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Äk|^p��KÚØåDaìÿþ��{, é­¡��ªYer(ÅóÀ�DÂÚà�L§?1
¢�ï
Ä. ¢�ïÄuy, ý¥¡��í3å�®à(U��^�Ó��ò¦�r(ÅóÀ3DÂL§¥/¤KØ«, ¿
dd
ÚuC|(DÂÏ�þ�zí�+��). 3¢�(J�Ä:þ, ?�Ú|^Äu Kirchhoff û�½n�(
DÂ�.Ú��Ì^�e� QX í�$Ä�§, ér(ÅóÀKØ«�/¤�Ï9�zí��$ÄL§?1
ê�
O�Ú©Û. ïÄ(JL², 3�c«, 
u��íSL¡� “�Å” ÚÑ�?� “>�Å” 3DÂL§¥ò/¤��
Å¥�KØ«; 3��«, 
u��íº:� “¥%Å” 3DÂL§¥ò/¤��Å¥�KØ«. 3��Å�^e, �
zí�NyÑ
 “�Ø«ÉØ ¿��, KØ«)ä” �$ÄA:. 3��Å��, �zí�òÑy¤�!� Ú£
��;.�ÔnL§. ïÄ(Jé­¡��ªYer(ÅDÂÔn5Æ�@£äk¢S¿Â.
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1 Ú ó

|^Y� “�>�A”, pØóÀ�>3Y¥�
±�)prÝ�ÀÂÅ [1−3]. Äuù��n�E
��lf(
�ÑÑ(óÀØåÌ� (;.ó¹
e, 3ål(
 1 m ?�(Ø?��L 240 dB ref.

1 µPa) �puDÚ�Ø>>ba�Uì, Ù��5
Ú�­E5�`u�¿ª(
 [4]. duäkþã
A:, T(
3�ål8I&ÿ!°./(¿¡ÿ
þ!YeS�8I?��+�Ñäk2,�A^
cµ [5−7].

Ye�lfN(
XÚÌ�d>
!�>>
4ÚDÑ���¤, Xã 1 ¤«. Ù¥, >
´�
­��|¤Ü©, Ì��)¿>XÚ (>ØN!!
,Ø!�6Ú;U)!>u��XÚÚ�>XÚ
�. �~�>6� “8Ç�A” ±9>^Z6é&
Òÿþ�K�, DÑ�À^�¶-��õ�Ó¶>

C [8]. �>>4æ^��ªü>4, >4á��¦
^�>5UûÐ¿äk|>l�¡ÚÀÂ»�U
å�Ô¾Ü7. aqu|^�Ô¡U�é>^Å?
1½�u���ª, 3�>>4�"àSC]¡�
�C� (^=�Ô¡½ý¥¡) �±��(Uàå
½à���J [9]. ·�3¢�L§¥uy, ý¥¡
��í�Ú\�,U
å�àU��J, �Ó��
¦�ØåDaìÿþ��óÀÅ/¥Ñy
KØ
«. 3óÀ�KØ«L��±*	��zí�+�
�).

duYe�lfN(
�VgJÑ��, I
S	éT+��'¯K�ïÄ�?3åÚ&¢�
ã [10−12]. é��Ì^�e�í���5$Ä¯K,

ay©Ú�( [13,14] JÑ
Í¶� QX �§, T�
§�±éÐ/�[í�3��Ì^�e�$ÄL
§. �´, éYer(ÅóÀ�KØ/¤Ån, %m
�kúmuL�©Ùéd?1?Ø. Ü�4� [15]
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Ø�/¤äk­��^, �¿vkéd?1�\�
nØ&?. Ïd, mÐéYer(ÅóÀKØ�/
¤Ån9ÙÚu��zí�$ÄL§�ïÄéY
e�lfN(
�(DÂÔn5Æ�@£äk¢
S¿Â.

