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Á� A^U?�þf©fÄåÆ�., 3î�]ÀÐ©Ø�Ä�q(��A�Ä:þ, ïÄ
C

^Ú^þKÜ�A 40,48Ca+90,96Zr. ïÄL²: 4��A�nØO��¡�¢��éÐÎÜ; ´¥f�

A 40Ca+96Zr�^eKÜ�¡'Ù§3��Ak²wOr�y�. �
n)´¥f�A 40Ca+96Zr�

40Ca+90Zr�'^eKÜ�¡Or,  48Ca+96Zr^eKÜ�¡vk²wOr��Ï, ?�Ú©Û
4

��A�KÜ ^, ¥f=£�KÜ ^�'X!¥f=£�Q��'X, (JL²: ��AQ�¬Ú

åØf (AO´¥f)=£�Or, l��ÄåÆKÜ ^�eüÚ^eKÜ�¡Or.
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1 Úó

duÜ¤�ØïÄ��\Ú��5ØåÔn

�uÐ, 'u´¥fØØ�AÅ��ïÄÉ�<��

5�2��À. ©z [1]A^U?�þf©fÄå

Æ�.ïÄ
 40Ca+90,96Zr�Ø�A, �«
3�A

L§¥du¥f6��
¶Ü�/¤, ¶Ü�/¤

¦�A�ý¢ ^ (=ÄåÆ ^)'Ï~�·� 

^ü$, ù« ^ü$�Aé´¥fq 96Zrë��Ø

�A3\�Uþ$u·� ^��²w, ù�Ò)

º
´¥fØ�A 40Ca+96Zr'�´¥f 40Ca+90Zr

�^eKÜ�¡Or�y�. ù�:3©z [2]�µ

ã¥�±
�½, �´�X©z [1]��Ú©z [2,3]

¤�Ñ�, du 48Car��(� (�,' 40CaõÑ8

�¥f, �Ø�»Ø' 40Ca �), ¦Ùl4�Ä²w

' 40Caf, ù�l 90ZrO\¥f� 96Zrl4�ÄOr

�ª³��. Ïd3 48Ca+90,96Zr�A¥´ÄE�3

duL�¥f��^eKÜ�¡Ory� (�é�A

40Ca+90Zr), ù3nØþ (AO´3ÄåÆnØþ)´

��é��ïÄ�¯K. �C�¢�ïÄ(JL²

vk*	� 48Ca+90,96Zr�A�^eKÜ�¡Ory

�
[4]

. Ïd·�k7�l�AÅ�þ2#[�/ï

Ä40,48Ca+90,96Zr 4�Ø�A. ��ïÄù�¯K�1

�Ú, =ïÄ�q(��AéKÜ�AÅ�K��1

�Ú, ·�ÏLî��ÄÐ©^�ÚÀ�Ð©Ø, ¦

�UÐ/2y�q�fØ�(��A. ·�3U?�

þf©fÄåÆ�.Ä:þ, é 40,48Ca+90,96Zr 4�

Ø�A?1
ïÄ, ©Û
L�¥f���¥f=£

Or (�é�´¥f�A 40Ca+96Zr)Ú^eKÜ�¡

O\y�, ¿�ïÄdur��Ø��Aé¥f=£

Or�³�, l�� 48Ca+90,96ZrKÜ�¡Or�

³��y�. ù
ïÄÚ©Û\�
·�é´¥fØ

Ø�AÅ��n).

2 nØ�.

·�æ^U?�þf©fÄåÆ�. (ImQMD-

/)�±l�*�Ý£ãØ�Ñ$L§ (�[0��©

z [5]).
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Ù¥ri, pi, ©O�1 i�âf3�I�mÚÄþ�m

¥�Å�¥%��IÚÄþ.

