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1 Ú ó

ïÄ­lf-E�8�3u�«�*âf�
|¤9ÙÄ��p�^5Æ. y�ã, <��3Ï
Lé¥pU«­lf-E�ïÄ5@£�fØ�
�¤9Ù34à^�eØÔ�¤LyÑ5�5�.

0�¥Øf - Øfm�-E�¡ σmed
NN ´û½Øf

m�p�^�­�Ônþ��, õc5<�®²
lnØÚ¢�ü��¡é σmed

NN ?1
�X�ï
Ä [1−6]. ��8c��, é σmed

NN �@£��3Xé
��Ø(½Ï� [7]. �é­lf-EL§k�[
��@£, ÒI�ÏLé-EL§�ê��[5©
Û�AÄåÆ, Ñ$�.Ò´ù�©Û�{�­�
óä. �
�¤é-EL§��[, 7L¯k�½
½À^Øf - Øfm�-E�¡ σmed

NN �äN/ª.

Ïd, &¢½J�k' σmed
NN ��£E´ØÔn.

8c��¹��ïÄ�K��.

��5å6¤Úå�­lf-E®¤�ØÔ
n+�����©¹���K, ÒnØïÄ
ó,

ÙÌ�8�3u�«Ó ^�'�ØÔ�G��
§ (EOS) ÚJ�Ó ^�'�Øf - Øf-E�
¡�k'&E. Cc5<�®²éuÓ ^�' [8]

�ØÔ�¥�p�^?1
�þ�ïÄ, AO´o
�S� [9−12] 3é¡³�ïÄ�¡�
é�?Ð.

,
, �X©z [13] ¤�Ñ�, �é¡U�'�, <
�éÓ ^�'�Øf - Øf-E�¡�5�ï
Ä���. Ù¢, Ó ^�'�Øf - Øf-E�
¡®²äkØ��/ª
�©OA^uØÓ/ª
�Ñ$�.¥, z�«/ª�±�(/�Ñ�AL
§¥,��¡�A�. ,
, éuÓ�*ÿþ, ØÓ
/ª�Øf - Øf-E�¡¬ÚåN���OQ?
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�,, �£�ù��¯K, I���\XÚ
�¡
�ïÄ. �©Äk3�Äk'é¡³�#ïÄ(Ø
�cKe, |^ IBUU �., ÏLéÓ ^é¡�
�é¡�äN-EXÚ��[O�5©Û3#
�é¡U/ªe, ¥U­âf-E¥Ó ^�'
�Øf-E�¡�ØÓ/ªéuØfÑ$A��
K�.

�©1�Ü©Äké¥U«Øf - Øf-E�
Ó ^�'�¡�A«L�ª�A���{�'
�; 1nÜ©{0 IBUU �.�Äþ�'�é¡³;

1oÜ©¥, ÏLéäN�AXÚ��[O�, ©

ÛÓ ^�'�Øf-E�¡�ØÓ/ªéuØ
fÑ$A��K�.

2 A«Ó ^�'�Øf - Øf-E
�¡�A�'�

1968 c, Chen � [14] �â¢�êâ[ÜÑ

gd�m¥, ¥f - �fÚ¥f - ¥f (½�f - �
f) �-E�¡©O� [14−16](¡��1�|�¡
úª CS-.)

σfree
np =



5067.4
E2

+
9069.2

E
+ 6.9466(mb) E 6 40(MeV)

239380
E2

+
1802.0

E
+ 27.147(mb) 40 < E 6 310(MeV)

34.5(mb) 310 6 E 6 800(MeV)

, (1)

σfree
nn = σfree

pp =



−1174.8
E2

+
3088.5

E
+ 5.3107(mb) E 6 40(MeV)

93074
E2

− 11.148
E

+ 22.429(mb) 40 < E 6 310(MeV)

887.37
E

+ 0.05331E + 3.5475(mb) 310 < E 6 800(MeV)

, (2)

ù p E � ¢ � ¿ X ¥ Ø f � \ � U �
3 400 MeV/nucleon ±e�U«, dÙ�Ñ� n-p

�-E�¡���� p-p ½ n-n �-E�¡� 3 �.

