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|^ó°� 5 ns óÀ Nd: YAG 355 nm -13õÇ�Ý� 1011 − 1012 W/cm2 ^�e¢y
`�¹Yì
qõ1f>l, ¿^�1�m�ÌéÙ>l�ÔÚ>lL§?1
ïÄ. ¢�¥*ÿ�
`���fzìqX
� (CH2O)nH+(n = 1—4), `����fzìqX� (CH2O)nCHO+ (n = 1—3), ±9ü�åu H2CO ��fÚ
�fz�¹YìqX� HCO+(H2O)n(n = 1, 3, 5) Ú H3CO+(H2O)n(n = 1, 3, 5), ¿éÙ¥��
ìq(��.?
1
ßÿ. ïÄ3ØÓ�-1õÇ�Ýe`�ìq�Ì¸�C��¹, �-1�Ý�� 9.3×1011 W/cm2, m©Ñ
y CH2O Ú H2O �N9Ù1��¡�&Ò, �éA���þ¸vk²w/©Em, ´±�ä�/ªÑy, ù´-
1>l�)pUlfº���«Ly, JÑ@�lfNÄåÆ}�\�Å� (�.) 5)ºpUlf/¤�ÔnÅ
�.

'�c: `�, ìq, �1�m�Ì, -1>l

PACS: 33.80.−b, 36.40.−c

1 Ú ó

©fìq��´ÏL van der Waals å(Ü½ H
�(Ü/¤�ìq, 3NõzÆÚ)ÔL§¥äk
�¿Â. 8céu H �ìq�ïÄ���2�,
Ø=MJÚY¥�3 H �, NõkÅ©f�ÏL H
�ÚYu)�p�^�)ìq. �X-1ì�uÐ,
AO´�áóÀEâ�Åì¤Ù, -13�©fÚ
ìq��p�^�Ñy
Nõ#y�, ¤±r1|
��f!©fÚìq��p�^�5�É�<�
�'5 [1−8].

`�´�~��kÅ©f, 3zÆ!�Æ!
�¸�ÆþÑäk���^, §�´(Sx0Ê
H�3�kÅ©f, 3(�¥kép�¹þ [9−11].
`����«��©f, §�ìq��2�ï
Ä. @3 1975 c, Bone Ú Garrett ïÄ`�ìq�
¢�¥, |^o?\�ÌÚpíØ>l(Üï
Ä
`�õàÔìq�/¤L§, ±93ØÓí
Øe�)`�ìq>lÇ��O. �du���
Ì¤©EÇ���, ¦�¿��Ñ`�ìq(½
��Ìã [12]. 1992 c, Fukunaga Ú Morokuma[13]

O � 
 3 ` � Y M � ¥ H � ( Ü � ` � Y ì
q HCHO·nH2O(n = 1—3) ��[U, ±9�ì
q�U�.¥�f���. 2004 c Mihesan[14] �
|^ù	-1��áÂ��{é`�YM��v
à�?11>l�ÌïÄ�, *	�
éõX�
�`�¹Yìq, ~X M (H2O)n, (M = HCO+),
H3CO+ �, ¿éù
¹Yìq�/¤Ú�Ý©Ù
?1
?Ø. �k'`�¹Yìq3B¦-1|�
¹e1>l��ÌïÄ����é�. �1�m
�Ì(Ü�(©fåïÄ`�ìq´�«¯�!
���uÿÃã [15−17]. �(©få´�)ìq�
k���{, �¦?u�épØ�íN�ý�¿)
ä, ù«ý9)äL§ríNSU=�¤²ÄU,
l “e%” ©f, v(¤ìq. �1�m�Ì¤ä
k©Û�Ý¯!©Û�þ��°�`:, ¢�y²
§´ïÄìqkå�Ãã. �©ÏLóÀ Nd: YAG
355 nm -1(Ü�(©få�1�m�ÌEâé
`�?11>lïÄ���
`�Y�ìq��
Ì&Ò, �y
`��±ÚY�p�^�)YÜ�
fìq��U5. ÏLé�Ì¸�?ØÚ8B, @
�§�Ì�5guõ�`�ìqX�. ¿3ïÄ-
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1rÝé>l�Ô�K��, ¿	*	��-1U
þ�Ý�� 9.3 × 1011 W/cm2 �, k±�ä/ª�
3��Ì¸Ñy. ÏLÚÙ¦�Ì¸é', ·�@
�ù��ä�/¤��Ì¤���©EÇÃ', 
´5u`��NÚY©f-1>l�)�p�
lf+. ��élf�ä�)�ÔnÅn?1
½
5�)º.

