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Ñ‡ÌÌ‡fl ‡·ÓÚ‡, ÔÂ‰ÒÚ‡‚Îfl˛˘‡fl ÒÓ·ÓÈ ÔÓ-
‰ÓÎÊÂÌËÂ ÚÂÓÂÚË˜ÂÒÍËı ËÒÒÎÂ‰Ó‚‡ÌËÈ ‡ÌÒ‡Ï·Îfl
Ï‡Î˚ı ıËÏË˜ÂÒÍË ÌÂÓ‰ÌÓÓ‰Ì˚ı ÙÂÓÏ‡„ÌËÚ-
Ì˚ı ˜‡ÒÚËˆ [1–3], ÔÓÒ‚fl˘ÂÌ‡ ‡Á‡·ÓÚÍÂ ·ÓÎÂÂ
Â‡ÎËÒÚË˜ÌÓÈ (ÔÓ Ò‡‚ÌÂÌË˛ Ò ËÒÔÓÎ¸ÁÛÂÏ˚ÏË
‡ÌÂÂ, ÒÏ., Ì‡ÔËÏÂ, [4–8]) ÏÓ‰ÂÎË ÔËÓ‰ÌÓ„Ó
ÙÂÓÏ‡„ÌÂÚËÍ‡ Ë ÓˆÂÌÍÂ Ì‡ ÂÂ ÓÒÌÓ‚Â ‡ÁÎË˜-
Ì˚ı ‚Ë‰Ó‚ ÓÒÚ‡ÚÓ˜ÌÓÈ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË.

ê‡ÒÒÏÓÚËÏ ‡ÌÒ‡Ï·Î¸ Ó‰ËÌ‡ÍÓ‚˚ı ÌÂ‚Á‡ËÏÓ-
‰ÂÈÒÚ‚Û˛˘Ëı ‰‚ÛıÙ‡ÁÌ˚ı ˜‡ÒÚËˆ, Ì‡ıÓ‰fl˘ËÈÒfl
‚Ó ‚ÌÂ¯ÌÂÏ ÔÓÎÂ 

 

H

 

 ÔË ÌÂÍÓÚÓÓÈ ÚÂÏÔÂ‡ÚÛÂ 

 

T

 

.
ê‡ÌÂÂ Ì‡ÏË [1, 2] ·˚ÎÓ ÔÓÍ‡Á‡ÌÓ, ̃ ÚÓ ‚ ÓÚÒÛÚÒÚ-

‚ËÂ ‚ÌÂ¯ÌÂ„Ó Ï‡„ÌËÚÌÓ„Ó ÔÓÎfl ‰‚ÛıÙ‡ÁÌ‡fl ̃ ‡ÒÚË-
ˆ‡ ÏÓÊÂÚ Ì‡ıÓ‰ËÚ¸Òfl ‚ Ó‰ÌÓÏ ËÁ ÔÂÂ˜ËÒÎÂÌÌ˚ı
ÌËÊÂ ÒÓÒÚÓflÌËÈ:

‚ ÔÂ‚ÓÏ “(

 

↑↑

 

)-ÒÓÒÚÓflÌËË” Ï‡„ÌËÚÌ˚Â ÏÓÏÂÌ-
Ú˚ Ó·ÂËı Ù‡Á Ô‡‡ÎÎÂÎ¸Ì˚ Ë Ì‡Ô‡‚ÎÂÌ˚ ‚‰ÓÎ¸
ÓÒË 

 

OZ

 

 (ËÒ. 1);
‚Ó ‚ÚÓÓÏ “(

 

↑↓

 

)-ÒÓÒÚÓflÌËË” Ù‡Á˚ Ì‡Ï‡„ÌË˜Â-
Ì˚ ‡ÌÚËÔ‡‡ÎÎÂÎ¸ÌÓ, ‡ Ï‡„ÌËÚÌ˚È ÏÓÏÂÌÚ ÔÂ-
‚ÓÈ Ù‡Á˚ 

 

m

 

1

 

 Ì‡Ô‡‚ÎÂÌ ÔÓ ÓÒË 

 

OZ

 

;
ÚÂÚ¸Â “(

 

↓↓

 

)-ÒÓÒÚÓflÌËÂ” ÓÚÎË˜‡ÂÚÒfl ÓÚ ÔÂ‚Ó-
„Ó ‡ÌÚËÔ‡‡ÎÎÂÎ¸ÌÓÈ ÓÚÌÓÒËÚÂÎ¸ÌÓ ÓÒË 

 

OZ

 

 ÓË-
ÂÌÚ‡ˆËÂÈ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚÂÈ Ù‡Á;

‚ ˜ÂÚ‚ÂÚÓÏ “(

 

↓↑

 

)-ÒÓÒÚÓflÌËË” Ï‡„ÌËÚÌ˚È ÏÓ-
ÏÂÌÚ ‚ÚÓÓÈ Ù‡Á˚ Ì‡Ô‡‚ÎÂÌ ‚‰ÓÎ¸, ‡ ÔÂ‚ÓÈ ÔÓ-
ÚË‚ ÓÒË 

 

OZ

 

. èÂ‚ÓÂ Ë ÚÂÚ¸Â ÒÓÒÚÓflÌËfl ÏÂÚ‡ÒÚ‡-
·ËÎ¸Ì˚, Ú‡Í Í‡Í Ò‚Ó·Ó‰Ì‡fl ˝ÌÂ„Ëfl ÁÂÌ‡ ‚ ˝ÚËı
ÒÓÒÚÓflÌËflı ·ÓÎ¸¯Â, ÌÂÊÂÎË ‚Ó ‚ÚÓÓÏ Ë ˜ÂÚ‚Â-
ÚÓÏ. ÇÓ ‚ÌÂ¯ÌÂÏ Ï‡„ÌËÚÌÓÏ ÔÓÎÂ 

 

H

 

, Ì‡Ô‡‚ÎÂÌ-
ÌÓÏ ‚‰ÓÎ¸ ÓÒË 

 

OZ

 

, ‚ÒÂ ÒÓÒÚÓflÌËfl, ÍÓÏÂ ÔÂ‚Ó„Ó,
ÏÂÚ‡ÒÚ‡·ËÎ¸Ì˚, ÌÓ Ò‡ÏÓÂ ÌÂÛÒÚÓÈ˜Ë‚ÓÂ ÚÂÚ¸Â.
èÂÂıÓ‰˚ ËÁ Ó‰ÌÓ„Ó ÒÓÒÚÓflÌËfl ‚ ‰Û„ÓÂ ÏÓ„ÛÚ ÒÓ-
‚Â¯‡Ú¸Òfl ÔË 

 

ç

 

, ·ÓÎ¸¯ÂÏ Ó‰ÌÓ„Ó ËÁ ÍËÚË˜ÂÒ-
ÍËı ÔÓÎÂÈ, ÔË‚Â‰ÂÌÌ˚ı ÌËÊÂ:

