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Abstract:

The symmetry states structure of even -even ¢15®Nd isotopes has been studied using
the interacting boson model (IBM-1) .The energy levels , the electromagnetic transitions
probability B(E2) and potential energy surfaces are analyzed which reveal the detailed
nature of nuclei.

In this chain *8Nd nucleus have a transition characteristic between vibrational limit
SU(5)& vy- unstable limits O(6) .

Different behavior shown by *° Nd nuclei where the quadrupole — quadrupole
interactions between bosons and the pairing forces were dominated while the studied
structure band of nuclei **22°Nd looks as distorted nuclei.

The predicted theoretical calculations were compared with the experimental data in
respective figures and tables ,it was seen that the predicted results are in a good
agreement with the experimental data.

In the framework of IBM calculations (46) new energy levels were determined for
even -even #&158Nd isotopes .This investigation increases the theoretical Knowledge of
all isotopes with respect to energy levels ,reduced transition probabilities and potential
energy surfaces.
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Introduction:

In the interacting boson model ,collective excitations of nuclei are described by
bosons. An appropriate formalism to describe the situation is provided by second
guantization . One thus introduces boson creation (and annihilation )operators of multi
polarity | and z- component m .A boson model is specified by the number of bosons
operators that are introduced .In the interacting boson model -1 it is assumed that low —
lying collective states of nuclei can described in terms of a monopole bosons with angular
momentum and parity j° -o,called s and a quadrupole boson with J” =2* called d[1-6].

There are two basic concepts on which the IBM is based. One is that low-lying
collective states in even-even nuclei can be described by only the valence nucleons,
which form interacting fermion pairs. The other idea is that the fermion pairs couple to
form bosons, carrying angular momentum (J). The energies (s and &4), and the
interactions of the s and d bosons, predict the low-lying excitations in the nucleus. There
is 1 available magnetic substate for the s boson, determined by (2J + 1), and 5 available
magnetic substates for the d boson, forming a 6-dimensional space described by the
group structure[7]. The quadrupole collectivity is a prominent aspect in the nuclear
structure for both stable and exotic nuclei [8,9].

The use of boson degree of freedom to describe the quantum dynamics of many
fermion systems is a vast subject .The interacting boson model of Arima and lachello has
been successfully applied to a wide range of nuclear collective phenomena . The essential
idea is that the low energy collective degrees of freedom in nuclei can be described by
proton and neutron bosons with spins of 0 and 2. These collective building blocks
interact. Different choices of L=0 (s-boson) and L=2 (d-boson) energies and interaction
strengths give rise to different types of collective spectra. The IBM is a
phenomenological model ,that is to say its parameters are determined by fitting to the
excitation spectra of nuclei .The interpretation of the boson as proton pairs and neutrons
pairs is only manifested in the means by which N and N, are chosen for a given nucleus
.There is extensive literature that undertakes to interpret the bosons of the model
microscopically [1-6].

Many of studies have been done in the last few years ago on *31Nd , In 2000 Al-
Banna,et. al. applied X(5) Model on *°Nd [10]. In 2003 Abdullah et. al. and Singh et. al
,analyzed nuclear band spectra in ©®2Nd and 144146148150Nqd respectively in 2003
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[11,12]. In (2010) the low lying energy levels for °°Nd have been calculated using
Density Functional Theory by Meng et.al. [13].

Interacting Boson Model (IBM):
Hamiltonian operator
The Hamiltonian operator according to IBM- 1 describes the system of s (L=0) and
d (L= 2) boson can be written either [1-6,14 ]
H=cngtao (Pt P)+ai(L-L)+ax(Q-Q)+as (T 3T 3) +aa(T 4T a)...... (D
where g, ao, a1, a2, az, a4  parameters used in the IBM — 1.

