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摘要:  运用改进的量子分子动力学 (ImQMD)模型嫁接GEMINI统计衰变模型对 400 AMeV 36Ar与C、Al、
Cu、Pb的弹核碎裂反应截面的奇偶效应进行了理论分析。分析结果表明，弹核碎裂电荷反应截面的奇偶效

应产生在初级碎块的退激发过程中，而且退激发过程中的对能在奇偶效应的产生中起着重要作用。如果不考

虑对能，弹核碎裂电荷反应截面的奇偶效应将消失。同时由于对能的作用使得弹核碎裂的中子反应截面也表

现出明显的奇偶效应。
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1    引言

近几十年，人们对中高能重离子碰撞进行了广泛的

研究 [1−12]，其中通过重离子反应过程中产生的可观测

到的碎裂反应截面有助于我们理解核结构在重离子反应

中的作用。现在，核碎裂已经应用到了天体物理学、辐

射生物学和辐射治疗中 [13−14]，精确的碎裂反应截面在

辐射生物学和辐射治疗中是至关重要的。因此，核碎裂

产生截面的反应机制和反应原理的研究对核碎裂反应过

程的描述是非常重要的。

TZ TZ

TZ

TZ

目前已经有许多实验 [15−19]和理论 [20−26]运用于碎

裂现象的研究。核碎裂对带电粒子的分布、粒子发射和

碎块分布进行了研究 [2, 15−16, 27−30]。实验测量结果表

明,弹核碎裂过程中电荷碎裂反应分截面表现出明显的

奇偶效应 [17−18, 28, 31]，即电荷数为偶数的碎裂产生截

面要比相邻的电荷数为奇数的碎裂产生截面大，并且这

种现象与弹核和末态碎块的同位旋有关[15, 32]。Iancu等[32]

在研究 400 AMeV 36Ar 和 40Ar的核碎裂时，指出弹核

的同位旋  =0时的奇偶效应比  =2时的奇偶效应明

显。Knott等 [15]在研究碎裂的产生截面和同位旋关系

时指出： 碎块质量数为偶数的   =0的分截面和碎块

质量数为奇数的  =0.5的分截面比其它的碎块分截面

大。理论上也有一些模型对核碎裂进行研究 [ 25−26, 33−36]，

secondary algorithms中弹核碎裂的总反应截面随靶核

质量数的增加而增加，但是反应产生的分截面却不能重

现实验结果 [37]。abrasion-ablation模型重现了奇偶效

应，但是比实验值高 [38]。目前，对弹核碎裂反应中产

生的奇偶性质的研究还不够充分。

2

TZ

TZ

本小组在前期的研究中对弹核碎裂的反应截面进行

了研究 [17, 39−41]。我们对 400 AMeV 20Ne与 C、Al、

CH  靶的碎裂反应截面进行了实验测量，20Ne的弹核

碎裂反应截面呈现出明显的奇偶效应 [17]。运用改进的

量子分子动力学模型 (ImQMD)[42]和GEMINI统计衰

变模型 [43]对 400 AMeV 20Ne、36Ar、40Ar 弹核碎裂反

应截面的奇偶效应进行了初步的理论分析，结果表明，

奇偶效应的产生与碰撞参数有关，主要发生在擦边碰撞

中 [39]；36Ar(  =0)弹核碎裂反应截面的奇偶效应强于
40Ar(  =2)的奇偶效应 [40]。在稳定核素中，中子、质

子有各自成对相处的趋势。当成对的同类核子相距很近

时，它们的空间波函数对称而自旋波函数反对称，这样

的成对核子有很强的吸引作用，这种作用称为对能。同

类核子成对相处时，附加的对能使结合能增大。本文在

前期研究的基础上对 400 AMeV 36Ar与 C、Al、Cu、

Pb的弹核碎裂反应截面中出现的奇偶效应进行进一步

的理论研究，分析对能在奇偶效应中的作用。

2    理论计算

ImQMD模型和GEMINI统计衰变模型的具体介绍

可见文献 [42−43]，其中 ImQMD模型描述动力学演化

过程，GEMINI统计衰变模型描述处于激发态的初级碎
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块的退激发过程 [44]。在本文中，我们选取Skyrme相互

作用势的参数见表 1，在动力学演化过程基本完成时，

R0=4.5

P0=300 c E(Z,A)

