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ÏLU?¹�þf�AkÛ�{ïÄ
���.V>f�f3r-1�^e�>fÄåÆL§. �O(�ê
�È©¦)¹�Å½��§�', O����Å�éA�þfXn¥âf�ÄåÆCzÚ¹�Å�üz(J½5
��, ��ÌÝ/Jp
O��Ç. �âO����²;âfXn�ÄåÆüz1�, ©Û
�f3r-1�^e
�-u!>l!Ñ����5L§.
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1 Ú ó

� X � ¦ - 1 E â � ? Ú, � á r - 1 �
�f!©f��p�^Ñy
Nõk����
5y�, XKþ>l (above threshold ionization, {
¡ ATI)[1]!pg�Å�) (high-order harmonic gen-

eration, {¡ HHG)[2,3] Ú�S�>l�, éù

y���)Ån±9A^®¤�<�'5�9
��K. �
���«ù
Ôny����Ú5
Æ, I�é�f!©f¥>f�ÄåÆ1�?1
�ßO(��[. éuõ>fNX, �
O(ï
ÄÙÄåÆL§, I�O(¦)�A�¹�Å
½��§ (time-dependent Schrödinger equation, {
¡ TDSE), duO�^����, 8céü>f�
f3 800 nm -1Ëìe�°(�[E�3é�(
J. �d, <�uÐ
NõCq�[�Y, Xü>f
Cq�{ (single active electron, {¡ SAE)[4−7], ¹
�MAp - 4��Y (time-dependent Hartree-Fock,

{¡ TDHF)[8]!¹��Ý�¼�{ (time-dependent

density functional theory, {¡ TDDFT)[9,10] �, ù

nØé>f�'é�A�Ä�é�½´Ø
O
(, Ïd���(JÚO(� TDSE O�k��
��O. Ød�	, <�uÐ
²;Ú�²;�n
Ø [11,12], éuïÄ>f�S�>l¯K��
é
�¤õ, �´duÙµeg�Ã{ºXO(�þf
�A, 3A^¥É�
�½���.

� C, Christov[13−17] J Ñ ¹ � þ f � A k
Û � { (time-dependent quantum Monte Carlo, {
¡ TDQMC) ïÄr-1Úõ>f�f�p�^
L§. T�Yò>f��âf (walker) �ÚOXn,

z�âf�$Äd��éA�Ú�Å¼êÚ�, ¿
3O�¥U
Ü©/�¹>fm���'é�A.

3dÄ:þ, ·�U?
Ùé�fNXÐ��O�,

��lO(� TDSE Ð�Ñu, ÏLæ�ÀJO(
� walker &E, (Ü�A�Ú�Å�{, ��
�
�O(�âfXn©ÙÚNXUþ. 3¹�O�¥,

�©¦^��� walker, ��
Ú TDSE ½5$�
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�½þ���(J, ¿3dÄ:þ, l²;âfÄ
åÆ��Ý©Û
>f3r-1Ëìe�-u!
>l±9Ñ�L§.

2 nØ�{

du�f3� �-1óÀ�^e�ÄåÆ
1�Ì�8¥3-1 ���þ, Ïd���[(
J�ý¢�fÄåÆ1�½5þÄ���, ��±
4�/ü$éO���¦. Ïd�©æ^��V>
f�f�.. XÃAÏ`²�©�Ææ^�fü .

� �-1óÀ�^����.V>f�f
�¹�Å½��§�

i
∂

∂t
ψ(x1, x2, t)

=
[
−

2∑
i=1

∂2

2∂x2
i

+
2∑

i=1

Va(xi) + Ve(x12)

+
2∑

i=1

VL(xi, t)
]
ψ(x1, x2, t), (1)

Ù¥ (1) ªmý1���ü>fÄU; 1���
ü>f��fØ��p�^³, æ^^Ø¥Õ
³ Va(xi) = −2/

√
x2

i + a ±�Ø�I�:�Û
:¯K; 1n��>fm��p�^³, Ve(x12) =
1/

√
x2

12 + b; �����>f�óÀ>|��^
³, 3>ó4Cqe VL(xi, t) = xi ·E(t), E(t) �-
1>|.

b�z�>fþd N �âf|¤�âfXn
£±, Xn¥¤kâf�ÚO1�=�>f�Äå
Æ1�, Kkü>f�Xnâf÷vXe�§:

i
∂

∂t
φk

i (xi, t)

