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The nuclear symmetry energy coefficient (including the coefficient ag,zn of the I* term) of finite nuclei

Abstract:
is extracted by using the differences of available experimental binding energies of isobaric nuclei. It is found that
the extracted symmetry energy coefficient aiy.,(A,I) decreases with increasing isospin asymmetry I, which is mainly
caused by Wigner correction, since eg,,, is the summation of the traditional symmetry energy esym and the Wigner
energy ew. We obtain the optimal values J =30.25+£0.10 MeV, ass =56.18 +1.25 MeV, aéﬁn =8.33+1.21 MeV and
the Wigner parameter x = 2.38 £0.12 through a polynomial fit to 2240 measured binding energies for nuclei with
20 < A < 261 with an rms deviation of 23.42 keV. We also find that the volume symmetry coefficient J ~ 30 MeV
is insensitive to the value x, whereas the surface symmetry coefficient ass and the coefficient aéé%m are very sensitive

to the value of x in the range 1 <z <4. The contribution of the aéﬁn term increases rapidly with increasing isospin

asymmetry I. For very neutron-rich nuclei, the contribution of the aéﬁn term will play an important role.
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1 Introduction

It is evident that the symmetry energy coefficient
plays an extremely important role, not only in nuclear
physics, where it is involved in processes such as the
dynamics of heavy-ion collisions induced by radioactive
beams, the proper description of the nuclear binding en-
ergies along the periodic table, and the structure of ex-
otic nuclei near the nuclear drip lines [1-12], but also
in astrophysics, including the dynamical evolution of
the core collapse of a massive star and the associated
explosive nucleosynthesis [13-19]. In the global fitting
of nuclear masses in the framework of the liquid drop
mass formula, the symmetry energy per particle is usu-
ally written as egym = agyml?, where I = (N —Z)/A is
the isospin asymmetry and the symmetry energy coef-
ficient ay., enters as a mass-dependent phenomenolog-
ical parameter [20-25]. In fact, agm is also a function
of the isospin asymmetry I, which is usually written as
sy (A, I) = J—ay /A 34al3) I? by neglecting the higher
order term [26, 27]. But how does ag, change with
increasing isospin asymmetry I for given mass number
A? Tt is mainly determined by the high-order I* term
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coefficient a{}), of the symmetry energy. However, the
coefficient agf,zn is difficult to determine. It is necessary
to investigate the symmetry energy coefficient of finite
nuclei.

In Ref. [28], Min Liu et al. obtained the mass depen-
dence of agym(A) through performing a two-parameter
parabolic fitting to the energy per particle after remov-
ing the Coulomb energy e,(A,I) =e(A,I)—e.(A,I) for
a series of nuclei with the same mass number A. The
extracted asy, is only dependent on mass number A. In
this work, with similar approach to Ref. [28], we con-
sider the mass and isospin dependence of agy.,, and at
the same time include the higher-order (I*) term of the
symmetry energy. It is found that the Wigner energy
FEw should be considered in the extraction of the nuclear
symmetry energy coefficient. However, the Wigner en-
ergy was not included in our previous paper [29]. The
nature of the symmetry and Wigner energy are inter-
twined in the nuclear mass formula and one term cannot
be reliably determined without knowledge of the other
[30]. This leads to considerable uncertainty in the value
for the symmetry energy, especially the coefficient aﬁn
of the I'* term in the symmetry energy coefficient expres-
sion.
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The paper is organized as follows. In Section 2, the
symmetry energy and the Wigner energy are presented,
and the summation of both are extracted by using the ex-
perimental binding energies differences between isobaric
nuclei. In Section 3, the method of extracting the sym-
metry energy coefficient is described and the correspond-
ing coefficients are obtained through polynomial fitting.
The effect of the Wigner energy on the symmetry energy
coeflicient is studied in Section 4. Finally, a summary is
given in Section 5.

