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�. Quasi fission 

". Pre-equilibrium fission 

1. Pre-saddle neutron 

b. Pre-scission neutron 

 �= �% &JI< >2��� F�kC� 7�48  e�% ����:I��)BC� dJ�� 

F�t�%K2
0)7B�48  u/����� K(Bn����B� -��(��B� ����:BI �

� -�0'v�weffI%��% �:

)�(,eff effTI I K
K

Th h
= → =

2
2 0
0 2 2

 

��= �% &JT��� 5��% X�G� �)BC� -BA�4 &n(/ �% dJ�� .�%

-6��B��� 5��� &J H�/��� ���� F�t
�
effI
2

&B� <I >2�B� 
B�/ 

n�����I �q/ �% -nN -� &��%8�]!" [.

��� 5��%�Bn��� oC8  -A�4 &n(/ �% dJ�� �exE
T

a
=

-� 9%�% &n��� F�� �% �%8�a&J )C� 4��  -'�6x ������� X�G� 

V�TBC�[� �% 
/
A

8 5
)BC� 9�B� &BB���I �Bq/ �% )�BB
A�� �%A

��� -��� %�@ X�G��dJ�� -����� .(<�/� �% -6�0�6/��� 5

n��� 4� -A�4 &n(/�� ��4 &-� )C%��=:

)"(,( ) ( ). < > < >= + − −I Iex c m R fE E Q E B2 2 

�=�% &J.c mE<�/� 5&�� �� �e�B� 
J�� y8x��x �% Q���B(� 

5<�/�Q>:  4� ?f�L �?��B� ��dBJ�� RE<�B/� 5B/���% -

����dJ�� )�� &TC�[� g��BC M�� 4� 9%�E�C� �� 9]!1[(�fB

�C D�E �� )BC� )��>B� .9%�% 5<�B/� %�8B� �% %8B�8� 5�B�

 )BC� -��6:B���4= y8x��x �% �&�� ��)labE(e4P F�����BA� �

n��� oC8  )C��e�B� 
BJ�� y8x��Bx �% 5<�B/� FB�� ���4 

%%�I &TC�[�:

)1(,Target
c.m lab

CN

M
E =E

M

�% &J�=TargetM�CNM��� e�� d� �  &��e�� � X�� 

����)C� dJ�� .

���B(�Q-BB� �� &��B� e�BB� -B/�
� ?BBt�E  4� ��8B  5�BB�

��� � 9�AAJ %�8N���%�J &TC�[� dJ�� :

,])����dJ�� (∆a)����X�� (∆+)&�� �� (∆[=���(�Q

)b(

e�� -/�
� �=�% &J)∆(-� W��G  ��4 &n��� oC8 %%�I:

)c(.M A∆ = −

�%%�BI &��Bt� V�TBC�[� &� ��� 8/ ?��I \�[]  �I� 5<�B/�



���  !"# $�
%� �� &
'(	� �)�* +�,$�
%� -
�.)/�� 	� ��� ��01( -
# 
* �2
30�...  ������ �	
�� 
5

-A�4 &n(/ �% -6�0�6/���&�%8� ���8N ��4 V�8f:

)+(,( ). Iex c m R f nE E Q E B Eν< >= + − − −2

�=�% &JEn��� 8/ �� oC8  9�� ?�L 5<�/� �% 9�� ?��I 

)B��J � )C� )��>� �A�=��ν-��B./�� 8/ %��BG  oBC8�� �

-� ?��I )��>� �A�=���% &J )C� %8� .[� �% 5��B� �V�TBC�

 5<�B/� ��� 8/ ��MeV b9�B� &B���I �Bq/ �% )BC� .%��BG 

 -� �� -	��I 5�./�� 8/ oC8�� ���B� oC8  ��8  ��%�B(� -��B�

 %�J &TC�[� -��
  .9�B�% ��� 8B/ ?��BI \�[]B  M�B�@� �B�

-� ��� ���(� &J %8� )��>B� �C D�E �� )��J 5��� 9�� -A��

 -�8N ����� -/�80�� -��
  ��%�(� �� %��% .F�� �= ?�'% �)BC

 -�/ &���I�q/ �% ��� 8/ ?��I �= �% &J -��� &JH.BC �%8�

 -� )T�/ �C 5<�/� &� �� 5<�/� 4� 5��:�� ���B(� F�����BA� ��%

��� |�� FB�� �% )��>B� �BC D�BE �� )��J 5��� 9�� -A��

 )C� -��
  ���(� 4� ��� .���� -B� &J �8S 5�B./�� 8/ H�B/�%

 �=�� �% 9�� ?��I &��B� )��>� �A ��A��B� 5<�B/� ?B��L 5�

 H��% )T�/ �./�� 8/ F�� &� ���� �� 5<�/� 4� -�.C F�����A� .�%

-� }@�� ��� 8/ ?��I \�[]  M��@� �&
��/ &BJ %%�BI D�BE ��

 �� &���(� �% �9�� &TC�[� )��>� �C 5��� )��J F�� &TC�[�

-�/ &���I �q/ �% ��� 8/ ?��I &J -�'�L �� ��(�Q% %8���.

8.���	
 �� 
����4=F��G  � 9�B�_�� ����B� -:B���4= �)��>B� �C D�E �� 

)C� &A�
��� .�F�����A� )��>� �C D�E ��&��� 5%��B[� 5��

 94��B/� -��
  `��S &� �8AJ �  P�� -��� %��@� &�L�/ �% 5�B�I

9�� �/�.�% &BJ ��RBI 5��B�= M�� 4� 9%�E�C� �� �V�8f F�� �%

TC�[��6/�����/ 9��B� 5%� ���BQ 9%�E�BC� %�8B� )��>B� 5�B�

-� -B� �%��I ��8B  )��>B� �BC D�BE �� %8B�/ -BA�� ��B� �� .

%��% %8B�� )��>� �C D�E �� &TC�[� 5��� -E	�0� 5�.��� .

4� -N��F�� )C� 9�� 9%��= ��4 �% �.��� :

•&����� -6�0�6/��� 5<�/� 5�� 4� )��>� �C D�E �� F��G 

 &�/Γ Γn f.

•-BB6�0�6/��� 7BB��8  5�� 4� )��>BB� �BBC D�BBE �� F�BB�G  

( , )n f�( , )t pf�( , )t df�( , )d pf.

•)��>� -6�0�6/��� 7��8  5�� 4� )��>� �C D�E �� F��G 

-/8 8�.

•G ��F4� )��>� �C D�E �� TC�[� `��S��% &��B� 5<�B/� 

-A�4 &n(/.

•7B�48  -��
  ��%�(� 4� 9%�E�C� �� )��>� �C D�E �� F��G 

&���49��� 5� )��>� 5��.

�� %��% -��.��BC�J � �.��%��[� �.��� F�� 4� e��J .|��

 5%�6/��B���/ -B��
  ��%�(� 5�� 4� )��>� �C D�E �� F��G 

&���4 9��� 5� / -��� )��>� 5�� B� &BA��4 FB�� �% F�8 &���B�

-�%�� .-� |�� F�� U�� &� &��%� �%H�4�%��.���� &BJ �8BS

 '%�G� �% �)"(-B� 9��% %8B� D�BE �� TBC�[� �% )��>B� �BC �

-B� ���~ -6�0�6/��� 5<�/� )��J %%�BI .&B>A�� &B� &B�8  �B�

 �; 5<�/� d�L �� �� 5%�6/�����/ -��
  ��%�(���% 5%��B� 

�%�BBQ V���RBB
� F��BB��J |�� 4� 9%�E�BBC� �BB� �HBB���% ��BB��N�

H����/ &TC�[� �� )��>� �C D�E �� %8� H���8N.

