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Abstract: Interacting boson model (IBM-I) has been used to calculate the electric reduced transition probabilities B(E2);
from gamma transition 8? to 6?, 6? to 4?, 4? to 2? and 2? to 0? states of even–even neutron rich nuclei 102-106Pd and

compared with available experimental values. The ratio of excitation energies of first 4? and first 2? excited states, R4/2,

has been also calculated for these nuclei. Furthermore, as a measure to quantify the evolution, we have studied system-

atically the transition rate R ¼ B E2 : Lþ ! L� 2ð Þþ
� �

=B E2 : 2þ ! 0þð Þ of some of the low-lying quadrupole collective

states in comparison to available experimental data. The associated quadrupole moments and deformation parameters have

also been calculated. Moreover, we have studied systematic B(E2) values, intrinsic quadrupole moments and deformation

parameters of even neutrons from N = 56 to 60 in Pd isotopes. Results of this calculation are in good agreement with the

corresponding available experimental data. IBM-I formula for the reduced transition probabilities B(E2) has been ana-

lytically deduced in U(5) limit for a few ground states transitions in 102,104,106Pd isotopes.

Keywords: Reduced transition probabilities; Pd isotopes; Quadrupole moments; Deformation parameter;

Ground state band
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1. Introduction

The interacting boson model-I (IBM-I) developed by Iac-

hello and Arima [1, 2] has been successful in describing

collective nuclear structure by prediction of low-lying states

and description of electromagnetic transition rates in med-

ium mass nuclei. In first approximation, only pairs with

angular momentum L = 0 (called s-bosons) and L = 2

(called d-bosons) are considered. This model is associated

with an inherent group structure, which allows introduction

of limiting symmetries called U(5), SU(3) and O(6) [1, 3].

Neutron-rich nuclei Pd (Z = 46) isotopes are of interest

because they exist near the magic number 50, which is found in

single closed shell Sn nuclei. Yrast states up to Ip = 8? in

Z = 46 isotones have been found by pg�4
9=2 configurations for

Z = 50 closed shell. It is known that low-lying collective

quadrupole E2 excitations occur in even–even nuclei Z = 46,

which have been studied both theoretically and experimentally

[4–8]. These investigations have intensively explored the

nuclear shape degree of freedom of neutron-rich Pd nuclei by

analyzing rotational band structures and a possible shape

transition from triaxial prolate to triaxial oblate [9, 10]. Abso-

lute transition probabilities for first 2? states in 110,114Pd have

also been measured using recoil distance Doppler shift tech-

nique following projectile Coulomb excitation at intermediate

beam energies [11] and a sizable deformation in 114Pd has been*Corresponding author, E-mail: hossain196977@yahoo.com
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determined which is consistent with systematic IBM-I calcu-

lations [12, 13].

There are a number of theoretical works discussing intruder

configuration and configuration mixing by means of IBM-I

around shell closure Z = 50. For instance, empirical spectro-

scopic study within configuration mixing calculation in IBM

[14, 15], IBM configuration mixing model in strong connection

with shell model [16, 17], conventional collective Hamiltonian

approach [18, 19] and the one starting from self-consistent

mean-field calculation with microscopic energy density func-

tional [20]. Scaled variances of multiplicity fluctuations in

nucleus–nucleus collisions at Super Proton Synchrotron (SPS)

and Relativistic Heavy Ion Collider (RHIC) energies within

Hadron-String Dynamics (HSD) transport model have been

studied [21]. Collective properties of 106-110Pd isotopes with

quadrupole band structure are distributed by the influence of

intruder states [4]. Recently we have studied evolution prop-

erties of yrast states for even–even 100-110Pd isotopes [22].

Electromagnetic reduced transition probabilities of even–even
104-112Cd isotopes have been studied by Abdullah et al. [23].

A basic property of a nucleus is the probability of

electric quadrupole (E2) transitions between its low-lying

states. In even–even nuclei, the reduced E2 probability

BðE2; 0þ1 ! 2þ1 Þ from 0? ground state to first-excited 2?

state is especially important [24]. For a deformed nucleus,

this probability (denoted here by B(E2:)) depends on the

magnitude of intrinsic quadrupole moment (quadrupole

moment of the intrinsic state of nucleus) and hence, on

deformation. The main purpose of this study is to evaluate

transition rates of the ground state band up to 8? to 6?

level through E2 transition strengths, deformation param-

eter and intrinsic quadrupole moment.

