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 He �f31rl�e�CS�V>l«r|�^e��S�
V>l¯K, ÚO
�«|re�ª>l�ü�>f�K'é�AÇ�', uyu)���'é�|r?u��S
�V>l�Ú«LÞ�«�, ¿3'ép�ÄþÌ¥Ð«
/¤��'éÝ�L§. ��ÏL;� “£�” ©Û, ?
�ÚïÄ
Ù���ÔnÅn, uy3-E�Ù¥��>f2Ñ�Ú�B>fp�f-E©O´$|rÚp|r
eK'é'~O\��Ï.
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1 Ú ó

r|¥�f��S�V>l (NSDI) �âÑ�
��A:´V>l��Ç3|r'�$�'ü¹
�>fCq�ýópéõ, AO´3�d��dl
f�Ç�'�|rCz�­�¥�3�� “Knee”

(�«� [1], 3ù�«�¥�d��dlf��
Ç'�~ê, ·�¡�� NSDI ��Ú«�. �Ñ
ýÿXdp�V>lÇL²3ü¹�>fCqe
£ãV>l�S�>lÅnd�Ø2·^, 7L�
Äü�>f�'é�^. �c, 3é NSDI >f'
é�ïÄ¥, ��ÊH@��nØ�nÚ2-E�
. [2], =�f¥�	¡�>f3-1|�¸��
 NCÄk>lÑ�, ,�3-1|¥gd$Ä¿
¼�Uþ, ���X-1|���­#�.£�1
NlfNC¿�åP3ØNC�1��>fu)
-E�©��Ü©Uþ�1��>f. XJ-E
�ü�>fkv
�UþB�±��>lÑ�, ù
«>l�ª¡�-E>l (CI). XJÙ¥��>f
�Uþ'�$, Ò¬3-u�Ê3�ã�m, ��

>|v
p��>lÑ�, ù«�ª�-E-u>
l (CEI)[3]. CI � CEI �²w�«O3uu)V>
l�-E����mò´cö'�öá. 3ü�>
f�'ép�ÄþÌ (CLMS) ¥, ÊH@� CI Ån
Ì��zu�n��, =ü�>f÷�Ó��u�,

¡���'é. CEI Ké�o�� (K'é) ��n
����zÓ�õ. �©ò3�¡�©Û¥w«ù
ü«Ånéü�>f�K'é�z�'~�|r
�Czk'.

�CAc, �X¢�Eâ�uÐ, $��e>
l (BRT) «��$|rÚp��^>l�p|r
«� NSDI Úå
<��5¿. 3 BRT «�, êÊ
¤�ïÄ<
3 CLMS ¥¯Û/uy
ü�K'
é�>fÓ`, ù��c3�p|r¥o´�'
é��¹�,�� [4]. 3���þ�nØïÄ¥
Åì�«
ù«y��Ån, uyù«y�´ CI,

CEI Ú-E-u�B>lÅn (CETI) éÜ�^�
(J [5]. ��, qkÆö3?ud NSDI �S�
V>lLÞ�p|r«�uy
²w��'é'
~,p�y�, 
ù�dy��)º�-Ec-
1|éü�>f�r��^±9-1óÀ�m�

* �EÜM#�8 (1OÒµ2009IM033000) ]Ï��K.

† E-mail: liu jie@iapcm.ac.cn

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

133201-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 13 (2012) 133201

ã (turn-on stage) u)
2-E [6].

dd��, 3$|rÚp|r� NSDI �>f
ÑLy��'é'~O\�A5, ·�knd�&
�3��3 NSDI ¥u)�'é���|r, éu
ù�|r«��ïÄ´�©�Ì�?Ö. ·�æ^
n��²;�{XÚ/O�
l$� BRT �p�
C�^«�«|re NSDI ¥ü�>f�K'é
�'~, uy���'éÇÑy3�V>l�Ú«
�LÞ�|rNC. ?�ÚïÄuy3ù�|rN
C CI �zåÌ��^, ¿©Û
dù«Ån�)
�Ñy�K'é'~�����Ï. 3�©�1 2

!, {�/0�
·��n��²;2Ñ��..

