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1 Ú ó

Cc5, >f\�ü>l�f� (e, 2e) �A�
��f�©fÔnïÄ���9:, 3¢�Ún
ØïÄü�¡, ÑØä��IS!	Æö�2�'
5 [1−10]. 3nØïÄ¥Ñy
Nõ#L�nØ�
{, Ù¥d Brauner, Briggs Ú Klar JÑ� BBK �
. [11] ´Ccù�ïÄ+�Sú@��Z�.�
�. ÐÏ� BBK �.�Ä
n�ÕáüN¥Õf
XÚ��p�^, Ï)L«�n�¥ÕÅ¼ê�
¦È, Ï~¡ù�)� 3C Å¼ê, @Ï BBK �.
q�¡� 3C �.. �� Berakdar �< [12] ±9Ü
��¤3nØ�| [13] �é 3C �.3$\�U�
�O�(J�¢�ÿþ(JØ���":, é 3C
Å¼ê?1
?�, duù«?�L«
n�üN
¥Õ�p�^*dm�ÄåÆ¶- (DS), Ïd?�
��Å¼ê¡� DS3C Å¼ê, ?��� BBK �
.q�¡� DS3C �., ¦� BBK �.ÅÚr�
�õ.

>f\�ü>l�f� (e, 2e) �A¥��

©Ñ��¡ (DDCS) éu�lfÔn!UNÔn
ÚË�Ôn�ïÄÑk��¿Â, Ó� DDCS �
�·�Jø
�[/'�nØÚ¢�(JÎÜ§
Ý�k��{, kå�íÄXnØïÄ�uÐ. �
´, â·�¤�: 8ck' (e, 2e) �A DDCS �¢
�ÚnØïÄ�����é�� [14−19], ¿�n
Ø(J�¢�(J�êâ�����. BBK �.
Ú DS3C �.����fÚ±�f (e, 2e) �Aï
Ä+�Sú@��Z�., Ì��^u��fÚ±
�f (e, 2e) �A¥n�©Ñ��¡ (TDCS) �n
ØïÄ [7−13,20]. c��ã, 3�¤>f\�ü>
l He �f DDCS �nØí�Ú?§O��Ä:
þ, ·�$^ BBK �.Ú DS3C �.é±�f (e,
2e) �A¥� DDCS ?1
nØïÄ, �Ð�)º

I	Æö�Ñ�>f\�ü>l He �f DDCS
�ÿþ(J [21,22]. ��f���{ü�q�f, �
�´¢�ó�öÚnØó�ö'5���9:, ¿
��X��f (e, 2e) �A¥ DDCS ¢�ïÄ�Ø
ä�\, �
nØ�.�U�$^u��f (e, 2e)
�A¥ DDCS �nØïÄ¥ [14,19]. �´, â·�¤
�, 8cÿ��$^ BBK �.cÙ´ DS3C �.
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é��f (e, 2e) �A¥ DDCS ?1�[nØïÄ
���.

�©3�¤
��f (e, 2e) �A¥��©
Ñ��¡�nØí�Ú§S?��Ä:þ, ^ 3C
�.Ú DS3C �.é\�U©O� 15.6 eV, 17.6 eV,
25 eV, 40 eV �AÛ^�e>flz��f��
�©Ñ��¡?1
O�, é�¡�(�Ú���
A?1
�\�©ÛÚ&?.