(1)

ÔË ÍÓÚÓÓÏ ÒÓ‚Â¯‡ÂÚÒfl ÔÂÂıÓ‰ ËÁ ÚÂÚ¸Â„Ó ‚Ó
‚ÚÓÓÂ ÒÓÒÚÓflÌËÂ,

(2)

Hc1
↑↑( ) k1Is1

2N11Is1 N21Is2–
1 ε–

--------------------------------------- ,+=

Hc2
↑↑( ) k2Is2

2N22Is2 N21Is1–
ε

--------------------------------------- ,+=

 

ÍËÚË˜ÂÒÍÓÂ ÔÓÎÂ ÔÂÂıÓ‰‡ ËÁ ÚÂÚ¸Â„Ó ‚ ˜ÂÚ‚Â-
ÚÓÂ ÒÓÒÚÓflÌËÂ,

(3)

ËÁ ÚÂÚ¸Â„Ó ÒÓÒÚÓflÌËfl ‚ ÔÂ‚ÓÂ,

(4)

ËÁ ˜ÂÚ‚ÂÚÓ„Ó ÒÓÒÚÓflÌËfl ‚ ÔÂ‚ÓÂ,

(5)

ËÁ ‚ÚÓÓ„Ó ‚ ÔÂ‚ÓÂ ÒÓÒÚÓflÌËÂ,

(6)

ËÁ ‚ÚÓÓ„Ó ‚ ˜ÂÚ‚ÂÚÓÂ. á‰ÂÒ¸ 

 

I

 

s

 

1

 

 Ë 

 

I

 

s

 

2

 

 – ÒÔÓÌÚ‡ÌÌ˚Â
Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË, 

 

k

 

1

 

, 

 

k

 

2

 

 – ·ÂÁ‡ÁÏÂÌ˚Â ÍÓÌÒÚ‡ÌÚ˚
ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍÓÈ ‡ÌËÁÓÚÓÔËË, (1 – 

 

ε

 

), 

 

ε

 

 – ÓÚ-
ÌÓÒËÚÂÎ¸Ì˚Â Ó·˙ÂÏ˚ ÔÂ‚ÓÈ Ë ‚ÚÓÓÈ Ù‡Á ÒÓÓÚ-

Hc3
↑↑( ) a1Is1

2 a2Is2
2 2 N12 N21–( )Is1Is2+ +

1 ε–( )Is1 εIs2+
------------------------------------------------------------------------------- ,=

Hc1
↑↓( ) k1Is1

2N11Is1 N21Is2+
1 ε–

--------------------------------------- ,+=

Hc2
↑↓( ) k2Is2

2N22Is2 N21Is1+
ε

--------------------------------------- ,+=

Hc4
↓↑( ) a1Is1

2 a2Is2
2 2 N12 N21–( )Is1Is2–+

1 ε–( )Is1 εIs2–
------------------------------------------------------------------------------- ,=
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‚ÂÚÒÚ‚ÂÌÌÓ, a1 = 2N11 + k1(1 – ε), a2 = 2N22 + k2ε, Nik –
‡ÁÏ‡„ÌË˜Ë‚‡˛˘ËÂ ÍÓ˝ÙÙËˆËÂÌÚ˚, ÓÔÂ‰ÂÎflÂ-
Ï˚Â ÙÓÏÓÈ Ë ÓÚÌÓÒËÚÂÎ¸Ì˚ÏË ‡ÁÏÂ‡ÏË Ù‡Á
(èËÎÓÊÂÌËÂ I). 

Ç ÒËÎÛ Ï‡ÎÓÒÚË Ó·˙ÂÏ‡ ˜‡ÒÚËˆ ÏÓÊÌÓ ÓÊË-
‰‡Ú¸, ˜ÚÓ Á‡ Ò˜ÂÚ ÚÂÔÎÓ‚˚ı ÙÎÛÍÚÛ‡ˆËÈ Ï‡„ÌËÚ-
Ì˚ı ÏÓÏÂÌÚÓ‚ Ù‡Á ÏÓ„ÛÚ ·˚Ú¸ Â‡ÎËÁÓ‚‡Ì˚ ÔÂÂ-
ıÓ‰˚ ËÁ Ó‰ÌÓ„Ó ÒÓÒÚÓflÌËfl ‚ ‰Û„ÓÂ ‚ ÔÓÎÂ ç, ÏÂÌ¸-
¯ÂÏ Î˛·Ó„Ó ÍËÚË˜ÂÒÍÓ„Ó ËÁ ‡ÒÒÏÓÚÂÌÌÓ„Ó
‚˚¯Â ÒÔÂÍÚ‡ Hc (1–6).

1. ó‡ÒÚÓÚ‡ ÔÂÂıÓ‰Ó‚ ËÁ Ó‰ÌÓ„Ó 
‡‚ÌÓ‚ÂÒÌÓ„Ó ÒÓÒÚÓflÌËfl ‚ ‰Û„ÓÂ

èÂÂÓËÂÌÚ‡ˆËfl Ï‡„ÌËÚÌÓ„Ó ÏÓÏÂÌÚ‡ Ó‰ÌÓÈ
ËÁ Ù‡Á ÓÔÂ‰ÂÎflÂÚÒfl ‚˚ÒÓÚÓÈ ÔÓÚÂÌˆË‡Î¸ÌÓ„Ó ·‡-
¸Â‡ Eik, ‡Á‰ÂÎfl˛˘Â„Ó i-Â Ë k-Â ÒÓÒÚÓflÌËfl. ëÎÂ-
‰Ûfl [4], ·Û‰ÂÏ Ò˜ËÚ‡Ú¸, ˜ÚÓ ˜‡ÒÚÓÚ‡ ÔÂÂıÓ‰‡ ËÁ
i-„Ó ‚ k-Â ÒÓÒÚÓflÌËÂ ‚˚‡Ê‡ÂÚÒfl ˜ÂÂÁ Eik ÒÎÂ‰Û˛-
˘ËÏ Ó·‡ÁÓÏ

(7)

„‰Â f0 ~ 108–1010 ÒÂÍ–1 – ı‡‡ÍÚÂÌ‡fl ˜‡ÒÚÓÚ‡ “ÔÓ-
Ô˚ÚÓÍ” ÔÂÓ‰ÓÎÂÌËfl ÔÓÚÂÌˆË‡Î¸ÌÓ„Ó ·‡¸Â‡,
kb – ÔÓÒÚÓflÌÌ‡fl ÅÓÎ¸ˆÏ‡Ì‡, Eik = Fk max – Fimin, „‰Â
Fimin – Ò‚Ó·Ó‰Ì‡fl ˝ÌÂ„Ëfl ‡‚ÌÓ‚ÂÒÌÓ„Ó ÒÓÒÚÓfl-
ÌËfl, ‚ ÍÓÚÓÓÏ Ì‡ıÓ‰ËÎ‡Ò¸ ˜‡ÒÚËˆ‡ ÔÂÂ‰ ÔÂÂıÓ-
‰ÓÏ, Fk max – Ï‡ÍÒËÏ‡Î¸ÌÓÂ ÁÌ‡˜ÂÌËÂ Ò‚Ó·Ó‰ÌÓÈ
˝ÌÂ„ËË, ‡Á‰ÂÎfl˛˘ÂÂ i-Â Ë k-Â ÒÓÒÚÓflÌËfl. ç‡ÔË-

