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The proton-neutron symplectic model with Sp(12,R) dynamical algebra is applied to the simultaneous
description of the microscopic structure of the low-lying states of the lowest ground, 8, and y bands in '**Sm. For
this purpose, the model Hamiltonian is diagonalized in a U(6)-coupled basis, restricted to the state space spanned
by the fully symmetric U(6) irreps. A good description of the energy levels of the three bands under consideration
as well as the intraband B(E?2) transition strengths between the states of the ground band is obtained without
the use of an effective charge. The microscopic structure of low-lying collective states in '**Sm shows that
there are no admixtures from the higher shells and hence shows the presence of a very good U(6) dynamical
symmetry. It is also shown that, in contrast to the Sp(6,R) case, the lowest excited bands, e.g., the 8 and y
bands, naturally appear together with the ground band within a single Sp(12,R) irreducible representation. The
obtained results is given a simple geometrical multiphonon interpretation, based on the algebraic realization of
the coupled two-rotor picture, which in turn suggests an interpretation of the low-lying excited bands as relative
proton-neutron excitations of the two-component nuclear system, governed by the O, - O, interaction.
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I. INTRODUCTION

Experimental spectra in heavy nuclei show the emergence
of simple collective patterns represented primarily by the nu-
clear collective rotation. The microscopic shell-model struc-
ture of these low-lying rotational states is still a challenge
for the microscopic many-particle nuclear theory. This is
particularly so because the model space dimensionalities rule
out the use of standard shell-model theory. As a consequence,
different algebraic models which capitalize on symmetries,
exact or approximate, have been developed to reduce the
model space to manageable size.

The structure of observed collective patterns in the heavy
nuclei is, however, well understood in simple geometrical
terms and is described very successfully within the macro-
scopic nuclear structure physics theories, like the Bohr-
Mottelson (BM) [1] and the interacting boson model (IBM)
[2] ones. For heavy nuclei, the BM collective model has
provided the basic concepts and language in terms of which
the observed low-energy nuclear rotational states are de-
scribed. In this regard, many efforts has been made in attempts
to give the BM model a microscopic foundation. Among
them the algebraic approach plays an important role. The
microscopic evolution of the collective models and their
underlying foundations from the algebraic perspective are
given in many review articles [3-5]. It was also shown
that the Bohr-Mottelson models have expressions as macro-
scopic limits of microscopic models that have precisely de-
fined expressions in many-nucleon quantum mechanics [4].
Along these lines, it has been shown that a microscopic
version of the Bohr-Mottelson collective model augmented
by the vortex spin degrees of freedom and compatible with
the microscopic shell-model nucleon structure of nucleus
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is represented by the one-component Sp(6,R)! symplectic
model [6,7].

The shell-model approach to the many-particle description
of low-energy states of a nucleus starts with a decomposi-
tion of the infinite-dimensional Hilbert space into an energy-
ordered sequence of subspaces of the three-dimensional har-
monic oscillator. This makes it possible to diagonalize the
model Hamiltonian in a truncated space spanned by a selec-
tion of some number of leading subspaces in the decomposi-
tion with decreasing contributions to the structure of observed
nuclear collective states.

The first microscopic, algebraic model of nuclear collec-
tive motion in light nuclei is the Elliott SU(3) model [8],
which showed how states with rotational properties could
emerge within the framework of the nuclear shell model. It
defined a relevant coupling scheme for identifying the collec-
tive dynamics and performing large shell-model calculations.
However, the calculations within the framework of the one-
component Sp(6,R) symplectic model [6,7], which is a nat-
ural multi-major-shell extension of the Elliott SU(3) model,
showed that the standard spherical shell model is not appro-
priate for the description of the rotational states of strongly
deformed heavy nuclei [9,10]. This is so, in particular, be-
cause the conventional shell-model configurations available
are not enough deformed to describe observed quadrupole
collectivity. The calculations showed that the highly deformed
rotational states which lie low in energy have their dominant

'The notation Sp(2n, R) is used for the group of linear canonical
transformations in 2n-dimensional phase space. Some authors denote
the Sp(2n, R) group by Sp(n, R).
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components in much higher spherical harmonic oscillator
shells and have essentially zero overlaps with the standard
shell-model states [9,10].

Another symmetry-based, microscopic shell-model ap-
proach to the structure of strongly deformed heavy nuclei
is provided by the pseudo-SU(3) scheme [11-13], based on
the observation that, because of the spin-orbit interaction, the
single-particle energy levels of the shell model regroup into
pseudo-oscillator shells. As a result, another good SU(3) sym-
metry appears, called pseudo-SU(3) symmetry. Based on the
this symmetry, the Sp(6,R) pseudo-symplectic model and its
contracted version for heavy nuclei have been developed [14]
and applied to the description of the microscopic structure
of the low-lying rotational states of the ground or ground
and y bands for some heavy well deformed even-even nuclei
from the rare-earth and actinide regions [14,15]. A simple
microscopic picture for these collective states was obtained,
in which several SU(3) multiplets from the first few harmonic
oscillator shells exhaust the structure. The low-lying rotational
states observed in strongly deformed nuclei can therefore be
considered as renormalized SU(3) states due to the coupling
to giant resonance degrees of freedom by involving a ver-
tical mixing of different SU(3) irreducible representations.
The one-component Sp(6,R) symplectic model irreducible
representation is determined by a single SU(3) irreducible
representation, which can be associated with the ground
band (and possibly with a few other K bands, depending
on the value of ) and hence no other low-lying 8 bands
appear. In order to include them in the theory, one needs to
consider other symplectic Sp(6,R) irreducible representations
and to perform much more complicated configuration mixed
symplectic model calculations by taking into account the
symplectic symmetry-braking part of the nuclear interaction
[3,16], which involves a horizontal mixing of different SU(3)
irreps within the 0% valence shell nucleon space.

Recently, the fully microscopic proton-neutron symplectic
model (PNSM) of nuclear collective motion with Sp(12,R)
dynamical algebra was introduced by considering the sym-
plectic geometry and possible collective flows in the two-
component many-particle nuclear system [17]. The more gen-
eral motion group GL(6,R) C Sp(12,R) of the PNSM, which
allows for the separate treatment of the collective dynamics
of proton and neutron subsystems, as well as the combined
proton-neutron collective excitations, is parametrized by 36
real parameters which are related to the 21 irrotational-flow
collective and 15 intrinsic vortex degrees of freedom. In this
way, one obtains a richer algebraic structure than in the case of
two copies of Sp(6,R) by considering the algebraic structure
Sp(6,R) ® Sp(6,R) [or equivalently, Sp(6,R) ®SU7(2)] with
totals of 15 collective and 6 intrinsic vortex spin degrees of
freedom. In this way, from the hydrodynamic perspective,
the PNSM appears as an irrotational-flow collective model of
the two-component nuclear system of Bohr-Mottelson type,
coupled to the intrinsic U(6) vortex degrees of freedom which
are related to the valence shell protons and neutrons. The need
to consider intrinsic degrees of freedom and their coupling
to the irrotational-flow collective dynamics was realized long
time ago (cf. Ref. [3] and references therein). The U(6)
intrinsic degrees of freedom play an important role in the

construction of the microscopic wave functions because they
allow ensuring the full antisymmetry of the total wave func-
tion and are responsible for the appearance of the low-lying
collective states. In this way the extra degrees of freedom
contained in this larger U(6) algebraic structure therefore em-
brace the basic SU(3) rotor as well as the low-lying vibrational
degrees of freedom.

