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ïá
�:.yè�^=�Ô¡�., ^n���k��©�{ïÄ
L�=�L¡�:.yè��Ý!°
Ý!må±9�¡þCzéÅ� λ = 355 nm \�-1�N�. ïÄL², ùayèN��r« u��ü�:�
ë�«, ���CL¡N��r. �Ù°�'� 2.0—3.5!�:må���:°Ý� 1/2 �, �¼���1|N�,

��1rOrÏf (LIEF)� 11.53; ��:må�u�:°Ý�, ÙN���~f, ��uü��|N�. é°� 60δ

(δ = λ/12), �Úmåþ� 30δ ��:.yè?1�¡�[, �¡L§¥�� LIEF� 11.0, �må�u 300 nm �,

���:duû�/¤|0Ï.

'�c: L�=, �:.yè, -1Ëì, ��k��©

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

1 Ú ó

3�.põÇ�N-1ì�ï�L§¥, L�
=´A^��ÊH�1Æá�, ù�:�l{II
[:»C� (National Ignition Facility) Ú{Iî�
�-1 (Laser MégaJoule) C�¼G [1−4]. 3rb	
-1�^e, L�=��4´�ú, ��î­�´,
�úäkg\��A: Ð©�ú��u), ¬4�
fzá��åÆ!1Æ!9Æ�5U, ¦Ù�´�
ú [5]. -1����ú��ü$
L�=���
K1Uå, ®¤���XÚÑÑUå���Ì�Ï
� [6]. 1Æ���-1p��ú�)L¡�úÚN
�ú, �Xá�\óó²�ØäU?, L�=¬N
SÄ�þ�±��Ø¹k,�Ú"�, �u)N�
ú�VÇé� [7,8]. 8c, 1Æ����ú±L¡�
ú�Ì, L¡�ú���\ó�þÚL¡áN�,
�!Y�ð�À/Ôk'. 3�½-1ëê^�e,

L�=L¡ÚæL¡"�´p�-1L¡�ú�
Ì��Ï [9,10].

�=��3ï�!�1�\óL§¥, �1®
�L¡�>N´p�yè"� [9], Ù¥�GëYy
èÚ�:Gä:yè´��~��üa. �:.y
è´�1®c���=L¡�>�, ÉåØþ, a
qu3L¡ “aÄ” �1¤�. �âØÓ��¹, �
:�måÑk�É, $��:mók0Ïy�, /
¤ëY�åÏü�. æL¡yèé1|�N��æ
^��k��© (FDTD) �{?1�[ [11],�Â`
� [12] ò�:.yè������{u¼ê�.,
^�� FDTD �{ïÄ
Ùé 355 nm \�-1�
N�, �Ñ3°�'� (R)� 2.5—12 ���S¼
�����1rOrÏf (LIEF) �� 7.4, � LIEF
�X R �O�¥~�ª³. �u�:.yèäk
�Ð�¥%é¡5, 
�ü��¶é¡, òÙ{z
����.w,¬¦�ª(Ø�u¢S(J. ,	
©z [12]��Ñùayè3Ù¦ R «m�UÑy
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��� LIEF,��Ñ��UÚå�ú� R ��9
�:må, Ó���ïÄ��¡L§é1|N��
5�K�. �©òü�{z�n�^=�Ô¡�.,
^n� FDTD �{XÚïÄ
ùayè�1|N
��Ù�Ý!°Ý!�:må±9�¡þ�Cz,
±ÏU�L�=æL¡õyèp�|��ú�þ
zJøë�.

� �� � � �� � � � � � � �	 
 �
� �� � � �� � � � � �	 
 �

� 
 �
� � �

ã 1 Ó��:.yè�¡c���fåw�ã (a) �¡c;
(b) �¡�

2 �.ïá�O��{

À� Corning 7980 .L�=�¬, �\ pH≈ 5
� HF ��ÀM�¥?1��¡, �¡�¤�á=
�Ñ, ×�^�lfYÀW, ,�^ÃY¯U?1
øY. é�¡c�L�=æL¡Ó�^�:.y
è�Ó�ã«�^ XEI-100 .�fåw�º?1
ÿÁ. Xã 1 ¤«, �¡cTÿÁã�:���þ

!!î�¡1w!¥��ü���:m�pÕá.
² 10 min �¡�, �:må �, ���:Åì0
Ï. �¡�ü�°ÝO\
C 150 nm, �ÝO\

C 200 nm.