ÏÂ, ÔË  > 0

(8)

„‰Â ÒÓ„Î‡ÒÌÓ [1, 2]

Wik f 0 Eik kbT⁄–( ),exp=

Hc2
↑↑( )

E12 F θ1 0 θ2 Hε N21Is1+( ) a2Is⁄–[ ]arccos=,=( )–=

– F θ1 0 θ2 0=,=( )
ε2 Hc2

↑↑( ) H+( )2

2 k2ε 2N22+( )
-----------------------------------qa3,=

F θ1 θ2,( )
1
2
--- k1Is1

2 1 ε–( ) θ2
1 k2Is2

2 ε θ2
2sin+sin( )qa3 –=

– H Is1 1 ε–( ) θ1 Is2ε θ2cos+cos( )qa3 +

ÖÒÎË  ≤ 0, ÚÓ “(↑↑ )-ÒÓÒÚÓflÌËÂ” ÌÂ Â‡ÎËÁÛ-
ÂÚÒfl Ë Á‡‰‡˜‡ Ì‡ıÓÊ‰ÂÌËfl W12 ÏÓÊÂÚ ·˚Ú¸ Ò‚Â‰ÂÌ‡
Í Á‡‰‡˜Â Ó ÒÎÛ˜‡ÈÌ˚ı ·ÎÛÊ‰‡ÌËflı Â‰ËÌË˜ÌÓ„Ó ‚ÂÍ-
ÚÓ‡ ÔÓ ÒÙÂÂ, Â¯ÂÌËÂÏ ÍÓÚÓÓÈ ‚ ÔÂ‚ÓÏ ÔË-
·ÎËÊÂÌËË fl‚ÎflÂÚÒfl W12 = f0exp(–2HεIs2qa3/kbT). ÄÌ‡-
ÎÓ„Ë˜Ì˚Ï Ó·‡ÁÓÏ ÏÓÊÌÓ ‡ÒÒ˜ËÚ‡Ú¸ Eik ‰Îfl Ó‰ËÌ-
Ì‡‰ˆ‡ÚË ÓÒÚ‡‚¯ËıÒfl ÔÂÂıÓ‰Ó‚ (èËÎÓÊÂÌËÂ II) ‡
ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ Ë ˜‡ÒÚÓÚ˚ Wik.

2. ì‡‚ÌÂÌËÂ “‰‚ËÊÂÌËfl”
‰Îfl ‚ÂÍÚÓ‡ ÒÓÒÚÓflÌËÈ

Ë Â„Ó Â¯ÂÌËÂ

Ç‚Â‰ÂÏ ÌÓÏËÓ‚‡ÌÌ˚È Ì‡ Â‰ËÌËˆÛ ‚ÂÍÚÓ Á‡-
ÒÂÎÂÌÌÓÒÚË N(t) = {N1(t), N2(t), N3(t), N4(t)}. ÖÒÎË
Ì‡˜‡Î¸ÌÓÂ ÒÓÒÚÓflÌËÂ ‡ÌÒ‡Ï·Îfl ‰‚ÛıÙ‡ÁÌ˚ı ˜‡Ò-
ÚËˆ n0 = {n1, n2, n3, n4} ÌÂ‡‚ÌÓ‚ÂÒÌÓ, ÚÓ ÔÂÂıÓ‰ Í
‡‚ÌÓ‚ÂÒË˛ ÏÓÊÌÓ ‡ÒÒÏ‡ÚË‚‡Ú¸ Í‡Í Ï‡ÍÓ‚-
ÒÍËÈ ÔÓˆÂÒÒ Ò ‰ËÒÍÂÚÌ˚ÏË ÒÓÒÚÓflÌËflÏË, ÍÓÚÓ-
˚È ÓÔËÒ˚‚‡ÂÚÒfl ÒËÒÚÂÏÓÈ ËÁ ˜ÂÚ˚Âı Û‡‚ÌÂÌËÈ

(9)

Ò Ì‡˜‡Î¸Ì˚ÏË ÛÒÎÓ‚ËflÏË Ni(t = 0) = ni, i, k = 1, …, 4.

àÒÔÓÎ¸ÁÛfl ÛÒÎÓ‚ËÂ ÌÓÏËÓ‚ÍË

N1 + N2 + N3 + N4 = 1 (10)

Ë ËÒÍÎ˛˜Ë‚ ËÁ (9) N4, ÔÂÂÔË¯ÂÏ ÒËÒÚÂÏÛ (9) ‚ Ï‡-
ÚË˜ÌÓÈ ÙÓÏÂ

(11)

á‰ÂÒ¸ ÔËÌflÚ˚ Ó·ÓÁÌ‡˜ÂÌËfl:

+ N11Is1
2 θ2

1 N22Is2
2 θ2

2 +sin+sin(

+ N12Is1Is2 θ1 θ2 N21Is1Is2 θ1 θ2 )qa3.coscos+sinsin

Hc2
↑↑( )

dNi t( )
dt

-------------- Wik Ni– Wik Nk+( )
k i≠

4

∑=

dN
dt
------- WN V.+=

(12)

W
W12 W13 W14 W41+ + +( )– W21 W41– W31 W41–

W12 W42– W21 W21 W24 W42+ + +( )– W32 W42–

W13 W43– W23 W43– W31 W32 W34 W43+ + +( )– 
 
 
 
 

,=

N
N1

N2

N3 
 
 
 
 

, V
W41

W42

W43 
 
 
 
 

.= =

êÂ¯ÂÌËÂ Û‡‚ÌÂÌËfl (11) Û‰Ó·ÌÓ Á‡ÔËÒ‡Ú¸ Ò ÔÓÏÓ-
˘¸˛ Ï‡ÚË˜ÌÓÈ ˝ÍÒÔÓÌÂÌÚ˚ (èËÎÓÊÂÌËÂ III):

