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1

 - , ,
.  - 

, :  - 
 -  - ,  (Sir 

William Croocus , 1879). 
,

 ( , ), ,
. .1.

;

 - -b.
-b

,

 b 
 (  13,9 )

 (  3643 ).
b ,

:

,

.  b-c 
" " .

 c-d ,
.  c-d 

.  d ,
.  d-c ,

.
 d- .

, .

, .
 ( ,

387  90 . .).

. ,
.

 ( ,
),

. −
, .
,

−  ( )  ( ).
, ,

.
 (

. .1.



2

) ,
.  (

), , ,
, . . .2

dn/ndv,
dv,  v. −

. ,
, , ,

.
, ,

,
,  (

),

,

.
,

 ( ,

: =mv2/2; , ).
,

, .
, −

, ,  ( ),- .
 1 3  103 - 105 ,

 2.7⋅1019 .
,

.
 (

) ;
.

.
,

. :
− , − .

. , , ,
.

.
, ,

, ,
 ( - -

) .
,

,
 ( )

.

. .2. .
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 -  - ,
. : ,

. .  “ ”
 1928 .,

,
. , -

: ,
, ,
. ,

, ,

, .
 ( )
, , .

. ,
,

- , .
: “ ”

,
. ,

,
, ?

,
?

, ,
.

,
 ( ) .

 ( )
. , ,

,  - 
, -  “ ”

, , .
, , ,

 « » ,  [3,4]. 

. .
, , ,

, .
,

. , . .
,

( ). ,
 - , ,

.
, , .  " " - 

.
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 1 

§1.

,
.

. ,
, . ,

,
 - , , ,

,
.  - - ,

.
, , . . ,

, , ,
E=(v/c)B. ,

.

,
 ( )  CD: 

1)  + CD →  + D - ;
2)  + CD → * + D - . *

 (  * ). 
 CD* * D* .

. ;
3)  + D →  +  + D - .

 + CD →  + +D   ;
 + D →  +  +  + D  

4)  + D → + + D + - .  ( )
 + D →  + CD+ +   “ ” .
 + D → A + + + + 2     

, , :
, , . ,

,
.  “ ”

, , . ,
 - .

, , .
, :

, .
 “ ”,

, .



2

,
,  - ,

 - ,
.

,

, ,
. ,

,  - 
.

ν, ν, , , j r
(  rotation), D j ( D r).

, ,
,  ( ),

 ( )
. ,

 - .
: , ,  (

), , ,
, ,

,  ( ),
 - .

 1928 .
. ,  - , :

,  (
). ,

, . .
“ ” , ,

, . ,

mp = 1.67⋅10-24  ,   me = 0.91⋅10-27 ,
 mp/me≅1836.

.
me

2≅511 , m 2≅938 .

σ .

, −
. , ,

B = 0.529⋅10-8 ,
σ ~10-16 2.

.
,

, ,
.



3

,  [5] 
:

σ πi B
la

R
I

n
l

u= å
çæ
õ
÷ö +

2
2

2 1
Φ( ),    (1.1) 

R=( )≅13.6  – 
, I- , nl - 

, l - 
, E -

, u=(E-I)/I. (u) ,
,

(u>1),

( )Φ u
u

u
> =

+
+

1
0 57

1
1

0 012
.

ln
.

.    (1.2) 

. 1.1. 
 - 

.

[5]: 

σ
π α ω

ω
κ κ

πκph
B tha

Z
arctg

= å
çæ
õ
÷ö

−
− −

2
3

4
1 2

9
2 2

2

4 exp( )
exp( )

, κ
ω

ω ω
=

− th
,  (1.3) 

α = 1
137  - , ω  - , ,

ωth  - , . ,
, ,  109678,758 -1.

, , ,
, , , .

C ,
,  [6]: 

σ λph [ ] . .[ ]
/2 7 223 8=

n
n−5.

. ,  (
) E ~ 108 / ,

E ~ 106 / .

. 1.1. 



§2. ,

,
.

, , ,
. ,

.
,

 ( .1.2, , ,
),

. x
=4πnex. n - ,  - 

( ). ,
, ; d

:

A eEdx
e n

d
d

= =
⋅

ñ
4

2

2

0

2π
,        (1.4) 

,
, , (1/2)  ( ,

, k T, , ,
).

d
T
ne

=
4 2π

.          (1.5) 

, d, ;
. , d,

.  - ,
d,

. d  ( .
).

n≅1014 -3, ≅104 , d≅5⋅10-3 .
.

, ,
 ( . . 1.2). 

m x eE ne xe ,= − = −4 2π         (1.6) 

.
,

ω
π

p
e

ne
m

=
4 2

 .         (1.7) 

, ,  (
ω ω0)  (

ωLe). , .

. 1.2. 



n≅1014 -3

ωp≅6⋅1011c-1.



§ 3. ,

. ϕ

.

n n
e
T

= −åçæ
õ
÷ö0 exp ,

ϕ
         (1.8) 

n0 – , ϕ - 
.

 ( )
, :

1
4

2

2r r
r e Zn ni e

∂
∂

ϕ π( ) ( )= − − ,

ni,e – , Z – 
. ,

.

. , ,
,

- .
,

 (1.8), , e i
.

, . . |eϕ|<<Te,i,
. , . .

Znoi=noe, :
∂
∂

ϕ
π

ϕ ϕ2

2 2

4
r r

r
Ze n T n T

T T d
e e i i

e i

( )
( )

=
+

≡ ,      (1.9) 

d
T T

Ze T n T n
e i

e e i i
=

+4 2π ( )
        (1.10) 

-  - .

 (1.9) (  – ) :

ϕ = −q
r

e r d ,          (1.11) 

q -  “ ” .
Z, q=Z|e|.

, r<<d,
,  (ϕ≈q/r), r>>d

. ,
.

 (1.9) .



, ϕ
,  x>>d ( .1.3).

, e= i,
Z=1,

noi=noe=no.
 (1.8) :

dE
dx

d
dx

e n n en sh
e
Ti e= − = − = − å
çæ
õ
÷ö

2

2 04 8
ϕ

π π
ϕ

( ) .     (1.12) 

, .
,

eϕ/T<<1, :
E = Eoe-x/d,       

 Eo - ,
=0 [7]. ,

, ,
.

:

d
T
ne

=
8 2π

.     (1.13) 

,
 ( , , . . 1.4).

,
,

,
 -  – 

. ,
 [8], 

,
. 1.4. ,

,
.

 (1.10). 
, ,

,
 “ ” .

.
, ,

e T
m
m

T
Te

i

e

e

i
ϕ0

1
2

=
å
ç
æ

õ
÷
öln .        (1.14) 

.
,

,
.

j n vi Ti=
1
4 0 ,

 “ ”

.1.3.

. 1.4. 
.



j n v
e
Te Te

e
= −

å

ç
ææ

õ

÷
öö

1
4 0

0exp
ϕ

,

,  (1.14). 
 (1.10). , ne=ni Te=Ti,

 (1.13). , ,
Ti>> e, ,  (1.5) (  c e

), ,  (1.13), 2
.

.

. ,
,  - 

.
.

,
.

, , , ,
,  (1.7), :

ω ω ω ω
π

ω
π

p Le Li Le
e

e
Li

i

i

e n
m

Z e n
m

= + = =2 2
2 2 24 4

, , ,

ωLe,Li  « »  « » . ,
 (1.10) ,

:
1 1 1

4 42 2 2 2 2d r r
r

T
e n

r
T

Z e nDe Di
De

e

e
Di

i

i
= + = =, , ,

π π
rDe,i – « »  « » . ,

. :

,
.  « »

.
, ,

,
, .  – 

, .
« » , ,

. -
. , 1/ωp

.



§ 4. 

,
.

- - ,
 - .

, R , e2/R.
n R∼n−1/3,

T,
. ,

:

e n T2 1 3/ << ,

γ = <<
e n
T

6

3 1 ,          (1.15) 

γ - .
.

,

f
e
T

~
2

.

, ,
 (

)
f R n<< −~ ,/1 3

 (1.15). 
,

. ,
, ND, :

N nrD D= −4
3

3 3 2π γ~ / .         (1.16) 

 (1.15), , ,
. ND

.
. ,

,  ( . §2), ND~108 >>1,
. ,

~104 , , ~1019 -3,
ND~0.1. ,

. , ,
, . ,

.



§ 5. 

, - :
, , . ,

 -  (
),  (

),  ( ).
:

,
,

. .
.

 - , ,
 ( ).

,
,  - .

, ,
, .

δ , δ ν

m
M

, δ j :
m
M

,

 M - , m - . , 2

= 4,7 , ν= 0,54 ,
j= 7,6⋅10-3 .

,
.

 ( 2, N2, O2 . .) .1.5.
, .

,

.

. ,

 ( ),
.

(~m/ ) ,
, ,

- .  - 
 -  (  - 

 10-5-10-9).
 ( ).

- , . .
.

.1.5.



- -
. -

 ( ,
 -  90% ),

.  —  (
),

( ).
.

,  ( )
, .

 ( ),
.

.

, .

 " " .

 ( , , ) ,
.

,  ( . .
),

,
. , t

" " , . ,
, t >>t . t =a/v, a - 

, a v - . t
:

t E= δ ,
δE - .

a v E/ >> δ

a E vδ / >>1,

. , δ ,
.  ( , ,

, ).
, :

) * →  + γ - 
( );

) * + →  +  - ,
,

.
;

) * + → + +  - . .
;

) * + →  + + +  - ; ,
* .

) * + → * +  - ,
 ( ).

 +  + 



, ,
. . .

.
,

. , , -
, ,

. ,
. , , , ,
 - .

(24,5 ),  Cs (3,9 ).  2-3 
, :  Li (5,4  75,6 

).

 ( , , , ),
, ,
. ,

,
. ,

.
, ,  - 

,
.

,
. ,

 ( ).
 ( ),  - 

 ( ). ,
.

 ( , )
.

, .
,

,  - ,
 ( ) . ,

. ,  - 
: + + →  + +;

*.
, . .  + 2 →  + ,  +  + →  + ,  + 2 → 2 + .

 (
) ,  ( , ).

 (
, , 2 2 2).

- .
:  ( )

 ( ).



, ,
, : ,

 + →  +  + 

 +  + →  + ,

.



§ 6. 

, .
.

,
.

, ,
.

, .

. ,
.

.
, , ,  - 

,
.

,

.  ( ),
 ( ).

,
.

,

ρ (
, . 1.6), θ,

µ,
Z v:

tg(θ/2) = ρ⊥/ρ, ρ⊥ =
Z Z e

v
1 2

2

2µ
 (1.17) 

ρ⊥ - , π/2.

µ .
 (1.17) 

( )
d
d

d
d

σ ρ
θ

ρ
θ

ρ
θΩ

= =
å

ç
ææ

õ

÷
öö

⊥

sin sin2 22

2

.       (1.18) 

, δv = v(1-cosθ)
,

∆v = v⋅sinθ. : ∆v -
, δv - . ,

δv, . δv
θ ( ρ),

n dx,
:

.1.6.



