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��fìq3�¦r-1|e�ÄåÆ1�, ?Ø
Úå���fìq��É5)
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é��fìq�r-1|�p�^L§¥�f�Uþ©þ±9��É5§Ý��mCz�¹?1
ïÄ, uy�
�É5§Ý´��mCz�, ù«��É5§ÝÄk�X-1>|�OrO\, ��qÅì~�, ����ªu
,��u 1 �½�. ©Û
-1óÀ(å��f�²þUþ�*ÿ��m�'X, ¿ò©Û(J� Ditmire �|
�¢�(J?1
'�, uy·���[(J3½5þ�¢��ÎÜ.
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1 Ú ó

�X-1Eâ�uÐ, -1rÝ®â»û�þ
?, Ù�Ô���p�^��´éõïÄ�|ïÄ
�é� [1−4]. ìq��0u�f©f��Nm�
�«¥mÔ�(��g, 3r-1|�ËìeLy
Ñ
ØÓuíN��N�A5: p-1UþáÂ
Ç [1,5,6]!�)pUp>Ö�lf [2,7,8]!Ë�r X

�� [1,9,10]!�)pg�Å [11,12] ±9ÚuØà
C [13,14] �. �ÏXd, r-1|�ìq��p�^
�ÉïÄö��'5. ,, �õê�ïÄÌ�8
¥u�	pUlf [15]!p>Ö�lf [16−18] ±9
r X �� [19−21] ��)Å�, lfUþ3����
þ�©Ù�¹¿vkÚå�õ<�5¿. �� 2001

c, Kumarap-pan � [22] 3ïÄr-1|� Ar ìq
�p�^�âuylfUþ©Ù3�m����
þ´Øé¡�. ¦�|^rÝ� 8×1015 W/cm2 �

-1ì��¹ 2×103—4×104 � Ar �f�ìq,

*	�
lfUþ3�mþ�3$Ué¡ÚpU
Øé¡5, pUlf÷-1|4z����Ñ. �
�¦�3ïÄ¥�rÝ (I ≈1016 W/cm2) -1|
� N2, Xe �ìq�p�^��*	�
�Ó�y
� [23−25]. éuõ>f�f½©fìq���É5
��), <��Ñ
ü«ØÓ�Å�. �«)º�
Ñ, ìqlfUþ©Ù���É5´dìq�4z
|Úå� [23]. ìq3-1|��^e, 3-1| 
����)
4z>Ö, 34z>Ö�)��m>
|��^e, ìqSÜ�lf3-1 ���þ¼
��	À\�Ý. ,�«)º�Ñ, ��É5��
)´dìq�m>|©ÙØþE¤� [25−27]. -1
|U
ÚåìqSÜ�gd>f3-1 ���
þu)ËÄ, 3ËÄL§¥, >f¬ �ìq��
4, ���é�,�4¬�)ér��m>|,

3|�>lÅ�e�)�pd��lf, ¦�ù�
«��lf¤É�¥Õ½å��. ±þé��É5

* I[:Ä:ïÄuÐOy (1OÒ: 2007CB921500, 2011CB921500) ]Ï��K.

† E-mail: liu jie@iapcm.ac.cn

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

143601-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 14 (2012) 143601

�)ºÑ�6ulfd���m©Ù, Ï=·^
uõ>f�f½©fìq.

2007 c Ditmire �|3ïÄr-1|e��
fìq�1��, *	���fìq�)äÓ�
�3��É5 [28]. éur-1|e��fìq�
)ä¥y��É5��Ï, ¦�@�, >f��Ë
Ä�U´����É5)ä�� [29]. ©z [29]

�Ñ, XJ�)��É5Kìq�-17L÷v�
½�^�: R0 > d0 (d0 = 3 |e|F0/meω

2
p0

), Ù¥ R0

L«ìq�Ð©�», d0 L«>f��¥% �
�ìq¥% ��ål, e, me ©OL«>f�>
ÖþÚ�þ, F0 L«-1>|��Ì, ωp0 L«�
lfNªÇ. ,3·���[±9©z [28] ¥,

� R0 < d0 �, ��fìq�)äÓ�´��É5
�. éu�»�é���ü>f�fìq —— �
�fìq, ±þ¤J��n«Å�w,ØU·^u
)ºÙ��É5)ä��Ï. ÏÏ¦��Ün�
Å�5)º���fìq���É5)äw�c
�7�. ,, g Ditmire �|�¢���, �vk
;�é���fìq���É5)äÐm[��
\�ïÄ, vkéù«y��Ñ-<&Ñ�)º.