2. Theoretical calculation

2.1. Reduced transition probabilities B(E2)

Low-lying levels of even–even nuclei (Li = 2, 4, 6, 8,…)

usually decay by one E2 transition to lower-lying yrast

level with Lf = Li - 2. The reduced transition probabilities

in IBM-I are given for anharmonic vibration limit U(5)

[25] by

B E2; Lþ 2! Lð Þ #¼ 1

4
a2

2ðLþ 2Þð2N � LÞ

¼ 1

4

ðLþ 2Þð2N � LÞ
N

BðE2; 2! 0Þ

ð1Þ

where L is the state that nucleus translates to and N is boson

number, which is equal to half the number of valence

nucleons (proton and neutrons). From given experimental

value B(E2) of transition (2? ? 0?), one can calculate the

value of parameter a2
2 for each isotope, where a2

2 indicates

square of effective charge. This value is used to calculate

the transition 8? to 6?, 6? to 4?, 4? to 2? and 2? to 0?.

2.2. Quadrupole moments

Intrinsic quadrupole moments ðQ0Þ of nuclei can be

derived [26] as

Q0 ¼
3
ffiffiffiffiffiffi
5p
p ZR2

0b ð2Þ

2.3. Deformation parameters

Upward electromagnetic quadrupole transition probability

B(E2): is related by [27],

B E2; Li! Lf

� �
#¼ B E2; Lf ! Li

� �
" �g ð3Þ

with

g ¼ 2Lf þ 1
� �

2Li þ 1ð Þ�1 ð4Þ

Value of B(E2) in units of e2b2 is related to B(E2)

Weisskopf Unit (W.u.) single particle transition [28] by

B E2ð Þe2b2 ¼ 5:94� 10�6 � A� B E2ð ÞW :u: ð5Þ

Here, e is charge of electron and b (1 barn = 10-28

square meters) is a unit of area.

The probability B(E2): of transition 01
? to 21

? is con-

nected with squared deviation b2 [29] of nucleus shape

from equilibrium as

B E2; 0þ ! 2þ½ � "¼ 3=4pð ÞeZ R2
0

� �2
b2 ð6Þ

Quadrupole deformation parameter b can be calculated

[29] as

b ¼ B E2ð Þ "½ �1=2
3ZeR2

0=4p
� ��1 ð7Þ

where Z is the atomic number, R0 is the average radius of

nucleus given by

R2
0 ¼ 0:0144A2=3b ð8Þ

where A is the mass number of nucleus.

3. Results and discussion

Table 1 presents boson number, transition level and

downward electric quadrupole reduced transition proba-

bilities B(E2); for the ground state band from 8? to 6?, 6?

to 4?, 4? to 2?, and 2? to 0? of even–even 102-106Pd

isotopes. A boson represents the pair of valence nucleons,

and boson number is counted as number of collective pairs

of valence nucleons. A simple correlation exists between

nuclei showing identical spectra and their valence proton
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number (Np) and neutron number (Nn). The number of

valance proton Np and neutron Nn has a total

N = (Np ? Nn)/2 = np ? nm bosons. At present 132Sn

doubly-magic nucleus is taken as an inert core to find

boson number and it is presented in Table 1. Using known

experimental data on B(E2); from 2þ1 ! 0þ1 transition, the

reduced transition probabilities of 4þ1 ! 2þ1 , 6þ1 ! 4þ1 and

8þ1 ! 6þ1 transitions of even–even 102,104,106Pd isotopes are

calculated using IBM-I and presented in Table 1. The

calculated results are also compared with previous exper-

imental results [30–32].

Table 2 presents the calculation of upward electric

quadrupole reduced transition probabilities B(E2): of the

ground state band from 0þ1 ! 2þ1 , 2þ1 ! 4þ1 , 4þ1 ! 6þ1 , and

6þ1 ! 8þ1 of even–even 102-106Pd isotopes. The intrinsic

quadrupole moments Q0 and deformation parameter b are

simply calculated from B(E2) values using restrictive

assumption of a rigid shape of a nucleus and compared to

available values [29]. It is found that calculated results for

B(E2):, Q0 and b values are consistent with those given in

[29–32].