( )dv nvdx d= − −ñ2 1π θ ρ ρcos ,
 (1.18) ,

( )sin2
2

2 22θ
ρ

ρ ρ
=

+
⊥

⊥

,

:

dv nvdx
d

= −
+⊥

⊥

∞

ñ4 2
2 2

0

π ρ
ρ ρ

ρ ρ
.        (1.19) 

, .
,

.
 - d,

0 < ρ < d.
dv = −4πnvρ⊥

2dxLc,          (1.20) 

Lc = ln(d/ρ⊥)          (1.21) 
- . Lc ,
Lc ≈ 10÷20 .

λ σc:
dv
v

dx
= −

λ
,

λ
σ

=
1

n c
,          (1.22) 

σc = 4πρ⊥
2Lc.

, σc ,
 ( ):

σc E
~

1
2 ∼

1
2T

 .         (1.23) 

, :

τ
λ

σc
cv n v

= =
1

.         (1.24) 

,
τc ∼ T3/2.         (1.25) 

,
.

( . 1.7):  - 
.

:
+ + ↔  + +.

 ( ): A ≡ B - 
: .

.1.7.



≠ , ,
.

, , ,
. ,

,
,

(  ). 



§ 7. 

,
( , , , , ).

, .
—  (

, , ), ,
, - 

.
 (

:
, . .;

). ,
, .

 ( / )
a+e→i+2e      ( ) wi = kinane

i+2e→a+e      ( ) wr = krnine
2

na, ni, ne - , ; ki, kr - 
. , ,

:
dn
dt

w wi
i r= − .          (1.26) 

,
wi = wr. K,

 – 
, :

K
k
k

n n
n

i

r

e i

a
= = .         (1.27) 

,
.

 ( / )
a+γ→i+e      ( ) ′ = ′w k n ji i a

i+e→a+γ      ( ) ′ = ′w k n np p i e

na, ni, ne - , , ′ ′k j ki p,  - 
.

′ = ′w wi p ,           (1.28) 
, , ,

K
k j
k

n n
n

i

p

i e

a
=

′
′

= ,         (1.29) 

( ),

K
n n
n
i e

a
= .          (1.30) 



α (
) - :

α =
+

=
n

n n
n
n

i

i a

i

o
, n n ni a0 = + ,        (1.31) 

 n0 -  ( ).
K [9]. 

, ni = n .,  (1.27), (1.30)  (1.31), 

( )n Kn K n ni a i
2

0= = − ,
ni.  (1.31), 

:

α = − +
å
ç
æ

õ
÷
ö +

K
n

K
n

K
no o2 2

2

0
.        (1.32) 

, , ni << no, n Kni ≈ 0 ,

α = ≈
n
n

K
n

i

o0

,         (1.33) 

. . ,
.

, , ni >> n ,
α→1.

,
. , . .

, ,
.

,
:

 ( / )
a+e→i+2e    ( ) w k n ni i a e=
i+e→a+γ      ( ) ′ = ′w k n np p i e

,
:

′ = =
′

K
n
n

k
k

i

a

i

p
,         (1.34) 

,

α =
′

+ ′
K

K1
          (1.35) 

.
, ,

,
 [9], :

K
n n
n

g g
g

m T
ee i

a

i e

a

e I T= =
′å

çæ
õ
÷ö

−

2 2

3 2

π

/
/ ,        



gi, ge, ga — , ; I -
, ′ = +m m m m me e i e i/ ( )  - .

α, ,
α

α π

2

2 2

3 2

1 2−
=

′å
çæ

õ
÷ö

−g g
g

m T T
p

ei e

a

e I T
/

/ ,        (1.36) 

 = (ne+ni+na)T - ,
. , ,

,
.

 (1.36) -  - 
:  (

 me
me/mi, mi - ),  ( , , ),

.
: ,

.
, , ,

, n, 2n2.
 ( ) ,

, .
, ,

: , -
. , , ,

. ,
. ,

. ,
 – 

.
 - ,  " "

.
, ,

.
, , , ,

, .
;  " " .

 ( , . .) ,
 - ,

, .



§ 8. 

, :
, ,  (

mp/me≅1836).
:

,
, .

, :
 ( , , ,

Z- . .),  ( , -
, θ- , . .).

,
,

, . -
, , , , ,

, , .
.

 (§ 51), 
 ~0.01.

,
.

 1-10 / ,  1-10 .
, ,

,
.

. , ,
,

σi~10-14 2, σi~10-

15 2. λ σe i a e in, ,~ 1 , na

, λi~10-4-10-3 λ ~10-3-10-2

.
, . .  0.03 ,

 ~1 .
.

,

∆ i = eEλi,          (1.37) 

∆ e = eEλe.           (1.38) 
, − , .

∆ i ≅10-4-10-3 , ∆ ≅10-3-10-2 .
,

,

< >≅∆u
eE
mi

i
iτ , < >≅ −∆u

eE
me

e
eτ .      (1.39) 

 (1.39) 



τ
λ ε

e i
e i

e i
e i

e i

e iv
v

m,
,

,
,

,

,
,=

< >
< >=

< >2
,      (1.40) 

εe i,  - .
 ( - ),

.
, ,

∆ i,
, , ,

. , , ,
, ( )m me a eε ,

εe .
.

, ,
:

m
m

m u m eE
m

e

a
e

e e e

e
eε τ≅ =

å
ç
æ

õ
÷
ö

∆
2 2

2 2
.       (1.41) 

τ ,  (1.40), 
, ,  (1.41) εe ,

ε λe e
a

e
eE

m
m

≅
1
2

.         (1.42) 

 (1/2  0.43) 
,  [20].  (1.42) 

(1.38), ,
 (

) ,
.  “ ”

, ,
,

.
 (1.42) 

. ,
, , :

.
, , . . ,

,
« » . ,

,
7000 – 8000 . ,

- , ,
,

.
,

. ,
,

:  “ ”



, . 2- ∼25%,
 NO  N2  O2  6-7 .

.
, , . ,

,
.



§ 9. 

, . . ,
.

, .
, , ,

 [8].

.
. ,

- - .
, ,

, .

τ
σee

Te c

K
nv

=
1

.        (1.43) 

σc , vTe – .
σc  (1.23) v T mTe e e= 3 , :

τ
πee

c

e
eK

e L
m
n

T=
3 3

4 4
3 2/ .      (1.44) 

, <2.

τ
πii

c

i
iK

Z Z e L
m
n

T=
3 3

4 1
2

2
2 4

3 2/ ,     (1.45) 

Z1,2 - . τee τii: Te=Ti , 
 Z1=Z2=1:

τ
τ

ee

ii

e

i

m
m

= .

τee <<τii.
, ,

.  [11] ,
“α“

“β“  (
)

ταβ = 3/4(2π)-1/2[Tα
3/2/(eα

2eβ
2Lcnβ)]mαµαβ

−1/2, µαβ =  mβmα/( mβ+mα),      (1.46) 
eα,eβ - , mα ,mβ - , µαβ - .

α β .
, - ,
- - . ,

:
τei = 3/4(2π)−1/2[Te

3/2/(e4Lcn)]me
1/2, τee = 21/2 τei, τii = (2mi/me)1/2(Ti/Te)3/2τei.      (1.47) 

,
,

. , τei



-  ( ,
) , τie

. ,
. ,

;
, . ,

, , ,
, .

 - , ,
.

, − ,

. ,
Te 2 .

− .
, Ti,

m mi e  (~50 ) .
Te Ti .

- -
, ,

, ,
, -

, , me/mi.
.

[10]:

τ
πε =

+3
8 2

3 2

2
( )

( )

/m T m T
m m n e e L
e i i e

e i i e c
.     (1.48) 

, , ,
,

,  -  (
)  (
) .

“ ” .
 (1.48) i

. ,
? , .

:
dT
dt

T T dT
dt

T Te e i i e i= −
−

=
−

τ τε ε
, .

.
, ,

,
T T T T conste i e i+ = + =0 0 .

,
, = i= . =( 0+ i0)/2. 

τ
ν = τ−1.

[12]:



λ σ

τ ν

ei
e

c

e
ei

c

e
e

ei
e

c

e
ei

c

e e

T
nL

T
n

L
T

T

T
nL

T
n

nL
T

n
T

= ⋅ ≈ ⋅ = ⋅ ≈ ⋅

= ≈ ⋅ = ≈

− − −

−

4 5 10 3 10 2 10 3 10

0 67 4 5 10 1 5 22

5
2

4
2

6
2

5 2

3 2
2

3 2

3 2 3 2

. , ,

. . , . .
/ /

/ /

 (1.49) 

Lc=15,
. ,

,
T=108K, n=1014  -3,

λei ≈ 3⋅106 ,   σei ≈ 3⋅10-22 2,
,

, c 
τei ≈ 4.5⋅10-4, τee ≈ 6.4⋅10-4, τii ≈ 0.04, τε ≈ 0.8.



§ 10. 

,
, , . .

, . ,
, ,

. , ,
, , ,

 - .
,

D ∼( )∆x 2 / τ ,          (1.50) 

∆x - , τ -
. ∆x λ,

,
D = 1/3λvT ,          (1.51) 

v
T
mT = 3 - .

η κ :
η ~ mnD             (1.52) 
κ ~ nD           (1.53) 

,  (1.51)-(1.53). ,
,

σ~π 2.
λ~1/(nσ)~1/(π 2n). ,  (0° , 1 .)

n≅2.7⋅1019 -3, λ  10-6 , =5 A .
,

. , ,
. , .

 – , , - 
,

vx>0 λvx/v vx>0. ,

/λvx/v/. ,
. ,

, ,  1/6 vT.
, ,

( ) ( )j n x v n x v v
n
xx T T T≅ − − + ≅ −

1
6

1
6

1
3

λ λ λ
∂
∂

.

, .
 (1.51). , ,

, , , 3/2 ,
 – , ,

( ) ( )q nv T x T x n v
T
x

T
x

n vx T T T= − − +å
çæ

õ
÷ö ≅ − ≡ − ≈

1
6

3
2

3
2

1
2

1
2

λ λ λ
∂
∂

κ
∂
∂

κ λ, ,

 (1.53). , .
. , Vy

, , -
, -  [5] 



π η
∂
∂

η τyx
yv

x
p= , ~ ,

 – , τ - . p=nT, τ=λ/vT,

η τ
λ λ

λ~ ~p nT
v

mn
T
m T m

mn v
T

T= =
3

1
3

,

 (1.52). 

, , , ,
.

.

, ,
.

, ,
.

 (1.51) λ  (1.22) 

v
T
mT = 3 ,

D
T

e L n mc

=
3 3

4

5 2

4

/

π
.         (1.54) 

, ,
 ( )  (

D ∼ T ). 
.

, ,
, ,

.
, .

