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Abstract:  The single-nucleon mean-field potential,  in-medium nucleon–nucleon cross-sections,  and initial  density
distributions of nucleons are obtained from the Skyrme nucleon-nucleon effective interaction, which are self-consist-
ently  used  in  the  Boltzmann-Uehling-Uhlenbeck(BUU)  transport  model.  The     +     and     +     reac-
tions are simulated with BUU model using six sets of Skyrme parameters (SkI2, Gs, KDE0v1, NRAPR, BSk9, and
SV-mas08) that predict different stiffnesses of the symmetry energy for two opposite choices of neutron-proton ef-
fective mass splitting.  It  is  found that  the effects  of  the neutron-proton effective mass splitting on double neutron-
proton ratios are obvious at higher kinetic energies. In addition, among the six sets of interactions, the comparison
with NSCL experimental data indicates that double neutron-proton ratios corresponding to the KDE0v1 interaction
seem closer to the experimental data.
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1    Introduction

m∗τ
mτ
=

{
1+ mτ

p
dUτ
dp

}−1
p = pτF

m∗n−p (m∗n−p ≡ m∗n−m∗p)

Heavy ion collisions(HIC) are the only methods of ar-
tificially generating hot and dense nuclear matter. Their fi-
nal  products  are  usually  compared  with  transport  model
analysis to extract information about the nuclear matter and
further  constrain  the  equation  of  state(EOS)  of  isospin-
asymmetric  matter.  Such  constraints  via  transport  models
require a  good  understanding  of  the  density  and   mo-
mentum dependence  of  the  single-nucleon  mean-field   po-
tential. The momentum dependence of mean-field potential
can be characterized by nucleon effective mass which was
first  introduced  by  Brueckner  to  describe  the  motion  of
nucleons[1−2].  The  nucleon  effective  mass  is  defined  as

 , for    , at fixed density[3]. For asym-
metric  nuclear  matter,  the  effective  mass  of  proton  and
neutron may not be the same, and the difference is defined
by effective mass splitting        .

The study of neutron-proton effective mass splitting is
crucial in nuclear physics. It has been known that the neut-
ron-proton effective mass splitting would affect the in-me-
dium nucleon–nucleon cross-sections,  transport  properties,
and the liquid-gas phase transition in neutron-rich matter[4].
It also plays a crucial role in astrophysics such as the equi-
librium  neutron-to-proton  ratio[5],  hot  proto-neutron  stars

formed in core-collapse supernovae[6], and the properties of
neutron stars[7].

The neutron–proton effective mass splitting is determ-
ined by the momentum dependence of the symmetry poten-
tial, and it is not well understood because of the little know-
ledge of  nucleon-nucleon  interactions.  Various  microscop-
ic  and  phenomenological  models  have  been  used  to  study
the symmetry potential[8−24].  However,  there is no general
consensus  on  which  of  the  neutrons  and  protons  have  the
larger  effective  mass.  The non-relativistic  Brueckner–Har-
tree–Fock(BHF) and relativistic  Dirac–Brueckner-Hartree-
Fork  (DBHF)[25−26]  calculations  predict  that  the  effective
mass of neutron is larger than that of proton in neutron-rich
systems[27−28].  In  addition,  the  same  results  are  obtained
from the Landau-Fermi-liquid theory[29], the optical model
analysis  of  the  nucleon-nucleon  elastic  scattering  data[30],
and constraints  on  the  symmetry  energy  from  various   ter-
restrial  nuclear  laboratory  experiments  and  astrophysical
observations  based  on  the  Hugenholtz –Van  Hove
theorem[31].

On the contrary, the Dirac effective mass of neutron is
smaller  than  that  of  proton  in  the  relativistic  mean-field
(RMF) model based on nucleon-meson interactions[2, 8, 32].
Furthermore, based  on  comparisons  with  calculations   us-
ing improved quantum molecular dynamics(ImQMD) mod-
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m∗n<m∗p m∗n = m∗p m∗n>m∗p

el,  analyses  of  free  neutron/proton  double  ratio  from  the
National  Superconducting  Cyclotron  Laboratory  at
Michigan  State  University(NSCL/MSU)  seem  to  indicate
that protons have a slightly larger effective mass than neut-
rons[33].  All  three  cases  (   ,     ,  and     )
exist  in  Skyrme-Hartree-Fork  calculations  with  different
sets of Skyrme parameters[8].