(13)N t( ) Wt( )n0 W t τ–( )( )exp τ V,⋅d

0

t

∫+exp=

ëÓÓÚÌÓ¯ÂÌËfl (12)–(13) ÔË ËÁ‚ÂÒÚÌÓÏ ‚ÂÍÚÓÂ
Ì‡˜‡Î¸ÌÓ„Ó ÒÓÒÚÓflÌËfl n0 ÔÓÎÌÓÒÚ¸˛ ÓÔÂ‰ÂÎfl˛Ú
Á‡ÒÂÎÂÌÌÓÒÚ¸ Ï‡„ÌËÚÌ˚ı ÒÓÒÚÓflÌËÈ ‡ÌÒ‡Ï·Îfl
‰‚ÛıÙ‡ÁÌ˚ı ˜‡ÒÚËˆ.
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ç‡Ï‡„ÌË˜ÂÌÌÓÒÚ¸ Ú‡ÍÓ„Ó ‡ÌÒ‡Ï·Îfl ÏÓÊÂÚ ·˚Ú¸
‡ÒÒ˜ËÚ‡Ì‡ Ò ÔÓÏÓ˘¸˛ ÒÎÂ‰Û˛˘Â„Ó ÒÓÓÚÌÓ¯ÂÌËfl:

(14)

„‰Â c – Ó·˙ÂÏÌ‡fl ÍÓÌˆÂÌÚ‡ˆËfl ÙÂÓÏ‡„ÌËÚÌ˚ı
˜‡ÒÚËˆ.

3. ç‡Ï‡„ÌË˜ÂÌÌÓÒÚ¸ ‡ÌÒ‡Ï·Îfl 
Ï‡Î˚ı ıËÏË˜ÂÒÍË ÌÂÓ‰ÌÓÓ‰Ì˚ı 

ÌÂ‚Á‡ËÏÓ‰ÂÈÒÚ‚Û˛˘Ëı ˜‡ÒÚËˆ
èÓ‚Â‰ÂÏ ÏÓ‰ÂÎËÓ‚‡ÌËÂ ÔÓˆÂÒÒ‡ Ì‡Ï‡„ÌË-

˜Ë‚‡ÌËfl ‡ÌÒ‡Ï·Îfl Ï‡Î˚ı ‰‚ÛıÙ‡ÁÌ˚ı ˜‡ÒÚËˆ,
Ï‡„ÌËÚÌ˚Â Ò‚ÓÈÒÚ‚‡ ÍÓÚÓ˚ı ÔÓ‰Ó·Ì˚ Ò‚ÓÈÒÚ‚‡Ï
ÚËÚ‡ÌÓÏ‡„ÌÂÚËÚÓ‚. çÂÍÓÂÍÚÌÓÒÚ¸ ‚˚·Ó‡ Ï‡„-
ÌÂÚËÍ‡ (‚ ÒËÎÛ ÍÛ·Ë˜ÂÒÍÓÈ ÒËÏÏÂÚËË ˝ÎÂÏÂÌÚ‡-
ÌÓÈ ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍÓÈ fl˜ÂÈÍË ÚËÚ‡ÌÓÏ‡„ÌÂ-
ÚËÚ˚ Ï‡„ÌËÚÌÓ ÏÌÓ„ÓÓÒÌ˚) ÏÓÊÂÚ ·˚Ú¸ ÓÔ‡‚‰‡Ì‡
ÚÂÏ Ù‡ÍÚÓÏ, ̃ ÚÓ Ò Û‚ÂÎË˜ÂÌËÂÏ ‚˚ÚflÌÛÚÓÒÚË ÁÂÌ‡
ËÒ˜ÂÁ‡ÂÚ ˝Í‚Ë‚‡ÎÂÌÚÌÓÒÚ¸ ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍËı
ÓÒÂÈ Ë ÔË q > 1.2 “ÎÂ„ÍÓÈ” ÓÒ¸˛ fl‚ÎflÂÚÒfl ÓÒ¸, ‚˚-
‰ÂÎflÂÏ‡fl ‡ÌËÁÓÚÓÔËÂÈ ÙÓÏ˚ [6, 9, 10]. ë ‰Û„ÓÈ
ÒÚÓÓÌ˚, ËÒÔÓÎ¸ÁÓ‚‡ÌËÂ ‡Á‡·ÓÚ‡ÌÌÓÈ ÏÓ‰ÂÎË

Iv c Is1 1 ε–( ) Is2ε+( ) N1 N3–( ) +[=

+ Is1 1 ε–( ) Is2ε+( ) N2 N4–( ) ] ,

ÏÓÊÂÚ ÔÓÏÓ˜¸ ÛÒÚ‡ÌÓ‚ËÚ¸ ÌÂÍÓÚÓ˚Â Í‡˜ÂÒÚ‚ÂÌ-
Ì˚Â ÒÓÓÚÌÓ¯ÂÌËfl ‰Îfl ÚËÚ‡ÌÓÏ‡„ÌÂÚËÚÓ‚, fl‚Îfl˛-
˘ËıÒfl ÓÒÌÓ‚Ì˚ÏË ÌÓÒËÚÂÎflÏË Ï‡„ÌËÚÌ˚ı Ò‚ÓÈÒÚ‚
„ÓÌ˚ı ÔÓÓ‰.

ÑÎfl ÏÓ‰ÂÎËÓ‚‡ÌËfl ÔÓˆÂÒÒÓ‚ Ì‡Ï‡„ÌË˜Ë‚‡-
ÌËfl ‚ÓÒÔÓÎ¸ÁÛÂÏÒfl ÎËÌÂÈÌÓÈ ËÌÚÂÔÓÎflˆËÂÈ Â-
ÁÛÎ¸Ú‡ÚÓ‚ ˝ÍÒÔÂËÏÂÌÚÓ‚ ÔÓ ÓÔÂ‰ÂÎÂÌË˛ ÒÔÓÌ-
Ú‡ÌÌÓÈ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË Is = Is(x) Ë ÍËÒÚ‡ÎÎÓ„‡-
ÙË˜ÂÒÍÓÈ ‡ÌËÁÓÚÓÔËË k = k(x) ÚËÚ‡ÌÓÏ‡„ÌÂÚËÚÓ‚
Fe3 – xTixO4 ÓÚ ÍÓÌˆÂÌÚ‡ˆËË ÚËÚ‡Ì‡ x [11]:

(15)

Ç ‡Ò˜ÂÚ‡ı ÔÓÎ‡„‡ÎÓÒ¸, ˜ÚÓ ÔÂ‚‡fl Ù‡Á‡ Ó·Â‰-
ÌÂÌ‡, ‡ ‚ÚÓ‡fl (Ô‡‚‡fl Ì‡ ËÒ. 1) Ó·Ó„‡˘ÂÌ‡ ÚËÚ‡-
ÌÓÏ (x1 < x2).

