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Abstract -In this work, the energy levels and transition probabilities B(E2) of some 
even-even Te (Z=52, N=68-80 and N=84) and even-even Xe nuclei (Z=54, N=68-80 and 
N=84-88) have been investigated by using the interacting boson model (IBM-1 and 
IBM-2). The results were compared with some previous experimental and theoretical 
values. It was seen that an acceptable degree of agreement between the predictions of the 
model (IBM-1 and IBM-2) and the experiment is achieved.
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1. INTRODUCTION
The interacting boson model [1] is a valuably interpretive model aiding to 

understand the nuclear structure. IBM defines six-dimensional space described by in 
terms of unitary group, U(6). Different reductions of U(6) gives three dynamical 
symmetry limits known as harmonic oscillator, deformed rotor and asymmetric 
deformed rotor which are labeled by U(5), SU(3) and O(6) respectively [2]. However, 
one should not confuse the symmetry triangle of the IBM [3,4] to the triangle of the 
collective model [5,6,7] in which X(5) and E(5) appear. In the present study, the 
interacting boson model is used as a method of solution and the new different 
parameters of IBM-1 and IBM-2 are used to describe the structures of 120-132Te, 
136Te, 122-134Xe and 138-142Xe isotopes. 

Recently, the Xe [8–17] and Te [18–25] region with the mass number A 120–
140 has been studied experimentally and interpreted by several models [23–28]. The 
ground state properties of even–even Xe isotopes have been the subject to theoretical 
and experimental studies [29–37] involving in-beam γ -ray spectroscopy. Very little is 
known about the multipolarities of interband transitions in tellurium nuclei. In order to 
explain these large Q(2+) values, a considerable amount of theoretical work has been 
developed. 

The low-lying states showing a rich collective structure in this region, were 
investigated extensively in terms of various models, such as the interacting boson model 
(IBM) [1,8,24,38-42], the fermion dynamical symmetry model (FDSM) [43,44], the 
pair-truncated shell model (PTSM) [45-47] and the nucleon-pair shell model [48-51].
The outline of the remaining part of this paper is as follows: starting from an 
approximate theoretical background of the model, we give the basic formulations 
defined in the IBM-1 and IBM-2 in Section 2. Then, the previous experimental and 
theoretical [9,15-22,25–29] data are compared with the calculated values and the 
general features of even-even Te and Xe isotopes in the range A=120-132, A=136 for Te 
and A=122-134, A=138-142 for Xe are reviewed in Section 3. The last section contains 
some concluding remarks.
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2. THEORY
2.1. IBM-1 Model

The IBM-1 model describes the low-lying energy states of the even-even xenon 
nuclei as a system of interacting s-boson and d-boson. The most general Hamiltonian
that has been used to calculate the level energies is [1-3],
      Hsd = d ηd + κQ .Q + κL·L + κP·P + q3T3 

.T3 + q4T4 
.T4,       (1)

where 
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2.2. IBM-2 Hamiltonian
The IBM-2 Hamiltonian that has been used to calculate the level energies is [4], 
H =  dn +  dn +  QQ + V + V + M                         (5)

where dn is the neutron (proton) d-boson number operator.

dn =
~
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(6)

where 
†s , md 

†  and s , md  represent the s  and d -boson creation and annihilation 

operators. The rest of the operators in the Eq.(5) are defined as 
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In this case M v
affects only the position of the non-fully symmetric states 

relative to the symmetric ones. For this reason M
v is often referred to Majorana force.

2.3. B(E2) Transition
As appropriate physical quantities we have used intraband B(E2) ratios as well as 
quadrupole moment ratios within the low-lying state bands. The electric quadrupole 
transition operator [52] employed in this study is given by,

   T (E2) = 
Qe + 

 Qe                         
(9)

where
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In this expression  is a dimensionless coefficient and e are the effective 

quadrupole charges. Thus, the reduced electric quadrupole transition rates between 
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3. CALCULATIONS

This section has been divided into two parts describing energy spectra and 
electromagnetic transition rates in such Te and Xe isotopes separately.
3.1. Energy Spectra

The Tables 1 and 2 contain the IBA-1 and IBM-2 Hamiltonians’ parameters (in 
MeV) used in the present study to calculate the energies of the positive parity low-lying 
levels of 120-128Te, 122-134Xe and 138-142Xe isotopes. N=1 and N changes from 7 to 1 for 
Te isotopes 120-128Te. Moreover, the Xenon isotopes have N=2 while N varies from 8 
to 1 for 122-134Xe and finally varies from 1 to 3 for 138-142Xe. The Hamiltonian parameter 
values of IBM-1 and IBM-2 were estimated by fitting to the experimental energy levels 
and it was made by allowing one parameter to vary while keeping the others constant.
This procedure was carried out iteratively until an overall fit was achieved. 

