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The positive and negative parity states of the even-even palladium isotopes were stud-
ied within the frame work of the interacting boson approximation model (IBA-1). The
energy spectra, potential energy surfaces, electromagnetic transition probabilities, back
bending and staggering effect have been calculated. The potential energy surfaces show
smooth transition from vibrational-like to gamma-soft and finally to rotational-like nu-
clei. Staggering effectle, has been observed between the positive and negative parity
states in palladium isotopes. The agreement between theoretical predictions and exper-
imental values are fairly good.

1 Introduction

The region of neutron-excess nuclei at mass A� 100 is an
area of interest to many authors because of the observation
of the phase transitions. Three phase transitional regions are
well known where the structure changes rapidly. Nd-Sm-Gd
and Ru-Pd regions where the change is from spherical to well
deformed nuclei when moving from lighter to heavier iso-
topes. But, Os-Pt regions the change is from well deformed
to 
-soft when moving from lighter to heavier isotopes.

The structure of these transitional nuclei has been the sub-
ject of many experimental and theoretical studies. Experi-
mentally, levels of 102Pd were populated from the decay of
102Ag populated in the 89Y (16O;3n) reaction [1] and their
properties were studied through 
 spectroscopy. Also, mea-
surements were performed using an array of eight HPGe de-
tectors on gamma multiplicity gated on proton spectra of
102-104Pd which have been measured [2] in the 12C + 93Np
reaction E(12C) = 40 MeV, at backward angles.The cross-
section along with the angular momentum and excitation en-
ergy are populated.

Theoretically, the transitional regions and phase transi-
tions in palladium isotopes have been analyzed in the frame
work of the IBA-2 model [3–7]. From the analysis of en-
ergies, static moments, transition rates, quadrupole moments
and mixing ratios, they were able to identify states having
large mixed - symmetry components.

Cranked Strutinsky Method [8], Geometric Collective
Model [9] (GCM) and the Relativistic Mean Field Theory
[10] have examined palladium series of isotopes to find ex-
amples displaying the characteristics of E(5) critical point be-
havior [11]for the shape transition from spherical vibrator to
a triaxially soft rotor.

In this article, we carried out a microscopic study of the
Yrast and negative parity states, electromagnetic transition
rates, B(E1), B(E2), potential energy surfaces, V (�; 
), for
100-116Pd nuclei employing the interacting boson model.

2 Interacting boson approximation model (IBA-1)

2.1 Level energies

IBA-1 model [12–14 ] was applied to the positive and nega-
tive parity states in even-even 100-116Pd isotopes. The Ham-
iltonian employed [15] in the present calculation is:
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+
1
2
ELL � (L � L) +

1
2
QQ � (Q �Q)

+ 5OCT � (T3 � T3) + 5HEX � (T4 � T4) ;

(1)

where

P � p =
1
2

24 n(sysy)(0)
0 �

p
5(dydy)(0)

0

o
xn

(ss)(0)
0 �

p
5( ~d ~d)(0)

0

o 35(0)

0

; (2)

L � L = �10
p

3
h
(dy ~d)(1)x (dy ~d)(1)

i(0)

0
; (3)

Q �Q =
p

5

26664
�

(Sy ~d+ dys)(2) �
p

7
2

(dy ~d)(2)
�
x�

(sy ~d+ + ~ds)(2) �
p

7
2

(dy ~d)(2)
�
37775

(0)

0

; (4)

T3 � T3 = �p7
h
(dy ~d)(2)x (dy ~d)(2)

i(0)

0
; (5)

T4 � T4 = 3
h
(dy ~d)(4)x (dy ~d)(4)

i(0)

0
: (6)

In the previous formulas, nd is the number of boson; P �P ,
L �L, Q �Q, T3 �T3 and T4 �T4 represent pairing, angular mo-
mentum, quadrupole, octupole and hexadecupole interactions
between the bosons; EPS is the boson energy; and PAIR,
ELL, QQ, OCT , HEX is the strengths of the pairing, an-
gular momentum, quadrupole, octupole and hexadecupole in-
teractions.
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nucleus EPS PAIR ELL QQ OCT HEX E2SD(eb) E2DD(eb)
100Pd 0.6780 0.000 0.0095 �0.020 0.0000 0.0000 0.1020 �0.3817
102Pd 0.5840 0.000 0.0115 �0.0200 0.0000 0.0000 0.1270 �0.3757
104Pd 0.5750 0.0000 0.0225 �0.0200 0.0000 0.0000 0.1210 �0.3579
106Pd 0.5630 0.0000 0.0230 �0.0200 0.0000 0.0000 0.1220 �0.3609
108Pd 0.5180 0.0000 0.0235 �0.0200 0.0000 0.0000 0.1170 �0.3461
110Pd 0.4950 0.0000 0.0235 �0.0200 0.0000 0.0000 0.1110 �0.3283
112Pd 0.4950 0.0000 0.0235 �0.0200 0.0000 0.0000 0.08770 �0.2594
114Pd 0.52200 0.0000 0.0235 �0.0200 0.0000 0.0000 0.0612 �0.1810
116Pd 0.5700 0.0000 0.0216 �0.0200 0.0000 0.0000 0.0742 �0.2195

Table 1: Parameters used in IBA-1 Hamiltonian (all in MeV).