²LWignerC�, ·��±��N ��«©Ø

f�üN��m©Ù¼ê:
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Ù¥σr Úσp ©O��I�m�Äþ�m�Å�°Ý,

üö÷v��ÿØO'X:

σrσp =
~

2
. (3)

é��m©Ù¼ê?1È©, �±��NX��

Ý©Ù¼ê�Äþ©Ù¼ê:
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r )

3/2

∑

i

exp

[

−
(r−ri)

2

2σ2
r

]

,

g(p)=

∫
f(r,p)dr =

1

(2πσ2
p)

3/2

∑

i

exp

[

−
(p−pi)

2

2σ2
p

]

.,

(4)

�.¥�z�Øf3NXg��)�²þ|¥g

U/$Ä, ÷v�K$Ä�§:

ri =
∂H

∂pi

, pi =
∂H

∂ri

, (5)

Ù¥, NX�M�îþ�)ÄU��k��p�^³

U�:

H = T +U , (6)

Ù¥T =
∑

i

p2
i

2m
, k��p�^³U��)á§�p

�^�¥Õ�p�^:

U = Uloc +Ucoul . (7)

á§�p�^³UdSkyrme�p�^í�Ñ5,

á§�p�^�¥Õ�p�^�d�Ý/ªLã�:
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, σr(0.16A1/3 +0.49)fm ,

Ucoul =
1

2

∫
ρp(r)

e2

|r−r′|
ρp(r)drdr′−

3e2

4

(

3

π

)1/3 ∫
ρ4/3

p dR , (9)

�ó�¥¤^�Øåëê�©z [5].
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Ú\L¡U�!é¡U�!��mÓkê�åÚρτ

?���, U?
Ä�Ø�½5, XÚ/2y
l

O�Pb��þÄ�Ø��þ��»�(ÜU�á5,

3ØØå	vkÚ\�Nëê��¹e, éÐ/2y
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Ü ^�Ø�AA�. (�[SN�©z [1, 6])

3 (J�©Û

3.1 KÜ�¡�O�

�
�Ä�Ø�qØ�(��A, ·�î�]

À
 40Ca, 48Ca, 90Zr, 96Zr��Ø�qØ, ¦(ÜU

��þ��»32000fm/c�mSþ�±½, =3

2000fm/c�mS�¢��
[7]

�' 40Ca� 48Ca��þ

��»���éØ�Ø�L10%, (ÜU���éØ

�Ø�L6%(Xã1¤«), 90Zr� 96Zr�þ��»�

��éØ�Ø�L5%, (ÜU���éØ�Ø�L

2%(Xã2¤«). �±��m½�Ð©Ø�±�y

ØSØfäkÜn���m©Ù, ;�ÏØÜn©Ù

¤Úu�Øfu�.

ã 1 Ä � Ø 40,48Ca � � þ � � » � ( Ü U 3

2000fm• c−1 S�üzG¹

3�AL§¥, ·�ò�Ø�qØ��3Ð©å

l�30fm� �, éz�\�Uþ, 3z�-Eëê

e?1
C300��A¯��ïÄ. 'uKÜ¯��

E@, ·��Ä
Ø�ANX�L¡�Ä�=Ä�A.

¤±3�AL§¥��Ø�qØ��%ål�C��
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�Ø��þ��»�, �ØU@�NX®²KÜ, 

´ò�ANXUYüz�ã�m (�500fm/c), ¦K

ÜNX®²�¤
�AL§, �Ø�qØ��%±Y

�±Ü�G�, e3dL§¥Ñ�Øfê�u½�

u6�, ù���A¯�, ·�@�áuKÜ¯�
[1]

.

ã 2 Ä � Ø 90,96Zr � � þ � � » � ( Ü U 3

2000fm• c−1 S�üzG¹

3ØÓ��AUþ�-Eëêe, dKÜ¯��

ê8�±��KÜAÇgfus(E,b), ?��3ØÓ�

AUþe�KÜ�¡ (�[SN�©z [6]):

σfus(E)= 2π

bmax∫

0

gfus(E,b)bdb = 2π

bmax
∑

0

gfus(E,b)b∆b .

