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1 Ú ó

�fÚ©f3r|�^e, �)
Nõk��
ÔnL§, ~Xr|V>l [1−8], K�þ>l [9] Ú
pg�Å�Ë� [10,11] �. g 1983 cÄg3¢�
þ*ÿ��gSV>l (NSDI) y�±5 [12], �f
Ú©f3r|�^e� NSDI L§éA��*Äå
Æ®²¤�r|+��ïÄ9: [13−20], Ï�TL
§w«Ñ
pÝ�>f'é1�. ¢� [1,4,7] Ún
Ø [13−20] ïÄw« NSDI �ÔnÅnU
dO²
;nÚ2-E�.nØ [21] éÐ/)º. �âTn
Ø, Ä����>fÏLõ1f>l½��>l?
\ëY�, �-1|UC���, Ü©ëY��>
f�£�1ØlfNC, �U�1Ølf2EÜ½
öu)��5-E, 2EÜ�(J´��pg�Å
�Ë� [22−24], ��5-E�ª�� NSDI �u).

�ânÚ2-EnØ, �fÚ©f3� �½

ý� �-1óÀ°ÄeA�Ø�Uu) NSDI

L§ [25], Ï�1��>f>l��éJ�£�Ø
«¿�1Ølfu)2-E. Dietrich � [26] �Ï
L¢��yý� �-1óÀ°ÄeØ�3 NSDI

L§. ,, ù�(J%��5��¢�(J�
gñ. Gillen � [27] 3� �-1óÀ°Äe¢
�*ÿ� Mg2+ lf��Çé-1rÝ��6¥
y��²w� “HX” (�, ù`²�3 NSDI L
§. Shvetson-Shilovski � [28] Äu�²;�.nØ
ïÄ�Ñ, �ý Ç ε > 0.3 �áþf;�Ø2|
� DI �Ç, å�|��^�´�þf;�; Hao

� [29] |^-1rÝ 1.0×1015 W/cm2 ïÄ
3Ø
Óý Çe Ne2+/Ne+ �'��Å��Cz. Wang

Ú Eberly[25] Äu²;Xn�.nØ?�ÚïÄ�
Ñý� �-1óÀ°Äe�f NSDI L§E,�
±^2-EnØéÐ/)º, ¿�2-EL§´Ï
Lý�;,u)�.
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óÀe Ar �f NSDI é-1rÝ��6. O�(
Jw«, ÷-1 �²¡��¶��, >fé�'
é1��6u-1rÝ, 3-1rÝ�p�, 'é
>f"�ÄþÌ¥�'é, ¿�3�!n��¥y
Ñ²w� V-.(�; 3-1rÝ�$�, 'é>f
"�ÄþÌÌ�©Ù3�!o��, ¥�'é1�.

ù´Ï��-1rÝü$>f��£Uþ~�, ¦
� NSDI L§¥�>lÅnu)UC. 3-1 �
²¡�á¶��, 3ØÓ�-1rÝe, 'é>f
é�"�ÄþÌþ¥yr���'é1�. ÏL©
Û NSDI �²;$Ä;,, =2-E�� 0.06 T (T

�1±Ï) ��, �K>f�m�ü½�^, l�
��'é>fé÷ x ���"�ÄþÌvkw«
Ñ V-.(�, ¿�3÷ y ��'é>fé8¥©Ù
3�:NC. dd`²>f�m�ü½�^é'é
>fÄþÌ3-1 �²¡�¶��� V-.(�,

±9á¶����'é1�å�
û½5�^.

2 nØ�{

Haan � [5,14] é ² ; X n � . � 
 � [ �
£ ã, T � . ® ² � 2 � / ^ 5 ï Ä NSDI L
§ [30−36]. 3²;�.¥, z�>fé3�� (2D)

�m¥�$ÄdÚî$Ä�§5£ã [14,32] (�©
Ø�k,	�5½, þæ^�fü  (a.u.)):

d2ri/dt2 = −∇[Vne(ri) + Vee(r1, r2)] − E(t),

(1)

(1) ª¥, i � 1 ½ 2, r L« 2D �m¥>f��
I. E(t) L«ý� �-1|�|r, E(t) �L
�ª�

E(t) =
E√

ε2 + 1
[ex cos(ωt)

+ eyε sin(ωt)]f(t), (2)

(1) ª¥, ε �Lý Ç, -1Å�� 800 nm, rÝ I

�g� 3.0×1014, 2.0×1014 Ú 1.0×1014 W/cm2; ex

�L-1 �²¡�¶��, ey �L-1 �²¡
á¶��; f(t) �LF/óÀ�ä. Xã 1 ¤«, �
�óÀ�) 10 �1±Ï, cü�1±Ï�5O\,

¥m8�1±Ï�±1r���, �ü�1±Ï�
5~�� 0. Vne(ri) Ú Vee(r1, r2) æ^^Ø¥Õ³
�©OL«�:

Vne(ri) = −2/
√

r2
i + a2,

Vee(r1, r2) = 1/
√

(r1 − r2)2 + b2, (3)

(3) ª¥, a Ú b ©O�L1Ø�>f9>f�>
f�m�^Øëê, �;��Ôn¥ÕÛ:Úg>
l [17,33], 3·��O�¥ a � 1.5 a.u., b � 0.05 a.u.