Since  the  original  Skyrme  interaction  was  introduced
in  the  1950s[34], several  hundred  sets  of  Skyrme  paramet-
ers  have  been  fitted  to  predict  a  wealth  of  properties  of
atomic nuclei.  In this work, we try to construct a self-con-
sistent transport  model  based on Skyrme effective   interac-
tions and further  extract  the information of  neutron-proton
effective  mass  splitting  with  the  NSCL experimental  data.
The  article  is  organized  as  follows.  In  Sec.  2,  the  single-
nucleon  potential,  in-medium  nucleon-nucleon  cross-sec-
tion, and  initial  density  distributions  of  nucleons  are   ob-
tained from Skyrme interaction and used in IBUU04 code.
In Sec. 3, the free neutron/proton double ratio is discussed
with  particular  Skyrme parameters  and  compared  with  the
NSCL experimental data. 

2    Method
 

2.1    Skyrme  effective  interaction  with  the  Hartree-
Fork approximation

The  standard  form  of  Skyrme  effective  interaction
is[34−35] 

v(r1, r2) =t0

(
1+ x0Pσ

)
δ(r)+

1
2

t1

(
1+ x1Pσ

) [←−
k

2
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k

2]
+

t2

(
1+ x2Pσ

)←−
k ·δ(r)
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k +

1
6

t3

(
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) [
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]α
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1
2
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1+σ1 ·σ2
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r = r1− r2−→
k = i(

−→∇1−
−→∇2)/2

←−
k = i(

←−∇1−
←−∇2)/2

where     ,          ,  the  power       of density   de-
pendence, and the spin-orbit strength      are Skyrme para-
meters of the interaction;     is the spin ex-
change  operator;       is the  center-of-mass   co-
ordinate;       is  the  relative  coordinate  of  the  two
particles;       and       are  the
relative momentum operators acting on the right and on the
left, respectively.

β = (ρn−ρp)/(ρn+ρp)

We  begin  with  the  Skyrme  effective  interaction  and
use mean-field Hartree-Fock approximation to obtain single-
nucleon Hartree-Fork equation. In asymmetric nuclear mat-
ter  with  an  asymmetry  parameter     ,
the  nucleon  effective  mass  determined  by  the  momentum
dependence of single-nucleon potential is[36] 

m∗q = mq

[
1+

2mq

h̄2 (ξµ− ξν
1+ωq β

2
)ρ

]−1

, (2)

q = n ωq = 1 q = p ωq = −1where     ,       for  neutrons and     ,       for
protons. The simplified notation is
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4
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x2

2

)]
,
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1
4

[
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(
1
2
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)
− t2

(
1
2
+ x2

)]
. (3)

And the momentum-independent mean-field potential is
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2
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[
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1
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(
1
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1
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W0

[
∇⃗J(r)+ ∇⃗Jq(r)

]
, (4)

τq(r) τ(r) =
τp(r)+τn(r)
where  the  kinetic  energy  density       satisfies   

 .
 

2.2    Preparations for BUU calculations

Generally,  in  the  Boltzmann-Uehling-Uhlenbeck
(BUU)  model,  the  mean-field  potential  is  expressed  as  a
function  of  the  (continuous)  phase-space  distribution,
which  is  resolved  in  terms  of  a  (large)  number  of  discrete
test particles as[37]
 

f (r, p) =
1

Ñ

ÑA∑
i

δ
(
r− ri

)
δ
(
p− pi

)
, (5)

A Ñ
ri pi

l

where       is  the number of  nucleons,       is  the test  particle
number  per  nucleon  (200  in  this  work),       and       are  the
coordinates  and  momenta  of  the  individual  test  particles.
The  available  volume  is  divided  into  sufficiently  small
cubes of side      which can be considered as uniform nucle-
ar matter. Under the local density approximation of nuclear
matter, the gradient term of the density and spin-orbit term
of mean-field potential vanish.

