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B¦-1�ìq�p�^�)pdlfÅì¤�©fÔn.�9:��, �
�\ïÄìq>l���, �
©±©f(��q!��|¤�Ó��!�CLÚ�C��©fìq�é�, |^�1�m�ÌïÄ
Ù� 5 ns

� 532 nm -1�p�^�>l�Ô�d�ÚrÝ©Ù. (JL²: ùn«zÜÔõ1f>l�Ç� > �CL > �
C�, �Ùpdlf�d�Ú'��´�$�, �C��%lf�pd�� 4 d, C3+ Ú C2+ �'�� 1.1; �CL
>l�Ô C3+ Ú C2+ �'�ü$� 0.6; �ìq��pd��k 3 d, C3+ Ú C2+ �'��� 0.4. Úåù«y��
�Ï�±8(up�õ1f>l�Ç¬��ìqõ :�>l, Úåìq3>f\9�u)-E>l�cu))
l, ~�
ìq�º�, ?~�
lfu)-E>l�)pdlf��A�m, �ª{N
pd�lf��).

'�c: ìq, pdlf, õ1f>l, �
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1 Ú ó

ìq���«0u�f!©fÚ÷*Ô�
�LÞG�, ´ë��*.Ú÷*.�xù,

éìq�ïÄkÏu<�@£và�Ô��5
�Ú5Æ [1]. �X-1Eâ�uÐ, -1�©f
½�fìq��^5ÆÚÅnïÄ¤�Ôn.
�9:�� [2−10]. Cc5, ·�uyõÇ�Ý
� 109—1011 W/cm2 �B¦-1�ìq�p�^
�, ¬�)pd�flf, X Cq+ (q = 2—3)[11]

Ú Iq+ (q = 2 − 4)[12]. Corral �nØO�
 GaX2+

(X = N, F) �dV�fNX�>f(�Ú�PÏ,

¿uyû½Ù½5Ú�PÏ�Ì�Ï�´ X �
f�>lU [13]. Marcalo �|^Fp�C�lf£
^���ÌïÄ
áó�gÚLg��X���
�dlf�í��A, ïÄL², Ø=pdlf�

p>Ö�Ý¦Ùäkp��A¹5, Ó�p�SU
k|uUþ=£ [14]. Thissen �3uL�nã¥�
ã
��X¥1(�í���d�f½©flf
�'�£, L²�dlf´1(>l���¤©,

¿Äg?Ø
Ù31(�í¥�G� [15].

Ïd, épdlf3-1�ìq�p�^L§
¥�)Ån�ïÄäk��¿Â. ÏLïÄì
q«a!1í^�!-1Å�ÚUþ�ëê�U
Cé>l�Ô�K�, ·�JÑ
��nÚnØ�
.^u)ºB¦-1�ìq�p�^�Ån [16],

= “õ1f>l (MPI) Úu - _>�áÂ\9 - >
f-E>l”, ¿|^ù��.¤õ/)º
B¦
-1�ìq�^�)pdlf�y� [10,16,17].

¢�(JL², 3�Ó�-1^�e, ØÓ©
fìqNX¥Ó����pdlf�Ôd�Úr
Ý©Ù%�É��. ~X, 3>ì [18] Ú`U [19] ©
fìq¥, *	�
ér�nd%lf¸, %lf
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��pd��od; ,39`� [12,16] Ú�1z
% [20] ìq¥, %lf��pd�=��d, ��
ö� C2+ lfrÝ�k���O. �âc¡�nÚ
nØ�., “õ1f>l (MPI) Úu” ´�)pdl
f�'�Ú½��. Ïd, ·�íÿpd%lf�
Ô�É�U�õ1f>l�Ç��Ék'.

�d, �©ÀJ
©f(��q!��|¤�
Ó!£:�C, �õ1f>l�Ç�É���8�
�zÜÔ�!�CLÚ�C���ïÄé�, |^
�1�m�ÌïÄ
n«©fìq�B¦-1�
p�^�5Æ. ÏL©Û>l�Ô�d�©ÙÚr
ÝCz5Æ, �\&?
õ1f>l�Çépdl
f�)�K�.

2 ¢��{

¢�´3g��-1>lV4�1�m�
Ì¤ [10,16,21] þ�¤�, §då¿!V4�1
�m�Ì¤!ý�XÚ!-1XÚ±9êâæ
8XÚÊÜ©�¤. -1XÚ�Äª� 1064 nm

� Nd:YAG -1ì (new wave tempest), ÏL�ªC
� 532 nm, -1óÀ°Ý� 5 ns, ü�óÀ�)�
��-1Uþ� 30 mJ. -1å²L�å� 250 mm

�ßºà�3>l«¥%, �óÀåR���, -
1�:?��õÇ�Ý�� 6.0 × 1010 W/cm2. �
�¤ìd 110 L/s Ú 600 L/s �©f"�±ý�.