2.2 Electromagnetic transition rates

The electric quadrupole transition operator [15] employed in
this study is:

T (E2) = E2SD � (sy ~d+ dys)(2) +

+
1p
5
E2DD � (dy ~d)(2) : (7)

The reduced electric quadrupole transition rates between
Ii ! If states are given by

B (E2; Ii � If ) =
[< If k T (E2) k Ii >]2

2Ii + 1
: (8)

3 Results and discussion

3.1 The potential energy surfaces

The potential energy surfaces [16], V (�, 
), as a function of
the deformation parameters � and 
 are calculated using:
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The calculated potential energy surfaces, V (�; 
), are
presented in Fig. 1. It shows that 100�110Pd are vibrational-
like nuclei while 112Pd is a 
-soft where the two wells on the
oblate and prolate sides are equal. 114;116Pd are prolate de-
formed and have rotational characters. So, 112Pd is thought
to be a transitional nucleus forming a zone between soft vi-
bration side and nearly deformed nuclei in the other side.

3.2 Energy spectra

The energy of the positive and negative parity states of pal-
ladium series of isotopes are calculated using computer code
PHINT [17]. A comparison between the experimental spectra
[18–26] and our calculations for the ground state and (�ve)
parity states are illustrated in Fig. 2. The model parameters
given in Table 1 are free parameters and adjusted to reproduce
as closely as possible the excitation energy of the (+ve) and
(�ve) parity levels. The agreement between the calculated
levels energy and their correspondence experimental values
for all nuclei are slightly higher for the higher excited states.
We believe this is due to the change of the projection of the
angular momentum which is due mainly to band crossing.

Unfortunately there is no enough measurements of elec-
tromagnetic transition ratesB (E1) orB (E2) for these series
of nuclei. The only measured B (E2; 0+

1 ! 2+
1 )’s are pre-

sented, in Table 2 for comparison with the calculated values.
The parameters E2SD and E2DD are displayed in Table 1
and used in the computer code NPBEM [17] for calculating
the electromagnetic transition rates after normalization to the
available experimental values.

No new parameters are introduced for calculating electro-
magnetic transition rates B (E2), (Table 1), and B (E1), (Ta-
ble 2), of intraband and interband. The values of the ground
state band are presented in Fig. 3 and show bending atN = 64
which means there is an interaction between the (+ve)
ground state and the (�ve) parity states.

The moment of inertia I and angular frequency ~! are
calculated using equations (11, 12):

2J
~2 =

4I � 2
�E(I ! I � 2)

; (11)

(~!)2 = (I2 � I + 1)
�

�E(I ! I � 2)
(2I � 1)

�2

: (12)

The plots in Fig. 4 show upper bending at I+ = 12 and
lower bending at I+ = 14 for 100-116Pd. It means, there is a
crossing between the ground and the (�ve) parity states.
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Fig. 1: Potential energy surfaces for 100-116Pd nuclei.
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Fig. 2: Comparison between exp. [18–26] and theoretical (IBA-1) energy levels.
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I+i I+f
100Pd 102Pd 104Pd 106Pd 108Pd 110Pd 112Pd 114Pd 116Pd