�%	>BB�5�.!�BB  b9%�% �&BB���4 7BB�48  5%�6/��BB���/ 5�BB� 5�

9��� )BC� 9�B� &�B��(� V�TBC�[� �̂�B�/ �B� )��>� 5�� .FB�� �%

 &���4 5%�6/�����/ ��.	>� 9��� 5� >B� 5�B� 5�.���B�C 5��B� )��

 �B�l�� d�BL �� &G'�n� %�8� x9�B� 9%�% ���B�/ `BTS &BJ )BC�

 �� ����� W��G .Ec m
Vb

)C� 9�� &���I �q/ �% .��B� ?�>:B  5����

-B�8
�� �BC �B� -A'8BJ �BC &J %��% %8�� -	��/��� �C �dJ��h

)bV(-� 9����/8 � %8�n��� oC�-� &TC�[� ��4 %%�I:

)#(b
Z Z

V k
R

= 1 2

�= �% &Jk�)��w d��t Z1�Z2&��� -� � %��@� ��&�� �� 5

� �X�� &��� �RM�BL �% �6��B>� 4� &��B� �% 
BJ�� &	f�� 

)C� ���  .�I� &��� D�G� �� �B�R1�R2�H��B�6� �Bq/ �% 

)��% H���8N:

)�(/ // /

= +

= +

R R R

R A A
1 2

1 3 1 31 2 1 21 2

�= �% &JA1�A2&��� -��� %�@ &��� -��� %�@ � &�� �� 

-� X���A���.

____________________________________________ 
!. Fusion barrier 



������ �	
�� 
� ������� ����� � ����� ���� ��6 

7%88��.&BB���4 5%�6/��BB���/ 9��BB� 5� H��BB�C 5��BB� )��>BB� 5�BB�

O Pb Th+ →16 208 224��l�� d�L �� x.
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!!+ b#�/!3"  +"b#/c 3"/"

!!� "b"/!3b  +1!�/+ #b/�

!"1 c"�/!!#  cb1!/!3 c1/"

!"+ �##/!�!  "�#1/!! !!/"

!1" c33/!�c  c#bb/!� b1/"

!cc 1b#/!b!  3��1/!+ c1/"

<���9.H���C 5��� V�TC�[� ^���/ O Th+16 232.

labE
(MeV) 

.c mE
(MeV) 

RE
(MeV) 

A

�3 !+c/�! "#1!/� +b/!

�b �1!/�c bc1b/� �"/!

!�3 bc#/!�!  ��"�/c "�/�

!13 "�3/!"b  +33c/!3 b1/�

!c3 cb�/!b1  3��1/!1 +!/�

<���:.H���C 5��� V�TC�[� ^���/ O U+16 238.

labE
(MeV) 

.c mE
(MeV) 

RE
(MeV) 

A

�3 �1b#/#� b!!1/� ��/!

!!3 3+#/!3�  �!!#/1 �1/�

!!1 31b/!!"  +c"b/b "1/�

!"3 �!!/!�#  #b�+/+ �3/�

!1# �c#/!b#  ��!+/!3 bb/�
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<���;.H���C 5��� V�TC�[� ^���/ O Cm+16 248.

labE
(MeV) 

.c mE
(MeV) 

RE
(MeV) 

A

!!3 #3�/!�!  !�1#/1 !!/�

!"3 �b+/!1"  b�1c/+ !c/�

!1# !b+/!c"  c!�3/!3 "#/�

<���=.?��BI F���I �q/ �% ���� )��>� �C D�E �� ��./8 ��� %��G  &� �./�� 8/ %��G  )T�/ �5��R� )��>� ������� 5�.���J �M��� F�� �% 

/&��� 5��� �� )��J F�� -��
  ���(� � ��� 8/ ?��I F���I �q/ �% �� � ��� 8 -� ��:/ &G'�n� %�8� 5�� ��%.

7��A� 
)��>� �C D�E ��

-��
 )MeV(

)��>� �C D�E �� )�% ��

��� 8/ ?��I F���I �q/ (

)MeV(

)��>� �C D�E ��)�q/ �% ����

��� 8/ ?��I F���I) (MeV(
N/Z 

�>� ������� )�

 5��R�)χ(

&���

dJ�� 

!c 1/c�c/c3c/!+1#�/!+c"/3Th224

!+ "/c1c/c3c/��1+�/!++1/3Pa225 
!+ "/b1!/bc+/�!b"!/!#�c/3Cf248 
a*3#/+"#/�cb13/!#1�/3Fm254

a*�c/�c!/�"b"#/!#+b/3Rf264

*:�f�A@ Fm254 �Rf264�
�-�/ %8�8� �./= )��>� �C D�E �� -��
  ���(� &J �A��� -A�6AC �8� �f�A@ ����.

