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o< x§� �� Ü! �Y0† f©È

( B²�ÆB²�1>fEâ9A^:¢�¿, B� 550025 )

( 2011 c 5 � 6 FÂ�; 2011 c 11 � 4 FÂ�?Uv )

|^N Q � Nd: YAG -1ìÑÑ�B¦-1óÀp��lfN\ó�=�Ï�, w�ºe*	�Ï��Ý�
� 4 mm, Ï�±�vkuy9�«, �7Ï�S9�)
�z�. ïÄ
B¦óÀe�Ná��ú�>lÅn. Å
�� 1064 nm, 1rØér�B¦óÀ�^�, 1ÆÂB¥�lfN�/¤Ì�´È�>l�(J, |^È�ÂB�
K�nØ��
�lfN/¤�., ¦Ñ
�lfN/¤��, nØ�.(J�¢�(JÄ��Î. ��Äu-1|
±��ñÅ�., |^6NåÆnØ¦Ñ
�lfN�§Ý!�Ý!Ør�A�ëê, ¿©Û
�Ï��A:. p
§pØ��lfN�¡Ñ�=�Ï�, �lfÏL�, 3ÀÂÅØå�^e�Ï�S9Lz��=v�/¤�z�.

'�c: �lfN, �Ï�, È�>l, -1|±��ñÅ

PACS: 52.50.Jm, 52.40.Hf, 61.80.−x, 52.35.−g

1 Ú ó

�/B�Ï���Eâ´IS	�B�Eâï
Ä�9:, ®�2�A^uzÆ©Û!É�©Û!
ø�Ø0Ø� (DNA) ©Û!�.>fÅ�XÚ�
�¡ [1,2]. DÚ�Ï�\ó�{k>få�¡!
�Alf�¡�, �´ù
�{ó²[B!Ñ�
õ [1]. �X-1Eâ�uÐ, -1�\ó�5�É
�<��À. -1\ó�Ï�Ì�k9\ó{Ú
p��lfN�¡{ [2], Äu-1�lfN\ó�
�Ï�S91w, \ó�Ý¯, A^d�4�. �=
äkß15Ð, éb	�áÂ�, zÆ5�½�
A:, ´�«éÐ��Ï�á�. 'u-1p��
lfN\ó�=�Ï��ïÄ¿Øõ. �Y0� [1]

JÑ
N Q � Nd: YAG -1ìÑÑ�B¦-1ó
À (Å�� 1064 nm) p��lfN\ó�=�Ï
���{; �[u� [3] é\óL§¥��lfN
1Ì?1
©Û, @��lfN3Ï�S�rf±
9���Ï�íØk'; ¾ç � [4] æ^�ªE
â (�ª1Å�� 532 nm) �¦Ï��Ý� 8 mm.

ù
��¥, �é�Ï��/¤�
½5�£ã,

¿vJÑäN�nØ�.. ïÄ-1p��lfN
\ó�=�Ï���úÅn, lnØþ©Û�Ï�
�/¤L§, lUõ�Ï��\ó�þ, äk
��nØ�A^¿Â.

-1�Ô��p�^´���~E,�L§,

éõÆöéÙ?1
ïÄ, Ù¥�þïÄõ8¥
u-1�lfNéÔ���ú [5−16]. põÇ-1
�^uá��, á�áÂ1Uu)§Ý,p!
Lz!íz�y�. �-1õÇ�Ýv
��, /
¤p§pØ��lfN, �lfNáÂ-1Uþ,

�	)ä, /¤-1|±�áÂÅ (laser supported

absorption wave, LSAW) ½ÀÂÅ [8,14], ¿éá�
�)ÀÂ�^. éuá��-1�únØ�.®k
NõïÄ, á�u)1ÆÂB�ÅnkÈ�>l!
õ1fáÂ�, �±|^ù
Ån�ÑØÓ-1
ëê^�eá��ÂBK��. [9−12]. �©|^
N Q � Nd: YAG -1ìÑÑ�B¦-1óÀp�
�=�lfN\ó�=�Ï�, l�Ná��ú�
>lÅn!Äu-1|±��ñÅ (laser supported

detonation wave, LSDW) �.ü��¡©Û
�Ï

* B²��¬uÐô'Oy (1OÒ: `�Ü SY[2010]3037 Ò) ÚB²��ÆEâÄ7 (1OÒ: `�Ü J i [2010]2103 Ò) ]Ï��K.
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��/¤ÅnÚA:.

