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Spin singlet and spin triplet pairing correlations on shape evolution in sd-shell N = Z Nuclei
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We study the shape evolution of N = Z nuclei >*Mg, 2Si, and *2S in the axially symmetric deformed Woods-
Saxon model, taking into account both 7 = 0 and T = 1 pairing interactions. We find the coexistence of T = 0
and T = 1 superfluidity phases in the large deformation region |8,| > 0.3 in these three nuclei. The interplay
between the two pairing interactions has an important effect on determining the deformation of the ground states
in these nuclei. The self-energy contributions from the pairing correlations to the single particle (s.p.) energies

are also examined.
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I. INTRODUCTION

Pairing correlations play importantroles in nuclear structure
and have an important effect on nuclear electromagnetic (EM)
and weak transitions. The pairing correlations are classified
into like-pairing [neutron-neutron (nn) and proton-proton
(pp)] and unlike-pairing [neutron-proton (np)] correlations.
In particular, for N = Z nuclei, the np pairing may become
significant because protons and neutrons occupy the same
orbital and have the maximum configuration overlap, which
makes especially T = 0 pairing important. The nn and pp
pairings have an isovector (IV) spin-singlet (7 =1, J = 0)
mode, while the np pairing correlations have peculiar isoscalar
(IS) spin-triplet (T =0, J = 1) as well as IV spin-singlet
modes [1-5]. Over the last few decades, there have been many
discussions regarding the np pairing correlations, in particular,
the coexistence of IS and I'V correlations and their competitions
in some specific nuclear observables [6—12]. As shown in
recent works [13,14], the nuclear structure of the N # Z
nuclei may also be affected by the np pairing correlations. For
example, the authors of Ref. [13] found the mixing phase of
the IS spin-triplet and IV spin-singlet condensation for nuclei
with60 < N <70 and 57 < Z < 64.

Recently, interesting experimental data were reported,
which showed more quenching in the IV M1 spin transition
data than the IS ones forthe N = Z sd-shell nuclei [15]. These
features are not expected from former theoretical discussions
[16,17]. It was pointed out in Ref. [18] that the 7 = 0 pairing
plays a significant role in causing these features in the spin-
dependent observables.
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The importance of the np pairing was also discussed in
our early papers for double-8 decay transitions calculated by a
realistic two-body interaction given by the Brueckner G-matrix
based on the CD Bonn potential [19,20]. These studies were
performed using spherical QRPA, which did not include the
deformation explicitly and the IS np pairing was taken into
account by renormalizing the IV np pairing interactions.

The main aim of the present work is to study the shape
evolution of sd-shell N = Z nuclei in the deformed Bardeen-
Cooper-Schrieffer (BCS) approach including all kinds of pair-
ing correlations: IS and IV pairing correlations in the model.
We will address also the self-energy term due to the pairing
correlations in the BCS approach [21].

The deformation effect on N = Z medium-heavy nuclei
was discussed by deformed HF BCS model in Refs. [22,23]
by Skyrme interactions and RMF model in Ref. [24]. However,
the effect of T = 0 pairing correlations was not discussed in
these works. This work is a general extension of the previous
works [22,25-28].

This paper is presented as follows. In Sec. II, we briefly
explain the deformed BCS method by a Woods-Saxon po-
tential. In Sec. III, we discuss the shape evolution of the
N = Z sd-shell nuclei **Mg, 2Si, and *’S by a simple shell
filling model and by the BCS theory. An evolution of the
Fermi surface is also presented in terms of the deformation.
Section IV is devoted to a summary and conclusions.

II. DEFORMED SINGLE-PARTICLE STATES

A deformed Woods-Saxon (WS) potential [29,30] is used to
calculate Nilsson-type single-particle (s.p.) states. The single-
particle spectrum obtained by the deformed WS potential
(DWS) depends on the deformation parameters B, and Sy.
These parameters define explicitly the distance from the origin
of the coordinate system to a point on the shape cut nuclear
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TABLE L. Deformation parameter S£2 from the experimental E2 transition data [34] and theoretical B, by relativistic mean field (RMF)
[35] and FRDM model [36] for 2*Mg, %Si, and *2S nuclei. Qcxp. from experimental data [37,38] are also tabulated. Empirical pairing gaps are
deduced from the five-point gap formulas in Egs. (14) and (15) for A} and A7™ together with np pairing gap 6,,* obtained from Eq. (17).

np

Nucleus BE? [34] BRMF [35] BERPM [36] Qexp. [37,38] A AS™P seme
%Mg 0.605 0.416 0. ~0.29 ~-0.07 3.123 3.193 1.844
2Si (prolate) 0.407 X X X 2.841% 2.917° 1.384%
28Si (oblate) X -0.374 -0.363 0.16 ~0.18 2.841% 2.917% 1.384*
329 0.312 0.186 0.221 -0.12~-0.18 2.141 2.207 1.047

2Pairing gaps for **Si in Ref. [39] should be modified as these numbers.

surface

R(0,B2,84) = Roll + B2Y20(0) + BaYs0(6)], (1

where Ry = 1.2A'/3fm. Y, and Y4 are the spherical harmon-
ics. The customary parameter € = 3(w; — w3)/QRw, + w3)
used in the deformed harmonic oscillator is related to 8, ~
(2/3)/4m /5€ atthe leading order. In the cylindrical coordinate
system, we define the axial symmetric deformed WS potential,

Vows = Vc + Vso + Veours (2)
where the nuclear and spin-orbit potentials are given as [29,31]
Vi
Ve(l) = ———o 3)
1 4+ exp(l/a)
Vso() = —A(i/2me)* [VV(DIG x p). €

In Egs. (3) and (4), ! is a minimal distance function between a
given point assigned by radial vector 7 and the nuclear surface
represented by Eq. (1). Here the minus sign is taken inside the
surface. The Coulomb potential Vg is given in Ref. [29]. a
and A are diffuseness parameter and strength of a spin-orbit
potential, respectively.

