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¥5�ÝÈ1¡�;.(�´3 K9 ÀæþÛ7á�, 5¢yé-1�k�áÂ. du�úK��$, î­��

Ù3pU-1XÚ¥�A^. ¢�ïÄ
�p-1Uþ�ÝeÈ1¡��ú/mÚ�úÅn. �ú/m�CzA
�´: �X-1Uþ�Ý�O\, È1¡kÑy�ú:, �±�ú:�¥%�)�«, ��«�ÝÅìC�, �ªë
�¤�GÚ¬G, ���¡È���øá. ïá
"�áÂ-1Uþ,§�¥5�ÝÈ1¡L¡���ú��.,

O�
��L¡�§ÝÚAå©Ù, ?Ø
��L¡Øþ!§,E¤�»�!��Ú¶�9Aå©Ù. nØ©Ûw
«: ��Aå´E¤��÷»��)�«�Ì��Ï. �-1Uþ�Ý�u� 2.2 J/cm2, ,�âf�»�u 140 nm

���,�âf�m�ål�u 10 µm �, �«âU�þë�å5Úå����¡Èøá.

'�c: ¥5�ÝÈ1¡, ,�âfp��ú, ��, �úÅn

PACS: 61.80.Ba, 42.70.−a, 68.35.Rh

1 Ú ó

È1¡�±P~1rÝ, UC1Ì¤©½�½
�Ä¡, ¤±�2�A^u1Æ¢�¥. �´È1
¡3pU-1XÚ¥´4´�ú�, ïÄ§��ú
ÅnéuJppU-1XÚ�5Uk­��¿Â.

È1¡´Û���, §��úÌ�8¥3�� [1,2].

IS	éu,�p����ú�nØïÄkéõ.

Äu,�áÂ�9Å�L§, ����úVÇ�,
��Ý!,�º�!,�Wî�Ý!-1õÇ�
Ý!��þÝÑk�½�'X [3−5]. ±,�âfr
áÂÚ9Ë��.�Ä:, (Ü9D��§!9�
5�§�ïÄuy,�âfp����úL§¥
��Ñy
¬G!�GÚ�G�ú, �ú����
-1Uþ�ÝÚ,�W÷�Ý�k' [6−8]. ±þ�

ïÄó�Ì�8¥3-1�^u��Úå���
��, 
é��L¡�»��«Ú»��«ë�å
5Úå���øá, ����, ÏdéT¯K�ï
Ä´ék7��.

�©é¥5�ÝÈ1¡��ú/m9Ùüz
L§?1
*ÿ, ©ÛráÂ,�âfé���ú
�p��^, ?Ø
-1Uþ�Ý!,�âf�º
�Ú©Ù�ÝéÈ1¡�ú�K�.

2 ¢�Ü©

2.1 ��� ¬¬¬

¥5�ÝÈ1¡´3 K9 1ÆÀæÄ.þ, Û
ØÓ1�Ý7á�, ¦Ù3l��1�Cù	1«
�°ÅãS�±Cq���UþßLÇ.©¥æ^

* I[g,�ÆÄ7­��8 (1OÒ: 60890203),ÜH�E�Æ4à^�Ô�A5¢�¿m�Ä7 (1OÒ: 11zxjk08) ÚoA�Æ�c�
��ïéÄÄ7 (1OÒ: 2009SCU1108) ]Ï��K.
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�´.Ò� GCC-301071 �¥5�ÝÈ1¡. È1
¡þÝ� 2 mm �m, Û�´ Ni-Cr �, Ni Ú Cr �
'~�� 4:1, �þ�� 500 nm, 1�Ý´ 3.0.

,�âf3��¥´2��3�, ´Û�L§
¥Ø�;��, ´��S���f�!, ´���
��ú�Ð©
Þ. Ïd(½È1¡�,�¤©
´�~7��. UÌÿÁ�(Jw«, ���Ì�
,�´ Ti Ú Sr, §�3��¥��þz©'©O
´ 3%Ú 10%.

