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Abstract

The light intensity rebuilt in the focal plane by Fresnel zone plates in silver

films can be described by the plasmonic effects and optical diffraction. We find

that the silver Fresnel zone plates with specific geometry can reconstruct the light

distribution, and they have the great potential for nanolithography application.

Based on the finite-difference time-domain method, the focus properties of

silver-nanostructure Fresnel zone plates are studied. The simulation results show

that the light enhancement varies with structures. The message passing interface

library are used to parallelize our in-house developed finite-difference time-domain

software package, which can access more processors and memories by clusters.

Keywords : finite-difference time-domain method{Fresnel zone plate{diffrac-

tion limit{parallel computing{nanolithography
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 (Electric displacement) C/m2
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 (Magnetic displacement) T
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�øùÜØæÝ	AB2YVÞ·��VßààáÝtâ¤ã���	Ñ
¶q!øù�����ëtÁdÂÃäåæ�ç��è�CÃ� (�:ÿ )�
éê	Ê��:·íÂÃÈëì���Y��íîï$!	
I$	3nð
ë��
67Ý	ÂÃñò	
I$æ$ó	Ñ�øù��ô!Âõ�5�
!�Y��æ�ö)�ÿ�	Ñ¶÷��ìøVßàÝdtr��Cùú	
q!øù��Ýæ�Y��tû!üw��:ghvò	óÑq!BSøù�
�¶'1¤?h Â45CÑ¶	ní^ý�"#t$%v& (finite-difference

time-domain method	FDTD)�þ��?h=· (parallel computing)��ç�
�øù�Yè�æt�gh¿ö	ó�Ãvò÷øùüýþÿ�� (Fresnel zone

plates)æ���}C

"#t$%v&�ë¦tuvw ���"D{ODÿ#%v2	ý��
� (leapfrog)� �Ã"D���8æ�
V:
��C FDTDÂÃ�s�àá
e�:ÿ�"D�OD
�?2	�ùKane S. Yee� 1966���	 FDTD [1]	

Ñ�¶'Æ1æ?h�z	#"�M�����!gh�:ÿ#	Óâ�=
?h�
�Q�	FDTDr�45�;<����	Ã���{�Äôõ{�
ê�cZ�ÿI�C5�vP���¸^³��t����ôõ�"D	ó4
5167�:
ôõæ;<CÑ¶	ý� FDTDZ��=·íî	ÂÃ�y�
4øù��æ�Y�}	l�;ç��øù�Yè�æt�gh¿öC
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1965�	�w (Gordon Moore)�������cS3"�����dÃ�
�Sé�	� 70��Ã��w��oé� �	�ìø�lâ!��w�"
(Moore’s law) [2]CÓâ��cÜ#�ô	���`���cS3Óæ�Ã	ú
�ôè�Ü#¨$â%�&���íî'(�)	8ô�Ä* (line-width)Cì
���Y��íîlë�gÝ�.+ý��,8���,-.e���0æ�
/` [31]	Qúã�0ì.+C�ÿdÑ�	
I$��úå&�ôeÁ 1/2ÿ
�1ô�ÜØCn^��÷øù��üýþÿ��æ���}	ÃÜñò	

I$	234òØ8CÚÄ*	Ã!����gøù��æ 4C

1.3 �	��

1678� Huygens�	58u3· (Huygens principle) �46�ÿp�}Z
�]Ø [3]C Fresnel�	�üýþÿ�� (Fresnel zone plate)	¶�¯�7�8
Â��!���æbc [3]C 1873� Ernst K. Abbe�	�9
eàá67Ý	
�ötÿp�}	ëdt	
I$	 Lord Rayleigh�	 Rayleighw��ÃTU
Abbeæ�ì [4]C 1998� Thomas W. Ebbesen [5]�Ô�ì#|:úû
t;Ü
��Ô<"	=k��ÿ���dt>E�?bìø	/×���ì¶ìøV
�0�� (surface plasmon)@EC 2003� S. Maier�Ô�����H		÷ø
ù�rA1éæÿI�=kÿ���ÿB�Ý	ÂÃë�
�Øt���]Ø
eS�ÿ��Cxæ) [6]C 2003� S. K. GrayZ T. KupkabÙ FDTD�ôõ
øù÷±D1�Âõ�ÿEÝ�ìø [7]C 2005� A. Ono�Ôý�øù÷±D
1�Fé_ÿ� (sub-wavelength)æéG [8]C 2007-8� Y. Fu�Ôvòüýþÿ
��÷øù����
v« [9] [10] [11]C

1.4 ����

�ní^
	��H�"#t$%v& (FDTD)�ôõ�:ÿ�÷øù�
�üýþÿ���]I�}Cl+m�0íJKno{��pÁ{^îqUZ
n^rsClWm�-L"#t$%v&3·ZM���y
ÿz	5��
 /

P

 (total-fields / scattered-fields	TF / SF)ÃNOP
ÿVy
ÿzæ¼P
��	è���� (perfectly matched layer	PML)5È�t$�gh�zr�
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"#t$%v& (finite-difference time-domain method	FDTD) [1]l�Kane

S. Yee� 1966�r�	�+Tgh &	U��vò�:
v«�;<	Ê�
40B���;	ABE! FDTD�23 &�VW�		����=ghÁ�
?hÀØ�VQ�	Ñ¶ý� FDTD&�X4ð@#XY	 FDTD�þ��=
·Â�ÃX49´��æ�:;<	�Z'�à[\ë�:
xP	�
V:

¼]v«!OD
	��"D��8æ	Âè^�TU�:ÿ�OD�OD

���C

2.1 ��������

∇× ~H =
∂ ~D

∂t
+ ~J, (2.1.1)

∇× ~E = −∂ ~B

∂t
, (2.1.2)

∇ · ~D = ρ, (2.1.3)

∇ · ~B = 0. (2.1.4)

�
 ~D = ε ~E	 ~B = µ ~H	 ρ ��_`Ø	 ~J ���`ØC"#t$%v&
Z'Ãab�" (2.1.1) �&cl�" (2.1.2) ��v��� 4	úÃu�"
(2.1.3){ (2.1.4)��R5�C
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+J ëab�"V&cl�"�v%v2H

%vÂv�nd%v	/d%vZ
D%v [12]

1. nd%v (forward difference)H

f ′ (x0) ' f (x0 + ∆x)− f (x0)

∆x
. (2.1.5)

2. /d%v (backward difference)H

f ′ (x0) ' f (x0)− f (x0 −∆x)

∆x
. (2.1.6)

3. 
D%v (central difference)H

f ′ (x0) ' f (x0 + ∆x)− f (x0 −∆x)

2∆x
. (2.1.7)

�efgS;¥� (Taylor series expansion)Âën{/d%v�Û%�
∆x�g	h�+Úwi	ú
D%v�Û%� (∆x)2 �g	h�WÚ
wi	j FDTD,E&�Û%Æô�
D%v�Z	M�'5 FDTD

ghÛ%8ô"	ÂÃ5�Ã_%v ����\	
d�Ã����
�9´ØCÃ F �f�:
�=+v¤�éê	ù/ë�OD8"Dk
­Ã%v���f"H

∂F (x, y, z)

∂t
' F (x, y, z, t + ∆t

2
)− F (x, y, z, t− ∆t

2
)

∆t
, (2.1.8)

∂F (x, y, z)

∂x
' F (x + ∆x

2
, y, z, t)− F (x− ∆x

2
, y, z, t)

∆x
. (2.1.9)

�&∆x{∆y{∆z� x{y{zN�v¤�°h1ô	∆t��"DDlC
Ñ¶�:
=+v¤æ%v���©�fH

∂F (i, j, k)

∂t
' F n+1/2(i, j, k)− F n−1/2(i, j, k)

∆t
, (2.1.10)

∂F (i, j, k)

∂x
' F n(i + 1/2, j, k)− F n(i− 1/2, j, k)

∆x
. (2.1.11)

WJ �:
�"D�§H

�:ÿ�]Øl�!�
{:
¼P÷�	Ñ¶�:
"D¬­xP
/	�
êm�^Shê�"D¬­ t = (n− 1) ∆t{n∆t{(n + 1) ∆t

�	:
êm�nShê�"D¬­ t =
(
n− 1

2

)
∆t {

(
n + 1

2

)
∆t {

(
n + 3

2

)
∆t�C�
�:
æghÂ��M. 2.1rfúXÈC
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4 2.1:���5&���67894 (N�8��: •�8�� );

NJ �:
�OD�§H

�:ÿl��
V:
¼P÷��	��oØpÊ��v%v2æ/"
�©ª`��:
v«	M. 2.2rfC�"�©ª`�
lÏâ©ª
��Ä £	ú:
�lR!"�0�qr
7C

2.2 ����� !"#

¡så~P (non-dispersive){Ä� (linear){�£� (isotropic){å��z(
~J = 0

)
{å{| (σ = 0)C� (2.1.1)V (2.1.2)Â2�éH

∇× ~H =
∂ ~D

∂t
, (2.2.1)

∇× ~E = −∂ ~B

∂t
, (2.2.2)

~D = ε0εr · ~E. (2.2.3)

�
� (2.2.3)��Rt ( ~D)V�
 ( ~E)�E\�	5�?S?½ [13]

1√
ε0µ0

~D → D̃, (2.2.4)

√
ε0

µ0

~E → Ẽ. (2.2.5)
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x

y

z

yE

yE

yE

xE

xE

xE

zE

zE

zE

zH

xH

yH

4 2.2: Yee<=>����	7?@894:<=�ABCD (i, j, k);

ú53n�¦tuvw �� (2.2.1){(2.2.2){(2.2.3)2�é

∂D̃

∂t
=

1√
ε0µ0

∇× ~H, (2.2.6)

∂ ~H

∂t
= − 1√

ε0µ0

∇× Ẽ, (2.2.7)

D̃ = εr · Ẽ. (2.2.8)

`Uu�Â�é��v¤�v� ���f	¶�N½"#t$%v&TU¦
tuvw ��tE�:ÿ¼Pwþ�Õ nSY�ê

∂D̃x

∂t
=

1√
ε0µ0

(
∂Hz

∂y
− ∂Hy

∂z

)
, (2.2.9a)

∂D̃y

∂t
=

1√
ε0µ0

(
∂Hx

∂z
− ∂Hz

∂x

)
, (2.2.9b)

∂D̃z

∂t
=

1√
ε0µ0

(
∂Hy

∂x
− ∂Hx

∂y

)
, (2.2.9c)
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∂Hx

∂t
= − 1√

ε0µ0

(
∂Ẽz

∂y
− ∂Ẽy

∂z

)
, (2.2.10a)

∂Hy

∂t
= − 1√

ε0µ0

(
∂Ẽx

∂z
− ∂Ẽz

∂x

)
, (2.2.10b)

∂Hz

∂t
= − 1√

ε0µ0

(
∂Ẽy

∂x
− ∂Ẽx

∂y

)
. (2.2.10c)

2.3 $%�&Yee'()�#

Yeexh&�		�t$¾#
�
V:
'('Ã��"DOD¼P?y
�ghOD
	�
êm�!^Shê"DOD	ú:
m�!nShê"D
OD	H��� (leapfrog) �Ö0q�
:
èé?hCÃ+�Õ�©�©ª
(cell)gh�é	�
V:
�OD°h�§®¯M. 2.2rf [14]	

"DVOD5�WÚ
z%vxP¦tuvwoØ ��MÝH

D̃x

∣∣∣
n+1

i,j+ 1
2
,k+ 1

2

− D̃x

∣∣∣
n

i,j+ 1
2
,k+ 1

2

∆t

=
1√
ε0µ0




Hz|n+ 1
2

i,j+1,k+ 1
2

− Hz|n+ 1
2

i,j,k+ 1
2

∆y
−

Hy|n+ 1
2

i,j+ 1
2
,k+1

− Hy|n+ 1
2

i,j+ 1
2
,k

∆z


 , (2.3.1)

8

D̃x

∣∣∣
n+1

i,j+ 1
2
,k+ 1

2

= D̃x

∣∣∣
n

i,j+ 1
2
,k+ 1

2

+
∆t√
ε0µ0




Hz|n+ 1
2

i,j+1,k+ 1
2

− Hz|n+ 1
2

i,j,k+ 1
2

∆y
−

Hy|n+ 1
2

i,j+ 1
2
,k+1

− Hy|n+ 1
2

i,j+ 1
2
,k

∆z


 , (2.3.2)
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�·

D̃y

∣∣∣
n+1

i− 1
2
,j+1,k+ 1

2

= D̃y

∣∣∣
n

i− 1
2
,j+1,k+ 1

2

+
∆t√
ε0µ0




Hx|n+ 1
2

i− 1
2
,j+1,k+1

− Hx|n+ 1
2

i− 1
2
,j+1,k

∆z
−

Hz|n+ 1
2

i,j+1,k+ 1
2

− Hz|n+ 1
2

i−1,j+1,k+ 1
2

∆x


 ,

(2.3.3)

