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1 Ú ó

���¹e, p�6N6Äõu)3�ºÝ�
�¹e, Xg,.¥�Ôº!È�!»ì�u�;
3é�ºÝ��¹e, ��±u)�~p��6
N6Ä��Ýp�êz�z¦ [1,2]. ��=´U

°Äù��ºÝp�6Ä�°Ä��, §Q�±
3�NØr$u�/�Ú�ðØ��) [2], X�(
Å°Ä�)�� [3], ��±ÏLUþOÈ�), X
-11ÆÂB [4−6]!>»s [7,8] �. ����/
¤, Ñ¬3S	ØåFÝ��^e)äÚÂ ¿é
ÙNC�¯Ô�)wÍ�K�, Xu)3Ú^÷!
Y"!���6NÅ�¥��¡y� [1,2,9−11], ±
9p�6Ä^uá�L¡�W [12,13]!®�)ÔN
S(� [14] �. ���ÄåÆ1�É�ÃõÏ��
K�, X�N�Å5 [1,2,15,16]!Üå [1,2,17,18]!�
Ø 5 [1,2,4,6]!9D� [1,2,4,6]!�¸Ør [8,19]!
Ô�*Ñ [1,2,4,6] ±9>.¡ [1,2,10−12,20] �. AO
/, 3��óÄL§¥, >.¡¬K����/G
¦Ù l¥/¿/¤äkér»�å�p��N
�6 [1,2,7,10,11,13]. ïÄL², >.¡��39Ù{

|A�����wÍ�K�X�6/¤!��9
rÝ [1]. ,, ��NC�>.�±k�«5�Ú
/G, Xl5�þ«©kf5>. [10−12,17]!gd
>. [20,21] ±9�5>. [5], l/Gþ«©k²¡
>. [10,11,20,21]!�²¡>. [22,23] �. AO´�
²¡>.�´äkõ«õ��Cz/ª, Ïd��
��²¡�p�^�ïÄé�(�W!�¡±9
��3�Æ¥�A^äk4Ù��¿Â.

3���¢�&ÿ�{¥, Ì��1ÆÿÁ�
{k: p��Kâ [10]!^«�Kâ [24]!ÒK�K
â [25]!�Ñ�{ [26] ±9Äu1 =�n�1 
=�{ [25,27], Ó��k��9Ï&ÿÃã�Yf
ì&ÿÀÂÅË���{ [28]. §��Ì�«O3
u: ^«�Kâ!ÒK�Kâ�±3�gÿþ¥�
¤,�������&ÿ; 1 ={K´¼��
�,�:?�ÄåÆ1�, ÏL&ÒÅ/�±J�
���)ä!$«ÚÀÂÅË��&E, ¿��±
/ÏÀÂÅ&Òé1 =&Ò?1?n±Jp&
D' [25]. /Ï×£Eâ1 =�{�±�¤é�
����½��&ÿ, ©Û¼��&Ò=����
���mÚ�müz [25,27].
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N�6�K�,©Ùæ^ÒK�Kâ!1 =�{
±9ê�O��Ããéà�I/>.NC��Ä
åÆ?1
XÚ�ïÄ, ±?Ø�I¡�Ýé��
�$«�m9�9$Ä5Æ�K�, ?�Ñ�I
.>.I�é��ÄåÆK��A5.

2 $«�m�Ä�nØ

Äk��±���N�b��ÃÅ!Ø�Ø
 �6N$Ä´Ã^�, Ó��ÑÅ5!L¡Ü
å!å�K�. 3vkÀÂÅË���9�Ý�
$u(���¹e, �N�Ø 5KC�Ø2�;
3�õê��¹e, �NÅ5ÚL¡Üå�K��
´�±�Ñ�, X3�»�u�u 10−3 cm �¥/
��3�¸Ør��íØ�Y¥$«�Å5�K
�KC�Ø2�, ,��¡, L¡Üå3��$
«�ã��Ü©�mpé��$Ä�K�Ñ´�
~�±��±�ÑÙK�; Ï����)·±ÏÚ
NÈÑ´'��, Kåé��ÄåÆ�K��´
�±�Ñ�. Ïd, ·�lÃ¡�!ÃÅ5!Ø�
Ø !�ÑL¡Üå��N�¸¥ü¥/���
ÄåÆ�§ Rayleigh-Plesset �§ [2,29] Ñu?Ø�
��$«�m:

RR̈ +
3
2
Ṙ2 =

p(R) − p0(t)
ρ

, (1)

Ù¥, R �����», p(R) ��9?Ør, p0(t)
���±��N�Ør, ρ ��2Y��Ý, 3�
©¥�� 1000 kg/m3. 3b� p0(t) = p0 (~þ),
p(R) = pv (pv ��2Y3 20 ◦C ���Ú�ðØ)
� pv ¿ p0 �cJe�§ (1) �±U��

1
2R2Ṙ

d
dt

(R3Ṙ2) = −p0

ρ
. (2)

é�§ (2) È©�±���9��Ý�

Ṙ =
dR

dt
=

√
2
3

p0

ρ

(
R3

max

R3
− 1

)
, (3)

Ù¥, Rmax ��������». 3dé�§ (3)
l R = 0 � R = Rmax ?1È©�±��Ã¡�!
ÃÅ!Ø�Ø �N¥¥/���$«�m TC,
= Rayleigh $«�m [2,20,30]�

TC =
√

3
2

ρ

p0

∫ Rmax

0

(
R3

max

R3
− 1

)−1/2

dR

≈ 0.915Rmax

√
ρ

p0
. (4)

T�§�±éÐ·^3Ã¡��N¥�¥/
���$«1�; �´���3>.¡NC�, �
��$«�mò¬Ï>.¡��3ò�½ö 
á [20], d���§ (4) òØ2·^. �
¦�§ (4)
·^#��¹, 1951 c Rattray[31] æ^6ÄCq{
��f5>.NC$Ä����$«�m�ò�
Ïf κ, Ù½Â�>.NC���$«�m T ′

C �
������»�Ã¡�¥���$«�m TC �
'�, Xeª¤«:

κ =
T ′

C

TC
= 1 + 0.41

1
2γ

, (5)

Ù¥, γ = l/Rmax ´Ãþjålëê, � l ´�%
�>.�ål. �
���©?Ø��I>.NC
���$«�m,·��ÑXeb�: Xã 1 ¤«,
f5I/>. BR é��ÄåÆ�K��J��
uJ[²¡f5>. BV; Ù¥, BR �I�� β �
Ùº���%�ål� l, BV ��%�ål� l′.
ÏdJ[²¡>.�A�Ãþjålëê�±
��

γ′ =
l′

Rmax
=

f(β)l
Rmax

= f(β)γ, (6)

Ù¥,��þ f (β)�I�Ý β �¼ê, �A�L�
ª3·�c¡�ó�¥ÏLê�[Ü��{¼�,
Ù�§�

f(β) = e0.0211(180−β). (7)

ã 1 nØ�.

3 ¢�C�

I¡>.NC��$«1��¢�ïÄC�
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Xã 2 ¤«. 3�I>.NCp����XÚd|
� 1—6 |¤, d Nd:YAG N Q -1ì 1 uÑó°
� 7 ns �-1óÀ (λ = 1.06 µm) ²P~¡| 2!
*åO�ßº| 3 9à8ßº 4 (f = 30 mm) à
�uCk�lfY��=ÀæNì 5 ¥�)1Æ
ÂB¿�ª3�I>.�NC/¤�z�. Ù¥,
P~¡|�±¢y3ØUC-1�m©Ù�cJ
eëYP~-1Uþ; -1óÀÄk²L*å´
�
¼����-1¬à�±ü$�ÂBy�u
)�VÇ, l�y
-1���pÝ¥é¡59
�E5. ÒKì�XÚd|� 7—9 |¤, ð11
 7 uÑ�ó°� 1.5 ns �ì²1²*åO�ß
º| 8 ì���«�, ���ÒK�ªdì�Å 9
Ð¼¿P¹. 1 =ÿÁXÚd|� 10—17 |¤,

He-Ne -1ì 10 uÑ�ëY&ÿ1 (λ = 0.63 µm)
²à�ßº 11 (f = 60 mm) à����«�, Ï�
�«��ò�ÇFÝu) ò�&ÿ12dÍ
Üßº| 12 (20×, f = 4 mm)!Z�ÈÅ¡ 13(¥
%Å� 0.63 µm) ?\1n91>�O+ 15 (Hama-
matsu H5773, 2 ns þ,�m), ÑÑ�>&Òdêi
«Åì 17 w«¿P¹. Ù¥, 1n3ùp�O��
1<¿� �¯aì�����3Ê�1nN!
e 14 (0.1 µm N!°Ý) þ; Z�ÈÅ¡^uÈØ
,Ñ1±Jp&D'; |� 10—14 �SC3��
äk 10 µm N!°Ý���²£�þ. �ª, ��
��)!1 =&ÿ9ÒKì�XÚÑd DG535
êiò�óÀu)ì 18 �N>u¿dO�Å 19
P¹�;êâ.