Then the  momentum-independent  single-nucleon   po-
tential obtained from Eq. (4) is
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ρα(r)ρq(r), (6)

and the momentum-dependent part is 

Uq(p, ρ) = (ξµρ− ξνρq)
p2

h̄2 . (7)

The isospin- and momentum- depentent single-nucleon po-
tential used in the BUU code is 

U(q, p, ρ) = Uq(ρ)+Uq(p, ρ), (8)

q = n q = pwhere     for neutrons and     for protons.
τq(r)

f (r, p)

For the BUU code, the kinetic energy density      in
the above Eq. (6) is derived with the phase-space distribu-
tion function    ⟨ p2

q

2m

⟩
=

w h̄2

2m
τq(r)d3r =

w p2
q

2m
f (r, p)d3rd3 p

=
1

Ñ

ÑA∑
i

w p2
q

2m
δ
(
r− ri

)
δ
(
p− pi

)
d3 rd3 p. (9)

Therefore, we have 

τq(r) =
ÑA∑

i

p2
i

Ñh̄2
δ
(
r− ri

)
, (10)

q = p q = n
r

where the summation represents the sum of all the protons
(   ) or neutrons (   ) in the grid where they are loc-
ated with coordinate    .

E/A
The symmetry energy can be obtained from the bind-

ing energy per nucleon    
[38]
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The initial density distributions of neutron and proton
in nucleus  are  given  by  the  Skyrme-Hartree-Fork   calcula-
tions  with  corresponding  Skyrme  parameters.  And  we  let
the nucleon momentum distribution in the high-momentum-
tail(HMT)[39−41] 

nHMT(k) ∝ 1/k4, (12)

and  r 2kF

kF
nHMT(k)k2dkr 2kF

0 n(k)k2dk
≃ 20%. (13)

σmedium
BB

σfree
BB

The  isospin-dependent  baryon–baryon(BB)  scattering
cross section in medium      is reduced compared with
their free-space value     by a factor of[42−43] 

Rmedium(ρ, β) ≡ σmedium
BB /σfree

BB

=
(
µ∗BB/µBB

)2
, (14)

µBB µ∗BB

Rmedium

where      and      are the reduced masses of the colliding
baryon-pair  in  free  space  and  medium,  respectively.  The
nucleon effective mass in the factor      is obtained us-
ing the Skyrme interaction, see Eq. (2). 

2.3    Select Skyrme parameter sets

K0 E0

m∗

{t0, t1, t2, t3, x0, x1, x2,

x3, α}
S 0 L Ksym

ρ = ρ0 2ρ0

The  neutron/proton  double  ratio  has  recently  been
used to study the effective mass splitting effect with NSCL
experiments[33−44], and we also need to consider the choice
of symmetry energy because it's  still  unclear,  especially in
high-density  regions[45−48].  In  this  way,  it  is  convincing
that  signals  are  mainly  due to  the  neutron-proton effective
mass  splitting  and  not  strictly  depending  on  the  choice  of
the stiffness  of  the  symmetry energy.  In  this  work,  among
the published 240 Skyrme interaction parameter sets in the
Ref.  [49],  six  Skyrme  interactions  predict  the  opposite
choices  of  effective  mass  splitting  for  different  stiffnesses
of the symmetry energy (asy-hard, asy-sightly-soft, and asy-
soft),  as  shown in Table  1.  The  corresponding  two sets  of
Skyrme parameters selected with similar  symmetry energy
also predict very close saturation properties of nuclear mat-
ter,  such  as  incompressibility     ,  the  binding  energy   
and isoscalar effective mass    , with the exception that the
effective mass  splitting  is  opposite.  The  saturation  proper-
ties  of  nuclear  matter  are  determined  by  standard  Skyrme
parameter  sets  with  9  parameters   

 . By  the  way,  if  we  fix  the  symmetry  energy  coeffi-
cient     ,  its slope     ,  and curvature     ,  the trend of the
symmetry energy  is  roughly  determined.  The  density   de-
pendence  of  nuclear  symmetry  energy  with  selected
Skyrme parameters is shown in the left panel of Fig. 1. And
the  right  panel  displays  the  effective  mass  of  neutron  and
proton  as  a  function  of  density  (   ,     )  and  isospin-
asymmetry with the KDE0v1 and NRAPR interactions, re-
spectively.  It  shows  that  the  effective  mass  of  proton  is
slightly larger than that of neutron for the KDE0v1 interac-
tion and the opposite for NRAPR.