In general, the shell evolution by the deformation becomes
significant in neutron-rich nuclei. The deformation can be
confirmed by the E2 transition probability extracted from
many experiments [32,33], and plays important roles in under-
standing the nucleosynthesis. Such features may also appear
for deformed stable N = Z nuclei. In particular, from the
observed quadrupole moment Q+, 28Si is known to be oblately
deformed in contrast to other prolate deformations in >*Mg and
328, according to recent data tabulated in Table I. However, in
the ,sz from the E2 transition data in Table I, only absolute
values are extracted and show no distinction between oblate
and prolate shapes. These values (or experimental quadrupole
moment Q,+) are associated to an intrinsic deformation (or
intrinsic quadrupole moment Q) in the rotational model,
Qj = % Qy. This relation is valid for well-developed
intrinsic deformed nuclei, but is not always hold for lighter
nuclei [40]. Since the nuclei considered in this work are not
heavy, such a deformation index may not always come from
the intrinsic deformation, but also expected to come from
dynamical quadrupole vibration.

III. FORMALISM FOR DEFORMED BCS MODEL

We perform the deformed BCS calculations by using the
deformed s.p. wave functions obtained from the potential in

Eq. (2). Since the theoretical framework for the deformed BCS
approach had already been discussed in the previous paper [26],
here only basic formulas are briefly stated. We perform also
the deformed Hartree-Fock-Bogolyubov (HFB) calculations in
the same context, but the results are almost equivalent to those
of the deformed BCS ones. Because of this reason, we will not
mention the results of deformed HFB in the present paper. We
start from the following nuclear Hamiltonian:

H = Hy + Hiy,
Hy = € /cT c /
0= PaQ ™ py oo’ ™~ Pa@ >
pu()tol/

Hiy = Z

PaPp Ly Ps,0BY ' By'S

Vpnaa’pﬁﬂﬁ’py vy ' psdd’

T T
X €€ ps pprCosd8 Cpyyy's (®)]

where Greek letters («,B,y,6) denote real (bare) s.p. states
with the absolute value of the angular momentum projection
2 of the angular momentum on a nuclear symmetry axis. The
projection €2 is a good quantum number in the axial-symmetric
deformed basis. p,(p, = £1) denotes a sign of the angular
momentum projection €2 of the state assigned by the Nilsson
quantum numbers «. [sospins of particles and quasiparticles are
denoted by Greek letters with a prime (¢, 8’,y’,8") and with a

double prime (", 8”,y",8"), respectively. The operator clnw,
(cp,aer) I Eq. (5) stands for a creation (destruction) operator of
the real particle in the state assigned by p, ¢’ having the angular
momentum projection €2, its sign p,, and the isospin «’. The
Hamiltonian, represented by the real particles in Eq. (5), is
then transformed to the quasiparticle representation through

the deformed Bogolyubov transformation

T _
Ay oo =

T _
Z (uaa”ﬂﬁ’cpﬁﬁﬂr + Uaa”ﬁﬁ’cpﬁﬁﬂ’)s
ppBp’

Apaa = ) (aarppCopp = VawrppChpp)-  (6)
ppBp’

Our formalism is intended to include the np pairing correla-
tions, so that we may denote the isospin of quasiparticles (¢ or
B")as = 1 or 2, while isospin of real particles(e or 8)is p orn.
We assume the time reversal symmetry, whichmeans uq, g =
”Z‘a”& g and vyqrpp = —v/”gia,,& P In the deformed HFB (DHFB),
the quasiparticle comprises particle and hole properties located
in different deformed states, « and S. In the deformed BCS
(DBCS), we do not allow the mixing of the different s.p. states,
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FIG. 1. (a—c) Shell evolutions of s.p. states by the deformation
for 2*Mg, 2Si, and *S. They are calculated by using a deformed
Woods-Saxon potential with the optimal parameter set for **Mg and
Chepurnov set for 2Si and *2S in Ref. [29].

« and B, to the quasiparticle in the deformed basis. However,
in the view of the spherical basis, the quasiparticle state is
a mixture of different particle states because each deformed
state (basis) is represented by a linear combination of the
spherical state (basis) (see Fig. 1 at Ref. [26]). This feature
is one of additional characters coming from the inclusion of
deformation in the BCS approach, i.e., the DBCS approach.

Consequently, the np pairing leads us to a HFB-type pairing
potential constructed from many different states.

The DBCS transformation for each « state was then reduced
to the following form:

T T
a Ulp Uin Vip Vin Cp
a; _ Uzp Uop U2p U2n CIL (7)
ai —Vip —Vin Ulp Ulp Cp
as o —U2p — U2y Uzp Uy a \Cii «

The Hamiltonian can be expressed in terms of the quasiparti-
cles as follows:

H/ = H(; + Z Eaa”a;uaa/’apdaa” + qu.in[- (8)

Pacret”

Finally, using the transformation of Eq. (7), the following
DBCS equation for each « state is obtained

=2y 0 App Api e
0 € — Ay Anﬁ Ay Ug'n
A[,ﬁ Apﬁ —€p+)\.p 0 Ua”[,
An[) Anﬁ 0 —€, + )"n « Va'n «
Ug"p
ua”n
= Eqqr s (9)
Vo p
vO(”l’L o

where E,,~ is the energy of the quasiparticle with the isospin
quantum number «” in the state assigned by the label «. We
include n p and pn pairings in addition to the usual p p and nn
pairing correlations. The np and 71 p pairings in the same orbital
(e.g., |np, T =0)and |7ip,T = 0)) are not included explicitly,
but included implicitly by multiplying a factor of 2on the 7' =
0 matrices with np and p# pairs. A detailed discussion of this
procedure is done in Egs. (22) and (23) in Sec. IV B. The pairing
potentials for each « state in the DBCS are calculated in the
deformed basis by using G matrices obtained from a realistic
Bonn CD potential for nucleon-nucleon (N-N) interaction as
follows:

Appe = Bapap = — ZgPPFaJaOaaijgycG(aacchvT =1
J,c

x (5, v1p, + U3, V2p,), (10)

Apiy = Bapan = = Y gupFaesa Fyopc[Glaace, J.T = 1)
J,c

X Re(uTnCvlpc + uznc vZ[’c)
+iG(aacc,J, T =0)