2
2
0
 
V

ã 1 Ye�lfN(
XÚ|¤«¿ã

�©�ó�Ì�©�ü�Ü©: Äk, ïá

¢�XÚéYer(ÅDÂ!à��L§9ÙÚ
u��zí�$Ä?1
ÿþ; Ùg, 3¢�y�

�Ä:þ, |^Äu Kirchhoff û�½n�(DÂ
�.Ú QX í�$Ä�§, ér(ÅóÀ��ÅK
Ø«�/¤�Ï9�zí��$ÄL§?1
n
Ø©Û.

2 ¢ �

2.1 ¢¢¢���������

·�ïá
Xe�¢�XÚ±éYer(Å
óÀ�DÂÚà�L§?1*	Úÿþ.

ã 2 �¢�ÿþXÚ�þÀã, TXÚÌ�d
Y�!Ye�lfN(
!ßº|!p��Å!
ØåDaìÚêâæ8!w«Ú�;���¤. Ù
¥ NI êâæ8k�{I National Instmments úi
��¬, ¢�Y�d 3 mm þ�ØCg�Å�
¤,

Y��.ÜÚo±SC
«­\r`, Y�� 2 m,

°Úp� 1 m. �
éý¥��í��«?1*	,

3Y��¥Üüý�m
��dkÅÀæ�¤�
�» 20 cm �ß1I. �lfN(
�àU��í
�dA«g�¤�^=ý¥¡, ��¶� 50 cm (�
ä��� 30 cm), á�¶� 25 cm. �>>4�Ô>
4, >4k - kmYål3¢�¥�½� 2 mm, ¿
>>N� 1 µF, �>>Ø3 12—20 kV ���S�
N�.

ã 2 Ye¢�ÿþXÚ«¿ã
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2.1.1 p��K
�ïÄr(ÅóÀ���à�L§, ·�ï

á
d-11
!«Kßº!
¡Úp��Å
|¤�«KÿþXÚ (�ã 2). äN�{´, 3Y
���ý¦^ ußº 1 �:?� 532 nm Å�
-1ì���µ1
 (ÑÑõÇ 100 mW, 1��
ª TEM00), -1ìuÑ�É1²ßº 1 ò��C
�²11å, ¿BLß1I�ì�ÿþ«�. 3Y
��,�ý, 1�²ßº 2 �3Ù�:?¤�, 2²

¡ñ	¿ÏLßº 3 ?\p��Å (FASTCAM

SA1.1 ., PHOTRON úi, û��Ý� 16 × 104

v/s). ¢�æ^�ßº�åÑ´ 50 cm, �» 10 cm,

Ï 1 � » � u 9 cm. p � � Å � û � « � �
ý ¥ � � í 1 � � : N C 2.7 cm × 5.4 cm �
Ý / « �. d u � Å � û � � m É � � ; N þ
� � �, � 
 ~ � � � � m, · � ; � � � 

� > ^ ¶ - Ý � ò � > u C � (� ¹ TTL ò
� > ´ Ú > u 1 Í). 3 > 4 � p Ø Ñ \ à, ^
©Ø>{ (µC�lfY, ©Ø'�� 2200: 1)

ÚÑ�´&Ò�>uÝ, ²L�ã�mò´2>u
p��Åó�. d�, r(ÅóÀ�Ð��ý¥�
�í�1��:?.

2.1.2 Øåÿþ
�¢yØå&Ò�ÓÚÿþ, ·�3��í

�¶�þÙ�
 5 �ÿþ:, ål>4¥%�å
l©O�: 0.23 m (1#), 0.43 m (2#), 0.64 m (3#),

0.86 m (4#), 0.95 m (5#), Ù¥ 1# ÿþ: u��
íÑ�?, 4# ÿþ: uý¥��í�1�AÛ
�:þ. �lfN�>�)�r(ÅóÀØå&
Ò² PCB138A05 Daì (Tourmaline ICP úi, $
ª�A� 2.5 Hz, ©EÇ�u 1 MHz) æ8�, �´
3êi«Åìþ��w«; ,�´²L NI-482A22

&ÒNn¤��, 2ÏL 8 Ï�� PXI-5105 êâ
æ8k?\>M?1�;, ÿþ���(J�Ï
L Labviewr ^�?1¢�©Û.