Table 1. Parameters used in IBM-1 Hamiltonian for 120-128Te, 122-134Xe
and 138-142Xe nuclei (in MeV).

A
Z X N EPS ELL QQ CHQ OCT HEX

120
52 68Te 8 0.819 -0.0059 -0.030 -1.1 -0.0011 -0.0078

122
52 70Te 7 0.787 -0.0059 -0.030 -1.1 -0.0011 -0.0078

124
52 72Te 6 0.792 -0.0059 -0.030 -1.1 -0.0011 -0.0078

126
52 74Te 5 0.823 -0.0059 -0.030 -1.1 -0.0011 -0.0078

A
Z X N EPS ELL QQ CHQ OCT HEX

122
54 Xe68 9 0.640 -0.0059 -0.030 -1.1 -0.0011 -0.0078

124
54 Xe70 8 0.616 -0.0042 -0.030 -1.1 -0.0011 -0.0078

126
54 Xe72 7 0.561 -0.0059 -0.030 -1.1 -0.0011 -0.0078

128
54 Xe74 6 0.630

-0.0059
-0.030 -1.1

-
0.0011

-0.0078

130
54 Xe76 5 0.692 -0.0059 -0.030 -1.1 -0.0011 -0.0085

132
54 Xe78 4 0.792 -0.0059 -0.030 -1.1 -0.0011 -0.0078
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134
54 Xe80 3 0.943 -0.0059 -0.030 -1.1 -0.0011 -0.0078

138
54 Xe84 3 0.683

-0.0059
0.030 -1.1 -0.0030 -0.0078

140
54 Xe86 4 0.498 -0.0059 -0.055 -1.1 -0.0011 -0.0078

142
54 Xe88 5 0.438 -0.0059 -0.050 -1.1 0.0000 -0.0078

Except the IBM-2 parameter values for 122-134Xe, we did the IBM-1 calculations using 
code PHINT [53] and IBM-2 by code NP-BOS [54] with our own parameters. 

Table 2. Parameters used in IBM-2 Hamiltonian for 120-128Te, 122-134Xe [16]
and 138-142Xe nuclei (in MeV).

          

*[16]

A
Z X N N N     CL (L=0,2,4) CL (L=0,2,4)

120
52 Te68 1 7 8 0.70 -0.08 0.8 -1.2 0 0

122
52 Te70 1 6 7 0.70 -0.08 0.5 -1.2 0 0

124
52 Te72 1 5 6 0.73 -0.08 0.8 -1.2 0 0

126
52 Te74 1 4 5 0.80 -0.09 0.2 -1.2 0 0

128
52 Te76 1 3 4 0.80 -0.06 0.9 -1.2 0 0

122
54 Xe68* 2 7 9 0.62 -0.09 0.3 -1.2 0 0

124
54 Xe70* 2 6 8 0.60 -0.08 0.5 -1.2 0 0

A
Z X N N N     CL (L=0,2,4) CL (L=0,2,4)

126
54 Xe72* 2 5 7 0.59 -0.08 1.2 -1.2 0 0

128
54 Xe74* 2 4 6 0.64 -0.08 0.4 -1.2 0 0

130
54 Xe76* 2 3 5 0.72 -0.08 0.4 -1.2 0 0

132
54 Xe78* 2 2 4 0.700 -0.080 0.3 -1.2 0 0

134
54 Xe80* 2 1 3 0.940 -0.080 0.2 -1.2 0 0

138
54 Xe84 2 1 3 0.676 -0.080 1.2 -1.2 0 0

140
54 Xe86 2 2 4 0.500 -0.085 1.2 -1.2 0 0

142
54 Xe88 2 3 5 0.500 -0.250 1.2 -1.2 0 0
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Where; N= number of bosons, EPS = d , ELL = 10 T1, QQ = 2κ , OCT = T3.T3, 
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3.2. Electromagnetic Transition rates
The stable even-even nuclei in Te, Xe, Ce and Nd isotopic chains represent 

excellent opportunities for studying the behavior of the total low-lying E2 strengths in 
the transitional region from deformed to spherical nuclei. After having obtained wave 
functions of the states, we can calculate the electromagnetic transition rates between 
low-lying states of all chain for 120-128Te and 122-134Xe isotopes. Calculation of 
electromagnetic transitions is a sign of good test for the nuclear model wave functions. 
To determine the boson effective charges e (  , ) we perform a fit to the 

experimental B(E2) values in such isotopes. The matrix elements of the E2 operator of 
Eq.(9) have been calculated by using the following values of effective charge 
parameters.
           In IBM-1 calculations:   Nuclei     E2SD    E2DD       Nuclei     E2SD    E2DD       