2 Ì�¤ìÚC�

�©�¢�C�´�@g��-1>l©
få�Þ�m�Ì, Xã 1 ¤«. TC�´d©
få?�XÚ!-1>lXÚ!�1�m�Ì
±9êâæ8Ú��XÚ|¤. �
��lf
3 � 1 L § ¥ � d « Ú � �, � 1 � m � Ì æ
^�©Ä���{5�yûÐ�ý�^�. ?�
XÚvkmé�G�e (·�e), �«!�«�
ý�Ý�� 4.5×10−4 Pa �m, n«�ý�Ý�
� 1.0× 10−4 Pa �m. �«!�«©Odü�*g
"�±ý�, c?"©O�Ä� 15 L/s Ú 8 L/s �
¤ÑH1)��Å�". n«æ^��¥��¤)
�� 1200 L/s �©f". �óÀz± 0.2 MPa �Ø
å?��, �«�íØ� 8.0 × 10−4 Pa �m, n«
�íØ� 3 × 10−4 Pa �m.

ã 1 -1>l©få�1�m�ÌC�

-11��� Nd: YAG -1ì, ÑÑÅ
� � 355 nm � n � ª - 1, Ñ Ñ ó ° � 5 ns,
² 175 mm �ßºà�3óÀå¥%. �¢�`
�?��ª���{, pX1í��`��¬©f
ÏLóÀz (Bosch133 025 A ���»� 0.5 mm),
3²dÈ» (�»� 2 mm) /¤�(©få?\>
l«, 2d-1é©få?1>l, �)�lf3
ÚÑ|��^e?\�Ã|�1«, ����&Ò
&ÿì (MCP), &ÒÑÑ�êi«Åì¿dO�Å

æ8Ú?n. óÀz�mé!-1ì�>u!óÀ
ÚÑ|!±9«Åì��S��d DG645 (Stan-
ford Research Systems) 5��. êâæ8L§d�
¢�¿g1?�� LabVIEW §S5�� [18]. ¢
�¥�1í Ar í�XÝ�u 99.99%, ¦^���
�½È�4�ê�M� (`��¹þ� 37%—40%,
ûÀ½9°ÁJ�, ��?�Ú�?n).

3 (J�?Ø

3.1 ÅÅÅ��� 355 nm ØØØÓÓÓ---111UUUþþþ���KKK���

ã 2 ´-13ØÓ�rÝeé`�?1õ1
f>l;.��1�m�Ìã, -1�EªÇ
� 10 Hz. �-1rÝ� 5.8 × 1011 W/cm2 �, X
ã 2 ¤«, �)ìqlf&ÒrÝÑ'��, �v
k`��NÚ1�>l�¡lfÑy. �X-1
rÝl 9.3 × 1011 W/cm2 ÅìO\� 5.8 × 1012

W/cm2, 3�þê� 15—40 �«�k�ä�Ì&
ÒÑy. �ä&ÒÚÙ¦«��Ì&Ò�rÝ�
X-1rÝ�O\Åì\r, ¸/�²w\°, `
²lf�Uþ��-1rÝ�O\ÅìO�. �þ
ê 15—40 �«��´ H2O Ú CH2O �N9Ù1�
�¡&ÒÑy���, �´ù
lf&ÒØU²w
/�©Em, �*	���ã���Ì&Ò�ä.