ìq¢�æ^ 0.23 MPa �pX�í, 1��
N�¬²óÀz (Bosch, 026 133 025 A, ���»
� 0.5 mm) ÏL�()ä/¤ìq. óÀz�Ñ�
íN²Ùeà 6 mm � skimmer �, ?\�1�m
�Ì�>l«. ��¢��ªÇ� 5 Hz, ?��>
l«�Ør�±3 1.0 × 10−3 Pa. ìq3>l«�
-1�^u)>l, >l��Ôlf3>|�^e,

�gÏL>l«Ú\�«�, ²L 500 mm �Ã|
�1«, �����Ï�� (MCP) uÿì. MCP ò
&Ò���, x�«Åì (Lecroy432) ?1 180 g
²þ��;êâ.

*Ñå�¢�æ^ 75 µm ��=f[+, ò�
¬��íÏLº�?���ª��Ú\�>l«
?1>l. f[+��¬Ñ�àå>l«�-1�
:� 35 mm, �
�yn«©f3>l«�ßÝ�
�, ÏL��?�f[+��Ý, ¦ØÓ��¬3
>l«�Ør�Ó, þ�±3 5 × 10−4 Pa.

¢�¥¤^�1í��í (XÝ�u 99.999%,

� ë A « í N �), � � N � © Û X (X Ý �
u 99.5%, U9��îzÆÁJk�úi), �C
��N�©ÛX (XÝ�u 99.5%, !�½é�Á
J�), �CL�N�©ÛX (XÝ�u 99.5%, ¥I
É²zÆÁJ�).

3 ¢�(J9?Ø

3.1 ©©©fffìììqqq���---111>>>lll���111���mmm���ÌÌÌ

ã 1 �Ñ
-1>l�!�CLÚ�C�
ìq��1�m�Ìã, -1Å�� 532 nm, -
1õÇ�Ý� 3.3 × 1010 W/cm2. �ìq>lÌ
ã¥�3²w� C3+, C2+ Ú C+ lf¸, %l
f�&ÒrÝ^S´ C2+ > C+ > C3+; ��
ì q Ø Ó, � C L ì q � Ô Ì ã ¥ * 	 � ² w
� C4+ pdlf&Ò, %lf�&ÒrÝ^S
´ C2+ > C+ > C3+ > C4+ ; ��CL�', �C
�ìq¥ C4+ pdlf&Ò�\²w, %lf�&
ÒrÝ^S´ C3+ > C2+ > C+ > C4+. �C�
� C4+, C3+ pdlfrÝ�u�CL.

ã 1 -1>l�!�CLÚ�C�ìq��1�m�Ìã

3ã 1 ¥·�uy C3+ Ú C2+ lfÌ¸¥�
3²w�¸©�. |^c�¸Ú��¸��uÿì
��m�, �±��lf�Ð©²ÄU E

[22]
k :

Ek =
(U1 − U2)2

8md2
q2∆t2, (1)

ª¥, U1, U2 ©O�ü½4ÚÚÑ4�>Ø, q �l
f¤�>Öê, d �ü½4ÚÚÑ4�m�ål, m

�lf�þ, ∆t ´c�¸Ú��¸��m�.

�â (1) ª, |^Ìã 1 ¥�!�CL!�C
�NX¥ C3+ Ú C2+ c�¸Ú��¸��m�
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O�
 C3+ Ú C2+ lf�²ÄU. �NX¥ C3+

Ú C2+ ²ÄU©O� 184 Ú 63 eV; �CLNX
¥ C3+ Ú C2+ ²ÄU©O� 108 Ú 31 eV; �C�
X¥ C3+ Ú C2+ ²ÄU©O� 116 Ú 42 eV. ùp
·��Ñ�â±cé�NX�ïÄ, uypdlf
²ÄU�ìqº�k', ìq��²ÄU��, p
dlf��Ç��p [23].

3.2 pppdddlllfff'''������---111õõõÇÇÇ���ÝÝÝ���CCCzzz

ã 2 ´�C�!�CLÚ�ìq�>l�
Ô¥ C3+/C2+ �'��-1õÇ�ÝCz�ª
³. � - 1 õ Ç � Ý l 2.2 × 1010 W/cm2 O �
� 5.2 × 1010 W/cm2 �, �C�� C3+/C2+ lf
'��� 1.12, �CL� C3+/C2+ lf'��
� 0.64, �� C3+/C2+ lf'��� 0.37, n«ì
q��Ôlf C3+/C2+ '�A�ØC. 3¤ïÄ
�-1õÇ�Ý��S, �C�� C3+/C2+ '�
©ª�u�CLÚ�.

