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ÄåÆïÄ. é�XÚ�LÜ�A, U?��.U
�Ñ

�¢�(J���LÜ-u¼ê, Ó�, é­XÚ�Ð¼�¡�U�Ñ�¢�ÿþ�Ä����O�
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3¢�ÚnØþiå
�­��Ü¤ïÄ�p�. �

�­��Ü¤���'��AÅ��ïÄÚå
<�

��\'5. î8��, ®uÐ
A«nØ�.5£

ã�­Ø�Ü¤Å�
[2—5]

. ù
�.�ÓA:´3�

­ØÜ¤�ØÓ�ãæ^ØÓ��{5?n, Ó�é

�­Ø/¤L§¥�Ä�/C!Uþ�ÄþÑÑ±9

¶Ü�/¤�ÄåÆL§�Ä���. Ïd?�Úu

Ð�«�*ÄåÆ�.5£ã�­Ø�/¤L§´�

~7��.

�©ÏL�Ä��AéÓ ^�'�þf©

fÄåÆ(IQMD)�.�
?�ÚU?, 3d�c�

w�<®òT�.�
¤õ�U?¿^uC^L

Ü�AÅ��ïÄ
[6, 7]

. ·�|^U?��.O�


�NX 40,48Ca+40,48Ca LÜ-u¼ê±9­NX

16O+208Pb/238U Ú 48Ca+208Pb/238U � Ð ¼ - u ¼

ê, �Ñ
�¢�ÿþ�Ä����O�(J. �

�é�.�?�Úu�, ·�éØ–Ø�p�^³�


·�O�, ¿�æ^�C³(Proximity Potential)�

�(J�
'�, Ä�U�Ñ���O�(J.

2 U?�þf©fÄåÆ�.

3U?� IQMD�.¥, z�Øf^©Ù°Ý�

L�pdÅ�5£ã,

ψi(r, t)=
1

(2πL)3/4
e−[r−ri(t)]

2/4Leipi(t)·r/~ , (1)

Ù¥ri(t), pi(t)©O´1 i�Øf3�IÚÄþ�m

¥Å��¥%. ÏLWignerC�Ò�±��N N�

�m¥üN�Ý©Ù¼ê

f(r, p, t)=
∑

i

fi(r, p, t) , (2)

fi(r,p, t)=
1

(π~)3
exp

[

− [r−ri(t)]
2

2L
− [p−pi(t)]

2
•2L

~2

]

.

(3)

?�Ú�±��Øf3�IÚÄþ�m¥��Ý©Ù

ρ(r, t)=

∫
f(r, p, t)dp =

∑

i

ρi(r, t) , (4)

g(p, t)=

∫
f(r, p, t)dr =

∑

i

gi(p, t) , (5)
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ρi(r, t)=
1

(2πL)3/2
exp

[

− (r−ri(t))
2

2L

]

, (6)

gi(p, t)=
1

(π~2/2L)3/2
exp

[

− (p−pi(t))
2

•2L

~2

]

. (7)

3U?� IQMD�.¥, Øf3gU�)�²þ

|¥$Ä, d�K�§�Ñ

∂pi

∂t
=−∂H

∂ri

,
∂ri

∂t
=

∂H
∂pi

. (8)

NX�M�îþH�)ÄUÚk��p�^³U:

H =T +U , (9)

T =
∑

i

p2
i

2m
. (10)

k��p�^³U�)¥Õ�p�^³UÚÛ��p

�^³U:

U =UCoul +Uloc . (11)

¥Õ�p�^³UL«�

UCoul =
e2

4

∑

i

∑

j 6=i

1

rij

(1+ tiz)(1+ tjz)erf(rij/
√

4L) ,

(12)

Ù¥ tiz ´1 i�ØfÓ ^gdÝ�13©þ, é�

fÚ¥f©O�1Ú−1. rij = |ri − rj |´Øfm��

éål. Û��p�^³U�)NÈU�(üNÚn

N�)!é¡UÚL¡U�:

Uloc =Uvol +Usym +Usurf . (13)

þ¡��©OL«�

Uvol =
α

2

∑

i

∑

j 6=i

ρij

ρ0

+
β

γ+1

∑

i

(

∑

j 6=i

ρij

ρ0

)γ

, (14)

Usym =
Csym

2

∑

i

∑

j 6=i

tiztjz

ρij

ρ0

×
(

1−ksym

[

3

2L
−
(

ri−rj

2L

)2
])

, (15)

Usurf =
gsurf

2

∑

i

∑

j 6=i

[

3

2L
−
(

ri−rj

2L

)2
]

ρij

ρ0

, (16)

Ù¥

ρij =
1

(4πL)3/2
exp

[

− (ri−rj)
2

4L

]

. (17)

�
UõØf�¤�fá5, ·�Ú?
��m

Ókê�å��{
[8]

. ��mÓkêL«¤

f̄i =
∑

j

δsi, sj
δτi, τj

∫
h3

fj(r, p, t)drdp , (18)

÷v^� f̄i 6 1. si, τi ´g^ÚÓ ^ÝKþfê.

