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Interacting boson approximation-2 analysis of the Pd and Ru chains. I. Mixed symmetry states
of F max21 character in even palladium isotopes
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An analysis of positive parity levels in the even palladium isotopes1002116Pd has been carried out in the
framework of the interacting boson approximation-2 model to identify states having large mixed-symmetry
components. By means of numerical calculations, performed in the U~5! limit of the model, it has been
possible to find simple relations obeyed by the eigenvalues of the generalized Majorana operator for the
mixed-symmetry states havingF5Fmax21. These results have been utilized as a starting point for our analy-
sis. Experimental energies, static and transition electric quadrupole and magnetic dipole moments as well as
mixing ratios and intensity ratios have been compared to the values calculated by using a realistic Hamiltonian.
In the analysis only six out of the twelve model parameters have been varied as a function of the neutron
number. A good overall agreement has been found. A detailed investigation of the level structure made it
possible to identify whole groups of states of predominant mixed-symmetry character and to establish, in most
cases, a close correspondence with states of the U~5! limit of the model.@S0556-2813~98!02412-1#

PACS number~s!: 21.60.Fw, 21.10.Re, 27.60.1j
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I. INTRODUCTION

The interacting boson model, in its early version IBA
@1#, which is fully symmetric in the proton and neutron d
grees of freedom, has been very successful in reprodu
the properties of many low-lying positive parity levels
medium and heavy even-even nuclei@2#. However, even a
simple inspection of the excitation-energy patterns at ra
low energy~say <3 MeV) reveals the presence of leve
which cannot be interpreted in the IBA-1 model space. T
IBA-2 extension of the model predicts a new class of sta
@3,4# having mixed symmetry~MS! in the proton and neu
tron degrees of freedom, some of which could possibly
identified with the additional states.

An investigation aimed at clarifying to what extent th
IBA-2 model can describe positive parity states in even-e
medium and heavy nuclei needs a systematic compariso
experimental data and theoretical predictions, e.g., ove
isotopic chain. In this case the parameters of the adop
model Hamiltonian and transition operators are requeste
vary smoothly from one isotope to the next, thereby reduc
the possibility of achieving ‘‘fictitious’’ good agreemen
with experimental data by fine tuning the parameters for e
isotope. Moreover, by considering a whole isotopic ch
~or, better, several neighbouring ones! the difficulties arising
from the lack of important experimental data may be atte
ated.

Some years ago we started, in the framework of
IBA-2 model, an investigation of nuclei having a proto
number close toZ550. From the analysis of energies, sta
moments, transitions rates and mixing ratios in110,112,114Cd
PRC 580556-2813/98/58~6!/3316~19!/$15.00
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isotopes (Z548) we found evidence for identifying the 23
1

state as the lowest state of MS character@5#. Later on, our
analysis of theB(E0)/B(M1) ratios in the 23

1→21
1 transi-

tions supported this interpretation@6#. We thus extended ou
study to even982114Ru isotopes (Z544) providing a large
body of evidence for assigning to several levels an MS ch
acter@7#. In particular, the 23

1 state has been shown to be th
lowest state of MS character all along the isotopic chain;
31

1 level has been found to be the lowest odd-spin state h
ing a large MS component and, in the heavier isotopes of
chain, a band of MS states havingJp551, 71, and 91

above this level has been identified. Sizable MS compone
have also been found for the 62

1 and 82
1 states.

In this work we present the results of our study
1002116Pd isotopes (Z546). A preliminary account of some
aspects of this work has been presented in@8#.

A systematic analysis of even palladium isotopes, in
framework of the IBA-2 model, has been performed a lo
time ago by Van Isacker and Puddu@9# who only considered
fully symmetric ~FS! states. Recently, results of IBA-2 ca
culations on1022116Pd isotopes have been published by K
et al. @10#.

II. PROPERTIES OF F 5F max21 STATES
IN THE U „5… LIMIT

As pointed out by several authors~e.g., @10,11#!, even
palladium isotopes belong to a region of transition from t
U~5! to the O~6! limit of the IBA model. These limits corre-
spond, in a geometrical picture, to anharmonic vibratio
andg unstable nuclei, respectively.
3316 ©1998 The American Physical Society
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PRC 58 3317INTERACTING BOSON . . . . I. . . .
The problem of the identification of MS states other th
the lowest ones has been faced, for the first time, in our w
on ruthenium isotopes@7# where, due to the lack of specifi
guidelines, we referred to the U~5! limit of the model to
obtain information on the properties which possible can
dates should possess.

In the U~5! limit, states are characterized@2# by the quan-
tum numbers

@Nn#3@Np# @N2 f , f # $n1 ,n2% ~v1 ,v2! a L,

which label the irreducible representations of the groups
the chain

Un~6!

3Up~6!.Un1p~6!.Un1p~5!.On1p~5!.On1p~3!.

~1!

Here Nr (r5p,n) is the number ofr bosons,N5Np

1Nn and a is a label necessary to completely specify t
On1p(5).On1p(3) reduction.

Instead of the the quantum numbers@N2 f , f # one can
use the quantities@N, F#, theF-spin quantum number bein
related tof by the expressionF 5 N/22f @12#.

Fully symmetric states have the maximum value of
F-spin (Fmax5N/2) and are equivalent to the IBA-1 state
with the same value ofN. Mixed-symmetry states are cha
acterized by quantum numbersF5Fmax21, Fmax22 . . . ,
down to the minimum value given byFmin51/2 uNp

2Nnu.
The simplest form of the Hamiltonian in the U~5! limit is

given by

H5«~ n̂dp1n̂dn!1M̂pn . ~2!

Heren̂dr
5(dr

†
•d̃r) is thed-boson number operator andM̂pn

represents the Majorana operator which has zero eigenva
when applied to FS states and is responsible for the shi
excitation energy of MS states with respect to FS states
the most general form it is given by

M̂pn5 1
2 j2@sn

†3dp
† 2sp

† 3dn
†#~2!

•@ s̃n3d̃p2 s̃p3d̃n#~2!

1j1@dn
†3dp

† #~1!
•@ d̃n3d̃p#~1!

1j3@dn
†3dp

† #~3!
•@ d̃n3d̃p#~3!, ~3!

wherej1 ,j2 ,j3 are the so-called Majorana parameters. F
increasing values of these parameters mixed-symmetry s
move to higher energy.

The eigenvalues ofM̂pn have been given in closed form
only for the particular casej15j352j2 @13#.

Having realized in our previous analyses the importa
of using unconstrained Majorana parameters for the iden
cation of MS states, we diagonalized the Hamiltonian~2! to
find out whether analytic expressions were obeyed by
eigenvalues of the generalized Majorana operator~3!. Calcu-
lations were performed by using the NPBOS code@14#. As a
result, we found that all states havingF5Fmax21 can be
arranged in three groups, according to the different dep
dence of their excitation energies onj1 ,j2 ,j3 . For two of
rk
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these groups the eigenvalues of the Hamiltonian~2! can be
given in a closed analytic form depending only onj2 andj3 .
For the third group the excitation energy depends on all
Majorana parameters according to an expression of the

E5«nd1
1

2
Nj21

1

2
nd~2j21j1!1z~2j11j3!, ~4!

wherez is a positive coefficient which depends on the nu
ber of d-bosons and assumes different values for states h
ing the samend . For any givennd , its value is smaller than
1/2 nd , so that the total coefficient ofj1 in Eq. ~4! is posi-
tive.