3.1. ÇÂÏfl ÂÎ‡ÍÒ‡ˆËË Ë ‚flÁÍ‡fl Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚ¸ 
‡ÌÒ‡Ï·Îfl ÌÂ‚Á‡ËÏÓ‰ÂÈÒÚ‚Û˛˘Ëı ˜‡ÒÚËˆ

íË ÒÓ·ÒÚ‚ÂÌÌ˚Â ÁÌ‡˜ÂÌËfl Ï‡ÚËˆ˚ W, ÓÔÂ-
‰ÂÎÂÌÌ˚Â ËÁ Û‡‚ÌÂÌËfl det |W – λE | = 0, „‰Â Ö –
Â‰ËÌË˜Ì‡fl Ï‡ÚËˆ‡, ÏÓÊÌÓ ËÌÚÂÔÂÚËÓ‚‡Ú¸
Í‡Í Ó·‡ÚÌ˚Â ‚ÂÏÂÌ‡ ÂÎ‡ÍÒ‡ˆËË τi. èË˜ÂÏ Ì‡-
ËÏÂÌ¸¯ÂÂ τ ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ “‚ÂÏÂÌË ÊËÁÌË” Ò‡ÏÓ-
„Ó ÌÂÛÒÚÓÈ˜Ë‚Ó„Ó ÒÓÒÚÓflÌËfl, ‡ Ì‡Ë·ÓÎ¸¯ÂÂ ‚ÂÏfl
ÂÎ‡ÍÒ‡ˆËË τ0 – Ò‡ÏÓÏÛ ÛÒÚÓÈ˜Ë‚ÓÏÛ.

ç‡ ËÒ. 2 ÔÂ‰ÒÚ‡‚ÎÂÌ˚ ÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚ‡
Á‡‚ËÒËÏÓÒÚË ÔË‚Â‰ÂÌÌÓ„Ó ‚ÂÏÂÌË ÂÎ‡ÍÒ‡ˆËË
ÛÒÚÓÈ˜Ë‚Ó„Ó ÒÓÒÚÓflÌËfl τ0 ‡ÌÒ‡Ï·Îfl ‰‚ÛıÙ‡ÁÌ˚ı
˜‡ÒÚËˆ ÓÚ ÍÓÌˆÂÌÚ‡ˆËË ÚËÚ‡Ì‡ ‚ ÔÂ‚ÓÈ Ù‡ÁÂ x1.

ìÏÂÌ¸¯ÂÌËÂ ıËÏË˜ÂÒÍÓÈ ÌÂÓ‰ÌÓÓ‰ÌÓÒÚË ÁÂ-
Ì‡ (Û‚ÂÎË˜ÂÌËÂ x1) ÔË‚Ó‰ËÚ Í ÛÏÂÌ¸¯ÂÌË˛ τ0
(ËÒ. 2), ÔË˜ÂÏ ‚ Ó·Î‡ÒÚË x1 < 0.1 ‚ÂÏfl ÂÎ‡ÍÒ‡-
ˆËË Ô‡ÍÚË˜ÂÒÍË ÌÂ ÏÂÌflÂÚÒfl Ë ÂÁÍÓ Ô‡‰‡ÂÚ ÔË
x1 > 0. í‡ÍÓÂ ÔÓ‚Â‰ÂÌËÂ ‚ÂÏÂÌË ÂÎ‡ÍÒ‡ˆËË Ò‚fl-
Á‡ÌÓ Ò ÛÏÂÌ¸¯ÂÌËÂÏ Is(x) Ë ÌÂÏÓÌÓÚÓÌÌ˚Ï ËÁÏÂ-
ÌÂÌËÂÏ ÍÓÌÒÚ‡ÌÚ˚ ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍÓÈ ‡ÌËÁÓ-
ÚÓÔËË k(x).

Ç ‡ÏÍ‡ı Ó·ÒÛÊ‰‡ÂÏÓÈ ÏÓ‰ÂÎË ÌÂ‚Á‡ËÏÓ‰ÂÈÒÚ-
‚Û˛˘Ëı ˜‡ÒÚËˆ ·˚Î ÔÓ‚Â‰ÂÌ ‡Ò˜ÂÚ ‚flÁÍÓÈ Ì‡-
Ï‡„ÌË˜ÂÌÌÓÒÚË Iv(t) ÓÚ  (ËÒ. 3). ä‡Í Ë ÒÎÂ‰Ó-
‚‡ÎÓ ÓÊË‰‡Ú¸, ÛÏÂÌ¸¯ÂÌËÂ ‚ÂÏÂÌË ÂÎ‡ÍÒ‡ˆËË Ò
ÓÒÚÓÏ ıËÏË˜ÂÒÍÓÈ ÌÂÓ‰ÌÓÓ‰ÌÓÒÚË ÔË‚Ó‰ËÚ Í
ÓÒÚÛ ‚flÁÍÓÈ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË.

3.2. ÉËÒÚÂÂÁËÒÌ˚Â Ò‚ÓÈÒÚ‚‡ Ë ÓÒÚ‡ÚÓ˜Ì‡fl 
Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚ¸ ‡ÌÒ‡Ï·Îfl 

ÌÂ‚Á‡ËÏÓ‰ÂÈÒÚ‚Û˛˘Ëı ‰‚ÛıÙ‡ÁÌ˚ı ÁÂÂÌ
å‡Î˚Â ˜‡ÒÚËˆ˚, Ì‡ıÓ‰flÒ¸ ‚ ÒÛÔÂÔ‡‡Ï‡„ÌËÚ-

ÌÓÏ ÒÓÒÚÓflÌËË, ÏÓ„ÛÚ ÔÓfl‚ÎflÚ¸ „ËÒÚÂÂÁËÒÌ˚Â
Ò‚ÓÈÒÚ‚‡ ÎË¯¸ ÔË ÛÒÎÓ‚ËË, ˜ÚÓ ‚ÂÏfl, ÔÓ¯Â‰-
¯ÂÂ ÔÓÒÎÂ ‚˚ÍÎ˛˜ÂÌËfl ‚ÌÂ¯ÌÂ„Ó Ï‡„ÌËÚÌÓ„Ó ÔÓ-
Îfl H, ËÎË ‚ÂÏfl ÒÔ‡‰‡ ÔÓÎfl ‰Ó H = 0 ÏÂÌ¸¯Â ‚Â-
ÏÂÌË ÂÎ‡ÍÒ‡ˆËË. èÓ˝ÚÓÏÛ Ì‡ÏË ·˚Î‡ ‚˚·‡Ì‡
ÒÎÂ‰Û˛˘‡fl ÔÓˆÂ‰Û‡ ÏÓ‰ÂÎËÓ‚‡ÌËfl ÔÓˆÂÒÒ‡

Is x( ) 598.5x– 485+( )  ÉÒ, =  

k

 

0.425 1.36 11.4

 

x

 

+
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,

 

x

 

0.1,

 

<
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x–( ), x 0.1.>



=
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0
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0

 

)