X Im(u*fmvlpc—i—u;m vzp(_)], (11)

where Roman letters a and ¢ stand for spherical s.p. state, i.e.,
lay) = INg,1 A5, 27) and [cQq) = [Ng,I9 A5, Z€). A co-
efficient %, = BBy (—1)"%C/ o (K = Q0 = Q)
is introduced to represent the G matrix in the deformed basis
with an expansion coefficient BY [28] from the spherical s.p.
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FIG. 2. (a,c,e) Ground-state energies (GSEs) and (b,d,f) total s.p. energies (TSPEs) by the filling approximation with the Woods-Saxon
potential [29]. TSPEs are calculated by a sum of mean-field energies by Eq. (21), while GSEs are calculated by Eq. (20).

state to deformed s.p. state [26]

> BglaQu)
ax
2>

Nn %
(NolA|Nn,A).

lor€2a)

]Qa N()l . N()ln,
CIA EANn AbN”zZ with ANnZA

(12)
In the coefficient F/X | K is a projection number of the total
angular momentum J onto the z axis. Itis selected tobe K =0
because we consider a pair of particles in the state o and
its time-reversed state &. G(aaccJ) represents the two-body
(pairwise) matrix element calculated in the spherical basis
including all possible scattered pairs above Fermi surface. In
the present work, we include all possible J values in Egs. (10)
and (11) by retaining the K =0 projection. The neutron
pairing gap Agnan can be obtained by replacing n by p in
Eq. (10).

In this work, the self-energy term due to the pairing

correlations is introduced in the €,y — A ) for each « state
in Eq. (9)

) JO  1JO 2 2
p(n FaaycmeCG(acac, J)(vlp(n)c + ”2,7(;1)()’

13)

Z

which is usually neglected in the BCS equation because
it comes from particle-hole correlations beyond the BCS.
To see quantitatively its effect on the deformed s.p.
state, we include the self-energy contributions, Eq. (13),

3.0 T T T T T

25} B

1.5F

Pairing strength

10 L L L L L

FIG. 3. Evolution of np pairing strength for Mg in term of the
deformation. The g,,,gpp» and g,, in Eqs. (10) and (11) are adjusted
to reproduce empirical pairing gaps in Table I. The values g, are
adjusted by using the enhanced 7' = 0 interaction of the np channel.
See the text for details.
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FIG. 4. The ground-state energy (Egsgr = Emp + Epair + Eeir), Which is termed as Eq denoted as red points, by the DBCS model for
2*Mg with a deformed Woods-Saxon potential [29] with respect to the DBCS Fermi energy. Mean-field energy by the DBCS is denoted as Eyp .
Notice that Ey is different from the Eggsg obtained by the filling model in Fig. 2 because the Fermi energy is changed by the BCS approach
owing to the pairing interactions. E, is the pairing energy referred to by the right y axis. The pairing energies are estimated by three different
cases, without and with the np pairing in panels (a) and (b), respectively, and with the enhanced 7 = 0 pairing in np channel in panel (c). The
last one (d) is results including the self-energy in Eq. (13).

to Eq. (9). As shown later, the self-energy turns out
to give sizable contributions to total energies of relevant
nuclei.

For the gap equations, Egs. (10) and (11), we introduce
renormalized parameters g, and gnn, which are multiplied to
the G matrix [19], so that the calculated pairing gaps A 5 and
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A, in Eq.(10) reproduce the empirical pairing gaps A5, and
A, . The empirical pairing gaps of protons and neutrons are
evaluated by the five-point formulas for neighboring nuclei
[41]

AS™ = ¢[M(Z +2,N) —4M(Z + 1,N) + 6M(Z,N)
—4M(Z —1,N)+ M(Z — 2,N)], (14)

AS™ = 2 [M(Z,N +2)—4M(Z,N + 1) + 6M(Z,N)
—4M(Z,N — 1)+ M(Z,N —2)]. (15)

For np pairing correlations, we assume that the ground state
of odd-odd nuclei has one proton and one neutron outside
of even-even core embedding close to the Fermi surface.
Furthermore, two particles are influenced under the attractive
np paring interaction [4,19]. Therefore masses of the odd-odd
nuclei are treated as a sum of even-even mass and the proton and
the neutron pairing gaps subtracted by the attractive residual
np interaction energy

M(Z,N)odd—odd = M(Z,N)even—even + A + AP — 5700
(16)
Then the np pairing gap is deduced as follows:
8P = +1{2[M(Z,N + 1)

+M(Z,N — 1)+ M(Z—-1,N)+ M(Z + 1,N)]
—MZ+1,N+1)+MZ—-1,N+1)
+M(Z—-1,N—-1)+MZ+1,N—1)]
—4M(Z,N)}, (17)

where the signs in the +(-) stand for even (odd) mass nuclei. In
the present model, theoretical np pairing gaps are calculated
as

S = —[(Hy + Er + E2) — (H? + E, + E,)]. (18)

Here H,;(Hg) is the total deformed BCS ground-state energy
with (without) np pairing and E; + Ex(E, + E,) is a sum
of the lowest two quasiparticle energies with (without) the
np pairing potential A,, in Eq. (9). All of the pairing gaps
exploited in this work are tabulated in Table I. Our theoretical
pairing gaps are fitted within a few percent ambiguity to the em-
pirical values by adjusting the pairing strengths g..,8,p,8&np>
in Egs. (10) and (11).

For amore quantitative argument on the np pairing gaps, one
should eliminate spurious components in the wave functions
due to fluctuations of the particle number and isospin quantum
number in the BCS approach. More refined approaches might
be desired, such as the (isospin) generalized BCS [3,6], which
includes |np) and |7 p) pairing as well as |n p) and | pii) pairing
considered in this work, and the projected BCS for the exact
particle and isospin quantum number conservations. These
studies remain for future projects.

IV. RESULTS AND DISCUSSIONS

This study adopts the optimal and Chepurnov parameter
sets for the axially symmetric Woods-Saxon potential given

by Cwiok et al [29]. Other parameter sets show almost the
same results for the nuclei considered in this work [39].
The model space for all the nuclei was taken up to N =
Shw for the deformed basis and up to N = 10fiw for the
spherical basis. Results of the evolution of s.p. states by
the deformation parameter 8, are shown in Fig. 1. First we
consider a simple shell-filling model, in which all particles
distributes from the bottom of the potential up to the outermost
shell orbit by allocating two particles in each s.p.state. The
shell structure of 2*Mg and 2S [Figs. 1(a) and 1(c)] are
evolved from an open shell to a closed shell nature along the
change of spherical to prolate deformation. However, for 28Si
[Fig. 1(b)], the evolution is different from the two nuclei, i.e.,
it evolves from a closed shell to an open shell nature as $,
increases.