From the shell-model perspective, from another side, the
PNSM appears as a natural multi-major-shell extension of
the generalized proton-neutron SU(3) scheme, which takes
into account the core collective excitations of monopole
and quadrupole, as well as dipole type associated with
the giant resonance vibrational degrees of freedom. This
becomes evident by considering the reduction chain U(6)
> SU,(3) ® SU,(3) D SU3) D SO(3), which defines a
shell-model coupling scheme of the PNSM and through the
subgroup chain SU,(3) ®SU,(3) D SU(3) D SO(3) relates
the PNSM to the pseudo-SU(3) model [11-13] of nuclear
rotations. The appearance of a U(6) intrinsic structure in
the PNSM, which in turn contains many SU(3) irreducible
representations appropriate for the description of different
rotational bands, turns out to be of significant importance
for the microscopic theory of nuclear collective excitations.
Recall in this regard that the popular IBM [2] has clearly
demonstrated that simple algebraic ways exist to get collective
spectra within a U(6)-based scheme. Then, within the frame-
work of the PNSM, the low-lying states could be described
by a microscopically based U(6) structure along the lines of
the IBM, albeit, in contrast to the latter, renormalized by their
coupling to the giant resonance vibrations. This result could
not be overestimated, recalling also that, as mentioned earlier,
in order to obtain the low-lying excited collective bands (e.g.,
B bands) within the framework of the one-component sym-
plectic model [6] one needs to involve a representation mixing
caused by, e.g., pairing, spin-orbit, and other symplectic-
breaking components of the nuclear interaction (cf. Ref. [18]).
In this way, the intrinsic U(6) structure provides a single
shell-model framework for the simultaneous description of the
low-lying collective bands in strongly deformed nuclei, which
exhibit a simple rotational patterns and shape vibrational ex-
citations (horizontal mixing) over different SU(3) irreps from
the O/iw valence proton-neutron shell-model space. Moreover,
as will be shown further, these low-lying vibrational excita-
tions in the proton-neutron nuclear system, which are related
to the relative proton-neutron configurations, can be given a
simple geometrical multiphonon interpretation.

Finally, ending the short consideration of the evolution of
algebraic microscopic models of nuclear collective motion,
another characteristic of the PNSM should be pointed out.
Sp(12,R) appears as a dynamical group in two other ap-
proaches to nuclear structure. In the first one, the microscopic
Sp(12,R) model, introduced in Refs. [19,20], the compo-
nents of the mass quadrupole tensor are used as collective
variables. Expressing these variables and their derivatives
through the boson creation and annihilation operators, among
the reduction chains considered in [19,20], the three algebraic
structures [U(5), O(6), and SU(3)] of the IBM-1 [2] were
obtained, which are embedded in Sp(12,R) through the group
U(6) C Sp(12,R) associated with the six quadrupole collective
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degrees of freedom. In the second one, the phenomenological
interacting vector boson model (IVBM) [21] of nuclear col-
lective motion, Sp(12,R) appears as the full dynamical sym-
metry group of the system of two interacting vector bosons,
by means of which the collective excitations of the nuclear
systems are built up. But, although it is mathematically iso-
morphic to that of PNSM, the realization of the Sp(12,R)
algebra of IVBM is very different. The latter, in contrast to
the PNSM, admits only two irreducible representations: the
even (scalar) and odd (one-particle) ones with even and odd
numbers of excitation quanta. In Ref. [22] it is shown that
the representation space of the IVBM is a very particular and
physically unimportant case of the representation space of the
PNSM. The IVBM then corresponds to the two-component
irrotational-flow collective model of Bohr-Mottelson type. In
this way, the microscopic proton-neutron symplectic model
of nuclear collective motions can be considered as a gen-
eralization of both the IVBM and the Sp(6,R) C Sp(12,R)
model of Rowe and Rosensteel for the case of two-component
many-particle nuclear systems. The PNSM contains also the
extended Sp(6,R) ® Sp(6,R) model as a submodel, since
Sp(6,R) ® Sp(6,R) C Sp(12,R).

In the present paper, the proton-neutron symplectic model
with Sp(12,R) dynamical algebra is applied to the simulta-
neous description of the microscopic structure of the low-
lying states of the ground, 8, and y bands in **Sm. For
this purpose, the model Hamiltonian is diagonalized in a
U(6)-coupled basis, restricted to state space spanned by the
fully symmetric U(6) irreps up to 40%iw. The results for the
energy levels of the three bands under consideration, as well
as the intraband B(E?2) transition strengths between the states
of the ground band obtained without the usage of an effective
charge, are presented. As will become clear later, the results
obtained for the microscopic structure of low-lying collective
states in '*Sm reveal the presence of a very good U(6)
dynamical symmetry, which shows that the observed collec-
tive dynamics is already covered by the symplectic Sp(12,R)
bandhead structure. The results obtained for the lowest three
collective bands in '**Sm extend the previously obtained ones
in the framework of the one-component Sp(6,R) symplectic
model in the description of the rotational states of the ground
band up to L =6 only within a single axially symmetric
Sp(6,R) irreducible representation, determined by its single
lowest-grade SU(3) irrep (82,0) in the stretched SU(3) [23]
and in the full Sp(6,R) model spaces [9], respectively. In this
regard, the present paper represents a further step towards the
more comprehensive treatment of collective motion in this
nucleus within the microscopic symplectic-based framework.

II. THE PROTON-NEUTRON SYMPLECTIC MODEL

Collective observables of the proton-neutron symplectic
model, which span the Sp(12,R) algebra, are given by the
following one-body operators [17]:

Qijle, B) =Y _ xis(@)xjs(B), e))

s=1

Sij(a, B) = Z(xm(a)l?js(ﬂ) + pis(@)xjs(B),  (2)

s=1

Lij(, B) = Y _(xis(@)pjs(B) — xjs(B)pis(@)),  (3)

s=1

Ty, B) =) pis(@)pjs(B), )

s=1

wherei, j =1,2,3,¢,8=p,n,ands=1,...,m=A — 1.
In Egs. (1)-(4), x;5(«) and p;;(a) denote the coordinates and
corresponding momenta of the translationally invariant Jacobi
vectors of the m-quasiparticle two-component nuclear system,
and A is the number of protons and neutrons.

In terms of the harmonic oscillator creation and annihila-
tion operators

b; Xis (O is(&) ),
18 2h maa)p

Mew

bia,x = 7(]6,1;(0[) +

- (a)), )

Maw

the many-particle realization of the Sp(12,R) Lie algebra is
given by [22]

Fy(e, )=y bl bl ©)
s=1
Gij(@, B) =Y biashjp.s, (7
s=1
1 m
Aij(e. ) =5 ) (blybips +bjpubly). ®)
s=1

An Sp(12,R) unitary irreducible representation is charac-

terized by the U(6) quantum numbers o = [0y, ..., 0¢] of its
lowest-weight state |o); i.e., |o) satisfies
Gab|0> =0
Awlo) =0, a <D,
m
Agglo) = (Ga + 5)'0) 9)
for the indices a = i« and b = jB taking the values 1, ..., 6.