ã 1 F / � ä ó À, ¢ � Ú J � © O L « � ^ 3 ý �
  � ² ¡ � ¶ � � Ú á ¶ � � � - 1 |, - 1 r Ý I =

2.0 × 1014 W/cm2, ý Ç ε = 0.2

�
��z�é>f�Ð©G�, ·�r�
fØ�½3�:� �, ü>f©O�3 (0.85, 0)

Ú (–0.85, 0) � �, Ù³UÚÄU�Ú�u Ar �
f�Ä�U, =: Ep + Ek = −1.59 a.u. >fé�
Ð©�ÝÚ��´�Å�½�, ,�4>fé=3
¥Õ|��^egd$Ä, ¿4Ù$Äv
���
m (100 a.u.), ��XnS¤k�>féþ����
½�G�©Ù. ã 2 �Ñ
Xn�Ð©©Ù, Ù
÷vpd�m©Ù [31]. 3Xn?u½G��\
\ý� �-1|, d�, z�>fé3¥Õ|Ú
-1|��Ó�^e$Ä, Ù$ÄE,dÚî$Ä
�§5£ã. �-1|(å��, u�zé>f�
Uþ, XJü�>f�Uþþ�u", L²u)

V>l.

3 (JÚ?Ø

ã 3 �Ñ
'é>fé÷ x �� (-1 �²
¡��¶��) �"�ÄþÌ, Ù¥ã 3(a) Ú (b)

éA-1rÝ I � 3.0×1014 W/cm2, ã 3(c) Ú (d)

éA I � 2.0×1014 W/cm2, ã 3(e) Ú (f) éA I

� 1.0×1014 W/cm2. ã 3(a), (c) Ú (e) �Lý Ç ε

� 0.2; ã 3(b), (d) Ú (f) �L ε � 0.3. 3-1r
Ý�p�, Xã 3(a)—3(d) w«, 'é>fé÷ x

���"�ÄþÌÌ�©Ù3�!n��, ¥y
�'é, =�õê>fé3"�u��
�Ó�
��; 3-1rÝ�$�, Xã 3(e) Ú (f) w«, 3
÷ x ��, 'é>fé�"�ÄþÌÌ�©Ù3
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�!o��, ¥y�'é, =�õê>fé3"�
u�������. ·�l1��>f��£U
þ (2-E���Uþ) éþã(J��
Ün�
)º. ã 4 �Ñ
1��>f��£Uþ©Ù. é
uü«ý Çe, -1rÝ�p�, Xã 4 çÚÚ
��Ú�¤«, 1��>fþäk�p��£
Uþ, 2-EL§¥U
D4�1��>f�õ
�Uþ, d� NSDI éA�>lÅn´±��-E
>l (RCI)[37] �Ì, ��'é>féA�Ó�>
l (2-E� DI �m��mò´�u 1/4 �1±
Ï), >fé�ªò÷�Ó���u�; -1rÝ�
$�, Xã 4 f�Ú¤«, 1��>fäk��£
Uþ�$, 2-EL§¥1��>f¼��Uþ�
�, d� NSDI éA�>lÅn´±-E-u|�
>l (RESI)[37] �Ì, ��>f3-1|¸�NC
>l, >fé�u����6u>l��éA�-
1|�� , ±92-E��1��>fÚ1��
>f©O>l�¥m²L�-1|¸�ê8 [33].

~X, 2-E��XJ1��>f31��¸��
c>l, 1��>f3Ù¸�>l, >fé3"�
Ku�������, XJ1��>f31��¸
���>l, >féKu���Ó��� [33]. -1
|(å��, ÚO(Jw«, 3 I = 0.3 PW/cm2 e,

ε = 0.2 Ú 0.3 �, NSDI �Ç©O� 1.7%Ú 0.5%;

3 I = 0.2 PW/cm2 e, ε = 0.2 Ú 0.3 �, NSDI �Ç
©O� 1.1%Ú 0.3%; 3 I = 0.1 PW/cm2 e, ε = 0.2

Ú 0.3 �, NSDI �Ç©O� 0.4%Ú 0.08%. Ïd,

ã 2 Xn�Ð©©Ù, Xn�) 2.0 × 106 � Ar �f, $Ä�
m� 100 a.u.