�©Ò´±d�êÅ, Ðmé���fìq��É
5)ä�ïÄ.

'ur-1|eìq�)äÅn, <�Ï~æ
^±eü«{z�.?1£ã: 1) X¥Õ�¿�
. [3,30], =�-1rÝv
p�, ìqU
u)Í
�>l, ìqSÜ�lfduÉ�¥Õå��^
u)��Ó5)ä; 2) 6NåÆ�. [4,31], �ìq
º���, -1rÝ�é�f�, �Ü©gd>
f¬¢33ìqSÜ, ìq�w�´O¥5��l
fN�¥, 3>f9�A�^e�lfN�¥²{
��Ó5�6NåÆ)ä. ,3�õê�¹e,

>fQØ¬�]m�l, qØ¬[È¢3uìqS
Ü. 3ù«�¹eìqSÜ�m>|�©Ù¿Ø´
��Ó5�, Ã{2|^¥Õ�¿�.½ö6Nå
Æ�.?1)º. Ï·�æ^��°O�©fÄ
åÆ�.5ïÄr-1|e��fìq�¿�Ô
nL§.

�©æ^©fÄåÆ�[�{ïÄ
r-1
|e��fìq�ÄåÆ1�. ÏL*	r-1|
�ìq�p�^L§¥ìq���ã±9ìq¥
>f�ÄåÆ1, )º
��fìq��É5)ä

��Ï; ïÄ
r-1|���fìq�p�^L
§¥ìqS�f�Uþ©þ��mCz��¹±
9ìq)ä��É5§Ý��m�Cz�¹, ¿�
òO�(J�¢�(J [28] �
é'.

2 r-1|���fìq�p�^�
©fÄåÆ�.

3�Är-1|���fìq�p�^�, ·
��
XeCq, =ìqSÜ�f3u)>l±
c, >f�åP>f, ìqSÜ�f¥>¥5, ØÉ
-1|��^, �-1óÀ���½rÝ�, �
�fìq=�u)S>l, d�ìqSÜ��f
�gd>fþ���´²;âf, ÷v²;Úî$
Ä�§:

dp̄t

dt
= qieF̄ (t) −

∑
j 6=i

∇Φij , (1)

Ù¥ pi, qi ©OL«âf�ÄþÚd�, e L«>f
>þ, F L«-1>|rÝ, Φij L«âfm�p�
^³. �©¥âfm�p�^³�/ª�

Φij =


1

4πε0

qiqj

rij
, (2a)

1
4πε0

qiqj

rij
+

c

r6
ij

, (2b)

Ù¥ (2a) ªL«>f�>f!�f��fm��
p�^³/ª, ª¥ ε0 L«ý�0>~ê, rij L«
u)�p�^�üâfm��éål; (2b) ªL«
>f��fm��p�^³/ª, � (2a) ªØÓ�
´, 3d, �
;�Ï>f��fÃ��C¦�
p�^³ªuÃ¡, ·�Ú\
³Uü½�

c

r6
ij

, 3

O���fìq�·�� c = 0.1.

3�[L§¥·�æ^÷ Z ¶�� ��p
d-1óÀ, Ù/ª�

F̄ (t) = F0exp

[
−2.773

(
t

T

)2
]

sin(ωt)ēz, (3)

Ù¥ F0, T , ω ©OL«-1>|��Ì!�p°
±9��ªÇ. �m t �l −∞ �� ∞, � t = 0

�, -1rÝ����. �3�©¥, ·�¤���
p�^�mm�´lìqu)S>l��m©�
-1>|rÝeü� 0.5 V/Å��ª�.

du3r-1|��^e, �f�¥Õ³|¬
É�-1>|�³�/¤³^, �X-1rÝ�
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O\, ³^¬�5�$�����³�, ù�>f
�±gd/øl�fØ�åP>l, ùÒ´¤¢
�³^Ø$>l (barrier suppression ionization)[32],

�©¥·�¤ÀJ�-1rÝv±ò��f¥Õ
³^��³�, Ï3�äìq´Äu)S>l�,

·�ÀJ³^Ø$>lÅ�, =ìqSÜâf�u
)>lK7L÷v:

2[eFB(k + 1)]
1
2 > Ub, (4)

Ù¥ B = 14.385 eV/Å, k L«lfd�, Ub L«>
lU. éu��f Ub = 13.6 eV, �¦��fìqu
)S>l, K F > 3.214 V/Å.