2 Symmetry energy and Wigner energy

Nuclear mass is one of the most precisely measured
quantities in nuclear physics. It can provide information
about the symmetry energy coefficient through the lig-
uid drop mass systematics. In the semi-empirical Bethe-
Weizsicker mass formula [31, 32], the energy per particle
e(A,I) of a nucleus can be expressed as a function of the
mass number A and the isospin asymmetry I,

e(A,I):av+asA71/3+ec(A,I)—|—asym12+5, (1)
with
§==4a,A"%? or 0, (2)

W

where the “+” is for even-even nuclides, the is for
odd-odd nuclides, and for odd-A nuclides (i.e. even-odd
and odd-even) 6 = 0. The ay, as, Gsym and a, are the
volume, surface, symmetry and pairing energy coefli-
cients, respectively. The Coulomb energy per particle

is e.(A,I) = E./A, where the Coulomb energy of a nu-
2

Z ) A
— _ —2/3 = (1—
cleus £, =0.71 YOE (1-0.76Z2/%) and Z = 5 (1-1) are

usually used [33, 34].

Let us assume the binding energy per particle
e(A,I)=e, (A, I)+e.(AT), e (A1) and e.(A,I) denote
the nuclear energy part and the Coulomb energy part per
particle, respectively. Subtracting the Coulomb energy
term from the binding energy, one obtains the nuclear
energy part per particle,

en(A,T)=e(A,I)—e.(AT)

=eo(A)+esym(4,1)
— eo(A) + Gy (A, 1), ()

where ey(A) = a, +a,A7? +§, including the volume,
surface and pairing energy terms, is only dependent on
nuclear mass number A. ey, (4,I) is the symmetry en-
ergy per particle of a nucleus. If we take the difference
in the nuclear energy part per particle e, (A, I) between
two isobaric nuclei with same odd-even parity, the eq(A)
term is canceled and the difference of the symmetry en-
ergy per particle can be written as

Aegym=en(A,I)—e, (A1)
= Qgym (A, 1) I* — agym (A, 1) I} (4)

Here e,(A, ;) is the nuclear energy part per particle of
a reference nucleus (A,I;), and the symmetric nucleus
(I, = 0) is selected as the reference nucleus if its exper-
imental binding energy exists for even-even nuclei. For
any other case, the nucleus with the minimum value of
I, = I,,;, >0 is selected as the reference nucleus among
each series of isobaric nuclei. e,(A,I) indicates any other
value of isobaric nuclei for given mass number A.

If the experimental binding energy of a symmetric
nucleus (7;=0) is known, we obtain

Coym(A,I) = eu (A, T) — e, (A,0) = agym (A, I)T?, (5)

or

€eym (A, T en(A,I)—ey(A,0
tpma 1) = Comt D) _ @ADL

where only even-even nuclei are taken into account in our
calculations to consider the pairing effects for the even
mass number nuclei.
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Fig. 1. Experimental symmetry energy coefficients
as a function of I extracted from Eq. (6) for all
even-even nuclei with mass number A=80 (solid
squares). The dotted line (aéf,i,,zO), the solid line
(ag,zn:SO MeV) and the dashed line (ag,znsz)o
MeV) are the results using the expression of sym-
metry energy coefficient of Eq. (7).

On the other hand, according to the liquid drop
model, the symmetry energy coefficient of a finite nu-
cleus is usually written as

Oeym (A, T) = agi)m +al® I* +o(I*)

sym
~J—ax A3 +a) 12 (7)

sSym

by using the Leptodermous expansion in terms of powers

of A=/3. J=28—34 MeV denotes the symmetry energy

of nuclear matter at normal density. a, is the coefficient

of the surface symmetry term. af}), is the coefficient of
the I'* term in the expression of symmetry energy.

Figure 1 shows the experimental symmetry energy co-

efficients as a function of isospin asymmetry I extracted
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from Eq. (6) for all even-even nuclei with mass number
A=80 (solid squares), where e,(A,I)=e(A,I)—e.(A,I),
the experimental binding energy per particle e(A,T) is
taken from the mass table AME2012 [35], and e (A, I) =

2

Z
0.71 T
solid line (a{}),=50 MeV) and the dashed line (a{}), =
—50 MeV) are the results using the expression of symme-
try energy coefficient Eq. (7) with a}) =23 MeV. From
Fig. 1, one can see that only using the expression of
symmetry energy coefficient of Eq. (7), the extracted
experimental symmetry energy coefficient cannot be re-

produced whether it is positive, zero or negative for agﬁn.

