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ʉɽʂʎʀʗ ʆɹʑɽʁ ʌʀɿʀʂʀ 

 
 

ʋɼʂ 621.315.592 

ʕʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʚ ʫʤʝʨʝʥʥʦ ʣʝʛʠʨʦʚʘʥʥʦʤ ʛʝʪʝʨʦʧʝʨʝʭʦʜʝ 

ʂ.ɺ. ɹʫʭʝʥʩʢʠʡ1, ɸ.ɹ. ɼʶʙʫʘ1, ɼ.ɸ. ɿʝʥʢʦʚ1, ʉ.ʀ. ʂʫʯʝʨʷʚʳʡ2, ʉ.ʅ. ʄʘʰʥʠʥʘ1, ɸ.ʉ. ʉʘʬʦʰʢʠʥ1 

1ʈʷʟʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʨʘʜʠʦʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 
2ʆʙʥʠʥʩʢʠʡ ʠʥʩʪʠʪʫʪ ʘʪʦʤʥʦʡ ʵʥʝʨʛʝʪʠʢʠ  

ʅʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʷʜʝʨʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʄʀʌʀ 

ɺʧʝʨʚʳʝ ʤʝʪʦʜʠʢʘ ʠʟʫʯʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʵʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʧʦʣʫ-

ʧʨʦʚʦʜʥʠʢʦʚʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ ʦʙʦʩʥʦʚʘʥʘ ʚ ʨʘʙʦʪʝ [1]. ɺ ʨʘʙʦʪʝ [2] ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʩʚʦʡʩʪʚʘ 

2D-ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʠʥʚʝʨʩʠʦʥʥʳʭ ʩʣʦʷʭ ʧʨʠ ʟʘʧʦʣʥʝʥʠʠ ʥʝʩʢʦʣʴʢʠʭ ʧʦʜʟʦʥ 

ʨʘʟʤʝʨʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ. ɹʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʚʥʝʰʥʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ʢʘʢ 

ʚʥʝʰʥʝʛʦ ʚʦʟʤʫʱʝʥʠʷ ʥʘ ʚʩʶ ʜʚʫʤʝʨʥʫʶ ʵʣʝʢʪʨʦʥʥʫʶ ʩʠʩʪʝʤʫ. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʚʣʠʷʥʠʝ ʚʳʰʝ-

ʫʢʘʟʘʥʥʦʛʦ ʬʘʢʪʦʨʘ ʫʜʦʙʥʦ ʦʧʠʩʳʚʘʪʴ ʤʘʪʨʠʯʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʫʥʢʮʠʝʡ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʩʪʝʧʝʥʴ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʚ ʜʚʫʤʝʨʥʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʛʘʟʝ, ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʩʪʴ ʦʙʲʝʤʥʦʤʫ 

ʩʣʫʯʘʶ, ʩʣʘʙʦ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ.  

ʈʝʰʝʥʘ ʧʨʦʙʣʝʤʘ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʢʣʘʜʘ ʵʣʝʢʪʨʦʥ-

ʵʣʝʢʪʨʦʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩ ʫʯʝʪʦʤ ʟʘʨʷʞʝʥʥʳʭ ʧʨʠʤʝʩʝʡ ʚ ʧʦʚʝʨʭʥʦʩʪʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ. 

ʀʩʧʦʣʴʟʫʷ ʘʧʧʘʨʘʪ ʛʨʠʥʦʚʩʢʠʭ ʬʫʥʢʮʠʡ [1], ʥʘʤ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʣ̫ ʵʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʜʣʷ ʚʥʫʪʨʠ ʠ ʤʝʞʧʦʜʟʦʥʥʳʭ ʧʝʨʝʭʦʜʦʚ.  

ʈʦʣʴ ʚʥʝʰʥʝʛʦ ʚʦʟʤʫʱʝʥʠʷ ʠʛʨʘʝʪ ʧʦʪʝʥʮʠʘʣ ʵʢʨʘʥʠʨʦʚʘʥʠʷ, ʚ ʢʦʪʦʨʳʡ ʚʭʦʜʠʪ ʜʠʵʣʝʢ-

ʪʨʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʛʘʟʘ. ɼʘʣʝʝ, ʬʫʨʴʝ-ʦʙʨʘʟ ʚʥʝʰʥʝʛʦ ʚʦʟʤʫʱʝʥʠʷ ʧʦʜʩʪʘʚʣʷʝʪʩʷ ʚ 

ʫʨʘʚʥʝʥʠʝ ɹʦʣʴʮʤʘʥʘ, ʨʝʟʫʣʴʪʘʪʦʤ ʨʝʰʝʥʠʷ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʚʨʝʤʷ ʵʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʦʡ ʨʝ-

ʣʘʢʩʘʮʠʠ. ɿʦʥʥʳʝ ʜʠʘʛʨʘʤʤʳ ʠʩʩʣʝʜʦʚʘʥʥʦʡ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʤʝʪʦʜʦʤ ʩʘʤʦʩʦ-

ʛʣʘʩʦʚʘʥʥʦʛʦ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʐʨʝʜʠʥʛʝʨʘ:  

 () () ()
2 2

22

d
E z z E z

m dz

è ø
- + y = yé ù
ê ú

 (1) 

ʠ ʇʫʘʩʩʦʥʘ: 

 () ()E z eV z=- ,   
()2

2

4

( , )

zd V

dz

pr
- =

c wq
,  (2) 

ʛʜʝ ( , )c wq  ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʬʫʥʢʮʠʷ. 

 
ʈʠʩ. 1. ʕʥʝʨʛʝʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ( )cE z  ʛʝʪʝʨʦʧʝʨʝʭʦʜʘ ʩ ʦʜʥʦʡ ʟʘʧʦʣʥʝʥʥʦʡ 

ʧʦʜʟʦʥʦʡ ʨʘʟʤʝʨʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ 
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ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ɽ(z), ʢʚʘʜʨʘʪ ʤʦʜʫʣʷ ʚʦʣʥʦʚʦʡ ʬʫʥʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʥʘ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʫʨʦʚʥʝ ʦʩʥʦʚʥʦʡ E1-ʧʦʜʟʦʥʳ ʨʘʟʤʝʨʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ. ɼʣʷ ʨʝʰʝʥʠʷ ʧʦʩʪʘʚʣʝʥ-

ʥʦʡ ʟʘʜʘʯʠ ʨʝʘʣʴʥʳʡ ʧʨʦʬʠʣʴ ɽ(z)-ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ʛʝʪʝʨʦʧʝʨʝʭʦʜʘ ʘʧʧʨʦʢʩʠʤʠʨʫʝʤ ʪʨʝ-

ʫʛʦʣʴʥʦʡ ʷʤʦʡ, ʪʘʢ ʢʘʢ ʵʪʦ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 1, ʘʥʘʣʦʛʠʯʥʦ [3].  

ʊʦʛʜʘ ʬʫʨʴʝ-ʦʙʨʘʟ ʢʫʣʦʥʦʚʩʢʦʡ ʵʢʨʘʥʠʨʦʚʢʠ ʙʫʜʝʪ ʠʤʝʪʴ ʚʠʜ 

 ()
( )

()
2

2
2

1 i

extext

d
e EV

S
-

p
= ñ

qr
q

r
r  , (3) 

ʛʜʝ S = L2, L ï ʣʠʥʝʡʥʳʝ ʨʘʟʤʝʨʳ ʩʠʩʪʝʤʳ, ʘ ʬʫʨʴʝ-ʦʙʨʘʟ ʧʦʣʥʦʡ ʵʢʨʘʥʠʨʦʚʢʠ 

 
( )

( , )
( , )
ext

tot

V
V w =

c w
q

q
q

. (4) 

ʀʩʧʦʣʴʟʫʷ ʧʨʠʙʣʠʞʝʥʠʝ ʭʘʦʪʠʯʝʩʢʠʭ ʬʘʟ (ʇʍʌ) [4], ʧʨʝʜʩʪʘʚʠʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʬʫʥʢ-

ʮʠʶ ʚ ʚʠʜʝ 

 
( )2

2 2

2 *

2

( , ) 1
2
e

q

d f f

m

- +
c w = -

p

-

Ö + wñ
k q k q

q
k

k q
. (5) 

ʉ ʪʦʯʥʦʩʪʴʶ ʜʦ ʚʪʦʨʦʛʦ ʯʣʝʥʘ ʨʘʟʣʦʞʝʥʠʷ ʚʥʝʰʥʝʛʦ ʚʦʟʤʫʱʘʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ʪʝʦʨʠʠ 

ʚʦʟʤʫɦ ʝʥʠʡ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʚʨʝʤʝʥʠ çʝïʝè-ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʚʠʜʝ [5] 

 
2

,

1
( , )ijkl

totee
k mij

d Vw w
t

¤

-¤

= ³ääñ
q

q

 

 ( ) ( ) () ()( )
,

j l i kE E E Ed³ + + - - - ³ä
k p

k q p q k p

 

 ( )( )1 1f f f f+ -³ - -k p k q p q
, (6) 

ʛʜʝ ( ),totV wq  ï ʤʘʪʨʠʯʥʳʡ ʵʣʝʤʝʥʪ ʧʦʣʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʵʢʨʘʥʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʬʫʨʴʝ-

ʦʙʨʘʟʦʤ ʚʥʝʰʥʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ʵʢʨʘʥʠʨʦʚʢʠ ()extV r . ʇʦʣʫʯʘʝʤ 

 ( )
( )

() ( ) 2

2

1
, exp

2
tot extV V t d

¤

-¤

w = è- -w øñ ê ú
p

q r qr r . (7) 

ʌʫʥʢʮʠʷ ( , )
tot

V wq  ʠʤʝʝʪ ʚ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ ʯʘʩʪʦʪ ʦʩʦʙʫʶ ʪʦʯʢʫ, ʧʦʵʪʦʤʫ ʩʣʝʜʫ-

ʝʪ ʚʥʘʯʘʣʝ ʧʨʦʚʦʜʠʪʴ ʩʫʤʤʠʨʦʚʘʥʠʝ ʧʦ ʚʦʣʥʦʚʳʤ ʚʝʢʪʦʨʘʤ , k p  ʠ q, ʘ ʫʞʝ ʟʘʪʝʤ ʠʥʪʝʛʨʠʨʦʚʘ-

ʥʠʝ ʧʦ ʯʘʩʪʦʪʝ w. ʅʝʦʙʭʦʜʠʤʦ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʨʘʙʦʪ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʵʣʝʢ-

ʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʪʘʪʠʯʝʩʢʠʡ ʧʨʝʜʝʣ ʪʘʢ, ʯʪʦ ( , ) ( ,0)c w ¹cq q .  

ɺ ʥʘʰʝʡ ʟʘʜʘʯʝ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʤʝʝʪ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʫʶ ʩʪʨʫʢʪʫʨʫ. ʀ ʧʦʵʪʦʤʫ ʚʦʟ-

ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʨʝʟʦʥʘʥʩʥʳʝ ʦʪʢʣʠʢʠ ʥʘ ʥʝʧʨʝʨʳʚʥʳʡ ʩʧʝʢʪʨ ʧʦʪʝʥʮʠʘʣʘ ʚʥʝʰʥʝʛʦ ʚʦʟʤʫʱʝʥʠʷ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʨʝʰʝʥʠʝ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ ʪʨʝʙʫʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

( ),totV wq  ʚ (6) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʙʣʠʞʝʥʠʷ ʭʘʦʪʠʯʝʩʢʠʭ ʬʘʟ, ʩʫʪʴ ʢʦʪʦʨʦʛʦ ʩʦʩʪʦʠʪ ʚ ʧʨʝʥʝ-

ʙʨʝʞʝʥʠʠ ʩʚʷʟʴʶ ʤʝʞʜʫ ʠʟʤʝʥʝʥʠʷʤʠ ʬʫʨʴʝ-ʦʙʨʘʟʦʚ ʧʣʦʪʥʦʩʪʝʡ, ʦʪʥʦʩʷʱʠʭʩʷ ʢ ʨʘʟʥʳʤ ʜʣʠʥʘʤ 

ʚʦʣʥ. 
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ʕʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʩʠʣʴʥʦʣʝʛʠʨʦʚʘʥʥʦʤ 

ʛʝʪʝʨʦʧʝʨʝʭʦʜʝ Al xGa1ïx/GaAs 

ʂ.ɺ. ɹʫʭʝʥʩʢʠʡ1, ɸ.ɹ. ɼʶʙʫʘ1, ʉ.ʀ. ʂʫʯʝʨʷʚʳʡ2, ɼ.ʉ. ʂʨʶʯʢʦʚ1, ʉ.ʅ. ʄʘʰʥʠʥʘ1, 

ɸ.ʉ. ʉʘʬʦʰʢʠʥ1 

1ʈʷʟʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʨʘʜʠʦʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 
2ʆʙʥʠʥʩʢʠʡ ʠʥʩʪʠʪʫʪ ʘʪʦʤʥʦʡ ʵʥʝʨʛʝʪʠʢʠ 

ʅʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʷʜʝʨʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʄʀʌʀ 

ʈʘʙʦʪʘ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʚʳʷʩʥʝʥʠʝ ʚʢʣʘʜʘ ʚʥʫʪʨʠʧʦʜʟʦʥʥʦʡ ʠ ʤʝʞʧʦʜʟʦʥʥʦʡ ʵʣʝʢʪʨʦʥ-

ʵʣʝʢʪʨʦʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʚ ʟʘʪʫʭʘʥʠʝ ʢʚʘʥʪʦʚʘʥʠʷ ʃʘʥʜʘʫ ʦʩʮʠʣʣʷʮʠʡ ʧʦʧʝʨʝʯʥʦʛʦ ʤʘʛʥʠʪʦʩʦ-

ʧʨʦʪʠʚʣʝʥʠʷ. ɼʣʷ ʩʠʣʴʥʦʣʝʛʠʨʦʚʘʥʥʦʛʦ ʛʝʪʝʨʦʧʝʨʝʭʦʜʘ, ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʥʦʛʦ ʪʨʝʫʛʦʣʴʥʳʤ ʧʦ-

ʪʝʥʮʠʘʣʴʥʳʤ ʧʨʦʬʠʣʝʤ, ʢʦʛʜʘ ʟʘʧʦʣʥʝʥʳ ʦʩʥʦʚʥʘʷ ʠ ʚʦʟʙʫʞʜʝʥʥʘʷ ʧʦʜʟʦʥʳ ʨʘʟʤʝʨʥʦʛʦ ʢʚʘʥʪʦ-

ʚʘʥʠʷ, ʧʦʣʫʯʝʥʳ ʚʳʨʘʞʝʥʠʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʢʦʪʦʨʳʝ ʦʙʲʷʩʥʷʶʪ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ [1]. ʈʘʩʩʤʦʪʨʠʤ ʧʨʦʮʝʩʩ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮ ʩ ʠʤʧʫʣʴʩʦʤ k  

ʠ p. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʣʫʯʘʶʪʩʷ ʯʘʩʪʠʮʳ ʩ ʠʤʧʫʣʴʩʘʤʠ +k q  ʠ -p q. ɺʝʨʦʷʪ-