In Fig. 1 are reported the excitation-energy pattern of
states and of the three groups of MS states havingF5Fmax
21 for a nucleus havingN57. States are displayed in sep
rate columns according to the expressions obeyed by t
energy eigenvalues, which are reported in the lower par
the figure. In each column, the full range ofnd values al-
lowed by the labels of the irreducible representations of
U~6! and U~5! groups~given in the upper part of the figure!
is reported. For a givennd , in columns~a! and (a8), (b8) are
displayed the five FS states and the three MS states of h
est spin. We remark that thend53 multiplet in column (b8)
is composed of only three states. States of column (c8) can
be grouped in different subsets distinguished by the exp
sion of the coefficientz in Eq. ~4!: in Fig. 1 we display only
the energy of the two subsets of states which, for any gi
nd , have the highest and second highest spin value.

States in columns~a!, (a8), (b8) belong to degenerate
multiplets characterized by the number ofd-bosons. States in
columns (a8) are the counterpart of the states in column~a!
having the same spin andd-boson number. The spacing Sa8
between MS multiplets in column (a8) is the same as that o
FS multiplets in column~a! (Sa85Sa5«). The spacing Sb8
between multiplets in column (b8) depends onj2 , j3 and is
given by Sb85«11/2(2j21j3).

As long asj2 is positive andj3 negative~which is the
case in the following analysis! the spacing Sb8 is smaller than
Sa so that states of columns (b8) can become yrast. Fo
example, in the case reported in the figure, the odd-spin y
band, starting from the 51 state, is made-up by the states
highest spin in each multiplet of column (b8). This is not the
case for states of column (a8) whosend-multiplets are al-
ways higher in energy than the corresponding ones in
umn ~a!.

The regularities we found in spectra of the Majorana o
erator for states of columns (a8), (b8) and for the lowest
states of column (c8) have been explained by Talmi@15# on
the basis of partial dynamic symmetries of the IBA-2 Ham
tonian in the Un1p(5) limit.

A safe identification of a class of states relies not only
the comparison of predicted and observed excitation-ene
patterns but also on a detailed analysis of their decay mo

In the IBA-2 modelE2 andM1 operators are expresse
as @2#

T̂~E2! [en T̂n~E2!1ep T̂p~E2!

5enQ̂n1epQ̂p , ~5!
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3318 PRC 58A. GIANNATIEMPO, A. NANNINI, AND P. SONA
FIG. 1. Excitation energies of FS states and MS states havingF5Fmax21 in the U~5! limit, for the particular caseNp52, Nn55.
Expressions reported at the bottom of the figure are valid in the U~5! limit for any N. The parameters used in the Hamiltonian are«
50.300 MeV, j150.250 MeV, j250.160 MeV, j3520.055 MeV. MS states are reported in columns according to their diffe
dependence on the Majorana parameters, given in the lower part. At the top of each column are shown the quantum numbers$n1 ,n2% of the
relevantUn1p(5) representation. The number ofd-bosons is reported in square brackets. In column~c8! z50.30(nd22) for odd spin states
andz50.10(nd23) for even spin states.
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T̂~M1! [gn T̂n~M1!1gp T̂p~M1!

5A 3

4p
~gnL̂n1gpL̂p!, ~6!

where

Q̂r5@dr
†3 s̃r1sr

†3d̃r#~2!1xr@dr
†3d̃r#~2!, ~7!

L̂r5A10@dr
†3d̃r#~1!. ~8!

In these expressionsxr is an adimensional coefficient,er

and gr are the effective quadrupole charges and gyrom
netic ratios andL̂ is the angular momentum operator.

Because of the form of the transition operators,E2 tran-
sitions obey the selection ruleDnd50,61 while M1 transi-
tions can only connect states having the samed-boson num-
ber.
-

Both E2 and M1 transitions obey theF-spin selection
rule DF50, 61; moreoverM1 transitions are forbidden
between FS states@16,17#. The reduced matrix element

^iT̂ni& and^iT̂pi& of theM1 transition operator have alway
the same absolute values but opposite signs@17#, so thatM1
transition probabilities are proportional to (gp2gn)2. As to
E2 transitions, the relation̂iT̂ni&52^iT̂pi& holds when
DF561 @18#; in this caseE2 transition probabilities be-
tween states having the samed-boson number will be pro-
portional to (enxn2epxp)2, while those between states di
fering by oned-boson will be proportional to (en2ep)2.

In the U~5! limit, expressions for the electromagnet
properties of low lying states of columns (a8), (b8), (c8)
have been derived in closed form in@18–20#. It turns out that
E2 transitions betweenF5Fmax21 states are of the sam
order of magnitude as those between FS states.

The properties just discussed provide useful signatures
the identification of states havingF5Fmax21 character in
nuclei having a structure close to the U~5! limit. For ex-
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PRC 58 3319INTERACTING BOSON . . . . I. . . .
ample, the identification of the lowest lying 21 MS state in
nuclei having a vibrational structure has been based on
presence of a strongM1 component~therefore on a smal
value of theE2/M1 mixing ratiod) in the transition to the
21

1 state~see, e.g.,@17# and references therein!.

III. PARAMETERS OF THE IBA-2 MODEL

For the present calculations we adopted the same Ha
tonian as in our previuos work on the ruthenium chain@7#,
namely

H5« ~ n̂dp
1n̂dn

!1k Q̂p•Q̂n1wpn L̂p•L̂n1M̂pn . ~9!

With respect to the Hamiltonian~2! there are two additiona
terms representing the quadrupole and dipole interactions
tween neutron-boson and proton-boson. Because of t
terms, the Hamiltonian is no longer anF-scalar so that the
wavefunction of a state can have differentF-spin compo-
nents.

Calculations have been performed by using the NPB
code@14# which gives the structure of the wave function
each state in terms of the number ofd-boson andF-spin
components. Even palladium isotopes have two prot
bosons and a number of neutron-bosons which reach
maximum of eight for the neutron numberN566, half way
between the closed shells atN550 and N582. For A
>100 the possibleF-spin values range fromFmax to Fmax
22.

The parameters«, k, wpn , j2 , j3 have been deter
mined so as to reproduce as closely as possible
excitation-energy of all positive parity levels for which
clear indication of the spin value exists, following the sam
procedure described in@7#. For the final choice of the param
etersxp andxn , their influence on quadrupole moments a
E2/M1 mixing ratios has also been taken into account. T
value ofxp has been kept fixed along the isotopic chain
suggested by microscopic considerations which predict
he
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this parameter depends only on the proton number@21#. The
final adopted value (xp520.9) is close to that found (xp

520.8) for the ruthenium chain.
The parameterj1 was fixed at a value sufficiently high t

push the lowest 11 MS state at an energy>2 MeV, due to
the fact that noJp511 level has been definitely identifie
below this energy in all isotopes here examined. We h
also checked that the calculated excitation-energies of
levels relevant to this work do not depend on the value ofj1
when it is varied over a large range of positive values c
tered around 1 MeV.