(1—-0.76Z-%/3). The dotted line (a{*), =0), the

sym
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Fig. 2. (a) Two forms of Wigner energy as a func-
tion of I, and (b) the extracted symmetry energy
coefficients asym by using the two forms of Wigner
energy applied to all even-even nuclei with A=80.
The solid squares denote the result of excluded
Wigner energy.

The effect of the Wigner energy is responsible for the
decrease of egym(A,I)/I? with increasing isospin asym-
metry I at a given mass number A. To reproduce
the experimental data better, one should include the
Wigner energy term in Eq. (5). Let us rewrite the ex-
pression of Eq. (5) as ef,,(A,I) = e.(A,I) — e.(A,0),
where e, (A,1) is defined as the summation of the tra-
ditional symmetry energy esym(A,I) and the Wigner en-
ergy ew(A,I). However, the different Wigner energy
expression and parameters will directly affect the ex-
traction of symmetry energy coefficients. Figure 2 (a)
presents two forms for Wigner energy as a function of
isospin asymmetry I and applied to all even-even nuclei

with mass number A=80 in the mass table AME2012.
One is ew = 29.15671%(2 — |I|)/(2 + |I|A)] (solid tri-
angles), which is proposed in Ref. [33], the other is
ew = —10exp(—4.2|I])/A [37] (solid circles), which is
usually used in the literature. For convenience we de-
note the former by “form (1)” and the latter by “form
(2)”. From Fig. 2 (a), the value of ew is positive for
form (1) and negative for form (2). While the value

€ym(A, 1) is the summation of the traditional symmetry
energy and the Wigner energy, the negative Wigner en-
ergy of form (2) will lead to a larger traditional symmetry
energy and thus larger symmetry energy coefficient than
that with form (1). Figure 2 (b) presents the extracted
symmetry-energy coefficients a.ym using the two Wigner
energy forms for all even-even nuclei with A=80. An ob-
vious discrepancy can be observed by using the two forms
for Wigner energy. The solid triangles and solid circles
denote the results with form (1) and form (2), respec-
tively. The value of the extracted symmetry-energy co-
efficients asym is larger with form (2) than that with form
(1), especially for the range of I close to zero, and the
discrepancy decreases with increasing isospin asymmetry
1. Tt is therefore necessary to determine the Wigner en-
ergy of nuclei for a better description of the symmetry
energy coefficient.

3 Theoretical framework

In the semi-empirical mass formula, the Wigner en-
ergy is usually decomposed into two parts [38, 39|

EW(sz):_W(A)‘N_Z|_d(A)5N,Z7Tnp7 (8)
where W(A) and d(A) are smooth functions of the nu-
clear mass number A. The first term on the right-hand
side of Eq. (8) contributes to all N # Z nuclei. The
quantity m,, equals 1 for odd-odd nuclei and vanishes
otherwise, and therefore the second term d(A) is nonzero
only for N = Z odd-odd nuclei. The Wigner effect mainly
stems from the first term in Eq. (8). By combining the
first term in Eq. (8), the traditional symmetry energy
term (N—Z2)?/A is replaced by the T'(T+z) term [40-43].
So odd-odd symmetric nuclei are not considered in the

N-Z
|T.| = IN=Z] is the isospin

value of the nuclear ground state, and I = (N —Z)/A is
the isospin asymmetry of a nucleus. Then one has the
relation,

following calculation. T =

[I|A
T= ) 9

; )
The symmetry energy term including the Wigner energy
can be expressed as

4agym

A

dasym 4agym

(A,T) = "2 (74 ) = 724+ 22m g (10)

sym
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Inserting Eq. (9) into Eq. (10), we can obtain the sym-
metry energy per particle expression as a function of
mass number A and isospin asymmetry I,