ʥʦʩʪʴ ʪʘʢʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʠʥʪʝʛʨʘʣʫ ʩʪʦʣʢʥʦʚʝʥʠʡ 

 ( ) ( ) () ()( ) ( )( )
,

1 1j l i kE E E E f f f f+ -+ + - - - - -ä k p k q p q

k p

k q p q k pd ,  (1) 

ʛʜʝ f ï ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʌʝʨʤʠïɼʠʨʘʢʘ. ʀʥʜʝʢʩʳ i , j , k , l  ʦʙʦʟʥʘʯʘʶʪ ʩʣʝʜʫʶʱʝʝ: 

ʵʣʝʢʪʨʦʥ, ʥʘʭʦʜʷʱʠʡʩʷ ʚ ʩʦʩʪʦʷʥʠʠ ,i  ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʵʣʝʢʪʨʦʥʦʤ ʚ ʩʦʩʪʦʷʥʠʠ ,k  ʚ ʨʝʟʫʣʴʪʘ-

ʪʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʷʪ ʧʝʨʝʭʦʜʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚ ʩʦʩʪʦʷʥʠʷ j  ʠ l. ʉ ʪʦʯʥʦʩʪʴʶ ʜʦ ʚʪʦʨʦʛʦ ʯʣʝʥʘ 

ʨʘʟʣʦʞʝʥʠʷ ʚʥʝʰʥʝʛʦ ʚʦʟʤʫʱʘʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ʪʝʦʨʠʠ ʚʦʟʤʫʱʝʥʠʡ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʚʨʝʤʝʥʠ  

çʝïʝè-ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʚʠʜʝ 

 
2

,

1
( , )ijkl

totee
k mij

d Vw w
t

¤

-¤

= ³ääñ
q

q

 

 ( ) ( ) () ()( )
,

j l i kE E E Ed³ + + - - - ³ä
k p

k q p q k p

 

 ( )( )1 1f f f f+ -³ - -k p k q p q
, (2) 

ʛʜʝ ( ),ijkl

totV qw  ï ʤʘʪʨʠʯʥʳʡ ʵʣʝʤʝʥʪ ʧʦʣʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʵʢʨʘʥʠʨʦʚʘʥʠʷ. ɺ ʨʷʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣɹ-

ʥʳʭ ʨʘʙʦʪ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʦʩʦʙʝʥʥʦʩʪʝʡ ʦʩʮʠʣʣʷʮʠʡ ʧʦʧʝʨʝʯʥʦʛʦ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʐʫʙ-

ʥʠʢʦʚʘïʜʝ ɻʘʘʟʘ (ʐʜɻ) ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʜʣʷ ʦʙʲʝʤʥʳʭ 3D- ʠ 

ʜʚʫʤʝʨʥʳʭ 2D-ʵʣʝʢʪʨʦʥʦʚ ʦʙʥʘʨʫʞʝʥʳ ʥʝʢʦʪʦʨʳʝ ʘʥʦʤʘʣʠʠ, ʠʤʝʚʰʠʝ ʦʧʨʝʜʝʣʝʥʥʫʶ ʦʙʥɦʦʩʪʴ ʚ 

ʢʘʯʝʩʪʚʝʥʥʦʤ ʩʭʦʜʩʪʚʝ, ʥʦ ʠ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ. ʅʘʧʨʠʤʝʨ, ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʦʩʮʠʣʣʠʨʫʶ-

ʱʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʳ ɼʠʥʛʣʘ 
DT  ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ,T  ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʚʨʝʤʝʥʠ ʤʘʣʦ-

ʫʛʣʦʚʦʡ ʨʝʣʘʢʩʘʮʠʠ qt ʦʪ T  [2]. ʕʪʠ ʦʩʮʠʣʣʷʮʠʠ ()DT T  ʠ ()q Tt  ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʜʣʷ ʩʠʣʴʥʦ-

ʣʝʛʠʨʦʚʘʥʥʳʭ ʛʝʪʝʨʦʧʝʨʝʭʦʜʦʚ (
11 2> 8.5·10 ʩʤsn -

), ʚ ʢʦʪʦʨʳʭ ʟʘʧʦʣʥʝʥʘ ʦʩʥʦʚʥʘʷ ʠ ʚʪʦʨʘʷ ʚʦʟ-

ʙʫʞʜʝʥʥʳʝ ʧʦʜʟʦʥ rʨʘʟʤʝʨʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ. ɹʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ ʦʜʥʦʟʥʘʯʥʘʷ ʩʚʷʟʴ ʵʪʠʭ ʘʥʦʤʘ-

ʣʠʡ ʩ ʩʠʣʴʥʳʤ (ʜʣʷ ʚʳʨʦʞʜʝʥʥʳʭ 3D- ʠ 2D-ʵʣʝʢʪʨʦʥʦʚ) ʵʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠ-

ʝʤ. ɼʣʷ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʦʙʲʷʩʥʝʥʠʷ ʥʘʙʣʶʜʘʝʤʳʭ ʵʬʬʝʢʪʦʚ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩ-

ʩʤʦʪʨʝʥʠʝ ʢʘʥʘʣʦʚ ʵʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʳʭ (çʝïʝè) ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʩʣʦʞʥʦʡ ʩʠʩʪʝʤʝ 2D-

ʚʳʨʦʞʜʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (ʨʠʩ. 1). 

ʈʘʩʩʤʦʪʨʠʤ ʚʦʟʤʦʞʥʳʝ ʩʮʝʥʘʨʠʠ ʚʦʩʧʨʠʷʪʠʷ ʚʦʟʤʫʱʝʥʠʷ ʦʪ ʠʩʪʦʯʥʠʢʦʚ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʟʘ ʩʯʝʪ çʝïʝè-ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ()q Tt -ʬʘʢʪʦʨʘ ʩʪʦʣʢʥʦʚʠʪʝʣʴʥʦʛʦ ʫʰʠʨʝʥʠʷ ʫʨʦʚʥʝʡ ʃʘʥʜʘʫ: 

1) ʚʦʟʤʫʱʝʥʠʝ ʚʦʩʧʨʠʥʠʤʘʝʪ ʤʘʩʩʠʚ 2D ʵʣʝʢʪʨʦʥʦʚ 
mn  ʥʘ ʦʩʥʦʚʥʦʤ ʫʨʦʚʥʝ ʨʘʟʤʝʨʥʦʛʦ 

ʢʚʘʥʪʦʚʘʥʠʷ. ʕʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʨʝʤʝʥʝʤ 
()1
eet . ɿʘ ʩʯʝʪ ʩʠʣʴʥʦʛʦ çʝïʝè ʚʥʫʪʨʠ-

ʧʦʜʟʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʦʟʤʫʱʝʥʠʝ ʦʭʚʘʪʳʚʘʝʪ ʚʩʶ ʵʣʝʢʪʨʦʥʥʫʶ ʩʠʩʪʝʤʫ ʠ ʥʘ ʦʧʳʪʝ ʠʟʤʝ-

ʨʷʝʪʩʷ ... ʊʨʘʝʢʪʦʨʠʷ ʵʪʦʛʦ ʤʝʭʘʥʠʟʤʘ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1 ʩʧʣʦʥhʳʤʠ ʣʠʥʠʷʤʠ: 
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 ( ) ( ) ( )(1) (1), , ,mm md mn nn dd nd

ee ee ee ee ee ee eeÝ Ý Ý =t t t t t t t t; 

2) ʚʪʦʨʦʡ ʩʮʝʥʘʨʠʡ ʚʦʟʤʦʞʝʥ, ʝʩʣʠ ʚʦʟʤʫʱʝʥʠʝ ʚʦʩʧʨʠʥʠʤʘʝʪ ʩʘʪʝʣʣʠʪ 
nn  ʥʘ ʫʨʦʚʥʝ 

pE  

ʨʘʟʤʝʨʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 
nn  ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ 

dn  ʠ 
mn  ï 2D-

ʵʣʝʢʪʨʦʥʘʤʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʨʝʤʷ ʨʘʟʨʫʰʝʥʠʷ ʢʚʘʥʪʦʚʘʥʠʷ ʬʦʨʤʠʨʫʝʪʩʷ ʪʘʢ: 

 ( ) ( ) ( ) ( )(2) (2), , ,nn nd mn nd mm dd md

ee ee ee ee ee ee ee eet t t t t t t t tÝ Ý Ý Ý Ý . 

ʕʪʦʪ ʩʮʝʥʘʨʠʡ ʥʘ ʩʭʝʤʝ (ʨʠʩ. 1) ʧʨʝʜʩʪʘʚʣʝʥ ʰʪʨʠʭʦʚʦʡ ʪʨʘʝʢʪʦʨʠʝʡ.  

3) ʝʩʣʠ ʚʦʟʤʫʱʝʥʠʝ ʚʦʩʧʨʠʥʠʤʘʶʪ 2D ʵʣʝʢʪʨʦʥʳ ʥʘ ʫʨʦʚʥʝ mE , ʪʦ ʟʘ ʩʯʝʪ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʷ ʩʦ ʚʨʝʤʝʥʝʤ mn

ʝʝt  ʩ 
nn  (çn -ʩʘʪʝʣʣʠʪʦʤè), ʘ 

nn  ʟʘ ʚʨʝʤʷ nd

eet  ʨʘʩʧʨʦʩʪʨʘʥʷʶʪ ʚʦʟʤʫʱʝʥʠʝ ʥʘ 

dn , ʪʘʢ ʯʪʦ ʬʦʨʤʠʨʫʝʪʩʷ exp

qt  ʚ ʮʝʧʦʯʢʝ ( ) ( ) ( )(3) (3), , ,mm mn md nn dd nd

ee ee ee ee ee ee eet t t t t t t tÝ Ý Ý Ý . 

ʅʘ ʩʭʝʤʝ (ʨʠʩ. 1) ʵʪʘ ʚʝʨʩʠʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʰʪʨʠʭ-ʧʫʥʢʪʠʨʥʦʡ ʪʨʘʝʢʪʦʨʠʝʡ. ʆʢʦʥʯʘʪʝʣʴ-

ʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʘʚʠʣʦʤ ʄʘʪʪʠʩʩʝʥʘ: ( ) ( )
1 1th

ee ee i
i

t t
- -
=ä . 

 
ʈʠʩ. 1. ʉʭʝʤʘ-ʤʦʜʝʣʴ ʢʘʥʘʣʦʚ ʧʨʦʭʦʞʜʝʥʠʷ ʚʦʟʤʫʱʝʥʠʷ ʦʪ ʠʩʪʦʯʥʠʢʦʚ. ʂʦʤʤʝʥʪʘʨʠʠ ʚ ʪʝʢʩʪʝ 

ʀʟ ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʩʮʝʥʘʨʠʝʚ ʩʭʝʤʳ-ʤʦʜʝʣʠ (ʨʠʩ. 1) ʩʣʫʯʘʡ (3) ʥʘʠʙʦʣʝʝ ʦʪʚʝʯʘʝʪ 

ʦʜʥʦʡ ʠʟ ʢʨʠʚʳʭ, ʨʘʩʩʯʠʪʘʥʥʦʡ ʢʘʢ ʨʘʟ ʜʣʷ ʵʪʦʛʦ ʩʣʫʯʘʷ [4]. ʂʨʦʤʝ ʵʪʦʛʦ, ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (5 KT< ) ʟʘʪʫʭʘʥʠʝ ʢʚʘʥʪʦʚʘʥʠʷ ʃʘʥʜʘʫ ʦʧʨʝʜʝʣʷʝʪʩʷ 
sn -ʵʣʝʢʪʨʦʥʘʤʠ, 

ʘ ʯʠʩʣʝʥʥʳʡ ʘʥʘʣʠʟ ʨʘʟʣʦʞʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ ʧʦʢʘʟʳʚʘʝʪ ʧʦʷʚʣʝʥʠʝ ʥʝʤʦʥʦʪʦʥʥʦ-

ʩʪʝʡ ( , )th

ee sT nt  ʧʨʠ 
11 ï28 10 ʩʤmn > Ö  ʠ 5 KT> . ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʳʝ ʦʩʮʠʣ-

ʣʷʮʠʠ ( )th

ee Tt  ʚʦʟʥʠʢʘʶʪ ʪʦʣʴʢʦ ʧʦʩʣʝ ʟʘʧʦʣʥʝʥʠʷ ʵʣʝʢʪʨʦʥʘʤʠ ʚʪʦʨʦʡ ʧʦʜʟʦʥʳ ʨʘʟʤʝʨʥʦʛʦ ʢʚʘʥ-

ʪʦʚʘʥʠʷ ʠ ʦʪʢʣʠʢʘ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʧʨʠ 5 K.T>  ɺʪʦʨʦʡ ʨʝʟʫʣʴʪʘʪ ï ʵʪʦ ʨʦʣʴ 
nn -

ʩʘʪʝʣʣʠʪʘ ʚ ʚʦʟʙʫʞʜʝʥʠʠ ʦʩʮʠʣʣʷʮʠʡ, ʧʨʠ ʵʪʦʤ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʪʦʛʦ, ʢʘʢʦʡ ʢʦʤʧʦʥʝʥʪ 2D-

ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʳ ʚʦʩʧʨʠʥʠʤʘʝʪ ʚʦʟʤʫʱʝʥʠʝ, ʯʪʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1 ʢʘʥʘʣʦʤ (3)t . ʅʝʧʦʩʨʝʜ-

ʩʪʚʝʥʥʦ ʵʪʦ ʚʠʜʥʦ, ʝʩʣʠ ʧʨʝʜʧʦʣʦʞʠʪʴ 0,nn =  ʠ ʪʦʛʜʘ ʪʦʣʴʢʦ 
intra( )mm Tt  ʠ 

intra( )dd Tt  ʙʫʜʫʪ ʦʪʣʠʯʘʪʩɹʷ 

ʦʪ ʥʫʣʷ ʠ ʦʩʮʠʣʣʷʮʠʠ ( )th

ee Tt  ʥʝ ʚʦʟʥʠʢʘʶʪ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʝ ʟʘ-

ʚʠʩʠʤʦʩʪʠ 
exp( )ee Tt  ʧʨʠ 5 KT<  ʩʚʷʟʘʥʳ ʪʦʣʴʢʦ ʩ ʚʥʫʪʨʠʧʦʜʟʦʥʥʳʤʠ çeïeè-ʧʝʨʝʭʦʜʘʤʠ.  
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ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ E-ʚʦʣʥ ʩ ʦʜʥʦʤʝʨʥʳʤ 

ʤʝʪʘʣʣʦ-ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʬʦʪʦʥʥʳʤ ʢʨʠʩʪʘʣʣʦʤ 

ʅ.ɺ. ɿʚʝʨʝʚ, ɸ.ɸ. ʖʰʢʘʥʦʚ 

ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʦʙʣʘʩʪʥʦʡ ʫʥʠʚʝʨʩʠʪʝʪ 

 ʀʩʩʣʝʜʦʚʘʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ E-ʚʦʣʥ ʩ ʦʜʥʦʤʝʨʥʳʤ ʬʦʪʦʥʥʳʤ ʢʨʠ-