0��AéuØf - Øf-E�¡�K�Ø
=5gØõN�·�5�, 
�5guØf-E�
ÄåÆ5�. cö�N3Øf!0f�âf��þ
�É�±�âf�K�, �öKLy3-EL§¥
Øf¤U���¥m�Úª��É��|�n�
��. Ïd, Øf - Øf-E�¡�0�?���
9�-EL§¥Øfm�üN-E�!-EØf
¤aÉ��²þ|±9§��m�ÍÜ. 1993 c,

Klakow � [17,18] 3ïÄ8N6�5��uy, 0�
¥Øf - Øf-E�¡��ugd�m¥Øf - Ø
f-E�¡, �±ò0�¥Øf - Øf-E�¡Ð
m�Øf©Ù�Ý�¼ê:

σmed
NN = σfree

NN

(
1 + α

ρ

ρ0

)
, (3)

Ù¥

α = ρ0
∂

∂ρ
{lnσmed

NN }|ρ=0, (4)

¿uy3 α = –0.2 �, éu6�nØO�(JUé
Ð/�¢���ÎÜ.

��� Klakow Ó�, Li Ú Machleidt[19,20] l
£ ã ü Ø f - E � � é Ø ü À Ú f � � ³ Ñ
u, A^ Dirac-Brueckner �{, ïÄ
\�Uþ
3 300 MeV ±e�0�¥Øfm�-E�¡ (¡�
�1�|�¡úª CS-/):

σpp(E, ρ) = [23.5 + 0.0256(18.2 − E0.5)4.0]

×1.0 + 0.1667E1.05ρ3

1.0 + 9.70ρ1.2
, (5)

σnp(E, ρ) = [31.5 + 0.092abs(20.2 − E0.53)2.9]

×1.0 + 0.0034E1.51ρ2

1.0 + 21.55ρ1.34
, (6)

E �¢�¿X¥Øf�\�U, ρ �Øf�©Ù�
Ý. ù�L�ªw«0�¥Øf - Øf-E�¡�
�Ý�O\
~�.

3 (5) � (6) ª�Ä:þ, Cai � [21,22] ÏL[
ÜØ�Ao�¡�¢�êâ, òUþÚ�Ý�6\
\�gd�m¥�Øf - Øf-E�¡¥, JÑ
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��#�£ã0�¥Øf - Øf-E�¡��²�
úª (¡��1n|�¡úª CS-0):

σnn(E, ρ) = [13.73 + 15.04β−1

+8.76β−2 + 68.67β4]

×1.0 + 7.772E0.06ρ1.48

1.0 + 18.01ρ1.46
, (7)

σnp(E, ρ) = [−70.67 − 18.18β−1

+25.26β−2 + 113.85β]

×1.0 + 20.88E0.04ρ2.02

1.0 + 35.86ρ1.90
, (8)

Ù¥ β =
√

1.0 − 1.0
γ2

, γ =
E

931.5
+ 1.0, E �¢

�¿X¥Øf�\�Uþ, ρ �Øf�©Ù�Ý.

(7) Ú (8) ª�1�Ü©£ãgd�m�Øf - Øf
-E�¡, Ù{Ü©�N
30�¥�¡�\�U

þÚØÔ��Ý�Cz'X. lù|úª¥��±
wÑ, 0�¥Øf - Øf-E�¡�XØÔ��Ý
�Jp
eü, 0��A�Ú\��
�¡�eü,

§3��¥U«Ñäké­��K�.

