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L�=æL¡yèé\�-1�C|N�´��1Æ��$K��ú�Ì�Ï���. ^n���k��©
�{ïÄ
ëYî�yè�C|©Ù, é'
kb�¡�1w�¡|N���É, X&?
1|N��yè°
�' R �'X. ïÄL²: �¡��1w�¡kÏu~fC|N�, ùayè� R > 10.0 �N��f��p�C,

R < 5.0 �N�wÍOr. � R � 1—3 �, æL¡�N�����, ��>|Ì��\�ÅÌ�� 4.3 �. � R

� 1.0—3.5 �, "�NCk 80%±þ��:���>|Ì��L\�ÅÌ�� 2 �. �X�Ý�O�, r|«äk
²w� “ªÇ�A”: uyè�e��r|«Äk �müý£Ä, ,�£��Ô�.¡±9Y².¡, Ó�û)
Ñ�õ^Or�p���æL¡��1|Or.

'�c: î�yè, ��¡, ��k��©, -1Ëì

PACS: 42.60.Jf, 42.62.−b, 42.70.Ce, 52.57.−z

1 Ú ó

3�.põÇ-1XÚ¥, �=á��2�A
^ußº!I�Ú¶-¡�, ÙL¡½æL¡�
yè!,�9á�(�"�E¤�9»�Ú|»
�´p�r-1Ëì�ú�Ì�Ï� [1,2]. �=
��3ï�!�1�\óL§¥, �1® (Ï~æ
^ ZrO2 ½ CeO2) �L¡�>/¤�ØAåCq¥
¥é¡©Ù, XJæL¡÷X¥�»��m�, /
¤�yè¡»�yè, XJR��»p�"�, K
/¤î�yè [3,4]. yèÏLé\�-1�N�Ú
å|Or��1Æá���ú, �ú��u)Ò
¬ü$���ßLÇÚ1å�þ, �)ÅcÆC,

K����þ. �ú:�¬é1|?�Ú�)N
�, ¦ei���)#��î��ú, ù´��
�5Ì� [5]. �
ò��ú�u), L�=��3
¦^cÏ~æ^ HF �Ú NH4F �ÀM� (�þ©
ê©O� 1%Ú 15%, pH≈5) E��¡, |^ HF �
� SiO2 �A@¡KL�=L¡��1�ÚÜ©æ

L¡"� [6], ¿é�1�e¡�yèå�ðz�
^. ïÄL², �¡ 10 min äk�Ð�Jp-1�
úK���J [7,8].

éuæL¡yè���¡, Wong � [4] ^k
� � © { ï Ä 
 y è / m � � ¡ � m � C z,

Suratwala � [9] K^���þ=£�.�[
T
/mCz. yèé1|�N��æ^��k��
© (FDTD) �{?1�[ [10],�À� [11] ^ FDTD

ïÄ
�����/Ún�/yè, �Ñ°Ý� 2λ

�º�é>^|N��^�²w. s7J� [1] ò
î�yè{z��¡�n�/!��k���n
�yè, �Ñ°�'3 0.5—1!�Ý�L 1 µm �
yèé1|�N��²w. ©z [1,11] æ^ FDTD

�{�[�Ì�¯K´�.Lu{ü, vk�Ä°
�'�¢SCX¡, �vk�	��¡L§éyè
/mE¤�K�. �©l¢�(JÑu, ïá
î
�yè�n��., |^n� FDTD �{, é'

�¡c�æL¡�1|©Ù, &?
��5î�y
èé1|N��°�'�A, F"U�L�=æL
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¡î�yèp�|��ú�¯KJø�½�þz
�â.

2 ï��O��{

À� Corning 7980 .L�=�¬, ²�(�
W ! Ë °/` � � E E � ¿ À � �, � \ pH≈5

� HF ��ÀM�¥?1�¡. �¡�¤�á=

�Ñ, ×�^�lfYÀW, ,�^ÃY¯U?1
øY. é�¡c�L�=æL¡Ó�yè�Ó�ã
«�^ XEI-100 .�fåw�º?1*ÿ, ¤�(
JXã 1 ¤«. lã 1 �±wÑ: �¡c���¡
¥ékb�n�/, ² 10 min �¡��¡ªu1
w. �¡cÙ��°Ý�� 4 µm, �Ý�� 125 nm;

�¡�°Ý�� 4.2 µm, �Ý�� 350 nm, �Ý�
°Ý�ýéCzþ�C.

