
���
18 � 1 � 30 �

���
	���
��
� � � �

1. �����������
�! �"� $#&%�')(+*-,/.1032�4�57698-�: /5/;=<)>

?1@ %A'+(1*1B�CD>-E�FHGJIK�L 3"/ �M
N1O/P1QDR
S�T�U @ 57698-�V �5�;9<LW�X S�Y-Z:[-\7]3^�_ N/`
aAbdc S�ef] I/g @:hji Q�R�k-l
NAb/m!2�aon Uf]Lp

Tab. 1 q
rdsotfudvxwDydz
type {}| ~7� �K�f�
D Mur � �}�
D Higdon � �}�
M Berenger �$� �f�

�)�7� U1[ a ] h�i Q+R S ?�@����
(Tab.1)

4�b
c=`
� 4+N3� ]:p)^+^ > @

type D
_ ? Q3R � >�E+F��/N)�� G:`ja _ a}c������3`V���-���3��� n¢¡�£ � U I �

4�>D� ]Jp
D
?

Differential-based absorbing boundary

condition
4�¤/>D� ]Jp�¥ S

type M
?

Material-based

absorbing boundary condition
4j¤3>3�f¦ @ Q3R S � �

G�`1a-§3¨A�
`j©/ªf«)¬7­ @ E3F��o«�®�¯ �V° ]A_
axc²±�¨f�KnL¡�� U I � 4/>�� ]�p/^�^ > ?1@!³A´
�1µ1¶ ��· ¸ 8�') 
`

Mur ¹ ¥ h-i Q/R�k1l S µDa[-º�»D[ afm p

2. Mur1 ¼
x = 0

4)Q/R S
x
4-½1� ¾1�on

Ez ¿ �d« � µ�À3C�AN+ÁDÂ SjÃ FHGJI+Ä�Å @VÆ3Ç�È3É «
v
_:eo]A_ À

C+� ?+@
Ez = Ez(x + vt) (1)

_:Ê Ë @ ¥ 4 Æ3Ç �3�D� «ÍÌ I e!p/^3^ > @
y, z Î3Ï?3Ð�Ñ GÍ`�a�IDgÍÒ
¤ e7]Jp

∂Ez

∂x
−

1

v

∂Ez

∂t
= 0 (2)

x = 0
4�Q�R/>jÓ�Ô S E+F
N�`-a�Ä1Å ?-@ Q3R � > �

(2)
�D«:Õ Z I1Ö-Ö Æ+Ç eA] ?Í× >�� ]:pV^!U «

FDTDØ 4jÙ/� S)Ú �+Û e7] IDg S @ÍÜ/Ý�Þ �d« _�]
_ @
∂Ez

∂t
=

En
z − En−1

z

∆t
= v

∂E
n−1/2

z

∂x
(3)

ß�à 4
x
S µ/a [ 4��D�d«

x = ∆x/2
>jáâc _ @

En
z (1/2) − En−1

z (1/2)

∆t
= v

E
n−1/2

z (1) − E
n−1/2

z

∆t
(4)

_ ` ]Lp¢ã à 4
En

z (1/2) ä ß3à 4 En−1/2

z

?
FDTD

Ø
> ? � � GÍ`+a/4�> @Jå1æ 4+À+ç�è

En
z (1/2) =

En
z (0) + En

z (1)

2
(5)

En−1/2

z (1) =
En

z (1) + En−1

z (1)

2
(6)

En−1/2

z (0) =
En

z (0) + En−1

z (0)

2
(7)

«Íé/2êG
(4)
� S�ë�Ã G @

En
z (0)

S µ/a [)ì m _
En

z (0, j) = En−1

z (1, j) + X
{

En
z (1, j) − En−1

z (0, j)
}

(8)

X =
v∆t − ∆x

v∆t + ∆x
(9)

_ ` ]Íp�^ÍU «
x = 0

@
x = Lx

S-í3U�î�U QDR/k�l
«)ï/2 eK]D^
_ >1ð�ñD�7« h�i >
­ ]ÍpÍò7ó�ô @ 5
6²8j�: �51;õ<)>+Â)ö�÷A¾A�: 1"1 