 ( )
,

.
, ,

, :

j D
dn
dx

b
d
dxi i

i
i= − −

ϕ
,         (1.55) 

bi - , ϕ - .
:

j D
dn
dx

b
d
dxe e

e
e= − +

ϕ
,        (1.56) 

be - . , ,

ne=ni=n
dn
dx

dn
dx

dn
dx

i e= = ,
d
dx
ϕ

 (1.55)  (1.56), ,

:

j
D b D b

b b
dn
dx

D
dn
dx

i e e i

i e
a= −

+
+

= − .       (1.57) 



:

D
D b D b

b ba
i e e i

i e
=

+
+

.         (1.58) 

, , ,

be,i = (|e|D/T)e,i,          (1.59) 
, , ,  (1.54),  De>>Di , ,

,

D D
T
Ta i

e

i
= +
å
ç
æ

õ
÷
ö1 .         (1.60) 

, Di<Da<<De, ,
:

, ,
;  - 

 - .
, Te = i , 

Da = 2Di.
, ,

 « » ,
.  « » ,

. ,
,

.
,

.
, , .

(1924) , .

κ ~ nD ~ T5/2 / L mc .        (1.61) 

 ( )
. ,

~108 K, , , ,
, , ,

. ,
.

 ( . ),
.  (1.61), -

 (
) ,

.  [13] 
:



κi ≅ 3.9niTiτii/mi, κe ≅ 3.16neTeτei/me.      (1.62) 

η = mnD ~ mT 5 2/ /Lc.        (1.63) 

, ,
,

.  [13] 
:

ηi≅0.96niTiτii,   ηe≅0.73neTeτei,      (1.64) 

.

 ( )
,

.
 ( ). j

 E 

j E
d
dx

= = −σ σ
ϕ

,         (1.65) 

σ - , ϕ - .  (1.65) 
, , ,

 - U = IR.

,
. ,

, ,  = const.
 ( )

 = −dϕ/dx , ,

, ue>>ui. . ,
τei

ue, . . meue = Fτei,
,  ~mevTe,

.
, , F = e ,

mue/τei, - :
eE = mue/τei .         (1.66) 

 (1.66) ue
:

j = neue,          (1.67) 

j = ne2τeiE/m.          (1.68) 
 (1.65), :

σ = ne2τei/me .          (1.69) 
.



τei  (1.47), 
:

σ ∝
T
L
e

c

3 2/

∼ Te
3 2/ .         (1.70) 

, , Lc,
,

. , ,
.

[13]:

σ σ σ= ≅
⋅ − −1 96

0 9 10
101

3 2
1

13
1 3 2. ,

.
( / )

,/ /T
L

ce
c

.     (1.71) 

ρ=σ -1.
,

.  ( ,
, j2/σ) .

 ( ,
)

. . ,
,  ~1 .

. , ,
, .

, ,
,  ( ,

n T2 ). ,  [12], 
,

.
.

 (1.69) ,

. ,
.

. ,
, , ,

, .
 (~v3),

,
, , .

:
|e|Eτ > mevTe.           (1.72) 

, ,
 « »,

.
,

.
 " "  " " . , τ≈τei,

,
,  " ", . .

 [11]:
E > E ≈ 0.214Lce/rDe

2.        (1.73) 



,  « »
 > 0.1E .



§ 11. 

, .
, ,

.  ( . §3), , ,
:

d
dx rDe

2

2 2
ϕ ϕ

= .          (1.74) 

rDe – . ,
( )ϕ ϕ ω~ expk ikx i t− . -

ϕ , , :

k
k rDe

k
2

2 21
1

0( ) .+ =ϕ          (1.75) 

dD
dx

= 0 .          (1.76) 

- :
k k k

2 0ε ϕ = ,          (1.77) 
εk - ,

.  (1.75)  (1.77), 

εk
Dek r

= +1
1

2 2 .         (1.78) 

, , ,
, :

,
, , .

, , ω −
.

− .
, ,

: -
,

. . ,
,

.
, :

~ .E E ei t= 0
ω           (1.79) 

∆

m x eE eE e

x
e

m
E

e
i t~ ,

~.

= =

= −

0

2

ω

ω
∆

         (1.80) 

~ ~ ~ ,D E E P= = +ε πω 4          (1.81) 



 = ∆x - ,
. , :

ε
ω
ω

ω
π

ω = −
å
ç
æ
õ
÷
ö =1

4
2

2
2

p
p

e

ne
m

, ,       (1.82) 

.

,
 ( .  3): 

N 2 = ε ,          (1.83) 
N= /ω – .  (1.82) ,

ω > ωp , N2>0. ,
ω<ωp  (1.82) ,

,
.

 - , .
,

. ,
:

ε
ω

ωωk
p

Dek r, = −
−

1
2

2 2 2 ,        (1.84) 

, , .
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§ 12. 

, ,
,

.
 « » , . .

.
,

, , ,
- .

, ,
 « »,

. ,
-  ( . §18), 

,
, ,

,
.

:

mr qE
q
c

v B F= + × + ,        (2.1) 

,
 ( ),

, .
 (2.1) ,

. , ,
, ,

. , . ,
, , ,

.
. , . .
.



§ 13. 

, ,  (2.1) 

mv
q
c

v B= ×  .         (2.2) 

 (2.2) , ,
,  (2.2), 

mvv
d
dt

mv
≡ =

2

2
0 .

, :
mv

const
2

2
= .          (2.3)

,
. , , ,

.
: v vB B|| ( ) /=

v v v B B⊥ = − || / ,
:

mv
e
c

B
B

v B( )|| = × ≡ 0 ,

- ,
,

v vB B const|| ( ) /= = .         (2.4) 

mv
q
c

v B⊥ ⊥= × ,         (2.5) 

, , .
, ,

.
ρ ω.

v⊥ , ,
−

,
, −

m v
mv q

c
vB m| |⊥

⊥= = =
2

2

ρ
ρω .

ω ω= ≡
qB
mc

;         (2.6) 

ρ ρ
ω

= ≡ =⊥ ⊥v mcv
qB

        (2.7) 

ρ , ω -
 (

, ,  “B”: ρ ω ,
,

).  (2.6)  (2.7) ,
, ,



,
, ,

. ,
,  ( ,

) - .
j = qω/2π,

,
:

µ =
j
c

S .          (2.8) 

S  - ,
, S = πρ2. j S  (2.8), 

µ µ µ= − = ⊥B
B

mv
B

,
/2 2

.       (2.9) 

, ,
 ( . 2.1). 

.

 « »,
,

,
,

.

−

.
.

 « » :
, ,

, . .
. ,

,
,  « » . ,

,
, , .

, − , , ,
 « » .

.2.1.
 (

)



§ 14. .

, ,
, ,

, .
, , .

, ,
 (
 - guiding center approximation). , ,

, , ,
. ,

rotE
c

B
t

= −
1 ∂

∂
,

.
,

,
,

.
 « »

,
. , ,

,
,

:
∆ ∆t T l,>> >> ρ .

:
∂ ∂
ω

B t
B

<< 1  , 
∂ ∂
ω

E t
E

<< 1 ,

ρ
B

B
∇

<< 1 , ρ
E

E
∇

<< 1 .     (2.10) 

, ,
,

,
. ,

 E .
, ,

δ
ω

v
qE
m

T
qE

m
c

E
B

v~ ~ ≡ << .

E
v
c

B<< .          (2.11)

 (2.10)  (2.11) 

. ,
, .



,
 - 

. , ,

.



§ 15. 

, , F ,
:

mv
q
c

v B F= × + .         (2.12) 

v F
, , ,

mv F|| ||= mv F
q
c

v B⊥ ⊥ ⊥= + × .     (2.13) 

, ,
. ,

, ,
. ,

, ,
 ( )

. ,

v v vd r⊥ = + ,          (2.14) 
vd  — , vr  — .

,
 (!), .  (2.14) 

 (2.13) 

mv mv F
q
c

v B
q
c

v Br d r⊥ ⊥≡ = + × + × .      (2.15) 

− ,
.

F
q
c

v Bd⊥ + × = 0 .

:

v
c
q

F B
Bd =
×

2 .         (2.16) 

 (2.15) 

mv
e
c

v Br r= × ,         (2.17) 

,
 (2.5). ,

, ,
.

, , , :

v v vr d= −⊥| |0 ,          (2.18) 

v⊥0  - .
, v⊥ =0 0



v v
cF
qBr d= = ⊥ .         (2.19) 

:

ρ =
mcv
qB

r .          (2.20) 

,
(2.16).

:

r r v t
v v B

B
t

v v
td

d d
⊥ ⊥

⊥ ⊥= + +
− ×

− +
−

0
0 01

( )
( cos ) sin

ω
ω

ω
ω .   (2.21) 

.

. 2.2: 
, ,

:
v vd⊥ =0 ,    (2.22) 

, ,
.

.

F ,

F :  (
)

.
 (2.16) , ,

, . ,
, ,  (

!) ,
.

,
,

, .

.2.2.

 (
−

)



§ 16. 

,
,  ( . . 2.3), 

2> 1. , , ,
, ,

 ( .2.3).

,
,

.

 « »
. ,

, ,
,

:
.2.3

,
,

.

.
. ,

∆t T T= + = +1 2
1 2

π
ω

π
ω

,      (2.23) 

ω 1 2
1 2

,
,=

qB
mc

,

,
.

∆x
v v

= − = −2 21 2
1 2

( ) ( )ρ ρ
ω ω

.     (2.24) 

v − ,
. ,

v
x
t

v B B
B B

v B
Bd = =

−
+

≡
< >

∆
∆

∆2 2 1

2 1π π
,     (2.25) 

∆ = 2− 1 − , < >=( 2+ 1)/2 −
. , − ,

, :

.2.3.



, , ,
!

, , ,
. −

, , ,
.

,
,  ( . .2.4).

.
, ,

,
,

rot B
c

j=
4π

, .

, .

, − ,
, ,

. ,
.

.  – 
,

« » ,
,
, .2.4.

,
, ,

:

v
x
t T

v
vd = = = =

∆
∆

4 4
2

2ρ ω
π ω π

/
/

.     (2.26) 

 « », , , ,
, ! ,

.

.2.4.



§17.

 §15

. , ,
, , , ,

.
, ,

.
 (2.16). ,

,
. , , .
,

v vd T<< ,          (2.27) 
, ,

.
,

.

F ,
. , F eE= ,

v c
E B

BE =
×⊥
2 .         (2.28) 

 - 
.

 (2.11), 
. ,

,
. ,

:
, , ,

.
 " "
.

 ( ∇B ≠0)

,
.

.
• . ,

R,

F
mv

R
n= − ||

2

,        (2.29) 

,

v
c
e

mv
RB

v
R

v B
B

= = =
∇|| || || | |2 2 21

ω ω
,       (2.30) 



 ( , . . 2.5): 

v
v B B

B
=

∇|| [ ]2

2ω
,         (2.31) 

v  - , ω − .

• .

,
.

.

