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The main aim of the present paper is to solve the eigenvalues problem with the Bohr collective Hamiltonian
for y-rigid nuclei within a model we have elaborated by combining two model approaches: the quantum
mechanical formalism, namely, deformation-dependent mass formalism (DDM), and the anharmonic sextic
oscillator potential for the variable B and y = 0. The model developed in this way is conventionally called
the sextic and DDM approach. Analytical expressions for energy spectra are conjointly derived by means of
quasiexact solvability and a quantum perturbation method. Due to the scaling property of the problem, the
energy and B(E?2) transition ratios depend on two free parameters apart from an integer number which limits
the number of allowed states. Numerical results are given for 35 nuclei—?8-108Ry, 100-102 g, 116-130% o 180-196py
172, 146-130N g 132-134Ce 134G, 15(’Dy, and 150'ISZSm—revealing a good agreement with experiment. Moreover,
as proved for the first time by Bonatsos er al. [D. Bonatsos, P. Georgoudis, D. Lenis, N. Minkov, and C.
Quesne, Phys. Lett. B 683, 264 (2010)], the dependence of the mass on the deformation with the sextic potential
moderates the increase of the moment of inertia with the deformation, removing an important drawback that
has been revealed in the constant mass case [Buganu and Budaca, J. Phys. G: Nucl. Part. Phys. 42, 105106
(2015)]. Additionally, the correlation between the DDM and the minimal length formalism persists for the sextic
potential. Finally, the DDM effects on the shape phase transition for the most numerous isotopic chains, namely,

Ru, Xe, Nd, and Pt, have been duly investigated.
DOI: 10.1103/PhysRevC.106.064313

I. INTRODUCTION

Most nuclear models are focused on explaining the atomic
nuclei structure. One of the well-known examples is the Bohr-
Mottelson model [1,2]. This model is based on the coupling
between rotational and vibrational motions of the shape de-
fined by intrinsic deformation variables B and y, namely,
deviation from sphericity and deviation from axiality, respec-
tively. Also, it reflects some theoretical aspects in the physical
observables wherein a good agreement with experimental data
has been observed [3]. However, various model potentials
have been used in the Bohr Hamiltonian for the purpose of
describing suitable shape phase transitions in atomic nuclei,
particularly, those which are related to the topic of critical
point symmetries (CPSs), particularly, E(5) [4], X(5) [5],
Y (5) [6], and Z(5) [7], which describe the nuclei situated in
the critical points of the shape phase transitions from spherical
vibrator [U(5)] to y-unstable [O(6)] nuclei, from spherical
vibrator to prolate rotor [SU(3)], from axial rotor to triaxial
rotor, and from prolate rotor to oblate rotor, respectively.

On the other hand, in recent years there has been an
increased interest in the study of quantum mechanical sys-
tems with a position-dependent effective mass, especially in
nuclear physics where several theoretical comparisons with
experimental data have shown that the mass tensor of the col-
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lective Bohr Hamiltonian cannot be considered as a constant
and should be taken as a function of the collective coordi-
nates. It should be noted that the deformation-dependent mass
formalism (DDM) is not particularly new and has been used
for many years. Initially proposed to describe impurities in
crystals [8—10], it has also become an essential ingredient in
the description of electronic properties of semiconductors [11]
and quantum dots [12]. It was introduced for the first time in
nuclear physics by Bonatsos ef al. [13,14]; also, it has been
used in several works [15-18].

Moreover, various model potentials have been used to
construct analytical solutions of the Schrodinger equation as-
sociated with the Bohr Hamiltonian with DDM formalism,
but there is no previous research using the sextic potential
with the quantum concept of DDM. So, the overall goal of
this paper is to propose solutions for the Bohr Hamiltonian in
the frame of a DDM in y-rigid mode X (3) with anharmonic
sextic oscillator potential for the variable 8 and with y frozen
to y = 0, to obtain the expressions of eigenvalues and wave
functions by means conjointly of quasiexact solvability (QES)
[19] and a quantum perturbation method (QPM) [20] and to
study the DDM effect on the energy spectra, the transition
rates, and the variation of moment of inertia in axial symmetry
shape.

In general, the sextic potential is given by [21,22]

hz
V(a,b,c;B) = ﬁ((bz — 4ac)p? + 2abB* + a*B%), a # 0,
(D
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where a, b, and c are three parameters. Note that for a = 0,
the sextic potential becomes the harmonic oscillator potential.

An important remark is that the sextic potential, which is
a quasiexactly solvable phenomenological potential, is one
of the best candidate potentials for the description of the
spherical to deformed shape phase transition. This is revealed
from the fact that it can have a spherical minimum, a deformed
one, concurrently spherical and deformed minima, or a flat
shape. Such a potential was used for the first time in the
Bohr framework by Levai and Arias [23,24], and later on in
several works related to the nuclear structure [21,22,25-29].
The present model is called the sextic and DDM approach
[X(3)-SDDMA] and the plan of the paper is as follows: the
second section will focus on the theoretical framework of the
model and will be divided in five subsections: In the first one
we briefly recall the theoretical background of DDM formal-
ism, in the second one we will apply the DDM formalism
on the y-rigid Bohr Hamiltonian with the sextic potential,
solutions of the Schrodinger equation in the case of constant
mass parameter are given in the third subsection by means
of QES, while the correction to the energy spectrum of the
system is given in the fourth subsection by QPM. In Sec. III
the numerical applications are presented and the results are
discussed from both theoretical and experimental points of
view. Finally, Sec. IV contains our conclusions.

II. THEORETICAL FRAMEWORK

In the present section, we will give briefly the background
of the DDM, consider the case where the Schrodinger equa-
tion contains a position-dependent mass, and then derive the
analytical expressions for energy spectra by means conjointly
of QES and a QPM.

A. DDM formalism

When tensor mass depends on deformation coordinates,
it does not commute with momentum p = —iiV. In order
to overcome such a problem, Von Roos proposed a general
hermitian Hamiltonian including some new parameters given
by [30]

o, , ,
Hppym = —Z[B‘S (B)VB* (B)VB" (B)

+BY (VB (B)VB (B +V(B),  (2)

where V() is some potential and the parameters
8, k', and A’ are constrained by the condition 8’ + «’ + A" =
—1. By expressing the position-dependent mass B(8) as

B(B)=BoM(B) M(B) = 3

1
2B
where B is a constant mass and M(f) is a dimensionless
position-dependent mass, Eq. (2) can be rewritten as

hz
Hppm = — E[ﬁ(ﬁwﬂ(ﬁwﬂ(ﬁ)
+ABVBVLB]+VB)., @)

where § + k + A = 2 and the expression f°V f“V f* is devel-
oped as follows:

PV = PVt p iy
= 7w (5-0) s
X [Vf'/2 — (l — x)f—'ﬁv]f]
2
=VIVIVWF+0=Ivf-v/f
! R FA ! ) ! A
()= (3-0)(3 )
x (V)2 (5)
and we indeed obtain
VIVt VeV e

=2/fVIVf— (1 —=8—-1)fVEf

2181AV2 6
—<§—><§— )( . (6)

Finally the Hamiltonian (4) becomes

Hppm =

hz
~35 FBVIBVVIB)+ Ve (B), (D

where Vg (B) is the effective potential given by

Verr (B) = V(B) + zh—;)[CanZf 126V, ©®)
where

C =

G, =

(I-=6-2)
(L)t —2). ©

11
2
1
2

B. Application of the DDM formalism to the y-rigid
Bohr Hamiltonian

We recall that the original Bohr Hamiltonian [1,2] is

' h_z[ii P S
B 0B B opg" a8 T Brsindyay oy
0
S 1
ﬁzk;jgsm( : k)}w(ﬂ y). (10)

where § and y are the usual collective coordinates, while Oy
(k =1, 2, 3) are the components of angular momentum in the
intrinsic frame, and By is the mass parameter, which is usually
considered constant. The application of the DDM formalism
in the case of X (3) symmetry leads to a Schrédinger equa-
tion as [31-33]

f o
H\If(ﬁ,e,w:[ [é:aﬂﬁf f+3ﬁ2 }
+Veff(:3)i|qj(:3997¢):Eq](ﬁ191¢)s

an
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where Ag is the angular part of the Laplace operator given by

I 9? 12
= —sinf— 4+ ———.
¢~ Sind 96 30 ' sin26 9¢>

In order to describe this situation with the Bohr Hamiltonian,
the potential is assumed to be y independent, V (8, y) =
U (B), which allows the separation of the variables as

W(B.0,¢)=F(B)Ym, (6. ). 13)

Then, the radial equation is given by

JF 9 L(L+1)f2
[ [ﬁ28ﬁﬂf Vi- ]

+ Vet (BIF(B) = EF (), (14)

where L is the total angular momentum originating from the
angular part of the wave function:

=AYy, (0, ¢) = LIL+ 1)Y1u, (0, ¢), s)

where Yy, (0, ¢) are the spherical harmonics.
Equation (14) can be simplified by performing the deriva-
tions

[_hz [d_2+gi_L(L+1)}

2Byl dp? " Bdp 3p2
h2 f/ f/ 2 2f d f//
ZBo[ﬁf i (Zf) Ty
+ eff(?) ]F(ﬂ)— (16)

The special form for the deformation function is

fB)y=1+g)., L1, a7

where t is the DDM parameter. Note that this choice is made
in order to have the same asymptotic behavior at the infinity
as that of the sextic potential (1). Using this form for the
deformation function in Eq. (16), one obtains

”ld> 2d LL+1D RE,
amlag rap ) RES)
x F(B)=0, (18)

where
_ . R® rg 114 g
K(E, p) = _E[ﬁ(l+tg)+(2(1+fg))
2tg d g’ :| Vert(B) — E
1+tgdf ' 2(1 +tg) (1+1g)?*
19)

Note that Eq. (18) is a complex differential equation. In
order to find an approximate solution for it, it is convenient
to expand Eq. (19) in power series of 7. This approxima-
tion is good, even excellent owing to the smallness of the
parameter 7.