2 ¢ �

2.1 ¢¢¢���CCC���

¢�C�Ì��)-1\óXÚÚ*ÿÿ
þXÚüÜ©. æ^Xã 1 ¤«�-1\óX
Ú, Ù ¥ - 1 ì ´ É Ç � u - 1 � E k � ú i
) � � DPSS-50 . ( 1 N Q � Nd: YAG - 1
ì, ¢�¥ÑÑÅ�� 1064 nm �Äª1, -1
EªÇ (�N) ��� 2000 Hz, ó° (�N) �
�� 140 ns, -1óÀ´Ä�pdóÀ, óÀU
þ�� 1.7 mJ. T¢�3�í�¸e?1, -1
ìd>M��. -1å²LO�×£�, 2²�
�å� 100 mm �à�ßº (�:?1�º��
� 400 µm2, = 1/e2 rÝ?�»�� 12 µm) ¬à
\��LK�=�¬L¡?1\ó. LK�=�¬
´þ°�M1ÆÀæ¤ìk�úi)��8¡�
1�LK�=á�N. ^u*ÿ�´þ°1Æ¤ì
8�)�� BM-13 .F1w�º.

ã 1 -1\óXÚ

2.2 ¢¢¢���(((JJJ

-1ìÑÑ�-1óÀà���¬L¡, |^
-19\ó{ýk3ÑÑ¡/¤��ú:, ,�-
1óÀà�\��T�ú:, E�óÀËìep
��=�)�lfN, �lfN\ó��=�Ï�
3 BM-13 .F1w�ºe*ÿ. ²Lõg¢�, �
Ï��Ý� 2—4 mm, Ï��»�� 70 µm. Ï�
\��Ï�¥Ü�Ï��»Ä���, ,��XÏ

��Ý�O\, Ï��»Åì~�. ã 2(a) ¤«�
Ï�\�?�w�ã, �7Ï�S9�)
�z�,

ã 2(b) ´����Ü©Ï�. ÏLw�º*	�
�, Ï�S9o÷Ý$, Ï�±�vkuy9�«.

ã 2 �Ï�w�ã (a) �Ï�\�; (b) ����Ü©Ï�

3 nØ©Û

3.1 ���ÏÏÏ���///¤¤¤LLL§§§���ÅÅÅnnn©©©ÛÛÛ

-1óÀà��\���=�¬L¡, ÑÑ¡
'Ñ\¡�´»� [1,17,18]. |^ÑÑ¡\ó{ý
k/¤��ú:, -1óÀà�\��T�ú:,

du�3"�, �úK�ü$ [8,17,18], á�áÂ-
1Uþ�§Ý,pLKíz, �í3-1óÀ
�^eu)>l, >fÏL_Ü�Ë�áÂ1f
u)È�>l, �à�«S�gd>fê�Ý��
/¤�lfN¤I���.�Ý�, B�)1ÆÂ
B [9−12], d�, �lfNéu-15`C�Øß²,

=é-1å
¶-�^. �lfNáÂ�Y-1
óÀUþ, /¤p§pØ��lfN, �	)ä, /
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¤ LSAW[8], ¿éá��)ã��ÀÂ�^, ¦Ù
C/½ä�, lü$�=��úK�, ��lf
N�¡á�Jø^�. ���Y-1rÝÚUþU
�±�=�lfN, �=�lfNò�¡�=, �
�lfNÏL�, Ï�S9�LK�=�z, l
�¡ÑS9'�1w��=�Ï�. �-1rÝØ
U�±�=�lfN�, �lfNòK«, Ï�\
óÊ�.

3.2 ---111óóóÀÀÀ���111rrr©©©ÙÙÙ

pd-1óÀ�õÇ/ª� [6,7]

P (t) = Pmax exp[(−4 ln 2)(t/τp)2], (1)

ª¥ t ��m, τp ��Å�4�óÀ°Ý (FWHM),

� T0 �óÀ�°Ý, K τp = 1.665T0, Pmax �
óÀ�¸�õÇ, �óÀUþ�'X÷v Ep =

1.064Pmaxτp.