2.2 ¢¢¢���CCC���

�©¤æ^�¢�C�Xã 1 ¤«. òÅ�
� 1064 nm �óÀ-1²Lü�©1º (ß�ÇÚ
��Ç�'� 8:2) ©¤nå1, �å1²UþßL
Ç� 10%�P~¡�?\1å�þ©Û¤; �å1
²UþßLÇ� 10%�P~¡�?\UþO; �å
1���^3¥5�ÝÈ1¡�L¡, ¿^ CCD

iÿ�úL§, 1å�þ©Û¤!UþO!CCD Ñ
ò&Òx\O�Å?1¢�ÿþ.

¢�¥ÑÑ 1064 nm -1�-1ì�Y�ú
i)�� SGR-10 �NóÀ Nd:YAG -1ì. ÑÑ
�-1ªÇ� 1—10 Hz, óÀ°Ý�� 10 ns, 1å
�»�� 9 mm, 1åuÑ�Ø�u 0.5 mrad, ÑÑ
Uþ�­½Ý�� 2%—3%. Nd:YAG -1ìÑÑ

�-1�pd©Ù, 1å�þ©Û¤ÿ�ÑÑ-1
� M2 Ïf�� 1.45. ©¥È1¡��ú/m´
dÄ�¬úi)�� VHX-600 w�º*	�, U
þ´d Ophir úi)�� PE25 UþO?1ÿþ�,

¢�¥^ He-Ne -15O���1´.

ã 1 ¢�C�«¿ã

2.3 ¢¢¢���(((JJJ

Äkæ^ã 1 ¤«�¢�C�é¥5�ÝÈ
1¡?1
-1�úK�ÿÁ. æ^�ÿÁ�{
´ 1-on-1, �úK�½Â�"VÇ�úK�. ÏL
w�º�äÑÈ1¡��úK��� 0.48 J/cm2.

ÅìO�-1ìÑÑ�üóÀ-1Uþ (1�
¡È�� 4.78 × 10−5 cm2), ²Lõg¢�,·�¦
^w�ºÿ��;.�ú/mXã 2 ¤«.

(a) (c)

(d) (e)

(b)

5 mm 5 mm 5 mm

5 mm5 mm

ã 2 ØÓUþ�Ý E ��ú/m (a) E = 0.8 J/cm2; (b) E = 1.5 J/cm2; (c) E = 5.8 J/cm2; (d) E = 7.0 J/cm2; (e)
E = 10.0 J/cm2

ÏL*	�ú/m��±e5Æ: �-1Uþ
�Ý�$�, ��L¡"Ñ/©ÙX��ØÓ��
ú:, Xã 2(a) ¤«. �X-1Uþ�Ý�O�, �

�L¡±�ú:�¥%�)
�«, m©��«�
á, �5�«C�¿Åìë¤
�G. �´k��
ú:vkÑy�«, k��ú:�,Ñy
�«�
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´�«�á�ØUë�å5, Xã 2(b) Ú (c) ¤«.

�-1Uþ�ÝUYO��, �þ��«ë¤
¬
G, ¬G��÷�«?øá, �øá�¡ÈÅìC
�, Ä.�m©�)�«. �´k��ú:��«
E,vkë�å5, Xã 2(d) Ú (e) ¤«.

3 nØ©Û

3.1 ������SSS���§§§ÝÝÝ©©©ÙÙÙ

lã 2 �±wÑ, È1¡��úAT´d,
�âfáÂ-1UþE¤�. b�-13á�
þ!?/¤�>|´ E0, K,�âf?�>|
� E′ =

3ε

2ε + 1
E0, Ù¥ ε �����é0>~

ê ε > 1, ¤±�3,�âf�/��úK��$,

Ïd�N´�)�ú [9]. Ï� Sr 3,�âf¥¤
Ó�'~���� 77%, �§�£:'��$, ¤
±,�âf'���N´ðz.