The effective quadrupole charges have been dedu
through a minimumx2 procedure performed in the way de
scribed in@7#. Their values (ep50.095,en50.115 e b) are
close to those found for the ruthenium chain (ep

50.080, en50.120 e b). For the effective gyromagneti
ratios we adopted the values derived in@7#, namely gp

50.51 andgn50.28 mN .
The full set of adopted parameters is reported in Tabl

Altogether, six out of twelve parameters appearing in

TABLE I. Adopted values for the Hamiltonian parameters us
for IBM-2 calculations. All parameters are given in MeV, exceptxn

~dimensionless!. The values of the parameters kept fixed along
isotopic chain arexp520.90 andj151.0 MeV.

A « k xn wp,n j2 j3

100 0.785 20.06 21.10 0.000 0.33 20.32
102 0.760 20.08 21.10 0.015 0.28 20.29
104 0.800 20.08 20.65 0.030 0.24 20.28
106 0.741 20.08 20.55 0.030 0.20 20.25
108 0.678 20.08 20.50 0.040 0.12 20.25
110 0.624 20.08 20.40 0.050 0.11 20.20
112 0.604 20.10 0.10 0.060 0.00 20.19
114 0.547 20.10 0.20 0.060 0.01 20.18
116 0.550 20.10 0.20 0.060 0.05 20.16
unction of
FIG. 2. The adopted values of the Hamiltonian parameters which have been varied along the isotopic chain are shown as a f
the neutron number for palladium~circles! and ruthenium~triangles! isotopes. The parameters«,k,wpn ,j2 ,j3 are reported in MeV. Data on
ruthenium isotopes are taken from@7#.
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3320 PRC 58A. GIANNATIEMPO, A. NANNINI, AND P. SONA
Hamiltonian and in theE2 andM1 operators have been ke
fixed along the isotopic chain. In Fig. 2 the values of t
remaining parameters are reported as a function of the
tron number together with the corresponding values for
thenium isotopes. One can observe the following.

They have quite similar values for isotones of the tw
isotopic chains and vary smoothly from an isotope to
neighboring one.

k varies over a quite restricted range with a maximu
absolute value of 0.1 MeV.

The behavior ofxn is that expected on the basis of m
croscopic calculations@21#, i.e., it has negative values o
large magnitude at the beginning of the neutron shell
rises to positive values beyond half shell.

j2 and j3 show the same trend found for the rutheniu
chain: j2 has large, positive values at the beginning of t
neutron shell and decreases monotonically towards
middle of the shell whilej3 displays the opposite trend.

The values of bothj2 andj3 fall in a narrow band thereby
defining a region of reasonable values for these paramete
the A5100–120 mass region.

An important starting point for establishing the presen
of states of MS character is to investigate whether there
states whose excitation energies can be reproduced by a
able choice of the Majorana parameters. To disentangle
effect of the latter from that due to the remaining Ham
tonian parameters, we first checked whether the predi
excitation energy of states whose wave functions have a
dominantF5Fmax component~thus being very little affected
by j2 and j3) is close to the experimental ones. A gene
idea of the agreement of experimental and calculated ex
tion energies for the even-spin yrast states up toJ58 ~they
turn out to be of FS character! can be obtained from Fig. 3
We then considered the influence ofj2 andj3 on the exci-
tation energy of the remaining states for all the palladi
isotopes studied in this work and in each case very impor
information has been gained for identifying possible M
candidates.

To illustrate the procedure that has been followed,
most useful example is that of106Pd, since an ample exper
mental information is available on its excitation-energy p
tern, which is shown in Fig. 4. For the sake of clarity, grou

FIG. 3. Experimental excitation energies of the even-spin y
states up toJ58 in the palladium chain are compared to the calc
lated values.
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of states of a given spin are reported in separate boxes.
experimental data include all positive parity levels up to 2
MeV ~they all have definite spin assignement! and, above

st
-

FIG. 4. Experimental values of the excitation energies of po
tive parity levels in106Pd are compared to those calculated by us
the Hamiltonian parameters given in Table I@column~a!# and those
obtained by settingj25j351 MeV @column ~b!#. The two states
which have no connecting line are interpreted as lying outside
standard IBA-2 model space.
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FIG. 5. Experimental and calculated excitation energies for positive parity states in1002116Pd. Full~open! character on the left part of the
figure refer to experimental states whose spin and parity have been uniquely assigned~proposed!; when several spin assignments a
consistent with experimental data the assumed value is reported in brackets.
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this energy, only those of definite spin Ji with no ambiguity
on the ordinali induced by uncertainties about the spin
lower lying states. In the figure their excitation energy
compared to that calculated by using the adopted set of
rameters@column ~a!# or the set obtained by changing on
the Majorana parameters to the valuesj25j351 MeV @col-
umn~b!#. With the latter choice, all states in column~b! have
an Fmax component~amplitude square! larger than 0.98,
since all MS states have been moved to much higher ene
It is seen how the agreement with the experimental data
matically improves in passing from column~b! to ~a!.

IV. EXCITATIONS ENERGIES AND ELECTROMAGNETIC
PROPERTIES

The comparison of experimental and calculated ener
of positive parity states in1002116Pd is given in Fig. 5. Ex-
perimental data are taken from the following referenc
100Pd @23#, 102Pd @24#, 104Pd @25,26#, 106Pd @27,28#, 108Pd
@28–30#, 110Pd @28,31–33#, 112Pd @34,35#, 114Pd @35,36#,
116Pd @35,37#.

For each isotope all the experimental energies of posi
parity states up to that of theJi

1561
1 level are reported in

the figure. Above this energy, up to 5 MeV, we only displa
as a rule, states havingJ>4 with definite or strongly sug-
gested spin assignement and definite value of the ordini.
Experimental energies are reported on the left part of
a-

y.
a-

s

:

e

,

e

figure and the calculated ones on the right part. The latter
grouped in two columns: states of predominant FS chara
are reported on the left of the dashed line, while those
predominant MS character are given on the right. The
perimental levels are also arranged in two columns so a
display clearly our proposed correspondence.

As to the e.m. properties, the experimental values of e
tric quadrupole and magnetic dipole moments of the relev
states of each isotope as well asB(E2) andB(M1) reduced
transition probabilities,E2/M1 mixing ratios and intensity
ratios for the deexciting transitions have been compared
the calculated ones. In this analysis we used forxp andxn in
the expression of the E2 operator~5! the same values
~consistent-Q formalism @2#! as in the Hamiltonian~9!.

The relevant experimental data for each isotope are fr
the same references given above, except for the two pos
values ofd(31

1→21
1) in 104Pd @38#.

All available experimental data on magnetic dipole m
ments andB(M1)’s are reported in Table II together wit
the corresponding calculated values.

The experimental and predicted values of the elec
quadrupole moments Q andB(E2) reduced transition prob
abilities are shown in Figs. 6,7. TheB(E2) values are dis-
played on a logarithmic scale since their values vary ove
orders of magnitude.