τq =
3
5 k2

Fq
ρq

Usym = (Un−Up)/2δ Un Up

In cold asymmetric  nuclear  matter,  the kinetic  energy
density  of  nucleon  in  the  Eq.  (6)  can  be  written  as

 ,  and  the  symmetry  potential  can  be  obtained
from  the  definition     .  Where       (   )
is  the  single-nucleon  mean-field  potential  of  neutron  (pro-
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δ = 0.2

m∗n<m∗p

m∗n>m∗p

ton). The symmetry potentials as a function of density and
momentum  at  isospin  asymmetry       with the   previ-
ously selected Skyrme parameters in cold asymmetric nuc-
lear  matter  are  shown  in  Fig.  2.  The  left  panel  shows  the
negative effective mass splitting for different stiffnesses of
the symmetry energy predicted by the SkI2,  KDE0v1,  and
BSk9 interactions  while  the  corresponding  positive   effect-
ive mass splitting predicted by the Gs, NRAPR, SV-mas08
interactions  are  shown  in  the  right,  respectively.  One  can
see that for the case of     , the symmetry potential in-
creases with momentum and increases more rapidly due to
the squared term of momentum in the mean-field potential,
while  decreases  for       case.  Combining  the  Eq.  (2),
we can obtain the effective mass splitting
 

m∗n−p = m∗n−m∗p ∝ ξν βρ. (15)

And combining the Eq. (8), we can obtain the momentum-

dependent behavior of symmetry potential 

dUsym

dp
=

d(Un−Up)

2δdp
∝ −ξν βρp. (16)

ξν

From the Eq. (15) and Eq. (16), we can see the sign of the
effective  mass  splitting  is  opposite  to  the  momentum-de-
pendent behavior of symmetry potential, and the sign is de-
termined by the notation    . This is consistent with the pre-
vious  analysis  in  Fig.  2.  In  this  framework,  the  Skyrme
force has a strong momentum-dependent behavior and it is
also mentioned in Ref. [56].

m∗n<m∗p

m∗n>m∗p

Due to the opposite choices of effective mass splitting
corresponding to symmetry potentials' different momentum-
dependent behaviors, the symmetry potential is almost pos-
itive  for  the  case  of     ,  but  may  have  a  cross-over
(from positive to negative) at higher momentum and dens-
ity  for       case.  This  distinction  will  be  a  key  entry
point for the analysis of the following results. 

δ = 0.2
ρ0

Table 1    Corresponding saturation properties of nuclear matter with selected different Skyrme parameter sets. The effective mass of
neutron and proton are obtained with isospin asymmetry     for isospin asymmetric nuclear matter. All entries are in MeV,
except for     in fm−3 and the dimensionless effective mass ratios.

 

Stiffness Model m∗n−p  K0  S 0  L  Ksym  m∗/m  m∗n/m  m∗p/m  ρ0  E0 

hard SkI2[50] <0 240.93 33.37 104.33 70.69 0.68 0.662 0.703 0.158 −15.78

hard Gs[51] >0 237.29 31.13 93.31 14.07 0.78 0.807 0.757 0.158 −15.59

slightly soft KDE0v1[52] <0 227.54 34.58 54.69 −127.12 0.74 0.737 0.763 0.165 −16.23

slightly soft NRAPR[53] >0 225.65 32.78 59.63 −123.32 0.69 0.716 0.674 0.161 −15.85

soft BSk9[54] <0 231.32 30 38.29 −153.70 0.80 0.780 0.818 0.159 −15.92

soft SV-mas08[55] >0 233.13 30 40.15 −172.38 0.80 0.818 0.781 0.160 −15.90
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Fig. 1    Left panel: Density dependence of symmetry energy with different Skyrme parameter sets; Right panel: The effective mass
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dow) and NRAPR (lower window) in cold asymmetric nuclear matter. (color online)
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3    Results and discussions