                122
54 Xe          0.12 0.3        120

52 68Te      0.10        0.0

       124
54 Xe          0.14 0.0        122

52 70Te    0.27        0.0

       126
54 Xe         0.12 0.0       124

52 72Te      0.28        0.0

       128
54 Xe        0.14 0.0        126

52 74Te        0.28        0.0

   Nuclei     E2SD    E2DD       Nuclei     E2SD    E2DD        

         130
54 Xe        0.15 0.0        128

52 76Te        0.29        0.0

       132
54 Xe        0.14       0.0          134

54 Xe         0.15     0.0

Here, proton boson effective charge parameter, e is denoted by E2SD and 

neutron boson effective charge parameter, e is denoted by E2DD. In IBM-2 

calculations, the parameter values of Te nuclei are as follows: E2SD=0.28 and 
E2DD=0.2 for N=68,70,72,74; E2SD=0.29 and E2DD=0.2 for N=76. The effective 
boson parameter values for IBM-2 calculation of Xe nuclei are taken from [16]. Here, 
the effective charges appear as new parameters and the units are in eb. So, the Fig. 1 
(Fig. 1a for 120-128Te isotopes and Fig. 1b for 122-134Xe isotopes) shows B(E2;2 

10 
1 ), 

B(E2;4 
12 

1 ) and B(E2;2 
2 2 

1 ) transition probabilities calculated in the framework 
of IBM-1 and IBM-2 for some levels, respectively. In this Fig., the results of the present 
work were compared with some previous experimental [10,15,51] and theoretical 
[9,25,51] values and it was seen that they are in good agreement especially for 
B(E2;2 

10 
1 ), and B(E2;4 

12 
1 ). Moreover the general agreement between the 

calculation and their corresponding experimental values for B(E2;2 
2 2 

1 ) transition in 
Xe nuclei are a little different but reasonable. As it is seen from the Fig., B(E2) values 
for the transitions of 2 

10 
1  and 4 

12 
1  decreases smoothly after the neutron number 

N=70. They are nicely reproduced by the experiment and the fits of them are 
satisfactory. Such transitions for both Te and Xe chains are of the same order of 
magnitude and B(E2;2 

2 2 
1 ) is also expected to show the similar distribution. The 
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large B(E2) values in 122Te and in 124Xe nuclei are the main indicator of the vibrational 
characters. No any experimental B(E2) values exist for 4 

12 
1  transitions in Te, and 

for 2 
2 0 

1  in both Te and Xe chains. To the best of our knowledge they are the ones 
that are also still not known so far and described naturally by the present work. 
B4/2=B(E2;4 

12 
1 )/ B(E2;2 

10 
1 ) gives a good systematic of basic observables about 

intraband structure for 120-128Te and 122-134Xe isotopes. So, Fig. 1 also indicates the 
calculated B4/2 ratios in IBM-1 and IBM-2, and they are seen reasonably well.

4. CONCLUSIONS

The main points obtained in this paper can be summarized as follows. The 
positive parity states of even-even Te (Z=52, N=68-80 and N=84) and even-even Xe 
nuclei (Z=54, N=68-80 and N=84-88) have been discussed within the first and the 
second version frameworks of interacting boson model and it was seen that they are 
generally in good agreement with the experimental data. Moreover, most of the 
calculated values in fig. 1 are much better than the previous theoretical results. The 
calculated results shown in such figure indicate the elegance of the fits presented in this 
manuscript and they suggest the success of the guess in parameterization. That is, the 
sets of parameters used in the calculations for all Te and Xe isotopes are the best 
approximation that has been carried out so far. Since they give information on structural 
changes in nuclear deformation and shape-phase transitions, even-even 120-128Te are 
very interesting sequence of nuclei and very few works exist in the literature for them. 
B(E2) transition probabilities of some even-even Te and Xe isotopes are calculated by 
using the model perspectives. And then, it was seen that the calculated results have 
generally nice agreement with experimental and theoretical ones. As a result, it may be 
concluded that nuclear behaviors of the chains of Te and Xe isotopes are well studied in 
this work and it was seen that dominant vibrational characters exist in the sequence of 
even-even Te nuclei. Furthermore, the rotor features also exist in Xe, but with a 
dominancy of vibrational character. As a recent paper, K. Nomura et al. [55] can be 
seen to realize the results of different calculation method for Xe region. In that paper, 
they determines the interacting boson model (IBM) Hamiltonian microscopically for 
general cases of low-lying quadrupole collectivity by appling it to several other isotopic 
chains, Ba, Xe, Ru, Pd, W, and Os, in comparison to the experimental data. In their 
work, the predicted spectra and the B(E2) ratios are presented for heavy neutron-rich 
exotic nuclei in experimentally unexplored regions such as the right-lower corner of 
208Pb on the nuclear chart.
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Fig. 1 Comparison of calculated IBM-1 and IBM-2 results of B(E2;2 
10 