ã 2 ØÓ-1rÝe`�ìq��1�m�Ìã

3.2 355 nm --- 111 111 >>> lll `̀̀ ��� ììì qqq ÔÔÔ
������©©©ÛÛÛ

ã 3 ´ 355 nm -1Uþ�Ý� 5.8 × 1011

W/cm2 �;.��Ìã. ÏLé�Ì&Ò�8
BÚ©Û, @�lf&ÒÌ�5u±en�`
�ìqX�.
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ã 3 355 nm -1>l`�ìq�Ìã

m m

mm z

zz

z

ã 4 Ü©ìq(�«¿ã (a) (CH2O)2CHO+; (b)
(CH2O)3H+; (c) (CH2O)3CHO+; (d) (CH2O)4H+

1) `���fzìq (CH2O)nH+(n = 2 − 4),
± 9 ` � � � � f z ì q (CH2O)nCHO+(n =
1 − 3). ÏL�Ìã*	�ùü�ìqX�¥r
Ý����Ì¸ m/z � 89 Ú 91, ©OéA�©f
ª� (CH2O)2CHO+ Ú (CH2O)3H+, §��1NÑ
´`��nàÔ, ù`²©få¥/¤�`��ì
q¥, nà`�ìq�¹þ´'�´L�, �§
äk½�n�/(�, Ø´3-1>l�u))
l, Xã 4 (a), (b).

m/z � 119 Ú 121 �p�þ�¸�K5gu
`�oàNìq (CH2O)3CHO+ Ú (CH2O)4H+, �
´§��¸�rÝéf, Xã 4(c), (d). §����
ª H �ë��é¡5(�, ù«(�N´3-1>

l�u)ä�, /¤ü��àN�/ª. 3¢�¥
vk*	�`��p�àÜÔ��fzÚ��f
zìq. m/z � 59 Ú 61 �&Ò5gu`���à
Nìq.

Bone Ú Garrett |^o?\�ÌÚpØ>l
é`�õàÔìq��)L§?1ïÄ�, �*
	�
þ¡¤ã�`��fzìq, Ó��&ÿ�
`��ÊàNÚ8àN±9§�¤éA��fz
ìq [12]. 3·��¢�¥*	� Bone Ú Gar-
rett ¿�uy�`���fzìq (CH2O)nCHO+

(n = 1—3). du¦��¢�É��Ì¤���, z
«ìq�ÿþÑ7LUC¢�^�, ìq&Ò´3
ØÓ�íØ^�e���. ·�¢�¥æ^�´
�1�m�Ì¤, �g-1>lÒ�±×Ñ�Ì�
Ìã, ¿�·�>l«�íØ�±ØC. Ïd·�
@�ØÓ�íØ^�´E¤>l�ÔØ���Ó
�Ì��Ï.

2) ü � å  u H2CO � � f Ú � f
z � ¹ Y ì q X �, § � � z Æ ª © O
´ H3CO+(H2O)n(n = 1,3,5) Ú HCO+(H2O)n(n =
1, 3, 5), �éA��Ì¸rÝ�XY©fêþ�O
\¥yÅì~��ª³. �´·�uy��k��
y�, Ò´�*	�ùü�ìqX�Y©f�ê�
Ûê�ìq, vk*	�Y©f�ê�óê�ì
q. ù�U´du¹Ûê�Y©f�`�ìq'¹
óê�Y©f�`�ìq(��\½, Ø´3-
1>l�u))l. ���[�)º, I�?�Ú
|^nØ5O�ù
ìq©f�½�., ?�
y·��ßÿ.

3) Ù¥ m/z � 43, 61, 79, 97, 115 X�ìq, §
��zÆª�±�¤ H3CCO+(H2O)n(n = 0—4),
Ù¥ H3CCO+ �)¤�Aª� [17]

