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1 2 ,vg n n <σ >=

2
1 2 D 2n n n=

W g= ω
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       -
 .      

.     .   ,  
    1026 -3    

1,5 ,    p-p   -
  .  ,      

1014 -3,  p-p    11  !  
       . 

     . 

4.2. D-T  

   10–20     -
         

.    ,     
    14 ,   -

 .      
       

. 
         

. 
   , -

   
. (4.4) 

   – 12,3 ,   
 – 18 . 

       -
. 

4.3. D-D  
 ,       :   -

    2,5 ,    – . -
    .   

15–20     D-D   3  
 ,    D-T . 

      D-T  -
 ,    ,   – 

2,5 M ,       –  6600  -
     . 

3 3T He e→ +
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  ,     
      

 . 

4.4. D-3He  
  ,   ,    -

,     (   D-D  D-T -
). 

  ,     
    80–100 . 
  –     3 .  3  

   .      
   3   . 

4.5. p 11B  

     .  ( )  
 .    ,    

 ,   11  – 80,4 %.  ,  
       .  

,       
      . 

      D-T . 
   ,    6600    

1  .  ,   -
 1      300  

 ( . 4.5). 

 
. 4.5.   1   
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     ,  -
 ,     ,   

      ,  
 . 

,         
,    ,    

      .   -
 ,     -

  . 
    (J.D. Lawson, 1957)   D-T -

 ,       
 ,    : 

nτE > 1020 / 3 
 n –  , -3, τE –     

, .       
 D-T       

 : 
nτET > 3×1021 · / 3,  (4.5) 

 T –  , . 
     -

  Q = Q /Q ,  Q  – ,  -
     Q  –   

. ,   Q = 1,    
(Breakeven), Q > 5 –   (Ignition).   

 Q  -   -
          

,        -
     .     

    (Burning plasma).  -
      D-T    

  – TFTR ( )  JET ( ).  -
 TFTR  1994 .     

12 .  JET  1997 . – 16 ,     
Q = 0,64.  ,    JT-60U ( -

),       D-T ,    
 Q = 1. 

Q →∞
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 : ,    -

  ,  , . 
     ,  

       
  . 

       
      .  

         
  . 

 ,      -
  1928 .    : «( ) –  
,        

».  ,     
   rD – ,   -

  ϕ(r)   ( ,   Z1) -
   :  

. 

   ,    , ,  
,     ,  

   .       
   : 

  , (4.6) 

  –  ,  n –  . 
    -

 ( )  (T > 100 ).  , -  -
 . 

        -
,       

  ,     -
 ni >> n0. 

       -
,        -

2
1( ) exp( )

D

Z e r
r

r r
φ = −

-3

(K)( ) 7
( )D

T
r

n
≈ -3

( )( ) 500
( )D

T
r

n
≈
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    ,  (  
  )    : 

, (4.7) 

 A = 9,5×1031 -3/2 -3,  –  , ; ne –  
, -3;  = 13,6×10-3  –    -

.  
,  ,   ne = 1020 -3   = 8,6   

  ,  

1104,2 13

0

>>×≈
n
ni , (4.8) 

 ,     -
 . 

 .  
  :     

   ? 
   (n = 1032 -3,  = 1500 )     -

  

1~
0n

ni . (4.9) 

      . 
      . 

      : 
. (4.10) 

   rH  5,28×10-11 .  ,  -
        

      -
,        , 

   . ,  -
,       . 

   
   ? 

 ,      ,   
  « »     . -

,    ,    ,    -

3
2

0

1 i
i T

e

n
AT e

n n

χ
−

=

iχ

1/3 112,1 10r n− −= ≈ ⋅
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      . -
   (    100 )  

. 
      -  , 

       -
  . 
     ,    

      
  ,   .   

    (   ,  100 ) 
   ,    

 ,       -
 ,        

  . 
  ,    .  

     ,    
       
 ,     -

 .      – -  -
 –   10  .   -
    –  .  ,  -

,       -
.      . 

  –      -
 –     . 

  5       -
   2 %,  –  10 %,  –   

30 %.   4      -
,    1,5 ,   –  2 . 

     ,    -
 .         

 .       
 10 %  . 

          
,   ,      

.     ,   -
       107 K,   

 .      
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     .   
 ,      . 

        
,     .     -

  ,    -
 . 

        
,   .    ,   

  . 
       –   

  (    ,    -
    ). 

      
,      ,   60–80  
,      ( , -

,  ,  .   -
  1014    ). 

     -
  1932 . . . . 

 ,       
     ,   

    -    -
 .      10–20 ,  

  – 4–8 .      
   ,   

    . ,   
      

   . 
       -

 .  ,  –  , 
   15    ,   

.   ,   -
    . , ? 

     .  , -
    1/2,      -
.    ,      

 - ,       -
  .      
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 -      (λD = h/mν ∼ 10-10 ) -
     (~ 10-13 ),   

     . 
    60–80  ,   

  –   - ,   -
  ,   ,     

   ,  «  ». 

   
 1802 .,   ,     

  ,      
   .  1814 .     

    ,   -
     ( . 4.6). 

 
. 4.6.   

   ,     -
    ,   -

  .     -
,       

20 000 . 
24  1868 .      -

 –          –  -
       -  , 
     D3.      

     ,     -
 ,    ,     -

,      .  
1871       ,    

 ,   (  . «helios» – ). 
      1881 .  ,  

       . 
       

 ,     1895 .  -
   . 
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          -
   ,     -

  ,       – 
  ,     -

   ,     .  -
   ,      

,     (  . «nebula» – 
).        

. . ,         
. 

      ,  -
      

  ,  ,   –  
    ,  -

  –     . 
  ,      -

   ,    
. 

  1975 . . . ,     
 -4,   .   -

       . 
     ,   –  

  – .     -
        . 

       
   . 
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 5 
  

        
    -   . 

  ,          
  ,  ,   

 ,    . ,  -
    ,  , 

 . 
         

,        
.  ,    ,  

   . 

5.1.   

  ,     -
,       1911 . .  

 .  1924 . . .   . .   
 .  1932 . .     

     – . 
 1938 . .   .  ,    

      –    -
 .  1939 . . .   . .   

      
 -235.  1940 . . .   . .   

   ,   ,    
  . 

 ,   40-   20-    -
       -

  .     .    
         

   2  1942 .    
«  ».     . 

  ,     ( . 5.1). 
     ,    -1 

(  1)     1946 .   -
  «  » ( ) ( . 5.2). 
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. 5.1.     

 
. 5.2.  -1 

   ,     
     . 