0
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1

 êËÒ. 2.   á‡‚ËÒËÏÓÒÚ¸ ‚ÂÏÂÌË ÂÎ‡ÍÒ‡ˆËË  τ  
0

  ÓÚ ÍÓÌ-
ˆÂÌÚ‡ˆËË Ti 

 
x

 

1

 
 ‰Îfl ‡ÌÒ‡Ï·Îfl ıËÏË˜ÂÒÍË Ó‰ÌÓÓ‰Ì˚ı,

ÍË‚‡fl 

 

1

 

, (

 

ε

 

 = 0) Ë ıËÏË˜ÂÒÍË ÌÂÓ‰ÌÓÓ‰Ì˚ı, ÍË‚‡fl 2,
(ε = 0.3) ˜‡ÒÚËˆ Ò x2 = 0.6, a = 10 ÌÏ, q = 1.5.
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êËÒ. 3. ÇflÁÍ‡fl Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚ¸ ‡ÌÒ‡Ï·Îfl ıËÏË˜ÂÒ-
ÍË Ó‰ÌÓÓ‰Ì˚ı 1 (ε = 0) Ë ıËÏË˜ÂÒÍË ÌÂÓ‰ÌÓÓ‰Ì˚ı 2
(ε = 0.3) ÁÂÂÌ ÚËÚ‡ÌÓÏ‡„ÌÂÚËÚ‡ ÒÓ ÒÎÂ‰Û˛˘ËÏË Ô‡-
‡ÏÂÚ‡ÏË: x1 = 0.2, x2 = 0.6, q = 1.5, a = 18 ÌÏ, H =

= 50 ù, f0 = 109 ÒÂÍ–1, t – ‚ ÒÂÍÛÌ‰‡ı.
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Ì‡Ï‡„ÌË˜Ë‚‡ÌËfl – Ï‡„ÌËÚÌÓÂ ÔÓÎÂ ‰ËÒÍÂÚÌÓ ËÁ-
ÏÂÌflÎÓÒ¸ Ò ÌÂÍÓÚÓ˚Ï ¯‡„ÓÏ ‚ÔÎÓÚ¸ ‰Ó Ï‡ÍÒË-
Ï‡Î¸ÌÓ„Ó, Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚ¸, Ó·‡ÁÛ˛˘‡flÒfl Ì‡
Í‡Ê‰ÓÏ ¯‡„Â Á‡ ‚ÂÏfl, ÏÂÌ¸¯ÂÂ ‚ÂÏÂÌË ÂÎ‡ÍÒ‡-
ˆËË, ÓÔÂ‰ÂÎflÎ‡Ò¸ Ò ÔÓÏÓ˘¸˛ ÒÓÓÚÌÓ¯ÂÌËÈ (13),
(14), ‚ ÍÓÚÓ˚ı ‚ÂÍÚÓ Ì‡˜‡Î¸ÌÓ„Ó ÒÓÒÚÓflÌËfl ÔÓÎ‡-
„‡ÎÒfl ‡‚Ì˚Ï ‚ÂÍÚÓÛ ÍÓÌÂ˜ÌÓ„Ó ÒÓÒÚÓflÌËfl ÔÂ-
‰˚‰Û˘Â„Ó ¯‡„‡. ÖÒÚÂÒÚ‚ÂÌÌÓ, ˜ÚÓ Ò Û‚ÂÎË˜ÂÌËÂÏ
‡ÁÏÂÓ‚ ÁÂÂÌ ÔÓ‰Ó·Ì‡fl ÒËÚÛ‡ˆËfl ÏÓÊÂÚ ·˚Ú¸ Â-
‡ÎËÁÓ‚‡Ì‡ ‚ ËÌÚÂ‚‡ÎÂ “‡ÁÛÏÌ˚ı” (ÒÓËÁÏÂËÏ˚ı
ÒÓ ‚ÂÏÂÌÂÏ ËÁÏÂÂÌËÈ) ÔÓÏÂÊÛÚÍÓ‚ ‚ÂÏÂÌË.

êÂÁÛÎ¸Ú‡Ú˚ ËÒÒÎÂ‰Ó‚‡ÌËfl ÍÓ˝ˆËÚË‚ÌÓÈ Hc Ë
ÓÒÚ‡ÚÓ˜ÌÓÈ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË Ì‡Ò˚˘ÂÌËfl Irs, ÍÓÚÓ-
˚Â ÓÔÂ‰ÂÎflÎËÒ¸ ÔÓ ÔÂÚÎÂ „ËÒÚÂÂÁËÒ‡ (ËÒ. 4),
ÔÂ‰ÒÚ‡‚ÎÂÌ˚ Ì‡ ËÒ. 5. çÂÁÌ‡˜ËÚÂÎ¸ÌÓÂ ËÁÏÂÂ-
ÌËÂ „ËÒÚÂÂÁËÒÌ˚ı ı‡‡ÍÚÂËÒÚËÍ ‚ Ó·Î‡ÒÚË x1 < 0.1
Ë ÂÁÍÓÂ Ô‡‰ÂÌËÂ ̋ ÚËı Ô‡‡ÏÂÚÓ‚ ‚ Ó·Î‡ÒÚË x1 > 0.1
Ò‚flÁ‡ÌÓ Ò ÌÂÏÓÌÓÚÓÌÌÓÒÚ¸˛ ÔÓ‚Â‰ÂÌËfl ÍÓÌÒÚ‡ÌÚ˚
ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍÓÈ ‡ÌËÁÓÚÓÔËË (ÓÒÚ k(x) ÔË
x < 0.1 Ë ÒÔ‡‰ ÔË x > 0.1, (15)). í‡ÍÓÂ ËÁÏÂÌÂÌËÂ
ÍÓ˝ˆËÚË‚ÌÓÈ ÒËÎ˚ Ë ÓÒÚ‡ÚÓ˜ÌÓÈ Ì‡Ï‡„ÌË˜ÂÌÌÓ-
ÒÚË Ì‡Ò˚˘ÂÌËfl, ‚ ÍÓÌÂ˜ÌÓÏ Ò˜ÂÚÂ, Ò‚flÁ‡ÌÓ Ò
ÛÏÂÌ¸¯ÂÌËÂÏ τ0(x1), ÍÓÚÓÓÂ Ó·ÛÒÎÓ‚ÎÂÌÓ ÛÏÂÌ¸-
¯ÂÌËÂÏ ÒÚÂÔÂÌË ÌÂÓ‰ÌÓÓ‰ÌÓÒÚË ‡ÒÔÂ‰ÂÎÂÌËfl
ÚËÚ‡Ì‡ ÔÓ Ó·˙ÂÏÛ ÁÂÌ‡ (ËÒ. 2).