ã 1 Ó�yèÓ�ÿÁã�¡c���fåw�ºì¡9��Ó+ (a) �¡c��fåw�ºì¡; (b) �¡ 10 min ���
fåw�ºì¡; (c) �¡c���Ó+; (d) �¡ 10 min ����Ó+

é�¡þÙ¦yè�?1
uÿ, uÿL²ù
a�¡é1w�î�yè�~ÊH; �XJ�¡�
ð, ²L�¡±�þkªu1w�,�. Ïd, òë
Yî�yè{ü��u�¡�n�/½�/��
�½n�k���.Ñ´ l¢S�¹� [1,11]. Ä
ud, ïáXeO��.: �¡c (ã 2(a)) yèé
b|, �¡¥��n�/, ��Ý l 0ÏO�«�,

=@�3�[�S “Ã��”. �¡��¡¥1w�
�Ô�/ (ã 2(b)), =yè��ÔÎ¡. �ïÄ©
üÚ?1, ÄkïÄÓ°���n�yèÚ�Ôy
è�1|N��O, ±(½��¡éyèC|©Ù
�5�K�. ,�&Ä�Ôyè�C|N��Ù°
�' R(R = a/b) �'X.

��Ôyè3�=L¡�¥%�I� (x0, y0,

z0), K�ã 2(a) ¥Ó°����ÔÎ¡�§�±L
«�

z(x, y) =
4b

a2
(y − y0)2 − b + z0. (1)

ã 2 î�yè�. (a) n�yè; (b) 13�Ôyè.¡�DÂ
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dã 2(b) ��, 3�Ô�.Ü\����, 1
�N´ß�, �müý�p� �\����1
�N´���. Ïd, �Ô�����Ç k �13
.¡?���Ç���', Ù���

|k| ∈
[
0,

4b

a

]
. (2)

� â L � = � ò � Ç� 1.475(ë � Å �
� 355 nm)[12], d d � � u ) � � � � \ � �
� 42.685◦. �¦-13�Ô.¡u)���, K
���Ç |k| > 0.9223, XJ¦���1�3Y²
.¡þu)�g���, K |k| ∈ (1, 2.5593].

O��, b�-1lL�=��L¡R�\
� (ã 2(a)), -1Å� λ = 355 nm. \�Å�÷ x ¶
�4z�þ!²¡Å, >|Ì� |E|� 1.0 V/m. L
�=��é0>~ê εr = 2.25[1−3,11], �©��º
� δ 3n���þþ� λ/12, �mÚ� ∆t = δ/2c

(c�1�), æ^ Berenger ������ (PML)á
Â5>.^� [10], PML �þÝ� 9δ. �[��
ÑÙ¦,�½"���3, ¿@�"�«���
íW¿.

3 O�(J�©Û

3.1 üüüaaayyyèèè���NNN���ééé'''

�n�yèÚ�ÔyèÓ°��, a = 80δ,

b = 40δ, n�o | ´ 80δ × 380δ × 165δ, � m
Ú n = 1500, Y²©.¡ z = 150δ. y-z �¡
> | Ì � |E| © Ù X ã 3 ¤ «, � � é u � L
¡\�, "�é> |�N �«�8¥3"��
müý. â x = 49δ ²¡�ÚOL², n�yè
� |E| > 2.5 V/m �êâ:� 741 �, |E| > 3.0 V/m

�êâ:� 228 �. éu�Ôyè, ùü�êâ
©O� 383 �Ú 60 �, þ�ucö. '� z ��
�¡���>|, n�yè��>|Ì� |E|max

 u z = 138δ ¡, Ù�� 4.65924 V/m, �Ôyè
���>|Ì� |E|max � u z = 138δ ¡, Ù�
� 3.92943 V/m. Ïd, ��¡éyè�ðz�äN
Ny3éÙ/m�UEþ, 1w��¡kÏu�
fC|r«. lr|:©Ùw, é'ã 3(a) Ú (b)

��, �Ôyè�r«�\�CL¡. ù´Ï�
n�yè����Ç |k| ≡ 1, �Ôyè����
Ç |k| ∈ [0, 2]((2) ª), éu�ö, CL¡�����
1��±3Y².¡�)�g���, cöØ1.

d�g!�g���Å�\�Å�U\/¤
�
ÔyèCL¡��r«. lã 3(a) �±wÑ, 3n
�yè�SÜß�Ç4$, ù´du1�3.¡u
)
���. éu�Ôyè, Ñy
ã 2(b) ¤«
��¹, =3�Ô��.Ü\�ÅN´ß�, � 
þß�ÇP~�î.