2 nØO�

b�\�>f�Äþ� k0, � H �f-E�
Ñ�>fÚvÑ>f�Äþ©O� k1 Ú k2. �
Äü�Ñ�>f����A�, ù� (e, 2e) L§
� TDCS �:

d3σ

dΩ1dΩ2dE

=(2π)4
k1k2

k0

∣∣∣∣34 |f(k1,k2) − f(k2,k1)|2

+
1
4
|f(k1,k2) + f(k2,k1)|2

∣∣∣∣, (1)

ª¥ Ω1, Ω2 ´�ÂÄþ� k1 Ú k2 ü�>f�á
N�; f(k1,k2) Ú f(k2,k1) ©O���Ñ��Ì
Ú��Ñ��Ì, ©Odeª�Ñ:

f(k1,k2) =
〈
ψ−

k1,k2
(r1, r2) |Vi|ψk0(r1, r2)

〉
, (2)

f(k2,k1) =
〈
ψ−

k2,k1
(r2, r1) |Vi|ψk0(r1, r2)

〉
, (3)

Vi ´ H �fÐÏ��6�p�^³, äN/ª�:

Vi = − 1
r1

+
1

|r1 − r2|
. (4)

�
��,��Ñ�>f���©Ñ��
¡�Ñ���Cz, �d�§ (1) é,��>f3
�Ü�Ý��S�È©��, =:

(DDCS)1 =
d2σ

dΩ1dE
=

∫
d3σ

dΩ1dΩ2dE
dΩ2 (5)

½ö

(DDCS)2 =
d2σ

dΩ2dE
=

∫
d3σ

dΩ1dΩ2dE
dΩ1. (6)

XÚ�Ð�Å¼ê�\�>fÅ¼ê�q�
fÅ¼ê�¦È, =:

ψk0(r1, r2) = (2π)−
3
2 e ik0·r1φi(r2), (7)

Ù¥, ·�^²¡ÅL«\�>fÅ¼ê; φi(r2) L
«��fÄ�Å¼ê.

"�dü�Ñ�>f��{ H+ |¤, ÙÅ¼
ê^ BBK Å¼êL«:

ψk1,k2 (r1, r2)

= (2π)−3 e ik1·r1 e ik2·r2C (α1,k1, r1)

× C (α2,k2, r2) C (α12,k12, r12) , (8)

Ù¥:

C (αj ,kj , rj)

= exp
(
− π

2
αj

)
Γ (1 − iαj)1F1[iαj ;

1;−i(kjrj + kj · rj)], (9)

1F1 �Ü6�AÛ¼ê, αj (j = 1, 2, 12) ¡�¢"
�ëþ [12], §�L«�:

α1 = − 1
k1

, α2 = − 1
k2

, α12 =
1

2k12
, (10)

Ù¥: k12 = 1
2(k1 − k2); dþã αi (i = 1, 2, 12) �

��"�Å¼ê¡� 3C Å¼ê [12], ¤± BBK �
.q�¡� 3C �..

©z [13] ¥3 Berakdar ó��Ä:þ, lÄþ
�'��Ý\Ã¤�Ñ�?¿AÛ^�e�¢"
�ëþ�:

β1 = −
Z − 2k12k

2
1

(k1 + k2)3
[3 + cos2[4ξ(k2)]

4

]2

k1
, (11)

β2 = −
Z − 2k12k

2
2

(k1 + k2)3
[3 + cos2[4ξ(k1)]

4

]2

k2
, (12)

β12 =
1

2k12

{
1 − 4k2

12

(k1 + k2)3
[
k1

[3 + cos2[4ξ(k2)]
4

]
+ k2

[3 + cos2[4ξ(k1)]
4

]]2
}

, (13)

Ù¥:

ξ(ki) = cos−1

[
ki√

k2
1 + k2

2

]
. (14)

d þ ã βi (i = 1, 2, 12) � � � " � Å ¼ ê ¡
� DS3C Å ¼ ê, ? � � � BBK � . q � ¡
� DS3C �.. é¢"�ëþ�ù«?��N

"�Å¼ê¥�Äþ�'�A.

�©3�Äü�Ñ�>f���A�Ä:þ,
^ 3C �.Ú DS3C �.é\�U©O� 15.6 eV,
17.6 eV, 25 eV, 40 eV AÛ^�e>flz��
f� DDCS ?1
O�; O�(J©OP� 3C,
DS3C; �
é���A?1ïÄ, ·��3þã
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AÛ^�eÓ��Ñ
��Ñ��ÌÚ��Ñ�
�ÌüÕ)¤�¡, �A(J©OP� DIRECT,
EXCHANGE.

