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Abstract: Atomic Mass Evaluation (AME2016) has replenished the latest nuclear binding energy data. Other physic-
al observables, such as the separated energies, decay energies, and the pairing gaps, were evaluated based on the new
mass table. An improved Weizsidcker-Skyrme-type (WS-type) nuclear mass model with only 13 parameters was
presented, including the correction from two combinatorial radial basis functions (RBFs), where shell and pairing ef-
fects are simultaneously dealt with using a Strutinsky-like method. The RBFs code had 2267 updated experimental
binding energies as inputs, and their correspondent root-mean square (rms) deviations dropped to 149 keV. For the
training of other mass models by RBFs correction, rms deviations are clustered between 100 keV to 200 keV. Com-
pared with other experimental quantities, the rms deviations calculated within the improved WS-type model falls
between 100 keV and 250 keV. We extrapolate the binding energies to 12435 nuclei, which covers the ranges
8<Z <128 and 8 < N <251 in the framework of the WS-type model with RBFs correction. Simultaneously, the
ground state deformations 3, 4 ¢ and all parts in the WS-type mass formula are presented in this paper. Finally, we
tabulated all calculated characteristics within the improved formula and linked them to https://github.com/lukeronger/
NuclearData-LZU: nuclear binding energies, one-nucleon and two-nucleon separation energies (S y, p, 20, 2p), @ and -

decay energies (Qq and Qp- s+, gc), and the pairing gap A, and A,
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1 Introduction

The nucleus is regarded as a many-body system in
which nucleons interact with each other in an intricate
manner. The ground state binding energy of a nucleus is
one of its basic characteristic properties and has long
served [1-8] not only as a test system for various theoret-
ical and experimental developments that aimed at the ac-
curate determination in some burgeoning nuclear physics
areas, such as super-heavy nuclei and exotic nuclei, but
also as an indispensable tool in many other branches of
physics, such as astrophysics [9, 10].

Other basic characteristics are essential means for a
better understanding of the new branches of nuclear phys-
ics, such as nuclear structures [11-14], the compound-
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nucleus mechanism of nuclear reactions including nucle-
ar fission and fusion [15]. For example, one-nucleon and
two-nucleon separation energies are regarded as a direct
way of testing shell closure [15, 16] and further for find-
ing new candidates for magic numbers in super-heavy
nuclei. Decay energies, contained « [17-19] and B-decay
energy, cluster emission [20, 21], and spontaneous fis-
sion [22, 23] are necessary inputs for studying the stabil-
ities of nuclei and the probabilities of synthesizing new
nuclei. Neutron and proton odd-even staggering (OES) of
nuclear binding energies may reflect the pairing correla-
tion effects inside the nucleus [11, 12]. Theoretically, es-
timating the contribution of pairing effects in nuclei is ex-
tracted from the nuclear binding energies [24-45].

The limitation or lack of experimental technique in
aforementioned studies led to many types of theoretical
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mass models, where other basic characteristics can be de-
termined.

The nuclear binding energy for a nucleus is given by
B(Z,A) = [ZMy + NM, — M(Z,A)]c>. After the develop-
ments of several decades [1-8, 16, 46—56], two kinds of
typical mass models are continuously proposed: local
mass models and global ones. Each has both advantages
and shortcomings. In general, the rms deviations in local
mass models [57-60] are smaller than in most global mass
models. Global mass models, where many up-to-date
physical effects are considered and simultaneously fitted
by all known experimental data, show a more powerful
extrapolation ability than local mass models. The relativ-
istic mean-field (RMF) model [46, 47], Hartree-Fock-
Bogoliubov [48—50], finite-range droplet model (FRDM)
[16], Doflo-Zuker (DZ) [51, 52], Weizsicker-Skyrme
(WS) model along with a series of modified WS mass
models [53—55], a mass formula performed by Bhagwat
[61], and other nuclear mass formulae [62] are represent-
atives of global mass models. All the rms deviations of
these global mass models roughly range from 260 keV to
2000 keV.

Recently, we developed a new macroscopic-micro-
scopic Weizsdcker-Skyrme-type mass model [56, 63, 64],
now referred to as the WS-type model, in which the pair-
ing energy dealt with the Bardeen-Cooper-Schrieffer
(BCS) theory [24], and ultimately the shell and pairing
effects were integrated into the Strutinsky method [65,
66]. With the help of the two combinatorial radial basis
functions (RBFs) corrections [67] (inspired by the radial
basis function approach [64, 68—71]), the WS-type mass
formula is further improved. With the publication of the
new mass table (AME2016), more unknown nuclei can
be extrapolated within the improved mass model and the
RBFs correction, where these updated experimental data
serve as new inputs in the RBFs correction.

The remainder of this paper is organized as follows:
A detailed description of the Weizsdcker-Skyrme-type
mass model and the two combinatorial RBFs corrections
are presented in Section 2. In Section 3, the experimental
binding energies of 2267 known nuclei (green squares in
Fig. 1) and the additional 136 nuclei (violet balls) are
used as inputs to the WS-type model, and other mass for-
mulae are trained by the RBFs corrections. Some system-
atic calculations for the known and the extrapolated
12435 nuclei (green open squares) are extracted from the
improved WS-type mass model, including the ground
state deformations S, 46, all ingredients of the WS-type
model, nuclear binding energies, separation and decay en-
ergies, as well as pairing gap energies, and they are
shown in Section 4. We have summarized the work in
Section 5. Finally, all basic characteristics of 12435 nuc-
lei are tabulated and linked to https://github.com/luker-
onger/NuclearData-LZU.

2 Improved Weizsicker-Skyrme-type (WS-
type) mass model

Similar to most global nuclear mass models within
the framework of the macroscopic-microscopic method,
the original Weizsidcker-Skyrme-type (WS-type) mass
model can be calculated as a sum of the macroscopic en-
ergy Buac, Which was generally extracted from the liquid
drop energy (Brpm ), and the microscopic energy Bic.

2.1 Original WS-type mass model

The pairing correction in the Weizsidcker-Skyrme
model [72] was Epyr = dpairA™/36pp, Where the expres-
sion of d,, depends on the values of the proton number Z
and neutron number N, expressed as (here, I = (N —-Z)/A
[73])

2—|Il, NandZeven
|11, N and Z odd

5o = 1-|l], Neven, Zodd, and N >Z
") 1-|Il, Nodd, Zeven, and N <Z
1, Neven, Zodd, and N <Z

1, N odd, Z even, and N > Z.

The pairing correction was treated in a different man-
ner in the WS-type model. We move the pairing term in-
to the microscopic part By and perform calculations us-
ing the standard BCS method. Shell and pairing effects
are simultaneously evaluated by a procedure similar to
the Strutinsky method (the detailed derivation of micro-
scopic energy will be given later). For the WS-type mass
model, the macroscopic part mainly contains volume, sur-
face, Coulomb, and asymmetry terms. Therefore, the ori-
ginal WS-type mass formula [56] can be written as

B(ZAB) = Buom | |(1+538D) + Buie(Z Ao, (1)
ke>2
where Z and A are the nuclear charge number and mass
number, respectively. B is the deformation parameter,
and by is explained in the following section.

2.1.1 Macroscopic energy

Experimental results show that most nuclei displayed
different deformations. Ref. [72] mentioned that, consid-
ering only axially deformed cases, the effects of nuclear
deformation on the macroscopic energy exhibit a parabol-
ic approximation, if the Skyrme energy-density function
and the extended Thomas-Fermi approximation (ETF)
were considered together. They had verified this parabol-
ic approximation by calculating the binding energy (Ey)
of spherical nuclei and the energies (Eg ) with different
deformations via an integral over the Skyrme energy-
density function under the ETF approximation. The
curvature of the parabola for the different 8; deformation
values can be approximately described as
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where g; and g, are parameters fitted by the measured
nuclear masses.

By considering the deformation effect (hence, our
model is called Weizsédcker-Skyrme-type model), the ex-
tended macroscopic energy was expressed as

Bwmac(Z, A, b, Bi) =[Bvol + Bsut + Bcol + Basy]

[ [(1+838}). 3)

2
where By is the volume term, which provides a descrip-
tion of the saturation property of nuclear force, with /24
being the asymmetry energy of the Bethe-Weizsdker
mass formula [74-77]. Bsut 1s the surface term consider-
ing the deficit of binding energy of nucleons at the sur-
face, Bcou 1S the Coulomb term, which reproduced the
Coulomb repulsion between protons [74], and B,y is the
asymmetry term, all of which are respectively given by

Bvol = ay(1 +k,I*)A,

Bsut = a,(1+k,?)AT,
22
Bcou = ac;(] _0-76272/3),

2-
2+|1A
Here, a,,k,,as, ks, a.,c, are model parameters, and includ-
ing g; and g, there are eight adjustable parameters in the
macroscopic part.

For consistency of parameters in the model between
the macroscopic and microscopic parts, the isospin-de-
pendent component of the macroscopic energy, including
the asymmetrical part in volume term a,k,I’A, surface
2-11
2+ (1A
ately equal to the isospin-asymmetry part V; of the Woods-
Saxon potential depth in the microscopic part Byic, i.€.
Q-
Q@+l ~

Basy =1

term a.k,I>A%3, asymmetry term c; is approxim-

ak, +ask5/Al/3 +cp

“)

2.1.2  Simultaneous calculation of the shell and pairing

correction

To calculate the microscopic energy, one should diag-
onalize the Hamiltonian in axially deformed harmonic os-
cillator bases, where the code WSBETA [78] is applied.
Single-particle levels and shell energy are calculated with
the Strutinsky procedure.

An axially deformed Woods-Saxon potential depth is
used in the calculation of the microscopic part. The cent-
ral potential V takes the form of

Vdeplh

Ve TRy
1+exp(—)
a

®)

where a is the diffuseness parameter of the central poten-
tial, and R = rgA'/? is the nuclear radius. Vyepn = Vo £ V,I
denotes the depth of the central potential, with the addi-
tion for neutrons and the subtraction for protons. We as-

sume that the isospin-asymmetry part of the potential

N 13 4 o 22D
'depth V= ayk, +agks /AP + ¢ 211 [see Eq. (4)]. Vo
1S constant.

Whilst the isospin-orbit potential Vi, needs to be con-
sidered,

Vdepth
r—R)

1 +exp( P

A 2
VSO = /l(z—m) X V

where combining the isospin-dependence, for proton
A=A9(1+Z/A), and for neutron A = 1p(1 + N/A), both de-
note the strength of the spin-orbit potential.

