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SU (3) Symmetry of Even-Even " *Ce Isotopes in the Microscopic
Interacting Boson Model (IBM-1)
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Abstract: Deformed nuclei represent perhaps the largest and most studied class of nuclear-level schemes. The
Interacting Boson Model (IBM-1) has been used to calculate the positive parity states of °"'**Ce below 2 Me V.
A simple parameterisation has been used that corresponds to a description close to the SU (3) limit of the
model. The energy levels and B (E2) values are obtained for the '**'**Ce by using the IBEM. The E (v) transition
energy has been plotted as a function of the spin to determine the existence of the back-bending phenomenon.
The results show that these nucler have rotational properties. The moment of inertia, the rotational energy,
two-nucleon transfer reactions and the Potential Energy Surfaces (PES) for these isotopes have been calculated.
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INTRODUCTION

Although, Cerium (Ce) isotopes are located in an
interesting and complex region within the periodic table
(Turkan and Maras, 2007) previous studies of the cerium
nucleus series are relatively few, especially, studies of
cerium nuclei with mass numbers 150 and 152. The “*Ce
has not been studied previously, so, it has been studied
here using the Interacting Boson Model (IBM-1). In
nuclei with mass number 150 such as Nd, 1t 1s found that
these isotopes are nearly perfect rotors (Jinfu et al., 2000).
By Jinfu et al. (2000) studied the positive parity collective
states in "**°Ce isotopes using the IBM-1. They studied
both energy levels and the reduced transition probability
for these isotopes.

The "YCe nuclei have 7Z = 58 and 92 and 94
neutrons, respectively. These nucleir have four proton
bosons as particles close to the magic number 50 and they
have five and six neutron bosons as particles,
respectively. These configurations have been used to
interpret the yrast levels (Tachello, 1981). Imitially, the
ratio R (4*,/2")) of ""'**Ce is 3.15 and 3.25. These ratios
indicate that these nuclei are located in the SU (3) region
and have rotational properties. The collective nuclear
motion for heavy mass nuclei has been successfully
described by Arima and Tachello using the IBM ( Armia
and lachello, 1976). The IBM is mainly rooted in the shell
model and the collective model (Pfeifer, 1998). InIBM-1,
the three symmetry limits are the vibrational limit U (5),
the rotational limit SU (3) and the y-unstable O {6). The
IBM-1 makes no distinction between neutrons and
protons boson {Tachello, 1981; Tachillo and Arima, 1987).
The aim of this study is to interpret energy levels for
even-even ceusing the IBM-1 with two-nucleon transfer
reactions. The B (E2) values and moment of inertia are

calculated and compared with previous available
experimental data and the dynamical symmetries of these
isotopes investigated.

MATERIALS AND METHODS

Theoretical basis

Microscopic Interacting Boson Model (IBM-1): The
IBM-1 of Tachillo and Arima (1987) is widely accepted as
a traceable theoretical model to describe the low nuclear
collective properties of complex nuclei across an entire
closed shell using a suitable Hamiltonian (Casten and
Warner, 1988; Al-Dahan, 2017, Hussainetal., 2015). The
low-lying collective characteristics of even nuclei are
described in terms of the interacting s-boson and d-boson,
with a total angular momentum of L = 0 and L = 2,
respectively  (Tachello, 1981; Al-Dahan, 2017
Sharrad ef al., 2013). The number of bosons depends on
the number of active nuclei or hole pairs outside a closed
shell (Pfeifer, 1998). The Hamiltonian of the IBM-1 can
be expressed as (Tachello, 1981):
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where, the dot indicates scalar products and the cross
indicates tensor products. The above equation is specified
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by nine parameters, two appearing in one-body terms and
seven in two-body terms (Tachello, 1981; Arima and
Tachello, 1981). The Hamiltonian used to calculate energy
levels (Casten and Warner, 1988) is:

H = eh,+a,Q" +a, I’ (2)

Moment of inertia and rotational energy: The transition
energy (Hy) between levels 1s E(L)-E(L-2) while the
equation of calculating rotational energy (h) (Castenholz,
1993; Krane and Halliday, 1987) 1s:

E(L)-E(L-2)

JL (L+1)-f(L-2)(L-1)

e =

(MBV) (3)
The general form for calculating the moment of

inertia (Castenholz, 1993) is:

4L-2  4L-2
Ey  E(L)-E(L-2)

20/ =

(Mev)' (4)

Potential Energy Surface (PES): The IBM-1 energy
surface is created using the expectation value E of the
IBM-1with coherent states to describe the intrinsic
structure of quantum systems that have multi-nucleon
out-closed shells in a clear geometric picture form
(Iachillo and Arima, 1987, Casten and Warner, 1988;
Sharrad et al, 2013). The intrinsic state of the
ground-state of the IBM-1can be given (Casten and
Warner, 1988) as:

N, B, y):l/m(b:)Nlo) (5)

where, |0} 1s a vacuum state that is annthilated by all
annihilation operators. The PES as a p—y function can
been written (Casten and Warner, 1988; Sharrad et al.,
2013) as:

E(N,B.7)= Ne, +N(NH){D‘154+%B3

(1+[32 ) (1+[32 )2 cos3y+o,f’ +a, } (6)

where, the o, o, «;and o, are related to the coefficients
C,, vy, v, Wy and u, of Eqg. 1.

Two-nucleontransfer intensities: An important property
inthe changing interpretation mechanism of nuclear shape
1s the two-nucleon transfer intensity. Within the
framework of the IBM-1, two nucleon transfer intensities
can be described. The operator for L. = O transfer 1s:

T =at+s’, T =a-=s

(', ) refers to creation and annihilation of an s-boson
operator. The expressions of the boson transfer intensity
for ground-state to ground-state in limits U (5)and SU (3)
are given, respectively (lachillo and Arima, 1987,
Casten and Warner, 1988; Scholten, 1980) as:

(N, >N, 1) = 02 (N, H)(Q,N,) @,
(N, >N, ) - ai(Nvﬂ)[j;fl)]

- (8)
Q-N-= N
[ YT 3(2N4) ]

Where:

N, : The number of neutrons boson

N : Indicates the number of the total particles bosons

Q. . Represents the neutron-pair degeneracies which is
taken equal to (126-82)/2 = 22

RESULTS AND DISCUSSION

In this study, the energy levels, the reduced
quadrupole transition probabilities B (E2) and PES for
BUI%Ce isotopes have been investigated using 1BM-1,
also the moment of inertia for the ground-band was
calculated.

Energy levels: The EPS term was introduced into the
Hamiltonian equation of the pure SU (3) limit to calculate
the energy levels of "°Ce and the SU (3) limit was
applied to calculating the energy levels of "“Ce. The
even-even “*'*Ce isotopes have proton boson particle
number 4 and neutron boson particles number 5 and 6,
respectively.

The experimental energy ratio R (4] /2] j= E4//E2{ for
01%Ce js 3.15 and 3.25, respectively, whilst the
calculated energy ratio R(47/2 )= E4 /B2 using IBM-1
for the same isotopes is 3.34 and 3.36, respectively. The
energy levels of the y-band have been predicted and the
results of the comparison between the theoretical and
experimental energy spectrum were good as shown in Fig.
1. The QQ parameters for "°Ce and **Ce were found by
estimating the energy of the second state with the spin or

parity 2%,. The parameters used in the PHINT code to
calculate energy levels are shown in Table 1.

B (E2) values: An important aspect of the TBM-1
predictions focuses on electric quadrupole transitions (E2)
{(Mulligan et al., 1972. The general E2 operator can be
introduced (Casten and Warner, 1988) as:
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Fig. 1. Comparison between the calculated energy levels with the experimental energy levels (Artna-Cohen, 1996;
Basu and Sonzogni, 2013 Martin, 2013) for ****Ce

Table 1: The parameters used in the PHINT code for ™ **Ce in (MeV) units exceptthe boson number (N)