      . 
,       -

.       
  16  1945 .   - ,   

  20    .  
 6  1945 .     « »  

  ,  9  –   (« »). 
     20 . 
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       29   
1949 .  ,       

     . . , . .  
 . .  –    -  

 ( . )  1941 . 
      1946 . –  -

,    . 
 . 5.3     1  

1946 .    (  ,  ). 

 
. 5.3.       

     -
    ,   5  

    -
     -

 ,    
« » ( . 5.4).   

     
.       
  .  

    
,    -

      
   « , -

  ». 
. 5.4.   
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1958 .        
  (   « »).  

      
 . 

 1963 .       -
     ,   -

      ,   
   ,    -

.     (   -
   )      1990 . 

 1954 .       – 
       -  
  5  ( ,  .). 

  
 1932 .   : «    -

  ,  (  )     -
».       : « ,  -
,       ( ) 

  »(1933 .). 
   1955 .,        -

  ,     , 
   . 

   ! 

5.2.   

  ,   ,  -
   .      

   XX .   1920 . . ,  
 , : «    -

 ,    .  -
      ,    

   .     ,  
-         
» (    J. Wesson, The science of JET). -

      1938 .   , -
    ,  ,   

,    ,  -
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     .   -
   ,     . -

   – -   ( . 5.1). 
 5.1 

  , 
 

  
 

p+p D+e++  2·(0,164+0,257) 1,4·1010  
e++e- 2  2·(1,02) - 

p+D 3He+  2·(5,49) 5,7  
3He+3He 4He+2p 12,85 106  

4p 4He+2e+ 26,21+(0,514)  

       .  e- – 
, e+ – ,  – ,  – - .  . 5.1 

,        
26,21   (     ).  

,  (CN)    . 5.2. 
 5.2 

  ,    
 

p+12C 13N+  1,95 1,3·107  
13N 13C+e++  1,5+(0,72) 7  
p+14C 14N+  7,54 2,7·106  
p+14N 150+  7,35 <3,2·108  
150 15N+e++  1,73+(0,98) 82  

p+15N 12C+4He 4,96 1,1·105  
4p 4He+2e+ 25,03+(1,7)  

  ,      12   -
. 

   ,   
      . 

1928 –    (R. Atkinson and F.G. Houtemans) 
   ,   ,  

,   .  
1932 –  ,    

       (Sir 
Mark Oliphant).      -

   ,   . 
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1939 –   (Hans Bethe)   
    (   ). 

        
   . 

      -
     -

 ( ) .      
       1941 .  
 40-        

  . 
 1942 .   –  -

      –   -
     ,   -
     . 

        , -
  1946 .     . . , 

. . , . .   . . .   -
  ,       -

 ,    , -
    .  1948 .   

    .   -
 . . .     27-  . . .  -

,        -
      . 

    , ,   . . -
   ,       -

  1949 . «  -   ». 
,    ,  ,   
   .  1950 .    

 , ,    -
, ,    ,    

( ) ,    ,   ,  -
  .     -

  24-  ,   ,  
          

  .      , -
       -

  . . .      -
    . 
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 - ,      

. . ,   –   . . .  -
       

 – LiD.     , ,  -
,  . . .  (     -

 )     ,   , 
    . . . 

       -
   1952 .,     ( -

 )      -
   50 .     
 500  ,     . 

,    ,   -
,  20  . ,   

    ( )   
 12  1953 .      
.   7 .      

400 . 1  1954 .    (   -
 )     

   15 .     -
  ,  . 

      100    
.      23  -

   «  » («  »), -
  140    :     -

 « ».     ,  
11       60 . 

        
  « - » (100 ),    
  –  57 ,     

,     30  1961 .   
       .   

   . 5.5.  « - »   -
      « » –  « -

»,     ( . 5.6)  « - », 
    ( . 5.7). 
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. 5.5. « - » 

   
 
 
« - »     – «  ». 

        
 ,      -

 (1894–1971),   (1959) -   
 : «     , 
      .   -

  !» 
   –   -

 . 
  ( )  –   -

   .   -
,    ,   -

   .  -
,   ,    -

 ,    . 

. 5.6. « - » . 5.7. « - » 
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. .      ,   
  ,   -

   .     -
       -

.        
  .     D-T 
.         , 

     .  ,  -
        -

         
 « »  . 

    ,    
 .  ,     

 .      ,   
     , 

        . 
         -

        
 1950-  . 

      . 
1946 .  . .   .    

   .    -
    .    -

    ZETA ( )   ( ). 
1950 .  . .   . .   
       -
        . 

   1958 .    ( -
, ,  ).   -

   . 
1951 .      (  

). 
1951 . .    . -
   (  )  . -

      (1958 . -
, )   . 5.8. 

1952 . –   -1 –   (Z – -
)    ,   -

  . 
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1955 .    –     
( ).    .   -

. 

 
. 5.8. « » 

1956 .        -
 -1 ( -1) . 5.9. 

1956 .  25  . .   ,  
   ,      

      -
.          

 . 
1961 .   . .    

 ( )   («  »). 
1969 .     -

    -3,   
.       -

.        
  . 
1978 .      . 

        
,  ,      -

  (     -
),     20–23  1978 . 
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1985 .      . 
        

    . .   -
   ,     

     1985 . 

 
. 5.9.  -1 
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 6 
    

    
  -  ,   -

  (   )    
,    .  , 

       : 
1)  ; 
2)  ; 
3)   . 

    D, T  3He. 

6.1.   

 –       2.  
       .  -

      – D2O  HDO.  -
  1     6600  . 

         
 ,       -

. , ,      
,    .      

    ,  ,  -
 –   . 

6.2.   

 –       3. 
        .  -
      – T2O, THO  

TDO.       
 .  (6.1) 

   – 12,3 .  -
  – 18 . 

       (   -
     ),   

 ,    .    
      -

: 

3 3T He e→ +
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  (6.2) 

      ,  
   

6.3.  3He 
3He    ,      .  

   ,   , 
  ,   , 1 000 000  3He. 

       . , 
       , -

      ( . 6.1). 

  
  1956 .  -

,   
   -

 .   (Richard 
Wooley) : «  -

   -
». ,   -

   1957 .,  
. .  –  1961- . 

 ,    
 -

  . , 
     -

   . 
 . 6.2   -

   
 .      
    14,1   -   

 3,5 .  -   ,  -
,   ,    –   -

,   . 

3 4

7 7

Li He+T 4,8 ,

Li He+T 2,47 .

n

n n

+ = +

+ = + −

6 7Li: Li 7,5%:92,5%.=

 

. 6.1. « » 3He   
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. 6.2.       

    ,   
  .     

,       . 
  ,    

     1,1,   
    . 