ã 2 ØÓ-1õÇe�C�!�CLÚ�ìq�>l
�Ô C3+/C2+ �'�

3.3 õõõ111fff>>>lll���ÇÇÇééépppdddlllfff���KKK���

3B¦-1�©fìq�p�^L§¥, �!
`U!9`�Ú¯��õ«ìq�¢�þ*	�

%�pdlf�Ô [11,12,16,17]. õdlf��)
�±^ “MPI Úu - _>�áÂ\9 - >f-E>
l” �.5n). MPI Úu�ã, ìqSÜ©¥5©
fáÂõ�1fu)>l, >l�)�Ü©>fÉ
�lfØ�¥ÕÚå, �åPìq¥. _>�áÂ
\9L§¥, �åP�>f3-1|��^e�¥
5�f½©fu)-E, ÏL_>�áÂÅ�l-

1|¥¼�Uþ, >fUþØäO�. �>fUþ
�u©f½lf�>l³�, ¬�±��©f!l
fu)-EòÙ>l�)#�lf!>f, =>f
-E>lL§. -E��>fÚ#)>f¬ÏL_
>�áÂ\9¼�Uþ, 2gÚu#�-E>lL
§; ù�\9Ú-EL§¬ØäÌ�?1. duì
qL¡�>f¬ÏL9$ÄØälmìq, ¦ìq
SÜ�¥Õü½åO�, �ù«ü½å�uìq�
Sàå�, Ò¬u)¥Õ�¿, º�Ñ�þ�pd
lfÚ>f.

3��L§¥, MPI ��ÚuÚ½, éupd
lf��)k��^. Ïd, ·�|^*Ñå?
��ª, ïÄ
�!�CLÚ�C�©f� MPI �
Ç��É, (JXã 3 ¤«.

ã 3 *Ñå?���!�CLÚ�C�õ1f>l��
Ìã

d ã 3 � ± w Ñ, 3 - 1 õ Ç � Ý 3.3 ×
1010 W/cm2 ^�e, �� MPI &Ò�r, Ù C+

lf&ÒrÝ´�C�� 20 �, ´�CL� 7 �.

�Ò´`, ��õ1f�Ç�p, �CLg�, �C
��$, = ω(�)> ω(�CL)> ω(�C�).

MPI ´-1>lìq�)pdlf�ÚuÚ
½, �*�íÿAT´N´>l�zÜÔ�N´�
)õd>l, �´lã 3 Úã 2 ¥�±wÑ, ©f
� MPI �Ç�p, ìq-1>l�L§¥/¤�p
dlf'�%�$. ù´�o�ÏE¤�Q? ùn
«Ô��>l�Ç��É�>l�Ô��É��
kÛ'éQ?

�()ä{ [24] /¤�ìq¥, �¹�©f
ê 8 � ± � � ê Z �, ù Ò ¿ � ì q � > l �
Ç ò � p u ü � © f � > l V Ç, ì q S Ü �
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±u)õ� :�>l. �â©f� MPI �Ç
ú ª ω = σn

1 Inτn−1 × τlaser, � ± � O ì q S
Ü © f õ   : > l � V Ç. ~ X - 1 õ Ç � Ý
� 3.3 × 1010 W/cm2 �, zB¦Sü��©f>
l�Ç�� 0.1%. @oéu¹k 5000 ��©f�
ìq5`, 3-1�ó°cà 1/5, � 1 ns S, ¬k 5

��©f�>l. ìqSõ :>l�)�lf�
m�¥Õ½å, AO´�� :�lf¬E¤ìq
�¯�)ä, $�u))l, ©)¤A��ìq.

ã 4 ØÓ>l�Ç�-1>lìqL§«¿ã

ã 4 £ã
ØÓ MPI �Ç�-1>lìqL
§«¿ã. Ù¥ã 4 �þã�Ñ
õ� :�ìq
>lL§. MPI �Çp¬��3õ� :�)lf,

du¥Õ½å�^, �ìq¬)l�)õ��ìq.

