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ABSTRACT

In this paper, we study the nature of the dynamics in second-order Quantum Phase Transition (QPT) between vibrational
(U®sF (5)) and y -unstable (O®" (6)) nuclear shapes. Using a transitional Hamiltonian according to an affine SU(Z,1)
algebra in combination with a coherent state formalism, Shape Phase Transitions (SPT) in odd-nuclei in the framework
of the Interacting Boson Fermion Model (IBFM) are investigated. Classical analysis reveals a change in the system along
with the transition in a critical point. The role of a fermion with angular momentum j at the critical point on quantum
phase transitions in bosonic systems is investigated via a semi-classical approach. The effect of the coupling of the odd
particle to an even-even boson core is discussed along with the shape transition and, in particular, at the critical point.
Our study confirms the importance of the odd nuclei as necessary signatures to characterize the occurrence of the phase

transition and determine the critical point's precise position.

Keywords: Affine SU(1, 1) algebra, -Unstable nuclear shapes, Quantum Phase Transition, Interacting Boson Fermion Model

I. Introductions

When the number of nucleons modifies, the
guantum shape phase transition happens as the
system's structure changes from one character to
another. The existence of shape phase transitional
behavior manifests in both even-even and odd-A
nuclei. Phase transitions studies have mostly been
done on even-even and odd mass systems within
the interacting boson model (IBM)1 and the
interacting boson fermion model (IBFM)2.

The interacting boson model (IBM) has three
dynamical symmetries signified by U(5), SU(3),
and O(6), which are usually associated with
spherical (U(5)), axially deformed (SU(3)) and
-unstable (O(6)) shapes. A first-order QPT is
observed between U(5)-SU(3), while the transition
from U(5) to O(6) is second -order (continuous)
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[1-3]. Quantum phase transitions in odd-A nuclei
as a system of bosons and a single fermion were
studied both classically and quantum mechanically
in Ref.[4] It was displayed that the existence of the
odd fermion powerfully affects the position and
character of the phase transition, particularly at the
critical point in which the phase transition happens.
It is found that the existence of a single fermion
changes the critical value at which the transition
occurs for any amount of the coupling constant [5].
Several explicit studies by Alonso et al. [6-10] and
Boyukata et al. [11] were done to study the
guantum phase transitions in boson-fermion
systems. They proposed an analytically solvable
model E(5/12) to explain odd nuclei at the critical
point in the transition from the vibrational to
gamma-unstable phase. In Ref. [12], the role of a
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single fermion on the shape phase transition was
also studied. It was shown that unpaired particle
describes the features at the critical points in
atomic nuclei. They said that the outstanding
features of shape phase transitions in odd-A nuclei
don’t change by coupling the single fermion to the
even-even case. The effect of the coupling of the
odd particle in the during of shape transition from
U(5) to SU(3) and the transition from U(5) to O(6)
in odd-A nuclei, in particular, at the critical point
was discussed in Ref. [13]. The ground-state
energy surface was obtained in terms of the shape
variables (and) for the even core, and odd-even
energy surfaces. It was found that the core-fermion
coupling gives rise to a smoother transition than in
the even-core case. D. Bucurescu and N. V. Zamfir
studied quantum shape phase transition in odd-A
nuclei. The evolution of level structures in odd-
mass nuclei and their even-even core nuclei is
studied by correlations between ratios of excitation
energies in both odd-mass nuclei.

Xiang-Ru Yu et al. [14] investigated the effects of
coupling of a single particle on shape phase
transitions and phase coexistence in odd-even
nuclei in the framework of the interacting boson-
fermion model. Their results displayed that a single
particle may impress different types of SPT in
various ways. They have shown that phase
coexistence can appear in the critical region and
thus be taken as a sign of the shape phase
transitions in odd-even nuclei.