3.1. R4/2 classifications

Collective dynamics of energies in even–even nuclei are

grouped into classes, within each class the ratio of exci-

tation energies of first 4? and first 2? excited states is:

R4=2 ¼
E 4þ1
� �

E 2þ1
� �

Even–even nuclei can be classified according to ratios

R4/2 [33]: A harmonic vibrator U(5) has R4/2 = 2.00,

c-unstable O(6) should have R4/2 = 2.5 and an axially

symmetric rotor SU(3) should have R4/2 = 3.33. The

variation of E 4þ1
� �

=E 2þ1
� �

values as a function of even

neutron numbers of Pd isotopes for reported experimental

values [30–32] U(5), O(6) and SU(3) limits are presented in

Fig. 1. We identify U(5) symmetry in even–even nuclei

with Z = 46 and N = 56, 58, 60 with a range 2.29 \
R4/2 \ 2.40.

3.2. Systematic reduced transition probabilities B(E2)

In order to obtain value of reduced transition probabilities,

we have fitted the calculated absolute strengths B(E2) of

transitions within ground state band to experimental ones.

Value of effective charge ða2Þ of IBM-I has been deter-

mined by normalizing experimental data B E2; 2þ1 ! 0þ1
� �

of each isotope using Eq. (1). From given experimental

value of transitions 2þ1 ! 0þ1
� �

, we have calculated value

of parameter a2
2 for each isotope and used this value to

calculate transitions from 4? ? 2?, 6? ? 4? and

8? ? 6?. Values of fitted parameter a2
2 with an error

estimate remark meaning of square of effective boson

charge are presented in Table 1. Figure 2 shows theoretical

and experimental values of B(E2) in W.u. plotted as a

function of transition levels. Calculated reduced transition

probabilities using IBM-I as a function of transition level

of ground-state band are distinctly separated for different

number of neutron and B(E2) values increase in an

approximately linear fashion with increasing neutron

number for any specific transition. Results of the present

work are in good agreement within experimental error

[30–32]. Another condition of U(5) limit has been con-

firmed by expression for B(E2) ratios as BðE2; 41 ! 21Þ=
BðE2; 21 ! 01Þ ¼ 2 N � 1ð Þ=N\2 [25]. Ratios of B E2;ð
41 ! 21Þ=B E2; 21 ! 01ð Þ are 1.56(20), 1.33(40) and

1.72(31) of 102Pd, 104Pd and 106Pd, respectively. 2(N - 1)/

N value of 102Pd, 104Pd and 106Pd are 1.60, 1.66 and 1.71,

respectively. Therefore, present calculations are performed

in U(5) limit. A good agreement between calculated values

and experimental ones indicate that Pd isotopes obey to

Table 1 Reduced transition probability B(E2); in even 102-106Pd isotopes [30–32]

Nucl Boson (#) a2
2 (W.u.) L? Eexp(L) (keV) Transition level Ec (keV) B(E2) [30–32] (W.u.) B(E2)IBM-1 (W.u.)

102Pd 5 6.52 ± 0.46 2 556.4 2? ? 0? 556 32.6 ± 2.3 32.60 ± 2.30

4 1,275.9 4? ? 2? 719 50.9 ± 2.5 52.16 ± 3.68

6 2,111.4 6? ? 4? 835 58.68 ± 4.14

8 3,013.1 8? ? 6? 902 52.16 ± 3.68
104Pd 6 6.15 ± 0.32 2 555.8 2? ? 0? 556 36.9 ± 1.9 36.90 ± 1.90

4 1,323.6 4? ? 2? 768 49 ± 7 61.50 ± 3.20

6 2,249.5 6? ? 4? 926 73.80 ± 3.84

8 3,220.3 8? ? 6? 970 73.80 ± 3.84
106Pd 7 6.33 ± 0.21 2 511.9 2? ? 0? 512 44.3 ± 1.5 44.30 ± 1.50

4 1,229.3 4? ? 2? 717 76 ± 11 75.96 ± 2.52

6 2,076.3 6? ? 4? 848 88 ± 9 94.95 ± 3.15

8 2,962.5 8? ? 6? 886 105 ± 23 101.28 ± 3.36
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this limit. The even–even 102-106Pd nuclei are nicely

reproduced by experimental data and their fits are

satisfactory.