E=(E07€s) (2)
¢ — Boson energy , &4 —energy of d —boson, &s—energy of s—boson

Ag=[d" dz] the boson number type of (d — boson)............ 3)
P= % ( (Ei: (Ei: )-% (S-S) the pairing bosons operator............... 4)
L=+10 (d tx g ) angular momentum operator............... (5)

O=[d x5 ][5 "xd ]>+CHI[d "xd ]2 Quadrupole momentum operator... (6)

CHI = \/j for rotational dynamical symmetry and CHI = Zero for vibrational and y —
2

soft dynamical symmetry.
(T3)=[dfx d 13 Octupole operator........................... (7)

(T4)=[dTx (T 14 Hexadecapole operator..................... (8)
The creation (df, §7) and annihilation (d,§) operators can be used in the
commutation relations form as follows[15-18]
5,87 =1,[838]= 5,87 =0;
[dy,d =8, [dy,dp]=[d N de1=0; N 9)
[3, du]=1[8 dul =[3" du1=[8", d ] =0
The operator d is defined by[1-6]
dm=()"dm S =8 (10)
Or [7,9]

2 A, A nt oAt o2t ]°
H=e (§7-S)+e,(d - d)+ % 2L+1 C{[d ®d L@[d@dH

L=0,2,4
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Where

€ (L=0,2),C (L=0,24),V,(L=0,2),U, (L=0,2)
represents the boson energies and interactions.

Transition Operators
The electromagnetic transition operators can be written as[1-6, 19-21]

T =yorao[s™x5ToD+Po[dTxd 0@,  ~
fu(Ml)zﬁl[aTXa]u(l),

T 1= gy[d Tx§ +§Tx5]p(2)+ Ba[d Tx 5]u(2>, > ....... (12)
fu(M3):B3[aTxa]u(3)’

fu(E4):[34[aTXa]u(4)
where

vo is the electromagnetic transition parameter/
aL(L=0,2)
and pL(L=0,1,2,3,4)
Are parameters specifying the various terms in the corresponding operators.
Electromagnetic transitions and moments
The most general form of electromagnetic transition operator in IBM-1 is given by

. - (E2 - r (M1
electric quadrupole T® operator and magnetic dlpoIeT M operator as follows[8,18]

Electric quadrupole operator T (E2)
The electric quadrupole T =2 operator can be taken from equation (2-11) as[6]

Tu® = o[ d x5 +5 T d 1u@+ Ba[d T d Ju@ oo (13)
where
a2 is the effective charge of s and d boson
B2 is the effective charge of d- boson
The selection rules of the electric quadrupole operator of the three dynamical

symmetries (Chain 1, 11, and I1l) are as follows [1-6, 19-21]
Chain I Ang =0, £1, Av=%1, Ana=0, | Al| <2SU(5)
Chain 11 AM=0, Ap=0  SU(3)
Chain I Ac=0, At =21 O(6)
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The electric quadrupole transition rates are governed by B(E2) values, these are
defined as[8]
1

21 +1

B(E2; Ii — If) = |<I| TE 5> 2 oo (14)

where
li is the initial angular momentum Iz is the final angular momentum
The electric quadrupole moments Q, of the three dynamical symmetry SU(5),SU(3)
and O(6), where they are used in the present work can be written as follows[1-6]

Q=< M-=I| [l%r}f(ENLM.:b ........................ (15)
_ 1677.' A(Ez) . ..
Q= ||| ! 2 1< | T ® ||Li> in SU(5) Limit ...... (16)
-1 0 |
167 ) ..
Q=-m Ty | /214 3(4N+3) in SU(3) Limit...... (17)
Q=0 in O(6) Limit....... (18)

and the (Branching Ratios) of the reduced transition probabilities for electric quadrupole
transition of the dynamical symmetry SU(5), SU(3), and O(6) obeys the following
relations [18-21]

R=B(E2; 41" —2:")/B(E2; 21" = 01") ..o, (19)

R'=B (E2; 22" — 21") /B (E2; 21" > 017).ceoeiiiieee (20)

R"=B (E2; 02" — 21")/(E2; 21" = 01").eeiviiiii (21)

In addition, they can be written in terms of the total boson number ¢3:-

R=R'=R"= % —2 in SU(5) Limit.......... (22)
N—oo

Re 10 (N-1)2N+5) 10,
7 N@N+3)  Now 7

R'=R"=0 in SU(3) Limit..... (23)
Rep10 (N-1(N+5) 10,

7 N(N+4) N7
R"=0 in O(6) Limit........ (24)

where N — is the total boson number.
Potential Energy Surface(P.E.S.)