利用Coalescence模型对核子进行成块判断,   fm，

  MeV/  ，同时计算出该初级碎块的能量  。

利用结合能公式：

B(Z,A)=Z∆(1H) + (A− Z)∆(n)− Δ(Z,A), (1)

B(Z,A)

∆(Z,A)

E∗(Z,A) E(Z,A)−B(Z,A)

tsw=

250 c

其中：  指的是电荷数为 Z、质量数为 A的核素

的结合能；  是质量过剩所对应的能量，进一步

计算出初级碎块的激发能  =    。

从动力学演化过程到统计衰变过程的转换时间  

  fm/  
[44]。

在统计衰变模型中，对能表示为 [45]：

Epairing=


∆̄p + ∆̄n − δnp, (N, Z odd)
∆̄n, (N even, Z odd)
∆̄p, (N odd, Z even)
0, (N and Z even)

(2)

∆̄n ∆̄p

δnp

其中   是平均中子对能隙，   是平均质子对能隙，

 是平均中子-质子相互作用能。

∆̄n=
rmacBS

N1/3
, (3)

∆̄p=
rmacBS

Z1/3
, (4)

δnp=
h

BSA2/3
, (5)

Z N A rmac

h BS=
A−2/3

4πr20

r
S
dS

式中：  是电荷数；  是中子数；  是质量数；  =

4.80 MeV；  =6.6 MeV；  是相对表面

能，即原子核的真实表面积与原子核的球形表面积的

比值。

2.1    弹核碎裂反应截面

σ(Z)弹核碎裂电荷反应截面  通过下式进行计算：

σ(Z)=2π
w bmax

0
bP (Z, b)db。 (6)

b P (Z, b)

b bmax

其中：   是碰撞参数；   是电荷数为 Z，碰撞参

数为  时的反应几率；  是最大碰撞参数。

在弹核碎裂反应截面的研究 [40]中，实验测量结

果 [32]与理论计算结果进行了比较，ImQMD+GEM-

INI复合模型的理论计算结果与实验测量结果符合得较

好，在电荷数 Z=5~16有明显的奇偶效应。在这里我们

重现了 ImQMD模型和 ImQMD+GEMINI复合模型计

算的 400 AMeV 36Ar与C、Al、Cu、Pb靶的弹核碎裂

电荷反应截面的结果，如图 1所示。在图 1中，用 Im-

QMD计算的弹核碎裂产生的初级碎块的电荷反应截面

没有表现出奇偶效应，而 ImQMD+GEMINI 的理论计

算结果使弹核碎裂的电荷反应截面表现出了明显的奇偶

效应，与实验结果 [32]一致。由此可知：400 AMeV
36Ar与C、Al、Cu、Pb靶的弹核碎裂电荷反应截面的

奇偶效应是在初级碎块的退激发过程中产生的。

α γ

在动力学反应过程中，系统处于高激发态，对能的

作用很小，所以在动力学过程中没有考虑对能的作用。

在动力学反应过程完成之后，用GEMINI统计衰变模

型模拟激发态的初级碎块的退激发过程。它包含有 n,

p, d, t, 3He,   等轻粒子的蒸发，复合核的衰变以及  射

线的发射，直至再不可能发生任何衰变为止。在稳定核

素中，同类核子有各自成对相处的趋势，所以退激发过程

表 1    ImQMD 模型中的相互作用势采用的参数
 

a/MeV b/MeV g g0/(MeV·fm
2) gt/MeV h CS/MeV ks/fm2 r0/fm–3

–356 303 7/6 7.0 12.5 2/3 32.0 0.08 0.165
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图 1    (在线彩图) 400 AMeV 36Ar与 C、Al、Cu、Pb
靶的弹核碎裂电荷反应截面，(a) 为 ImQMD的计算

结果，(b) 为 ImQMD+GEMINI的计算结果和实验

测量结果 [32]
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中考虑了对能。为了与在对能情况下的反应机制进行比

较，我们先在没有对能的情况下计算了400 AMeV 36Ar

与C、Al、Cu、Pb靶的弹核碎裂电荷反应截面，如图2

所示。很明显，在退激发过程中不考虑对能的作用时，弹

核碎裂电荷反应截面的奇偶效应消失。这也意味着对能

对弹核碎裂电荷反应截面的奇偶效应起着重要的作用。

2.2    奇偶效应

V (Z)