If the following notation for the U(6) tensor product oper-
ators P (F)=[F x --- x F]™ is introduced, where n =
[n1, ..., ng] is a partition with even integer parts, then by a
U(6) coupling of these tensor products to the lowest-weight
state |o), one constructs the whole basis of states for an
Sp(12,R) irrep:

\W(onpEn)) = [P™(F) x |0)12, (10)

where E = [E|, ..., E¢] indicates the U(6) quantum numbers
of the coupled state, 1 labels a basis of states for the coupled
U(6) irrep E, and p is a multiplicity index. In this way one
obtains a basis of Sp(12,R) states that reduces the subgroup
chain Sp(12,R) D U(6). To fix the basis n one has to consider
further the reduction of the U(6) to the three-dimensional
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rotational group SO(3). Thus, in order to completely clas-
sify the basis states, the following reduction chain is further
used [22]:

Sp(12,R) D

o np

> U(6) D SU,(3) ® SU,(3)
E vy (Ap,up) Mny tn)

D SU(3) D SO(3) D SO(Q2),
o (h,p) K L M (1)

which defines a shell-model coupling scheme. The chain
(11) corresponds to the following choice of the index n =
Y(Ap, p)(An, n)o(h, w)K LM, labeling the basis states
(10) of an Sp(12,R) irrep. Each Sp(12,R) irreducible rep-
resentation is determined by a symplectic bandhead or an
intrinsic U(6) space, which in turn is fixed by the underlying
proton-neutron shell-model structure. So, the theory becomes
completely compatible with the Pauli principle.

III. APPLICATION

The early applications of the one-component Sp(6,R) sym-
plectic model and its contracted version showed that the
dominant contributions to the wave functions are presented by
the so-called stretched SU(3) states. The latter are defined as
the set of SU(3) states (Ag + 21, uo) [3], where (Lg, o) is the
leading irreducible representation for the combined proton-
neutron nuclear system and n =0, 1,2, 3,.... The calcula-
tions within the framework of the stretched approximation is
often called the Sp(2,R) submodel [24-26] of Sp(6,R) be-
cause the set of these basis states can be generated only by the
raising symplectic generators adding oscillator quanta only
along the z-axis, which are the generators of the subgroup
Sp(2,R) C Sp(6,R). The stretched SU(3) states within the
framework of the one-component Sp(6,R) symplectic model
and its contracted version usually contribute between 80%
and 90% to the ground state band wave functions. For ex-
ample, 90% of the 20Ne ground state comes from the (8,0),
(10,0), and (12,0) stretched states [7]. Similarly, the stretched
states contribute up to 93.7% to the ground state in **U
using the contracted symplectic model [14]. The same picture
was obtained in the recent applications of the symplectic
Sp(6,R) scheme with algebraic and schematic many-particle
interactions to light and intermediate-mass nuclei [27-29].
Hence, the restriction of the full symplectic basis to the
subset of stretched SU(3) states seems to be a valuable initial
approximation for the symplectic model calculations in the
heavy nuclei. So, the stretched SU(3) approximation is used
as a first step in the application of the present theory and as a
calibration for its further usage.

The first point in the practical application of the theory to
the description of low-lying collective states in strongly
deformed nuclei is the determination of the relevant
irreducible representation of Sp(12,R). Different approaches
might be used to determine the symplectic irrep by fixing the

TABLE I. The U(6) irreps contained in the Sp(12,R) irreducible
representation (o) = (724 2,42+ 13 42 4+ 13 42 + 13 42 4
%, 42 + %) for 13*Sm.

[34], [33,1], 2[32,2], [31,3], [31,2,1], [30,4], [30,2,2]
[32], [31,1], [30,2]
(30]

shell-model structure of the ground state using the isotropic
or anisotropic harmonic oscillator with or without spin-orbit
interaction. It is also well known that, for heavy mass nuclei
from the rare-earth and actinide regions, spin-orbit interaction
is strong and destroys the oscillator structure. Due to this, the
pseudo-SU(3) scheme [11-13], which effectively takes into
account the spin-orbit part of the nuclear interaction, is used to
determine the relevant irreducible representation of Sp(12,R).
The symplectic bandhead for '3*Sm is determined by fixing
the corresponding underlying proton-neutron shell-model
structure SU,(3) ® SU,(3) D SU(3) embedded in the U(6)
irrep [o1,...,06]. Thus, for '3*Sm, by compactly filling
pairwise the three-dimensional pseudo-oscillator potential
with six normal parity protons and six normal parity neutrons,
one obtains the SU(3) irreps (12,0) and (18,0) for the parent
proton and neutron subsystem, respectively. Then, the direct
product irrep (12,0) ® (18,0) of SU,(3) ® SU,(3) allows
one to fix the lowest-grade U(6) irreducible representation
o =[72,42,42,42,42,42)s = [30]¢, which in turn
determines the '>*Sm irreducible representation (o) = (72 +
Baot+B P o432 4048 40458 of
Sp(12,R). The latter is given in Table I. As can be seen from it,
the majority of relevant U(6) irreps composing the symplectic
irreducible representation under consideration are not fully
symmetric. Unfortunately, the isoscalar factors which reduce
the U(6) O SU,(3) ® SU,(3) subgroup chain of (11) for
generic U(6) irreducible representations, required for the cal-
culation of the matrix elements of relevant physical operators,
are not available at present. However, one expects the most
symmetric U(6) irreps E to be dominant in the low-energy
spectra of the heavy deformed even-even nuclei. Hence, in
the present application, only the state space spanned by the
fully symmetric U(6) irreps is considered in what follows.
Equation (11) implies a strong coupling of the proton
and neutron distributions to form a composite distribution
of the combined proton-neutron system with different pos-
sible deformations. The maximum deformation is obtained
by restricting the direct product irrep (A, ,) ® (A,, i,) of
SU,(3) ® SU,(3) to the leading irreducible representation
(Ap + Au, pp + ) of SU(3), which for the Hamiltonian with
a quadrupole-quadrupole interaction will lie lowest in energy.
Thus, the leading SU(3) irrep (30,0) with maximal value of
the second-order Casimir operator of SU(3) will correspond
to the ground state. The direct product of proton and neutron
SU(3) subrepresentations allows one further to write down the
remaining SU(3) irreps (with decreasing deformation and, re-
spectively, increasing energy) of the combined proton-neutron
system, contained in symplectic Sp(12,R) bandhead, which
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TABLE II. Symplectic classification of the SU(3) basis states for
154
Sm.

2n [E1’~'~:E6] ()‘p’ I'Lp) ()‘-n’ /’Ln) ()"7 I’L)

(30, 0), (28, 1), (26, 2), ...,
0 [30] (12,0) (18,0)

(10, 10), (8, 11), (6, 12)

(32,0), (30, 1), (28, 2), ...,
2 (32] (14,0)  (18,0)

(8,12), (6,13), (4, 14)

(34,0), (32, 1), (30, 2), ...,
4 [34] (16,0)  (18,0)

(6, 14), (4, 15), (2, 16)

together with the leading one are
(12,0) ® (18,0) — (30, 0), (28, 1), (26, 2), (24,3), ...,
(10, 10), (8, 11), (6, 12). (12)

Obviously, this 0%w valence shell state space of the Sp(12,R)
bandhead, spanned by the SU(3) irreducible representations
appearing in (12), corresponds to the different relative con-
figurations of the proton system with respect to the neutron
one. Further, it is well known that each SU(3) irreducible
representation can be associated with one or several rotational
bands (depending on the value of w). In this regard, for ex-
ample, the IBM [2] has demonstrated that different rotational
bands can be easily described by considering several SU(3)
irreps, contained in a single U(6) irreducible representation.
Thus, the symplectic bandhead structure of PNSM provides
us with a singe microscopic shell-model framework for the
simultaneous description of the lowest collective bands, ob-
served in the spectrum of '>*Sm. This is in contrast to the
one-component Sp(6,R) case, whose bandhead is determined
by a single SU(3) irrep, and hence there is no other low-lying
bands, e.g., § bands. Thus, in order to obtain them in that
case, one needs to involve a mixing of different Sp(6,R)
symplectic irreps cased by various symplectic symmetry-
breaking interactions, e.g., the spin-orbit and pairing. In this
way, the relative proton-neutron collective dynamics beyond
the Sp(6,R) is implicitly presented in the extended state space
of the Sp(12,R) bandhead structure.