=
[
− ∂2

2∂x2
i

− 2√
x2

i + a

+
1√

(xi − xj)2 + b
+ xi · E(t)

]
φk

i (xi, t), (2)

Ù¥ i, j = 1, 2 � i 6= j, k = 1, 2, 3, · · · , N ; φk
i (xi)

�1 i �>f�1 k �âf¤÷v�Ú�Å¼ê,

Tâf�$Ä1�d�ÙéA�Ú�Å¼êû½,

�Ý! �÷vXe'X:

vk
i (t) = Im

[
1

ψ(xi, xj , t)

× ∂

∂xi
ψ(xi, xj , t)|xi=xk

i (t),xj=xk
j (t)

]
, (3)

xk
i (t) = xk

i (t = 0) +
∫ t

0

vk
i (t′)dt′, (4)

Ù¥, ψ(xi, xj , t) = A
2∏

i=1

φk
i (xi, t), A ���é¡

5�Î.

ØÓu©z [13—17] ��{, ·�ÄkÏLê
�¦)½�Å½��§, ¼����.V>f�
f�Ä�Å¼ê, 2d�À{ÏLÄ�>fAÇ
�Ý©Ù¼ê��£ãV>f�Ý©Ù�Xnâ
f� �©Ù, ù�¦�Xnâf�©Ù��Cu
�f¥V>f�ý¢�Ý©Ù. ��, �Å�Ñz
��XnâféA�Ú�Å¼ê φk

i (xi) (i = 1, 2;

k = 1, 2, · · · , N ). ± xk
i Ú φk

i (xi) ��Ð©^�,

æ^3��Î(Ü¯�Fp�C��{?1E�
m (- t = −it′, t′ �¢ê) üz, �ª��éA��
Uþ�$�#� N | xk

i Ú φk
i (xi), =-1óÀ�

^e¹�üz�Ð�.

3 (J�©Û

3��O(�NXÐ©©Ù�, A^ TDQMC

�{O�
���.ü>f�f3r-1�^
e�pg�Åu�. À^��f³ëê� a = 1,

b = 1.2, -1óÀ>|Xã 1 ¥��ã¤«, O�
����Åu�ÌXã 1 ¥�:�¤«. �
u�
O�(J±9O��Ç, éu�Ó�-1>|Ú�
fëê�
 TDSE Ú TDHF O�, Xã 1 ¥¢�Ú
y�¤«. lã 1 �±w�, TDQMC �O�(J
� TDSE �(J½5þÄ���, ¿�3½þþ`
u TDHF (J. 3 TDQMC �{¥, ·�� 50 éâ
f�¤�Xn5£±�f¥�V>f, �mÚ�m
O���Ú�:ê� TDSE Ú TDHF �Ó, �¤�
g�[O�¤I�m�� TDHF � 1/4, �� TDSE

� 1/20. 3�õ>f��¹e, TDQMC �O��
Ç`³ò�\wÍ.

TDQMC �YØ�3�y�½O(Ý�Ä:
þO���k�Ç, ��±l walker $Ä��
ÝïÄr-1�f�p�^L§¥�ÄåÆL§.

�
Bu©Ûr|�f©fÄåÆL§, �\k�
/�ä^ TDQMC �{3ïÄr|�f!©fÄ
åÆ1���15Ú�B5, ·�æ^
Xã 2 ¤
«�� �ü±Ï-1óÀ, ù«°Ä|�`:3
u�f3dóÀ�^e�$Ä1�{ü²(, ·�
�±éÔnL§�Ñ��²(�½5½�½þ�
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ä. Ù¥, óÀ¥%Å�� 400 nm, ¸�>|rÝ
� 0.2 a.u.

� � � � � � � � �� � � � 	� � � � 
� � � � �� � � � �� � � � �� � � � � � � �� � � �� � � �� � � �� � � 	� � � 
� � � �� � � �� � � � � � � � � � �� � � � � � �� � ! "#$%& ' ( ) *
� � + ,� � - . / � � � � 0 � � 1 � �2 3 4 52 3 4 62 3 4 73 4 33 4 73 4 63 4 5