Isotopes N £ PAIR ELL Q0 OCT HEX CHI
e 9 0.09 0 0.02 -0.0174 0 0 -29
ICe 10 0 0 0.024 -0.0024 0 0 -2.9

Table 2: The parameters used in the FBEM code for P*2Ce

Isotope E2SD (ep) E2DD {ey)
Hice 0.13 -0.37
2Ce 0.155 —0.458

Table 3: Comparison of the calculated and experimental (Artna-Cohen,
1996; Basu and Sonzogni, 2013 Martin, 2013) with B(E2)
values for ™'*Ce isotopes

150(:e lﬁlce*

IBM-1 Cal. of Jinfu IBM-1
J—+J. cal. EXP.  etal (2000} cal. EXP.
2,707 0.605 0.615 0.568 1.10 1.19
4,722, 0844 047 - 1.54 2
6,74," 088 - 3 1.626 3
86" 0.861 - - 1.603 -
10,%+8," 0.795 - - 1.508 -
12,10, 069 - . 136 .
14,%+12,* - - - 1.17 -
2,70, 0431 - . 0.0572 .
FE N 0597 - . 0.0144 .
6,7-4," 0.620 - - 0.08 -
2,7-0," 0.001- - : 0 :
4,527 0.0007 - - 0 -
6,74, 0.001 - - 0 -

*There are no calculated B(E2) values for'*

(Jinfu ez al., 2000)

Ce isotope in reference

T(E2)= 0,0 =e,Q=c¢, ([d*§+s*&]m [ " x&]m (9)
Where:
ey . The effective charge of the boson
Q@ : The quadrupole operator
¥ . Denotes that deformation magnitude is equal

J7

to 17 or(§,&)

(s', s) are annihilation and creation operators s- and
d-bosons, respectively (Casten and Zamfir, 2001).
Table 2 shows the parameters used to calculate the B (E2)
values in the FBEM programme dependence on

experimental B(E;2' -0/} transition. The calculated B

{(E2) values were compared with available experimental
data as shown in Table 3.

In the pure SU (3) limit, the reduced electric
quadrupole transitions are allowable between interbands
while the transitions between the various bands are
forbidden such as the (f~g) band, so, the observed B (E2)
values of the “*Ce isotope in Table 3 show that this
1sotope has a perfect rotor. In the U (5) limit, the
transitions between various bands are allowable n
addition to the transitions between interbands which
achieves the selection rule (Basu and Sonzogni, 2013).
The (2,-0,", (4,2, and (6,"~4,") transitions of **Ce
with very small values (0.001, 0.0007, 0.0003) (e*b®) lead
to small breaking in the pure SU (3) limit.

Moment of inertia and the back-bending effect: The
moment of inertia and the rotational energy for the
ground-band of even-even Ce isotopes have been
calculated using Eq. 3 and 4 as shown in Table 4. The
relationship between transition energy and spin has been
plotted as shown in Fig. 2 .

Neither the "Ce isotope nor the **Ce isotope show
the back-bending effect which means the isotope’s
properties run unchanged (Al-Dahan, 2017). The
back-bending usually does not occur at a low spin in the
ground-band, so, the moment of inertia increases
directly proportional to the rotational energy as show in
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Table 4: Comparison of the transition energy, the rotational energy and moment of inertia of the experimental (Basu and Sonzogni, 2013) and the
theoretical for the!*"Ce isotope

J-1. E, (MeV)Exp. 20 (MeV)! Exp. hoy (MeVIExp. E, (MeV) Cal. 28/%? (MeV Cal. ho (MeV) Cal.
2,707 0.097 61.58 0.039 0.086 69.7 0.035
4727 0.208 67.30 0.102 0.202 693 0.099
6,-4" 0.301 73.08 0.149 0.316 69.6 0.157
876" 0.376 79.78 0.187 0430 69.7 0.214
10,*+8," 0440 86.36 0.219 0.540 69.58 0.271
12,-+10,* 0.495 92.74 0.247 0.658 69.9 0.328

Table 5: Comparison of the transition energy, the rotational energy and moment of inertia of the experimental (Artna-Cohen, 1996; Martin, 2013)
and the theoretical for the **Ce isotope