The symplectic classification of the SU(3) basis states for
154Sm according to the decompositions given by the chain

J

(11) for the Sp(12,R) irrep (o) = (72 + %, 42 + %, 42 +
13342 4+ 133 42 4 183 42 + 133 restricted to the space of
fully symmetric U(6) partitions, is given in Table II. Note that
the SU(3) basis states so obtained, comprising different U(6)
irreps, are precisely those which can be obtained by acting on
the intrinsic base space states (X, ©) by the SU(3) (2,0) and/or
(0,1) symplectic raising operators (6).

In the present application, the following model Hamilto-
nian is used:

1
H=Nhw— EX[Qp “On — (Qp < On)rE]

—EC[SUB)] +aL?, (13)
where N = N, + N,, and the operators Q, = Q(a, @) with
a=p,n are given by Eq. (1). A similar Hamiltonian
has been used in the pseudo-SU(3) scheme calculations
within the framework of the contracted symplectic model
[14,15]. The trace-equivalent part (Q, - Q,)re [30-32] is
subtracted from the collective potential in order to preserve
the mean-field shell structure [14,15,33] under the action of
the proton-neutron quadrupole-quadrupole interaction. The
SU(3) second-order Casimir operator C,[SU(3)] splits ener-
getically different SU(3) multiplets and in this way determines
the bandhead energies of excited bands with respect to the
ground state band. Finally, the last term in (13), which repre-
sents a residual rotor part, allows the experimentally observed
moment of inertia to be reproduced without altering the wave
functions. The Hamiltonian (13) preserves the symplectic
symmetry, thus having Sp(12,R) as its dynamical algebra in
the sense that the physical operators are obtained in terms
of its generators, and the whole spectrum is provided by a
single irreducible representation of it. The full dynamics for it
therefore occurs within a single irreducible representation of
Sp(12,R). More precisely, the Hamiltonian (13) is in the en-
veloping algebra of Sp(6,R) ® Sp(6,R) C Sp(12,R) subgroup,
so it does not go beyond the considered Sp(12,R) irreducible
space and mixes different SU(3) irreps within and between
major shells (horizontal and vertical mixing).

After obtaining the appropriate symplectic irrep, the model
Hamiltonian (13) is further used to determine the microscopic
structure of the low-lying collective states in '>*Sm. For this
purpose, as was mentioned, its diagonalization in the space
of stretched SU(3) states is first performed. In order to do
this, the matrix elements of an U(6) tensor T!7»~4l in a
U(6)-coupled basis, for the case of the fully symmetric
U(6) irreps, are obtained using a generalized Wigner-Eckart
theorem:

(on'p'E'; (Y, 0), (E}, 0); (W, s K'L'| T llonp Es (Ey, 0), (Ea, 0% (4, 1) K L)

[p.—q] 1
=Y lon' o BT, i llonoE)

(E1,0) (AT, ul) (E,0) 1
(E2,0) (Al ul) (E30) 1
) Aty o)
1 1 1

1 [p.—ql |[E]
[E\][E2]

Do 11| [ETITES]

(Go, WKL, 1, WK, )KL (14)
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where the notations [x,13 = [Xp1. Xp2, Xp3l3s  [Xul3 =
[Xn1s Xn2s Xn3l3, and  [x13 = [Xx1, x2, X313 for the Uy(3)
(¢ = p,n) and U(3) irreps, respectively, are used. The
standard Elliott notations [8] for the SU(3) quantum
numbers are also used, for example )LIT) = Xpl — Xp2s

/,L[T7 = Xp2 — Xp3, and similarly for the others. In (14),

[p,—qle 1 :
(on' 0 BT 0k, i lllonpE) s the U(6)
[E’]

: [E] [p,—q]
matrix element, (izye, 101001 (E 8

reduced

) is the isoscalar

J

factor reducing the U(6) D SU,(3) ® SU,(3) chain, and {. . .}
and (A, WKL, AT, u"Hkl||(X, W)K'L'),, are the SU(3)
recoupling and coupling coefficients, respectively. The latter
are evaluated numerically using the available code [34], while
the relevant U(6) O SU,(3) ® SU,(3) isoscalar factors are
given in Ref. [35].

To calculate the matrix elements of the collective potential
v(Q) = @, - O, anormal-ordered expansion in U(6) unitary
irreducible terms is required. The result is

[2,-2]6 1=0m=0

22 34 )
Q)+ O = S(CASUR) = CaISU, ()] = CalSU, D) = T [A%(p, p) x A% m] T3 ")

[2,-2]6

1/ /5; ., 2 00 5:0 2 (2.2l 00
+ {Z(\/;[F (P, P) XG>0t ]y 0 0, +\/;[F (1) X G*(p, P)] ey, o,y

+ %(«/5[A2(p, p) x G*(n, )] 7"

L322 2 [4;

52 *
* @ G ) x G w3 )

2151215 [4]5

where
GISUB) =0-0 + %LZ (16)

is the SU(3) second-order Casimir operator with eigenvalue
(CISUB]) = 2(A> 4+ u? + A + 31 +3u). The SU,3)
and SU,(3) second-order Casimir operators are similarly
defined. The quantities Q4 = O (e, ) = A (a, @) (o =
p,n) are the components of SU(3) truncated Elliott’s
quadrupole operators of the proton and neutron subsystem, re-
spectively, and Q,, = O, (p, p) + Ou(n, n). In Eq. (15), the
following notations for the U(6) tensors are also used: [2]¢ =
[2,0,0,0,0,0]6 [2]¢=10,0,0,0,0, 2], [2,—2]c =2,
0,0,0,0, =216, [1,—-1l6 =[1,0,0,0,0, =116, [2,2] = [0,
0,0,0, —2, —2]¢, etc. The same notations are valid for the
U(3) tensor operators. For convenience, instead of SU(3)
labels in Eq. (15), the corresponding U(3) ones are also used to
characterize the tensor properties of different interaction terms
with respect to the chain (11). With such a normal-ordering
expansion, the inclusion of intermediate states external to the
truncated space is avoided. The required matrix elements for
the basic irreducible terms which appear in (15) are given in
Ref. [36].