3ÄåÆüzL§¥, ���mÓkê�u1�, ÏL

üNÑ�\�p{l5ü$��mÓkê. ù«�{

Uk�Uõ$ÄþØf�©Ù.

�
³��q3�CL§¥du¥Õ-u
u�

�Ôn�Øf, ·�éL¡U�æ^
ë�¼ê��

{
[9]

, ù�NX�L¡U��±Lã�

U surf
syst =

(

U surf
proj +U

surf
targ

)

S+U surf
comp(1−S) . (19)

Ù¥S¡�ë�¼ê(switch function), �L«¤

S = C0 +C1

R−Rlow

Rup−Rlow

+C2

(

R−Rlow

Rup−Rlow

)2

+

C3

(

R−Rlow

Rup−Rlow

)3

+C4

(

R−Rlow

Rup−Rlow

)4

+

C5

(

R−Rlow

Rup−Rlow

)5

, (20)

ª¥R��q�%ål, Rup ÚRlow ´�q3Ð©�

�Ú/¤EÜØ���%ål. ~êC0, C1, C2, C3,

C4 ÚC5 �À���yNXL¡U9Ù�?�ê�ë

Y, 3O�¥©O��0, 0, 0, 10, −15Ú6.

·���, ��A´�*(�(��.)�÷*(

�(÷*�.)�É�Ny. |^Strutinsky�{
[10]

, �

?�Uþ�d¤�U±e��.O��U?�Ú�1

wU?�Ú��5Lã:

Eshell =E−E= 2

[N/2]
∑

i=1

ei−2

λ̄∫

−∞

eg(e)de , (21)

ª¥2´U?{¿Ïf, 1wU?�ÝÏ~��Gaus-

sian/�©Ù¼ê, �L«¤

g(e)=
1

γ
√
π

∑

i

exp

[

− (e−ei)
2

γ2

]

f

(

e−ei

γ

)

, (22)

ª¥γ�Gaussian©Ù°Ý, ����1.2~ω. 3O�

¥, ?�¼êf((e− ei)/γ)��3�Laguerreõ�ª,

ei ´d/CV¥%��.(DTCSM)
[11]

O��Ñ�1 i

^U?. dØfê8N �±��(21)ª¥�¤�U

N = 2

λ̄∫

−∞

g(e)de . (23)

Äu(21), (22)Ú(23)ª��{, ã1�Ñ
�A

NX 48Ca+238U→286112��fÚ¥f�U?!1w

U?±9�?�Uþ��z�%ål�'X. ã¥,

Ri ÚRt ©O�3/¤EÜNXÚ�>:��q�%

ål, �U?´ÏLDTCSMO��Ñ�.

��.U
)º�êØ�¤õ�?3u³|¥�

Ä
g^–;��, dSkyrmeUþ�Ý½TondeurU

þ�Ý�Ñg^–;�³�∇ρ¤�'
[12]
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ã 1 �ANX 48Ca+238U��U?!1wU?Ú

�?�Uþ��q�z�%ål�'X

È©�±��g^–;�Ü©�Uþ, ¿��Ýρk

', 
ρäkWoods-Saxon/ª. 3U?� IQMD�

.¥, NX��?�Uþ�±�¤

U IQMD
shell =−

∫
Eshell exp

[

(r−Rp(t))/a
]

a
{

1+exp
[

(r−Rp(t))/a
]

}2 dr . (24)

|^�K�§���»�å

F
IQMD
shell =

Eshell

a

exp
[

(r−Rp(t))/a
]

{

1+exp
[

(r−Rp(t))/a
]

}2 r0 , (25)

Ù¥r0 �ü »�¥þ, r(21)ª�\(25)ª�±�

�d��A�\3z�Øfþ�å

F i
shell =

ei− ēi

a

exp
[

(ri −Rp(t))/a
]

{

1+exp
[

(ri −Rp(t))/a
]

}2 r0 . (26)

eÚ ēi ©O´�U?Ú1wU?Uþ, ri, R
p(t) Úa©

O´1 i�Øf�SÜ�I, �Ø(qØ)�»Ú�Ñ

°Ý, Ù¥Ø�»Ú�Ñ°Ý©O��1.2A1/3 fmÚ

0.55fm.