1 ), B(E2;4 
12 

1 ) and 

B(E2;2 
2 2 

1 ) transition probabilities for (a) 120-128Te and, (b) 122-134Xe isotopes. The results of the 
present work were compared with some previous experimental [10,15,51] and theoretical [9,25,51] 
values. The figure also indicates the calculated B4/2 ratios in IBM-1 and IBM-2 along with theoretical 
and experimental ones.



N. Turkan and I. Maras474

Acknowledgements:This work were financially supported by The Scientific and 
Technological Research Council of Turkey (TUBITAK-2219).

REFERENCES
1. F. Iachello and A.Arima, The Interacting Boson Model, Cambridge  University Press, 
Cambridge, 1987.
2. A.Arima and F.Iachello, Interacting boson model of collective states I. The 
vibrational limit, Ann. Phys. (N.Y.) 99, 253-317, 1976 ; Interacting boson model of 
collective nuclear states II. The rotational limit, Ann. Phys. (N.Y.) 111, 201-238, 1978 ; 
Interacting boson model of collective nuclear states IV. The O(6) limit, Ann. Phys. 
(N.Y.) 123, 468-492, 1979.
3. D. Warner, A triple point in nuclei, Nature 420, 614-615, 2002.
4. R. F. Casten, In Interacting Bose-Fermi Systems in Nuclei, ed. F. Iachello, Plenum, 
New York, p. 1., 1981.
5. F. Iachello, Analytic Description of Critical Point Nuclei in a Spherical-Axially 
Deformed Shape Phase Transition, Phys. Rev. Lett. 87, 052502, 2001..
6. F. Iachello,  Dynamic Symmetries at the Critical Point, Phys. Rev. Lett. 85, 3580 -
3583, 2000. 
7. J. Y. Zhang, R. F. Casten, and N. V. Zamfir, A structural triangle for the geometric 
collective model, Phys. Lett. B 407, 201-206, 1997.  
8. R. F. Casten and P. Von Brentano, An extensive region of O(6)-like nuclei near A = 
130,  Phys. Lett. B 152, 22-28, 1985.
9. W. Lieberz, A. Dewald, W. Frank, A. Gelberg, W. Krips, D. Lieberz, R. Wirowski 
and P. Von Brentano, Evidence for variable γ deformation in 126Xe, Phys. Lett. B 
240,38-43, 1990.
10. A. Dewald et al., Electromagnetic transition probabilities in 130Ce , Nucl. Phys. A 
545, 822-834, 1992.
11. F. Seiffert, W. Lieberz, A. Dewald, S. Freund, A. Gelberg, A. Granderath, D. 
Lieberz, R. Wirowski, P. von Brentano, Band structures in 126Xe , Nucl. Phys. A 554, 
287-321, 1993.
12. G. Siems, U. Neuneyer, I. Wiedenhöver, S. Albers, M. Eschenauer, R. Wirowski, A. 
Gelberg, P. von Brentano and T. Otsuka, Multiple quadrupole “phonon” excitations in 
130Ba, Phys. Lett. B 320 ,1-6, 1994.
13. K. Kirch, G. Siems, M. Eschenauer, A. Gelberg, R. Kühn, A. Mertens, U. Neuneyer, 
O. Vogel, I. Wiedenhöver, P. von Brentano and T. Otsuka, Low spin states in 130Ba, 
Nucl. Phys. A 587, 211-228, 1995.
14. R. Kühn, K. Kirch, I. Wiedenhöver, O. Vogel, M. Wilhelm, U. Neuneyer, M. Luig, 
A. Gelberg and P. von Brentano, Non-yrast states in 132Ba, Nucl. Phys. A 597, 85-105, 
1996.
15. B. Saha  et al., Probing nuclear structure of 124Xe, Phys. Rev. C 70 034313, 2004.
16. N. Turkan, Search for E(5) behavior: IBM and Bohr–Mottelson model with 
Davidson potential calculations of some even–even Xe isotopes, J.Phys. G: Nucl. And 
Part. Phys. 34, 2235-2247, 2007.
17. C. J. Barton et al., Phys. Lett. B551 (2003) 269.
18. M. J. Bechara, O. Dietzsch, M. Samuel and U. Smilansky, Reorientation effect 
measurements in 122Te and 128Te, Phys. Rev. C 17, 628-633, 1978.