Sym (A, 1) 2taymt|I|
sym(A I) yT asym12+yT7 (]‘]‘)
where e, (A, 1) = egym(A,I) +ew and agym is the sym-

metry energy coeflicient expressed as a function of mass
number A and isospin asymmetry I. 2ag,,2 denotes the
Wigner energy coefficient, the value of = is not well de-
termined from nuclear masses, z = 1 is associated with
neutron-proton exchange interactions in SU(2) symme-
try, while x = 4 corresponds to the full supermultiplet
symmetry SU(4) [44]. Further discussion on the Wigner
energy can be found in Ref. [45-48]. Here z as a pa-
rameter is introduced, named the Wigner energy param-
eter. The x values have a crucial effect on the sym-
metry energy coeflicient, since the symmetry energy is
the summation of the traditional symmetry energy and
the Wigner energy. Different x values denote different
Wigner energies. Inserting Eq. (11) into Eq. (3) and re-
placing eqm(A,1) by €, (A,1), the nuclear energy part
per particle Eq. (3) becomes

en(A, 1) =eo(A) +el,, (A1)

sym

2x
:60(A)+asym(A,I) <1+m) 12 (12)
Inserting Eq. (7) into Eq. (12), and taking the dif-
ference of e, (A,T) between two isobaric nuclei with the
same odd-even parity, Eq. (4) becomes

Aerl) =en(AT)—en (A1)
_agfIZn(Iz 12)+a’£3?m(14_lz4)
2a(?) x
+—r— (= IL])
2a§42n
ke CmAss (13)

where i=1, 2, 3, ..., n, @), = J —a,A""/?. The de-
pendence of the reference nuclei (4,1,), (4,1), ... , and
(A, I,) can be cancelled through the summation, and the
average value Ae . of the difference of symmetry energy
can be expressed as

sym ~ sym sym sym

— 1
Aer =—(Aerl) 4 Aer® 4 —|—Ae*(”))
n

:en(A,I)—%Zen(A,Ii)

=1
1 & 1<
(2) 2_ - 2 (4) 4 4
_a’sym <I TL§ Iz>+ sym <I ’I’LE :Iz>
i=1 1=1
202 1
= - =S
— <| —=3) |>

i=1

a®

”"‘ (IIIS— —ZII |3> (14)

When neglecting the microscopic shell corrections of
nuclei, the result of Eq. (14) Aer, = ea(A ) —
1

— > ea(A, L) is obtained by the measured binding en-
n

ergy per nucleon of each series of isobaric nuclei compiled
in AME2012. By using the expression of the right-hand
side in Eq. (14) and fitting Aesym from more than 2200
measured nuclear binding energies, we obtain the opti-
mal values J=30.254+0.10 MeV, a, = 56.18+1.25 MeV,
all), =8.33+£1.21 MeV and z = 2.3840.12 with an rms

deviation of 23.42 keV.

4 Results and discussion

In Fig. 3(a), we show the extracted symmetry energy
coefficients of nuclei as a function of nuclear mass num-
ber. The solid squares denote the extracted symmetry
energy coeflicients from the measured nuclear masses by

(1)

o
fitting results by Eq. (14) with the optimum parameter
*(1)

I? I 2

our approach by Eq. (13) shows some osc1llations and
fluctuations, which is probably caused by the shell effect
and other nuclear structure effects. In Fig. 3 (b), we
show the same data as in Fig. 3(a), but as a function
of isospin asymmetry I. From Fig. 1 and Fig. 3(b),
we find that the extracted symmetry energy coefficients
depend on the corresponding isospin asymmetry of nu-
clei, which decreases with increasing isospin asymmetry
I for the same mass number A, the largest values lo-
cated in the range of nearly symmetric nuclei. However,
the Wigner energy parameter x value influences every
parameter in Eq. (14). Figure 4 shows the coefficients
J, g, all), (in MeV) and o deviation (in keV) as a
function of Wigner energy parameter . From Fig. 4,
the coefficients J (solid squares), ay, (solid circles) and
agﬂn (solid triangles) first increase then decrease with in-
creasing x values in the range from 0 to 12. The rms
deviation o (downward triangles) first decreases then in-
creases with increasing x values. The minimum value of
o = 23.42 keV corresponds to the set optimal parame-
ters values. One may thus expect the coefficient z to lie
somewhere between 1 and 4. The volume symmetry co-
efficient J ~ 30 MeV is insensitive to the value x in the
range 1 < x < 4. The surface symmetry coefficient ag, is
sensitive to the value z in the range 1 < x < 4, and its
value changes from 38.72 MeV to 65.85 MeV. The coef-
ficient agzn is more sensitive to the value = in the range