Äud, ïáXeO��.: �:.yè�ü
�¥�{é¡�^=�Ô¡, ¤k�:��!¥�
�©Ù�må��, Xã 2(a) ¤«. ��:°� a,
�� b, �:må� c. �
�©£ã�B, òA�
é¡�¡½ÂXe: R�u x ¶�÷Xmå c �
�¡¡� α ¡; R�u y ¶�R�²©må c �
�¡¡� β ¡; R�u z ¶��¡¡� γ ¡ (γ ¡
kõ�, e z = n K¡� γn ¡). α ¡Xã 2(b) ¤
«, ü��¡¥�Ô�.. �¡L§¥, b��:
.¡ð�^=�Ô¡, ¿�	ýY²L¡Øu)
Cz (Øv±Úå1|�4�N�), ¤k����
:?1Ó�«�¡Cz: �Ô¡þz��:äk
�Ó�R��e��¡�Ç, =��ur�Ô¡�
N −z ��²£. �² ∆t �¡�m�, �¡þ
�∆x (Xã 2(b) ¤«). d�, �:�Ý� b+∆x, °
Ý� a

√
(b + ∆x)/b, må� c+a−a

√
(b + ∆x)/b.

�� ∆x > bc(c+2a)/a2 �, må��, ��ü�:
òÅì0Ï. � �� �� �

�� � � �
� 	 �
 � 
 � 
 � 
 � 
 � 
 �� � � 


ã 2 �:.yè^=�Ô¡�. (a) n�(�«¿ã; (b) α

¡�¡L§«¿ã, ¢��L�¡c�.¡, J��L�¡��
.¡

O��, �:yè uL�=��L¡ (X
ã 2(a) ¤«) , =-1÷ z ¶���\�, -1Å
� λ = 355 nm. \�Å�÷ x ¶�4z�þ!²¡
Å, Ù>|Ì� |E| = 1.0 V/m. L�=��é0>
~ê εr = 2.25 [9,10,12], �©��º� δ 3n���
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þþ� λ/12, �mÚ� ∆t = δ/2v (v �ý�1�),
æ^ Berenger ������ (PML)áÂ5>.^
�, PML �þÝ� 9δ [11]. �[�, @�"�«��
X�íW¿.

3 O�(J�©Û

3.1 ���:::���ÝÝÝééé111|||NNN������KKK���

�½n�o|� 250δ × 250δ × 115δ, �mÚ
ê� n = 1800, Y²©.¡� z = 100δ. ïÄ

 a = 80δ, c = 40δ, b l 6δ m©ÅìO��y
è�C|N�. ã 3(a) ���>|Ì� (|E|max)
Ú b �'X, ��� b = 36δ �, α Ú β ¡Ñ��
���, ���©O´ 2.69160 Ú 2.58512 V/m, é
A� LIEF ©O´ 7.24 Ú 6.68. ã 3(b) ´>|Ì
� |E| > 2.0 V/m ���: (r>|:, {¡r:)
ÚO, l[Ü�(J5w, α Ú β ü�¡LyÑ

é��Ó�5, = b � 36δ—39δ �, r:ê8�
õ, α Ú β ¡����©O� 39 Ú 56 �. nþ, R

� 2.1—2.2 �, é1|�N��²w.

b� 36δ Ú 39δ �, γ ¡�>|©Ù, Xã 4(a)
¤«. oN5`, 3æL¡"�«, üö�|E|maxÑ

� � � � � � � � � � � � � � �� � �� � 	� � �� � �� � �� � �� � 	

 
 � �

 � �


�

�

 

� � � � � � � � � � � � � � ��� �� �� �� �� �� �
 

 

��� ����� ����
�

� � �
� � �

ã 3 �:.yè1|N���Ý�A (a) |E|max ©Ù;
(b) r:ê8©Ù

� � �
� � �

� � �
��	

��	


�
 �
��� ����
� � � � � � � � �

� � � �  ! " # $
% & ' & ( & ) & & ) * +) * '+ * &+ * %+ * (

( & ) + & ) ' & + & &% &( &) + &) ' &+ & & & * && * %& * ,) * -) * (+ * +
. & ) & & ) . & + & &. &) & &) . &+ & & & * && * ') * )) * /+ * -+ * (