H2C = O + H2C = O → H2C = C = O + H2O,

§ ´ d ü � ` � © f ø � � � Y © f � � 
# | Ü � ( J. l ã 3 ¥ � ± w � � X Y ©
f ê � O \, ¤ é A ì q � � Ì r Ý Å ì ü
$, ù ` ² H3CCO+(H2O)n(n = 0—4) ù � X
� ì q � ) � ê þ ´ � X Y © f ê � O \ Å
ì ~ � �. X ã 5 ¤ «, � Ì ¸ r Ý � C z A
� ´ ¥ � 5 ~ �. · � 3 ? n Y © f ê 8 é
� Ì � é r Ý � K � �, r m/z � 61 � l f
& Ò � Ü � ¤ ´ H3CCO+(H2O) � � z, l 
x Ñ H3CCO+(H2O)n(n = 0—4) X � 3 - 1 r
Ý 5.8× 1011 W/cm2 �ØÓY©fêéA�ìq�
Ì¸rÝ�'Xã, Xã 5. �XY©fê�O\,
©fØ%Ü©éY©f�åPåÅì~f, Ïdä
kõ�Y©f� H3CCO+(H2O)n �N´3-1>
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l¥u)l), §��&ÒrÝ�Ò�XY©f�
O\¥y4ü�ª³.

ã 5 H3CCO+(H2O)n(n = 0—4) X � 3 - 1 r
Ý 5.8 × 1011 W/cm2 �ØÓY©fêéA�ìq�
Ì¸�rÝ

3.3 ééé���ÌÌÌÑÑÑyyy���äää���©©©ÛÛÛ

ã 6 ´�-1� 1.2 × 1012 W/cm2 ���Ì
ã. Xã¤«, m/z � 15—40 ���SÑy��l
f�ä, �ä&Ò�¸k�� u m/z � 18 Ú 30
� �, ¤éA�´�¬¥¹þ�õ�Ô� H2O
Ú H2CO. ·�@����ä&Ò�UÌ�5g
uü�lf+, A +´d H2O �>l�Ô H2O+,
H3O+ ±9gdÄ OH+ |¤, B +¤©� H2CO �
N>l�)�lf CO+, HCO+, H2CO+ ±9`�
�fzlf H3CO+. ÏLé�Ìã©Û, uyù

Ô��lf&ÒØU���©Em, � m/z 3 40
±�©EÇ�p��Ì¸&Ò/¤
m²�é'.
·�@�lf�äù�y��/¤��Ì¤��
�©EÇvk'X, ´B¦r-1|�ìq�p
�^�)�pUlf+E¤�.

r-1�ìq�p�^�)pUlf, I��
Ä3-1óÀ�mSu)��«L§, �)-1U
þáÂ!>flzÚìq)ä. Ditmire � [19] ��
[/�Ñ
ù
�p�^��., 9róÀr-1
Úìq��p�^w¤´���p�Ý�lfN
�¥��p�^, lf�pUþ5gu§��mu
)� Coulomb �¿. IS�'ïÄ|^�lf�[
�{5O�-1Ú�lfN�p�^e�lfN
�$Ä�¹, O�(JL², -1é�lf��p
�^«�du�Ý�Øþ!5�)
�lf��
Úp�lf+, éuz��c÷�p�lf, 3�
�c÷¥%?Ù�Ý��� [20].

�´B¦óÀ-1|õÇ�Ý'þ¡�nØ
�[�áóÀ-1|õÇ�Ý$�� 4—5 �êþ
?, d1re|�>l�AÇé�, þã�)pU

lf��.®²Ø·Ü)º·�¢�¥�)�y
�, �´8cÿÃnØ�±�Ð/)ºù«¥�õ
Ç�Ýe-1|�)p�lf�y�. �¢�± Ar
í���ÀíN, 3ð½�1íØåe, |^ó°
� 5 ns óÀ Nd: YAG 355 nm -1é`�?1ïÄ.
�¢�¥Ì�*ÿ�$dlf (�*	pdlf9
lf¸©�y�), ¿3�Ìã¥*	�²wlf�
ä (5gup�lf+), ù�#�(J±c���
�, éÙ�)�Å�I�?1&?. ùp·�ÐÚ
JÑ�lfÄåÆ}�\��.5)ºlf�ä
��)Å�.