2.2 ããã���???nnn

3|^«K{*	r(ÅóÀ�DÂà�L
§�, ·�û��
�zí�$Ä�ì¡, ¿?�

Äu Matlabr ²��ã�?n§S5éÿþì
¡?1?n. ?nSNÌ��)±eA�Ú½:

1) 3í�+¥ÀJ���éÕá¿äk�L

5�í�, ¿±ù�í��¥%À� 100×100 ��
���ã�«�?1©Û; 2) éã�?1�ÝC�,

Uì f = α · xβ (x �Ñ\����Ý�, � α = 1,

β = 2) ��¼ê'X?1ã�Or, ¿^ Wiener

�{éã�?1�mÈÅ±~��µD(�Z6;

3) ^�9{ [16](OSTU) éí�?1�ÛK�©�,

|^ù«�{�±~�d CCD �Å1ì �Úå
��ÅØ�; 4) ¦^��/�Æ?nÃã (�)¦
^ 3 × 3 � “+” .(�Ý
C�, �ÉW¿, £Ø>
.:�) ?ní�ã�, ��ü�ëÏ�í�«�;

5) ^ “Sobel” �fé��í�ã�?1>�uÿ�
�^��� 0 L«�í�>�, ,�éR�ÚY²
��������²þ�±��í��» (^��
L«).

ã 3 $Äí�ã�?nÚ½

�
��í��ý¢�», �I�éÿþì
¡���?1I½. ·�¦^�´�5I½��
{ [17], =ÏL�Ó�m �?®�º�ÔN�
��ÚÔnü �'~'X5��í��¢S�
» (dup��Å�1´R�u�z«�, ·�Ø
�Ä1�ò��5�ÔN/CØ�). �©¦^�
��I½ë�ì¡��Óÿþ �?�ØåDa
ì (�» 10 mm, � 193 mm) ì¡, Daì3ì¡�
�ÝãþLy�çÚ«�, Xã 4 ¤«.

�~��ÅØ�, ·�éÓ�gÿþ� 20 Ì
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ì¡¥Daì�Y²������²þ, �ª��
���I½�� 12.4 ��/mm.

(b)

(a)
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0
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ã 4 p��Kì¡���I½

2.3 ¢¢¢���(((JJJ

2.3.1 r(ÅóÀØåÿþ
3�Ó�ó¹e (¿>>N C = 1 µF, �>

> Ø 18 kV, > 4 m Y 2 mm, Y � > � Ç G =

0.037 S/m, � ¸ § Ý T = 20 ◦C), å l > 4 ¥
% 0.23 m ? (= � � í Ñ � ?), ^ PCB138A05

Ø å D a ì ÿ � � r ( Å ó À Å / X ã 5

¤«.

ã 5 ¤«��lfN(
�)�r(ÅóÀ
ØåÅ/. þãL«>4"àvkSC��í��
�¹. d�, r(ÅÅ
¡�ål¥¥¡*Ð, Øå
Ì���m¥�ê.eü (�Ye�¿�)�ÀÂ
Åaq)[18]. �±uy, r(ÅóÀÅ/¥¿vk/
¤KØ«. eã�>4"àSC
ý¥¡��í�
�r(ÅóÀØåÅ/. �âý��AÛ5�, l
1��: F1 (>4¥%) uÑ�ØåÅ²ý¥¡�
��, ò31��: F2 ?à�. du·�¦^�
��í´�ä�ý¥¡, l F1 ?uÑ�ØåÅò
©�ü�Ü©: �Ü©vk²Lý¥¡��, ùÜ
©ØåÅ3�m¶þLy���Å; ,�Ü©²L

ý¥¡��, ùÜ©ØåÅ3�m¶þLy���
Å (�ã 5). ��Å�éu��Åäk�½��m
ò´, ��ÅØå¸����ÅØå¸��'=�
��à�OÃ G[19], 3��í�Ñ�? G ≈2. �
þãØÓ�´, 3��Å�Øeü� 0 ��Ñy

óÀÅ/�KØ«, óÀKØ¸����Ø¸��
�©��.