I, E.(MeV) Exp. 284 (MeVY! Exp. ho (MeV)Exp. E, (MeV) Cal. 28/p% (MeV) Cal. ho (MeV) Cal.
2,707 0.081 73.8 0.033 0.074 81 0.03
4727 0.182 76.5 0.09 0.175 80 0.0865
6,741 0274 80.2 0.136 0274 80.2 0.136
876" 0355 84.3 0.177 0373 804 0.186
10,*-8,* 0425 89.2 0.212 0472 803 0.236
12,*+10,* 0487 942 0.243 0.573 80.27 0.286
14,*-12,* 0.538 100.1 0.269 0.667 80.8 0.333
0.8+ (au)u ~®-Exp. 0.84 (b”{Ce
074 € ®Cal. 07
0.6 1 0.6
’>; 0.5 % 0.5
2 044 2 o4
o =
= 0.3 B 0.3
0.2+ 0.2 4
0.1+ 0.1
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Fig. 2{a, b): The realtionship between transition energy and spin
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Fig. 3(a, b): The PES as function (p—v) parameters for '**'**Ce

Table 4 and 5. Energy levelsbegin to decline asthe nuclei  breaking in the SU (3) limit for the *°Ce isotope. This
turn to the SU (3) limit which gradually decreases their  breaking indicates the transition characteristics from U (5)
rotational energy. to SU (3) (Artna-Cohen, 1996).

Potential Energy Surface (PES): In this study, the  Two-nucleon transfer reaction intensities: Further to
geometrical properties of the '**'**Ce nuclei have been  the studied nuclear properties in this research, the
studied using the IBM-1 {(Martin, 2013). two-nucleon transfer reaction intensity for ground-state

In the SU(3) limit, the energy surface is at its  (0,"-0,") to ground-state as (t, p) and (p, t) reactions have
minimum at p = Jz while the y = 60 applies to oblate  been investigated. The intensities per o as a function
deformation and the ¥ = 0 to prolate deformation (Casten  of neutron numbers were plotted for ****Ce isotopes
and Warner, 1988). The plane of (B—y) inFig. 3 showsthe  as shown in Fig. 4. There are no experimental data
phase shape. This figure illustrates nearly perfect  for cross-sections of ""*Ce (Sahan ei af, 2017,
rotational characteristics for the ¥“Ce isotope with small ~ Mulligan et al., 1972) so, the calculated results of the
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Fig. 4(a,b):

Comparison between the calculated and typical results (Scholten, 1980) of Interacting Boson Model-1 for

ground-state to ground-state two neutron transfer reaction intensities of '**Ce (a) Represent (t, p)
reaction while and (b) Represent (p, t) reaction
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Fig. 5: Comparison between the calculated and typical
results (Scholten, 1980) of the IBM-1 for ground-
state to ground-state two-neutron transfer reaction
intensities of **"*Ce

Interacting Boson Model have been compared with
typical results of the IBM-1. The results showed good
agreement. The drop in ground-state to ground-state
transition occurs when nuclei transition from U (5)-SU (3)
(Scholten, 1980). The observed results show the
characteristics of the SU (3) limit (Tachillo and Arima,
1987).

The observed results from Fig. 5 show the difference
between the (t, p) and (p, t) reaction intensities which
represents, the changing magnitude value of the
ground-state energy levels when adding or removing two
nucleon for these two 1sotopes.

CONCLUSION

The IBM-lhas been used to study the nuclear
properties of ***Ce isotopes. The IBM-1 calculations of
the energy levels, the B (E2) values and of the
two-nucleon transfers reactions show that these
1sotopes are close to having a perfect rotational shape.
Nuclei no longer have the back-bending effect. It can also
be concluded from the PES calculations that the prolate
shape is deeper than, the oblate shape in these isotopes
(Hussain et al., 2015).

The results of the IBM-1 calculations have been
compared with available experimental data. These
comparisions were in good agreement, so, the IBM-1 is a
convenient model to describe the low-lying collective
states of a medium nucleus.
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