3 (J�?Ø

¢�ÚnØ(JXã 1!ã 2!ã 3 ¤«. Ù
¥ã 1 �Ñ
\�U Ei = 15.6 eV, Ei = 17.6 eV
�AÛ^�e>flz��f� DDCS �Ñ�
� θ1 Cz�'X�; ã 2 Úã 3 ©O�Ñ
\�
U Ei = 25 eV, Ei = 40 eV �AÛ^�e>flz
��f� DDCS �Ñ�� θ1 Cz�'X�.

3.1 3C ���...ÚÚÚ DS3C ���...���'''���

Xã 1(a) ¤«, � Ei = 15.6 eV!Ñ�>fU
þ E1 = 1.2 eV �, ¢�êâ¥y��²w�V¸
(�. DS3C �.�Ñ�nØ�¥y²w�V¸
(�, �¢�êâ��, �´�¡�ÌÝ, cÙ´�
c¸ (θ1 = 0◦—40◦) �ÌÝ$u¢�êâ¤�(
J. Xã 1(b) ¤«, � Ei = 15.6 eV, E1 = 1.8 eV

�, DS3C �.�Ñ�nØ�E,¥yV¸(�,
3�¡�(�þ�¢�êâ��ÎÜ, �´¤�
Ñ��¡ÌÝ�$u¢�êâ�Ñ(J, cÙ´
�c¸�ÌÝ�¢�êâ����. Xã 1(a), (b)
¤«, �\�U�½ØC�, �XÑ�>fUþ�
O\, ¢�êâ�Ñ��c¸�éÌÝÅìO\,
��¸ (θ1 = 100◦—180◦) �éÌÝ¥y4~ª
³. DS3C �.�Ñ��c¸�éÌÝ3� E1 �
O\Åì4O, ��¸�éÌÝ3�Ñ�>f
Uþ E1 �O\¥y4~ª³, �¢�êâ¥yÑ
�Ó�5Æ5; �´ DS3C �.�¢�êâ3�c
¸ÌÝ��O3� E1 �O\O�. 3C �.3
ã 1(a)!ã 1(b) AÛ^�e�Ñ�nØ�¿Ø
¥y¸�(�, ¿��¡�ÌÝ���u¢�ê
â�Ñ�(J, �¢�êâ²wØÎ, Ïd 3C �
.éu�¡�£ã´���}�. Xã 1(c) ¤«,
� Ei = 17.6 eV, E1 = 2 eV �, DS3C �.�¢�
êâ¤�Ñ��¡þ¥yV¸(�, ¿� DS3C �
.�Ñ�nØ�ÃØ3¸���©Ùþ�´3
�¡�ÌÝþþ�¢�êâ¬Ü�éÐ. Xã 1(d)
¤«, � E1 O\� 3.75 eV �, DS3C�.�Ñ
�

ã 1 >flz��f� DDCS �Ñ�� θ1 Cz�'X�, ¢%:�¢�(J [17] (a) Ei = 15.6 eV, E1 = 1.2 eV;
(b) Ei = 15.6 eV, E1 = 1.8 eV; (c) Ei = 17.6 eV, E1 = 2 eV; (d) Ei = 17.6 eV, E1 = 3.75 eV
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¢�êâ�¬Ü�¸�(�, �,d� DS3C �.
�Ñ��c¸ÌÝ$u¢�êâ¤�(J, �´
� Ei = 15.6 eV, cÙ´ E1 = 1.8 eV AÛ^��
', d� DS3C �.�¢�êâ3�Nþ�¬Ü§
Ýk
²w�Uõ. Xã 1(c), (d) ¤«, �XÑ�>
fUþ�O\, DS3C �.�Ñ��c¸�éÌÝ
3ÅìOr, ��¸�éÌÝ3Åì~f, �¢�
êâ�±��; ¿�� Ei = 17.6 eV �, DS3C �.