D̃z

∣∣∣
n+1

i− 1
2
,j+ 1

2
,k+1

= D̃z

∣∣∣
n

i− 1
2
,j+ 1

2
,k+1

+
∆t√
ε0µ0




Hy|n+ 1
2

i,j+ 1
2
,k+1

− Hy|n+ 1
2

i−1,j+ 1
2
,k+1

∆x
−

Hx|n+ 1
2

i− 1
2
,j+1,k+1

− Hx|n+ 1
2

i− 1
2
,j,k+1

∆y


 ,

(2.3.4)

Hx|n+ 3
2

i− 1
2
,j+1,k+1

= Hx|n+ 1
2

i− 1
2
,j+1,k+1

− ∆t√
ε0µ0




Ẽz

∣∣∣
n+1

i− 1
2
,j+ 3

2
,k+1

− Ẽz

∣∣∣
n+1

i− 1
2
,j+ 1

2
,k+1

∆y
−

Ẽy

∣∣∣
n+1

i− 1
2
,j+1,k+ 3

2

− Ẽy

∣∣∣
n+1

i− 1
2
,j+1,k+ 1

2

∆z


 ,

(2.3.5)

Hy|n+ 3
2

i,j+ 1
2
,k+1

= Hy|n+ 1
2

i,j+ 1
2
,k+1

− ∆t√
ε0µ0




Ẽx

∣∣∣
n+1

i,j+ 1
2
,k+ 3

2

− Ẽx

∣∣∣
n+1

i,j+ 1
2
,k+ 1

2

∆z
−

Ẽz

∣∣∣
n+1

i+ 1
2
,j+ 1

2
,k+1

− Ẽz

∣∣∣
n+1

i− 1
2
,j+ 1

2
,k+1

∆x


 ,

(2.3.6)

Hz|n+ 3
2

i,j+1,k+ 1
2

= Hz|n+ 1
2

i,j+1,k+ 1
2

− ∆t√
ε0µ0




Ẽy

∣∣∣
n+1

i+ 1
2
,j+1,k+ 1

2

− Ẽy

∣∣∣
n+1

i− 1
2
,j+1,k+ 1

2

∆x
−

Ẽx

∣∣∣
n+1

i,j+ 3
2
,k+ 1

2

− Ẽx

∣∣∣
n+1

i,j+ 1
2
,k+ 1

2

∆y


 .

(2.3.7)
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2.4 *+,-./

�n`{� FDTDÇ�|I
Èë	}'XÈÝ+���
8:
	'�
lÃ`+���
Z:
�ghÈe�C~}Âtzp	 FDTD?h	���
"��
8:
'���	Ñ¶zp� FDTD&�éZ'?h�0èéV��
'�+pÑ�	�&v�ÃEõ��ÿz{�ÿzZ�
VP

-LC

+J �ÿz (hard-sourced)H

�ÿz:!Õ���zp=· �	&¶! FDTDgh��
yyxP
2�ÿ.S�Â	Ã©���ÿ (sinusoidal wave)�éH

Ez = E0 sin(ω0t). (2.4.1)

ë"DxP2ÂÈ

Ez|nis = E0 sin(2πf0n ·∆t). (2.4.2)

�
 is �ÿz�z·	ω0{f0 ���ÿ����V��	n��"D�
��S	∆t�"DDlC�ÿz�ù�����`@#�©	
l�
!ÿzl����OD`Ó"D?2	M��eP
cëdI�W_�

	5ÈX4�+��iC45�&��
ÿeFÿznE�zp8
æ	Ãi��dåéW_�
C

WJ �ÿz (soft-sourced)H

�ÿz��¢9z	�ab�"8&cl�"9y��z (Jsource)8:
�z (Msource)#!�:8:
�¤C#�
ÿ]Øe¶ÿz¾#"dr
�V��z8:�z!�9	�dåégh"��
C

∂E

∂t
=

1

ε
[∇×H − Jsource] , (2.4.3)

∂H

∂t
= − 1

µ
[∇× E −Msource] . (2.4.4)

NJ �
VP

 (total-fields / scattered-fields)H

�
VP

�|IÂÃNO�0ÿ5��ÿzåé��
	�X4P


l+�@#Ý�¿ö	,E�gh¾#véN�¾�H�
 (total-

fields)	P

 (scattered-fields)	ZÕ)��è���� (PML)	M.
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P E C , P M C

P M L
S c a t t e r e d  F i e l d s

T o t a l  F i e l d sS c a t t e r e d  S t r u c t u r e

4 2.3:EFGH/�HEF�IJKLMN��>�?@OP;

4 2.4:/� /EF�NQR FDTDST�?@;

2.3rfC#�0ÿ��
'QyP

n'(S�y

�	rÃ�S
�����Vy

�r÷��Û%	êtP

È¶5������
�	��æ FDTD�cB�5�¶íî�45P

;<C

�Þ·�à·hæ	Ä��¦tuvw �æ�
 (total-fields)VP


 (scattered-fields)�E\ÂÃ�fMÝH

Etotal = Einc + Escat, (2.4.5)

Htotal = Hinc + Hscat. (2.4.6)

Einc{Hinc v��fy

��óÑ���"D{OD�lÂÃ5�
�	�&Â�+½"#t$%v?h#éy

	��
VP

��
!-½éW½8N½�0ÿCÃ+½OD��
P

�é	~���
�OD
( x� £]Ø	ÖT Yeexh&	�
v¤ Ez Â�fé

Ez|n+1
i = Ez|ni +

∆t

ε0∆x

(
Hy|n+1/2

i+1/2 − Hy|n+1/2
i−1/2

)
. (2.4.7)

~5gh�hê i− 1/2{i{i + 1/2·���
¾#	�å(qy
ÿ
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z!��	��f��

Ez,total|n+1
i = Ez,total|ni +

∆t

ε0∆x

(
Hy,total|n+1/2

i+1/2 − Hy,total|n+1/2
i−1/2

)
, (2.4.8)

���	}gh�hê i − 1/2{i{i + 1/2·��P

¾#"	�å
(qy
ÿz!��	�f�

Ez,scat|n+1
i = Ez,scat|ni +

∆t

ε0∆x

(
Hy,scat|n+1/2

i+1/2 − Hy,scat|n+1/2
i−1/2

)
. (2.4.9)

��
¾#VP

¾#����	� i = iL	Ez v¤Â�fé

Ez,total|n+1
iL

= Ez,total|niL +
∆t

ε0∆x

(
Hy,total|n+1/2

iL+1/2 − Hy,total|n+1/2
iL−1/2

)
, (2.4.10)

�! Hy,total�m�! iL − 1/2�hê	'(ÃÝ0�Ç���æ

Hy,total|n+1/2
iL−1/2 = Hy,scat|n+1/2

iL−1/2 + Hy,inc|n+1/2
iL−1/2 , (2.4.11)

j

Ez,total|n+1
iL

= Ez,total|niL +
∆t

ε0∆x

(
Hy,total|n+1/2

iL+1/2 − Hy,scat|n+1/2
iL−1/2

)
− ∆t

ε0∆x
Hy,inc|n+1/2

iL−1/2 .

(2.4.12)

~MP

¾#æ DÃ�
���æ	Â��é

Ez|n+1
iL

=
{

Ez|n+1
iL

}− ∆t

ε0∆x
Hy,inc|n+1/2

iL−1/2 , (2.4.13)

@��	��
¾#VP

¾#�¡��� i = iR	Ez v¤Â�fé

Ez|n+1
iR

=
{

Ez|n+1
iR

}
+

∆t

ε0∆x
Hy,inc|n+1/2

iR+1/2 . (2.4.14)

���OD
( x� £]Ø	ÖT Yeexh&:
v¤ Hy Â�fé

Hy|n+1/2
i−1/2 = Hy|n−1/2

i−1/2 +
∆t

µ0∆x

(
Ez|ni − Ez|ni−1

)
, (2.4.15)

~5gh�hê i− 1{i− 1/2{i·���
¾#"	�å(qy
ÿ
z!��	�f�

Hy,total|n+1/2
i−1/2 = Hy,total|n−1/2

i−1/2 +
∆t

µ0∆x

(
Ez,total|ni − Ez,total|ni−1

)
, (2.4.16)
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���	}gh�hê i− 1{i− 1/2{i·��P

¾#	�å(q
y
ÿz!��	�f�

Hy,scat|n+1/2
i−1/2 = Hy,scat|n−1/2

i−1/2 +
∆t

µ0∆x

(
Ez,scat|ni − Ez,scat|ni−1

)
. (2.4.17)

��
¾#VP

¾#����	� iL − 1/2	Hy v¤Â�fé

Hy,scat|n+1/2
iL−1/2 = Hy,scat|n−1/2

iL−1/2 +
∆t

µ0∆x

(
Ez,scat|niL − Ez,scat|niL−1

)
, (2.4.18)

�! Ez,scat�m�! iL�hê¢'(ÃÝ0�Ç���æ

Ez,scat|niL = Ez,total|niL − Ez,inc|niL , (2.4.19)

M¶ÂÈ

Hy,scat|n+1/2
iL−1/2 = Hy,scat|n−1/2

iL−1/2 +
∆t

µ0∆x

(
Ez,total|niL − Ez,scat|niL−1

)
− ∆t

µ0∆x
Ez,inc|niL .

(2.4.20)

~MP

¾#æ DÃ�
���æ	Â��é

Hy|n+1/2
iL−1/2 =

{
Hy|n+1/2

iL−1/2

}
− ∆t

µ0∆x
Ez,inc|niL , (2.4.21)

@��	#�8æhê·� iR + 1/2P

¾# D��
���æ	
Hy v¤Â��é

Hy|n+1/2
iR−1/2 =

{
Hy|n+1/2

iR−1/2

}
+

∆t

µ0∆x
Ez,inc|niR . (2.4.22)

Ã`����ù�+½�³�Ý�æ	¶!&ÂÃ£�eW½ZN½�
FDTDC

2.5 01234

¡s+½ FDTDv¤ Ex {Hy �t{|�-�Þ}	@q-�ES εr 	I
�� σ	£ z £]Ø�¦tuvw ��'(9`|Pp���C�
�gh
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&VI�� σ�-�\S εr �� StEúVI:� µåE	@��:
gh
&VI:�tEúV�¤ SåE	rÃ2�� (2.1.1)V� (2.1.2)

∂Ex

∂t
= − 1

εrε0

(
∂Hy

∂z
+ σEx

)
, (2.5.1)

∂Hy

∂t
= − 1

µ0

∂Ex

∂z
. (2.5.2)

q"DVOD�%vxP¥
Ex|n+1

k+1/2 − Ex|nk+1/2

∆t
= − 1

εrε0

Hy|n+1/2
k+1 −Hy|n+1/2

k

∆z
− σ

εrε0

Ex|n+1
k+1/2 + Ex|nk+1/2

2
,

(2.5.3)

Hy|n+3/2
k+1 − Hy|n+1/2

k+1

∆t
= − 1

µ0

Ex|n+1
k+3/2 − Ex|n+1

k+1/2

∆z
. (2.5.4)

5�?S?½ [13]
√

ε0

µ0
E → Ẽ 	Ê^·ÂÈ�:
�8æ ��

Ẽx

∣∣∣
n+1

k+1/2
=

(
1− ∆t·σ

2εrε0

)
(
1 + ∆t·σ

2εrε0

) Ẽx

∣∣∣
n

k+1/2
−

∆t√
ε0µ0

εr

(
1 + ∆t·σ

2εrε0

) · Hy|n+1/2
k+1 −Hy|n+1/2

k

∆z
, (2.5.5)

Hy|n+3/2
k+1 = Hy|n+1/2

k+1 − ∆t√
µ0ε0

·
Ẽx

∣∣∣
n+1

k+3/2
− Ẽx

∣∣∣
n+1

k+1/2

∆z
. (2.5.6)

2.6 5%234

-}æ-�ESdÓ�:ÿæ���2?útr��	-�ES�9Sæ
��	q!|:æ-�ES	��ÂÃH� Drude model�\

ε = ε0 [εr(ω) + iεi(ω)] . (2.6.1)

ÍS¦ εi > 0 �f�:ÿ�¶-}ëdW��	�S¦ εr < 0 �f�:ÿ
�¶-}ëd�
C+�µ��;<l# εr < 0"	� FDTDgh`ëdå
é"D������ [7]C45�&t�T	+T�¦�%v �& (auxiliary

differential equation	ADE) [14]§+T��EÄ�Ø¨oÕ& (piecewise linear

recursive convolution	PLRC) [14]C ADE&lë3n� Drude model-½��
v ��	xP/�+æ�%v �©	9y FDTD "D���Cú PLRC

&lë3n�#`Rt��`Ø ( ~D) V�
 ( ~E) �@ª-�"#/é�oÕ
(convolution)�E\C
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(1) ¦�%v �& (Auxiliary Differential Equation method)

2�3n�¦tuvw ��
∂

∂t
E(x, y, z, t) =

1

εeff

[∇×H(x, y, z, t)− J(x, y, z, t)] , (2.6.2)