3�Ó�-1rÝe, ý Ç ε �� NSDI �Ç�
$; 3�Ó ε e, �-1rÝü$ NSDI �Ç�ü

$, ù�¢�*ÿ�(J½þ�� [26]. ù´Ï�1
��>f>l���£1Ølf�L§¥, Ù$Ä
;,´ý�/ [25], ε ��1��>f�£L§¥ 
l1Ølf÷ y �� (-1 �²¡á¶��) �
ål��, Tål���é NSDI �u)å�
'
��^, Ï�ål��>f�ØN´�1Ølfá
Ú�Ø«¿�1Ølfu)2-E [19] l��

�Çü$; �-1rÝü$, >f¼��Uþ~�,

U
�£1Ølf¿u)2-E�>f~�, Ó�
��
 NSDI �Çü$.

ã 3 ØÓ-1rÝ I Úý Ç ε e, 'é>fé÷ x ��
�"�ÄþÌ Ù¥ (a) Ú (b) éA I = 3.0 × 1014 W/cm2;

(c) Ú (d) éA I = 2.0 × 1014 W/cm2; (e) Ú (f) éA I =

1.0 × 1014 W/cm2. (a), (c), (e) ε = 0.2; (b), (d), (f) ε = 0.3

2007 c�ü�¢� [35,36] ®²*ÿ�
²w
� V-.(�. nØïÄ@�, 3�$rÝe, V-.
(��/¤´du�fØ�áÚÚ"�>f�m
�ü½�^ [5,16,38]; 3�prÝe, T(��
/¤´du2-EL§¥>fmUþ�Øþ!�
� [39]. ·��O�(J�w«Ñ
²w� V-.(
�, Xã 3(a) ¤«. �
`²"�>f�m�ü½
�^ [16] ´Ä´ V-.(�/¤��Ï, ·�Jl©
Û
 NSDI ;,, 2-E�� 0.06 T (T �1±Ï)

233202-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 23 (2012) 233202

��, �K>f�m�ü½å, >fé3±��$
ÄL§¥=É1Ølf�¥ÕåÚ-1|�>|
å, ã 5 �Ñ
Ù"��Äþ©Ù. Ù¥, ã 5(a),

(b), (c) Ú (d) �géAã 3(a), (b), (e) Ú (f). ©O'
�ã 5(a) Ú (a), ã (b) Ú (b) ��, 'é>fé�"
�ÄþÌE,¥yr��'é1�, �ã 5(a) ¥¿
vk¥yÑ V-.(�; ©O'�ã 5(c) Úã 3(e),

ã 5(d) Úã 3(f) ��, 'é>fé�"�ÄþÌE
,¥�'é. ù`²>fé÷ x ���'é1�
�"�>f�m�ü½�^Ã', ��!n��¥
yÑ� V-.(�%´d"�>f�m�ü½�^
���.

ã 4 3ØÓ�-1rÝÚý Çe, >fé��£Uþ
©Ù Ù¥çÚ��L I = 0.3 PW/cm2, ��Ú��
L I = 0.2 PW/cm2, f�Ú��L I = 0.1 PW/cm2; ¢�Ú
J�©O�L ε = 0.2, 0.3; ç�çÚ¢��L Ar �f�1�
>lU

ã 6 �Ñ
'é>fé÷ y ���"�Äþ
Ì. ã 6(a)—(f) ©OéAã 3(a)—(f). dã 6 ��,

3ØÓ�-1rÝÚý Çe, 'é>fé÷ y �
��"�ÄþÌÌ�©Ù3�!o��, ¥yr�
�'é1�, ùL«�õê>fé3"�u��

�����. ©O'�ã 6(a), (c), (e), ã 6(b), (d)

Ú (f) ��, 3�Óý Ç ε e, �-1rÝ�ü$,

>fé÷ y ���"�Äþ©Ù��Åì~�. ù
´Ï��X-1rÝ�ü$, >fé¼��k�Ä
å³U Up = E2

0/(4ω2) (E0 �L-1||r, ω �
L-1ªÇ) ~�, ��ü>f�"�Äþ~� [17],

ÏdÄþ©Ù��C�. ùL²-1rÝ���é
"�>fé÷ y ���©Ù��å�
'��^.

ã 5 'é>fé÷ x ���"�ÄþÌ u)2-E�
� 0.06 T ��, �K>f�m�ü½å, >fé=31Ølf�
¥ÕåÚ-1|�>|å�^e$Ä, Ù¥, ã 5(a), (b), (c), (d)

�géAã 3(a), (b), (e), (f)

ã 6 ØÓ-1rÝÚý Çe, 'é>fé÷ y ���"�
Äþ©Ù Ù¥ã 6(a)—(f) �géAã 3(a)—(f)

�
)º>fé÷ y ��"�ÄþÌ��'
é1�, XÓþã�{, 2-E�� 0.06 T ��, �
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ã 7 'é>fé÷ y ���"�ÄþÌ u)2-E�
� 0.06 T ��, �K>f�m�ü½å, Ù¥ã 7(a), (b), (c), (d)

�géAã 3(a), (b), (e), (f)

K>f�m�ü½å. ã 7 �Ñ
Ù"��Äþ©
Ù. Ù¥, ã 7(a), (b), (c) Ú (d) �géAã 6(a), (b),

(e) Ú (f). '�ã 7 Úã 6 ��, u)2-E��d

u�K
>f�m�ü½�^, 'é>fé�"�
Äþ8¥©Ù3�:NC, ¿vk¥yÑ�'é1
�. dd`²>fé÷ y ����'é1�´d"
�>f�m�ü½�^���.

ã 8 �Ñ
3ØÓ�-1rÝe, 'é>fé
�UþÚÄþ;,. Ù¥ý Ç ε = 0.2. ã 8(a), (c)

Ú (e) �L-1rÝ I = 3.0×1014 W/cm2, ã 8(b),

(d) Ú (f) �L I = 1.0×1014 W/cm2, ã 8(a) Ú (b)

�Ú��L÷ x ���-1||r, ;,�Ð©
�m´lü>l��m©. ã 8(a) w«, 'é>f
é3 3.3 �1±Ï?u)2-E��, §�31�
�¸��cA�Ó�>l, 3÷ x Ú y ��þu�
�
�Ó��� (Xã 8(c) Ú (e) ¤«). ã 8(b) w
«, 'é>fé3 4.3 �1±Ï?u)2-E��,

1��>f31��¸��c>l (Xã 8(b) J
�¤«), 3"�u��
 x ¶���� (Xã 8(d)

J�¤«); 1��>fK31��¸��c>
l (Xã 8(b) çÚ¢�¤«), 3"�u��
 x ¶
�K�� (Xã 8(d) çÚ¢�¤«), 3÷ y ��'
é>féKu��
�Ó��� (Xã 8(f) ¤«).

ã 8 ý Ç ε = 0.2 �, 3ØÓ�-1rÝe, >fé�Uþ;,, ÷ x ��Ú y ���Äþ;, Ù¥ (a), (c) Ú (e) �L-
1rÝ I = 3.0 × 1014 W/cm2; (b), (d) Ú (f) �L I = 1.0 × 1014 W/cm2; (a) Ú (b) ¥�Ú��L÷ x ���-1||r

4 ( Ø

�©|^²;Xn�.ïÄ
ý� �-1
óÀ°Äe Ar �f NSDI é-1rÝ��6. O

�(JL², 'é>f÷ x ���"�ÄþÌ�
6u-1rÝ, 3�prÝe, 'é>f"�Äþ
ÌÌ�©Ù3�!n��, ¿¥yÑ²w� V-.
(�. 3�$rÝe, 'é>f"�ÄþÌ�©Ù
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3�!o��, ¥y�'é1�. ù´Ï��-1
rÝ�ü$>f��£Uþü$, ��3�prÝ
e, NSDI L§´± RCI Ån�Ì, 3�$rÝ
e, RESI Ån|�X NSDI L§. ÷ y ���"�
ÄþÌØ�6u-1rÝ, þ¥yÑr���'é
1�, ùL«"�>fé�õêu��
����
�. Jl©Û NSDI �²;$Ä;,, =3u)2

-E�� 12.06 T ��, <�/�K
>f�m�
ü½�^, ��÷ x ���"�ÄþÌE,¥yr
��'é1�, �3�!n��vkw«Ñ V-.(
�; ÷ y ���"�ÄþÌ8¥©Ù3�:NC,

vk¥yÑ�'é1�. ù`²"�>f�m�ü
½�^é'é>fÄþÌ3 x ��� V-.(�, ±
9 y ����'é1�åû½5�^.
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Abstract

With a classical ensemble model, we investigate the intensity dependence of nonsequential double ionization (NSDI) of argon

atoms by elliptically polarized laser pulses. The results show that the correlated behavior of two electrons along the long axis of the

laser polarization plane depends on the laser intensity. At the relatively high intensity, the correlated electron momentum spectrum

displays a correlated behavior and shows V-like structures in the first and third quadrants. At the relatively low intensity, the correlated

electron momentum spectrum shows a strongly anticorrelated behavior. For the different laser intensities, the momentum spectra of

two electrons along the short axis of the laser polarization plane all show strongly anticorrelated behaviors. The analysis of the classical

trajectories of NSDI shows that the final-state electron repulsion plays a decisive role in both the V-like shape along the long axis of the

laser polarization plane and the anticorrelated behavior along the short axis of the laser polarization plane.

Keywords: nonsequential double ionization, elliptically polarized laser pulse, returning energy, electron correla-
tion
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