using in Eq. (13). The open circles denote the

values. The experimental value of obtained in
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1 < x <4, changing from —6.98 MeV to 16.56 MeV. So  value of agzn changes from negative to positive. So the
we conclude from the figure that agiin is not well deter-  sign (positive or negative) of aéﬁn is very sensitive to the
mined from nuclear masses since x is ill-determined. For  value of x.

example, if we change x somewhat from 1.5 to 1.6, thel

70 T T T T T 70 ® T T T T T T T
(@ = Expt. Expt.
60} - . ﬁttlfng result] 60F 0 ﬁttrl,ng result]
E 50 ¢ 50
é_‘ L] g L]
40 1 % a0p
= L
=E 30F 1 = 30r
Y 5
< V
20F J < 20+
10 . . . . . 10 e
0 50 100 150 200 250 0 0.050.10 0.15 0.20 0.250.30 0.35 0.40
A I=(N—2)/4
Fig. 3. Symmetry energy coefficients of nuclei as a function of (a) nuclear mass number A and (b) of isospin
*(1)
. . . €s .
asymmetry I. The solid squares and open circles denote the experimental data e sy}"z and the fitting results by
!

Eq. (14) with the optimum parameter values J =30.25 MeV, ass =56.18 MeV, aé;‘ln =8.33 MeV and x =2.38.

o | terms are 87.92%, 8.27% and 3.81% for the a2 term
/r’"—_. * —o—, (2) 2 2 . (4) y. .
60} . al?) (I*—17), Wigner term and a{j), term respectively in
— the range I = 0.07—0.5. With the increasing of isospin
401 T 1 (2) . . .
e e asymmetry I, the ag) term is the major contributor,
il VARRRARSSE ] which first increases and reaches a maximum at I =0.27,
ol ——J MeV i and then decreases with increasing isospin asymmetry I.
_._a'S‘S”MI\ZZV The Wigner term decreases and the a{}), term increases
a, . . . . . . .
—20p o keV ] with increasing isospin asymmetry I. The contribution
T I e areradli ratio of a}), term is less than that of the Wigner term in
0 2 4 6 8 10 12
x = ST /
Fig. 4. The volume symmetry coefficient J, sur- § (@) o /
face symmetry coefficient ass, the coefficient ag,zn é 041 V?fsiymnt:rntq::nn )
of I* term (in MeV) and o deviation (in keV) as 8 iamg term 4
a function of Wigner energy parameter z. g 031 i
[
=]
The contributions of symmetry energy and Wigner E 02r
energy were also studied. As an example, the contribu- E o1k
tion per term is shown in Fig. 5, where the asymmetric =
nucleus I; = 0.07 is selected as the reference nucleus, 0.0
since it is the minimum value of known nuclei in the _
mass table AME2012 for A = 168. From Fig. 5 (a) §190(;} ®) ' ' '
. g0V  — 7
one can see that the values of all three terms increase 8 sof A=168 ]
with increasing isospin asymmetry /. When I < 0.39, g 70f — afmterm 1
the value of the a*) term a(®) (I*—1I}) is less than that s 60p — Wigner term 4
sym sym 2 50t - = agytrem p
. 2z s a0l b
of the Wigner term —- (a2, (|1 = |1 [) +ai, (* = |12 )] 5 30l ]
=
in Eq. (13), and when I > 0.39 the value of the a), £ ?g
term is larger than that of the Wigner term. Figure 5 S Obmmim oo =
(b) shows the contribution ratio of each term. The ratio 01 02 1:(]\232) i 04 05
is calculated by the ratio of each. term value to the sum Fig. 5. (a) The values of the a2, term (thin
of the three term values. From Fig. 5 (b) we can see the curve), Wigner term (thick curve) and a$&, term
changing details per term with increasing isospin asym- (dashed curve) in Eq. (13) as a function of I, and
metry I. The average contribution ratios of the three (b) the contribution ratio per term for A=168.
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the range of I =0.07—0.39 and larger than the Wigner
term when I > 0.39.