The E2/M1 mixing ratios, defined by the usual expre
sion @22#
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FIG. 6. Experimental and calculated values forB(E2) reduced transition probabilities of the indicated transitions and electric quadru
moment of the indicated levels in102,104,106,108,112,114,116Pd.

TABLE II. Experimental values of magnetic dipole momentsm (mN) and reduced transition probabilities
B(M1) (mN

2 ) are compared to the calculated ones for even palladium isotopes. The valuesgp 5 0.51
mN , gn 5 0.28 mN for the effective giromagnetic ratios have been used. The calculated value of
B(M1; 22

1→21
1) in 102Pd is reported in italics since the interpretation of the 22

1 level in the framework of
the model is doubtful~see text!. The experimentalB~M1! values of the 22

1→21
1 transition in 104Pd and

23
1→21

1 , 42
1→41

1 transitions in 106Pd have been deduced from the relevant values ofB(E2) and d2

@24,25,26#. The limit for B(M1; 23
1→21

1) in 104Pd has been deduced from the relevant values of
B(E2; 23

1→01
1) and of the branching ratio@24# in the hypotehsis that the 23

1→21
1 transition has a pureM1

multipolarity.

A m(21
1) B(M1; 22

1→21
1) B(M1; 23

1→21
1) B(M1; 42

1→41
1)

Expt. Calc. Expt. Calc. Expt. Calc. Expt. Calc.

102 0.82~8! 0.76 0.0036~7! 0.00001
104 0.82~6! 0.74 0.0011~19! 0.0002 .0.013 0.015
106 0.80~4! 0.72 0.0004~2! 0.0002 0.021~4! 0.011 0.0045~6! 0.0003
108 0.72~6! 0.70 0.0043~11! 0.0004
110 0.62~6! 0.70 0.001125

111 0.0003
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FIG. 7. As in Fig. 6 for 110Pd. To help in the comparison, data concerning experimentalB(E2) values larger than 1022 e2 b2 are
reported on the left, the remaining ones on the right side of the figure. Experimental values are deduced from the data reported@32#.
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d~Ji
p→Jf

p!520.835Eg~MeV!
^Jf

piT̂~E2!iJi
p& ~e b!

^Jf
piT̂~M1!iJi

p& ~mN!
~10!

are given in Table III together with intensity ratios. In th
table, to make it apparent the contributions of theE2 and
M1 strenghts to the observed branching ratio we report,
each transition, besides the calculated values ofB(M1) and
B(E2), the absolute transition probabilities

Wg~M1!51.7631013 Eg
3~MeV! B~M1! s21, ~11!

Wg~E2!51.2231013Eg
5~MeV! B~E2! s21. ~12!

We note the general good agreement between the ca
lated and experimental data. We must mention that spec
scopic data concerning the 02

1 state in102 Pd and the 45
1state

at 2.350 MeV in 110Pd have not been included in Figs. 6
and Table III since the model fails to reproduce their pro
erties. Indeed, the 02

1 state has a strongly hindered decay
the 21

1 state @B(E2; 02
1→21

1),431024 W.u.# and a
r

u-
o-

-

strongE0 transition to the ground state, so that it clearly li
outside the IBA-2 model space, as already remarked
@39,10#. In 110Pd the calculations predict only four 41 states
in the energy region between 2.2 and 3 MeV whereas five
experimentally known. By comparing experimental and c
culated decay properties we are led to conclude that the5

1

state lies outside the IBA-2 model space.

V. DISCUSSION OF THE RESULTS

We now discuss the results reported in the previous s
tion with the aim of identifying the predominant symmet
character of as many states as possible. In particular, we
try to establish a correspondence between the states show
Fig. 5 and the states of the U~5! limit given in Fig. 1. For the
sake of simplicity, we will refer to this limit also for the
heavier isotopes of the chain even though their structure
pears to be slowly changing towards the O~6! limit of the
model.

A. FS states

In this subsection we consider the states of spin<8 re-
ported on the left of the dashed lines in Fig. 5.
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TABLE III. Experimental and calculated mixing ratiosd and relative intensities forg transitions deexciting the indicated levels
1022116Pd. The units for transition energiesEg and reduced transition probabilitiesB(M1), B(E2) are MeV, 1024mN

2 and 1024 e2 b2,
respectively. The calculatedM1 andE2 transition probabilites~in 109 s21) are given in columns 9 and 10. The valuesep50.095, en

50.115 e b for the effective charges andgp 5 0.51,gn 5 0.28mN for the effective giromagnetic ratios have been used. Calculated
concerning the 22

1 level in 102Pd are reported in italics since the interpretation of this state in the framework of the model is doubtfu~see
text!.

A Ji
p Jf

p Eg d B(M1) B(E2) Wg(M1) Wg(E2) Relative intensities
Calc. Expt. Calc. Expt.

102 22
1 01

1 1.535 7 73 100 100~10!

21
1 0.978 272 2.8~2! 0.7 733 0.3 830 1077 97~8!

31
1 21

1 8 >15
104 05

1 21
1 1.538 9 113 100 100~6!

22
1 0.797 0.7 0.3 0.2

23
1 0.343 401 2.3 2

22
1 01

1 1.342 10 52 13 86~5!

21
1 0.786 216 24.8~42! 2 1120 2 412 100 100~6!

23
1 01

1 1.794 6 130 25 10~1!

02
1 0.460 87 2 0.4 4~1!

21
1 1.238 0.2 M1 154 5 514 16 100 100~6!

25
1 21

1 1.689 7 0.5 57 9 100 100~10!

22
1 0.902 5 3 7 2 14 10~2!

31
1 21

1 1.265 21.6 0.23~7! or
udu.13

6 13 20 53 100 100~10!

22
1 0.479 20.7 M1,E2 97 268 19 8 37 24~4!

41
1 0.498 20.4 M1,E2 72 80 16 3 25 77~8!

42
1 21

1 1.527 2 23 13 85~8!

22
1 0.740 815 221 125 95~5!

41
1 0.759 28 20.84~24! 3 566 2 174 100 100~5!

43
1 21

1 1.626 0.4 5 6 50~5!

22
1 0.840 2 1 1 12~3!

41
1 0.858 20.02 0.45~30! 84 0.1 94 0.05 100 100~1!

44
1 21

1 1.708 0.3 6 3 4~1!

22
1 0.923 0.1 0.7 0.03 28~3!

31
1 0.444 28 204 4 4 4 7~1!

41
1 0.942 0.22 20.64~14! 144 11 10 222 100 100~!

42
1 0.183 21 18 0.2 0.005 0.1 2~1!

106 02
1 21

1 0.622 1360 154 100 100
22

1 0.006 839 731029 0
04

1 21
1 1.490 3 26 2.8 0.8~1!

22
1 0.873 1480 915 100 100~1!

23
1 0.439 33 0.7 0.1 2.9~5!

05
1 21

1 1.766 12 255 100 100~2!
22

1 1.150 0.8 2 1 9~1!
23

1 0.716 704 162 63 29~1!
22

1 01
1 1.128 16 36 24 54~1!