ã 5 Ã��íÚk��íü«�¹e�¢�ÿþ�r(
ÅóÀØåÅ/

k<�Ñ (SÜ?Ø), du�NØU«É.A
å, Y¥ØATÑyKØ, Daìÿ��KØ´Ø
åÅ3DaìL¡��E¤� (Ø>¬Nd,«$
{|���	@�K4). �·�@�=¦ØåÅ
3DaìL¡��, �Ø¬²{ 180◦ ��£
/
¤KØ, Ï����({|�Ø�u$�C¤Øå
º�¡ (XY - �í.¡). ¦+Xd, Y¥�KØ
/¤�Ä±EØU�´�e½Ø. �5, ·�^«
K{é��í¶�þØåÅà�L§?1*	�,

3$�ÓP�
�zí�+�$Ä&E. �zí
�+��)Ú$Ä�½§Ýþ|±
ØåDaì
�ÿþ(J, `²Y¥(¢�U�3KØ (XY�
�zK��±�� −20 MPa[20], XJY¥Ø�3
KØ, KéJÏLp��Å*	��zí�+�$
Ä&E).
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2.3.2 �zí���)Ú$Ä

«K{�Ä��n´|^ØåÅ3DÂL§
¥E¤0���Ý6Ä
¦�0��1ò�Çu
)Cz, ¿¦�ÿþã¡¥Ñy�A�²«ÚV«,

ÏL�Öì¡þ�²V«�Cz�±�*/w�
ØåÅ�DÂ�¹ [21]. ã 6 =�ÏL«K{û�
��ØåÅ3DÂL§¥�ì¡Ú���)��
zí�+�ì¡.

Xã 6 ¤«, 3«Kì¡þ, r(ÅóÀ�p
Ø«Ly�àå�²«, $Ø«Ly�;�Ù��
V«. 3óÀ$Ø«��� 50 µs �±*	��z
í�+��) (ì¡¥�ç:). I�5¿�´, �
zí�+¿Ø´3ù��ÿ�)�, 
´3ùã�

mSí�¤��
p��ÅU
©E�Ñ�º�.

í�+¥äk�L5��éÕá�ü�í�
3��ÿþ±ÏS�$ÄL§Xã 7 ¤«.

ã 6 r(ÅóÀDÂÚ�zí��)�«Kì¡

t=0 ms t=13 ms t=25 ms t=38 ms t=50 ms

t=63 ms t=75 ms t=82 ms t=113 ms t=120 ms

ã 7 ��±ÏS�zí��$ÄL§

í�¤�Ú� �ÔnL§�±lã¥�
Ù � w « Ñ 5. � ± u y, d u É � ± � í �
�K�, ü�í�ØU���±¥/$Ä. ~X,

3 t = 82 µs ��, í�3� L§¥Ò��k�
6�). �
¦Y¥ÿþ��KØ�äk`Ñå,

e¡·�òlnØþéY¥KØ�/¤�Ï9�
zí��$Ä?1©Û.

3 n Ø

3.1 rrr(((ÅÅÅóóóÀÀÀ333������íííþþþ���ûûû���

©Û¢�L§9��, ·�uy�´duý¥
¡��í�Ú\¦�ÿþ��r(ÅóÀÅ/¥
Ñy
KØ«. Ïd, ·�knd@���íSL

¡þ�(Åû��A´Y¥KØ/¤�Ì��Ï.