�ìq�)ä�Ý¯, _>�áÂ�má, Ø|u
¼�p�>fUþÚpdlf��). ã 4 �eã
�ü� :>lL§, du�k�� :u)
>
l, ìqØu))l, _>�áÂ�m�, k|u¼
�p�>fUþÚpdlf��).

|^>l�Ç��É�±)º�!�CLÚ
�C��pdlf�É. �� MPI �Çp, ¤±3
ã 1 ¥�±wÑ, ��olfrÝ�pu�CL!
�C��olfrÝ, � MPI �Çp�¬��ì
q3@Ï)l��º��ìq, Ø|updlf�
�). �CL� MPI �Ç?u�Ú�C��m, Ï
Ù%�pdlfd�pu�, � C3+ lfrÝ�
u�, C3+, C4+ lfrÝ�u�C�. �C�ìq
� MPI �Ç�$, >l�Ô%�lfd��pu

�, � C3+, C4+ pdlfrÝ��u�CL. n«
ìq C3+/C2+ pdlf'�����²w/�N
Ñ MPI �ÇépdlfrÝ�K�.

|^>l�Ç��É��±)ºã 2 ¥n«
ìqNX¥pdlf'��-1õÇ�Ý�Cz
¿Ø²wù�y�. ù´duü�¡Ï��Ó�^
�(J: ��¡, >füg-E¼��Uþ�-1
õÇ�Ý¤�', -1õÇ�Ý,p, k|u>f
Uþ�,p, pdlf5upU>f�-E>
l, Ï-1õÇ�Ý,p, k|updlf��
); �,��¡, �X-1õÇ�Ý�,p, ü ¡
È¤�¹�1fêOõ, ¦ìq� MPI �Ç��O
\��3õ� :�)lf (Xã 4 ¤«), �ìq
du¥Õ½å�^)l�)õ��ìq. �ì
qØ|u¼�p�>fUþÚpdlf��). ü
�¡�Ó�^, ¦n«ìq�pdlf'��-1
õÇ�Ý�,pCzØ²w. ìq�-1�^L
§¥, pdlf'��-1õÇ�Ý�Cz¿Ø²
wù�y�´B¦-1>lìq�Aky� [10,17],

ù��¦-1NXk²w��O.

�,|^ØÓ©f�>l�Ç��É�±½
5)ºùn«ìq�>l�Ô��É, �´ìq�
º�!©f�(�!L£:!>lU�Ï��¬
é>l�Ô±9lf�²ÄU�)K�, ù
k�
u?�Ú�\�ïÄ.

4 ( Ø

|^ 5 ns, 532 nm � Nd : YAG -1ì, ïÄ

�!�CLÚ�C�ìq>l�)pdlf�d
�©ÙÚrÝ, ±9pdlf'��-1õÇ�Ý
�Cz. 3�Ó�-1^�e, �ìq�-1�^
�, %lf��pd�� 3 d, C2+ lfrÝ�p;

�C�Ú�CL�%lf�pd�þ� 4 d, rÝ
�p�lf©O�´ C3+ Ú C2+. ÏLïÄn«
ìq� C3+/C2+ '�Ú©f MPI �Ç�±wÑ,

MPI �Ç¬K�pdlf��). MPI �Çp¬�
�ìqkõ� :Ó�u)>l, E¤�ìq)l
�õ��ìq, Ø|updlf��).
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Abstract

The productions of multiply charged ions in the interactions of intense nanosecond laser pulse with clusters have aroused broad

interests in molecular physics. Benzene, cyclohexene and cyclohexane clusters are chosen to study the effect of multiphoton ionization

(MPI) efficiency on the relative intensity of multiply charged ions, as they possess similar molecular structures and the same element

constitutions. They are ionized with a 5 ns Nd-YAG nanosecond laser. The carbon charge state produced by cyclohexene and cyclo-

hexane is about 4; while by benzene is only about 3. The ratios of C3+/C2+ for cyclohexane, cyclohexene and benzene are 1.1, 0.6

and 0.4, respectively. The relative MPI efficiencies of three molecules are measured to be in the magnitude sequence of benzene >

cyclohexene > cyclohenane by diffusion beam. Higher MPI efficiency of molecules can cause more than one molecules to be ionized

at the edge of laser pulse, the Coulomb repelling force between adjacent ions leads clusters to early split into small size ones, which

will prevent the production of the highly charged ions.

Keywords: cluster, multiply charged ion, multiphoton ionization, benzene

PACS: 21.10.Ft, 33.80.Rv, 36.40.Wa

* Project supported by National Natural Science Foundation of China (Grant Nos. 11004190, 21077101), Special Funds for the Development of

National Major Scientific Instruments and Equipment (Grant Nos. 2011YQ05006903, 2011YQ05006904) and the Natural Science Foundation

of Liaoning Province, China (Grant No. 201102220).

† E-mail: hli@dicp.ac.cn

182101-6