à��pd1å, 3a|�Ý��½�:NC
�1å�»� [7,19]

w(z) = w0

(
1 +

z2

z2
R

)1/2

, (2)

ª¥ z �¶� �, zR = n0πw
2
0/λ �a|�Ý, n0

�0�ò�Ç, λ ´-1Å�, w0 ´���».

�mpd1å3î�¡�|©Ù÷vpd©
Ù, �Xål1å¥%�»�O\, 1r~�é¯,

pd1åØÓ �î�¡�1r� [19]

I(r, z) =
2P

πw2(z)
exp

(
− 2r2

w2(z)

)
, (3)

Ù¥ r �»� �, P �pd1å�õÇ. B¦ó
À�, d (1) Ú (3) ª�Ñ-13ØÓ��ØÓ �
�1r©Ù

I(r, z, t) =
2Pmax exp[(−4 ln 2)(t/τp)2]

πw2(z)

× exp
(
− 2r2

w2(z)

)
. (4)

3.3 ���NNNááá������úúú���>>>lllÅÅÅnnn

põÇ-1óÀì��Ná��, ¬u)1Æ
ÂB, /¤�lfN, Ù>lÅnØ
9>l	, Ì
�kü«Ån. Ù�´õ1fáÂ: �f¥�>f
áÂ�½ê8�1f�, Ùg�Uþ�u>l¤I
��Uþ, l�øåP¤�gd>f. e�f>

l¤I�>lU� ∆E, õ1f>l¤I����
1fê [10]

k = int
(
1 +

∆E

~ω

)
. (5)

Ù¥ int L«��, ~ ��zÊK�~þ, ω �-1
�ªÇ. éuLK�= (SiO2), Ù>lU�� 9 eV,

éuÅ�� 1064 nm �-1, I�áÂ 8 �1fâ
U/¤��gd>f. õ1fáÂ�)�gd>f
�Ý��m�Cz=õ1f>lÇ [10,20]( dN

dt

)
mp

=
2ω

9π

(m′ω

~

)3/2

× exp(2k)Φ

(√
2k − 2∆E

~ω

)

×

(
e2

16m′∆Eω2cε0n0
I

)k

, (6)

Ù¥, N �>f�Ý,
( dN

dt

)
mp

�õ1f>l�,

m′ �>f�z�þ (��>f�þ m ���), I

�1r, c ý�¥�1�, ε0 �ý�0>~ê, e �
>f>Ö, k �d (5) ª¦Ñ���1fê. Φ(x) L
« Dawson È©

Φ(x) = exp(−x2)
∫ x

0

exp(y2)dy. (7)

| ^ ¢ � ¥ � ë ê ¿ d (4) ª ¦ Ñ ¸ � 1 r
� 6 × 1013 W/m2, �\ (6) ª¦Ñõ1f>lÇ
� 2.8 × 104 s−1·m−3. éu 140 ns �óÀ, õ1f
>l�gd>fé�, Ù�Ï´1rØv. Ù�´
È�>l: à�«S�gd>f (á���du"
���3�!9>l�)�!õ1f>l�)�
Ð©>f) áÂ1fUþ�\�, \���>fÓ
�fu)-E¿òÙ>l, /¤ü�$ÄU�gd
>f, #)¤�gd>fqáÂ1fEþãL§,

��>f�Ý:ìO\, =È�>l. ÙÈ�>l
Xê [10]

η =
1

ω2τ2 + 1

(
τe2I

n0cε0m∆E
− mτω2

M

)
, (8)

Ù¥ M ��f½©f�þ, τ �>f²þ-E�
m, éu�Ná� τ = 10−15 s[9].