b���¥�,�âfÑ´¥G�n��
N, �»� R, Kål,�âfL¡ r ?���
§Ý� [10]

T (r) =
3ελpR2

2Cvi(R + r)Dm

{
(q − m)−1erfc

r

2(Dt)1/2

−(q − m)−1 exp
[
(q − m)r

2R

+
(q − m)2Dt

4R2

]
×erfc

[
r

2(Dt)1/2
+

(q − m)(Dt)1/2

2R

]
−(q + m)−1erfc

r

2(Dt)1/2
+ (q + m)−1

× exp
[
(q + m)r

2R
+

(q + m)2Dt

4R2

]
×erfc

[
r

2(Dt)1/2
+

(q + m)(Dt)1/2

2R

]}
+T0. (1)

O�¥^����Ú,�âf�ëêXL 1

Ú L 2 ¤ «. Ù ¥ p ´ - 1 � õ Ç � Ý, E ´
Uþ�Ý, �¸§Ý T0 = 300 K, q = 3Cv/Cvi,

m =
√

q(q − 4).
� E = 5.8128 J/cm2 �, - (1) ª¥� r = 0,

��óÀ(å�,�âfL¡�§Ý T (0) �,�
âf�» R �Cz5Æ, Xã 3 ¤«. lã¥�±
wÑ: �X,�âf�»�O\, §L¡�§Ýk
,p�ü$, �»L�½L��L¡§Ý´ØU�

����L:Ú£:�, ¤±ã 2 ¥k��ú:
Ø¬�)�«. ,�âf�»3 1.4 µm �, L¡
§Ý���p 4022 K, d�����ú�î­ (±
e©Û�,�âf�»Ñ´ 1.4 µm). 
��»
3 0.42—4.92 µm, 0.17—12.1 µm Ú 0.14—13.4 µm

��S�,�âf�L¡§Ý©O�±����
�£:!L:Ú Sr �£:.

L 1 ���ëê

ëê � ëê �

L: TM/K 1808 9*ÑÇ D/cm2·s−1 0.214

£: TB/K 2991 Ñt' ν 0.312

ü NÈ'9N �59)äXê α/K 11.7 × 10−6

Cν /J·cm−3·K−1 3.8555

þÝ d/nm 500 
¼�þ χ/GPa 199.5

L 2 ,�âf�ëê

ëê � ëê �

+�L: TMSr/K 1042 v�L: TMTi/K 1941

+�£: TBSr/K 1657 v�£: TBTi/K 3533

��NÈ VM/cm3· mol−1 28.38 ü NÈ'9N

1Ìu�Ç ελ 0.63 Cvi/J·cm−3·K−1 1.1426

4500

4000

3500

3000

2500

2000

1500
0 4 6 8 102

T
/
K

E=5.8128 J/cm2

TB

TM

R/mm

ã 3 ,�âf�L¡§Ý�,�âf�» R �Cz

,�âfü NÈáÂ�-1õÇ�L«
� q = 3ηI/4R, Ù¥ η ´,�âf�áÂXê�±
w�~ê, I ´þ!Ëì�-1õÇ, R ´,�âf
��». �,�âf��»���, ü NÈáÂ
�õÇ��, �9*Ñ��%�¯, �,�âf�
9*Ñ���Ý�ué-1�áÂ�Ý�,áÂ�
-1UþÒéJ\È, Ïd§�§,¿Ø´�p�.

�,�âf��»��, 9D����Uþ�,�,

�´,�âfü NÈáÂ�õÇ��,áÂ�-
1UþØv±¦Ù��L:Ú£:, Ïd§�§,
�� [11,12]. ù�ã 3 ¤£ã�5Æ´�ÎÜ�.
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- (1) ª¥� R = 1.4 µm, Uþ�Ý�ØÓ
�, ��óÀ(å�ål,�âfL¡ r ?��
�§Ý T (r) Cz5Æ, Xã 4 ¤«. lã¥�±
wÑ: ål,�âf��, ���§Ý�$. 3å
l,�âf 1 µm ±	, ���§ÝA�ÒØ2C
z
, Cq�¿§. ù�-13��¥�9*Ñ�
Ý l = 2

√
Dt ´�~ÎÜ�. 
��-1Uþ�Ý

� 1.1588 J/cm2 Ú 2.119 J/cm2 �, ,�âfL¡§
ÝTÐ�� Sr �L:Ú£:.