The increase of s.p.states energy of 5/2f state (N =
2,n, =0,A =2,Q2=35/2 in Nilsson quantum number) is a
key ingredient for the shell evolution of the nuclei and can be
easily understood by the asymptotic formula of anharmonic
oscillator (AHO) energy;

eano(nznp,mp) ~ haol(N +3/2) + fo(N/3 —n2)], (19)

-4.0 T T T T T T ] T
- —=— wnp Mg (a)
| —e— w/onp
45 | -
(<D.
50 | -
55 i 1 | 1 | 1 | 1 | 1 | 1
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
B,
-t
| —=— wnp (b) -
-12 -+ —e— w/onp .
< 13| _

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

FIG. 5. Evolution of the proton and neutron Fermi energies
(the chemical potentials A, and A,) for 24Mg as a function of the
deformation 8, with and without the np pairing correlations.
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where the last term stands for the deformation effect. Since
the orbit 5/2;r has N =2 and n, =0, it goes up to
higher energy with the positive (prolate) deformation. In
Figs. 1(b) and 1(c), the crossing between the 5/2 state and
1/2;([N,nz,2,A,Q] =2,1,1,1/2) state happens around the
B> = 0.3-0.4 region. This crossing also affects the evolution

FIG. 6. The same as Fig. 4, but for 2Si.

(GSE) defined by

A2

of the Fermi energies identified as the outermost occupied state. i
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with kinetic energy t; [42]. The ground-state energy Egsg is
calculated referring to the highest occupied orbit (HOO) as the
Fermi energy and taken to be zero energy, i.e., €;,(HOO) = 0.
We also show a sum of s.p. energies of all occupied orbits,

ZJ2N/2)

Erspe = Z (€ +€) e2)

i=1

as areference to see the relation between the shell evolution and
the Nilsson s.p. energy. The energies in Egs. (20) and (21) are
calculated by the filling approximation in which the occupation
probabilities are taken as vi2 = 1 for the orbit from the bottom
of the potential to the HOO state. Otherwise v} = 0 for the
unoccupied orbits. Two results show a different evolution as
a function of the B, deformation, in particular, in the oblate
deformation region of >*Mg and 28Si. The reason turns out to
come from the different energy evolution of the HOO state as
will be discussed in the following.

Different evolutions of the TSPEs by the prolate and oblate
deformation can be easily understood by the evolution of
the HOO energy in Fig. 1. The uphill shapes by the prolate
deformation in Figs. 2(c) to 2(f) for 28Si and *?S come from
the energy increase of the HOO 5/2] state, which makes the
binding of HOO state more loosely at the prolate deformation.
The downhill shape in TSPEs in Fig. 2(b) for **Mg is mainly
due to the decrease of s.p. energy of the outermost HOO 1,25
state for larger deformations. However, the shell evolution
in the GSE by DWS calculations reveals a different shape
evolution, especially in Figs. 2(a) and 2(c) for >*Mg and 28Si
because the HOO energy may also be changed as a function of
deformation. The present situation will be largely changed by
the pairing correlations, which makes a wide smearing of the
occupation probabilities of states near the Fermi level as will
be discussed in the next subsection.

B. Results by the deformed BCS calculations with 7 = 0 and
T = 1 pairing correlations

Here we calculate the GSE evolution by the DBCS model,
which takes into account the np pairing as well as the nn and
pp pairing correlations. We study the pairing correlations for
four different cases in Figs. 4, 6, and 8. The first two cases are
(a) without and (b) with the np pairing correlations. The 3rd
one (c) is with the enhanced T' = 0 pairing of np channel, and
the last one (d) is done by taking the self-energy term Eq. (13)
into the case (c). The ground-state energy, Egsg/, termed as
E1oa denoted by red points in the figure, by the DBCS model
comprises the mean field energy, Evp, the pairing energy Epir.
The self energy is included in panel (d). Here the mean-field
energy, Emp, is calculated similarly to the GSE results by
Eq. (20) in Fig. 2 with respect to the Fermi energies 4, , taken
as zero energy.

Usually the T = 0 channel in the np pairing was not strong
enough to manifest itself in the pairing energy [4,26]. However,
recent experimental M 1 spin transition data forthe N = Z sd-
shell nuclei [15] show that a summed isovector spin strength is
much more quenched than a sum of isoscalar spin strengths in
the same energy region. This evidence is considered as a sign of
strong T = 0 pairing correlations in the ground states of N =

Z nuclei [43]. The signature of strong T = 0 pairing was also
found in the GT transitions in N = Z and N = Z + 2 nuclei
[14,18]. Therefore, in the third case, we adopt a strong isoscalar
pairing effect by multiplying a factor 1.5 to the corresponding
T = 0 matrices obtained from the G-matrix calculations.

In the present scheme, we include only np and pn pairing
correlations, but do not explicitly include the np and 7p
pairings. We effectively include these 7 = O contributions of
the np and 71 p channels by multiplying another factor 2 to the
T = 0 pairing matrices of the np and p#n configurations. This
procedure can be justified as follows. By following Ref. [3],
for np, np, nnp and n p pairings, if we assume

(anap, T = O|Vpair|,3”,3va =0) =
(anap,T = 0|Vpair| BnBp, T = 0), (22)

then Im A7=" =0 and Re AT=" =1Im AT=" by Egs. (5) to

ana, anap anap

(7) in Ref. [3]. It leads to

A2(T=0 = 2| AT=0 | 4 2|Al=0 |* = 4|AT=0

2
apan apan apan |

. (23)
where a factor of 2 in the second term is due to & pan and & pan
pairings, respectively. Consequently, we multiply a weighting
factorof 1.5 x 2 = 3.0onthe T = 0 pairing G-matrix strength
for the cases (c) and (d) in Figs. 4, 6, and 8.