∂

∂t
H(x, y, z, t) = − 1

µ0

∇× E(x, y, z, t), (2.6.3)

∂

∂t
J(x, y, z, t) = α(x, y, z)J(x, y, z, t) + β(x, y, z)E(x, y, z, t). (2.6.4)

���OD
 (� α = β = 0{εeff = ε0)	 J �+«X������`Ø
£¤	V3n¦tuvw ��@�C�|:�¬¸&ÂÃ� α{β {εeff

��TU Drude model S	�:ÿ�|:���	�
 εr (∞){ΓD {
ωD � Drude model�N��' SC εD(∞)�Ã��"�@q-�ES
(relatively high-frequency dielectric constant)² ωD ���´­�� (plasma

resonance frequency)² ΓD��ê®¯�� (electron collision frequency)C�



εeff = ε0εr (∞) , (2.6.5)

α = −ΓD, (2.6.6)

β = ε0ω
2
D. (2.6.7)

ÃW½ TEÿ�é	&(=· Ex 	Ey 	� Hz (Ez = Hx = Hy = 0)	}Ã
En+1

x (x, y) ≡ Ex [x, y, t = (n + 1) ∆t]�f	� FDTD�xPÂ�é

En+1
x (x, y) = En

x (x, y) +
∆t

εeff (x, y)

[
∂H

n+1/2
z

∂y
− Jn+1/2

x

]
, (2.6.8)

En+1
y (x, y) = En

y (x, y)− ∆t

εeff (x, y)

[
∂H

n+1/2
z

∂x
+ Jn+1/2

y

]
, (2.6.9)

Hn+3/2
z (x, y) = Hn+1/2

z (x, y) +
∆t

µ0

[
∂En+1

y

∂x
− ∂En+1

x

∂y

]
. (2.6.10)

��`Ø8æ ��

Jn+1/2
x =

[
1 + α ·∆t/2

1− α ·∆t/2

]
Jn−1/2

x +

[
β ·∆t

1− α ·∆t/2

]
· En

x , (2.6.11)
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Jn+1/2
y =

[
1 + α ·∆t/2

1− α ·∆t/2

]
Jn−1/2

y +

[
β ·∆t

1− α ·∆t/2

]
· En

y . (2.6.12)

|IMÝH¡söt©I·æ Drude model�|:	�-�ESÂ�f�

εD(ω) = εD(∞)− ω2
D

ω2 + iΓDω
. (2.6.13)

"#�¦tuvw ��Â�f�

ε
∂E (t)

∂t
= ∇×H (t) , (2.6.14)

�°£M±-½
∂

∂t
f (t) → −iωf (ω) , (2.6.15)

�#�¦tuvw ��Â�f�

−iωε (ω)
^

E (ω) = ∇× ^

H (ω) , (2.6.16)

�°

ε (ω)
^

E (ω) ≡ ε (x, y, z, ω)
^

E (x, y, z, ω) , (2.6.17)

∇× ^

H (ω) ≡ ∇× ^

H (x, y, z, ω) , (2.6.18)

~�

ε(ω) = ε0 · εD(ω), (2.6.19)

Â�é

ε(ω) = ε0 {εD (∞) + [εD (ω)− εD (∞)]} . (2.6.20)

��� (2.6.16)

−iωε0 [εD (ω)− εD (∞)]
^

E (ω)− iωε0εD (∞)
^

E (ω) = ∇× ^

H (ω) , (2.6.21)

�

^

J (ω) = −iωε0 [εD (ω)− εD (∞)]
^

E (ω) , (2.6.22)

� (2.6.21)Â�é
^

J (ω)− iωε0 · εD (∞)
^

E (ω) = ∇× ^

H (ω) , (2.6.23)
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£M±"#Â�é

J (t) + ε0 · εD (∞)
∂E (t)

∂t
= ∇×H (t) , (2.6.24)

�� (2.6.13)��� (2.6.22)

^

J(ω) = iωε0

[
ω2

D

ω2 + iΓDω

]
^

E(ω), (2.6.25)

� (2.6.25)Â-éMÝæ"#
∂2J (t)

∂t2
+ ΓD

∂J (t)

∂t
= ε0ω

2
D

∂E (t)

∂t
, (2.6.26)

�"q ∂tCÚÂÈ
∂J (t)

∂t
+ ΓDJ (t) = ε0ω

2
D
E (t) . (2.6.27)

(2) �EÄ�Ø¨oÕ& (Piecewise Linear Recursive Convolution method)

}ë DrudeÇ� (2.6.13)ÃÑ�v4�fæ

εD(ω) = εD(∞)− ω2
D/ΓD

iω
− ω2

D/ΓD

ΓD − iω
, (2.6.28)

Rt��`Ø (D)V�
 (E)�E\
^

D (ω) = ε∗r ·
^

E (ω) , (2.6.29)

Ñ

ε∗r (ω) = εD(ω), (2.6.30)

M¶Â�é
^

D (ω) = ε (∞) · ^

E (ω)− ω2
D/ΓD

iω

^

E (ω)− ω2
D/ΓD

ΓD − iω

^

E (ω) . (2.6.31)


 FDTDl�"#r!gh	jý�£M±-½ë`���#-é"#.
S

D (t) = εD (∞) · E (t)− ω2
D

ΓD

∫ t

0

E (t′) ·dt′ +
ω2

D

ΓD

∫ t

0

eΓD·(t−t′)E(t′) · dt′,

(2.6.32)

Ñ¶	"#Ý�l n�"D�æxP�
VRt��`ØæE\�

Dn = εD (∞) · En − ω2
D∆t

ΓD

n∑
i=0

Ei +
ω2

D∆t

ΓD

n∑
i=0

eΓD(n−i)∆t · Ei, (2.6.33)
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²

Dn = En + In + Sn, (2.6.34)

�
 En = εD (∞) · En	In = −ω2
D∆t

ΓD

n∑
i=0

Ei	 Sn =
ω2

D∆t

ΓD

n∑
i=0

eΓD(n−i)∆t · Ei

=· Inp

In = −ω2
D∆t

ΓD

En − ω2
D∆t

ΓD

n−1∑
i=0

Ei, (2.6.35)

ú

In−1 = −ω2
D∆t

ΓD

n−1∑
i=0

Ei, (2.6.36)

InÂ�é

In = −ω2
D∆t

ΓD

En + In−1, (2.6.37)

=· Snp

Sn =
ω2

D∆t

ΓD

En +
ω2

D∆t

ΓD

n−1∑
i=0

eΓD(n−i)∆t · Ei, (2.6.38)

ú

Sn−1 =
ω2

D∆t

ΓD

n−1∑
i=0

eΓD(n−1−i)∆t · Ei =
ω2

D∆t

ΓD

e−ΓD·∆t

n−1∑
i=0

eΓD(n−i)∆t · Ei,

(2.6.39)

SnÂ�é

Sn =
ω2

D∆t

ΓD

En + eΓD·∆tSn−1. (2.6.40)

³þ� (2.6.37){(2.6.40)	�y� (2.6.34)ÂÈ

Dn = εD (∞) · En +

[
−ω2

D∆t

ΓD

En + In−1

]
+

[
ω2

D∆t

ΓD

En + eΓD·∆tSn−1

]
,

(2.6.41)

�
 En xP�æE\Â�féMÝ�	ú In{Sn �Â�� (2.6.37)Z�
(2.6.40)XÈ

En =
Dn − In−1 − eΓD·∆tSn−1

εD (∞)− ω2
D∆t

ΓD
+

ω2
D∆t

ΓD

. (2.6.42)



2.7 /0�$12345� 19

2.7 67%+89:;<#

�R.S&� S. J. Osher� J. A. Sethian! 1988�r�	 [16]	����
ÄÃ��@E�ÀØx2"�	�æ &Cní^lÃ¶ &�TUP
c5
����0�V2C��R.S &
	Q��0`�+�´��Ä	Ã�Ä
���	�^��0¾v���¾# ()¦¾#Vr¦¾# )	�!TU��æ
-}C�°+Cx.S (distance function) φ (x, y)æ1ô�f�OD
�¨·e
�Ä�Õ�Cx	�°��Är¦·�Cx�µ�	)¦·�Cx��C�Ä
`�·4lCx.S�� 0�·	Cx.S� zero level set [17]	M� (2.7.1)C
�+�W½�¾#
	�°OÉV-�¬¸¼�0� φ (x, y)	�-�¬¸
"
φ > 0	ú�OÉ
" φ < 0C5�t$%v&!�\P
c�p�"	M�´
��Ä (8�-}¼�0 )�¶Ø?2�1"	Û%·Õd91	rÃ¶'�¸
Ø�°hr	!�V2 (smoothing)��¹	5È�R.S φXº�äâ�µj
Cx.S��}	ÃFeP
c��0�V2CÃ� (silicon)�±P
c�é	
. 2.5(a)�5��R.S&�V2	ÂÃ�ì���-�ES¶Ø?2I»	
. 2.5(b)�5��R.S&�V2	���`-�ES¶Ø�?2Æ��V	
iþP
c���0��V2	Â1@CÚÑS�gh���þÞ·¼½4�
��C

Φ =
[
1 + eφ(x,y)/(ξ·δ)]−1

. (2.7.1)

�
 δ�°h1ô	φ (x, y)�Cx.S	 ξ = 0.3/
√

8	ξ�1rTU�P
c�
¾!�¿C
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εr=12.1104

Air

(a)

εr=12.1104

Air

(b)

4 2.5: (a)UVEFGWXYZ	[�\]^_` (b)UVEFGXYZ	[�\]^
_;

2.8 =>?@AB (Absorbing Boundary Condition)

ï$!�=ABcs¤	��&��+¸#�ghOD�ôõ�:��	
q!Dgh¾#ë��ghCôõ���,E�°�åR1�ODr	��
5ôõ��Ù8iþÀ�Þ·���	����'(iþ�:ÿå$ó£)
]Ø���	����Ât�
	ÂÃW*!lP
ÿx¥¶��"W��
�	�T���=· &�������� (absorbing boundary condition	
ABC) [18]C

+½Á_�£¤ÿ �� (homogeneous vector wave equation)

∂2Ex

∂z2
− εµ

∂2Ex

∂t2
= 0 (2.8.1)

Â�é
[

∂2

∂z2
− εµ

∂2

∂t2

]
Ex = 0, (2.8.2)

Ñ�v4é
[

∂

∂z
−√εµ

∂

∂t

]
Ex = 0 , (2.8.3)

Z
[

∂

∂z
+
√

εµ
∂

∂t

]
Ex = 0 . (2.8.4)
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ÂÃ`�æ���

Ex(t +
√

εµz), (2.8.5)

Ex(t−√εµz), (2.8.6)

� (2.8.5) r�fnQÿ(µ z  £	� (2.8.6) r�fnQÿ(� z  £	
�ÂÃ (2.8.1) 4��� [19]	�¶Ã¡sµ £������éê	�"D
t = (n + 1) ∆tZOD z = 1/2%v	� (2.8.4)Â�\�

√
εµ

∂En+1
x

(
1
2

)

∂t
' √

εµ
En+2

x (0)+En+2
x (1)

2
− En

x (0)+En
x (1)

2

2 ·∆t
, (2.8.7)

∂En+1
x

(
1
2

)

∂z
'

En+2
x (1)+En

x (1)
2

− En+2
x (0)+En

x (0)
2

∆z
, (2.8.8)

�þ (2.8.7)(2.8.8)��
En+2

x (1)+En
x (1)

2
− En+2

x (0)+En
x (0)

2

∆z
−√εµ

En+2
x (0)+En+2

x (1)
2

− En
x (0)+En

x (1)
2

2 ·∆t
= 0, (2.8.9)

^·ÂÈ

En+2
x (0) = En

x (1) +

(
2 · c·∆t

∆z
− 1

)
(
2 · c·∆t

∆z
+ 1

) [
En+2

x (1)− En
x (0)

]
, (2.8.10)

� (2.8.10)�+Ú������	�+½;<`ÂÃ��w����Ý c·∆t
∆z

= 1
2

��������Â�2

En+2
x (0) = En

x (1). (2.8.11)

2.9 <C")DEFGH

FDTD&lÃ
z%v� 4	ÄÅef;¥�ÂÃëÆ	#�� ∆x�ô
�Û%�ô	��Ç�¦tuvw�4	
@q����4òOD67"r5
��ABc�1Vgh"D?�CM�lÀOV-�¬¸Èþ+É"	&�-
�¬¸
5�Æô�°h�gh	�5�ABc`d?ÈÁÆt��	�Ù�
��°h-½8�9´	Ñ¶�&��&¡s5��+T°hÜ#	Ñ'(ô
! 1

10
Õ�y
ÿ�	~5��ÞS�r¶�°hS3dDEB	rÃ��ÊS

�gh"DV�+üwØæD¸#�ËÌODlC ∆x	Z"DlC ∆të?È
��'C

+K�k5� FDTD&X4"	ODlCË�'(iþÃÝ'XH
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(1) ODlC'(ô!y
ÿ�	�E�ÍTU��OD�ÿ	Î�ô!ôõ
�Õ�ÿ�� ∆ 6 λmin