ã 1 �.�f3rá-1óÀ�^e�pg�ÅÌ, S
�ã�-1óÀ>|

ã 2 � �-1óÀ>|

ã 3 �Ñ
3TóÀ°Äe�£ã>f�â
fXn¥�Ü©âf��m ���m�üz. �

©� TDQMC �YÚ²;O��Y�«O, ã 4

�Ñ
ÏL¦)²;Úî�§¼��ØÓ��>
l�>f�3-1>|°Äe�$Äã�, ùp
>f3>l��Ð©�Ý���", $ÄL§¥
Ø�Ä�fØé>f�¥Õ�^�´É-1>|
��^. ��'��IO, ã 5 �Ñ
æ^ê�È
©¦) TDSE �Y���3�Ó-1Ëìe�>
fÅ��¹�üzã�. '�ã 3 Úã 4 �±�
ß/w�, ¹�þf�AkÛ�{¥�Xnâf
3-1óÀ�^e�$Ä1�äk²;âf$Ä
A�, �±�NÑ>f�²;$Ä1�, 3�l�
fØ�«�, Øé>f�áÚ��u-1>|��
^, Ïd TDQMC Ú²;O��(JÎÜ. Ó�, d
ã 3 �w�, Ó�åP3�fØNC�Xnâf3
-1>|�^e, �Ü©âf�l�fØ, ,�Ü

©©ªåP3Ø«NC, �N�ã 5 ¤«�>fþ
fÅ�1�½5��. ÏL'�y² TDQMC ´�
«þf�{Ú²;�{�(Ü, QU
�Öê�È
© TDSE �{I�O�]õ�J±J�{²&
E�²ÔnÅn�(J, qU�Ñ²;�{Ã{�
Ñ�þf�Z&E. Ïd�±|^¹�þf�Ak
Û�{��/�[õ>f�f!©f3r-1|
�^e�ÄåÆ1�, Ó��ÑBu©�Ôn��
�ã�.

� � � � � � � � � � �� � �� � ��� �� �� � 	
 	 � �  � 
ã 3 TDQMC �[âfXn¥Ü©âf�m�I��m
üz

� � � � � � � � � � �� � �� � � �� �� �� � 	
 	 � �  � 
ã 4 d²;Úî�§¼��>f3-1>|°Äe�$
Äã�

� � � � � � � � � � �� � ��� �� � � � 	 	 	 
 � �  �� � � � � 
 � �  �� � � � � 
 � �  �� � � � � 
 � �  �� � � � 	 
 � �  �� � 	 	 	 
 � �  �	 � 	 	 � � � �	 � 	 	 � � � �	 � 	 	 � � � �	 � 	 	 � � � 		 � 	 � 	 	 		 � 	 � � � �	 � 	 � � � �	 � 	 � � � �	 � 	 � � � 		 � � 	 	 		 � � � � �	 � � � � �	 � � � � �	 � � � � 	� � 	 	 	� � �� � � � � � �
ã 5 ê�¦) TDSE ¼��>fÅ�üzã�
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|^ TDQMC �±��z��âf�$Ä1
�, ÏLéù
âf�$Ä1�©Û, �±��\
/@£�«ÔnL§�)�Ån.

ã 6 TDQMC �[¥oa;.âf��m �Ú�Ý�
�m�üz (a) âf ��üzã; (b) éA�âf�Ý
üzã; (c) éA�-1>|

�±�ââf�$Ä1�, rã 3 ¥âf�$
Ä;,�N©�oa, 3za¥À��^3ã 6(a)

�Ñ. ùoaâf�1�©O´: 1) 3-1óÀ±
Y��mS©ª?3�fØ«, Ä�Ø�X°Ä
>|$Ä (=¦�Ä, ÌÝ���) �âf1�, X
ã 6(a) ¥¢� x1 ¤«, daâf�N�´��>
l�>f�1� (�)-u); 2) �X-1>|l�
fØ«m©Åì\�$Ä¿÷ x ¶���lØ«,

Xã 6(a) ¥y� x2 ¤«, ùéAu3-1óÀ�
�±Ï (>|�K�) >|�^e>l¿Åì¼�

��Äþ�l�fØ�>f$Ä1�; 3) ´Åì
� x ¶K�\��lØ«, ��2���£Ø«¿
2g�åP3Ù¥�âf, Xã 6(a) ¥:� x3 ¤
«; 4) 3Ø«�åP�âfâ,¼����Ý÷ x

¶���lØ«, Xã 6(a) ¥:y� x4 ¤«. x3,

x4 �ÓéAu�f3-1óÀc��±Ï>|°
Äe>l¿�lØ«�>f3��±Ï>|��
��1lf�-, ���Ü©BL�fØ«�>
f$Ä1�.