�¢�êâ3�c¸�¬Ü§Ý3� E1 �O\
C�, � Ei = 15.6 eV �¥y�Ó�5Æ5. 3C �
.O�(J�,3ã 1(c)!ã 1(d) AÛ^�em
©�Ñ
�½�¸�(�, �´¤��¡�ÌÝ3
�Nþ�¢�êâ����, éu¢�êâ�£ã
E,´�}�. dd��: @Ïé BBK �.�?�
éu��f DDCS �O�´�©k��, ¿�3K
�UþNCù«?��J�\²w.

ã 2 Ei = 25 eV, >flz��f� DDCS �Ñ�� θ1 Cz�'X�, ¢%:�¢�(J [17]. Ù¥Ñ�>fUþ
(a) E1 = 5 eV; (b) E1 = 7 eV; (c) E1 = 9 eV; (d) E1 = 11 eV

Xã 2 ¤«, � Ei = 25 eV �, DS3C �.�
Ñ�nØ�ÃØ3�¡�(��´3�¡�Ì
Ýþþ�¢�êâ¬Ü�éÐ; ¿��X E1 �O
\, �c¸��éÌÝÅìO\, ��¸��éÌ
Ý34~, �¢�êâ¥yÑ�Ó�5Æ5. ,
d� DS3C �.�¢�êâ3�c¸ÌÝ��O
¿Ø� E1 �O\¥yÑ?Û�5Æ5. 3C �
.�,�Ñ
�¢�êâ�¬Ü��¡(�, �´
�¡ÌÝ©ª²w$u¢�êâ, ¿��¢�êâ
3�c¸ÌÝ��O� E1 �O\ÅìO�. ,
	, '�ã 1!ã 2 ·�5¿�: DS3C �.O�(

J�¢�êâ3�c¸ÌÝ�¬Ü§Ý3�\�
U Ei �O\ÅìJp.

Xã 3(a) ¤«, � Ei = 40 eV, E1 = 2 eV �,
DS3C �.�Ñ�nØ�¥yn¸(�, ��
¸ (θ1 = 100◦— 180◦) ÌÝ�p, �c¸ (θ1 = 0◦—
40◦) Ú¥m¸ (θ1 = 40◦—100◦) ÌÝ�$. Ù¥¥
m¸Ú��¸�¢�êâ¬Ü��Ð, �c¸
�ÌÝ²w$u¢�êâ, ¿�üö����. X
ã 3(b) ¤«, � Ei = 40 eV, E1 = 5 eV �, DS3C
�.�Ñ�nØ�E,¥yn¸(�, Ù¥¥
m¸Ú��¸�$u¢�êâ�Ñ(J, �c¸Ì
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Ý�¢�êâ����. Xã 3(c) ¤«, � E1 O
\� 10 eV �, DS3C �.�Ñ�¥m¸Ú��¸
U
�¢�êâ�Ð�¬Ü, �´üö3�c¸
�ÌÝþE,�3���É. ·�cÙ5¿�: þ
ã DS3C �.�¢�êâ3�c¸ÌÝþ�ã�
�É�ã 1!ã 2 ¤�N�\�U�p, DS3C �
.�¢�êâ3�c¸ÌÝ�¬Ü§Ý�Ð�5
Æ5��l. �
énØ�¢��m�ù«�É
?1ïÄ, ·�ë�
3 Ei = 40 eV, E1 = 2 eV,
5eV, 10 eV �AÛ^�eÙ¦nØ�.O�(J,
uy ECS �. (exterior complex scaling model) ±

93�f (e, 2e) �AïÄ+�S��ã�¤õ
� CCC �. (convergent close-coupling model) þ�
Ñ
��© DS3C �.�q�nØ�, ¿��¢
�êâ¤�Ñ��c¸ÌÝÓ��3���É [17].
dd·�~¦þã�É�U´du¢�ÿþ�Ø
O(E¤�, 'uù�:�k�u¢�ó�ö3
TAÛ^�e�?�Ú�ÿþ, ±�Ñ�û5µ
�. Xã 3(d) ¤«, � Ei = 40 eV, E1 = 15 eV �,
DS3C �.�Ñ�nØ�Ø=3�¡�¸!�(
�þ, �3�¡�ÌÝþÑ�¢�êâA���
Ü.

