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Abstract: The structure of neutron-rich Ca isotopes is studied in the spherical Skyrme-Hartree-Fock-Bogoliubov

(SHFB) approach with SLy5, SLy5+T, and 36 sets of TLJ parametrizations. The calculated results are compared with

the available experimental data for the average binding energies, two-neutron separation energies and charge radii. It

is found that the SLy5+T, T31, and T32 parametrizations reproduce best the experimental properties, especially the

neutron shell effects at N =20, 28 and 32, and the recently measured two-neutron separation energy of **Ca. The cal-

culations with the SLy5+T and T31 parametrizations are extended to isotopes near the neutron drip line. The neutron

giant halo structure in the very neutron-rich Ca isotopes is not seen with these two interactions. However, depleted

neutron central densities are found in these nuclei. By analyzing the neutron mean-potential, the reason for the

bubble-like structure formation is given.

Keywords: spherical SHFB approach, tensor force, neutron-rich Ca isotopes, neutron giant halo, bubble structure

PACS: 21.60.Jz, 21.30.Fe, 21.10.-k

1 Introduction

Study of the exotic nuclear structure has been a hot
subject in modern nuclear physics [1-3]. Exotic nuclei
refer to nuclei that are far away from the 8-stability line.
The nuclear structure properties of Ca isotopes have been
one of the most attractive topics in the research of exotic
nuclear structures [4—30]. Many properties of Ca iso-
topes with neutron number N <28, such as the binding
energies, charge radii, nucleon density distributions,
single-particle energies, and low-lying excitation ener-
gies have been measured [24-33]. In recent years, experi-
mental measurements of the properties of neutron-rich Ca
isotopes have made a great progress [34—40]. Steppen-
beck et al. reported a direct experimental evidence of a
new magic number N = 34 by measuring the 2" excita-
%05171 energies of *Ca [34]. Precise mass measurements of

Ca established prominent shell closures at neutron
numbers N = 32 and 34 [35-38]. Garcia Ruiz et al. meas-

49,51,52

ured the charge radii of Ca in the laser spectroscopy
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experiments, which suggested a large and unexpected in-
crease of charge radii beyond N = 28 [39]. Very recently,
the discovery of ?9Ca was reported in the fragmentation
of the 345 MeV/u primary 7"Zn beam on a Be target at the
radioactive ion-beam factory of the RIKEN Nishina Cen-
ter [40].

The Skyrme energy density functional theory is one
of the most important approaches in microscopic studies
of the nuclear structure [41—44]. It has been used to in-
vestigate the bulk properties and microscopic structure of
stable and exotic nuclei [45—48]. In recent years, many
studies have shown that the Skyrme tensor force plays a
crucial role in describing the exotic nuclear structure
[49-63]. The details of the Skyrme energy density func-
tional with the tensor force can be found in a recent re-
view [64]. In fact, the tensor force was included in the
Skyrme interaction when it was proposed [65]. However,
the tensor component was usually neglected in nuclear
structure studies because of its complexity, instability,
and small influence on the nuclear structure. Thus, in
most Skyrme parametrizations, the tensor force has not
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yet been included. In order to study its effect on exotic
nuclear structures, the tensor force was usually added as a
perturbation to the Skyrme parametrization, for example
the SLy5+T parametrization [51, 64]. Lesinski et al. pro-
posed 36 sets of TIJ parametrizations which include the
tensor force using the SLy interaction fit protocol [54], in
which the spin-orbit strength Wy varies from 103.7 MeV
fm” for T11 to 195.3 MeV fm’ for T66. This variation is
correlated to the tensor force strength, which has the
tendency to reduce the spin-orbit splitting in spin-unsatur-
ated nuclei. Since the calculated nuclear properties are
dependent on the accuracy of the nucleon-nucleon inter-
action, it is important to find reliable interactions among
these parametrizations. The above mentioned experiment-
al data for neutron-rich Ca isotopes provide a solid
ground for testing these Skyrme interactions.

The properties of the extreme neutron-rich Ca iso-
topes have been investigated using various models [6, 13,
14, 16, 17, 66—74]. For example, a neutron giant halo in
some nuclei near the neutron drip-line was predicted by
the relativistic continuum Hartree-Bogoliubov (RCHB)
method [66—68], which is one of the most interesting
studies of the extreme neutron-rich Ca isotopes. The gi-
ant halo in the very neutron-rich Ca isotopes has also
been studied in the SHFB theory. It was found that the
existence of the giant halo is strongly dependent on the
Skyrme parametrization [69— 71]. However, the tensor
force has not been considered in these studies. The tensor
force effect on the exotic nuclear structure has been dis-
cussed in the relativistic Hartree-Fock theory, such as the
giant halo structure of Ce isotopes [75], and the evolu-
tion of single-particle energies of Ca isotopes [76, 77].
Therefore, it is of current interest to study the giant halo
and other exotic structures of Ca isotopes in the Skyrme
mean-field theory with the tensor force.

In this work, we first test the Skyrme interactions in-
cluding the tensor force in the framework of the SHFB
approach by comparing our systematic calculations with
the experimental data for Ca isotopes, and determine the
Skyrme interactions that lead to reliable predictions of
exotic nuclear structures of Ca isotopes. We then search
for the giant halo and other exotic structures in nuclei
near the neutron drip-line with the selected interactions.

The paper is organized in the following way. In Sec.
2, the SHFB theoretical framework is introduced. The nu-
merical results and corresponding discussions are given
in Sec. 3. In the last section, conclusions are drawn.

2 The SHFB approach

In this work, the tensor force is taken into account us-
ing the spherical SHFB code (HRBRAD) [44]. In the
framework of the spherical SHFB approach, the Skyrme
interaction includes two parts,

Vskyrme = Vi2 + V], 1)
where Vi, and V7, denote the usual part and the tensor
part, respectively.

Vi, is written as [44]
Via =t (1 + x0Py)6(r1 —12)
+ %tl (14 x1Pg) [6(r1 = 1)k +6(ry = 1) ]

+1 (l +)C2P0-)5(r1 - rz)k, -k
1 1
+ 6l3 (I+x3P5)6(ry —"2)/07(5(’1 - "2))

+iW0(5(I'1—rz)(0'1+0'2)~k’><k, (2)
where #;, x;, and Wy are the parameters of the interaction,
P, is the spin-exchange operator, and o; is the Pauli spin
operator. The operator k = (V| —V,)/2i acts on the right
and k' =—(V; — V;)/2i acts on the left.

VT is expressed as [49-65]

T 1
vl :E[(m 'k/)(O'z'k')—g(O'l'0'2)k'2]5(1‘1—r2)

T 1
+ 58 =r2) [(01 k(o2 )= 3 (o 'Uz)kz]

+%[(0'1 k)5 (ri—ry) (o2 k)
+(o2 K)o (ri—r) (o1 - k)]
1
—§U(0'1~0'2)k’~5(r1—r2)k, 3)

where T and U are the strengths of the triplet-even and
triple-odd tensor interactions, respectively.