4. ÇõÇéÑõ

èÓ‚˚¯ÂÌËÂ ıËÏË˜ÂÒÍÓÈ ÌÂÓ‰ÌÓÓ‰ÌÓÒÚË ÁÂ-
ÂÌ ÚËÚ‡ÌÓÏ‡„ÌÂÚËÚ‡ ÔË ÛÏÂÌ¸¯ÂÌËË ÒÓ‰ÂÊ‡-
ÌËfl Ti ‚ Ó‰ÌÓÈ ËÁ Ù‡Á ÔË‚Ó‰ËÚ Í Û‚ÂÎË˜ÂÌË˛ ‚Â-
ÏÂÌË ÂÎ‡ÍÒ‡ˆËË ÒËÒÚÂÏ˚ Ú‡ÍËı ˜‡ÒÚËˆ Ë, Í‡Í Â-
ÁÛÎ¸Ú‡Ú, Í ÓÒÚÛ „ËÒÚÂÂÁËÒÌ˚ı ı‡‡ÍÚÂËÒÚËÍ:
ÍÓ˝ˆËÚË‚ÌÓÈ ÒËÎ˚ Ë ÓÒÚ‡ÚÓ˜ÌÓÈ Ì‡Ï‡„ÌË˜ÂÌÌÓ-
ÒÚË Ì‡Ò˚˘ÂÌËfl.

èêàãéÜÖçàÖ I

å‡„ÌËÚÓÒÚ‡ÚË˜ÂÒÍ‡fl ˝ÌÂ„Ëfl
‰‚ÛıÙ‡ÁÌÓ„Ó ÁÂÌ‡

å‡„ÌËÚÓÒÚ‡ÚË˜ÂÒÍÛ˛ ˝ÌÂ„Ë˛ ÁÂÌ‡ ÏÓÊÌÓ
‡ÒÒÏ‡ÚË‚‡Ú¸ Í‡Í ˝ÌÂ„Ë˛ ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl Ï‡„-
ÌËÚÌ˚ı Á‡fl‰Ó‚ Ò ÔÓ‚ÂıÌÓÒÚÌÓÈ ÔÎÓÚÌÓÒÚ¸˛

(I.1)

àÒÔÓÎ¸ÁÛfl ÒËÏÏÂÚË˛ Á‡‰‡˜Ë ÔÂÂÔË¯ÂÏ (I.1) ‚
ÒÎÂ‰Û˛˘ÂÏ ‚Ë‰Â:

(I.2)

„‰Â ri – ÍÓÓ‰ËÌ‡Ú˚ ÚÓ˜ÂÍ ÔÓ‚ÂıÌÓÒÚË Si (ÒÏ. ËÒ. 1).

í‡Í Í‡Í ÍÓÏÔÓÌÂÌÚ˚ ‚ÂÍÚÓÓ‚ Ì‡Ï‡„ÌË˜ÂÌÌÓ-
ÒÚË ÔÂ‚ÓÈ Ë ‚ÚÓÓÈ Ù‡Á˚ ‚˚‡Ê‡˛ÚÒfl ˜ÂÂÁ Ì‡-

εm
1
2
---

Is r( )dS( ) Is r'( )dS'( )
r r'–

----------------------------------------------- ,

S'

∫
S

∫=

εm
1
2
---

Is ri( )dSi( ) Is rk( )dSk( )
ri rk–

---------------------------------------------------- ,

Sk

∫
Si

∫
i k, 1=

8

∑=

Ô‡‚Îfl˛˘ËÂ ÍÓÒËÌÛÒ˚ Is1 = {Is1sinθ1, 0, Is1cosθ1},
Is2 {Is2sinθ2, 0, Is2cosθ2}, ÚÓ

(I.3)

„‰Â

εm N11Is1
2 θ2

1 N22Is2
2 θ2

2 +sin+sin=

+ N12Is1Is2 θ1 θ2 N21Is1Is2 θ1 θ2,coscos+sinsin

N11
4
q
--- 1 ε– y–( ) f 1 y( ) f 2 y( )–[ ] y +d

0

1 ε–

∫



=

+
1
2
--- 1 q–( ) 1 ε–( )2 1 ε–( ) 3

2
---–ln





;

N22
4
q
--- ε y–( ) f 1 y( ) f 2 y( )–[ ] y +d

0

ε

∫



=

+
1
2
--- 1 q–( )ε2 ε 3

2
---–ln





;

N12
4
q
--- f 1 y( )y y ε f 1 y( )y y +d

ε

1 ε–

∫+d

0

ε

∫=

1000
H, ù
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I, Éc
1
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2

êËÒ. 4. èÂÚÎË „ËÒÚÂÂÁËÒ‡ ‰Îfl ÒËÒÚÂÏ˚ ‰‚ÛıÙ‡ÁÌ˚ı
˜‡ÒÚËˆ ÒÓ ÒÎÂ‰Û˛˘ËÏË Ô‡‡ÏÂÚ‡ÏË: x1 = 0, x2 = 0.6,

q = 1.5, f0 = 109 ÒÂÍ–1, 1 – ε = 0, 2 – ε = 0.3, a = 15 ÌÏ, T =

= 10 Ò (‡), a = 50 ÌÏ, T = 103 Ò (·), T – ÔÂËÓ‰ ËÁÏÂÌÂÌËfl
ÔÓÎfl H.
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0
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+ 1 y–( ) f 1 y( )y yd

1 ε–

1

∫ +

+ 2 ε2 ε 1 ε–( )2
1 ε–( )ln 3ε 1 ε–( )+ +ln[ ] ;

N21
4
q
--- f 2 y( )y y ε f 2 y( )y y +d

ε

1 ε–

∫+d

0

ε

∫=

+ 1 y–( ) f 2 y( )y yd

1 ε–

1

∫ +

+
2
q
--- ε2 ε 1 ε–( )2

1 ε–( )ln 3ε 1 ε–( )+ +ln[ ] ;

f 1 y( ) q
q2 y2+ q+( ) 1 y2+

1 q2 y2+ + q+( ) y
-----------------------------------------------------

 
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 

–ln=
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-----------------------------------------------------
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èêàãéÜÖçàÖ II

Ç˚‡ÊÂÌËfl ‰Îfl ˝ÌÂ„ÂÚË˜ÂÒÍËı ·‡¸ÂÓ‚

(II.1)

(II.2)

(II.3)

(II.4)

(II.5)

(II.6)

(II.7)

(II.8)

(II.9)

(II.10)

E12

ε2 Hc2
↑↑( ) H+( )

2

2 k2ε 2N22+( )
----------------------------------- , Hc2

↑↑( ) 0;>

2HεIs2, Hc2
↑↑( ) 0;<






=

E14

1 ε–( )2 Hc1
↑↑( ) H+( )

2

2 k1 1 ε–( ) 2N11+( )
------------------------------------------------- , Hc1

↑↑( ) 0;>

2H 1 ε–( )Is2, Hc1
↑↑( ) 0;<






=

E41

1 ε–( )2 Hc1
↑↓( ) H–( )