ã 3 Ei = 40 eV, >flz��f� DDCS �Ñ�� θ1 Cz�'X�, ¢%:�¢�(J [17]. Ù¥Ñ�>fU
þ (a) E1 = 2 eV; (b) E1 = 5 eV; (c) E1 = 10 eV; (d) E1 = 15 eV

,	, dã 3 ��, \�U�½ØC�, �X E1

�O\, DS3C �.�Ñ��c¸�éÌÝ3Å
ìO�, ¥m¸Ú��¸��éÌÝ3Åìü$,
� E1 O\� 15 eV �, ¥m¸Ú��¸A���
��, �¢�êâ�Ñ��¡ÌÝCz5Æ��
�. Xã 3(a)—(c) ¤«, 3C �.3 Ei = 40 eV, �
$Ñ�U (E1 6 10 eV) AÛ^�e=�Ñ
V¸
(�, ©ªvk�Ñ¥m¸, ¿�3�¡�ÌÝþ

�¢�êâ����; �X E1 �O\, �c¸��
éÌÝ¥y4Oª³, ��¸��éÌÝ¥y4~
ª³, �¢�êâ±9 DS3C �.¥yÑ�5Æ5
�¬Ü; Xã 3(d) ¤«, � E1 O\� 15 eV �, 3C
�.�Ñ�nØ�ÃØ3¸�(�þ�´�¡
ÌÝþ�¢�êâ±9 DS3C �.(JþU�Ð
�¬Ü.

nÜã 1!ã 2!ã 3 ��: �X\�U�ü
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$, DS3C �.� 3C �.�Ñ�nØ�3�Nþ
��O3ÅìO�. ùÌ�´Ï�"�nN�m�
¶-�A3�\�U�~�ÅìOr [9], DS3C
�.ÏLÚ\k�¢"�ëþé 3C �.?1
?
�, ù«?�L«
"�n�üN¥Õ�p�^
*dm�ÄåÆ¶-, l¦� DS3C �.é 3C
�.�?��J3�\�U�ü$Or. ,	
·�5¿�: 3�«AÛ^�e, DS3C �.�Ñ
�nØ�3 θ1 = 40◦—180◦ ��S�¢�êâ
U
�Ð�¬Ü. �'�e, 3 θ1 = 0◦—40◦ ��
S DS3C �.¤�(J�¢�êâ�3�½�É;
cÙ´3�$\�U�, ù«�É�\²w. ÏL
ïÄ·�@�: ù�U´duÐÏ�á§�A�
K�E¤�, 3$\�U�ÐÏ�á§�Aé�
¡k�rK�, cÙ´3K�NC, ÐÏ�á§�
A�K��\wÍ [23]. DS3C �.^²¡ÅL«
\�>fÅ¼ê, ¿vk�ÄÐÏ�\�>f�¥
5�f�m�á§�p�^�A, l���$\
�U� DS3C �.¤��¡�¢�êâ3 θ1 = 0◦

—40◦ ��S�3���É.