In the pairing channel, a zero range density depend-
ent pairing interaction is used [44]

A
Vpair = (t(l) + épy )6’ (4)

where y' =1, and 7} = —18.5¢; corresponds to the mixed
pairing force. ¢ is the pairing strength parameter and de-
termined by the pairing energy gap extracted from the
following empirical formula [78—80]

A, :é[B(Z+2,N)—4B(Z+ I,N)+6B(Z,N)
—-4B(Z—-1,N)+B(Z-2,N)], (5)

where B is the experimental binding energy taken from
the nuclear mass table of 2016 [31].

The total energy E is the sum of the kinetic, usual
Skyrme, pairing, Coulomb, and tensor terms

E =K+ ESkyrme + Epair + Ecoul + ETensor

= deI' [k(l‘) + 8Skyrme(r) + &pair () + &coul () + 8Tens0r(r)] .
(6)
The kinetic, Skyrme, pairing and Coulomb energy

densities in Eq. (6) can be found in Ref. [44]. The expres-
sion for the tensor energy density is written as [49—-64]
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5 5
Etensor(r) = 22 (T + UDJndp+ UG+ 1) (7)

Here, J,(r) is the abnormal spin current density, and can

be expressed as
D Qi+ 1)
i

3
><j,-(j,-+1>—li(li+1>—Z}R§,~<r). (8)

1
Jo(r) = ——
a(r) 47p3

Since the particle number can not be preserved by the
Bogolyubov transformation, two Lagrange multipliers Ay
and Az are introduced to conserve the average neutron
and proton numbers. The SHFB equations are then ob-
tained from the stationary condition § [E — (AyN + AzZ)] =

The spin-orbit field with the tensor contribution has
the following form [49—64]

Wo dpq dpq
By = (2 dr " W)

1 1 5 J
(tl —h)— —(flxl +hxy)+ T ]—q

©

1
+ 25—4(T+U)—§(l1)€] +l‘2)€2) —_—

In Egs. (8) and (9), ¢ stands for neutrons (protons) and ¢’
for protons (neutrons), where i = n, [, j runs over all states
having the given g (¢’), and R,(r) is the radial part of the
wave function.

The expressions for the normal effective mass M,, ab-
normal effective mass A~4q and other potential fields (the
particle-hole field U,, particle-particle field l7q, Coulomb
field V¢(r) and abnormal spin-orbit field Eq) can be found
in Ref. [44].

The above mentioned fields can be written in a mat-
rix form

M M U-A1 U
M(M M)(u( U —U+/l)’ (10)

B B )j(j+1>—l<z+1>—?—1 an

Uso :( B -B 2r

Finally, the bulk and microscopic properties can be
obtained by solving the following SHFB equation

l(l+1) My ](”1)—E( ul)
S0 U = Uy >
(12)

where M’ is the first order derivative with respect to radi-
al coordinate r , and u; and u, are the components of the
quasi-particle wave function.

d
[_EM +U+M

3 Results and discussion

We have performed calculations of the average bind-

ing energies B/A of Ca isotopes in the spherical SHFB ap-
proach using SLyS5, SLy5+T and 36 sets of TZJ paramet-
rizations, whose values as function of mass number 4 are
shown in Fig. 1. Note that in our calculations the spheric-
al box and mesh sizes are 30 fm and 0.1 fm, respectively.
The quasi-particle energies are cut off at 60 MeV. The
maximum angular momentum of the quasi-particles jnax
is set to 2 h All calculations converged with these condi-
tions.

From Fig. 1, it is seen that the experimental data for
B/A4 can be reproduced accurately by the Skyrme interac-
tions, except for the SLy5, T61, T63 and T65 parametriz-
ations. In the case of T61, T63 and T65 parametrizations,
the deviation between the experimental and calculated
values is small. The deviation in the case of SLy5 interac-
tion can be as large as 0.5 MeV. Comparing the results of
SLy5 parametrization with SLy5+T, it is found that the
experimental data are reproduced significantly better with
the SLy5+T interaction, which indicates that the isospin
dependence of B/A4 can be improved by adding the tensor
force to the Skyrme parametrizations.

We extract the two-neutron separation energies S 2,
using the calculated B values for each interaction, which
are plotted in Fig. 2. From the experlmental data for S,
versus A, we can see the shell effects at “’Ca (N = 20),

“Ca (N = 28), and “’Ca (N = 32). From Fig. 2, it can be
seen that only the SLy5+T, T31, and T32 parametriza-
tions reproduce the shell effects at N 20, 28, and 32, and
the experimental value of S, for *°Ca. Recently, Michi-
masa et al. provided experimental evidence for the magic
nature of N = 34 in the neutron rich Ca nuclei [38] by
measuring the masses of Ca However, it is not so
easy to see the shell effect for **Ca in the experimental
data for S, as shown in Fig. 2, which indicates that the
shell effect becomes weaker with increasing 4. To show
the shell effect at N = 34 clearly, the experimental data
for S4, of **°Ca as function of A are displayed in Fig. 3.
The calculated S5, using the SLy5+T, T31 and T32 inter-
actions are also plotted in Fig. 3. A weak kink can be
seen at ~'Ca in the experimental S,, , and the kink is re-
produced by the SLy5+T, T31 and T32 interactions, as
shown in Fig. 3. The shell effect at N = 34 given by the
three interactions is more evident than in the experiment-
al data.

The experimental data for the charge radii R., and the
calculated values using SLyS5, SLy5+T and 36 sets of the
T1J parametrizations are displayed in Fig. 4. Observing
the experimental data for R, , @ minimum at $Ca can be
clearly seen. However, the minimum does not appear in
all interactions, as dlsplayed in Fig. 4, which implies that
the minimum at **Ca might have some unknown origin
beyond the mean field. In addition, it is seen in Fig. 4 that
the agreement between the experimental data and R, cal-
culated using the SLy5, T61, T63, and T65 parametriza-
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(color online) The average binding energies B/A of Ca isotopes calculated using SLy5, SLy5+T and 36 sets of TLJ parametriz-

ations. The red stars represent the experimental values taken from Refs. [31, 35-38].

tions is worse. For the other 34 sets, the experimental
data for R, are not reproduced well, although the differ-
ences between the calculated and experimental values are
small For example, the largest deviation is 0.07 fm for

**Ca. In addition, the kink at “°Ca is obtained with most
interactions, but it is very small. For the SLy5+T interac-
tion, the resulting accuracy is improved considerably by
taking into account the tensor force, similarly to the situ-
ation in Fig. 1.

According to the above discussion, the SLy5+T, T31
and T32 interactions may be seen to describe best the ex-
perimental data for Ca isotopes. In the following, we pre-
dict the properties of the very neutron-rich Ca isotopes
using the SLy5+T and T31 parametrizations and com-
pare them with the results obtained with the SLy5 para-
metrization.