为了更好地表达弹核碎裂电荷反应截面的奇偶效应，

引入了  
[32]:

V (Z)=
2σ(Z)

σ(Z + 1) + σ(Z − 1)
， (7)

V (Z)

Z V (Z) < Z V (Z) >

V (Z)

V (Z)=1

其中Z 是碎块的电荷数。用  描述奇偶效应时，当

 为奇数，   1；当   为偶数，   1。400

AMeV 36Ar与C、Al、Cu、Pb靶的弹核碎裂反应截面

的奇偶效应用  表示，如图 3所示。图中的虚线表

示   。在退激发过程中考虑对能时，弹核碎裂

电荷反应截面表现出明显的奇偶效应，其中Pb靶的奇

偶效应最弱。这是因为随着靶核中子数的增加，产生的

初级碎块在退激发的过程中将发射出更多的中子，因此

质子数的奇偶效应就不那么明显了。而不考虑对能作用

时，弹核碎裂电荷反应截面的奇偶效应消失。

TZ

TZ V (Z)

V (Z)(Z=6, 7, 8)

Epairing

在弹核碎裂电荷反应截面的研究 [40]中指出，电荷

反应截面的奇偶效应主要来自于同位旋  =0的碎块。

我们比较了   =0时在两种情况下的   值，如图 4

所示。在考虑对能的情况下，36Ar的弹核碎裂电荷反

应截面表现出了明显的奇偶效应。不考虑对能时，弹核

碎裂电荷反应截面的奇偶效应减弱甚至于完全消失。

同时，通过图 3和图 4，我们发现两种情况下的

 都具有奇偶效应。这是因为 12C和 16O

的比结合能较大，而且  =0。
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图 2    (在线彩图) 不考虑对能作用时，400 AMeV 36Ar
与C、Al、Cu、Pb靶的弹核碎裂电荷反应截面
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V (Z) 36图 3    (在线彩图) 用  值表示400 AMeV   Ar与C、Al、Cu、Pb靶的弹核碎裂电荷反应截面的奇偶效应

实心的点表示在退激发过程中考虑对能的作用，空心的点表示没有考虑对能作用。
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V (Z) TZ图 4    (在线彩图) 用  值表示 400 AMeV 36Ar与C、Al、Cu、Pb靶的反应在  =0时的弹核碎裂电荷反应截面的奇偶

效应
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V (N)

由于对能的作用，不仅使弹核碎裂的电荷反应截面

表现出奇偶效应，中子反应截面也表现出了奇偶效应，

我们用  来表示弹核碎裂中子反应截面的奇偶效应，

类似于式 (7)，

V (N)=
2σ(N)

σ(N + 1) + σ(N − 1)
, (8)

σ(N)其中 N 是碎块的中子数，   是弹核碎裂中子反应

截面，

σ(N)=2π
w bmax

0
bP (N, b)db。 (9)

P (N, b) b  是中子数为 N，碰撞参数为   时的反应几率。

如图 5所示。通过图 3和图 5可以看出，中子反应截面

的奇偶效应强于电荷反应截面的奇偶效应。由于没有库

仑位垒的作用，中子衰变要比质子衰变简单，中子更容

易发射。比如Pb靶，在衰变过程中有更多的中子发射

出来，这时中子的奇偶效应比较明显。

< N > /Z

< N > /Z=1

TZ =0

如图 6所示，初级碎块的中质比 (  )斜率

大于退激发后的中质比斜率，也就是说退激发后的同位

素分布宽度小于初级碎块的同位素分布宽度。退激发后

的C、Al、Cu靶的碎块分布主要集中在  

的附近，这也体现了弹核碎块反应截面在  时奇偶

效应最强；Pb靶的碎块中质比的斜率最大，电荷数较

小时的丰中子核素较多，这体现了中子对能的作用，因

此Pb靶的弹核碎裂电荷反应截面在电荷数较小时的奇

偶效应较弱。这与其他结果一致 [46−47]。

3    结论

本文运用 ImQMD和GEMINI统计衰变模型分别

描述弹核碎裂的动力学反应过程和初级碎块的退激发过

程，分析了 400 AMeV 36Ar与 C、Al、Cu、Pb靶的弹

核碎裂电荷反应截面的奇偶效应。弹核碎裂电荷反应截

面的奇偶效应产生在初级碎块的退激发过程中。对能的

作用使弹核碎裂反应截面在质子数和中子数中都表现出

了明显的奇偶效应。
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Effect of Pairing Energy for Projectile Fragmentation Cross Sections