3ÄåÆüzL§¥, ·�é��A��Ä´:

3�½�%ålRe,r¤kU?(�)�U?Ú1w

U?)U�Äþ©a, X1s1/2, 2s1/2 · · · , 1p3/2, 1p1/2 · · · ,

Ó�3U?�Ó ^�'�þf©fÄåÆ (Im-

IQMD)�.¥, rz�ØfU�ÄþÚUþüS, �

Äþ�¦{´L = r×p, Ù¥r Úp3/¤EÜØ�

c´Øf3g��%X¥��IÚÄþ, 3/¤EÜ

Ø�´NX�%X¥��IÚÄþ. ,�U�ÄþW

¿U?, 3Ó��Äþe, ØfW¿U?�gS´U

Uþd$�p?1�. �Ð
ØfW¿U?��, d

�?��\3z�Øfþ�ådª(26)�Ñ.

�~5� IQMD�.�', Ì�U?k: (1)l

Skyrme�p�^gU��L¡U�O�Yukawa�,

Ú\L¡é¡U�, éL¡U�æ^
ë�¼ê��

{; (2)æ^��mÓkê�å��{UõØf�¤

�fá5; (3)Ú\�NX���6�Å�°Ý; (4)�

Ä
�AL§¥���A. �.¥¦^�ëêXL1

¤«.

L 1 U?� IQMD�.¥æ^�ëê

α/ β/ γ Csym/ ksym/ gsurf/ ρ0/

MeV MeV MeV fm2 (MeV·fm2) fm−3

−356.0 303.0 7/6 32.0 0.08 18.0 0.165

3 (J�?Ø

3.1 ·�Ø–Ø�p�^³

3U?� IQMD¥, Ø–Ø�p�^³½Â�
[6]

V (R)=Ept(R)−Ep−Et , (27)

ª¥Ept(R)´�p�^NXoUþ, Ep ÚEt ©O´

�ØÚqØ�Uþ. �
rUþ�Ü©Ú�^�Ý5

L«, NX�ÄUæ^
Thomas-FermiCq
[12]

,

Ekin =
3

5

~
2

2m

∑

i

(

3π
2ρi

2

)2/3

, (28)

Ù¥

ρi =
1

(4πL)3/2

∑

j

exp

[

− (ri−rj)
2

4L

]

. (29)

O�·�Ø–Ø�p�^³�, b½3�q-EL§

¥�Ý©Ù�Ð©�Ý©Ù�Ó, =�ý9L§. ã

2�Ñ
|^ ImIQMDO��·�Ø–Ø�p�^³,

¿��C³(Prox.)
[13]

�
'�, dã�±wÑ·�

Ø–Ø�p�^³Ä�U�Ñ��C³���¥Õ 

^. �X�q�%ål�?�Ú�C, ü�O�(J

¬k�É, ù´Ï��C³=·Üu�q©l��¹.

U?� IQMDéã¥4�NXO��·�Ø–Ø�p

�^³Ä�ª³´�p�^³�X�%ål�~�k

O��~�, 2O�. ù´Ï�üØ�å���(L¡
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ål��u5fm)Ì�´¥Õ�p�^, 3L¡ål�

´2—4fm�Øåm©å�^, duáÚ�ØåÚü½

�¥Õå�p¿�LyÑã¥¤«�¥Õ ^ÚÐ¼

³². 
Ð¼³²�°ÝÚ�ÝéÐ¼AÇÚEÜØ

�­½5ké��K�. �X�%ål�?�Ú~�,

üØm©Ñy­U, 3­U«�duØ�@ØLyÑ

Ø–Øü½�p�^, l
��Jp
NX�Uþ, ¥

yÑ
�p�^³×�þ,�ª³.

ã 2 ·�Ø–Ø�p�^³��C³�'�

3.2 LÜ(Ð¼)-u¼ê

3U?� IQMD�.¥, LÜ�¡½Â�

σfus(E)= 2π

bmax∫

0

bpfus(E, b) •db= 2π

∑

bpfus(E, b)∆b ,

(30)

ª¥Pfus(E, b)L«3�%X\�UþE Ú-Eëþb

��LÜAÇ. éu­NX, ��^TªO�Ð¼�

¡, ==�ÄØ–Ø-Eüz�cÏ�ã, EÜØ/¤

�¡�O�du���O�þÚ�.���Û��J

±?1. U?� IQMD�.3ïÄ$ULÜ�A��

¦Ð©Ø�±��m�­½5, 8cO�Ð©Ø��


31000fm/cS�±kéÐ�Ä�5�. é�­ØÜ

¤Å��ïÄ, �¦Ð©Øk���m�­½5.