The S,, values for nuclei with A > 56 obtained with
the SLy5, SLy5+T and T31 interactions are plotted in
Fig. 5 as function of 4. The figure shows that the two-
neutron drip line is located at "'Ca for the SLy5+T and
T3l interactions. However, for the SLyS 1nteract1on it is
at Ca. Note that a kink was predicted at °Ca (N =40) by
the RCHB approach [66—68]. However, the shell gap at

“Ca is not seen in Fig. 5. In the S n plot for the SLy5+T
interaction, a weak shell effect at "'Ca (N = 50) can be
seen. The recent discovery of “’Ca does not support pre-
dictions of ab initio models. Furthermore, it was found
that the Skyrme energy density functionals (HFB-22 and
UNEDFO0) can describe the experimentally established
limits, and predict that the even-mass Ca isotopes are
bound up to at least "Ca [40]. Our predictions with the
SLy5+T and T31 interactions are consistent with the
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Fig. 2. (color online) Same as Fig. 1, but for S, . 4 starts from 38. The experimental data for S, are taken from Refs. [31, 35-38].
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Fig. 3. (color online) Comparison between the experimental data and calculated S ,,, for *%Ca with the SLy5+T, T31 and T32 inter-
actions.
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Fig. 4. (color online) Same as Fig. 1, but for R, . 4 starts from 40 up to 52. The experimental data are taken from Refs. [33, 39].

HFB-22 and UNEDFO0 models.

In Fig. 6 , we show the neutron radii R, of Ca iso-
topes predicted by the SLy5, SLy5+T and T31 interac-
tions, and the roN'/3 curve. From Fig. 6 , we see that the
R, dependence on the neutron number N obtained with
the SLy5 interaction is close to the SLy5+T and T31 in-
teractions. A strong kink is observed in Fig. 6 at Ca for
each interaction. The slope of R, with the SLyS5 interac-
tion is much more pronounced than with the SLy5+T and
T31 interactions. This suggests that a neutron giant halo
exists for isotopes with N > 50, which is suppressed by
the tensor force. To see the reason why the giant halo is
suppressed by the tensor force, the properties of the
single-neutron states near the Fermi energy for "Ca as an
example are listed in Table 1. As can be seen from Table 1,
the rms radius of the 35/, state (r3,,) is the largest for
each interaction. Because the centrifugal potential of the s
orbital is 0, its wave function can extend up to a very
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large r . As a result, the 35, state contributes most to R,,.
From Table 1, it is also seen that the 3s;/, state is below
the Fermi energy for the SLy5 interaction, but it is above
the Fermi energy for the SLy5+T and T31 interactions.
As a result, the occupation probability of the 3s;,, state
and r3;, become smaller with the tensor force in the
SLy5+T and T31 interactions, and R, is accordingly sup-
pressed. However, as N increases, the neutron drip line is
reached before the halo structure starts to form for the
three Skyrme interactions. As a result, the neutron giant
halo is unlikely to appear for the extreme neutron-rich Ca
isotopes. In addition, it is seen in Fig. 6 that the R, values
for the neutron-rich Ca isotopes are in agreement with the
roN'/? law. However, in the neutron-deficient region, the
R, values deviate from the curve considerably.

In order to further study the giant halo structure, the
neutron density distribution in Ca isotopes obtained with
the SLy5+T and T31 interactions are plotted in Fig. 7.
Since the density distribution in the exterior region is re-
lated to the skin and halo structures, the logarithmic neut-
ron density is shown in the insets of this figure to indic-
ate more clearly the density distribution in the exterior re-
gion. From the two insets in Fig. 7, it is seen clearly that
the neutron density tail becomes longer as N increases.
Nevertheless, the tails for nuclei near the neutron drip-

5.0 T T T T T =
/
;0
Mo
45 . -
~
g 40} -
=
N’
= - m- SLy5
e 35¢ --m-- SLy5+T
T31
30f © N
25 Il L Il L Il L Il L Il L
10 20 30 40 50 60
N
Fig. 6. (color online) R, for Ca isotopes obtained with the

SLyS5, SLy5+T and T31 interactions. R,, calculated by the
law roN'/3 (g = 1.190 fm) is shown by the solid line.

line are shorter and thinner than those obtained with the
RCHB approach [67]. This suggests that the existence of
a neutron giant halo in the extreme neutron-rich Ca iso-
topes is not supported by the spherical SHFB calcula-
tions. It is also seen from the insets in Fig. 7 that the tail
of "Ca obtained with the T31 interaction is wider than
with the SLy5+T interaction, which is caused by the dif-
ference of the squared radial wave functions of the 3s;,,
state (R%sm(r)) in the two interactions. In Fig. 8, we show
the B3, (r) distribution in "'Ca with the SLy5+T and T31
interactions. As can be seen in Fig. 8, the tail obtained
with the T31 interaction extends to larger » than with the
SLy5+T interaction.

From Figs. 5-8, one can see that the details of the nuc-
lear structure of the extreme neutron-rich Ca isotopes are
different for the SLy5+T and T31 interactions, although
both were selected as best. In Ref. [54], 36 sets of the TLJ
parametrizations were analyzed in order to determine the
impact of the tensor force on a large variety of observ-
ables in calculations with a pure mean-field. Combining
the work of Lesinski et al. [54] and our calculations, it
seems that it is even more important to analyze the ef-
fects of the tensor force by comparing the details of dif-
ferent tensor forces, although it is essential to find best
parametrizations of the tensor force based on experiment-
al data. Moreover, in addition to the TZJ interactions, oth-
er Skyrme parametrizations with the tensor force, such as
SLy5+Thew [62], SIT+Thew [62], T4 16w [62], Skxta [S0],
Skxtb [50], SHI+T [52], and SLy5+T,, [49, 58], are also
used to study nuclear structure. Using 35 sets of T1/ inter-
actions (T31 is not included) and the above mentioned
Skyrme interactions, we further investigate the properties
of Ca isotopes near the neutron drip line. The predicted
locations of the two-neutron drip line are listed in Table
2. From Table 2, it is seen that the location of the two-
neutron drip line is strongly dependent on the type of
parametrization. Furthermore, an increase of the slope of
R, is not seen in the two-neutron drip line for every inter-
action, suggesting that the non-existence of a neutron gi-
ant halo in Ca isotopes is not dependent on the type of
Skyrme energy density functional with tensor force. To
analyze this independence, the single-neutron spectra for

Table 1. The properties of the single-neutron states near the Fermi energy of ’Ca obtained with the SLy5, SLy5+T and T31 interactions. E, v* and Tl

represent the single-neutron energy, occupation probability and rms radius of each orbital, respectively.

SLy5 SLy5+T T31
" E /MeV v? Furj/fm E /MeV V2 rtj/fm E /MeV V2 rutj/fm
1fs)2 —6.27 0.977 4.46 —4.81 0.982 4.52 —4.83 0.968 4.56
1892 -0.71 0.784 5.03 —2.45 0.967 491 -2.00 0.921 4.97
3512 0.37 0.747 13.19 0.29 0.432 11.93 0.21 0.331 10.43
2ds)> 0.90 0.095 7.79 0.67 0.138 6.91 0.57 0.186 6.66
Fermi energy 0.49 - - 0.25 - - 0.13 - -
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Fig. 8. (color online) Radial wave function squared of the

neutron 351, state in °Ca obtained with the SLy5+T and

T31 interactions.