ʩʪʘʣʣʦʤ ʠʟ N ʦʜʠʥʘʢʦʚʳʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʣʦʩʢʠʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʣʦʸʚ ʪʦʣʱʠʥʦʡ d1, ʤʝʞʜʫ ʢʦʪʦ-

ʨʳʤʠ ʨʘʩʧʦʣʦʞʝʥʳ ʦʜʠʥʘʢʦʚʳʝ ʩʣʦʠ ʪʦʣʱʠʥʦʡ d2 ʠʟ ʧʨʦʟʨʘʯʥʳʭ ʜʠʵʣʝʢʪʨʠʢʦʚ ʩ ʜʠʵʣʝʢʪʨʠʯʝ-

ʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ e2. ɼʘʥʥʳʡ ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ ʥʘʭʦʜʠʪʩʷ ʤʝʞʜʫ ʜʚʫʤʷ ʧʨʦʟʨʘʯʥʳʤʠ ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʨʝʜʘʤʠ ʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʧʨʦʥʠʮʘʝʤʦʩʪʷʤʠ e1 ʠ e3. 
 ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ E-ʚʦʣʥʘ (ʚʝʢʪʦʨ E ʣʝʞʠʪ ʚ ʧʣʦʩʢʦʩʪʠ ʧʘʜʝʥʠʷ) ʧʘʜʘʝʪ ʩʦ ʩʪʦʨʦʥʳ ʩʨʝ-

ʜʳ ʩ e1 ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʦʜ ʫʛʣʦʤ q. ʕʥʝʨʛʝʪʠʯʝʩʢʠʝ ʢʦʵʬ-

ʬʠʮʠʝʥʪʳ ʦʪʨʘʞʝʥʠʷ R, ʧʨʦʭʦʞʜʝʥʠʷ T ʠ ʧʦʛʣʦʱʝʥʠʷ A ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʨʘʩ-

ʩʤʘʪʨʠʚʘʝʤʦʤ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ ʠʤʝʶʪ ʚʠʜ [1]: 
2
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                                                 (2)                                

1 .A R T= - -                                                                    (3) 

ɿʜʝʩʴ q¡ ï ʫʛʦʣ ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʩʨʝʜʫ ʩ e3, mjk ï ʵʣʝʤʝʥʪʳ ʤʘʪʨʠʮʳ ʧʝʨʝʥʦʩʘ ʠʟʣʫʯʝʥʠʷ ʯʝ-

ʨʝʟ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʬʦʪʦʥʥʳʡ ʢʨʠʩʪʘʣʣ:                     
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M M M M M                                     (4) 

ɺ ʵʪʦʡ ʬʦʨʤʫʣʝ 
inaM  (a = 1, 2) ï ʤʘʪʨʠʮʘ ʚʭʦʜʘ ʠʟʣʫʯʝʥʠʷ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʩʣʦʡ ʠʟ ʧʨʦ-

ʟʨʘʯʥʦʛʦ ʜʠʵʣʝʢʪʨʠʢʘ ʩ ea; outaM  (a = 2, 3) ï ʤʘʪʨʠʮʘ ʚʳʭʦʜʘ ʠʟʣʫʯʝʥʠʷ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʣʦʷ ʚ 

ʜʠʵʣʝʢʪʨʠʢ ʩ ea; 2 prM  ï ʤʘʪʨʠʮʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʚ ʜʠʵʣʝʢʪʨʠʢʝ ʩ e2. ɼʘʥʥʳʝ ʤʘʪʨʠʮʳ 

ʠʤʝʶʪ ʚʠʜ:                       
(1) (1)

(2) (2)

cos cos
,

cos cos

E E
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E E

Z Z

Z Z

a a a a
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M                                  (5) 
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M                                  (6) 
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exp(i ) 0
.

0 exp( i )
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k d

k d

å õ
=æ ö

-ç ÷
M                                              (7) 

 ɿʜʝʩʴ q1 = q, q3 = q¡ ; q2 ï ʫʛʦʣ ʧʨʝʣʦʤʣʝʥʠʷ ʠʟʣʫʯʝʥʠʷ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʣʦʠ ʩ e2; 

2 2 2coszk
c

w
e q=  ï ʧʨʦʝʢʮʠʷ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʣʦʷʭ ʥʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʝ ʢ 

ʠʭ ʧʦʚʝʨʭʥʦʩʪʷʤ ʥʘʧʨʘʚʣʝʥʠʝ; ( )j

EZ  (j = 1, 2) ï ʠʤʧʝʜʘʥʩʳ E-ʚʦʣʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʘ; w ï 

ʯʘʩʪʦʪʘ ʠʟʣʫʯʝʥʠʷ, c ï ʩʢʦʨʦʩʪʴ ʩʚʝʪʘ ʚ ʚʘʢʫʫʤʝ. 

 ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʳʨʦʞʜʝʥʥʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʧʣʘʟʤʘ ʧʨʠ ʥʫʣʝʚʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʩʣʫʯʘʝ 

ʟʝʨʢʘʣʴʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʘ. ɼʣʷ ʵʪʦʛʦ ʩʣʫʯʘʷ ʚ ʨʘʙʦʪʝ [2] ʙʳʣʠ 

ʚʳʯʠʩʣʝʥʳ ʠʤʧʝʜʘʥʩʳ ( )j

EZ . ʌʦʨʤʫʣʳ ʜʣʷ ʠʤʧʝʜʘʥʩʦʚ ʩʦʜʝʨʞʘʪ ʧʨʦʜʦʣʴʥʫʶ ʠ ʧʦʧʝʨʝʯʥʫʶ ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʘʟʤʳ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʟʷʪʳ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʢʚʘʥʪʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʘʟʤʳ ʩ ʧʦʩʪʦʷʥʥʦʡ ʯʘʩʪʦʪʦʡ ʩʪʦʣʢʥʦʚʝʥʠʡ, ʥʘʡʜʝʥʥʳʝ ʚ ʨʘʙʦʪʘʭ [3, 4]. 
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ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʠʚʘʶʪʩʷ ʩ ʜʘʥʥʳʤʠ, ʥʘʡʜʝʥʥʳʤʠ ʜʣʷ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʢʣʘʩʩʠʯʝʩʢʦ-

ʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʛʘʟʘ ʚ ʧʦʜʭʦʜʝ ɼʨʫʜʝïʃʦʨʝʥʮʘ [2]. 

ʇʨʠ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʸʪʘʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ ʧʨʦʭʦʞʜʝʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ R, T ʠ A 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʙʝʟʨʘʟʤʝʨʥʳʝ ʚʝʣʠʯʠʥʳ: 

1
, , ,F

p pc

uw
b g

w w t
W= = =                                                    (8)      

2
( 1, 2), ,

p p

F e F

d
W r

m

a

a

w w
a

u u
= = =                                                  (9) 

ʛʜʝ wp ï ʧʣʘʟʤʝʥʥʘʷ ʯʘʩʪʦʪʘ ʚʳʨʦʞʜʝʥʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʛʘʟʘ, uF ï ʩʢʦʨʦʩʪʴ ʌʝʨʤʠ ʵʣʝʢʪʨʦʥʦʚ,  

t ï ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʚʩʣʝʜʩʪʚʠʝ ʠʭ ʩʪʦʣʢʥʦʚʝʥʠʡ ʚ ʧʣʘʟʤʝ, me ï ʬɻʬʝʢʪʠʚʥʘʷ ʤʘʩʩʘ 

ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ,  ï ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ. ʂʦʵʬʬʠʮʠʝʥʪʳ R, T ʠ A ʟʘʚʠʩʷʪ ʦʪ ʚʝʣʠʯʠʥ 

(8), (9), ʘ ʪʘʢʞʝ ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ q  ʠ ʯʠʩʣʘ ʩʣʦʸʚ ʤʝʪʘʣʣʘ N ʚ ʜʘʥʥʦʤ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ. 

ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʸʪʦʚ ʢʦʵʬʬʠʮʠʝʥʪʦʚ R, T ʠ A, ʚʳʧʦʣʥʝʥʥʳʭ ʧʦ ʬʦʨʤʫʣʘʤ (1) ï 

(7), ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚʦʟʥʠʢʘʶʪ ʯʘʩʪʦʪʥʳʝ ʦʙʣʘʩʪʠ ʦʪʨʘʞʝʥʠʷ, ʧʨʦʭʦʞʜʝʥʠʷ ʠ ʧʦʛʣʦʱʝʥʠʷ E-

ʚʦʣʥ ʚ ʤʝʪʘʣʣʦ-ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʤ ʬʦʪʦʥʥʦʤ ʢʨʠʩʪʘʣʣʝ. ʕʪʦ ʦʩʦʙʝʥʥʦ ʟʘʤʝʪʥʦ ʧʨʠ ʯʠʩʣʝ ʩʣʦʸʚ 

ʤʝʪʘʣʣʘ 5N²  ʠ ʪʦʣʱʠʥʘʭ ʤʝʪʘʣʣʘ ʠ ʜʠʵʣʝʢʪʨʠʢʘ 
1 2, ~ / pd d c w. ʆʜʥʘʢʦ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ ʢʚʘʥʪʦ-

ʚʦʡ ʚʳʨʦʞʜʝʥʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʘʟʤʳ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʩʣʫʯʘʝ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʵʣʝʢ-

ʪʨʦʥʥʦʛʦ ʛʘʟʘ ʚ ʧʦʜʭʦʜʝ ɼʨʫʜʝïʃʦʨʝʥʮʘ (ʨʠʩ. 1). ʀ ʤʝʪʘʣʣʦ-ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʬʦʪʦʥʥʳʡ ʢʨʠ-

ʩʪʘʣʣ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʯʸʪʢʦ ʫʚʠʜʝʪʴ ʜʘʥʥʦʝ ʦʪʣʠʯʠʝ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʦʚ ʇʨʝʟʠʜʝʥʪʘ ʈʌ ʄʂ-2382.2014.9 ʠ ʈʌʌʀ 

ˉ 15-37-20441 ʤʦʣ_ʘ_ʚʝʜ, ˉ 14-47-03608 (ʩʦʚʤʝʩʪʥʦ ʩ ʧʨʘʚʠʪʝʣʴʩʪʚʦʤ ʄʦʩʢʦʚʩʢʦʡ ʦʙʣʘʩʪʠ). 

 
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪʨʘʞʝʥʠʷ R ʦʪ W:  1, 2 ï ʢʚʘʥʪʦʚʘʷ ʚʳʨʦʞʜʝʥʥʘʷ ʧʣʘʟʤʘ, 

1 ï N = 7,  2 ï N = 1;  3 ï ʢʣʘʩʩʠʯʝʩʢʠʡ ʵʣʝʢʪʨʦʥʥʳʡ ʛʘʟ, N = 7.  ɺʝʣʠʯʠʥʳ  q = 75̄ , 

e1 = e2 = 2,  e3 = 1,  W1 = 50,  W2 = 5000,  b = 2.83Ö10ï3,  g  = 10ï3,  r = 1.07 

ʃʠʪʝʨʘʪʫʨʘ 

1. ɻʦʨʝʣʠʢ ɺ.ʉ., ʂʘʧʘʝʚ ɺ.ɺ. ʋʩʠʣʝʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʦʛʨʘʥʠʯʝʥʥʳʭ ʦʜʥʦʤʝʨʥʳʭ ʬʦʪʦʥʥʳʭ 

ʢʨʠʩʪʘʣʣʘʭ // ɾʫʨʥ. ʢɻʩʧ. ʠ ʪʝʦʨ. ʬʠʟ. 2016. ʊ. 150, ʚr ʧ. 3 (9). ʉ. 435. 

2. Kliewer K.L., Fuchs R. Anomalous Skin Effect for Specular Electron Scattering and Optical Experiments at 

Non-Normal Angles of Incidence // Phys. Rev. 1968. V. 172, N 3. P. 607. 

3. ʃʘʪʳʰʝʚ ɸ.ɺ., ʖʰʢʘʥʦʚ ɸ.ɸ. ʇʦʧʝʨʝʯʥʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʢʚʘʥʪʦʚʦʡ ʩʪʦʣʢʥʦʚʠʪʝʣʴʥʦʡ 

ʧʣʘʟʤʳ ʚ ʧʦʜʭʦʜʝ ʄʝʨʤʠʥʘ // ʊʝʦʨ. ʠ ʤʘʪʝʤ. ʬʠʟ. 2013. ʊ. 175, ˉ 1. ʉ. 132. 

4. ʃʘʪʳʰʝʚ ɸ.ɺ., ʖʰʢʘʥʦʚ ɸ.ɸ. ʇʨʦʜʦʣʴʥʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʚ ʢʚʘʥʪʦʚʦʡ ʧʣʘʟʤʝ ʩ 

ʧʝʨʝʤʝʥʥʦʡ ʯʘʩʪʦʪʦʡ ʩʪʦʣʢʥʦʚʝʥʠʡ ʚ ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ ʄʝʨʤʠʥʘ // ʊʝʦʨ. ʠ ʤʘʪʝʤ. ʬʠʟ. 2014. ʊ. 178,  ̄1. 

ʉ. 147. 
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ʋɼʂ 539.1, 004.6 

ʅʘʫʯʥʳʝ ʟʘʜʘʯʠ ʛʨʫʧʧʳ ʤʝʪʦʜʠʢʠ ʷʜʝʨʥʦ-ʬʠʟʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ɸ.ɸ. ʅʦʟʠʢ1,2 

1ʀʥʩʪʠʪʫʪ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʈɸʅ 
2ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ) 

ɻʨʫʧʧʘ ʤʝʪʦʜʠʢʠ ʷʜʝʨʥʦ-ʬʠʟʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ [1] ʩʦʟʜʘʥʘ ʥʘ ʙʘʟʝ ʢʘʬʝʜʨʳ ʦʙʱʝʡ 

ʬʠʟʠʢʠ ʄʌʊʀ ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʢʣʶʯʘʝʪ ʫʞʝ ʙʦʣʝʝ ʜʝʩʷʪʠ ʧʦʩʪʦʷʥʥʳʭ ʫʯʘʩʪʥʠʢʦʚ. ʊʝʤʘʪʠ-

ʢʘ ʛʨʫʧʧʳ ï ʵʪʦ ʨʘʟʨʘʙʦʪʢʘ ʠ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʦʚ ʧʨʦʚʝʜʝʥʠʷ ʠ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ 

ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ ʯʘʩʪʠʮ ʠ ʘʩʪʨʦʬʠʟʠʢʠ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʤʝʪʦʜʠʢʝ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʚʩʝʛʜʘ ʷʚ-

ʣʷʶʪʩʷ ʚʪʦʨʠʯʥʳʤʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʨʦʚʝʜʝʥʠʷ ʩʘʤʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʪʦʣʴʢʦ 

ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʪʘʢʦʛʦ ʪʠʧʘ ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʨʝʟʫʣʴʪʘʪ ʤʠʨʦʚʦʛʦ ʫʨʦʚʥʷ ʧʨʠ ʥʝʙʦʣʴʰʠʭ ʟʘʪʨʘ-

ʪʘʭ ʨʝʩʫʨʩʦʚ. 

