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¯®¯¥à¥ç­®£® ã¡¥£ ­¨ï. �ç¨âë¢ ¥âáï § ¢¨á¨¬®áâì ¢¥à®ïâ­®áâ¨ § å¢ â  ª ª ®â §®¬¬¥àä¥«ì¤®¢áª®£®
¬­®¦¨â¥«ï, â ª ¨ ¥¥ íªá¯®­¥­æ¨ «ì­ ï § ¢¨á¨¬®áâì ®â í­¥à£¨¨ ¯à®âã­­¥«¨à®¢ ¢è¥£® í«¥ªâà®­ .
�®ª § ­®, çâ® ¯®á«¥¤­ïï § ¢¨á¨¬®áâì ¨£à ¥â ¢ ¦­ãî à®«ì ¢¡«¨§¨ ¯®à®£  ¯®¯¥à¥ç­®£® ã¡¥£ ­¨ï

£®àïç¨å í«¥ªâà®­®¢, â®£¤  ª ª ¤ «¥ª® ®â ¯®à®£  ¢¥à®ïâ­®áâì § å¢ â  ¯® ¬®¤¥«¨ �®­ç-�àã¥¢¨ç 
¬®¦­® áç¨â âì å®à®è¥©  ¯¯à®ªá¨¬ æ¨¥©.

�áá«¥¤®¢ ­¨¥ § å¢ â  £®àïç¨å í«¥ªâà®­®¢ ­  ®âà¨-
æ â¥«ì­® § àï¦¥­­ë¥ æ¥­âàë ¯à®¢®¤¨«®áì ¢® ¬­®£¨å

à ¡®â å (á¬., ­ ¯à¨¬¥à, [1–5]). � ª ¨§¢¥áâ­®, ¢ íâ®¬
á«ãç ¥ ¯à¨ ­¨§ª¨å â¥¬¯¥à âãà å £« ¢­ãî à®«ì ¨£à ¥â

¢¥à®ïâ­®áâì ¯à®å®¦¤¥­ï ç¥à¥§ ªã«®­®¢áª¨© ¡ àì¥à.
�®áª®«ìªã ­ ¨¡®«¥¥ áãé¥áâ¢¥­­ë¥ ¢ íâ¨å ¯à®æ¥áá å

à ááâ®ï­¨ï § ¬¥â­® ¯à¥¢ëè îâ à §¬¥à «®¢ãèª¨, ¢¥-
à®ïâ­®áâì § å¢ â  ¯à®¯®àæ¨®­ «ì­  ¬­®¦¨â¥«î �®¬-
¬¥àä¥«ì¤  ¨ á®®â¢¥âáâ¢ãîé¥¥ á¥ç¥­¨¥ § å¢ â  ¤ ¥âáï

¨§¢¥áâ­ë¬ ¢ëà ¦¥­¨¥¬ �®­ç-�àã¥¢¨ç  [1].
�¤­ ª® ¢ à ¡®â¥ [6] ¯®ª § ­®, çâ® ¯à¨ § å¢ â¥

í«¥ªâà®­  ­  ®âà¨æ â¥«ì­® § àï¦¥­­ë¥ æ¥­âàë ¢¥à®-
ïâ­®áâì § å¢ â  P , ªà®¬¥ §®¬¬¥àä¥«ì¤®¢áª®£® ¬­®-
¦¨â¥«ï, ¤®«¦­  íªá¯®­¥æ¨ «ì­® § ¢¨á¥âì ®â í­¥à£¨¨
¯à®âã­­¥«¨à®¢ ¢è¥£® í«¥ªâà®­ :

P ∼ exp

(
−

2τ1
~
W

)
, (1)