*Ca obtained with the T22, T32, T43, T56, T63, T66,
SHI+T,w and Skxta interactions are shown in Fig. 9.
From Fig. 9, it is seen that the details of energy spectra
are different for different Skyrme parametrizations.
However, the ordering of the energy levels around the
N =50 gap (3512 and 1g9,, orbitals) is the same for each
interaction. For nuclei with 40 < N < 50, many more
neutrons occupy the 1gg,» state compared with the num-
ber of neutrons scattered to the 3s;, orbital for each in-
teraction. This neutron filling pattern is the same for the
eight sets of interactions. Thus, the dependence of the gi-
ant halo on the type of Skyrme interaction with tensor
force can not be seen. However, it is necessary to point
out that there are considerably less Skyrme parametriza-
tions with tensor force than without it. It is believed that
additional Skyrme parametrizations with a tensor com-
ponent will be proposed in the near future, and it may still
be possible to see the dependence of the giant halo on
parametrizations with tensor force.

In addition to the properties of the exterior region, the

0-12 T T T T T T T T T T T T

0.10 27
0.08

(color online) Neutron density distribution in Ca isotopes obtained with the SLy5+T and T31 interactions. The insets are the

Table 2.  Predicted location of the two-neutron drip line in Ca iso-
topes obtained with different Skyrme parametrizations containing

the tensor force.

Two-neutron L
Skyrme parametrization sets

drip line
"Ca T41, T42, T51, T52, TS3, T61, T62, T64, SIIT+T
o T21, T22, T32, T33, T34, T43, T44, T45, T46, T54, T55,
T56, T63, T66, SIIT+T,., Skxta
%y T11, T12, T13, T14, T23, T24, T25, T26, T35, T36,
SLyY5+T s T41 e
*Ca T15, T16, T65, SLy5+T,,, Skxtb

neutron density distribution in the interior region can be
clearly seen in Fig. 7 in the normal scale. For *Ca, the
central density is depleted significantly. The nucleus with
a depleted central density is called a “bubble” nucleus,
and the depletion is caused by the lower occupation prob-
ability of the s state. The discussion of its formation
mechanism can be found in the relevant studies [53,
81-92]. To our surprise, bubble-like structures can also
be found in > "°Ca, which is different from the predic-
tions of RCHB. To explain this phenomenon, we plot in
Fig. 10 the neutron mean-potential in A030606470Ca ob-
tained with the SLy5+T interaction. For the mean-poten-
tial in 34’60’64’70Ca, there is a maximum at » = 0 and a min-
imum at some distance. The mean-potential looks like a
“wine-bottle” in the region of small » . Due to the “wine-
bottle” shaped mean-potential, the single-neutron energy
level with a low orbital angular momentum / is pushed
up, while the one with a large / is pulled down. As a res-
ult, the ordering of the energy levels can be changed, and
the central density lowered. However, the bottom of the
mean-potential in “®Ca is flat, so that a bubble-like
structure can not be found. Therefore, we may conclude
that the density distribution in the nuclear interior is
strongly dependent on the shape of the bottom of the
mean-potential.
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Fig. 9. (color online) Single-neutron energy levels in %Ca
obtained with the T22, T32, T43, T56, T63, T66, SIII+Tpeyw
and Skxta interactions. The red dash line represents the
Fermi energy.

4 Conclusions

In this work, the binding energies, two-neutron separ-
ation energies, and charge radii of the Ca isotopes were
calculated with SLy5, SLy5+T, and 36 sets of T1J para-
metrizations in the framework of the spherical SHFB ap-
proach. Comparing the calculated results with the experi-
mental data, it was shown that the SLy5+T, T31, and T32
parametrizations reproduce best the experimental proper-
ties, especially the neutron shell effects at N = 20, 28, and
32, and the recent experimental S, value for *Ca. Using
the SLy5+T and T31 interactions, structural properties of
nuclei near the neutron drip-line were predicted. It was
found that the neutron giant halo for isotopes with N > 50
is suppressed by the tensor force. However, the neutron

8 10 12

6
r (fm)
(color online) Neutron mean-potential in
Ca obtained with the SLy5+T interaction.

Fig. 10.

34,40,50,60,64,70

drip-line is reached before the halo structure starts to de-
velop. Thus, the neutron giant halo structure does not ex-
istin the very neutron-rich Ca isotopes. However, de-
pleted central densities in these nuclei were found, which
are determined by the shape of the bottom of the mean-
potential. Finally, it is necessary to point out that only
mixed pairing was used in this work. Relevant studies
suggest that the properties of neutron-rich nuclei are
strongly dependent on the pairing form [93, 94]. It would
be interesting to predict the structure of neutron-rich Ca
isotopes with surface and volume pairings in the frame-
work of the SHFB approach with tensor force, which is a
work in progress.

We thank professors Shangui Zhou, Ramon Wyss,
Roberto Liotta, and Fengshou Zhang for helpful discus-
sions.

References

1 S. Hofmann and G. Miinzenberg, Rev. Mod. Phys., 72: 733
(2000)

2 B. Blank and M. J. G. Borge, Prog. Part. Nucl. Phys., 60: 403
(2008)

3 0. Sorlin and M.-G. Porquet, Prog. Part. Nucl. Phys., 61: 602
(2008)