�âk.�m� Kirchhoff û�½n, ���
m,:�(Å�À�d��T*	:�L¡þ�
¥¡(
Úó4f(
uÑ�Å�U\ [22]. ²;
�üÚÅ� Kirchhoff úª�ª�L�ª�

Φ(R) =
1
4π

∫∫
S′

[
∂Φ

∂n

ejkr

r

− Φ
∂

∂n

(
ejkr

r

)]
dS′, (1)

ª¥, Φ L«��Å� £³¼ê, ejkr/r �¥¡Å
���¼ê, R L«
:�|:�m�ål. S′ L
«��|:�?¿µ4­¡�¡È, n �­¡�S
{���. du·�¦^�´�ä�ý¥¡ S, ¤
±�òµ4­¡ S′ À�lý¥¡Ñ��Ã¡��
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­¡ S′′ ��ä�ý¥¡ S �Ú (S′ = S + S′′). �
´, �âË�^�, �±�ÑlÃ¡�?5�Å (S′′

¡þ) é(|��z [23].

r2s

↩a
a



b

zs

r1s

r2s

r1s

r1 r2

z1 z2

z1
z2

d

ã 8 r(Å3ý¥¡þ���AÛ�.

éu��óÀÅ, �ÏL Fourier C�òÙL
«�ª�üÚÅ�U\. �Ñ��íS�g±þ�
��, �±��^(ØL«���Å (lÅÄnØ
��Ý5wA�û�Å) �/ª

P (z, t) =
1
4π

∫∫
S

{
[P ]

∂

∂n

(
1
R

)
− 1

cR

∂R

∂n

[
∂P

∂t

]

− 1
R

[
∂P

∂n

]}
dS, (2)

Ù ¥, [·] L « ò ´ þ � R/c0 � � m ò ´ P Ò,

X [f(t)] = f(t − R/c0). �¦)þª, I���
��íSL¡þØå [P ]S �L�ª (=>.^�).

·�b�l>4?uÑ�r(Å�¥¡*ÑÅ, ²
ý¥¡���òC¤¥¡¬àÅ (�ã 8). Uì
��(Æ��n, ý¥¡þ���Å�(Ø�±
L«�[

P

P0

]
S

= D(zs)
(

1 + ε

1 − ε

)
r0

r2s
f

(
t − R + r1s

c0

)
, (3)

Ù¥, P0 L«ål>4¥%� r0 ?�(ØÌ�, ε

L«ý��l%Ç, r2s � z2 �ý¥¡þ�:�å
l (r2s = a − εzs). D(zs) ���íÑ�¡þ���
5¼ê

D(zs) =
(

1 − ε

1 + ε

)
r2s

r1s
, (4)

ª ¥, r1s � z1 � ý ¥ ¡ þ � : � å l (r1s =

(a + εzs)). f ��m�?¿¼ê, �©æ^�r
(ÅóÀÅ/�/ª� (=Ð©^�)

f(t) = exp
(
− t − t0

T

)
h(t − t0), (5)

ª¥, t0 �å©��, T �P~~ê, h L«��¼
ê. �âý��AÛ5�, é (2) ªmà��?1¦
)¿È©, �±��ý¥��í¶�þ?¿�:�
(Ø�)ÛL�ª [24]

P (z, t)
P0

=Hc(z)f(τc) + H e(z)f(τ e)

+
c0

a

∫ t2

t1

Hw(z, t′)f(t − t′)dt′. (6)

þªL², ý¥��í¶�þ,� �?���
Å(Ødn�Ü©|¤, =
uý¥¡º:���
Å —–“¥%Å”C, 
uý¥¡Ñ�>�þ���
Å —–“>�Å”E, ±9
uº:ÚÑ�>��m�
­¡þ���Å —–“�Å”W. �Å��)´d�
�í�]¡A5Úå�. Ù¥, Hc, H e Ú Hw �ä
N/ªXe

Hc =
(

1 + ε

1 − ε

)
r0

εa − z
, (7a)

H e =
(1 − ε2)[(a + R e)a + (a − d)z]r0

2[a − ε(a − d)][z − εR e + ε2(a − d)]R e
,

(7b)

Hw =
ε(1 − ε2)[(a + Rw)a − zwz]a2r0sgn(z − εa)

(a − εzw)(a + εzw)2(z − εRw − ε2zw)2
,

(7c)