   1     
100    300    . 

 ,       
    . 

      , 
  D–D- . 
2D+2D 3He(0,8 )+n(2,5 ), 
2D+2D 3T(1,0 )+p(3,0 ), 
2D+3T 4He(3,5 )+n(14,1 ), 
2D+3He 4He(3,7 )+p(14,6 ), 

     
62D 24He+2p+2n+43,2 . 
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 7 
 . 

    

      
         

 . 
  ,     -

,        -
  –   ,   -

         
.  ,      -

 ,       
  

 (7.1) 

 m –  ;  –  ;  –  -
 ; V⊥ –   , -

      (  -
   ). 

      ,  -
        , 

    .  -
 ,       
      ,  -

,      . 
        -
   ,     -

,        -
   « »   . 

         
  ,       -

 ,        
. 

        
  ,      -

,  . 

,L
mcV

r
eB

⊥=
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    1952 . . .     

. .   . .   . 
      . , 

          
 ,    

 (7.2) 

. ,    ,  , 
         

, ,    , ,  -
      , 

     , -
   . 

       . 7.1. 
  –       

,   (7.2)     

 (7.3) 

 

.  (7.4) 

  (7.4) ,     ,   = 0, 

  = 0,        
      

, (7.5) 

      – . -
 R   .  ,  

    ,    -
        

        

. (7.6) 

2

2
mV

B
⊥μ=

2 2sin
2

mV
B

θμ=

2
2

2sin B

mV
θ=

0
0

1sin B
B R

θ = =

1arcsin
R

ϑ =
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. 7.1.      

         
         

 . 
       

     .   
        

 ,     . 
     ,    -

  . 
 ,     107 -

        10 .  -
     ,   -
      . 
 ,     . 

        
 ,  ,     -

    . 
     .  -

       .  
       -

  ,      
      . 
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 . 7.2     -
  ,       -

   ( . 7.2, ),    –  
( . 7.2, ). 

 
. 7.2.  ( )   ( )    

 ,      
,   – , , ,   -

     .    -
      

,        .  -
         

 ,       
. (     «  

»).        
 . 7.3. 

  ,     
, ,       

 1,       -
     (  -

     )    
    .  . 7.4  

       -
  R⊥,    

  R. 
       -

 60 c,    100  ,   -
    . 
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. 7.3.      «  »: 

 –  ,  –   

 
. 7.4.        

   

 ,      -
 1010 -3,        
 . 

        
«  »,      . 7.6. 
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. 7.5.      -8 ( ) 

 
. 7.6.       

     
         -

 .      -
 ,       -

      . 
       

,       
   –     . 
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     -
      (  -

 «   »),   -
  . 
      

     .   
        , 

     . 
 ,    

,      , 
    1010–1011 -3. 

       
  . 

   .    -
      -

,  ,        
 .      

    ,   -
  ,       

        
 .    , 

 ,       
    . 

       
       

,        
     ,   

,    . 
       : 

1)         
 ; 

2)      
 . 
   ,    

,        
 ,   .   

        
   ,   -

sinV V⊥ < θ
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 ,  ,   . 
       

   .    
     ,   

   .  . 7.7   -
   « -3» ( ). 

 
. 7.7.   « -3» ( ) 

     1976 . . .     
. .   . .     , -

    .   
   . 7.8.      

    . 
,  ,       -

,     .  
      ,     

    .    . 7.8, 
     – -

.   1     
  ,   2 –   «  ». 

        
 . 
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. 7.8.    

          
    ,   -

    .     
      
 

 (7.7) 

  –   ; np  nc –  -
     , .  

  ,   ,   
      . 

 ,      -
    20–30   -

    100     -
 100 .        -

 1–2 .       
1,5÷2×1014 -3.        

ln ,p
c e

c

n
T

n
φ =
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 ,      -
   ,       
        -

. 
 . 7.9     

« -10» ( ). 

 
. 7.9.   « -10» ( ) 
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   .        
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 –      -
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       -
,  ,       
,        . 

 . 8.1     ,   
. 8.2 –   « ». 
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.         
    ,      
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,        

 . 
       

,       ( , 
  ,    – ),   -

   . 
       -
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     -

     ( . 8.3). 
      « » -

  . 8.4. 
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     ,  -
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       .  

   . 

B
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. 8.1.     

 
. 8.2.        

 
. 8.3. « » 
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  « »   ,  
      
   .  . 8.5  
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 ,      -

     .  –  
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,        
   ,    

   ,     
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   ,     
 . 

      
      , -
       . 

     
    .  

      . 
        

   – . -
      ,  -

 (  – ,  -
),    ,    -

   (  -11,  )   
 (  ISS95). 

,   . 8.8 ,   
     L-    -

        ( -
), , ,      

,   ,   L- . 
       – 

       , - , 
       ,   L- -

. -        -
     . 

,  -      - -
.       -
   –      -

,   ,      
  20–30 %    L- .    
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   -       -
    ,   
   1,5–2,5  ,   , , -
,     -  

   ,  - . 

 
. 8.8.      

        ISS95 

       -
       

   .   
   ,    

  ,  ,   . 
      

. 8.1. 
 . 8.9    ,   

. 8.10 –     LHD. 
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 8.1 

 R,  a,   
,  B,   

LHD ( ) 3,9 0,6 28 4  
WVII-X ( ) 5,5 0,5 20 3  

 

 
. 8.9.    LHD 

 
. 8.10.    LHD 
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. 9.6.  «  » ( ) 

 ,      ,    
 : 
1)       -

    

)8/( 2 π
β

B
p= ; (9.1) 

2)    q –   -
         - 

 : 

, (9.2) 

  –    ;  –  
 ; I –  . 

  ,       
   . ,      

 1.   ,     -
  ,      -

2

2a
aB cB a

q
RB IR

θ θ

ϕ
= =
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 ,   ,    
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  (9.3) 

    %; IP – ,   , ;  – 
  , ;  –   , ; 

N –  ,   . 
    N = 3÷5, -

  ,     
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.  . 9.7    ,   
 . 
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   ,  

,p
N

T

I

aB
β=β
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,         
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 ).       
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2.   ,  ,    -
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     – ,   
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 ,     . 



90 

4.        
  

  (9.4) 
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,   –   –  , , 
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    .  – , -

    , – ,  -
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  . ,   , -
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/ ,eH q q n R Bϕ= =
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    ~10% -
     DIII-D   

k = b/a = 2,3. 
      -

  . 9.10.  : R = 1,7 ,  = 0,62 . 

 

. 9.10.     DIII-D ( ) 
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      ),    -

       . 