4 W.J. Gerace and A. M. Green, Nucl. Phys. A, 93: 110 (1967)

5 H. H. Wolter, A. Faessler, P. U. Sauer et al, Nucl. Phys. A, 116:
145 (1968)

6 T. R. Werner, J. A. Sheikh, M. Misu et al, Nucl. Phys. A, 597:
327 (1996)

7 S. Gandolfi, F. Pederiva, and S. a Beccara, Eur. Phys. A, 35: 207
(2008)

8 J. B. McGrory, B. H. Wildenthal, and E. C. Halbert, Phys. Rev.
C, 2: 186 (1970)

9 M. R. Anders, S. Shlomo, Tapas Sil et al, Phys. Rev. C, 87:
024303 (2013)

10 D. Gambacurta, M. Grasso, and F. Catara et al, Phys. Rev. C, 84:
034301 (2011)

11 M. Bhuyan, R. N. Panda, T. R. Routray et al, Phys. Rev. C, 82:
064602 (2010)

12 Y. Lei, Z. Y. Xu, Y. M. Zhao et al, Phys. Rev. C, 82: 034303
(2010)

13 K. Kaki, Phys. Rev. C, 79: 064609 (2009)

14 M. Bhattacharya and G. Gangopadhyay, Phys. Rev. C, 72:
044318 (2005)

15 G. A. Lalazissis and S. E. Massen, Phys. Rev. C, 53: 1599 (1996)

16 G. Hagen, M. Hjorth-Jensen, G. R. Jansen et al, Phys. Rev. Lett.,
109: 032502 (2012)

17 G. Hagen, P. Hagen, H.-W. Hammer et al, Phys. Rev. Lett., 111:
132501 (2013)

18 G. Hagen, A. Ekstrom, C. Forssén et al, Nat. Phys., 12: 186
(2016)

19 Daniel P. Watts, Nat. Phys., 12: 116 (2016)

20 J. D. Holt, T. Otsuka, A. Schwenk et al, J. Phys. G: Nucl. Part.
Phys., 39: 085111 (2012)

21 J. D. Holt, J. Menéndez, J. Simonis et al, Phys. Rev. C, 90:
024312 (2014)

22 E. Friedman, Nucl. Phys. A, 896: 46 (2012)

23 B. A. Brown, Phys. Rev. C, 58: 220 (1998)

24 John P. Schiffer, Phys. Rev., 97: 428 (1955)

25 K. J. van Oostrum, R. Hofstadter, G. K. Noldeke et al, Phys. Rev.
Lett., 16: 528 (1966)

26 M. J. Jakobson, G. R. Burleson, J. R. Calarco et al, Phys. Rev.
Lett., 38: 1201 (1977)

27 Y.-W. Lui, D. H. Youngblood, S. Shlomo et al, Phys. Rev. C, 83:
044327 (2011)

28 Rupayan Bhattacharya and Kewal Krishan, Phys. Rev. C, 48: 577

114101-9


http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1016/j.ppnp.2007.12.001
http://dx.doi.org/10.1016/j.ppnp.2008.05.001
http://dx.doi.org/10.1016/0375-9474(67)90174-1
http://dx.doi.org/10.1016/0375-9474(68)90488-0
http://dx.doi.org/10.1016/0375-9474(95)00476-9
http://dx.doi.org/10.1140/epja/i2008-10536-3
http://dx.doi.org/10.1103/PhysRevC.2.186
http://dx.doi.org/10.1103/PhysRevC.2.186
http://dx.doi.org/10.1103/PhysRevC.82.064602
http://dx.doi.org/10.1103/PhysRevC.79.064609
http://dx.doi.org/10.1103/PhysRevC.72.044318
http://dx.doi.org/10.1103/PhysRevC.53.1599
http://dx.doi.org/10.1103/PhysRevLett.109.032502
http://dx.doi.org/10.1103/PhysRevLett.111.132501
http://dx.doi.org/10.1038/nphys3529
http://dx.doi.org/10.1038/nphys3654
http://dx.doi.org/10.1088/0954-3899/39/8/085111
http://dx.doi.org/10.1088/0954-3899/39/8/085111
http://dx.doi.org/10.1103/PhysRevC.90.024312
http://dx.doi.org/10.1016/j.nuclphysa.2012.09.007
http://dx.doi.org/10.1103/PhysRevC.58.220
http://dx.doi.org/10.1103/PhysRev.97.428
http://dx.doi.org/10.1103/PhysRevLett.16.528
http://dx.doi.org/10.1103/PhysRevLett.16.528
http://dx.doi.org/10.1103/PhysRevLett.38.1201
http://dx.doi.org/10.1103/PhysRevLett.38.1201
http://dx.doi.org/10.1103/PhysRevC.83.044327
http://dx.doi.org/10.1103/RevModPhys.72.733
http://dx.doi.org/10.1016/j.ppnp.2007.12.001
http://dx.doi.org/10.1016/j.ppnp.2008.05.001
http://dx.doi.org/10.1016/0375-9474(67)90174-1
http://dx.doi.org/10.1016/0375-9474(68)90488-0
http://dx.doi.org/10.1016/0375-9474(95)00476-9
http://dx.doi.org/10.1140/epja/i2008-10536-3
http://dx.doi.org/10.1103/PhysRevC.2.186
http://dx.doi.org/10.1103/PhysRevC.2.186
http://dx.doi.org/10.1103/PhysRevC.82.064602
http://dx.doi.org/10.1103/PhysRevC.79.064609
http://dx.doi.org/10.1103/PhysRevC.72.044318
http://dx.doi.org/10.1103/PhysRevC.53.1599
http://dx.doi.org/10.1103/PhysRevLett.109.032502
http://dx.doi.org/10.1103/PhysRevLett.111.132501
http://dx.doi.org/10.1038/nphys3529
http://dx.doi.org/10.1038/nphys3654
http://dx.doi.org/10.1088/0954-3899/39/8/085111
http://dx.doi.org/10.1088/0954-3899/39/8/085111
http://dx.doi.org/10.1103/PhysRevC.90.024312
http://dx.doi.org/10.1016/j.nuclphysa.2012.09.007
http://dx.doi.org/10.1103/PhysRevC.58.220
http://dx.doi.org/10.1103/PhysRev.97.428
http://dx.doi.org/10.1103/PhysRevLett.16.528
http://dx.doi.org/10.1103/PhysRevLett.16.528
http://dx.doi.org/10.1103/PhysRevLett.38.1201
http://dx.doi.org/10.1103/PhysRevLett.38.1201
http://dx.doi.org/10.1103/PhysRevC.83.044327

Chinese Physics C  Vol. 43, No. 11 (2019) 114101

29

30

31

32

33

34

35

36

37
38

39

40

41

42

43

44

45

46

47

48
49

50

51

52
53

54

55

56

57

58

59

(1993)

H. J. Oils, E. Friedman, Z. Majka et al, Phys. Rev. C, 21: 1245
(1980)

H. J. Emrich, G. Fricke, G. Mallot et al, Nucl. Phys. A, 396: 401c
(1983)

M. Wang, G. Audi, F.G. Kondev et al, Chin. Phys. C, 41: 030003
(2017)

G. Audi, F. G. Kondev, M. Wang et al, Chin. Phys. C, 41: 030001
(2017)

I. Angeli and K. P. Marinova, At. Data Nucl. Data Tables, 99: 39
(2013)

D. Steppenbeck, S. Takeuchi, N. Aoi et al, Nature, 502: 207
(2013)

A. Lapierre, M. Brodeur, T. Brunner et al, Phys. Rev. C, 85:
024317 (2012)

A. T. Gallant, J. C. Bale, T. Brunner et al, Phys. Rev. Lett., 109:
032506 (2012)

F. Wienholtz, D. Beck, K. Blaum et al, Nature, 498: 346 (2013)
S. Michimasa, M. Kobayashi, Y. Kiyokawa et al, Phys. Rev.
Lett., 121: 022506 (2018)

R. F. Garcia Ruiz, M. L. Bissell, K. Blaum et al, Nat. Phys., 12:
594 (2016)

O. B. Tarasov, D. S. Ahn, D. Bazin et al, Phys. Rev. Lett., 121:
022501 (2018)

P. Bonche, H. Flocard, and P. H. Heenen, Compu. Phys.
Commun., 171: 49 (2005)

J. Dobaczewski, W. Satula, B. G. Carlsson et al, Compu. Phys.
Commun., 180: 2361 (2009)

M. V. Stoitsov, N. Schunck, M. Kortelainen et al, Compu. Phys.
Commun., 184: 1592 (2013)

K. Bennaceur and J. Dobaczewski, Comput. Phys. Commun.,
168: 96 (2005)

M. V. Stoitsov, J. Dobaczewski, W. Nazarewicz et al, Phys. Rev.
C, 68: 054312 (2003)

E. Teran, V. E. Oberacker, and A. S. Umar, Phys. Rev. C, 67:
064314 (2003)

J. C. Pei, F. R. Xu, and P. D. Stevenson, Phys. Rev. C, 71:
034302 (2005)

S. Goriely, Nucl. Phys. A, 933: 68 (2014)

F. Stancu, D. M. Brink, and H. Flocard, Phys. Lett. B, 68: 108
1977)

B. A. Brown, T. Duguet, T. Otsuka et al, Phys. Rev. C, 74:
061303(R) (2006)

G. Colo, H. Sagawa, S. Fracasso, and P. F. Bortignon, Phys. Lett.
B, 646: 227 (2007); Erratum, 668: 457(E) (2008)

D. M. Brink and F. Stancu, Phys. Rev. C, 75: 064311 (2007)

M. Grasso, Z. Y. Ma, E. Khan et al, Phys. Rev. C, 76: 044319
(2007)

T. Lesinski, M. Bender, K. Bennaceur et al, Phys. Rev. C, 76:
014312 (2007)

M. Zalewski, J. Dobaczewski, W. Satula et al, Phys. Rev. C, 77:
024316 (2008)

M. Bender, K. Bennaceur, T. Duguet et al, Phys. Rev. C, 80:
064302 (2009)

L. G. Cao, G. Colo, and H. Sagawa, Phys. Rev. C, 81: 044302
(2010)

C. L. Bai, H. Q. Zhang, H. Sagawa et al, Phys. Rev. Lett., 105:
072501 (2010)

Y. Z. Wang, J. Z. Gu, J. M. Dong et al, Phys. Rev. C, 83: 054305
(2011)

Y. Z. Wang, J. Z. Gu, X. Z. Zhang et al, Phys. Rev. C, 84:

67

68

69

70

71

73

74

75

76

71

81

82

83

84

85

86

87

88

89

90

91

92

93
94

114101-10

044333 (2011)