ã 1 �Ñ
þãn|�¡úª3gd�m¥
�Uþ�Cz­�. 3�©¤�Ä�U« (Xã 1

¤«) S, ùn|�¡�Uþ�Cz�Ø�Ó. A�
�Ñ�´d Li Ú Machleidt �Ñ��¡úª CS-/
=·AuUþ 0 < E < 350 MeV �U«. 3ùp
�
'��B, ·�ÓÙ¦ü|úª��, xÑ

Uþ3 0 < E < 1000 MeV S��, �,ùjÎØ
K��©¥�Ù¦O��?Ø. éu1��1n|
�¡, 3Uþ«m 0 < E < 500 MeV S, ¥f - �
f-E�¡�u�f - �f (½¥f - ¥f) -E�
¡, 
1�|%��.� � � �� � � � � � � � �� � �� � � � � � � � � � � �� � � � � � � � � � � � �� � 	 
 ��
 ���� �� �� � � �� � �

ã 1 gdØf - Øf-E�¡�Uþ�Cz (a) CS-.O�(J; (b) CS-/O�(J; (c) CS-0O�(J� �� � �� � � � � � � � � � �� �
� � � � 	 � � 
 �

� � � 
���� � �� �� � � � �� �� � � �� �� � � � � � � � �
ã 2 3 E = 100 MeV �Uþe, Øf - Øf-E�¡�ØÔ��Ý�Cz
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'�þãn|�¡úª, ²w�±wÑ, Ø

§�¤�N�gdØf - Øf-E�¡éuUþ
��6'Xk¤ØÓ�	, 3úª�L�/ªþ,

�géuØÔ��Ý��6'X�k²w��O.

�
�Ùå�, ·�3ã 2 ¥�Ñ
3(½�Uþ
e (E = 100 MeV), n|�¡�ØÔ��Ý�Cz.

lã 2 ��, ùn|úª¤L«��¡�ØÔ�
�Ý�Cz��$�, ØØÓ�Ýe��¡���
�k�O�	, CS-.úª3� ρ = 1.2ρ0 � (ρ0 =

0.168 fm−3), ¥f - �f-E�¡�u�f - �f
-E�¡, 3 1.2ρ0 < ρ < 4ρ0 S, ¥f - �f-E
�¡�u�f - �f-E�¡; CS-/úª3��
o�uØÔ��Ú�Ý (ρ0 = 0.168 fm−3) �«m
S, �f - �f-E�¡�u¥f - �f-E�¡
�(J; 
 CS-0úª�Ñ�(J%´�f - �f
-E�¡o´�u¥f - �f-E�¡.

3 Ó ^�'� BUU �.9é¡³

2004 c, Li � [23] 3Ó ^�'� BUU Ñ$
�.�Ä:þO\
é¡U�Äþ�'5, ïá

 IBUU04 Ñ$�., |^d�.éd��5å6
Úå�­lf-EL§��[O�L²: é¡U�
Äþ�'53ïÄÓ ^�é¡ØÔ��G��
§¥åX­��^. ���J�´, 3d�c�ï
Ä¥, <�¿vk5¿�ù�A�
��9
é¡
U��Ý�65. Ïd, 3ù«�¹e¤���k
'ØÔ��G��§�&�, X¥�'!¥f - �
f�©6!¥f - �f'é¼ê�¿ØUéÐ/�
NÓ ^�é¡ØÔ��G��§��¡5�. Ä
u Gongny k��^, ÏL Hartree-Fock �{O�

��#�üâf³�±ëêz�Xe/ª [24]:

U(ρ, δ, p, τ) = Au(x)
ρτ ′

ρ0
+ Al(x)

ρτ

ρ0

+ B

(
ρ

ρ0

)σ

(1 − xδ2)

− 8τx
B

σ + 1
ρσ−1

ρσ
0

δρτ ′

+
2Cτ,τ

ρ0

∫
d3p′

fτ (r,p′)
1 + (p − p′)2/Λ2

+
2Cτ,τ ′

ρ0

∫
d3p′

fτ ′(r,p′)
1 + (p − p′)2/Λ2

,

(9)