ʆʜʥʘ ʠʟ ʦʩʥʦʚʥʳʭ ʟʘʜʘʯ ʛʨʫʧʧʳ ï ʵʪʦ ʦʙʲʝʜʠʥʝʥʠʝ ʫʯʝʙʥʦʛʦ ʧʨʦʮʝʩʩʘ ʠ ʥʘʫʯʥʦʡ ʜʝʷʪʝʣʴ-

ʥʦʩʪʠ. ʕʪʘ ʪʝʤʘ ʢʨʘʡʥʝ ʘʢʪʫʘʣʴʥʘ ʥʘ ʬʦʥʝ ʪʦʛʦ ʦʪʨʳʚʘ, ʢʦʪʦʨʳʡ ʠʩʪʦʨʠʯʝʩʢʠ ʠʤʝʝʪʩʷ ʤʝʞʜʫ 

ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʤʠ ʠʥʩʪʠʪʫʪʘʤʠ ʠ ʚʫʟʘʤʠ. ʊʨʘʜʠʮʠʦʥʥʦ ʩʠʩʪʝʤʘ ʌʠʟʪʝʭʘ ʧʦʟʚʦʣʷʣʘ 

ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʵʪʦʪ ʦʪʨʳʚ, ʥʦ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʩʠʪʫʘʮʠʷ ʫʭʫʜʰʘʝʪʩʷ ʠʟ-ʟʘ ʜʝʛʨʘʜʘʮʠʠ ʥʘʫʯ-

ʥʳʭ ʠʥʩʪʠʪʫʪʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʦʯʝʥʴ ʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ ʥʘʯʘʣʦ ʥʘʫʯʥʦʡ ʨʘʙʦʪʳ ʥʘ ʤʣʘʜʰʠʭ ʢʫʨʩʘʭ, 

ʯʪʦ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʘ ʬʠʟʪʝʭʝ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʨʝʘʣʠʟʦʚʘʥʦ. 

ɺ ʨʘʤʢʘʭ ʛʨʫʧʧʳ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʪʩʷ ʪʨʠ ʢʨʫʧʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷ ʜʝʷʪʝʣʴʥʦʩʪʠ: 

1. ʅʝʫʩʢʦʨʠʪʝʣʴʥʘʷ ʬʠʟʠʢʘ ʵʣʝʤʝʥʪʘʨʥʳʭ ʯʘʩʪʠʮ. ɺ ʨʘʤʢʘʭ ʵʪʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʫʯʘʩʪʥʠʢʠ 

ʛʨʫʧʧʳ ʫʯʘʩʪʚʫʶʪ ʚ ʧʦʜʛʦʪʦʚʢʝ, ʧʨʦʚʝʜʝʥʠʠ ʠ ʘʥʘʣʠʟʝ ʜʘʥʥʳʭ ʚʝʜʫʱʠʭ ʤʠʨʦʚʳʭ ʵʢʩʧʝʨʠʤʝʥ-

ʪʦʚ, ʪʘʢʠʭ ʢʘʢ çʊʨʦʠʮʢ ʥʶ-ʤʘʩʩè [2] ʠ GERDA [3]. ʊʘʢʞʝ ʛʨʫʧʧʘ ʫʯʘʩʪʚʫʝʪ ʚ ʤʝʞʜʫʥʘʨʦʜʥʦʡ 

ʢʦʣʣʘʙʦʨʘʮʠʠ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʤʶʦʥʥʦʛʦ ʤʦʥʠʪʦʨʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʧʦʪʦʢʦʚ ʤʶʦʥʦʚ ʚ ʥʠʟʢʦʬʦ-

ʥʦʚʳʭ ʣʘʙʦʨʘʪʦʨʠʷʭ. 

2. ʄʝʪʦʜʳ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʠ ʥʘʫʯʥʦʝ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ. ʋʯʘʩʪʥʠʢʠ ʛʨʫʧʧʳ ʟʘʥʠʤʘ-

ʶʪʩʷ ʨʘʟʨʘʙʦʪʢʦʡ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʠ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʜʣʷ ʩʙʦʨʘ ʠ 

ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ. 

3. ʋʯʝʙʥʘʷ ʠ ʫʯʝʙʥʦ-ʤʝʪʦʜʠʯʝʩʢʘʷ ʨʘʙʦʪʘ. ʏʣʝʥʳ ʛʨʫʧʧʳ ʨʘʟʨʘʙʘʪʳʚʘʶʪ ʥʦʚʳʝ ʢʫʨʩʳ ʚ 

ʄʌʊʀ ʠ ʟʘʥʠʤʘʶʪʩʷ ʤʦʜʝʨʥʠʟʘʮʠʝʡ ʣʘʙʦʨʘʪʦʨʥʳʭ ʨʘʙʦʪ. ʊʘʢʞʝ ʚ ʨʘʤʢʘʭ ʛʨʫʧʧʳ ʧʨʦʚʦʜʷʪʩʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʥʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʝ ʩʝʤʠʥʘʨʳ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʩʪʫʜʝʥʪʘʤ ʤʣʘʜʰʠʭ 

ʢʫʨʩʦʚ ʨʝʰʘʪʴ ʥʘʫʯʥʳʝ ʟʘʜʘʯʠ ʙʝʟ ʦʪʨʳʚʘ ʦʪ ʫʯʝʙʳ. 

ʃʠʪʝʨʘʪʫʨʘ 

1. http://npm.mipt.ru/  

2. http://www.inr.ru/~trdat/ 

3. https://www.mpi-hd.mpg.de/gerda/  
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʘʣʶʤʠʥʠʝʚʦʛʦ ʬʣʘʡʝʨʘ 

ʧʨʠ ʣʠʥʝʡʥʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 4.5 ʄɸ/ʩʤ ʥʘ ʫʩʪʘʥʦʚʢʝ ɸʥʛʘʨʘ 5-1 

ʉ.ʀ. ʊʢʘʯʝʥʢʦ1, ɽ.ɺ. ɻʨʘʙʦʚʩʢʠʡ2, ɸ.ʅ. ɻʨʠʙʦʚ2, ɻ.ʄ. ʆʣʝʡʥʠʢ2, ʂ.ʅ. ʄʠʪʨʦʬʘʥʦʚ2, 

ɸ.ʆ. ʐʠʰʣʦʚ2 

1ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ) 
2ɸʢʮʠʦʥʝʨʥʦʝ ʦʙʱʝʩʪʚʦ ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʫʯʥʳʡ ʮʝʥʪʨ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ  

ʊʨʦʠʮʢʠʡ ʠʥʩʪʠʪʫʪ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʠ ʪʝʨʤʦʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʉ ʮʝʣʴʶ ʠʟʫʯʝʥʠʷ ʩʚʦʡʩʪʚ ʚʝʱʝʩʪʚʘ ʧʨʠ ʫʜʘʨʥʦʤ ʩʞʘʪʠʠ ʥʘ ʫʩʪʘʥʦʚʢʝ ɸʥʛʘʨʘ-5-1 [1] ʜʣʷ 

ʨʘʟʛʦʥʘ ʬʣʘʝʨʦʚ ʠ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ ʧʨʦʚʝʜʝʥʘ ʤʦʜʝʨʥʠʟʘʮʠʷ ʢʦʥʮʝʥʪʨʘʪʦʨʘ ï ʵʣʝʢ-

ʪʨʦʜʥʦʡ ʩʠʩʪʝʤʳ, ʢʦʪʦʨʘʷ ʦʙʲʝʜʠʥʷʝʪ ʪʦʢ ʚʩʝʭ ʚʦʩʴʤʠ ʤʦʜʫʣʝʡ ʥʘ ʦʙʱʫʶ ʥʘʛʨʫʟʢʫ. ʕʪʦ ʧʦʟʚʦ-

ʣʠʣʦ ʫʤʝʥʴʰʠʪʴ ʠʥʜʫʢʪʠʚʥʦʩʪʴ ʢʦʥʮʝʥʪʨʘʪʦʨʘ ʠ ʫʚʝʣʠʯʠʪʴ ʪʦʢ ʯʝʨʝʟ ʥʘʛʨʫʟʢʫ ʠ ʧʦʛʦʥʥʫʶ ʧʣʦʪ-

http://npm.mipt.ru/
http://www.inr.ru/~trdat/
https://www.mpi-hd.mpg.de/gerda/
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ʥʦʩʪʴ ʪʦʢʘ ʥʘ ʥʝʡ. ʇʦʩʢʦʣʴʢʫ ʵʣʝʢʪʨʦʜʳ ʢʦʥʮʝʥʪʨʘʪʦʨʘ ʥʘʭʦʜʷʪʩʷ ʚ ʫʩʣʦʚʠʷʭ ʚʘʢʫʫʤʥʦʡ ʠʟʦʣʷ-

ʮʠʠ, ʫʤʝʥʴʰʝʥʠʝ ʟʘʟʦʨʦʚ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ, ʢʦʪʦʨʦʝ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʠʥʜʫʢʪʠʚʥʦʩʪʠ 

ʛʝʥʝʨʘʪʦʨʘ, ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʧʦʚʳʰʝʥʠʶ ʚʘʢʫʫʤʥʳʭ ʫʪʝʯʝʢ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʫʤʝʥʴʰʝʥʠʶ 

ʪʦʢʘ ʯʝʨʝʟ ʥʘʛʨʫʟʢʫ. ɺʦʧʨʦʩ ʦ ʧʦʚʝʜʝʥʠʠ ʵʣʝʢʪʨʦʜʦʚ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʪʦʢʘ ʚʳʩʦʢʦʡ ʧʦʛʦʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ï ʩʚʳʰʝ 1 ʄɸ/ʩʤ ï ʧʦ ʵʣʝʢʪʨʦʜʘʤ ʚ ʫʩʣʦʚʠʷʭ ʝʛʦ ʩʢʠʥʠʨʦʚʘʥʠʷ ʚ ʚʘʢʫʫʤʝ ʠʩʩʣʝʜʦ-

ʚʘʣʩʷ ʚ ʨʘʙʦʪʘʭ [2ï4]. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʫʩʪʘʥʦʚʢʠ ɸʥʛʘʨʘ-5-1 ʜʣʷ ʨʘʟʛʦʥʘ ʬʣʘʡʝʨʘ ʚʘʞʥʦ, ʯʪʦ 

ʚʳʧʦʣʥʝʥʥʘʷ ʤʦʜʝʨʥʠʟʘʮʠʷ ʧʦʟʚʦʣʷʝʪ ʧʨʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ ʦʢʦʣʦ ʩʪʘ ʥʘʥʦʩʝʢʫʥʜ ʧʨʦʚʦ-

ʜʠʪʴ ʪʦʢ ʜʦ 4 ʄɸ/ʩʤ ʧʦ ʣʠʥʠʷʤ ʩ ʚʘʢʫʫʤʥʦʡ ʠʟʦʣʷʮʠʝʡ. 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʘʨʘʤʝʪʨʦʚ ʘʣʶʤʠʥʠʝʚʦʛʦ ʬʣʘʡʝʨʘ ʚʳʧʦʣʥʝʥʳ ʨʘʩʯʝʪʳ ʚ ʨʘʤʢʘʭ ʦʜ-

ʥʦʤʝʨʥʦʡ ʦʜʥʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ [4, 5]. ɼʣʷ ʦʧʠʩʘʥʠʷ ʩʚʦʡʩʪʚ ʘʣʶʤʠʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʰʠʨʦʢʦʜʠʘʧʘʟʦʥʥʳʝ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʝ ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ [6] ʩ ʫʯʝʪʦʤ ʬʘʟʦ-

ʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ (ʧʣʘʚʣʝʥʠʝ ʠ ʠʩʧʘʨʝʥʠʝ) ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʦʩʪʦʷ-

ʥʠʡ, ʘ ʪʘʢʞʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʨʘʥʩʧʦʨʪʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ (ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʪʝʧʣʦʝʤʢʦʩʪʠ) ʦʪ ʪʝʤ-

ʧʝʨʘʪʫʨʳ [7, 8]. ɺʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʦʢʘ ʙʳʣʘ ʟʘʜʘʥʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: I(t) = 0.5I0[1 ï

 cos(pt/t0)] ʧʨʠ t < t0, ʧʨʠ t ² t0 ʟʘ 200 ʥʩ ʪʦʢ ʣʠʥʝʡʥʦ ʧʘʜʘʣ ʜʦ ʥʫʣʷ (ʟʜʝʩʴ I0 ï ʘʤʧʣʠʪʫʜʥʦʝ ʟʥʘ-

ʯʝʥʠʝ ʪʦʢʘ; t0 = 180 ʥʩ). ʇʦʣʫʯʝʥʳ ʚʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʨʘʟʥʳʭ ʩʣʦʝʚ ʬʣʘʡʝʨʘ ʠ ʠʭ 

ʩʤʝʱʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʯʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ, ʘ ʪʘʢʞʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʣʦʪʥʦʩʪʠ, 

ʜʘʚʣʝʥʠʷ ʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʚ ʨʘʟʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ʧʦ ʝʛʦ ʪʦʣʱʠʥʝ. ʇʦʣʫʯʝʥʦ, ʯʪʦ ʧʨʠ ʪʦʣ-

ʱʠʥʝ ʬʣʘʡʝʨʘ 900 ʤʢʤ, ʢ ʤʦʤʝʥʪʫ ʚʨʝʤʝʥʠ ~ 500 ʥʩ ʩʢʦʨʦʩʪʴ ʝʛʦ ʪʳʣʴʥʦʡ ʩʪʦʨʦʥʳ ʜʦʩʪʠʛʘʝʪ 

~ 10 ʢʤ/c.  
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ʋɼʂ 538.9 

ʉʠʥʪʝʟ ʧʨʦʚʦʜʷʱʠʭ ʧʦʢʨʳʪʠʡ ʠʟ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʛʠʙʨʠʜʥʳʭ ʙʠʦʩʝʥʩʦʨʦʚ 

ʊ.ʉ. ʉʪʝʧʘʥʦʚʘ1,2, ɻ.ɽ. ʌʝʜʦʨʦʚ1,2, ʀ.ɸ. ɻʘʡʜʫʯʝʥʢʦ2, ʄ.ʖ. ʇʨʝʩʥʷʢʦʚ2, ʅ.ɸ ʍʘʡʣʦʚ2, 

ʀ.ʂ. ʄʘʣʘʰʝʥʢʦʚʘ2 

1ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ)  
2ʅʀʎ ʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪ 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʧʦ ʩʦʟʜʘʥʠʶ ʧʨʦʚʦʜʷʱʠʭ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝʨʦʜ-

ʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʋʅʊ). ʋʅʊ ʩʠʥʪʝʟʠʨʦʚʘʥʳ CVD-ʤʝʪʦʜʦʤ ʥʘ ʢʨʝʤʥʠʝʚʳʭ ʠ ʢʚʘʨʮʝʚʳʭ ʧʦʜʣʦʞ-

ʢʘʭ ʩ ʨʘʟʣʠʯʥʳʤʠ ʚʘʨʠʘʥʪʘʤʠ ʥʘʥʝʩʝʥʠʷ ʢʘʪʘʣʠʟʘʪʦʨʦʚ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ 

ʋʅʊ, ʦʙʨʘʟʫʶʱʠʭ ʩʠʥʪʝʟʠʨʫʝʤʳʝ ʧʣʝʥʢʠ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʜʥʦʩʪʝʥʥʳʝ ʋʅʊ ʩ ʜʠʘʤʝʪʨʦʤ 
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ʦʪ 1.0 ʜʦ 2.5 ʥʤ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʪʨʘʥʩʧʦʨʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʣʝʥʦʢ 

ʩʦʩʪʘʚʣʷʝʪ ʦʪ 500 ʦʤ/ʤ2 [1].  