Search on Results of IBM for Region Between 120A150 475

19. Y. K. Shubnyi , Lifetime of the 0.570 MeV Level in the Te{+122} Nucleus, Sov. 
Phys.—JETP 18, 316-319, 1964.
20. J. Barrette, M. Barrette, R. Haroutunian, G. Lamoureux, and S. Monaro, 
Investigation of the reorientation effect on 122Te, 124Te, 126Te, 128Te, and 130Te, Phys. 
Rev. C 10, 1166-1171, 1974.
21. A. M. Kleinfeld, G. Mäggi and D. Werdecker, Reorientation effect measurements in 
124Te, 126Te and 128Te, Nucl. Phys. A 248, 342-355, 1975.
22. R. Wyss et al., Interplay between proton and neutron S-bands in the Xe-Ba-Ce-
region, Nucl. Phys. A 505, 337-351, 1989.
23. U. Meyer, A. Faessler and S. B. Khadkikar, The triaxial rotation vibration model in 
the Xe---Ba region, Nucl. Phys. A 624, 391-400, 1997.
24. A. Sevrin, K. Heyde, and J. Jolie, Triaxiality in the proton-neutron interacting boson 
model: Perturbed O(6) symmetry with application to the mass A�130 Xe, Ba nuclei, 
Phys. Rev. C 36, 2631-2638, 1987.
25. S. Raman, C. H. Malarkey, W. T. Milner, C. W. Nestor Jr. and P. H. Stelson,  
Transition probability, B(E2)↑, from the ground to the first-excited 2+ state of even-even 
nuclides, At. Data Nucl. Data Tables 36 ,1-96, 1987.
26. P. F. Mantica, Jr., B. E. Zimmerman, W. B. Walters, J. Rikovska and N. J. Stone, 
Level structure of 126Xe: Population of low-spin levels in the decay of 1+ 126Cs and 
theoretical description of adjacent even-even Xe nuclides, Phys. Rev. C 45, 1586-1596, 
1992.
27. M. T. F. da Cruz and I. D. Goldman, Decay of 132Cs and nuclear structure of 132Xe, 
Phys. Rev. C 42, 869-877, 1990.
28. A. Christy, I. Hall, R. P. Harper, I. M. Naqib and B. Wakefield, Measurement of the 
static quadrupole moments of the first 2+ states in 104, 106Pd and 130Te , Nucl. Phys. A 
142, 591-603, 1970.
29. R. B. Firestone, Table of Isotopes ed V S Shirley, J.Wiley-Interscience, USA, 1996. 
30. M. Beiner, H. Flocard, N. Van Giai and P. Quentin, Nuclear ground-state properties 
and self-consistent calculations with the skyrme interaction: (I). Spherical description, 
Nucl. Phys. A 238, 29-69, 1975.
31. E. W. Schneider, M. D. Glascock, and W. B. Walters, Collective excitations in 
128Xe observed following the decay of 128Cs and 128I, Phys. Rev. C 19, 1025-1034, 1979.
32. B. Singh, R. Iafigliola, K. Sofia, J. E. Crawford, and J. K. P. Lee, 0+ excited states 
in 122,124,126,128Xe, Phys. Rev. C 19, 2409-2411, 1979.
33. C Girit, W D Hamilton and E Michelakakis, Spin-parity assignments to levels in 
132Xe and multipole mixing ratio measurements, J. Phys. G: Nucl. Phys. 6, 1025-1044, 
1980.
34. L. Goettig, Ch. Droste, A. Dygo, T. Morek, J. Srebrny, R. Broda and, J. Stycze , J. 
Hattula, H. Helppi and M. Jääskeläinen, In-beam study of the 128, 130Xe nuclei, Nucl. 
Phys. A 357, 109-125, 1981.
35. W.Gast, U.Kaup, H.Hanewinkel, R.Reinhardt, K.Schiffer, K.P.Schmittgen, 
K.O.Zell, J.Wrzesinski, A.Gelberg and P.v.Brentano, Excited states in124Xe, Z. Phys. A 
318, 123-124, 1984.
36. R.Reinhardt, A.Dewald, A.Gelberg, W.Lieberz, K.Schiffer, K.P.Schmittgen, 
K.O.Zell and P.Von Brentano, Low spin structure of128Xe, Z. Phys. A 329, 507-508, 
1988.