Ù¥é¥f (�f) τ = 1/2 (–1/2) � τ 6= τ ′, σ =
4
3

,

fτ (r,p′) ´Øf τ ���m©Ù¼ê, ëê Au(x),

Al(x) �

Au(x) = −95.98 − x
2B

σ + 1
,

Al(x) = −120.57 + x
2B

σ + 1
, (10)

x ´��[�«�*!��õNnØé�Ý�6é
¡U�ØÓýó
Ú\���ëê, éuØÓ� x

�, �±��ØÓ�Ý�6�é¡U
�±Ù¦
�5�ØC; B = 106.35 MeV, Λ = p0

F, Ù¥ p0
F ´

é¡ØÔ�¥Øf�¤�Äþ; Cτ,τ ′ Ú Cτ,τ �£
ã�´äkÓ ^� τ �Øf3�Ó ^� τ ′(½
ö τ ) ��µ|¥�Øf�^�¼��üâf³
�Äþ�'Ü©, Cτ,τ ′ = –103.4 MeV Ú Cτ,τ =

–11.7 MeV. Ïd, é¡³ (Un − Up)/2δ Ò´Äþ!
�Ý���¼ê.

4 ©Û�?Ø

Xc¤ã, &ÿØÔ� EOS �J�0�¥Ø
f - Øf-E�¡�&E��´­lf-E¥�
Ì�ïÄ?Ö. AO´�é��5å6¤Úå�­
lf-E�ïÄL§¥, <�®²���X��
±�NÓ ^�é¡ØÔ�¥ EOS Ú σmed

NN �&
E�*ÿÔnþ, =¤¢� EOS ½ σmed

NN �¡ “&
�”[25−30]. Ù¥, Øf�8N6�À�0�¥Øf
-E�¡�(¯&� [30]. �C, �
U
l¢�ê
âÚnØ�[�é'¥J�­lf�A�ÄåÆ
5�, Kuma � [31] ÏL<�/?UØf - Øf-
E�¡���
é�
�¢���ÎÜ�²ïU.

¢Sþ, �AL§¥8N6½²ïU [32−36] ���
A�û½u�AXÚ��Üá5Ú¤k\��^
�, Ø=û½u�A�\�Uþ!-Eëê, 
�
û½u-EXÚ��þ!\�âf�¥�'!�
A¥Øf - Øf-E��¡Úû½Øfüz�²þ
|. @o3�Ó�^�e, ~^�A«�¡/ª¤
�Ñ�3²¡6¬kõ���OQ? ,��¡, o
�S, ��©� [37] 3(½��5Ø�¤Úå�­
lf-E¥, 3ØÔ��G��§�¡��
­�
?Ð, JÑ
Äþ�'�é¡³, @o3�Ä
ù
��Äþ�'é¡³��¹e, A^þãn«ØÓ

142501-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 142501

�¡¤���8N6¬u)N��CzQ? �d,

�©¥·�3(½XÚ�þÚ\�Uþ��¹e,

©OO�þãØÓ/ª��¡e, �A"�Øf�
©Ù�3²¡6. �
�yü�XÚäk�Ó�
�þ, Ó��U²(/�	é¡³�K�, ·�À
J 60Ca+60Ca Ú 60Ni+60Ni ���[é�?1O�
�©Û.