ʇʦʣʫʯʝʥʥʳʝ ʋʅʊ-ʧʣʝʥʢʠ ʧʣʘʥʠʨʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʘʢ ʦʩʥʦʚʫ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥ-

ʪʘ ʨʝʟʠʩʪʠʚʥʦʛʦ ʙʠʦʩʝʥʩʦʨʘ. ʅʘʤʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʙʦʪʳ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʥʝʢʦʚʘʣʝʥʪʥʦʡ ʠʤ-

ʤʦʙʠʣʠʟʘʮʠʠ ʘʥʪʠʪʝʣ ʧʦʢʨʳʪʠʷ ʠʟ ʥʘʥʦʪʨʫʙʦʢ. ʀʟʫʯʝʥʠʝ ʪʘʢʦʛʦ ʪʠʧʘ ʠʤʤʦʙʠʣʠʟʘʮʠʠ ʙʳʣʠ ʧʨʦ-

ʚʝʜʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʠʤʤʫʥʦʬʝʨʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ (ʀʌɸ). ɺ ʦʩʥʦʚʝ ʥʝʛʦ ʣʝʞʠʪ ʩʧʝ-

ʮʠʬʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ ʘʥʪʠʛʝʥïʘʥʪʠʪʝʣʦ. ʉʘʤ ʧʨʦʪʦʢʦʣ ʧʨʦʚʝʜʝʥʠʷ ʀʌɸ ʥʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʜʥʦ-

ʟʥʘʯʥʦʩʪʠ ʩʚʷʟʠ, ʪʦ ʝʩʪʴ ʘʥʪʠʛʝʥʳ ʩʘʜʷʪʩʷ ʧʦʚʩʶʜʫ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʥʘ ʘʥʪʠʪʝʣʘ, ʠ ʥʘ ʋʅʊ, ʘ ʵʪʦ 

ʚʥʦʩʠʪ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴ ʚ ʠʟʤʝʥʝʥʠʝ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʆʜʥʘʢʦ ʥʘʤʠ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʧʨʦʪʦʢʦʣ ʧʦ 

ʜʝʟʘʢʪʠʚʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʴʙʫʤʠʥʦʤ ʧʦʩʣʝ ʚʥʝʩʝʥʠʷ ʘʥʪʠʪʝʣ. ʕʪʦ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʜʦʩʪʠ-

ʞʝʥʠʝʤ ʵʪʦʡ ʨʘʙʦʪʳ, ʥʝʩʤʦʪʨʷ ʥʘ ʢʘʞʫʱʫʶʩʷ ʧʨʦʩʪʦʪʫ. ɺ ʧʨʠʩʫʪʩʪʚʠʠ ʘʣʴʙʫʤʠʥʘ ʘʥʪʠʛʝʥ ʤʦʞʝʪ 

ʦʩʪʘʪʴʩʷ ʚ ʪʝʩʪ-ʩʠʩʪʝʤʝ ʪʦʣʴʢʦ ʙʣʘʛʦʜʘʨʷ ʩʚʷʟʳʚʘʥʠʶ ʩ ʠʤʤʦʙʠʣʠʟʦʚʘʥʥʳʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʘʥ-

ʪʠʪʝʣʦʤ. ɺʥʝʩʝʥʠʝ ʘʣʴʙʫʤʠʥʘ ʥʝ ʥʘʨʫʰʘʝʪ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʢʦʤʧʣʝʢʩʘ ʘʥʪʠʛʝʥïʘʥʪʠʪʝʣʦ (ʨʠʩ.1), ʘ 

ʘʥʪʠʛʝʥʳ ʩʘʜʷʪʩʷ ʪʦʣʴʢʦ ʥʘ ʘʥʪʠʪʝʣʘ, ʠʩʢʣʶʯʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʥʝʩʧʝʮʠʬʠʯʝʩʢʦʡ ʠʤʤʦʙʠʣʠʟʘʮʠʠ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ.  

 

ʈʠʩ. 1. ʈʝʘʣʠʟʘʮʠʷ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʚ çʩʵʥʜʚʠʯè-ʀʌɸ. ʆʧʪʠʯʝʩʢʘʷ ʧʣʦʪʥʦʩʪʴ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ ʦʙʨʘʟʮʦʚ, 

ʩ ʚʥʝʩʝʥʥʳʤʠ ʥʝʩʧʝʮʠʬʠʯʥʳʤʠ ʘʥʪʠʛʝʥʘʤʠ ʥʘ ʘʥʪʠʪʝʣʘ ʟʥʘʯʠʪʝʣʥɹʦ ʤʝʥʴʰʝ, 

ʯʝʤ ʫ ʦʙʨʘʟʮʦʚ ʩʦ ʩʬʦʨʤʠʨʦʚʘʚʰʠʤʩʷ ʢʦʤʧʣʝʢʩʦʤ 

ʇʨʦʮʝʜʫʨʘ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʤʘʨʢʝʨʘ ʙʫʜʝʪ ʩʦʩʪʦʷʪʴ ʚ ʠʟʤʝʨʝʥʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʫʩʪʨʦʡ-

ʩʪʚʘ ʜʦ ʥʘʥʝʩʝʥʠʷ ʪʝʩʪʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠ ʧʦʩʣʝ ʝʛʦ ʧʨʦʤʳʚʢʠ ʩʧʝʮʠʘʣʴʥʳʤ ʧʨʦʤʳʚʦʯʥʳʤ ʨʘʩ-

ʪʚʦʨʦʤ, ʢʦʛʜʘ ʚ ʪʝʩʪ-ʩʠʩʪʝʤʝ ʤʦʛʫʪ ʦʩʪʘʪʴʩʷ ʪʦʣʴʢʦ ʩʚʷʟʘʥʥʳʝ ʩ ʠʤʤʦʙʠʣʠʟʠʨʦʚʘʥʥʳʤʠ ʘʥʪʠʪʝ-

ʣʘʤʠ ʤʘʨʢʝʨʳ. ʇʨʠ ʵʪʦʤ ʧʦʜ ʫʩʪʨʦʡʩʪʚʦʤ ʧʦʥʠʤʘʝʪʩʷ ʋʅʊ ʧʣʝʥʢʘ ʩ ʠʤʤʦʙʠʣʠʟʠʨʦʚʘʥʥʳʤʠ ʥʘ 

ʥʝʡ ʘʥʪʠʪʝʣʘʤʠ. ɼʣʷ ʧʦʚʪʦʨʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʫʩʪʨʦʡʩʪʚʘ ʤʦʞʥʦ ʫʜʘʣʠʪʴ ʚʝʩʴ ʥʘʥʝʩʝʥʥʳʡ 

ʙʠʦʤʘʪʝʨʠʘʣ ʙʫʪʠʣʘʮʝʪʘʪʦʤ ʠʣʠ ʘʮʝʪʦʥʦʤ, ʯʪʦ ʥʝ ʙʫʜʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʜʝʛʨʘʜʘʮʠʠ ʥʠ ʋʅʊ-

ʧʣʝʥʦʢ, ʥʠ ʢʦʥʪʘʢʪʦʚ ʢ ʥʠʤ. 

ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʦʛʦ ʠʤʤʫʥʦʬʝʨʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ (ʀʌɸ) ʧʦʢʘʟʘʣʠ ʭʦʨʦʰʠʡ ʫʨʦ-

ʚʝʥʴ ʩʚʷʟʳʚʘʥʠʷ ʘʥʪʠʪʝʣ ʩ ʧʦʢʨʳʪʠʝʤ ʠʟ ʋʅʊ. ɹʳʣʘ ʚʳʷʚʣʝʥʘ ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʘʜʩʦʨʙʮʠʝʡ ʠ 

ʜʨʫʛʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʩʧʝʮʠʬʠʯʥʘʷ ʠʤʤʦʙʠʣʠʟʘʮʠʷ ʙʠʦʤʘʨʢʝʨʦʚ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʋʅʊ ʧʣʝʥʦʢ. ʇʨʠʚʝʜʝʥʥʳʝ ʩʭʝʤʳ ʀʌɸ ʷʚʣʷʶʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʳʤʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʘʨ ʘʥʪʠʛʝʥïʘʥʪʠʪʝʣʦ. ʈʝʟʫʣʴʪʘʪʳ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦ-

ʩʪʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʨʝʟʠʩʪʠʚʥʳʭ ʙʠʦʩʝʥʩʦʨʦʚ ʠ ʜʨʫʛʠʭ ʜʠʘʛʥʦʩʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝ-

ʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ.  

https://ru.wikipedia.org/wiki/%D0%90%D0%BD%D1%82%D0%B8%D0%B3%D0%B5%D0%BD
https://ru.wikipedia.org/wiki/%D0%90%D0%BD%D1%82%D0%B8%D1%82%D0%B5%D0%BB%D0%BE
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ʀʟʤʝʨʝʥʠʝ ʧʦʪʦʢʘ ʤʶʦʥʦʚ ʚ ʧʦʜʟʝʤʥʦʡ ʣʘʙʦʨʘʪʦʨʠʠ ʚ ʂʘʥʬʨʘʥʢʝ 

ʃ.ɺ. ʀʥʞʝʯʠʢ1, ɸ.ɸ ʅʦʟʠʢ1,2, ɸ.ʅ. ʌʘʟʣʠʘʭʤʝʪʦʚ1 

1ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ) 
2 ʀʥʩʪʠʪʫʪ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʈɸʅ 

 ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʧʦʠʩʢʫ ʨʝʜʢʠʭ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ, ʪʘʢʠʭ ʢʘʢ ʜʝʪʝʢ-

ʪʠʨʦʚʘʥʠʝ ʯʘʩʪʠʮ ʪʝʤʥʦʡ ʤʘʪʝʨʠʠ ʠʣʠ ʜʚʦʡʥʦʡ ʙʝʟʥʝʡʪʨʠʥʥʳʡ ʙʝʪʘ-ʨʘʩʧʘʜ, ʪʨʝʙʫʶʪʩʷ ʦʯʝʥʴ 

ʭʦʨʦʰʠʝ ʬʦʥʦʚʳʝ ʫʩʣʦʚʠʷ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʟʝʤʣʠ ʦʩʥʦʚʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʬʦʥʘ ʷʚʣʷʶʪʩʷ ʢʦʩ-

ʤʠʯʝʩʢʠʝ ʣʫʯʠ ʠ ʝʩʪʝʩʪʚʝʥʥʘʷ ʨʘʜʠʦʘʢʪʠʚʥʦʩʪʴ ʦʢʨʫʞʘʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ [1].  
 ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʤʧʦʥʝʥʪ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ ʥʘ ʨʘʟʣʠʯʥʦʡ ʚʳʩʦʪʝ ʥʘʜ ʫʨʦʚʥʝʤ ʤʦʨʷ ʧʦ-

ʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1. ʇʨʦʥʠʢʘʶʱʫʶ ʢʦʤʧʦʥʝʥʪʫ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ ʦʙʨʘʟʫʶʪ ʤʶʦʥʳ ʚʳʩʦʢʠʭ ʵʥʝʨ-

ʛʠʡ. ɼʣʷ ʟʘʱʠʪʳ ʦʪ ʥʠʭ ʣʘʙʦʨʘʪʦʨʠʠ ʩʪʨʦʷʪ ʛʣʫʙʦʢʦ ʧʦʜ ʟʝʤʣʝʡ, ʪʘʢ ʢʘʢ ʩ ʨʦʩʪʦʤ ʛʣʫʙʠʥʳ ʟʘʣʝ-

ʛʘʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʦʪʦʢʘ ʤʶʦʥʦʚ ʧʘʜʘʝʪ. ʆʜʥʘʢʦ ʜʘʞʝ ʥʘ ʛʣʫʙʠʥʝ ʜʦ 2 ʢʤ ʦʩʪʘʪʦʯʥʳʝ ʧʦʪʦʢʠ 

ʢʦʩʤʠʯʝʩʢʠʭ ʤʶʦʥʦʚ ʚʳʩʦʢʠʭ ʵʥʝʨʛʠʡ ʩʧʦʩʦʙʥʳ ʛʝʥʝʨʠʨʦʚʘʪʴ ʚ ʜʝʪʝʢʪʦʨʘʭ ʬʦʥʦʚʳʝ ʩʠʛʥʘʣʳ, 

ʢʦʪʦʨʳʝ ʦʛʨʘʥʠʯʠʚʘʶʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʧʦʠʩʢʫ ʨʝʜʢʠʭ ʷʚʣʝʥʠʡ. ʌʦʥʳ, ʦʙʫ-

ʩʣʦʚʣʝʥʥʳʝ ʝʩʪʝʩʪʚʝʥʥʦʡ ʨʘʜʠʦʘʢʪʠʚʥʦʩʪʴʶ ʤʘʪʝʨʠʘʣʦʚ ʠ ʦʢʨʫʞʘʶʱʠʭ ʛʦʨʥʳʭ ʧʦʨʦʜ, ʦʪ ʛʣʫʙʠ-

ʥʳ ʣʘʙʦʨʘʪʦʨʠʠ ʥʝ ʟʘʚʠʩʷʪ, ʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʘʣʠʯʠʝʤ ʨʘʜʠʦʘʢʪʠʚʥʳʭ ʠʟʦʪʦʧʦʚ (U, Th, K). 
 ʄʶʦʥʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʢʦʩʤʠʯʝʩʢʠʭ ʣʫʯʝʡ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ çʦʧʘʩʥʦʡè ʚʩʣʝʜʩʪʚʠʝ ʚʳʩʦ-

ʢʦʡ ʧʨʦʥʠʢʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʤʶʦʥʦʚ ï ʦʪ ʥʠʭ ʥʝʣʴʟʷ ʟʘʱʠʪʠʪʴʩʷ ʩ ʧʦʤʦʱʴʶ ʧʘʩʩʠʚʥʳʭ ʵʢʨʘ-

ʥʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʦʥʠ ʤʦʛʫʪ ʛʝʥʝʨʠʨʦʚʘʪʴ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʥʳʝ ʥʝʡʪʨʦʥʳ ʠ ʜʨʫʛʠʝ ʚʪʦʨʠʯʥʳʝ ʯʘ-