CHENG Jinxia1,2,1),  ZHANG Donghai3,  LI Junsheng3

(1. The Key Laboratory of Physics and Photoelectric information Functional Materials, North Minzu University,

Yinchuan 750021, China;

2. College of Electrical and Information Engineering, North Minzu University, Yinchuan 750021, China;

3. Institute of Modern Physics, Shanxi Normal University, Linfen 041004, Shanxi, China)

Abstract:  The improved quantum molecular dynamics(ImQMD) model plus the GEMINI statistical decay model
are used to analyze the odd-even effect of fragmentation cross sections for reactions 36Ar beams on C, Al, Cu, Pb
targets at 400 AMeV. The result shows that the odd–even effect is appeared in the de-excitation process of primary
fragments, and the pairing energy plays an important role. The odd–even effect of fragmentation cross sections dis-
appears when the pairing energy is removed from the de-excitation process. The odd–even effect in neutron of frag-
mentation cross section is significantly.
Key words:  fragmentation; odd-even effect; pairing energy

 

Received date: 26 Dec. 2019；　Revised date: 06 Apr. 2020

Foundation item: National Nature Science Foundation of China (11565001)

1) E-mail: lfcjxlyl@163.com. 

  第 3 期 程锦霞等：对能对弹核碎裂反应截面的影响 · 625 ·  

https://doi.org/10.1103/PhysRevC.92.024607
https://doi.org/10.1103/PhysRevC.92.024607
https://doi.org/10.1103/PhysRevC.92.024607
https://doi.org/10.1103/PhysRevC.92.024607
https://doi.org/10.1103/PhysRevC.97.044619
https://doi.org/10.1103/PhysRevC.97.044619
https://doi.org/10.1103/PhysRevC.97.044619
https://doi.org/10.1103/PhysRevC.97.044619
https://doi.org/10.1146/annurev.ns.44.120194.001103
https://doi.org/10.1146/annurev.ns.44.120194.001103
https://doi.org/10.1146/annurev.ns.44.120194.001103
https://doi.org/10.1146/annurev.ns.44.120194.001103
https://doi.org/10.1146/annurev.ns.44.120194.001103
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1103/PhysRevC.56.398
https://doi.org/10.1103/PhysRevC.56.398
https://doi.org/10.1103/PhysRevC.56.398
https://doi.org/10.1103/PhysRevC.56.398
https://doi.org/10.1103/PhysRevC.56.398
https://doi.org/10.1103/PhysRevC.56.398
https://doi.org/10.1016/j.nuclphysa.2006.10.088
https://doi.org/10.1016/j.nuclphysa.2006.10.088
https://doi.org/10.1016/j.nuclphysa.2006.10.088
https://doi.org/10.1016/j.nuclphysa.2006.10.088
https://doi.org/10.1088/1674-1137/36/1/006
https://doi.org/10.1088/1674-1137/36/1/006
https://doi.org/10.1088/1674-1137/36/1/006
https://doi.org/10.1088/1674-1137/36/1/006
https://doi.org/10.1088/1674-1137/36/1/006
https://doi.org/10.1088/1674-1137/36/1/006
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.1016/j.cjph.2019.04.022
https://doi.org/10.1016/j.cjph.2019.04.022
https://doi.org/10.1016/j.cjph.2019.04.022
https://doi.org/10.1016/0168-583X(94)95662-6
https://doi.org/10.1016/0168-583X(94)95662-6
https://doi.org/10.1016/0168-583X(94)95662-6
https://doi.org/10.1016/0168-583X(94)95662-6
https://doi.org/10.1016/0168-583X(94)95662-6
https://doi.org/10.1103/PhysRevC.42.2530
https://doi.org/10.1103/PhysRevC.42.2530
https://doi.org/10.1103/PhysRevC.42.2530
https://doi.org/10.1103/PhysRevC.42.2530