2

,i i

e

n Z
Z

n
=



94 

,       -
 . 

      –   
     ,   -

          
,   .    -

      ,  2. 
,        

 1,6–1,7. 
      -

   . 
        

       – -
.     . 10.1.  -

,     (SOL),   -
,    ,   -

 ,    . 
      -

   , ,   ,  
        . 

(  ,     -
 ). 

      -
,        -

     .  
  ,    

 ,   ,   
     ,   

  . 
     ,  

  ,   - ,  
     – 
.     (ITER-97(y)),   

     -
   , ,   

  (   )    -
  R,   I ,    

k = b/         : 
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. (10.3) 
      -

   .  . 10.2 -
,    , ,   -

     . 

 
. 10.1.   

 « » ,     
 A = R/a = 3÷5,      -

   A ≤ 2   ( . 10.3).  
   « » .   

   ,   .   
        -

  .     
     (~ B4). 

 ,    ,  -
     -

,        -
    .    
    (Spherical Tokamak Power Plant – 

STPP)     30 . 

2 0,9 0,9 0,66/E pt R k I P
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. 10.2.    (  )   
(  )       

 
. 10.3.   
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10.2.    
       ( -

  ) ,    ,   
    .      -

   ,     
    . 
   –      -

 .     , 
      -

,       .   
   ,   

  . 
 ,      
      -

 ,     . -
     , 

 ,    . 
 . 10.4     -

   DIII-D   . 
  ,       

    .   -  -
       
. ,   ,    ,  -

     . 

 

. 10.4.     
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  –      
  – . 

,         
      .  -

      14 K. ,  
,        -

 ,  4,23 K.        
   ,     ,  -

       . 
  ,        

,  ,        -
  . 

        
.        . 

 .10.5     . 

 

.10.5.     

    (D2),   . -
      « ».  



99 

   ,   ( ), 
     ,   

.      -
  5   .     
,   16   .  -

  –   3 ,   1 .   
     , 

     . 
 . 10.6  ,   « » -

  .       -
  1 .   –  50 / .  

    100   . -
      .  

    . 10.7. 
       . -

        -
 .        

  .  . 10.8   
 ,   .  

      1 / . 
,       ,    

   . 

 

. 10.6. - , « »    
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. 10.7.  

 
. 10.8.    

        -
  (HFS)   45º  ,      
 (LFS)   . 
 . 10.9       DIII-D. 
 . 10.10  ,  -
       DIII-D    

  (HFS)     (LFS) .  -
 ,        -
,   ,       , 

      .  
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. 10.9.      DIII-D 

 

. 10.10. ,        
 DIII-D      (HFS)   (LFS)  

       
   ,     , 

     , ,   
. 
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10.3.     -10 
 . 10.11    , -

    -10.   – 0,4 , -
 – 150 / . ,       -

.          
(  ).       

  . 
      

    ,    
. 

 
. 10.11.   ,     -10 

     , -
   -10      -

        
 -  . 

 -10   ,  
         

.     1020  . 
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 . 10.12 ,      -
  .   ,     

      2 . 

 
. 10.12.        

  , ,    
    . 

       -
  

 (10.4) 

 

 – (10.5) 

      ,   
      .  
. 10.13      

   600   . 
    -

  (SXR)      
  -   (ECE). 

,
1

e
i

B
E

T
T =

τ+ τ

( )
3

2
2

13
4,4 10 e

B i
T keV

A
n

−τ = ⋅

Eτ
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. 10.13.        

  ,      -
  ,     -
.        -

  . 10.14.   ,     
    ,     

 .     
      (~ 60 ). 
      
 ( )      ( ). 

      . 
        

 .      -
 ,     .  

   ,     
« »    . 

      -
.         -

  ,       
 ( . . 10.13), ,     , -

  . 
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. 10.14.        

 . 10.15  10.16      
        

 -      
.     600 . 

  ,    
(10.3)    ,  1200 , 

   ,    . 

10.4. -    

       
-  ,       ,  

 .          
          

.    -   -
  . ,     -

 D-T   3  32    
5  – 16   .   – 300 / .  -

    1 .      
4500 3   . 
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. 10.15.         

 
. 10.16.         

 . 10.17     -
    . 

  ,       
 (HFS)   ,  . 
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. 10.17.         
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     ,   
   . 

        
 . 

1.      . 
2.        -

   . 
3.        -

 ,      . 
4.        

      . 
        

 . 
    . 

11.1.   

       -
,         -

   . 
 ,     

 
,                 (11.1) 

  –  .  ,  -
       

 · ,  ,    -
    1     -

 . 
    ,     
,   (  – ),   
     .   
,         
  .     -

      -   , 
  .     

8 3/2( ) 3 10 ( )eZ Tρ − −⋅ = ⋅

81, 7 10Cuρ −= ⋅
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      -
. 

      
 ,       

    . 
        -

  . 

11.2.     
         

       
    .   -

   . 11.1. 
        

,        -
    .    
       . 

    .  
-      .    -

 ,   ,  -
          -

.       15 -
 ,    ,  

 – . 
      

      . -
 ,       

,         -
  .  ,   -

    . 
        

  ( . 11.2).     -
     .   

    ,   –  
,   , .  -

,         
      -
 -  . -    -
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  –  .    
     , -

      . 

 
. 11.1.       

 
. 11.2.      

 ,        
     ,  

      -
 .      
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      -
 . 

     , 
           

2/ .(11.2) 

 i –   ; ne –   -
, -3;  –  , ;  –  , 

104 .  ,      -
 ,       -

     . 
 . 11.3     

       .   
        -
   ,      

    .   
       

200  , - ,    -
        -

   80 % ( . 11.4). 

 
. 11.3.        

    

       -
         

( )
( )0,118 0,7 0,02

0,6519 3
7 10 0,2

2 1

effZ
e i

eff eff
e

n A
Z

T E

+
−σ = ⋅ +

+
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       (11.3) 

 

. 11.4.      

11.3.    

       
 -      

       .  
       

 (  )      
,   m    Z: 

 
cm

ZeB

ei
eiL

,
, =ω . 

      -
     ,     

  . 
      

 : 

1)   -   ; 

20 -3

( )( )
180 (10 ) ( . . .)

W
n M

=
⋅ ⋅

Le
e

eB
mc

ω =
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2)   -   ; 

3)     . 

11.3.1.     -  
 

    - -
  

. (11.4) 

        
.      
 ( )      

   .   -
    -  .  

. 11.5   .    -
    ,    

,      .   
       -
        -

    .   -
,   . 

   170 ,   -
 ,   . 11.6. 