0 1 2 3 �0 1 2 4 � 5 6 7
5 8 7

5 9 7
ã 4 γ ¡>|©Ù (a) |E|max � γz �'X; (b) b = 6δ

� γ90 ¡� |E| ©Ù; (c) b = 39δ � γ98 ¡� |E| ©Ù

� z �O�
O�, �Ñ3 γ98 ¡����, Ù�
©O� 2.74846 Ú 2.74707 V/m, �~�C, 3æL
¡�"�«, |E|max ²­{Ä, Ì���� 1.0—
1.9 V/m, L²T"�.Ü�>|�f�'�­½,
Ù γ ¡�uy�wÍN��è,. �� b ���,
�¹k¤ØÓ, Xã 4(b) ¤«, � b = 6δ �, Ù γ90

¡å"�.Ü� λ/3, ���:�e��>|²w
�3�6Ä�Ó+. ïÄL², b < 2λ �, �"�«
>|©Ù�6Ä�,��²w, �Øv±Úå4�
N�. ã 4(c)� b = 39δ � γ98 ¡� |E| ©Ù, ��
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��>|©Ù3ü�:�m� �, ù´\�ÅÚ
ü�:ý¡9Y².¡���Å�pU\��J.

� � � � � � � � � � � � � � � � �� � �� � �� � �� � �� � �
� � � � � � � � � � � � � � � � ��� �� �	 �� � �� � �� � �


 � �

 
 �

� �
��

� � �
� � ���� ����� ����

�
ã 5 �:.yè1|N��°Ý�A (a) |E|max ©Ù;
(b) r:ê8©Ù

3.2 ���:::°°°ÝÝÝééé111|||NNN������KKK���

�½n�o|� 250δ × 250δ × 100δ, �m
Ú ê n = 1600, Y ² © . ¡ ´ z = 85δ. ï
Ä b = 50δ, c = 12δ, a l 6δ ÅìO�� 222δ

� y è � C | N �. d ã 5(a) ¤ «, α Ú β ¡
© O 3 a = 156δ Ú 150δ � � � � � �, Ù �
� � © O� 3.12662 Ú 3.17132 V/m. �
 ¼ �
� O ( � & E, Ú O 
 � N � [ « � � |E|max

©Ù. ã 5(a) w«3 a = 138δ �, �N�[�
� |E|max = 3.39569 V/m, éA LIEF � 11.53, þ
�u α, β ¡�éA�, `²�`N�¿�Ñy3é
¡¡. Ó�T�'�Â`� [12] ^�� FDTD ��
�éA R �� (LIEF� 6.0) �C��, ù`²òä
kÃ�^é¡¶�n��:{z����.�, O
�¤�5�Ø�ò´O�ê?�. Ï�éuÓ��
�[:, n��.¼��|�´áN�m|�U\,

���.�T��´²¡|�U\, ù«Ø�´
Øó
��. dã 5(b) ��, β ¡�r:ê8o´

Ñ�u α ¡, � a = 150δ �, β ¡���� 164 �.
nþ, � a ëYO��, R �«m� 2.8—3.1 �, �
¼��N�.

3.3 ���:::mmmåååééé111|||NNN������KKK���

�½n�o|� 250δ × 250δ × 100δ, �mÚ
ê� n = 1600, Y²©.¡� z = 85δ, a = 102δ,
b = 50δ, må c l 0δ m©ÅÚO\. dã 6(a) �
�, α ¡Ú�N�[�S� |E|max �Czª³�
��, =� c �O�, |E|max k��O�,���
~�, � c = 60δ ����ZN�:, Ù���©
O� 2.69542 Ú 3.06641 V/m. d α Ú β ¡��,
c > 100δ �, >|�N�Ä�ªu­½, |E|max ­
½�«m� 2.0—2.4 V/m. ã 6(b) ¥, α ¡�r:ê
8LyÑ
� |E|max aq�5Æ, =kO��~
�, �� c = 60δ ������ 60 �. ã 6(a) Ú (b)
¥, β ²¡Ñ´�X c �O�Åì~�, ù´Ï� c

��, �:å β ¡��, C�ü�:3T¡�N�
þ~f, �U\¼�� |E|max Úr:ê8þ~�.
dã 6(b) ��, α Ú β ¡þ3 c > 100δ �ªu­
½,­½�«m� 0—30 �.