1 3 !�Ñ
�©�Ì�(JÚ�'?Ø. ���
1 4 !�(ØÜ©.

2 � .

·�æ^n��²;2Ñ��., $^ù��
.·�¤õ/ïÄL�f3r-1|¥ü>l�
>lÇ¯K, ­y
1>fUÌ�²�(�!��
A5!1>f�u��©Ù [7], ±9�fÚ©fV
>l�õ«y� [5,8−12]. 
�d�{3ïÄ�fÚ
©f��S�V>l�¡�þf S Ý
�.ÎÜ
�éÐ [13]. ±e�Ä�4z�á�r-1óÀ�
^e� He �f, -1>|�/ª� (Ø�AO`²,

�©þæ^�fü )µε(t) = ε0f(t) cos(ωt)êz , Ù
¥,τp = 13T Ú T = 2π/ω ©O�óÀ°ÝÚ��
±Ï, f(t) �óÀ��ä, 3c��±Ï�~ê, �
n�±Ï±{u²��/ª'4. ω = 0.057 a.u.,

éA�-1Å�� 800 nm. 3-1|��^e,

÷X-1>|4z���¥Õ³U­��wÍ
Ø$, /¤����³^, d��f¥>lU�
$�> fÄkB�³^u)�B>l, >lÇ
d ADK úª�Ñ [14]. Ð©�� t0 ½Â��B
>lu)���, 3�[¥·��Ù�þ!©Ù
u-1óÀ�1��±Ï. >f��B � u
-1>|4z��þ, d�Bc�UþÅð^
���(½. ÷X-1>|4z����Ý�
ËÄ�Ý�'��, �Cq��", 
R�u4
z����Ý÷vpd/ª�©Ù [8]. ,	�
��EÂ�åP>f?u He+ �Ä�, Ñl�
�K©Ù [15]. >f�ÄåÆ1�dÚî$Ä�
§£ã, 3�[¥, Ó��Ä
z�Ú��B�

A [5,16]. z�rÝ�[
 107 ^;� (½ö�õ),

�ªÂ8�þ�^V>l;�, ±?1ÚO©Û.

3 (JÚ?Ø

3.1 >>>fff������'''éééÝÝÝéééAAA���|||rrr

·�O�
 He �f3|rl 0.18 PW/cm2

� 4 PW/cm2 - 1 | ¥ � NSDI, ¿ Ú O 
 Ñ �
> f � K ' é � ' ~ (RCA), X ã 1(a) ¤ «.

3 ù Ì ã ¥, � ± w Ñ ü � A Ï � r Ý: 1 �
� (0.21 PW/cm2)  uü�>flK'éÓ`�
�'éÓ`=C�|r, 
§�ÐéAul�e
�Kþ=C�|r, dúª 3.17(ε2th/4ω2) − |Ip2| =

−2
√

εth �Ñ [5], Ù¥ Ip2 = 2 �åP>f�>l
U. 1��AÏ|r�ã 1(a) ¥ü�>f�'é
AÇ����rÝ (0.9 PW/cm2). �±wÑ§éA
uã 1(b) ¥�dlf��dlf��Ç'��Ú
«LÞ�|r. ùü�|rò�� NSDI «�©
¤Xã 1(a) ¤«�n�Ü©, |rl$�p�g
�µBRT «, $u�ÚrÝ (BS) «Úpu�Úr
Ý (AS) �«�. 3 BRT «�, ü�>fK'éÓ`,

ù�(Ø�©z [4] ¥ Ar ��¹aq, ¿� RCA

��é|r�CzØ¯a. 3 BS «Ú AS «, RCA

���|r�,pk×�O���q¯�~�.