(
Æ�Ç �A¾-N

x
@ ð

Ä ¿ � Ey

@ ñ3Ä ¿ � Bz)
«)ø�FùG @

x
�A¾ S

Mur1
¥

h�i Q�R�k-lf«Íï32 ef] Ä�Å @
2
¥1ú `dn @ Q�R

x
S

Á�ÂD`jð-ñ�Ä ¿ � Ey, Bz

S Q/R�k+lf«�ï�2 ef]Lp
ExS ï32 ef]Lû/ü ? `�a p Ö�I @

Mur1
¥ h�i Q�R�k1l

> ? Á�Â Ã F ed] ð-ñ1ÄùG:� h)i � U `�a3N @
2
¥ 4

Mur
h-i QDR�k1l > ?�@¢ý g Ã F 41ð1ñ/Ä � h+i e

]�^�_ N3>�­ ]Jp

3. þ�ÿ��������
PIC-Simulation

> ?-@���� _ Ä
4�Q�R1k+l ?���� S
� ó n UA]!p �  -"+ �# %D'�(�*�,�.-0-2/4+5A6 8��9 
5�;õ<)> ?-@��	�D? E1F�Q�R @ Ä ?-h�i Q�R�k+lf«Íï
2 eo]�^
_ N}G ô G ô á�
 UK]Íp Ä S h+i QDR
N�ï
2 � U�[ a ] 4 S
� G @���� S E3F�Q�R
N-ï/2 � U
]���� ?-@ 5f6õ8��: D5�;=<!W�X 	 4�ð������f«LÕ/µ
I�g�>3� ]:p ��� S�� G @9h)i Q�RA«Jï12 ed]/_ Ö ×
� S ð � N�QDR S��/U @ W/X 4+ð������ N�� n U7]
^�_�S ` ]Jp Ö�I @ �V 3"3 D4� 1ö�Ù�!#" S b ZV[ @
$ S ð � N�%�a�& È _ &�'K«�( Ë %A'�(�*�) �on�*
P/£ e N @,+ ¿ � Uf] 5j �-jð+Ä S b Z [#.A_0/�1 4



ð � N1O/P/% '-(�*2� S#3 ­ Y � Uo] I�g @ .o_�/
1 4jÄ�Å S�4 a [ �5� 4�E�F�Q/R�k1ld4jïD2 ?
6 �
� S
798 >�� ]
_ a ó/]Jp

4. 3 ¼;: �������;<>=@?
2
¥1ú �7n

3
¥1ú 4�A�B�>j¶ �DC ì >/� ] 4+N @ Q

R1k+l
4)ï�2D>�� ]Vp+^�^ > ?-@
x
�A¾ S h�i Q�R�k

l @
yz
� ¾ S�E�F Q/R3k1l7« � ó/] Ä3Å S µ/a [-º

»3[ adm p Ö ×L@
yz
��¾+4 E�F Q�R+k-l�4�Ä�ÅA«�G [

Hd]Jp

Fig. 1 I�Jùw�KMLfsotfu vxw�N�OMPRQ

Fig. 2 STJùw�KMLfsotfu vxw�N�OMPRQ
Fig.1

_
Fig.2

S�U	V9W «�X e p 57698-�V D5/;9<VW
X

( Y	Z )
4\[	] S�^ ¬ e}] Q
R
C

(y
�7¾�`Kn

0
_

jmx+1
@

z
� ¾3`fn

0
_

kmx+1)
?+@ ð+ñ�ÄA4�_3è�`

a S b Z [ è
N�b�c � U `-a�d ��e >/� ]:p�^VU nV4
d ��e « �fS ` ]

(
òoó�ô @

y
�f¾/4�d �5e `7n @

0S ?
jmx
N

jmx+1
S ?

1
N í-U/î-U��\f3ef]

)
5f6õ8

�J 
5�; <LWDX
( Y�Z )

� 4�d �ge «)2�a [ b\c eo]
4�N @ E#F QDR/k�ld>�� ]Íp ð�Ä

Ex
?

yz
�d¾ S (

� [ a/`+a�IDg @ $ S�h�� « e7]Jû/ü ? `+a p
¥oS

x
�K¾/4 h3i Q
R
k/l «\G [�H}])p

Fig.3
_

Fig.4
S�UgV�W «�X e p

Mur1
¥ h�i Q�RDk3l74-Ä/Å

?-@ Q�R3C�>34�d �#e _�i ¦õÅHc!5f6õ8��: D5�;=<!W
X

( Y�Z )
� 4�d ��e N ûDüê_ ` ]�pÍò7ó�ô @ ã ]d4

h�i Q�R�4�Ä�Å S ?-@
x
�A¾14

0
_

1
4�d ��e N û3ü

_ ` ]Lp
x
�A¾+4 h�i Q�R1k-l S ?j@

Ex ä Bx
4�Q�R

S À+ád` ¿ � ? h#� « eo]Jû�ü ? `1a p QDR S Á/Â`
yz ¿ � S (8)

� «�ï�2 e7]Jp

Fig. 3 I�Jùw	K�L}q
rou vxw	NTOMPjQ

Fig. 4 STJùw	K�L}q
rou vxw	NTOMPjQ
k æ º�eo] %2l#m/'\n�� So4 a [ @ B � � U
[ a
]

dt dx(ddt)
?