� � � � � � � � � � � � �� � �� � �� � 	� � �
� � � � � 
 � � � � � � � � � ��� �	 �� � �

� � 

� � 


��
��� � �

� � �
��� ����� ����

�
ã 6 �:.yè1|N��må�A (a) |E|max ©Ù; (b) r
:ê8©Ù
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d ã 6(a) Ú (b), é α ¡ Ú β ¡ ? 1 ' �.
� c < 60δ �, β ¡�N�`u α ¡, ù`²d
����[«�S���N�:Ì�d��ü�
�N�Ú5�z; � c > 100δ �, ü²¡N��C,
`²T��N�:�dü�NC�r|:�z. n
þ, éu R ≈ 2 ��:.yè, c ≈ a/2 �, Ù�³
��, AT�±;�; � c > a �, õ��N�ÚØ
Ó`, Ù��N�Cquü�.
�/�zþã(Ø, y?Ø α ¡�>|©Ù.

dã 7(a) Ú (b) ��, � c ���, ��|:©Ù3
må c ��¥
 (β ¡) NC. ã 6 ¥, c = 60δ � β

¡N��r, 3ã 7(b) ¥, c = 60δ � α ¡�¥


 �fÐéA
��>|. � c = 102δ, = c = a

�, Xã 7(c) ¤«, ���N�:©Ù3���°
���, d� β ¡N�ØÓ`, ½ö`�ÐÓ`.
� c > 102δ �, Xã 7(d) ¤«, �¥mN���Ø
Ó`, 
�:NC�Cål �>|��, =N�
Ó`. ù
(ØfÐêÜþãíØ.

ã 8� β ¡�>|©Ù, Ð«
��k��é
¡»"L§. � c ���, Xã 8(a) ¤«, β ¡� |E|
©Ùk²w�aq�Ô��é¡5, ù´düý�
:�é¡5Úå�. �X c �O�, ù«<P�5
�Ø²ß, � c = 48δ �, Xã 8(b) ¤«, ù«é¡
5�����.
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(c)
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ã 7 α ¡�>|©Ù (a) c = 24δ; (b) c = 60δ; (c) c = 102δ; (d) c = 132δ
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ã 8 β ¡�>|©Ù (a) c = 0δ; (b) c = 48δ
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3.4 ���¡¡¡ééé111|||NNN������KKK���

â��, ��¡�k��Ø�1�¥�,�,
ð z " �, å � J p L � = - 1 � ú K � � 8
� [1,12,13]. �¡L§¥, �:.yè�°Ú�Ñ
3O\, Ó�må3~�, ù´�õCþCzL§,
�¹��E,, ØN´o(Ñ���5Æ, �ÏÙ
�ó§A^���', Ïdék7�éù�L§�
1|N�?1ïÄ.

�½n�o|� 250δ × 250δ × 115δ, �mÚ
ê� n = 1600, Y²©.¡ z = 100δ, a = 60δ,
b = c = 30δ, �¡þ ∆x l 0δ m©ÅÚO�. ²O
�, �¡L§¥�:.yè� R = a[b(b+∆x)]−1/2,
éu�~, ∆x l 0 O\� 39δ �, R l 2.0 üN~
�� 1.32. |E|max �©ÙXã 9(a) ¤«. ��é
u α ¡, |E|max ¥��{Ä, �3 ∆x = 24δ �,
����� 2.80291 V/m; éu β ¡, |E|max Ó�
¥��{Ä, � 24δ 6 ∆x 6 33δ �, N��Z,
� ∆x = 27δ �, ����� 3.20830 V/m; éu
�N�[�, ÙO~ª³� β ¡aÓ, ���Ñy
3 ∆x = 27δ, Ù�� 3.31670 V/m, éA� LIEF
�� 11.0. lr:ê85w, Xã 9(b) ¤«, α ¡
¥{ÄO\, � ∆x = 24δ �, ���� 65 �,
� ∆x = 33δ �, Ä�­½3 33 ��m. éu β ¡,
∆x = 24δ �, Ù��L 100, ���X ∆x �O\,
Ù�é²­, 3 100—115 �mÅÄ. Ïd�ö@
�, ∆x = 24δ ´��'!:, ù�:¦����¡
� |E|max ÅÚ¼����, Ó���¡�r:ê8
�ÅÚªu­½. ²O�, d� a = 80.5δ, b = 54δ,
c = 9.5δ, R � 1.5, Ïdù�'!:Ñy3��ü
�:=ò0Ï�cI.