The general formula for the potential energy surface as a function of geometrical
variables  and vy is given by [7,9]
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_ N(es +&, B°) | N(N-T)
V(ﬂ17)_ 1+ﬂ2 +(1+ﬁ2)2

where
N= is the total boson number

(a,B" +a,B°cos3y +a, B +a,) ..(25)

2 = is the quadrupole deformation parameter operator from 0 — 2.4

7= =1is the distortion parameter operator or (asymmetry angle) for 0°— 60° as shown
in Fig. (1) .The variables (o1, a2, o3, a4) are related to the parameters Cy, Vi, and U
which is given in equation (11).
The relation ships between the variables (o’s) and these parameters have been
expressed [20-22] :-

% :%+%+%* E e (26)
a, ==SQRT (3%) ST @7
o =M +U)ISQRT() (28)
A= (29)

One must take into account that the asymmetry angle occurs only in the term cos
3y. Thus, the energy surfaces has minima only at y = 0° and 60° .The energy expressions
in their limits, can display the essential dependence and g and y, which have been given
as[7,9] :-

For large N, Pmin =0, V2 and 1 for SU(5),SU(3) and O(6) respectively.

Fig.(1) : Surféce phase transitions diagram of IBM [22].

Calculations and results:
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Calculations of energy levels for even-even #8-1°Nd isotopes were performed with the
whole Hamiltonian (eq.1) using IBM-1 computer code . For 148-1%¢Nd nuclei (Z=60) have
(8-12) bosons formed (5 proton particle) bosons and (3-7) neutron particle bosons where
N= (88-96).

The parameters of equation (1) were calculated from the experimental schemes of
these nuclei [23-36] and the analytical solutions for the three dynamical systems (see
reference [4]). These parameters were tabulated in table (1) . The calculated and
experimental energy levels and the parameters value were exhibit in figure(2)&(3).

The calculations of B(E2) values were performed using computer code “IBMT”. The
parameters in E2 operator eq. (13) were determined by fitting the experimental
B(E2;2:">0:") data [23-36], and the parameters were listed in table(2),where

s, =%a2,—@az and —0 E2SD = a,,E2DD =+/53,and

in SU(5), SU(3) and O(6) respectively[4-7]. With addition to Comparison between
present values of B(E2) (in unit e?b?) for even-even &156Nd isotopes (Theo.) and
experimental ones (Exp.) [23-36], the quadrupole moment of 21" state listed in last line.
B(E2)e?h?
5.943x10 ° A*%e?p?

The converter coefficient between (e?b?) and (W.u) is B(E2)wu =

Table (1): The parameters of the Hamiltonian equation used for the description of the
148-16Nd isotopes.

Parameters N € ao a a as a
Isotope ° In (MeV)
148Nd 8 0.38 0.015 0.01 0.0 0.007 0.0007
150Nd 9 0.0 0.05 0.015 -0.0125 0.0001 0.0001
52Nd 10 0.0 0.0 0.005 -0.019 0.0001 0.0001
154Nd 11 0.0 0.0 0.0065 -0.0141 0.0001 0.0001
156Nd 12 0.0 0.0 0.0052 -0.0159 0.0001 0.0001

Table (2): Comparison between present values of B(E2) (in unit €2b?) for even-even
148-1%6Nd isotopes (Theo.) and experimental ones (Exp.) [19-29 ].The quadrupole
moment of 2;" state listed in last line.