ã 2 ¢�C�úã (1� Nd : YAG N Q -1ì, 2�P~¡|, 3�*åO�ßº|, 4�à�ßº, 5��=ÀæNì, 6�I
¡>., 7�ð11, 8�*åO�ßº|, 9� Lumenera êi�Å, 10� He-Ne -1ì, 11�à8ßº, 12�ÍÜßº|, 13
�Z�ÈÅ¡, 14�Ê�1nN!e, 15�ü�1n + 1>�O+, 16���²£�, 17� Tektronix THS730A êi«Åì, 18
� DG535 êiò�óÀu)ì, 19�O�Å)

4 (J�©Û

©Ù¤?Ø����à�I>.��p�
^, Ì�´?ØØÓI���I>.é���9
9�%�$Ä5Æ!$«�m T ′

C �K�, æ^
¢�9ê�O��ÃãïÄ
>.I�� 30◦,
60◦, 90◦, 120◦, 150◦, 180◦ ��¹e, ����»
� 1 mm, Ãþjål γ ©O� 1 Ú 2 �, ���
$«L§. �
¢�ïÄ�I>.NC���$

«1�, Äk3Ã¡���¸¥N!-1Uþ¦
Ùpu�-1��äk 1 mm ����», ù�
:�±ÏL1 =&Ò¥���»&E9$«
�m�ä. �\�I>.¿N!�I>.¦�
Ù^=¶ÏL����%, ù�:K�±ÏLü
������ÒKã�ä. ,��¡��>.
²L�1?n�äk4p�½ °Ý, Ïd��
>.qá���½ Ø��'u������
»´�±�Ñ�. ÏL DG535 êiò�óÀu)
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ì�����)XÚ!1 =ÿÁXÚ±9ì�
XÚ��S, ?¼��X��1 =&ÒÚ�
A � � � Ò K ã. ã 3 �> . I � Ý� 180◦

�Ãþjål γ = 1 ���$«L§�ÒKã
(ã 3 1 . 1) 9 � A � ê � � ý Ó + ã (ã 3
1/1), lã¥�±wÑ��$«L§¥��
���»Åì ��Ù/G�Åì l¥é¡
5, �ª/¤��>.��N�6. Ó�, é'¢
�Úê�O������Ó+, ��±y²ê�
O��k�5. ,��¡, ã 3 . (a) ¥�Ñ
�
©?Ø¥¤æ^��IXÚ, Ù¥�: u��
�%?.

4.1 ������///GGG999���%%%[[[£££'''

ã 4 �Ñ�´Ãþjål γ = 1 �, ��3
I¡>.NC$«�, ØÓ�ã���Ó+9Ø
r, �Ý©Ù�¢�9ê��[(J. ã¥¤«�
>.I�lþ e�g� 30◦, 60◦, 90◦, 120◦, 150◦,
180◦, $«��l��m�g� 0.025T ′

C, 0.75T ′
C,

0.99T ′
C, T ′

C, �zÌã���Ü©��Ý©Ù9�
Ý¥þ (ü � m/s), m�Ü©�Ør©Ù (ü 
� Pa). �
�Ð��N��$«���ã¥��
9�6�/�, ã¥ 0.99T ′

C, T ′
C �ã���dê�

O�(J£ã. lã¥�±�ÙwÑ, �I>.é
$«ÐÏ����K������E,�±ûÐ
�¥é¡5; �X$«L§�UY, ØÓI��>
.é���K���ÉÅìwy. X�
 0.75T ′

C

���: ��±��ØrÚ�Ý©ÙØé¡5�X
>.I��ÅìO�, AO�3 β = 180◦ ��¹

e�±uy�~²w�Øé¡©Ù; Ó��XI�
�O����/G�÷ z ¶k'�²w�.�. $
«�
 0.99T ′

C �, ��¡3��±�/¤
�p
Ø«�, �ÙØé¡5�X>.I��O�O�,
duTpØ«� u��þL¡�9¥% ��
þÜ, Ï��6�/¤Jø
ØåFÝ^�; ,
��¡, �� l¥/�§Ý�XI��O��²
w�O�, �3I�����¹ (β > 120◦) e��
®²k²w��6/¤. �
$«��, ì��$
«1��ª3��NC/¤
p�êzîø�p
Ø±9pu 100 m/s ��9½�6�Ý; >.I�
���û½
��UÄ/¤k���N�6, I�
���N�6Ò�J/¤. �´���I��±¦
���3$«L§¥�±�p�¥é¡5, l¦
����±Â ���.

ÏLJlê�O�L§¥��þe�9� z

¶��I��±�Ñã 5(a) ¤«���þe�9
�$Ä;,, lã 5(a) �±wÑ��I��>.�
é���{|A����, �ª�����þe�
9� £þ9�9�ÝA���, u´�� l¥
/�§Ý�$. �´�X>.I��O�, ��e
L¡�9�$Ä�Ý9 £þÅìá�uþL¡
�9, ��I����½§Ý� (β > 120◦) ���
eL¡�93Ð©$«�ã��NX3>.þ. �
�$«����% £�±ÏL$«�����
þe�9� £O���,�
�Ð�£ã$«�
����% £þ�>.I��'X·�Ó�O
���
�% £�����»�'�, Xã 5(b)
¤«. dd�±wÑT'��>.�I�¤��5
'X, ��XI��O�O�.