m z

ã 6 -1õÇ�Ý� 1.2 × 1011 W/cm2 ��Ìã

I S o ° � � K | | ^ Å � � 532 nm
½ 1064 nm, ó°� 25 ns � Nd: YAG -1ì, é
�!>ì!9`�!`U�ìq?1>l�, 3-
1õÇ�Ý� 109—1011 V/m �*	�p²ÄU�
pdlf¿uy
pdlf�Ì¸©�y�. ¦�
JÑ “õ1f>lÚu - _>�áÂ\9 - >f-
E>l” �nÚnØ�.5)ºB¦1|¥pdl
f��), ¦�@�õ1f>l´-1�ìq�^
�� “:»ì”, ¥5ìqS�Ü©©fÏLõ1f
>lL§áÂeZ1f�>l, �)�½êþ�
>f. ù
>f�Ü©<ºÑìq, ,�Ü©Kd
u������Ý�¥5�fÚ©f-E���,
±9¥%lfØé>f� Coulomb áÚ�åP
3ìqSÜ, ùÜ©>f3�¥5©fÚlf��
5-E¥, ÏL_>�áÂÅ�ÅÚáÂ-1�U
þ�\�. �\��>fäkv
�Uþ�, �
UÚ©f!lfu)-E�)�õ�>f, ¿/¤
pd��lf. �)�>f2�\�>l - \� -
lf, ��lf¥��
�f�Ü©d>f��l,
�ª3 Coulomb �^eu) Coulomb �¿, /¤p
²ÄU�pd�¡lf [21−26].
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·�@��¢�*	��lf�ä��)Å
�Ø·Ü^ “õ1f>lÚu - _>�áÂ\9 -
>f-E>l” �nÚnØ�.?1)º. ndX
e: Äk, ·�¢�^�-1Uþ�Ý�é�$, 3
¢�¥¿vk*ÿ�pd�lf, L²·�¢�¥
õ1fáÂ?3�$�Y² (4 1f), -1|�Ý
9�lfN§Ý�$, _>�áÂ�Ç'�$ (_
>�áÂÔn��þáu�éØ�A, =|U=z
� “k�å” \9>f, �¦-17L÷vp|K
�), pU9>f-E>l7,�)õ>Ö�l
f; Ùg, ·�¿vk*	� Oq+ Ú Cq+ ù
`�
1>l�pd�¡lf, ù
Ñ�·�¢�*	(
J�gñ, �`²>f¿vk²L_>�Ë�áÂ,
l-1¥��v
Uþ¿Ú`�ìq¥�©fÚ
lfu)-E>l, �)ü���pdlfL§;
��, yk�¢�êâÃ{��y² “nÚnØ�
.”, Ïd·�3ùp�Ñ�«�{ü��lfN
ÄåÆ��(Ü`� (Y) ìq� Coulomb �¿l
f\�Å��nØ�., �±�g,/)º·�*
	�¢�y�, l3ØÓý¡´L·�éT¯K
�Ônn).

�¢�¥ý5íN Ar í±��{����©
fÏLóÀz��[����\ý�¥, íN²
Lý9)äL§, Ù�Å9U=z�»��½�Ä
U, ��íNSÜ§Ýeü, �z�SíN�Øå
���½��, �Ñ�íN¬C�L�Ú, 3ù�
L§¥/¤
�½º��ìq. 3�¢�¤^�
�¥ H2O Ú H2CO ´�Ì��¤©, §��3©
få¥và, ©f�m�ål�\;� (Åþ?), Ï
äk
và��5�. �B¦óÀ-1�ìq
�p�^�, Ò�Ú�� “��N” �p�^. ì
q�-1�^�]m, �)��lfN¥, Ù	�
�>fáÂ1|¥�Uþ¤�LU>f, §�{ø

�fÖ�åP�ìq	Ü$Ä, SÜ�lf�þ
é�, du.5�^�5Ø9$Ä, ù�lfÚ>
fÒ�©lm, l/¤�lf}�>| E 5{
�>fÚlf�ù«©l. �´du>f��þ
�, §'lf�$Ä�Ý¯, ùÒ3�^«�/¤