R e =
√

(1 − ε2)(2a − d)d + (z + a − d)2, (7d)

Rw =
√

(1 − ε2)(a2 − z2
w) + (z − zw)2, (7e)

zw =
z2 + (1 − ε2)a2 − (a − c0t

′)2

2z + 2ε(a − c0t′)
, (7f)

τc = t − [z + (2 − ε)a]/c0,

τ e = t − [Re + (1 − ε)a + εd]/c0, (7g)

t1 =


[z + (2 − ε)a]/c0, z 6 z2

[R e + (1 − ε)a + εd]/c0, z > z2

, (7h)

t2 =

[R e + (1 − ε)a + εd]/c0, z 6 z2

[z + (2 − ε)a]/c0, z > z2

.

3 (7h) ª¥, t1, t2 L«�Å W �m©Ú(å�
m. du�3X(§�, 3�:�c (z < z2), ý¥
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¡þ�C¶��/��r(Å���k��*	
:, 3�:�� (z > z2), �l¶��/��r(
Å���k��*	:. XJ*	:TÐ u�:
þ (z = z2), r(ÅóÀ²��í���òÓ��
� (= t1 = t2), (6) ª�Å��È©�", r(Åó
À3�:�ØåÏLeª�Ñ

P (z2, t)
P0

=
(

1 − ε2

2ε

)
ln

(
a + εd/(1 − ε)
a − εd/(1 + ε)

)
× r0

c0

d
dt

f

(
t − 2a

c0

)
, (8)

Ù¥, d L«��í�]�.

3.2 ���zzzííí���$$$ÄÄÄ

Ø�Ä9¡�K�9í��m��p�^, ü
�¥/í����5óÄ�±ÏL QX �§ [13] 5
L«(

1 + Ma +
1
2
Ma2 +

h

C2
+

b

ρ2C4

∂P

∂t

)
RR̈

+
3
2

[
(1 + Ma)

(
1 +

2
3
Ma

)
+

R

3C2

∂C

∂t

]
Ṙ2

=
[
(1 + Ma)(1 + 2Ma) − R

C2

∂C

∂t

]
h

+ R(1 + Ma)
1
C

∂h

∂t
− b

ρ2C2

{[
R

C2

∂C

∂t

− Ma(1 + Ma) − (1 + Ma)2
]

− ρC2 R

C
(1 + Ma)

∂

∂t

(
1

ρC2

)
∂P

∂t

}
,

(9)

Ù¥, R �í���», Ma = Ṙ/C L«êâê,

Ṙ �í�9�$Ä�Ý, þIL«é�m��ê,

C �í�9±��N¥�k��Ì(� (C =

(dP/dρ)s), h L«�N¥�$Äó (h =
∫

dP/ρ),

b ��N�Å9ÑÑXê. ©z [14](3) ª�à�)
ÒS�1��kØ (¦�<M�Ø), �©²c[í
����Xþ.

QX �§�Ä
�N��Ø 5, ·Üé��
Ì^�e�í�$Ä?1¦) [14]. (ÜY� Tait

G��§, n�íNG��§±9í�9þ�>.
^� [25], þª�ÏL 5 � Runge-Kutta {¦).

4 O�Ú©Û

�â 3.1 !¥�O�úª, ·�éý¥¡¶�
þ��Å�DÂÚÅ/üz?1
ê�O�, ¿ò

O�(J�¢�ÿþ(J?1
é', Xã 9 ¤«.

3ã 9 ¥, �ã�¢�ÿþ�(J, mã�O�(
J (ØåÌ�þ�
8�z?n). z �L±ý�
¥%��:����IXe�¶�ål (�ã 8),

z = −0.2 m, z = 0 m, z = 0.21 m ©O�Lål>
4¥%� 0.23 m � 1# ÿþ:, 0.43 m � 2# ÿþ
:Ú 0.64 m � 3# ÿþ: (�c«), z = 0.52 m �
Lål>4¥%� 0.95m � 5# ÿþ: (��«).

ã¥�PÒ C, W , E ©O�L��¥%Å!�Å
Ú>�Å.