0<b<3

70◦<θc.m.<110◦ cosθ= pz/
√

p2
x + p2

y + p2
z

A<5

In  this  work,  we  simulated  the  collisions  of
124Sn+124Sn  and  >112Sn+112Sn reactions  with  beam  ener-
gies  of  50  MeV/nucleon  and  120  MeV/nucleon  at  impact
parameter       fm  using  the  BUU  code  based  on
Skyrme effective interactions. The double ratio of pre-equi-
librium emitted nucleons is shown in the Fig. 3 with angu-

lar  cuts       (   )  from
the above collision systems.  A local  density cut  method is
used  to  judge  free  nucleons, i.e.,  if  the  local  density  of  a
nucleon is less than 0.05 times saturation density, then it is
a free  nucleon.  In  the  studies,  we  slightly  change  this   cri-
terion, and it's found that the double neutron/proton ratio is
less  affected.  The  free  neutron/proton  double  ratio  is
roughly  the  same  as  that  neutron/proton  including  light
cluster     , according to Figure 6 in the Ref. [57]. Com-
pared  to  the  neutron-proton  single  ratio,  the  double  ratio

can reduce the effect of Coulomb force and the systematic
error caused by poor efficiency of detecting neutrons[45, 58].
As shown in Fig. 3, due to the increase of nucleon-nucleon
scattering,  the  neutron-proton  double  ratio  of  120
MeV/nucleon beam energy in the right panel is smaller than
the  left  one  which is  50 MeV/nucleon,  consistent  with  the
Ref.  [59].  First  of  all,  it  should  be  clarified  that  when  the
symmetry potential is positive, it exhibits attraction to pro-
tons and repulsion to neutrons. When the symmetry poten-
tial  is  negative,  it  repels  protons and attracts  neutrons.  For
windows  (c)  and  (e)  in Fig.  2, the  symmetry  potential  de-
creases  with  increasing  density  before  the  crossover  point
and increases  with  increasing  density  after.  And  the   sym-
metry  potential  increases  with  increasing  kinetic  energy.
Before the  crossover  point,  density-  and  momentum-   de-
pendent  parts  compete,  after  that,  their  contributions  are
consistent. However, for windows (d) and (f) in Fig. 2, the
symmetry potential  has the opposite behavior.  For the two
opposite  choices  of  effective  mass  splitting,  the  symmetry
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m∗n>m∗p

potentials  have  a  larger  difference  at  higher  momentum.
Therefore,  when  the  effective  mass  of  neutron  is  smaller
than  that  of  proton,  the  almost  always  positive  symmetry
potential with increasing momentum causes neutrons to feel
more repulsion at higher kinetic energy, and more neutrons
are emitted, compared to the case of     . As shown in
Fig.  3, the  distinctions  caused  by  the  effective  mass   split-
ting  effect  are  mainly  concentrated  in  higher  momentum
range. For lower kinetic energies, de-excitation of hot frag-
ments  in  heavy-ion  collisions  becomes  important,  thus  the
effects of  symmetry  potential  should  be  disturbed.   There-
fore,  we  don’ t  deduce  the  neutron-proton  effective  mass
splitting from the lower kinetic part. Whereas for the nucle-
ons at  high kinetic energies,  the effects of de-excitation of
hot fragments in heavy-ion collisions would become smal-
ler, hence symmetry potential or the neutron-proton effect-
ive  mass  splitting  increasingly  affects  the  neutron/proton
ratio.  Overall,  the  isospin  effective  mass  splitting  effect  is
more obvious at higher momentum, which is consistent with the
Refs. [59−60].