γ �¡�>|©Ù�õXã 4(c) ¤«, �r|
é¡©Ù3ü�:ë�«, wØ���°[�(�.
�´XJ�:�º�ÚmåÜ·, ¬��,
 γ �
¡�Z�ér�, �¦Ó�²¡þØÓ:�>|
Ì�Þáé�, Ò¬Ñyé°{�­½Z�ã�,
3�¡L§¥� γ98 ¡Ò´ù��«²¡. ã 10
� γ98 ¡>|üÙã�, T¡åY²L¡�� 60
nm, �:m��r|«k�´3 c ���mü
ý (Xã 10(a) ¤«), k�á3
 c �þ (Xã 10(b)
Ú (c) ¤«). ��ü�:±õ^Or��é, Or
�'u c �é¡, ��S��rÝ��, 	�g~
f. �º�Úmå�Cz, ã 10(a) Ú (b) ��¹, ¬
�úÌ�=z, Ïd�r|Ø�½3é¡� α ½ β

¡þ. � ∆x = 24δ �, γ98 ¡�r«�Ø ¤
n
^á�� (Xã 10(c) ¤«), 
�L¡�� γ100 ¡
�r«K� ¤
�^��. � ∆x > 24δ �, ��
ü�:�>|Åìû�0Ï, Xã 10(d) ¤«. ù�
(Ø�éã 9 ��ãín��, =�må c < 10δ

(�� 300 nm) �, ���:�,3AÛþ�pÕ
á, �3|©Ù�Ônþ®û�0Ï.

� � � � � � �� � �� � �� � �� � �� � �
� � � � �

� �
� � � ��� �� �� �� �� � �� � � (a)

(b)

	



��� 
��
� � 
�� �
	� � � � �

� � � �
ã 9 �¡þé�:.yè1|N��K� (a) |E|max ©Ù;
(b) r:ê8©Ù

4 ( Ø

ïá
�:.yè�^=�Ô¡�., T�.
�:��, ¥��üÙ, �må��. ^n� FDTD
�{ïÄ
L�=�L¡�:.yè��Ý!°
Ý!må±9�¡þCzé 355 nm \�-1�
N�. ïÄL², ùayèN��r« u��ü
�:ë�?, ���CL¡N��r. 3�:.
ý��"�«, >|É��6Ä��, Øv±Ú
å���|N�. äN(ØXe: 1) � a = 80δ,
c = 40δ, R � 2.1—2.2 ������|N�, �
� LIEF� 7.27; 2) � b = 50δ, c = 12δ, R� 2.8—
3.1 � � � � � | N �, � � LIEF � 11.53; 3)
� a = 102δ, b = 50δ, c ≈ a/2 ����|N�,
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�� LIEF� 9.4; � c > a �, ÙN�Uå��~
f, ��uü��|N�, d�é¡�¡ β Ø2ä
kN�`³; Ó�� c �O�, β ¡�>|��Ôé
¡5�;�»�; 4) é a = 60δ, b = c = 30δ �y
è?1
�¡�[, (JL², �¡¥��� LIEF

� 11.0. 3Z��r¡U¼�°[�>|©Ùã�,
���:±õ^Or�ë�, Or�'u α Ú β ¡
Ñé¡. � c < λ �, AO� c < 300 nm �, ��ü
�3Ônþ¥û�0ÏG�.
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[3] Belleville P, Prené P, Bonnin C, Beaurain L, Montouillout Y,
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Simulation of field intensification induced by
pit-shaped crack on fused silica rear-surface∗
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Abstract

Rotating paraboloid model is establishd, and three-dimensional finite-difference time-domain method is used to simulate pit-

shaped cracks on fused silica rear-surface. The light intensification with its depth, width, gap distance and etch value are investigated

under 355 nm laser incident. Results show that the strongest modulation is located at the connection area between pit and pit, and the

modulation become strong with approaching to the surface. The maximum light intensity enhancement factor (LIEF) is 11.53 when the

breadth depth ratio ranges from 2.0 to 3.5 and gap distance close to 1/2 width. As gap distance greater than the width, the modulation

reduces greatly, which is equal to a single pit. For 60δ-width, 30δ-depth and 30δ-gap distance cracks, the maximum LIEF is 11.0

during the acid etching. As the gap distance is less than 300 nm, the diffraction of the light field makes the neighbor pits connective.

Keywords: fused silica, pit-shaped crack, laser irradiation, finite-difference time-domain
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