,
:

F B= − ∇µ .    (2.32) 
,

, :
∇

=⊥ B
B

n
R

,          (2.33) 

R, , - .
, ,

F
B
R

n⊥ = −µ ,          (2.34)

n  - .
F⊥  (2.16), 

v
v B B

B
[ ]

=
∇⊥

2

22ω
.         (2.35)

,
:

, . ,
.

 ( ):

v
v v B B

B R
v v bb =

+ ∇
= +⊥

⊥

2
2

1
2

2
2 2

2
2 2||

||
[ ]

( )
ω ω

,     (2.36) 

b  —  ( . .2.5).
 (

), ,
.

, ,
v Bb⊥ v Bb⊥∇ .

 ( ∇ ≠B 0 )
, , :
j nevb

e i
=ä

,
,          (2.37) 

.
.

. 2.5. 



,  ( ∇ ≠p 0 )
.

,
F mv= − ,

(2.17). ,
, .

,

~
~

v c
E B

Bn =
×⊥
2 ,

~vn  - ; ~E⊥  - ,
. .

~E⊥
~vn , . . , , , F mvu n= − .

v
c
e

mE
Bn = ⊥

2

2

~
.          (2.38) 

vn  ( ), ,
.

~E⊥ -
 - 

.
 - :

j nev
c
B

En n m= = ⊥ρ
2

2 ,        (2.39)

ρm  - .
ε⊥ ,

. jn

j E= ⊥

1
4π

(

),

j j j
c
B

Em= + = + ⊥
1

4
1 4

2

2π
π ρ( ) .      (2.40) 

,

j E=
ε
π4

,          (2.41) 

ε πρ⊥ = +1 4
2

2m
c
B

.         (2.42)

.

1/R ( .2.6).
, ,



2π(R-r) , 2π(R+r), r - 
 ( . .2.6).

,  ( .2.6 - ),
 ( .2.6 - ) , , ,

. ,
.

⊥ ,
.

,

.
, ,
, ,

.
ϕ,

z,

,
.

 ( ) .
, ,

q
B
B

a
R

z=
ϕ

,          (2.43)

, . .  - 
.

, , ,
,

,
. :

, ,
,

, .
,

,
,

.
,

 (
1/r (r !)

).

,
R.

, .

.

. 2.6. .

.2.7.



(  «
») ,

. ,
 ( ), ,

, .
,

.
.

, . 2.7.
 ( ) :

)  –  (
). ,

.
-

⊥ ,
;

)  -  (
).

« » , , :
,  “ ”

,

.
:

 ( .2.7, ) ∇ ,
vd ∼ B B× ∇ , ,

. .  « »
 ( .2.7, ),

∇ ,
, vd .

− ,
, . . .

 ( ),
,

, ,
 ( -

) .
 ( .2.7, ).

.
, ,
, .

:

.
,  (

),  (
).



§ 18. 

, ,
, , , ,

,  (

, .2.8).
, ,

 W, .
, ,

. ,

,
-

( , ,
),

.
,

.
.

:
J W T~ < > .          (2.44) 

, -
 ( , , ,

T l g= 2π / ,
), .

− .

.
µ

,
,

. ,

( ) .
,

 z  ( .
.2.9), B t B t ez( ) ( )= , ez  - .

− = ≡
1 1
c t

B rot E Ez z
∂
∂ ρ

∂
∂ρ

ρ ϕ ,   (2.45) 

E
c

B tϕ
ρ

= −
1
2

( ) .         (2.46) 

, ,

.2.8. « »

.2.9.
(  - )



1
0

0
1

0

c t
E rot B

div B

div E E

z
∂
∂

ρ
∂

∂ ϕ

ϕ ϕ

ϕ

= ≡

≡

= ≡

,

,

.

        (2.47) 

, :

B t B B t( ) = +0 0 , E
c

Bϕ
ρ

= −
1
2 0       (2.48) 

B0  -  ( ),  (
),  ( ); B0  - .

− , :
, .

, ,
,  ( , , )

.

B t B t ez( ) ( )= , E
c

B t e= −
1
2

ρ
ϕ( )      (2.49) 

(t),
∆t~L/c, L - , .

µ −
−

, ,
− .

.2.10.
, = 0(1+εcosΩt); ω - , µ0 -



mv eEϕ ϕ= , mv
e
c

Bϕ ρ= −         (2.50) 

, ,
d
dt

v v
B

dB
dt

ϕ ϕ
2 2

2 2
å

ç
ææ
õ

÷
öö = .         (2.51) 

,
v
B

constϕ
2

=           (2.52) 

. vϕ→v⊥,
mv

B
const⊥ = =

2

2
µ .         (2.53) 

, , .
 ( .,  [11]) µ

.  « » µ
.2.10

.

µ

, ,
 ( .2.11):

F
B
z

m
dv
dtz = − =µ

∂
∂

|| ;   (2.54) 

v
dz
dt|| = .    (2.55) 

− =
å

ç
ææ

õ

÷
ööµ

dB
dt

d
dt

mv||
2

2
.   (2.56) 

mv mv
const||

2 2

2 2
+ =⊥ ,

− = −
å
ç
æ

õ
÷
ö −⊥µ µ

dB
dt

d
dt

mv d
dt

B
2

2
( ) ;       (2.57) 

,
µ=const.          (2.58) 

, , ,
. . , . .

 (2.10).  (2.53)  (2.58), ,

.
.

mv
B

m v c
e B

e
mc

B const B const const⊥ ⊥= = ⋅ = ⋅ =
2 2 2 2

2 2

2

2
2

2 2
ρ Φ     (2.59) 

.2.11.

.



, , , .
,

:

ρ ~
1
B

,          (2.60) 

, .
:

mv const⊥ =ρ ,         (2.61) 
.

v||⋅l
 ( .2.12).

, , v||,
U<<v||.  « »

, .

δv = 2U ( ).

δ t
l

v
=

2

||
,    (2.62) 

dv
dt

v
t

U
l

v||
||= =

δ
δ

2
2

.    (2.63) 

U
dl
dt

= − ,

dv
v

dl
l

||

||
+ = 0     (2.64) 

v l const|| = .          (2.65) 
.

.2.12.
.



§ 19. 

 ( )

.
-

, .
.2.13, .

,
v ,

α
(0≤α≤π).

 (2.53), 
, v v⊥ = sinα ,

:
sin2

2 2
α µ

B mv
= ,  (2.66) 

 - 
 « » .

,
 (2.66) 

 – µ mv2/2,
,

, α
. ,  (2.66) 

sin2α
. ,

, , ,
 v⊥ .

, , v⊥=v,
, v||=0.

 - 
( .2.13,a), , ,

, , ,
. ,  “ ”

(  - mirrors, mirror machine). ,
, ,

,
,  ( ) .

m 0  ( .
.2.13, ),

R B Bm= >/ 0 1 ,
, , ,

,
sin /α ≥ 1 R .         (2.67) 

.2.13.
.



sin α ,
. ,

sin /α < 1 R ,         (2.68) 
.

. αm
,

= m. ,
,  (2.66) α αm m:
sin2

2
2α µm

mB mv
= .

, , 0 ,
.  (2.66) :
sin2

0
2

2α µ
B mv

= .

, ,
sin sin2 2

0

α αm

mB B
= ,

sin sin sin2

0

2 2α α αm
mB

B
R= ≡ .

,  « »
R sin2 1α ≤ , . . ,

 (2.68). ,  (2.67), 
, .

, ,
. ,

, , . -

- .

,  (2.67) -
− , ,

,
 ( ) . ,

:
, ,

.

( , σc ∼
1

2E
, . § 6),

,  “ ” .
, . −

, .
, ,

,
v⊥ − m/ 0,

. ,
,  (2.65), 

v||
.

.
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E
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v c
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v c
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D x~ ( ) /< >∆ 2 τ  ( . §10), :

D
ei

⊥ ~
ρ
τ

2

.          (2.81) 

,
 (2.81) ,

 - .
vTe ω :

ρ
ωe

Te

Be

v
~ ,

,  (2.81), 
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v c
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D q D= + ⊥( )1 2 .         (2.90) 
q>1 - ,

.
.

, h. , v,
t ~h/v,

∆ dv t~ .
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∆ d
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1
2

( )β .       (3.32) 

β0 , ,
,  (

),
(3.29), (3.30) 

∂
∂

β
t

n div D n= ∇( )
1
2 0 ,      (3.33) 

(3.24). , ,  (3.32), 



, ,  «
»

.
 (3.33) ,  - .

.
,

, x t~ , , ,
,

ξ
β

=
x

D t
1
2 max

,       (3.34) 

βmax - ,
β ξ β( , ) ( ) maxx t f= .       (3.35) 
f(ξ),  (3.33), 
d
d

f
df
d

df
dξ ξ

ξ
ξ

( ) + =
2

0 ,

. 3.4. 
 ( .

3.4, ). , ,
.

 ( , ,
. 3.4, ), .

,
,  (3.33), 

. ,  (3.33), 
, .

. 3.4. :
−  (  - 

|ξ|1/2); −

) )
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§ 27. 

.
, ,

, :
ω ω= ( )k .          (4.1) 

v
k

k
k
k

= ⋅
ω( )

,         (4.2) 

v
k

k
( )

=
∂ω

∂
.          (4.3) 



v c< .
− −

, .
, , ,

. ,
, ,

. :
, .

:
ω ω= ( , )k a .         (4.4) 

, ,  [17]. 
. ,

, .
~, ~E B :

rot E
c

B
t

~
~

= −
1 ∂

∂
,

rot B
c

j
c

E
t

~ ~
~

= +
4 1π ∂

∂
,         (4.5) 

divE q
~ ~= 4πρ ,

divB~ = 0 .
~ ,~ρq j −

. , ,
 (4.5), 

∂ρ
∂

~ ~q

t
div j= − ,          (4.6) 

. ,
 (4.5). 

 (4.5), (4.6) ,
~ exp( )− +i t ikrω .

( )−iω ( )ik ,
∂
∂

ω ω ω
t

i t ikr i i t ikrexp( ) ( )exp( )− + = − − + ,

∂
∂

ω ω
r

i t ikr ik i t ikrexp( ) ( )exp( )− + = − + ,

 (4.5) :

k E
c

B× =~ ~ω
,

ik B
c

j
i
c

E× = −~ ~ ~4π ω
,        (4.7) 

ik E q
~ ~= 4πρ ,

k B~ = 0 .



~ ~B
c

k E= ×
ω

,

, ,  (4.7) 
. ,  (4.7) :

i
c

k k E
c

j
i
c

E
ω

π ω
× × = −( ~ ) ~ ~4

,       (4.8) 

ik E q
~ ~= 4πρ .

 ( ) . ,
:

j k E= ( , )σ ω ,         (4.9) 

σ , , , ,
.