Shown in the left of Fig. 3, except for the asy-slightly-

soft symmetry energy case, the maximum value of the neut-
ron-proton  double  ratio  that  can  be  reached  is  around
1.4~1.6,  while  the  NSCL experimental  result  can  reach  2.
The differences are indeed large relatively by comparisons.
To  avoid  an  overall  depression  caused  by  the  inclusion  of
comparison with the experimental data, we only display the
results of NRAPR and KDE0v1 compared with NSCL ex-
perimental data, as shown in Fig. 4. It can be seen that the
kinetic-energy  spectra  of  the  neutron-proton  double  ratio
results predicted  by  the  KDE0v1  interaction  are  in   relat-
ively  better  agreement  with  the  experiment,  especially
when the nucleus's kinetic energy is less than 40 MeV, and
it's consistent with the trend of increasing and then decreas-
ing experimental results. It should be noted that the results
are still a little low compared to the experiment for nucleon
kinetic  energies  between  40  and  80  MeV.  On  the  whole,
among the six sets of interactions, it seems to imply that the
momentum- and density-dependent symmetry potential pre-
dicted by the KDE0v1 interaction is closer to that expected
from NSCL experimental data.
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4    Summary and outlook
In  summary,  the  single-nucleon  potential,  in-medium

nucleon-nucleon cross-section,  and  initial  density  distribu-
tions of nucleons are described by the Skyrme nucleon-nuc-
leon effective  interaction  and  used  in  BUU code  to   simu-
late  heavy-ion  collisions.  Six  sets  of  Skyrme  parameter
SkI2,  Gs,  KDE0v1,  NRAPR,  BSk9,  and  SV-mas08  are
used  for  various  stiffnesses  of  the  symmetry  energy  with
opposite choices of neutron-proton effective mass splitting
in this work. We try to extract the information of effective
mass  splitting  by  free  neutron/proton  double  ratio.  It  is
found  that  distinctions  caused  by  two  opposite  choices  of
effective mass splitting are mainly concentrated in the high
momentum range.  This can be explained by their  different
density- and  momentum-dependent  behaviors  of  the   sym-
metry  potential  in Fig.  2. The  comparison  with  NSCL ex-
perimental  data  indicates  that  double  neutron-proton ratios
corresponding to the KDE0v1 interaction seem closer to the
experimental data, among the six sets of interactions. And it
is planned to consider more situations by performing a cov-
ariance analysis of the neutron-proton effective mass split-
ting in the future, as done in Ref. [60].
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探究重离子碰撞中密度和动量依赖的单核子势的影响

舒建波 1,2,1), 左 维 1,2

(1. 中国科学院近代物理研究所，兰州 730000；
2. 中国科学院大学核科学与技术学院，北京 100049)

124Sn 124Sn 112Sn 112Sn

摘要:   从Skyrme有效核子-核子相互作用出发，得到了单核子平均场、介质中的核子-核子散射截面以及核子的初

始化密度分布，自洽地用于 Boltzmann-Uehling-Uhlenbeck(BUU) 输运模型中。使用对应不同软硬程度对称能、相反

中子-质子有效质量劈裂的六组Skyrme参数 (SkI2, Gs, KDE0v1, NRAPR, BSk9和SV-mas08)，利用BUU输运模型对

 +   和   +   进行了碰撞模拟。结果表明，由中子-质子有效质量劈裂效应引起的自由双中质比差异在

较高的核子动能下明显。此外，与NSCL实验数据的比较表明，在用到的六种相互作用之中，KDE0v1相互作用所

对应的双中质比结果似乎与实验更为符合。

关键词:   重离子碰撞；Skyrme相互作用；对称能；有效质量劈裂

 

收稿日期: 2022-03-15；　修改日期: 2022-04-10
基金项目: 国家自然科学基金资助项目 (11975282)
1) E-mail: shujianbo@impcas.ac.cn 

  第 4 期 SHU Jianbo et al:  Probing the Effects of Density- and Momentum-dependent  Potentials in Heavy Ion Collisions · 453 ·  