In this paper, a systematic study of spherical to
v-unstable shape phase transition and the effects of
coupling a single particle on SPTs in the
framework of IBFM is present. Particularly, how
the existence of an odd particle can influence SPT
is investigated. To consider an even-even boson
core that performs a transition from spherical to
v-unstable shapes with a single nucleon in orbits to
describe Odd-A nuclei. The E(5|12) model of that
coupling of an even core that experiences a
transition from spherical U(5) to y-unstable O(6)
situation to a particle moving in the 1/2, 3/2, and
5/2 orbitals is proposed by using the affine SU(1,1)

Lie algebra and the Bethe ansatz technique in the
framework of the IBFM. Using the Catastrophe
theory, the suggested Hamiltonians, and the
coherent state of boson-fermion systems, we have
created the corresponding energy surfaces in terms
of the Hamiltonian parameters and the shape
variables. The energy surfaces and equilibrium
values along the shape phase transition are
explored in the odd-A nuclei for different control
parameters.

This paper is organized as follows: Section 2
briefly summarizes theoretical aspects of
transitional Hamiltonian and affine SU(1,1)
algebraic technique. Sections 3 include calculating
energy surface and sects. 4 and 5 are devoted to the
discussion, Classical Analysis, and Conclusions.

Il. The Applied Transitional Hamiltonians
concerning the Affine SU(Z, 1) Algebra

In this section, we study the coupling of an even
core that undergoes a transition from spherical
U(5) to y -unstable O(6) situation to a particle

moving in the 1/2, 3/2, and 5/2 orbitals by using the
affine SU(1,1) Lie Algebra and the Bethe ansatz
technique within an infinite-dimensional Lie
algebra in the framework of the interacting boson-
fermion model. We have used the same formalism
to extend IBFM calculation to the case that a j (1/2,
3/2, and 5/2) fermion coupled to a boson core. As
shown in Refs. [9-10] , the E(5/12) model is
constructed by considering the case of a collective
core with the E(5) symmetry coupled with a single
particle in a j = 1/2, 3/2, and 5/2 orbit. For better
clarification, we show in Fig.1 the lattice of
algebras relevant to our problem. By employing
the generators of Algebra SU(1,1) and Casimir
operators of subalgebras, the following
Hamiltonian for the transitional region between

U% (5)- 0% (6) limits is prepared
€Y

H=gS:Sy +as’+5c, (OBF (5)) +C, (0” (3)) +1C, (SpinBF (3))

where ¢, (0% (5)) , ¢,(0% (3)) and C,(spin™ (3)))
are the quadratic Casimir operators of the 0% (5),
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0% (3) and spin®" (3) algebras, respectively. This

choice of the fermion space is such that one can
usefully visualize the three angular momenta as
arising from the coupling of a pseudospin 1/2 with
a pseudo-orbital angular momentum 0 or 2. One
recovers, in the extreme cases, the Hamiltonian Eq.

(1) associated with 0 (6)® U (2) Hamiltonian when

C, = C4 and with U (5)®U’ (2) Hamiltonian if

S

c,=0 and c,#0. Thus, As mentioned, because

only the boson core experience the transition and
fermion coupled to the boson core, the situation

just corresponds 0% (6)®U’ (2) > U™ (5)@UF (2)
to the transitional region.

U ®) @ u'(12)

F
(&3]

o~

SpinBF(3)

Fig. 1 The lattice of algebras in the case that a system of Ng

bosons (with L=0, 2) coupled to a fermion with angular
momentum j=1/2, 3/2, and 5/2.

For evaluating the eigenvalues of Hamiltonians
Eqg. (1), the eigenstates are considered as
(2)

BF
‘k;v v.n /M>= a xhxm.o xS ST...SF 1W>
s d A n, m,

0y, 1 2 k n

neZ

Eigenstates of Hamiltonian Eq.(1) can obtain
using the Fourier-Laurent expansion of eigenstates
and SU(1,1) generators in terms of c-unknown
number parameters X; with i=1,2,...k. It means, one

can consider the eigenstates as [19-20]

rc+ C+ + BE
kivy,nJM)=@'S’ S’ .S |Iw) 3)

Using the CG coefficient, we can obtain the lowest
weight state, ‘Iw>”, in terms of boson and

fermion parts

J ,m> (4)