The results for the low-lying energy levels of the ground, g,
and y bands, obtained in the space of stretched SU(3) states,
are compared with experiment [37] in Fig. 1. Recall that the
calculations within this space introduce only a vertical mixing,
caused by the coupling to the states from the higher shells.
The major shell separation energy /iw is determined by the
standard formula 41A~!/3 MeV. The adopted values for the
model parameters (in MeV), obtained by fitting to the energies
and B(E?2) value for the transition from 2% to 0" states of
the ground band, are as follows: xy = 0.0032, £ = 0.0051, and

00 [2]% 00
st 2 T V3[A (n,n) x G2 (p, p)] ot )

[213[1,—113 [2]3
55
6 3
545
33

[4]§ 00

2 2
+ [G (pa p) X G (}’l, n)][Z]’{[Z]’{ 1215

2 2 [2,21 00
[G*(p. p) x GH(n.m)] .5 m}) +H.c.}, (15)

(

a = 0.013. From Fig. 1 one sees a good description of the
energy levels.

The reduced intraband E2 electromagnetic transition
strengths between the states of the ground band are also
computed:

B(E2, Li — Lf)

_ 2L+l (5 N ( eZ -
= 2L 41 (16n)<A_1) (A, Pl (17)

Note that in the definition of the operator Q(p, p) [cf.
Eq. (1)], the summation is over the (A — 1) Jacobi quasiparti-
cles. Thus, in order to obtain the proton charge quadrupole
operator, the Q(p, p) operator is multiplied by the factor

5t Th — 154
[ B — Sm
S
q) L
= 3t
5 2p 127 P
e 10" 6, — 56— —
c g 4 — 3=
w 18 29 Y
.6j4+ff B
OF2%3—= —
0g.s.b.

FIG. 1. Comparison of the theoretical [within the space of
stretched SU(3) states] and experimental energy levels for the
ground, B, and y bands in '**Sm.
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- . 3
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2 4 6 8 10 12 14

L [h/2x]

FIG. 2. Calculated [within the space of stretched SU(3) states]
and experimental intraband B(E2) values between the states of the
ground band in '**Sm. No effective charge is used.

Z /(A — 1). The calculated reduced intraband E2 electromag-
netic transition strengths are compared with experiment [37]
in Fig. 2. One sees that the theory slightly overestimates the
experimental data. Notice that no effective charge is used in
the calculation, i.e., e = 1.

In Fig. 3, the squares of the amplitudes (probabilities) of
the SU(3) components (A + 2n, ;) from each nfiw shell are
plotted for the 0" states of the ground and B bands, and for the
27" state of the y band, as a function of n. The starting SU(3)
configurations for the ground and 8, y bands are (30,0) and
(26,0), respectively, on which the quadrupole giant resonance
excitations are built up. From the figure, the structure of
the eigenstates obtained in the diagonalization of the model
Hamiltonian becomes evident. One sees almost a pure SU(3)
structure, exhausted by the SU(3) irreps (30,0) and (26,2) for
the ground and B, y bands, respectively.

It is interesting to see what happens when the model space
is extended beyond the stretched SU(3) approximation. Thus,
as a next step, the other SU(3) irreps from the Sp(12,R) band-
head and the SU(3) states built on them—which introduce
also a horizontal mixing among different SU(3) multiplets
within the different U(6) irreps in addition to the vertical
(between different major shells) one—are included in the
diagonalization of the model Hamiltonian. [Note that the
0, - O, interaction mixes different SU(3) multiplets within
and between different major shells.]

In Fig. 4, the B(E2) transition strength between the first
excited and ground states of the ground band in '3*Sm is
shown as a function of the model parameter y in the range
of physically relevant values. No effective charge is used.
From the figure one sees a reduction of the B(E?2) transition
strength with the increase of x. As can be seen, the experimen-
tally observed value is obtained for y =~ 0.0032. The values of
the rest of the model parameters in the Hamiltonian are kept
the same, except the value of the parameter &, which is slightly
changed from 0.0051 to 0.0053.

100
154g
80 m

60

GSB
L=0

40

Probability [%]

20

100
154 p-band
80 S m L=0

60

40

Probability [%]

20

100
154 y—band
80 S m L=2

60

40

Probability [%]

20

0 T 1 T T T T T T T T T T T T T T T T T
01 2 3 45 6 7 8 910
n

FIG. 3. Calculated [within the space of stretched SU(3) states]
probability distributions for the SU(3) wave function components
(A +2n, ) from each nhw shell for the 0T states of the ground
and B bands and for the 2% state of the y band, as a function of
n. The starting SU(3) configurations for the ground and 8, y bands
are (30,0) and (26,0), respectively.

The results for the energies of the ground, 8, and y bands,
as well as the intraband B(E?2) transition strengths between
the states of the ground band for y = 0.0032, are shown,
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FIG. 4. Calculated B(E2;2} — 0]) transition strength in '3*Sm
as a function of the model parameter y. No effective charge is used.

respectively, in Figs. 5 and 6. The energies are practically not
affected by the extension of the model space for the used val-
ues of the model parameters. From Fig. 6 one sees a reduction
of quadrupole collectivity, caused by extending horizontally
the model space, which allows the proper reproduction of the
observed B(E?2) values.

The SU(3) probability distributions for the 0T states of
the ground and B bands, and for the 2% state of the y band,
obtained in the calculations in the new space, are shown
in Fig. 7. From these distributions one sees that the SU(3)
dynamical symmetry is slightly broken due to the mixing. In
particular, for the states of ground and 8 bands one sees a
comparatively simple structure in which a few SU(3) mul-
tiplets contribute. For the 2% states of the y band one sees
almost a pure SU(3) structure, determined by the SU(3) irrep
(26,2) which exhausts 99.92%. But what is remarkable from
these results is the fact that all SU(3) states, contributing
to the structure of the collective states under consideration,

154
Sm

Exp —

Energy [MeV]
A
\

I

o,
O_2O+7--

FIG. 5. Comparison of the theoretical and experimental energy
levels for the ground, 8, and y bands in '*Sm. The values for the
model parameters are as follows (in MeV): x = 0.0032, & = 0.0053,
and a = 0.013.

FIG. 6. Calculated and experimental intraband B(E2) values
between the states of the ground band in **Sm. No effective charge
is used. The values for the model parameters are as follows (in MeV):
x = 0.0032, & = 0.0053, and a = 0.013.

belong to a single U(6) irrep, namely that of the symplectic
bandhead. More precisely, the U(6) irrep of the lowest-weight
state exhausts up to 99.925% of the structure for the ground
state, and 99.926% and 99.991% for the 0 and 2% states of
the B and y bands, respectively. The same picture is obtained
for the other collective states.

At this point it should be pointed out that the eigenvectors
of the model Hamiltonian (13), obtained for different values of
the parameter x (shown in Fig. 4), also belong to a single U(6)
irreducible representation. In other words, the microscopic
structure of the low-lying collective states in '*Sm shows
the presence of a very good U(6) dynamical symmetry. This
explains the success of different U(6)-based models, e.g., the
IBM [2].

As can be seen from Figs. 3 and 7, the Hamiltonian
(13) leads to an almost exact SU(3) symmetry for the wave
functions of the 8 and y bands, which have almost similar
SU(3) probability distributions, determined by the predomi-
nant SU(3) irrep (26,2), plus small admixtures from the other
0%iw SU(3) irreps for the B band of the order of ~ 5.4%. From
the similar probability distributions of the § and y bands it
follows that the two bands will be almost degenerate in energy,
as can be seen from the theoretical values in Figs. 1 and 5.
In experiment, however, these two bands are not degenerate.
This experimental observation can easily be reproduced in
the theory, at the price of one more parameter, by adding for
example the K2 term to the model Hamiltonian which will
split the degeneracy between the 8 and y bands.