�±uy, 3�c« (z < z2) �*	:þ, �
�Å�Ü©���^SØÓ, ¥%Å�k��,

�Åg�, >�Å����. �X*	:�C�
: (z = z2), >�Å�éu¥%Å�ò´�m á.

3�m¶þ, ù��u¥%Å�mDÂ, >�Å�
�DÂ. ¤±, 3��« (z > z2), >�Åò�L¥
%Å�k��*	:. Ù�ÏÌ�´(DÂ�´§
�m�3�É. 3�c«, ��C��í�¶�, r
(Å����@��*	:, 
3��«�¹KT
Ð��.

l��(Ø�� 5w, 3�c«, ¥%Å�
Øå��, �ÅÚ>�Å�Øå�K. �Ò´`,

Ø��í�º: (z = −0.5 m) �	, Ð©Øå�
��r(ÅóÀ (ã 5 þ) 3ý¥¡þ���òu
) 180◦ �� UC
¤�KØ. Ó�, du�ÅÚ
>�Å�Ì� (Hw Ú H e ) 3��:�C�L§¥
ÅìO\, ¤±ÿ��KØÌ��´ÅìO\�.

3��«, ¥%Å¢�u�ÅÚ>�Å, ¿¤��
�ÅKØ«�Ì��zö. Uì��nØ, (Å3
f5¡ (��í�({|��uY) þ���Ø�
3�£. �´lÅÄ�*:5w, ��Å� �U
C�±À�l��íSL¡uÑ�g?Å
¥ó
4f
ÓÌ�/  ((1) ªmà1��) �(J.

5¿�3 z = 0.21 m ?, >�Å��Ñy
#
��g�Ø¸, �â Tanguay Ú Colonius[26] 'ur
(Å3ü�0�¥DÂ�nØO�(J, ùÌ�´
d�zí�+�K�E¤�. du¢�ÿþ^�Y
�¿Ø´m��Y�, ��Å²gdY¡ÚY�9
¡���òéÿþ&ÒE¤Z6, ¤±3ål>4
¥%��?ÿþ����ÅÅ��6ÄÒ�±@
�´ù«Z6&Ò�Ly. d	, 3 z = 0.52 m ?
���«, �,>�ÅnØþATku�Å��*
	:, ��Å�Ì��pu>�Å�Ì�, �â�
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�5DÂ�A (Øå� MPa þ?�r(ÅAT�
Äù«�A), (Ø�p�«�DÂ�Ý�¯. u´

�Åò3>�Å�c��*	:, l
Ñy¢�ÿ
þ����óÀÅ/.

ã 9 ý¥¡��í¶�þr(ÅóÀ��Å�DÂ
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�?�ÚïÄr(ÅóÀÚu��zí�$
ÄL§, ±9��Å�Ü© (�Ø«!KØ«) éí
�$Ä�K�, ·�ò¢�ÿ��r(ÅØåóÀ
Å/ (��Å�Ì�� 7.5 MPa) Úí�·�²ï
��» R0(100 µm) ��Ð©^�, ^ QX �§é
í��$ÄL§?1
ê�O�, ¿òO�(J�
¢�(J?1
é', Xã 10 ¤«. ã¥, :�L
«��í�$Ä°Äå�r(ÅóÀ, ¢�L«í
�$Ä�nØO�(J, � “*” IP�¢�L«í
�$Ä�¢�ÿþ(J. �±uy, 3�m¶þ, r
(ÅóÀ��Ø��5� (X��Å!��Å�¥
%Å), í�òÉ�Ø  (R < R0), AO/, ���
Å�Ø«�ØåÌ��p!±Y�m���, í�
ÉØ �ò3 “O²ï�”(R = R0,q) NC�� (d
��í��»�up��Å�©EÇ, í��ù«
��A�Ã{*	�). r(ÅóÀ�KØ��5
� (��Å��Å!>�Å) í�m©¤�, du�
�Å�Ø�3ér��Ø¸, í��¤�Ø¬É�
��, 3�N.5�^e, í�ò)ä����»,

¿3��m©� L§. í�3)äÚ� �ã�
¢�(JÚO�(JÎÜ�éÐ, ù`² QX �§
(¢UéÐ��[�zí� 3� �Ì ^�e �$
ÄL

ã 10 r(ÅóÀ�^e�zí��$ÄL§

§. ,��¡, í�3r(ÅóÀKØ��^e�
¤LyÑ�$ÄA:kå/|±
Y¥KØ/¤
�ÿþ(J.