https://doi.org/10.1103/PhysRevC.42.2530
https://doi.org/10.1103/PhysRevC.42.2530
https://doi.org/10.1103/PhysRevC.47.1257
https://doi.org/10.1103/PhysRevC.47.1257
https://doi.org/10.1103/PhysRevC.47.1257
https://doi.org/10.1103/PhysRevC.47.1257
https://doi.org/10.1103/PhysRevC.47.1257
https://doi.org/10.1103/PhysRevLett.68.2898
https://doi.org/10.1103/PhysRevLett.68.2898
https://doi.org/10.1103/PhysRevLett.68.2898
https://doi.org/10.1103/PhysRevLett.68.2898
https://doi.org/10.1103/PhysRevLett.68.2898
https://doi.org/10.1103/PhysRevLett.68.2898
https://doi.org/10.1016/0375-9474(90)90328-J
https://doi.org/10.1016/0375-9474(90)90328-J
https://doi.org/10.1016/0375-9474(90)90328-J
https://doi.org/10.1016/0375-9474(90)90328-J
https://doi.org/10.1016/0375-9474(90)90328-J
https://doi.org/10.1103/PhysRevC.83.014608
https://doi.org/10.1103/PhysRevC.83.014608
https://doi.org/10.1103/PhysRevC.83.014608
https://doi.org/10.1103/PhysRevC.83.014608
https://doi.org/10.1103/PhysRevC.83.014608
https://doi.org/10.1016/j.nuclphysa.2013.06.013
https://doi.org/10.1016/j.nuclphysa.2013.06.013
https://doi.org/10.1016/j.nuclphysa.2013.06.013
https://doi.org/10.1016/j.nuclphysa.2013.06.013
https://doi.org/10.1103/PhysRevC.56.388
https://doi.org/10.1103/PhysRevC.56.388
https://doi.org/10.1103/PhysRevC.56.388
https://doi.org/10.1103/PhysRevC.56.388
https://doi.org/10.1103/PhysRevC.56.388
https://doi.org/10.1103/PhysRevC.56.388
https://doi.org/10.1103/PhysRevC.94.044615
https://doi.org/10.1103/PhysRevC.94.044615
https://doi.org/10.1103/PhysRevC.94.044615
https://doi.org/10.1103/PhysRevC.94.044615
https://doi.org/10.1103/PhysRevC.94.044615
https://doi.org/10.1016/j.nimb.2018.05.045
https://doi.org/10.1016/j.nimb.2018.05.045
https://doi.org/10.1016/j.nimb.2018.05.045
https://doi.org/10.1016/j.nimb.2018.05.045
https://doi.org/10.1016/j.nimb.2018.05.045
https://doi.org/10.1007/s41365-019-0704-1
https://doi.org/10.1007/s41365-019-0704-1
https://doi.org/10.1007/s41365-019-0704-1
https://doi.org/10.1103/PhysRevC.83.034909
https://doi.org/10.1103/PhysRevC.83.034909
https://doi.org/10.1103/PhysRevC.83.034909
https://doi.org/10.1103/PhysRevC.83.034909
https://doi.org/10.1103/PhysRevC.83.034909
https://doi.org/10.1016/j.radmeas.2004.10.011
https://doi.org/10.1016/j.radmeas.2004.10.011
https://doi.org/10.1016/j.radmeas.2004.10.011
https://doi.org/10.1016/j.radmeas.2004.10.011
https://doi.org/10.1140/epja/i2015-15154-4
https://doi.org/10.1140/epja/i2015-15154-4
https://doi.org/10.1140/epja/i2015-15154-4
https://doi.org/10.1140/epja/i2015-15154-4
https://doi.org/10.1016/0375-9474(89)90328-X
https://doi.org/10.1016/0375-9474(89)90328-X
https://doi.org/10.1016/0375-9474(89)90328-X
https://doi.org/10.1103/PhysRevC.52.3277
https://doi.org/10.1103/PhysRevC.52.3277
https://doi.org/10.1103/PhysRevC.52.3277
https://doi.org/10.1103/PhysRevC.52.3277
https://doi.org/10.1103/PhysRevC.52.3277
https://doi.org/10.1088/0954-3899/37/1/015105
https://doi.org/10.1088/0954-3899/37/1/015105
https://doi.org/10.1088/0954-3899/37/1/015105
https://doi.org/10.1088/0954-3899/37/1/015105
https://doi.org/10.1088/0954-3899/37/1/015105