1ÆÂBL§¥Ø
õ1f>lÚÈ�>l,

�¬��>f9*ÑÚ>f - lfEÜ��Ñ, K
>f�Ç�§ [9,10]

dN

dt
=

( dN

dt

)
mp

+ ηN − gN, (9)
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Ù¥, η �È�>lXê, g �>f�ÑXê, �¹

>f�2(Ü!*Ñ��Ñ�>f�Ç. �âØ
Ó�-1ëê, ©z [9,10,15] |^>f�Ç�§¿
3�Ñõ1f>l½>f2(Ü�Ñ��¹eO
�
1ÆÂB�K�, ©z [13] Ó��Ä
õ1f
>lÚ>f�Ñ��¹ïÄ
�¦-1�¡�=
�»�K�.

éu1rØ´ér�B¦-1óÀ, õ1f>
l�)�>fêé�, È�>lu)±�, È�>
l�)�>f�Ý��uõ1f>l�)�, È�
>låÌ��^, K�±�Ñõ1f>l. ùp·
�XïÄÂBK�. >f�Ñ3ÂB��½!
P~Ïâ²w, Ø�Äõ1f>lÚ>f�Ñ��
¹e (9) ªC�

dN

dt
= ηN. (10)

5¿�-1óÀ´pdóÀØ´Ý/óÀ, η Ø
´~ê, (10) ª�)�

N = N0 exp
( ∫ t

0

ηdt

)
, (11)

Ù¥ N0 ´Ð©>f�Ý, �gd>fê�Ý�
� Nc (1020 cm−3)[10] �, u)1ÆÂB, /¤p§
p�Ý�lfN. 3©z [9, 10] ¥, ò η w�~ê
?n, ù��â (11) ª�� Nc éA��K�È�
>lÇ ηc, 2�â (8) ª��éA��K�1r. ù
p·�¦^�´pdóÀ, η Ø2�~ê, ù�ØU
äNO�ÑK�1r, �´�â1r©Ù¼ê, �
±¦Ñu)ÂB� �, �ÂBu)3-1óÀ(
å� (ó°� T ′), dÈ�>lÈ\�gd>f�
õ, ò (8) ª�\ (11) ª��

∫ T ′

0

Idt =
1

τe2

[
ln(Nc/N0) +

mτω2

(ω2τ2 + 1)M
T ′

]
× [(ω2τ2 + 1)mcn0ε0∆E]. (12)

þª·^u?Û/ª�óÀ, 5¿�1r (4) ª´��mÚ ��'�¼ê, ò (4) ª�\ (12) ªÈ©¿
- r = 0, ��ÑÂB�¶����

zmax =

√
2.128τe2pmaxτpz2

R

mcn0ε0∆Eπw2
0[ln(Nc/N0)(ω2τ2 + 1) + mτω2T ′/M ]

− z2
R. (13)

�â¢�ëê, ¿�Ð©>f�Ý [11] N0 = 108 cm−3, O�Ñ1ÆÂB���ål zmax = 1.8 mm.

�â (4) ªÚ (12) ª�¦ÑØÓ � z ?ÂB�»���ål

rmax(z) =

√
−w(z)2

2
ln

{
w(z)2(ω2τ2 + 1)mcn0ε0∆Eπ

2.128τe2pmaxτp

[
mτω2

(ω2τ2 + 1)M
T ′ + ln

(Nc

N0

)]}
. (14)

0 0.4 0.8 1.2 1.6
-40

-20

0

20

40

z/mm

r
/
m
m

ã 3 �lfN«�©Ù, ¢��pd1å1��», J��
¤/¤�lfN�>.

ã 3 ´�â (13) Ú (14) ª¼��-1�lf
N/¤�«�©Ù, �I":�à��:, ã¥¢
��pd1årÝü�¥%rÝ 1/e2 �1��»,

J� �´d (14) ª¦Ñ��lfN�>., J�
¤��«�´�lfN/¤��m«�. dã 3 �
�, �lfN�/G��Ï�/GÄ���, Ï�
\��Ï�¥Ü��lfN�»Ä���, ,��
X�Ï��Ý�O\, �lfN/¤��Åì~�.