)

|w) =N,k -1

B
", LA

1 5 1 1 1 1
—(n,+2),k ==, +=)u ==(n,+=),L,M
(1, 4 0k, = vy + i, = (B, 42N LM,

5
v, +E)’Hd = o

Therefore, our states are characterized by the
quantum numbers (z,,z,) from SO*(5), L from

SO (3) and J of spin® (3). The eigenvalues of
Hamiltonian Eq.(1) can then be expressed
(6)
EY =B 4 oA +5(z, (7, +3) +1,(z,+1))
+yL(L+D)+nJ(J+1)

I11. Calculating of Energy Surface

We can investigate the classical limit of the
considered model in the framework of a coherent
state[4, 5, 8-10]. The cohesive state formalisms of
IBM and IBFM [4, 5, 20, 25, 26] connect the
algebraic and geometric descriptions of three
dynamical symmetry limits and also allows the
study of transitions among them. Using this
formalism, one can evaluate the ground state
energy as a function of shape variables £ and

Y, i.e., deformation parameters, similar to what
has been done for U (5) <> SO(6) transition.

The ground state energy surface is obtained by
calculating the expectation value of the boson
Hamiltonian in the coherent state [25-26]

¥yia)<( s+ | [0 ™

Where | 0) is the boson vacuum state, s" and d

are the boson operators of the IBM, and parameter
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o, can be related to the deformation collective

parameters of the quadrupole

B B _ Bsin(y) 3
ay=pcos(y), a,=0, a,= 7 )

The [ variable measures the axial deviation from
sphericity, and the angle variable » controls the

departure from axial deformation [1, 25-26]. Energy
surface would determine using

_ <NB’0“H‘NB'0‘>, 9
E (o) = e TNp] )

Intrinsic states for the mixed boson-fermion system
can be constructed by coupling the odd single-particle
states to the coherent states of the even core [4, 5, 20]

¢=\N8,a>®‘j,mj>, (10)

The basis for the diagonalization of the fermion
part is as

;)=al,[0), m =], +(j-1),..t 2 (11)

N

where m; is the projection of the total angular

momentum j on the symmetry axis.

Intrinsic states for the hybrid boson-fermion
system can be constructed by coupling the odd
single-particle shapes to the coherent states of the
evencore[4,5, 9,10, 20]. So, the expectation value
of Hy in the boson condensate is given as

(12)
NB NB_l 2 2 2 pd 2 B
:4(1(+ﬂ2)2){cs +2¢c,c, 5 +Cip }+%cs (12+Nﬂ2 +1]

BNg

2 2 2
+Zc§[2ﬂ NZB +5]+251ﬂ 8 +l271ﬁ 127

N N,
1+ 48 +p° + 1+ 52

By integrating out the boson degrees of freedom,
i.e.. by taking the expectation value of H: and

Vg in the boson condensate, one can obtain the
expectation value of the H +Vg. in the boson
condensate as

(13)
E=E, +45%‘;’527<2020\3o>{<|<33> (2.2))+(k (2.2))}
+(K®(2,2)- K (2,2))x(45 + 20y +207) +

45<K(s>(2,2).K(S’(2,2)>+f7<5 [; ;j Sm[; ;)>

_ @ ol (U(l l). @
2077<K (2,2) S (2,2j+8 2’2 K (2,2)>
hat

s Qg S
s s s" Al s,
zz.lzj+1 )25 +1) (-1) { J k}AL)(J,J)
i

kg
;4 (J' j )=|:aJan':|(“)

The curly bracket in Egs.(14) is a 6j-symbol. The
basis for the diagonalization of the fermion part is
as Eq. (11). To calculate Eq. (13), we have used
the following relations

(15)

(A (h Jz)>=<i,m\(aT <, )“\Lm>

=% 2 (D" (M oMy [ A44) 5, 6, Gy O,

Juodo MMy
(3.m[AY (i, 1) _;,(13114) j,m)= 16
z z _1 e <Jlm1J2m2‘/1:u>
my,m; Mg, My
X JaMMs JaMy | 2= 12) 8,6, 363, 1,6, m, O, O
Thus, if j=j =], ,m =-m,, £ =0 and

then <Aj> = 0.