ã 1 ØÓ-1|re, NSDI ¥ü�Ñ�>f�K'é�'
~ (a) ±9d©z [1] ¥����dlf��dlf��Ç�
' (b). Ù¥J�Ú:�©O�1�Ú1��AÏ|r� �

�
��Ù/n)�K'é'~�|r�
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CzL§, ·�ÚO
�«|re�ªV>lü
�>f� CLMS, Xã 2 ¤«. �±wÑ3 BRT

«� (ã 2(a) Úã 2(b) ) ���/(�, ��o
� � � ' ~ � � Ó `. � | r ? \ � BS « �
� (ã 2(c) �ã 2(j) ), m©�Ñy
��é²w
��G(� (ã 2(c) �ã 2(f) ), 3$|r�?u
�o���©Ù�X|rO�÷Xù����
n��6Ä, ��1r� 0.6 PW/cm2 �d�/(
�ä�¤�3�n��Ó`�üì(�. �X
|rUYO\, ��¡�o��ål�I¶'�

��©Ù��n��£Ä, 
3�n��¥?u
�� p

‖
1 = p

‖
2 NC�©ÙK��o��£Ä, 3

|r?u�ÚrÝ�e�cöÓ`, Ïd�'é
�AÇE,O\. 
�|r?u AS «�, �ö
m©Ó`, �'é�'~ÅìO\. ù�3�Ú
:NC/¤
���K'é'~�4���:.

�|r��C�^«� (�V 3 PW/cm2), CLMS

�(�ÅìC¤�� “X” /G, ¿��X|rU
YO\, d X /G�"àÅì��o���­,

ù����
�n���'~ü$.

ã 2 ØÓ-1rÝe, �S�V>l�ü�>f�p�Äþ'éÌ
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3.2 ÅÅÅnnn©©©ÛÛÛ

NSDI ¥ü�>f�3��'é�|r¿�X
�X|r�Cz, >lÅnu)
UC. ùpI�
5¿�´, ·��O�(Jw«=¦|rp��C
u “Knee” (�"à (4.0 PW/cm2) �, NSDI �,Ó
Ì�/ , S�V>l�AÇ©ª�u 10%, ù�
©z [17] ¥�£ã�3�Ú«�Ì�u)�´S
�V>l�ÅnØÓ. ùp·�ò�) NSDI ��
Ån©�n«: CETI, CEI Ú CI Ån. 1��>f
u)�B>l��, XJÙ¥?Û��>fu)

-u�B>l, ·�ÒòÙ8� CETI Ån. ,	ü
«VÅn�±Uìu)V>l�ü�>f-E�
���mò´y© [18], XJ�mò´�L T/4, Ù
>lÅn� CEI, ÄK� CI Ån [9]. ùn«Åné
u NSDI �z��éAÇ±93�ÓAÇeéü�
>f�K'é'~��^©OXã 3 Úã 4 ¤«.

lùüÌã�±wÑü�²w�A�µ(1) CI Ån
o´éü�>f�'é��zÓ`, ¿�é�K'
é'~��^�|ru)wÍ�Cz. CEI Ú CETI

ã 3 ØÓ-1|re, �zu NSDI n«Ån��éAÇ

ã 4 ØÓ-1|re, �zu NSDI �n«Ån3A
Ç�Ó��¹eé�K'é'~��^

ÅnKÌ��zuK'é�3�ÓAÇ��¹
eé�K'é�'~�|rCzØ� (ã 4). (2)

3 BRT |r«, K'éOõ��Ï´ CEI Ú CETI

ÅnÑÓ`, 
3 AS «�K´Ï��X|rO
\ CETI Ån�'~×�,p. 3 NSDI ��«
� CI Ån3�õê|r�� (0.45—3 PW/cm2) Ó
Ì�/ , ù�´3¢�þ²~*	�3 CLMS

¥�n��Ó` [19] Úlfp�ÄþÌ¥¥yV
¸(� [20,21] ��Ï. e¡·�?�Ú©Û3|
r 0.9 PW/cm2 ?Ñy>f��'éÝ�ÄåÆL
§, du3ù�|rNC CI ÅnÓÌ�/ , Ïd
3±e�©Û¥ò=�	ù«Ån3ØÓ|r�
é NSDI >f'é�ª�Ly.