10
	ú�~P�-}'(9ô! ∆ ¿ λmin

10
C

(2) P
c�4òØ	h·�
��Ït»Ðæ?2	ní^5��R.S&
TUP
c	8¾�!Þ·ìøC

ú"DlC ∆t�ODhC ∆x{∆y{∆z '(iþS���w� (stability

criterion) [14]	'(iþH

c∆t 6 1√
1

(∆x)2
+ 1

(∆y)2
+ 1

(∆z)2

. (2.9.1)

c�ÀO
�À	}l5�©+°h (� ∆x = ∆y = ∆z = δ)	Â�2�

∆t 6 δ√
d · c. (2.9.2)

d�ôõ�½Ø	�&ÑK�Þ·¨°l�"DÈ¤�Ë�'(ô!8�
!ÿ�°hÕ��]Ø"D	M¶ghæ��Ò�Î!�P	����"
DæÈ�'ù�PC

2.10 IJKLM (Perfectly Matched Layer)

è���� (perfectly matched layer	PML)�Ó[l� 1994�� Berenger

r�	 [20]	�ù¶'ÆB�ABc	l�3nÕt������C� Berenger

r�	� PML¶'@"+� £��
�:
vé��v¤=·	Ñ¶ëd
5�8B�ABc	Ñ'(�� FDTD8æ��²� 1995�� Z. S. Sacks�
	 [21]	ë PML�géÍ£>� (anisotropic)���	ÂÃ23`UÔ·	�
�Õó PML ��I�8I:��?2	�ëP
ÿÓÀ�ÖS�² 1996 �
S. D. Gendeny|I�ÁÆè^ anisotropic perfectly matched layer (APML)� 
� [22]C

2.10.1 Anisotropic Perfectly Matched Layer n3·

ìt+"D×��¢Ø�0ÿ�� �-} (Region 1	x < 0 )Ã�¨y

� θi y
!+�©Ð>�-} (Region 2	x > 0)r	-0R§� x = 0��
0	� Region 1	V Region 2-}r�:ÿ]Øiþ¦tuvw ��M. 2.6

rfH
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4 2.6:]a��bF894;

Region 1r�y
ÿ�féH
^

H i = ẑH0e

�
iβ1x

x+iβ1y
y
�
, (2.10.1)

Region 2r�¦tuvw�oØ ��ÂÃ�féH

β2 ×
^

E = ωµ2

^

H, (2.10.2)

β2 ×
^

H = −ωε2

^

E. (2.10.3)

~� Region 2�©Ð>�-}�-�\SVI:\S�Ù¤ (tensors)�f�H

ε2 = ε2

[
a 0 0
0 b 0
0 0 b

]
; µ2 = µ2

[
c 0 0
0 d 0
0 0 d

]
. (2.10.4)

Ñ�-}¬¸q�! xÐ	rÃ εyy = εzz 	µyy = µzz Ñ β2 = x̂β2x + ŷβ2y 	
Á_£¤ÚÛÜÝÿ �� (homogeneous vector Helmholtz’s wave equation)Â
�éH

β2 ×
(
ε
−1
2 β2

)
× ^

H + ω2µ2

^

H = 0, (2.10.5)

�é D��



k2
2c−

(
β2y

)2
b−1 β2xβ2yb

−1 0

β2xβ2yb
−1 k2

2d− (β2x)
2 b−1 0

0 0 k2
2d− (β2x)

2 b−1 − (
β2y

)2
a−1







^

Hx
^

Hy
^

Hz


 = 0,

(2.10.6)
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�
 k2
2 = ω2µ2ε2C�� (2.10.6)ÂÃXÈ β2x ����Þ4	�k4ÂÃv4é

TEz V TMz ôß	�iþ~PE\MÝH

k2
2 − (β2x)

2 b−1d−1 − (
β2y

)2
a−1d−1 = 0 : TEz

(
^

Hx,
^

Hy = 0

)
, (2.10.7)

k2
2 − (β2x)

2 b−1d−1 − (
β2y

)2
b−1c−1 = 0 : TMz

(
^

Hz = 0

)
. (2.10.8)

gh��0D��
\S	~�� Region 1t+� TEz ôß�y
ÿ	�y

ÿV�
ÿþé��
ÂÃ�féH

^

H1 = ẑH0

(
1 + Γe−2iβ1xx

)
eiβ1xx+iβ1y y, (2.10.9)

^

E1 =

[
−x̂

β1y

ωε1

(
1 + Γe−2iβ1xx

)
+ ŷ

β1x

ωε1

(
1− Γe−2iβ1xx

)]
H0e

iβ1xx+iβ1y y, (2.10.10)

�
 Γ��
\S	b
e Region 2��:ÿ>l TEz ôß	b
��:
Â
�féH

^

H2 = ẑH0τeiβ2xx+iβ2y y, (2.10.11)

^

E2 =

(
−x̂

β2y

ωε2a
+ ŷ

β2x

ωε2b

)
H0τeiβ2xx+iβ2y y, (2.10.12)

�
 τ �b
\SC�!��� x = 0=æ¹Ä £�
Z:
là×�v«	
ÂÃXÈ�
\S ΓVb
\S τ v��H

Γ =
β1x − β2xb

−1ε1ε
−1
2

β1x + β2xb
−1ε1ε

−1
2

; τ = 1 + Γ =
2β1x

β1x + β2xb
−1ε1ε

−1
2

, (2.10.13)

ÄÅ@R�� (phase-matching)��

β2y = β1y , (2.10.14)

ë� (2.10.14)�y� (2.10.7)ÂÃ TEz	ÂXÈ

β2x =

√
k2

2bd−
(
β1y

)2
a−1b. (2.10.15)

² ε1 = ε2	µ1 = µ2	d = bV a−1 = b	k2 = k1	Ñ¶ÂÈ

β2x =

√
k2

1b
2 − (

β1y

)2
b2 = b

√
k2

1 −
(
β1y

)2 ≡ bβ1x , (2.10.16)
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ë (2.10.16)�y� (2.10.13)ÂÃrt�y
�Ø��
\S Γ = 0	Õ/ÂÃ
Èe b = dV a−1 = bC�`U=·Ù�	ó�y TMz ôß
	ÖáÂÈ b = d

V c−1 = dC

�Ã`æ|IÂë	M� b = d = a−1 = c−1 	�0ÿëdè��b
úQ
y Region 2r	ú�d�
	Vy
ÿ��Ø	I2 £���ÂtE\	�
��¶�©ÐÍp>�è����CÑ¶

ε2 = ε1s ; µ2 = µ1s, (2.10.17)

s =

[
s−1

x 0 0
0 sx 0
0 0 sx

]
. (2.10.18)

ËÌöt{|��©Ð�-} sx = 1− σx

iωε1
	ÂÈ

β2x = sxβ1x =

(
1 + i

σx

ωε1

)
β1x , (2.10.19)

��ÂÃ*	 β2x ��¦Vy
ÿ� β1x @�	�f��¾#�@ÀØVÿ��
/â�@�	ãlFeè����	Ñ#ÿQy©ÐÍp>��-}"	dÏ
â x £äåÖSC

TEz ôß�y
ÿ�
��©ÐÍp>�Ã{|�-}rÂÃ�fé²
^

H2 = ẑH0e
iβ1xx+iβ1y ye−σxxη1 cos θ, (2.10.20)

^

E2 = (−x̂sxη1 sin θ + ŷη1 cos θ) H0e
iβ1xx+iβ1y ye−σxxη1 cos θ, (2.10.21)

�
 η1 =
√

µ1

ε1
	θ�y
 £V xÐ�æ�	Ñ¶�:ÿQy©Ð�-}/	

@ÀØçVy
ÿ@�	óëèâ x� £äå�ÖS	�ÖSESV��å
E	ú&Vy
�Ø θÃZ-}�I�\S σxtEC

2.10.2 xP2=·

`+{|IðÊë APML� n3·|I	��	
�gh`'('ë�
�v��2é%v��Ò������&	é�ë`+{|	����xP
2C�N½OD
'(K�ê¦v��:ÿ��	Ñ¶2� (2.10.18)�-�Ù
¤�

s =

[
s−1

x 0 0
0 sx 0
0 0 sx

] [
sy 0 0
0 s−1

y 0
0 0 sy

] [ sz 0 0
0 sz 0
0 0 s−1

z

]

=




sysz

sx
0 0

0 sxsz

sy
0

0 0 sxsy

sz


 , (2.10.22)
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�
 Sx = 1 − σx(x)
iωε0
{Sy = 1 − σy(y)

iωε0
{Sz = 1 − σz(z)

iωε0
v��� x{y{zN� £

�?S�þ (2.2.9)V (2.2.10)�Â2�é

−iω ·
(

SySz

Sx

)
D̃x =

1√
µ0ε0

·
(

∂Hz

∂y
− ∂Hy

∂z

)
, (2.10.23a)

−iω ·
(

SxSz

Sy

)
D̃y =

1√
µ0ε0

·
(

∂Hx

∂z
− ∂Hz

∂x

)
, (2.10.23b)

−iω ·
(

SxSy

Sz

)
D̃z =

1√
µ0ε0

·
(

∂Hy

∂x
− ∂Hx

∂y

)
. (2.10.23c)

−iω ·
(

SySz

Sx

)
Hx = − 1√

µ0ε0

·
(

∂Ẽz

∂y
− ∂Ẽy

∂z

)
, (2.10.24a)

−iω ·
(

SxSz

Sy

)
Hy = − 1√

µ0ε0

·
(

∂Ẽx

∂z
− ∂Ẽz

∂x

)
, (2.10.24b)

−iω ·
(

SxSy

Sz

)
Hz = − 1√

µ0ε0

·
(

∂Ẽy

∂x
− ∂Ẽx

∂y

)
. (2.10.24c)

ÃnQÿ( x £� PML���é	Ñ�©Ð>�-}V y	zåE	rÃ
ÂÃ²

Sx = 1− σx (x)

iωε0

; sy = 1 ; sz = 1, (2.10.25)

ë� (2.10.25)�y� (2.10.23a)=· D̃xv¤Â�é

−iωD̃x

(
1− σx (x)

iωε0

)−1

=
1√
µ0ε0

(
∂Hz

∂y
− ∂Hy

∂z

)
, (2.10.26)

−iωD̃x =
1√
µ0ε0

(
1− σx (x)

iωε0

)(
∂Hz

∂y
− ∂Hy

∂z

)
, (2.10.27)

−iωD̃x =
1√
µ0ε0

(
∂Hz

∂y
− ∂Hy

∂z

)
− 1√

µ0ε0

σx (x)

iωε0

(
∂Hz

∂y
− ∂Hy

∂z

)
. (2.10.28)

�"#ÝxP (2.10.28)

D̃n
x = D̃n−1

x + ∆t
1√
µ0ε0

(curl yz) + In
Dx

∆t, (2.10.29)
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�


In
Dx

= In−1
Dx

+
σx (x) 1√

µ0ε0
∆t

ε0

(curl zy) (2.10.30)

curl zy =
∂H

n−1/2
z

∂y
− ∂H

n−1/2
y

∂z
. (2.10.31)

ë� (2.10.25)�y� (2.10.23b)=· D̃y v¤Â�é

−iωD̃y +
σx (x)

ε0

D̃y =
1√
µ0ε0

(
∂Hx

∂z
− ∂Hz

∂x

)
, (2.10.32)

�"#ÝxP (2.10.32)

D̃n
y =

1
∆t
− σx(x)

2·ε0

1
∆t

+ σx(x)
2·ε0

D̃n−1
y +

1√
µ0ε0

1
∆t

+ σx(x)
2·ε0

(curl xz) , (2.10.33)

�


curl xz =
∂H

n−1/2
x

∂z
− ∂H

n−1/2
z

∂x
. (2.10.34)

�· D̃z	Hx{Hy{Hz ÂÖ¶|ÈC




��

����

3.1 Message Passing InterfaceN3

MPI(message passing interface) ll+�­w2��¸]Ø (message pass-

ing) ��ëoCÂÃ5��Ã Fortran{C{C++ �ëo�����`ZÍT
���=DC MPI����ÂÃ�vP�ABc��¸^ (distributed memory

parallel system)`ì�	>ÂÃ�´�ABc'(���¸^` (shared memory

parallel system) ì�CZ'�í·�!Âî��Vs�5�C 1994 ����
MPI 1.0ïnJK� 129�.S	
��Ôð�Ë�CMPIÏd� 1998�Çñ
� MPI 2.0ï�òh	ðóÙ 200.S [23]C MPI�5Sô�=��"�¿�
Fé´��¿�3­	Í�=D5� ”message”�]Ø+,)*CÍ�=Í�5
��ð�=·>gh	5�õÂÃ�¶ëÆ�MPIö7ëo.�/	ê¶��
	iþ��=·��0C3nÕ,��MPI�cl�z� Argone National Lab