£¤¥ W — ª¨­¥â¨ç¥áª ï í­¥à£¨ï, ª®â®à ï ¤®«¦­ 

¡ëâì ¯®â¥àï­  í«¥ªâà®­®¬ ¯à¨ § å¢ â¥, τ1 — ¢à¥¬ï

âã­­¥«¨à®¢ ­¨ï. � íâ®© ¦¥ à ¡®â¥ ¡ë« ¢ëç¨á«¥­

ª®íää¨æ¨¥­â § å¢ â  ¢ ¯à¨¡«¨¦¥­¨¨ í«¥ªâà®­­®©

â¥¬¯¥à âãàë. �®ª § ­®, çâ® ãç¥â ®â¬¥ç¥­­®£® ¢ëè¥
®¡áâ®ïâ¥«ìáâ¢  ¯à¨¢®¤¨â ª § ¬¥­¥ ®¡ëç­®£® ¯®­ï-
â¨ï í«¥ªâà®­­®© â¥¬¯¥à âãàë ­  íää¥ªâ¨¢­ãî í«¥-
ªà®­­ãî â¥¬¯¥à âãàã, ª®â®à ï á®¤¥à¦¨â ¯ à ¬¥âà

æ¥­âà , ¨¬¥îé¨© ¯®àï¤®ª ®¡à â­®© í­¥à£¨¨ ª¢ ­â 

ª®«¥¡ ­¨ï. � á«ãç ¥, ª®£¤  í«¥ªâà®­­ ï â¥¬¯¥à âãà 
£®à §¤® ¬¥­ìè¥ íâ®© í­¥à£¨¨, à¥§ã«ìâ â à ¡®âë [6]
á®¢¯ ¤ ¥â á à¥§ã«ìâ â®¬ �®­ç-�àã¥¢¨ç  [1]. � à -
¡®â¥ [7] á ãç¥â®¬ ¢ëè¥áª § ­­®£® ¢ëç¨á«¥­ ª®íää¨-
æ¨¥­â § å¢ â  ¢ ãá«®¢¨ïå ¨£«®®¡à §­®£® à á¯à¥¤¥«¥-
­¨ï £®àïç¨å í«¥ªâà®­®¢. �®£« á­® à¥§ã«ìâ â ¬ íâ¨å

¢ëç¨á«¥­¨©, ¤«ï ¡®«ìè®© ªà â­®áâ¨ § àï¤  æ¥­âà 

§ å¢ â  íää¥ªâ¨¢­®¥ á¥ç¥­¨¥ �®­ç-�àã¥¢¨ç  ï¢«ï¥â-
áï å®à®è¥©  ¯¯à®ªá¨¬ æ¨¥©, â®£¤  ª ª ¢ ¯à®â¨¢®¯®-
«®¦­®¬ á«ãç ¥ ­¥®¡å®¤¨¬® ãç¥áâì íªá¯®â¥­æ¨ «ì­ë©

¬­®¦¨â¥«ì (1).
� ­ áâ®ïé¥© à ¡®â¥ ª®íää¨æ¨¥­â § å¢ â  ¢ëç¨-

á«¥­ ¢ ãá«®¢¨ïå ¯®¯¥à¥ç­®£® ã¡¥£ ­¨ï (��) £®àïç¨å
í«¥ªâà®­®¢. � ª ¯®ª § ­® ¢ à ¡®â å [8,9], ¢ á¨«ì­®¬

í«¥ªâà¨ç¥áª®¬ ¨ ¬ £­¨â­®¬ ¯®«ïå, ¢ å®««®¢áª®¬

à¥¦¨¬¥, ¤«ï ­¥ª®â®àëå ª®¬¡¨­ æ¨© ¬¥å ­¨§¬®¢ à á-
á¥ï­¨ï ¨¬¯ã«ìá  ¨ í­¥à£¨¨ á à®áâ®¬ áà¥¤­¥© í­¥à£¨¨