ã3 �U?� IQMD�.é�NX 40Ca+40Ca,
40Ca+48Ca Ú 48Ca+48Ca L Ü - u ¼ ê � O � (

J, ¿ � IQMD � . � O � ( J Ú � w � < � (

J
[6]

� 
 ' �. ã ¥ � Ñ 
 ü | ¢ � ê â, ¢ %

� : ´ M.Trotta � < � ÿ þ ( J
[14]

, ¢ % � ¬ ´

H.A.Aljuwair �<�ÿþ(J
[15]

. ã(d)´é3 �X

ÚLÜ-u¼ê�'�, �±wÑ´¥fNXk�

��LÜ�¡, ù´Ï�´¥fXÚ¬k�$�Äå

Æ ^
[16]

. �´é 48Ca+48CaNX�éu 40Ca+48Ca

3^e«�LÜ�¡¿vkOr, ù�U�Ø(�k

', X 48Ca���A¬' 40Ca�r. lã¥��±w

Ñ, duÚ?
��AÚë�¼ê�{�, T�.U


éÐ/�Ñ�NX�LÜ�¡, AO´3^e«�.

O�¥é^þ«�, �-EëêeÀ��[¯�ê�

200, éC^½^e«�À���[¯�ê�400, ù

�Jp
C^½^e«��ÚO5.

ã 3 U?� IQMD�.O���ØLÜ-u¼ê

�¢��Ú IQMD�.O�(J�'�

ÄuU?�IQMD�.é­NXÐ¼�¡��


O�. ã4 �Ñ
�ANX 48Ca+208Pb/238UÐ¼-

u¼ê, ã5�NX 16O+208Pb/238U�Ð¼-u¼ê,

¢�êâ�g©z [17—20]. ­Ø�AÅ��ïÄd

uO�þ���, z�-EëêeÀ���[¯�ê

�100, éO�Ð¼�¡v±�yÚO���5, �é

O�­Ø�C(O�C)Ì©Ù½�)�¡, ±�EÜ

Ø/¤�¡KI�����[¯�êÚÐ©Ø�±�

��m�­½5, ?�Ú�ó��3?1. lã¥�

±wÑ, é­NXT�.�U�Ñ�¢�����O

�(J.

ã 4 �ANX 48Ca+208PbÚ 48Ca+238UÐ¼�

¡�¢���'�

ã 5 �ANX 16O+208PbÚ 16O+238UÐ¼�¡

�¢���'�
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4 o(

ÏL�Ä��A, éÓ ^�'�þf©fÄå

Æ�.�
?�ÚU?, éC^LÜÅ��
ÄåÆ

ïÄ. U?��.U
é�XÚLÜ�A�ÑéÐ�

£ã, U
O��Ñ�¢�(JÄ����LÜ�¡,

é­XÚLÜ�A�L§¥Ð¼�¡�U�ÑéÐ�

£ã. |^U?� IQMD�.éØ–Ø�p�^³�


·�O�, ¿U
�Ñ��C³���(J. U?

� IQMD�.é�­ØÜ¤Å��?�ÚïÄ�3

?1.

a�¥I�fU�ÆïÄ�o6_ïÄ
ÚÇâ

ýïÄ
kÃ�?Ø.
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Study on Dynamics of the Fusion Mechanism near

Coulomb Barrier *

FENG Zhao-Qing1,4;1) JIN Gen-Ming1,2 ZHANG Feng-Shou2,3 FU Fen1,4 HUANG Xi1,4

1 (Institute of Modern Physics , Chinese Academy of Sciences , Lanzhou 730000, China)

2 (Center of Theoretical Nuclear Physics , National Laboratory of Heavy Ion Accelerator of Lanzhou,

Lanzhou 730000, China)

3 (Institute of Low Energy Nuclear Physics, Beijing Normal University, Beijing 100875, China)

4 (Graduate University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract The isospin dependent quantum molecular dynamics model has been further developed by considering shell

effect and the fusion mechanism near Coulomb barrier is studied by using the improved model. For light reaction

system, the fusion excitation function can be described very well by using the improved model, which is consistent

with the experimental data. At the same time, the experimental capture cross section for heavy reaction system can

be reproduced basically. Especially for the region near or below barrier, it can also be described reasonably by using

the improved model. As a further test for the model, the nucleus-nucleus interaction potential is also calculated, and

compared with the proximity potential as well.

Key words shell effect, improved isospin dependent quantum molecular dynamics model, nucleus-nucleus interaction

potential, fusion (capture) cross section
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