V`÷÷ÁøM1Y�;	��Où�cMPICH	�ÍT�ô`�ÂÃúe�
û�ïnCúní^r5��zàÃÀ°�Vgh
7raü� MPI 1.2.�
/C

��¸^ÖT³����	ÂÃv�´µABc³�VvP�ABc³
�	´µABc³�l"�=·>ÂÃm��+ABcô©	��´µ�A
Bc©ß (share memory configuration)	=·>�ABcæDlÃ¸^ý�A
(system bus)�à�	M. 3.2rfC´µABc³��=·>VABc�þu
ëï$!ZÁÙ%åÿ�	3n��01B&ã�Î_=·>{�ö7ZÁ
Ù�®Î	þuó�s�Fé	45;<��
t$CvP�ABc³�V
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M e m o r y

C P U

M e m o r y

C P U

M e m o r y

C P U

M e m o r y

C P U

H i g h  S p e e d  N e t w o r k i n g

4 3.1:?EcdeGfg5894;

´µABc³�è���	"+�=·>�lÍ��MúÐtÍ��ABcZ
�Ì¸^	,E�æ�{·	¸^
æ=·>æD�)*]ØÊ���ÃÀ°
�à�	©é+����=¸^	M. 3.1rfC'(��=¸^�þu�l
DEÃ�	+KÃÀgh
7�¿��B¶�¶T³�CÄÅz�óg�=1
d (International Supercomputer Conference	ISC)3nÇñ���1óg�=�
IBM��z�z¦ (Department of Energy	DOE)r:�zàö�a��·¦
(National Nuclear Security Administration	NNSA)aM�óg�= Roadrunner

���Õ��=	R!�zæ�÷	ø�
u�c�uzà��� (Los Alamos

National Laboratory	LANL)Ðt 122400� CPUs	H PowerXCell 8i 3200 MHz

(12.8 GFlops)=·>-gh�� (Rmax)� 1026.00 TFlop/s	·í� (Rpeak)�
1375.78 TFlop/s [24]C

MPI ��ghZ'tN�à[	)*�¸�ß (message datatype){,)
õ (communicator){,)�Ì (communication operation) [25]C)*��´J
(envelope)	)*´J�rs��)*¿� (message buffer) JK�)*R�
(address){)*�ØC�]
)*�,)�Ì`�°)*¿���¸�ß	Â
Ãã�>}�gh (heterogeneous computing)	úFe�������C
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M e m o r y

C P U C P U C P U

S y s t e m  B u s

4 3.2:+hcdeGfg5894;

3.2 ��� !"#'OPQ

3.2.1 ghÁ�z

5�"#t$%v &X4¦tuvw ��	�ù��"D��ÓÀX
ÈOD
rt��
V:
�v«	ÄÅ%v��}	#°hvº��ô�
üiØ�Ã	r¶�ghÁ�z@qAB	
ï$ó!ghÁ�ÀØ	ÃZA
Bc1ô	((ê�ôõôOD8�°hC~5ôõ167��:
;<"	
M�Ât5���gh�í�	'ùr|ù�"D8B	�Î�!ABc��
Ã	úå&?h [26]C

�¡sN½�"#t$%v &	~�©ªS3�N = NX×NY ×NZCÃ
n���éê	5�_üiØ (double precision)��m	�
 (E){:
 (H)r
¶��v¤	Rt��`Ø (D) N�v¤	1¶'mËP
c S´��?
S (σ {ε (∞){ωD � ΓD)	Zn§?h (Ñ���� �D''	M geo a	
geo b	geo cZ tmp exp)�! x{y{z £Í��M´ 24�v¤	M¶+�©
©'èé+Õ n FDTD?hr¶�ABcs¤�

N ×
(

(6 + 3 + 24)�v¤
©ªS

× 8bytes

v¤

)
(3.2.1)

~� NX = NY = NZ = 100	�r¶�ABcs¤� 257.8 MbytesCÑ¶#°
h1ô (∆)"S�+_r¶�ABcëlÃ 8�é�	�&��J�����
��r¶�ABc	j��`r¶�ABcs¤d8BC
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Î!gh"D	~�-�S� Nstep	������
	"8æ+� ��
r¶�?h_S (operator)� 35_

N ×
(

6�v¤
©ªS

× 35_?h
v¤

×Nstep

)
(3.2.2)

ÄÅS���w� (stability criterion)(� 2.9.2)	 NstepV N �E\�MÝ

Nstep ∼= 35×
√

3N
1
3 (3.2.3)

��f#OD°h�1ô (∆)S�"	'Èe@�����"D�S'(B
√

3

�	-gh¤�È9 8
√

3 ∼= 13.8564�C�&��J�P
c	ÿzZ PML«
X Sæ��	��`?h¤dB�BC�`U�ABcs¤Vgh"Dv
ò	���ì�����2� FDTD&`l��Ñ''�C

3.2.2 01���-

��ì�"d�qP
c	����!«X2	¶"� T = 0C'XÈÝ+
���
	'�lÃ`+��:
�ghÈe�C�·	}'XÈÝ+��:

	'�lÃ`+���
�ghÈe�	"8æ+_�
8:
�"D9y
∆T/2	QÝ+�ghC}tzp	ÂÃ�8æ�
8:
"9y��z8:�
z	Õ/ë���	C01��ÂÃ��©���.�f	M. 3.3rfC

3.2.3 ��2�g �Vgh��

��gh3��t��Sgh"D	VvPABc	ÄÅ01�����
.	FDTD1¦vgh"D��
V:
v¤�8æ	úABcs¤��!°
hS�B�5�	rÃÄÅ��p3��q��2��gC

ÃW½t$%v!W½�¸¹º�é	8æ=·"¶'n{/{`{ÝZ
n6`+�"D·��	M. 3.4rfCÑ¶�!�¸¹ºVgh¹º"	��
����·���d5�e@�� CPU��	j���·'(V@�� CPU

!�¸¼½C~�ë01��vºé 16»=·> (process)!?hCSG��=
·>� j	v�� 0 ∼ 15	M. 3.5rfC~�Ã��� CPU4{5�é	.
3.6�8æ CPU5� Jlocal=JSTART��¸"	¶'�e CPU4� Jlocal=JEND	ú
�8æ CPU4� Jlocal=JEND��¸"	¶'�e CPU5� Jlocal=JSTART	rÃ
'(!�¸æ¼½	Ãë CPU4� Jlocal=JEND¼½e CPU5� Jlocal=JSTART-1
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����PML����
�	
�

?

T = 0

�
��

?

����

?
T = T + ∆t/2

?

�
��

?

����

?
T = Tmax

�

?
�

����

6

T = T + ∆t/2

¾

4 3.3:ijkc5lm�k;
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( i - 1 , j ) ( i + 1 , j )

( i , j + 1 )

( i , j - 1 )

( i , j + 1 )

4 3.4:nR&opqr?s\tu5lmTv;

#!!Sª (ghost cell)	úCPU5� Jlocal=JSTART¼½eCPU4� Jlocal=JEND+1

#!!Sª (ghost cell)C�·	CPU1{5	CPU9{5� CPU6{5@��p�	
%�&�!��� CPU���¶'����¸�z	M¶Ò��i�èé+_
"D��?hC�¤�v¤�ghn�'(V��� CPU!�¸æ¼½C

#ùW½�gh1t+½�¸¹º� �	v��¿¹º{1¹ºC�T
@#[\&l £���	. 3.7rf	>�ÁW½�¸¹ºs��BC+Kú
o	W½�ghÃW½�¸¹º� ���ÕÃ	Ñ¹º�¾����� ¯
�ÝC

N½�ghÁW½89´	�&Ã+½��¸¹º z  £�éê	�N
½&8æ=·"¶'n{/{�{¡{`{ÝZn6`+�"D·��	M
. 3.8rfCÑ¶�!�¸¹º"'(ë����¸V@�� CPU !�¸æ
¼½	N½��¸¼½lÃ^��¸0 (plane) � 4	úW½lÃ�¸Ä
(line)� 4CÃ. 3.9�é	ë01��vºé 8» CPU !?h	SG��
CPU j	v�� 0 ∼ 7		~�Ã��� CPU4{5�é	. 3.10rf	�8
æ CPU5� Klocal=KSTART��¸"	¶'�e CPU4� Klocal=KEND	ú�8æ
CPU4� Klocal=KEND��¸"	¶'�e CPU5� Klocal=KSTART	rÃ'(!
�¸æ¼½	Ãë CPU4� Klocal=KEND¼½e CPU5� Klocal=KSTART-1#!!
Sª (ghost cell)	ú CPU5� Klocal=KSTART¼½e CPU4� Klocal=KEND+1#!
!Sª (ghost cell)C�· CPU6{5@��p�	%�&�!��� CPU���
¶'����¸�z	M¶Ò��i�èé+_"D�?hC�¤�v¤�g
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N u l lN u l l

N u l l

N u l l

C P U  0

( a ) ( b )

0

1

4

5

8

9

1 2

1 3

2

3

6

7

1 0

1 1

1 4

1 5

4 3.5:nR&opqr?\5wxylmz{894 (a)<Qki:(b)?{| 16}~
��;

C P U 4

  I S T A R T      I E N D

J S T A R T

  J E N D

C P U 5

  I S T A R T      I E N D

1

4

5 9

6

C P U 4

C P U 5

J S T A R T

  J E N D

J E N D + 1

J S T A R T - 1

B E F O R E A F T E R

X

Y

4 3.6:]�lm5nRwxylmz{wx��894;

( a ) ( b ) ( c )

C P U 0 C P U 1 C P U 2 C P U 3

C P U 0

C P U 1

C P U 2

C P U 3

C P U 0 C P U 1

C P U 2 C P U 3

4 3.7:nR�owxylmz{?� (a)nRz{:(b)QR�z{:(c)QRjz{;
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( i , j - 1 , k ) ( i , j , k )

( i , j , k + 1 )

( i , j + 1 , k )

( i , j , k - 1 )

( i - 1 , j , k )

( i + 1 , j , k )

j

i

k

4 3.8:�R&opqr?s\tu5lmTv;

hn�'(V��� CPU!�¸æ¼½C

#ùN½�gh1t§)�T+½�¸¹º� �	� x{y  £CNT
�W½�¸¹º� �	� x-y{y-z	� z-x	N½�¸¹º+T	M. 3.11r
fC-úoæ	��lW½8N½¹º	�l�+½�¹º!É	¹º�B	
��d�9´	��É�>�"�	�ùN½¹º&�Ý=lABcÂÃ�#
�Õ1��\	Ñgh�µ$Æ��¢	
¶'5�eN� £��¸¼½	
�¸æ¼½Ñ�%9	ëdr���eMPI�����;<	Ñ¶ní^l�
+½�¹º �C

³þÃ`rU	ò&	���2ægh��	M. 3.12rfC

3.3 OPQ'RS

��9ÀÁ (parallel speed-up ratio)V���� (parallel efficiency)l'(�
�gh����' S [25]	¤�d�ì	�5�'(��=��!X4��;
<r[È�Ý=C�°MÝH

��ÈÀÁ =
Ts(n)

Tp(n)
(3.3.1)

�
 Ts(n)�X4+òô n1ô�;<�©=·>r?��"D	 Tp(n)�X4
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C P U 7

C P U 4

C P U 5

C P U 6

C P U 3

C P U 2

C P U 1

C P U 0

4 3.9:]�lm5�R�owxQRz{ (XY 8} CPU5894 );

C P U 3

C P U 4

C P U 5

C P U 4

C P U 5

K S T A R T

    K E N D

K S T A R T

    K E N D

C P U 4

C P U 5

K S T A R T - 1

K E N D + 1

4 3.10:]�lm5�R�o�wxQRz{wx��894;

( a ) ( b ) ( c )

4 3.11:�R�owxylmz{?� (a)�Rz{:(b)nRz{:(c)QRz{;



3.3 HIJ KL 37

����PML����
�	
�

?
����

����PML����

?

���� Hx,Hy,Hz

?

MPI BARRIER

?

���� Ex, Ey, Ez

?
T = T + ∆t/2

?

���� Ex, Ey, Ez

?

MPI BARRIER

?

���� Hx,Hy,Hz

?
T = Tmax

?

MPI GATHER

?