The total single-particle Hamiltonian in this code was
expressed as

H=T+V+V,. (7

We evaluated the shell correction by using the stand-
ard Strutinsky approach, in which the Dirac generalized
single-particle level density (SPLD) and the corresponding
smoothed SPLD [79, 80] calculated with a convolution

M
gle)= Z dié(e - &), 3
i=1

1 & E—¢&;
2e)=— ) dK -1, 9
2(e) 72; ( 7) ©)

where &; and d; are the single-particle energy and its de-
generacy, respectively. M denotes the number of single-
particle levels. The function K(x) is a bell-shaped kernel
and takes the Gauss-Hermit polynomials with the order
p=6. y = 1.2%wy is the smoothing width, and hwy =414-1/3
MeV is the mean distance between the gross shells.

The standard BCS method is utilized to evaluate the
pairing energy. The simplest seniority-type pairing force,
the pairing interaction Vi = —Gaja?+ asa; is chosen, in
which k (for k=1i,j) denotes the label for the time-re-
versal partner of the 4-th eigenstate of the single-particle
Hamiltonian. Here, G is the pairing force strength. The
pairing gap A and the constraint on the expectation value
of the number of particles were modified by the follow-
ing two forms of SPLD, given by the standard gap equa-
tions

P 1
— = s (10)
G ; V(€ — Apcs)? + A
A € — ABCs
N=>|1- . (11)
=1 V(& — Apcs)? + A?

The corresponding continuous expressions of the gap
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equations take form

2(e)de, (12)

2 1f°° 1
G 2J-w (e~ Apcs)* +A

N= lf [1_ €20 laede.  (13)
Here the pairing gap A and the chemical potential Apcs
are determined by the two coupled equations for a given
force strength G. Agcs denotes the Fermi level. The dis-
crete BCS energy Bpcs and the corresponding smoothed
BCS energy Bgcs can be derived from Eq. (12) and Eq.
(13), respectively

M
BBcs=Z(l— &~ dpcs )e—A—2
=1 V(€ — Apcs)? + A? G

x2

) S 3 A
Bpcs = = STBSS | eg(e)de— —,

1- =
2 Jow V(€& = Apcs)? +A? G

here A= (—12|N Z|+7.5)/A‘/3 in Ref. [81] is adopted.
For simplicity, we set the radius and diffuseness of the
single-particle potential of protons equal to those of neut-
rons.

The final average value B, of the pairing energy and
the corresponding smoothed one B, can be written as

Bp = Bpcs — Bs.p.s (14)

Bp = BBCS - Bs.p.' (15)

where By, is the sum of all occupied single-particle level
energies, B, is the smooth of B, both extracted with
the Strutinsky method [66, 67].

The pairing correction is defined as the difference
between the pairing energy B, of the considered nucleus
and that of an averaged value B, for the same nucleus

[82, 83]. The shell correction energy takes a similar form.
Bp,ir = Bp - Bp, (16)

Bshen = Bs,p. - Bs,p.- (17)

Substituting Eq. (15) into Eq. (16), together with Eq.
(17), the microscopic correction energy By derived from
the Strutinsky approach and the BCS method is

Butic = Bpair + Bshell = Becs — Bacs. (18)

Further, the results of Ref. [53] indicate that consider-
ing the mirror nuclei constraint and the isospin-sym-
metry-breaking effect, the rms deviation of nuclear bind-
ing energy can be further reduced. Because an additional
term |I|Bghen can effectively reduce the shell correction
deviation in pairs of mirror nuclei, we introduced a new
parameter fi, which is a scale factor of the microscopic
energy [see Eq. (18)]. Thus the final microscopic energy
takes the form of

Byic = fiBwmic + 1B - (19)

2.2 Two combinatorial radial basis functions correction

The RBF approach [68, 69] as one of image recon-
struction techniques has been adopted in the mass for-
mula to improve the accuracy of nuclear binding ener-
gies [64, 70]. One would expect that the other physical
observable could be improved at the same time.
However, this fails to account for odd-even staggering
(OES) of binding energies captured by nuclear mass,
which is generally utilized to characterize the nuclear
pairing correlation. One-nucleon separation energy also
deteriorated. Two combinatorial radial basis function pre-
scriptions (with the name of RBFs correction [65]) as a
well-handled RBF approach assimilated the virtues of
RBF approach and added the odd-even effects simultan-
eously. The RBFs approach has shown significant im-
provements with respect to the above-mentioned physic-
al quantities of nuclei in Ref. [65].

First, the operation of the general RBF approach must
be known. For a given nucleus, the reconstructed smooth
function S (x) is

S0 =) wiglllx—x), (20)
i=1

where m is the number of data points to be fitted; x; de-
notes the point from measurement, and w; is the weight of
the center x;. ||x— x;|| is the Euclidean norm and the radial
basis function ¢(r)=r. Here, r denotes the distance
between two nucleus (Z;, N;) and (Z;,N;)

r= \JZi~Z)? + (N = N). @1
The weight w; is obtained by solving the matrix equation

w1 o1 P2 o Dim - f
wy |_| $u ¢ 0 dom f 22)

W Omt G2 Dum Jm

with ¢;; = ¢(llx; —x;I) G, j=1,...,m). f; denotes the devi-
ation between the experimental binding energy and the
calculated one.

Inserting the weight w; and the radial basis function
¢(lx — x;|[) into Eq. (20), the reconstructed smooth func-
tion S(Z,N) are obtained. Thus, the nuclear binding en-
ergy calculated with the RBF correction is the sum of the
original calculated binding energy and S (Z, N).

As the first step, for a given nucleus, 2266 known
binding energies of nuclei in the atomic mass evaluation
of 2016 (AME2016) [6—8] are used to train the RBF ap-
proach. Thus, m = 2266 and f; = Bexpi(Z,N) — Boyig(Z,N)
in Eq. (22), where Boyig denotes the binding energy calcu-
lated within the original WS-type model. The first re-
vised binding energy of a nucleus is given by

BrBr(Z;, N;) = Borig(Zi, Ni) + S orig (Zi, Ny). (23)
Here, we mark the first reconstructed smooth function as
N Orig-

044105-4



Chinese Physics C Vol. 43, No. 4 (2019) 044105

In the second step, according to the odd-even prop-
erty, 2267 nuclei are divided into four categories: even-
even, even-odd, odd-even, odd-odd. For a given nucleus,
the congeneric nuclei are employed to train the RBF cor-
rection again. This means that the value of m depends on
the number of congeneric nuclei. Deviations f; are also
modified as f; = Bexpi(Zi, Ni) — Brr(Z;, N;). Thus, we ob-
tain a new set of reconstructed smooth functions, la-
belled So.(Z,N). The total contribution from the RBFs
correction is

S Total(Z,N) = SOrig(Z7N)+Soe(ZaN)7 (24)

The final nuclear binding energy for a nucleus can be
written as

Brprs(Z,N) = BOrig(Zs N) + 8 Tota1 (X). (25)

2.3 Numerical details and model parameters

There are 13 adjustable parameters: 8 parameters (a,,
ky, as, ks, g1, &2, ac, 1) in macroscopic part and 5 paramet-
ers (Vp, diffuseness parameter a, radius parameter rg, the
strength of the spin-orbit potential 2y, scale factor fi) in
the microscopic part.

The first step is the selection of the experimental
binding energies of the known nuclei. In our model, 2267
selected nuclei [green squares in Fig. 1] are used to fit the
13 model parameters. All selected nuclei satisfied two
conditions: N and Z are larger than 7, and the standard de-
viation uncertainty on the mass is lower than or equal to
150 keV, as in Ref. [5].

3 i
=] FFE
g
g
o N=184
= Z=50
&
o N=126
7=28 | bagii ¥ i 272 Stable nuclei
Z=20 Wl N=282 2267 Fitting nuclei
e 136 AME2016 new nuclei

') L
N=207 N=28"

12435 Extrapolated nuclei

Neutron number

Fig. 1.

(color online) Nuclear landscape in this study, dark green squares denote 272 stable nuclei in AME2012; green squares repres-

ent 2267 nuclei selected to fit mass formula; additional 136 nuclei are labeled by violet balls, and the extrapolated 12435 nuclei are

marked as open green squares.

The second step is inputting a set of deformation val-
ues for 2267 nuclei. By varying these 13 adjustable para-
meters and searching for the minimal deviation of the
2267 nuclear masses from experimental data by using a
nonlinear least squares fitting procedure, these new 13
parameters are fixed to calculate the deformation of nuc-
lei. Thereby, the first round is finished. The second round
is the repetition of the operations in the first round. The
new parameters and deformations are taken as new in-
puts in every repetitive operation, until the rms deviation
becomes minimal.

The third step involves proceeding with the RBFs
correction (here, taking the new atomic mass evaluation
(AME2016) in Ref. [6] as inputs).

3 Nuclear binding energy of known nuclei
3.1 Nuclear binding energy of improved WS-type model

In our model, the optimal rms deviation between the

calculated nuclear binding energies and the experimental
ones is 493 keV, and the average discrepancy is —0.0108
MeV [56]. The corresponding parameters are listed in
Table 1.

The rms deviations of the improved model with RBFs
correction are reduced to 149 keV. The deviations
between the experimental and calculated binding ener-
gies are plotted in Fig. 2(a) and (b), respectively. Some
obvious differences appear along with the closed shell
and the collectively-deformed region in Fig. 2(a). With
the RBFs correction, almost all deviations in Fig. 2(b)
tightly populate the area between 0.25 and —0.25 MeV
and become smaller than the deviations in Fig. 2(a). Es-
pecially in the region near the neutron and /or proton ma-
gic numbers, significant improvements have been
achieved. This indicates that the original WS-type model
does not function optimally in these regions. Fig. 2(c) dis-
plays the reconstructed smooth function S 1o, in the nuc-
lear chart. Here, S 1o denotes the contribution from the
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Table 1.

mass formula.

Thirteen model parameters of Weizsdcker-Skyrme-type

ay ky as ky ac c 81
15.4654 —1.8391 —17.1929 -2.0516 —0.7082 —28.2525 0.0093
82 Vo ro a Ao h
—0.4015 —44.9430 1.3880 0.7765 27.8003  0.8557

RBFs correction. As we expected, the reconstructed
smooth function shows the same behavior with the devi-
ations in Fig. 2(a). Because S1o, depends on the weight
omega; for a given nucleus, and omega; is determined by
the deviations f; and the distance between two nuclei.

Six isotopes, O, Ca, Fe, Ba, Au, U, are chosen as ex-
amples in Fig. 3 to show the behaviors of six terms along

with the increasing neutron number N in mass formula:
the volume term By, surface Bsy, Coulomb Bcoul,
asymmetric Basy [see Eq. (4)], microscopic Bwic [see Eq.
(19)], and the total reconstructed smooth function S o
[see Eq. (24)] of the total binding energy. The volume
term Byyl, surface term Bgys, and Coulomb part Beoy per
nucleon are three crucial ingredients for the total binding
energy of a nucleus. Meanwhile, the contributions from
the asymmetric part Bagy, microscopic part By, and the
total reconstructed smooth function S per nucleon are
much smaller in comparison, especially for isotopes in
the middle-heavy and heavy nuclear subregions, such as
Fe, Ba, Au, and U. Combined with the corresponding
macroscopic and microscopic parameters listed in Table 1,
13 parameters in the WS-type model are in accordance

[ R AR R B 1 vl
20 40 60 80 100 120 140 160
Neutron Number

T L) 2 P o T T T T
100 L B Borie (MeV) | Bepi Brors (MeV)
(a (b)
5]
°
g
E]
Z
=1
2
2
~
./)’
LT T R (O R I IO B R o
20 40 60 80 100 120 140 160
Neutron Number
Fig. 2.

B (MeV)
©

-0.15 -
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0.25

20 40 60 80 100 120 140 160
Neutron Number

(color online) Contour map of differences between experimental and calculated binding energies for 2267 nuclei as a function

of neutron and proton number. Horizontal and vertical dot-dashed lines denote neutron and proton magic numbers. (b) As in (a), but
for improved WS-type model with RBFs correction. (c) Total reconstructed smooth function S .
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Fig. 3. (color online) Six terms of total binding energy per nucleon in MeV. Light gray squares and dark green balls represent volume

energy By, and surface term Bgyy, respectively. Magenta upward triangle and cyan downward triangle represent asymmetry term

Basy and Coulomb term Bcoy, respectively. Black diamonds correspond to microscopic term By and green squares refer to the ener-

gies of total reconstructed smooth function S = S orig + S0 per nucleon for six isotopes.

044105-6



Chinese Physics C Vol. 43, No. 4 (2019) 044105

with the other theoretical mass model. Hence, six terms
show the same behaviors with other theoretical models.
In addition, the corresponding energy for six terms are
reasonable. For example, the microscopic energy By, per
mass number in Fig. 3 is between 10 MeV to 16 MeV for
every isotopic chain. This is in accordance with the para-
meter a, in Table 1, which yields 15.4654 MeV, i.e.,
roughly between 15 to 16 MeV. For the microscopic en-
ergy, it is generally common to amount to several MeV.
An interesting phenomenon displayed in isotope Ba (Z =
56) is that Bcou /A ~ Bsut/A (Where 4 is the mass number
of a nucleus).

Furthermore, the 136 newly added nuclei in AME2016

«|AB|> 1.0 +1.0>|AB|>0.5

100 3
w80 %— e ° —%
2 E . E
g E 3
2 60F ol ¥ 3
N -
g 40F s 3
I oo’
20 ¥ E
E .5? BF,xpl, - B()rig§
0 Bl bbb isodnn b &

0 20 40 60 80 100 120 140 160

Neutron number

Fig. 4.

[6] (compared with the atomic mass evaluation
(AME2012) [5]) are used to investigate the effect of the
RBFs correction. The spheres in Fig. 4 indicate the distri-
butions of the additional 136 nuclei (8 <Z < 110). The
discrepancies between experimental binding energies and
the calculated ones within the original WS-type model
are shown in the left panel in Fig. 4, with almost half of
the 136 differences being larger than 0.5 MeV. These re-
vised discrepancies (AB = By, — Brprs) are calculated
with the improved model in the right panel and are smal-
ler than the results in the left panel, with most deviations
clustered between —0.2 and 0.2 MeV.

0.5>|AB|>0.2 0.2>|AB|>0
100

80
60
40

20

© T T T

20 40 60 80 100 120 140 160
Neutron number

(color online) Two kinds of deviations between measured binding energies (in AME2016) and WS-type model predictions

with/without the RBFs correction for 136 new added nuclei. Black balls denote the deviations of |AB| > 1 MeV. Gray and light gray
balls and open balls represent the deviations of 0.5 < |AB| < 1, 0.2 < |AB| < 0.5, 0 < |AB| < 0.2 MeV, respectively.

3.2 Other nuclear mass formulae

With the incorporation of the RBFs correction, Fig. 5
gives insight into the dependence of the rms deviations on
the sectionalized subregions for other mass models, i.e.
WS-type, DZ31 [52], FRDM [16], WS4 [55], Bhagwat
[61], and RMF [47]. Similar to the partitions in Ref. [56],
the global region (Z,N > 8), light (8 < Z < 28), medium-I
(28<Z<50), medium-II (50<Z<82), and heavy
(Z > 82) are respectively labeled by G, L, M-I, M-11, and H.

Four main results are summarized in Fig. 5: (i) the
WS4 model gives the best description without the RBFs
correction (blue stars) compared to other models; (ii) all
rms deviations of the six models with the RBFs correc-
tion (magenta balls) are reduced to 100—200 keV in the
global region; (iii) these dependences show similar beha-
viors for the WS-type, DZ31, FRDM, WS4, and Bhag-
wat models with/without the RBFs approach. The RMF
model shows different trends from the other five models;
(iv) all of the deviations within the RBFs correction show
similar trends in the six models.

There are additional 37 nuclei in the region where Z >
100, which fall into the heavy subregion (labeled by H)
from AME2016. Detailed distributions of these nuclei are

demonstrated in Fig. 6(a). Four subgraphs on the right-
hand side show two kinds of discrepancies between ex-
perimental binding energies and the theoretical calcula-
tions with/without the RBFs correction for the above-
mentioned six mass models. Fig. 6(b) and Fig. 6(c) show
that (i) compared with calculations of the original six
models [Fig. 6(b)], all the revised deviations [(Bexpi—
Brgrs) in Fig. 6(c))] are sharply reduced and fall into the
region of —0.5 < (Bgxpi—Bca) < 0.5 MeV; (ii) most of the
differences of DZ31, FRDM, and RMF models are larger
than the expected range shown by light magenta band in
Fig. 6(b). This means that most of the binding energies
calculated with the three above-mentioned theoretical
models are larger than the experimental data. Fig. 6(b)
provides therefore a good motivation for improvement in
the heavy subregion for above models.

4 Other calculations for the known and the
extrapolated nuclei

4.1 The extrapolation of 12435 nuclei

After testing the availability of the RBFs correction
by introducing it into the original mass models, the ulti-
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(color online) Two kinds of rms deviations calculated using original six models (blue stars) and improved models with RBFs

correction (magenta balls) for five subregions, global (all nuclei with Z, N > 8) (labeled by G), light (8 < Z < 28) (labeled by L), medi-
um-I (28 < Z < 50) (labeled by M-I), medium-II (50 < Z < 82) (labeled by M-II), and heavy (Z > 82) (labeled by H). Rms of the global

region is given in light cyan area.
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(color online) Distributions of newly added 37 nuclei in H subregion (Z > 82) in (a); two kinds of deviations for original and
improved six mass models are shown in (b) and (c), respectively. Deviations of Bhagwat (blue open upward-pointing triangles),
WS4 (green circles), WS-type (red open squares), DZ (dark green balls), FRDM (magenta stars), and RMF (cyan diamonds) models.

mate aim in this study is to calculate some basic charac-
teristics of the 12435 nuclei (8 < Z < 128 and 8 <N < 251),
as shown in Fig. 1 based on the improved WS-type mod-
el, including nuclear binding energies, one-nucleon and
two-nucleon separation energy (Sp, Sp, Soq, and S»p), de-
cay energy (Qq, Op-, Op-, and Qgc) as well as pairing gaps
(Aqand Ap).

In the WS-type model, the effects of nuclear deforma-
tion play a very important role in the description of nucle-
ar binding energy. A deformed shape weakens the Cou-
lomb energy and enhances the nuclear surface energy rel-
ative to a spherical one. In Fig. 7, we show the calculated
ground state deformations of each nucleus with the WS-
type model for all 12435 nuclei [see Eq. (2)]. Clearly, (i)
the global amplitudes of the quadrupole deformation 3,

are larger than that of B4, which in turn are larger than
that of B¢; (ii) nearby the known traditional magic nuclei,
B2.4.6 ~0. This means that these nuclei are spherical or
near spherical in shape; (iii) B4, ¢ deformations in light
nuclei (labeled by L) are not very obvious and increase
with increasing neutron number; (iv) N = 184 is a candid-
ate of the neutron magic number.

For a given nucleus, six terms are included in the im-
proved WS-type mass formula. They are the volume
term, surface term, Coulomb term, asymmetry term and
the microscopic term, as well as the total reconstructed
smooth function. As in Fig. 3, Fig 8 displays the global
behaviors of the aforementioned terms in a nuclear chart.
It is observed that (i) Bvoi/A (gray balls) and Bcoy /A (dark
green balls) are still dominant contributions to the total
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(color online) Three groups of deformations for 12435 nuclei, i.e. quadrupole deformations B,and B4, and B¢ as functions of

neutron and proton numbers are shown in (a), (b), and (c), respectively. Traditional proton and neutron magic numbers are marked

with blue and red lines, respectively.

binding energy; (ii) Bsut/A (cyan balls) is large in the be-
ginning and then decreases with increasing proton num-
ber; (iii) traditional magic numbers, Z = 28, 50, and 82
clearly appear in the microscopic energy Bpic/A (black
balls); (iv) Bsuf/A, Basy/A (magenta balls), Byic/A and
Stotal /A = (Sorig + Soe)/A (green balls) and eventually get
saturated with increasing proton numbers.

4.2 One-nucleon and two-nucleon separation energies

Generally, the statistical observable o, and the aver-
age values D are introduced to estimate the reliability of
theoretical models,

1 n
Orms = \/E Zi:l |Bcate — BExptlz; (26)
1 o
D=3 [Beuc = Brspl, 27)

where Bc,e and Bgyy are the calculated and correspond-
ing experimental binding energies, respectively.
One-nucleon and two-nucleon separation energies in-
dicate how difficult it is to peel off one and two nucleons
from the parent nucleus. Hence one- and two-neutron
(proton) separation energies can be extracted from the
nuclear binding energy by wusing the definition
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Fig. 8. (color online) Six ingredients per nucleon of total

binding energy for extrapolated 12435 nuclei are shown

[same as Fig. 3]. Gray, cyan, dark green, black, and

magenta balls, and green squares represent volume, surface,

Coulomb, asymmetry, microscopy terms and the total re-

constructed smooth function, respectively. Z = 28, 50, and

82 denote proton magic numbers.

Sn/m(N,Z) = B(N,Z)— B(N —n/2n,Z)(S pj2p(N,Z) = B(N,Z)—
B(N,Z - p/2p)). The most striking application is to find
some information about the shell structure. In particular,
two nucleons separation energies are useful for finding
new magic numbers in super-heavy and exotic nuclei [84,
85].

As mentioned before, when the general radial basis
function is used to train the mass formula, the rms devi-
ations of one-nucleon separation energy became larger
than that of the original mass formula. Hence, we check
the behavior of the one-neutron (proton) separation en-
ergy in the global nuclear chart.

Odd-even properties of nuclei are applied to divide
2267 nuclei into four categories, i.e. even (Z£)-even (N),
even-odd, odd-even, and odd-odd. The deviations between
calculated one-neutron separation energies and experi-
mental ones as functions of neutron and proton numbers
are demonstrated in Fig. 9. Sub-graphs in the left column
denote the deviations from the original WS-type mass
formula. The right column depicts the WS-type with the
RBFs correction. For even (Z)-even (N) nuclei, many de-
viations from the WS-type model are greater than 0.25
MeV, while the data for even-odd nuclei are less than
—0.25 MeV. By applying the RBF method, almost all de-
viations for four groups in the right column are smaller

than that of data in the left column to a great extent. Fur-
thermore, as we expected, the one-neutron separation en-
ergy for four groups in the left column exhibits the same
behaviors and is in broad agreement with the experiment-
al separation energy.

The results of the one-proton and one-neutron separa-
tion energies are same, and they are plotted in Fig. 10. In
contrast to the deviations in the left column in Fig. 9, this
time, the data in the odd (Z)-even (N) group are less than
—0.25 MeV. After incorporating the RBFs correction, the
deviations of four groups in the right column are sharply
reduced and, simultaneously, almost populated the area
between 0.25 and —0.25 MeV.

Detailed rms deviations oms and O of one-neutron
(proton) separation energies for 2267 known nuclei are
listed in Table 2. Here, the values of o and D for two-
neutron (proton) separation energies are tabulated to
check the improvement of the two combinatorial radial
basis functions correction on the WS-type model. One
can find that all rms deviations o, extracted from the
improved WS-type model (the last row) are systematic-
ally smaller than those of the original WS-type model
(the row above), and tightly cluster between 130 keV and
165 keV. Simultaneously, the average value of D is
sharply reduced. This indicates that the RBFs method is

[ One-neuton separation energy S, I

o
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Fig. 9. (color online) Two types of deviations (§E*" - §Calc)
for even-even nuclei, even-odd, odd-even, and odd-odd
nuclei: sub-graphs in left column—the results of original
WS-type model, right column—original mass with RBFs
correction. Horizontal and vertical dot lines denote neutron
and proton magic numbers, respectively.
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Fig. 10.  (color online) Same as caption of Fig. 11, but for

one-proton separation energy.

an effective tool to improve the one- and two-nucleon
separation energies simultaneously.

Exploring the extreme cases of the proton-to-neutron
ratio in a nucleus, in which protons and neutrons are
bound by strong nuclear and the Coulomb forces, is an
important topic in nuclear physics. This is related to the
limits of the nuclear landscape. Neutron and proton drip-
lines denote the boundaries delimiting the existence of
stable nuclei. For each isotopic (isotonic) chain, the nuc-
leon (proton) drip line on the neutron (proton)-rich side is
at the extreme of this ratio and no stable nuclei can exist.
One- and two-nucleon separation energies provide a dir-
ect judgment for these limits, i.e. if both the one- and
two-nucleon separation energies for a given nucleus are
positive, this nucleus is stable.

Table 2.
(26) and Eq. (27)] for four separation patterns, i.e. Sy, Sp, S2n, and

Statistical observable os and average values D [see Eq.

S 2p obtained from original and improved WS-type model.

Sh S P Son S 2p
models
Orms /keV
WS-type 360 503 444 520
WS-type + RBFs 139 145 162 153
S S So S>
models . ? . i
D /keV
WS-type —14.24 13.31 25.42 —22.65
WS-type + RBFs 1.18 -2.72 0.31 -1.23

Due to the powerful extrapolation ability of macro-
scopic-microscopic nuclear mass formulae, one can extra-
polate nuclear mass for many known nuclei based on
these theoretical mass models. Here, we extrapolate the
nuclear binding energies of 12435 nuclei ( 8 <Z< 128
and 8 <N <251, green open squares in Fig. 1), in the
framework of the WS-type mass model with the RBFs
correction and then calculate one- and two-nucleon separ-
ation energies by using these extrapolated binding ener-
gies. We tabulate all calculated separation energies and
link them to https://github.com/lukeronger/NuclearData-
LZU. One-nucleon separation energies, S, and S, are
scaled by colors and plotted in Fig. 11. Two-neutron and
two-proton separation energies of 12435 nuclei are
demonstrated in the upper and lower parts in Fig. 12, re-
spectively. We find that: (i) as physically expected, four
types of separation energies show the remarkable jump in
the traditional magic number regions, Z, N = 20, 28, 50,
82, and 126. In addition, N = 184 is a possible candidate
of neutron magic numbers, and both are shown in Fig. 11
and Fig. 12. (ii) One-nucleon separation energy S/, for
each nucleus is roughly half of the value of §5,2,. (iii)
One-nucleon separation energies show a remarkable nuc-
lear zig-zag behavior because of the odd-even staggering
(OES) of binding energies. (iv) The behavior of S, in the
up panel in Fig. 11 is the same as two-neutron data S, in
Fig. 12. One- and two-neutron separation energies, S,
and S,,, both decrease with increasing neutron number

One-neutron separation energy S, |
120
3100
E
s 80
e
€ 60
2 .
~ 40 - 272 stable nuclei
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20 Proton-drip line
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Fig. 11.  (color online) One-neutron and one-proton separa-

tion energies for 12435 nuclei, scaled by colors. Double
lines denote traditional neutron and proton magic numbers.
Dark green squares represent 272 stable nuclei.
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Fig. 12.  (color online) Consistently with Fig. 11, but for
two-neutron (proton) separation energy. This time, contour
plots are used.

for an isotopic chain, and finally both become negative.

With the behavior of the neutron separation energy,
here we can further determine the neutron drip-line by us-
ing S, >0. As consistent behavior is presented in each
isotonic chain, the proton drip-line can be extracted, i.e.
Sp>0. In Fig. 11 and Fig. 12, the violet dotted line rep-
resents the extracted proton drip-line, and the orange line
represents the neutron drip-line under the framework of
the improved WS-type model. All extrapolated figures
also include plots of the 272 stable nuclei. Nuclei near or
over the neutron and proton drip-lines are not stable.
Hence, the existence probability of these nuclei is almost
zero. In addition, the Coulomb interaction among pro-
tons leads to the experimentally known nuclei (green
squares and violet balls in Fig. 1) that are near by the pro-
ton drip-line and far away from the neutron drip-line.

4.3 alpha- and beta-decay energy

Between the neutron and proton drip-lines, nuclei
have a reasonable probability to exist, and they prefer-
ably emit nucleons, such as alpha- and beta-particles,
close to the valley of stability. The stability and radioact-
ive decay of a nucleus are further related to the predic-
tion of the 'island of stability' of superheavy nuclei (SHN)
and their synthesis. Generally, several decay forms ap-
pear in many SHN, such as a-decay, B-decay, electron
capture, cluster emission, and spontaneous fission.

For heavy and superheavy nuclei, a-decay and spon-
taneous fission (SF) are two main processes that compete
with each other. A mother nucleus emits an alpha-particle
and then decays into a daughter nucleus, the process be-

ing referred to as alpha-decay. In general, alpha decay oc-
curs only in some heavier nuclei. Alpha-decay energy Q,
is an indispensable input for other theoretical models to
study a-decay half-lives of nuclei. It is defined as

Qo =B(@)+B(Z-2,A-4)-B(Z,A), (28)

where B(a) =28.296 MeV denotes the binding energy of
the « particle. B(Z,A) and B(Z-2,A —4) are the total bind-
ing energies of mother and daughter nuclei, respectively.
Another important decay form is beta-decay. There
are three types of beta-decay: 8~ decay, B*decay, and the
electron capture (EC). Unlike alpha decay, which is gov-
erned by the nuclear and Coulomb forces, beta-decay is a
consequence of the weak force. The three types of beta
decay energy, Op-, Op+, and Qgc, can be written as [86]

Qs =B(Z,A)—B(Z+1,A), (29)
Qs = B(Z,A)—- B(Z~1,A), (30)
Orc = B(Z,A)- B(Z—1,A) - B, 31)

where B. is the electron binding energy. B(Z,A) and
B(Z-n,A) are the total binding energies of parent and
daughter nuclei, respectively.

We extract the values of alpha- and beta-decay ener-
gies from the calculation of WS-type mass formulae with
two combinatorial RBFs corrections. As in the one- and
two-nucleon separation energies, we first tabulate the rms
deviations ops and the average values of D in Table 3
for alpha- and beta-decay energy by using Egs. (26) and
(27) to check the effect of the RBFs correction.

Compared with the results from the original WS-type
model, one can find the rms deviations of Q,, Q‘Z, QE, and
Qgc evaluated by the WS-type with the RBFs method,
marked as WS-type + RBFs, are sharply reduced from
500 keV to 200 keV. The values of D also decrease. Fur-
thermore, we calculate these four kinds of decay energies
for the nuclei in the extrapolated nuclear landscape. De-
tailed data are listed at https://github.com/lukeronger/
NuclearData-LZU. Fig. 13 demonstrates the alpha-decay
values for nuclei 50 < Z < 128 only, because alpha-decay
typically occurs in some heavy and superheavy nuclei.
There are 5657 nuclei that have positive decay energy,

Table 3. Values of oy and D [see Eq. (26) and Eq. (27)] for four
decay energies: Qq, QE,, QZ;, Okc.
Qo O QE Okc
models
Orms /keV
WS-Type 464 504 503 504
WS-Type+RBFs 230 222 222 222
Ou N o5 Orc
models
D /keV
WS-Type 13.78 20.35 -21.17 -20.59
WS-Type+RBFs 0.65 -1.56 1.58 1.55
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i.e. Qo >0. The alpha-decay energy decreases with the
neutron number for a given isotopic chain, while it in-
creases with the proton number for a given isotonic chain.
Nuclei near the neutron drip-line (orange dotted line)
have negative values, which means that it is difficult for
these nuclei to bring about alpha-decay. Along with
stable nuclei (dark green squares) in Fig. 13, the Q, in-
creases slowly, and most nuclei in this region have Q, <4
MeV. In addition, alpha-decay values sharply change at
the neutron and proton shell closure.