(10)

æ^ ImQMD-/ �., ·��[
4«�ANX

40,48Ca+90,96Zr3C^�^þ�ØÓUþeõ�-E

ëê��AL§, dL�ª (10)O�Ñ4«�A�K

Ü�¡, ¿�¢�êâ
[4, 8]

?1
'�, Ù(J«uã

3. Ù¥î�I��%UþEcm �Vb Ø, Vb �gu©

z [9]Jø�BassKÜ ^.

ã 3 4«�ANX 40,48Ca+90,96ZrKÜ�¡�n

Ø��¢���'�

dã3�±wÑ, nØéÐ/2y
4��A�¢

�(J, ù
O�þ´3vk�Nëê��¹e��

�. (Jw«
�ANX 40Ca+96Zr3^e'Ù§3

�NX�KÜ�¡²wO�. �
?�Ú©Û´¥f

Ø�A 40Ca+96Zr�^e�¡�OrÚ´¥fØ�A

48Ca+90,96Zr^e�¡Or�³�y�, ·�I�l

ÄåÆ�Ý©Û4«�A� ^eü±9¥f=£�

¯K.

3.2 ÄåÆ ^

3·���.¥, \��Ø–Ø�p�^³�±

ÏLXeL�ª��
[6]

:

Vb(R)= E(R)−E1−E2 , (11)

Ù¥R��Ø�qØ�m��%ål, E(R)��p

�^NX�oUþ, E1 ÚE2 ©O��Ø�qØ�U

þ. ÏLThomas-FermiCq, þãUþ�±^�Ý�

¼�/ªL«Ñ5
[6].

duL�ª(11)¥E(R), E1 ÚE2 L«z���

�Uþ, ¤±Vb(R)´�Ø�qØ�%ål (½�m)

�ÄåÆ¼ê. ·�ïÄÚ'�
 40,48Ca+90,96ZrK

Ü�A�ÄåÆ ^, uy3C^Ú^þ§�k�

q�1�. y±4«�ANX��%Uþ3 ^±þ

5MeV�(J�~, �Ñ��Ø�qØ�%ålCz

�ÄåÆ ^, Xã4¤«. dã�� 40Ca+96Zr�A

� ^pÝ²w'Ù¦3��A� ^pÝ$, �°

Ý��Ä. ù¦ 40Ca+96ZrNX3 ^NC�N´ª

L (½Bß) ^, ¦KÜAÇO�. ¤±, �Ù§3�

�A�', 40Ca+96Zr3 ^NC9^e�KÜ�¡

¬Or.

ã 4 4«�ANX3 ^±þ5MeVé%-E�

�ÄåÆKÜ ^

L 1  ^(Bass)±e3MeV�, 4«�ANX�Ø

KÜ¯�¥¥fØÓ��=£¯��AÇ(%)

Neutron (from T to P) Neutron (from P to T)
40Ca+90Zr 5.86 19.25
40Ca+96Zr 13.94 16.83
48Ca+90Zr 9.48 31.47
48Ca+96Zr 8.30 32.75
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L 2  ^(Bass)±e3MeV�, 4«�ANX�K

Ü¯�¥¥fØÓ��=£¯��AÇ(%)

Neutron (from T to P) Neutron (from P to T)
40Ca+90Zr 16.05 8.64
40Ca+96Zr 11.11 0
48Ca+90Zr 12.50 20.83
48Ca+96Zr 11.76 13.73