·�ÏLéØÓ|re CI Ån�;� “£�”

©Û, uy�3Xã 5 ¤«�na;.�;�. CI

Ånéü�>f��K'éÑk�z. �'é�;
�Xã 5(a) Ú 5(d) ¤«, �B�>f3|r�r�
>lÑ�, 3�� 0.75 �1±Ï��, ²L
>|
��\��2g£�
1NlfNC, ¿�åP3
ØNC�,��>fu)-E. -E��ü�>f
duÑkv
�Uþ, Ó���>lÑ�, ��3
-1|��^e�Ó\�Ú~�, �ª÷X�Ó�
�u�. ù«;�3¤k|r� NSDI ¥d CI Å
n����'é�/ªÄ��Ó. 
�zuK'é
�;�K�|rk'µ3$|r�, Xã 5(b) Ú
ã 5(e) ¤«, 31��>fu)2Ñ� (1.05T N
C) �c, ��'é�;�aq, �´dud�|r
é$, 1�gu)V>l (1T NC) �, Ù¥��>
f (ã 5(b) Úã 5(e) ¥��B�>f) ØU
�>
l�lØé�� �, Ïdk�U����§¥Õ
³2g.£�ØNC¿u)2Ñ�¦�Äþu)

UC, d�$Ä���1��>f��, ¿�d
uù�>|¥³é�, 3�KÄþÅð�^�e�
ªü�>fE,÷����u�. 
|r�p�,

Xã 5(c) Ú 5(f) ¤«, ��B�>f­#£�1Ø
NC�åP>fu)-E�Pké��ÄU, Ïd
3ØNCÊ3��méá, ���
1��>fé
��Ü©Uþ (�éug�Uþ
ó), ��E,÷
X�c���±ép��Ý�cÀ, ±�u3-1
|(å�E,�±c�$Ä. �´1��>f==
��
U
¦gC>lÑ��Uþ, 3���-1
|¥UC
��, �ª÷X�1��>f����
�u� (éuù«;���[�©Û�©z [22]).
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ã 5 NSDI ¥ CI Ån�;.;� (a), (d) Ú (b), (e) ©O�3 BS |r«��zuü�>f�'éÚ�'é�;�,

(c),(f) � AS «¥�zu�'é�;�, çÚÚ�Ú­�©OL«�B (1��) ÚåP (1��) >f. (a)—(c) ¥�J�
L«-1|. (a), (b), (d) Ú (e) éAu|r� 0.45 PW/cm2 ���¹, (c) Ú (f) éA�|r� 2 PW/cm2 ��¹

ã 6 3-1rÝ©O� 0.45 PW/cm2 (1�1), 0.6 PW/cm2

(1�1) Ú 4 PW/cm2 (1n1) �, d CI >lÅn�z��'
é (1��) Ú�'é (1��) ;�3f-E�� CLMS. z�
fãÑ±gC�����
8�z. éAulþ�en1��
��'éÚ�'é�'©O�:18, 26 Ú 0.9

� 
 © Û ù n « CI ; � 3 Ø Ó | r e
é NSDI ��zAÇ, ·�ò�ª>f�'éÚ
� ' é � ; � © m ï Ä, © O Ú O § � 3 - E
��ü��fü ��� CLMS, (JXã 6 ¤
«. ï Ä � n « ; . | r © O � 0.45 PW/cm2

(ã 6(a) Ú 6(b) ), 0.6 PW/cm2 (ã 6(c) Ú 6(d) ), ±
9 4 PW/cm2 (ã 6(e) Ú 6(f) ), ©O$u, �uÚp
u�ÓAÇe CI é NSDI ¥?3>f��'éA
Ç�|r (Xã 4(b) ¤«). é'ã 6 �mü��±
wÑéu>f�'é�;�ü�>f-E�p�
Äþ3cü�|reÑ8¥©Ùu 2

√
Up «��

S, ¥yÑ²w��'é (©Ùu�o��) Ó`�
y�, �Ñ©Ùu�o��é��NC, `²ü�
>f3-E�*dr�/ü½, 
�ªU
÷�Ó
��u�`²-E�-1|å
Ì��^. 3p|
r�, du1��>f�£�Äþé�, ü�>f
�^�méá, ¤±ü½�^Ø´é²w. 3�'
é;�¥, -E�� CLMS 3n«rÝe�3�²
w��O, 3$|r�, ü�>f3-E��p�
ÄþÑ8¥©Ùu 2