(9)
� S �+I ] Ð _A>D� ]Íp

ddt
? `

a 4�p S 2�a/I ÜDÝ�q H�r >
� ]Íp/^�U n�4 Ð _ ?
s�t > Ú�uDeo]�ûDü N�� ]Íp Ö/I @

tmp
?1å�ÜDÝ 4

è
N �#v � UD[ a ]Lp
imm

?
imx-1

« @
imp
?

imx+1« í�U/î�U�w�x G [ a ]Lp
jmm,kmm,jmp,kmp

�
y�z
>D� ]Lp

2



/* Ey & Ez cycle boundary conditions */

for(i=0;i<=imx;i++)

{

for(j=0;j<=jmx;j++)

{

Ez[i][j][ 0] = Ez[i][j][kmx];

Ez[i][j][kmp] = Ez[i][j][ 1];

}

for(k=0;k<=kmx;k++)

{

Ey[i][ 0][k] = Ey[i][jmx][k];

Ey[i][jmp][k] = Ey[i][ 1][k];

}

}

/* Bx cycle boundary conditions */

for(i=0;i<=imx;i++)

{

for(j=1;j<=jmx;j++)

{

Bx[i][j][kmp] = Bx[i][j][ 1];

Bx[i][j][ 0] = Bx[i][j][kmx];

}

for(k=1;k<=kmx;k++)

{

Bx[i][ 0][k] = Bx[i][jmx][k];

Bx[i][jmp][k] = Bx[i][ 1][k];

}

}

/* By cycle boundary conditions */

for(i=1;i<=imx;i++)

{

for(j=0;j<=jmx;j++)

{

By[i][j][kmp] = By[i][j][ 1];

By[i][j][ 0] = By[i][j][kmx];

}

}

/* Bz cycle boundary conditions */

for(i=1;i<=imx;i++)

{

for(k=0;k<=kmx;k++)

{

Bz[i][jmp][k] = Bz[i][ 1][k];

Bz[i][ 0][k] = Bz[i][jmx][k];

}

}

/* Ey absorption boundary conditions */

for(k=0;k<=kmx;k++)

for(j=1;j<=jmx;j++)

{

Ey[ 0][j][k] = tmp[ 1][j][k]+dt_dx(ddt)

*(Ey[ 1][j][k]-tmp[ 0][j][k]);

Ey[imx][j][k] = tmp[imm][j][k]+dt_dx(ddt)

*(Ey[imm][j][k]-tmp[imx][j][k]);

}

/* Ez absorption boundary conditions */

for(k=1;k<=kmx;k++)

for(j=0;j<=jmx;j++)

{

Ez[ 0][j][k] = tmp[ 1][j][k]+dt_dx(ddt)

*(Ez[ 1][j][k]-tmp[ 0][j][k]);

Ez[imx][j][k]=tmp[imm][j][k]+dt_dx(ddt)

*(Ez[imm][j][k]-tmp[imx][j][k]);

}

/* By absorption boundary conditions */

for(k=1;k<=kmx;k++)

for(j=0;j<=jmx;j++)

{

By[ 0][j][k] = tmp[ 1][j][k]+dt_dx(ddt)

*(By[ 1][j][k]-tmp[ 0][j][k]);

By[imx][j][k] = tmp[imm][j][k]+dt_dx(ddt)

*(By[imm][j][k]-tmp[imx][j][k]);

}

/* Bz absorption boundary conditions */

for(k=0;k<=kmx;k++)

for(j=1;j<=jmx;j++)

{

Bz[ 0][j][k] = tmp[ 1][j][k]+dt_dx(ddt)

*(Bz[ 1][j][k]-tmp[ 0][j][k]);

Bz[imx][j][k] = tmp[imm][j][k]+dt_dx(ddt)

*(Bz[imm][j][k]-tmp[imx][j][k]);

}
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