X. R. Zhou and H. Sagawa, J. Phys. G: Nucl. Part. Phys., 39:
085104 (2012)

M. Grasso and M. Anguiano, Phys. Rev. C, 88: 054328 (2013)
M. Grasso, Phys. Rev. C, 89: 034316 (2014)

H. Sagawa and G. Colo, Prog. Part. Nucl. Phys., 76: 76 (2014)

T. H. R. Skyrme, Philos. Mag. 1: 1043 (1956); Nucl. Phys., 9:
615 (1959); 9: 635 (1959)

J. Meng, H. Toki, J. Y. Zeng et al, Phys. Rev. C, 65: 041302(R)
(2002)

S. Q. Zhang, J. Meng, and S. G. Zhou, Sci. Chin: Phys. Mech.
Astron., 33: 289 (2003)

J. Meng, H. Toki, S. G. Zhou et al, Prog. Part. Nucl. Phys., 57:
470(R) (2006)

J. Terasaki, S. Q. Zhang, S. G. Zhou et al, Phys. Rev. C, 74:
054318 (2006)

M. Grasso, S. Yoshida, N. Sandulescu et al, Phys. Rev. C, 74:
064317 (2006)

S. Im and J. Meng, Phys. Rev. C, 61: 047302 (2000)

Z. Xu and C. Qi, Phys. Lett. B, 724: 247 (2013)

S. A. Changizi, C. Qi, and R. Wyss, Nucl. Phys. A, 940: 210
(2015)

R. An, L. S. Geng, S. S. Zhang et al, Chin. Phys. C, 42: 114101
(2018)

W. H. Long, P. Ring, J. Meng et al, Phys. Rev. C, 81: 031302(R)
(2010)

M. Lépez-Quelle, S. Marcos, R. Niembro et al, Nucl. Phys. A,
971: 149 (2018)

Z. Wang, Q. Zhao, H. Liang et al, Phys. Rev. C, 98: 034313
(2018)

D. Madland, and J. Nix, Nucl. Phys. A, 476: 1 (1988)

P. Moller and J. Nix, Nucl. Phys. A, 536: 20 (1992)

T. Duguet, P. Bonche, P.-H. Heenen et al, Phys. Rev. C, 65:
014311 (2001)

E. Khan, M. Grasso, J. Margueron et al, Nucl. Phys. A, 800: 37
(2008)

M. Grasso, L. Gaudefroy, E. Khan et al, Phys. Rev. C, 79:
034318 (2009)

M. Grasso, E. Khan, J. Margueron et al, Int. J. Mod. Phys. E, 18:
2009 (2009)

Y. Z. Wang, J. Z. Gu, X. Z. Zhang et al, Chin. Phys. Lett., 28:
102101 (2011)

Y. Z. Wang, J. Z. Gu, Z. Y. Li et al, Eur. Phys. J. A, 49: 15
(2013)

Y. Z. Wang, Z. Y. Hou, Q. L. Zhang et al, Phys. Rev. C, 91:
017302 (2015)

Y. Z. Wang, L. G. Cao, J. Z. Gu et al, Int. J. Mod. Phys. E, 23:
1450082 (2014)

A. V. Afanasjev and S. Frauendorf, Phys. Rev. C, 71: 024308
(2005)

H. Nakada, K. Sugiura, and J. Margueron, Phys. Rev. C, 87:
067305 (2013)

J. M. Yao, S. Baroni, M. Bender et al, Phys. Rev. C, 86: 014310
(2012)

X. Y. Wu, J. M. Yao, and Z. P. Li, Phys. Rev. C, 89: 017304
(2014)

J. J. Li, W. H. Long, J, L. Song et al, Phys. Rev. C, 93: 054312
(2016)

S. A. Changizi, C. Qi, Phys. Rev. C, 91: 024305 (2015)

S. A. Changizi, C. Qi, Nucl. Phys. A, 951: 97 (2016)


http://dx.doi.org/10.1103/PhysRevC.21.1245
http://dx.doi.org/10.1016/0375-9474(83)90034-9
http://dx.doi.org/10.1088/1674-1137/41/3/030003
http://dx.doi.org/10.1088/1674-1137/41/3/030001
http://dx.doi.org/10.1038/nature12522
http://dx.doi.org/10.1103/PhysRevC.85.024317
http://dx.doi.org/10.1103/PhysRevLett.109.032506
http://dx.doi.org/10.1038/nature12226
http://dx.doi.org/10.1103/PhysRevLett.121.022506
http://dx.doi.org/10.1103/PhysRevLett.121.022506
http://dx.doi.org/10.1038/nphys3645
http://dx.doi.org/10.1103/PhysRevLett.121.022501
http://dx.doi.org/10.1016/j.cpc.2005.05.001
http://dx.doi.org/10.1016/j.cpc.2005.05.001
http://dx.doi.org/10.1016/j.cpc.2009.08.009
http://dx.doi.org/10.1016/j.cpc.2009.08.009
http://dx.doi.org/10.1016/j.cpc.2013.01.013
http://dx.doi.org/10.1016/j.cpc.2013.01.013
http://dx.doi.org/10.1016/j.cpc.2005.02.002
http://dx.doi.org/10.1103/PhysRevC.68.054312
http://dx.doi.org/10.1103/PhysRevC.68.054312
http://dx.doi.org/10.1103/PhysRevC.67.064314
http://dx.doi.org/10.1016/0370-2693(77)90178-2
http://dx.doi.org/10.1103/PhysRevC.74.061303
http://dx.doi.org/10.1103/PhysRevC.75.064311
http://dx.doi.org/10.1103/PhysRevC.76.044319
http://dx.doi.org/10.1103/PhysRevC.76.014312
http://dx.doi.org/10.1103/PhysRevC.77.024316
http://dx.doi.org/10.1103/PhysRevLett.105.072501
http://dx.doi.org/10.1103/PhysRevC.84.044333
http://dx.doi.org/10.1088/0954-3899/39/8/085104
http://dx.doi.org/10.1103/PhysRevC.88.054328
http://dx.doi.org/10.1103/PhysRevC.89.034316
http://dx.doi.org/10.1016/j.ppnp.2014.01.006
http://dx.doi.org/10.1103/PhysRevC.65.041302
http://dx.doi.org/10.1016/j.ppnp.2005.06.001
http://dx.doi.org/10.1103/PhysRevC.74.054318
http://dx.doi.org/10.1103/PhysRevC.74.064317
http://dx.doi.org/10.1103/PhysRevC.61.047302
http://dx.doi.org/10.1016/j.physletb.2013.06.018
http://dx.doi.org/10.1016/j.nuclphysa.2015.04.010
http://dx.doi.org/10.1088/1674-1137/42/11/114101
http://dx.doi.org/10.1103/PhysRevC.81.031302
http://dx.doi.org/10.1016/j.nuclphysa.2018.01.012
http://dx.doi.org/10.1103/PhysRevC.98.034313
http://dx.doi.org/10.1016/0375-9474(88)90370-3
http://dx.doi.org/10.1016/0375-9474(92)90244-E
http://dx.doi.org/10.1103/PhysRevC.65.014311
http://dx.doi.org/10.1016/j.nuclphysa.2007.11.012
http://dx.doi.org/10.1103/PhysRevC.79.034318
http://dx.doi.org/10.1142/S0218301309014184
http://dx.doi.org/10.1088/0256-307X/28/10/102101
http://dx.doi.org/10.1140/epja/i2013-13015-x
http://dx.doi.org/10.1103/PhysRevC.91.017302
http://dx.doi.org/10.1103/PhysRevC.71.024308
http://dx.doi.org/10.1103/PhysRevC.87.067305
http://dx.doi.org/10.1103/PhysRevC.86.014310
http://dx.doi.org/10.1103/PhysRevC.89.017304
http://dx.doi.org/10.1103/PhysRevC.93.054312
http://dx.doi.org/10.1103/PhysRevC.91.024305
http://dx.doi.org/10.1016/j.nuclphysa.2016.03.056
http://dx.doi.org/10.1103/PhysRevC.21.1245
http://dx.doi.org/10.1016/0375-9474(83)90034-9
http://dx.doi.org/10.1088/1674-1137/41/3/030003
http://dx.doi.org/10.1088/1674-1137/41/3/030001
http://dx.doi.org/10.1038/nature12522
http://dx.doi.org/10.1103/PhysRevC.85.024317
http://dx.doi.org/10.1103/PhysRevLett.109.032506
http://dx.doi.org/10.1038/nature12226
http://dx.doi.org/10.1103/PhysRevLett.121.022506
http://dx.doi.org/10.1103/PhysRevLett.121.022506
http://dx.doi.org/10.1038/nphys3645
http://dx.doi.org/10.1103/PhysRevLett.121.022501
http://dx.doi.org/10.1016/j.cpc.2005.05.001
http://dx.doi.org/10.1016/j.cpc.2005.05.001
http://dx.doi.org/10.1016/j.cpc.2009.08.009
http://dx.doi.org/10.1016/j.cpc.2009.08.009
http://dx.doi.org/10.1016/j.cpc.2013.01.013
http://dx.doi.org/10.1016/j.cpc.2013.01.013
http://dx.doi.org/10.1016/j.cpc.2005.02.002
http://dx.doi.org/10.1103/PhysRevC.68.054312
http://dx.doi.org/10.1103/PhysRevC.68.054312
http://dx.doi.org/10.1103/PhysRevC.67.064314
http://dx.doi.org/10.1016/0370-2693(77)90178-2
http://dx.doi.org/10.1103/PhysRevC.74.061303
http://dx.doi.org/10.1103/PhysRevC.75.064311
http://dx.doi.org/10.1103/PhysRevC.76.044319
http://dx.doi.org/10.1103/PhysRevC.76.014312
http://dx.doi.org/10.1103/PhysRevC.77.024316
http://dx.doi.org/10.1103/PhysRevLett.105.072501
http://dx.doi.org/10.1103/PhysRevC.84.044333
http://dx.doi.org/10.1088/0954-3899/39/8/085104
http://dx.doi.org/10.1103/PhysRevC.88.054328
http://dx.doi.org/10.1103/PhysRevC.89.034316
http://dx.doi.org/10.1016/j.ppnp.2014.01.006
http://dx.doi.org/10.1103/PhysRevC.65.041302
http://dx.doi.org/10.1016/j.ppnp.2005.06.001