Then, Eq. (18) becomes

(2 + H|F(B) = EF (B). (20)

where H, g)) and H é” ) are the unperturbed and perturbed Hamil-
tonians, respectively given by

o T2 U]
HY = | o g an - S | +ver e
and
» _ (2¢ + Bg") 4308
S _rZBO[ ; (E~V(B)
— /i_g_éﬂ]‘ (22)
g B 2
In this paper we define g(8) as
g(B) = a2 B +ap* +a’p", (23)

where a is the same parameter of the potential (1). This choice
will be justified later.

By substituting g(8) into the perturbed Hamiltonian and
collecting the same powers of 8 we obtain

i ; o d
(») _ _ 5@5 3 4,3
Hg" = 1230 [( 12a2 8> — 8ap 4a2/3)d,8

B ; o (4B
+—=a(E-V(B)B + <?a(E - V()

3 4 4B 1
+az(42Cy — 21)),3 + (ﬁaZ(E —V(B)
+ a(20C; — 10))ﬁ2 +a2(6C; — 3)] (24)

C. Solutions of the B equation for r = 0 within QES

In this subsection, we are interested in finding the eigenval-
ues and eigenvectors of the Hamiltonian (21) in the constant
mass case. For this purpose, it is noteworthy to bring Eq. (20)
to a Schrodinger form. This is easily achieved by changing the

() £0) .
unperturbed wave function with F*'(8) = 3

2
[—d%ﬁ(g;l% (ﬂ)}f‘“(ﬂ)—ef‘“(ﬂ) 25)
with
ZB()
K2

The solution of this equation has been elaborated in detail
in Refs. [21-24,28]. Here we will simply summarize that
study by stating its main results which will of course help us
in our present paper.

First, the comparison between Eq. (25) with that of the
exactly solvable case of the sextic potential [23] leads to the
following correspondences:

L(L+1)

( 1)( 3)
2s —={2s— =) = ,
2 2 3
1
v(B) = |:b2 —4a<s+ 3 +M’)]ﬁ2

+2abB* + a*p°. (28)

2B
“2EO () = h—;’vm. (26)

27)
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The potential (28) is dependent on two parameters, a and b,
and on the L quantum number through s. M’ is a natural num-
ber which fixes the number of states that can be determined.
This implication will be explained later in the discussion of
the wave functions. The number of parameters is brought
down to 1 by changing the variable with 8 = ya%. Then by
inserting the notations ¢ = -2 and &y = &/+/a one gets

Ja
d> LIL+1D ) 5 4
- = —4 2
[ e 37 + (0 c)y” + 20y
+y6}7(°)(y) =&,V (y), (29)
where
c=s+3+M. (30)

Because s depends on L, the potential of Eq. (29) is state
dependent. Then s is given by

w3 BT a

For L = 0 and 2 the expression of s reduces to a simpler form:

s'(L) = L_+3 (32)
4
The condition (30) becomes
c=M + L + é = const. (33)
44

It can be easily checked that the above condition is satisfied if
M’ is decreased with one unit when L is increased with four.
This means that for % even and % odd there are two different
constants ¢ [21]:

(M',L): (k,0), (k —1,4), (k—2,8)--

=k+ % =, (34)
(M',L): (k,2), (k—1,6), (k —2,10) - -

= k+ % =, (35)

which differ from each other just by % It is worth noting that
the value of k = M ,, puts a limit on the number of states that
could be determined and is called the QES order.

As an example, if k = 2, the highest angular momentum
state that could be described analytically would be the state
L = 10, while for k = 4 it is the L = 18 state, and so on.

This is actually a direct consequence of the condition (33).
In the case of L > 2, s becomes irrational so that Eq. (29) can
no longer be solved for the M’ integer and with the constant
potential condition satisfied.

A possible way to handle this problem is to extract from
the centrifugal term the quantity )iz% L — 1), and to replace
y* with its average (y*) on n°(y) eigenstates of the remaining
Hamiltonian for each angular momentum L. With this approx-
imation, s and ¢ will have the same expressions as in Egs. (32)
and (33).

The constant potential condition is then exactly fulfilled for
two distinct sets of states, corresponding to slightly different
potentials. This picture is improved by considering the follow-
ing form for the general potential:

) = (0> — 4c¥)y* + 20" +y° + ul (@) m=0,2.
(36)
For a fixed k, u'®) are constants depending on g, which are
fixed such that the minimum energies of the potentials v(X) are
the same. Choosing uék) = 0, the other constant u;k)
by

is given

2
(> —4c§) (v)) i
—(0* - 465:))063) 4
+20[(v50) — (02) ]

6 6 .
W@ =108 - 0] it e <acf)
(0~ 4) (82)°
—2b(ygf;)4 — (y(()]f%)ﬁ if 4c(()k) < Q2 < 4c§k)
0 if 0> > 4cy”
37
where

1
O =3(20+ye2 +12d). m=0.2 39

are the absolute potential minima of the even % and odd %
potentials. The shape of potential depends on the signs of
0% — 4c® and o. Indeed, when g* > 4ac®, the potential has
a minimum at y = 0 (spherical minimum) and it increases
monotonously with y. However, when 4c(()k) <0? < 4c§k), it
has a spherical and deformed minimum given by ygf,)n = 0Oand

y(()]f% > 0, respectively. Finally, for o> < 4c(()k), the potential has

a maximum and a minimum.
All these constants are taken into consideration in the fit of
experimental data. Taking the ansatz function [21]

2

/ Loy _¥_o?
My () = Noy P 7Yy e e 57,

ng,L ng =0, 1,2,

(39)

Eq. (29) is then reduced to the following differential equation:

d> 45 —-14d d )
—(— + ———) +20— |PM)*
[ (dy2 T dy)+ Qdy} )
d ’ ’ !
+2y? (y@ —2M )P;Q?L)(yz) = AP )67, (40)

where PM")(y?) is a polynomial in y* of degree M’, while
Ny, are the normalization factors.

The eigenvalues A" are derived for each M’ by the ana-
Iytical procedure given in the Appendix of Refs. [21,34]. For
any given value of M’, there are M’ + 1 solutions which are
differentiated by the vibrational quantum number ng in the
following way: The smallest eigenvalue A is corresponding to
ng = 0, while the highest is ng = M’ + 1.

For the present physical problem, we will only consider
solutions with ng =0, ng = 1, and ng = 2, corresponding to
the ground, first, and second B bands, respectively. A also
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depends on L via s’ and we must recall that at this point L
and M’ are interdependent via the condition (33), the actual
relationship being dictated by the value of k. Therefore, the
indexing of M’ by A will be replaced from here by k.

After all the algebraic manipulations that lead to Eq. (40)
and taking into account the above considerations, A can be

alternatively given as the following:
1 L/L
> —l=—1).
<y )nﬁ,L 6\2

(41)
From the above relation one finally extracts the total energy of
the system in the case of T = O:

h2
Ey) = %[ i@+ o +3)+ul ()

+L£<£—1>} (42)
)y 6\2 ’

which is indexed by the B vibration ng, and also by the in-
trinsic angular momentum L. The index m is fully determined
only by L.

Furthermore, the above energy also depends on the integer
QES order k. As with the eigenvalue A, the corresponding
eigenfunctions of Eq. (40) are also dependent on k and L.