Concerning the interband E?2 transitions, which are not the
subject of the present work, it will be noticed that within the
stretched SU(3) approximation they will be zero for § — g
and y — g, and nonzero for y — f since the latter two bands
lie in the same set of stretched SU(3) states (26 + 2n, 2).
The extension of the model space produces a small mixing
of the two sets of SU(3) irreps, corresponding to the ground
and B (y) bands, which will result in nonzero interband
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FIG. 7. Calculated SU(3) probability distributions for the wave
functions for the 0" states of the ground and B bands, and for the
27 state of the y band. The values for the model parameters are as
follows (in MeV): x = 0.0032, £ = 0.0053, and a = 0.013.

transitions between them. For instance, for Og — 2g+ and
2;” — 0;{ transitions one obtains (with no effective charge)

5.22 and 4.08 w.u., which are in reasonable agreement with
the experimental values [37] 12 and 2.13 w.u., respectively.

It should also be pointed out that, in the present approach,
the structure of the low-lying collective states of the ground
band has an SU(3) probability distribution similar to that
obtained in the contracted symplectic model for Dy, '®Er,
and 23*236.2331J nuclei [15], but in which the role of “vertical”
and “horizontal” mixing is interchanged. This means that, in
the PNSM, the mixing among the SU(3) states within the
symplectic bandhead O%iw subspace is preferable over the
major intershell mixing for the present choice of the collective
potential.

The results obtained with the @, - Q,, interaction show that
it can be replaced by its U(6)-restricted part, @ P @,1, acting
only within a single shell. Therefore, using this replacement
and the algebraic realization [38,39] of a coupled two-rotor
picture, in which one rotor represents the proton and another
represents the neutron distribution, for the axial-axial case
considered in this paper, one can associate the U(6)-restricted
part of Hamiltonian (13) with a one-dimensional harmonic
oscillator restoring potential with a frequency wy. The cor-
respondence is based on the well-known relation of the SU(3)
symmetry group to the symmetry group of the rigid-rotor,
Rot(3) [40]. The angle 6 determines the relative orientation
of the two rotors and each orientation, in turn, implies a
specific SU(3) configuration. According to Littlewood rules,
the geometrical image of two axial coupled rotors is in one-
to-one correspondence to the SU,(3) ® SU,(3) D SU(3)
reduction (A, i, = 0) ® (Ay, u, =0) — (A, u), which can
be expressed in terms of a single quantum number 7:

(A2 0) ® (. 0) = @ + 2w — 2r.7). (18)
Then, a discrete orientation angle
A An —
6, = sin~! | Gp P =0 (19)
Aphy

can be associated with the joined proton-neutron SU(3) irrep
(Ap + A, —2r,r), where r =0, ..., min(%,, A,) [38]. For
0 =0 the two axially symmetric ellipsoids overlap maxi-
mally, whereas when 6 = 7/2 the principal axes are perpen-
dicular to one another and the resulting overlap of the two
distributions is minimal.

Using the correspondence of the invariant operators of
SU(3) and Rot(3) groups, the second-order SU(3) Casimir
operator can be expressed as a function of the angle 0 in the
form [39]

CoISUBIO) =[(hp + An +2)* +2(p + Ay +2) + 4]
—12(A, + D, + DO* = 3. (20)

Then the eigenvalues of the U(6)-restricted part of the model
Hamiltonian (13) can be expressed as

E—Eg, =rhoy — %LP L, +aL(L+1)+E), (21)

where  hwp = ool + 7] and  fiwe = (£ +£)2

(Ap + Ay). For fixed initial proton and neutron distributions,

034314-9



H. G. GANEV

PHYSICAL REVIEW C 98, 034314 (2018)

the constant E|) is related to the SU,(3) quantum numbers A,
(¢ = p, n) and is not important for the calculation of nuclear
spectra since only one SU,(3) irrep for protons and neutrons
is considered. From Eq. (21) it follows that the low-lying
rotational bands in nuclear spectra can be considered as being
built on different multiphonon excitations (which are slightly
mixed by the nondiagonal L,-L, term) with a phonon
energy hwy and phonon spin 17. The quantum number r
therefore can be associated with the number of oscillator
phonons, i.e., ¥ = ng.

Recall that in the general case of two triaxial coupled
rotors, one needs three angles (0, ¢, ¢,), corresponding to
the three quantum numbers (r, s, ¢) in the decomposition
SU,(3) ® SU,(3) D SU(3), which specify the relative ori-
entation of the proton and neutron ellipsoids [39].

IV. CONCLUSIONS

In the present paper, the proton-neutron symplectic model
with Sp(12,R) dynamical algebra is applied to the simulta-
neous description of the microscopic structure of the low-
lying states of the ground, 8, and y bands in **Sm. For
this purpose, the model Hamiltonian, consisting of a spher-
ical harmonic oscillator shell-model part and the full major
shell-mixing proton-neutron quadrupole-quadrupole interac-
tion, plus an SU(3) scalar term which take into account the
bandhead energies and a residual rotational part, is diago-
nalized in a U(6)-coupled basis, restricted to the state space
spanned by the fully symmetric U(6) irreps. Although the
model Hamiltonian used is very schematic, it nevertheless re-
veals the kind of possible proton-neutron collective dynamics
that can be investigated within the framework of the PNSM.

A good description of the energy levels of the three bands
under consideration, as well as the intraband B(E?2) transition
strengths between the states of the ground band, is obtained
without the use of an effective charge. The results obtained
reveal a simple structure of the collective states in which only
a few SU(3) multiplets contribute. A remarkable observation,
which follows from the present calculations, is that all the
SU(3) irreducible representations that contribute to the struc-
ture of collective states belong to a single U(6) irreducible
representation, namely that of the symplectic bandhead. This
reveals the presence of a very good U(6) dynamical symmetry
in the low-energy spectrum of '>*Sm, at least for the present
choice of the model Hamiltonian. The obtained results are
governed by the full multi-major-shell mixing quadrupole-

quadrupole interaction, Q, - @,, which favors the horizontal
mixing of different SU(3) multiplets within the O%w space of
the Sp(12,R) bandhead.

It is also shown that, in contrast to the Sp(6,R) case, the
lowest excited bands, e.g., the 8 and y bands, naturally appear
together with the ground band within a single Sp(12,R) irre-
ducible representation. In this regard, the extension of the one-
component Sp(6,R) model to the two-component Sp(12,R)
one already includes at the level of model state space, besides
the basic rotational SU(3), also the low-lying vibrational de-
grees of freedom, represented by the presence of other excited
collective bands in the experimentally observed spectrum. It is
clear that both the rotational and low-lying vibrational degrees
of freedom are contained in this larger intrinsic U(6) structure
of PNSM. Moreover, the PNSM calculations in a space up to
40hw with the full major-shell mixing Q,, - Q,, interaction for
different values of x give eigenvectors which belong to the
Hilbert space of the Sp(12,R) bandhead state space only. This
fact shows that the required quadrupole collective dynamics is
already covered by the Sp(12,R) bandhead intrinsic structure.
This is a remarkable observation, which suggests an even
simpler interpretation of the observed experimental data and
possible usage of a U(6)-truncated Hamiltonian in practical
applications. The latter explains the success of the U(6)-based
macroscopic theories of nuclear collective motion, e.g., the
IBM, in describing the observed low-lying collective states in
strongly deformed nuclei.