ʩʪʠʮʳ ʚʩʣʝʜʩʪʚʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩ ʷʜʨʘʤʠ. 
 ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʘʥʦ ʦʧʠʩʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘ çMuonMonitorè ʧʦ ʠʟʤʝʨʝʥʠʶ ʫʛʣʦʚʦʛʦ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʷ ʧʦʪʦʢʘ ʦʩʪʘʪʦʯʥʳʭ ʤʶʦʥʦʚ ʚ ʧʦʜʟʝʤʥʦʡ ʣʘʙʦʨʘʪʦʨʠʠ ʚ ʂʘʥʬʨʘʥʢʝ (ʜʘʣʝʝ LSC: 

Laboratorio Subterr§neo de Canfranc), ʦʧʠʩʘʥʳ ʦʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʧʦʣʫʯʝʥʥʳʝ ʨʝ-

ʟʫʣʴʪʘʪʳ. ʇʨʦʝʢʪ ʧʦ ʠʟʤʝʨʝʥʠʶ ʦʩʪʘʪʦʯʥʦʛʦ ʧʦʪʦʢʘ ʤʶʦʥʦʚ ʚ ʧʦʜʟʝʤʥʦʡ ʣʘʙʦʨʘʪʦʨʠʠ LSC ʙʳʣ 
ʠʥʠʮʠʠʨʦʚʘʥ ʝʝ ʜʠʨʝʢʪʦʨʦʤ Alessandro Bettini ʚ 2011 ʛ. ɺ ʨʘʤʢʘʭ ʵʪʦʛʦ ʧʨʦʝʢʪʘ ʚ LSC ʙʳʣ ʧʦʩʪʘʚ-

ʣʝʥ ʵʢʩʧʝʨʠʤʝʥʪ çMuonMonitorè ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʪʨʠʯʥʳʭ ʩʮʠʥʪʠʣʣʷʮʠʦʥʥʳʭ ʜʝʪʝʢʪʦʨʦʚ 

SC16, ʢʦʪʦʨʳʝ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʚ ʀʗʀ ʈɸʅ ʧʦ ʟʘʢʘʟʫ ʎʝʥʪʨʘ ʧʦʜʟʝʤʥʦʡ ʬʠʟʠʢʠ ʚ ʇʠʭʘʩʘʣʴʤʠ. 
 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʩʦʩʪʦʠʪ ʠʟ ʩʮʠʥʪʠʣʣʷʮʠʦʥʥʦʡ ʜʝʪʝʢʪʠʨʫʶʱʝʡ ʩʠʩʪʝʤʳ 

(ʜʘʣʝʝ SDS: Scintillation Detection System) ʠ ʩʠʩʪʝʤʳ ʩʙʦʨʘ ʜʘʥʥʳʭ (ʜʘʣʝʝ DAQ: Data Acquisition 

System). SDS ʩʦʩʪʦʠʪ ʠʟ 22 ʜʝʪʝʢʪʦʨʦʚ SC16, ʩʦʙʨʘʥʥʳʭ ʚ ʪʨʝʭʩʣʦʡʥʦʶ ʩʙʦʨʢʫ (ʩʤ. ʨʠʩ. 2), ʠ 

ʜʚʫʭ ʧʣʘʪ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ: Hodoscope Board ʠ Timing Board. DAQ ʩʦ-

ʩʪʦʠʪ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʙʣʦʢʦʚ ʩʪʘʥʜʘʨʪʘ VME ʠ ʪʨʠʛʛʝʨʥʦʛʦ ʙʣʦʢʘ.  
 ʇʝʨʚʘʷ ʩʝʨʠʷ ʠʟʤʝʨʝʥʠʡ ʙʳʣʘ ʥʘʯʘʪʘ ʚ ʩʝʥʪʷʙʨʝ 2013 ʛ., ʚ ʟʘʣʝ ɸ LSC ʠ ʧʨʦʜʦʣʞʘʣʘʩʴ ʜʦ 

ʢʦʥʮʘ ʦʢʪʷʙʨʷ 2015 ʛ. ʆʙʨʘʙʘʪʳʚʘʣʠʩʴ ʜʘʥʥʳʝ ʠʤʝʥʥʦ ʟʘ ʵʪʦʪ ʧʝʨʠʦʜ ʚʨʝʤʝʥʠ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ 

ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʦʢʘ ʤʶʦʥʦʚ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʚʦʩʩʪʘʥʦʚʠʪʴ ʪʨʘʝʢʪʦʨʠʶ ʢʘʞʜʦʛʦ 

ʤʶʦʥʘ. ɼʣʷ ʵʪʦʡ ʮʝʣʠ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʄʅʂ ʚ ʪʨʝʭʤʝʨʥʦʤ 

ʩʣʫʯʘʝ. ʊʘʢʦʡ ʪʨʝʢʠʥʛ-ʘʥʘʣʠʟ ʜʘʣ ʝʱʝ ʦʜʠʥ ʢʨʠʪʝʨʠʡ ʦʪʙʦʨʘ ʤʶʦʥʥʳʭ ʩʦʙʳʪʠʡ: ʪʨʠ ʩʨʘʙʦʪʘʚ-

ʰʠʭ ʧʠʢʩʝʣʷ (ʚ ʨʘʟʥʳʭ ʩʣʦʷʭ) ʜʦʣʞʥʳ ʣʝʞʘʪʴ ʥʘ ʦʜʦʡ ʧʨʷʤʦʡ. ɼʣʷ ʪʘʢʠʭ ʩʦʙʳʪʠʡ ʚʳʯʠʩʣʷʣʠʩʴ 

http://pubs.acs.org/doi/abs/10.1021/jp046274g#jp046274gAF2
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ʘʟʠʤʫʪʘʣʴʥʳʡ ʠ ʟʝʥʠʪʥʳʡ ʫʛʣʳ ʪʨʘʝʢʪʦʨʠʡ. ɹʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʠʟʚʝʩʪʥʳʝ ʢʦʦʨʜʠʥʘʪʳ ʩʨʘʙʦ-

ʪʘʚʰʠʭ ʜʝʪʝʢʪʦʨʦʚ ʠ ʤʝʪʦʜ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ, ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠ ̫ʪʨʘʝʢʪʦʨʠʠ ʤʶʦʥʦʚ ʠ 

ʧʦʣʫʯʝʥʠ ̫ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʚʘʨʠʘʥʪʘ ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʦʢʘ ʦʩʪʘʪʦʯʥʳʭ ʤʶʦʥʦʚ ʙʝʟ 

ʫʯʝʪʘ ʫʛʣʦʚʦʡ ʘʧʝʨʪʫʨʳ ʢʘʞʜʦʡ ʢʦʤʙʠʥʘʮʠʠ ʜʝʪʝʢʪʦʨʦʚ (ʩʤ. ʨʠʩ. 3 ʠ 4).  
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʝʜʧʨʦʙʦʡʥʦʡ ʩʪʘʜʠʠ ʠʤʧʫʣʴʩʥʦʛʦ ʛʘʟʦʚʦʛʦ ʨʘʟʨʷʜʘ 

ʚ ʜʠʦʜʝ ʩ ʩʠʣʥɹʳʤ ʧʝʨʝʥʘʧʨʷʞʝʥʠʝʤ ʤʝʪʦʜʘʤʠ  

ʣʘʟʝʨʥʦʛʦ ʟʦʥʜʠʨʦʚʘʥʠʷ 

ɽ.ɺ. ʇʘʨʢʝʚʠʯ1,2, ʉ.ʀ. ʊʢʘʯʝʥʢʦ2, ɸ.ɺ. ɸʛʘʬʦʥʦʚ1, ɸ.ʈ. ʄʠʥʛʘʣʝʝʚ1, ɺ.ʄ. ʈʦʤʘʥʦʚʘ1,  

ʊ.ɸ. ʐʝʣʢʦʚʝʥʢʦ1, ʉ.ɸ. ʇʠʢʫʟ1 

1ʌʠʟʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ʇ.ʅ. ʃʝʙʝʜʝʚʘ ʈɸʅ 
2ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ) 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʠʤʧʫʣʴʩʥʦʛʦ ʨʘʟʨʷʜʘ ʚ ʨʘʟʣʠʯʥʳʭ ʛʘʟʘʭ ʠ ʚ ʚʦʟʜʫʭʝ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘ-

ʜʘʯʝʡ ʚʦ ʤʥʦʛʠʭ ʧʨʠʣʦʞʝʥʠʷʭ. ʆʩʦʙʫʶ ʨʦʣʴ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʟʘʥʠʤʘʝʪ ʧʨʝʜʧʨʦʙʦʡʥʘʷ ʩʪʘʜʠʷ 

ʨʘʟʨʷʜʘ (ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʧʣʘʟʤʝʥʥʦʛʦ ʪʦʢʦʚʦʛʦ ʢʘʥʘʣʘ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ). ɼʘʥʥʳʝ ʦ ʬʠʟʠʯʝ-

ʩʢʦʡ ʢʘʨʪʠʥʝ ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʨʦʮʝʩʩʦʚ ʥʘ ʨʘʥʥʝʡ ʩʪʘʜʠʠ ʨʘʟʨʷʜʘ ʧʨʠʚʝʜʝʥʳ ʚ ʨʘʟʣʠʯʥʳʭ ʨʘʙʦʪʘʭ 

[1ï3]. ʅʝʜʦʩʪʘʪʦʢ ʠʥʬʦʨʤʘʮʠʠ ʦ ʧʣʘʟʤʝ, ʬʦʨʤʠʨʫʶʱʝʡʩʷ ʥʘ ʨʘʟʥʳʭ ʩʪʘʜʠʷʭ ʨʘʟʨʷʜʘ, ʚ ʧʝʨʚʫʶ 

ʦʯʝʨʝʜʴ ʥʘ ʥʘʯʘʣʴʥʦʡ, ʩʚʷʟʘʥ ʩ ʪʨʫʜʥʦʩʪʴʶ ʜʠʘʛʥʦʩʪʠʢʠ ʙʳʩʪʨʦʧʨʦʪʝʢʘʶʱʠʭ ʧʨʦʮʝʩʩʦʚ ʩ ʚʳʩʦ-

ʢʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ (ʤʠʢʨʦʥʳ) ʠ ʚʨʝʤʝʥʥʳʤ (ʥʘʥʦʩʝʢʫʥʜʳ ʠ ʤʝʥʴʰʝ) ʨʘʟʨʝʰʝʥʠʝʤ. ʇʦʵʪʦʤʫ 

ʨʘʟʚʠʪʠʝ ʜʠʘʛʥʦʩʪʠʢ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʢʨʘʡʥʝ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ. ʇʨʦʙʣʝʤʘ ʨʝ-

ʰʘʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʤʝʪʦʜʦʚ ʣʘʟʝʨʥʦʛʦ ʟʦʥʜʠʨʦʚʘʥʠʷ [4].  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʣʘʟʝʨʥʳʤʠ 

ʤʝʪʦʜʘʤʠ (ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʤʥʦʛʦʢʘʜʨʦʚʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ, ʪʝʥʝʚʦʡ ʠ ʰʣʠʨʝʥ-

ʬʦʪʦʛʨʘʬʠʨʦʚʘʥʠʝ) ʧʨʝʜʧʨʦʙʦʡʥʦʡ ʩʪʘʜʠʠ ʛʘʟʦʚʦʛʦ ʨʘʟʨʷʜʘ ʚ ʜʠʦʜʝ ʩ ʩʠʣʴʥʳʤ ʧʝʨʝʥʘʧʨʷʞʝʥʠʝʤ 

ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ. ɺʳʩʦʢʘʷ ʥʘʧʨʷʞʸʥʥʦʩʪʴ ʧʦʣʷ ʜʦʩʪʠʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʘ ʵʣʝʢ-

ʪʨʦʜʘʭ ʪʦʥʢʠʭ ʦʜʠʥʦʯʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʩʪʨʠʡ, ʠʟʛʦʪʦʚʣʷʝʤʳʭ ʠʟ ʧʨʦʚʦʣʦʯʝʢ ʜʠʘʤʝʪʨʦʤ ʦʪ 

5 ʤʢʤ ʠ ʙʦʣʝʝ. ɼʣʠʥʘ ʨʘʟʨʷʜʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ ʥʝ ʧʨʝʚʳʰʘʣʘ ʥʝʩʢʦʣʴʢʠʭ ʤʤ. ɺ ʢʘʯʝʩʪʚʝ ʥʘʧʦʣʥʠ-

ʪʝʣʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʫʭʦʡ ʚʦʟʜʫʭ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʘʣʦʛʘʙʘʨʠʪʥʦʡ 

ʚʳʩʦʢʦʚʦʣʴʪʥʦʡ ʫʩʪʘʥʦʚʢʝ ʩ ʞʸʩʪʢʦʡ ʩʠʥʭʨʦʥʠʟʘʮʠʝʡ ʤʦʤʝʥʪʘ ʟʦʥʜʠʨʦʚʘʥʠʷ ʣʘʟʝʨʘ ʩ ʧʦʜʘʚʘʝ-

ʤʳʤ ʠʤʧʫʣʴʩʦʤ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʠʩʩʣʝʜʫʝʤʫʶ ʥʘʛʨʫʟʢʫ (ʪʦʯʥʦʩʪʴ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ~ 1 ʥʩ). ɺ ʨʘʙʦ-

ʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʠʢʦʩʝʢʫʥʜʥʳʡ Nd:YAG-ʣʘʟʝʨ LS-2151 (ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʥʘ ʧʦʣʫʚʳʩʦʪʝ 

ï 70 ʧʩ, ʵʥʝʨʛʠʷ ʚ ʠʤʧʫʣʴʩʝ ʜʦ 40 ʤɼʞ; ʜʚʝ ʛʘʨʤʦʥʠʢʠ ï ɚ = 1064 ʠ 532 ʥʤ). ʋʩʪʘʥʦʚʢʘ ʧʨʝʜʩʪʘʚ-

ʣʷʝʪ ʩʦʙʦʡ ʛʝʥʝʨʘʪʦʨ ʥʘ ʦʪʨʝʟʢʘʭ ʢʘʙʝʣʷ, ʟʘʨʷʞʘʝʤʳʭ ʦʪ ʨʝʛʫʣʠʨʫʝʤʦʛʦ ʠʩʪʦʯʥʠʢʘ ʧʦʩʪʦʷʥʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ (ʜʦ 30 ʢɺ). ʂʘʙʝʣʠ ʧʦʜʢʣʶʯʝʥʳ ʢ ʧʷʪʠʢʘʙʝʣʴʥʦʤʫ ʨʘʟʨʷʜʥʠʢʫ, ʫʧʨʘʚʣʷʝʤʦʤʫ ʧʦ-

ʩʨʝʜʩʪʚʦʤ ʣʘʟʝʨʥʦʛʦ ʧʦʜʞʠʛʘ. ʌʨʦʥʪ ʠʤʧʫʣʴʩʘ ʥʘʧʨʷʞʝʥʠʷ ʩ ʘʤʧʣʠʪʫʜʦʡ 10 ʢɺ ʚ ʨʝʞʠʤʝ ʨʘʙʦʪʳ 

ʫʩʪʘʥʦʚʢʠ ʥʘ ʥʝʩʦʛʣʘʩʦʚʘʥʥʫʶ ʥʘʛʨʫʟʢʫ ʩ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 125 ʆʤ ʩʦʩʪʘʚʣʷʣ 20 ʥʩ. ʕʣʝʢʪʨʠʯʝ-