3 �¦r-1|¥��fìq���
É5)ä

���fìqu)S>l�, ìqSÜ�>f
±9�f�±��´²;�>âf, lÉ�-1
|��^. 3-1|��^e, ��fìqÅÚu
)	>l, Ó�ìq�����)ä. dìq��
�±9SÜ�f�Uþ©þ��m�Cz�¹, �
±'��ß/w���fìqSÜâf�$Ä´
��É5�, 3-1 ���þ¥y²w�`�5.

3.1 ìììqqq333---111|||¥¥¥���)))äää

· � æ ^ ¤ ï á � � . � [ 
 r Ý I =

5×1018 W/cm2!ó° T = 40 fs �-1|e�»
� 20 Å, �Ý� 0.055 Å−3 ���fìq�)äL
§. ã 1 w«�¦r-1|���fìq�p�
^L§¥, lS>lu)�� t = 0 fs m©� t =

19 fs ��mm�S, ìq���3 xoz ²¡S�C
z�¹. ã¥�Ú�:L«>f, çÚ�:L«�
f. dã·��±w�, -1¿vk3]mò>f
���lm, ´²{
òC 19 fs �L§, 3ù�
L§¥, ìqSÜ�>fÏ�É�-1|��^
÷-1|4z����, zg��ò¬k�Ü©>
f<ºÑìq�	. ã 2, ã 3 ©OL«ìqSÜ
�>fê±9ìqSÜ>f�¥% �3 z ¶�
���m�Cz�¹. >f�<º¬Úåü�'é
�A: 1) >f��Úå��m>|���É5©Ù
Ã{��¥Ú, >f��L§¥¬�.�ìq��
4, ¦���fìq�,�4Pk�r��m>|,

T«���f¤É�¥Õ½å��, �dã 2 ·�
�±w�, 3z��-1��±ÏSìqSÜ�
>fêÑ3~�, l��d>f��Úå��
f4�\�Ý�²þ�Ø�"; 2) >f3z�g
� � � L § ¥, ò ¬ k � Ü © > f < º Ñ ì q
�	, 3<ºL§¥>f¬.Äìq4àþ��
f÷>f�Ñ��$Ä, l¦�T4��f¼
��	�4�\�Ý. ùü'é�Aò¬���
�fìq�)ä¥y��É5. dã 4, ·��±
'��*/w�, ìq3-1|4z��þ�)��� � � �� � � �� �� � � � � �� � � � � ���� 	 
 � �  � � � � � � �� � � �� �� � � � � �� � � � � ���� 	 
 � �  � � � � � � �� � � �� �� � � � � �� � � � � ���� 	 
 � �  � � � �

� � � �� � � �� �� � � � � �� � � � � ���� 	 
 � �  � � � � � � � �� � � �� �� � � � � �� � � � � ���� 	 
 � �  � � � � � � � �� � � �� �� � � � � �� � � � � ���� 	 
 � �  � � � �
ã 1 r-1|eìq����m�Cz
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ä�Ý��uR�u-1|4z��þ�)ä
�Ý.

��� � �� � � �� � � �� � � � � � � � � �� � 	 
 �
ã 2 	>lL§¥ìqSÜ>fê��m�Cz

���� �� �� � �� �� � � � � � � � �� 	 
 � ���
ã 3 ìqSÜ>f�¥% �3 z ¶����m�Cz

��� �� �� � � � � � � � �� � � 	 
� �� � � �� �� � ��� � � � � � � � � �
ã 4 ìq���þ�	��f�ìq¥%�ål��m�C
z Ri ©OL« Rx, Ry , Rz , S�ã´é	>u)��m©�
	>u) 40 fs ù�L§���(J

3.2 ���fffUUUþþþ���������ÉÉÉ555

3�	r-1|e��fìq¥�fUþ�
�m�Cz�¹�, ·�ò�f�Uþ©þ (Ex,

Ey, Ez) ©O?1
ïÄ. ã 5 w«
r-1|�
ìq�p�^�, �f�Uþ©þ��mCz��
¹. dã·�w�, ìq)ä��fUþ� z ©þ

�²w�u x � y ©þ, dd`²�f�Uþ©Ù
´¥��É5�.