As the alpha-decay energy, 8-, 8- and electron cap-
ture energy for the extrapolated nuclei are drawn in Fig. 14.
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Fig. 14. (color online)Contour plots of three kinds of g-de-

cay energies, i.e. f~-decay, g*-decay and electron capture.
Light gray lines denote traditional neutron and proton ma-
gic numbers.

For B~-decay, there are 7459 nuclei that have positive de-
cay energy in first panel. We find that 5~-decay generally
occurs in neutron-rich nuclei, i.e. the region below the
stable nuclei. Hence, these nuclei can convert a neutron to
a proton, creating an electron and an electron-antineut-
rino, and thereby become more stable nuclei. We also
find that Qg increases along with increasing neutron
number for an isotopic chain, while it decreases with the
proton number for an isotonic chain. As expected, 5~-de-
cay occurs easily for nuclei approaching the neutron drip-
line, and for nuclei close to the stable region, there is
hardly any decay. The second and third panels show the
B* and electron capture energy. There are 4793 nuclei,
and 4523 nuclei have positive values for both decay
modes, respectively. In contrast to thef -decay, these two
decay modes easily occur in proton-rich nuclei.

4.4 Neutron and proton pairing gap energy

In general, the phenomenological variation of the
nuclear binding energy depends on the even and odd
numbers of proton Z and neutron N. In other words, the
systematic odd-even mass difference in nuclei, i.e. odd-
even staggering (OES), was recognized previously and
reflects the pairing correlation effect in nuclear structure.
However, there is no direct way to measure the pairing
effect. Theoretically, the five-point formulae are used to
study the OES effect. For a given nuclear system with
fixed N and Z, the expression of the neutron and proton
pairing gaps can be written as [12, 87-89]

A _(=D¥

w (N) ==——[B(N+2.2) ~4B(N +1.2)
+6B(Z,N)-4B(N-1,Z)+BZ,N-2)], (32)
_1\Z

A(2)= % [B(N,Z+2)—4B(N,Z+1)

+6B(N,Z)-4B(Z-1,N)+B(Z-2,N)]. (33)

Here, we should note that the rms deviations of the
neutron (proton) pairing gap from WS-type mass for-
mula with the general RBF correction became worse than
that of the original WS-type model in Ref. [65]. Here, we
still need to verify if the two combinatorial RBFs correc-
tions (RBF + RBFoe) can solve this problem.

Fig. 15 illustrates the differences in four categories
between the experimental and theoretical pairing gap en-
ergy for 2267 nuclei, both calculated by five-point formu-
lae. For even Z-even N and even Z-odd N groups in the
upper panel of Fig. 15, the theoretical neutron pairing gap
energy without the RBFs correction underestimates the
real pairing gap values. Similarly, the calculated proton
OES energies also underestimate the real values for even
Z-even N and odd Z-even N groups in Fig. 15 (lower pan-
el). By considering the RBFs correction, almost all devi-
ations (red balls) populate the area between 0.4 and —0.4
MeV. Thus, we can make sure that the results improved
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(color online) Two kinds of deviations for 2267 nuclei between experimental neutron pairing gap energies and theoretical

data [original results (black open squares) and improved results (red balls)], both calculated using five-point formulae [see Eq. (33)]

are shown. Same as neutron OES, deviations for proton OES calculated using Eq. (35) are shown in lower panel.

by the RBFs correction yield a better agreement with ex-
perimental data.

Intuitively, the rms deviations oy and average val-
ues D of neutron OES and proton OES are displayed in
Table 4, as in Table 2 and 3. The rms decreased to about
200 keV for both the neutron and proton pairing gaps
with the RBFs correction. Together with the results from
Fig. 15, we can make sure that the pairing energy in the
framework of the WS-type mass formula with the RBFs
correction reproduces the experimental data.

As for all aforementioned basic quantities, these two
pairing gap energies are tabulated and attached in:
https://github.com/lukeronger/NuclearData-LZU. Finally,
neutron and proton pairing gap energies for the extrapol-
ated 12435 nuclei are plotted in Fig. 16. Generally, neut-
ron pairing gap energy decreases with increasing neutron
number for an isotopic chain, while it increases with the
proton number for an isotonic chain. Traditional neutron
magic numbers are given in Fig. 16. Furthermore, N = 184
is a possible candidate of the neutron magic number. Mea-

Table 4.  As inTable 2, but for neutron and proton OES values: A3
and Ag.
models A Ag A Ag
Oms 'keV D /keV
WS-Type 277 351 115.59 209.50
WS-Type+RBFs 169 150 8.25 2.60

nwhile, the proton magic number at the proton shell clos-
ure is not so obvious. This is mainly because the pairing

N-Z
2 |+7.5)/

A'/3 in the WS-type mass model. This handling avoids
additional parameters being added, while large deviations

gap of A, and A, are expressed as A = (—12|

Neutron pairing gap energy A3

0.2
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0.6
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Fig. 16. (color online) As in Fig. 15, but for neutron and
proton pairing gaps of 12435 nuclei.
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are introduced into some calculations with regards to the
proton.

S Summary

Two combinatorial RBFs corrections are introduced
to modify the original WS-type model using new Atomic
Mass Evaluation (AME2016). The root-mean square
(rms) deviations for 2267 nuclei reduced to 149 keV
within the improved WS-type model. Simultaneously, the
deviations of separation energies, decay energies, and
pairing gaps are sharply reduced to 100—-200 keV. Other
mass models, i.e. DZ31, FRDM, WS4, Bhagwat, and
RMF are improved at the same time. It should be noted
that the calculations for DZ31, FRDM, and RMF models
give larger results than the experimental data in heavy
subregion.

Furthermore, in the framework of the improved WS-
type model, the following physical quantities for the ex-

trapolated 12435 nuclei (8 < Z < 128 and 8 < N <251) are
predicted and tabulated. These are two types of calcu-
lated binding energies with/without the RBFs correction,
the total reconstructed smooth function S togi(S orig + S oe)s
one- and two-nucleon separation energies (one-neutron
S, one-proton S, two-neutrons S,, two nucleon S zp),
the alpha-decay energy Q,, three types of B-decay
(Qp-, Qg+, Qrc)l, and the neutron (proton) pairing gap A,
().

We created a link to store the data package (see
https://github.com/lukeronger/NuclearData-LZU). All
physical quantities for the extrapolated 12435 nuclei in
this data package are explained in Table 5. It can be
downloaded by the git command or by contacting us via
email (zhanghongfei@lzu.edu.cn).

We would like to thank Santosh Kumar Das and Baiy-
ang Zhang for helpful discussions. N.M. is very thankful
to Rong Wang for building this link.

Table 5. Tables of 12435 nuclei (linked to https://github.com/lukeronger/NuclearData-LZU)

EXPLANATION OF TABLE D
V4 number of protons;
N number of neutrons;
A mass number A=N+Z;
BRrBFs binding energy calculated by the WS-Type with RBFs correction;
Borig binding energy calculated by original WS-Type model;

Stotal = SOrig +S0e

the total reconstructed smooth function;

Bexpt experimental binding energy from the atomic mass evaluation 2016 (AME2016) [6-8];

Sh one neutron separation energy;

Sp one proton separation energy;

Son two neutron separation energy;

Sap two proton separation energy;

Qa a-decay energy;

Op- B~ -decay energy;

Op+ B*-decay energy;

Orc electron capture energy;

A neutron pairing gap energy;

Ag proton pairing gap energy.
References (2003)

1 G. Audi, O. Bersillon, J. Blachot, A. H. Wapstra, Nucl. Phys. A,
729: 3 (2003)

2 A. H. Wapstra, G. Audi, C. Thibault, Nucl. Phys. A, 729: 129
(2003)

3 G. Audi, A. H. Wapstra, C. Thibault, Nucl. Phys. A, 729: 337

4 G. Audi, M. Wang, A. H. Wapstra, F. G. Kondev, MacCormick,
X. Xu, and B. Pfeiffer, Chin. Phys. C, 36: 1287 (2012)

5 M. Wang, G. Audi, A. H. Wapstra, F. G. Kondev, M.
MacCormick, X. Xu, B. Pfeiffer, Chin. Phys. C, 36: 1603 (2012)

6 M. Wang, G. Audi, F. G. Kondev, W. J. Huang, S. Naimi, X. Xu,
Chin. Phys. C, 41: 030003 (2017)

044105-15


https://github.com/lukeronger/NuclearData-LZU
https://github.com/lukeronger/NuclearData-LZU
https://github.com/lukeronger/NuclearData-LZU
https://github.com/lukeronger/NuclearData-LZU
http://dx.doi.org/10.1016/j.nuclphysa.2003.11.001
http://dx.doi.org/10.1016/j.nuclphysa.2003.11.002
http://dx.doi.org/10.1016/j.nuclphysa.2003.11.003
http://dx.doi.org/10.1088/1674-1137/36/12/002
http://dx.doi.org/10.1088/1674-1137/36/12/003
http://dx.doi.org/10.1088/1674-1137/41/3/030003
http://dx.doi.org/10.1016/j.nuclphysa.2003.11.001
http://dx.doi.org/10.1016/j.nuclphysa.2003.11.002
http://dx.doi.org/10.1016/j.nuclphysa.2003.11.003
http://dx.doi.org/10.1088/1674-1137/36/12/002
http://dx.doi.org/10.1088/1674-1137/36/12/003
http://dx.doi.org/10.1088/1674-1137/41/3/030003

Chinese Physics C Vol. 43, No. 4 (2019) 044105

14
15

16

17
18

20

21

22

23

24
25

26

27

28
29

30

31

32

33

42

43

44

45

46
47

48

W.J. Huang, G. Audi, M. Wang, F. G. Kondev, S. Naimi, X. Xu,
Chin. Phys. C, 41: 030002 (2017)