N. Turkan and I. Maras476

37. D. Jerrestam, S. Elfström, W. Klamra, Th. Lindblad, C.G. Lindén, V. Barci, H. El-
Samman and J. Gizon, The effective moment of inertia in 124Xe, 126–128Ba, 129,131Ce and 
162Er isotopes , Nucl. Phys. A 481, 355-380, 1988.
38. P. Von Brentano, A. Gelberg, S. Harissopulos and R. F. Casten, Test of the O(6) 
character of nuclei near A=130, Phys. Rev. C 38, 2386-2388, 1988.
39. X.-W. Pan, T. Otsuka, J.-Q. Chen and A. Arima, A pairing effect in γ-soft nuclei, 
Phys. Lett. B 287, 1-8, 1992.
40. T. Otsuka, Microscopic calculation of IBM in the Te-Ba region, Nucl. Phys. A 557, 
531-550, 1993.
41. T. Mizusaki and T. Otsuka, Microscopic Calculations for O(6) Nuclei by the 
Interacting Boson Model, Prog. Theor. Phys. 125,  97-150,  1996.
42. N. V. Zamfir, W. T. Chou, R. F. Casten, Evolution of nuclear structure in O(6)-like 
nuclei, Phys. Rev. C 57, 427-429, 1998.
43. C. L. Wu, D. H. Feng, X.-G. Chen, J.-Q.Chen and M. W. Guidry, Fermion 
dynamical symmetry model of nuclei: Basis, Hamiltonian, and symmetries, Phys. Rev.
C 36, 1157-1180, 1987.
44. X.-W. Pan, J. L. Ping, D. H. Feng, J. Q. Chen, C. L. Wu and M. W. Guidry, 
Fermion dynamical symmetry model for the even-even and even-odd nuclei in the Xe-
Ba region, Phys. Rev. C 53, 715-729, 1996.
45. N. Yoshinaga, T. Mizusaki, A. Arima and Y. D. Devi, Microscopic Foundations of 
the Interacting Boson Model from the Shell-Model Point of View, Prog. Theor. Phys. 
125, 65-95, 1996.
46. N. Yoshinaga, Y. D. Devi and A. Arima, Microscopic derivation of interacting 
boson-fermion model Hamiltonian and its application to singly magic nuclei, Phys. Rev.
C 62, 024309, 2000.
47. K. Higashiyama, N. Yoshinaga and K. Tanabe, Pair-truncated shell-model approach 
to backbending and low-lying states in 132Ba, Phys. Rev. C 67, 044305, 2003.
48. J. Q. Chen, Nucleon-pair shell model: Formalism and special cases, Nucl. Phys. A 
626, 686-714, 1997.
49. Y. A. Luo and J. Q. Chen, Shell model calculation in the S-D subspace, Phys. Rev.
C 58, 589-592, 1998.
50. Y. M. Zhao, S. Yamaji, N. Yoshinaga and A. Arima, Nucleon pair approximation of 
the nuclear collective motion, Phys. Rev. C 62, 014315, 2000.
51. Y. A. Luo, J. Q. Chen and J. P. Draayer, Nucleon-pair shell model calculations of 
the even–even Xe and Ba nuclei , Nucl. Phys. A 669, 101-118, 2000.
52. J. E. Garcia-Ramos, J. M. Arias, J. Barea and A. Frank, Phase transitions and critical 
points in the rare-earth region, Phys. Rev. C 68, 024307, 2003.
53 .O.Scholten, The Program Package PHINT Manual Book, National Superconducting 
Cyclotron Laboratory, Dept. of Physics, Michigan State University, East Lansing, 
Michigan 48824, 1982.
54. T. Otsuka and N.Yoshinaga, Program NP-BOS, Japan Atomic Energy Research 
Institute Report, JAERI-M85-094, 1985.
55. K.Nomura, N.Shimizu and T.Otsuka, Formulating the interacting boson model by 
mean-field methods, Phys. Rev. C 81, 044307, 2010.