https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1103/PhysRevC.25.1460
https://doi.org/10.1103/PhysRevC.25.1460
https://doi.org/10.1103/PhysRevC.25.1460
https://doi.org/10.1103/PhysRevC.25.1460
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1103/PhysRevC.96.044605
https://doi.org/10.1103/PhysRevC.96.044605
https://doi.org/10.1103/PhysRevC.96.044605
https://doi.org/10.1103/PhysRevC.96.044605
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1126/science.1256785
https://doi.org/10.1126/science.1256785
https://doi.org/10.1126/science.1256785
https://doi.org/10.1126/science.1256785
https://doi.org/10.1103/PhysRevC.65.064611
https://doi.org/10.1103/PhysRevC.65.064611
https://doi.org/10.1103/PhysRevC.65.064611
https://doi.org/10.1103/PhysRevC.65.064611
https://doi.org/10.1016/j.physletb.2016.12.013
https://doi.org/10.1016/j.physletb.2016.12.013
https://doi.org/10.1016/j.physletb.2016.12.013
https://doi.org/10.1016/j.physletb.2016.12.013
https://doi.org/10.1103/PhysRevLett.97.052701
https://doi.org/10.1103/PhysRevLett.97.052701
https://doi.org/10.1103/PhysRevLett.97.052701
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1103/PhysRevC.74.064617
https://doi.org/10.1103/PhysRevC.74.064617
https://doi.org/10.1103/PhysRevC.74.064617
https://doi.org/10.1103/PhysRevC.74.064617
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1103/PhysRevC.33.335
https://doi.org/10.1103/PhysRevC.33.335
https://doi.org/10.1103/PhysRevC.33.335
https://doi.org/10.1103/PhysRevC.33.335
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.94.014609
https://doi.org/10.1103/PhysRevC.94.014609
https://doi.org/10.1103/PhysRevC.94.014609
https://doi.org/10.1103/PhysRevC.94.014609
https://doi.org/10.1103/PhysRevC.91.047601
https://doi.org/10.1103/PhysRevC.91.047601
https://doi.org/10.1103/PhysRevC.91.047601
https://doi.org/10.1103/PhysRevC.91.047601
https://doi.org/10.1016/j.physletb.2014.03.030
https://doi.org/10.1016/j.physletb.2014.03.030
https://doi.org/10.1016/j.physletb.2014.03.030
https://doi.org/10.1016/j.physletb.2014.03.030
https://doi.org/10.1016/j.physletb.2015.07.064
https://doi.org/10.1016/j.physletb.2015.07.064
https://doi.org/10.1016/j.physletb.2015.07.064
https://doi.org/10.1016/j.physletb.2015.07.064
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1103/PhysRevC.25.1460
https://doi.org/10.1103/PhysRevC.25.1460
https://doi.org/10.1103/PhysRevC.25.1460
https://doi.org/10.1103/PhysRevC.25.1460
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1103/PhysRevC.96.044605
https://doi.org/10.1103/PhysRevC.96.044605
https://doi.org/10.1103/PhysRevC.96.044605
https://doi.org/10.1103/PhysRevC.96.044605
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1126/science.1256785
https://doi.org/10.1126/science.1256785
https://doi.org/10.1126/science.1256785
https://doi.org/10.1126/science.1256785
https://doi.org/10.1103/PhysRevC.65.064611
https://doi.org/10.1103/PhysRevC.65.064611
https://doi.org/10.1103/PhysRevC.65.064611
https://doi.org/10.1103/PhysRevC.65.064611
https://doi.org/10.1016/j.physletb.2016.12.013
https://doi.org/10.1016/j.physletb.2016.12.013
https://doi.org/10.1016/j.physletb.2016.12.013
https://doi.org/10.1016/j.physletb.2016.12.013
https://doi.org/10.1103/PhysRevLett.97.052701
https://doi.org/10.1103/PhysRevLett.97.052701
https://doi.org/10.1103/PhysRevLett.97.052701
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1103/PhysRevC.74.064617
https://doi.org/10.1103/PhysRevC.74.064617
https://doi.org/10.1103/PhysRevC.74.064617
https://doi.org/10.1103/PhysRevC.74.064617
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1103/PhysRevC.33.335
https://doi.org/10.1103/PhysRevC.33.335
https://doi.org/10.1103/PhysRevC.33.335
https://doi.org/10.1103/PhysRevC.33.335
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.94.014609