G. Audi, F. G. Kondev, M. Wang, W. J. Huang, S. Naimi, Chin.
Phys. C, 41: 030001 (2017)

A. Arcones, G. F. Bertsch, Phys. Rev. Lett., 108: 151101 (2012)
H. Schatz, K. E. Rehm, Nucl. Phys. A, 777: 601 (2006)

A. Bohr and B. R. Mottelson, Nuclear Structure (W. A.
Benjamin, Reading, MA, 1975), Vol. I, p. 641.

A. Bohr and, B. R. Mottelson, Nuclear structure (World Scientific
Publishing, Singapore, 1998), Vol. 1.

J. M. Dong, H. F. Zhang, L. J. Wang, W. Zuo, Phys. Rev. C, 88:
014302 (2013)

R. Kanungo, Phys. Scr. T, 152: 014002 (2013)

D. Lunney, J. M. Pearson and C. Thibault, ReV. Mod. Phys., 75:
1021 (2003)

P. Moller, W. D. Myers, H. Sagawa and S. Yoshida, Phys. Rev.
Lett., 108: 052501 (2012)

H. F. Zhang and G. Royer, Nucl. Phys. A, 77: 054318 (2008)

H. F. Zhang, Y. Gao, N. Wang, J. Q. Li, E. G. Zhao and G.
Royer, Phys. Rev. C, 85: 014325 (2012)

J. M. Dong, H. F. Zhang, Y. Z. Wang, W. Zuo, J. Q. Li, Nucl.
Phys. A, 832: 198 (2010)

H. F. Zhang, J. M. Dong, G. Royer, W. Zuo, J. Q. Li, Phys. Rev.
C, 80: 037307 (2009)

X. J. Bao, H. F. Zhang, B. S. Hu, G. Royer and J. Q. Li, J. Phys.
G: Nucl. Part. Phys., 80: 095103 (2012)

X. J. Bao, H. F. Zhang, G. Royer and J. Q. Li, Nucl. Phys. A,
906: 1 (2013)

H. F. Zhang, H. F. Zhang, J. Q. Li, X. J. Bao and N. N. Ma, Phys.
Rev. C, 90: 054313 (2014)

J. Bardeen, et al, Phys. Rev., 108: 1175 (1957)

F. R. Xu, R. Wyss, and P. M. Walker, Phys. Rev. C, 60:
051301(R) (1999)

L.J. Wang, B. Y. Sun, J. M. Dong, and W. H. Long, Phys. Rev.
C, 87: 054331 (2013)

W. J. Chen, C. A. Bertulani, F. R. Xu, and Y. N. Zhang, Phys.
Rev. C, 91: 047303 (2015)

Alan L. Goodman, Phys. Rev. C, 60: 014311 (1999)

T. Duguet, P. Bonche, P. H. Heenen, and J. Meyer, Phys. Rev. C,
65: 014311 (2001)

J. Margueron, H. Sagawa, and K. Hagino, Phys. Rev. C, 77:
054309 (2008)

G. F. Bertsch, C. A. Bertulani, W. Nazarewicz, N. Schunck, and
M. V. Stoitsov, Phys. Rev. C, 79: 034306 (2009)

C. A. Bertulani, H. F. Lii, and H. Sagawa, Phys. Rev. C, 80:
027303 (2009)

C. A. Bertulani, Hongliang Liu, and H. Sagawa, Phys. Rev. C,
85: 014321 (2012)

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

Y. A. Litvinov, et al, Phys. Rev. Lett., 95: 042501 (2005)

G.J. Fu, Y. Y. Cheng, H. Jiang, Y. M. Zhao, and A. Arima, Phys.
Rev. C, 94: 024312 (2016)

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

Y. Y. Cheng, Y. M. Zhao, and A. Arima, Phys. Rev. C, 91:
024314 (2015)

P. G. Reinhard, Rep. Prog. Phys, 52: 439 (1989)

P. Ring, Prog. Part. Nucl. Phys., 37: 193 (1996)

M. Bender, P. H. Heenen, and P. G. Reinhard, Rev. Mod. Phys.,
75: 121 (2003)

W. H. Long, N. Van Giai, and J. Meng, Phys. Lett. B, 640: 150
(2006)

W. H. Long, P. Ring, N. Van Giai, and J. Meng, Phys. Rev. C,
81: 024308 (2010)

L. J. Wang, J. M. Dong, and W. H. Long, Phys. Rev. C, 87:
047301 (2013)

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

L. S. Geng, et al, PTP, 113: 785 (2005)

Q. S. Zhang, Z. M. Niu, Z. P. Li, J. M. Yao, and J. Meng, Front.
Phys, 9: 529 (2014)

S. Goriely, N. Chamel, J. M. Pearson, Phys. Rev. C, 88:
061302(R) (2013)

49

54

55

56

57

58

59
60

61

63

64

65

67

68

69

70

72

74

75
76

71
78

79
80

81

82

83
84

85

86

87

88

89

044105-16

S. Goriely, S. Hilaire, M. Girod, S. Peru, Phys. Rev. Lett., 102:
252401 (2009)

S. Goriely, N. Chamel and J. M. Pearson, Phys. Rev. C, 88:
024308 (2013)

J. Duflo, A. P. Zuker, Phys. Rev. C, 52: 23(R) (1995)

A. P. Zuker, Rev. Mex, Fis. S, 54: 129 (2008)

N. Wang, Z. Y. Liang, M. Liu and X. Z. Wu, Phys. Rev. C, 82:
044304 (2010)

M. Liu, N. Wang, Y Deng, X. Z. Wu, Phys. Rev. C, 84: 014333
(2011)

N. Wang, M. Liu, X. Z. Wu, J. Meng, Phys. Lett. B, 734: 215-219
(2014)

H. F. Zhang, J. M. Dong, N. N. Ma, G. Royer, J. Q. Li, H. F.
Zhang, Nucl. Phys. A, 929: 38 (2014)

J. Y. Zhang, R. F. Casten, D. S. Brenner, Phys. Lett. B, 227: 1
(1989)

H. Jiang, G. J. Fu, Y. M. Zhao, A. Arima, Phys. Rev. C, 82:
054317 (2010)

G. T. Garvey and I Kelson, Phys. Rev. Lett., 16: 197 (1966)

J. Barea, A. Frank, J. G. Hirsch, P. Van Isacker, S. Pittel, V.
Velazquez, Phys. Rev. C, 77: 041304 (2008)

A. Bhagwat, Phys. Rev. C, 90: 064306 (2014)

A. Sobiczewski, Yu. A. Litvnov, M. Palczewski, Atomic Data
and Nuclear Data Tables (2017),
http://dx.doi.org/10.1016/j.adt.2017.05.001.

H. F. Zhang, L. H. Wang, J. P. Yin, P. H. Chen and H. F. Zhang,
J. Phys. G: Nucl. Part. Phys., 44: 045110 (2017)

N. N. Ma, H. F. Zhang, X. J. Bao, P. H. Chen, J. M. Dong, J. Q.
Li, and H. F. Zhang, J. Phys. G: Nucl. Part. Phys., 42: 095107
(2015)

M. Brack, H. C. Pauli, Nucl. Phys. A, 207: 401 (1973)

V. M. Strutinsky, F. A. Ivanjuk, Nucl. Phys. A, 255: 405 (1975)
N. N. Ma, H. F. Zhang, P. Yin, X. J. Bao, and H. F. Zhang, Phys.
Rev. C, 96: 024302 (2017)

R. L. Hardy, J. Geophys, Res., 76: 1905 (1971)

M. D. Buhmann Radial Basis Functions: Theory and
Implementations (Cambridge University Press, Cambridge, UK,
2003).

N. Wang and M. Liu, Phys. Rev. C, 84: 051303(R) (2011)

Z. M. Niu, B. H. Sun, H. Z. Liang, Y. F. Niu, and J. Y. Guo,
Phys. Rev. C, 94: 054315 (2016)

N. Wang and M. Liu, Phys. Rev. C, 81: 044322 (2010)

G. Royer and R. A. Gherghescu, Nucl. Phys. A, 699: 479 (2002)
P. Moller, J. R. Nix, W. D. Myers, and W. J. Swiatecki, At. Data
Nucl. Data Tables, 59: 185 (1995)

W. D. Myers and W. J. Swiatecki, Ann. Phys., 84: 186 (1974)
Cesar Barbero, Jorge G. Hirsch, and Alejandro E. Mariano, Nucl.
Phys. A, 874: 81 (2012)

Naoki Tajima, Prog. Theor. Phys. Suppl., 142: 265 (2001)
Cwiok, J. Dudek, W. Nazarewicz, J. Skalski, and T. Werner,
Compu. Phys. Commu. , 46: 379 (1987)