https://doi.org/10.1103/PhysRevC.83.047601
https://doi.org/10.1103/PhysRevC.83.047601
https://doi.org/10.1103/PhysRevC.83.047601
https://doi.org/10.1103/PhysRevC.83.047601
https://doi.org/10.1016/j.nuclphysa.2004.01.069
https://doi.org/10.1016/j.nuclphysa.2004.01.069
https://doi.org/10.1016/j.nuclphysa.2004.01.069
https://doi.org/10.1016/j.nuclphysa.2004.01.069
https://doi.org/10.1016/j.nuclphysa.2004.01.069
https://doi.org/10.1016/j.nuclphysa.2004.01.069
https://doi.org/10.1088/0954-3899/39/5/055104
https://doi.org/10.1088/0954-3899/39/5/055104
https://doi.org/10.1088/0954-3899/39/5/055104
https://doi.org/10.1088/0954-3899/39/5/055104
https://doi.org/10.1088/0954-3899/39/5/055104
https://doi.org/10.1088/0954-3899/42/1/015102
https://doi.org/10.1088/0954-3899/42/1/015102
https://doi.org/10.1088/0954-3899/42/1/015102
https://doi.org/10.1088/0954-3899/42/1/015102
https://doi.org/10.1088/0954-3899/42/1/015102
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.1103/PhysRevC.65.064608
https://doi.org/10.1103/PhysRevC.65.064608
https://doi.org/10.1103/PhysRevC.65.064608
https://doi.org/10.1103/PhysRevC.65.064608
https://doi.org/10.1103/PhysRevC.65.064608
https://doi.org/10.1103/PhysRevC.65.064608
https://doi.org/10.1016/0375-9474(90)90027-J
https://doi.org/10.1016/0375-9474(90)90027-J
https://doi.org/10.1016/0375-9474(90)90027-J
https://doi.org/10.1016/0375-9474(90)90027-J
https://doi.org/10.1016/0375-9474(90)90027-J
https://doi.org/10.1016/0375-9474(90)90027-J
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1103/PhysRevC.84.024613
https://doi.org/10.1103/PhysRevC.84.024613
https://doi.org/10.1103/PhysRevC.84.024613
https://doi.org/10.1103/PhysRevC.84.024613
https://doi.org/10.1103/PhysRevC.84.024613
https://doi.org/10.1103/PhysRevC.84.024613
https://doi.org/10.1103/PhysRevC.88.064607
https://doi.org/10.1103/PhysRevC.88.064607
https://doi.org/10.1103/PhysRevC.88.064607
https://doi.org/10.1103/PhysRevC.88.064607
https://doi.org/10.1103/PhysRevC.88.064607
https://doi.org/10.1103/PhysRevC.88.064607
https://doi.org/10.1103/PhysRevC.92.024607
https://doi.org/10.1103/PhysRevC.92.024607
https://doi.org/10.1103/PhysRevC.92.024607
https://doi.org/10.1103/PhysRevC.92.024607
https://doi.org/10.1103/PhysRevC.97.044619
https://doi.org/10.1103/PhysRevC.97.044619
https://doi.org/10.1103/PhysRevC.97.044619
https://doi.org/10.1103/PhysRevC.97.044619
https://doi.org/10.1146/annurev.ns.44.120194.001103
https://doi.org/10.1146/annurev.ns.44.120194.001103
https://doi.org/10.1146/annurev.ns.44.120194.001103
https://doi.org/10.1146/annurev.ns.44.120194.001103
https://doi.org/10.1146/annurev.ns.44.120194.001103
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1360/2005-35-6-561
https://doi.org/10.1103/PhysRevC.56.398
https://doi.org/10.1103/PhysRevC.56.398
https://doi.org/10.1103/PhysRevC.56.398
https://doi.org/10.1103/PhysRevC.56.398
https://doi.org/10.1103/PhysRevC.56.398
https://doi.org/10.1103/PhysRevC.56.398
https://doi.org/10.1016/j.nuclphysa.2006.10.088
https://doi.org/10.1016/j.nuclphysa.2006.10.088
https://doi.org/10.1016/j.nuclphysa.2006.10.088