       -
      ( - ) ( -

      )  
 ( - ) (    -

   ) ,   -
    .  
     ,    

    ( )  

,        (11.5) 

 ne –  ; me –  . 

Li
i

ZeB
M c

=

LH Le Li≈ ⋅

10( ) 2,8 10 ( )
2

Lef B
ω= ≈ ⋅

π

2
4 -34( / ) 5,64 10 ( )pe e

e

ne
n

m
= = ⋅
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     ,     
   ,       . 

  -     
    .     -

  ,   /2,    -
 ,     . 

 ,   -   
 : 

1)   ; 
2)   . 

      -  -
      , -

   .    -
  ( ,   )   

.   ,   -
  1 ,   . 11.7. 

 
 

. 11.5.   
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. 11.6.    

 
. 11.7.   -   

 . 11.8     
  -10,      -
    ( )    

  ,   .  
  550 .   –  900 .  

 ,   ,   -
  ,    

.  . 11.9      
 . 
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. 11.8.    

 
. 11.9.    

,       . 
   ,       -

      , 
,    ,    

 ,  . 

11.3.2.   -   
-   

,  (11.6) 

 Z –  ;  –      . 

7( ) 1,57 10 ( )
2 ( . . .)

Li Z
f B

Mπ
= ≈ ⋅
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         -
 .        

  -  .  , -
   ,    ,  -

  ,    ,    
    ( ,    1   3   

 ).     -
     (     1 )  
       . 

       
   ,   

 . 
 . 11.10    .  -

   .  . 11.11   
  ,     . 

11.3.3.      
   

.    (11.7) 

         -
 . 

 
. 11.10.      

8( ) 6,53 10 ( )Z
f B

M
= ⋅
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. 11.11.    

     ,    -
.   ,    -

      .   -
       -

,   ,     -
   ,   .  ,   

    ,   .  -
      

  ,      -
     .  . 11.12  -
   .     

  . 

 
. 11.12.     
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 ,      
 -    3,5 .   -

     ,     
 ,  ,  .   -
   ,   -   

     . 
   ,     -

 . 
       -

 JET( ). 
      -

  : 
21  NBI (   ); 
16  ICRH ( -  ); 
6  LH (  ). 

 1997   JET     D-T -
. ,      ,  -

     ,   ,   
   10 %.    -

    .   , 
    (16 )   

(26 )  Q = 0,61. 
      5·1019 -3, -
 NBI  22 ,  ICRH – 3 .  -

    30 . 
     TFTR ( ), -

  1994 .,      
11 . 

         
 D-T    !  
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12.1.   
      , 

        
 ,         

 .       -
 10–50 ,        -

 ,       -
  . 

,     -
   ,    

 . 
       

  –      
   ,    

     . 
     -

       -
  1960 . ,     -
  .     

      -
 ,     -

.        
  ,     -
    . 

    1960-      
  –    ,   

       -
 (       ). 

    ,  -
      1–10   10-8 ,  

,      1015 .  
       

        



121 

       , 
    . 

12.2.      
  

        
. 5.1.        -

 1,    , , , 
   -  (D-T)  2   

D-T       3.   
      D-T , -

    . 
     D-T  

(  5 %   ),    
     .    

   .   -
     , ,   

    D-T .  ,  -
       , 

     ,   
  (  3  . 12.1),   , 

     ,   
   .    

    ,   
.     , ,  
 ,     =  

= 20–40 . 
 ,     ,  

      . -
      ,   -

        -
   .  

        -  
 .     

   ,         
   .  

,  ,   ,   -
      . 
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 ,      ,  
    . 

 
.12.1.       

        
      -

 ,      
       . -

      -
 ,   ,    

  ,     
 .     

         -
 .      -

 1    5–6   .  -
 – 1 .     D-T . 

12.3.      

      : 
,     .    -

     ,   
 ,        . 

       , 
,       

 .    -
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.    ,     
,     , -

       
,     ,  

     -
,    « »  -

    . 
 ,       -

,    ,    
 (  . «hohlraum» – ) –   

  ,     -
 Z,  . 

        
  . 12.2.     -

       , -
    .   

      -
     (   -

),      -
,   .  ,   -

  . 

 
. 12.2.       

 . 12.3      -
       NOVA ( )  

 . 
  NIF (National Ignition Facility)     

 192  .    –  
.   –  1 .   -
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   .      
  4–5  ,     -

,      . 
  –  5 . ,  – 

500 .  . 12.4      
 .   –  . 

 
. 12.3.        

    NOVA    

 
. 12.4.   NIF   .   –   
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12.4.  
     -

       , -
    ,   

  . 
      
    . 12.1. 

 12.1 

     
  ( ) 

  
( ) 

NOVA ( ) Nd  125/80/55 1,05/0,53/0,35 
OMEGA ( ) Nd  30 0,35 
NIF ( ) Nd  1800 0,35 

 5 ( ) Iodine 30 1,35 
 ( ) Nd  10 1,05 

PHEBUS ( ) Nd  20/10 0,53/0,35 
G   ( ) Nd  20/15/12 1,05/0,53/0,35 
LFEX ( )2   Nd  20 1,05/0,53/0,35 
LMJ  ( ) Nd  1000 1,5/0,53/0,35 

      
    ,   –  , 

      1–2 %.    
      103,  -

   .      -
      -
        . 

,     , -
       – 
 . 

12.5.   
       : 

  ,  Li,       
   ,  b,    10 . 

     ( . 12.5),  -
   ,  . 



126 

 

. 12.5.      

12.6.   
     -

     « -5» ( . 12.6). 

  : 
 ,  1,5 

,  6 
 ,  150 

,   ,  5 

     « -5»   
      . 
     -

     ,  -
   ,    -

    .     
   .   

   . ,  -
 HYLIFE-11    Li2BeF4,  -

    ,   . -
        

 .       
      .  

    8 ,   –  20 . 
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. 12.6.  « -5» ( ) 

12.7.   
     ,  -

        
4.10-13 ,    ,      

 .       -
      -

,       -
   ,   ,  

. (12.1) 

  ,    -
       

 . 
        

.       ,   
   , -   . 
 ,    , ,   -

  ,    (  ) 
 

2 13

13
1,44 10  0,36 

4 10  cr
e

E
r

−

−
⋅ ⋅= = =

⋅
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, (12.2) 

 h –  ;  –  ; m –  . 
  ,       -
        , 

       ,  
        k = m /m  ,  

  .       
,   D2,    
   k  ,     
. 

,       –  
-  ( ). 

 ( - ) –  ,  , 
     ,  -

 .      207 . -
       

. (12.3) 
     -

.       -
       .  -

      1936–1937 . 
.   .    . 