01 Exp*. 21 —— 0.460(30) 0.535(35) 0.660(35) 0.760(40) 0.870(40) 0.660(11) 0.380(20) 0.620(18)

01 Theor. 21 0.2275 0.4657 0.5317 0.6663 0.7672 0.8631 0.6640 0.3804 0.6237

21 01 0.0455 0.0931 0.1063 0.13333 0.1534 0.1726 0.1328 0.0761 0.1247

22 01 0.0001 0.0004 0.0007 0.0013 0.0023 0.0034 0.0029 0.0017 0.0028

22 02 0.0199 0.0395 0.0449 0.0582 0.0738 0.0925 0.0785 0.0481 0.0819

23 01 0.0000 0.0000 0.0000 0.0000 0.0001 0.0004 0.0007 0.0006 0.0010

23 02 0.0286 0.0669 0.0822 0.1051 0.1126 0.1100 0.0704 0.0356 0.0576

23 03 0.0045 0.0082 0.0095 0.0128 0.0180 0.0270 0.0260 0.0166 0.0292

24 03 0.0012 0.0044 0.0074 0.0129 0.0234 0.0423 0.0462 0.0317 0.0570

24 04 0.0335 0.0602 0.0640 0.0755 0.0744 0.0702 0.0398 0.0182 0.0279

41 21 0.0702 0.1545 0.1846 0.2396 0.2943 0.3265 0.2535 0.1463 0.2429

41 22 0.0071 0.0137 0.0156 0.0202 0.0249 0.0300 0.0245 0.0150 0.0264

41 23 0.0117 0.0278 0.0346 0.0449 0.0492 0.0492 0.0323 0.0168 0.0277

61 41 0.0711 0.1756 0.2236 0.3011 0.3635 0.4188 0.3244 0.1878 0.3153

61 42 0.0098 0.0177 0.0195 0.0241 0.0273 0.0304 0.0233 0.0139 0.0244

61 43 0.0062 0.0191 0.0261 0.0353 0.0384 0.0380 0.0250 0.0131 0.0218

81 61 0.0476 0.1559 0.2225 0.3180 0.3950 0.4613 0.3599 0.2102 0.3574

81 62 0.0107 0.0184 0.0197 0.0236 0.0252 0.0266 0.0198 0.0116 0.0205

81 63 —— 0.0094 0.0169 0.0253 0.0288 0.0295 0.0201 0.0109 0.0185

101 81 —— 0.0969 0.1835 0.2936 0.3849 0.4629 0.3679 0.2183 0.3769

101 82 —— 0.0178 0.0187 0.0219 0.0224 0.0229 0.0166 0.0096 0.0171

Table 2: Values of the theoretical reduced transition probability, B(E2) (in e2 b2).
*Ref. 27.

I�i I+f
100Pd 102Pd 104Pd 106Pd 108Pd 110Pd 112Pd 114Pd 116Pd

11 01 0.0009 0.0020 0.0033 0.0052 0.0091 0.0148 0.0213 0.0255 0.0259

11 02 0.1290 0.1248 0.1299 0.1314 0.1340 0.1360 0.1369 0.1379 0.1384

31 21 0.1268 0.1228 0.1235 0.1246 0.1309 0.1414 0.1530 0.1605 0.1617

31 22 0.0267 0.0361 0.0395 0.0443 0.0501 0.0566 0.0645 0.0719 0.0771

31 23 0.0006 0.0018 0.0030 0.0053 0.0108 0.0190 0.0268 0.0311 0.0335

32 21 0.0093 0.0031 0.0016 0.0012 0.0014 0.0028 0.0053 0.0079 0.0099

32 22 0.0912 0.0278 0.0190 0.0153 0.0136 0.0146 0.0172 0.0196 0.0193

32 23 0.1132 0.2103 0.2247 0.2243 0.2172 0.2109 0.1827 0.1686 0.1599

51 41 0.2660 0.2582 0.2578 0.2576 0.2637 0.2747 0.2873 0.2959 0.2979

51 42 0.0260 0.0392 0.0457 0.0530 0.0604 0.0670 0.0736 0.0801 0.0861

51 43 0.0002 0.0010 0.0018 0.0032 0.0058 0.0088 0.0111 0.0125 0.0137

71 61 0.415* 0.4035 0.4005 0.3982 0.4025 0.4121 0.4236 0.4319 0.4341

71 62 0.0163 0.0325 0.0419 0.0515 0.0598 0.0663 0.0722 0.0781 0.0844

91 81 0.5714 0.5561 0.5489 0.5439 0.5454 0.5524 0.5617 0.5689 0.5709

91 82 —— 0.0187 0.0318 0.0436 0.0533 0.0604 0.0664 0.0725 0.0792

111 101 —— 0.7143 0.7015 0.6933 0.6914 0.6950 0.7017 0.7073 0.7088

Table 3: Values of the theoretical reduced transition probability, B(E1) (in � e2b).
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This fact has confirmed by studying the staggering effect
to palladium isotopes which presented in Fig.5.

Fig. 3: The calculated B(E2)’s for the ground state band.

3.3 The staggering

The presence of (+ve) and (�ve) parity states has encour-
aged us to study staggering effect [28–30] for 100-116Pd se-
ries of isotopes using staggering function equations (15, 16)
with the help of the available experimental data [18–26].

Stag (I) = 6�E (I)� 4�E (I � 1)� 4�E (I + 1)

+ �E (I + 2) + �E (I � 2) ; (13)

with
�E (I) = E (I + 1)� E (I) : (14)

The calculated staggering patterns are illustrated in Fig. 5
which show an interaction between the (+ve) and (�ve) par-
ity states of 100-104Pd and 112-1116Pd nuclei at I+ = 12. Un-
fortunatelly, there is no enough experimental data are avail-
able for 106-110Pd to study the same effect.

3.4 Conclusions

IBA-1 model has been applied successfully to 100-116Pd iso-
topes and we have got:

1. The levels energy are successfully reproduced;

2. The potential energy surfaces are calculated and show
vibrational-like to 100�110Pd, 
-soft to 112Pd and rota-
tional characters to 114-116Pd isotopes where they are
mainly prolate deformed nuclei;

3. Electromagnetic transition rates B (E1) and B (E2)
are calculated;

4. Upper bending for 100-106Pd has been observed at an-
gular momentum I+=12 and lower bending at I+=14
for all palladium isotopes;

5. Electromagnetic transition rates B (E1) and B (E2)
are calculated;and

Fig. 4: Angular momentum I as a function of 2J /~2.

Fig. 5: �I = 1, staggering patterns for 100-116Pd isotopes.
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6. Staggering effect and beat patterns are observed and
show an interaction between the (�ve)and (+ve) par-
ity states at I+ = 12 for palladium isotopes except for
106-110Pd where scarce experimental data are avail-
able.
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