( , )ε ω k :

( , ) ( , )ε ω δ
π
ω

σ ωk
i

k= +
4

,        (4.10) 

− . ,  (4.6), 

ωρ~ ~
q k j= ,

 (4.8) .
, ,

:

( )
ε

δij
ij

i j
jN

k k
k

E2 2 0− + = ,        (4.11) 

N
kc2

2

= åçæ
õ
÷öω

          (4.12) 

.  (4.11), 
, ,

. ,  (4.11) :

Det
k

N
k k
k

ij
ij

i j(
( , )

)
ε ω

δ2 2 0− + = .       (4.13) 

,
 (4.1) , .

,
.

, , ,

,
− εl εtr

 ( l tr –
 longitudinal –  transversal - ).

:

ε ε δ εij tr ij
i j

l
i jk k

k
k k
k

= − +( )2 2 ,       (4.14) 

, , :



Det
k

N
k k
k N N

ij
ij

i j l tr(
( , )

)
ε ω

δ
ε ε

2 2 2 2

2

1 0− + = −å
çæ

õ
÷ö = .

, , :
εl = 0 ,           (4.15) 
εtr N= 2 .          (4.16) 

, − . ,
 ( . .

) ,

ε ε εl tr= ≡ ,
ε  - .

ε = 0 ,           (4.17) 

ε = N 2 .          (4.18) 
, , , , ,  (4.10) 

ε = 1 ,
,  (4.17), ,

,  (4.18)  (4.12), 
ω = kc .

,
.

, , ,
, ,

,  (4.14) 
,  ( , ,

« » , . [20]) -
(4.15),  « »

ε εl
i j

ij

k k
k

≡ 2 .



§ 28.  .

, ,
, ,

. −
.

,
. - ,

 ( . § 11): 

( )ε ω ω= −1
2

p / , ω ω ωp pe pi
2 2 2= +      (4.19) 

ω − , ω p −  ( ) .
, ? , ,

.  (
!) −  ( ), ,

,
:

v
k

v vT Te i
≡ >>

ω
, .         (4.20) 

,
, , ,  (4.19) 

. - , ,
 ( . §3  §11) 

∆ϕ =
ϕ
rD

2 ,          (4.21) 

rD  - .
,  (4.21) 

.  (4.21) 
ϕ ~ eikr ,

:

ε = +1
1
2 2k rD

,
1 1 1

2 2 2r r rD De Di
≡ + ,      (4.22) 

,
,  (4.19): 

v
k

v vT Ti e
≡ <<

ω
, .         (4.23) 

, ε :
ε δε δε= + +1 e i .

− − ,
.

.

, . ,
, .

 - ,
,

, .



.

,
, . ,

, , ,
,

.
: .

, ,
.

.
, noe=Znoi=no=const,

Eo=0 v voe oi= = 0 .
, ,

:

m n
v
t

e n Ee e
e

e0 0
∂
∂

~ ~= − ,         (4.24) 

m n
v
t

Z e n Ei i
i

i0 0
∂
∂

~ ~= .

 (4.24) , ,
.

, . ,
,

,
~,~ ~,E v ee i

i t ikr− +ω .
,  (4.24) ,

, . :
~ ( ~ ~ ) ( )~j e Z n v n v

i e n
m

Z e n
m

Ei i e e
e

e

i

i
≡ − = +2

0 0

2
0

2 2
0

ω
.

,

σ
ω

= +
i e n

m
Z e n

m
e

e

i

i
( )

2
0

2 2
0 .        (4.25) 

, , , .
.

 (4.10), , ,
,  (4.19). 

,
.

, − :

m n
v
t

e n E n m
v v

e e
e

e e e
e i

ei
0 0 0

∂
∂ τ

~ ~ ~ ~
= − −

−
,       (4.26) 

m n
v
t

Z e n E n m
v v

i i
i

i e e
e i

ei
0 0 0

∂
∂ τ

~ ~ ~ ~
= +

−
.

, ,
. ,

.
. ,

! , ,
:



m n v m n ve e e i i i0 0 0~ ~+ = .
,

:

~ ~ ~v
m n
m n

v
Zm
m

vi
e e

i i
e

e

i
e= − = −0

0
.

 (4.26) , ,
:

m n
v
t

e n E n m
Zm m

ve e
e

e e e
e i

ei
e0 0 0

1∂
∂ τ

~ ~ / ~= − −
+

,

.
:

~ ~,
( / )

( / )
j E

i Zm m
i Zm m

e n
m

e i

ei e i e
= =

+
+ +

σ σ
ω ν

1
1

2
0 ,     (4.27) 

. ν τei ei= −1 − - , σ −
. :

ε
ω

ω ω ν
= −

+ +
1

1

2
p

ei e ii Zm m[ ( / )]
.       (4.28) 

, . ,
, . ,  (4.28) 

 - -
. .  (4.26) 

f n m
v v

ei e e
e i

ei
= −

−
0

~ ~

τ
,

f n m
v v

ie e e
e i

ei
=

−
0

~ ~

τ
,

− - , ,
,  « » , .
, . , ,

 § 9, 
:

τ
µ

µei
e ei

e i i
ei

e i

e i

m
e e n

m m
m m

~ ,2 2
0

=
+

.

, ,
.

 (4.24), (4.26) ,
, ,

 (4.20). ,
,

, ,
.

. , . ,
- :

νei eT~ /−3 2 .
,  (4.24) 

.
,

:
∇ = ∇~ ~

, , ,p T ne i e i e i ,



, ,
. ,

.
:

∂
∂
~

( ~ ),
, ,

n
t

div n ve i
e i e i= − 0 .

, ,

:
p n T ne i e i e i e i

e i
, , , ,~ ,= γ ,

γ e i const, = .

∇ = ∇~ ~
, , , ,p T ne i e i e i e iγ .

,  «
»:

m n
v
t

e n E T nα α
α

α α α α α
∂
∂

γ0 0 0

~ ~ ~= − ∇ ,       (4.29) 

∂
∂

α
α α

~
( ~ )

n
t

div n v= − 0 .

α = e i,  « » − . ,
, e ee = − − , e Z ei = − .

, :

~
~ ~

n n
kv ie

m
kE

k cs
α α

α α

α αω ω
= =

−0 2 2 2 ,

~
~ ( ~ ( ~ ))

;v
ie
m

E k c E
k
k

k
k

E

k c
c

T
m

s

s
sα

α

α

α

α
α α

α

αω

ω

ω
γ=

− −

−
≡

2 2 2

2 2 2
2 0 ,

, , csα  « »
.
, ,

:

~ ~
~ ( ~ ( ~ ))

, ,
j e n v

i n e
m

E k c E
k
k

k
k

E

k ce i e i

s

s

= =
− −

−= =
ä äα α

α
α

α α

αα

α

αω

ω

ω0
0

2
2 2 2

2 2 2 .

, ,  (4.9), (4.10) :

σ ω
ω

δ
ω

ω
α α

αα α
p q

e i
p q

p q

s

p qk
i n e

m
k k
k k c

k k
k,

,
,( , ) ( )= − +

−=
ä 0

2

2

2

2 2 2 2 ,    (4.30) 

:

ε ω δ π
ω

σ ω
ω
ω

δ
ω

ω
α

αα
p q p q p q

p
p q

p q p

se i

p qk
i

k
k k
k k c

k k
k, , , ,

,
( , ) ( , ) ( )( ) ( )≡ + = − − + −

−=
ä4

1 1
2

2 2

2

2 2 2 2 . (4.31) 

 (4.30), (4.31) p, q .
−

,
 (4.14). 



ε
ω

ω
α

αα
l

p

se i k c
= −

−=
ä1

2

2 2 2
,

        (4.32) 

ε
ω
ωtr

p= −1
2

2           (4.33) 

. ,

.  (4.32), (4.33)  (4.19) ,
, ,

! ,
, ,

, .
, ω → 0 ,

ε
ω π

γ γ γω
α

αα

α α

α αα
l

p

se i e i e De i Dik c
n e

k T k r r→
= =

= + ≡ + ≡ + +
å
ç
æ

õ
÷
öä ä0

2

2 2
0

2

2 2 2 21 1
4

1
1 1 1

, ,
,   (4.34) 

 (4.22), γ γe i= = 1 ,
.
, , ,

. ,
. ,

γ γe i,  « », 
. , ,

, ,  (4.32) :

ε
ω
ω ω

γα

α

α α

α
l

p

e i

k T
m

≈ − +
å
ç
æ

õ
÷
ö

=
ä1 1

2

2

2

2
,

,       (4.35) 

 [18] γ α = 3 .



§ 29. 

,
.  ( . § 27) 

εl = 0 ,

εtr N= 2

, :
. .

.

 (4.33), :

1
2

2
2

2 2

2− = ≡
ω
ω ω

p N
k c

.

, ,
ω ω= +p c k2 2 2 .         (4.36) 

 ( . 4.1). ,
, k→∞, ω→kc,

 (4.36) 
. , k→0,

ω ω
ω

≈ +
å

ç
ææ

õ

÷
ööp

p

c k
1

2

2 2

2 .

,
 (4.36) 

v c
k c

c= + >1 0
2

2 2
ω

,

.
. ,

, . ,
, ,

v
k

c

k c

c= =
+

<
∂ω
∂ ω

1 0
2

2 2

,

, , .

. 4.1. 
.

 - ω = kc



§ 30. 

 (4.36), 
, ,

, . ,
.

,  (  - cut off). 
− ,

ω ω
π

p
e

e

i

n e
m

Zm
m

= ≡ +
å
ç
æ

õ
÷
ö

4
10

2

,       (4.37) 

. , ,
.

.

, .

- , :

δ
ωp

c
= .          (4.38) 

, ,
 - .
.

.
, , . 4.2. 

:

ω ω2 2 2
2 0

0 0− =
>
<

ë
ì
í

k c x
x

p , ,
, .

.
,

k i x→ − ∂ ,

∂

ω ω

ωx

p

f c
f x

c
f x

2

2 2

2

2

2

0

0
=

−
>

− <

ë

ì
îî

í
î
î

, ,

, ,
   (4.39) 

f : ,
.

:
∂ ∂x x x x

x x

f f
f f
| | ,
| | .

=+ =−

=+ =−

=
=

0 0

0 0
    (4.40) 

 (4.39), (4.40), .
, ,

, :

( )
f f i

c
x i

c
x x

x x
=

å
çæ

õ
÷ö + −åçæ

õ
÷ö <

− >

ë
ì
î

íî
0

0

0

exp exp , ,

exp , ,

ω
α

ω

β κ
     (4.41) 

κ
ω ω

=
−

>p

c

2 2

2 0

. 4.2. 



- , f0 −
. α β ,

 (4.40), :

α
ω κ
ω κ

β
ω

ω κ
=

−
+

=
+

i c
i c i c

,
2

.

, - .

| |α = 1 ,
, , .

.
, ω → 0 ,

α
ω
ω

β
ω
ω

κ δ≈ − − → − = − → ≈ −1 2 1 2 0 1i i
p p

, , ,

- .



§ 31. .

.
,

.
, ,

εl = 0 ,
.

,
 (4.19), 

1 0
2

2− =
ω
ω

p .