In Fig. 3, the pairing coupling strengths g,,,g,p, and g,
in Eqgs. (10) and (11) are plotted as a function of deformation
parameter S, for 2*Mg. They are obtained in such a way that
calculated gaps reproduce the empirical ones in Table I. In
general, we need a larger coupling strength for larger prolate
and oblate deformations to reproduce the empirical pairing
gaps because of the closed-shell nature at larger deformations.
One may find interestingly different behavior of curves of g,
and gx,, for larger deformation |$3,| > 0.3. One can notice that
8np and g are almost the same value in the region |8,| < 0.3.
That is, the T = 0 pairing correlations do not contribute to
the pairing gaps at all. However g, becomes smaller in
both larger prolate and oblate deformation region |8;| > 0.3.
This is due to the effect of the 7 = 0 pairing condensation
which makes an additional 7 = 0 correlations to the gap
energy usually dominated by the 7 =1 np contributions.
These results suggest a manifestation of the coexistence of

3.0 T T T T T
%sj ®g, "g,

20F

1.5}

Pairing strength

FIG. 7. Same as Fig. 3, but for 28Si.
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FIG. 8. The same as Fig. 4, but for 8.

two types of superconductivities (7 =0 and T = 1) in this
large deformed region.

In the following we present numerical DBCS results of
the ground state energies (GSEs) for **Mg, 8Si, and *’S
in terms of the deformation parameter f,. We examine
also the effect of the self-energy in the DBCS approach in
Fig. 4(d).

20— ——T——T 71— 2] 0
| B e ETotaI (b) S|
—A— Epair with np m ]
-300 ) —4-10
-320 4-20
S
(]
= -340 4-30
=
W _360 .40
-380 4-50
-400 4 -60
7T | T SR SRR R S— L
04 -02 00 02 04 06
B,
-280 LI S R R 0
| —a—E_ withnp(T=0"3.0)  (d) ’S ]
Eself = EMF‘ ° EToIaI .
-300 | F ]
-320 |-% ! 1-20
% 7
S 340 = ; 130 ¢
5 bl g
< (] i [
Wwogeol 1-40 =
k .
L n
e -em
-380 | . —-50
.
.
-400 | . . --60
ol 0 0 0 L T
04 02 00 02 04 06
B,
1. *Mg

Mean-field energy for 2*Mg, Eyp, by the DBCS is calcu-
lated by the formula, ¥;(e; + t; )vl.2 /2, with respect to the Fermi
energy €. The energy (Ecse' = Eoral = Evp + Epair + Egeir)
corresponds to the total ground-state energy Egsg in DWS
calculations with filling approximation. The results in Fig. 4(a)
show two shallow minima in both prolate and oblate regions.
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The pairing energy Ep.ir, without the np in Fig. 4(a) turns out to
be smaller for the prolate deformation, but becomes somewhat
larger by the np pairing correlations. This is simply due to a
larger level density in the oblate side than that of prolate side
which can be seen in Fig. 1(a).

The evolution of Fermi energy €  (equivalently the chemical
potentials 1) is shown in Fig. 5 which is a key factor to
understand the evolution of the total energy. Without np
pairing, one can find an increase of the Fermi energy for larger
prolate deformation, which originates from the evolution of
s.p. energy of 5/27 state in Fig. 1(a). The np pairing changes
the Fermi energy gap, by which the paring energy becomes
stronger as shown in Figs. 4(b) and 4(c). However, the pairing
energy contribution to total energy is small compared to the
mean-field energy Eyp (Note the different energy scale in
right for the pairing and left y axis for the total energy), so that
the total energy minimum locates still in the oblate region in
Fig. 4(b).

In the Fig. 4(c) we use the enhanced T = 0O interaction,
which makes the pairing correlations stronger especially
at the large prolate deformation and leads to the prolate
deformation minimum in 2*Mg. A drastic change of the
pairing correlation energy is induced by the active T =0
pairing channel as was shown also in Fig. 3. Figure 4(d)
shows results with the self-energy terms. The self-energy
does not much affect the shape evolution of **Mg because
the self-energy contributions denoted by green diamonds are
approximately constant, to be 15 MeV with about 2-3 MeV
variations.

2. BSj

The energy evolution of 23Si is displayed in Fig. 6. Without
the np pairing shown in Fig. 6(a), we can see two deformation
minima at both the oblate and prolate sides at around B, =
40.2. The pairing correlations are larger at larger prolate
deformation to be Ep,ir ~40MeV at B, = 0.5 and almost
disappear at larger oblate deformation. These features are
entirely determined by the nature of level density around the
Fermi energy, i.e., very high level density at larger prolate
deformation and very low at larger oblate side, In Fig. 6(b)
with np paring correlations, the pairing gain energy is much
larger than the case without np pairing in Fig. 6(a). Here
Epqir in Figs. 6(c) and 6(d) with the enhanced T = 0 pairing
is smaller than Fig. 6(b) in the B, > 0.3 prolate region. It
comes from the fact in Fig. 7, where the g,, and g, , show
almost the same strength up to g, = 0.3, but the g, becomes
smaller than g,, in the region B, > 0.3. Because of the T = 0
superfluidity, the isoscalar coupling does not need to be larger
to reproduce the empirical pairing gap 8y, . While the gap
index &, is the same for Figs. 6(b) and 6(c), the correlation
energy in Fig. 6(b) is larger than that of Fig. 6(c). One more
point is that contributions of Eyp and Epg; are not the same in
Figs. 6(c) and 6(d) although the value g,*lp is the same. It stems
from the self-energy term which will change the occupation
probabilities through the normalized s.p. energies, and also
Envr and Ep,;. But the self-energy contribution Ejrin Fig. 6(d)
is rather independent to the change of deformation to be about
Ese]f ~ 16 MeV.

2.5 T T T T T T
s  —e—g -m-g '
9, &g
- ;
<
2 oot .
(0]
s
[72]
(@]
=
=]
E st 1
1 1 1 1 f 1

FIG. 9. Same as Fig. 3, but for .

3.8

Calculated results of *2S with T = 1 pairing without np
pairing show a shallow energy minimum at B, ~ 0.0 in
Fig. 8(a). The pairing gain energy is relatively small as Egq5, ~
10 MeV compared to the other two nuclei except at very
large deformation B, ~ 0.5. This is again entirely due to the
low level density around the Fermi energy of **S with N =
Z = 16 except at the large deformation region where the level
density becomes high. We can see in Fig. 8(b) larger pairing
correlation energies with np pairing. The enhanced 7 = 0
pairing interaction in Figs. 8(c) and 8(d) gives a rather shallow
energy minimum at a small prolate deformation 8, ~ 0.1. The
self-energy terms Ejr give again constant contributions to the
total energies and do not change the position of deformation
minimum appreciably. Here we also find the similar behavior of
pairing energy to that of #Si due to the change of the enhanced
T = 0 pairing strength in Fig. 9 in the prolate deformed g, >
0.3 region.