IV. Discussion and Classical Analysis

A. Energy surface

The evolution of the energy surfaces along with the
shape phase transition for the boson core and the
odd-even systems considering different angular
momenta j=1/2, 3/2, and 5/2, orbits are displayed
in Figures 2 and 3, respectively. We considered a
number of bosons N ; =10 for the boson core in

all cases.
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Fig.2 The energy surfaces for an even-even case, as a function of the

deformation parameter 4 for different values of the control parameter C

E(B) vs p in IBFM-1 with j=1/2,3/2,5/2

Surface Energy of IBfM-1 for j=1/2,3/2,5/2 with m=0.-1,+1

Surface Energy of IBIM-1 for j=1/2,3/2,5/2
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- ~
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p— 252 —, 00826 ]

——c=0.6827

Fig.3 The energy surfaces for an Odd-A nuclei with j=1/2, 3/2, and 5/2 as a function of

the deformation parameter /3 for different control parameter values C,-

All energy surfaces have been calculated within a
coherent state approach. To obtain energy surfaces,
we need to specify Hamiltonian parameters Eq.(1).
The Hamiltonian parameters, namely « , 17, &
and y, used in the present work are shown in

Table 1.

Table 1. Parameters of Hamiltonians used to calculate the
surface energy. All parameters are given in keV.

Nucleus g o ) Y n
IBM® 1 1000 -95  -143
IBFM with

=123252 (Eq16)  © 1000 95 -143 1365

In our calculation, we take c, (:1) constant values

and C_changes between 0 and 1. By using
EQ.(2.19) in Ref.[15], we first show in Fig.2 the
energy surfaces for an even-even case as a function
of the deformation parameter /3 for different

values of the control parameter C.. The other

control parameter values C_ in Figs are

S
demonstrated by different lines. For C, = 0, the

lowest line, the even-even nucleus is spherical and
it changes to well defined ¥ -unstable deformed

shape for C, =1 (uppermost line). At the critical

point, C =0.5623, the energy surface presents

s, critical
a very flat minimum as happens for the E(5) critical
point model. One can notice that the surface energy
is instead very flat where the phase transition
occurs that corresponds to the essential point of the
system. Then, we have studied the same transition
for a boson-fermion case but considering different
angular momenta j.

We calculated energy surfaces for boson-fermion
systems that perform a transition from spherical to
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¥ -unstable shapes with a single nucleon in
j =1/2, j = 3/2 and 5/2 orbits to describe Odd-A
nuclei. The behavior of the energy surface as a
function of the control parameter C, for the

different j cases is depicted in Figs.(3) and (4),
respectively. In analysis, it can be said that, the
evolution of the energy surfaces suggests the SPT

critical point C_= 0.68 for j = 1/2, j = 3/2 and 5/2.

The nature of the crucial point is changed in these
control parameters. We see from the figures that
the odd particle drives the system toward an
unstable shapein these cases. This gives rise to an
effective shift of the critical point. For example, for
the odd-A systems, the critical issues move to

C, criticar = 0-68 (for j=1/2,3/2 5/2 orbits), where the

corresponding energy surface becomes very flat.
Also, we show in Fig.(4), that the energy surfaces

in the vibrational cases (C, = 0, leading to the
U™ (5) dynamical symmetry) and y -unstable
cases (C, =1, leading to the SO ° (6)dynamical

symmetry) as a function of the deformation

7000

6500

6000

8500

5000

E(p)

4500 -

.| —IBM1
—— IBFM-1 with j=1/2
——IBFM-1 with j=3/2
IBFM-1 with j=1/23/2,5/2 |~

AOOO - it

A0 F i

EP)

parameter ﬂ As shown in Fig. 4, the energy

curves for all j values in the spherical and
¥ -unstable cases present the same features like
that for the even-even core.