ã 4 ål,�âfL¡ r ?���§ÝCz

3.2 ������SSS���AAAååå©©©ÙÙÙ

3.2.1 ,�âfðz�Aå©Ù
,�âfáÂ-1Uþ±�§Ý,p��u

��9
, ,�9þ2�±�*Ñ. ,�âf¥%
§Ý�p,  	���§Ý�gü$. �,�âf
¥%§Ýpu§�£:� (E > 2.119 J/cm2), ,�
âfáÂ-1Uþ±�u)ðz/¤7áíN, �
)pØ, é���L��)ã��Øå, ¦���
º�àå��. Xã 5 ¤«.

ã 5 ,�âfðz�����«¿ã

er,�âfðz±��)�íN��n�

íN?n, K§÷v [13]

P

(
π

2
ha2

)
=

4πR3

3VM
R′T. (2)

�½þ�©Û��¤É��ØåÚ���p
Ý, �©r�����w�´�»� a, þÝ� d �
��ÉØå P ��^. Kå��¥% r ?����
�pÝ h(r) �L«�

h(r) =
3(1 − ν2)

16χ

(r2 − a2)2

d3
P, (3)

Ù¥, P ´,�âfðz�é���Øå, h ´�
����pÝ, a ´�«����Ý, R′ ´Ê·~
ê 8.31 J/(mol·K). �-1Uþ�Ý� 5.8128 J/cm2

(r = 0) �, d ã 4 � � d � â f L ¡ �§Ý
� 4022 K, dã 2(c) �� a = 5 µm. d�, é
á (2) Ú (3) ª � � , � â f ð z � é � � �
Ø å P = 2.851 × 108 Pa, � � � � º : � p
Ý hmax = 1.21 µm.

� r 6= 0 �, Ø Ó U þ � Ý � � � � � p
Ý h(r) �ål r �CzXã 6 ¤«. lã¥�
±wÑ: éu�«�Ý 5 µm ���5`, ¥%?�
����p, /C��. �X r �O�, ��pÝÅ
ì~�, 3 5 µm ?~�� 0. 
�-1Uþ�Ý�
�, ����pÝ��.

ã 6 ����pÝ«¿ã

du��L¡§Ý�Øþ!©Ù, ¬E¤÷»
�!��Ú¶�ÑkAå©Ù. »�Ú¶�Aå¬
E¤�����, ��Aå¬E¤��÷»��)
�«. ���L¡���Aå�u���|.rÝ
�, Ò¬�)Xã 2 ¤«��«. �����Aå
÷ve��§ [14]:

σr =
χ

1 + ν

(
ν

1 − 2ν
ε + εr

)
,
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εr =
∂h(r)

∂r
+ α(T − T0), (4a)

σθ =
χ

1 + ν

(
ν

1 − 2ν
ε + εθ

)
,

εθ =
h(r)

r
+ α(T − T0), (4b)

σz =
χ

1 + ν

(
ν

1 − 2ν
ε + εz

)
,

εz =
∂h(z)

∂z
+ α(T − T0), (4c)

σr, σθ Ú σz ©OL«»�Aå!��AåÚ¶�
Aå. εr, εθ Ú εz ©OL«»�AC!��ACÚ
¶�AC, � ε = εr + εθ + εz . ���|.rÝ

� σc =
14.7χ

12(1 − ν2)

(d

a

)2[15,16]

, = 2.7 × 109 Pa.

��L¡ εz = 0, Kk

σθ =
χ

1 + ν

1 − ν

1 − 2ν
εθ +

χ

1 + ν

ν

1 − 2ν
εr. (5)

éá (1)—(5) ª, ��ØÓUþ�Ý���
L¡���Aå�ål r �Cz5ÆXã 7 ¤
«. lã¥�±wÑ: ����º:���Aå�
�, 5 µm ?��Aå��, �� 1.0767 × 108 Pa.

3 4.2 µm ?, ��AåCq�u���|.r
Ý 2.7 GPa. ù�ã 2(c) ´'�ÎÜ�. 
�-1
Uþ�ÝØÓ�, ����º:����AåØÓ,

�´ 1 µm ±	, ��AåÒA��Ó. �Xål�
C�, ��Aå´ÅìC��, ¤±��¬lºà
÷»�»�.

3000

2500

2000

1500

1000

500

0

2 3 4 51

E=2.5 J/cm2

E=5.8128 J/cm2

σ
θ
/
G

P
a

σc

r/mm

ã 7 ,�âfðz������AåCz

3.2.2 ,�âf�ðz�Aå©Ù

�,�âf¥%§Ý$u§�£:� (E <

2.119 J/cm2), ,�âfáÂ�-1UþØv±¦Ù
ðz¤7áíN, ��ÒØ¬��½ö���pÝ

é�, d���L¡���Aå� [13]

σθ =
(1 − ν)χ

(1 + ν)(1 − 2ν)
αT. (6)

ØÓUþ�Ý���L¡���Aå�ål r

�Cz5ÆXã 8 ¤«. dã��, ����º:
���Aå��, �Xål�C�, ��Aå´Å
ìC��. 3 1 µm ±	, �����AåA�Ò
Ø2Cz
, Cq� 9.77 × 108 Pa. 
��X-1
Uþ�Ý�O�, �«�ÝÅìC�, �Ñ3 1 µm

±S. ��-1Uþ�Ý�u 0.85 J/cm2 �, Ø¬
�)�«, ù�ã 2(a) ´'�ÎÜ�. �-1Uþ
�Ý� 1 J/cm2, 1.5 J/cm2, 2 J/cm2 �, �«�Ý©
O´ 80 nm, 200 nm, 300 nm, ù�ã 2(b) ´'�
ÎÜ�.

6

5

4

3

2

1

0

σ
θ
/
G

P
a

σc

0.5 1 1.5 20
r/mm

E=0.85 J/cm2

E=1.0 J/cm2

E=1.5 J/cm2

E=2.0 J/cm2

ã 8 ,�âf�ðz������AåCz

3.3 ??? ØØØ

ÏL±þ�©Û�±�Ñ (,�âf�» R =
1.4 µm): �-1Uþ�Ý E < 0.48 J/cm2 �, -1
Uþ�Ý�u����úK�, ��Ã�ú.

�-1Uþ�Ý 0.48 J/cm2 < E < 0.85 J/cm2

�, ��L¡���Aå�u|.rÝ, Ø¬�)
�«, �Uw��
"Ñ©Ù��ú:.

�-1Uþ�Ý 0.85 J/cm2 < E < 2.119 J/cm2

�, ,�âfØ¬u)ðz, ���L¡���A
å�u|.rÝ, ¬�)�Ý�u 1 µm ��«¶
Ù¥-1Uþ�Ý 0.85 J/cm2 < E < 1.1588 J/cm2

�, ,�âfL¡�§Ý$uÙL:, d�d��
,§�)�9AåÓÌ�/ .

�-1Uþ�Ý E > 2.119 J/cm2 �, ,�â
f¬u)ðz, ��L¡���Aå�u|.rÝ,

¬�)�Ý�� 5 µm ��«, d�d��/C�
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)�9AåÓÌ�/ . ��ú:©Ù'��8�,

�«Ò�±ë¤�GÚ¬G, ¬G¥m���Ò¬
l�«?ä�øáe5.