5 Summary

In summary, we have proposed a method to extract
the symmetry energy coefficient (including the coeffi-
cient a{}), of I* term) from the differences of available
experimental binding energies of isobaric nuclei. The
advantage of this approach is that one can efficiently
remove the volume, surface and pairing energies in the
process. It is found that the extracted experimental
symmetry energy e, (A,I) should be the summation
of the traditional symmetry energy es,m(A,I) and the
Wigner energy ew(A,I). af,,(A,I) decreases with in-
creasing isospin asymmetry I, which is mainly caused
by the Wigner energy effect. Through the polynomial fit

to the result of Ae* _ by the right-hand side expression

sym

of Eq. (14), we have obtained the optimum parame-
ters values J = 30.25+0.10 MeV, a, = 56.18 £1.25
MeV, a{}), =8.33+1.21 MeV and the Wigner parameter
x = 2.38+0.12. We also find that the volume symme-
try coeflicient J ~ 30 MeV is insensitive to the value =,
while the surface symmetry coefficient ay, and the coef-
ficient a(}), are very sensitive to the value z in the range
1 < = < 4, especially for af}), whose value can change
from negative to positive due to the change of x value in
the range 1 to 4. The contribution of the Wigner energy
term decreases and the contribution of the agﬂn term
increases with increasing isospin asymmetry I. For very
neutron-rich nuclei, the a{}) term will play an impor-

tant role since its contribution is larger than that of the
Wigner energy term.

The authors would like to thank Dr.
helpful communications.

H. Jiang for

References

1 P. Danielewicz, R. Lacey, and W. G. Lynch, Science, 298: 1592
(2002)

2 A. W. Steiner, M. Prakash, J. Lattimer, and P. J. Ellis, Phys.
Rep., 411: 325 (2005)

3 V. Baran, M. Colonna, V. Greco, and M. D. Toro, Phys. Rep.,
410: 335 (2005)

4 J. M. Lattimer, and M. Prakash, Phys. Rep., 442: 109 (2007)

5 B. A. Li, L. W. Chen, and C. M. Ko, Phys. Rep., 464: 113
(2008)

6 J.Dong, W. Zuo, and W. Scheid, Phys. Rev. Lett., 107: 012501
(2011)

7 R. S. Wang, Y. Zhang, Z. G. Xiao et al, Phys. Rev. C, 89:
064613 (2014)

8 L. Ou, Z. G. Xiao, H. Yi, N. Wang, M. Liu, and J. L. Tian,
Phys. Rev. Lett., 115: 212501 (2015)

9 C. W. Ma, J. Pu, H. L. Wei et al, Eur. Phys. J. A, 48: 78
(2012)

10 C. W. Ma, X. L. Zhao, J. Pu et al, Phys. Rev. C, 87: 034618
(2013); J. Phys. G: Nucl. Part. Phys., 40: 125106 (2013)

11 C. W. Ma, C. Y. Qiao, S. S. Wang, F. M. Lu, L. Chen, M. T.
Guo, Nucl. Sci. Tech., 24: 050510 (2013)

12 W. Lin, X. Q. Liu, M. R. Rodrigues et al, Phys. Rev. C, 89:
021601 (2014); X. Q. Liu, M. R. Huang, R. Wada et al, Nucl.
Sci. Tech., 25: S20508 (2015)