����

6

T = T + ∆t/2

¾T = 0

�

�

4 3.12:]�_kc5lm�k;
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);<���gh� pô=·> (process)r?��"DC

���� =
��ÈÀÁ

p
(3.3.2)

�
 p���gh"r¶�=·> (process)ôS

�*<3HghOD 2× 2× 14 µm3	°h1ô∆x = ∆y = ∆z = 20 nm	ô
õ�OD°h 100× 100× 700	"DDl∆t = 3.3333E − 02 fs	"D�S (time

steps)� 4000�	�0ÿ���OD]Ø	-ôõ"D 133 fsC�*Á>�z
àÃÀ°�Vgh
7 (NCHC)� HP 64 bit ClusterCn��r5���{�c
��MÝ : (1)�c��H"+{·	HP Integrity rx2600 server	Intel Itanium2

1.5 GHz (EPIC)	 PC2100 ECC registered DDR266A SDRAM(8 GB x 169) + (16

GB x 23)	L1 Cache : 32 KB	L2 CacheH256 KB	L3 Cache : 6 MB (on-die)	
192 Nodes (2)�c�� : Intel Fortran Compiler 8.1	MPI 1.2.�/C��*<
3���M� 3.3	. 3.13Z. 3.14rfC

� 3.1: ]�_ FDTD&�H�.�y��;

NPROC a time(sec) speed-up efficiency(%)

1 b 10204.878 1.0000 100.00
4 2696.331 3.7847 94.62
8 1385.540 7.3653 92.07
16 718.702 14.1990 88.74
32 375.739 27.1595 84.87
64 195.911 52.0894 81.39

a Number of Process
b ����

n^l5�N½ghOD5�+½�¸Vgh¹º:!Õ�©��&	¶
T¹º &dåé�¸¤Ù1�]�	r���e1¤��¸¼½V�+"
D²§)5�N½ghOD5�N½�¸Vgh¹º	d5"�=·>µ$�
¢C³þÃ`ÂÃ,-	��������Z'Ñ�tÃÝ�TH

(1) ����2��vÁ

(2) 1¤Ñ%9��¸¼½V�+"D

(3) =·>µ$��.

}'�Ã�������ÂÃ/qÃ`�·�23C
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NPROC

S
pe

ed
-u

p

10 20 30 40 50 60

10

20

30

40

50

60
MPI-FDTD
Ideal

4 3.13:XY 1 ∼ 64}~��5]��.�;

NPROC

E
ffi

ci
en

cy
(%

)

10 20 30 40 50 60
75

80

85

90

95

100

MPI-FDTD
Ideal

4 3.14:XY 1 ∼ 64}~��5]��� (%);
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4.1 TU&%+U

�
VP

��ÂÃ5�Ãuÿy
	v��í���OD
tP
c
�®ÎVÂtP
c�®ÎCÃN½ODæ�
VP

�éê	#y
ÿ( y

 £]Øe�
VP

�¼-0"	�ÂtP
c�®ÎÝ	�
�QyP


"y
ÿ
�dW0�	P

���	M. 4.1rf� y-z�0 (x=0)Ez


�Cú#OD
tP
c"	P

ÒdtP
ÿ÷�	M. 4.2rf� y-z

�0 (x=0)Ez 
�C

4.2 IJKLMDVW

¶{�����\5�� 3.10{r|I	�è���� (PML)CÃW½�
é	��:
r (0, 0)�R§=QR+�ÃuÿH

Gaussian pluse = e−0.5((x−x0)2+(y−y0)2) (4.2.1)

�
 x0{y0 �ÃuÿÉXR§	gh���M. 4.3{. 4.4{. 4.5{. 4.6r
fC. 4.3lÃuÿ�«X�	ÂÃ*e
7�� 1	4G1ÿ�]Ø+�	
Ud22�P«e�0� 	rÃ�dÓâ
7Cx�È9ú22�ÖS	
ÊÙ 100�"D�" (. 4.4rf )	ÂÃ*e¶Ãuÿ�ÊÙ 100�"D�/
Ö]Øe���	�
 Ez Õ1��3n� 1?é� 0.18CÊÙ� 350 "D�
" ( . 4.5rf )	·í`¶"ÃuÿðÊ]	gh#�67	rÃ�
¾6
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7��
��� 0	�!rH��è����óDè��������	rÃ
çdt¦v�ÿ�
q�	�l 350�"D��4ÂÃ*eÕ1��
 Ez �
Õ1�� −0.0059	@Æ!«X�Ãuÿê 0.59 %	úe� 700 �"D�" (

. 4.6rf )	gh#67�
 Ez Õ1�� −0.000825	@Æ!«X�Ãuÿê
0.0825 %	�¶Âë¶+����i�ÂÃë�:ÿ���=���C§)�

Û%�
��q� x=y lineúDq� x-lineV y-line	|í Gaussianÿz
7·
D�iË§!gh#��
7	úl(µ xVµ y £Ívt���hê�Û
%	åé�
�
�q� x=y lineC

4.3 ��XYZ�()('[\%+

���� FDTD ôõ�üiØ	���gh+�t4ò4�éêC¡s
+¬}�� (silicon) ����Å� a = 1/10λ	y
ÿ�� λ = 632.8 nm"
� xv¤�
��
� (Ex,total)(M. 4.7rf )	3V FDTD�S�4�ÁÆ
( M. 4.8rf )	Ã������i�C�
OÉV�@q-�ES�Á�
1 : 12.1104C

4S4ò4|IM¢g A	N½OD��P
lÃ��¬­�;¥	óÃ
Legendre function gS4�Ç��4 [27]	� 4.3� Legendre function �ÚS n

Vy

Õ1� MAX{Ei} �Û%ÁÆ	~My

�� 1	�f# Legendre

functionÚS�Ã	üwØd�Ã	M� 4.3C

� 4.1: Legendre function��y�r��;

ÚS n MAX{Ei} Û%
3 1.033041525049673 3.3042E-2
5 1.002946737323515 2.9467E-3
7 1.000130851753434 1.3085E-4
9 1.000001004272765 1.0043E-6
11 1.000000004566903 4.5669E-9
13 1.000000000024403 2.4403E-11

5���°h 20 nm{10 nm{5 nm� x-line(y = 0, z = 0)V4ò4ÁÆ (M
. 4.9rf )C#°hä×9`	��l��r¦8��)¦� Ex,total �dÇ�
4ò4C
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4 4.1:�pEFG����N/� /EF�5?@ (a) time step = 1` (b) time step =

50` (c) time step = 100` (d) time step = 150` (e) time step = 200` (f) time step =

250;
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4 4.2:pEFG����N/� /EF�5?@ (a) time step = 50` (b) time step =

100` (c) time step = 150` (d) time step = 200` (e) time step = 250` (f) time step =

300;
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4 4.6:N time step = 700&�� Ez �Z$�4;
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4 4.7:0� a = 1/10λ:x-y]a (z = 0):x?����/����;
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4 4.8:0� a = 1/10λ:x-y]a (z = 0):x?���� FDTD���;
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4 4.9:0� a = 1/10λ:x-line (y = 0Hz = 0):x?���� FDTD���y���5
��;
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5.1 ]^_`a+24&IJbc8deDfgdh

�n{
��5�üýþÿ����v�4]^�Y	
Vè��Ic
(perfect electric conductor	PEC)¬}�vò	3V÷¬}�üýþÿ��!Á
ÆCn{r5�����+ZØ T nm��Ù�5SYë-}6O	
7·Ë§
!ôõODR§ (0,−T

2
,0)	. 5.1�f��OÉ� (n = 16)æüýþÿ��	�

�YSV�Å�E\M� (5.1.1) [28]

R2
n =

(
f +

nλ

2

)2

− f 2 (5.1.1)

�
 n���YS	Rn �l n���Å	f �x¥ÿ���qrCx (���
��Ø )	λ�y
ÿÿ�C� 5.1�ÿ� 632.8 nm	���Ø� f = 1.0 µmÝ
n = 1 ∼ 20Y��Å	Vn+��Å�%�C
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4 5.1:����D T = 300 nm:n = 16�������:�A	7	� (0,−T
2 ,0);

� 5.1: �# 632.8 nm:� ]aD 1.0 µm�
������0���y¡Q¢£0�r�;

f = 1.0 µm	λ = 632.8 nm

n Rn(µm) Rn −Rn−1(nm)

1 0.856 856.1
2 1.291 434.6
3 1.673 382.4
4 2.034 359.8
5 2.380 347.5
6 2.720 339.9
7 3.055 334.9
8 3.387 331.3
9 3.715 328.7
10 4.042 326.8
11 4.367 325.2
12 4.691 324.0
13 5.014 323.1
14 5.337 322.3
15 5.658 321.6
16 5.979 321.0
17 6.300 320.6
18 6.620 320.2
19 6.940 319.8
20 7.259 319.5

ý��Y�
	
Ç�	�Þ·¨°l�,ÙÔÅ/e^����0�L
î�ØC��ÂÃ�����0 1.0 µm`!Õv�p�	�!��ötq��
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}	Ñ¶ÂÃ�
7·rÄ()Õv	� 1�OÉ�e 10�OÉ�!vò	�
��M. 5.2rfC

��
�Y�S�Õv
��~��&qOÉ��ÔÅ!Õv	�f��
t���� å&?b��}C·í`	FDTDôõ`ÂÃ~���+���
PEC¬}�üýþÿ��	t@\��}	Ñ¶~����0� 1.0 µm	5�
� 5.1æ�Å�	#¬}� PEC"� 1�OÉ�e 10�OÉ�!vò	���
� z = 0.0 µm{y = 1.0 µm	 y £ÿÑÒ£¤�Ø (|Sy|)Ï xÐ?2®¯	M
. 5.3rfC

� FDTD ôõ�-}�÷üýþÿ�����	üýþÿ���ï07
£ y  £	ghOD� 16 µm × 4 µm × 16 µm	H� 20 nm°hhC	��
�+ZØ T = 300 nm��Ù�5SYë-}6O	
7·Ë§!ôõODR
§ (0,−T

2
,0)C¬}÷ (sliver)� 632.8 nmÿ�"@q-�ES εr = −17.6235 +

i0.4204 [30]CÄÅ� (2.6.13)	rq��Ã�"�@q-�ES εD(∞) = 4.00{
��´­�� ωD = 13844.57 THzV�ê®¯�� ΓD = 57.87 THzC#ÿ�Ì
0.18 µm ≤ λ ≤ 1.94 µmæDt@#�Ø�iþ� [29]	M. 5.4rfC

� 5.2 �5��
�YÇ�{PEC Z-}�÷üýþÿ��� FWHM Á
ÆC

� 5.2: ¤�-¥¦cHPECI�§D¨������� FWHM��;

FWHM (nm)

OÉ�YS �Y PEC-x PEC-z Silver-x Silver-z

1 432.0 411.1 578.4 306.3 390.4
2 396.8 387.4 444.4 286.4 314.7
3 380.0 375.0 441.0 276.9 302.4
4 369.9 373.7 404.9 275.8 289.6
5 371.0 360.5 408.7 265.0 284.9
6 364.5 356.4 391.5 263.4 277.2
7 359.8 344.9 397.0 255.8 279.5
8 356.1 339.7 412.4 251.5 280.4
9 353.1 338.6 435.0 251.2 277.3
10 350.7 338.1 595.5 251.5 276.3

ÄÅôõ���	ÂÃÈeMÝ��íH

+J �5��
�YÇ�gh�
v«&/qOÉ�!Õv	Ñ¶5� PEC

�ôõ"ÂÃë¶4#!l4ò4	M� 5.2Â*	 FWHM�¾8@
\C
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WJ �ì�
�YÇ�V5� PEC¬}�å&ñò	
I$	ë PEC2�
÷¬}�9½æ	5�@�y
ÿ� 632.8 nm����0 1.0 µmR§
=� FWHMÆ PEC�ô	�+��YSÝ÷¬}� FWHMÂÃô!
1/2æy
ÿ�C

5.2 ijkdelmn,opDqf&dh

�n{
��/q�YOÉ�÷øù��üýþÿ�����®ÎQ+
��:����0V��·�E\C. 5.5��YOÉ�÷üýþÿ�� (a)

z = 0.0 µm	 x-y�0`� |Sy|�v«®Î	 (b) z = 0.0 µm{y = 1.0 µm	
|Sy|Ï xÐ�?2®¯	 (c) x = 0.0 µm	 y-z�0`� |Sy|�v«®Î	 (d)

x = 0.0 µm{y = 1.0 µm	 |Sy|Ï zÐ�?2®¯	 (e) y = 1.0 µm	 x-z�0`
� |Sy|�v«®Î	 (f) z = 0.0 µm{x = 0.0 µm	 |Sy|Ï yÐ�?2®¯C

ÄÅôõ���	ÂÃÈeÝ0��íH

+J ÷ (silver)¬}�YOÉ� (n = 16)�üýþÿ��vò���0R!
y = 1.0 µm	ÂÃÈe x Ð��Ã�* (axis-x of full width half maxi-

mum	x-FWHM)� 251.5 nm(M. 5.5 (b)rf )² zÐ��Ã�* (z-

FWHM)� 280.4 nm(M. 5.5 (d)rf )	��· (focal point)¢tô!y

ÿ�� 1/2	�ñò]^�Y�	
I$	���Ø�� 693.0 nmC

WJ �
�v­ £rlåé���0R! y = 1.0 µm���·�;� (Â
Ã*� x-FWHM��Ð	z-FWHM��Ð	z-FWHM ≥ x-FWHM)	ú
D0ì+��·C3ÑdÌ/�{
�í	�
÷�ZØ>dåé��
·v;�C