https://doi.org/10.1016/j.nuclphysa.2006.10.088
https://doi.org/10.1088/1674-1137/36/1/006
https://doi.org/10.1088/1674-1137/36/1/006
https://doi.org/10.1088/1674-1137/36/1/006
https://doi.org/10.1088/1674-1137/36/1/006
https://doi.org/10.1088/1674-1137/36/1/006
https://doi.org/10.1088/1674-1137/36/1/006
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.11804/NuclPhysRev.34.03.545
https://doi.org/10.1016/j.cjph.2019.04.022
https://doi.org/10.1016/j.cjph.2019.04.022
https://doi.org/10.1016/j.cjph.2019.04.022
https://doi.org/10.1016/0168-583X(94)95662-6
https://doi.org/10.1016/0168-583X(94)95662-6
https://doi.org/10.1016/0168-583X(94)95662-6
https://doi.org/10.1016/0168-583X(94)95662-6
https://doi.org/10.1016/0168-583X(94)95662-6
https://doi.org/10.1103/PhysRevC.42.2530
https://doi.org/10.1103/PhysRevC.42.2530
https://doi.org/10.1103/PhysRevC.42.2530
https://doi.org/10.1103/PhysRevC.42.2530
https://doi.org/10.1103/PhysRevC.42.2530
https://doi.org/10.1103/PhysRevC.42.2530
https://doi.org/10.1103/PhysRevC.47.1257
https://doi.org/10.1103/PhysRevC.47.1257
https://doi.org/10.1103/PhysRevC.47.1257
https://doi.org/10.1103/PhysRevC.47.1257
https://doi.org/10.1103/PhysRevC.47.1257
https://doi.org/10.1103/PhysRevLett.68.2898
https://doi.org/10.1103/PhysRevLett.68.2898
https://doi.org/10.1103/PhysRevLett.68.2898
https://doi.org/10.1103/PhysRevLett.68.2898
https://doi.org/10.1103/PhysRevLett.68.2898
https://doi.org/10.1103/PhysRevLett.68.2898
https://doi.org/10.1016/0375-9474(90)90328-J
https://doi.org/10.1016/0375-9474(90)90328-J
https://doi.org/10.1016/0375-9474(90)90328-J
https://doi.org/10.1016/0375-9474(90)90328-J
https://doi.org/10.1016/0375-9474(90)90328-J
https://doi.org/10.1103/PhysRevC.83.014608
https://doi.org/10.1103/PhysRevC.83.014608
https://doi.org/10.1103/PhysRevC.83.014608
https://doi.org/10.1103/PhysRevC.83.014608
https://doi.org/10.1103/PhysRevC.83.014608
https://doi.org/10.1016/j.nuclphysa.2013.06.013
https://doi.org/10.1016/j.nuclphysa.2013.06.013
https://doi.org/10.1016/j.nuclphysa.2013.06.013
https://doi.org/10.1016/j.nuclphysa.2013.06.013
https://doi.org/10.1103/PhysRevC.56.388
https://doi.org/10.1103/PhysRevC.56.388
https://doi.org/10.1103/PhysRevC.56.388
https://doi.org/10.1103/PhysRevC.56.388
https://doi.org/10.1103/PhysRevC.56.388
https://doi.org/10.1103/PhysRevC.56.388
https://doi.org/10.1103/PhysRevC.94.044615
https://doi.org/10.1103/PhysRevC.94.044615
https://doi.org/10.1103/PhysRevC.94.044615
https://doi.org/10.1103/PhysRevC.94.044615
https://doi.org/10.1103/PhysRevC.94.044615
https://doi.org/10.1016/j.nimb.2018.05.045
https://doi.org/10.1016/j.nimb.2018.05.045
https://doi.org/10.1016/j.nimb.2018.05.045
https://doi.org/10.1016/j.nimb.2018.05.045
https://doi.org/10.1016/j.nimb.2018.05.045
https://doi.org/10.1007/s41365-019-0704-1
https://doi.org/10.1007/s41365-019-0704-1
https://doi.org/10.1007/s41365-019-0704-1
https://doi.org/10.1103/PhysRevC.83.034909
https://doi.org/10.1103/PhysRevC.83.034909
https://doi.org/10.1103/PhysRevC.83.034909
https://doi.org/10.1103/PhysRevC.83.034909
https://doi.org/10.1103/PhysRevC.83.034909
https://doi.org/10.1016/j.radmeas.2004.10.011