13 J. M. Lattimer, and M. Prakash, Phys. Rep., 333: 121 (2000)

14 C. J. Horowitz, and J. Piekarewicz, Phys. Rev. Lett., 86: 5647
(2001)

15 B. G. Todd-Rutel, and J. Piekarewicz, Phys. Rev. Lett., 95:
122501 (2005)

16 B. K. Sharma, and S. Pal, Phys. Lett. B, 682: 23 (2009)

17 S. Kumar, Y. G. Ma, G. Q. Zhang, and C. L. Zhou, Phys. Rev.
C, 84: 044620 (2011)

18 W. D. Tian, Y. G. Ma, X. Z. Cai, D. Q. Fang, H. W. Wang,
and H. L. Wu, Sci. China Phys. Mech. Astron., 54: s141 (2011)

19 F. J. Fattoyev, J. Carvajal, W. G. Newton, and B. A. Li, Phys.
Rev. C, 87: 015806 (2013)

20 N. Nikolov, N. Schunck, W. Nazarewicz, M. Bender, and J. Pei,
Phys. Rev. C, 83: 034305 (2011)

21 J. Janecke, T. W. O’Donnell, and V. I. Goldanskii, Nucl. Phys.
A, 728: 23 (2003)

22 A. Ono, P. Danielewicz, W. A. Friedman, W. G. Lynch, and
M. B. Tsang, Phys. Rev. C, 70: 041604(R) (2004)

23 N. Wang, and M. Liu, Phys. Rev. C, 81: 067302 (2010)

24 K. Oyamatsu, and K. Lida, Phys. Rev. C, 81: 054302 (2010)

25 C. W. Ma, J. B. Yang, M. Yu, J. Pu, S. S. Wang, H. L. Wei,
Chin. Phys. Lett., 29: 092101 (2012)

26 N. Wang, M. Liu, H. Jiang, J. L. Tian, and Y. M. Zhao, Phys.
Rev. C, 91: 044308 (2015)

27 H. Jiang, N. Wang, L. W. Chen, Y. M. Zhao, and A. Arima,
Phys. Rev. C, 91: 054302 (2015)

28 M. Liu, N. Wang, Z. X. Li, and F. S. Zhang, Phys. Rev. C, 82:
064306 (2010)

29 J. L. Tian, H. T. Cui, K. K. Zheng, and N. Wang, Phys. Rev.
C, 90: 024313 (2014)

30 P. V. Isacker, AIP Conf. Proc., 819: 57 (2006)

31 C. F. von Weizsiker, Z. Phys., 96 431 (1935)

32 H. A. Bethe, and R. F. Bacher, Rev. Mod. Phys., 8: 82 (1936)

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

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

35 M. Wang, G. Audi, A. H. Wapstra, F. G. Kondev et al, Chin.
Phys. C, 36: 1603 (2012)

36 H. Jiang, M. Bao, L. W. Chen, Y. M. Zhao, and A. Arima,
Phys. Rev. C, 90: 064303 (2014)

37 W. D. Myers, and W. J. Swiatecki, Nucl. Phys. A, 601: 141
(1996)

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

39 W. Satula, D.J. Dean, J. Gary, S. Mizutori,
Nazarewicz, Phys. Lett. B, 407: 103 (1997)

40 K. Neergard, Phys. Rev. C, 80: 044313 (2009)

41 I Bentley, and S. Frauendorf, Phys. Rev. C, 88: 014322 (2013)

42 1. Bentley, K. Neergard, S. Frauendorf, Phys. Rev. C, 89:
034302 (2014)

43 A. E. Dieperink, and P. Van Isacker, Eur. Phys. J. A, 32: 11
(2007)

44 E. P. Wigner, Phys. Rev., 51: 106 (1937)

45 Y. Y. Cheng, M. Bao, Y. M. Zhao, and A. Arima, Phys. Rev.
C, 91: 024313 (2015)

46 S. Frauendorf, and J. A. Sheikh, Nucl. Phys. A, 645: 509 (1999)

47 K. Neergard, Phys. Lett. B, 537: 287 (2002)

48 K. Neergard, Phys. Lett. B, 572: 159 (2003)

and W.

094101-6