5¿�3��¥%Å��� 100 µs, Ñy
�
GZ6&Ò “P ”, l&Ò�)��m5w, ùw,
´í�� ���g(Ë� (�g(Ë��A:9
K�·�3ò3,©?1?Ø).

5 ( Ø

�©ïá
�@ÄuYe�lfN(
�'
ur(ÅóÀDÂÚà��¢�XÚ, ^p��K
ÚØåDaìÿþ��{ér(ÅóÀ�DÂÚ
à�L§, ±9�zí��$Ä?1
¢�ïÄ.

¢�ÿþuy, ý¥¡��í�Ú\ò¦���Å
3DÂL§¥/¤KØ«¿dd
Úu�zí�
+��)Ú¤�.

3 ¢ � y � � Ä : þ, � © ? � Ú | ^ Ä
u Kirchhoff û�½n�(DÂ�.Ú QX í�
$Ä�§, é��Å¥KØ«�/¤�ÏÚ�zí
��$ÄL§?1
ê�O�Ú©Û. ïÄ(JL
², 3�c«, 
u��íSL¡ (º:Ø	) � “�
Å” ÚÑ�?� “>�Å” 3DÂL§¥ò/¤�
�Å¥�KØ«; 3��«, 
u��íº:� “¥
%Å” 3DÂL§¥ò/¤��Å¥�KØ«. K
Ø«�/¤��þ´r(ÅóÀ3k�­¡þû
��(J, ´r(ÅóÀÌ�ªÇ¤©�$��¹
eÅÄA�ÓÌ��Ny. 3��Å�^e, �z
í��$ÄLyÑ
 “�Ø«ÉØ , KØ«)ä”

�A:. 3��Å��, �zí�Ñy
¤�!�
 !£��;.�ÔnL§. �©�ïÄ(Jé­
¡��ªYer(ÅóÀDÂÔn5Æ�@£Ú
U?(
��Oäk¢S¿Â.
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Abstract

In this paper, the high speed photography and the pressure measurement are used to study the propagation and focusing process

of the underwater intensive acoustic pulse which is reflected from an ellipsoidal reflector. The experimental results indicate that the

reflector contribute to both the sound energy focusing and the generation of a negative pressure portion of the intensive acoustic pulse,

and the cavitation bubble cluster will be induced to grow accordingly. Based on the experimental results, a sound propagation model

derived from Kirchhoff diffraction integral and the equation of bubble dynamics proposed by Qian and Xiao [Qian Z W and Xiao L

2003 Chin. Phys. Lett. 20 80; Qian Z W and Xiao L 2008 Chinese Physics B 17 3785] are used to numerically study the propagation of

the intensive acoustic pulse and the bubble motion. The numerical results indicate that the “wake wave” and “edge wave” will evolve

into the negative pressure portion of the intensive acoustic pulse in front of the far focus of the reflector and the “center wave” will

evolve into the negative pressure part beyond the far focus of the reflector. When the bubble is subjected to the reflected wave, it will

be compressed and oscillate periodically during the positive pressure phase, and it will expand during the negative pressure phase of

the incident pulse. And after the reflected wave passes, the typical processes of expanding, collapsing and rebounding can be seen

clearly from the photographs. The research results have practical significance for understanding the propagation characteristic of the

underwater intensive acoustic pulse with an ellipsoidal reflector.

Keywords: underwater plasma acoustic source, intensive acoustic pulse, negative pressure, bubble dynamics
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