https://doi.org/10.1103/PhysRevC.94.014609
https://doi.org/10.1103/PhysRevC.94.014609
https://doi.org/10.1103/PhysRevC.94.014609
https://doi.org/10.1103/PhysRevC.91.047601
https://doi.org/10.1103/PhysRevC.91.047601
https://doi.org/10.1103/PhysRevC.91.047601
https://doi.org/10.1103/PhysRevC.91.047601
https://doi.org/10.1016/j.physletb.2014.03.030
https://doi.org/10.1016/j.physletb.2014.03.030
https://doi.org/10.1016/j.physletb.2014.03.030
https://doi.org/10.1016/j.physletb.2014.03.030
https://doi.org/10.1016/j.physletb.2015.07.064
https://doi.org/10.1016/j.physletb.2015.07.064
https://doi.org/10.1016/j.physletb.2015.07.064
https://doi.org/10.1016/j.physletb.2015.07.064
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1103/PhysRevC.25.1460
https://doi.org/10.1103/PhysRevC.25.1460
https://doi.org/10.1103/PhysRevC.25.1460
https://doi.org/10.1103/PhysRevC.25.1460
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1016/S0375-9474(97)00596-4
https://doi.org/10.1103/PhysRevC.96.044605
https://doi.org/10.1103/PhysRevC.96.044605
https://doi.org/10.1103/PhysRevC.96.044605
https://doi.org/10.1103/PhysRevC.96.044605
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1103/PhysRevC.92.045205
https://doi.org/10.1126/science.1256785
https://doi.org/10.1126/science.1256785
https://doi.org/10.1126/science.1256785
https://doi.org/10.1126/science.1256785
https://doi.org/10.1103/PhysRevC.65.064611
https://doi.org/10.1103/PhysRevC.65.064611
https://doi.org/10.1103/PhysRevC.65.064611
https://doi.org/10.1103/PhysRevC.65.064611
https://doi.org/10.1016/j.physletb.2016.12.013
https://doi.org/10.1016/j.physletb.2016.12.013
https://doi.org/10.1016/j.physletb.2016.12.013
https://doi.org/10.1016/j.physletb.2016.12.013
https://doi.org/10.1103/PhysRevLett.97.052701
https://doi.org/10.1103/PhysRevLett.97.052701
https://doi.org/10.1103/PhysRevLett.97.052701
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1016/j.physletb.2006.02.003
https://doi.org/10.1103/PhysRevC.74.064617
https://doi.org/10.1103/PhysRevC.74.064617
https://doi.org/10.1103/PhysRevC.74.064617
https://doi.org/10.1103/PhysRevC.74.064617
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.37.2019068
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.11804/NuclPhysRev.26.02.085
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1103/PhysRevC.85.035201
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1016/0375-9474(94)00770-N
https://doi.org/10.1103/PhysRevC.33.335
https://doi.org/10.1103/PhysRevC.33.335
https://doi.org/10.1103/PhysRevC.33.335
https://doi.org/10.1103/PhysRevC.33.335
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1103/PhysRevC.72.014310
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.physrep.2005.02.004
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1016/j.nuclphysa.2005.01.009
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.94.014609
https://doi.org/10.1103/PhysRevC.94.014609
https://doi.org/10.1103/PhysRevC.94.014609
https://doi.org/10.1103/PhysRevC.94.014609
https://doi.org/10.1103/PhysRevC.91.047601
https://doi.org/10.1103/PhysRevC.91.047601
https://doi.org/10.1103/PhysRevC.91.047601
https://doi.org/10.1103/PhysRevC.91.047601
https://doi.org/10.1016/j.physletb.2014.03.030
https://doi.org/10.1016/j.physletb.2014.03.030
https://doi.org/10.1016/j.physletb.2014.03.030
https://doi.org/10.1016/j.physletb.2014.03.030
https://doi.org/10.1016/j.physletb.2015.07.064
https://doi.org/10.1016/j.physletb.2015.07.064
https://doi.org/10.1016/j.physletb.2015.07.064
https://doi.org/10.1016/j.physletb.2015.07.064
mailto:shujianbo@impcas.ac.cn

	1 Introduction
	2 Method
	2.1 Skyrme effective interaction with the Hartree-Fork approximation
	2.2 Preparations for BUU calculations
	2.3 Select Skyrme parameter sets

	3 Results and discussions
	4 Summary and outlook
	参考文献