9.�:��,�+�; 
��� 5��� �I� ��� )��>� �C D�E �� -A����BA�=�� �% dBJ�� 

)BC� FB>�� H�AJ �E�J� 5��R� )��>� ������� &� �.A  �)��>�

 TC�[� �% %��8� -N�� �%�H�BC�� �Q�BA  &B� )B��J FB�� .�B�

 &��B� 5�B./8 ��� &B� �B./�� 8/ %��G  )T�/ -C��� �B�N/Z)(�

-� 9���:� &��� &J %8� 5��:B�� ��� 8B/ -B/�
� 4� &BJ -��B�

��B/��% 
B�/ 5��:�� -	��I 5�./�� 8/ oC8�� %��G  �/��%�8N� 

)M��BB�c(�5��RBB� )��>BB� ������BB� &BB>A�� %8BB�� �BB� F�����BBA�

 -� 5��>x8J )��>� �C D�E �� 5���% -'� �/��% 5��I�
� ���� .

7BQ�� �% � -	��BI 5�B./�� 8/ oC8�� %��G  )���� D8t8� F��


'�TC�[� �% -/�� 8/ \�[]  %8�� e�BE �� �� )��>B� �BC D�

 -� ��:/��%.-B� &BJ 5�6�% 9�� ?��BI \�[]B  )B���� ��8B 

 FB�� �%�J g�% �� ��� 8/ �-B/���% 5<�B/� ���B(� &BJ )BC)ER(

5�B./�� 8/ oBC8  &BJ 5<�B/� ���B(� �B� �� 9�A��>� 5�.����C

 -� ?�L -	��I ���(� %%�I�%8B�/ .��:B/ �B.���J FB�� &�B��(� 

-� %��[� �&J ��%��% 5<�/� %��L �.����C 5��� oC8�� -/��

MeV +� MeV !!-'�L �% )C� �A��% &J5�B./�� 8/ 5<�B/� 

F�� -	��IMeV !3� MeV �!)C� .5<�B/� oC8�� F�����A�

 4� )��>B� �BA�=�� �% 9�� ?��I 5�./�� 8/ oC8  9�� ?�L

 �; %�8N�� �w� �% &J -/���% 5<�/����B� �� -�� �� �&B� X�B� 

����% )T�/ dJ�� -� 9%�)C� ��:�� �%8�.

-� 9���:� �B� -BA�� ��B� ��%�B(� F�B� XY�N� &J %%�I�

4� �BB��J -BB��
  ��%�BB(� � 5��BB�= M�BB�")BBC� �BBf�% .

&BBBn��� 4� 5��RBBB� )��>BBB� ������BBB� �M��BBB� FBBB�� �%

/ [ / ( ) ]
=

−
−

Z
A

N Z
A

χ
2

250 83 1 1 7826
)C� 9�� &TC�[� ]b.[ �B�

 &� |�� F�� 4� ?f�L ^���/ &>A�� &� &�8  �8S &B� 5��6�:Bx

 -� )C� ��%
/ -��
  ��%�(� F�B�G  5��B� |�� FB�� 4� ��8B 

 �B./= )��>B� �C -��
  ���(� &J 5�f�A@ )��>� �C D�E ��

 %�� 9�.� )��/ ����N� �% .-��
  ���(� �&'�(� F�� �% M��� 5���
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�% )��>� �C D�E �� )��J ����Fm254�Rf264�8BAJ �  

)BBC� 9�:BB/ |��
BBI .�� &��BB� �% FBB�� )��>BB� �BBC D�BBE ��

 �% � H�%�J &TC�[� &���(� �� �% FB�� 5��� 9�� &TC�[� ��%�(�

 -� ����
� �f�A@ )��>� �C �� &��� &BJ )B��I &B
��/ ��8B 

 �A��� ��A��S� ?��Q �V�TC�[� .�� dB	n� FB�� )[f 7Q�� �%

 &� ^���/ �� �6�% 5��� 9��= )C%&��B���  �&BG'�n� %�8B� 5�B�

-� �AAJ.
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