ã 3 �Ñ
 E = 100A MeV, b = 4.0 fm �,
60Ca+60Ca -EXÚ�A"�gdØf�¯Ý©
Ù, O�¥�
 X = –1 �é¡³, Ù¥�ãÚm
ã©O�gd�f�gd¥f�¯Ý©Ù. lã¥

�±wÑ, ¥%¯Ý«��Øf©O3n«ØÓ�
¡e�3²w��É, �¡ CS-.Ú�¡ CS-/é
A�Øfê����. (Üã 1 �ã 2 �, � E =

100A MeV �, �X-EL§¥ØÔ��Ý�O�,

þãn«ØÓ�¡¥, CS-/éA�Øf - Øf-
E�¡ (�) pp -E� np -E) ��, ¤±��é
A�ü ¯Ý«mS�gdØfê�õ. �d��,

�¡ CS-.��, éA�Øfê��, 
�¡ CS-0
Cz¿Ø�, éA�-EØfêCz�²�. '�
ã 3(a) � (b) ã��, ¥f�¯Ý©Ù'�f�¯
Ý©ÙÉ-E�¡�K��r� [38].� �� � �

� � � � � � � � � � � � � � �� � � � � 	 
 �
� 
 �� 
 �� 
 � � 
 �� 
 �� 
 ������ � � � � � �
ã 3 60Ca+60Ca -EXÚ¥gd�fÚ¥f�¯Ý©Ù

ã 4 �Ñ
 E = 100A MeV, b = 4.0 fm �,
60Ca+60Ca Ú 60Ni+60Ni -EXÚ3n«ØÓ�¡
e, ²þýØfîÄþ 〈px〉 �¯Ý©Ù�Cz­
� (¢�). lã�±wÑ, n«ØÓ�¡éA�î
�6k²w��O: �¡ CS-/��¡ CS-.©O
éAX��K�Ç�î�6, �¡ CS-0éA�î
�6��ÇCq�". (Üã 1 �ã 2 �, 3 E =

100A MeV �, �X-EL§¥ØÔ��Ý�Cz,

�éuÙ¦ü«�¡/ª
ó, �¡ CS-/¤éA
�Øf - Øf-E�¡��, Øfm�p�^�ü
½5ruáÚ5, ¤±éAu���î�6. �d

��, �¡ CS-.��, ÙéAu��î�6. d
u 60Ca ´¥�'� 2 �Ø�, �
Bué', ·�
3dã¥Ó��Ñ
3�Ó\��^�e, �þê
� 60 
¥�'Cq� 1 �Ø� 60Ni ¤Úå��
A¥Øf�î�6 (J�). '�¢��J�, w«
Ñþãn«/ª��¡¤Úå�î�6��É,

3´¥fØ��-EXÚ 60Ca+60Ca �­½Ø
��-EXÚ 60Ni+60Ni ¥äk�Ó�Ly, ü
-EXÚm����O=3u 60Ca ¥�¥fê
Ñõu 60Ni, Ï
cö�Ñ�î�6�ÇÑ�u
�ö.
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ã 4 60Ca+60Ca Ú 60Ni+60Ni 3ØÓ-E�¡e²þýØf
îÄþ 〈px/A〉 �¯Ý©Ù

3é¡³ (9) ª¥, ëþ X �ØÓ��éAØ
ÓMÝ�ØÔ�G��§. �
�	é¡³�K
�, ·��éþãn«ØÓ�¡, ©O3 X = 1, 0,

–1 ��¹e, O�
 E = 100A MeV, b = 4.0 fm �,
60Ca+60Ca Ú 60Ni+60Ni -EXÚ�²¡6. ¤�
(Jw«: 3�½��¡/ªe, ëþ X �ØÓ�
�¤Úå�²¡6�Czé�, ùL² (9) ª¤«
�Äþ�'�é¡³¿ØUC²¡6éu�¡¯
a
éué¡³Ø¯a�5�. k¿Â�´, ØØ
´=«�¡/ª, �ØØØÔ�G��§�^M§
ÝXÛ, 3Ó�^�e, ü«ØÓ¥�'�-EX
Ú¤�Ñ�(J��¿Ø²w. �Xo�S�3©
z [39] ¥¤�Ñ���, �3¥U­lf-E¥�
�U
�NØf-E�Ó ^�A��*ÿþ, �
I��?�Ú�ïÄ.