P. Salamon and A. T. Kruppa, J. Phys. G, 37: 105106 (2010)

B. Mohammed-Azizi and D. E. Medjadi, Phys. Rev. C, 74:
054302 (2005)

D. Hove, A. S. Jensen, and K. Riisager, Phys. Rev. C, 88: 064329
(2013)

N. Tajima, Y. R. Shimizu, and S. Takahara, Phys. Rev. C, 82:
034316 (2010)

N. H. Allal and M. Fellah, Phys. Rev. C, 48: 1656 (1993)

J. J. Li, W. H. Long, Jérome Margueronc, Nguyen Van Giai,
Phys. Lett. B, 732: 169-173 (2014)

J. J. Li, Jérdbme Margueronc, W. H. Long, Nguyen Van Giai,
Phys. Lett. B, 753: 97-102 (2016)

J. M. Dong, W. Zuo, J. Z. Gu, Y. Z. Wang, and B. B. Peng, Phys.
Rev. C, 81: 064309 (2010)

W. Satuta, J. Dobaczewski, and W. Nazarewicz, Phys. Rev. Lett.,
81: 3599 (1998)

M. Bender, K. Rutz, P. G. Reinhard, and J. A. Maruhn, Phys. J.
A, 8: 59 (2000)

J. Dobaczewski, P. Magierski, W. Nazarewicz, W. Satuta, and Z.
Szymanski, Phys. Rev. C, 63: 024308 (2001)


http://dx.doi.org/10.1088/1674-1137/41/3/030002
http://dx.doi.org/10.1088/1674-1137/41/3/030001
http://dx.doi.org/10.1088/1674-1137/41/3/030001
http://dx.doi.org/10.1103/PhysRevLett.108.151101
http://dx.doi.org/10.1016/j.nuclphysa.2005.05.200
http://dx.doi.org/10.1103/RevModPhys.75.1021
http://dx.doi.org/10.1103/PhysRevLett.108.052501
http://dx.doi.org/10.1103/PhysRevLett.108.052501
http://dx.doi.org/10.1103/PhysRevC.85.014325
http://dx.doi.org/10.1016/j.nuclphysa.2009.10.082
http://dx.doi.org/10.1016/j.nuclphysa.2009.10.082
http://dx.doi.org/10.1103/PhysRevC.80.037307
http://dx.doi.org/10.1103/PhysRevC.80.037307
http://dx.doi.org/10.1016/j.nuclphysa.2013.03.002
http://dx.doi.org/10.1103/PhysRevC.90.054313
http://dx.doi.org/10.1103/PhysRevC.90.054313
http://dx.doi.org/10.1103/PhysRev.108.1175
http://dx.doi.org/10.1103/PhysRevC.60.051301
http://dx.doi.org/10.1103/PhysRevC.87.054331
http://dx.doi.org/10.1103/PhysRevC.87.054331
http://dx.doi.org/10.1103/PhysRevC.91.047303
http://dx.doi.org/10.1103/PhysRevC.91.047303
http://dx.doi.org/10.1103/PhysRevC.65.014311
http://dx.doi.org/10.1103/PhysRevC.77.054309
http://dx.doi.org/10.1103/PhysRevC.79.034306
http://dx.doi.org/10.1103/PhysRevC.80.027303
http://dx.doi.org/10.1103/PhysRevC.85.014321
http://dx.doi.org/10.1103/PhysRevC.91.024305
http://dx.doi.org/10.1103/PhysRevLett.95.042501
http://dx.doi.org/10.1103/PhysRevC.94.024312
http://dx.doi.org/10.1103/PhysRevC.94.024312
http://dx.doi.org/10.1016/0375-9474(92)90244-E
http://dx.doi.org/10.1103/PhysRevC.91.024314
http://dx.doi.org/10.1088/0034-4885/52/4/002
http://dx.doi.org/10.1016/0146-6410(96)00054-3
http://dx.doi.org/10.1103/RevModPhys.75.121
http://dx.doi.org/10.1016/j.physletb.2006.07.064
http://dx.doi.org/10.1103/PhysRevC.81.024308
http://dx.doi.org/10.1103/PhysRevC.87.047301
http://dx.doi.org/10.1016/j.nuclphysa.2015.04.010
http://dx.doi.org/10.1007/s11467-014-0413-5
http://dx.doi.org/10.1007/s11467-014-0413-5
http://dx.doi.org/10.1103/PhysRevC.88.061302
http://dx.doi.org/10.1103/PhysRevC.88.024308
http://dx.doi.org/10.1103/PhysRevC.52.R23
http://dx.doi.org/10.1103/PhysRevC.84.014333
http://dx.doi.org/10.1016/j.physletb.2014.05.049
http://dx.doi.org/10.1016/j.nuclphysa.2014.05.019
http://dx.doi.org/10.1016/0370-2693(89)91273-2
http://dx.doi.org/10.1103/PhysRevC.82.054317
http://dx.doi.org/10.1103/PhysRevLett.16.197
http://dx.doi.org/10.1103/PhysRevC.90.064306
http://dx.doi.org/10.1016/j.adt.2017.05.001
http://dx.doi.org/10.1088/1361-6471/aa5d78
http://dx.doi.org/10.1088/0954-3899/42/9/095107
http://dx.doi.org/10.1016/0375-9474(75)90688-0
http://dx.doi.org/10.1016/0375-9474(73)90355-2
http://dx.doi.org/10.1016/0375-9474(73)90355-2
http://dx.doi.org/10.1103/PhysRevC.84.051303
http://dx.doi.org/10.1103/PhysRevC.81.044322
http://dx.doi.org/10.1016/S0375-9474(01)01296-9
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1016/0003-4916(74)90299-1
http://dx.doi.org/10.1016/j.nuclphysa.2011.11.005
http://dx.doi.org/10.1016/j.nuclphysa.2011.11.005
http://dx.doi.org/10.1143/PTPS.142.265
http://dx.doi.org/10.1016/0010-4655(87)90093-2
http://dx.doi.org/10.1016/0010-4655(87)90093-2
http://dx.doi.org/10.1088/0954-3899/37/10/105106
http://dx.doi.org/10.1088/0954-3899/37/10/105106
http://dx.doi.org/10.1103/PhysRevC.88.064329
http://dx.doi.org/10.1103/PhysRevC.82.034316
http://dx.doi.org/10.1103/PhysRevC.48.1656
http://dx.doi.org/10.1016/j.physletb.2014.03.031
http://dx.doi.org/10.1016/j.physletb.2014.03.031
http://dx.doi.org/10.1016/j.physletb.2015.12.004
http://dx.doi.org/10.1016/j.physletb.2015.12.004
http://dx.doi.org/10.1103/PhysRevC.81.064309
http://dx.doi.org/10.1103/PhysRevC.81.064309
http://dx.doi.org/10.1103/PhysRevLett.81.3599
http://dx.doi.org/10.1007/s10050-000-4504-z
http://dx.doi.org/10.1007/s10050-000-4504-z
http://dx.doi.org/10.1103/PhysRevC.63.024308
http://dx.doi.org/10.1088/1674-1137/41/3/030002
http://dx.doi.org/10.1088/1674-1137/41/3/030001
http://dx.doi.org/10.1088/1674-1137/41/3/030001
http://dx.doi.org/10.1103/PhysRevLett.108.151101
http://dx.doi.org/10.1016/j.nuclphysa.2005.05.200
http://dx.doi.org/10.1103/RevModPhys.75.1021
http://dx.doi.org/10.1103/PhysRevLett.108.052501
http://dx.doi.org/10.1103/PhysRevLett.108.052501
http://dx.doi.org/10.1103/PhysRevC.85.014325
http://dx.doi.org/10.1016/j.nuclphysa.2009.10.082
http://dx.doi.org/10.1016/j.nuclphysa.2009.10.082
http://dx.doi.org/10.1103/PhysRevC.80.037307
http://dx.doi.org/10.1103/PhysRevC.80.037307
http://dx.doi.org/10.1016/j.nuclphysa.2013.03.002
http://dx.doi.org/10.1103/PhysRevC.90.054313
http://dx.doi.org/10.1103/PhysRevC.90.054313
http://dx.doi.org/10.1103/PhysRev.108.1175
http://dx.doi.org/10.1103/PhysRevC.60.051301
http://dx.doi.org/10.1103/PhysRevC.87.054331
http://dx.doi.org/10.1103/PhysRevC.87.054331
http://dx.doi.org/10.1103/PhysRevC.91.047303
http://dx.doi.org/10.1103/PhysRevC.91.047303
http://dx.doi.org/10.1103/PhysRevC.65.014311
http://dx.doi.org/10.1103/PhysRevC.77.054309
http://dx.doi.org/10.1103/PhysRevC.79.034306
http://dx.doi.org/10.1103/PhysRevC.80.027303
http://dx.doi.org/10.1103/PhysRevC.85.014321
http://dx.doi.org/10.1103/PhysRevC.91.024305
http://dx.doi.org/10.1103/PhysRevLett.95.042501
http://dx.doi.org/10.1103/PhysRevC.94.024312
http://dx.doi.org/10.1103/PhysRevC.94.024312
http://dx.doi.org/10.1016/0375-9474(92)90244-E
http://dx.doi.org/10.1103/PhysRevC.91.024314
http://dx.doi.org/10.1088/0034-4885/52/4/002
http://dx.doi.org/10.1016/0146-6410(96)00054-3
http://dx.doi.org/10.1103/RevModPhys.75.121
http://dx.doi.org/10.1016/j.physletb.2006.07.064
http://dx.doi.org/10.1103/PhysRevC.81.024308
http://dx.doi.org/10.1103/PhysRevC.87.047301
http://dx.doi.org/10.1016/j.nuclphysa.2015.04.010
http://dx.doi.org/10.1007/s11467-014-0413-5
http://dx.doi.org/10.1007/s11467-014-0413-5
http://dx.doi.org/10.1103/PhysRevC.88.061302
http://dx.doi.org/10.1103/PhysRevC.88.024308
http://dx.doi.org/10.1103/PhysRevC.52.R23
http://dx.doi.org/10.1103/PhysRevC.84.014333
http://dx.doi.org/10.1016/j.physletb.2014.05.049
http://dx.doi.org/10.1016/j.nuclphysa.2014.05.019
http://dx.doi.org/10.1016/0370-2693(89)91273-2
http://dx.doi.org/10.1103/PhysRevC.82.054317
http://dx.doi.org/10.1103/PhysRevLett.16.197
http://dx.doi.org/10.1103/PhysRevC.90.064306
http://dx.doi.org/10.1016/j.adt.2017.05.001
http://dx.doi.org/10.1088/1361-6471/aa5d78
http://dx.doi.org/10.1088/0954-3899/42/9/095107
http://dx.doi.org/10.1016/0375-9474(75)90688-0
http://dx.doi.org/10.1016/0375-9474(73)90355-2
http://dx.doi.org/10.1016/0375-9474(73)90355-2
http://dx.doi.org/10.1103/PhysRevC.84.051303
http://dx.doi.org/10.1103/PhysRevC.81.044322
http://dx.doi.org/10.1016/S0375-9474(01)01296-9
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1016/0003-4916(74)90299-1
http://dx.doi.org/10.1016/j.nuclphysa.2011.11.005
http://dx.doi.org/10.1016/j.nuclphysa.2011.11.005
http://dx.doi.org/10.1143/PTPS.142.265
http://dx.doi.org/10.1016/0010-4655(87)90093-2
http://dx.doi.org/10.1016/0010-4655(87)90093-2
http://dx.doi.org/10.1088/0954-3899/37/10/105106
http://dx.doi.org/10.1088/0954-3899/37/10/105106
http://dx.doi.org/10.1103/PhysRevC.88.064329
http://dx.doi.org/10.1103/PhysRevC.82.034316
http://dx.doi.org/10.1103/PhysRevC.48.1656
http://dx.doi.org/10.1016/j.physletb.2014.03.031