In Ref. [11], the effect of deformation on the coexistence
between neutron-proton and like-particle (proton-proton and
neutron-neutron) pairings were studied in fp-shell even-
even self-conjugate nuclei by using a model combining self-
consistent mean-field and shell-model techniques. In their
approach, the self-consistent mean-field calculations provide
the main ingredients, single-particle energies, and residual
two-body matrix elements, that are used in the subsequent shell
model calculations to obtain the pairing correlation energies.
It was found that the IS np pairing is generally much weaker
than the IV contribution. However, in some cases, it was
pointed out that large deformation induces the coexistence
of IS and IV np pair condensates. While the model and
masses of nuclei studied in Ref. [11] are different from the
present ones, the two models draw the same conclusion about
the importance of deformation on the coexistence of two
superfluidity.

V. SUMMARY AND CONCLUSION

We study the shape evolution of N = Z nuclei, >*Mg, 28Si,
and 328 in the DWS and DBCS approximations taking into
account both 7 =0 and 7 = 1 pairing correlations. In the

024320-10



SPIN SINGLET AND SPIN TRIPLET PAIRING ...

PHYSICAL REVIEW C 97, 024320 (2018)

filling approximation for the DWS potential, it is shown that
the shape evolution correlates strongly with the shell structure
of s.p. energies near the last occupied orbit (Fermi energy).
The effect of two types of pairing correlations with the isospin
T =0 and T =1 are studied by the DBCS model with G-
matrix-based pairing interactions. We adopt an enhanced 7' =
0 pairing interaction to clarity the effect of T = 0 pairing on the
ground-state energy. We find a coexistent phase of two types
of superconductors in the large deformation region |8,| > 0.3
in 2*Mg, 28Si, and *?S with the enhanced 7 = 0 pairing. The
competition between 7 = 0 and 7 = 1 pairing channels gives
a substantial effect on the energy minima of >*Mg, 28Si, and
328, Our model gives reasonable deformation minima for these

nuclei, prolate for 2*Mg and *S, and oblate for 2*Si. The self-
energy terms turn out to be rather constant as a function of
deformation in the three nuclei and do not change appreciably
the shape evolution.

ACKNOWLEDGMENTS

This work was supported by the National Research Foun-
dation of Korea (Grants No. NRF-2015R1D1A4A01020477,
No. NRF-2017R1E1A1A01074023, and No. NRF-
2015K2A9A1A06046598). This work was also supported, in
part, by JSPS KAKENHI Grant No. JP16K05367.

[1] H. T. Chen and A. Goswami, Phys. Lett. B 24, 257 (1967).
[2] H. H. Wolter, A. Faessler, and P. U. Sauer, Phys. Lett. B 31, 516
(1970).
[3] A. L. Goodman, Phys. Rev. C §8, R3051 (1998).
[4] F. Simkovic, C. C. Moustakidis, L. Pacearescu, and A. Faessler,
Phys. Rev. C 68, 054319 (2003).
[5] S. Frauendorf and A. O. Miacchiavelli, Prog. Part. and Nucl.
Phys. 78, 24 (2014).
[6] J. Engel, S. Pittel, M. Stoitsov, P. Vogel, and J. Dukelsky, Phys.
Rev. C 55, 1781 (1997).
[7]1 O. Civitarese, M. Reboiro, and P. Vogel, Phys. Rev. C 56, 1840
(1997).
[8] J. Engel, K. Langanke, and P. Vogel, Phys. Lett. B 389, 211
(1996).
[9] W. Satula and R. Wyss, Phys. Lett. B 393, 1 (1997).
[10] K. Yoshida, Phys. Rev. C 90, 031303(R) (2014).
[11] D. Gambacurta and D. Lacroix, Phys. Rev. C 91, 014308 (2015).
[12] B. Bulthuis and A. Gezerlis, Phys. Rev. C 93, 014312 (2016).
[13] A. Gezerlis, G. F. Bertsch, and Y. L. Luo, Phys. Rev. Lett. 106,
252502 (2011).
[14] C. L. Bai, H. Sagawa, M. Sasano, T. Uesaka, K. Hagino, H. Q.
Zhang, X.Z.Zhang, and F. R. Xu, Phys. Lett. B 719, 116 (2013).
[15] H. Matsubara et al., Phys. Rev. Lett. 115, 102501 (2015).
[16] A. Arima, K. Shimizu, W. Bentz, and H. Hyuga, Adv. Nucl.
Phys. 18, 1 (1987).
[17] 1. S. Towner, Phys. Rep. 155, 263 (1987).
[18] H. Sagawa, C. L. Bai, and G. Colo, Phys. Scr. 91, 083011 (2016).
[19] M. K. Cheoun, A. Bobyk, A. Faessler, F. Simkovic, and G.
Teneva, Nucl. Phys. A 561, 74 (1993); 564, 329 (1993); M. K.
Cheoun, A. Faessler, F. Simkovic, G. Teneva, and A. Bobyk,
ibid. 587,301 (1995).
[20] G. Pantis, F. Simkovic, J. D. Vergados, and A. Faessler, Phys.
Rev. C 53, 695 (1996).
[21] M. Kyotoku, N. Teruya, and C. L. Lima, Phys. Lett. B 377, 1
(1996).

[22] H. Sagawa, X. R. Zhou, and X. Z. Zhang, Phys. Rev. C 72,
054311 (2005).

[23] M. T. Win, K. Hagino, and T. Koike, Phys. Rev. C 83, 014301
(2011).

[24] M. T. Win and K. Hagino, Phys. Rev. C 78, 054311
(2008).

[25] E. Ha and M.-K. Cheoun, Phys. Rev. C 88, 017603 (2013).

[26] E. Ha, M.-K. Cheoun, F. Simkovic, Phys. Rev. C 92, 044315
(2015).

[27] E. Ha and M.-K. Cheoun, Phys. Rev. C 94, 054320 (2016).

[28] E. Ha and M.-K. Cheoun, Nucl. Phys. A 934, 73 (2015).

[29] S. Cwiok et al., Computer Physics Communications 46, 379
(1987).

[30] R. Noyarov, J. Phys. G 10, 539 (1984).

[31] J. Damgaard et al., Nucl. Phys. A 135, 432 (1969).

[32] B. Pritychenko, M. Birch, B. Singh, and M. Horoi, At. Data
Nucl. Data Tables 107, 1 (2016).

[33] B. Pritychenko, J. Choquette, M. Horoi, B. Karamy, and
B. Singh, Atom. Data Nucl. Data Tables 98, 798 (2012).

[34] S. Raman, C. W. Nestor, Jr., P. Tikkanen, At. Data and Nucl.
Data Tables 78, 1 (2001).

[35] G. A. Lalazissis, S. Raman, and P. Ring, At. Data and Nucl. Data
Tables 71, 1 (1999).

[36] P. Moller, A. J. Sierk, T. Ichikawa, and H. Sagawa, At. Data
Nucl. Data Tables 109-110, 1 (2016).

[37] N. J. Stone, At. Data Nucl. Data Tables 90, 75 (2005).

[38] T. Peach et al., Phys. Rev. C 93, 064325 (2016).

[39] E. Ha and M.-K. Cheoun, Euro. Phys. J. A 53, 26 (2017).

[40] R. H. Spear, Phys. Rep. 73, 369 (1981).

[41] M. Bender, K. Rutz, P.-G. Reinhard, and J. A. Maruhn, Euro.
Phys. J. A 8, 59 (2000).

[42] P. Ring, Y. K. Gambhir, and G. A. Lalazissis, Comput. Phys.
Commun. 105, 77 (1997).

[43] H. Sagawa, T. Suzuki, and M. Sasano, Phys. Rev. C 94,
041303(R) (2016).