NJ Öüýþÿ����YSV�Å�E\� (5.1.1)r�g� y = 1.0 µm

����0	��` y £Õ1ÿÑÒ£¤�Ø (Max|Sy|) R§R!
y = 1.08 µm��0`	��@% 0.9513 %�%C�1	Ñ¶ÂÃÃr
�g� y = 1.0 µm����0#!ÕM���0C

�J " 200 nmvò+_	� 0.6 µmä×(/Î 1.4 µmÂÃ�ì&t���
�g���0 1.0 µm=�����ÕÝ	M. 5.6rfC

���	Ã�YOÉ��üýþÿ���2?ZØ T� 20 nmØÈe
300 nm	" 20 nm2?+_	��ZØ�2?q�
�Ø{4òØV��Ø
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����!+vòC�&��àáCx y = 1.0 µm����0� x-FWHM{
z-FWHM{Ï yÐ���Ø����M. 5.7(a)rfV y £Õ1ÿÑÒ£¤�
Ø (Max|Sy|)���M. 5.7(b)rfC

ÄÅôõ���	ÂÈeÝ0��íH

+J �YOÉ��"2?÷�ZØÂÃ�ì#ZØ� 100 nm" x-FWHMÂ
ÃÈeÕÝ���·	
§+Ð (z-FWHM)�����<�lÕM�	
��·0ì;��¯7	M. 5.7(a) rf	
�tô!	
I$�ò
6C

WJ }ÃÕ1�¤�5�	�lÃ÷�ZØ� 40 nm"	�¤Õ1CM.
5.7(b)C��Ø��l�ZØ� 200 nm"ÕM	M. 5.7(a)C

NJ �&��=,��·�+��· (x-FWHM ∼= z-FWHM)	Ñ¶ÄÅÃ`
�vòZ�Ic)��'X (�¤1	��� )	Ñ¶ÂÃËÌÃZØ
� 40 nm#!è�%��ÕM�C

5.3 rst<'lmn,opDu()v&wxvy'z{

ÄÅ>ýw� (Rayleigh criterion) [31]� (5.3.1)'�v?�Þc�ÕôCx
"�4òØ (resolution)Vÿ� (λ)é�Á	VS�ÔÅ (numerical aperature	
NA)é�Á²ú�� (depth of focus)� (5.3.2)Vÿ� (λ)é�Á	V NA��
 é�Á	��lr@�	
I$ (diffraction limit)C¨$â5�Æ��ÿ�8
81�S�ÔÅ (bc )	ÂÃÈe8Ý�4òØ	
�Ã4@Ø�"�AB�
��CÑ¶ì��IcÌõ��5�8ô�Ä*	È5�8��ÿ��#!�
�%��)�ÿzC

R ∝ K1λ

NA
(5.3.1)

DOF ∝ K2λ

2 (NA)2 (5.3.2)

�
 λ�ÿ�²K1{K2 ��Y¸^ S²R�4òØ (resolution)² DOF��
� (depth of focus)C

�â:�üýþÿ���YSqCx@�����04òØV��Ø��
��C�&YSÂÃ#�éOÉ��S¤	v�/qOÉ� 1 ∼ 10!ôõC
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�g���0�Cÿ�� y = 1.0 µmR§=C. 5.8�f#q���0 y £
ÿÑÒ£¤�Ø (Max|Sy|)normalizee�� 1	àá x-FWHMÓYS�?2C.
5.9�f#q���0 y £ÿÑÒ£¤�Ø (Max|Sy|)normalizee�� 1	àá
z-FWHMÓYS�?2C. 5.10(a)� y £ÿÑÒ£¤�Ø (|Sy|)Ï yÐ?2
®¯àá��Ø�V z-FWHM{x-FWHMÓYS�?2C. 5.10(b)����0
Õ1� y £ÿÑÒ£¤�Ø (Max|Sy|)VÔÅ0Õ�?2C
ÄÅôõ���	ÂÃÈeÝ0��íH

+J #OÉ��YS�Ã	�fS�ÔÅëdÈ9	ÃÔÅ0Õ��fC#
ÔÅ0ÕÈ9	��
�Ø>dÈ9	M. 5.10(b)rfC

WJ �� (5.3.1) ÂëS�ÔÅV4òØé�Á	OÉ��YS�Ã	�
x-FWHM	z-FWHM �lÄ��?ô	Ñt@\�ÝCC�Cú��
(5.3.2)Âë��VS�ÔÅ� é�Á	OÉ��YS�Ã	@q��
�Ø�d?ôCôõ��M. 5.8{5.9{5.10(a)rfC

NJ #OÉ��YS�Ã	l+�D
�V_ÃD
��Ád?1	s�v
?)�zCÚ´)�EFC

5.4 |}~'lmn,op

n^���T_���üýþÿ��	�
+T�_a (concave)	§+T
�_` (convex)C_a��üýþÿ��)�[\���Y&�abc²_`
��üýþÿ���[\���Y&�`bcCüýþÿ��V���Y&�
a`bc
�����}`è���	� 5.2{&���"2?÷�ZØ	i�
Â�=�ZØÝÂÃFeÕM�����	Ñ¶�M�Í�2?��÷��Z
Ø	ÃFeÕM�����ln{r':��C

5.4.1 _a��üýþÿ��

_a��üýþÿ��� S��	��Å1Ì� 5.1
C�MÕó"�
��ZØ T1 ∼ T11	ÕrY�ZØ T1 = 20 nm"��Ö×£)ØÈ 20 nm	
40 nm	60 nm	80 nmZ 100 nm	�T®ÎC. 5.11rf�"��Ö×�r
£)ØÈ 100 nm�_a�üýþÿ��	T1 = 20 nm	 T2 = 120 nm	T3 =

220 nm	......Z T11 = 1020 nmC
7·Ë§!ôõODR§ (0,−T1/2,0)C
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. 5.12��T��ZØ?2�_a��üýþÿ��� z = 0.0 µm{x =

0.0 µm	 y £ÿÑÒ£¤�Ø (|Sy|)Ï yÐ?2®¯Cv���g����0
1.0 µmR§¢��Õ1�
�!vò	�Ö0v�R! yÐ 1.24 µm{0.68 µm{
0.64 µm{1.12 µmZ 1.16 µm�R§=	M. 5.12�·�f=	G	����0
x-z	��M. 5.13rfC��·� x-FWHMV z-FWHMM� 5.3C

� 5.3: ©ª«�������:x-FWHMy z-FWHM;

f = Max|Sy|(a)	λ = 632.8 nm

rY FZP£)ØÈZØ (nm) x-FWHM(nm) z-FWHM(nm)

0(b) 251.5 276.4
20 243.2 271.2
40 243.4 279.0
60 295.5 241.8
80 ��� 246.7

100 ��� 248.8

(a)�� !"#$ f = 1.24 µm�0.68 µm�0.64 µm�1.12 µm% 1.16 µm&
(b) T = 300 nm' () FZP&�� !$ 1.0 µm*

5.4.2 _`��üýþÿ��

_`��üýþÿ�� S��	��Å1!� 5.1
C�MÕó"�
��ZØ T1 ∼ T11	Õ)Y��ÙZØ T11 = 20 nm "��Ö×£rØÈ
20 nm	40 nm	60 nm	80 nmZ 100 nm	�T®ÎC. 5.14rf�"��Ö×
£)£rØÈ 100 nm�_`�üýþÿ��	T11 = 20nm	 T10 = 120 nm	
T9 = 220 nm	......Z T1 = 1020 nmC
7·Ë§!ôõODR§ (0,−T1/2,0)C

. 5.15��T��ZØ?2�_`��üýþÿ��� z = 0.0 µm{x =

0.0 µm	 y £ÿÑÒ£¤�Ø (|Sy|)Ï yÐ?2®¯Cv���g����0
1.0 µmR§¢��Õ1�
�!vò	�Ö0v�R! yÐ 0.98 µm{1.92 µm{
0.92 µm{0.94 µmZ 1.92 µm�R§=	M. 5.15�·�f=	G	����0
x-z	��M. 5.16rfC��·� x-FWHMV z-FWHMM� 5.4C
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� 5.4: ©¬«�������:x-FWHMy z-FWHM;

f = Max|Sy|(a)	λ = 632.8 nm

)Y FZP£rØÈZØ (nm) x-FWHM(nm) z-FWHM(nm)

0(b) 251.5 276.4
20 253.3 255.2
40 259.7 307.7
60 246.9 262.5
80 247.8 270.5
100 383.7 270.7

(a)�� !"#$ 0.98 µm�1.92 µm�0.92 µm�0.94 µm% 1.92 µm&
(b) T = 300 nm' () FZP&�� !$ 1.0 µm*

ÄÅ_a�{_`��üýþÿ��ôõ���	ÂÃÈeÝ0��íH

+J _aV_`�üýþÿ���!)���å&Ã� (5.1.1) r�g�
f = 1.0 µmR§=úeÕM���·	Ñ¶��·�Hú'(� 1.0 µm

R§¢�=úHÕM����0	_aV_`����0{x-FWHM{
z-FWHMM� 5.3{5.4rfC

WJ _a�üýþÿ����ZØ?2Æ¿" x-FWHM{z-FWHM
7�
Â½ä+��4òØ	
ÓâZØØÈ�1"�I�´)?�89J
�	M. 5.13rfCe�ZØÈ@ 80 nmV 100 nm�"K�
+� £
� FWHM�
7R§=	ì�N���·	5Èå&L� FWHM�
�	M� 5.3rfC

NJ _`üýþÿ���Õ)7�ÙZØ£rØÈZØ� 20 nm" x-FWHM

V z-FWHM��I���	M� 5.4rf	�\�¯	Á@�ZØ��
Ù�üýþÿ��MCÓâØÈZØ?1"��·�M0ì;�7	�
FWHM�Î?%C



5.4 qrs abc%de 56

Axix-X( µm)

In
te

ns
ity

N
or

m
al

iz
e

-2 -1 0 1 2
0

0.2

0.4

0.6

0.8

1
Analytic 1 air ring
Analytic 2 air rings
Analytic 3 air rings
Analytic 4 air rings
Analytic 5 air rings
Analytic 6 air rings
Analytic 7 air rings
Analytic 8 air rings
Analytic 9 air rings
Analytic 10 air rings

FWHM

(a)

Axix-X( µm)
In

te
ns

ity
N

or
m

al
iz

e
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4 5.2: (a)XY-¥¦c­® 1¯ 10¢�°£����: (b)±²³´4;
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4 5.3: (a)XY PEC�� 1¯ 10¢�°£� xs���?@: (b)±²³´4;
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wavelength(nm)

ε r
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Johnson and Christy(1972)
Treacy (2002)

(b)

4 5.4:�§¨ (Ag)µ�#�� 0.18 µm ≤ λ ≤ 1.94 µm¶·5 (a)¸²����: (b)¹
²����;
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4 5.5:¨������ (a) z = 0.0 µm: x-y]a>� |Sy|�?@Oº: (b) z = 0.0 µmH
y = 1.0 µm: |Sy|» x¼�½_OP: (c) x = 0.0 µm: y-z]a>� |Sy|�?@Oº:
(d) x = 0.0 µmHy = 1.0 µm: |Sy|» z¼�½_OP: (e) y = 1.0 µm: x-z]a>�
|Sy|�?@Oº: (f) z = 0.0 µmHx = 0.0 µm: |Sy|» y¼�½_OP;
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(a) (b)

(c) (d)

(e)

4 5.6:¨������:¾� ]aN (a) y = 0.6 µm; (b) y = 0.8 µm; (c) y = 1.0 µm;

(d) y = 1.2 µm; (e) y = 1.4 µm:x-z� ys�������� (|Sy|)�?@Oº;
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Thickness (nm)
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4 5.7:¨������: (a)�� T = 20 nm ∼ 300 nm����y0��3` (b)��
T = 20 nm ∼ 300 nm� ys�¿´������� (Max|Sy|);
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4 5.8:� ]a y = 1.0 µm	7~: (a)�Max|Sy| normalized:x-FWHMÀÁ��½
_: (b)±²³´4;
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4 5.9:� ]a y = 1.0 µm	7~: (a)�Max|Sy| normalized:z-FWHMÀÁ��½
_: (b)±²³´4;
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4 5.10:�� T = 300 nm�������:1 ∼ 10Á�°£: (a)���y0��3:
(b)� ]a¿´� ys�������� (Max|Sy|)yÂ�aÃ�½_;
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4 5.11:Ä¢£ÅÆ�ÇÈ� 100 nm�©ª«������;
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4 5.12: ©ª«�������N z = 0.0 µmHx = 0.0 µm: ys��������
(|Sy|)» y¼�½_OP;
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(a) (b)

(c) (d)

(e)

4 5.13:©ª«�������:�A���ÉÈ� (a) 20 nm:� ]a y = 1.24 µm;