ʩʢʠʝ ʩʠʛʥʘʣʳ ʩ ʜʘʪʯʠʢʦʚ ʪʦʢʘ ʠ ʥʘʧʨʷʞʝʥʠʷ ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ~ 1 ʥʩ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ 

ʮʠʬʨʦʚʳʤʠ ʦʩʮʠʣʣʦʛʨʘʬʘʤʠ Tektronix TDS 3054B ʩ ʧʦʣʦʩʦʡ ʧʨʦʧʫʩʢʘʥʠʷ 500 ʄɻʮ. ʄʦʤʝʥʪ 

ʧʨʠʭʦʜʘ ʟʦʥʜʠʨʫʶʱʝʛʦ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʚ ʨʘʟʨʷʜʥʫʶ ʢʘʤʝʨʫ ʦʧʨʝʜʝʣʷʣʩʷ ʧʦ ʩʠʛʥʘʣʫ ʬʦʪʦʜʘʪʯʠʢʘ 

ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ~ 0.5 ʥʩ. ʄʥʦʛʦʢʘʜʨʦʚʘʷ ʩʠʩʪʝʤʘ ʚʠʟʫʘʣʠʟʘʮʠʠ ʥʘ ʦʩʥʦʚʝ ʪʨʝʭ ʣʘʟʝʨ-

ʥʳʭ ʤʝʪʦʜʠʢ (ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʷ, ʪʝʥʝʚʳʝ ʠ ʰʣʠʨʝʥ-ʠʟʦʙʨʘʞʝʥʠʷ), ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʢʦʣʠʯʝ-

ʩʪʚʝʥʥʳʝ ʜʘʥʥʳʝ ʦ ʨʘʟʨʷʜʥʦʡ ʧʣʘʟʤʝ ʚ ʣʦʢʘʣʴʥʳʭ ʦʙʣʘʩʪʷʭ ʨʘʟʨʷʜʘ, ʘ ʥʘʣʠʯʠʝ ʪʨʸʭ ʥʝʟʘʚʠʩʠʤʳʭ 

ʦʧʪʠʯʝʩʢʠʭ ʢʘʥʘʣʦʚ, ʨʘʟʥʝʩʸʥʥʳʭ ʚʦ ʚʨʝʤʝʥʠ ï ʧʨʦʩʣʝʜʠʪʴ ʜʠʥʘʤʠʢʫ ʧʨʦʙʦʷ.    

ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʥʘʯʘʣʴʥʘʷ ʩʪʘʜʠʷ ʨʘʟʨʷʜʘ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 
ʧʦʷʚʣʝʥʠʝʤ ʧʣʦʪʥʦʛʦ ʦʙʣʘʢʘ ʧʣʘʟʤʳ ʥʘ ʪʦʨʮʝ ʦʩʪʨʠʷ ʩ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʧʦʨʷʜ-

ʢʘ 5Ŀ1019 ʩʤï3. ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʣʘʟʝʨʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʚʦʟʥʠʢʘʶɦ ʝʛʦ ʥʘ ʜʘʥʥʦʡ 

ʩʪʘʜʠʠ ʦʙʣʘʢʘ ʧʣʘʟʤʳ ʠ ʩʠʛʥʘʣʳ ʩ ʜʘʪʯʠʢʦʚ. ʆʧʨʝʜʝʣʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʩʢʦʨʦʩʪʠ ʨʘʩʰʠʨʝʥʠʷ ʦʙ-

ʣʘʢʘ, ʢʦʪʦʨʳʝ ʩʦʩʪʘʚʠʣʠ ~ 25 ʢʤ/ʩ ʚ ʧʨʦʜʦʣʴʥʦʤ ʠ ~ 5 ʢʤ/ʩ ʚ ʧʦʧʝʨʝʯʥʦʤ ʥʘʧʨʘʚʣʝʥʠʷʭ. ɼʘʥʥʳʝ 

ʟʥʘʯʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʝʣʠ ʦʪ ʤʘʪʝʨʠʘʣʘ ʵʤʠʪʪʝʨʘ ʠ ʥʝ ʤʝʥʷʣʠʩʴ ʦʪ ʚʳʩʪʨʝʣʘ ʢ ʚʳʩʪʨʝʣʫ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʘʥʦʜʥʦʛʦ ʦʙʣʘʢʘ ʧʣʘʟʤʳ ʚ ʠʩʧʦʣʴʟʫʝʤʦʡ ʛʝʦʤʝʪʨʠʠ ʜʠʦʜʘ ʥʘʯʠʥʘʝʪʩʷ 

ʣʠʰʴ ʯʝʨʝʟ ~ 1 ʥʩ ʧʦʩʣʝ ʧʦʷʚʣʝʥʠʷ ʢʘʪʦʜʥʦʛʦ ʦʙʣʘʢʘ ʠ ʝʛʦ ʥʝʙʦʣʴʰʦʤ ʧʨʦʜʚʠʞʝʥʠʠ ʢ ʘʥʦʜʫ. 
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ʈʠʩ. 1: (a), (ʙ) ï ʠʥʪʝʨʬʝʨʦʛʨʘʤʤʳ ʠ (ʚ), (ʛ) ï ʰʣʠʨʝʥ-ʠʟʦʙʨʘʞʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʜʦ ʚʩrʪʨʝʣʘ (ʘ, ʚ)  

ʠ ʯʝʨʝʟ 25 ʥʩ ʧʦʩʣʝ ʧʦʜʘʯʠ ʠʤʧʫʣʴʩʘ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʜʠʦʜ (ʙ, ʛ). ʎʠʬʨʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʩʣʝʜʫʶʱʠʝ ʦʙʲʝʢʪʳ: 

1 ï ʢʘʪʦʜ, 2 ï ʜʠʬʨʘʢʮʠʦʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʨʦʚʦʣʦʯʢʠ, 3 ï ʢʘʪʦʜʥʦʝ ʦʙʣʘʢʦ ʧʣʘʟʤʳ, 4 ï ʘʥʦʜ; 

(ʜ), (ʝ) ï ʩʠʛʥʘʣʳ ʩ ʜʘʪʯʠʢʦʚ ʟʘ 180 ʥʩ ʠ ʚ ʫʚʝʣʠʯʝʥʥʦʤ ʤʘʩʰʪʘʙʝ ʧʝʨʚʳʝ 25 ʥʩ:  

(1), (2) ï ʦʩʮʠʣʣʦʛʨʘʤʤʳ ʥʘʧʨʷʞʝʥʠʷ ʠ ʪʦʢʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, (3) ï ʩʠʛʥʘʣ ʩ ʬʦʪʦʜʘʪʯʠʢʘ 

ʃʠʪʝʨʘʪʫʨʘ 
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ʋɼʂ 537.9 

ɸʩʠʤʤʝʪʨʠʯʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʜʣʷ 

ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ 

ɻ.ɽ. ʌʝʜʦʨʦʚ1,2, ʊ.ʉ. ʉʪʝʧʘʥʦʚʘ1, ɸ.ʐ. ɻʘʟʘʣʠʝʚ1, ʀ.ɸ. ɻʘʡʜʫʯʝʥʢʦ2, ʅ.ʉ. ʂʘʫʨʦʚʘ2, 

ɹ.ʄ. ɺʦʨʦʥʦʚ2, ɻ.ʅ. ɻʦʣʴʮʤʘʥ2 

1ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ) 
2 ʄʦʩʢʦʚʩʢʠʡ ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ɺʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʯʫʚʩʪʚʠ-

ʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʜʝʪʝʢʪʦʨʦʚ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʙʫʩʣʦʚʣʝʥʘ ʨʷʜʦʤ ʦʩʦʙʝʥʥʦʩʪʝʡ ʠʭ ʭʘ-

ʨʘʢʪʝʨʠʩʪʠʢ. ɺ ʦʩʥʦʚʥʦʤ ʨʝʯʴ ʠʜʝʪ ʦ ʚʳʩʦʢʦʡ ʧʦʜʚʠʞʥʦʩʪʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʚʦʟʤʦʞʥʦʩʪʠ ʧʝ-

ʨʝʩʪʨʦʡʢʠ ʩʚʦʡʩʪʚ ʟʘʪʚʦʨʥʳʤ ʥʘʧʨʷʞʝʥʠʝʤ ʠ ʚʣʠʷʥʠʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ ʥʘ ʧʘʨʘʤʝʪʨʳ 

ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʇʦʣʫʯʝʥʥʳʝ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʨʝʟʫʣʴʪʘʪʳ [1ï6] ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʧʝʨʩʧʝʢ-

ʪʠʚʥʦʩʪʠ ʵʪʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʣʫʯʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ.  
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʘʩʠʤʤʝʪʨʠʯʥʳʝ ʜʝʪʝʢʪʠʨʫʶʱʠʝ ʫʩʪʨʦʡʩʪʚʘ ʥʘ 

ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʋʅʊ). ɺ ʪʘʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ ʚʦʟʥʠʢʘʝʪ ʩʠʛʥʘʣ ʧʦʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʥʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʜʝʪʝʢʪʦʨʳ, ʨʘʙʦʪʘʶʱʠʝ ʧʨʠ ʥʫʣʝʚʦʤ ʪʦʢʝ ʩʤʝʱʝʥʠʷ. ʀʩʩʣʝʜʫʝʤʳʝ ʫʩʪʨʦʡʩʪʚʘ ʚʳʧʦʣʥʝʥʳ ʚ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʦʣʝʚʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ, ʚ ʢʦʪʦʨʦʤ ʢʘʥʘʣʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʷʚʣʷʝʪʩʷ ʣʘʪʝʨʘʣʴʥʳʡ 

ʤʘʩʩʠʚ ʋʅʊ (ʩʝʪʢʘ ʋʅʊ) ʠʣʠ ʠʥʜʠʚʠʜʫʘʣʴʥʘʷ ʋʅʊ. ʇʦʜ ʘʩʠʤʤʝʪʨʠʝʡ ʧʦʥʠʤʘʝʪʩʷ ʥʝʦʜʥʦʨʦʜ-

ʥʦʩʪʴ ʩʚʦʡʩʪʚ ʚʜʦʣʴ ʢʘʥʘʣʘ ʧʨʦʚʦʜʠʤʦʩʪʠ. ɺ ʧʝʨʚʦʤ ʪʠʧʝ ʫʩʪʨʦʡʩʪʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʝʦʜʥʦʨʦʜʥʘʷ 

ʤʦʨʬʦʣʦʛʠʷ ʋʅʊ-ʩʝʪʢʠ. ɺʦ ʚʪʦʨʦʤ ʪʠʧʝ ʫʩʪʨʦʡʩʪʚ ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʪʘʢʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʩʧʦʣʴʟʫ-

ʶʪʩʷ ʤʝʪʘʣʣʳ ʩ ʩʠʣʴʥʦ ʨʘʟʣʠʯʥʦʡ ʨʘʙʦʪʦʡ ʚʳʭʦʜʘ. 

ɺʦ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʠʟʣʫʯʝʥʠʝ ʩʦʟʜʘʝʪ ʥʝʦʜʥʦʨʦʜʥʳʡ ʥʘʛʨʝʚ ʢʘʥʘʣʘ ʧʨʦʚʦ-

ʜʠʤʦʩʪʠ ʠ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ ʚʦʟʥʠʢʘʝʪ ʪʝʨʤʦ-ʕɼʉ. ʇʦʩʣʝʜʥʷʷ ʚʳʯʠʩʣʷʝʪʩʷ ʢʘʢ ʧʨʦʠʟʚʝʜʝʥʠʷ 

ʨʘʟʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʥʘ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ɿʝʝʙʝʢʘ S, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʚ 

ʧʨʠʙʣʠʞʝʥʠʠ ʜʠʬʬʫʟʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʦ ʬʦʨʤʫʣʝ [8] 
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¹ ,  (1) 

ʛʜʝ kB ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ, e ï ʵʣʝʤʝʥʪʘʨʥʳʡ ʟʘʨʷʜ, E ï ʵʥʝʨʛʠʷ, ʦʪʩʯʠʪʳʚʘʝʤʘ ʦʪ ʫʨʦʚʥʷ 

ʌʝʨʤʠ. ʇʦʩʣʝʜʥʠʡ ʤʥʦʞʠʪʝʣʴ dVG/dE ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʢʘʢ 10/e [8]. ɺʠʜ ʟʘʚʠʩʠʤʦʩʪʝʡ S(VG), ʨʘʩ-

ʩʯʠʪʘʥʥʳʭ ʧʦ ʵʪʦʡ ʬʦʨʤʫʣʝ, ʚ ʮʝʣʦʤ ʩʦʚʧʘʜʘʝʪ ʩ ʟʘʚʠʩʠʤʦʩʪʷʤʠ ʦʪʢʣʠʢʘ ʦʪ ʟʘʪʚʦʨʥʦʛʦ ʥʘʧʨʷʞʝ-

ʥʠʷ. ʇʨʠ ʵʪʦʤ ʚ ʪʦ ʚʨʝʤʷ, ʢʘʢ ʟʥʘʯʝʥʠʝ S(VG) ʩʪʨʝʤʠʪʩʷ ʢ ʥʫʣʶ ʧʨʠ ʙʦʣʴʰʠʭ ʧʦ ʤʦʜʫʣʶ ʚʝʣʠʯʠ-

ʥʘʭ ʟʘʪʚʦʨʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʚʝʣʠʯʠʥʘ ʦʪʢʣʠʢʘ ʣʠʙʦ ʩʪʨʝʤʠʪʩʷ ʢ ʧʦʩʪʦʷʥʥʦʤʫ ʦʪʣʠʯʥʦʤʫ ʦʪ ʥʫʣʷ 

ʟʥʘʯʝʥʠʶ, ʣʠʙʦ ʤʦʥʦʪʦʥʥʦ ʫʙʳʚʘʝʪ ʢʘʢ ʬʫʥʢʮʠʷ ʟʘʪʚʦʨʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ (ʩʤ. ʨʠʩ. 1), ʯʪʦ ʦʩʦʙʝʥ-

ʥʦ ʟʘʤʝʪʥʦ ʚ ʦʙʣʘʩʪʠ ʦʪʨʠʮʘʪʝʣʴʥʳʭ VG. 

ʉʨʘʚʥʝʥʠʝ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʨʘʟʮʦʚ ʨʘʟʣʠʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ, 

ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʙʨʘʟʝʮ ʚʪʦʨʦʛʦ ʪʠʧʘ ʩ ʢʘʥʘʣʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʦʙʨʘʟʦʚʘʥʥʳʤ ʠʥʜʠʚʠʜʫʘʣʴʥʦʡ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʋʅʊ, ʦʙʣʘʜʘʝʪ ʥʘʠʙʦʣʴʰʝʡ ʚʦʣʴʪ-ʚʘʪʪʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ. ɼʣʷ ʧʨʘʢʪʠ-

ʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʣʫʯʰʝ ʧʦʜʭʦʜʠʪ ʨʝʞʠʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʦʪʨʠʮʘʪʝʣʴʥʦʤʫ ʥʘʧʨʷʞʝʥʠʶ 

ʥʘ ʟʘʪʚʦʨʝ, ʢʦʛʜʘ ʢʘʥʘʣ ʣʝʛʠʨʦʚʘʥ ʥʦʩʠʪʝʣʷʤʠ p-ʪʠʧʘ. 