2

2 k1 1 ε–( ) 2N11+( )
------------------------------------------------ , Hc1

↑↓( ) H;>

2H 1 ε–( )Is2– , Hc1
↑↓( ) H;<






=

E34

ε2 Hc2
↑↑( ) H–( )

2

2 k2ε 2N22+( )
-----------------------------------, Hc2

↑↑( ) H;>

2HεIs2– , Hc2
↑↑( ) H;<






=

E21

ε2 Hc2
↑↓( ) H–( )

2

2 k2ε 2N22+( )
-----------------------------------, Hc2

↑↓( ) H;>

2HεIs2– , Hc2
↑↓( ) H;<






=

E32

1 ε–( )2 Hc1
↑↑( ) H–( )

2

2 k1 1 ε–( ) 2N11+( )
------------------------------------------------ , Hc1

↑↑( ) H;>

2H 1 ε–( )Is2– , Hc1
↑↑( ) H;<






=

E23

1 ε–( )2 Hc1
↑↓( ) H+( )

2

2 k1 1 ε–( ) 2N11+( )
-------------------------------------------------;=

E43

ε2 Hc2
↑↓( ) H+( )

2

2 k2ε 2N22+( )
-----------------------------------;=

E13

Hc3
↑↑( ) H+( )

2
Is1 1 ε–( ) Is2ε+( )

2Hc3
↑↑( )------------------------------------------------------------------------ ;=

E31  =

=  

Hc3
↑↑( ) H–( )

2
Is1 1 ε–( ) Is2ε+( )

2Hc3
↑↑( )------------------------------------------------------------------------ , Hc3

↑↑( ) H;>

2H Is1 1 ε–( ) Is2ε+( ), Hc3
↑↑( ) H;<–





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êËÒ. 5. á‡‚ËÒËÏÓÒÚ¸ ÍÓ˝ˆËÚË‚ÌÓÈ ÒËÎ˚ Hc (‡) Ë ÓÚÌÓ-
¯ÂÌËfl ÓÒÚ‡ÚÓ˜ÌÓÈ Ì‡Ï‡„ÌË˜ÂÌÌÓÒÚË Ì‡Ò˚˘ÂÌËfl Í
ÒÔÓÌÚ‡ÌÌÓÈ Irs/Is (·) ÓÚ ÍÓÌˆÂÌÚ‡ˆËË ÚËÚ‡Ì‡ x1 (x2 =
= 0.6, q = 1.5): ÍË‚‡fl 1 – ε = 0, a = 50 ÌÏ; ÍË‚‡fl 2 – ε =
= 0.3, a = 50 ÌÏ; ÍË‚‡fl 3 – ε = 0, a = 15 ÌÏ; ÍË‚‡fl 4 –
ε = 0.3, a = 15 ÌÏ.
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(II.11)

(II.12)

èêàãéÜÖçàÖ III

Ç˚‡ÊÂÌËÂ Ï‡ÚË˜ÌÓÈ ˝ÍÒÔÓÌÂÌÚ˚
˜ÂÂÁ Ï‡ÚËˆÛ ÔÂÂıÓ‰Ó‚

ÑÎfl Â¯ÂÌËfl Á‡‰‡˜Ë, ÛÒÎÓ‚ËÂ ÍÓÚÓÓÈ ‚˚ÌÂÒÂ-
ÌÓ ‚ Á‡„Î‡‚ËÂ ‰‡ÌÌÓ„Ó ÔËÎÓÊÂÌËfl, ‚ÓÒÔÓÎ¸ÁÛÂÏ-
Òfl ËÌÚÂÔÓÎflˆËÓÌÌ˚Ï ÏÌÓ„Ó˜ÎÂÌÓÏ ëËÎ¸‚ÂÒÚ‡–
ã‡„‡ÌÊ‡, ÍÓÚÓ˚È ‚ ÒÎÛ˜‡Â ÓÚÒÛÚÒÚ‚Ëfl Í‡ÚÌ˚ı
ÍÓÌÂÈ Ï‡ÚËˆ˚ W (λ0 ≠ λ1 ≠ λ2) ËÏÂÂÚ ‚Ë‰:

(III.1)

ÖÒÎË W ËÏÂÂÚ ‰‚‡ Í‡ÚÌ˚ı ÍÓÌfl, Ì‡ÔËÏÂ λ0 =
= λ1 ≠ λ2, ÚÓ

(III.2)

„‰Â ψ(λ) = (λ – λ1)(λ – λ2)2 – ÏËÌËÏ‡Î¸Ì˚È ÏÌÓ„Ó˜ÎÂÌ,

E24  =

=  

Hc4
↓↑( ) H–( )

2
Is1 1 ε–( ) Is2ε–

2Hc4
↓↑( )---------------------------------------------------------------------- ,

Hc4
↓↑( ) H , ε

Is1

Is1 Is2+
------------------;>>

2H Is1 1 ε–( ) Is2ε– , Hc4
↓↑( ) H , ε

Is1

Is1 Is2+
------------------;>>–

Hc4
↓↑( ) H+( )

2
Is1 1 ε–( ) Is2ε–

2Hc4
↓↑( )---------------------------------------------------------------------- , ε

Is1

Is1 Is2+
------------------;<

E42  =

=  

Hc4
↓↑( ) H–( )

2
Is1 1 ε–( ) Is2ε–

2Hc4
↓↑( )---------------------------------------------------------------------- ,

Hc4
↓↑( ) H , ε

Is1

Is1 Is2+
------------------;<>

2H Is1 1 ε–( ) Is2ε– , Hc4
↓↑( ) H , ε

Is1

Is1 Is2+
------------------;<>–

Hc4
↓↑( ) H+( )

2
Is1 1 ε–( ) Is2ε–

2Hc4
↓↑( )---------------------------------------------------------------------- , ε

Is1

Is1 Is2+
------------------;>

r λ( ) λ kt( )

λ λ i–( )
i k≠
∏

λ i λ k–( )
i k≠
∏
-----------------------------.exp∑=

r λ( ) α
λ λ 1–( )

------------------- β
λ λ 2–( )2

--------------------- γ
λ λ 2–( )

-------------------+ + ψ λ( ),=

α r λ( )
ψ λ( )
----------- λ λ 1–( )

λ λ 1=

λ1t( )exp

λ1 λ2–( )2
-----------------------,= =

β r λ( )
ψ λ( )
----------- λ λ 1–( )2

λ λ 2=

λ2t( )exp
λ1 λ2–

---------------------,= =

Ç ÒÎÛ˜‡Â ÚÂı Í‡ÚÌ˚ı ÍÓÌÂÈ (λ0 = λ1 = λ2), ψ(λ) =
= (λ – λ1)3,

(III.3)
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=  
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---------------------------------------------------------- .
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--------------------- β
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--------------------- γ
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-------------------+ + ψ λ( ),=
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∂
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1
2
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