T�.¦Ñ��lfN���3¶�Ú»�Ñ�
u�Ï���, ¢�¥�Ï��Ý�� 4 mm, Ï�
�»�� 70 µm, �.¦Ñ��lfN���Ý�
� 2 mm, �lfN���»�� 35 µm. ·�@�,

�Ï�´d�lfN�¡¤, p§pØ�lfN
áÂ-1Uþ�	)ä/¤ÀÂÅ, 3ÀÂÅ�^
e�lfN�¡/¤��Ï��u�lfN��
�.,��¡, �lfN/¤�, �±�lfN�K
�AT�u�lfN�Ð/¤K�, @od�lf
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N�¡��Ï�AT�u�.¦Ñ���. ,	,

�â (8) ª, þã1ÆÂB�.¥�È�>lXê
É��«ëê�K�, ~XÙ¥�>f²þ-E�
m τ �íØ�3��'X [9], ¤±þã�.�3X
�½�"�, k�?�Ú?�.

3.4 LSDW ���...

�lfNáÂ-1Uþ�, �	)ä, ò/
¤ LSAW, �«´±æ(�DÂ�-�Å (laser sup-

ported combustion wave, {P� LSCW), ,�«´
±�(ÅDÂ� LSDW[8]. éu 1064 nm �-1,

-1|±��ñÅ�K�� [8] 108 W/cm2, |^ (4)

ªO�Ñ¢��à�?õÇ�Ý� 109 W/cm2, �
u�ñÅ�K�, áu LSDW, Ïd·�^ LSDW

�.5?Ø�lfN. 3ëY�-1óÀËìe,

�Ñ LSDW ���P~�A [8], ã 4 � LSDW �
�(�«¿ã. �\�-1õÇ�Ý I0(d (4) ª
�Ñ), v1 � LSDW ��Ý, v2 � LSDW Å�âf
�Ý (=�lfN�Ý), p2 � LSDW �)ä3q
þ�)�Ør; p1, E, ρ1 � LSDW Å�íN (�l
fN) �Ør!'SUÚ�Ý; p0, E0, ρ0 � LSDW

ÅcíN�Ør!'SUÚ�Ý. ò�lfNÀ�
n�íN, KØr!�Ý!SU÷vG��§ [8]

U = p/[ρ(γ − 1)], Ù¥ γ(γ = 1.2) ´�lfN
�ý9Xê, � LSDW c�íN�Ý÷v [8,21]

ρ1 = ρ0(γ + 1)/γ, �í�¸e LSDW p0 ��u p1,

E0 ��u E, p0 Ú E0 �Ø�Ä. d6NÄåÆ�
§|)Ñ LSDW 9�lfN�A�ëê [8,21−23]

v1 =
[
2(γ2 − 1)

I

ρ0

]1/3

, (15)

p1 =
[2(γ2 − 1)]2/3

γ + 1
ρ
1/3
0 I2/3, (16)

E =
γ[2(γ2 − 1)]2/3

(γ + 1)(γ2 − 1)
ρ
−2/3
0 I2/3. (17)

d'SU�§Ý�'X��Ñ�lfN�§Ý

T =
M2

m(γ − 1)E
R0

, (18)

Ù¥ Mm ��lfN���þ, R0 �íN~ê. �
lfN�Ý

v2 =
v1

γ + 1
, (19)

Ù¥ I = I0 − ψp − ψl, ψp ��lfN�Ë��Ñ,

ψl �-1ÏL LSDW �Ë��Ñ, eØ�ÄË�

�Ñ, K I = I0.

-1��=�p�^/¤�lfN�L§¥
¬é�=q¡�)Øå, Ì��¹1Ø!��Ô
�/¤��ÀØå!±9��Ô�áÂ-1U
þ/¤�lfN��	)ä3qþ�)�Øå,

= LSDW Úå�Øå. Ù¥cü«Øå�~�, �
±Ø�Ä, �lfN/¤ LSDW du)ä3qþ�
)�Ør� [8,21−23]

p2 =
(γ + 1

2γ

) 2γ
γ−1 [2(γ2 − 1)]2/3

γ + 1
ρ
1/3
0 I2/3. (20)

ã 5 ´ LSDW ±9�lfN�Ý�A�ëê
3�lfN«��Czã. Ù¥ã 5(a) � LSDW

��Ý©Ù, ã 5(d) ��lfN�Ý©Ù, �	)
ä����Ý��A�Z�z¦; ã 5(b) ��lf
N�Ør, ã 5(e) ��=q¡É��Ør, ��Ø
rp�AZ��íØ; ã 5(c) ��lfN�'SU,