, .
ω ω= p           (4.42) 

,
.

v
k k

p≡ =
ω ω

          (4.43) 

,
:

v
k k

p≡ = ≡
∂ω
∂

∂ω
∂

0 .         (4.44) 

, :
,

.
, .

 (4.32) 
:

ε
ω

ω
α

αα
l

p

se i k c
= −

−
=

=
ä1 0

2

2 2 2
,

,

1 0
2

2 2 2

2

2 2 2
2−

−
−

−
= =

ω
ω

ω
ω

γpe

se

pi

si
se i e i

e i

e ik c k c
c

T
m

, , ,
,

,
.     (4.45) 

.
,

,
. mi→∞,  (4.45) 

:

1 0
2

2 2 2
2−

−
= =

ω
ω

γpe

se
se e

e

ek c
c

T
m

, .

, , ,
:

ω ω= +pe sek c2 2 2 .         (4.46) 

.



,
,

:

( )ε = +mc p c2 2 2 2 .
 (4.46)  « - »,

 « »,
.

,  (4.46) :
ω ω γ= +pe e Dek r1 2 2 .         (4.47) 

,
.

,
,

v vTe~ .

,
.  (4.47) 

:

ω ω
γ

≈ +åçæ
õ
÷ö <<pe

e
De Dek r k r1

2
12 2 2 2, .

,
, :

ε ≈ +mc
p
m

2
2

2
.

,
 (4.47), 

γ e = 3 .
 (4.47), 

ω ω≈ +åçæ
õ
÷ö <<pe De Dek r k r1

3
2

12 2 2 2, .       (4.48) 

.
, , ,

 k rDe
2 2 1<< .

 (4.48) 
,

.
 (4.48) 

. ,

,
,  ( . .4.3):

v
k

kr v v krpe De Te De,= = =
∂ω
∂

ω3 32 ,   (4.49) 

v
k k

v
kr

pe Te

De

= ≈ =
ω ω

3
.        (4.50) 

.4.3 



, .



§ 32. . -

 (4.45). 

v v vTe< < .
,

:
v vTe<< .

,  (4.45) 
ω 2

1 0
2

2 2

2

2 2 2
2+ −

−
= =

ω ω
ω

γpe

se

pi

si
se i e i

e i

e ik c k c
c

T
m

, , ,
,

,
.

:

ω
ω

ω
2 2 2

2

2

2 21
= +

+
k c

k c

si
pi

pe

se

.

,
:

c T m
e n m

rse

pe

e e e

ei e
e De

2

2 2
2

4ω
γ
π

γ≡ ≡ .

ω
ω

γ

2 2 2
2

2 21
1= +

+
k c

k r

si
pi

e De

.      (4.51) 

,
,

, :

ω ω ω
γ2 2 2 2 2 2 2 2 21 1≅ + ≡ +

å
ç
æ

õ
÷
ö <<k c

T
ZT

k r k rsi pi pi
i i

e
De De, .  (4.52) 

.
 (4.46), .

, , ,
.

,
,

(4.51) , , , :
ω γ ω2 2 2 2 2 2 2 2 2 2 1≅ + ≡ <<k c k r k c k rsi e De pi s De, .    (4.53) 

c c r
Z T T

ms si e De pi
e e i i

i

2 2 2 2≡ + =
+

γ ω
γ γ

.     (4.54) 

 (4.54)  [18], ,
,

,



γ γe i= =1 3, ,
 (4.54) :

c
ZT T

ms
e i

i

2 3
=

+
.   (4.55) 

 (4.53) 

ω = kcs ,    (4.56) 

,
 ( ,

!). 
,

ω
∂
∂ρ

γ
= = =kc c

p T
Ms s, ,

 - ,  - .
 (4.55), (4.56) - .

,
 ( . .4.4). 

, -
:

v v c
ZT T

ms
e i

i
= = =

+ 3
.      (4.57) 

.
T Ti e≥ ,

-
. ,

. -
,

 « » .
 (4.57) ,

-
:

c
ZT
m

T Ts
e

i
e i≅ >>, .      (4.58) 

,
,

, «
». ,

,
- :

v
T

m
v c

ZT
m

v
T

mTi
i

i
s

e

i
Te

e

e
= << ≅ << =

3 3
~ .   (4.59) 

,
. ,

,

. 4.4. -



,
, , , −

, , −
. ,

~E = −∇ϕ .
, ,

:
| |e n T ne e e∇ − ∇ =ϕ 0 ,       (4.60) 

, ,
. : « »

, , , :

n n
e
Te e

e
=

å
ç
æ

õ
÷
ö0 exp

| |ϕ
.

ne0 -  (
). , ,

, , .
.
,

, ,
, . Z-

:

m
dv
dt

Z ei
i = − ∇| | ϕ .       (4.61) 

,
,

( )∂
∂
n
t

div n vi
i i+ = 0 .       (4.62) 

,  (4.60) − (4.61), 

n Zne i= ,        (4.63) 
, , ,

. ,
,  (4.63) 

( )∆ϕ = −4π| |e n Zne i .
 (4.60) − (4.63) ,

, - .
.

ϕ ϕ= = + =~, ~ , ~
, , ,n n n v ve i e i e i i i0 ,

.
(4.60) − (4.63), , ,

| | ~ ~e n T ne e e0 0∇ − ∇ =ϕ ,

m
v
t

Z ei
i∂

∂
ϕ

~
| | ~= − ∇ ,       (4.64) 

( )∂
∂
~n
t

div n vi
i i+ =0 0 ,

~ ~ ,n Zn n Zne i e i= =0 0 .
, , ,



∂
∂
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2

2
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~ ~ ,− = =∆ ,     (4.65) 

, ,  (4.56), 
 (4.58). 
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 « »
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m

T Ts
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, ,
, ,
. ,

 ( . [20]), 
,

.
, , ,

ω − =kv 0 .                     (4.66) 
, ,

. ,
, , .

, ,
.

 ( ).
,

. 4.5,  [21].

, ,
. ,

, , , , ,
. , . 3.5, ,
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, , ,
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,
, ,
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, , « » .
, ,

« », .
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.
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U(z,r) = b0(z) + b2(z)r2 + b4(z)r4 + … + b2k(z)r2k + …                      (5.2) 
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,  «3/2», 
 (

)

)(
k

a

r
rβ , ra rk – 

:

)(

2
9
2

2

2/3

2/3

k

a
a

a

e

r
r

r

U
m

eJ
βπ

= .       (6.7) 

, , I3/2=J3/2Sa  (Sa=2πrala – .): 

)(][

][][
1033.2

)(

2
9
1][

22

22/3
6

22

2/3

2/3

k

a
a

aa

k

a
a

aa

e

r
r

r

SU

r
r

r

SU
m

eJ
ββπ

−⋅==    (6.8) 

- - .
ra/rk  [29].

:



3/2
2

2
2/3 )

)/(
)/(

()()(
ka

k

a
a rr

rr
r
rUrU

β
β

= .      (6.9) 

Ia:

)(

][
103.29

)(

2
9
4][

2

2/3
6

2

2/3

a

k

a

a

k

a

e
a

r
r

U

r
r

U
m

eI
αα

−⋅== ,    (6.10) 

α(ra/rk) –  [30]. 
:

2)
)/(
)/(

)(()(
ak

k

rr
rr

aUrU
α
α

= .      (6.11) 

§43.

-
, , .

( ) d
M, U0 ( . 6.2). 

:

UU
eMj

dx
Ud

−
−=

0
2

2 2/4π .       (6.12) 

U(0) = U(d) = 0 

 [31]: 

Ε0 = dψ/dξ0 < 2 ,          (6.13) 

ψ = U/U0, ξ = x/rd,
)4/( 22

0 neMvrd π=  - 
.

:

d < (4 2 /3)rd = dm           (6.14). 

dm
:

Um = (3/4)U0.     (6.15) 

. 6.2. 



Um,  « » Um = U0,
,

 4.5 . ,
:

2/32

2/3
0 82

9
8 j

d
U

M
ej ==

π
.       (6.16) 

,

. ,
.

.
,

 ( ),
-

,
. ,

, – 
, ,

.
,

 ( .
§37).

d < πrd,  (
) :

2/3

2

2

2/3
0

3/1 4
92

))/(1(4
j

d
U

m
e

Mm
j ππ ≈

+
= .   (6.17) 

.
 (

):

),(42

2

2

2

yx
dy

Ud
dx

Ud πρ−=+ ,      (6.18) 

.
 ( .6.3),

 2X, 

, ,



.
:

Ex = J/(2ε0v)=J(/2ε0 meU /2 0 ),       (6.19) 

J –  (

), U0 – ,

.
xeExm = ,

,
x(z):

x = x0 + tgγ⋅z + pz2/2 ,  (6.20) 

2/3
00

24 U
m
e

Jp
ε

= , γ -

, . .

z.

,
 « » x ,

:

dx/dz = 0, . . z = tgγ/p. (6.21) 

,

z
r0, r(z)

:

ññ ==
RR d

I
Ud

I
U

m
e

r
z

1
2/1

4/3
0

1
2/1

4/3
04

0 ln][
][

3.32
ln2 ς

ς
ς

ς ,    (6.22) 

I – , U0, R=r/r0 (
). ,

γ z ( . 6.4): 

ñ
⋅+

=
R

tgU
m
eI

mU
e

dU
m
e

r
z

1 2
0

0

0
0 2ln8

2

γς

ς .   (6.23) 

. 6.3. 

. 6.4. 



 ( )

: γγ 2
2/3

032
2/3

0

min

0

][
][

1004.1
2

ln tg
I

U
tg

m
e

I
U

r
r

⋅≈= ,  (6.24) 

.
,

.

.

,
.

,

,

 ( ).
,

,

: 02

2

2

2

=+
dy

Ud
dx

Ud ,

dU/dy = 0. 
3/4))(()(

d
xaUxU =

,
:

Uxyarctgyx =+ ))/(
3
4cos()( 3/222 .     (6.25) 

 (U = 0) 
arctg(y/x) = 3π/8 = 67.5 .

, , ,
 67.5  (  .6.5). 

. 6.5. 
,
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§44.

.  1883 .
.

. ,
:

ψk( r ) = )exp(1
2/3 rki

L
,       (7.1) 

L3 = V – , k = 2π/L,
- , . .

f(E) = 
)exp(1

1

Tk
EE

B

F−
+

.       (7.2) 

 = 0 . ,
« »  1/h3,

, , « »
kF: N = 2(1/h3)(4/3)πpF

3V. ,
: pF = h(3n/8π)1/3, n = N/V –  1 3.   

EF = pF
2/(2m) = 3/22

2

)3(
2

n
m

π .      (7.3) 

E:

n(E) = 2/3
22 )2(

3
1 mE
π

,  (7.4) 

 ( ,
E E + dE)

ρ(E) = dn = dEEm 2/12/3
22 )2(

2
1
π

.

- :

. 7.1. 