The results, obtained by extending the model space beyond
that of the stretched SU(3) states, showed a reduction of
the collective nuclear dynamics. In this regard, the Q, - O,
interaction through its horizontal mixing causes effects similar
to those of the symplectic symmetry-breaking interactions,
e.g., the spin-orbit and pairing, within the framework of the
one-component Sp(6,R) symplectic model or its contracted
version. This effect becomes understandable if one considers
a decomposition of a given Sp(12,R) collective space into
different Sp(6, R) irreducible representations. Then it becomes
clear that the Q, - O, interaction, which is in the enveloping
algebra of Sp(12,R), will naturally incorporate the effects of
horizontal mixing of different Sp(6,R) multiplets.

Finally, the obtained results is given a simple geometrical
multi-phonon interpretation, based on the algebraic realiza-
tion of the coupled two-rotor picture. This suggests an inter-
pretation of the low-lying excited bands as relative proton-
neutron excitations of the two-component nuclear system,
governed by the Q, - Q, interaction.

[1] A. Bohr and B. R. Mottelson, Nuclear Structure (W. A.
Benjamin, New York, 1975), Vol. 1.

[2] F. Iachello and A. Arima, The Interacting Boson Model
(Cambridge University Press, Cambridge, 1987).

[3] D. J. Rowe, Rep. Prog. Phys. 48, 1419 (1985).

[4] D. J. Rowe, A. E. McCoy, and M. A. Caprio, Phys. Scr. 91,
033003 (2016).

[5] D.J. Rowe, arXiv:1710.04150.

[6] D. J. Rowe and G. Rosensteel, Phys. Rev. Lett. 38, 10 (1977).

[7]1 G. Rosensteel and D. J. Rowe, Ann. Phys. (NY) 126, 343
(1980).
[8] J. P. Elliott, Proc. R. Soc. London A 245, 128 (1958); 245, 562
(1958).
[9] P.Park, J. Carvalho, M. Vassanji, D. J. Rowe, and G. Rosensteel,
Nucl. Phys. A 414, 93 (1984).
[10] C. Bahri and D. Rowe, Nucl. Phys. A 662, 125 (2000).
[11] R. D. Ratna Raju, J. P. Draayer, and K. T. Hecht, Nucl. Phys. A
202, 433 (1973).

034314-10


https://doi.org/10.1088/0034-4885/48/10/003
https://doi.org/10.1088/0034-4885/48/10/003
https://doi.org/10.1088/0034-4885/48/10/003
https://doi.org/10.1088/0034-4885/48/10/003
https://doi.org/10.1088/0031-8949/91/3/033003
https://doi.org/10.1088/0031-8949/91/3/033003
https://doi.org/10.1088/0031-8949/91/3/033003
https://doi.org/10.1088/0031-8949/91/3/033003
http://arxiv.org/abs/arXiv:1710.04150
https://doi.org/10.1103/PhysRevLett.38.10
https://doi.org/10.1103/PhysRevLett.38.10
https://doi.org/10.1103/PhysRevLett.38.10
https://doi.org/10.1103/PhysRevLett.38.10
https://doi.org/10.1016/0003-4916(80)90180-3
https://doi.org/10.1016/0003-4916(80)90180-3
https://doi.org/10.1016/0003-4916(80)90180-3
https://doi.org/10.1016/0003-4916(80)90180-3
https://doi.org/10.1098/rspa.1958.0072
https://doi.org/10.1098/rspa.1958.0072
https://doi.org/10.1098/rspa.1958.0072
https://doi.org/10.1098/rspa.1958.0072
https://doi.org/10.1098/rspa.1958.0101
https://doi.org/10.1098/rspa.1958.0101
https://doi.org/10.1098/rspa.1958.0101
https://doi.org/10.1016/0375-9474(84)90499-8
https://doi.org/10.1016/0375-9474(84)90499-8
https://doi.org/10.1016/0375-9474(84)90499-8
https://doi.org/10.1016/0375-9474(84)90499-8
https://doi.org/10.1016/S0375-9474(99)00394-2
https://doi.org/10.1016/S0375-9474(99)00394-2
https://doi.org/10.1016/S0375-9474(99)00394-2
https://doi.org/10.1016/S0375-9474(99)00394-2
https://doi.org/10.1016/0375-9474(73)90635-0
https://doi.org/10.1016/0375-9474(73)90635-0
https://doi.org/10.1016/0375-9474(73)90635-0
https://doi.org/10.1016/0375-9474(73)90635-0

STRUCTURE OF THE LOW-LYING POSITIVE-PARITY ...

PHYSICAL REVIEW C 98, 034314 (2018)

[12] J. P. Draayer and K. J. Weeks, Phys. Rev. Lett. 51, 1422 (1983).

[13] J. P. Draayer and K. J. Weeks, Ann. Phys. (NY) 156, 41 (1984).

[14] O. Castanos, P. O. Hess, J. P. Draayer, and P. Rochford, Nucl.
Phys. A 524, 469 (1991).

[15] D. Troltenier, J. P. Draayer, P. O. Hess, and O. Castanos, Nucl.
Phys. A 576, 351 (1994).

[16] J. P. Draayer, R. J. Weeks, and G. Rosensteel, Nucl. Phys. A
413, 215 (1984).

[17] H. G. Ganev, Eur. Phys. J. A 50, 183 (2014).

[18] J. Carvalho et al., Nucl. Phys. A 452, 240 (1986).

[19] V. Vanagas, E. Nadjakov, and P. Raychev, Trieste preprint
TC/75/40 (1975).

[20] V. Vanagas, E. Nadjakov, and P. Raychev, Bulg. J. Phys. 2, 558
(1975).

[21] A. Georgieva, P. Raychev, and R. Roussev, J. Phys. G 8, 1377
(1982).

[22] H. G. Ganev, Eur. Phys. J. A 51, 84 (2015).

[23] J. Carvalho, P. Park, D. J. Rowe, and G. Rosensteel, Phys. Lett.
B 119, 249 (1982).

[24] F. Arickx, P. Van Leuven, and M. Bouten, Nucl. Phys. A 252,
416 (1975).

[25] F. Arickx, Nucl. Phys. A 268, 347 (1976).

[26] F. Arickx, J. Broeckhove, and E. Deumens, Nucl. Phys. A 318,
269 (1979).

[27] T. Dytrych, K. D. Launey, J. P. Draayer, P. Maris, J. P. Vary,
E. Saule, U. Catalyurek, M. Sosonkina, D. Langr, and M. A.
Caprio, Phys. Rev. Lett. 111, 252501 (2013).

[28] K. D. Launey, A. C. Dreyfuss, R. B. Baker, J. P. Draayer, and
T. Dytrych, J. Phys.: Conf. Ser. 597, 012054 (2015).

[29] G. K. Tobin, M. C. Ferriss, K. D. Launey, T. Dytrych, J. P.
Draayer, A. C. Dreyfuss, and C. Bahri, Phys. Rev. C 89, 034312
(2014).

[30] J. P. Draayer and G. Rosensteel, Phys. Lett. B 124, 281 (1983).

[31] J. P. Draayer and G. Rosensteel, Phys. Lett. B 125, 237 (1983).