In these vibrational and ¥ -unstable cases, the of

the extra particle is not changing the system's
features. But the situation is different around the
critical point. While the results at the critical end
indicate clearly the extra particle drives the system
toward y -unstable shape.

To display how the energy surfaces change as a

function of the control parameter C. and
—1< <1 are shown in Fig.(5). The Figs show
how the energy levels as a function of the control
parameter C. evolve from one dynamical
symmetry limit to the other. It can be seen from
Fig.(5) that numerous level crossings occur,

especially in the region around C The

s,critical
crossings are since vV, , O(5) quantum number

called seniority is preserved along the whole path
between y -unstable and vibrational shapes.

2500

—BM-1

—— IBFM-1 with j=1/2

—— IBFM-1 with j=3/2
IBFM-1 with j=1/2,3/2,5/2

2000 |+

1800 | i

1000 | ooooeee BN b

Fig.4 The energy surfaces as a function of the deformation parameter ﬂ for vibrational and ) -unstable deformed cases.
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‘
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Fig.5 The energy surfaces as a function of the control parameter CS for even-even and Odd-A nuclei.

To display how the energy surfaces change within
the whole range of the C_and /3 parameters, the
energy surfaces E(cs, ﬂ) calculated. Once the

eigenvalues have been obtained, we can display
how the energy levels change within the entire

range of the C_ and ,B parameters. Fig.(6) shows

Surface Energy of IBM-1

the ground energy surfaces for the even-even and
odd-A nuclei. The calculations are performed by
considering the same fit parameters reported in
Table.(1). Fig. (6) shows how the energy levels

function as the control parameter C. and [

evolve from one dynamical symmetry limit to the
other.

Surface Energy IBFM-1 with j=1/2

E(B)
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Surface Energy IBFM-1 with j=3/2 Surface Energy IBFM-1 with j=1/2,3/2,5/2
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5000~
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3000 4
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2000 4

1000

1000,

Fig.6 The surface energy for odd-A nuclei as a function of C_and ,B control parameters.
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Fig.7 Even-even and odd-A energy surfaces. The surface energy of odd-A nuclei in the
ﬂ - ¥ plane are shown for different values c,-
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V. Equilibrium values: classical order parameter
By minimization of E(f,y) concerning S for

any control parameter, the optimal values ﬂe are

obtained*>114, The [, isasuitable classical order
parameter to determine the order and type of the
SPT. For a first -order SPT, ﬂe is not continuous
as a function of the control parameter. While for a
second-order SPT, /3, is ongoing but Of3, /OC,
is not continuous [4,5,11,14].

The equilibrium value ﬂe for a system is given by
minimizing E(B,y) with respect to £, ie.

imposing the following conditions as [4, 5]

OE(p)
op

The equilibrium values [ for the

=0, 17

U*®F (5)<—>OBF(6) transition for even-even and

boson-fermion systems with the different angular
moments are calculated as

_g(NB —1)(e., —cj)+l.25+4]/+a(ci —c?)

BM-1( -+ (18)
B (c“ Cd) g(NE —1)(cj —c‘\_cd)+1.25+4}/+ OK(Cj —C_.Z)
ﬁmj.-ju 1,j=1/2 (C c ):+ _ g(Nji _l)(C"C'd —Cj)+|2(5+'?)+4}’+a'(6‘j_6?) (19)
) T, e e 30) 2400 1) 8~ 2a (el )
ﬂh‘ﬂ-m 1,j=3/2 (C C ):+ _g(NH_l)(C\Ca _cj)+|,2§+I0y+a(cj—Cf) (20)
: ST g (N, S 1)@ —ce, )+ 126 10y +a(c - )
(N, —1)(ee, =€) +45+24(n+7)+a(c —c 1)

ﬁlfﬁf-zw\.f:l:-‘:..@-"z,sa (C_i, ,C, ) — i\/—

Be Vs ¢ of IBM-1

s,critical

o =
0.4 cs,cnuca} U:00%

02
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0 3 & i i f A i
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C 5
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)
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B vsc, in IBFM-1 with j=1/2,3/2,5/2

, critical

o

250 Cs.mncfo'“/
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).6815 0,662 06625 0,663 0 6635 0 6G4 0,604
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B vsc

e s,critical

A
s, critical

Fig.8 Evolution of the equilibrium deformation parameter ,BL in the even-even and Odd-A systems as a function of the control

parameter C_ along with the U(5)-SO(6) transition region.