http://dx.doi.org/10.1016/j.physletb.2014.03.031
http://dx.doi.org/10.1016/j.physletb.2015.12.004
http://dx.doi.org/10.1016/j.physletb.2015.12.004
http://dx.doi.org/10.1103/PhysRevC.81.064309
http://dx.doi.org/10.1103/PhysRevC.81.064309
http://dx.doi.org/10.1103/PhysRevLett.81.3599
http://dx.doi.org/10.1007/s10050-000-4504-z
http://dx.doi.org/10.1007/s10050-000-4504-z
http://dx.doi.org/10.1103/PhysRevC.63.024308
http://dx.doi.org/10.1088/1674-1137/41/3/030002
http://dx.doi.org/10.1088/1674-1137/41/3/030001
http://dx.doi.org/10.1088/1674-1137/41/3/030001
http://dx.doi.org/10.1103/PhysRevLett.108.151101
http://dx.doi.org/10.1016/j.nuclphysa.2005.05.200
http://dx.doi.org/10.1103/RevModPhys.75.1021
http://dx.doi.org/10.1103/PhysRevLett.108.052501
http://dx.doi.org/10.1103/PhysRevLett.108.052501
http://dx.doi.org/10.1103/PhysRevC.85.014325
http://dx.doi.org/10.1016/j.nuclphysa.2009.10.082
http://dx.doi.org/10.1016/j.nuclphysa.2009.10.082
http://dx.doi.org/10.1103/PhysRevC.80.037307
http://dx.doi.org/10.1103/PhysRevC.80.037307
http://dx.doi.org/10.1016/j.nuclphysa.2013.03.002
http://dx.doi.org/10.1103/PhysRevC.90.054313
http://dx.doi.org/10.1103/PhysRevC.90.054313
http://dx.doi.org/10.1103/PhysRev.108.1175
http://dx.doi.org/10.1103/PhysRevC.60.051301
http://dx.doi.org/10.1103/PhysRevC.87.054331
http://dx.doi.org/10.1103/PhysRevC.87.054331
http://dx.doi.org/10.1103/PhysRevC.91.047303
http://dx.doi.org/10.1103/PhysRevC.91.047303
http://dx.doi.org/10.1103/PhysRevC.65.014311
http://dx.doi.org/10.1103/PhysRevC.77.054309
http://dx.doi.org/10.1103/PhysRevC.79.034306
http://dx.doi.org/10.1103/PhysRevC.80.027303
http://dx.doi.org/10.1103/PhysRevC.85.014321
http://dx.doi.org/10.1103/PhysRevC.91.024305
http://dx.doi.org/10.1103/PhysRevLett.95.042501
http://dx.doi.org/10.1103/PhysRevC.94.024312
http://dx.doi.org/10.1103/PhysRevC.94.024312
http://dx.doi.org/10.1016/0375-9474(92)90244-E
http://dx.doi.org/10.1103/PhysRevC.91.024314
http://dx.doi.org/10.1088/0034-4885/52/4/002
http://dx.doi.org/10.1016/0146-6410(96)00054-3
http://dx.doi.org/10.1103/RevModPhys.75.121
http://dx.doi.org/10.1016/j.physletb.2006.07.064
http://dx.doi.org/10.1103/PhysRevC.81.024308
http://dx.doi.org/10.1103/PhysRevC.87.047301
http://dx.doi.org/10.1016/j.nuclphysa.2015.04.010
http://dx.doi.org/10.1007/s11467-014-0413-5
http://dx.doi.org/10.1007/s11467-014-0413-5
http://dx.doi.org/10.1103/PhysRevC.88.061302
http://dx.doi.org/10.1088/1674-1137/41/3/030002
http://dx.doi.org/10.1088/1674-1137/41/3/030001
http://dx.doi.org/10.1088/1674-1137/41/3/030001
http://dx.doi.org/10.1103/PhysRevLett.108.151101
http://dx.doi.org/10.1016/j.nuclphysa.2005.05.200
http://dx.doi.org/10.1103/RevModPhys.75.1021
http://dx.doi.org/10.1103/PhysRevLett.108.052501
http://dx.doi.org/10.1103/PhysRevLett.108.052501
http://dx.doi.org/10.1103/PhysRevC.85.014325
http://dx.doi.org/10.1016/j.nuclphysa.2009.10.082
http://dx.doi.org/10.1016/j.nuclphysa.2009.10.082
http://dx.doi.org/10.1103/PhysRevC.80.037307
http://dx.doi.org/10.1103/PhysRevC.80.037307
http://dx.doi.org/10.1016/j.nuclphysa.2013.03.002
http://dx.doi.org/10.1103/PhysRevC.90.054313
http://dx.doi.org/10.1103/PhysRevC.90.054313
http://dx.doi.org/10.1103/PhysRev.108.1175
http://dx.doi.org/10.1103/PhysRevC.60.051301
http://dx.doi.org/10.1103/PhysRevC.87.054331
http://dx.doi.org/10.1103/PhysRevC.87.054331
http://dx.doi.org/10.1103/PhysRevC.91.047303
http://dx.doi.org/10.1103/PhysRevC.91.047303
http://dx.doi.org/10.1103/PhysRevC.65.014311
http://dx.doi.org/10.1103/PhysRevC.77.054309
http://dx.doi.org/10.1103/PhysRevC.79.034306
http://dx.doi.org/10.1103/PhysRevC.80.027303
http://dx.doi.org/10.1103/PhysRevC.85.014321
http://dx.doi.org/10.1103/PhysRevC.91.024305
http://dx.doi.org/10.1103/PhysRevLett.95.042501
http://dx.doi.org/10.1103/PhysRevC.94.024312
http://dx.doi.org/10.1103/PhysRevC.94.024312
http://dx.doi.org/10.1016/0375-9474(92)90244-E
http://dx.doi.org/10.1103/PhysRevC.91.024314
http://dx.doi.org/10.1088/0034-4885/52/4/002
http://dx.doi.org/10.1016/0146-6410(96)00054-3
http://dx.doi.org/10.1103/RevModPhys.75.121
http://dx.doi.org/10.1016/j.physletb.2006.07.064
http://dx.doi.org/10.1103/PhysRevC.81.024308
http://dx.doi.org/10.1103/PhysRevC.87.047301
http://dx.doi.org/10.1016/j.nuclphysa.2015.04.010
http://dx.doi.org/10.1007/s11467-014-0413-5
http://dx.doi.org/10.1007/s11467-014-0413-5
http://dx.doi.org/10.1103/PhysRevC.88.061302
http://dx.doi.org/10.1103/PhysRevC.88.024308
http://dx.doi.org/10.1103/PhysRevC.52.R23
http://dx.doi.org/10.1103/PhysRevC.84.014333
http://dx.doi.org/10.1016/j.physletb.2014.05.049
http://dx.doi.org/10.1016/j.nuclphysa.2014.05.019
http://dx.doi.org/10.1016/0370-2693(89)91273-2
http://dx.doi.org/10.1103/PhysRevC.82.054317
http://dx.doi.org/10.1103/PhysRevLett.16.197
http://dx.doi.org/10.1103/PhysRevC.90.064306
http://dx.doi.org/10.1016/j.adt.2017.05.001
http://dx.doi.org/10.1088/1361-6471/aa5d78
http://dx.doi.org/10.1088/0954-3899/42/9/095107
http://dx.doi.org/10.1016/0375-9474(75)90688-0
http://dx.doi.org/10.1016/0375-9474(73)90355-2
http://dx.doi.org/10.1016/0375-9474(73)90355-2
http://dx.doi.org/10.1103/PhysRevC.84.051303
http://dx.doi.org/10.1103/PhysRevC.81.044322
http://dx.doi.org/10.1016/S0375-9474(01)01296-9
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1016/0003-4916(74)90299-1
http://dx.doi.org/10.1016/j.nuclphysa.2011.11.005
http://dx.doi.org/10.1016/j.nuclphysa.2011.11.005
http://dx.doi.org/10.1143/PTPS.142.265
http://dx.doi.org/10.1016/0010-4655(87)90093-2
http://dx.doi.org/10.1016/0010-4655(87)90093-2
http://dx.doi.org/10.1088/0954-3899/37/10/105106
http://dx.doi.org/10.1088/0954-3899/37/10/105106
http://dx.doi.org/10.1103/PhysRevC.88.064329
http://dx.doi.org/10.1103/PhysRevC.82.034316
http://dx.doi.org/10.1103/PhysRevC.48.1656
http://dx.doi.org/10.1016/j.physletb.2014.03.031
http://dx.doi.org/10.1016/j.physletb.2014.03.031
http://dx.doi.org/10.1016/j.physletb.2015.12.004
http://dx.doi.org/10.1016/j.physletb.2015.12.004
http://dx.doi.org/10.1103/PhysRevC.81.064309
http://dx.doi.org/10.1103/PhysRevC.81.064309
http://dx.doi.org/10.1103/PhysRevLett.81.3599
http://dx.doi.org/10.1007/s10050-000-4504-z
http://dx.doi.org/10.1007/s10050-000-4504-z
http://dx.doi.org/10.1103/PhysRevC.63.024308
http://dx.doi.org/10.1103/PhysRevC.88.024308
http://dx.doi.org/10.1103/PhysRevC.52.R23
http://dx.doi.org/10.1103/PhysRevC.84.014333
http://dx.doi.org/10.1016/j.physletb.2014.05.049
http://dx.doi.org/10.1016/j.nuclphysa.2014.05.019
http://dx.doi.org/10.1016/0370-2693(89)91273-2
http://dx.doi.org/10.1103/PhysRevC.82.054317
http://dx.doi.org/10.1103/PhysRevLett.16.197
http://dx.doi.org/10.1103/PhysRevC.90.064306
http://dx.doi.org/10.1016/j.adt.2017.05.001
http://dx.doi.org/10.1088/1361-6471/aa5d78
http://dx.doi.org/10.1088/0954-3899/42/9/095107
http://dx.doi.org/10.1016/0375-9474(75)90688-0
http://dx.doi.org/10.1016/0375-9474(73)90355-2
http://dx.doi.org/10.1016/0375-9474(73)90355-2
http://dx.doi.org/10.1103/PhysRevC.84.051303
http://dx.doi.org/10.1103/PhysRevC.81.044322
http://dx.doi.org/10.1016/S0375-9474(01)01296-9
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1006/adnd.1995.1002
http://dx.doi.org/10.1016/0003-4916(74)90299-1
http://dx.doi.org/10.1016/j.nuclphysa.2011.11.005
http://dx.doi.org/10.1016/j.nuclphysa.2011.11.005
http://dx.doi.org/10.1143/PTPS.142.265
http://dx.doi.org/10.1016/0010-4655(87)90093-2
http://dx.doi.org/10.1016/0010-4655(87)90093-2
http://dx.doi.org/10.1088/0954-3899/37/10/105106
http://dx.doi.org/10.1088/0954-3899/37/10/105106
http://dx.doi.org/10.1103/PhysRevC.88.064329
http://dx.doi.org/10.1103/PhysRevC.82.034316
http://dx.doi.org/10.1103/PhysRevC.48.1656
http://dx.doi.org/10.1016/j.physletb.2014.03.031
http://dx.doi.org/10.1016/j.physletb.2014.03.031
http://dx.doi.org/10.1016/j.physletb.2015.12.004
http://dx.doi.org/10.1016/j.physletb.2015.12.004
http://dx.doi.org/10.1103/PhysRevC.81.064309
http://dx.doi.org/10.1103/PhysRevC.81.064309
http://dx.doi.org/10.1103/PhysRevLett.81.3599
http://dx.doi.org/10.1007/s10050-000-4504-z
http://dx.doi.org/10.1007/s10050-000-4504-z
http://dx.doi.org/10.1103/PhysRevC.63.024308