https://doi.org/10.1016/j.radmeas.2004.10.011
https://doi.org/10.1016/j.radmeas.2004.10.011
https://doi.org/10.1016/j.radmeas.2004.10.011
https://doi.org/10.1140/epja/i2015-15154-4
https://doi.org/10.1140/epja/i2015-15154-4
https://doi.org/10.1140/epja/i2015-15154-4
https://doi.org/10.1140/epja/i2015-15154-4
https://doi.org/10.1016/0375-9474(89)90328-X
https://doi.org/10.1016/0375-9474(89)90328-X
https://doi.org/10.1016/0375-9474(89)90328-X
https://doi.org/10.1103/PhysRevC.52.3277
https://doi.org/10.1103/PhysRevC.52.3277
https://doi.org/10.1103/PhysRevC.52.3277
https://doi.org/10.1103/PhysRevC.52.3277
https://doi.org/10.1103/PhysRevC.52.3277
https://doi.org/10.1088/0954-3899/37/1/015105
https://doi.org/10.1088/0954-3899/37/1/015105
https://doi.org/10.1088/0954-3899/37/1/015105
https://doi.org/10.1088/0954-3899/37/1/015105
https://doi.org/10.1088/0954-3899/37/1/015105
https://doi.org/10.1103/PhysRevC.83.047601
https://doi.org/10.1103/PhysRevC.83.047601
https://doi.org/10.1103/PhysRevC.83.047601
https://doi.org/10.1103/PhysRevC.83.047601
https://doi.org/10.1016/j.nuclphysa.2004.01.069
https://doi.org/10.1016/j.nuclphysa.2004.01.069
https://doi.org/10.1016/j.nuclphysa.2004.01.069
https://doi.org/10.1016/j.nuclphysa.2004.01.069
https://doi.org/10.1016/j.nuclphysa.2004.01.069
https://doi.org/10.1016/j.nuclphysa.2004.01.069
https://doi.org/10.1088/0954-3899/39/5/055104
https://doi.org/10.1088/0954-3899/39/5/055104
https://doi.org/10.1088/0954-3899/39/5/055104
https://doi.org/10.1088/0954-3899/39/5/055104
https://doi.org/10.1088/0954-3899/39/5/055104
https://doi.org/10.1088/0954-3899/42/1/015102
https://doi.org/10.1088/0954-3899/42/1/015102
https://doi.org/10.1088/0954-3899/42/1/015102
https://doi.org/10.1088/0954-3899/42/1/015102
https://doi.org/10.1088/0954-3899/42/1/015102
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.11804/NuclPhysRev.30.02.107
https://doi.org/10.1103/PhysRevC.65.064608
https://doi.org/10.1103/PhysRevC.65.064608
https://doi.org/10.1103/PhysRevC.65.064608
https://doi.org/10.1103/PhysRevC.65.064608
https://doi.org/10.1103/PhysRevC.65.064608
https://doi.org/10.1103/PhysRevC.65.064608
https://doi.org/10.1016/0375-9474(90)90027-J
https://doi.org/10.1016/0375-9474(90)90027-J
https://doi.org/10.1016/0375-9474(90)90027-J
https://doi.org/10.1016/0375-9474(90)90027-J
https://doi.org/10.1016/0375-9474(90)90027-J
https://doi.org/10.1016/0375-9474(90)90027-J
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.11804/NuclPhysRev.32.01.036
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1006/adnd.1995.1002
https://doi.org/10.1103/PhysRevC.84.024613
https://doi.org/10.1103/PhysRevC.84.024613
https://doi.org/10.1103/PhysRevC.84.024613
https://doi.org/10.1103/PhysRevC.84.024613
https://doi.org/10.1103/PhysRevC.84.024613
https://doi.org/10.1103/PhysRevC.84.024613
https://doi.org/10.1103/PhysRevC.88.064607
https://doi.org/10.1103/PhysRevC.88.064607
https://doi.org/10.1103/PhysRevC.88.064607
https://doi.org/10.1103/PhysRevC.88.064607
https://doi.org/10.1103/PhysRevC.88.064607
https://doi.org/10.1103/PhysRevC.88.064607
mailto:lfcjxlyl@163.com