�
n)´¥f�A 40Ca+96Zr  ^²weü,

´¥f�A 48Ca+90,96Zr ^vk²weü��Ï,

y3?Ø�e¥f=£é ^pÝ�K�. ·�3L

1ÚL2©O�Ñ
4«NX3 ^±e3MeVé%-

E¥��C ^�3ØKÜ¯�ÚKÜ¯�¥dqØ

��Ø (L¥ from T to P)�d�Ø�qØ (L¥ from

P to T)¥f=£�AÇ. 3ØKÜ¯�¥, d�Ø

(Ca)�qØ (Zr)=£¥f�¯�AÇpu����

=£¥f¯��AÇ, �Ù¥ 40Ca+96Zr�A¥üö

��O��. 3KÜ¯�¥, �k 48Ca+90,96Zrd�

Ø (Ca)�qØ (Zr)=£¥f¯��AÇpudqØ

��Ø=£¥f¯��AÇ, 3 40Ca+96Zr�A¥

cö�AÇ²w�u�ö. ã5�Ñ
4«�ANX

3¥f=£��ØÓÚê8ØÓ�BassKÜ ^�

Cz. 4«�ANX�¥fd�Ø�qØ=£�KÜ

 ^pÝ¬O\! ^°Ý¬O�, ����=£

� ^pÝÚ°Ýþ¬~�. du 40Ca+96Zr¥dq

Ø 96Zr��Ø 40Ca=£¥f�AÇ��, l��


 ^�eü. �d��, 3 48Ca+90,96Zr�A¥, �õ

�¥fd�Ø 48Ca�qØ 90,96Zr=£, KÜ ^Ø¬

eü. ¥f�ù«=£�A���(J�Xã4¤«,
40Ca+96Zr�KÜ ^ü$,  48Ca+90,96Zr�KÜ 

^vkü$.

ã 5 éu4«�ANX 40,48Ca+90,96Zr, �NX�¥fê��fê�±ØC�,

�X�Ø�qØS¥fê�CzÚå�KÜ ^ (Bass)��É

Ïd, 3 40,48Ca+90,96Zr�´¥f�A¥, �fØ

¥�L�¥f¿ØoUÚå ^�ü$, Ù¥��6

u¥f=£����¥f=£�ê8.

3.3 Øf�=£�Q��'X

<�uyäkØÓQ��¥f=£�AéKÜL

§�K��´ØÓ�
[2, 3]

, ¤±ÏLÄåÆnØ�.

©ÛØÓ�¥f=£L§��AQ��'X±9§é

KÜ�¡�K��´�©7��.

��Ø�qØÅì�C�, duüö�müâf

³(^)�ü$, �Ø(½qØ)S��êØf�±ªL

½0Büâf³(^)?\qØ(½�Ø), duØÓ

��ÚØÓ«a�Øf=£é�ANX�KÜ ^�

K�ØÓ, ¤±ù
�êØf�=£éNX�?�Ú

üzå
�©���^.

·�'�
4«�ANX 40,48Ca+90,96Zr3 ^

±e3MeVé%-E�, 3���AL§¥vkØf

u��¯�¥ØÓØf=£�AÇ, dL3 �±w

ÑØÓ��ÚØÓ«a�Øf=£�¯��AÇ´

ØÓ�. Ù¥Pick-upL«Øfdq���=£, 

StrippingKL«d��q�=£. dL��, é�A

40Ca+96Zr¥fdZr�Ca�=£ (AO´1n=£)�
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AÇ��. Ù¦�A, �)´¥f�A 48Ca+90,96Zr

¥f=£AÇ��. ò¥f=£��A�AQ��'

�´ék¿Â�, L4�Ñ
4«�ANX¥Øf=£

éA�Q�. ·�uy�k�A 40Ca+96Zr¥fdZr

�Ca�=£�AQ���, Ù¦3��A�A¥f

=£�AQ��K, `²�k�A 40Ca+96Zr¥fd

Zr�Ca�=£�AN´?1. Ï��ÄåÆ ^

ü$Ú^eKÜ�¡Or.

L 3 4«�ANX¥ØÓ�Øf=£¯�3¤k

�A¯�¥�AÇ(%)

40Ca+90Zr 40Ca+96Zr 48Ca+90Zr 48Ca+96Zr

1n 2.19 5.00 2.14 2.86

Pick-up 2n 0.31 1.07 0.71 0

3n 0 0.36 0 0

Stripping 1p 2.81 1.43 0 2.50

2p 0.62 0 0 0

Pick-up 1p 0.31 0 1.79 0.36

L 4 4«�ANX¥ØÓØf=£�A�Q�(MeV)