21
1 0.616 213 29.4~20! 2 1410 0.9 152 100 100~2!

23
1 01

1 1.562 7 74 33 10.4~1!
02

1 0.429 374 7 2.9 4.5~1!
21

1 1.050 0.17 0.24~1! 107 4 219 6 100 100~2!
22

1 0.434 1 85 0.1 2 0.8 1.3~1!
41

1 0.333 143 0.7 0.3
24

1 01
1 1.909 0.4 12 5 35~4!

21
1 1.397 52 2 250 14 100 100~1!

22
1 0.782 0.01 231 0.007 82 32 3~1!

25
1 01

1 2.243 0.5 32 5 16~1!
02

1 1.109 1 2.5 0.4 47~4!
21

1 1.730 1 3 9 54 10 18~1!
22

1 1.115 22.0 1.520.2
10.3 51 232 123 487 100 100~7!
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TABLE III. ~Continued!.

A Ji
p Jf

p Eg d B(M1) B(E2) Wg(M1) Wg(E2) Relative intensities
Calc. Expt. Calc. Expt.

23
1 0.680 26 M1,E2 13 393 7 70 13 78~14!

31
1 0.684 50 142 28 26 9 43~2!

26
1 01

1 2.309 1 95 95 <9
21

1 1.797 0.63 0.25~2! 7 1 71 28 100 100~2!

22
1 1.180 0.44 20.06~12! 91 2 25 5 30 53~1!

31
1 0.751 1 453 0.8 132 134 4~1!

31
1 21

1 1.046 22.2 23.8~4! 4 27 9 42 100 100~5!

22
1 0.430 21.4 27.9~8! 59 906 8 16 48 45~1!

41
1 0.328 20.69 E21(M1) 45 285 3 1 8 3.9~2!

42
1 21

1 1.419 3 19 4 0.3~1!

22
1 0.804 1080 444 100 100~4!

23
1 0.374 26 0.2 0.1 2.1~3!

41
1 0.703 29.9 22.30~2! 3 750 2 157 36 36~1!

43
1 21

1 1.566 0.7 8 8 6~1!

22
1 0.950 2 2 2 12~2!

41
1 0.847 82 0.5 88 0.3 100 100~33!

44
1 21

1 1.771 0.2 5 2 4~1!

41
1 1.054 0.3 M1,E2 110 12 227 19 100 100~15!

51
1 31

1 0.808 984 413 100 100~5!

41
1 1.137 14 3 35 7 10 6~1!

42
1 0.434 93 125 13 2 4 2~1!

52
1 31

1 1.199 140 423 40 40~2!

41
1 1.528 4.8 22.5~1! 0 5 2 50 5 58~15!

42
1 0.825 3.7 26.5~6! 5 154 5 72 7 55~1!

44
1 0.474 21.3 24.020.6

10.9 16 178 3 5 0.8 3.3~2!

51
1 0.391 20.8 E2(1M1) 32 176 3 2 0.5 13.3~5!

61
1 0.680 210 M1,E2 0 113 0.2 20 1.9 5.5~3!

53
1 31

1 1.394 79 508 93 93~11!

41
1 1.723 2.1 22.5~14! 1 3 13 57 13 74~14!

42
1 1.020 21 M1,E2 0 246 1 331 61 66~5!

43
1 0.874 42 219 50 137 34 21~3!

51
1 0.586 21.9 M1,E2 8 125 3 10 3 28~3!

52
1 0.195 0.22 M1(1E2) 30 55 0.4 0.02 0.1 19~2!

108 22
1 01

1 0.931 30 25 42 22~2!

21
1 0.497 28.3 23.1~4! 4 1610 0.9 60 100 100~2!

23
1 01

1 1.441 8 57 39 22~2!

02
1 0.389 510 6 4 13~5!

21
1 0.901 104 16 135 12 100 100~5!

22
1 0.510 0.3 77 0.06 3 2 ,25

31
1 21

1 0.901 6 43 8 31 167 96~6!

22
1 0.404 22 M1,E2 54 1330 6 17 100 100~2!

110 22
1 01

1 0.814 47 20 55 35~4!

21
1 0.440 28.6 24.621.2

11.9 3 1830 0.5 37 100 100~3!

23
1 01

1 1.214 8 27 100 100~7!

02
1 0.267 1060 2 7 24~4!

21
1 0.841 57 13 59 7 249 63~16!

22
1 0.401 0.2 190 0.03 2 9 28~12!

41
1 0.294 620 2 6

31
1 21

1 0.838 4 75 4 38 141 58~10!

22
1 0.399 27 2200 3 27 100 100~10!

41
1 0.292 22 660 1 2 9 10~1!

42
1 22

1 0.585 1670 139 100 100~6!

41
1 0.478 4 1050 0.7 32 23 62~9!
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TABLE III. ~Continued!.

A Ji
p Jf

p Eg d B(M1) B(E2) Wg(M1) Wg(E2) Relative intensities
Calc. Expt. Calc. Expt.

112 22
1 01

1 0.737 90 24 94 44~4!

21
1 0.388 31 2070 3.2 22 100 100~7!

23
1 01

1 1.140 3 7 4
02

1 0.250 574 0.7 0.4
21

1 0.792 122 167 107 63 100 100
31

1 21
1 0.748 11 120 8 34 168 91~7!

22
1 0.360 43 2960 3.5 22 100 100~11!

41
1 0.213 37 865 0.6 0.5 4.3 3.6~9!

114 22
1 01

1 0.694 71 14 78 66~3!

21
1 0.362 21 1965 2 15 100 100~3!

31
1 21

1 0.679 10 94 5.5 17 100 100~6!

22
1 0.317 45 2580 2.5 10 57 84~3!

42
1 22

1 0.626 1617 189 100 100~12!

41
1 0.468 37 1068 7 29 19 33~8!

116 22
1 01

1 0.738 53 14 60 70~12!

21
1 0.398 15 1810 2 22 100 100~16!

31
1 21

1 0.726 8 71 5 18 100 100~41!

22
1 0.329 44 2070 3 10 54 58~13!
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From the decomposition of the wave functions in terms
F-spin andnd-components~amplitude square!, it turns out
that these states have an FS character all along the iso
chain and that, at least for the lighter isotopes, a close
respondence with states in column~a! of Fig. 1 exists. As an
example, we show in Fig. 8 the structure of the even-s
yrast states up toJ58. For these states the amount ofF-
symmetry breaking is quite limited, except for the predict
81 state in 102Pd ~this case will be discussed in the seco
part of this work!.

In the lighter isotopes these states show a remarkable
rity also with respect to thed-boson number; thend compo-
nent which by far outweighs the remaing ones is that
pected for a nucleus having a structure close to the U~5!
limit. The purity decreases in the heavier isotopes, reflec
a slight change of their structure towards the O~6! limit
wherend is no longer a good quantum number.

We now discuss the e.m. properties of the states in o
of increasingnd .