Xc¤ã, ²ïU´��A�û½u�AL§
¥�Ü\�^�Úâfm�p�^��*ÿÔn
þ. �&¢­lf-E¥�*ÿ�ÔnþéuÓ 
^gdÝ��65, ·�Òþãü«ØÓ¥�'�
-EXÚ3���Ó��A^�e�²ïU�

'�, ¤�(JXã 5.

dã 5 ��: 1) éuÓ�-EXÚ, �¡�
ØÓ/ªéA�²ïU����, Ù¥�¡��
�öéAu���²ïU; 2) 3�Ó�é¡³ë
þ X Ú�Ó��¡/ªe, ¥�'���-EX
Ú 60Ni+60Ni �²ïU��u¥�'��-EX
Ú 60Ca+60Ca, ù´du3¥f - �fm�-E�
¡�u�f - �f (½¥f - ¥fm) -E�¡�

�¹e, �AXÚ¥�¥fê�õ, Ko�-E
AÇ��, Ï
²ïU��; 3) �é
ó, �¡/
ª CS-0 ¤éA�²ïU3 X = 0 ��¹e�©
z [40—42] �Ñ�²ïU���C. ,	, du�
¡ CS-/���' CS-.Ú CS-0 ��� (ë�ã 1

Úã 2), 3-Eëê b = 4.0 fm �^�e¤(½�
²ïUé�, ��3ã¥IÑ.� � �� � �� � � � � � � � � � � � � � � � � �� � � � 	 
� � � 	 
� � � 	 
� � � 	 

 � ���� ��

ã 5 ØÓé¡³ëþ X ÚØÓ�¡/ªe, -EXÚ3-E
ëê b = 4.0 fm ��²ïU

5 o (

�©3�['�Ó ^�'�Øf - Øf-
E�¡�n«~^/ª�Ä:þ, |^ IBUU04 �
.O�
ØÓ�¡/ªe¥U­lf-E¥Øf
�¯Ý©ÙÚî�6. ÏL'��Ó�\��^�
e, dØÓ¥�'Ø�¤Úå�-EXÚ¥Øf�
¯Ý©ÙÚî�6��O, `²
Äþ�'�é¡
³¿ØUCØf�3²¡6éu-E�¡��¯
a�5�. ,
, ØØ´=«�¡/ª, �ØØØÔ
�G��§�^M§ÝXÛ, 3�Ó�^�e, �
\�Uþ�l²ïU�, ü«ØÓ¥�'�-EX
Ú¤�Ñ�î�6��¿Ø²w; ��\�Uþ3
²ïUNC�, ü«-EXÚ¤�Ñ�î�6k�
²w��O, Ï
ü«-EXÚ�²ïU�O��.

ù�(Øéu·�ÏLé­lf-E�ïÄ5J
�0�¥Øf - Øf-E�¡�Ó ^�Aäk�
½���¿Â.
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Abstract

In this paper, the influences of the different forms of nucleon-nucleon (NN) cross sections on the rapidity distributions and the

in-plane flows of nucleons in reactions 60Ca+60Ca and 60Ni+60Ni are studied by using IBUU04 transport model with the moment-

dependent symmetry potential. The calculation results indicate that (1) the discrepancies of the rapidity distributions and in-plane flows

corresponding to different forms of NN cross sections are large, (2) the sensitivity of the in-plane flow to the NN cross section still

holds when the new form of moment-dependent symmetry energy is adopted, and (3) the influence of the N/P ratio of reaction systems

on the transverse flow calculated with a certain NN cross section is more obvious when the incident energy is near the balance energy.

Keywords: nucleon-nucleon cross section, rapidity distribution, transverse flow, balance energy

PACS: 25.75.Ld, 24.10.–i

* Project supported by the National Natural Science Foundation of China (Grant Nos. 10575075, 10447006, 10435080).

† E-mail: yzxing@tsnc.edu.cn

142501-8