ρ(E) = 
)exp(1

)2(
2

1 2/1
2/3

22

Tk
EE

dEEm

B

F−
+π

.    (7.5) 

, ,
 EF ( . 7.1).  > 0 

,  « »
EF, ,

,

. .

Wx

Wa ∞ , Wa - .
, ,

Wx - EF >> kBT , 
- :

)exp(2

kT
e

ATj a
t

ϕ
−= ,       (7.6) 

ϕa = Wa - EF  –  ,
, , kB

– . A = A0D , 
D = (1 - r ), r  – 

, ,
« »,

4.120
4

][ 3

2

220 ==
h

mek
A Bπ       (7.7) 

- . ,
 ( ),

:

ϕa = ϕ0 + α(T-T0),        (7.8) 

α  = dϕ/dT|T=To = 10-5 ÷ 10-4 /  – ,
, .

 15  350 /( 2⋅ 2).
ϕa  « »

 « »,
 ln(jT/T2)  1/T.

ϕa,
 ln(A) .



 (7.6) 
,

:

j  = enev /4,         (7.9) 

   )exp()
2

(2 2/3

Tk
eTkm

n
B

aBe
e

ϕ
π

−=      (7.10) 

- ,
e

e

m
kT

v
π
8

=  - .

 ( )

,
. ,

j3/2,
j  j ∼ Ua

3/2.
Ua , ,

, ,
Ua. , ,

Ua .

 (
)

ϕ = ϕa - ∆ϕ         (7.11) 

 ( . 7.2). x

E :

U(x) = EF + ϕa - e2/4x – eEx.       (7.12) 

,

: eE = e2/4x2
m,

xm= Ee 4/ ,        (7.13) 

Um = EF + ϕa -  e3/2E1/2.       (7.14) 

:

e∆ϕ [ ] = e3/2E1/2 = 3.79⋅E1/2 [ / ].     (7.15) 

:



j = jTexp(e3/2E1/2/kBT) = jTexp(4.39E1/2[ / ]/T[K]).    (7.16) 

§45.

E
(106÷107 / ),

( ), -

 – « »
.

,

,

,
.

 ( )
Wx,

 Wa,
h

:

)/)(24exp()( hWWmWD xaex −−= π .    (7.17) 

dx,
.

:

)]()(
3

28
exp[)( 2/3 ζθ

π
⋅

−
⋅−=

E
WW

he
m

WD xae
x ,   (7.18) 

θ(ζ) – , ,

xaxaxa WW
Ee

WWW −
=

−
∆

=
∆

=
2/12/3

)(
ϕ

ϕ
ϕζ .

 7.1.

 7.1. 
∆ϕ / ϕa 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

θ 1 0.98 0.94 0.87 0.79 0.69 0.58 0.45 0.31 0.16 0 

 0 < ζ < 1   θ(ζ) ≈ 0.955 – 1.03ζ 2.
- :

. 7.2 
 – 



),
]/[

)/()(1085.6
exp(

]/[/
102.6

)
/

)/()(
exp(][

2/372
6

0

2/32

02

E
e

eE
EeE

EE
e

e
EBj

aa

aF

aF

aa

a

ϕϕ∆θϕ
ϕ

ϕ

ϕϕ∆θϕ
ϕ

⋅⋅
−⋅

+
⋅⋅=

=−⋅⋅=

−

  (7.19) 

EF –  , B0=e2/(8πh), E0=8π em2 /(3he). E2,
T2 - ,

.
eϕa.

.
 ( )

,
 106 / .

§46. -

,
,

, ,

v u :

î
í

î
ì

ë

=

=
−=

zz

yy

axx

vu
vu

Wmvmu 22 2/
,       (7.20) 

x .
ux

ux + dux  :

xx
B

xa
BFB duu

Tmk
ummW

TkETk
h
mdN )

2
2

exp()/exp(4 22

3

2 +
−= π =

= xx
B

x
BaB duu

Tk
mu

TkeTk
h
m )

2
exp()/exp(4 2

3

2

−− ϕπ = xx
B

x

B

duu
Tk

mu
Tk

mN )
2

exp(
2

− =

= x
B

x

B

dW
Tk

W
Tk

N )exp(− ,      (7.21) 

N = jT/e – .
:

TkdTk
N

dNWW BB

u

u
xx

x

x

ññ
∞∞=

=

=−==
00

)exp( εεε ,     (7.22) 



ε = Wx/kBT.

: TkW By 2
1= TkW Bz 2

1= .

s:
SBzyx TkWWWW 2=++= .      (7.23) 

,
: mev2/2 ≥ -eUa,

Ua < 0. :

ñ
∞

−

=−=

e

a

m
eU B

a
x

B

x

B

e
exaa Tk

eU
Idu

Tk
mu

Tk
m

NuSI
2

2

)exp()
2

exp( ,   (7.24) 

I  – . Ua,
. ,

,

.   (
,  1 ≈ 11600 ) ,

.
,

,
. w = 

(jT/e)(2kBTS+eϕa).
 « »

, , : E < EF.
W = - ϕa – (EF-E), 

: w = (jT/e)( EF-E).
, ,

 –  ( ).

§47.

 ( ).
,

, ,
.

 1887 . ,
,

:
1.

 ( I
[ / 2])



j ∼ I  (  – 1889 .).     (7.25) 

2.  (1899 .)
 – 

 – ,
 ( ):

aeh
mv ϕν −=

2

2
max   ( ).     (7.26) 

, n :

aenh
mv ϕν −=

2

2
max        (7.27) 

3.
( ) λ ,

:

λ < λ , ν > ν = c/λ = eϕa/h,      (7.28) 

, :
λ =12300/( eϕa[ ])  = 0 . ≠ 0

, EF, .
. ,

, ,
 ( ).

4.  - 
,  10-9 .

 Y –
 (Y = 10-3÷10-1), j .

,
 – 

.
, , ,

,
.

.

,
.

 -U  -(U + ∆U) ,
eU e(U + ∆U).



. ,
, - ν

ν : U0 = h(ν - ν )/e. U0,
ν, ,

ν .

,

,

( )
 ( hν)

 ( .
7.3).

,
,

Wa Wa - hν,

,

.
, ,

,

 - . ,

.

-
.

, ,
, ν

1.5ν .
:

î
î
í

îî
ì

ë

>+
−

=≤
−

=
a

B
Tk
hh

TB

he
kT

hh
TB

j
νν

νν

ϕνν
νν

),
)(

(

/),exp(

322

2
2

2

2
1

,    (7.29) 

. 7.3. 
« » ,

. 7.4. 
.



B1, B2, B3 – , A0.

j (
kT
hγ )  [32]. ,

≈0 j → 0 ν . ≠ 0 
,

ν  < ν , ν > ν
j ∼ ν 2. ν

 > 
0. x = hν/kT y = ln(
j /T2). :

 ln( j /T2) = B + F((hν- hν )/kT) = B + F(x- hν /kT).   (7.30) 

F =
F(hν/kT)  y B x hν /kT ( . 7.4). 

x
ν .

§48.

-

,
,

-
.

.
7.5.

.

, ,

Is.

: γe = Ns/Np.

. 7.5. 

. 7.6. 



. 7.7. 

 W, Mo, C, Be 

Is/Ip.

,
 5. 

( . 7.6) 

.  (< 50 )
,

. ,
, ,

.

, .

, , - , ,
, , - ,

, ,
. ,

,
.
.

.
,

Wmax,
-

,
 5 - 100 Α ,

,
.

-

δe=
Ns/Np , Ns – 

, Ns - 
,

.

. 7.8. 



ηe =
(Ne+Nu)/Np, Ne Nu - .

γe = δe + ηe. δe
Wp  (Kollath):  

)2exp()72.2(
)(

maxmax

2

max W
W

W
WW pp

e

pe −=
δ

δ
,     (7.31) 

δemax= aeϕ35.0 , Wmax – .

 7.2. δe
 ( . 7.7), 

,
.

Wmax
 ( , )

-
 ( ,

, ). δe

α ( ) α < 60
:

αδαδ βcos/)0()( ee = ,       (7.32) 

β = 1.3 ÷1.5. α, ,
.

ηe
Wp ( .7.8) z:

))(exp(),( )( zCWzW zm
ppe =η ,      (7.33) 

m(z)=0.1382–0.9211z-0.5, C(z)=0.1904–0.2236lnz+0.1292ln2z–0.01491ln3z
(Hunger). ηe α:

αηαη cos)
891.0

)0(
(891.0)( e

e =    (Darlington).     (7.34) 

   7.2. 

 Al Be C 
( )

 ( ) Cu Fe Mo Ni Ta Ti W 

δemax 1.0 0.5 2.8 1.0 1.3 1.3 1.25 1.3 1.3 0.9 1.4 
Wmax[ ] 300 200 750 300 600 400 375 550 600 280 650 

,



. 7.9. 

.

-

, -
: γi = ne/ni, ne - 

, ni - 
,

.
γi = ne/ni = 

je/ji,
Z γi = Zje/ji.

: ,

 – 
γ ;

 – 

γ .
,

γi = γ + γ .
-

 1928 .

,

, ,
.

,
.

, -
, Vi

ϕa:

Vi >2ϕa.         (7.35) 

- .
,

, . ,
E1,  ( . 7.10). 

. 7.9. 

. 7.10. -



Vi – E1 ,
E2. ,

: mv2/2 = Vi – E1 – E2 > 0. 
, E1  E2 ϕa, Vi >2ϕa.

, γ Vi -2ϕa
 – .

:

γ ≈ 0.016(Vi -2ϕa)[ ].       (7.36) 

γ ,  ( ):
γ (A+) < γ (A++) < γ (A+++). , ,
γ Ep: dγ /dEp ≈ 0. 

 Vi -2ϕa >> kBT -
.

: Vi -2ϕa ≈ kBT
γ

, Vi < 2ϕa.
-

. ,
 (Ep) ∼1.5 ,

γ ≈ 0.  
 (Ep < 10 ) : γ

= (Ep - (Ep) ),  = const. ≤ 0.2⋅10-2 -1.
γ ∼ Ep

1/2 . γ
,

:
.

-
( , , )

.
 « » ( ,

, ).

-
, . ,

-
.

.
 ( , ),

, .
,

.
 (1923 .), ,

, .



α = ni/na, ni - , , na - 
,

.
β = ni/n = ni/(ni+na) (β=α/(1+α)).

.

α,
- :

)
)(

exp(
kT

Ue
g
g ia

a

i −
=

ϕα ,       (7.37) 

Ui – , eϕa – 
, gi/ga – 

 ½ 
 2 - .  ( ,

Cs, K, Na  W) ,

.
,

.
,

eS.
.

,
- :

)
)(

exp(
kT

Se
g
g a

a

ϕα −
= −

− .      (7.38) 
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− .
.

 ( , ) -
.

:
,

, . .
, ,

, ,
, .

 ( -
" "!), 

,
,  « »  «3/2», 

,
.

,
. ,

 " ",

.
,

.
, ,

, , .