    : 
, (12.4) 

νe  νμ –    .   -
. 

       
- , ,   ,   -
     . -   

 : –, 0  +.      
140 ,    – 135 . 

         
      

. (12.5) 

2
8

2 0,58 10
4B

h
r

me
−= = ⋅

π

62,2 10−
μτ ≈ ⋅

( ) ( )e ee v v v v± ±
μ μμ → + +

2E mc=
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 –  ,     
 2,6·10-8       

. (12.6) 

       
 ,      ( -

        
  ). 

  ,  -  d  t, -
     p , d   t ,     

pp , pd , D-D , D-T   . 
      0,7414·10-8 ,  -

   0,358·10-10 . ,  
    ,    

    . 
       -

      . 
 ,        -

   100–150 . 
 ,    -

 . 
 , -       

  . 
          

    ,       
   (    )   

     «   » 
( ).        

   1989 .     -
        -

         
       

 .    -
        

     «Cold confusion» 
(  !).       -

   ,    -

( )v v± ±
μ μπ →μ +
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     ,   
       -

      -
, ,    1990-       -

      -
.        

,       
  ,     
  .      -

 LENR – (   )  
CANR (    ).   -

    1 ,    -
     .        
   , ,   , -

  « »   . 
  « »    , 

,  ,     -
       

  .   :   
    ,   -

,      . 
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 13 
    

  

  XX   ,     -
     ,  ,  -

     -
        . 

,  «…      -
   ,   ,  -

,       
,      ». 

 ,       , 
      . 

,         -
, , 1,4·1014 –2· –1,    

     3·1021 ./ 2,   – 
1,4·1014 –2· –1,     – 2·101 –2· –1. 

      -
   ,    , ,  

,       -
   . 

13.1.    

,     -
          

  .    
  (point)   (  – dislocation).  
. 13.1    .  . 13.1,  

      . 
      ,    

(vacancy) ( . 13.1, ).       ,  
  (interstitial) ,    -
     (Frenkel pair) 

( . 13.1, ). ,      
,    . 13.1,    (di-

interstitial) ,  ,    . 13.1,  – -
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 (crowdion). , , ,    
   (foreign atom) ( . 13.1, ). 

 ,    , 
   ( . 13.2) 

 
. 13.1.  :  –   ; 

 – ;  –   (  );  –  ; 
 – ;  –   

 
. 13.2.    :  –    

 ;  –  (boundary);  –  (screw)  

 . 13.3    . 
,   ,  « » , -

  (voids).   ,  , -
   (bubbles).    -

      (loop dislocation) 
( . 13.4). 

      
106 -2.    – ,  

    100 -2,    
      1012 -2. 
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 ,   . 

 
. 13.3.    

 
. 13.4.   

       -
 25–35 .   , , -

     ,     
   ,     . . 

 ,      
    . ,  

        
      440,   –  900,   

 –  390  .    
.       

  ,    .  -
      

,  ,    . -
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 ,      -
 . 
     -

    –  –    (dpa – 
displacement per atom) – , ,   

        . 
       -

  , : 
   3 

    3 
 3–10 

 , ,       
   10 . 

       
  ,  ,     

.        
        . 13.5. 

 
. 13.5.     (1)       (2) 

      .   
,       ,  
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       -
 ,       -

   . ,  -
    14     

  ,     . 
 ,      -

,     14 , ,  
      . 

      
     590 .  -
  ,    

      -
  ,     .   

   ,    -
 . 

13.2.   

13.2.1.    
13.2.1.1.   

       
    ,  ,   -

  .      
 .  . 13.6   -

  ,   . 13.7 –    
  . 

 
. 13.6.   
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. 13.7.    

  ,    -
         -

.  ,      
09 16 15 3    1,4·1023 / 2  28 %  

 400–500 º    0   350  600 º . 
   ,  , 

   .     . 
,       

(E > 0,1 )   ,  2·1020 ./ 2, 
      2–3 %.   -

  ,      -
    15 %. 

 ,        
       
   2×1020 ./ 2. 

     , -
   .   ,  -

  ,    100 %. 

13.2.1.2.     
    -

.      -
        -
 ,  ,    .  -

   . 13.8    -
 +0,5 % Ti. 
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. 13.8.    +0,5% Ti 

       
,    –   . 

  ,      -
    . ,  

    ,    
    . 
        -

     ,   -
.  ,      

   .     -
       50 %. 

 ,    -
        -

.  ,       
      

      -
440         (30 )  8–
10 . 

13.2.2.    
       

  . 
      ,  

       -
  .      -
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   ,    -
. 

13.2.3.  
      

 . 

13.2.4.  
       -

  ( ) ,    
 .     -

 : 

 

-      ,  
  .  ,   -
   ,    -
  .  ,     -

     , -
     .   -

     . 

13.2.5.    
      -

,    ,  ,   -
   102–1010 .   
    ,    -

      , -
      . 

     -
   . 

 . 13.9      -
 ,       -

      .   
    100   2·1019 ./ 2. 

   – 100 Å. 

( )
( ) ( )
( ) ( )
( ) ( )

( ) ( )

9
58 59 56
50 51 48
54 55 52
197 198 198

Be ,2 2 ,
Ni , Ni , Fe,
Cr , Cr , Ti,
Fe , Fe , Cr,
Au , Au - Hg.

n n
n n
n n
n n

n

→ α
γ → α →
γ → α →
γ → α →

γ → β →
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  ,       
     . 

 
. 13.9.  ,   ,  

       

13.3.   

13.3.1.      
      -

  .   -
       -
. 

     -
  ,     ,  

100 ,  ,      
10-2    .   -

      H, D,  ,  -
     0,1   -
. 
 . 13.10    -

   (SS)     -
     . 
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. 13.10.      

    ,    

 ,     ,  
  ,    -

    . 
      -

     -
,      . 

    . 13.11   -
  (   001)  -

      40 . 
      , « » 

,    . 
   .     

  ,    , -
     . 

     -
: 

, (13.1) 

  –  , ES –  ,  

, (13.2) 

   –   . 

( )1
s

T
sp sp

E
E =

γ −γ

( )
1 2

2
1 2

4
s

m m

m m
γ =

+

1m 2m
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. 13.11.    (   

 001)        40  

13.3.2.     
      

 10-4–10-5 ./ .    
,    14     -

,  Nb, V, Si,   ,   
2·1012 .,      
0,25 ./ .    4·1014 .· -2· -1 -

   ,    -
,   0,6 / . 

13.3.3.   
 ,    , -
       -

,     . 
      

4H + C = CH4. (13.3) 
 –    ,  

   , ,  2 4, 3 6  . 
      -

,    . 13.12. 
       