ç áâ®â  áâ®«ª­®¢¥­¨ï £®àïç¨å í«¥ªâà®­®¢ áâà¥¬¨âáï

ª ­ã«î ¨ §  áç¥â à¥§ª®£® ã¢¥«¨ç¥­¨ï ¢­ãâà¥­­¥£®

¯®«ï áª çª®¬ ¨§¬¥­ï¥âáï ¢®«ìâ- ¬¯¥à­ ï å à ªâ¥-
à¨áâ¨ª , ¨ íâ® ¨§¬¥­¥­¨¥ ­®á¨â ¯®à®£®¢ë© å à ªâ¥à.
�«ï ®¤­®© ª®¬¡¨­ æ¨¨ ¬¥å ­¨§¬®¢ à áá¥ï­¨ï áãé¥-
áâ¢ã¥â ¯®à®£ â®«ìª® ¯® ¯à¨«®¦¥­­®¬ã í«¥ªâà¨ç¥áª®-
¬ã,   ¤«ï ¤àã£®© — ª ª ¯® ¯à¨«®¦¥­­®¬ã í«¥ªâà¨ç¥-
áâ¢ã, â ª ¨ ¯® ¬ £­¨â­®¬ã ¯®«ï¬. �â®â íää¥ªâ ¨ ¡ë«
­ §¢ ­ ¯®¯¥à¥ç­ë¬ ã¡¥£ ­¨¥¬ [8]. �®£« á­® [8,9], ��
à¥ «¨§ã¥âáï ¢ á«¥¤ãîé¨å ãá«®¢¨ïå:

t > 0, t+ s = 2,

t > 0, 3t+ s = 2.

�¤¥áì t ¨ s — ¯®ª § â¥«¨ áâ¥¯¥­¨ ¢ í­¥à£¥â¨ç¥áª®©

§ ¢¨á¨¬®áâ¨ ¤«¨­ á¢®¡®¤­®£® ¯à®¡¥£  ¯® ¨¬¯ã«ìáã ¨

¯® í­¥à£¨¨:

l = l0x
(1+t)/2, l̃ = l̃0x

(1+s)/2,

£¤¥ x = W/k0T . �­ ç¥­¨ï t ¨ s ¤«ï ¨§¢¥áâ­ëå ¬¥-
å ­¨§¬®¢ à áá¥ï­¨ï ¤ îâáï, ­ ¯à¨¬¥à, ¢ à ¡®â¥ [10].
�à¨ á¨«ì­®¬ à §®£à¥¢¥, ª®£¤ 

αx(t+s)/2/(1 + ηxt)� 1, (2)

äã­ªæ¨¨ à á¯à¥¤¥«¥­¨ï ¢ ãá®¢¨ïå �� ¨¬¥îâ ¢¨¤

f0,1(x) = A1 exp(−ηxt/αt), (3)

f0,2(x) = A2 exp[−x/(1 + α)]. (4)

�¤¥áì α ≡ (E/E0)2, η ≡ (H/H0)2, A1, A2 —
­®à¬¨à®¢®ç­ë¥ ¬­®¦¨â¥«¨, E0 ≡

√
3 k0 T/e (l0l̃0)1/2,

H0 ≡ (2mc2k0T )1/2/el0, ®áâ «ì­ë¥ ®¡®§­ ç¥­¨ï ®¡é¥-
¯à¨­ïâë¥.
�«¥¤ã¥â ®â¬¥â¨âì, çâ® ¨§ ¨§¢¥áâ­ëå ¬¥å ­¨§-

¬®¢ à áá¥ï­¨ï í­¥à£¨¨ ¨ ¨¬¯ã«ìá  ãá«®¢¨î t > 0,
t+ s = 2 ã¤®¢«¥â¢®àïîâ á«¥¤ãîé¨¥ ¬¥å ­¨§¬ë à á-
á¥ï­¨ï (á¬. [10]):
¯à¨ t = 3, s = −1; â. ¥. ¤«ï ¨¬¯ã«ìá  — à áá¥ï­¨¥