ɸʩʠʤʤʝʪʨʠʯʥʳʝ ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʜʣʷ 

ʨʘʟʨʘʙʦʪʢʠ ʜʝʪʝʢʪʦʨʦʚ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʈʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, 

ʧʦʢʘʟʳʚʘʶʪ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʜʝʪʝʢʪʦʨʘ ʣʘ-

ʪʝʨʘʣʴʥʳʭ ʤʘʩʩʠʚʦʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʋʅʊ, ʢʦʥʪʘʢʪ ʢ ʢʦʪʦʨʳʤ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʤʝʪʘʣʣʘʤʠ ʩ 

ʨʘʟʣʠʯʥʦʡ ʨʘʙʦʪʦʡ ʚʳʭʦʜʘ.  

ʈʘʙʦʪʘ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʦʩʩʠʡʩʢʦʡ 

ʌʝʜʝʨʘʮʠʠ (ʩʦʛʣʘʰʝʥʠʝ  ̄14.586.21.0003, ʫʥʠʢʘʣʴʥʳʡ ʠʜʝʥʪʠʬʠʢʘʪʦʨ RFMEFI58614X0003). 

ʈʠʩ. 1. (ʘ) ɿʘʚʠʩʠʤʦʩʪʴ ʚʦʣʴʪ-ʚʘʪʪʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʠ ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʧʦ ʬʦʨʤʫʣʝ (1) ʢʦʵʬʬʠʮʠʝʥʪʘ 

ɿʝʝʙʝʢʘ ʦʪ ʟʘʪʚʦʨʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʫʩʪʨʦʡʩʪʚ ʨʘʟʣʠʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ. (ʘ) ʆʙʨʘʟʝʮ ʧʝʨʚʦʛʦ ʪʠʧʘ. 

ʂʨʘʩʥʘʷ ʢʨʠʚʘʷ ï ʨʝʟʫʣʴʪʘʪ ʚʳʯʠʪʘʥʠʷ ʣʠʥʝʡʥʦʛʦ ʬʦʥʘ (ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ) ʠʟ ʟʘʚʠʩʠʤʦʩʪʠ ʚʦʣʴʪ-ʚʘʪʪʥʦʡ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʦʪ ʟʘʪʚʦʨʘ; (b) ʦʙʨʘʟʝʮ ʚʪʦʨʦʛʦ ʪʠʧʘ ʩ ʩʝʪʢʦʡ ʋʅʊ; 

(c) ʦʙʨʘʟʝʮ ʚʪʦʨʦʛʦ ʪʠʧʘ ʩ ʠʥʜʠʚʠʜʫʘʣʴʥʦʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʋʅʊ 
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ʋɼʂ 681.785.57 

ɿʘʧʠʩʴ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʛʠʧʝʨʩʧʝʢʪʨʘʣʴʥʳʭ ʛʦʣʦʛʨʘʤʤ 

ʚ ʥʝʢʦʛʝʨʝʥʪʥʦʤ ʩʚʝʪʝ 

ɻ.ʉ. ʂʘʣʝʥʢʦʚ 

ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ (ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ)  

ʈʘʟʚʠʪʘ ʧʦʜʨʦʙʥʘʷ ʪʝʦʨʠʷ ʤʝʪʦʜʘ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʟʘʧʠʩʠ ʛʠʧʝʨʩʧʝʢʪʨʘʣʴʥʳʭ ʚʦʣʥʦʚʳʭ 

ʧʦʣʝʡ [1ï5]. ʉʫʪʴ ʤʝʪʦʜʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʚ ʦʜʥʦ ʠʟ ʧʣʝʯ ʘʩʩʠʤʝʪʨʠʯʥʦʛʦ ʬʫʨʴʝ-ʩʧʝʢʪʨʦʤʝʪʨʘ 

ʥʘ ʤʝʩʪʝ ʥʝʧʦʜʚʠʞʥʦʛʦ ʟʝʨʢʘʣʘ ʧʦʤʝʱʘʶʪ ʧʣʦʩʢʠʡ ʤʠʢʨʦʦʙʲʝʢʪ. ɺʳʭʦʜʥʦʡ ʩʠʛʥʘʣ, ʧʨʝʜʩʪʘʚʣʷ-

ʶʱʠʡ ʩʦʙʦʡ ʧʦʣʝ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ʦʧʦʨʥʦʡ ʚʦʣʥʳ ʩ ʚʦʣʥʦʡ, ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʡ ʥʘ ʦʙʲʝʢʪʝ, ʨʝʛʠ-

ʩʪʨʠʨʫʶʪ ʤʥʦʛʦʵʣʝʤʝʥʪʥʦʡ ʧʨʠʝʤʥʦʡ ʤʘʪʨʠʮʝʡ. ʇʨʦʮʝʩʩ ʟʘʧʠʩʠ ʩʚʦʜʠʪʩʷ ʢ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ 

ʨʝʛʠʩʪʨʘʮʠʠ ʩʦʚʦʢʫʧʥʦʩʪʠ ʠʥʪʝʨʬʝʨʦʛʨʘʤʤ ʚ ʢʘʞʜʦʤ ʧʠʢʩʝʣʝ ʧʨʠʝʤʥʦʡ ʤʘʪʨʠʮʳ ʚ ʭʦʜʝ ʩʪʫʧʝʥ-

ʯʘʪʦʛʦ ʠʟʤʝʥʝʥʠʷ ʜʣʠʥʳ ʦʧʪʠʯʝʩʢʦʛʦ ʧʫʪʠ d ʚ ʦʧʦʨʥʦʤ ʧʣʝʯʝ ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ. ʆʜʥʦʤʝʨʥʦʝ 

ʬʫʨʴʝ-ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʠʥʪʝʨʬʝʨʦʛʨʘʤʤʳ ʧʦ ʧʝʨʝʤʝʥʥʦʡ d ʚ ʢʘʞʜʦʤ ʧʠʢʩʝʣʝ ʤʘʪʨʠʮʳ ʜʘʝʪ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʝ ʢʦʤʧʣʝʢʩʥʦʡ ʘʤʧʣʠʪʫʜʳ (ʘʤʧʣʠʪʫʜʳ ʠ ʬʘʟʳ) ʚʩʝʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʛʠ-

ʧʝʨʩʧʝʢʪʨʘʣʴʥʦʛʦ ʦʙʲʝʢʪʥʦʛʦ ʧʦʣʷ ʚ ʜʘʥʥʦʡ ʪʦʯʢʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʪʘʢʦʡ ʦʙʨʘʙʦʪʢʠ ʦʧʪʠʯʝʩʢʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʚʦ ʚʩʝʤ ʤʘʩʩʠʚʝ ʧʠʢʩʝʣʝʡ ʧʨʠʝʤʥʦʡ ʤʘʪʨʠʮʳ ʧʦʣʫʯʘʶʪ ʜʚʫʤʝʨʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥ-

ʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʤʧʣʝʢʩʥʦʡ ʘʤʧʣʠʪʫʜʳ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʦʙʲʝʢʪʥʦʛʦ ʧʦʣʷ ʜʣʷ ʚʩʝʭ ʩʧʝʢ-

ʪʨʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ. ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʨʝʥʝʣʷ ʦʪ ʵʪʦʛʦ ʧʦʣʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʛʠʧʝʨʩʧʝʢ-

ʪʨʘʣʴʥʦʝ ʧʦʣʝ ʚ ʧʣʦʩʢʦʩʪʠ ʦʙʲʝʢʪʘ.  

 

 
 

ʈʠʩ. 1. ʆʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʤʘʢʝʪʘ. ʉʭʝʤʘ ʘʣʛʦʨʠʪʤʘ ʦʙʨʘʙʦʪʢʠ ʠʥʪʝʨʬʝʨʦʛʨʘʤʤ 

ʇʨʠʚʝʜʝʥʳ ʪʘʢʞʝ ʥʦʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʠʷ ʛʠʧʝʨʩʧʝʢʪʨʘʣʴʥʳʭ 

ʛʦʣʦʛʨʘʬʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ ʤʠʢʨʦʦʙʲʝʢʪʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚʦʟʤʦʞʥʦʩʪʠ ʤʝʪʦʜʘ ʧʨʦʜʝʤʦʥʩʪʨʠ-

ʨʦʚʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘ ʧʨʠʤʝʨʘʭ ʨʝʰʝʥʠʷ ʘʢʪʫʘʣʴʥʳʭ ʟʘʜʘʯ ʤʠʢʨʦʩʢʦʧʠʠ: ʧʦʜʘʚʣʝʥʠʝ 

ʩʧʝʢʣ-ʰʫʤʘ, ʧʦʣʫʯʝʥʠʝ ʛʠʧʝʨʩʧʝʢʪʨʘʣʴʥʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʤʠʢʨʦʦʙʲʝʢʪʘ, ʘ ʪʘʢʞʝ ʩʠʥʪʝʟ ʮʚʝʪʥʦʛʦ 

ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʧʦʣʫʯʝʥʠʝ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ ʬʘʟʦʚʦʛʦ ʦʙʲʝʢʪʘ. 
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ʈʠʩ. 2. ʇʦʜʘʚʣʝʥʠʝ ʩʧʝʢʣ-ʰʫʤʘ. ɻʠʧʝʨʩʧʝʢʪʨʘʣʴʥʳʡ ʬʘʟʦʚʳʡ ʧʨʦʬʠʣʴ ʢʨʘʩʥʳʭ ʢʨʦʚʷʥʳʭ ʪʝʣ 

 

 
 
ʈʠʩ. 3. ɻʠʧʝʨʩʧʝʢʪʨʘʣʴʥʳʡ ʬʘʟʦʚʳʡ ʧʨʦʬʠʣʴ ʩʨʝʟʘ ʯʝʨʚʷ ʠ ʭʨʦʤʦʩʦʤ ʩʦʤʘ ʚ ʀʂ-ʜʠʘʧʘʟʦʥʝ, 

ʟʘʧʠʩʘʥʥʳʭ ʚ ʩʚʝʪʝ ʣʘʤʧʳ ʥʘʢʘʣʠʚʘʥʠʷ 

ɺ ʦʩʥʦʚʝ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʥʘʤʠ ʤʝʪʦʜʘ ʛʠʧʝʨʩʧʝʢʪʨʘʣʴʥʦʡ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʌʫʨʴʝ-

ʤʠʢʨʦʩʢʦʧʠʠ ʣʝʞʠʪ ʚʦʟʤʦʞʥʦʩʪʴ ʟʘʧʠʩʠ ʛʠʧʝʨʩʧʝʢʪʨʘʣʴʥʳʭ ʛʦʣʦʛʨʘʤʤ ʚ ʥʝʢʦʛʝʨʝʥʪʥʦʤ ʠʟʣʫʯʝ-

ʥʠʠ. ʕʪʦ ʦʪʢʨʳʚʘʝʪ, ʧʦ ʥʘʰʝʤʫ ʤʥʝʥʠʶ, ʘʢʪʫʘʣʴʥʳʝ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʚʘʞʥʳʝ ʧʨʠʤʝʥʝʥʠʷ ʜʘʥʥʦʛʦ 

ʤʝʪʦʜʘ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʦʙʲʝʢʪʦʚ, ʥʘʧʨʠʤʝʨ, ʚ ʪʝʨʘʛʝʨʮʦʚʦʤ ʠʣʠ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʘʧʘʟʦʥʘʭ.  

ɺ ʵʪʠʭ ʜʠʘʧʘʟʦʥʘʭ ʦʪʩʫʪʩʪʚʫʶʪ ʜʦʩʪʘʪʦʯʥʦ ʜʝʰʝʚʳʝ ʠ ʜʦʩʪʫʧʥʳʝ ʠʩʪʦʯʥʠʢʠ ʢʦʛʝʨʝʥʪʥʦʛʦ ʠʟʣʫ-

ʯʝʥʠʷ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʩʦʚʨʝʤʝʥʥʳʡ ʧʨʦʛʨʝʩʩ ʩʨʝʜʩʪʚ ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʣʫʯʝʥʠʷ ʜʘʝʪ ʦʩʥʦʚʘʥʠʝ ʥʘʜʝ-

ʷʪʴʩʷ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʥʘʤʠ ʤʝʪʦʜ ʦʢʘʞʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʛʠʧʝʨʩʧʝʢʪʨʘʣʴ-

ʥʳʭ ʛʦʣʦʛʨʘʤʤ ʠ ʚ ʵʪʠʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʠʘʧʘʟʦʥʘʭ. ʇʦʩʢʦʣʴʢʫ ʚ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʣʝʞʘʪ ʧʨʠʥʮʠʧʳ ʠ 

ʪʝʭʥʠʢʘ ʌʫʨʴʝ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʪʦ ʦʥ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʥʘʩʣʝʜʫʝʪ ʚʩʝ ʩʠʣʴʥʳʝ ʩʪʦʨʦʥʳ ʵʪʠʭ 

ʧʨʠʥʮʠʧʦʚ: ʙʝʩʧʨʝʮʝʜʝʥʪʥʦ ʚʳʩʦʢʦʝ ʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣʘ ʢ ʰʫʤʫ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʳʩʦʢʦʝ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝʥʥʦ-ʩʧʝʢʪʨʘʣʴʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ, ʧʦ ʩʨʘʚʥʝʥʠʶ, ʥʘʧʨʠ-

ʤʝʨ, ʩ ʛʠʧʝʨʩʧʝʢʪʨʘʣʴʥʳʤʠ ʛʦʣʦʛʨʘʤʤʘʤʠ, ʧʦʣʫʯʘʝʤʳʤʠ ʩ ʧʦʤʦʱʴʶ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʛʦ ʧʦ ʯʘʩʪʦ-

ʪʝ ʣʘʟʝʨʘ. ʅʘʢʦʥʝʮ, ʦʪʤʝʪʠʤ ʥʘʠʙʦʣʝʝ ʩʫʱʝʩʪʚʝʥʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʤʝʪʦʜʘ ʛʠʧʝʨʩʧʝʢʪʨʘʣʴʥʦʡ 

ʬʫʨʴʝ-ʛʦʣʦʛʨʘʬʠʠ: ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʚ ʝʜʠʥʦʤ ʧʨʦʮʝʩʩʝ ʨʝʛʠʩʪʨʘʮʠʠ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʘʤʧʣʠʪʫʜʫ, 

ʬʘʟʫ ʠ ʯʘʩʪʦʪʫ ʧʦʣʷ, ʯʪʦ ʜʘʝʪ ʜʝʡʩʪʚʠʪʝʣʴʥʳʝ ʦʩʥʦʚʘʥʠʷ ʥʘʟʳʚʘʪʴ ʝʛʦ holography, ʪʦ ʝʩʪʴ çʧʦʣ-

ʥʦʡ ʟʘʧʠʩʴʶè.  
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