024320-11


https://doi.org/10.1016/0370-2693(67)90439-X
https://doi.org/10.1016/0370-2693(67)90439-X
https://doi.org/10.1016/0370-2693(67)90439-X
https://doi.org/10.1016/0370-2693(67)90439-X
https://doi.org/10.1016/0370-2693(70)90078-X
https://doi.org/10.1016/0370-2693(70)90078-X
https://doi.org/10.1016/0370-2693(70)90078-X
https://doi.org/10.1016/0370-2693(70)90078-X
https://doi.org/10.1103/PhysRevC.58.R3051
https://doi.org/10.1103/PhysRevC.58.R3051
https://doi.org/10.1103/PhysRevC.58.R3051
https://doi.org/10.1103/PhysRevC.58.R3051
https://doi.org/10.1103/PhysRevC.68.054319
https://doi.org/10.1103/PhysRevC.68.054319
https://doi.org/10.1103/PhysRevC.68.054319
https://doi.org/10.1103/PhysRevC.68.054319
https://doi.org/10.1016/j.ppnp.2014.07.001
https://doi.org/10.1016/j.ppnp.2014.07.001
https://doi.org/10.1016/j.ppnp.2014.07.001
https://doi.org/10.1016/j.ppnp.2014.07.001
https://doi.org/10.1103/PhysRevC.55.1781
https://doi.org/10.1103/PhysRevC.55.1781
https://doi.org/10.1103/PhysRevC.55.1781
https://doi.org/10.1103/PhysRevC.55.1781
https://doi.org/10.1103/PhysRevC.56.1840
https://doi.org/10.1103/PhysRevC.56.1840
https://doi.org/10.1103/PhysRevC.56.1840
https://doi.org/10.1103/PhysRevC.56.1840
https://doi.org/10.1016/S0370-2693(96)01294-4
https://doi.org/10.1016/S0370-2693(96)01294-4
https://doi.org/10.1016/S0370-2693(96)01294-4
https://doi.org/10.1016/S0370-2693(96)01294-4
https://doi.org/10.1016/S0370-2693(96)01603-6
https://doi.org/10.1016/S0370-2693(96)01603-6
https://doi.org/10.1016/S0370-2693(96)01603-6
https://doi.org/10.1016/S0370-2693(96)01603-6
https://doi.org/10.1103/PhysRevC.90.031303
https://doi.org/10.1103/PhysRevC.90.031303
https://doi.org/10.1103/PhysRevC.90.031303
https://doi.org/10.1103/PhysRevC.90.031303
https://doi.org/10.1103/PhysRevC.91.014308
https://doi.org/10.1103/PhysRevC.91.014308
https://doi.org/10.1103/PhysRevC.91.014308
https://doi.org/10.1103/PhysRevC.91.014308
https://doi.org/10.1103/PhysRevC.93.014312
https://doi.org/10.1103/PhysRevC.93.014312
https://doi.org/10.1103/PhysRevC.93.014312
https://doi.org/10.1103/PhysRevC.93.014312
https://doi.org/10.1103/PhysRevLett.106.252502
https://doi.org/10.1103/PhysRevLett.106.252502
https://doi.org/10.1103/PhysRevLett.106.252502
https://doi.org/10.1103/PhysRevLett.106.252502
https://doi.org/10.1016/j.physletb.2012.12.060
https://doi.org/10.1016/j.physletb.2012.12.060
https://doi.org/10.1016/j.physletb.2012.12.060
https://doi.org/10.1016/j.physletb.2012.12.060
https://doi.org/10.1103/PhysRevLett.115.102501
https://doi.org/10.1103/PhysRevLett.115.102501
https://doi.org/10.1103/PhysRevLett.115.102501
https://doi.org/10.1103/PhysRevLett.115.102501
https://doi.org/10.1016/0370-1573(87)90138-4
https://doi.org/10.1016/0370-1573(87)90138-4
https://doi.org/10.1016/0370-1573(87)90138-4
https://doi.org/10.1016/0370-1573(87)90138-4
https://doi.org/10.1088/0031-8949/91/8/083011
https://doi.org/10.1088/0031-8949/91/8/083011
https://doi.org/10.1088/0031-8949/91/8/083011
https://doi.org/10.1088/0031-8949/91/8/083011
https://doi.org/10.1016/0375-9474(93)90166-U
https://doi.org/10.1016/0375-9474(93)90166-U
https://doi.org/10.1016/0375-9474(93)90166-U
https://doi.org/10.1016/0375-9474(93)90166-U
https://doi.org/10.1016/0375-9474(93)90508-U
https://doi.org/10.1016/0375-9474(93)90508-U
https://doi.org/10.1016/0375-9474(93)90508-U
https://doi.org/10.1016/0375-9474(95)00016-T
https://doi.org/10.1016/0375-9474(95)00016-T
https://doi.org/10.1016/0375-9474(95)00016-T
https://doi.org/10.1016/0375-9474(95)00016-T
https://doi.org/10.1103/PhysRevC.53.695
https://doi.org/10.1103/PhysRevC.53.695
https://doi.org/10.1103/PhysRevC.53.695
https://doi.org/10.1103/PhysRevC.53.695
https://doi.org/10.1016/0370-2693(96)00324-3
https://doi.org/10.1016/0370-2693(96)00324-3
https://doi.org/10.1016/0370-2693(96)00324-3
https://doi.org/10.1016/0370-2693(96)00324-3
https://doi.org/10.1103/PhysRevC.72.054311
https://doi.org/10.1103/PhysRevC.72.054311
https://doi.org/10.1103/PhysRevC.72.054311
https://doi.org/10.1103/PhysRevC.72.054311
https://doi.org/10.1103/PhysRevC.83.014301
https://doi.org/10.1103/PhysRevC.83.014301
https://doi.org/10.1103/PhysRevC.83.014301
https://doi.org/10.1103/PhysRevC.83.014301
https://doi.org/10.1103/PhysRevC.78.054311
https://doi.org/10.1103/PhysRevC.78.054311
https://doi.org/10.1103/PhysRevC.78.054311
https://doi.org/10.1103/PhysRevC.78.054311
https://doi.org/10.1103/PhysRevC.88.017603
https://doi.org/10.1103/PhysRevC.88.017603
https://doi.org/10.1103/PhysRevC.88.017603
https://doi.org/10.1103/PhysRevC.88.017603
https://doi.org/10.1103/PhysRevC.92.044315
https://doi.org/10.1103/PhysRevC.92.044315
https://doi.org/10.1103/PhysRevC.92.044315
https://doi.org/10.1103/PhysRevC.92.044315
https://doi.org/10.1103/PhysRevC.94.054320
https://doi.org/10.1103/PhysRevC.94.054320
https://doi.org/10.1103/PhysRevC.94.054320
https://doi.org/10.1103/PhysRevC.94.054320
https://doi.org/10.1016/j.nuclphysa.2014.12.002
https://doi.org/10.1016/j.nuclphysa.2014.12.002
https://doi.org/10.1016/j.nuclphysa.2014.12.002
https://doi.org/10.1016/j.nuclphysa.2014.12.002
https://doi.org/10.1016/0010-4655(87)90093-2
https://doi.org/10.1016/0010-4655(87)90093-2
https://doi.org/10.1016/0010-4655(87)90093-2
https://doi.org/10.1016/0010-4655(87)90093-2
https://doi.org/10.1088/0305-4616/10/4/014
https://doi.org/10.1088/0305-4616/10/4/014
https://doi.org/10.1088/0305-4616/10/4/014
https://doi.org/10.1088/0305-4616/10/4/014
https://doi.org/10.1016/0375-9474(69)90174-2
https://doi.org/10.1016/0375-9474(69)90174-2
https://doi.org/10.1016/0375-9474(69)90174-2
https://doi.org/10.1016/0375-9474(69)90174-2
https://doi.org/10.1016/j.adt.2015.10.001
https://doi.org/10.1016/j.adt.2015.10.001
https://doi.org/10.1016/j.adt.2015.10.001
https://doi.org/10.1016/j.adt.2015.10.001
https://doi.org/10.1016/j.adt.2012.06.004
https://doi.org/10.1016/j.adt.2012.06.004
https://doi.org/10.1016/j.adt.2012.06.004
https://doi.org/10.1016/j.adt.2012.06.004
https://doi.org/10.1006/adnd.2001.0858
https://doi.org/10.1006/adnd.2001.0858
https://doi.org/10.1006/adnd.2001.0858
https://doi.org/10.1006/adnd.2001.0858
https://doi.org/10.1006/adnd.1998.0795
https://doi.org/10.1006/adnd.1998.0795
https://doi.org/10.1006/adnd.1998.0795
https://doi.org/10.1006/adnd.1998.0795
https://doi.org/10.1016/j.adt.2015.10.002
https://doi.org/10.1016/j.adt.2015.10.002
https://doi.org/10.1016/j.adt.2015.10.002
https://doi.org/10.1016/j.adt.2015.10.002
https://doi.org/10.1016/j.adt.2005.04.001
https://doi.org/10.1016/j.adt.2005.04.001
https://doi.org/10.1016/j.adt.2005.04.001
https://doi.org/10.1016/j.adt.2005.04.001
https://doi.org/10.1103/PhysRevC.93.064325
https://doi.org/10.1103/PhysRevC.93.064325
https://doi.org/10.1103/PhysRevC.93.064325
https://doi.org/10.1103/PhysRevC.93.064325
https://doi.org/10.1140/epja/i2017-12216-7
https://doi.org/10.1140/epja/i2017-12216-7
https://doi.org/10.1140/epja/i2017-12216-7
https://doi.org/10.1140/epja/i2017-12216-7
https://doi.org/10.1016/0370-1573(81)90177-0
https://doi.org/10.1016/0370-1573(81)90177-0
https://doi.org/10.1016/0370-1573(81)90177-0
https://doi.org/10.1016/0370-1573(81)90177-0
https://doi.org/10.1007/s10050-000-4504-z
https://doi.org/10.1007/s10050-000-4504-z
https://doi.org/10.1007/s10050-000-4504-z
https://doi.org/10.1007/s10050-000-4504-z
https://doi.org/10.1016/S0010-4655(97)00022-2
https://doi.org/10.1016/S0010-4655(97)00022-2
https://doi.org/10.1016/S0010-4655(97)00022-2
https://doi.org/10.1016/S0010-4655(97)00022-2
https://doi.org/10.1103/PhysRevC.94.041303
https://doi.org/10.1103/PhysRevC.94.041303
https://doi.org/10.1103/PhysRevC.94.041303
https://doi.org/10.1103/PhysRevC.94.041303