We have compared ratio R ¼ BðE2 : Lþ ! L� 2ð ÞþÞ=
B E2 : 2þ ! 0þð Þ of IBM-I with previous available

experimental values in the ground state bands (normalized

to the B E2 : 2þ ! 0þð Þ) as a function of angular

momentum L [30–32] and are shown in Fig. 3. As a

measure to quantify the evolution, it is shown that results

of R values increase with the increase in high spin states.

We have found that calculated values are in good agree-

ment with previous available experimental results [30–32].

Actually, in IBM-I, proton and neutron bosons are not

distinguishable as long as valence protons and neutrons are

both hole-like or both particle-like.

Table 2 Quadrupole moment

and deformation parameter of

even 102-106Pd isotopes [30–32]

Nucl. Transition B(E2):ref (e2b2) B(E2):IBM-1 (e2b2) b [29] bcal Qo [29] (b) Qo(cal) (b)

102Pd 0? ? 2? 0.460 (30) 0.461 0.196 (6) 0.197 2.15 (7) 2.15

2? ? 4? 0.260 (20) 0.265

4? ? 6? 0.240

6?? 8? 0.192
104Pd 0? ? 2? 0.535 (35) 0.535 0.209 (5) 0.209 2.32 (8) 2.33

2? ? 4? 0.257 (15) 0.317

4? ? 6? 0.305

6? ? 8? 0.276
106Pd 0? ? 2? 0.660 (35) 0.659 0.229 (6) 0.229 2.57 (7) 2.57

2? ? 4? 0.401

4? ? 6? 0.193

6? ? 8? 0.389
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?) in experimental values [30–32], U(5), O(6) and

SU(3) limit of 102,104,106Pd isotopes
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3.3. Quadrupole moments and deformation parameter

(b)

Intrinsic quadrupole moments of Q0 are calculated using

Eq. (2) for even–even nuclei 102-106Pd and are presented in

Table 2. Intrinsic quadrupole moments are simply calcu-

lated from B(E2) values using restrictive assumption of a

rigid shape of a nucleus and compared with previous values

[29]. It is noted that present values are in good agreement

to previous results.

Deformation parameters (b) of nuclei with proton

Z = 46 and even neutron N = 56–60 are obtained using

Eq. (7) and presented in Table 2. Calculated deformation

parameters using restrictive assumption of a rigid shape of

a nucleus have been compared with those given in [29].

From Table 2, it is noted that deformation parameter

increases with increasing neutron number. Present calcu-

lations are consistent with those of given in [29].

3.4. Comparison of B(E2) in Pd and Cd isotopes

Comparison of experimental B E2; 4þ1 ! 2þ1
� �

values of Pd

[30–32] and Cd [23] isotopes with N = 56, 58, and 60 are

presented in Fig. 4. Experimental values of 102Pd, 104Pd,
106Pd are 52.16 ± 3.68, 61.50 ± 3.20 and 75.96 ±

2.52 W.u., respectively. On the other hand, values of
104Cd, 106Cd, 108Cd are [11, 46 ± 9 and 41 ± 6 W.u.,

respectively. It is necessary to note that experimental value

B E2; 4þ1 ! 2þ1
� �

transition in 104Cd nucleus is [11 W.u.,

also consistent with the calculated value 37(13) W.u., [23].

In Fig. 4, we have used 37(13) W.u., data instead of

[11 W.u. in 104Cd nuclei. It is shown that B(E2) values are

stronger in Pd than in Cd isotopes for neutron number

N = 56, 58, 60.

4. Conclusions

We report B(E2) values of even–even 102-106Pd isotopes by

IBM-I. Using restrictive assumption of a rigid shape of a

nucleus the calculated quadrupole moments and deformation

parameters are consistent with previous results [29].

B E2; 4þ1 ! 2þ1
� �

values of Pd isotopes are stronger than

those of Cd isotopes for neutron number N = 56, 58, 60. The

analytic IBM-I calculation of B(E2) values of even–even
102-106Pd have been performed in U(5) character. Results are

extremely useful for compiling nuclear data table.
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