ã 5(f) �d'SU����lfN§Ý©Ù, §Ý
p�A�m, p§�lfNv
�¡�Ï�. dã 5

��, l�:�C, �lfN��Ý!ØrÚ§Ý
Ñ�r. �lfN/¤�, -1òØ��=���
^, ´d�lfNò�=LKíz, ¿áÂ-1
Uþ/¤�lfN, �¡�=�Ï�. �lfNÏ
L�, S9Lz��=3ÀÂÅ�^e�z, ò/
¤�é1w�S9�z�, w�º*	Ï�±�v
k9�«. ·�@�, S9/¤��z��U´�
��, Ï� LSDW �)äé�Ï�S9ò�)Ø
å, ò¬¦S9�=�z���, 'uù:·�ò
�?�ÚïÄ.

ã 4 LSDW ��(�«¿ã

�Ï�\óL§¥, �lfN/¤c, -1�
���=�^, ¦�=LKíz, �lfN/¤�,

-1Ø���=�^, ´d-1!�=�lf
N!�=nö�p�^. �lfN)ä¬���l
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fNÀÂÅ�^, ù�L§C��E,, ÀÂÅ3
�lfN�¡�=�Ï��L§¥å�
9Ï�
^, ÀÂÅé�=�)��ÀØå¦Ù�ú, k|
u�lfNé�=��¡. Ïd�±ò-1\ó�
=�Ï�©��=LKíz!�=�lfN:-
/¤!�lfN)ä (ÀÂÅ�)) Ú�lfN~
fK«ùo�L§. d1ÆÂB�.���:-K
�U
éÐ/A^u�lfN/¤, �´�lfN

�)äÚ�±K�AT$u:-K�. @o, d1
ÆÂB�.����lfN���ud�lfN
�¡/¤��Ï���. lc¡?Ø� LSDW �.
¥�±�Ñ, -1�õÇ�Ýé�lfN�/¤±
9�Ï��ÝåX���^. �lfN)ä��
±�mû½
�Ï���Ý, ·�ò3±þ1ÆÂ
B�ÀÂÅ�.�Ä:þ, é�±�lfN9ÙK
�Ï��?�Ú�ïÄ.

ã 5 LSDW ±9�lfN��Ý�A�ëê3�lfN«��Cz (a) LSDW ��Ý©Ù; (b) �lfN�Ør; (c) �
lfN�'SU; (d) �lfN�Ý©Ù; (e) �=q¡É��Ør; (f) �lfN§Ý©Ù

4 ( Ø

�©3¢�þïÄ
B¦-1óÀp��l
fN\ó�=�Ï�, \óÑ��Ï�3w�ºe
vkuy9�«, \ó�Ý¯, �Ý�� 4 mm, �
7Ï�S9/¤
�z�. ©Û
-1p��lf
N\ó�Ï��Ä�L§, ïÄ
B¦óÀe�N
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Abstract

A Q-switched Nd: YAG laser was used to fabricate micro channels in the fused silica substrate by laser-induced plasma. The

micro channels were observed with fluorescence microscope, no thermal cracks around the channels and the depth of the channels is

up to 4 mm. There are coagulation layers around the inner surface. We studied the ionization mechanism of optical breakdown in

solids by nanosecond laser pulses. For the 1064 nm laser, as the intensity of nanosecond pulse is not enough large, plasma formation in

optical breakdown is the result of an electron avalanche process. We got the plasma formation model using the breakdown threshold of

avalanche ionization and calculated the range of laser plasma based on the model. The theoretical analysis based on the model is shown

to be mainly agreement with the experimental observations. The laser-supported detonation wave (LSDW) based on the principle of

hydrodynamics was analyzed as well and calculated the characteristic parameters of plasma including the plasma temperature, pressure

and velocity. The characteristics of micro channels were analyzed through the parameters. When the plasma passed, the melting quartz

solidified with the effect of LSDW and produced the coagulation layers. The ablation of the high temperature and pressure plasma lead

to a micro channel of high quality with a relatively smooth internal surface and no thermal cracks.

Keywords: plasma, micro channels, avalanche ionization, laser supported detonation wave
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