­  ¨®­ å ¯à¨¬¥á¨, ¤«ï í­¥à£¨¨— ­  ¤¥ä®à¬ æ¨®­­®¬
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¯®â¥­æ¨ «¥  ªãáâ¨ç¥áª¨å ä®­®­®¢ (��-à áá¥ï­¨¥)
ª ª ¢ ¯à¨¡«¨¦¥­¨¨ ¢ëá®ª¨å, â ª ¨ ¢ ¯à¨¡«¨¦¥­¨¨

­¨§ª¨å â¥¬¯¥à âãà;
¯à¨ t = 1, s = 1; â. ¥. ¤«ï ¨¬¯ã«ìá  — à áá¥ï-

­¨¥ ­  ¤¨¯®«ì­ëå æ¥­âà å, ­  ¯ì¥§®í«¥ªâà¨ç¥áª®¬

¯®â¥­æ¨ «¥  ªãáâ¨ç¥áª¨å ä®­®­®¢ (��-à áá¥ï­¨¥) ¢
¯à¨¡«¨¦¥­¨¨ ¢ëá®ª¨å â¥¬¯¥à âãà, ¯®«ïà¨§ æ¨®­­®¥
à áá¥ï­¨¥ ­  ®¯â¨ç¥áª¨å ä®­®­ å (��-à áá¥ï­¨¥);
¤«ï í­¥à£¨¨ — ��-à áá¥ï­¨¥ ¢ ¯à¨¡«¨¦¥­¨¨ ¢ëá®ª¨å
¨«¨ ­¨§ª¨å â¥¬¯¥à âãà ¨«¨ ¤¥ä®à¬ æ¨®­­®¥ à áá¥ï-
­¨¥ ­  ®¯â¨ç¥áª¨å ä®­®­ å.
�á«®¢¨î ¦¥ t > 0, 3t + s = 2 ã¤®¢«¥â¢®àïîâ

á«¥¤ãîé¨¥ ¬¥å ­¨§¬ë à áá¥ï­¨ï:
t = 1, s = −1; â. ¥. ¤«ï ¨¬¯ã«ìá  — à áá¥ï­¨¥

­  ¤¨¯®«ì­ëå æ¥­âà å, ��-à áá¥ï­¨¥ ¢ ¯à¨¡«¨¦¥­¨¨
¢ëá®ª¨å â¥¬¯¥à âãà ¨«¨ ¦¥ ��-à áá¥ï­¨¥; ¤«ï í­¥à-
£¨¨ — ��-à áá¥ï­¨¥ ª ª ¢ ¯à¨¡«¨¦¥­¨¨ ¢ëá®ª¨å, â ª
¨ ­¨§ª¨å â¥¬¯¥à âãà.
�«ï t > 0 ¨ t+s = 2 á ãç¥â®¬ (1) ¨ (3) ª®íää¨æ¨¥­â

§ å¢ â  ¬®¦­® § ¯¨á âì ¢ ¢¨¤¥

Cn =
2
√

2mt

Γ(3/2t)
(k0T )ν0−1/2

(
αt

η

)−3/2t

×

∫
xν0Ψ(k0Tx) exp(−ηxt/αt− γ0x)

exp(γ/x1/2)− 1
dx, (5)

£¤¥ γ ≡ 2πze2/ε~v0, z — § àï¤ ®ââ «ª¨¢ îé¥£®

æ¥­âà  ¢ ¥¤¨­¨æ å § àï¤  í«¥ªâà®­ , ε — ¤¨í«¥ªâà¨-
ç¥áª ï ¯à®­¨æ ¥¬®áâì ¢¥é¥áâ¢ , v0 — áª®à®áâì, ν0 —
¯ à ¬¥âà ¯®àï¤ª  ¥¤¨­¨æë, Ψ — ¬¥¤«¥­­® ¨§¬¥­ï-
îé ïáï äã­ªæ¨ï í­¥à£¨¨ (ν0 ¨ Ψ ¢®è«¨ ¨§ ¢ëà ¦¥-
­¨ï �®­ç-�àã¥¢¨ç  ¤«ï íää¥ªâ¨¢­®£® á¥ç¥­¨ï [1]),
γ0 = 2τ1k0T/~, Γ(x) — £ ¬¬ -äã­ªæ¨ï. �­â¥£à « (5)
¢ëç¨á«ï¥âáï ¬¥â®¤®¬ ¯¥à¥¢ « , á ãç¥â®¬ â®£® çâ® ¢