ã 3 y-z �¡ (x = 49δ) �>|Ì�©Ù (a) n�y
è; (b) �Ôyè

3.2 CCC|||NNN������°°°���'''���AAA

�©ï Ä 
 a = 136δ, R l 45.3 Å ì  
� � 0.25 � �Ôy è � 1 | N �, n�o |
´ 80δ×420δ×115δ, �mÚ n = 1200, Y²©.¡
´ z = 100δ. ïÄL², �Ýl λ/4 m©O\, åÐ
r|« uyè�e�, ,�r«Åì �müý
£Ä (ã 4(a)), ÏmÑy
©z [13] ��� V .�,

Ù�r« u V .�þ��$ò?. � b = 27δ �,

üý�¥m�r|:��õ (ã 4(b)). � b = 34δ

�, Or«��£Ä��e��müý (ã 4(c)). b

UYO�, r«÷���Or�Åì��Ô�.¡
£Ä (ã 4(d)), �r«�Ü£��Ô��, Or�
^=¿%CY².¡ (ã 4(e), (f)), Ó�û)Ñ�
õ^Or�¤L«� |E| �ÅìOr (ã 4(f), (g)).

� b = 55δ �, �r:Ä�©Ù3�L¡�. Ïd,

�yè�Ý�O\, r-1�^e�úå©: �=
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ã 4 �yè�Ý b �ØÓ�� y-z �¡ (x = 49δ) �>|Ì�©Ù (a) b = 12δ; (b) b = 27δ; (c) b = 34δ; (d) b = 39δ;
(e) b = 46δ; (f) b = 55δ; (g) b = 68δ
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£L§´�e� → �e��müý → yè.
¡ → CL¡�, �Ôyèp��å©�úäk
é²w� “ªÇ�A”. ªÇL§�¤��"�
NCr|:���O\, ò4�/fzá��å
Æ!9Æ�5U, ¦��N´�ú. éuã 1 ¥�
� 4 µm(= 136δ) ��Ôyè, ���ÝA¦þ�
�3 1.362 µm(46δ) ±S, ù�âU;�æL¡r
|:��ÌÝO\, d�yè�°�' R ≈ 3.0.

ã 5 � z = 95δ �¡ (lY².¡ 148 nm)

� > | Ì � © Ù, � b=39δ �, � � | r é �
C �Ô. ¡, � b O � 55δ �, 3 > | ² w O
r�Ó�r|:�©Ù«�wÍO�. ²ÚO,

� b = 39δ �, |E| > 2.5 V/m �êâ:´ 32 �,

Ø�3 |E| > 3.0 V/m �êâ:;  b = 55δ �,

|E| > 2.5 V/m �êâ:´ 517 �, |E| > 3.0 V/m �
êâ:´ 93 �, ù´r|«�N�Y²L¡£Ä
�(J. l"�SÜ�ß�§Ýw, b = 55δ ��Ô
.Ü�ß�Ç�²w$u b = 39δ ��¹, ù´d
u�ÝØÓ¦��ÔÎ¡ß�§ÝØÓ¤�.

ã 5 �yè�Ý b = 39δ, 55δ �, z = 95δ �¡�>|Ì�©
Ù (a) b = 39δ; (b) b = 55δ

ã 6 ��>|Ì� |E|max ©Ù (a) a = 136δ � z ���¡; (b) x = 49δ ²¡; (c) b = 80δ � z ���¡
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ã 6(a) ¤ «�y è N C � z � � � ¡
� |E|max ©Ù, z� 2δ ����; ã 6(b) ¤«
� |E|max � R � ' X. d ã 6(b) � �, � ° �
' R > 10 �, yèé>|�N��f, �Ø
Ó°�' R �N�Ä��C, |E|max 3 2.0 �m
{Ä. � R < 5 �, yèNC�>|×�O\, Ó
�>|r³dY²Åì=��� (ã 6(a)), >|Ì
�����\ì�, âw
 “ªÇ�A”, `²"�
é>|�N�Ý�3Or. dã 6(b) ��±wÑ:

� R = 1.5 �, æL¡>|Ñy��N�, z ��
�¡¥>|���Ì� |E|max = 4.31556 V/m, 
u z = 94δ ¡. � R < 1.5 �, N�Åì~f. âÚ
O, � 0.75 < R < 3.5 �, z ���¡¥ 80%±þ�
�:� |E|max �u\�ÅÌ�� 2 �.