    .   
 . 13.12,     3 %   

     .    
     . 
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. 13.12.      

13.3.4.  
     (  ) 

 ,  ,  ,   
   – .     

. 13.13    , -
     36 . 

     
  1100 º . 

   -
    
   ,   -

  . -
,    

   -
 . 

   
  , 

   -
,  -

 . 
 . 13.14  -

  ,       
0,25    TRIAM-1M ( , ). 

 
. 13.13.  

 ,    
   36  
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    –  ,  -
 – . 

 

 

. 13.14.  ,       
0,25    TRIAM-1M:  –  1,5÷7,8·1015 -2;  – 9,3÷14·1016 -2 

13.3.5.    
      

       ,    -
 - . 

13.3.5.1.    (Radiation Induced  
Electro-Motive Force – RIEMF) 

       -
        

       . 

13.3.5.2.    
 (Radiation Induced Electrical Degradation – RIED) 

     , 
 , .      -
  15 %.      -
 ,    .    

   . ,  -
       -

   30  ~ 70 · ,    -
   1 %. 
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13.3.5.3.    
  (Radiation Induced Conductivity – RIC) 

       
     .  

13.3.5.4.   (Thermally Simulated  
Current – TSC) 

     -
 ,   -    -

  , ,   ,  -
       .  
       . 

       . 

13.3.6.   
13.3.6.1.  (Radioluminescence) 

      
    . 

13.3.6.2.   (Radiation Induced  
Absorption – RIA) 

      
      ,  

 ,   .     
. 13.15    « -8»   

 ,     30    -
,    20    

     . 

 
.13.15.   « -8» 

 ( )   ( )  -  
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,        
  . 

13.3.7.      
      

   3–4        
.        

    . 
,   ,  , -

      .   -
    ,    .  

-      -
       -

  .     
    – - .   -

   . 13.16. 

 

. 13.16.  -  

  ,      , -
     ,   -

    ,   
Al2O3.    – 1,5–2 . 

13.3.8.       
     

   ,     -
  .     0,1  

    , 
     

. 
     (  ) -

.        
  800 º . 
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       -
      -

.        
.       

    ( 3).  –  -
 ,   , ,   -

,   ,     
. 
 ,      -

  ,   -
 . 

13.3.9.  
  ,    -

       -
    . 

,      , 
       

2,8 ,  2,8       -
   .   

   ,   
     8 .  

C ,   ,   
    ,    

  . ,  , -
    ,  0,5   

 2,6×1019 ./ 2     -
       -

. 
 ,     -

     . 
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        -
       –  
 Z ,   . 

    ,   -
      .   -

    –    -
         -

   .     
     . 

        -
 10-7–10-8  . . ,  ,   

  200–400 º .  ,   , -
    .   – -

   .       
      ( ).  

       . 
        

  .     ,  -
    . 

 . 14.1       -10. 
       

 (   ),     . 

 
. 14.1.       -10 
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      ,   
,  ,  Cr, Ni    , 

         -
.  . 14.2      

-10   ,   . 14.3 –  -
    TFTR ( ),     

   . 
     , ,   
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 ,      -

  . 
   –   

 « » ,  
2
0

0 1 22,  
4

P J
A J A .                     (20.21) 

   
4 21 2

0 8 2
A A

R Z ,                        (20.22) 

 0  –     
2

2
1 0R

R R R Z
.                  (20.23) 

   ,  0 0 . 
 –   ,  , 

  
2

02
1

1 N

k k k
k

R I R R Z Z
R R R Z

,      (20.24) 

 Rk  Zk –    ,  Ik – 
   . 

      -
   ,      

 - ,   . 20.4. 
  ,    , 

  . 20.5.   ,   -
   ,    – .  
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,       . -
      ,   

    .  
 ,    . 

 
. 20.4.    : 1 –  ,  

2 – , 3 –  , 4 –    
(        ) 

 
. 20.5.       
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       -
       -
  .    

k = b/a ( . . 9.9)        
    .     -

  
2 2 31 1 2 1, 2

 (k)
2

q k
q ,  (20.25) 

 q       
25

p

a B
q

RI
 

 ,  k > 1       
     Ip.   

      . 
   ,    -

   ,     E 
       : 

E  Ip
0,9k0,8. 

 ,  k     k  
     E. 
       -

 .      (20.16),   
      ,   
  .  ,    -

   1,5 2     N 
  6 4.      MUST   

      -
       0,4. 

 ,       
      – ,  -

      
     . 

      -
,         

 .       -
     k ~ 2. 
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      -
       , -

,  ,   .    
  12 (PF-1 – PF-6, CS1L-CS3L, CS1U – CS3U, . 20.6). 

. 20.6.     

,       
    . 

        , 
       x- . 

    . 20.1     
 ,     -

       . 
       9 . 

 20.1 

   ,     ,   
    , .  

 PF1 PF2 PF3 PF4 PF5 PF6 
 ( ) - 3,299 0,787 4,422 3,093 5,246 - 14,163 

 S3U CS2U CS1U CS1L CS2L CS3L 
 ( ) - 6,548 - 0,278 9,840 9,840 - 3,615 - 0,689 
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 21 
   . 

  

      
,      -

 ,   ,  -
      . 

   ,    -
 ,       

  .        -
        -

       
. 

21.1.     
       -

  ~1020 -3,     , 
     ,   -

  .    ,  
      (  

300 ,     ) NL  2,7·1025 -3, ,  
           

.  ,     
    3–4    -

  ,     
       10-5–10-6 . -

    . 
      

,dp
V Q Sp

dt
    (21.1) 

 V – , p – , S –  ,  Q –   
 ,      

   q      
(Q = q A),        

      -
 .       

     -
   ,   ,  
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     -
  (3 5) 10-8 / 2 ,      
   3–4 ,  ,   

       -
 . ,     

      
   = 50   R = 150     10-6   

    ~30  / !   -
        

   ,       
 . 

    ,  -
         

     ( , -
 ).        

,      -
  ,     . 

21.1.1.     
   ,    

     .  
 (  ) ,   -

  /     
        

   (     ) 
(  ) 

 = E , 
     . 21.1. 

 21.1 

 E,  
Al 70 
Ti 112 

 190–210 
W 350 

 ,      -
      (     

30 %     500 º ). 
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   ,     -
  D    t    -
 (    l > l   8D) (  –  ): 

3

2

2
1

E t
p

D
. 