40Ca+90Zr 40Ca+96Zr 48Ca+90Zr 48Ca+96Zr

Pick-up 1n −3.608 0.510 −6.825 −2.707

2n −1.438 5.528 −9.784 −2.818

3n −5.858 5.240 −18.625 −7.527

Stripping 1p 0.159 −0.872 −10.655 −8.358

2p 1.234 2.541 −16.458 −11.823

Pick-up 1p −3.944 −10.406 1.277 −1.837

·��'�
4«�ANX3�%Uþ�93Ú

95MeV��é%-Ee, �Ø�qØ�m��%ål

Ú¶Ü�����m�CzL§, (JXã6¤«. U

þ�$, 4«�ANX�1��É��²w. ·�AO

5¿� 40Ca+96Zr�A�üØ�%ål��m~��

¯, Ó�¶Ü¤���¯. ©ÛÙ�Ï, 8u¥f=£

å
���^. Ïd3´¥fØ�A¥, XJ¥f

=£�Q�´��, ¥f=£´u?1, ¶Ü¤�¯,

ÄåÆ ^ü$, ��^eKÜ�¡Or.

ã 6 4«�ANX 40,48Ca+90,96Zr3�%Uþ©O�93Ú95MeV�é%-Ee�

üØ�%ål�¶Ü����m�Cz

4 o(

�
ïÄ�(��AÚ´¥f6éKÜL§�K

�, ·�æ^
U?�þf©fÄåÆ�., 2y


þã4�NX�KÜL§¿�\©Û
3Ø�A¥´

¥f�ÄåÆ�A. î�]ÀÑ32000fm/cS©ª�

±½�Ð©Ø, �[ 40,48Ca+90,96Zr3C^9 ^

±þõ�\�UþÚõ�-Eëêe�KÜL§, O

�Ñ
4«�ANX�KÜ�¡, ���nØ(J�

¢�êâÎÜ�éÐ. 3?�Ú©Û'�4«�AN

X�ÄåÆ ^�, ·�uy¥f6�AØ�Úå¶

Ü�¤�, �¥fØÓ���=£�¬Úå�AN

XKÜ ^eü½,p�§ÝØÓ, 40Ca+96Zr�A

¥¥fdZr�Ca�=£Ók`³, ù¦� 40Ca+96Zr

�KÜ ^pÝ34��A¥eü��õ!°Ý�Ä,

k|u�ANXªL (½Bß) ^¦KÜ�¡O

r. Ó��uyØfu)=£�A�AÇ�Q�´k

'�, �Q�éA�Øf=£¯�AÇ��, KQ

�éAØf=£¯��AÇ��. 34��A¥, �k

40Ca+96Zr¥fdZr�Ca=£�Q����, l¦

ù«=£�AAÇO�, ¦KÜ ^ü$, O�
K

ÜAÇ, Ñy
KÜ�¡Or�y�.
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Dynamic Model Study of Fusion Reactions for 40,48Ca+90,96Zr *
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Abstract Based on the Improved Quantum Molecular Dynamics Model the fusion reactions of 40,48Ca+90,96Zr are

studied by making a more rigorous treatment of the initial condition. The study shows that: (1) the calculated

fusion cross sections for all four reactions of 40,48Ca+90,96Zr are in good agreement with experiment data; (2) the

sub-barrier fusion for the neutron-rich reaction 40Ca+96Zr is substantially enhanced as compared with the other three

reactions. In order to understand the reason why the sub-barrier fusion of the neutron-rich reaction 40Ca+96Zr is

enhanced as compared with the non-neutron-rich reaction 40Ca+96Zr and that of the neutron-rich reaction 48Ca+96Zr

is not enhanced, the further investigations are carried out, those are: the dynamic fusion barriers for four reactions, the

relation between dynamic fusion barrier and nucleon transfer and the relation between nucleon transfer and corresponding

reaction Q value. It has been found that positive Q value leads to the strong nucleon transfer which reduces the dynamic

fusion barrier and enhances the sub-barrier fusion cross section.

Key words Quantum Molecular Dynamics Model, fusion cross section, dynamic barrier, nucleon transfer, reaction Q

value
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