http://dx.doi.org/10.1103/PhysRevC.74.054318
http://dx.doi.org/10.1103/PhysRevC.74.064317
http://dx.doi.org/10.1103/PhysRevC.61.047302
http://dx.doi.org/10.1016/j.physletb.2013.06.018
http://dx.doi.org/10.1016/j.nuclphysa.2015.04.010
http://dx.doi.org/10.1088/1674-1137/42/11/114101
http://dx.doi.org/10.1103/PhysRevC.81.031302
http://dx.doi.org/10.1016/j.nuclphysa.2018.01.012
http://dx.doi.org/10.1103/PhysRevC.98.034313
http://dx.doi.org/10.1016/0375-9474(88)90370-3
http://dx.doi.org/10.1016/0375-9474(92)90244-E
http://dx.doi.org/10.1103/PhysRevC.65.014311
http://dx.doi.org/10.1016/j.nuclphysa.2007.11.012
http://dx.doi.org/10.1103/PhysRevC.79.034318
http://dx.doi.org/10.1142/S0218301309014184
http://dx.doi.org/10.1088/0256-307X/28/10/102101
http://dx.doi.org/10.1140/epja/i2013-13015-x
http://dx.doi.org/10.1103/PhysRevC.91.017302
http://dx.doi.org/10.1103/PhysRevC.71.024308
http://dx.doi.org/10.1103/PhysRevC.87.067305
http://dx.doi.org/10.1103/PhysRevC.86.014310
http://dx.doi.org/10.1103/PhysRevC.89.017304
http://dx.doi.org/10.1103/PhysRevC.93.054312
http://dx.doi.org/10.1103/PhysRevC.91.024305
http://dx.doi.org/10.1016/j.nuclphysa.2016.03.056
http://dx.doi.org/10.1103/PhysRevC.21.1245
http://dx.doi.org/10.1016/0375-9474(83)90034-9
http://dx.doi.org/10.1088/1674-1137/41/3/030003
http://dx.doi.org/10.1088/1674-1137/41/3/030001
http://dx.doi.org/10.1038/nature12522
http://dx.doi.org/10.1103/PhysRevC.85.024317
http://dx.doi.org/10.1103/PhysRevLett.109.032506
http://dx.doi.org/10.1038/nature12226
http://dx.doi.org/10.1103/PhysRevLett.121.022506
http://dx.doi.org/10.1103/PhysRevLett.121.022506
http://dx.doi.org/10.1038/nphys3645
http://dx.doi.org/10.1103/PhysRevLett.121.022501
http://dx.doi.org/10.1016/j.cpc.2005.05.001
http://dx.doi.org/10.1016/j.cpc.2005.05.001
http://dx.doi.org/10.1016/j.cpc.2009.08.009
http://dx.doi.org/10.1016/j.cpc.2009.08.009
http://dx.doi.org/10.1016/j.cpc.2013.01.013
http://dx.doi.org/10.1016/j.cpc.2013.01.013
http://dx.doi.org/10.1016/j.cpc.2005.02.002
http://dx.doi.org/10.1103/PhysRevC.68.054312
http://dx.doi.org/10.1103/PhysRevC.68.054312
http://dx.doi.org/10.1103/PhysRevC.67.064314
http://dx.doi.org/10.1016/0370-2693(77)90178-2
http://dx.doi.org/10.1103/PhysRevC.74.061303
http://dx.doi.org/10.1103/PhysRevC.75.064311
http://dx.doi.org/10.1103/PhysRevC.76.044319
http://dx.doi.org/10.1103/PhysRevC.76.014312
http://dx.doi.org/10.1103/PhysRevC.77.024316
http://dx.doi.org/10.1103/PhysRevLett.105.072501
http://dx.doi.org/10.1103/PhysRevC.84.044333
http://dx.doi.org/10.1103/PhysRevC.21.1245
http://dx.doi.org/10.1016/0375-9474(83)90034-9
http://dx.doi.org/10.1088/1674-1137/41/3/030003
http://dx.doi.org/10.1088/1674-1137/41/3/030001
http://dx.doi.org/10.1038/nature12522
http://dx.doi.org/10.1103/PhysRevC.85.024317
http://dx.doi.org/10.1103/PhysRevLett.109.032506
http://dx.doi.org/10.1038/nature12226
http://dx.doi.org/10.1103/PhysRevLett.121.022506
http://dx.doi.org/10.1103/PhysRevLett.121.022506
http://dx.doi.org/10.1038/nphys3645
http://dx.doi.org/10.1103/PhysRevLett.121.022501
http://dx.doi.org/10.1016/j.cpc.2005.05.001
http://dx.doi.org/10.1016/j.cpc.2005.05.001
http://dx.doi.org/10.1016/j.cpc.2009.08.009
http://dx.doi.org/10.1016/j.cpc.2009.08.009
http://dx.doi.org/10.1016/j.cpc.2013.01.013
http://dx.doi.org/10.1016/j.cpc.2013.01.013
http://dx.doi.org/10.1016/j.cpc.2005.02.002
http://dx.doi.org/10.1103/PhysRevC.68.054312
http://dx.doi.org/10.1103/PhysRevC.68.054312
http://dx.doi.org/10.1103/PhysRevC.67.064314
http://dx.doi.org/10.1016/0370-2693(77)90178-2
http://dx.doi.org/10.1103/PhysRevC.74.061303
http://dx.doi.org/10.1103/PhysRevC.75.064311
http://dx.doi.org/10.1103/PhysRevC.76.044319
http://dx.doi.org/10.1103/PhysRevC.76.014312
http://dx.doi.org/10.1103/PhysRevC.77.024316
http://dx.doi.org/10.1103/PhysRevLett.105.072501
http://dx.doi.org/10.1103/PhysRevC.84.044333
http://dx.doi.org/10.1088/0954-3899/39/8/085104
http://dx.doi.org/10.1103/PhysRevC.88.054328
http://dx.doi.org/10.1103/PhysRevC.89.034316
http://dx.doi.org/10.1016/j.ppnp.2014.01.006
http://dx.doi.org/10.1103/PhysRevC.65.041302
http://dx.doi.org/10.1016/j.ppnp.2005.06.001
http://dx.doi.org/10.1103/PhysRevC.74.054318
http://dx.doi.org/10.1103/PhysRevC.74.064317
http://dx.doi.org/10.1103/PhysRevC.61.047302
http://dx.doi.org/10.1016/j.physletb.2013.06.018
http://dx.doi.org/10.1016/j.nuclphysa.2015.04.010
http://dx.doi.org/10.1088/1674-1137/42/11/114101
http://dx.doi.org/10.1103/PhysRevC.81.031302
http://dx.doi.org/10.1016/j.nuclphysa.2018.01.012
http://dx.doi.org/10.1103/PhysRevC.98.034313
http://dx.doi.org/10.1016/0375-9474(88)90370-3
http://dx.doi.org/10.1016/0375-9474(92)90244-E
http://dx.doi.org/10.1103/PhysRevC.65.014311
http://dx.doi.org/10.1016/j.nuclphysa.2007.11.012
http://dx.doi.org/10.1103/PhysRevC.79.034318
http://dx.doi.org/10.1142/S0218301309014184
http://dx.doi.org/10.1088/0256-307X/28/10/102101
http://dx.doi.org/10.1140/epja/i2013-13015-x
http://dx.doi.org/10.1103/PhysRevC.91.017302
http://dx.doi.org/10.1103/PhysRevC.71.024308
http://dx.doi.org/10.1103/PhysRevC.87.067305
http://dx.doi.org/10.1103/PhysRevC.86.014310
http://dx.doi.org/10.1103/PhysRevC.89.017304
http://dx.doi.org/10.1103/PhysRevC.93.054312
http://dx.doi.org/10.1103/PhysRevC.91.024305
http://dx.doi.org/10.1016/j.nuclphysa.2016.03.056
http://dx.doi.org/10.1088/0954-3899/39/8/085104
http://dx.doi.org/10.1103/PhysRevC.88.054328
http://dx.doi.org/10.1103/PhysRevC.89.034316
http://dx.doi.org/10.1016/j.ppnp.2014.01.006
http://dx.doi.org/10.1103/PhysRevC.65.041302
http://dx.doi.org/10.1016/j.ppnp.2005.06.001
http://dx.doi.org/10.1103/PhysRevC.74.054318
http://dx.doi.org/10.1103/PhysRevC.74.064317
http://dx.doi.org/10.1103/PhysRevC.61.047302
http://dx.doi.org/10.1016/j.physletb.2013.06.018
http://dx.doi.org/10.1016/j.nuclphysa.2015.04.010
http://dx.doi.org/10.1088/1674-1137/42/11/114101
http://dx.doi.org/10.1103/PhysRevC.81.031302
http://dx.doi.org/10.1016/j.nuclphysa.2018.01.012
http://dx.doi.org/10.1103/PhysRevC.98.034313
http://dx.doi.org/10.1016/0375-9474(88)90370-3
http://dx.doi.org/10.1016/0375-9474(92)90244-E
http://dx.doi.org/10.1103/PhysRevC.65.014311
http://dx.doi.org/10.1016/j.nuclphysa.2007.11.012
http://dx.doi.org/10.1103/PhysRevC.79.034318
http://dx.doi.org/10.1142/S0218301309014184
http://dx.doi.org/10.1088/0256-307X/28/10/102101
http://dx.doi.org/10.1140/epja/i2013-13015-x
http://dx.doi.org/10.1103/PhysRevC.91.017302
http://dx.doi.org/10.1103/PhysRevC.71.024308
http://dx.doi.org/10.1103/PhysRevC.87.067305
http://dx.doi.org/10.1103/PhysRevC.86.014310
http://dx.doi.org/10.1103/PhysRevC.89.017304
http://dx.doi.org/10.1103/PhysRevC.93.054312
http://dx.doi.org/10.1103/PhysRevC.91.024305
http://dx.doi.org/10.1016/j.nuclphysa.2016.03.056