ãá«®¢¨ïå, ­ á ¨­â¥à¥áãîé¨å, γ � 1. �â¡à áë¢ ï 1 ¢
§­ ¬¥­ â¥«¥ (5), ¤«ï ¢¥«¨ç¨­ë Cn ¯®«ãç ¥¬

Cn =
4
√
πm t

Γ(3/2t)
(k0T )ν0−1/2

(
αt

η

)−3/2t

× γ
exp[ϕ1(x01)]√
|ϕ′′1 (x01)|

xν0
01 Ψ(k0Tx01), (6)

£¤¥

ϕ1(x) = γx−1/2 − γ0x−
ηxt

αt
, (7)

  x01 ï¢«ï¥âáï à¥è¥­¨¥¬ á«¥¤ãîé¥£® ãà ¢­¥­¨ï:

γ/2 = x3/2
(
γ0 +

η

α
xt−1

)
. (8)

�ëà ¦ ï ¢­ãâà¥­­¥¥ í«¥ªâà¨ç¥áª®¥ ¯®«¥ ç¥à¥§ ¯à¨-
«®¦¥­­®¥ Ex, ¯®«ãç ¥¬ [8]

α = αx

/{
1−

Γ2[(2t+ 3)/2t]t

Γ2[(t+ 3)/2t]
αx

}
, (9)

£¤¥ αx = (Ex/E0)2. �¡«¨§¨ ¯®à®£  ��

Ex . E0Γ

(
t+ 3

2t

)/
Γ

(
2t+ 3

2t

)
t

ãá«®¢¨¥ (2) â ª¦¥ ¢ë¯®«­ï¥âáï å®à®è® ¨ à¥è¥­¨¥

ãà ¢­¥­¨ï (8) ¨¬¥¥â ¢¨¤ x01 = (γ/2γ0)2/3,   ¤«ï

ª®íää¨æ¨¥­â  § å¢ â  ¨¬¥¥¬

Cn

C0
n1

=
(α/η)3/2t√

(t− 1)(η/α)(γ/2γ0)(2t+1)/3 + 3
4γ

× exp

[
−

(
γ

2γ0

)2t/3
η

αt

]
, (10)

£¤¥ α ¤ ¥âáï ¢ëà ¦¥­¨¥¬ (9),  

C0
n1 =

4
√
πm

Γ(3/2t)
t(2t−3)/2t(k0T )ν0−1/2

(
γ

2γ0

)(4ν0+5)/6

×Ψ

[
k0T

(
γ

2γ0

)2/3
]

exp

[
−3
(γ

2

)2/3

γ
1/3
0

]
.

(11)
� «¥ª® ®â ¯®à®£  ¯à¨ ¢ë¯®«­¥­¨¨ ­¥à ¢¥­áâ¢

γ0 �
Γt−1(5/2t)t(t−1)/t

Γt−1(3/2t)

(
η

αx

)1/t

� 1, (12)

αx �

(
2t+ 1

2

)2t+1 (γ
2

)2t

η, (12a)

à¥è¥­¨¥ ãà ¢­¥­¨ï (8) ¬®¦­® ¯à¥¤áâ ¢¨âì ª ª

x02 = (αγ/2η)2/(2t+1),   ª®íää¨æ¨¥­â § å¢ â  ¨¬¥¥â

¢¨¤

Cn

C0
n2

=

(
α

η

)
4ν0t−t−3
2t(2t+1) Ψ(k0Tx02) exp

{
−
(γ

2

)
2

2t+1

(
α

η

)
2t

2t+1

×

[
γ0 +

(
α

η

)− 3
2t+1 (γ

2

) 2(t−1)
2t+1 2t+ 1

2t

]}
. (13)