Ä��lf}�. |^ã 6 ¥lf�ä��¸°
·���Ñ H2O+, CO+ Ú H3CO+ �Uþ©O�
�� 61, 147 Ú 233 eV, Ï�§���Ý®�C�
N�Ý, XJ·�b½�)�}�þÝ�� 1 nm,
@o}�>|�rÝ�� 1010—1011 V/m, lì
qlf÷X�lf¥�»������ÌÝ�\
�, Xã 7 ¤«. ��lf}�>|\��lfP

kA��Az>fÏA�Uþ, ���1�m�Ì
¤ÚÑ|���à�´vkUårù
lf©E
m�. Ïd H2O �>l�Ô H2O+, H3O+ ±9g
dÄ OH+ Ú H2CO �N1>l�)�lf CO+,
HCO+, H2CO+ ±9`��fzlf H3CO+ du
êþõ, *d��é�þêqé�C�Ñäk�p
Uþ, 3ù«�¹e§��Ó|¤�p�lf+�
å��&ÿì, �ª/¤
��lf�ä.

ã 7 �lf}�\��.

éu-1�lfN�p�^�)�lf��
Ý, Ì�k��ÿþÚm�ÿþü«�{. Xæ
^ RCF[27] Ú CR39[28] �±��ÿþ<ºÑ5�l
f��m©Ù, Thomson �Ì¤�±ÿþUÌ. �
´ CR39 �UéUþpu 100 keV �pU�>lf
¯a. ·�*ÿ��1�mpUlfÌ¸\°�¢
�y�, �UJø�«m�ÿþUþ�A��Az
>fÏAlf�1��{. 38��ó�¥, ·�
ò?�Ú`z¢�^�ÚnØ�., ¦ù��{¤
�3B¦-1Ú�lfN�p�^¥ÿþlfU
þ��{.

4 ( Ø

|^óÀ Nd: YAG 355 nm �-1õ1f>l
Eâ(Ü�(©få�1�m�Ìé`�?1ï
Ä�, uy
ØÓX��`� H �ìq, ¿��-
1�Uþ�Ý3 1.2 × 1012 W/cm2 �, 3�Ìãþ
*	� m/z � 20—40 �«�S�)
�Ì¸�
ä (\°), ¿�JÑ�lfNÄåÆ}�\�´�
)�Ì�ä�Ì��Ï.
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355 nm laser photoionization of formaldehyde
time-of-flight mass spectroscopic study∗

Wang Yan1) Yao Zhi1) Feng Chun-Lei1) Liu Jia-Hong2) Ding Hong-Bin1)†

1) ( Key Laboratory of Materials Modification by Laser, Ion and Electron Beams Ministry of Education, Dalian University of Technology School of

Physics and Optoelectronic Technology, Dalian University of Technology, Dalian 116024, China )

2) ( College of Science, Dalian Nationalities University, Dalian 116605, China )

( Received 18 January 2011; revised manuscript received 15 March 2011 )

Abstract
Multiphoton ionization of formaldehyde hydrated clusters is studied by time-of-flight mass spectrometry using 5 ns, 355 nm Nd:

YAG laser beam with a power intensity of 1011 − 1012 W/cm2. The main products including protonated formaldehyde cluster series
(CH2O)nH+(n = 1-4), deprotonated formaldehyde clusters series (CH2O)nCHO+ (n = 1-3, and two series based on molecules
originating from H2CO ( the deprotonated and protonated forms ), H3CO+(H2O)n(n = 1, 3, 5) and HCO+(H2O)n(n = 1, 3, 5) are
observed, and the simple structures are gave for some clusters. The transformation of formaldehyde mass peak is studied in different
laser power density conditions. We find the ion peaks of formaldehyde monomer and water molecle ar a laser intensity of about
9.3 × 1011 W/cm2. Those mass peaks exist in envelope form and cannot be resolved under our experiment condition. The simple
dynamic plasma sheath accelerating model is proposed to explain the physical mechanism of the envelope phenomenon.

Keywords: formaldehyde, cluster, time-of-flight mass spectrum, laser ionization
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