�
��Ù/
)ù
L§, éAuþãoa
âf, ·��Ñ
§���Ý��müz�ã�,

Xã 6(b) ¤«. x1, x2, x3 Ú x4 âféA��Ýã
�©O� v1, v2, v3 Ú v4. lã 6 �±w�, 1�a
©ªåP3Ø«�âf��Ý¿ØÑ´�¤ØC
�, 3-1Ø´ér�, âf��Ý3"²þ�?
�ÌÝ��, óÀ¸�L�, âf�Ý��ÌÝ\
�, âf�ù«1�L²Ä�>f3óÀ�^e�
-u. 1�aâf3-1óÀ�^e, âf��Ý
ÅìO\, �óÀ(å��±�½�Ý. 1naâ
fÄkÅì¼�K��Ý, ��~�, 2��\�,

�Ù£�Ø«�â,���Ý�ØÐ¼. �dÓ�
�3�Ü©âf (1oa) 3Ø«â,¼�éA�
�ÝølØ�åP.

4 ( Ø

nþ¤ã, �©|^U?�¹�þf�AkÛ
�{, ÏL©Ûâf�$Ä1�ïÄ
�f3r-
1�^e�>f��«ÄåÆL§. T�Y^��
äkþf1��²;âf$Äã�£ã
�f3
r-1�^e�ÄåÆ1�, ?U
�\�ßß
�/@£r|ÄåÆL§. éuü>fr|ÄåÆ
ïÄ, T�Y�±��� TDSE ½5$��½þ�
��(J, O��Çq�pu TDSE, Ïd�±ò
T�Yí2�õ>fr|ÄåÆÚ�éØr|L
§�ïÄ.

a�3��Æ�?O�¥%���|±.

163203-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 16 (2012) 163203

[1] Agostini P, Fabre F, Mainfray G, Petite G, Rahman N K 1979 Phys.

Rev. Lett. 42 1127
[2] Shore B W, Knight P L 1987 J. Phys. B 20 413
[3] Connerade I P, Keitel C H 1996 Phys. Rev. A 53 2748
[4] Kulander K 1987 Phys. Rev. A 35 445
[5] Chen J G, Yang Y J, Yu X P, He L J, Xu Y Y 2011 Acta Phys. Sin.

60 053206 (in Chinese) [�Ä�, ��, |R±, Û9�, M�
� 2011 ÔnÆ� 60 053206]

[6] Chen J G, Yang Y J, Chen Y 2011 Acta Phys. Sin. 60 033202 (in
Chinese) [�Ä�, ��, �� 2011 ÔnÆ� 60 033202]

[7] Zeng S L, Zou S Y, Yan J 2009 Chin. Phys. Lett. 26 053202
[8] Zanghellini J, Kitzler M, Fabian C, Brabec T, Scrinzi A 2003 Laser

Phys. 13 1064

[9] Runge E, Gross E K U 1984 Phys. Rev. Lett. 52 997

[10] Marques M A L, Gross E K U 2004 Rev. Phys. Chem. 55 427

[11] Ho P J, Panfili R, Haan S L, Eberly J H 2005 Phys. Rev. Lett. 94
093002

[12] Hao W L, Li W D, Liu J, Chen J 2011 Phys. Rev. A 83 053422

[13] Christov I P 2006 Opt. Express 14 6906

[14] Christov I P 2007 New J. Phys. 9 70

[15] Christov I P 2007 J. Chem. Phys. 127 134110

[16] Christov I P 2008 J. Chem. Phys. 129 214107

[17] Christov I P 2006 Appl. Phys. B 85 503

The dynamic process of two-electron atom irradiated
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Abstract

We investigate the electron dynamic process of a one-dimensional two-electron atom irradiated by strong laser pulse using the

improved time-dependent quantum Monte Carlo (TDQMC) scheme. By comparison with the scheme for solving the time-dependent

Schrödinger equation by using the accurate numerical integration, the dynamic variation of particle in a quantum ensemble, corre-

sponding to the calculated wave-packet, is consistent with the evolution of time-dependent wavepacket. The computation efficiency of

the TDQMC is more largely enhanced than that of the time-dependent integration method. According to the dynamic evolution behav-

iors of the calculated classical particle ensemble, we analyze the excitation, ionization, recombination of electron and other non-linear

processes in a strong laser field.

Keywords: time-dependent quantum Monte Carlo, strong laser pulse, dynamic process
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