Transitions | E2DD E2SD 2:">0," 2,"2>0," 2,">2:* 41*>21* Q21+
Isotope In unit (e%b?) Th. | Exp. Th. Exp. Th. | Exp. | Th. | Exp. | Th. Exp.
148Nd 0.105 -0.001 0.28 0.277 0.0024 0.0025 0.0042 - 0.39 043 -1.46 -1.41
150Nd 0.14 -0.03 058 054 0.0031 0.002 0.0054 - 0.81 0.82 -2 -2
152Nd 0.12 -0.15 0.764 0.768 0.0 - 0.0 - 107 104 -23
1%4Nd 0.089 -0.13 0.464 0.464 0.0 - 0 - 0.65 - -1.82
156Nd 0.086 -0.12 0421 - 0.0 - 0.0 - 0.59 - -1.73

The parameters of the energy surface were calculated by transforming the parameters
of Hamiltonian of equation (1) by several equations (see reference [4]), and they are

96



AL-Qadisiya Journal For Science Vol .18 No.4 Year2013

found to be as in table (3) to draw the energy functional E(N; B,y) as a function of § and
the contour plots in the [J-p plane fig.(4).

Table (3): The parameters of the Hamiltonian equation used in the programs IBMP code
for potential energy surface

Parameters € o a a a3 EW
Isotope No In (MeV)
148Nd 8 0.38 0.015 0.01 0.0 0.007 0.0007
150Nd 9 0.0 0.05 0.015 -0.0125 0.0001 0.0001
152Nd 10 0.0 0.0 0.005 -0.019 0.0001 0.0001
154Nd 11 0.0 0.0 0.0065 -0.0141 0.0001 0.0001
156Nd 12 0.0 0.0 0.0052 -0.0159 0.0001 0.0001
0.06 . a0 05 ¢

E(MeV)
o
o
w
®
E(MeV)
o
N
o [6;]
4
4

0~ ' ' ' 146 148 150 152 154 156 158
146 148 150 152 154 156 158
Mass Number Mass numbers
a2 0.016 al
0 1 %\
146 158 < 0.008
o
$-0.01
§ OI T T T T T 1
fimg 146 148 150 152 154 156 158
-0.02 -

Mass number Mass Number

Fig.(2): The values of the parameters (¢, ao, a1 and az) were calculated from the
experimental schemes of 1¢1Nd isotopes.
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Fig. (3): A comparison between theoretical values of energy levels and the
corresponding experimental one for 148-156Nd |
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Fig.(4):The energy functional E(N; B,y) as a function of  and the corresponding -y
counter plot for 18-16Nd isotopes.

Discussion and Conclusion:

The energy ratio E(J")/E(2:") for the Ji* =4,7,61" and 81" levels for the doubly even
Neodymium isotopes were shown on figure (5). *Nd nuclei was leave SU(5) limit to
O(6) limit because of the experimental and calculated ratio values E*4/E™,, E'6/E*"2 &
E*s/[E*, were as (2.49,4.24 and 6.15) .Different behavior shown by on ** Nd nuclei
where the ratio values were as follows( 2.92, 553 and 8.67) which means an
intermediate ratio between O(6) limit and SU(3) limit where the quadrupole — quadrupole
interaction between bosons and the pairing forces were dominated . These forces
especially influence the particles in the unfilled states .The pairing force keeps the nuclei
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in spherical symmetry .The quadrupole charge distribution causes what is known as the
quadrupole force ,this force take the nuclei to the deformed state ,the relation between the
pairing and the quadrupole forces determines the form of the nuclei.

The studied structure band of nuclei **>°°Nd looks as distorted nuclei where the rates
of practical and theoretical energies (41" / 21%) were (3.26 and 3.29, and 3.3) and (6.67,
6.8 and 6.85) for the ratio (6:* / 2:%) and (11.1, 11.44 and 11.58) for the ratio (81" / 21%)
respectively, which are virtually identical to the SU(3) rates specifically, as shown in
Figure (5) .The behavior of these ratios of the energy leave the SU(5) limit to O(6) limit
toward the SU(3) limit. Deformed nuclei can exhibit rotational spectra ,which depend on
the nuclear equilibrium shape.

