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%  

G'IJDN/[\4#]DD'^_/`a=b+/KAc

! 

r
m
/d<=G'e

fg/d<=hiEjk<=lXS>(mn1=X#opq$rs=' 

! ! ! !

! 

I = Ie " nf
2
{1+ 4# r

2
[$A (r) % $A 0

]
sin(K " r)

K " r
dr

r= 0

&

' }! ! ! ! ! ! (A-28) 

>c#$KAc

! 

r
m
/d<=

! 

"
A
(r)# "

A 0
!tuGcXvn'

! 

r
m
6w/@ABC=

X#$]<'(A-27)Dxy!

! 

r
m
zw>4#>SD?+Gtu4#S>/{|$S

DtuD}/'(A-27)6QAR<=(A-28)D~�/<=��$ 

! 

Ie " nf
2!���<& IG'��-. S(K)>��1#$ 

! ! ! !

! 

S(K) "
I(K)

Ie # nf
2

= 1+ 4$ r
2
[%A (r) & %A 0

]
sin(K # r)

K # r
dr

r= 0

'

(  

                     

! 

= 1+ 4"#A 0
 r

2
[g(r) $1]

sin(K % r)

K % r
dr

r= 0

&

'        (A-29) 

��-. S(K)G'�D��/��#23D��+,-.

! 

g(r)/���A'(A-26)

vn)*+,-./�(#$(A-29)6�/�N4#>' 
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! ! ! ! !

! 

1

4"K
[S(K) #1] =  r[$

A
(r) # $

A 0
]sin(K % r)dr

r= 0

&

'  

!"#$%&'()*+,-.$ 

! ! ! ! !

! 

r["
A
(r) # "

A 0
] =

1

2$ 2
 K % [S(K) #1]sin(K % r)dK

K= 0

&

'  

/01234$ 

! ! ! ! !

! 

g(r) = 1+
1

2" 2
r#A 0

 K $ [S(K) %1]sin(K $ r)dK
K= 0

&

' ! ! ! ! ! (A-30) 

567819:$9;$9<=2>?@ABC

! 

g(r).DE&DFG7 r&HI4JKL1

DF&MNOPQR$ST@ABC

! 

RDF = 4" r
2#A (r) = 4" r

2#A 0
$ g(r).$DE&

DFG7UT rVW&XY4@AL1DFCOPL2%87&BC S(K)$

! 

g(r)$

! 

RDF5$X Z&[\]^_)`G76781a?bcdef)`)!$a?4

gh1DF&iNjkOlmL19n=2 

 

9=op4gh1 XZ&[\/opbcqF  

:2opbcqF  

! [\rs5opst?!"107$DFuv&iN5wxyz4{|z4}

~Rop�FO����12���$�F@A

! 

"(r)���&wxyz0{|z

}~O��2op�F&��������O a, b, c/R$(p, q, r)O�op�F

�H��&HIO��L1�C�/L12vR�$op�F&"1�H��O

��$v&��&�O���4@AL1DF&��HIOlmL1 &��¡

¢DE/L12¡¢£DE O O�¤R¥v&�&HI����.

! 

(p " a + q " b+ r " c)/012v&�H���&�E4�L1¡¢DE¦G7&HI

����O r$v&op�F�H��&DEG7v&E§!&HI����O r’
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!"#!$r! r’%&'(  

!       !

! 

r = (p " a + q " b+ r " c) +r'                             (A)31) 

*+,$ 

! ! ! ! !

! 

"(r) = "(r')                                          (A-32) 

-./"#0

! 

"(r')(1234%56789:;<=% r’%2>*%?@AB7

CD"#0EFGHIJKHLM*($N%1234* r’7OPQRS%T(

UV*+#0WXQ$YZ[@

! 

A(K)7\]"#^%_`a%ab:&"#bc

($de%fg($ 

! !

! 

A(K) = "(r)e# iK•r
dv

V

$ = "(r)e# iK•( pa+ qb+ rc+ r')
dV

V

$  

         

! 

= exp["iK • (p # a + q # b+ r # c)]
r

$
q

$
p

$ # %(r')e
"K•r'

dV
V (Unit Cell )

&    (A-33) 

!I,$hi@6:jkQ2l[@:jkQm7n,$So:$pj:123

4:jkQ%_`[@%abbc7qr<ds-$detuha:v"#YZ

[@

! 

A(K)!I#0So($wi@6: 

! ! ! ! !

! 

F(K) = "(r)e
# iK•r

dV

V (Unit Cell )

$                              (A-34) 

*+#_`ax5@y-z{"#S!!UV*+#0

! 

F(K)(deYZ[@(crystal 

structure factor)!|}o#0 

! ~�Q$123456:v"#1234� j��5@%��%2>���47

! 

r j$�%5@%5@:��?@ABc�7

! 

"(r # r j )!"#0S% rR1234%

56:v"#2>��7�"01234�%?@ABc�($ 

! ! ! ! ! !

! 

"(r) = "(r # r j )
j

$                                (A-35) 
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!"#$(A-34)%&'()*+

! 

F(K),-./012#!3 

! ! ! ! !

! 

F(K) = "(r # r j )exp(#iK • r)dV
Unit cell

$
j

% ! ! ! ! ! !     (A-36) 

!"#$--43

! 

r " r j = r' !56!3

! 

r = r'+r j47#$

! 

r'89:;<4 j =>

?+%@A:5BCDEF.GHI2#J%?+,KL2#M+%NO:5/

PQEGR#$ 

         !

! 

F(K) = "(r')exp[#iK • (r'+r j )]dV
Unt cell

$
j

%  

              

! 

= exp("iK • r j ) #(r')exp["iK • r']dV
V (atom )

$
j

%  

! 

r',S2#TH8 j=>?+%@ABCUVW:5XYZ<,S2#TH47[3 

(A\9)4]^_.#J%?+%?+`a*+ f ,Ob2#$c9:;<,8d"

#ef%?+ghi2#!EG3j=>%?+%?+`a*+!Rjkl43

! 

f j

!m2$n,3 

              

! 

F(K) = f j " exp(#iK • r j )
j

(cell )

$ ! ! ! ! ! ! ! ! ! ! ! ! (A-37)  

!"#$&'()*+

! 

F(K)839:;<o%c?+%?+`a*+/3?+%

pq

! 

r j!`aXYZ< K BC:Nrstu#-!/vwEGxyW&z47#$

-./(A-33),01EG3&',O2#()*+8 

   

! 

A(K) = exp["iK • (p # a + q # b+ r # c)]
r

$
q

$
p

$ # f j # exp("iK • r j )
j

(cell )

$ !  ! (A-38) 

!"#$ 

! {|3}+~BCtu#:N*+/ 

       

! 

G(K) " exp[#iK • (p $ a + q $ b+ r $ c)]
r

%
q

%
p

% ! ! ! ! ! ! !  !  (A-39) 

!Pm2#!3&',O2#()*+8 
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    !  

! 

A(K) = G(K) " F(K)! ! ! ! ! ! ! ! ! !                   (A-40) 

!"#$%&#!'()*&#%+!,-./01%2345 I 6, (A-8)%

! 

I = I
e
" A(K)

2
! 789 

       

! 

I = I
e
A(K)

2
= I

e
G(K)

2
" F(K)

2
! ! ! ! ! ! ! ! !            (A-41) 

!,-.

! 

G(K)
2
6'(:;:<=>%&#?9@<ABC- LaueDE?F-. 

 

G.LaueDE  

! '("#%HIJKLMNOP a, b, c?9(p, q, r)6Q'("#RSTO%S

UPV0C-WEX?F-.YZ'(%"#69a, b, c[9\]^]9 

! 

N
a
,  N

b
,  N

c

_`abc]defdg-!C-!9(p, q, r)%hi69 

! ! ! ! !

! 

(p,q,r) = (0,0,0)" (Na #1, Nb #1, Nc #1)                 (A-42) 

!C-j![?k-.l<9(A-39)6 

!   

! 

G(K) " exp[#iK • (p $ a + q $ b+ q $ c)]
r

%
q

%
p

% ! ! ! ! ! ! !  ! !   

! ! ! !  

! 

= exp["i # p(K • a)]
p= 0

Na "1

$ # exp["i # q(K •b)]
q= 0

Nb "1

$ # exp["i # r(K • c)]
r= 0

Nc "1

$    (A-43) 

?F-.\]^]%$9mno9pq$?6rs[

! 

exp["i # (K • a)]?F-tsu

E%$?F-789 

! ! ! ! !

! 

exp["i # p(K • a)]
p= 0

Na "1

$ =
1" exp["i # Na (K • a)]

1" exp["i # (K • a)]
 

?F-.vw9xy%

! 

1" exp["i # (K • a)]69

! 

(K • a) " #!C-!9 

!

! 

1" exp["i # (K • a)] = 1" cos$ + i # sin$

! 

= 2sin
2
(" /2) + i # 2sin(" /2)cos(" /2) 

                 

! 

= 2sin(" /2)[sin(" /2) + i # cos(" /2)] 

                 

! 

= 2sin(" /2)[cos(" /2 # $ /2))+ i % sin(" /2 # $ /2)] 
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! 

= 2sin(" /2){exp[i(" /2 # $ /2)]= 2sin(" /2) % ei(" / 2) % e# i$ / 2 

!"#$%&'()'*+,-. 

!

! 

1" exp["i # N
a
(K • a)]= 2sin(N

a
$ /2) # ei#Na

$ / 2
# e

" i% / 2 

!"#/0. 

! ! !

! 

exp["i # p(K • a)]
p= 0

Na "1

$ = e
i# (Na "1)(K•a )/2] #

sin[Na (K • a)/2]

sin[(K • a)/2]
             (44) 

1'. 

! !    !

! 

exp["i # p(K • a)]
p= 0

Na "1

$
2

=
sin

2
[Na (K • a)/2]

sin
2
[(K • a)/2]

                   (45) 

23#$%&4567(A-43)4 b.c'89#:2-;<9#/0. 

    

! 

G(K)
2

=
sin

2
[N

a
(K • a)/2]

sin
2
[(K • a)/2]

"
sin

2
[N

a
(K •b)/2]

sin
2
[(K •b)/2]

"
sin

2
[N

a
(K • c)/2]

sin
2
[(K • c)/2]

     (46) 

23#$=4>?@ABC8D(Laue function)!EFG#$HI4JK.

! 

(K • a)/2

KL'MNOP$(Q-()- 2R4ST8D23#/0.

! 

(K • a)/2 = x!U,.

V'W+XY" x4JKMNGFZ+$ 

       

! 

sin
2
[N

a
(K • a)/2]

sin
2
[(K • a)/2]

=
sin

2
(N

a
x)

sin
2
x

"
[N

a
x # (1/3!)(N

a
x)

3
+ ...]

2

[x # (1/3!)x
3

+ ...]
2

" N
a

2
 

!"#$[\]^2

! 

N
a
,  N

b
,  N

c
7_`"aD23#/0.ABC8D4J7.! !

(h!k!l)KVb7cd4aD!U, 

! ! ! ! ! ! !

! 

K • a = 2"h,     K •b = 2"k,     K • c = 2"l! ! ! ! ! ! ! ! (A-47) 

23#e.f+g_JKhU.=4ij/0kUlGmno7gp,XY"J

'U/"0"+$(A-47)4ij@;<9#no7. 

              

! 

G(K)
2

= (N
a
N

b
N

c
)
2

= N
2
! ! ! ! ! ! ! ! ! ! ! ! !  (A-48) 

!"#$N 7]^'qrG#stuv4wD23#$(A-47)7xy'z{#A
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!"#$%&'()*+  

 

3+Laue#$%&,-./012  

345678(h!k!l)&69:

! 

d
hkl
;  

! <!"#=>$%(A-47)?@AB*C8#D(h!k!l)EF45-.#-.6?