√
Up ��S, ù¿�X3f-

E�éá��ã�mSü�>f�$Ä��)�
'é�;�aq, �u�ª%÷�����u��
�Ï´3-E�éá��ã�mSÙ¥��>f
aquã 5(b) Ú 5(e) ¥¤«��Ø2Ó¼�3Ù
�^eu)
2Ñ�. 
3p|r�, ü�>f-
E�Äþ��k²w��É, 1��>f�$Ä'
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1��>f¯�õ, ù´;.�Xã 5(c) Ú 5(f) ¤
«�f-E;��A�. 
3?ué>f�'é�
z���¥�|rNC, ùü«�)�'é�Ån
Ñ��
³� (Xã 6(e) Úã 6(f) ¤«, Sý�ü
ì©Ù�1�«Ån�A�, 	ý�ü��:�1
�«Ån), Ïd3d«�¹e��'é�AÇ�'
C�.

4 ( Ø

�,r|¥�f� NSDI ïÄ 20 õc
, �´
���@£Ù¥�5Æ�ké��´. �X�C
3 BRT «�¥ CLMS ¥�o��Ó`±9pr|
«��'éAÇ�O\y��uy, �±wÑù�
+�E,kéõk�&?�/�. ·�æ^n��
²;2Ñ��.XÚ/ïÄ
�� NSDI |r«
� He �f�V>ly�, ±¦U
�«3�«|
re� NSDI Ån. Äk, ·�ÚO
u)V>l�
ü�>f��'é�'~�|rCz��¹, uy
�3ü�A�|r, ©OéAuK�|rÚü�>
f��'éÝ�|r, 
��ö?u�V>l�Ú
«LÞ�«�. ùü�A�|r�±ò NSDI >l
���|r��y©� BRT, BS Ú AS n�«�.

3ü�>f� CLMS ¥�±�\�[/wÑ�X
|rO\ü�>f��'é=z���L§, �X

|rO�, l BRT ?\� BS «�� CLMS d�/
C¤
���G(�, �o���>f3|rØä
O\��¹e÷Xù��Åì��n��6Ä, ¦
��'é�'~Øä,p. ��, �G(�»�, �
X©Ùu�o��	��>f��n��6Ä�
Ó�, ÷X�n��©ÙuÌé��NC�>f�
�o��6Ä, m©�cöÓ`, ��'é�'~
±YO\, �|rO\��½��, �öåÌ��
^, ¦���'é�'~~�. ��·�én«�
) NSDI �Ån©mïÄ, ¿ÚO
§�3�«|
r¤Ó�'~Ú�ÓAÇeé��'é¤���
z, uy3ü�>f��'éÝNCÌ�´ CI Å
n3å�^, Ïd3�©���©Û¥·�8¥�
	
ù«Ån, ¿uy3$|r�Ì�´Ï�-E
�Ù¥��>f�Ø2Ó¼
u)
2Ñ���

ü�>f�ª�'éOõ, 
p|r�Kduü
�>f-E�1��>f�ÄUL�¦�§��
p�^��mCá, l
��UþC�, -E�1
��>fdu��
é��Uþ
�ªE,�±
c� (�éu-Ec1��>f�$Ä��), �´
1��>f3���-1|¥��, �ªü�>f
��'é'~�O�. 
3?u��Ú«�LÞ�
¥�|reùü«Ånþ�³�, ¦���'é�
AÇ�'��.
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Abstract

The nonseqential double ionization of helium in the laser with intensities ranging from blow the recolliding ionization threshold

to near the sequential double ionization regime is studied systematically. We obtain the probability ratio between correlation and anti-

correlation of the two final electrons, and find the maximum ratio is in the transition region to the saturation regime of nonsequential

double ionization. The maximum ratio generation course is shown in correlated two-electron longitudinal momentum spectrum, and

the deep mechanism is investigated by orbit back-trace analysis. The rescattering of one electron after recollision and the high speed

recollision of the tunneled electron lead to the increases of anticorrelation ratio in low- and high- intensity laser fields respectively.
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