ã 3 180◦ >.NC��$«L§�Ó+
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ã 4 ØÓI¡NC����»� 1 mm ���/G96|ØrÚ�Ý©Ù

4.2 $$$«««���mmm

ÏL1 =&Ò�Å/�±�tJ����
$«L§¥�$«�m T ′

C, ;.�1 =ÿÁ&
ÒXã 6 ¤«, ã¥ÀÂÅéA�ü�¸�&Ò©
O�-11ÆÂB9��$«�)�ÀÂÅÚå
�1 ò¤�, ����»�CzÚå�1 =&
ÒKéAã¥ “���»�A&Ò” Ü©, ÏLù
n�¸��±J������»!$«�m�&
E. Lauterborn[3] ®²y²bX-1óÀ�±Y�
m�é��óÄ±Ï�~á��N�Å5�~�

�, -1���)äÚ$«L§´pÝé¡�. 3
·��¢�¥-1óÀ±Y�mÚ�NÅ5Ñ´
÷vù�b��, Ïd��$«�m T ′

C ���c
�ügÀÂÅm��mm����.

ÏLJ�ØÓI�>.NC���1 =&
Ò, �±¼��A���$«�m, Xã 7 ¤«. Ù
¥, ‘¤’ L«�Ãþjål γ = 1 ���$«�m
�ê�O�(J; ‘©’, ‘M’ ©OL«Ãþjål γ

�� 1, 2 �$«�m�¢��, �z�¢��þ�
õgÿþ²þ� (ÿþgê N = 10); ¢�ÚJ�
©O�éA�$«�m�nØ�. lã�±wÑ�
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ã 5 ØÓI�>.NC��þe�9;,Ú$«���%[£' (a) �9;,; (b) $«���%[£'

ã 6 1 =;.&Ò

ã 7 >.I�é��$«�m�K�'X�

�$«�m�nØ�!¢��9ê�O��ÑU

'�Ð/ÎÜ, 2g�y
ê�O��k�5,
Ó���y�§ (6) Ú�§ (7) �k�5. ,��
¡,·��±uy��$«�m�X>.I��O

�O�, I���û½
>.é��$Ä�{|
A�����: �X>.I��O�, I¡>.é
��$Ä�{|A���ÅìO�, é��$Ä�
K���5�²w, �A����$«�m�Åì
O�; �
>.I�O�� 180◦ �, I¡>.NC
���=C�Ã¡�²¡>.NC�$«$Ä, Ù
$«�m�ò�ÏfKd�§ (5) £ã.

5 ( Ø

©Ù± Rayleigh-Plesset �§�Ä:ïá
J
[²¡>.�., ïÄ
�I>.NC���Äå
Æ1�, Ó�æ^ÒK�Kâ!1 =�{9ê�
O�Ãã�¤
-1��3äkI���I>.
NC$«�L§. (JL²: I¡>.é��Äå
Æ1��K��X>.I��O�O�, Ly�
���>.I�¦�� l¥/�§Ý!k��
6�rÝ!$«����NÈ��. ��$«�m
�X>.I��O���5O�, �´����
3Ã¡�¥$«����$«�m, ����3²
¡>.NC$«����$«�m. ��$«�m
�¢��ÓnØ��äk�p���5, L²��
J[²¡>.�b�9�Ñ�Ãþjål?�L
�ª�k�5. �©�ïÄ(Øé>.NC��Ä
åÆ!�(Å���W9��3�Æþ�A^ä
k�½�Ï.
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Investigation of the collapse of laser-induced bubble
near a cone boundary∗

Li Bei-Bei Zhang Hong-Chao Han Bing Chen Jun Ni Xiao-Wu Lu Jian†

( School of science, Nanjing University of Science & Technology, Nanjing 210094, China )
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Abstract

The effect of the cone boundary on collapse of the laser-induced bubble is investigated under the assumption of virtual plane,

and the methods of shadow photography, optical beam deflection and simulation are also used to obtain the effect of cone angle on

the bubble dynamics. The results indicate that the effects of the cone angle on the shape of bubble, collapse time and the formation of

liquid jet are obvious. The degree of departure of bubble shape from spherical shape and the collapse time are found to increase with

the increase of cone angle, and the valid liquid jet is able to form at a lager cone angle. The experimental value and theoretical value

of collapse are in good agreement with each other, and the assumption of virtual plane and the modification of dimensionless distance

parameter proposed in this study are valid.

Keywords: laser-induced bubble, collapse time, optical beam deflection, shadow photography
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