7GB*678! (Miller#678&H'()*)! IJKLMN*+O)?PQ

LRS+T A-3IUBRSIFVNIWXY-.6ZF[F\F]]?^_*+ 

 

   

 

 

 

 

 

 

 

 

 

 

 

O)`WXY-.6EabY456cd*+-.6[I45e#fg O?hiF

jOk`l(Lm45e aFbFcnF-.6[IoHpNabY-.6\&gqF

1 2 3 

O 
A 

B 
C 

456(h, k, l)#rs 

ce 

be 

ae 

! 

OA =
a

h

OB =
b

k

OC =
c

l  

T A-3.! -.6#678(h!k!l)&O#678(Miller 78)

c7Gt)*456(h!k!l)#rs+uvfg OE6[Id

wF6\E6[IoHpNWXY-.6cFx45eE6\

y#gqFBFCcz{B*+ 
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B!C"#$%&'!()*+,"-./01234%&5678(h!k!l)9:

;!2<6(h!k!l)=>?!@569 

           

! 

h =
1

OA /a
,    k =

1

OB /b
 ,      l =

1

OC /c
! ! ! ! ! ! ! ! ! (A-49) 

=AB%&C!

! 

a,  b,  cD!E)F)!GH017@GHI a!b!cJK7LMN

OPQRS"T&CU;V!WX!E7012Y aI=+,/*!Z[ OAD\

]^=/&_*!h=0 =/&C`a!OA Y(1/2)a "T)V!h=2 "T&C(7

bc3XdGH29<A%&2<6(h!k!l)YABe)&C 

! f3!()*2<6(h!k!l)9ghGH2i7jk72il

! 

d
hkl
9:;bcC

m A-3_*%&=!()*727noD!012pq7rh7PQRS AB, BC

=s#%&_*!tPQRS7uv"w`&PQRSY(7no3+,"T&C 

! !      

! 

(AB) " (BC) = (
b

k
#
a

h
) " (

c

l
#
b

k
) =
b" c

kl
+
c " a

lh
+
a " b

hk
 

(7tx3, yz{S|v9

! 

V
c
=Xd!

! 

2" # hkl #V
c
9}~aW79 g=��=! 

! ! !   

! 

g = 2"h
b# c

V
c

+ 2"k
c # a

V
c

+ 2"l
a # b

V
c

 

         

! 

= 2"h
b# c

a • (b# c)
+ 2"k

c # a

b• (c # a)
+ 2"l

a # b

c • (a # b)
              (A-50) 

=/&CgY�9��%&_D(("D��X!�"��%&Cr��7.�D

017LMPQRS

! 

a,  b,  c7������v, 

! ! !  !

! 

V
c

= a • (b" c) = b• (c " a) = c • (a " b)  

Yyz{S|v

! 

V
c
"T&(=9��d�&C 
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!"#$

! 

d
hkl
%&'()  

! (A-50)*+,-./012*34567&'((reciprocal lattice)*89:;

3456%<=/>? 

    

! 

a* = 2"
b# c

a • (b# c)
,         b* = 2"

c # a

b• (c # a)
,         c* = 2"

a # b

c • (a # b)
     (A-51) 

@A%BCD>"EF(h!k!l)GH2IJ"*KL*"#$

! 

d
hkl
GMN>O%PQ

&'(*RSTUVWX>?O*KL*"#$

! 

d
hkl
7QY A-3P7QZ[ OA*

'("*\]^*_`aPb>?

! 

g /g7\]cd*ef3456Pb>ghQ"

#$

! 

d
hkl
7Q 

! ! ! !

! 

d
hkl

= OA• (g /g ) =
a

h
• (g /g ) =

2"

g
#
a • (b$ c)

V
c

=
2"

g
! ! ! ! ! ! (A-52) 

Pb>?(A-50)* g G+,-ijk>%Ql7

! 

(c " a),   (a " b)%mnk>*PQ

(A-50)+,*opQqr7s%tu(A-52)+,-vhtD?Z[ OB, OC*wx

t_`aT

! 

d
hkl
Pb>yQO/hGMNCT(A-52)%wz*I{%t>?! |}Q

"#$

! 

d
hkl
7 2~G g *���P��0�Pb>?O/7Qg y�Pb>gG�

�-BCD>?g7Qcdy"EF(h!k!l)*IJ"-�mPQ(A-52)ghQ�

*���7 2~-"#$*&FG��0 

! ! ! ! !       

! 

g =
2"

d
hkl

! ! ! ! ! ! ! ! ! ! ! ! ! ! !   ! (A-53) 

Pb>?(A-50)Q(A-51)gh g7Q 

               

! 

g = ha *+kb*+ lc*! ! ! ! ! ! ! ! ! ! ! ! ! ! (A-54) 

Pb>?d�7"EF(h!k!l)*IJ"-�mPQ���y

! 

g = 2" /d
hkl
Pb>3

456 g7Q&'(3456%<=/>?IJ"(h!k!l)GQ�*"-�mP

��gh g ��[/0z�%BC�.BCD>?O*�7(A-54)-�D'(G
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!"#$%&'()*+,-&./&01234&5$.'(6789":g

&;<+.'(<6789$ (A-54)&=>?.'(&@ABCDEFG6(h!

k!l)5HIJ9":.'(DEFG g+$.'(&'(<2KLM"DEFG

5N": 

! OPQRST5U2HIM"6V$W&U&XY#Z[\U6]^M"<2

_`aU2bHJc":de$U2fZ[\Ug&<h6iaj>:%%5+$ 

(h!k!l)U&XY?kVJ

! 

2" /d
hkl
2lma$DEFG6ino&#.'(DE

FG g 5Np$%&=>q<&rs#.'(2qM6tm98u`:v'(&

'(<#wx'(&@ABCDEFG2 a, b, c6 (p, q, r)&y/&z5KLJ9

"&6{|?$.'(&'(<+:@ABCDEFG a}, b}, c}6UK/&y/

z(h, k, l)5KLJ9": 

! v'(&@ABCDEFG a, b, c6.'(&@ABCDEFG a}, b}, c}&)

?+$0&=>q~�q�]��#N": 

! ! ! !

! 

a, b, c " a1 , a2,  a3,   a*, b*, c*" a *1 , a *2, a *3! 6��8$ 

! ! ! ! ! ! !      

! 

ai • a *j = 2"    (i = j)

             = 0     (i # j)
                         (A-55) 

 5N":%9+(A-50)�n+(A-51)������": 

! ���&����(A-47)?�":%&��+$(h!k!l)2��+��&y/6

ia 

! ! ! ! ! ! !

! 

K • a = 2"h,     K •b = 2"k,     K • c = 2"l! ! ! ! ! ! ! ! (A-47) 

#��M"%65N�n:(A-54)&

! 

g = ha *+kb*+ lc*6(A-55)&�]����$ 
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! 

g• a = (ha *+kb*+ lc*)• a = 2"h,

g•b = (ha *+kb*+ lc*)•b = 2"k,

g• c = (ha *+kb*+ lc*)• c = 2"l,

 

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

! ! ! ! !    

! 

K = g = ha *+kb*+ lc*             ! ! ! ! ! ! !  (A-56) 

+,#'-.+/*012345 K(6k7k0)%89:2345 g);<=>?@

)ABCD01*EF*GH%I$#$!JKLM#'BraggNOAPQA;R

STU+,#'(A-48) !(A-56) VW(A-41)A01CX/* 

! ! ! ! ! ! !  

! 

I =

! 

I
e
N
2
" F(g)

2
!                                 (A-57) 

+,#'$AYZ)*-.)Y# X[AGHCX\]^/* 

! 

g = ha *+kb*+ lc* 

A(h,k,l))_`abWc>d0S"CX\]^

! 

I(hkl)Ae@+,#'$cWfg

AGHCX\]^VW*-.hij:J8)kl,mno5p+Aq:nrJs

tM#$!%+u#'vAwxJyz){|#' 

 

}mno5pA~:�X���q:nr�  

! -.hij:

! 

F(K)/*  

! ! ! ! !

! 

F(K) = "(r)e
# iK•r

dV

V (Unit Cell )

$                              (A-34) 

+,#%*(A-56)A K=g A��VW* 

! ! ! ! !

! 

F(g) = "(r)e
# ig•r

dV

V (Unit Cell )

$                               (A-58) 

+,#'�>*mno5pAq:J��=�*  

! ! ! ! !

! 

F(K) = f j " exp(#iK • r j )
j

(cell )

$ ! ! ! ! ! ! ! ! ! ! ! ! ! ! (A-37)  

+,�>VW*mno5pAq:nrJ

! 

r j = x j " a + y j " b+ z jc, 

! 

0 " x j ,  y j ,  z j " 1 
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!"#$ (A-56)%

! 

K = g = ha *+kb*+ lc* &'$  

! ! !

! 

F(g) = f j " exp(#ig• r j )
j

(cell )

$ = f j " exp[#2%i " (hx j + ky j + lz j )
j

(cell )

$ ]    (A-59) 

#(")*+,-.+/0'123"&'$*+456718$9%:;/<

=>?") 

! @9>$(A-58)ABCD2$E%FG(HIJKL%IMNOPK r %BQ

R(r)RST") 

! ! !       

! 

R(r) = F(g) " e
i(g•r j )

h,k,l

# = F(g) " e
i(g•r j )

g

#                 (A-60) 

9%U%:;>$

! 

r" (r + a)#DVWX%YRST"#$(A-55)%Z[B\&' 

! ! !

! 

g• (r + a) = g• r + g• a = g• r + ha " a* = g• r + 2#h  

>]") 

! 

r" (r + b),  r" (r + c)#^TVWX_$ 

! ! !

! 

g• (r + b) = g• r + 2"k ,   

! 

g• (r + c) = g• r + 2"l  

#("%>$BQ R(r)/9%`a#bcdEefghiRjk9#67")@

9>l'A$(A-60)%m;A

! 

e
" i(g•r )Rno2HIJKpq>qr!": 

! !

! 

R(r) " e# i(g•r )

unit cell

$ dV = e
# i(g•r ) " [ F(g) " ei(g•r )

]
h,k,l

% dV

unit cell

$  

                         

! 

= F(g') " e
# i[(g# g')•r)

dV

unit cell

$
g'

%              (A-61) 

#(")sVAnoV

! 

e
" i(g•r )% g#et% g#Ruv!"wA$et% gAxy

z{R|o$

! 

g'(h',k ',l')#DV)

! 

r = x " a + y " b+ z " c    (0 # x,y,z # 1)#D2}~!

")HIJKAB!"pqqr%��

! 

dV/

! 

dxdydzA��!"#ST")(A-55)

%Z[B\&'$ 

! !

! 

e
" i[(g" g')•r)

dV
unit cell

# $ e
" i2% (h" h' )x

dx
0

1

# & e
" i2% (k" k ' )y

dy
0

1

# & e
" i2% ( l" l ' )z

dz
0

1

#  
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! ! ! ! ! ! ! ! !

! 

= "
h,h'
# "

k,k'
# "

l,l '
= "g',g  

!"#$

! 

g'= g%&#'()*+,-%,".(%/01(*+2, 

               

! 

e
" i[(g" g')•r j )

dV
unit cell

# = dV =
unit cell

# Vc  

!34567* Vc 8"#.! (A-61)91(

! 

F(g')(

! 

g'8:;#<8=.>?/ 

! 

g'= g@ABC#$DE>/(A-61), 

! ! !

! 

R(r) " e# i(g•r )

unit cell

$ dV = V
c
" F(g)! ! ! ! ! ! ! ! ! ! ! ! ! !  (A-62) 

%&#$FG,H(IJ8?KA#$ 

! ! !

! 

F(g) =
1

V
c

" R(r) " e# i(g•r )

unit cell

$ dV ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (A-63) 

LM/(A-58), 

      

! 

F(g) = "(r)e
# ig•r

dV

V (Unit Cell )

$  

%&#NO/(A-58)!(A-63)(PQRSTGU/

! 

"(r) = (1/V
c
) # R(r)%&#F!B

V#$W8/(A-60)( R(r)(XY8?ZGU/ 

! ! ! !

! 

"(r) =

! 

1

Vc

" F(g) " e
i(g•r j )

h,k,l

#                  ! ! ! ! ! ! ! (A-64) 

%&#$(A-64),/[\]^_`(abcdefB3456g(h`ij

! 

"(r)R

kl#F!Rmn;#$FGNOo`(pqrs/tu/v([\(]^BV

#F!!"#$ 

!  (A-58)w7,/

! 

F(g)Bh`ij

! 

"(r)(abcdef%&#F!Rmnx>.

#$vx>/(A-61)NO(A-64)8y#z{,/v(|abcdefR}~#��

8�#���$�7(���b�(��?vJ%&E�IJ8/]^_`,h`i

j

! 

"(r)(abcdef%&#NO/v(|efBh`ij

! 

"(r)%&�/o`(
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!"#$%&'()*+,-./012/34*5 

! /26789:;,(A-57)+

! 

I =

! 

I
e
N
2
" F(g)

2
7<*5 

! 

F(g)
2
'=*2/,>?

*@8

! 

F(g)AB,:CD7,4E5

! 

F(g)+FG,:C7H*@8

! 

F(g) +IJ,

KL4EMIJNOP52Q3,RS+TU@VW/4*5XY8Z[\7]^

,_3`FabcE*+78de,]^fgh^3ijh^<*E,

Debye-Wallerh^'klcm)*5:Cnjo+pqr'stu1vw3,8Z

[+Txy3z*{|}4~+NO�m)��4L4E52QL+NO4~8

�L3�bE�B�����3�Ec,����8��8��8��P'��bc��2

/3bz15 

! ��+����8DNA�r����4~+�B��+ X fg¡¢£pqr

¤L82QL+¥¦��@§¨Qc©t8��ª+]^«¬­®@¯L¤3�

QcE*5°+¥¦��+±², Thomson fg+³7<t8´µ¶·+fg¸

¹@º»4��+¥¦¼½'¾)cE*2/'¿jÀÁb82+Â+Ã¹ÄÅ

/Æ*5 
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!" B#$%&'()*+,-.  

! /01 S (t, x, y, z)2 x3456 V2789:;<=/01> S’ (t’ , x’, y’, z’)

?<=@ABCDE2()*+,-.FAG28H1I9JKLMN6A!

!!!!

! 

ct'

x '

y '

z'

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

=

( ()V /c)( 0 0

()V /c))( ( 0 0

0 0 1 0

0 0 0 1

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

ct

x

y

z

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

A!!

! 

" =
1

1# (V /c)2
!!!!!!!(G28-2) 

9O=PQR>STU6VWXA 

      

! 

ct'= " # ct $ (V /c)" # x ,  

! 

x'= "(V /c)# $ ct + # $ x ,   

! 

y'= y,    z'= z     (G28-3) 

9O=PYY9FA 

! ! !

! 

(ct,x,y,z) = (x
0
,x
1
,x,

2
,x

3
),   

! 

(ct',x ',y',z') = (x
0
',x

1
',x,

2
',x

3
')     !  (B-1) 

?Z<P[LA 

! ! !

! 

" =
V

c
,      

! 

" =
1

1# (V /c)2
=

1

1# $ 2
                        (B-2) 

?V\Y?6<=P(G28-2)F]2MN6'=P!

! ! ! !

! 

x
0
'

x
1
'

x
2
'

x
3
'

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

=

( )*( 0 0

)*( ( 0 0

0 0 1 0

0 0 0 1

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

x
0

x
1

x
2

x
3

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(B-3) 

[L(G28-3)^]2MN6'=P 

   

! 

x
0
'= "(x 0 # $ % x1) ,  

! 

x
1
'= "(x1 # $ % x 0),   

! 

x
2
'= x

2
,    x

3
'= x

3           (B-4) 

_`2 x3456 V2789:;<=ab2cd>efghAij245k7

8 V9:;<=/01 S’6l<=()*+,-.>mn=P@opq9FAr

s2toDE1Fuv6$wghx=Y?yz{?'=P 

! (B-4)2|}F~���2��6�<=|}9O=P@o��F�2[[6g
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!"#$%&'()!*"%&+*,-"./012343+567!89:;

23<'"(B-2)3

! 

" = V /c=./01+567!>?:;!

! ! ! ! !
  

! 

! 

" =
V

c
= (Vx /c,  Vy /c,  Vz /c)! ! ! ! !         ! ! ! ! ! (B-5) 

@ABCD"

! 

Vx " 0,  Vy = Vz = 0@7!"?E=F)G@(B-4)*H39:',G; 

   
  

! 

x
0
'= "(x 0 #

! 

$ •
! 
x 
1
) ,  

  

! 

! 
x 
1
'= "(
! 
x 
1 #
! 

$ % x
0
),    

! 

! 
x 

2
'=
! 
x 

2
,    
! 
x 

3
'=
! 
x 

3   ! ! !  (B-6)  

?:7IJ+"  

! 

! 
x 
1=KL V'MN,./01

! 

x
/ /
@OC"  

! 

! 
x 

2
'=
! 
x 

2
,    
! 
x 

3
'=
! 
x 

3=KL

V'PQ,./01

! 

x"+56RG@"(B-6)* 

!    
  

! 

x
0
'= "(x 0 #

! 

$ • x
//
),  

  

! 

x
//
'= "(x

//
#
! 

$ % x 0),  

! 

x" '= x"   ! ! !      (B-7)  

@,G;?E*ST./01 x!= V 'MN,./01

! 

x
/ /
@KL V 'PQ,.

/01

! 

x"'&U7!OCI?@',G3+VW BXYZ" 

! ! ! ! !

! 

x = x
/ /

+ x" ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (B-8) 

[%\7!)G;  

 

 

 

 

!

!

KL V3]^3_S./01= e@RG@"!

!!!!!!!!

  

! 

e =
V

V
=
V/c

V/c
=

! 

" 
! 

" 
                                       (B-9) 

V 

! 

x"  

! 

x
//
 

x 

O 

W `XY;ab3ST./01 x=cdef g’3KL V'M

N,./01

! 

x
/ /
@PQ,./01

! 

x"'&U7!OCG;!

h 
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!"#$%&'(V)*+,-./0

! 

x
/ /
1(2 3456789'(!

! ! ! !

  

! 

x/ / = ( x cos") # e =
1
! 

$ 
(
! 

$ • x) # e =
1
! 

$ 
2
(
! 

$ • x)
! 

$                   (B-10) 

:,#$(B-8):(B-10);<(V)=>,-./0

! 

x"1( 

! ! ! !

  

! 

x" = x # x/ / = x #
1
! 

$ 
2
(
! 

$ • x)
! 

$                               (B-11) 

!"#$?@AB)

! 

x
/ /
:

! 

x"1

! 

x:
  

! 

! 

" !CDEF#@!((B-10)((B-11)((B-7)6

GH'(I@JK6L#$  

! ! !
  

! 

x
0
'= "(x 0 #

! 

$ • x),  ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (B-12) 

! ! !
  

! 

x'= x
//

+ x" = #(x
//
$
! 

% & x 0) + x"  

                
  

! 

= x + (" #1)
1

$ 2
(
! 

$ • x)
! 

$ # " %
! 

$ % x 0                    (B-13) 

(B-12):(B-13)1

! 

(x
0
,x)" (x

0
',x')@MNO6PQ'H#$?R1 HerglotzCS:

TUR#$?@JK6+V!CDW#:(XY@AB),#$ 

! 

x
0
'

x
1
'

x
2
'

x
3
'

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

=

( )*
1
( )*

2
( )*

3
(

)*
1
( 1+ (( )1)*

1

2
/* 2 (( )1)*

2
*
1
/* 2 (( )1)*

3
*
1
/* 2

)*
2
( (( )1)*

1
*
2
/* 2 1+ (( )1)*

2

2
/* 2 (( )1)*

3
*
2
/* 2

)*
3
( (( )1)*

1
*
3
/* 2 (( )1)*

2
*
3
/* 2 1+ (( )1)*

3

2
/* 2

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

x
0

x
1

x
2

x
3

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

! ! (B-14) 

! (B-12):(B-13)1(Z[\]!^_` S (x, y, z): S’ (x’, y’, z’) @a[bcde

fg)hi9'jk(S’ (x’, y’, z’)elm@no)pq V 
  

! 

(= c
! 

" )!rs9'H#

tu@vwxyzMN6CW${ dno|rsW#tu@(B-3)1(lm@no

|rsW#tu@(B-14))h}~�R�$ 

! Z[\]!��@^_`@a[bc\]@�ehi9(bcdehi9'H

,Htu1(�2841)!���AB)(�I�a[bc`@��6��@���

w�!�QRU�H$??!1��W#$ 
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!" C#$%&'()*+,-.  

! /01 S (ct, x, y, z)' x2345V'6789:;</01= S’ (ct’ , x’, y’, z’)

>;<?@ABCD'()*+,-.E,!" B'(B-3)8F<GH'&I'$%

&'()*+,-.=@JKLMNO-P+QR

! 

fµ"   

    

! 

( fµ" ) =

f
00

f
01

f
02

f
03

f
10

f
11

f
12

f
13

f
20

f
21

f
22

f
23

f
30

f
31

f
32

f
33

# 

$ 

% 
% 
% 
% 

& 

' 

( 
( 
( 
( 

=

0 )Ex /c )Ey /c )Ez /c

Ex /c 0 Bz )By

Ey /c )Bz 0 Bx

Ez /c By )Bx 0

# 

$ 

% 
% 
% 
% 

& 

' 

( 
( 
( 
( 

   (S28!111) 

>@MNO-P+QR'()*+,-.5TU<-.V@ 

! ! ! !

! 

Cµ" '(x') =
#x$

#xµ
'

#x%

#x" '
 C$% (x)                             (S28W79W2)  

=XYZ[\]5^_Z`<Ga'bc5E@S278defg$%&'(Ey, Bz)

>(Ez, By)5hYZ'()*+,-.ijkl<H>=mnfopG 

! -.V'

! 

Cµ" ',  C#$=

! 

fµ" ',    f#$8qr.s<G 

! ! ! !

! 

fµ" '(x') =
#x$

#xµ
'

#x%

#x" '
 f$% (x)! !                             (C-1) 

kg@-.tuE@O-P+QR8F<vw@ABCD'()*+,-.'x

-.'tu=XYZ@ 

! ! ! ! !

! 

"x #

"xµ
'

"x$

"x% '
= &µ

# ' &%
$
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  yCW2z 

8F<GABCD'()*+,-.E@ 

! ! ! !

! 

x
0
'

x
1
'

x
2
'

x
3
'

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

=

( )*( 0 0

)*( ( 0 0

0 0 1 0

0 0 0 1

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

x
0

x
1

x
2

x
3

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

                             (B-3) 

8F<vw@ABCD'x-.E@CD-u'{=|}8~l�sZ@V� WV 
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!"#$%&#'(  

! ! !   

! 

x
0

x
1

x
2

x
3

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

=

( )( 0 0

)( ( 0 0

0 0 1 0

0 0 0 1

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

x
0
'

x
1
'

x
2
'

x
3
'

" 

# 

$ 
$ 
$ 
$ 

% 

& 

' 
' 
' 
' 

                               (C-3) 

)*+ 

       

! 

("#
µ
) =

"
0

0 "
1

0 "
2

0 "
3

0

"
0

1 "
1

1 "
2

1 "
3

1

"
0

2 "
1

2 "
2

2 "
3

2

"
0

3 "
1

3 "
2

3 "
3

3

$ 

% 

& 
& 
& 
& 

' 

( 

) 
) 
) 
) 

=

* "* 0 0

"* * 0 0

0 0 1 0

0 0 0 1

$ 

% 

& 
& 
& 
& 

' 

( 

) 
) 
) 
) 

                  (C-4) 

! 

" = V /c,      # = 1/ 1$ (V /c)
2

= 1/ 1$ " 2  ,-'(./+(C-1)01234+(C-2)

!(C-4)5678+ 

! ! ! ! ! ! !

! 

fµ" '= #µ

$ % #"
&

 f$&                                  (C-5) 

!9'( 

! (C-5) 0123!(:28!111), (C-4)5;<=8+E! B0>?01235@>

?A/BC'((C-4)D&E'FG/

! 

("#
µ
)/4H0IJKLM-N+

! 

fµ"0OP>

?QH,-'0,+R#S#0TU+VW/X"FG/+(C-5)YZ,[\]/

^'_4`97= 2_=D97( 

! a

! 

Ex ' /c = f
10

'= "
1

# $ "
0

%
 f#%  

              

! 

= "
1

0 # ("
0

$
 f

0$ ) + "
1

1 # ("
0

$
 f

1$ ) + "
1

2 # ("
0

$
 f

2$ ) + "
1

3 # ("
0

$
 f

3$ )  

              

! 

= "
1

0 # ("
0

$
 f

0$ ) + "
1

1 # ("
0

$
 f

1$ )  

              

! 

= "
1

0 # "
0

1
 f

01
+ "

1

1 # "
0

0
 f

10
 

              

! 

= ("#)2($E
x
/c) + # 2(E

x
/c) = (1$ " 2)# 2(E

x
/c) = (E

x
/c)   

! ! ! ! ! b#FN+ 

                     

! 

E
x
'= E

x
                                  (C-6) 
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! 

! 

Ey ' /c = f
20

'= "
2

# $ "
0

%
 f#%  

              

! 

= "
2

0 # ("
0

$
 f

0$ ) + "
2

1 # ("
0

$
 f

1$ ) + "
2

2 # ("
0

$
 f

2$ ) + "
2

3 # ("
0

$
 f

3$ ) 

              

! 

= "
2

2 # ("
0

$
 f

2$ )  

              

! 

= "
2

2 # "
0

0
 f

20
+ "

2

2 # "
0

1
 f

21
 

              

! 

= 1" # " Ey /c + 1" $#(%  Bz) = # " Ey /c % $# Bz  

! ! ! ! "#$%&

! 

" = V /c'()*+& 

! ! ! ! ! ! !      

! 

Ey '= "(Ey #VBz)                            (C-7) 

!

! 

Ez ' /c = f
30

'= "
3

# $ "
0

%
 f#%  

              

! 

= "
3

0 # ("
0

$
 f

0$ ) + "
3

1 # ("
0

$
 f

1$ ) + "
3

2 # ("
0

$
 f

2$ ) + "
3

3 # ("
0

$
 f

3$ ) 

              

! 

= "
3

3 # ("
0

$
 f

3$ )  

              

! 

= "
3

3 # ("
0

0
 f

30
+ "

0

1
 f

31
+ "

0

2
 f

32
+ "

0

3
 f

33
) = "

3

3 # "
0

0
 f

30
+ "

3

3 # "
0

1
 f

31
 

              

! 

= 1" # " Ez /c + 1" $#( By ) = # " Ez /c + $# By  

! ! ! ! ! ,-.& 

! ! ! ! ! ! !      

! 

Ez '= "(Ez + VBy )                            (C-8) 

! 

! 

Bx '= f
23
'= "

2

# $ "
3

%
f#%  

          

! 

= "
2

0 # "
3

$
f
0$ + "

2

1 # "
3

$
f
1$ + "

2

2 # "
3

$
f
2$ + "

2

3 # "
3

$
f
3$  

          

! 

= "
2

2 # "
3

$
f
2$ = "

2

2 # ("
3

0
f
20

+ "
3

1
f
21

+ "
3

2
f
22

+ "
3

3
f
23
)  

          

! 

= "
2

2 # "
3

3
f
23

! 

= "
2

2 # "
3

3
f
23

= Bx  

   ! !  /0& 

! ! ! ! ! ! ! ! !

! 

B
x
'= B

x
                                     (C-9) 

! 

! 

By '= f
31
'= "

3

# $ "
1

%
f#%  

          

! 

= "
3

0 # "
1

$
f
0$ + "

3

1 # "
1

$
f
1$ + "

3

2 # "
1

$
f
2$ + "

3

3 # "
1

$
f
3$  
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! 

= "
3

3 # "
1

$
f
3$ = "

3

3 # ("
1

0
f
30

+ "
1

1
f
31

+ "
1

2
f
32

+ "
1

3
f
33
)  

          

! 

= "
3

3 # ("
1

0
f
30

+ "
1

1
f
31
) = "

1

0
f
30

+ "
1

1
f
31

 

          

! 

= "#Ez /c + #By = #[By + (" /c)Ez ] 

    ! ! !"# 

! ! ! ! ! ! !

! 

By '= "[By + (# /c)Ez]                           (C-10) 

$ 

! 

Bz '= f
12
'= "

1

# $ "
2

%
f#%  

          

! 

= "
1

0 # "
2

$
f
0$ + "

1

1 # "
2

$
f
1$ + "

1

2 # "
2

$
f
2$ + "

1

3 # "
2

$
f
3$  

          

! 

= "
1

0 # "
2

$
f
0$ + "

1

1 # "
2

$
f
1$

= "
1

0 # ("
2

0
f
00

+ "
2

1
f
01

+ "
2

2
f
02

+ "
2

3
f
03
) + "

1

1 # ("
2

0
f
10

+ "
2

1
f
11

+ "
2

2
f
12

+ "
2

3
f
13
)
 

          

! 

= "
1

0 # "
2

2
f
02

+ "
1

1 # "
2

2
f
12

 

          

! 

= "#($Ey /c) + #Bz = #[Bz $ (" /c)Ey ] 

    ! ! !"# 

! ! ! ! ! ! !

! 

Bz '= "[Bz # ($ /c)Ey ]                            (C-11) 

%&'(C-6)-(C-11)'()*#

! 

(" /c) = (V /c
2
)*+,-#./01/%2'34"

516 

    

! 

E
x
'= E

x
# 

! 

Ey '= "(Ey #VBz),    

! 

Ez '= "(Ez + VBy )             (C-12-1) 

    

! 

B
x
'= B

x
,  

! 

By '= "[By + (V /c
2
)Ez], 

! 

Bz '= "[Bz # (V /c
2
)Ey ]        (C-12-2) 

 78 B 9:;<=>?@ (Herglotz AB) /CD34"#S’E' S "FG1 x

H@I'JK V*LMNO/<-,

! 

V = (V ,0,0)/AP<#QRS(E,B)T V"UV

5WXY

! 

E
//
,   B

//
Z/[\5WX(

! 

E" ,   B" )"X]->?1^/9#QRS(E,B)'

_`abcd*e1^/fgh16 

            

! 

E
//

= (Ex,0,0),    E" = (0,Ey,Ez )

B
//

= (Bx,0,0),    B" = (0,By,Bz )
                     (C-13) 
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!"#$%&(C'12-1)((C-12-2))*+,& 

   

! 

E
//
'= E

//
,     !  

!  

! 

E" '= (0,#(Ey $VBz),#(Ez + VBy ))

! 

= "(0,Ey,Ez) +"(0,#VBz,VBy )  

      

! 

= "(E# + V $ B# )                        ! ! ! ! ! !  (C-14-1) 

   

! 

B
//
'= B

//
,       

!  

! 

B" '= (0,  #[By + (V /c
2
)Ez],   #[Bz $ (V /c

2
)Ey ])  

      

! 

= "(0, By,Bz) + "(0, VEz /c
2
,#VEy /c

2
)

! 

  

      

! 

= "(B# $ V % E# /c
2
)                                   (C-14-2) 

(-#. 

! /)012&3456)78&98:;,<=>?@&34562AB-:

;!,

! 

  " = 1/ 1# (V /c)
2

= 1/ 1# $ 2
> 1)CDEF$G&>%278(98):

;EH)012IJG"KL<M>?#. 

       

! 

E" '= #(E" + V $ B" ),   

! 

B" '= #(B" $ V % E" /c
2
)  

/?,&H)012NOPQR#. 

! ! !  

! 

E" ' /c = #[(E" /c) + (V/c) $ B" ),!

! 

B" '= #[B" $ (V/c) % (E" /c)] 

S$%&

! 

(E" /c), B" )# (E" ' /c',B" '))<M2,&

! 

(E" /c,  B" )# (B" ,$E" /c))T

?UVEWKLX#./?,Y28'(6)'1!Z[\]^<M2_#. 

! (C-12-1)((C-12-2)$%&`ab ScE x d)e562 V )fg!34h#8

i&78(98,&(Ey, Bz)((Ez, By)Ej?k?lm2-KL<M>?#. 

     

! 

Ey '

Bz '

" 

# 
$ 

% 

& 
' =

( )(V

)(V /c 2 (

" 

# 
$ 

% 

& 
' 
Ey

Bz

" 

# 
$ 

% 

& 
' =

1

1) (V /c)2
1 )V

)V /c 2 1

" 

# 
$ 

% 

& 
' 
Ey

Bz

" 

# 
$ 

% 

& 
' !    (C-15-1) 
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! 

Ez '

By '

" 

# 
$ 

% 

& 
' =

( (V

(V /c 2 (

" 

# 
$ 

% 

& 
' 
Ez

By

" 

# 
$ 

% 

& 
' =

! 

1

1" (V /c)2
1 V

V /c
2
1

# 

$ 
% 

& 

' 
( 
Ez

By

# 

$ 
% 

& 

' 
(           (C-15-2) 

!27 "#$%&'()*+*,-./$0123456789):;.<=>

?@7ABC5DEF S/@GH<IJ? xK5L51M<Nv"OPQRDE

F SS"5TUVWXY@(Ey, Bz)<ZQR[5\]^W_`a 

! ! ! !

! 

E 'y

B'z

" 

# 
$ 

% 

& 
' =

1

1( (v /c)2
1 v

(v /c
2
) 1

" 

# 
$ 

% 

& 
' 
Ey

Bz

" 

# 
$ 

% 

& 
'                       (!27N24) 

(C-15-1)^<IbQRc@Nv"OPQRDEF S’Wde<J?>R5"@xK5

f1M< V5gh<ijka(!27N24)#@ 

! ! ! !

! 

E 'y

B'z

" 

# 
$ 

% 

& 
' =

1

1( (V /c)2
1 (V

(V /c 2 1

" 

# 
$ 

% 

& 
' 
Ey

Bz

" 

# 
$ 

% 

& 
'  

/lm@no<@(C-15-1)5p-q*r\]<stQRG/cuRaG5\]v

w#DExy5p-q*r\](x@t)z(x’@t’)5vw(!27N41)<{stQRa 

! JoJlc|@!27-3)5}~<��J`��<@ (Ez, By)z(Ez’, By’)5\]v

w#@DExy5p-q*r\](x@t)z(x’@t’)5vw(!27N41)<#stJl>a

TUVxy5�?c@DExy/����<\]�HR�"#l>G/<��a 

TUV5�xy#@(C-5)5

! 

fµ" '= #µ

$ % #"
&

 f$&<�>@��5��<�I����

\�*�;

! 

fµ"5��/J?\]�HRa 
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!" D#$%&'()*+  

! $%&',-.MKSA )*+/SI )*+0123-45.6789:4;)

*+<=;> CGS?@A)*+-.BC3DEFGE'HIJ'3KLMNO

P.QR(SM;$%&'9TUVD.W5- CGS?@A)*+3XSMNY

;>Z[\A@]^_`ab MKSA )*+/SI )*+0( CGS ?@A)*+

3cBd;(.)*+9ef,ghiN.cBa,fY<BM;>Djkl.

:4;)*+9$%&'mbenopd;qrDst;>)*+9qr-$%

&'9uvbwxP'l1y,z{;<|Y93.}}3~Fd;>  

 

�>Z[\A@]^_`a#CGS?@A)*+( SI)*+  

! Z[\A@]^_`ab.MKSA)*+/SI)*+0( CGS?@A)*+3

cBd;(.)*+9fY,�PcBa,fY<st;>}9fYb��iN

O}�>��D���������,$���(!)($���(j)<��d;(�.

��9w�,�2;$���b E.$���b D .%���b B.%���b

H(d;(.��9Z[\A@]^_`a<��d;>  

  ! �CGS?@A)*+             �MKSA)*+(SI)*+)   

! !

! 

divD = 4"#! ! ! ! !  (D-1c)! ! ! ! !   

! 

divD = "               (D -1m) 

    

! 

rotH =
1

c
(4"j+

#D

#t
)     (D-2c)           

! 

rotH = j+
"D

"t
           (D-2m) 

    

! 

rotE +
1

c

"B

"t
= 0        (D-3c)            

! 

rotE +
"B

"t
= 0            (D-3m) 

    

! 

divB = 0             (D-4c)            

! 

divB = 0               (D-4m) 

 �1i.c -��¡9¢£�3=;>Z[\A@]^_`a-.$%�9o¤
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!!, j, E, D, B, H"#$%&'()*+,-.&/01234&567#89:

;<=84>?#8@ABC5MKSA DEF(SI DEF);G@387AHIJ

34&5CGS KLMDEF;NOPMLQR/01#8STUV;WXY c H

4&HS7A89:;<=,Z[G\];38B^S_3`a&bc#S7;

DEF3defAgC&hi#b&5 

! 9:,TU;Ujk\&kSlmnY DkopqY H38Sr;*+ 

! ! !   ! ! ! ! !  

! 

D = "
0
ES! ! ! !

! 

B = µ
0
H       ! ! ! ! ! ! ! !D-2" 

HstuSvw+x8TU;ylz("0)kTU;{oz(µ0)34&5MKSA DE

F(SIDEF)38S c,TU;WXYkugS 

! ! ! ! ! ! ! ! ! !

! 

c =1/ "
0
µ
0
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !D-3" 

;*+#4&5TU|};9:,~.&p�8S9:;l��� P (§13)ko�

M (§20),eCgS 

! ! ! ! ! !

! 

D = "
0
E + #P ,  ! ! !

! 

 H =
1

µ
0

B " #'M! ! ! ! ! ! ! !D-4" 

kugSD k H B>�#vwhx�k��,h�,! !D-2";TU;ylzk

{oz;�

! 

("
0
,µ

0
),S6;9:;ylzk{oz;�

! 

(",µ)S 

            

! 

D = "E,              

! 

B = µH! ! ! ! ! ! ! ! ! ! !  !D-5" 

#�.&7k3S��)4&C8@��)BNPMLQR/01kB&5 

 ��SNOPMLQR/0138lop;�x;�8!!, j, E, D, B, H"3-.

>A&5u�uS!D-2"4&C8!D-5";*+,eCgS9:;ylzk{

oz,�����SNOPMLQR/018!!, j, E, B";�x3G@3�&5

]���S�x,!!, j, E, H"kug]�CHSl�Hop,�&k~.&tp
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!"#$!, j, E, B%&'()*+,-$!, j, E, H%&./#012#314”5

6789,1:;<,=&>2;?(,!"8@,-  

! ABC&(D-1c)0(D-1m) #0D4;EF,GHI&JK80D2&L(D

48@,M=5NF$O5%-APC&(D-2c)0(D-2m)#0DQ=12;EF,

RSTUVWXYIHZV&JK5NF(O22-1)- A[C&(D-3c)0(D-3m) #0

\]^_`U&D1ab&JK80cdefF,12!"agh+,D25i

jF,(O21)-! kl&(D-4c)0(D-4m)#012&L;mn,314o#pqr

stM=5ijrut,$O19%- JK=ruvw#st(0D4=314o

&xyz{t5iF- 

! M&|};0X~YIHZV'�C&D1��&JK;#0�&��zij

;���&{t(��F,-M&��5��,- 

 

2.!  SI���&��=��&D1�����  

! k�8# SI ���(MKSA ���)(��r0���������&D1��

��I��0���#M&���5 ¡rut,-�&¢£0��¤�¥¦5

§¨=F,��I�8#B�8 CGS GHI����©ª+ut,�&&0 SI

���¥«&ij#M+"��I�!"¬5­rur*®n- 1960¯1970°±

;²³h+n��������I�&�´#0MKSA���= CGS���&i

j5µ¶rutn(0·#M&|}s¸¹#ºt-»¼#½���µ¶&��

I�8D1��5�¾¿À!0CGS GHI���5 ¡F,�Á±&D1��

��I�&vÂ5ÃÄF,c;#0���&{t(·��;s,- 

! MM8#0Å�(2008)
64)0ÆÇ(2009)

65)0Jackson (1998)
66%sÈ5ÃÄrs("0
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!"#$%&'()&*+,-./01MKSA '()2SI '()345%67

89CGS:;<'()9CGS=!'()9CGS!"'()>?@A,BCD%

E01FG9H.IJK&LM%&!"#$&NO69'()&PQR>ST

UVWXY01Z&[\]^&_` (2003)
673&.a6bc%da>701  

!  

e1!"#$'()&fg  

! h$ijHk69lm(l)9nk(m)9op(t),qr7st'(u/0Zu%v

wmx01Zx^qr7st'(, 

! ! ! lm(l)9nk(m)9op(t) y cm,  gram,  second   

u/0&V9CGSz'()%E01h&{|69

! 

mlt
"2

= g # cm # s
"2u7}9Z&'

(&h6~���(dyn)�u��x01�����2��36~h•���&{|

,��&%9�&'(6

! 

dyn " cm%~���(erg)�u��x01��9 

    ! lm(l)9nk(m)9op(t) y m,  kilogram,  second   

u/0'()V9MKS '()%E01�����XY0��'()(SI '())

6MKS'()>�/01Z&'()%&h&{|6

! 

mlt
"2

= kg #m # s
"2u7}9�

&'(&h6~�����(N)�u��x01�����&'(6 N!m%~��

��(J)�%E01~���(dyn)�, ~���(erg)�,~�����(N)�, ~��

��(J)�?9st'(]^ ¡mx0'(2 ¡'(3%E01 

! 

1N =10
5
dyn ! %

E0Zu69!

! 

1 kg "m " s
#2

=10
3
g "10

2
cm " s

#2
=10

5
(g " cm " s

#2
)  >¢01£¤>�X9

! 

1J =10
7
erg%E01Z&¥C>9h$i'(&¦§6'¨%E0V9!"#$'

(&¦§6Z&¥C>'¨%67Y1£�&!"#$k%?9'()©>{|

Vª70Zu?E01FG9!"#$>6«¬& ¡'(VE0(­ D!e)1 
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! !"#$%&'()*+,*-$./0123'!45I678&!95q6:'

;<*=>/0?@ABCDEF?GHIEJ!4&!9*KLMNO

! 

I = dq /dt  %PEQR'!45I6:;<*=>/03BCDST'!95q6&

U!4?KL*V (I!t)W*XY:Z,[\]?@A^_EJ MKS /0`*a

?%'!45I6*/0 A5bcdb6:;<*=>/03BCDE*G' MKSA

/0`%PEJMKS*ef3bcdb* A:g_Ah)DEJij/0`(SI

/0`)&MKSA/0`:=k3@AlEG'ij/0`(SI/0`)mn&, o

p(l)'q](m)'KL(t), !45I6123'rs5T'K6'[q]5n'mol6'

ts5Iv, cd6auvw=>/0?@AlE*%'xy&z{*/0`%&wlJ

@Q@'FF%&!"#*/0|}:~_E*%'ij/0`(SI /0`)&

MKSA/0`?z�?@A^�J 

! CGS /0`� MKS /0`*��3'op(l)'q](m)'KL(t)*+,:=>

/0?DE/0`&U3Y/0`W?�TSEJ{�'MKSA/0`*��3'

!45I6*/0 A5bcdb6:;<*=>/03BCDEa*&'U4 Y/

0`W%PEJ>I&�C/0%PE!4:=>/03�(�@'U4 Y/0

`W?DEF?%'�*!"#$*�C/0'���(!�)'���(��)'�

����(!#�])'���c(!9)w�'G=>/0?��,��D�wE(h

D!�)J 

!  3¡8��3'!"#$*¢£&'BCpSAlE/0`3¤¥@A'�

�¦w§8¨%h©pSEJªpSEm«s*¬­®%'h)(*¯°��C

±3a²³@8¦wE/0`:´EF?G%�EJ CGSµ¶·/0`%&'¸

��·¶¹��º»3

! 

4"G©SEG'MKSA /0`(SI /0`)%& 

! 

4"&©S
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!"#$%&'()*+,-./012#3456MKSA-./(SI-./)76

89:76MKSA+,-./01;<=#>?@ABCDEF9:

! 

4"GH<=

CGSIJBA-./7K+,-./LM=#NON6P<7 MKSA -./(SI

-./)L7QRS&@TUVWX:

! 

1/(4"#
0
)&YZ[\*]"=P0:^=#

_E6 CGSJBA-./L76QRS&@TUVWX&YZ[\*`ab& 1

0c= CGSdR-./&ef*ghi<5"=j:6>?@ABCDEF9:

! 

4"GH<=#k&lmL-.nopq 4r*scO7tuv!wx&yzLM

{6+,-./OK+,-./O&|"7M}{~�!yzL7!"#! !

! _E6CGSJBA-./&>?@ABCDEF9L76(D-2c)6(D-3c)&9:

���&��� cGH<=#NON6MKSA-./(SI-./)&(D-2m)6(D-3m)

&9:7 c 7H<!"# (D-2c)7R�0��:�c=�V�TD�>@ABC

D&�WL6(D-3c)7��&��:���<=R�*oHc=R���&�WL

M=#"�<�R�(R��)0�������&��*�[c=9LM=#CGS

JBA-./L76RS&-.7 CGSdR-./&-.�electrostatic unit, esu�

*ghi<6���:7 CGSR�-./&-.�electromagnetic unit, emu�*

�]N5"=#�&j6CGSJBA-./LR�(R��)0�������* 

¡:¢£¤:76¥-./&¦§�\0N5&���&��� c G¨©0H<

=#P<76+,ª�K+,ª&«ryz¬{�~�LM=# 

!  _&R��­&�W0®¯ef:°±N!G²�6³´O&µ!=-./

G¶·L¸=¹º*6 Jackson (1998)
66)0»¼½¾(2003)

67)*¿À:N56�£

ÁNÂÃv:ÀÄ5Å¬£#ÆÇ(2008)
 64)ÈÉÊ(2009)

 65)&ËÌ0&ÍÎ7Ï$

:ÐÑ=# 
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!"#$%&'()*+,-./01   

! 2*34567*8#9:#;<=! q/I! '=>?@A(t)*BCD"#9'=

>? I!t EF#;'=>? q/t EG-"HI?FJKLMN'#9OEG-#9

PQ(")RJKSTMUVWX-#;EG-#;PQ(j)*YX-Z['\  

! ! ! ! ! ! ! ! !  

! 

"#

"t
+ divj= 0! ! ! ! ! ! ! ! ! ! ! ! 8D-6< 

]^_`-"HI?#9ab)'\(c4)R_deI-fFghi'./j1?

klCmD"  

! #9'nopq)?Fk!U./01RCrF#9A*stX-u'vwxf 

! !               

! 

F
1

= k
1

qq'

r
2
! ! ! ! ! ! ! ! ! ! ! ! ! ! (D-7) 

EG-HRU34rD-" F!?u'=>Uyz]^F

! 

k
1
qq'  '=>?F 

                

! 

[k
1
qq'] = ml

3
t
"2
! ! ! ! ! ! ! ! ! ! ! ! !  ! (D-8) 

EG-"./01 k!'=>?FJK{*6|r}m~F�5F��*?�L'

��U��X-01_��"5�CF�*34-67*FCGS�#JK{R CGS

���JK{E?F./01 k!�1 E�=>R��CrD-"�'�F�#J

Kj'#98esu<'=>?F

! 

[esu] = m
1/ 2
l
3 / 2
t
"1 Rm-"C]CFMKSAJK{(SI

JK{)E?F��'��JKRCr#;'JK A(�q��)U�tX-'EF

! 

[q] = [I " t] = A " t ! EG~Fk!'=>?!

! 

[k
1
] = ml

3
t
"4
A
"2
! Rm~Fk!'��L?!

! 

k
1

=1/(4"#
0
)! Rm-"HI?cgE_345fFHHE_�*��X-" 

! #  E ?FJK#9G5~*stX-uR0¡xI-'EF�'vwx?!

(D-7)6~F 

! ! ! ! ! ! ! !

! 

E =
F
1

q'
= k

1

q

r
2

                            (D-9) 
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!"#$% 

 &'()*+,-./012345(670)89:$%;<=>?06:

@Ad(BCDEFGHGIJ(KL0MNOP+,Q,0A-.R! I’! S.

:TN$UAIJ(Q,012VWXM9YGZ(3([#9\45]"^_

$% 

               

! 

dF
2

dl
= 2k

2

I " I'

d
                           (D-10) 

k!4`a)b"Acd(K5ebI(fg4(D-13)(hi(j0kl$%mm"

4 k!(no^p$j(qr(s0t$!uvwTxm7%(D-7)(ydo(D-10)

"z$!A 

! ! ! ! ! ! !

! 

F
1

(dF
2
/dl)

=
k
1

2k
2

"
qq'

I " I'
"
d

r
2

 

"t$%{0Ayd(5e4A

! 

l = [k
1
/k

2
]t
2
l
"1  "Am:6Z

! 

k
1
/k

2
(5e4A 

! ! ! ! ! ! !

! 

[k
1
/k

2
] = l

2
" t

#2
= (l / t)

2
! ! ! ! ! ! ! ! ! ! ! ! (D-11) 

"A|}(&~(5e0�$m!S�$%

! 

k
1
/k

2
([#94A-�!-.S��

(����A���(�|} c(&~0�wNm!S��:TN$% 

! ! ! ! ! ! !

! 

k
1
/k

2
= c

2
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (D-12) 

m:4����06$%���04A��>�> ! R%�>?�����1856�

SA-�o�-WX�!-�WX�"�)wA

! 

Q
(esu)
/Q

(emu)
= c  "t$m!o�w

Gm!0� 2�¡¢A2003�%£F¤(¥¦��§�:G��¨©"t$SA

ª«¤(¥¦��A¬­®¯��?4m:S�|}(n"t$!v°wG%m

(±²0'NT4A³0´µhio¶·("¸¹9:GN% 

! +,-.S I "t$KL0MNºJ(Q,St$!wTAm:�� d (BC
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!"#$%&'() B%*+,-. 

! ! ! ! ! ! !

! 

B = 2k
2
"
I

d
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (D-13) 

/0123#45-6789/"#4:3-;<=>?@=A%BCDEF%

GHI%JKLM!NOPQRS/"#4JKLM!TUQVWX.YXZ%[

\]2^_ 2`ab#Vc18-5Z4(D-10) %Gde9f-:3!gQ#4(D-13)

/ IhI’ iPj.VD-10Z/% I’D B/klm#i.VD-10Z- 

! ! ! ! ! ! !

! 

dF
2

dl
=
1

"
# I # B! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! VD-10’Z 

in#4:3-, 67o9Vpq5ZDrstuv=Aw%8x 

! ! ! ! ! !

! 

dF
2

=
1

"
# Idl $B  

!yzm#4{|!.:%}/

! 

Idl" qvi~��1#i.L�` q/�)` v%

�_!�Om#�=�u�w%}!

! 

F = (1/") # qv $B in#4 SI ���/-.

tuv=Aw��=�u�w%8x!-��no9-G]UQ:iD���:

��4:%67895%���-�%��/�2]!n#4 

 (D-9)i(D-13)%��%6D�#i. 

! ! ! ! ! ! ! !

! 

E

B
=

k
1

2k
2
"

Q

I
#
d

r
2

 

in#%/.E/B %de-.!

!!!!!!!!!!!!!

! 

[E /B] = l
2
" t

#2
" [$#1

] " t " l
#1

= l " t
#1
" [$#1

]! ! ! ! ! ! ! ! (D-14)!

/"#4:%��!.67895%de-.E/B %de!R���j�#4!!

! &�iL�%sn` -.L&¡¢%BCiPj£23j�#Vc21Z4L

M¤¥!¡�,3#�Lw-.¤¥D¦§&'%¨©ª!67m#4:%�L
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!"#$%&'( E)*+,- B./0123456 

!     ! ! !

! 

rotE + k
3

"B

"t
= 0! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (D-15) 

)7&8

! 

k
3
19:;<6=&8>D-15?@612A.BC.DEFGHIJK

LM2

! 

[E]l
"1

= [k
3
] # [B]t

"1 6=&8AN12(D-14) .OPQRS)2 

! ! ! ! !

! 

[k
3
] = [E /B]l

"1
# t = [$"1

]! ! ! ! ! ! ! ! ! ! ! ! ! !  ! (D-16) 

)7&89:;<

! 

k
3
.DE129:;<T.U<.DE"GHI8VM"2D

"W%XS"2YZV"[I\]2

! 

k
3

=1/"  F^_%&8A./012`ab

cd!)#efghLM]ij6Z&F2kl.mnopqrstu@Qvw

HxijtyFz{|%I(Jackson, 1998)
66)8 

 

}8~��9:;<Q��mnopqrstu@  

! ��.~��9:;<

! 

(k
1
,k
2
,k
3
,")QRS)2mnopqrstu@12 

! ! ! ! !

! 

divE = 4"k
1
#                                  (D-17-1) 

          

! 

rotB = 4"k
2
#j+

k
2
#

k
1

$E

$t
                        (D-17-2) 

          

! 

rotE + k
3

"B

"t
= 0                               (D-17-3) 

          

! 

divB = 0                                    (D-17-4) 

)7&(Jackson, 1998)8kl612(D-17-1))(D-17-2) .ij"[I\.���

7��Q�%8(D-17-3)12�"��xXS"2SI���6.'*�i.345

.@>�21?610<1�6=�xF2ANF~��.x�";< k3)7�x

)��N��I8(D-17-4) 1��.0<Q]x7I.62�.ij1�19-1,-2

Q��VNxI8  
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! (D-17-1)!"#(D-9)!$!

! 

E =
F
1

q'
= k

1

q

r
2
! %&'()*+,-./ E %01

2#34 r$56 7%89:6;<=0(:>#!

! ! ! !

! 

E(r)dS
S

" = E(r) dS
S

" = E(r)(4#r2) = 4#k
1
q = 4#k

1
$dV

V

" !!

?@:)*A B "*ACDE$F;;<?GHIJK)34 r $56 7 =LJ

KM#r"NOP%"QRS1)T$UV"WXPS6;<?YZ[9:)\]# 

! ! ! !

! 

E(r)dS
S

" = E #ndS
S

"   

?@^#_`a$bcde!

! 

E "ndS
S

# = divE " dV
V

#  (f5)gR# 

! ! ! !

! 

divE " dV
V

# = 4$k
1

%dV
V

#  

>S:)h%#F;;<?$ij$8k>l2#(D-17-1)$

! 

divE = 4"k
1
# ! Mm

Rn:)SIopq?$rs#

! 

divE = " /#
0
(f5)#>"tgu$kjMvS:) 

! (D-17-2) "#

! 

B = 2k
2
"
I

d
! (D-13)%w:)xy*z I ={^|}34 R~d $

��/��=LJ:>#���$����M B %W�l#���$����M

*z$�H?@:)T$ B $����2��/��=W�9:y;<M#��

$d�*z%89:����/$de%�M:�§18-7#§20-4�) 

! ! !

! 

B " ds
C

# = B " tds
C

# = B ds

C= 2$d

# = B " 2$d = 2k
2
%(I /d) " 2$d = 4$k

2
% " I  

rsP% R~d"QRS1$?#T$UV"�d���34 R~d��/���

%�d�nS1WX�=�0) SIopq?"#N $¡"!

! 

µ
0
" I  ?@:M#T

T?"WXPopq$¢£=LJ:$?#

! 

4"k
2
# $ I?@:) 

! a.�-a$de�f6�w^#y;<"6;<%i¤?H# 
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! !  !

! 

B " ds
C

# = B " tds
C

# = rotB "ndS
S

# = 4$k
2
% j "ndS

S

#  

!"#$%&'()*+,-./,-01 j'23456789$:5+234

'6;<='>?!8@+ 

!!!!!!!!!

! 

rotB = 4"k
2
# $ j!

!"#$AB/CD,-5>E#FGHIJ'CK*L#$8M8+A'NO

/+PQRSTJ'6U,-VWX8+,YZ[\]D-6^

! 

"#

"t
+ divj= 0V_`E

#a567bBcd"e"f]FGHIJgPQRhSTJ'CK+§22-1 $̂ 

iD'jW,-k6U,-klmno5poqr<Me+

! 

j
d
V6U,-!8@+ 

! ! ! ! ! !

! 

rotB = 4"k2# $ (j+ jd )!

*L#$!A'st' divVu#!+vRwJxy'z)n{+!

! ! ! ! ! !

! 

div " rotB = 0 = 4#k2$ " div(j+ jd ) !

*L#$|}+,YZ[\]D-6^/+(D-17!1)V~f@ 

! 

"#

"t
=
"

"t
(
1

4$k
1

divE)  !

"#�+ ���4!���4'��VXB��@�f'*+  

! ! ! ! ! !

! 

1

4"k
1

div
#E

#t
+ divj= 0     

*L#$A'st5

! 

4"k
2
#V�=@+ 

! ! !   ! !

! 

4"k
2
#

4"k
1

$ div
%E

%t
+ 4"k

2
# $ divj= 0 

!"#$! |�5+

! 

div(a + b) =
"(ax + bx )

"x
+
"(ay + by )

"y
+
"(az + bz)

"z
= div a + div b!

<Me+

! 

div(
k
2
"

k
1

#
$E

$t
+ 4%k

2
" # j) = 0  *L#$A'NOV+!

! ! ! ! !

! 

div " rotB = 0 = 4#k2$ " div(j+ jd ) = div[4#k2$ " (j+ jd )] 
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!"#$!% 

! 

k
2
"

k
1

#
$E

$t
= 4%k

2
" # j

d
 !&$'()*%+,-./ 

! ! ! ! ! ! !

! 

j
d

=
1

4"k
1

#
$E

$t
!

012%!34517!2678!

! 

rotB = 4"k
2
# $ j+

k
2
#

k
1

$
%E

%t
! 9:;<$'!

! =>?*%(D-17-1)@(D-17-4)8

! 

(k
1
,k
2
,k
3
,")ABCDEFGHIJKLMNO

7!&$'==0,

! 

j = 0,  " = 0 8PQR-.S-TSUVWXYZX[\A]^

$!% 

! ! ! !

! 

divE = 0                                       (D-17-1’) 

! ! ! !

! 

rotB =
k
2
"

k
1

#E

#t
                                  (D-17-2’) 

        

! 

rotE + k
3

"B

"t
= 0                                  (D-17-3) 

        

! 

divB = 0                                       (D-17-4) 

!&$'_I`Mab8c7, 

! 

rot " rotA = grad(divA) #$
2
A0%

! 

divA = 0 8d/!

! 

rot " rotA = #$
2
A ! !&$'=<Aefg$hi%(D-17-2’)8jk8 rotAl2%

(D-17-3)!(D-17-4)Am>!%

! 

divB = 0 (D-17-4)! ! 

! 

rot(
"E

"t
) =

"

"t
(rotE) ! &80% 

! !

! 

rot " rotB = #$
2
B =

k
2
%

k
1

rot(
&E

&t
) =

k
2
%

k
1

(
&

&t
rotE) = #

k
2
k
3
%

k
1

(
& 2B

&t 2
)  

!&$'=</ 

       

! 

"
2
B =

k
2
k

3
#

k
1

(
$ 2
B

$t 2
)    %      (

$ 2
B

$t 2
) =

k
1

k
2
k

3
#
"

2
B             ! !  (D-18) 

!&$n;%opqr9 v8stNO7012% 

! ! ! !

! 

k
2
k
3
"

k
1

=
1

v
2

=
1

c
2
! u !

! 

k
1

k
2
k
3
"

= v
2

= c
2
! ! ! ! ! ! ! ! ! ! RD-19\ 

9vw?&x<y&;&V'B/WXzA{qr v|c0opg$' 
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! !"#(D-17-1’)#(D-17-2’)#(D-17-3)$%&'#E ()*+,-./0"12!

! ! ! ! !

! 

(
" 2E

"t 2
) =

k
1

k
2
k
3
#
$
2
E! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 3D-204 

5678+9:;<#3D-184'3D-204=#(E#B)>?@/5ABC>DEF

G c$HIJ'$K*93D-124>!

! 

k
1
/k

2
= c

2
! L7#3D-194=#MN# 

! ! ! ! ! !

! 

k
3

=1/" ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 3D-214 

'.+9O(#

! 

k
3

=1/".7#

! 

k
1

k
2
k
3
"

= v
2

= c
2=#

! 

k
1
/k

2
= c

23D-124PQ+9 

! :;<#?@RS>TU(VW*+XYZ[$!\](

! 

(k
1
,k
2
,k
3
,")'K^_<

`#aZ[=bc(de.f9

! 

(k
1
,k
2
)P!"$gh8i#j"=

! 

k
1
/k

2
= c

2
! >k

lL7b0](gm+9mn#

! 

(k
3
,")P`

! 

k
3

=1/"L7,opq(Q+9rI>

XYZ[

! 

(k
1
,k
2
,k
3
,")(s_#tukl5vIQw#bcG=vPQ+9J>bc

G>%xT5y.8i#y.+z{|'.+9J>}~$��](�<��&9 
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!"#$%&'()*+,-./012.13  

  6.14! MKSA56#$%(SI#$%)789)/012  

! MKSA56:#$%(SI#$%).

! 

(k
1
,k
2
);<=>)?@(D-1m)?(D-94A/B

C@!

! ! ! ! !

! 

k
1

=
1

4"#
0

,      k
2

=
1

c
2
$ k

1
= (#

0
$µ

0
) $

1

4"#
0

$ =
µ

0

4"
@! ! ! !  

&D)"ED-104.

! 

 k
2
7FGH)?@ 

! ! ! ! ! !

! 

dF
2

dl
= 2k

2

I " I'

d
=

µ
0

2#

I " I'

d
! ! ! ! ! ! ! ! ! ! ! ! ! ED-224!

?()"IJ (D-22).KLJ@*M.#$NOPNEA4.13?QRSCT

)"UVWX&YZ [9\C<]^_`.ab7cTde*MRDf@g

]<7 hi.*MRM]CT)j@g]<Rkl7mnH h!Z D^f.o

J pqhrstu &D)v?wC*M#$JED-224AxTC13y])E§Y@§18!14"

z{y]CT)|A}.~~ED-2247FGH]�@!!

! ! ! ! !

! 

2 "10
#7
(N /m) =

µ
0

2$
% (A

2
/m)! ! ! ! ! ! ! ! ! ! ! ! ! ! �D-23-1�!

&D)" g]RMKSA#$%.*M#$iA13H)��&D)"g.��.

��7@p�?#$.cy�YZ�A�9]�@��.VW.�+�A13H)�!

! ! ! ! ! !

! 

µ
0
" 4# $10%7(N & A%2

)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!�D-23-2�!

7()"�SC@*M.13?JVW.�+�.13&Df@g]7�SC

! 

 k
1
J!

! 

   k
2
"

µ
0

4#
=10

$7
(N % A

$2
)   &       k

1
= c 2

%  k
2

=
1

'
0
%µ

0

%
µ

0

4#
=

1

4#'
0

! ! ! ! ED-244 

?�~)"  ��@

! 

k
1
/k

2
= c 2 =1/("

0
#µ

0
)  $    "

0
=1/(c

2
#µ

0
)  &D)" 

 

! 

(k
3
,")7�TCJ@T�]���#�(a��2YA�xH)"?g�&@*
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!"#$%&'()*+ ,-./012 345678)9:;<=>?@3=A4:B

CD=>?@E+FGHIJKLM"NOPQ)&LR()*+S!4ST4

UV=5">WXYQ=*C%Z[R(\>]IJ@E+F 

 

! 6.2^CGS_SNO`P CGSSaNO`%bc+de#f  

! CGS_SNO`@34Sg%hi+jklmn"dee#f k!Wopqf"

rPsti+uk!vr^Fw"xy4uD-12^"

! 

k
1
/k

2
= c

2 "z{|}4 

! ! ! !

! 

 k
2

=
k

1

c
2

=
1

c
2

                                     (D-25) 

P=+F~�4CGSSaNO`@34���S!�%�ANO�R�\}"��

@"de#f k2W4opqf"rPsti+uk2vr F̂uD-12 "̂

! 

k
1
/k

2
= c

2 "

z{|}4Sg%hi+jklmn"de#f34 

! ! ! !  

! 

 k
1

= c
2
" k

2
= c

2                                   (D-26) 

P=+F�NO`"

! 

(k
3
,")%�*)34MKSA���NO`(SINO`)P��%4

�9N�=opqfrW�Li+F 

 

! 6.3^CGS���NO`%bc+de#f  

! CGS���NO`@34Sg%hi+jklmn"de#f k!Wopqf"

rPsti+ CGS�_SNO`"xyWw"���c[(+F]IJ4  

! ! ! !

! 

 k
1

=1,          k
2

=
k

1

c
2

=
1

c
2

                         (D-27) 

@E+FQIQ4

! 

(k
3
,")! %�*)34�=+#$ 

! ! ! !

! 

k
3

=1/c,         " = c                               (D-28) 
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!"#$%&'()*+,-./$0123%& 

4D-17-1’56(D-17-2’)6(D-17-3), (D-17-4)78&9:;.+6E< B.=>?@

ABCDEF<G164D-195(

! 

k
1

k
2
k
3
"

= v
2

= c
2HI8J%&'J+ 

    !

! 

rotB =
k
2
"

k
1

#E

#t
! ! (D-17-2’)! ! ! ! ! !

! 

rotE + k
3

"B

"t
= 0! ! 4D-17-35 

.KL%MN

! 

(
k
2
"

k
1

)<

! 

k
3
!OP;.QRS$%'<.0T%& UV6 

! !

! 

1

c
2

=
k
2
k
3
"

k
1

= (
k
2
"

k
1

) # k
3! ! W! !

! 

(
k

2
"

k
1

) =
1

c
2
#" =

1

c
,       k

3
=

1

c
 

<6XMN(Y

! 

(1/c
2
)!6XZ2[>\](^/c)._`$%&ab$J+6(D-17-2’)

<4D-17-35+6 

! ! ! !

! 

rotB =
1

c

"E

"t
,           ! ! !  

! 

rotE +
1

c

"B

"t
= 0! ! ! ! 4D-295 

<G16E< B+cd(OPe!fg2h%&'(9:H(D-28)23%& 

! 4D-145<4D-165786iHjk(lm4l/t5!n?o6 E/B (lm+p

lm26 E< B+@lm23%&4D-185<4D-2052qrsb.6XZ(t

huv[>\&iwc4xjk523% CGSyz{|}~2+'('<H��$

%&>7>6

! 

(k
3
,")!plm(^<$%�16(D-17-2’)<4D-17-35(MN+O

P;.+G8G\& MKSA�)�|}~(SI|}~)2��%<6 

! 

(k
3
,")+pl

m(^23%7864D-145(=Ms16 EwcB 2lmH[>�G%&�*�

�(����B2+6thu(=M+�+1 EwcB <>?��$%&'(sb

.6MKSA �)�|}~(SI |}~)2+ E < B +��2h%&>7>6(D-29)

(OPMN!�b CGS�yz{|}~2+6E< B(��H��.G%&'J+

CGS�yz{|}~(��<uJ%4��620035&  
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! !"#CGS $%&'()*+,-./012#3456789:;<=>

'()?@ABC MKSA+,'()(SI'())2DEFGBH@I#JK!+

,'()@AL/C.M.#NOPQI CGS$%&'()@AR#SS@IT

UVBC 

! WXYZ[Q#\]^_Y`a@YbcdeI#f'()@g!LhdiF

GhjBCSYkjQlmh#noMYg!B'()2pqhjBCf'()

@YbcdeYrstu*HsvBs#tYw DxyYZ[Q!BC 

 

zw DxyC'()@diFGB\]^_Y`aYbcdes{Ytu|  

! ! ! ! bcde 

'() 

! 

k
1
}~ D-7� 

! 

F
1

= k
1

qq'

r
2

 

! 

k
2
}~ D-10� 

! 

dF
2

dl
= 2k

2

I " I'

d

 

! 

k
3
}~ D-15� 

! 

rotE + k
3

"B

"t
= 0  

!}~ D-13� 

! 

B = 2k
2
"
I

d

 

CGS�\'() 1 

! 

c
"2

 

! 

(t
2
" l

#2
)  

1 1 

CGS\]'() 

! 

c
2
 

! 

(l
2
" t

#2
)  

1 1 1 

CGS$%&'() 1 

! 

c
"2

 

! 

(t
2
" l

#2
)  

! 

c
"1

 

! 

(t " l
#1
)  

! 

c  

! 

(l " t
#1
)  

MKSA+,'() 

SIx'() 

! 

1

4"#
0

=10
$7
c
2
 

! 

(m " l
3
" t

#4
" I

#2
)  

! 

µ
0

4"
#10

$7
 

! 

(m " l " t
#2
" I

#2
) 

=(N/A2) 

1 1 

! }c����@Y���=2.99792458x108 m/s#3bcde�1?I�tueYy� 

 

! SYw DxyQ��/�oY'()Ykj2,�@�G�#f'()@Y��

&%����~Y��Pw���MBC~(D-17-1)�(D-17-4)I#

! 

(k
1
,k
2
,k
3
,")@
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!"#$%&'()*+,-./0123415!6789:#2CGS ;)(

<=>?@2D=E, H=BA#2 MKSABCD<=>(SI<=>)6EF@2D=!0E, 

H=(1/µ0)B AG4H2(D-1c)~(D-3c)A(D-1m)~(D-3m)IJ14KLM152<=

>6N?6OPQRS6TUVWXYZ3AI?[KL\]^@2 Jackson 

(1998)
66_?6`a6! 2, 3, 4 bc?de#fg[$hL  

! SI<=>Iij#fhKI2k4lm6<=>2CGSnO<=>2CGSOP

<=>2 CGS;)(<=>25ohfXpq5Cr#fs[$hL! tu?@2 

! 

k
1
/k

2
= c

2 (D-12)! 6vwA#f2xyz^5@2)*{|{ A RL}{+~)

���1856_I2O�8nO<=>AOP<=>?��#2

! 

Q
(esu)
/Q

(emu)
= c  ?�

K3A8�#$3A5��Z���22003_�A��$L36��5�#2! D

��6��8��$����8l�5�GL 

! �o6�#hO�5��GK�@2 ¡X¢[MX2CGSnO<=>( esu) A!

CGSOP<=>(emu)?�#hLCGS<=>A#f@£¤/01?�KL 

         

! 

F = {k
1

(Q "Q)

r
2
}esu = {k

1

(Q "Q)

r
2
}emu 

¥¦6§8�4H¨ ¡S6�AbKL¥<=>? r@©ªb6?2§6«?@

¬­M4KL®�f2! ¯��?6 CGSnO<=>(esu)6

! 

k
1

=1A CGSOP<=

>(emu)6

! 

k
1

= c
26789:#f2  

! ! ! ! !

! 

1= {k
1

(Q "Q)

r
2
}esu /{k1

(Q "Q)

r
2
}emu = (Q

2
)esu /{c

2
Q
2
}emu!  

AbKL34°±2 

! ! ! ! !

! 

Q
esu

/Q
emu

= c (cm/sec) 

?�KL®�f2²³°±´�M4KO�6§@2CGS <=>6µ¶6 ¡8
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!"#$%&'()*+,-./012%#3 D45)6789:/;<=#>

?@A-BCD/

! 

k
1
/k

2
= c

2 (D-12)=EF/0 

 

G0!HIJ#KLJ#MNOPQ=;/?@A)RS  

! 3 D-1-%#Jackson (1998)TTU=VW#XYPQ

! 

(k
1
,k
2
,k
3
,")89?@AZRS

[\W/0[8[#]^(2008)T_U`ab(2009)TcU);<=#defgOhfg

OiQ#

! 

"
0
#

! 

µ
0
#MNOPQU)$-ILjk?@AZRSD/1lmno/0

12Z

! 

(",  #
0
,  µ

0
,  $)=;/RSlpqlD2r#1"9)sF:t`DWlu<

v%W/8mw2xW)-#11-%!

! 

(k
1
,k
2
,k
3
,")! %!

! 

(",  #
0
,  µ

0
,  $)! =  

 

3 D-20?@A)efgOhfgOiQ#HIJ#KLJ#MNOPQ5#y#zU 

?@A 

fgOhef

gO)iQ 

! 

"  

&')HIJ 

dIjPQU 

! 

"
0
 

&')KLJ 

dLjPQU 

! 

µ
0
 

{6|} 

dMNOPQU 

! 

"  

CGS~I?@A 4� 1 

! 

c
"2

 1 

CGSIL?@A 4� 

! 

c
"2

 1 1 

CGS���?@A 4� 1 1 

! 

c  

MKSAfg?@A 

SI4?@A 
1 

! 

1/(4"10#7c 2)

=1/(µ
0
c
2
)

 

! 

4" #10$7  1 

1)�4�#1�%���Q0c�&'(-)*+,=2.99792458x108 m/s0 

2U]^d2008U)3 A.1=M�D/0]^d2008U-%�fgOhefgO)iQ�= �- 

! ./F#��%�=�Z3 D-1-��[\W/)-#3 D-2-%���=�lD/0��# 

! ]^d2008U%�IjPQ�#�LjPQ�#�MNOPQ�)��Z��[\W/0 

3U1)3)67%abd2009U)3 �=mM�D/0��[#abd2009U-)�fgOh 

! efgO)iQ=k�%!

! 

k = 4" /#!l��D/0��#abd2009U-%�&')HIJ�# 

! �&')KLJ�#�{6|}�)��F��2\W/0 
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! 

(",  #
0
,  µ

0
,  $)8:;<=>?-@A18BC%+ DC5EF(2009)-1 G8HI

J*%+CKL5EFM2009N2-OPQRSTPQR-UV=kW4

! 

k = 4" /#!'

"X*%YZ03%+  

!

! 

(",  #
0
,  µ

0
,  $)@A-67M2008N245[-9\8]-^_`(abLcd%e 

! !

! 

F
1

=
"

4#$
0

%
q
1
q
2

r
2
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! MD-30-1N 

  !

! 

F
2

=
"µ

0

4#
$
I
1
' I
2
'

r
2

= (
"µ

0

4#
$
1

% 2
) $
I
1
I
2

r
2

       

! 

(I
1
'=

1

"
# I

1
,         I

2
'=

1

"
# I

2
)    (D-30-2) 

CKL5f4IgRaVMh.ijN25&kD2-lmM1 D-1N24n'L

Cij8oLd+DC5(D-30-2)(, (D-10)-9\85pqr-stuv8wdc

-x@y8sL5=>r`BCz-]21{*%'5 

! ! ! !

! 

dF
2

dl
= 2(

"µ
0

4#
$
1

% 2
) $
I
1
I
2

r
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! (D-30-2’) 

23%+! &k|8IJ*%}~��������45 

! ! ! ! !

! 

divE =
"

#
0

$                                 ! ! ! ! !  (D-31-1) 

          

! 

rotB =
"µ

0

#
j+

µ
0
$
0

#

%E

%t
                     !   ! ! ! !  (D-31-2) 

          

! 

rotE +
1

"

#B

#t
= 0                             ! ! ! ! !  (D-31-3) 

          

! 

divB = 0                                  ! ! ! ! !  (D-31-4) 

'�%M6752008N+!  

! 1 D-1-

! 

(k
1
,k
2
,k
3
,")(1 D-2-

! 

(",  #
0
,  µ

0
,  $)8!"*%845��-�(��

��d&'0�%e 

         

! 

" = #          

! 

     "      # =$                 ! ! ! !  (D-32-1) 
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! ! ! !

! 

k
1

=
"

4#$
0

                   %     $
0

=
"

4#
&

1

k
1

              ! ! ! !  (D-32-2) 

! ! ! !

! 

k
2

=
"

4#
$

1

% 2
$µ

0
        &     µ

0
=

4#

"
$ % 2 $  k

2
         ! ! ! !  (D-32-3) 

 (D-13) !"#$%&'()*+,-.

! 

dF
2

= (1/") # Idl $B/01'2+3)4-

5

! 

F = (1/") # qv $B /067/89:;< 

! 

" = #  =>6<?@A2008B.'

! 

"(=#)

8CDE/FDEGHIJKLMN/OP'QR(2009).CDE/FDEGH$

STUN/OV=W6< (D-32-3)GXY!Z['

! 

k
2
 "1/# 2

! =>67/\]6<

7^.(D-30-2)! \

! 

F
2
 " I

1
I

2
 =>67/"_6<IJKLM

! 

"(=#)"`W&.'

?@A2008BGab A"cd\>6<e D-1/e D-2Gf`Gghi=.'CGS

jklghimn\

! 

"(=#) = c=, oGp`Gghi=.q=>6< 

! 

"(=#). 

CGSjklghiGrs;Ytughi8vL%&W6w"xy/06< 

! z{|M(D-32-1)~ (D-32-3)\}~=>67/.'��G��"��=�6< 

(D-32-1)~ (D-32-3)GXY!8'Jackson(1998)"�6Ytu���lk�,��!

(D-17-1)~(D-17-4)"���6/'(D-31-1)~(D-31-4)G?@(2008)"�6���l

k�,��!/06<�;�"'(D-32-1)~(D-32-3)GX�!8(D-31-1)~(31-4)"

���^�'(D-17-1)~(D-17-4)G���lk�,��!/06<mZ['z{!

(D-32-1)~ (D-32-3)8��&'e D-1/e D-2G��.�Y=>6<  

! (D-31-2)��G

! 

µ
0
"
0

#

$E

$t
G|M/(D-31-3)��G

! 

1

"

#B

#t
G|MG�.'(D-19)!=

�"cd%;��"'

! 

1/c
2=0n^�0[0WZ['  

! ! ! ! ! ! !

! 

µ
0
"
0

# 2
=
1

c
2
! !!!!!!!!!!!!!! ! ! ! ! ! ! ! !   AD-33B 

=>6<7^.'

! 

k
1
/k

2
= " 2 /(µ

0
# $
0
) = c 2! (D-12)G7/=>6<�<Gcd=.
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! 

k
1
/k

2
= " 2 /(µ

0
# $
0
) = c 2,-.!,/+!012&3

&456.!,&-.7 

!  

! 

("
0
,  µ

0
,  #)089:;<=<>+?@AB(D-33)CDEF.0>+GH&IJ

>K.0/LE09:;<=<&MN".7GHOCP>F.. $Q0R D-1

>0ST,UV>F.7WD-33XY,R D-2#Z[6"\+GHOP/]^01

2&_`ab0Jc&def"*g.!,Ch.7 

!   a)  

! 

"
0
#1+

! 

" #1 ! i!

! 

µ
0

=1/c 2      ! ! !   :  CGSjk`ab 

!   b)  

! 

µ
0
"1+

! 

" #1! i!

! 

"
0

=1/c
2
!       !    :  CGSkl`ab 

    c)  

! 

"
0
# µ

0
#1! ! i!  

! 

" = c       ! ! ! !  m CGSnop`ab 

!   d) 

! 

µ
0
" 4# $10

%7
(NA

%2
),  & "1 i 

! 

"
0

=1/(µ
0
c
2
)  m MKSAqr`ab 

! 

("
0
,  µ

0
,  #)0?@ABCWD-33XYDE-0>+a)sdX0tuvw0xg/hy

z6g7{(+ 

! 

("
0
,  µ

0
,  #)0IJAB!|N6.,+MKSAqr`ab(SI`ab)

/ CGSkl`ab&}~6.!,���&r�>K.7��+CGSkl`ab

& � w .

! 

µ
0
"1 ( � � � ) # + MKSA q r ` a b (SI ` a b ) > /

! 

µ
0
" 4# $10%7(N & A%2

),'*g.,��\�g7(�'+

! 

µ
0
/���>-�+

! 

[N " A
#2
] =

! 

[m " l " t
#2
" I

#2
]0��#�E!,&-.7 

! R D-2 /+��W2008Xz��W2009X>�Tf"*g.kl���#`a

b�>��6.�0���>F.7R D-2 0��/R D-1 ,UD>F.!,#

r�'(�>+!"N0`ab0 ¡��R#de6.!,C¢{'g7  

! {(+£¤¥¦>0§¨�©,ª«'*¬kl��`ab­C®¯'*g.

°¤�±²*�K(gC+)012-±³#´.�&�R D-µ+R D-2/¶·

w,-.7¸¹W2003X&1"\+ºL�»¼½¾¿&ÀÁÂÃ0ÄÅ#±.
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! 

Z
0

= E /H = µ
0
/"
0
DE24-3/F 68’/SIGHIJK

1LMNOPQRSTUVWXY(Z$[$/\ D-2 []^TUVW/CGS _

`CGHI>./

! 

Z
0

= E /H =1#Xa, 01bc.4AB*+ACWdefg$

XhZijkl/mbc1nOhoXh#pVq>.XhZrO/SI GHI>

./\ D!3 WstUVW/

! 

[E] = [V /m], [H] = [A/m] r[]/

! 

Z
0

= E /H  

! 

= µ0 /"0 = cµ0 #120$ = 376.5 (V /A =%) #Xa/4AB*+ACWfg$(bc

#XTZu1UVW/34567,-1:'./?@74AB*+ACK1LM 

 

\ DvwZMKSAxyGHI/z{DSIJGHI>1@|}9~1GH#bc  

��GH1bc�� 
@|}9~ �� GH 

l m t A 

@�! q n5*6ADCJ 0 0 1 1 

@���! ! nC�mw -3 0 1 1 

@�! I, i n�A��D�J 0 0 0 1 

@���! J, j n���� -2 0 0 1 

@�D1�RJ! ! n����mDV�mJ 1 1 -3 -1 

@HD@H�J! V n���DV�Joul�CJ 2 1 -3 -1 

@}��! P nC�m� -2 0 1 1 

@���! D nC�m� -2 0 1 1 

��! ! n�*�D!=V/AJ 2 1 -3 -2 

@}�~! C n�� ¡¢DF�C�VJ -2 -1 4 2 

|�! " n`£*¤*DWb�V"sJ 2 1 -2 -1 

|���! B n¥C DT�Wb�m�J 0 1 -2 -1 

|�D1�RJ! H nA�m -1 0 0 1 

|¦! M nA�m -1 0 0 1 

4A+5§AC! L n¨A©*(H=Wb�A) 2 1 -2 -2 
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