�
 � 	 ° Ý é | N � � K �, � ½ b =
80δ, R l 4.25 Å ì   � � 0.125. n�o |
´ 80δ × 420δ × 215δ, �mÚ n = 1600, Y²©
.¡´ z = 200δ. y-z �¡� |E|max � R �'X
Xã 6(b) ¤«, z ���¡� |E|max ©ÙXã 6(c)

¤«. dã 6(b) �±wÑ, �X R �~�, N�Ó
�´kO��~�. � R ≈ 2.5 �>|Ì���
���, Ù¸�� 4.15858 V/m. dã 6(c) �±w
Ñ, � 1.75 < R < 2.75 �, æL¡"��N��
Z����C. âÚO, � 1.0 < R < 4.0 �, z �
��¡¥ 80%±þ�	:� |E|max > 2.0 V/m.

n Ü a = 136δ Ú b = 80δ ü a � ¹, � R �
1—3.5 �, z � � � ¡ ¥ 7 k 80%± þ � 	 :
� |E|max > 2.0 V/m. ,	lã 6(c) oNþw,

n^��oª³´æL¡>|kO��~�,

�r¸��Ñy3 z = 162δ ¡. ã 7 ´ R = 2.5
� x = 49δ ¡�>|Ì�©Ù. lã 7 �±w
Ñ, � b ���, yè.Ü��Ç�$!N��
f, ¥Ü���N��r, þÜ�,EU�¤��
� (|k| ∈ [0, 1.6]), �´yèp�������¡È

��, ���Ý���1�\�ÅU\éJ¼��
����N�, ÏdN��é�f, ùÒ/¤
æ
L¡kOr�~f��³. �´, �L��>|Ì
��,�²w/N�Or.

ã 7 y-z �¡ (x = 49δ) �>|Ì�©Ù

4 ( Ø

²L��¡, �õê�¡kb�ëYî�yè
ªu1w, �©^n� FDTD �{é'ïÄ
ùa
yè�¡��é>|Ì�©Ù�K�, (JL²�
¡Úå�yè/m�UC´ò�|��ú��
�Ï. 3dÄ:þ, �\&?
1wyè�C|N
��Ù°�' R �'X. (JL², R > 10.0 �y
èé1|�N��f��p�C, R < 5.0 �òw
ÍOr. � R ��� 1—3 �, �¼���N�, �
�>|Ì��\�ÅÌ�� 4.3 �. ïÄL², R �
�� 1.0—3.5 �, "�NCk 80%±þ��:��
�>|Ì��L\�ÅÌ� 2 �. �X�Ý b �O
�, r|«äk²w� “ªÇ�A”, = uyè�
e��r|«Äk �müý£Ä, ,�£��Ô
�.¡±9Y².¡, Ó�û)Ñ�õ^Or�p
���æL¡��1|Or. XJ�Ý b ��, ¹
yè�æL¡�ò¬ÑykO��~��1>|
N�.
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Near-field modulation of lateral cracks∗
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Abstract

Light intensification caused by cracks in fused silica subsurface is one of main factors of laser-induced damage to optical materials.

Three-dimensional finite-difference time-domain method is used to simulate parabola-section-model lateral cracks. Moreover, the

relationship between light intensification and breadth-to-depth ratio R is discussed. The results show that the morphology change after

acid etching is an important cause of damage mitigation. Modulation is very weak and close to each other when R is greater than 10.0

and it increases rapidly when R less than 5.0. The electric field intensity reaches a maximal value when R ranges from 1.0 to 3.0, and

the maximal electric field is 4.3 V/m. The electric field intensity of more than 80% samples exceed 2 times than the incident light when

R ranges from 1.0 to 3.5. Intensified area has the skin effect with depth increasing. It is demonstrated that enhanced area lying directly

below the crack firstly shifts to left and right sides, then it moves to parabola-section interface and the horizontal interface. Finally, the

whole subsurface will be enhanced. In addition, electric field modulation firstly increases and then decreases in the z direction when

depth is large enough.

Keywords: lateral crack, acid etching, finite-difference time-domain, laser irradiation
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