(b) 40 nm:� ]a y = 0.68 µm; (c) 60 nm:� ]a y = 0.64 µm; (d) 80 nm:� 
]a y = 1.12 µm; (e) 100 nm:� ]a y = 1.16 µm:x-z]a>� ys������
�� (|Sy|)�?@Oº;
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4 5.14:Ä¢£ÅÆ�ÉÈ� 100 nm�©¬«������;
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4 5.15: ©¬«�������N z = 0.0 µmHx = 0.0 µm: ys��������
(|Sy|)» y¼�½_OP;
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(a) (b)

(c) (d)

(e)

4 5.16:©¬«�������:¿Ç·]Ê���ÉÈ� (a) 20 nm:� ]a y =

0.98 µm; (b) 40 nm:� ]a y = 1.92 µm; (c) 60 nm:� ]a y = 0.92 µm; (d)

80 nm:� ]a y = 0.94 µm; (e) 100 nm:� ]a y = 1.92 µm:x-z]a>� ys
�������� (|Sy|)�?@Oº;
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6.1 ���h&VW

N½� FDTD ¶'Ãgh¤V1¤�ABc	l5�¶ &�Ô·æ
+	bÙ MPI(message passing interface).�/���2	i�ÂÃ�Ngh
���C��ôõ��YS�÷øù���üýþÿ��/q���ÿ�Ý
(632.8 nm)�����	�ì�¸#����0ÂÃñò]�Y�	
I$C
úS�ÔÅ��°@#!OÉ��0Õ	S�ÔÅ�1ô5�����0��
¤V4òØ	§)��Ø�çdïeS�ÔÅ���Cùúïe�:ÿv­�
��d÷����0Ý xV z £� FWHM�+�	åé��·0ì;��¯
7C¶)	/q�ï��üýþÿ��q��ZØÝ!vò	�ì�=+ZØ
ÝÂÃÈeÆ1��
�Ø	VÕÆM� FWHMZ��Ø�	
çáå&2?
��·�¯7	45��·�;<���ì�_`��üýþÿ��=TZØ
�?2	ÂÃë��·����\�¯	úiþ�����¶XC

6.2 ����&��

+J 5�]^üýþÿ��lÂÃñò]^�Y�	
I$	n^
�í�
ZØÓYS�?2tr������}C����%�è�"	¡s3
n�Ic¿Ìíîë����	Ñ¶8'7£�ï��üýþÿ��!
�g	��ÂÃ[\�¯���¯7�æ	óO�ÕM2�0	Ãúe
8M�����C
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WJ Ãn���é	��cn6Õ1�÷��Å� 7.259 µm	M� 5.1	Z
��TU 200 ∼ 400 nm���·1ô5��°h1ô� 20 nm!gh	
ghOD��� 800 × 300 × 800°h·	5�-ABc� 122.26 GB	
- CPU time� 64991.27P	gh¤@#�QÔ	��=&`�ù5�
�vP�ABc³�	ÂÃ45gh�0"r¶�1¤ABc	ZÙ
��gh"D (5� 16»=·>	�¢©+=·>rµ³�ABc�
7641 MB	gh"D� 1083.18 P )C��çÂ7£S�ABcZgh
¤�2���	§)ÂÃO� OpenMPV MPIÈþ �5gh8�Ó
ÀC

NJ ������lÛ%�zæ+	ní^l5� APML �!����
�	ðt�R���	5� APML������Á convolutional PML

(CPML)��s�	ê¶��I��Ù¤C^îH	 CPML�����
Á APMLÝ [14]	�����������ÂÃ2é CPML	ÃCÚ�

Û%C

�J 5�D¢Ø�°h (non-uniform grids)Cn^�N½ghOD�S��
 ¯	Ã��e���0�ÐÕ�C��ÂÃ�üýþÿ��V��
�0�ghOD
5�Æ`�°h	�TOD5�Æ��°h	5A
Bc5���8M	óÂÃ¡sO�¾#vU& (domain decomposition

methods)45�:;<C
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A.1 ��,��'(

¡s+�"D�× (time-harmonic)��:
 (E{H)�+�Ä� (linear){
� � (isotropic){Á� (homogeneous)�-}
	¶ÂÃÿp �� [27]

∇2E + k2E = 0 (A.1.1a)

∇2H + k2H = 0 (A.1.1b)

�
 k2 = ω2εµ	>ÂÃPØ�!�

∇ · H = 0 (A.1.2a)

∇ · E = 0 (A.1.2b)

¶) E{HoØ�f

∇× E = iωµH (A.1.3a)

∇× H = −iωεE (A.1.3b)

X4N½��cP
4ò4;<C

~� ψ �`¤.S (scalar function)	c�ES£¤ (constant vector)	aM
£¤.S (vector function)M�H

M = ∇× (cψ) (A.1.4)
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ÂÃ

∇ ·M = 0 (A.1.5)

�

∇× (A× B) = A (∇ · B)− B (∇ · A) + (B · ∇) A− (A · ∇) B (A.1.6a)

Z

∇ (A · B) = A× (∇× B) + B× (∇× A) + (B · ∇) A + (A · ∇) B (A.1.6b)

Èë

∇2M + k2M = ∇× [
c
(∇2ψ + k2ψ

)]
(A.1.7)

}�`¤ÿp ��

∇2ψ + k2ψ = 0 (A.1.8)

M4ÂÃ£¤ÿp ��C>Â�éM�qr! c�ÂaM§+�£¤.SH

N =
∇×M

k
(A.1.9)

ö�PØ	ÑÂÃ£¤ÿp ��

∇2N + k2N = 0 (A.1.10)

óö

∇× N = kM (A.1.11)

ãù	MV NÂÃrt��:ÿ��	ú'úe¸#�4	4l'úe¸#
� ψ 4 ψ �æ� a generalizing function for the vector harmonics M and N	 c�
guiding or pilot vectorC

ËÌ.S ψÂÃ�I¬­æÿp ��	I¬­Hr{θ{ψËÌ c� r

M = ∇× (rψ) (A.1.12)

�
 rl�Å£¤	rÃ r ·M = 0C

`¤ÿp ��	� (A.1.8)5��I¬­;¥
1

r2

∂

∂r

(
r2∂ψ

∂r

)
+

1

r2 sin θ

∂

∂θ

(
sin θ

∂ψ

∂θ

)
+

1

r2 sin θ

∂2ψ

∂φ2
+ k2ψ = 0 (A.1.13)
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� (A.1.13)4�¯��

ψ (r, θ, φ) = R (r) Θ (θ) Φ (φ) (A.1.14)

ë� (A.1.14)�y� (A.1.13)	5�?Svx (separable variables)ÂÈ
d2Φ

dφ2
+ m2Φ = 0 (A.1.15a)

1

sin θ

d

dθ

(
sin θ

dΘ

dθ

)
+

[
n (n + 1)− m2

sin2 θ

]
Θ = 0 (A.1.15b)

d

dr

(
r2dR

dr

)
+

[
k2r2 − n(n + 1)

]
R = 0 (A.1.15c)

� (A.1.15)4�

ψemn = cos(mφ)Pm
n (cos θ) zn (kr) (A.1.16)

ψomn = sin(mφ)Pm
n (cos θ) zn (kr) (A.1.17)

�
Ý­ eV ov��f evenV odd	m{n�ÂÃ.S ψ �?SESC zn �
�¨���[ab.S (spherical Bessel functions) (jn	yn	h

(1)
n 	 h

(2)
n )r÷�æ

MV N£¤	�H

Memn = ∇× (rψemn) ; Momn = ∇× (rψomn) (A.1.18)

Nemn =
∇×Memn

k
; Nomn =

∇×Momn

k
(A.1.19)

Q+�

Memn =
−m

sin θ
sin(mφ)Pm

n (cos θ) zn (ρ) êθ

− cos(mφ)
dPm

n (cos θ)

dθ
zn (ρ) êφ (A.1.20)

Momn =
m

sin θ
cos(mφ)Pm

n (cos θ) zn (ρ) êθ

− sin(mφ)
dPm

n (cos θ)

dθ
zn (ρ) êφ (A.1.21)

Nemn =
zn (ρ)

ρ
cos(mφ)n (n + 1) Pm

n (cos θ) êr

+ cos(mφ)
dPm

n (cos θ)

dθ

1

ρ

d

dρ
[ρzn (ρ)] êθ

−m sin(mφ)
dPm

n (cos θ)

sin θ

1

ρ

d

dρ
[ρzn (ρ)] êφ (A.1.22)
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Nomn =
zn (ρ)

ρ
sin(mφ)n (n + 1) Pm

n (cos θ) êr

+ sin(mφ)
dPm

n (cos θ)

dθ

1

ρ

d

dρ
[ρzn (ρ)] êθ

−m cos(mφ)
dPm

n (cos θ)

sin θ

1

ρ

d

dρ
[ρzn (ρ)] êφ (A.1.23)

A.2 O�,��

¡s+P
;<	x £y
�0ÿ��¬­ÝÂ�é

Ei = E0e
ikr cos θêx (A.2.1)

�


êx = sin θ cos φêr + cos θ cos φêθ − sin φêφ (A.2.2)

Ãn+{��4;¥� (A.2.1)�æ

Ei =
∞∑

m=0

∞∑
n=m

(BemnMemn + BomnMomn + AemnNemn + AomnNomn) (A.2.3)

�! sin mφ�qr! cos m′φ (qrtmVm′)	rÃMemnVMomn@PqrC
∫ 2π

0

∫ π

0

Mem′n′·Momn sin θdθdφ = 0 (all m,m′, n, n′) (A.2.4)

�¤	 (Nomn, Nemn)	 (Momn, Nomn)	 (Memn, Nemn) él@PqrrÃ	\S
Bemn�

Bemn =

∫ 2π

0

∫ π

0
Ei·Memn sin θdθdφ∫ 2π

0

∫ π

0
|Memn|2 sin θdθdφ

(A.2.5)

�·ÂÈ Bomn	Aemn Z AomnCQ+�	ÈeH Bemn = Amn = 0(qrt mV
m′)�¤\S�ê�m = 1"	��! 0CrÃ

Ei =
∞∑

n = 1

(
Bo1nM

(1)
o1n + Ae1nN

(1)
e1n

)
(A.2.6)

�
`­ (1)�f r.S� jnÑ

Bo1n = inE0
2n + 1

n (n + 1)
(A.2.7)
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Ae1n = − iE0i
n 2n + 1

n (n + 1)
(A.2.8)

cÈey
�
�0ÿ�Ik­Ý;¥

Ei = E0

∞∑
n = 1

in
2n + 1

n (n + 1)

(
M

(1)
o1n − iN

(1)
e1n

)
(A.2.9)

q� (A.2.9)!oØ�@q��y
:
�H

Hi =
−k

ωµ
E0

∞∑
n = 1

in
2n + 1

n (n + 1)

(
M

(1)
o1n + iN

(1)
e1n

)
(A.2.10)

A.3 %+U&��U

~�+ x £�0ÿy
!+-}� � (isotropic){Á� (homogeneous)�
Å� a�-}
C

P

� (r > a)�°� Es	Hs²r¦
� (r < a)�°� EI	 HI����
�H

(Ei + Es − EI)× êr = 0 (A.3.1a)

(Hi + Hs − HI)× êr = 0 (A.3.1b)

È4H

EI =
∞∑

n=1

En

(
cnM

(1)
o1n − idnN

(1)
e1n

)
(A.3.2a)

HI =
−k1

ωµ1

∞∑
n=1

En

(
dnM

(1)
e1n + icnN

(1)
o1n

)
(A.3.2b)

Es =
∞∑

n=1

En

(
ianN

(3)
e1n − bnM

(3)
o1n

)
(A.3.3a)

Hs =
k1

ωµ1

∞∑
n=1

En

(
ibnN

(3)
o1n + anM

(3)
e1n

)
(A.3.3b)

�
 µ1�r¦
�I:�	`­ (3)�f r.S� h
(1)
n Ñ

En = inE0
2n + 1

n (n + 1)
(A.3.4)
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7 (NCHC) � HP 64bit

Cluster{�c� Intel Fortran Compiler 8.1	MPI 1.2.�/C5� �ÂÃ ¡
http://140.110.2.200/

5�Makefile� \��	�� CPUS¤V Submit job�A�H

Makefile6éMÝH

CC=mpif90 #5� mpif90 \>
CFLAGS=-O3 #O3ÕM2
OBJ = *.f90
exefile = a.out #�	ì�d
#--------------bsub options-----------
queue = 32cpu

CPU_Num = 16 #�� cpuS¤
output = out #�	��
error = err #�	RÛ
JobName = $(PWD)
#------------ End of embedded BSUB options------------

prog:$(OBJ) # \
$(CC) $(OBJ) -o $(exefile)

clean: #�egh��
@rm -rf *.out *.dat *.plt *.PLT work/* err* out*

job: #9yA�
bsub -o $(output) -e $(error) -J $(JobName) -n $(CPU_Num)
-q $(queue) mpirun -srun ./$(exefile)

+J ì�

$make clean

ë`+qì�����e
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WJ ì�

$make

q��! \

NJ ì�

$make job

ë��§y LSF!A�


