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rot  H=J ,                   rot  E=– B t ,                               (1 ,2)
div B=0                        div D ,                                      (3 ,4)

E  – ; D  – 
 ( ); B  – ; J  – 

;  – ; t  – .

J =J1+J2+J3+J4 ,                                                         (5)

J1  ( + 1) – , -
1 ; J2 D t  – 

, 
; J3 1 1 – 

1 1 ; J4  ( 2× ) – , 
2 ,

 – .
-

. -
, 

f=50 , , -
. 

, ,  – , 
-

, 
, , .

rot H = J ,                      rot E ==– B ,                                    (6 ,7)

div B =0,                 div D .                                           (8 ,9)
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 50 l<< , l – 
, =1/(f 00 ) – , 0=8,85·10-12

0 =
=1,257·10-6  – ,  – 

. , -
 ( -

).
-

, -
.  (

) , 
,  (5)  (6) . -

, .
, , , 

1 ,
,  (7)  - B =0, -

. -

, 

            div rot H =div J =0,             rot E =0, J E + B .                   (10 12)
,  (10) , 

. , 
, , 

. ,  (10) 
.

, E -
, P E , 

D
D= 0 E  + P = 0 E  + E = 0(1 + k ) E 0 E ,                                      (13)

 – P E ; ke= / 0  – -
.

 (12) 

J =(  + 0 ) E ,                                             (14)
i 2=–1,  –  (

1=10 - 1 4
1=2,4,  – 2=10 - 2

2=80). -
i , 

, -
, .

 (14) , -
E .  (11)  ( -
), 

E=–grad .                                                   (15)
 (10), (14)  (15) 

div [–(  + 0 ) grad ]=0.                                         (16)

, , -
,  [14, 15], 

( ) 2 ( )
V S

V f E dV f E r S dS ,                                                   (17)
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V – , S – 
, r – . , 

. f( )=1,  < . f( )=0.
, , -

, -
. , . 

, 
. -

-
1 2, 1 2 1 2, , ,n nE E E E , 1 2

  1 n    2 n  .
 (11)  (14) 1 2 1 2, , ,n nE E E E , 

1 2E E ,              ( 1  + 0 1
) 1nE =( 2  + 0 2

) 2nE ,                   (18,19)

1 2 1 n 2 n  (15) 

1 2 ,           ( 1  + 0 1
)  1 n=( 2  + 0 2

)  2 n .            (20,21)
. -

-
-

 | |/ 0, 0=10 -
.

, 
/ 0

 1,5 / 0=3 ( . 1, ), -

. 1, ). 
N=10 max/ 0

 ( . 1, . 1, ), -
 ( . 1, . 1, ). -

-

N=10 , V N3=1000
. , R|grad E|

R ) -
.

-
,  [2–4,6]

= 0[(1 + 2R3/r3)cos i -  (1  - R3/r 3)sin j ],                                     (22)
R – ; r – , 

(r R);  – , . , ; i
j – .

E=E0[(1 - R 3/r3)2  + 3R 3/r3(2 + R3/r 3  )cos 2 ] 1 / 2 .                             (23)
R3/r 3 , R|grad E| 

R|grad E|= 0/2[3(1- )2 (2 -3cos2 )2+36 (2+ )sin2  cos2 ]1/2[(1- )2+3 (2+ )cos ]-1/2.  (24)

 (22) (24) .
 (22) (24) , R3/r3=const =const, E(R )  

R |grad E f(R), , .
, 

. , 

. 1
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R |grad E | . -
, 

.
, -

 (17). . 2,
60 , .

. 2, -
,

-
.=1,5 0 ( -

-
, -

). -
,
-
-

. 
-

V , 
b/a ( b=const – a=var – 

; b=a ). max/ 0
b/a . 3, , , b/a  0 max -

, b/a max 0, .
V

. 2, , V  3, 
, .

. 3, V 1, V 2 V 3 b/a
1, 1=1,4 0, 2=1,2 0  3=1,1 0.

, b/a V
, , . 

, . V
b/a. ,
, , .

. 3, V 1/V, V 2/V
V 3/V b/a , 1=1,4 0, 2=1,2 0 3=1,1 0.

. 2

. 3
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. 4, , . 4,  – / -
h D ( D + h=H

). , 
.

1 (
1 3) 

/ 0 h, 

 ( D=const), -
2 (  4 6) -

h
=const D=const, 

.
.  4, ,  

h, 
/ 0. . 4, -

-

.
. 5 / 0  (

).
1 (  1 3) -

/ 0 -
D

h=const, 2  4 6) -
/ 0 D

h=const, =const, (D -
-

). , 
, 

, -
, .

. 5, .
. 6, / 0 L -

, h=const -
=const. . 6, , -

/ 0 , . 6, .
.
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-
-
-
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   . 4
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, , . 
consts .

3. 
, -

.
-

 [2]:
0)( 0 graddiv ,                                                                (1)

0 8,85·10-12  – . 
S -

s
Sn0 .                                                                           (2)

 4 ,
 –

1
0 , -

,  ( . 2):

0
62

0 n
.

,
 (1), (2) -

 [3,8]. 
,  COMSOL [12].

. . 3 
 ( ) -

)(gradE  ( ) -
710s

2 .  .  4
.

, 
   8 . -

-

max =8 

   . 3
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710S
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s , -

0/snE =1,1·104 =0,011 . . 5 .
, -

. 4

8max

     . 5
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. , -
 20  ( . . 5). , -

 20 .
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, ,  [7],
2,3 . 

-
.

2
0 / 2E -

. 6 , 
 10  ( . . 6).

. , -

.  [1,6], -
, . 

KWW / ,                                                                       (3)
W  – , W  – 

 (  [6]), K  –
K =2,5.

W -
.  [2], , V  c  

),,( zyx EEEE

dVEEEW
V

zyxe )(5.0 222
0 .                                                   (4)

-
gradE , -

 (3). 96,0eW . 

e WW ,  (3) 5,2W . ,  [6], -
 250  0,406 ,  15 . -

. 6
, 
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, , -
, -

 ( ) .
,  ( , 

) 
: -

 ( )  (U1=U =const) -
,  (U2 var); , , -

 (U2 const) 
 (U1 var, Z var).

 " "  " " ( -
), 

.
-
-

.
.  ( )  – -

. (
, , 

,  ,  
 U1  U2 ). -

 J ,
,  Kj=U2j/U1j (j= J,1 ) 

, .
.  [2] -

Kj=K1
(1–j),     (1)

 – ,  ( , 1,02 1,1).
-

, , -
 ( ) , J-  ( )  ( . 1)

         K1=Kmax,                                (2)
         KJ=Kmin=Kmax

(1–J).                 (3)
. -

, -
*
min1U =U1min/U = =0,6

*
max1U =U1max/U = =1,2. (

, , -
; , , 

*
maxj2P = *

max2P , , -
,

*
max1P = *

max2P ). -
, -

,  G (G= / ). 

= J G .                          (4)
. 1 . 2

0.4 0.6 0.8 1

0.2

0.4

0.6

0.8

1

1.2

1.4

0.4 0.6 0.8 1

0.2

0.4

0.6

0.8

1

1.2

1.4

M

M

M'

M'

N'

N'
N

N

U*
2

U*
1

U*
2

U*
1

max

'
min K

1K

min

'
max K

1K
1Kmax

1
Kmin

1+

1-
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,  ,   (J=9),  
= 9 2 1,08. -

= U2max/U2min=(1+ )/(1– ),                                                         (5)

 –  ( *U =1 , -
), =( –1)/( +1) 0,0385.
, ,  ( . 1), -

 [7] – , ,   –
(1+ )=2 /( +1)  (1– )=2/( +1). *

1U -

Kmax=(1– )/ =2/ ( +1)=1,6025,                                                             (6)
    Kmin=(1+ )/ =2 /  ( +1)= Kmax /G=0,8654.                                                   (7)

.
 ( ) *

1U =1 

,  M  N
*

M2U = Kmax(1+ )=(1– 2)/  1,6642,                                                          (8)
*

N2U = Kmin(1– )=(1– 2)/  0,8321.                                                          (9)
, ,  M, -

 M  M' . 
–  N  N'. , *

M2U / *
N2U =2, 

*
1U =1.

, 
, , 

*
1U =

1 maxK
1 =

1 1
= 21

 0,7211,  (10)

,  ,  -
*
1U =1  ( . 2):

'*
M2U = = '

maxK (1+ ),                                                                (11)
'*
N2U = = '

minK (1– ).                                                                  (12)

'
maxK = /(1+ )= Kmax  /(1– 2)= Kmax  4  /( +1)2=1,1555,                                   (13)

'
minK = /(1– )= Kmin  /(1– 2)= Kmin  4  /( +1)2=0,624,                                   (14)

 j-
'
jK = Kj  4  /( +1)2. (15)

 (13), (14)  (6), (7) , '
maxK =1/Kmin

'
minK =1/Kmax. ,

, , 
, . 

.
, 

 ( ) , 
 ( 1),  ( 2) : 

, , ,  ( . ).
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, 
 J=N. 

, -

.  Kj=
1j

1i
i11020 WWW ,  

 Kj= 1
10

j

1i
i220 WWW ,  W10(W20) – 

 ( ) , 
j

1i
i2

j

1i
i1 WW  –  j 

 ( )  j- . -
, -

.
, 

1 ( ). -
 W10 (  1  0) -

 (j=1) 
(j=2), , *

1U =  ( . . 1), 
*
10U = =0,6 1,08=0,648. 

*
2I = *

max2I =1+ =1,0385, 
 1,  ,  

*
max1I = *

max1P / = 2)1(2 =1,6642,  (16)
, 

*
max10I = *

max1I – *
max2I =

               = )1(1)1(22 =0,6257.            (17)

-
.

 j-  (
 j  0)

*
max0jU = *

max10U j–1= j–1= j,  j= J,1 ,  (18)
 j-  ( -

, )
*

maxcjU = *
max0)1j(U – *

max0jU =
                       = j( –1), j= )1J(,1 .                         (19)

,  (
) -

 – ,

*
maxa8U = *

max80U – *
max2U =

                   = 8 –2 /( +1)=0,0726,                         (20)

*
max7aU = *

max2U – *
max70U =

                   = 2 /( +1)– 7 = 0,0098.                       (21)
, , *

max2I , 
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*
maxa8I = *

maxP / 8=4/ 6( +1)=0,9707.                                          (22)

*
max98I = *

maxP / 9=4/ 7( +1)=0,8987.                                          (23)

(16) (23), *P , 
, 

*P = *
1P =0,5

1J

1j

*
max)1j(j

*
max)1j(j

*
max10

*
max10 IUIU =0,4807. (24)

, 
 (J+1) , 

,  – . -
 – . , ,  " " -
, , , .

,  2
). *

20U -
 – *

max20U = *
max2U =2 /( +1),  j-

 (  j  0) 

*
max0jU = *

max20U j–1=
1

2 j–1 =2 j/( +1),         j= J,1 .                           (25)

 j-
*

max0jU =2 j ( –1)/( +1),  j= )1J(,1 . (26)

 – , 
*

max2aU = *
max1U – *

max20U = 9 –2 2/( +1)=0,07837, (27)
*

maxa3U = *
max30U – *

max1U = 2 3/( +1)– 9 =0,01143. (28)
 9 -

*
max2I =2 /( +1),   W20 ,   W10

: *
max20I =0,6257. 

*
max21I =0,9707, *

max2aI =0,8987. , 
9 a *

max2I =1,0385.
, 

*P = *
2P =0,5

1J

1j

*
max)1j(j

*
max)1j(j

*
max20

*
max20 IUIU =0,7755. (29)

, *
2P  60% *

1P , 
,  .  

, 
 ( ) , 

, , , .

. ( , 
 [1], ).

. , -
, , =0,6, =1,2.
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, 
 – *

maxP =1,03852=1,0785. , 
, /(1+ )=1,1555, 

, 
*

max2I = *
max2

*
max UP =1,0785/1,1555=0,9333. (30)

 j , 
 ( ) 2 . *

max1U =1,  2

. , .
 (

).
 (  1  0) -

, *
max10U =1, 

*
max0jU = *

max10U j–1= j–1, j= J,1 ,              (31)
*

maxcjU = *
max0)j(U – *

max0jU = j–1( –1), j= )1J(,1 . (32)

, 
*

maxa3U = *
max30U – *

max0aU = 2 – /(1+ )=0,011, (33)
*

max2aU = *
max0aU – *

max20U = /(1+ )– =0,0755. (34)
, -

, :
*

max10I =0,504–0,3145=0,1895.  1 -
 (30),  9

 ( *
maxa3I =0,7925; *

max43I =0,6794;
*

max54I =0,5824; *
max65I =0,4993; *

max76I =0,428; *
max87I =0,3669; *

max98I =0,3145). 
 (24), 

*
ATP = *

1PHP =0,3057 (35)
.

 ( ) 
,  (  1  0), 

*
max10U =

1
=0,624. (36)

:
*

maxjoU = *
maxo1U j–1=0,624 j–1,                j= J,1 ,                                 (37)

*
maxcjU =0,624 j–1 ( –1),                     j= )1J(,1 .                         (38)

*
maxa8U = *

max80U – *
max1U =0,624 7 –1=0,0698, (39)

*
max7aU = *

max1U – *
max70U =1–0,624 6 =0,0095. (40)

, -
 (0,9334),  (8 ) 

(0,8641);  1 -
 ( *

max7aI =0,7925; *
max76I =0,6794; *

max65I =0,5824; *
max54I =0,4993; *

max43I =0,428;
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*
max32I =0,3669; *

max21I =0,3145),  (  1  0) 
 – 0,1895.

 (29),  -

*
ATP = *

2PHP =0,2239, (41)
.

, -
 (  1,36 ) -

. , 
, 

. , -
.

, , 
, . , *

1U =0,95  " "
 0,57  1,14, *

1U =1,05 – " "  0,63  1,26.
, 

, , 
 ( ),  

, 
 ( ) .

*
2I =f( *

2R )  ( . 3).

, , 
 (30)

*
max2I =0,9333, 
*

min2U =0,624
*

min2R = *
min2U / *

max2I =0,6686.       (42)
*
2R = *

min2R =0,7221 

*
min2I = *

min2U / *
min2R = *

max2I / =0,8641.    (43)
-

*
max2R = *

max2U / *
min2I =1,3372,                                              (44)

 R2 .
-

.  (
, ), -

:  1 *
1CCP =0,4925 ( *

1PHP =0,3057), 
2 *

2CCP =0,3193 ( *
2PHP =0,2239).  ( )

,  (  1,6 1,4 ), 
.

, , , 
 [5]:  – , -
. -

.

. 3

0.6 0.8 1 1.2

0.6

0.8

1

1.2

0.2

0.4

0.6

0.8

R*R*maxR*min

U*
2I*2=f(R*)I*

2

U*
2=f(R*)
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