=21 (0) =& — 405’ — u(0) —

D. Solutions of the radial equation in the DDM case by QPM

Owing to the smallness of the DDM parameter t, it is
therefore necessary to use the quantum mechanical perturba-
tion theory. Hence, the first-order correction to the energy is
given by [35]

EX" = E}?ﬂ L+ AE, 1, (43)

where EO . given in Eq. (42) are the unperturbed levels cor-
respondlng to the eigenfunctions solutions of the Schrodinger
equation for T = 0 and AE,, 1 is the correction induced by
the DDM, given by

hZ
Ay i =Tople BIWEB) @4

where

W = [(—12a3ﬁ5—8 B — 4a? ,B)d

B
4B ;
+ i€ - V(B)B°
4B s .
+ (F“(E —V(B)) +a>(42C; — 20)/3
4B 5
+ (Fm (E —V(B))+a20C, — 10));3

T+ a2 (6C) — 3)}. (45)

After substituting the sextic potential (36) into Eq. (45) and
using the change of variable 8 = ya~!/4, one obtains

"2 d —
AE,, 1 = —2t/a— | (6y° +4y3 +2y)— 4 y12
’ By dy
+ (14200 + (1420 +AP)yS
+ (20 +AY — 6 )°

21 \—
+ ((Aff)) Sy —21C1 + g)f‘

_ 3
+(5— gy — 10C1)y% + 3~ scl}, (46)
where AN = (02 — 40, g,E?L = )»(k)L(Q) +o(L+3)+
H;Lé — 1), y'(t =2,4,6,8, 12) are the mean values of
ﬂ
y' given by

Y= / My L Y 1 L ()L, (47)
0

and (6y° + 4y? + 2y) is given by

d
(67 +4y° +2) - = / My L (6 +4y° + 2y)
0

d
x @n”‘* L 0)dy. (4%)

It is clear that the expansion of W is given as polynomials

in B, and then its mean value is calculated using the following
integral [36]:

400 4 5
/ ytef(%wy )dy
0

1 [(t+1_ t+1 1 o2
=-T r+l 2% u r+l 2, 49)
2 2 4 272

where U (2L i ,2, 2a) are Kummer’s functions which can be
expressed in terms of the usual confluent hypergeometric
functions as in Ref. [37]:

< 1 ) 712 ( 1 ) 27172
Uls, =, z)=———F1Is, =:2)—
2 r(s+1) '\"2 I'(s)
F +1 3., (50)
X
Tyt

Using the same method (QPM), the first-order correction
to the eigenstate is given by [35]

T 0)
L) =0 0+ Y

k;él’lﬂ

X nr (), (1)

©) 0)

[ o ;‘)z(y)z?n,i‘;z(y)dy}
ng.L — Sk,L
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where

0) k
9 =0(np, 0,7, 6,15 A

Pl 3 d
= 2t/a—|(6y° + 4y’ +2y)—
BO dy

+ (1420 + (1420 +4%))8
+y7 4 (20 +AY — 0 )

21
+ ((Aij) - grgg?L —21C, + 7>y4
3
+ - g,jfjfL —10C))y* + 3 3C1}. (52)

In a similar context, the probability density distribution can
also be evaluated by the formula below:

P () = B2 EC (B = a VP e o). (53)

ilﬂ,

E. B(E2) transition rates

Having the corrected eigenstate, we can also deduce the
expression of the total wave function of the system:

\IJ(COH)(,B, 0,¢9)= El(;f)gr)(ﬂ)YLML(ea ®)

<)
= Y (0. 9). (54)

The electromagnetic characteristics are investigated by the
B(E?2) transitions which are determined with the help of the
transition operator:

1
1 = 1| D, y@cosy + =D

v

+ D7 _,(2)]sin 7/:|, (55)

where Dﬁ’ (§2) are the Wigner functions of angular mo-
mentum L, and its projections u and i’ on the body-fixed
and laboratory-fixed z axis, respectively, while 2 denotes the
Euler angles and ¢ is a scale factor. For y = 0 the quadrupole
operator becomes [38]

TED = 1p 4?”1/2#(9, ). (56)

The B(E?2) transition rates from an initial to a final state are
given by

1
B(E2;ngL — n;L’) =3

L—+1'<”53L"'T(E2)””ﬂ”'2' (57)

These physical quantities are calculated using the wave
functions of Eq. (51) and the volume element dV =
B%sin0dBdode = a=3/*y? sin 0dydOd¢. Therefore, the final
expression of the reduced B(E2) transition probabilities, nor-
malized to the transition from the first excited state to the

ground state (g.s.), is given by
B(EZ;nﬁ;L — njg,L’)

B(E2;0;2 — 0,0)
2

B(EZ) - 7;’1/5,L,11;3,L/ =

L2L' ycorr
CO,O,()Inﬁ,L,n};,L’

= C220 Jeorr ’ (5 8)

0,0,070,2,0,0

where the radial matrix elements 1;:‘2 . 1, €an be given either
in B or y variable:

+00
B = [ EGBEL s

+00
x a”'/* / M W (B)dy. (59)
0

calculated as in Refs. [36,37]. Having the corrected wave
function and energy spectrum, we are in a position to examine
the results in the next section.

III. NUMERICAL RESULTS AND DISCUSSION

This section is divided into five subsections. In the first
one, we will present some theoretical aspects of the DDM
concept within the X (3) model under the sextic potential.
In the second one, we will analyze the obtained spectra for
different nuclei, and in the third subsection we will deal with
transition probabilities. The correlation between the minimal
length (ML) and the DDM will be investigated in the fourth
subsection, and finally, in the fifth subsection, we reveal the
DDM effect on the variation of the moment of inertia of the
ground state band.

A. Theoretical aspects of the DDM parameter for X (3)-sextic

The elaborated model dubbed X (3)-SDDMA was applied
to study collective excited states of several y-rigid nuclei
for which the parameter y is fixed to y = 0. The theoretical
predictions are done with Eq. (43) for low-lying bands which
are classified by the principal quantum number ng: the g.s.
band with ng = 0, the first § band with ng = 1, and the second
B band with ng = 2. Moreover, due to the y rigidity there is
no y band in the present solution.

Before dealing with the theoretical aspects of the present
model, several remarks need to be made. First of all, the
choice of the function g(B8) in Eq. (23) is made in order to
maintain the scaling property [21] given by

EX™ (a,b,7) = JaE®" (0. 7), (60)
where o = %.

On the other hand, the choice of the ambiguity parameters
A, 8, and « leads to different Hamiltonians (4) and eventually
to different eigenvalue problems. In the present paper we re-
strict our study to BenDaniel and Duke [39], where A = § =0
(ie.. Cr = 3).

‘We should notice here that, in order to investigate the DDM
effect on the energy spectra and B(E?2) transition rates, the
same QES order (k = 2) has been used as in Ref. [21]. Thus,
the index k will be dropped as it has a fixed value. The benefit
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t=0.0

Rnp,l.

t=0.01

Rnp,L

FIG. 1.
band, and ng = 2 for the second 8 band.

of the k = 2 case is that explicit analytical expressions for the
energies and wave functions are still possible and are detailed
in the Appendix of Ref. [21].

The results for k > 2 are considered without any problem
in Ref. [34], where the y-rigid Bohr Hamiltonian with anhar-
monic sextic oscillator potential in the constant mass case has
been extensively studied; also, the evolution of the spectral
and electromagnetic properties by considering higher exact
solvability orders (k > 2) is investigated.

As mentioned in Ref. [34], for k = 2, one can describe
states up to L = 10" in the g.s. band, up to L = 6% in the
first 8 band, and up to L = 27 in the second B band.

From Eq. (43) one can see that the energy spectrum nor-
malized to the energy of the first excited state depends only on
two free parameters ¢ and t. However, here one has to notice
that the DDM parameter t should not be regarded as a simple
additional one for fitting experimental data, but as a model’s
structural one, where it is connected to the space curvature
based on the use of deformed canonical commutation relations
as it has been shown in Refs. [15,40].

Another important aspect of the DDM approach is the
physical meaning of the DDM parameter. Such a study has
been extensively conducted in Ref. [41], where the compar-
ison of the DDM Bohr Hamiltonian to the five-dimensional
(5D) classical limit of Hamiltonians of the six-dimensional
(6D) interacting boson model (IBM) shows that the DDM
parameter is proportional to the strength of the pairing inter-
action in the U (5) (vibrational) symmetry limit, while it is
proportional to the quadrupole-quadrupole interaction in the
SU(3) (rotational) symmetry limit, and to the difference of
the pairing interactions among s and d bosons and d bosons
alone in the O(6) (y-soft) limit. This connection has been

t=0.001
~
«
[S
(1 d
.\E
e —
e
5 10
e
25 - ‘ ‘
[ AR t=0.1
20
a5 B 2"
10 10 —
—A f&
s R + %—_:\
T | S ——— —
o- 4%

Energy spectra of the ground state band and of the first two S bands, given by Eq. (61), are plotted as a function of the parameter
o for T =0, 0.001, 0.01, 0.1 and k = 2. The energy lines are indexed by L

7.1, where ng = 0 for the ground state band, ng = 1 for the first 8

achieved using the coefficients of the term 13 3> sin 3y L
4 dy

of Egs. (8) and (34) of Ref. [41]. Moreover for the present
solution, which is a version of the crmcal symmetry X (5), due
to the y rigidity, no terms of the form - 37/ (,fy sin 3y (,fy appear
in Eq. (14). However, the comparison of the 5D DDM Bohr
Hamiltonian with the sextic potential using the deformation
function given in Eq. (17) to the 5D classical limit of Hamilto-
nians of the 6D IBM shows that the DDM parameter contains
similar physical meaning as in Ref. [41]. The only noticeable
difference is that the new DDM parameter is normalized by
the factor a'/%.
For further calculations one defines the energy ratios:

corr corr
Enﬂ L EO,O

Ry | = —b— (61)
B Ecorr _ peorr
0,2 0,0

In order to reveal the DDM effect on the energy spectra, in
this subsection we analyze the plot of energy ratios Ry, .
given in Eq. (61) as a function of ¢ for = = 0, 0.001, 0.01,
and 0.1 in Fig. 1. From this, we can make some useful re-
marks: By varying the potential parameter ¢ from the large
values to a null one (0 = 0), X(3)-SDDMA covers a shape
phase transition from a y-rigid prolate harmonic vibrator to
an anharmonic one. Hence, our analysis is carried out for
three regions, namely, the spherical, deformed, and critical
point ones. For o — 400, X(3)-SDDMA reproduces the
results of the y-rigid prolate harmonic vibrator called X (3)-582
[42]; the supplementary effect of the DDM parameter in this
region hints at the fact that the energy spectra are displaced
to higher values in comparison with T = 0. In the intervals

2 c(()z), 2 c(zz)], one observes a kink in the energy curves
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FIG. 2. Shape evolution of the sextic potential v 2 (y), given by Eq. (36), as a function of the parameter o for c(z)

which happens at a critical value ng). This value corre-
sponds to the absolute maximum of the signature ratio Ry
and is interpreted as the critical point for a first order shape
phase transition between a y-rigid prolate harmonic vibrator
(spherical shape) and a y-rigid prolate anharmonic vibrator
(deformed shape) in the framework of the presently adopted
sextic potential. By continuously varying the DDM parameter
7, the critical point o migrates to higher values of o. Finally,

in the deformed region (i.e., 0 < 2 (()2)), when 7 is increased,
the two B bands go to infinity slowly. Also, local minima
appear in the left side of o = 0, while the ground state band
energies maintain finite values.

As can be seen in Fig. 2, where some shapes of the energy
potential given by Eq. (36) are plotted as a function of y for
0 € {—13,—0?, 0¥, 30}, the shape of the potential depends

on o. Indeed, for o = —13 (¢ < -2 cé)z)) two minima ap-
pear: a spherical and a deformed one, separated by a high
barrier. Furthermore, for o = —o® the potential has a sin-
gle deformed minimum. Moreover, for o = 30 (0 — +00),
the pure harmonic oscillator is reproduced. Finally, for o =

0® (0el2 Co ,2\/@]) as was explained in Ref. [21], it
corresponds to the situation when the spherical and deformed
minima of the potential energy are degenerated, where the
potential shape is the flattest.

For the sake of revealing the DDM effect on the energy
spectrum, in the context of y-rigid nuclei, especially in the
critical point ¢, several energy ratios (61) and B(E2) (58) are
presented in Fig. 3. from which one can draw some useful
insights. First, the states are grouped two by two in each band.
Furthermore, apart from 47, 05, 2; , and 0} , which decrease

g2
with DDM parameter t, all the energy levels steadily increase

and u(z) 0.

when 7 is raised. Another important aspect of the present
paper is the specific spectral characteristics which must be
studied when the mass parameter depends on the deformation
coordinate. Here, one especially refers to the approximate
degeneracy of states for different angular momenta (AL = 4)
belonging to different bands in the case of T =0 [21,34].
Excepting the states 4; and 0+ the DDM partially removes
this approximate degeneracy. Concerning the B(E2) transition
rates, apart from 10; — 8;, 65, — 4p,, and 2, — 0g, transi-
tions, which increase with t, all the intraband transitions of
the ground state and first two 8 bands are decreasing with t.
In what concerns the relevant interband transitions, both from
the first 8 band head to the first excited state and from the
second B band to the first one, they are slowly decreasing with
the change of t to higher values.

B. Energy spectra

The numerical realization of this model consists in re-
producing, with a good precision, the experimental data for
energy spectra of the g.s. band and the first two 8 bands given
by Eq. (61) and B(E2) transition rates for series of **1%Ruy,
100102 1o~ 116-130 o 180-196py 1720y 146-150Nq 132134
134Gd, Dy, and *'52Sm isotopes with respect to X (3)-
sextic [21] model predictions. This task is achieved through
determination of the optimal values of the free model’s pa-
rameters ¢ and T by making use of the quality measure

YL (EL (exp) — Exy(th))?
o = s
N'(Ep)?

(62)
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FIG. 3. Energy spectra (61) and B(E2) transitions (58) for the ground state band (ng = 0), the first 8 band (ng = 1), and the second B
band (ng = 2) are visualized for (o., ) = (3.647, 0.00), (3.648, 0.001), (3.657,0.01), and (3.73, 0.1).

where N’ denotes the number of states, while E,‘;ﬂq . (exp) and

E;;’T(th) represent the experimental and theoretical energies
of the ith level, respectively. Ey is the energy of the first
excited level of the g.s. band.

Our theoretical results for 35 nuclei are shown in Tables I
and II. In the same tables, we give also the experimental
data and the numerical results of the constant mass case for
the sextic potential [X(3)-S] [21]. All these data are fitted
involving the two free parameters ¢ and t. Their values and
the corresponding rms are indicated in the same tables.

Based on these data, we see that the obtained results for the
levels belonging to g.s., first, and second 8 bands are in a quite
satisfactory agreement with experimental data for 74% of all
studied nuclei. Indeed, the lowest o value (0.07) is obtained
for 8Ru. Moreover, the nuclei **Pt, 192Mo, and '38Pt have
the o values near to 0.10; further, the o values of the nuclei
118,122 100-104Ryy 134Ce and 19%19Pt are near 0.20; also,
those of '2°Xe and '*8Nd are near 0.30. Additionally, those
of 126:130xe 100\fo 132Ce 184p¢ and OSm are near 0.40.
Finally, those of !16124Xe, %Ry, 1720s, 180:182pt and *Nd
are between 0.46 and 0.76.

On the other hand, the fitting quality of our results for all
studied nuclei is better than that of the model X (3)-S [21] with
respect to experimental data. This is explained by the fact that
here the mass parameter depends on the B variable, while in
Ref. [21] the mass is considered as a constant.

Also, as can be seen, there are some discrepancies in the
ground state band of some isotopes like 150Nd, 1528m, 154Gd,
and '*°Dy. These exceptions are not surprising, since these
nuclei prefer a y-stable structure. In other words, they are
well described by the X (5) model, while the DDM improves
slightly the B bands. For the nuclei '**1*Xe and '°?Pt, the
fitted values of t vanish. Physically speaking, these nuclei are
pure vibrators.

Moreover, from Tables I and I1, one can see that the g.s. and
the B bands are more sensitive to the potential shapes. Indeed,

for the nuclei situated in the spherical region (o > 2 6(22)),

the g.s. band levels are well reproduced. Such a fact is well
observed in the '20-120Xe isotopes. However, in the case of the

deformed nuclei (o < 2,/c(()2)), the  band is well described,
which is the case of the '3-134Pt isotopes.
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TABLEI. Energy spectra for the ground state band and the first two 8 bands given by Eq. (61) are compared with the available experimental
data [43-57] of the nuclei '¢13Xe, 100120\ [o, %8-108Ry, and 1313 Ce and with results available in Ref. [21]. In the first line of each nucleus are
given the experimental data, in the second line are the corresponding X (3)-S [21], while in the third line are the corresponding X (3)-SDDMA
for (A = 8 = 0). In brackets are indicated possible candidate energy states for the corresponding predicted data, which were not included in

the fit.
Nucleus Ros  Ros  Rogs Ro,10 Ry R R4 Ri6 Ry Ry, o o T
6Xe Expt. 233 390 562 745 2.58 3.96 5.38

X(3)-S 228 348 497 626 225 3.35 476 602 475 593 072 662 00

X(3)-SDDMA 221 346 490 634 211 3.20 451 586 443 563 064 979 0.075
18Xe Expt. 240 414 615 835 246 3.64 5.13 (5.10)

X(3)-S 261 394 598 748 271 3.98 5.93 744 601 747 049 416 0.0

X(3)-SDDMA 247 401 611 827 239 3.72 5.60 7.56  5.48 720 0.19 508 0.080
120Xe  Expt. 247 433 651 890  2.82 3.95 5.31 (6.93)

X(3)-S 273 411 632 791 288 421 6.34 794 645 801 057 379 00

X(3)-SDDMA 252 415 642 882 243 3.83 5.84 8.00 570 758 027 470 0.091
122Xe  Expt. 250 443 669 9.8 347 451 (7.63)

X(3)-S 263 426 674 873 329 5.02 7.33 9.44 7172 989 030 211 0.0

X(3)-SDDMA 257 430 679 911  3.06 4.79 7.06 938  7.32 958 022 216 0011
124Xe  Expt. 248 437 658 896 3.8 4.60 5.69 (6.70)  (7.63)

X(3)-S 270 417 650 823  3.01 4.48 6.70 850  6.91 869 053 299 0.0

X(3)-SDDMA 270 426 666 879 275 4.17 6.37 838  6.37 820 046  3.81 0.032
126Xe  Expt. 242 421 627 864 338 432 5.25 (6.57)

X(3)-S 272 409 629 786 286 4.18 6.30 789  6.40 795 055 383 0.0

X(3)-SDDMA 257 411 634 847 255 3.92 5.94 791 588 7.64 045 434 0.049
128Xe Expt. 233 392 567 7.60 3.57 4.52 (5.87)

X(3)-S 266 401 612 765 278 4.07 6.10 765  6.19 769 044 400 0.0

X(3)-SDDMA 266 401 612 765 278 4.07 6.10 765  6.19 769 044 400 0.0
130Xe Expt. 225 363 503 335  (4.01) (4.53)

X(3)-S 241 367 537 675 243 3.60 5.23 659 526 655 050 518 0.0

X(3)-SDDMA 241 367 537 675 243 3.60 5.23 6.59 526 655 050 518 0.0
1Mo Expt. 212 345 4091 629 130 2.73

X(3)-S 220 337 472 595 214 3.20 4.47 566  4.44 554 043 863 0.0

X(3)-SDDMA 220 345 489 634 209 3.18 4.49 583 439 589 037 1040  0.090
12Mo  Expt. 251 448 681 941 235 3.86

X(3)-S 267 419 657 839  3.09 4.65 6.90 880  7.16 907 063 265 0.0

X(3)-SDDMA 261 435 683 945 255 4.04 6.23 859  6.10 814  0.13  4.09 0.084
%Ru  Expt. 214 341 479 613 203

X(3)-S 221 338 473 597 215 3.21 4.49 568  4.46 557 0.1 844 0.0

X(3)-SDDMA 216 337 469 603 205 3.10 431 556 422 534 007 1409 0.100
10Ru  Expt. 227 385 567 785 210

X(3)-S 258 390 588 736 266 3.92 5.82 731 589 732 037 428 0.0

X(3)-SDDMA 242 384 575 760 236 3.61 5.36 707 528 682 018 540 0.053
12Ru  Expt. 233 394 570 723 199

X(3)-S 250 379 564  7.08 255 3.77 5.54 698 559 696 028 463 0.0

X(3)-SDDMA 243 380 566 736 240 3.63 5.36 697 532 679 021 521 0.3
1%4Ru  Expt. 248 435 648 869 (276) 423 5.81

X(3)-S 274 414 641 802 292 428 6.45 8.10  6.58 819 040 362 00

X(3)-SDDMA 258 417 646 871 255 3.94 6.01 8.08 593 776 016 430  0.058
1%Ru  Expt. 266 480 731 1002 3.67

X(3)-S 255 443 7.4 955 410 6.20 855 11.19 936 1220 034 116 0.0

X(3)-SDDMA 241 440 704 981 381 5.93 816 11.03 883 11.80 027 098 0.006
%Ry Expt. 275 512 802 1131 403

X3)-S 249 450 730 992 475 7.01 931 1222 1043 1365 083 073 0.0

X(3)-SDDMA 238 445 7.6 1001 450 6.76 893 1179 993 1320 0.80  0.61 0.003
132Ce Expt. 264 474 716 971 356 4.60 5.94

X(3)-S 265 423 665 856  3.18 4.83 7.11 9.11 743 947 070 236 0.0

X(3)-SDDMA 268 443 700 965 267 4.20 6.50 890  6.41 852 045  3.63 0.063
34Ce Expt. 256 455 687  9.09 375 4.80

X(3)-S 261 430 682 889 342 5.23 7.56 977 801 1031 026 1.89 0.0

X(3)-SDDMA 258 431 684 905 333 5.14 7.46 976 786 1021 024  1.87 0.003
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TABLE II. Same as in Table I, but for the available experimental data [58—72] of the nuclei 72Qs, 180-196pg, 146-148Nq  150-152gy 134Gq,

and *°Dy.
Nucleus Ro4 Roe Rog Ro,10 Rio R, R4 Ri¢ Ry Ry, o o T
1205 Expt. 266 463 6.0 889 333 356 5.00 6.81

X(3)-S 265 400 6.10 7.63 277 406 6.07 7.62 6.16 7.66 077 402 0.0

X(3)-SDDMA 248 391 5091 776 246 374 557 7.31 5.53 7.10 069 4.86  0.039
180pt Expt. 268 494 771 1093 3.2 562 815 1077  (7.69)

X(3)-S 256 440  7.07 941 392 596 832 10.86 9.03 1175 069 131 0.0

X(3)-SDDMA 232 437 695 991 359 571 785 10.84 8.41 1143 055 0.89 0.011
182pt  Expt. 271 500 778 1096 322 553 800 1064  (7.43)

X(3)-S 257 440 7.05 937 388 590 826 10.77 8.95 1164 072 135 00

X(3)-SDDMA 232 437 694 991 353 564 778 10.75 8.31 1131 056 092  0.011
184pt  Expt. 267 490 755 1047  3.02 518 757  11.04

X(3)-S 257 438 7.01 929 379 577 813  10.59 8.77 1139 065 144 0.0

X(3)-SDDMA 230 435  6.90 992 339 549 7.60  10.80 8.07 11.05 045 094 0014
186pt  Expt. 256 458  7.01 970 246 417 638 8.36

X(3)-S 268 418  6.53 830 3.04 456 6.80 8.64 7.03 887 062 282 00

X(3)-SDDMA 261 438  6.90 9.63 253 403 625 8.68 6.09 8.19 0.16 4.09  0.095
188pt  Expt. 253 446 6.1 9.18 3.01 420

X(3)-S 265 422 6.64 853 3.17 480 7.08 9.06 7.39 941 038 240 0.0

X(3)-SDDMA 264 432 679 9.15 279 433 659 8.82 6.63 8.68 013 3.08 0.029
10pt  Expt. 249 435 647 857 311  4.07 (5.65)

X(3)-S 269 417 6.0 824 3.01 450 672 8.52 6.93 872 025 296 0.0

X(3)-SDDMA 273 424 661 857 283 423 644 8.33 6.48 824 018 375 0.019
192pt  Expt. 248 431 638 8.62 378  4.55

X(3)-S 265 423  6.66 857 3.19 484 713 9.14 7.45 950 030 234 00

X(3)-SDDMA 265 423  6.66 857 3.19 484 713 9.14 7.45 950 030 234 00
19pt  Expt. 247 430 639 8.67 323  4.60

X(3)-S 264 424  6.69 8.63 386 491 720 9.25 7.55 965 019 225 00

X(3)-SDDMA 265 423  6.64 8.60 3.07 468 694 8.95 7.19 920 015 253  0.004
19%pt  Expt. 247 429 633 856 3.19  3.83

X(3)-S 272 415 645 813 296 439 6.9 8.31 6.76 846 033 325 0.0

X(3)-SDDMA  2.66 4.18  6.47 847 271 410 623 8.13 6.23 798 025 395  0.027
46Nd  Expt. 230 392 572 732 202 287 3.85

X(3)-S 234 356 5.14 646 232 345 496 6.26 4.96 6.19 064 588 00

X(3)-SDDMA 221 347 492 637 211 320 452 5.88 4.44 565 058 971 0.078
“SNd  Expt. 249 424 6.5 8.19 3.04 388 532 712 (5.30)

X(3)-S 261 395 598 749 271 398 594 7.46 6.02 748 039 415 0.0

X(3)-SDDMA 248 394 597 790 245 374 560 7.39 5.54 7.15 030 486  0.046
10Sm  Expt. 232 383  5.50 729 222 313 434 6.31 (3.76)

X(3)-S 236 3.60 5.23 6.57 236 351 506 6.39 5.07 633 041 558 00

X(3)-SDDMA 222 349 498 6.50 210 321 456 5.95 4.45 569 039 978  0.100
126m  Expt. 301 580 924 1321 562 665 840 10.76 8.89 10.62

X(3)-S 255 443 714 955 410 620 855 11.19 9.36 1220 159 1.16 0.0

X(3)-SDDMA 234 440 7.02 994 391 609 824 1124 8.96 1207 154 078  0.007
Gd  Expt. 301 583 930 133 553 663 851 11.10 9.60 11.52

X(3)-S 253 446 721 970 433 650 884  11.58 9.75 1274 151 099 0.0

X(3)-SDDMA 236 442  7.09 997 421 643 859 11.61 9.45 1264 147  0.69  0.005
Dy Expt. 293 559 882 1252 490 601 790 1043  10.00 11.52

X(3)-S 253 446 720 968 431 646 881  11.53 9.71 1268 128 1.01 00

X(3)-SDDMA 237 442  7.09 945 417 638 856 1156 9.40 1256 125 073  0.005

Another interesting aspect of the DDM effect that can be
studied by the present model is whether or not a shape phase
transition takes place within an isotopic chain.

For this reason, the fitted values of o are plotted in Fig. 4
as a function of the neutron number N for the most iso-
topic chains considered in the present paper, namely, **~1%Ru,
146‘150Nd, 116-130x e and '80-196p¢. Note that the continuous

lines indicate the shape evolution within the isotope chain,
while the area between the dashed lines corresponds to the
critical point region. Finally, the regions above and below
the dashed lines correspond to the spherical and deformed
regions, respectively.

For the isotopes of Ru, both the shape phase transition
and the candidate for the critical point are totally sensitive
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FIG. 4. Fitted values of the free parameter o for isotopes of Ru, Xe, Pt, and Nd are given as a function of the neutron number N where
7 = 0[21] (red lines) and t # O (blue lines). Continuous lines indicate the shape evolution within the isotope chain, while the dashed ones are

for the critical point region.

to the DDM parameter. Indeed, for the lighter nuclei, the
DDM displaces the potential parameter o to large values with
respect to the constant mass case (t = 0). Then, the phase
transition *Ru — '®Ru occurs from the lightest isotope
towards the heaviest one, which is similar to the sextic and ML
approach [X(3)-SML] [73]. Indeed, in the case of (r # 0),
one has a crossing of the critical point by passing from '*Ru
to '%Ru, while for (r = 0) the '*Ru nucleus becomes the best
candidate for the critical point of this transition. Moreover,
the nuclei ®Ru, 1%Ru, and '2Ru tend to the more spherical
region when 7 # 0.

A similar unidirectional shape phase transition was ob-
served for the Nd isotopes (‘4Nd — ''Nd), where the
dashed lines are crossed going from *8Nd to ""°Nd in both
cases (t = 0 and t # 0). Note that in the case of T # 0 the
lighter nucleus '*°Nd is shifted to the more spherical shape.

The phase transition for the isotopes of Xe seems to be
different from that of Ru, in which one has two intersections of
the critical point: the first takes place from the lightest isotopes
towards the medium ones (!'°Xe — ?2Xe), while the second
one is from the heaviest isotopes towards the medium ones
(Xe — '22Xe). In the DDM case (r # 0), the lightest
isotopes tend to large values of ¢ with respect to the constant
mass case (t = 0).

Physically speaking, one can say that the phase transition
takes place faster in the case of the constant mass than in the
deformation-dependent one.

Important effects of the DDM were observed for the Pt iso-
topes, where the shape phase transition changes significantly
compared to the description offered by the case where the
mass is constant. In accordance with T ## 0, the critical point
region is crossed twice: once from '86Pt towards 4Pt and the
second time from '“°Pt to '**Pt, which is not the case when
the mass parameter is constant. Indeed, for r = 0, there is no
phase transition from a spherical shape to a deformed one.
Also one can observe that for T # 0 the lighter nuclei '80-'84pt
are shifted to the more deformed region, while the heaviest
ones '%-1%Pt are shifted to the critical point region.

Other remarks can be drawn by analyzing Fig. 4; one can
observe that the results concerning the shape of nuclei in the
case of T # 0 are totally different from those in 7 = 0. The
best candidates for the critical point of the y-rigid prolate
harmonic vibrator to the y-rigid anharmonic vibrator shape
phase transition are found to be '"%!%Pt, 12*Xe, and '*2Ce.
Other possible candidates can be also considered: 186p¢, 172(yg,
and '?Xe. As can be seen in Ref. [34], the higher quasiexact
solvability order changes dramatically the shape phase transi-
tion within an isotopic chain. Therefore, the combination of
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FIG. 5. Correlation between the potential parameter ¢ and the DDM one t for isotopes of Ru, Xe, Pt, and Nd. Gray vertical lines indicate

the critical point region.

the DDM in the higher order k > 2 could offer, in this way,
a more realistic description of these shape phase transitions,
and it will be the topic of our future works.

The variations of the DDM parameter t as a function of o
are shown in Fig. 5 for the most isotopic chains considered in
this paper. By analyzing this figure, one can see that, excepting
the nuclei '?~13%Xe and '**Pt with the DDM parameter equal
to zero, the DDM parameter 7 is spread between 0.003 and
0.1, between 0.003 and 0.1, between 0.011 and 0.091, and
between 0.004 and 0.094 for Ru, Nd, Xe, and Pt isotopes,
respectively. Thus, two different situations are presented here:
the first one concerns the isotope chains with unidirectional
shape phase transition, namely, Ru and Nd, where one can ob-
serve that the smallest value of t corresponds to the heaviest
nuclei of each isotopes. The second case corresponds to the
isotope chains with multidirectional shape phase transition,
namely, Xe and Pt isotopes, where the smallest value of 7 cor-
responds to '**Pt and '?*Xe, respectively. Another important
remark that can be drawn from the analysis of these figures is
the strong correlation observed between the potential parame-
ter o and the DDM one 7 for the isotope chains of Ru and Nd,
where the cross-correlation coefficient p’ is greater than 90%
in both cases of Ru and Nd isotopes. Such a correlation for the
Xe and Pt isotopes becomes 61 and 59%, respectively. Then
one can conclude that this correlation is more pronounced for

the isotope chains the shape phase transitions of which are
unidirectional.

C. B(E2) transition rates

Before dealing with the B(E2) transition rates, it is neces-
sary to determine tj,: the value which shows the limitation
of the perturbation term for the present model. Basically,
it is made by analyzing the wave functions as well as the
corresponding density probability distribution.

Thus, in Fig. 6 the behaviors of the wave functions are
plotted versus y for the special value of the potential parameter
©0 = 3 and t values varying from O to 1.

By analyzing these data, the following remarks deserve to
be made: Below t = 0.15, the wave functions of the ground
state 5%’ and the first excited state 7%’ maintain the same
shape as those related to the constant mass case (t = 0) and of
the X (3) model [31]. The additional effect consists in a slight
shift towards the higher values of y. However, for t > 0.15,
additional nodes are observed for both wave functions 1§
and 7<% ’

Therefore, the limit of perturbations for this paper is i, =
0.15. This is taken into account in the numerical results. In-
deed, according to Tables I and II, the maximum fitted value
of Tis 0.1.
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FIG. 6. Corrected wave function drawn as a function of y and free parameters ¢ and  for the ground state labeled by 7" and for the first
excited B state labeled by n{%' for the case ¢ = 3 and varying t from 0 to 1.

The same remark holds for the density probability dis-
tribution, which is plotted in Fig. 7 as a function of y.
Indeed, beyond the limit 7 = 0.15, the density probability
plots show supplementary peaks, which means that we are

getting away from the ground state pg%" and from the first

excited B state py{" corresponding to the constant mass case
(r = 0). Additionally, these peaks rise slowly with the DDM
parameter T.

Other important observables for quadrupole collective
states are the electromagnetic E2 transition probabilities. Sev-
eral B(E?2) ratios normalized to the transition from the first
excited state to the ground state g.s. band are presented in
Tables III and IV and calculated with our model for 35 nuclei.
Taking into account the fact that the two free parameters o and
T were fitted only for the energy spectra and listed in Tables I
and II, one can see that the results are generally in agreement
with the experimental data, in particular for the nuclei 150Nq,
154Gd, and 156Dy, which are known from the literature as
good candidates for X (5). Moreover, we can also see that
the DDM improves the 8; — 6; transition. Finally, for some
nuclei, whether for the constant mass case or for the DDM

0.0 0.5 1.0 1.5 2.0
201 0=3 — =015 — =000 20
150 215

— b

> - M)/ A \\\ — =10 _____

'

=

5o 10 21.0

UQ? I
0.5+ 105
0.0 10.0

0.0 0.5 1.0 1.5 2.0

one, the transition probabilities seem to be overestimated.
One can improve the agreement with experimental data by
using alternatively a harmonic and an anharmonic transition
operator for the calculation of E2 transition probabilities as
was made in Ref. [74].

D. Correlation between the minimal length formalism
and the DDM in the frame of the X (3)-sextic

In this subsection we will deal with the correlation between
the ML [73] and the DDM, which are two quantum concepts
widely used in different fields of physics. This correlation
was observed for the first time in Ref. [75], where it was
revealed in transitional nuclei near the CPSs X(3) and Z(4)
within Infinite Square Well and Davidson potentials through
calculations of their energy spectra, moments of inertia, and
transition probabilities.

This correlation has been used as a new signature for some
nuclear CPSs. In the present paper we check if this correlation
between the DDM and ML parameters persists for the case
of the sextic potential near the X(3) CPS. First, we recall
that the ML formalism or generalized uncertainty principle

orr(Y)

Co
1,

FIG. 7. Density of probability distribution drawn as a function of y and free parameters ¢ and t for the ground state labeled by o5y and

corr

for the first excited B state labeled by pf§

for the case o = 3 and varying 7 from O to 1.

064313-14



BOHR HAMILTONIAN WITH SEXTIC POTENTIAL FOR ... PHYSICAL REVIEW C 106, 064313 (2022)

TABLE III. Several B(E2) transition rates normalized as in Eq. (58) are compared with the available experimental data
[43-47,50-57,67-69] and with results available in Ref. [21] of the nuclei **~!%Ru, 19-102Mo, 132134Ce, 150-152gy 146-150Nq, 134Gd, Dy,
and !7?Os. In the first line of each nucleus are given the experimental data, in the second line are the corresponding X (3)-S [21], while in third
line are the corresponding theoretical results with (A = 6 = 0).

— — — — 0g—2 25—2 25—4 25—0

Nucleus o o o 25 20 20 20 20
%Ru  Expt. 0.38(11)  0.40(8) 0.08(2)

X(3)-S 2.34 3.48 4.62 5.62 3.21 0.21 1.47 1.52

X (3)-SDDMA 2.36 3.56 471 6.02 3.26 0.22 1.57 1.60
10Ru  Expt. 1.43(11) 4.78(5) 0.98(14)

X(3)-S 2.23 3.08 3.98 4.63 2.83 0.18 1.02 1.24

X (3)-SDDMA 2.24 3.14 3.93 5.27 2.88 0.20 1.10 1.33
12Ru  Expt. 1.48(25) 1.52(56) 1.26(43) 1.28(47) 0.78(14)

X(3)-S 2.25 3.15 4.08 4.77 2.90 0.19 1.09 1.28

X (3)-SDDMA 2.25 3.16 4.03 5.12 2.90 0.20 1.11 1.32
104Ru Expt. 1.43(16) 0.43(5)

X(3)-S 2.18 2.94 3.76 431 2.65 0.17 0.88 1.15

X (3)-SDDMA 2.16 2.93 3.50 5.06 2.63 0.19 0.90 1.21
106Ru  Expt.

X(3)-S 1.75 2.07 2.47 2.67 1.22 0.09 0.24 0.69

X (3)-SDDMA 1.72 2.02 242 275 1.14 0.09 0.22 0.67
108Ru  Expt. 1.65(20)

X(3)-S 1.66 1.93 2.27 243 0.95 0.08 0.16 0.64

X (3)-SDDMA 1.64 1.90 2.25 2.47 0.90 0.077 0.15 0.63
%Mo  Expt. 1.86(11) 2.54(38) 3.32(49) 2.49(12) ~0 0.97(49) 0.38(11)

X(3)-S 235 3.49 4.64 5.64 3.21 0.21 1.48 1.53

X (3)-SDDMA 2.34 3.47 4.54 5.88 3.19 0.22 1.47 1.55
12Mo  Expt. 1.20(28) 0.95(42)

X(3)-S 2.05 2.64 3.31 3.71 2.23 0.15 0.62 0.97

X (3)-SDDMA 2.11 2.83 3.10 5.24 2.48 0.18 0.83 1.18
132Ce Expt. 0.75(17) 0.27(10) 0.47(4) 0.07(2)

X(3)-S 2.00 2.53 3.15 3.51 2.06 0.14 0.54 0.91

X(3)-SDDMA 2.09 2.77 3.12 4.97 2.41 0.18 0.77 1.12
34Ce Expt. 0.75(17) 0.27(10) 0.47(4) 0.07(2)
X(3)-S 1.91 2.35 2.88 3.17 1.75 0.12 0.41 0.82
X(3)-SDDMA 1.90 2.34 2.87 3.23 1.73 0.12 0.41 0.82
10Sm  Expt. 1.93(30) 2.63(88) 2.98(158) 0.93(9) 1937079
X(3)-S 2.29 3.28 430 5.09 3.03 0.20 1.23 1.37
X (3)-SDDMA 233 3.44 4.46 5.86 3.17 0.22 1.43 1.53
2Sm  Expt. 1.44(2) 1.66(3) 2.02(4) 21719 0.23(1) 0.04 0.12(1) 1.17(8)
X(3)-S 1.66 1.94 2.30 2.65 0.98 0.09 0.18 0.61
X (3)-SDDMA 1.68 1.96 2.33 2.68 1.03 0.09 0.19 0.65
6Nd  Expt. 1.47(39)

X(3)-S 2.30 3.31 435 5.17 3.06 0.20 1.27 1.40

X (3)-SDDMA 2.34 3.46 451 5.83 3.18 0.22 1.45 1.53
“SNd  Expt. 1.62(9) 1.76(14) 1.69(30) 0.54(4) 0.25(3) 0.28(14)

X(3)-S 2.22 3.06 3.94 4.57 2.80 0.18 1.00 1.23

X (3)-SDDMA 2.22 3.07 3.82 5.11 2.80 0.20 1.03 1.28
ONd Expt. 1.56(4) 1.78(9) 1.86(20) 1.73(10) 0.37(2) 0.09(3) 0.16(6) 1.38(112)

X@(3)-S 1.66 1.93 2.27 243 0.95 0.08 0.16 0.64

X (3)-SDDMA 1.64 1.89 2.22 242 0.87 0.07 0.14 0.62
4Gd  Expt. 1.56(6) 1.82(10) 1.99(11) 2.29(26) 0.33(5) 0.04 0.12(1) 0.62(6)

X(3)-S 1.71 2.01 2.39 2.57 1.11 0.09 0.20 0.67

X (3)-SDDMA 1.66 1.93 2.28 2.56 0.96 0.08 0.17 0.63
156Dy Expt. 1.63(2) 1.87(6) 2.07(20) 2.20(27) 0.09(3) 0.08(3)

X@(3)-S 1.66 1.92 2.8 2.56 0.94 0.08 0.17 0.61

X (3)-SDDMA 1.67 1.94 2.30 2.58 0.98 0.08 0.18 0.63
1205 Expt. 1.50(17) 2.61(38) 3.30(98) 1.65(36)

X(3)-S 221 3.03 3.90 451 2.76 0.18 0.97 1.21

X (3)-SDDMA 2.22 3.08 3.88 5.07 2.82 0.20 1.04 1.28
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TABLE IV. Same as in Table III, but for the available experimental data [48,49,58—-66,69—72] of the nuclei '#13Xe and '80-1%p¢,

- - - N —2 252 254 25—

Nucleus e o, e 0, 2}?»0: 20, =0, z’?»gf
18Xe Expt. 1.11(6) 0.88(23) 0.49(18) >0.7

X(3)-S 222 3.06 3.95 4.58 2.80 0.18 1.00 1.23

X (3)-SDDMA 2.20 3.02 3.60 5.35 2.74 0.20 0.99 1.28
120Xe Expt. 1.16(10) 1.17(19) 0.96(17) 0.91(16)

X(3)-S 2.19 2.98 3.82 4.40 2.70 0.18 0.91 1.17

X (3)-SDDMA 2.15 2.93 3.32 5.37 2.62 0.19 0.91 1.24
12Xe  Expt. 1.46(11) 1.41(9) 1.03(8) 1.54(10)

X(3)-S 1.95 2.44 3.01 3.33 1.90 0.13 0.47 0.86

X (3)-SDDMA 1.95 245 3.01 3.58 1.92 0.14 0.49 0.88
124Xe Expt. 1.17(4) 1.52(14) 1.14(36) 0.36(5)

X(3)-S 2.10 2.76 3.48 3.94 2.40 0.16 0.72 1.04

X (3)-SDDMA 2.15 2.89 3.58 470 2.59 0.18 0.86 1.16
126Xe Expt.

X(3)-S 2.20 2.99 3.83 4.42 2.71 0.18 0.93 1.18

X (3)-SDDMA 2.18 2.96 3.62 5.00 2.67 0.19 0.93 1.22
128Xe  Expt. 1.47(15) 1.94(20) 2.39(30)

X(3)-S 221 3.03 3.89 4.50 2.76 0.18 0.97 1.20

X (3)-SDDMA 221 3.03 3.89 4.50 2.76 0.18 0.97 1.20
130Xe Expt.

X(3)-S 2.28 3.23 422 4.97 2.99 0.19 1.18 1.34

X (3)-SDDMA 2.28 3.23 422 4.97 2.99 0.19 1.18 1.34
180pt  Expt. 0.92(22) >0.29

X(3)-S 1.78 212 2.55 277 1.33 0.10 0.27 0.72

X (3)-SDDMA 1.70 2.00 237 2.85 1.12 0.10 0.22 0.65
182pt  Expt.

X(3)-S 1.79 2.14 2.57 2.80 1.36 0.10 0.28 0.72

X (3)-SDDMA 171 2.01 2.38 2.89 1.14 0.10 0.22 0.66
184pt  Expt. 1.65(9) 1.78(12) 2.13(16) 2.44(33)

X(3)-S 1.81 217 2.62 2.86 1.42 0.10 0.30 0.74

X (3)-SDDMA 1.72 2.02 237 2.98 1.18 0.1 0.23 0.66
186pt  Expt.

X(3)-S 2.08 2.70 3.40 3.83 2.32 0.15 0.67 1.01

X (3)-SDDMA 2.10 2.81 2.95 5.35 2.45 0.18 0.81 1.17
188pt  Expt.

X(3)-S 2.01 2.55 3.17 3.54 2.08 0.14 0.55 0.92

X (3)-SDDMA 2.07 271 3.29 4.38 2.34 0.17 0.70 1.05
0Pt Expt.

X(3)-S 2.10 2.75 3.46 3.92 2.39 0.16 0.71 1.03

X (3)-SDDMA 2.16 291 3.68 4.55 2.62 0.18 0.87 1.15
2Pt Expt. 1.56(9) 1.22(53)

X(3)-S 2.00 2.53 3.14 3.50 2.05 0.14 0.54 0.91

X (3)-SDDMA 2.00 2.53 3.14 3.50 2.05 0.14 0.54 0.91
194pt  Expt. 1.73(11) 1.36(43) 1.02(29) 0.69(18)

X(3)-S 1.98 2.49 3.09 3.43 1.99 0.14 0.51 0.89

X (3)-SDDMA 2.03 2.59 3.23 3.69 2.15 0.15 0.59 0.95
19pt  Expt. 1.48(2) 1.80(10) 1.92(25) ~0 0.12(12)

X(3)-S 2.14 2.83 3.60 4.10 2.51 0.17 0.79 1.09

X (3)-SDDMA 2.16 2.92 3.62 4.74 2.63 0.18 0.89 1.18

corresponds to deformed commutation relations. The solu-
tions of the Bohr Hamiltonian in the presence of ML are
derived by means of QES and QPM in Ref. [73], where the
obtained energy spectra normalized to the energy of the first
excited state for the ground state band are given as a function
of two parameters, namely, the sextic potential parameter o
and the ML one «.

Now, dealing with concrete nuclei, the energy ratios (61)
are calculated for different levels of the g.s. and two 8 bands
for X(3)-SML [73] and the present model X (3)-SDDMA.
The 16 even-even nuclei used for the X (3)-SML and X (3)-
SDDMA models belong to the following isotope chains:
18122y 126-130x 0 102\fo,  102,104Ry, 148N 134Ce. and
188.196p¢ We have chosen the nuclei for which the ratio Ry 4 is
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FIG. 8. Correlation between the ML parameter x and DDM one t.

not far from the value 2.44, which is a reference point for the
X (3) model. The obtained values for the parameters « [73]
and t from the fit on all available experimental data are de-
picted in Fig. 8. Indeed, this figure shows a strong correlation
between ML and DDM concepts where the cross-correlation
coefficient is greater than 90%. As a result, this correlation
persists for the sextic potential case with the QES order k = 2.
Also, by comparing the present model with X (3)-SML [73],
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FIG. 9. Moment of inertia for the g.s. band, given by Eq. (63)
normalized to the moment of the 2" state plotted as a function of
L are shown for the specific value of o =5, and varying DDM
parameter T.

one can see that the difference between the obtained theoret-
ical results in their framework is not significant. Such a fact
is clearly related to the existent correlation between the two
concepts.
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FIG. 10. Moment of inertia for the g.s. band normalized to the moment of the 2 state plotted as a function of L compared with the available
experimental data [50,52,62,70] of the nuclei **Ru, '>Mo, ''®Xe, and '3Pt.
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E. DDM effect on the moment of inertia of the ground state

The moment of inertia is a physical quantity which
describes the kinematics of nuclei in rotational motion mode.
Classically, it is defined as the ratio of the angular moment
L to the angular velocity w which is not an observable. In
this last subsection, we are dealing with the DDM effect on
the variation of this quantity. That is why we analyze the
plot of the moment of inertia 6(L) as a function of angular
momentum L.

In practice, for the moment of inertia, we often use the
relation given by Ref. [76]:

R 1dE

=0 =2k "™

2L — 1

2 _

(63)

In Fig. 9, we plot the moment of inertia for the g.s. band
normalized to the moment of the 2% state given by Eq. (63)
as a function of L for the specific value of o = 5 and varying
DDM parameter 7. By carefully analyzing this figure, one can
see that the remarkable increase of the moment of inertia with
L observed where the mass is constant (7 = 0) is gradually
moderated by increasing the DDM parameter t. We recall that
this result has been proved for the first time in Ref. [13] and
later on in Refs. [14,17].

For the application with experimental data, a plot of the
normalized moment of inertia as a function of the total angular
momentum L is given in Fig. 10 for the following isotopes:
%Ru, 102Mo, 8% e and '|°Pt. From this figure, one can
see that the corresponding experimental moment of inertia
to these nuclei are well reproduced within the DDM concept
with respect to the sextic potential in the constant mass case
[21]. Before going to conclusions, it is important to pinpoint
some drawbacks of the present model. The notable one is
the impossibility to describe the y band. Indeed, the present
approach only describes the experimental data of the g.s. and
first two 8 bands. However, the y band is well described for
the y-rigid mode with the rigidity y = 7 /6 using the anhar-
monic sextic potential. This is made by the Davydov-Chaban
Hamiltonian [22], where the mass parameter was considered
as a constant. Nevertheless, the present solution can be useful
in the understanding of the critical point phenomena. The
application of the deformation-dependent effective mass to the
Davydov-Chaban Hamiltonian with the sextic potential could
improve the numerical realization with respect to Z(4)-sextic
type solutions [22], and it will be the topic of our future work.

IV. CONCLUSION

Here we shall summarize the main results presented in
the present paper. We have solved the eigenvalues problem
with the Bohr collective Hamiltonian for y-rigid nuclei within
a model by combining two model approaches: the quantum
mechanical formalism, namely, DDM, and the anharmonic
sextic oscillator potential for the variable 8 and y = 0. The
model is conventionally called X (3)-SDDMA. The Hamilto-
nian of the system has been conjointly solved by means of
QES and a QPM. Thanks to the choice of the deformation
function, the model was constructed in such a way that the
scaling property was maintained as in Ref. [21]. Finally, the
energy spectrum and the wave functions are given in ana-
Iytical form. These depend on two free parameters o and
7. Numerical applications are done for 35 nuclei: **'%Ru,
1001020 o, 116-130, - 180-196py 1720y 146-150Nq 132134
154Gd, '3Dy. and '3152Sm. The results are compared with
the corresponding experimental data as well as with those
obtained through X (3)-sextic, where the mass parameter was
considered to be a constant [21]. The comparison of the
rms values yielded by the DDM formalism produces the
best agreement with the experimental energies. Concerning
the B(E2) transitions, one can say that the corresponding
theoretical results are slightly improved. Additionally, the
DDM removed partially the approximate degeneracy of states
with different angular momenta AL = 2 belonging to dif-
ferent bands observed in the critical point. The shape phase
transition within an isotopic chain is changed in the DDM
case compared to the case when the mass is considered as
constant, where the new candidates for the critical point of
the shape phase transition from a y-rigid prolate harmonic
vibrator to an anharmonic one are found to be !°%-19pg
124Xe, and '*?Ce. The comparison between the two quan-
tum concepts of the ML and DDM confirmed that they are
well and truly correlated. Moreover, the dependence of the
mass on the deformation moderates the increase of the mo-
ment of inertia with the deformation, removing an important
drawback of the model X (3)-sextic [21] and leading to an
overall agreement with the experimental data, results which
are in concordance with those of Refs. [13,14,17]. The re-
sults obtained in the present paper open a door toward new
future application such as considering the quasiexact solv-
ability orders k > 2 for X (3)-SDDMA and verifying if the
theoretical results will be improved more than in the case
of k =2.
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