§49.

.
,

.
 ( )

.
. ,

Ui.
,

.
.

, ,
,

, -
.

U :

fi = a(U-Ui)exp(-(U-Ui)/b),      (8.1) 



a b − .
, ,

τi  = 1/νi.
n, v

σi :
νi = nvσi.         (8.2) 

λi ( , )

λi = vτi = v/νi = 1/(nσi) = 1/Si,      (8.3) 

Si = nσi .
 (8.1) 

U:

Si = a (U - Ui) exp(- b(U - Ui) )  ( ),   (8.4) 

a b – .
:

)1exp(
maxmax

max
r

r

r

r
r UU

UU
UU

UU
SS

−
−

−
−

−
=  ( ),  (8.5) 

Ur – , Umax Smax – 
,
.

N, dt : Ndt = 
wnadt, w –  na - 

. : Ndt = 
-dna, dna = - wnadt. ,

:

na(t) = na0exp(-wt),       (8.6) 

na0 – .
t0 = 1/w  « » .

.
t0 ∼ 10-8 ÷ 10-7 ,

,
,

, .
.

,  10-4

. .
 4.7 ,



.
,

,
.

. ,
, Ei

,  – 
E0. A = E0 – Ei .

 (  He, Ne, Ar, Xe, 
Kr,..)

.  (F, Cl, 
K, Na…), ,

. :
−FA = 3.4 ÷ 3.6 , −ClA = 3.82 .

Ek, A
+ Ek. : e + a → a- + hγ,

X + Y + e → X+ + Y- + e X + Y → X+ + Y- .

.
,

, . . .

.

,
. ,

 ( ).
, ,

 ud, .
 ( )

:

b[ 2/( ⋅ )] = ud/E.       (8.7) 

,

. τ

em
eES τ

2
= , ud = S/τ , :

e mv
e

b
2

λ
= ,         (8.8) 

λ  - ,   v  - .

( ):



.]..[
]/[64.064.0

2
2

]/[ 1

p
E

vm
e

E
vm

e
m
eE

kT
m

u
e

e
d ⋅===

λλλ
π

,    (8.9) 

pλλ =1 -  1 . . .
:

p
E

m
m

vm
e

au i

ii

i
id ⋅+=

µ

λ
11 ,       (8.10) 

ai – ,  0.5 ÷1, mµ - .

, « »

α, ,
, .

α
n: dn(x) = αndx. x:

ne(x)=n0exp(αx),       (8.11) 

:

α = (1/n)(dn/dx).       (8.12) 

Yi – ,
:

Yi = (1/n)(dn/dt).        (8.13) 

:

Yi/α = ud         

α, Yi, ud .
, α(E), Yi(E), ud(E) ,

, Yi(E) α(E)
( , ).

§50.

 80- . .
, U pd

( p – , d – )



γ, (
. 8.1). 

.

,

 20- .

,

1) .

, ,
Yi ,

: ) Ya, )
Yd, )

β. ,
:

Yi(E) > Yd + Ya         (8.14) 

:

Yi(E) = Yd + Ya         (8.15) 

 " ". , Yd = 
1/τd, τd  D

λd : τd = λd
2/D.

 1/λd
2 = (2.4/R)2 + (π/L)2 (R L − );

: 1/λd
2 = (π/L1)2 + (π/L2)2 + (π/L3)2 (L1, L2, L3 −

).  (8.13)  (8.14) 

:

dne/dt = ne(Yi(E) - Yd - Ya),       (8.16)  

ne = ne0exp((Yi(E) - Yd - Ya)t) = ne0exp(t/θ),    (8.17) 

 8.1. 



θ - . ,
,  (8.14), t

. , t  (
),

, . .  (
!).  (8.17): 

θ -1(E(t)) = Yi(E) - Yd - Ya = ln(n(t)/n0)/t     (8.18) 

, t → ∞.
. ,

, .

,

. .

2) .

, .
,

 ( ) ,

 (
).

,
 - 

 - 
, ,

. .-
,

 ( . 8.2). 
x
 ( αx -1) 

.
,  – .

.
-

γ,
 ( )

, ., γ = 10-4 ÷ 10-2.
, , γ( αx -1) 

. ,
, :

γ( αx -1) ≥ 1.        (8.19) 

 ( αx -
1). , n0,

. 8.2.   ( )
 ( )

,
,



d,
γ( αx -1) < 1, , ,

:

)1)(exp(1
)exp(

0 −−
⋅=

d
dnn

αγ
α .       (8.20) 

µ = γ(exp(αd)-1)        (8.21) 

. µ < 1 
, µ = 1 

 ( ) .
,  ( ,

, ),
, α = const  E = const  

d,
.   ,

, :

α/  = exp(-Bp/E),        (8.22 )

, - ,  - 
.

, λi,
,

exp(-λi/ λ ). α = Nexp(-λi/ λ ), N = 1/ λ -

 1 : N = N0p, N0 – 
 1 , .

, λi = Ui/E ,  (8.22 ):

α/  =N0exp(-N0Uip/E),       (8.22 )

.
α γ , α/p

γ
E p, : α /p=f1(E/p) γ =f2(E/p).

, ,
U :

1)1))()(exp(( 21 =−
pd
U

f
pd
U

f .      (8.23) 

 (8.23) , U
pd, pd = const .

.  ( . . 8.1), 



U pd, .
α  (µ = 1)  (8.21) 

 (8.22 ), :

E/p =B/(C + ln(pd)),         

C = ln( /(ln(1/γ+1))). U  = Ed,
pd:

U  =Bpd/(C + ln(pd)),        

. , p, d, E
" ",  " " pd ( . . p = ngTg,  ng Tg - 

, Tg = const, pd
d), , , / , . .  "

". U  (pd)min : 

(pd)min = ( e /A)ln(1/γ + 1),      (8.24) 
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j g, .  " -
"  (

δTg↑).

, .

. Ia = Sven ee4
1  (Ia

> I), ,
 (Ia < I) . ,

 ( p j)
, ,

.

,

- .
 (

, , )

 (

 ( . 8.5), 
),

.

 ~ 450 ÷ 500

, ,
, . .

. ,  300 ,
.

.
, ,

,
. ,

 ( . 8.6).  30% 
,  70% ,

.  ( )
,  CO2  10 

. 8.5. 02 -
: 1 – , 2 –

, 3 –
, 4 – , 5 – , 6 –

, 7 – , 8 –
, 9 –



 " "  80 – 100 / . ,
 (

):  " "
, .

 – :
 " "

Ti ,
.

, ,
, ,

, .
R ( . . 8.3), -

, : . ,
,

 (  ~ 100 ) , ,
.

, ,

.

§52.

 (
) ,

 (jk ≥ 10 ÷ 102 / 2).  
 1802 . ( . .),

.
, .

, : ) ; ) ; ) ; )
; : )  (p ≤ 10-3 ÷ 1 ); )  ( ∼

1 ÷ 5 ); )  (  > 10 ). :

.8.6. 
2;  -  (

); ,
;  - ,

,



1)  – ,
 ( ) ; 2) ,

;
( Ti ); )

, .

,
,  - 

 ( )
 ( )  ( ). 

,
.  " "

,  ("  3/2" 
) .

 10-20 , .

.
 ( )  (

).
,

.
- .

,  2 ÷ 9 
.

 ( ) , -
 ( ),

.
 ( )  (  Al, Mg). 

,
,

. , j ∼ 103 / 2

∼ 3  (Ek ∼ 106 / ).  108 / 2

,

.

−
: ,

 ( ), .

.  (  108 / 2!),
, .

, .  1903 .



, ,
j,  (!) Hj × ... .

:
 (j ∼ 106 / 2), ∼ 107 /  (

) - , ,
j

.
 ( ),

 ( ).
 - .

 (  " " ),
. -

" ",  .

 " " , .
[33] , ,  " " −

. " "
-

( ) ( ).

,
, .
 (p ≤ 0.1 )

 (I ∼ 1 )
(Te > Ti)

.
, ,

p ≥ 1 
,

 (
)

. 8.7. 

,
T ~ (10 ÷ 12)⋅103

.

−
ne ~ exp(-r/r0) (

 (σ ~ ne)),
. , r  ( . 8.7), 

. I,
r0 R, w ,

 "min w". I R

. 8.7. 
σ .

 - σ (r)



r0 ,  (
,  " min w " , ). 

,  ( . .8.7)
 ( )

,
.  (p ≥ 10 )  ( ≥

12000 ) ,
 90% .

.

- , , ,
, .  -

j ≤
102 / 2 ,  (1 
÷ 3 ) ( ). :
( . .),  ( )

 ( ) j = 102 / 2.
 (!), ,

 ( , ,...). .

,  (
, ), .

 ( )

, -
.

, .
−

,
( ).  (

ε),
,

, .
.

 1802 ., , ,
, . ,

, , .
: .

, ,
.  19-

:



. , .
 " "  (
− I, − I)

 ( , ,
, )  20- . XX .

, .
,

 (  12000  ~ 5000 ).
 10  (!),  10 ,

( ) .
, ,

 (« »), . ,
 ( ≈ 3500 )  ( ≈ 4200 ).

§53. , - -

,
:  (" "),

.
XVIII . . . , . .

: −
" " (  " "), −  (+), −

 (-). ,  (+)  (-)... ,
 (+)  (-)!.. 

, , .
,  (
) .

− ,
.

, ,
, ,

, E.
0, − ,

 (
).  (  108 / )

,
. ,
: 1)  (E ∼

E0); 2) 
. ,

, ,
− . ,

−  ( − ). (
, ,

...) ,



,
 -  ( . 8.8), 

,

,
,

.

,

" "
,
.

. [34]. 

.

−
,

 ( − ,
− , , . .).

 " "
( , ). −

 (  " "), 
, ,

α  ( )  (
)  ( ),

ñ −+=−
1

0

1 )1ln())()((
x

n dxxax γα ,     (8.26) 

x1 − , ,
: E ≈ 0. ,

, x1.  " " -  (  " "),
: ,

 ( . 8.9). , ,
. ,

− , .
, . . .

,
 ( );

- .
, ,  ( )

. 8.8. ,
,

, , ,



.

−
 104

, −
 106 −

,
.

, ,
,

,

,
, .

" " .
−

, ,
, .

.

 ( )

-  (10-1 ÷ 102 ) E~ H~ −
.

E~  ( ) , ,
-  (

,

−
). 

 (

),
E~

−
.

( H~ - )
40- .

, , , - . ,

. 8.9.  2 
 150  125 

;  - , ,
 - ,

;  - 

.  8.10. R,
; r0 - ,

–



, H~ .
, ,

. ,
−
.

:
( , , − )

. −  (
!),  ( . 8.10). 

H~ , E~

. E~ ,
. ,

,  ( ),
, .

:

 <S> = ( /4π)< > ,              (8.27) 

 ( ).

 ( )
,

(- /δ), δ −
,

:

δ2 = 2/(2πσω) , (8.28) 
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