~i! The calculations reproduce correctly the electric qu
rupole moment of the 21

1state, both in magnitude and sig
as well as theB(E2) value of the 21

1→01
1 transition. The

same comment applies to the magnetic dipole moment of
21

1 state thereby justifying our choice of keeping the gy
magnetic factorsgp andgn to the same values found for th
ruthenium chain.

~ii ! All the states belonging to thend52 triplet have been
clearly identified in several isotopes. In102Pd, however, the
possibility of interpretating the 22

1 state as a state of th
triplet seems a little doubtful. Indeed, the calculations und
estimate its energy~by 16% while reproducing that of the 41

1

state within 2%! as well as the values of theB(M1; 22
1

→21
1) andB(E2; 22

1→01
1). The latter has an experiment

value of the same order of magnitude as theB(E2; 22
1

f

pic
r-

n

d

u-

-

g

er

-

e
-

r-

→21
1) whereas, at least in the U~5! limit, the 22

1→01
1 tran-

sition (Dnd52) is forbidden.
The e.m. properties of the 41

1 state are well reproduced b
the calculations. The values of the ratioB(E2; 41

1

→21
1)/B(E2; 21

1→01
1), measured in1022110Pd, are scat-

tered around an average value of about 1.6; they comp
much better with the expectations of the U~5! limit ~ranging
from 1.6 to 1.78 for the different isotopes! than with those of
the O~6! limit ~ranging from 1.27 to 1.37!.

The quadrupole moment of the 22
1 level, as well as

B(E2) values of the deexciting transitions show a fair
good agreement with the calculated data. It is interesting
observe that the experimental quadrupole moment, wh
has been measured in1062110Pd, has the opposite sign of tha
of the 21

1 state, as expected in the U~5! limit. The calculated
B(M1; 22

1→21
1) agree in order of magnitude with the ex

perimental ones 1023– 1024mN
2 ~see Table II!. Since M1

transitions are forbidden between FS states, theM1 compo-
nent in the 22

1→21
1 transition can only be explained on th

basis of the MS components present in the wave function
the 21

1 ~see Fig. 8! and of the 22
1 state ~for which the

strength of the MS component varies from 0.02 to 0.10
going from 104Pd to 110 Pd!. We notice that also the sign o
the E2/M1 mixing ratio of the 22

1→21
1 transition is repro-

duced.
The good agreement between experimental and calcul

values of theB(E2) of the transitions deexciting the 02
1

level in 1042110Pd supports the interpretation of this state
lying within the IBA-2 model space and confirms our fin
ings about the corresponding state in the ruthenium ch
The decomposition of the wave function of the 02

1 level in
terms of F-spin components shows a quite pure FS chara
~iii ! States belonging to thend53 multiplet are clearly iden-
tified in most of the isotopes.
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FIG. 8. F-spin components~left! and the four majornd components~right! are reported for theJ50, 2, 4, 6, 8 yrast states as
function of the mass number for even palladium isotopes; the components of theJ58 state in102Pd are those of the 82

1 state~see second
part of the present work for details!. TheF-spin andnd components~amplitude square! are given as a percentage.
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The e.m. properties of the 61
1 level are in general wel

reproduced. In particular, one might observe that in110Pd the
calculatedB(E2) values for the transitions to the 41

1 , 42
1 ,

43
1 levels are quite close to the experimental values wh

are scattered over three orders of magnitude~see Fig. 7!.
In some isotopes up to three levels of spin 4 are know

an energy comparable to that of the 61
1 level, where only one

state is expected in a model limited to FS states. On the b
of the decay properties it is possible to associate the 42

1 level
with the FS state of thend53 multiplet of Fig. 1. As to the
comparison between experimental and calculated data of
state we only mention the close agreement for the qua
pole moment which has a particularly small absolute val

The discussion about the levels of spin 3 and 2 belong
to thend53 multiplet is postponed to the following sectio
h

at

sis

is
u-
.
g

because it turns out that they are strongly mixed with sta
of the same spin and of lower symmetry.

The model completely fails to reproduce the preferen
decay of the 03

1 level to the 21
1 level in 1042108Pd ~see Fig.

9!. Actually, for isotopes having a structure close to the U~5!
limit, the 03

1→21
1 transition is forbidden. We are then led t

conclude that this state lies outside the model space in s
of the reasonable agreement between experimental and
culated values of its excitation energy~see Fig. 5!. The iden-
tification of a 04

1 state, very close in energy to the 61
1 state,

in 104Pd ~at 2.103 MeV@26#! and in 106Pd ~at 2.001 MeV
@27#! supports this conclusion. While in104Pd the decay of
this state is not known, in106Pd its preferential decay to th
22

1 level closely matches the predictions of the 03
1 model

state. In the heavier isotopes, starting from110Pd, the calcu-
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lations compare much better with the observed decay p
erties of the 03

1 states. In this case the preferential decay
the 21

1state reflects the increasing importance of an O~6!
structure characterized by selection rules which forbid
decay to the 22

1 level.
~iv! The experimental information on states belonging

the nd54 multiplet is rather limited so as to preclude th
possibility of recognizing any systematic trend in their dec
properties apart from the 81

1 state which is known in the
whole chain.

TheB(E2) value of the 81
1→61

1 transition has been mea
sured in 1062110Pd and is well reproduced by the calcul
tions. The experimental value of the ratioB(E2; 81

1

→61
1)/B(E2; 21

1→01
1) suggests a structure of these is

topes still closer to the U~5! than to the O~6! limit. This is
clearly seen in Fig. 10 where the experimental values
B(E2) for the transitions of the yrast band, normalized to
B(E2; 21

1→01
1), are compared to the model predictions f

FS states in the U~5! and O~6! limits @40#.

B. F 5F max21 states

Having clarified which states have a predominant
structure we can now proceed with some confidence to id
tify states having a predominantF5Fmax21 character on
the basis of their excitation energy and e.m. properties.

Referring again to Fig. 1, we will try to establish a corr
spondence with states of columns (a8) and (b8) since, as
remarked in Sec. III, the calculated energies of the sta
reported in Fig. 5 do not depend on the Majorana param
j1 .

First we consider the 23
1 and 31

1 states to check whethe
like in ruthenium isotopes, they could be the lowest sta
having a large MS component. Due to the uncertainty in
identification of the candidates in100,102Pd we only consider
the 23

1 and 31
1 states in1042116Pd. Their energies are we

FIG. 9. Decay scheme of the 03
1 state in even palladium iso

topes. Experimental and calculated~in square brackets! values for
the intensity ratios are shown. Experimental and predictedB(E2)
values~in 1024 e2 b2) are given in the upper part. No experime
tal value exists for the 03

1→22
1 transition in 114Pd, indicated by a

dashed line.
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reproduced by the calculations, where the choice of the M
jorana parametersj2 and j3 plays a crucial role. As seen
from Fig. 11, in the lighter isotopes the 23

1 and 31
1 states are

predicted to have a quite pure Fmax21 character and a main
nd51 andnd52 component, respectively, so that the cor
spondence with the lowest state in columns (a8), (b8) of
Fig. 1 is quite evident. In the heavier isotopes a largeF
5Fmax component, which becomes predominant in110Pd, is
present. The 23

1 state shares its MS character with the 24
1

state. Indeed, it turns out that the summed square ampli
of the Fmax21 component for the 23

1 , 24
1 states is close to

one. This is also the case for theFmax component, meaning
that no additional state withJ52 is significantly mixed with
these states. Similar considerations apply for the 31

1 , 32
1

states.