�
�\�ß/¥y�fUþ©Ù���É
5§Ý, ·�Ú\ η = Ez/Ex 5L«�fUþ©
Ù���É5§Ý, ã 6 =¥y
Ù��m�Cz
�¹. dã�±w�, �X�m�í£, �fUþ©
Ù���É5§Ý3S>l�¤��éá�mS
��,�¸�, ,�m©×�eü, ¿�3-1|
�r��ÿ, ù«��É5§Ý¬��-1|��,

����ªu,��u 1 �½�. 3S>l�¤
� ts = 0 fs � ts = 10 fs �mm�S, ìqSÜ�
3�þgd>f, ùÜ©>fÉ-1>|��^u
)ËÄ, É 3.1 !¤�Ñ�>f<º'é�A�K
�, ¦��fUþ3-14z��þ�©þ²w�
u�fUþR�u-1|4z��þ�©þ. 3
S>lu)�� ts = 10 fs � ts = 20 fs ��mm
�S, ��¡du�f3 x ¶��þålìq¥%
�²þål��u z ¶��ålìq¥%�²þ
ål, ¦��f¤É¥Õ½å� x, y ©þ����
�u z ©þ���. ,��¡, duìqSÜí3
�>fêé�, >f<ºÚå�'é�A~f. É
þãü�¡Ï��K�, ·�w��fUþ���
É5§Ýk¤eü. 3 ts > 20 fs �, du>f
®A�����l, >f<º'é�A��. �d
ã 5 Úã 6, ·�uy3 ts = 20 fs � ts = 90 fs �
mm�S�fUþ� z ©þ±9��É5§ÝÑ
y
²w���, ù´du3T�mãS, -1r
Ýér, U
Úu�f÷-1|4z��Ñy²w
���.

·�©Û
-1óÀ(å�, �mü�pR�

��� � �� � �� � �
� � � � � � �� � � 	 
�� � � �� �� �

ã 5 �f�Uþ©þ��m�Cz
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�� � �� � �� � �� � �� � �
� � � � � � �� 	 
 � �

ã 6 �fUþ��É5§Ý��m�Cz

��� � � �� � � �� � � �
� � � � � � �� � �� � 	
 �� ����� � � � � �� � � � �

ã 7 -1óÀ(å�, �fUþ©Ù (Ù¥¢�ÚJ�©OL
«-1|-1��þ±9R�u-1|4z��þ�fUþ©
Ù�¹)

�áN�S�f�Uþ©Ù. Xã 7 ¤«, Ù¥ 0◦

(¢�) � 90◦ (J�) ©OL«±-1|4z��±
9R�u-1|4z���¶�, ��� 30◦ �á
N�S�f�Uþ�©Ù. dã·��±�ß/w
�, 3-1|4z��þ, k�õ��f8¥©Ù
3pU«, T��þ�f�²þUþ� 760.55 eV,

3R�u-1|4z�����þ, �f�²þ
Uþ� 611.38 eV. ± γ = [Eav (0◦) −Eav (90◦)/Eav

(0◦) L«�fUþ��m��É5§Ý, 3�©�
�[¥ γ = 19.6%, 3©z [28] ¥ γ ≈ 40%. X
ã 8 ¤«, ·�©Û
�*ÿ��þ�f�²þ
Uþ, uy·���[(J�©z [28] 3½5þ
�ÎÜ.

�� � �� � �� � �� � � � � � � �� � � �	 
 � � � �� � � � � � � � �
ã 8 -1óÀ(å��f�²þUþ�*ÿ��'X (Ù
¥ 0◦ L«-1|4z��, ã¥çÚ¢%�¬L«�[(J,

�%�¬KL«©z [28] �(J)

4 ( Ø

�©|^©fÄåÆ�[�{ïÄ
�¦-
1|e��fìq�ÄåÆ1�, ÏL�	�¦-
1|¥ìq���±9�fUþ�©þ��m�
Cz�¹, ·�uyìq�)ä¥y��É5. �
�·�?Ø
��É5�)��Ï, @�>f<º
Úå�ü'é�A´��ìq��É5)ä��
. ��·�ò�[�(J�©z [28] �¢�(J
?1
'�, uy·���[(J3½5þ�¢�
�ÎÜ.

a��®A^Ôn�O�êÆïÄ¤BïÄ
9�3
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Abstract

In this paper, a simulation discussing the cause inducing the anisotropy of hydrogen cluster expansion is implemented by using

LAMMPS tool for the molecule dynamics simulations. Through analyzing the behavior of electrons contained in the cluster and the

variations of distance between outermost protons of all directions and cluster center with time, we clearly find that the expansion of

hydrogen cluster is anisotropic, which is due mainly to the anisotropies of the quiver and escaping of electrons. Then we study the

evolutions of proton energy component and anisotropic degree, and find that the anisotropic degree first increases with laser electric field

increasing, then decreases gradually to a stable value greater than one. Additionally, we analyze the relationship between observation

angle and average proton energy from hydrogen cluster irradiated by ultreshort laser pulse, and find that our simulation results accord

with the experimental results qualitatively.
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