The equilibrium values for the U ®* (5)«0° (6)

transition in even-even nuclei and odd-A in asingle
nucleoninj=1/2,j=3/2andj = 1/2, 3/2, 5/2 orbits
are shown in Fig. 8. From this figure, one can see
the effects of the odd particle at the critical point of
phase transition that remain approximately

constant C, <C .., and only begin to change

rapidly C, >C The critical point is

s critical
approximately the same location as the calculated
surface energy.

L [—mBMa

—— IBFM-1 with j=1/2
—— IBFM-1 with j=3/2
—— IBFM-1 with j=1/2,3/2,5/2

C s
s,critical

Fig.9 The evolution of the equilibrium deformation
parameter along with the shape phase transition for the
boson core and the odd-even systems considering
different angular momenta

10

We can see in Fig. (9) that the modification induced
by the presence of a fermion shifts the location of
the critical point. The critical point position in odd-
A nuclei moves considerably to the right of the
crucial point position in even-even nuclei actually,
the single fermion can be considered as a catalyst.
Phase transitions from the spherical to the
¥ -unstable limit for odd nuclei in the frameworks
of the IBFM and the Bohr collective model, with
the bizarre nucleon lyinginaj = 3/2 shell, were
considered in Refs. [6-13]. So, it must be, valuable
and worthwhile to compare the present method and
results to the method and results of these papers.
The paper by Alonso et al. Refs.5 investigated the
phase transition around the critical point in the
evolution from spherical to y -unstable shapes in

the cases where an odd j = 3/2 and j = 1/2
3/2 and 5/2 particle coupled to an even-even
boson core that undergoes a transition from the
spherical U(5) to the y -unstable O(6) situation.
They used the coherent state formalism and
semiclassical approach to get energy eigenvalues.
We also investigated the transition from the
spherical to the y -unstable limit in odd-A nuclei
when only the boson core experiences the
transition and fermions j = 1/2 3/2 5/2 are
coupled to the boson core. In our work, the
eigenstates and energy eigenvalues for the
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transitional region were evaluated by using the dual
algebraic  structure, the Richardson-Gaudin
method, and affine SU(1,1) Lie algebra; thus, the
natures of the two schemes are entirely different.
The E(5]12) algebraic solution for A-odd nuclei is
introduced using the dual algebraic structures and
the affine SU(1,1) Lie Algebra within the
framework of the IBFM. Our results are like the
results of Refs. [6-13] that the coupling of the
single fermion with angular momentum j to the
even-even system doesn't change the geometry
imposed by the boson core performing the
transition, and only the position of the critical
points has been shifted by the addition of the odd
particle with respect to the even case.

V1. Conclusions

In this paper, the effect of the coupling of a single
fermion with a boson core that performs a
transition from spherical to  -unstable shapes, in
particular, at the critical point is investigated. The
E(5/12)
A-odd nuclei is introduced using the dual algebraic
structures and the affine SU(1,1) Lie Algebra
within the framework of the interacting boson-

algebraic solution for

fermion model. The energy surfaces and equilibrium
values ﬂe along the shape phase transition are

calculated for the boson core and the odd-A
systems considering different angular momenta j:
1/2, 3/2, and 5/2 orbits. We have presented an

analysis of QPT inasystemof N g bosons and one

fermion and shown that adding a fermion
significantly modifies the critical value at which
the phase transition occurs. We found that the
coupling of the single fermion with angular
momentum j to the even-even system doesn't
change the geometry imposed by the boson core
performing the transition. Only the position of the
critical point has been shifted by the addition of the
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odd particle with respect to the even case. So,
-known properties in the even-even nuclei also
persist in the odd-A system.
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