FIG. 10. Experimental values~crosses! of B(E2) for the transi-
tions in the yrast band, normalized toB(E2; 21

1→01
1), are given

as a function of the spin of the final state. The model prediction
the U~5! ~circles! and O~6! ~squares! limits for the FS states are
given for comparison.
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FIG. 11. F-spin components~left! and the four majornd components~right! are reported for the 23
1 , 31

1 states as a function of the mas
number.
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In 1042112Pd there is a large experimental information
the e.m. properties of the 23

1 state, which are all reasonab
reproduced by the calculations. In particular we notice
importance of the large predictedM1 component in the 23

1

→21
1 transition for reproducing the mixing ratiod(23

1

→21
1), known in 106Pd, as well as the intensity ratios i

1042112Pd ~see Table III!. Where the comparison is possibl
namely in 104,106Pd, the calculated values ofB(M1; 23

1

→21
1) are in agreement with the experimental data, wh

order of magnitude is 1022mN
2 .

This confirms our findings in the ruthenium chain, i.
that in nuclei of theA5100–120 region the order of magn
tude of B(M1)’s for transitions connecting a state ofFmax
21 character to a state of FS character with the same m
nd component is 1022mN

2 . This value turns out to be one
two orders of magnitude larger than that found for the2

1

→21
1 transition.

The only information on the e.m. properties of the 24
1

level concerns its branching ratio in106Pd. A large percent-
age~0.35 in strength! of theFmax21 component is predicted
in its wave function and also in this case the possibility
reproducing its preferential decay to the 21

1 level ~see Table
III ! is due to the predominantM1 component in the 24

1

→21
1 transition.

The information available on the 31
1 level concerns mix-

ing ratios in 1022108Pd, intensity ratios in1042110Pd and
B(E2)’s in 110Pd. As to102Pd, it seems difficult to draw any
definite conclusion about the structure of the only known1

level. Its energy~very close to that of the 61
1 state! compares

well with that predicted for the 32
1state~see Fig. 5! which

has FS character; however, the only observed decay is to
21

1state in contradiction with this interpretation. On the oth
hand, the experimental limit for the mixing ratio of the tra
sition (d>15) compares better with the value predictedd
58) for the 32

1→21
1 transition than with that predicted (d

520.9) for the 31
1→21

1 transition. As to the other isotope
e

e

,

in

f

he
r

a reasonable agreement is found between experimental
calculated data. We again stress the importance of the l
M1 components predicted for the transitions to the 22

1 and
41

1 levels, which basically have twod-bosons, for reproduc-
ing the experimental data.

In several isotopes of the ruthenium chain it has be
possible to find states which could be related to
41,21,01, nd52 triplet in column (a8) and to the
51,41,21 nd53 triplet in column (b8) of Fig. 1. However,
the lack of experimental data on their decay properties
verely limited the comparison of experimental and calcula
data.

The identification of the states belonging to the two tr
lets seems also possible in the palladium chain, wher
larger body of spectroscopic data allows a more string
comparison. On the basis of excitation energies~Fig. 5!, pos-
sible candidates can be found in all isotopes, apart fr
112Pd.

First of all, we will discuss in detail the case of106Pd
where it seems possible to associate the 44

1 , 26
1 , 05

1 and the
51

1 , 43
1 , 25

1 levels to the tripletsnd52 of column (a8) and
nd53 of column (b8) of Fig. 1, respectively. These state
are displayed, together with those of lower energy, in Fig.
where thick lines indicate states of MS character and t
lines states of FS character. For the MS states are also
ported the experimental and calculated intensity ratios of
deexciting transitions together with the available mixing
tios. It is particularly striking that the energy difference b
tween the almost degenerate 44

1 , 26
1 , 05

1 triplet and the 23
1

level is very close to that between the 41
1 , 22

1 , 02
1 triplet

and the 21
1 level.

The structure of the wave functions of the two triplets
given in Fig. 13. All states show a rather pureF5Fmax21
character. The states having the same spin share par
their nd components; the 51

1 level has a quite purend53
structure due to the fact that no additional 51 state is pre-
dicted at a nearby energy.
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FIG. 12. Experimental intensity ratios for the states of106Pd marked by thick lines are compared to the calculated ones~in square
brackets!. Thick lines represent states of MS character, thin lines states of FS character. In italics are given the experimental valu
E2/M1 mixing ratios together with the calculated values in square brackets.
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The decay properties of the two triplets are reasona
reproduced, including the small values of the mixing rat
of the transitions connecting these states to states of FS c
acter. It is interesting to note that the magnitude of the p
dicted B(E2) and B(M1) reduced transition probabilitie
ly
s
ar-
-

~see Table III! basically obey the selection rules mention
above~Sec. II! which provide the signatures for the identifi
cation of MS states. Indeed, the order of magnitude of
B(E2) values for the 05

1→23
1 and 51

1→31
1 transitions is

that of annd-allowed transition connecting states having t
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FIG. 13. F-spin components~left! and the four majornd components~right! for the predicted 04
1 , 25

1 , 44
1 levels in 106Pd which have

been associated to the experimental 05
1 , 26

1 , 44
1 levels, respectively, and for the predicted 26

1 , 43
1 , 51

1 levels which have been associate
to the experimental 25

1 , 43
1 , 51

1levels. The triplets 01, 21, 41 and 21, 41, 51 are characterized by the mainnd component being equa
to 2 and 3, respectively.
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sameF-spin @e.g., B(E2; 21
1→01

1)] and is much larger
than that of theB(E2) values for the transitions connectin
the 05

1 and 51
1 levels to states of FS character@e.g.,

B(E2; 05
1→22

1)]. Moreover, the fact that the stronge
transition deexciting the 43

1 and 44
1 levels is the one to the

41
1 level ~which has basically annd52 structure! appears to

be due to the largend52 component present in their wave
functions ~Fig. 13!. Indeed, the predictedB(M1) value for
the 43

1→41
1 , 44

1→41
1 transitions is comparable to that o

the 23
1→21

1 transition.
In 104Pd the states associated to the experimental 44

1 , 05
1

and 43
1 , 25

1 levels have a structure similar to that of th
corresponding states in106Pd, shown in Fig. 13, with a
higher degree of purity in terms ofF-spin andnd compo-
nents. Thereby, the remarks made above for106Pd apply also
to this isotope. The experimental e.m. data concerning
branching ratios of these states and the mixing ratios of
transitions from the 43

1 , 44
1 states to the 41

1 state compare
reasonably well with the calculated data~see Table III!.