�¤¥áì

C0
n2 =

4

Γ(3/2t)

(
2πm

2t+ 1

)1/2 (γ
2

) 2ν0+2−t
2t+1

, (14)

α ' αx

[
1 + αxtΓ

2

(
2t+ 3

2t

)/
Γ2

(
t+ 3

2t

)]
. (14a)

�â¬¥â¨¬, çâ® ­¥à ¢¥­áâ¢  (12) ¨ (12 ) ¢á¥£¤  ¬®¦­®
á¤¥« âì á®¢¬¥áâ¨¬ë¬¨ á ¯®¬®éìî ¢ à¨ æ¨¨ ¯®«ï ¨ á

ãç¥â®¬ ¡®«ìè®£® §­ ç¥­¨ï ç¨á«¥­­®£® ª®íää¨æ¨¥­â 

[(2t+ 1)/2]2t+1(γ/2)2t.
�á«¨ γ0 = 0, ¢ëà ¦¥­¨¥ (13) á®¢¯ ¤ ¥â á ¢ëà ¦¥-

­¨¥¬, ¯®«ãç¥­­ë¬ ¢ [5] á ¨á¯®«ì§®¢ ­¨¥¬ íää¥ªâ¨¢-
­®£® á¥ç¥­¨ï �®­ç-�àã¥¢¨ç  [1].
� á«ãç ¥ t > 0 ¨ 3t + s = 2, ¨á¯®«ì§ãï ¬¥â®¤

¯¥à¥¢ « , ¤«ï ª®íää¨æ¨¥­â  § å¢ â  ¯®«ãç ¥¬

Cn

C0
n3

=(1 + α)−3/2

(
1 + α

1 + (1 + α)γ0

)(4ν0+s)/3

Ψ(k0Tx03)

× exp

{
−3
(γ

2

)2/3
[

1 + γ0(1 + α)

1 + α

]−1/3
}
.

(15)
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�¤¥áì

C0
n3 = 8

(
2m

3

)1/2

(k0T )ν0−1/2
(γ

2

)(2ν0+1)/3

, (15a)

L = Lx

[
1 + 2.76

(
H

H0

)2
][

1− 2.76

(
H

H0

)2

αx

]−1

,

(16)

x03 =
(γ

2

)2/3
(

1 + α

1 + (1 + α)γ0

)2/3

. (17)

� ª ¨ ¢ ¯¥à¢®¬ á«ãç ¥, ¢¡«¨§¨ ¯®à®£  ¯®¯¥à¥ç­®£®
ã¡¥£ ­¨ï £®àïç¨å í«¥ªâà®­®¢ ¢ íää¥ªâ¨¢­®¬ á¥ç¥-
­¨¨ § å¢ â  íªá¯®­¥­æ¨ «ì­ë© ¬­®¦¨â¥«ì (1) ¨£à ¥â
¢ ¦­ãî à®«ì, â®£¤  ª ª ¤ «¥ª® ®â ¯®à®£  ã¡¥£ ­¨ï

íää¥ªâ¨¢­®¥ á¥ç¥­¨¥ �®­ç-�àã¥¢¨ç  ¬®¦­® áç¨â âì
å®à®è¥©  ¯¯à®ªá¨¬ æ¨¥©.
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The ratio of capture of hot electrons by
repulsive centers under transverse runaway
conditions
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Tbilisi State University, 380028 Tbilisi, Georgia

Abstract A calculation has been made of the ratio of capture

of hot electrons by repulsive centers under transverse runaway

conditions. The capture probability dependence both on

the Sommerfeld factor and on the posttunnelling electron

energy was considered, the latter being shown to play an

important role near the transverse runaway threshold, while

far away from that the Bonch-Bruevich model for the capture

probability gives a good approximation.
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