The gradation in the 1Nd nuclei characteristics can be interpreted if we look at
the neutron distribution in the nuclear shells, the 148-%°2Nd nuclei occupy 1h o2 while
154.1%6Nd occupy the 2fz2 sub levels respectively .

| 4+/2+ —8— G+/2+ —h— 842+ | A+[2+ —8—B+[2+ —a—8+/2+
14 14
n:- 7 ././.—_._. § 7 - - -
0 T T T T T T 1 0 T T T T T T J
146 148 150 152 154 156 158 146 148 150 152 154 156 158
Mass Number Mass Number
Fig.(5 ):Calculated and Experimental ratios (4*/2"),(6*/2%) and (8%/2*) for 14¢-156Nd
isotopes.

In the present work, the researcher has been applied the geometrical model of the
IBM-1 for even—even nuclei, since the IBM-1 geometrical model of nuclear collective
motion provided as with an alternative description of nuclear collective excitations,
which are more sensitive than the phenomenological model.

The IBM-1 analysis of the counter plots of the potential energy function V(B, v),
calculated by using the parameters (a's) that deduced from (IBMP. For) program, as
shown in table (3). Figure (4) elucidates the potential energy surfaces as a function of
deformed parameters (B, ), the contour lines are in good agreement with the typical plots
as shown in figure (1). The axially symmetric (y = 0°% y = 30° y = 60°) plots of the
potential function, calculated in the present work, for 148-1Nd isotopes show that:

1. The axially symmetric for the isotope **Nd of the dynamical symmetry U(5)-O(6),
figure (4) shows the behaviors of the potential energy surfaces with a minimum of
(0.198 MeV) on the prolate shape at 3 =0, y = 0°, and the same value for oblate shape
at, y=60°. Also shows good agreement with the typical axially symmetric of U(5)—
O(6) limits.
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2. From the axially symmetric for the isotope *°Nd of the dynamical symmetry O(6)-
SU(3) , as shown in figure (4), the behavior of the potential energy surfaces of
(3.76 MeV) on the prolate side at =0.8, y=0° and for ablate shape at B = 0.8, y = 60°
which is (1.84 MeV). This is agree with the behavior of the U(5) limit compared with
the typical triaxial symmetric.

3. The axially symmetric for the isotope 1°21°Nd of the dynamical symmetry SU(3),
figure (4) shows the behavior of the potential energy surfaces with a minimum of (7.4
MeV,6.3MeV and 8.45 MeV) respectively on the prolate shape, at at B = 1.2, y= 0°.
This is agreeing with the typical axially symmetric of the SU (3) limit.

In the framework of IBM calculations (46) new energy levels were determined for
even -even ¢1Nd isotopes as (0%3:1.32 MeV , 4%s :2.42MeV, 6%, :2.1MeV and 5%
:2.04MeV for “°Nd, (075 :1.07MeV, 0*4 :1.48MeV , 10*1 :2.47MeV and 5%1:1.74MeV )
for 18Nd, (0*3:1.28MeV ,0s :1.7MeV , 24:1.42MeV , 3*1: 0.93 MeV, 6*; :1.54MeV,
2*5:1.44 and 5*; :1.19MeV) for ¥*°Nd, (6*,:1.59MeV , 8*; :1.95MeV , 2*3 :1.15MeV,
3"1 :1.22MeV , 4%; :1.32MeV ,5%1 :1.44MeV, 0%3 :1.93MeV , 2%4 :2.01MeV and4*,
:2.18) for ¥2Nd, (02:0.89 MeV , 4*,:1.12MeV , 6*, :1.38MeV , 8"2:1.73MeV , 2*3: 0.9
MeV,4%3:1.12MeV , 51 :1.24MeV , 0*3 :1.61MeV and 2*4:1.68MeV) for **Nd and
(0"2:1.07 MeV , 2%,:1.16MeV , 4%, :1.3MeV , 6%2:1.56MeV , 8%: 1.9 MeV,2"3:1.165
MeV , 3"1 :1.23 MeV , 4%; :1.321MeV , 5%1:1.43MeV, 073 :2 MeV and 2%, :2.07 MeV,)
for 1>4Nd. see fig.(3).
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