Also in 108Pd and 110Pd three 41 levels have been ob
served at an energy rather close to that of the 61

1 level. In
108Pd they can be accounted for on the basis of the 42

1 level
having a predominant FS character (Fmax component5 0.90
in strength! and the 43

1 , 44
1 levels a predominantFmax21

character (Fmax21 component>0.71 in strength!. A similar
interpretation is also possible for the corresponding state
110Pd even though the correspondence with the 41 states of
thend53 andnd52 MS triplets is not as straigthforward a
in the lighter isotopes due to a large mixing in both t
F-spin andnd components. The comparison of experimen
and calculatedB(E2)’s of the transitions deexciting thes
levels in both isotopes is satisfactory. In110Pd, where the
quadrupole moments of these states are known, calcula
are able to reproduce the order of magnitude as well as
opposite sign ofQ for the 43

1 , 44
1 states.

Due to the lack of experimental data, it is not possible,
general, to recognize the presence of states which coul
associated to U~5! states havingF5Fmax21 and nd.3.
However, in those few cases where it is, the model pre
tions account for an observed number ofJ>5 states larger
than that expected in a picture limited to FS states.
e
e

in

l

ns
he

be

-

In particular, in 106Pd, in addition to the 51
1 level dis-

cussed above, two more 51 states are known at an energ
close to that of the 81

1 level; their excitation energies~Fig. 5!
as well as their branching ratios, shown in the upper par
Fig. 14, are well reproduced. For nine of the ten transitio
connecting the 52

1 , 53
1 levels to lower lying states of spin

J54, 5, 6 the presence of anM1 component has been ex
perimentally established~see column 6 of Table III!. The
calculations also predict a sizableM1 component though, in
some cases, the sign of the mixing ratio is not reproduc
These states, as shown in the lower part of Fig. 14, can
interpreted basically as a mixture of thend54, FS state and
of the nd54, MS state of column (b8) in Fig. 1.

In 110Pd the calculations correctly predict twoJ56 states
(62

1 and 63
1) at an energy close to that of the 81

1 level and
two J58 states (82

1 and 83
1) at an energy close to that of th

101
1 level ~see Fig. 5!. From the analysis of the structure o

these states~Fig. 15! it seems possible to associate the e
perimental 62

1 and 63
1 levels to theJ56 states of thend

54, FS multiplet and of thend54, MS multiplet of column
(b8) in Fig. 1, respectively. This interpretation is support
by the capability of the calculations to reproduce~Fig. 7! the
large B(E2) values of transitions that, in our picture, a
allowed, like the 62

1→42
1 , 63

1→43
1 transitions (DF

50, Dnd51), as well as the smallB(E2) values of transi-
tions that are ‘‘forbidden,’’ like the 62

1→41
1 transition

(Dnd52) or hindered because of the compensation effe
mentioned in Sec. II, like the 63

1→61
1 transition (DF51).

As to the structure of the 81 states, theirFmax andFmax21
components have a comparable amplitude, thend55 com-
ponent being the largest one in both states. The two st
can be interpreted basically as a mixture of the twoJ58
states of thend55, FS multiplet and of thend55, MS mul-
tiplet in column (b8) of Fig. 1. The values ofB(E2; 82

1

→62
1), B(E2; 83

1→63
1), which are comparable to that o

B(E2; 21
1→01

1), as well as those ofB(E2; 83
1→62

1),
B(E2; 83

1→82
1), which are smaller by one and two orde

of magnitude, respectively, are well reproduced by the c
culations ~Fig. 7!. This implies that the model is able t
evaluate correctly the amount ofFmax, Fmax21 mixing in
the 62

1 , 63
1 and 82

1 , 83
1 states.
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FIG. 14. Upper part: experimental and calculated values for the intensity ratios from the 51
1 , 52

1 and 53
1 levels in 106Pd. The main

deexciting transitions from the 52
1 level to the 42 state and from the 53

1 level to the 45
1 state, at 2.350 MeV~which lies outside the mode

space, see text!, are not reported. Lower part:F-spin components~left! and four majornd components~right! for the 52
1 , 53

1 levels in 106Pd.
el
t

i
nd

ical

ator

ted
Recently, Kimet al. @10#, in a study of even palladium
isotopes performed in the framework of the IBA-2 mod
found that in some isotopes the 23

1 state has a predominan
MS character as well as the 31

1 state in 104,106Pd. The com-
parison of their results with those of the present work
difficult since they use a different type of Hamiltonian a
keep the Majorana parameters at the valuesj150.2, j2
50.4–0.5 andj350 MeV.
,

s

VI. CONCLUSIONS

In the present work we discuss the results of numer
calculations performed in the U~5! limit of the IBA-2 model
which enabled us to identify groups ofF5Fmax21 states for
which the eigenvalues of the generalized Majorana oper
can be expressed in analytic form.

By using these results as a guideline, we have investiga
FIG. 15. F-spin components~left! and the four majornd components~right! for the 62
1 , 63

1 and the 82
1 , 83

1 levels in 110Pd.
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the chain of even palladium isotopes (1002116Pd! with the
aim of identifying states of MS character. Starting from t
Hamiltonian already used in the analysis of even ruthen
isotopes@7#, we have optimized the values of the paramet
by taking into account the excitation-energy patterns as w
as the available experimental data on e.m. properties. In
analysis, six out of twelve parameters present in the Ham
tonian and in theM1 and E2 operators have been varie
smoothly as a function of the mass number; they all turn
to be quite close to the values we adopted for the corresp
ing isotones in the ruthenium chain. Particular attention
been paid to the choice of the Majorana parametersj2 andj3
which play a decisive role in determining the excitation e
ergy of MS states.

Excitation energies, magnetic dipole and electromagn
quadrupole moments,B(M1) andB(E2) reduced transition
probabilities, as well asE2/M1 mixing ratios and intensity
ratios have been considered and compared to the calcu
ones. A general good agreement has been found.

In most cases it has been possible to recognize a struc
of the relevant states close to that of FS or MS states belo
ing to the U~5! limit of the model. This is particularly evi-
dent in the lighter isotopes of the chain.

All along the isotopic chain, predicted states of quite pu
FS character and structure close to that of states belongin
thend52, 3, 4 multiplets of the U~5! limit, have been suc-
cessfully associated to experimental states. Only in
lighter isotopes the decay properties of the 03

1 state do not fit
tt.

tt.
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those predicted for the 01 state of thend53 multiplet, so
that it has to be considered an ‘‘intruder’’ state.

In most of the isotopes of the chain the 23
1 , 31

1 levels
have been identified as the lowest states having a la
Fmax21 component. In addition, in several isotopes, giv
experimental levels can be reasonably associated with s
belonging to the twond52, J54, 2, 0 and nd53, J
55, 4, 2 triplets in the U~5! limit. In particular, for the first
time, 01 states ofFmax21 character have been identified
104,106Pd. In some cases it has also been possible to recog
the presence ofF5Fmax21 states having a predominan
nd.3 component, so that the model predictions can acco
in the proper energy range, for an observed number o
>5 states larger than that expected in a picture restricte
FS states.

Finally, from our overall analysis of110,112,114Cd @5,6#,
982114Ru @7#, 1002116Pd ~present work!, it seems possible to
conclude that the interpretation, in the framework of t
IBA-2 model, of whole groups of states as having a predo
nantF5Fmax21 is well-founded.
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