�¡È��øá��)´k�½^��, Ä
k,�âf��»Ú-1Uþ�Ý�k�½��
�, Ùg�ú:�©Ù�Ý��k�½���. X
J,�âf��»�u 140 nm ½ö-1Uþ�Ý
�u 2.119 J/cm2 �, ,�âf�L¡§ÝÒÃ{
��Ù£:ÒØUðz, ��ÒØU�)����
«. XJ�ú:©Ù��©Ñ, �,z��ú:Ñ
¬��»�, �´du�«��Ý´k��, ��
�� 5 µm �m, ����ú:�±��ú:�m
��u 10 µm �, Ò¬E¤�«Ã{ë�¤¬G,

�ÒØ¬k¬G���øá.

4 ( Ø

�©ïÄ
¥5�ÝÈ1¡3ØÓUþ�Ý
�B¦-1óÀËìe, L¡����úA5, �
�Xe(Ø:

1. ¥5�ÝÈ1¡��ú´du7á,�â
fé-1�ráÂE¤�. ,�âf Sr �L:Ú
£:'��$, ´E¤L¡���ú�Ì��Ï.

Ù¥�»� 1.4 µm �,�âfL¡§Ý�p, ��
��ú�î­.

2. 7á,�âfé-1�ráÂ¬E¤��
L¡Øþ!�§Ý©Ù, l
�)
9Aå. �
��L¡���Aå�u���|.rÝ�, �
�Ò¬÷»�»��)�«. b�,�âf�»
� 1.4 µm �, ��Aå�ûu\�-1Uþ�
Ý: ��u� 2.2 J/cm2 �, ,�âfp§�A¦
����)�«, Ù�«�á, �u 1 µm; ��u
� 2.2 J/cm2 �, ,�âfu)ðz, p§íN)ä
�A\ì
�«�O�, �«�Ý�� 5 µm. ed
���,�âf�m�ål�u 10 µm �, �«Ò
ë�¤�GÚ¬G, ���¡È���øá, ù�
´È1¡�úÅì\ì�L§.

3. ¥5�ÝÈ1¡��ú´du7á,�â
fp��)�, ¤±�
~�È1¡��ú, 3�
EÈ1¡�L§¥A;�,�âf�Ú\, AO´
�» 1.4 µm �m�,�âf. �-1Uþ�p�,

�±3È1¡c\*åC�. ÏL*å��{��
���1�, ¦�^uÈ1¡�Uþ�Ýü$, ±
d5~�È1¡��ú.

±þïÄ(JkÏué¥5�ÝÈ1¡3r
-1�^e��úL§?1n).
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Abstract

The typical neutral density filter is a metal film plated on a K9 glass to achieve the effective absorption of laser. Its lower

damage threshold severely restricts its application to high energy laser systems. Experimental study on damage morphology and

damage mechanism of filter in a higher laser energy density is carried out. The variation characteristics of damage morphology are

as follows: with the increase of laser energy density, damage spots first appear on the filter, then develop into cracks, and the cracks

grow gradually longer and eventually connect into linear and block forms, resulting in a large area of film dropping off. A model of

defect absorption leading to film damage on neutral density filter is established. And temperature and stress distributions on the film

surface are calculated, separately. The inhomogeneous temperature rise on film surface leads to radial, hoop and axial thermal stress

distributions. Theoretical analysis shows that cracks along the radial direction are caused by hoop stress. When laser energy density

is larger than about 2.2 J/cm2, impurity particle radius is larger than 140 nm and the distance between impurity particles is less than

10 µm. A large number of cracks can connect together to cause a large area of film to drop off.

Keywords: neutral density filter, impurity particle-induced damage, film, damage mechanism

PACS: 61.80.Ba, 42.70.−a, 68.35.Rh

* Project supported by the Major Program of the National Natural Science Foundation of China (Grant No. 60890203), the Open Foundation of
Laboratory for Extreme Conditions Matter Properties (Grant No. 11zxjk08), and the Research fund for the Young Teachers of Sichuan University,
China (Grant No. 2009SCU11008).

† E-mail: hjh scu@163.com

076102-7


