pd. The values

of the ratios reported in column (2) have been calculated
in the U(5) limit for a nucleus having the same neutron-
and proton-bosons as 104Pd [Nπ = 2, Nν = 4]. It is seen
that the B(M1) values of the transitions connecting the
[1+

M ] state to the [2+
2 ] and [0+

2 ] states are comparable to
that of the B(M1; [2+

M ] → [2+
1 ]) and that the value of

the B(E2; [1+
M ] → [2+

M ]) is comparable to that of the
B(E2; [2+

1 ] → [0+
1 ]). The ratios of B(E2) and B(M1) for

the corresponding transitions in 104Pd, obtained from the
realistic calculations performed in the present work, are
reported in column (3) of table 2; it is apparent that their
values are rather close to those evaluated in the U(5) limit.

In the decay of the 2276 keV level all the transitions
corresponding to those reported in table 2 as de-exciting
the 1+ MS state have been observed, apart from that to
the lowest 2+ MS state. However, even though the [1+

1 ] →
[2+

3 ] transition is predicted to have a B(E2) value [0.079
e2b2] comparable to that of the [2+

1 ] → [0+
1 ] transition,

its calculated branching ratio amounts only to 5% of the
most intense transition de-exciting this level.

As seen in fig. 3, the realistic calculations are able
to reproduce the branching ratios of the 2276 keV level
whose de-exciting transitions have M1 multipolarity (to
the 0+

1 and 0+
2 states) or a strongly predominant M1 com-

ponent (to the 2+
1 and 2+

2 states, as deduced from the mea-
sured mixing ratios). This basically means that they are
able to reproduce the B(M1) ratios of the transitions de-
exciting this state. In addition, the present calculations
predict the magnitude of ∆([1+

1 ] → [2+
2 ]) to be close to

that of ∆([2+
3 ] → [2+

1 ]); indeed the corresponding exper-
imental values turn out to be −0.18(9) and 0.13(9), re-
spectively [28].

Table 2. The values of the ratios indicated in column (1),
predicted in the U(5) limit for a nucleus having the same
proton- and neutron-bosons as 104Pd, are given in column (2).
Those obtained from the realistic calculations performed in the
present work are reported in column (3).

U(5) Present work

B(E2; 1+
M →2+

1 )/B(E2; 2+
M →0+

1 ) 1 0.91

B(E2; 1+
M →2+

2 )/B(E2; 2+
M →2+

1 ) 0.78 0.97

B(E2; 1+
M →2+

M )/B(E2; 2+
1 →0+

1 ) 1 0.82

B(M1; 1+
M →0+

1 )/B(M1; 2+
M →2+

1 ) 0 0.15

B(M1; 1+
M →2+

1 )/B(M1; 2+
M →2+

1 ) 0 0.12

B(M1; 1+
M →0+

2 )/B(M1; 2+
M →2+

1 ) 0.80 0.91

B(M1; 1+
M →2+

2 )/B(M1; 2+
M →2+

1 ) 1.40 1.15

∆(1+
M →2+

2 )/∆(2+
M →2+

1 ) 0.65 0.92
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To summarize, the decay properties of the 2276 keV
level are closely matched by those of the [1+

1 ] state (which
displays the signatures characterizing the [1+

M ] state in
the U(5) limit) so that we propose the identification of
this state as the lowest [1+] MS state. However, in the
absence of any systematic information on the 1+ MS state
in nuclei close to the U(5) limit, a word of caution is in
order and any definite conclusion on the nature of this
state can only be drawn from the measurement of absolute
transition strengths for the de-exciting transitions. From
our analyses of the ruthenium and palladium chains [23,
25] and from the discussion on the 2+

3 states in 104,106Pd
given above it turns out that the B(M1) strength should
have values of � 10−2µ2

N for “allowed” transitions.
We note that the properties of the 2276 keV level differ

considerably from those observed for the [1+] MS states
in γ-soft nuclei, one of the most striking differences being
related to the decay to the ground state. Indeed, in nuclei
having a structure close to the O(6) limit (where, as is well
known, the 1+

M → 0+
1 transition is allowed) the lowest 1+

MS state, which appears normally to be fragmented, has a
summed B(M1; 1+

M → 0+
1 ) strength of � 0.1–0.2 µ2

N (see,
e.g., [46]).

The calculations predict for the [1+
2 ] state an exci-

tation energy of 2603 keV, very close to that of the
Jπ = 1+, 2+, 3+ state at 2573 keV. Since the branching ra-
tios are well reproduced and the value of the mixing ratio
for the transition to the 2+

2 state (deduced in [28] in the
hypothesis of J = 1) compares well with the predicted one
we propose to identify the 2573 keV state with the second
excited state of column (d).

3 Conclusions

The study we have performed [25] in the framework of the
IBA-2 model of low-lying states in 104Pd has led to the
identification of the lowest 2+ and 3+ MS states at about
1.8 MeV (independently proposed by Kim et al. [27]) and
of four more MS states at about 2.2 MeV. The new experi-
mental information that we have recently obtained [28] on
spin parity and decay properties of the levels of this nu-
cleus, populated in the EC-β+ decay of 104g,mAg, led us
to extend the calculations to higher energies. In the anal-
ysis, the same model parameter as in [25] have been used,
apart from the Majorana parameter ξ1 whose value has
been changed to investigate whether the positive-parity
state at 2276 keV, to which we assigned spin 1, could be
identified as the lowest 1+ MS state.

On the basis of the comparison of experimental and
predicted properties, eight additional levels up to 3 MeV
of spin J = 1–5 have been identified or proposed as states
of collective nature.

The organizing ability of the model is evident from
fig. 4 where all the states of fig. 1 are sorted in four sep-
arated groups that correspond to those in which can be
arranged the Fmax and Fmax − 1 states in the U(5) limit.
In the same figure are also reported the states of 106Pd
identified as collective ones in [25], analogously arranged

in groups to stress the similarity in the structure of the
two isotopes. One can observe that

i) all the members of the nd = 2 and nd = 3 “triplets”
have been identified in both 104Pd and 106Pd;

ii) complementary information for the nd = 4 “multi-
plets” are provided by the states in the two isotopes;

iii) the average energy of the corresponding nd “multi-
plets” decreases from 104Pd to 106Pd, as expected for
states of collective nature when the neutron number
increases toward the middle of the shell (50–82);

iv) altogether, forty collective states have been proposed
or identified in the two isotopes. As to 104Pd, strong
indications for the identification of the lowest 1+

1 MS
state with the 2276 keV state are provided.

In conclusion, it appears that about 60% of the states
up to 3 MeV populated in the decay of 104Ag can be in-
terpreted as collective ones and that the β decay is very
effective in populating MS states. How this could happen
has been first illustrated by Iachello [47] for nuclei having
a structure close to the U(5) limit; as an example he con-
sidered the decay of the 1+, ground state of 100Tc to the
2+
3 state in 100Ru, identified in [15] as the lowest 2+ MS

state. The detailed description of a process like the EC-β+

decay of 104Ag, where several FS and MS states are pop-
ulated, is a major challenge for the otherwise well-tested
interacting boson- and fermion-boson models.

Many thanks are due to E. Canetta and G. Maino for helpful
discussions.
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