[32] G. Rosensteel and J. P. Draayer, Nucl. Phys. A 436, 445 (1985).

[33] O. Castanos and J. P. Draayer, Nucl. Phys. A 491, 349 (1989).

[34] J. P. Draayer and Y. Akiyama, J. Math. Phys. 14, 1904 (1973);
Y. Akiyama and J. P. Draayer, Comput. Phys. Commun. 5, 405
(1973).

[35] H. G. Ganev, Int. J. Mod. Phys. E 26, 1750057 (2017).

[36] H. G. Ganev, Int. J. Mod. Phys. E 27, 1850021 (2018).

[37] National Nuclear Data Center (NNDC),
http://www.nndc.bnl.gov/.

[38] D. Rompf et al., Z. Phys. A 354, 359 (1996).

[39] D. Rompf, T. Beuschel, J. P. Draayer, W. Scheid, and J. G.
Hirsch, Phys. Rev. C 57, 1703 (1998).

[40] O. Castanos, J. P. Draayer, and Y. Leschber, Z. Phys. A 329, 33
(1988).

034314-11


https://doi.org/10.1103/PhysRevLett.51.1422
https://doi.org/10.1103/PhysRevLett.51.1422
https://doi.org/10.1103/PhysRevLett.51.1422
https://doi.org/10.1103/PhysRevLett.51.1422
https://doi.org/10.1016/0003-4916(84)90210-0
https://doi.org/10.1016/0003-4916(84)90210-0
https://doi.org/10.1016/0003-4916(84)90210-0
https://doi.org/10.1016/0003-4916(84)90210-0
https://doi.org/10.1016/0375-9474(91)90280-J
https://doi.org/10.1016/0375-9474(91)90280-J
https://doi.org/10.1016/0375-9474(91)90280-J
https://doi.org/10.1016/0375-9474(91)90280-J
https://doi.org/10.1016/0375-9474(94)90249-6
https://doi.org/10.1016/0375-9474(94)90249-6
https://doi.org/10.1016/0375-9474(94)90249-6
https://doi.org/10.1016/0375-9474(94)90249-6
https://doi.org/10.1016/0375-9474(84)90371-3
https://doi.org/10.1016/0375-9474(84)90371-3
https://doi.org/10.1016/0375-9474(84)90371-3
https://doi.org/10.1016/0375-9474(84)90371-3
https://doi.org/10.1140/epja/i2014-14183-9
https://doi.org/10.1140/epja/i2014-14183-9
https://doi.org/10.1140/epja/i2014-14183-9
https://doi.org/10.1140/epja/i2014-14183-9
https://doi.org/10.1016/0375-9474(86)90308-8
https://doi.org/10.1016/0375-9474(86)90308-8
https://doi.org/10.1016/0375-9474(86)90308-8
https://doi.org/10.1016/0375-9474(86)90308-8
https://doi.org/10.1088/0305-4616/8/10/008
https://doi.org/10.1088/0305-4616/8/10/008
https://doi.org/10.1088/0305-4616/8/10/008
https://doi.org/10.1088/0305-4616/8/10/008
https://doi.org/10.1140/epja/i2015-15084-1
https://doi.org/10.1140/epja/i2015-15084-1
https://doi.org/10.1140/epja/i2015-15084-1
https://doi.org/10.1140/epja/i2015-15084-1
https://doi.org/10.1016/0370-2693(82)90663-3
https://doi.org/10.1016/0370-2693(82)90663-3
https://doi.org/10.1016/0370-2693(82)90663-3
https://doi.org/10.1016/0370-2693(82)90663-3
https://doi.org/10.1016/0375-9474(75)90508-4
https://doi.org/10.1016/0375-9474(75)90508-4
https://doi.org/10.1016/0375-9474(75)90508-4
https://doi.org/10.1016/0375-9474(75)90508-4
https://doi.org/10.1016/0375-9474(76)90466-8
https://doi.org/10.1016/0375-9474(76)90466-8
https://doi.org/10.1016/0375-9474(76)90466-8
https://doi.org/10.1016/0375-9474(76)90466-8
https://doi.org/10.1016/0375-9474(79)90648-1
https://doi.org/10.1016/0375-9474(79)90648-1
https://doi.org/10.1016/0375-9474(79)90648-1
https://doi.org/10.1016/0375-9474(79)90648-1
https://doi.org/10.1103/PhysRevLett.111.252501
https://doi.org/10.1103/PhysRevLett.111.252501
https://doi.org/10.1103/PhysRevLett.111.252501
https://doi.org/10.1103/PhysRevLett.111.252501
https://doi.org/10.1088/1742-6596/597/1/012054
https://doi.org/10.1088/1742-6596/597/1/012054
https://doi.org/10.1088/1742-6596/597/1/012054
https://doi.org/10.1088/1742-6596/597/1/012054
https://doi.org/10.1103/PhysRevC.89.034312
https://doi.org/10.1103/PhysRevC.89.034312
https://doi.org/10.1103/PhysRevC.89.034312
https://doi.org/10.1103/PhysRevC.89.034312
https://doi.org/10.1016/0370-2693(83)91453-3
https://doi.org/10.1016/0370-2693(83)91453-3
https://doi.org/10.1016/0370-2693(83)91453-3
https://doi.org/10.1016/0370-2693(83)91453-3
https://doi.org/10.1016/0370-2693(83)91275-3
https://doi.org/10.1016/0370-2693(83)91275-3
https://doi.org/10.1016/0370-2693(83)91275-3
https://doi.org/10.1016/0370-2693(83)91275-3
https://doi.org/10.1016/0375-9474(85)90079-X
https://doi.org/10.1016/0375-9474(85)90079-X
https://doi.org/10.1016/0375-9474(85)90079-X
https://doi.org/10.1016/0375-9474(85)90079-X
https://doi.org/10.1016/0375-9474(89)90572-1
https://doi.org/10.1016/0375-9474(89)90572-1
https://doi.org/10.1016/0375-9474(89)90572-1
https://doi.org/10.1016/0375-9474(89)90572-1
https://doi.org/10.1063/1.1666267
https://doi.org/10.1063/1.1666267
https://doi.org/10.1063/1.1666267
https://doi.org/10.1063/1.1666267
https://doi.org/10.1016/0010-4655(73)90077-5
https://doi.org/10.1016/0010-4655(73)90077-5
https://doi.org/10.1016/0010-4655(73)90077-5
https://doi.org/10.1016/0010-4655(73)90077-5
https://doi.org/10.1142/S0218301317500574
https://doi.org/10.1142/S0218301317500574
https://doi.org/10.1142/S0218301317500574
https://doi.org/10.1142/S0218301317500574
https://doi.org/10.1142/S0218301318500210
https://doi.org/10.1142/S0218301318500210
https://doi.org/10.1142/S0218301318500210
https://doi.org/10.1142/S0218301318500210
http://www.nndc.bnl.gov/
https://doi.org/10.1007/BF02769539
https://doi.org/10.1007/BF02769539
https://doi.org/10.1007/BF02769539
https://doi.org/10.1007/BF02769539
https://doi.org/10.1103/PhysRevC.57.1703
https://doi.org/10.1103/PhysRevC.57.1703
https://doi.org/10.1103/PhysRevC.57.1703
https://doi.org/10.1103/PhysRevC.57.1703