3.2 ���������AAA���nnnØØØïïïÄÄÄ

Xã 1(a), (c) ¤«, �Ä���A�� DS3C
�.¤�Ñ��c¸Ì�5gu��Ñ�Ì��
z, ��¸KÌ�d��Ñ�Ìû½. DS3C �
��Ñ�ÌüÕ)¤�¡ DIRECT 3�c¸Ú�
�¸ÌÝþþ�3�½��É, ¿�üö3��
¸ÌÝ��O�²w�uüö3�c¸ÌÝ��
O. dd��, 3Xd$�\�Ue, ���Aé�
¡ÌÝ�K�´Ø��Ñ�, ¿����Aé�
�¸ÌÝ�K��r. dã 1(a), (b), ã 1(c), (d) �
�, �\�U�½ØC�, �X E1 �O\, DS3C
� DIRECT 3��¸ÌÝþ��O3Åì~�, Ó
���Ñ�ÌüÕ)¤�¡ EXCHANGE ¤�Ñ
���¸�3� E1 �O\Åì~f. �´ DS3C
� DIRECT 3�c¸ÌÝþ��O¿Ø� E1 �
O\¥y5Æ5Cz. ù
y�`²: �\�U
� 15.6 eV Ú 17.6 eV �, ���Aéu��¸ÌÝ
�K�3�Ñ�>fUþ�O\4~; ���A
éu�c¸ÌÝ�K�©ª�3, �´ù«K�¿
Ø�Ñ�>fUþ�O\¥y²w�5Æ5.

Xã 2(a) ¤«, �\�UO\� 25 eV, E1 =

5 eV �, DS3C �.�Ñ�¡¥y²w�V¸(
�, ¿��c¸E,5gu��Ñ�Ì��z,
��¸Kd��Ñ�Ìû½. DIRECT (J=
�Ñ
�c¸, �¡¥y²w�ü¸(�. DS3C
� DIRECT ¤�Ñ��c¸A���Ü, ü
ö3��¸NC�¡ÌÝþ�3²w�É. ù`
², � Ei = 25 eV, E1 = 5 eV �, ���Aé�c
¸ÌÝ�K���, é��¸(�±9ÌÝþ�
3�rK�. dã 2 ��, �X E1 �O\, DS3C
� DIRECT 3�c¸ÌÝþ��O3ÅìO�,
3��¸NC�¡ÌÝþ��O3Åì~�, EX-
CHANGE ¤�Ñ���¸�3� E1 �O\Å
ì~f. dd��: �\�UO\� 25eV �, �X
Ñ�>fUþ�O\, ���Aé�c¸ÌÝ�K
�3Or, é��¸ÌÝ�K�3Åì~f.

Xã 3(a) ¤«, �\�U� 40 eV, E1 = 2 eV
�, DIRECT (J=�Ñ
�c¸�Ö/, �¡¥
y²w�ü¸(�, �¢�êâ²wØÎ; DS3C �
.�Ñ�nØ�¥yn¸(�, Ù¥¥m¸Ú�
�¸5gu���A��z, �c¸Kd��Ñ�
Ìû½. DS3C � DIRECT ÃØ3�¡�(�þ�
´ÌÝþþ�3é��É. ù`², d����A
é�¡�ÌÝ±9(�þ�3�rK�, ¿�ù«
K�´Ø��Ñ�. dã 3 ��, �X E1 �O\,
DS3C � DIRECT 3�¡ÌÝ±9(�þ��O3
Åì�~�, EXCHANGE ¤�Ñ��¡�éÌÝ
�¥y4~ª³. dd��, �\�U� 40 eV �,
���Aé�¡�ÌÝ±9(��K�3� E1 �
O\~f.

4 ( Ø

� © ^ 3C � . Ú DS3C � . é � � f
� DDCS ?1
nØO�, é�¡�(�±9�
��A?1
XÚ�ïÄ. (Juy: 3�©�«
AÛ^�e, DS3C �.¤�Ñ�nØ�þU�
¢�êâéÐ�ÎÜ,  3C �.éu DDCS �£
ãÄ�þ´�}�, ù`² DS3C �.é 3C �.
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Abstract

The double differential cross sections for electron impact ionization of hydrogen at incident energies of 15.6 eV, 17.6 eV, 25 eV

and 40 eV are calculated by use of BBK model and modified BBK model. The results of the present work are compared with the

absolute experimental date. The structure of the cross sections is analysed and the contributions of exchange effects to corss sections

are discussed.
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