  (  = 0,3) 
3

2,2
D
t

Ep . 

 l < l  = 1,1D
t
D      -

 n (    n = 4)    -
    l/D  (   

  k = k(D/t, l/D),   2,2  
l > l      l < l )  

3

D
t

E
n
k

p . 

 k = k(D/t, l/D)   [4]. 
        -

 ,     (   
 n = 4), 

t =B/65, (21.2) 
  –        .  

   

.

224B
t , 

    .
 

 
t

n
, 

 –    . 
       -
 ,      , 

   . 21.1  . 21.2. 
  ,       
   , , , 1 %   , 

      15   -
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  ,       -
.  ,      -
  .   ,  -

        
(  30 %)    ,   

   ,     
      . 

 
. 21.1.  ,      

 21.2 

          
 . 21.1    n = 4 

      -
    ,  -
       -

 . -      
   ,     

  ( ,    -10 -
 78        0,8 , 
   ,    . 21.2  -

    ). -     

 D/t2 R/t3 D1/t1 t1/  

 70 470 37 57 
. , 20 º  105 830 89 3 
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    (    4 ),   
     .  

 . 21.2       -
  -10,        

 ,     
 ,     -

,        
 . 

      , 
  . 21.3.  ,  -

 «   »,    -
 ,        

     , -
      -

 .  – ,     
  ,     -

, ,        
    . 

 
. 21.2.      -10: 

1 –  , 2 –   , 3 –  ,  
4 –  , 5 –  
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. 21.3.      -10 

      
  ,     .   

     . -
 ( )     -

 
1  = 250  .  (21.3) 

  ,    -
,     ,  

  : 
  > 1000 . 

21.2.   
       -

     ,    
,    

7( c) 10 (A) ( ).
( )

F
q I B

l
  (21.4) 

     -
 . ,     -

   .     
        . 

     F    
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.   ,    
  ,   F ( . 21.4). ,   -

    I,    ,  
  2Tsin( /2) = F.      

 F = qdl,  dl = a ,  
T = qa. 

      -
 S  

710 .T IB
S S  

(21.5)
  

 
                          

 
 

 
 

. 21.4.        

 . 21.3      
,    ,  -

,        -
  . 

 21.3  
      ,  

     

 
 

, / 2 
Cu20 C

 

 7 1,0
 35–39 1,0

  (Be 0,5 %) 56–77 0,6–0,66
 155 0,31

  ( . . 21.3),   t  -
    (    a1  a2  a), -

      ,  -
     ,    ,  

   ,      . 
    : 

I 

B

a
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2a1 2a2 

B0( ) = 0,4 I ( / )cos ,                         (21.6) 
 I  = I/2b   ,   arctg(a/b).  -

,        H [ ]   
  B [ ]. 

 
 

 
 

 
 
 
 
 

. 21.5.  ,   (21.3)–(21.5) 

  ,  ,  -
  (21.5)    (21.3), (21.6)  

7 2
0

2
10 ( ) ,

0,4 cos
B a

t
               (21.7) 

(a1  a2  a).  ,     -
      (« » ), 

      -
   ,     -

        : 
2

1

2

3/22 2
0,o 0,2  

a b

a b

Ia
H db da

a z
. 

     . -
 ,       

  ,      
 2

0 /8B ,        
      .  

:   5       
. ( , ,    5  

(50 ), « »    100 !) 
-            

    Br,      
.  ,    , 
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,  (Fr)   (Fz)  
 ( . 21.6).    (b = 2÷3a)  Fr ¼ Fz. 

(    « »  -    
     ). 

 
 
 
 
 
 
 
 
 
 

. 21.6. ,       
     

       -
    I  ,    

 ,     
  : 

( ) ( ) 0,4 (A)
l

H dl H Rd NI , 

 N –    .    
        

    
0,2 ( )( )

( )
NI

B
R

.   (21.8) 

       
,        

   ,     , 
      ,  

    ( . 21.7). -    
 ,   -   

max min

max min
( ) B B
r

B B
.    ,    

     ,  
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 ,      
    . ,  

    (a) ~ 10-2.   
       , 

        .  
  . 21.7,     ,  

         
      ,    

 . 21.7,      ,  
      .  

         
 ,     

. 

 
. 21.7.         

  ,     

       -
    ,    ,   

   ,      , 
     ( . 21.8).   

      ,  
  .     

  ,    . 
 ,    .   

N ,   ,     
,         

W (   ,  ,   ): 

FR = –
R
W , 

2
20 2

8
B

W a R . 
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    : 

N
aB

F
NR 4

22
0 . 

,     (R = 6,2 , a  2 , 
B = 5,3 , N = 18)       

 FRN   5 . . 
 

 
. 21.8.      .  

 –       

21.3.     

-       -
       

( . 21.9),    ,  ,  -
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   .    ( )  
     

2
2

0
0

( ) ( ) sin .M q r d  

. 21.9.       
      

      
         . 

,       -
,     -

 M    ( . . 21.10)   -
   J: 

( ) M y
y

J
, 

 dxdyyJ 2 . 
 ,       -
 ( . 21.3)        -

. , ,    , -
     ,   -

  : 
Cu

Cu

Cu
Cu

M y
E

J J
E

. 
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    E  = 200–220 ,   CuE  = 
= 125 ,        J  

      y,    . 21.10, ,  
      . 

  

. 21.10. ,     ( ),  
   ,     ( ) 

    ,     
    q    

   
constT q ,  (21.9) 

        
. 

   (21.9)      
  q(x, y)    -

   ,  -
    (   ,   

N )      
( . 21.11)    R2/R1.   -

    = (R2 – R1)/(R2 + R1)   -
   . 
     (R = const,  

x = const)  (21.9) , ,  -
  . 21.11, a      -
   :   «D»- , -

   aba   aa  a´ba´   a´a´ 
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( . 21.11, ),   «O»- (   ) 
 «C»-  (      ). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

. 21.11.     [26]:  
 –          N  

K=0,5ln(R2/R1) = 0,7,  – «D»- ,    aba   aa 

        

  
2

2
LI

W      -

.     . . .  -
   .   -

   : 

dr
r
rz

L
R

R

2 )(4 , 

      .   -
 l-  s- .  l-   ,    

“

“

“D” 
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s-     ( . 21.12), -
    . 

 

. 21.12.  l-  (   )  s-   
(     ) 

  l- , ,  
2 2dl dz dr , 

 

dr
dr
dz

l
R

R

2

1

12
2

, 

  s- : 
2

1

2
4 1

R

R

dz
s r dr

dr
. 

      
2

1

2

( ) 1
R

R

z dz
f r dr

r dr
, 

  ,  f(r) = 1/2  l-   r  s- . 
      ,   

     D-  . 
  l-  s-  ,   s-  -

     A = 2R0/(R2 – R1) > 
> 1,772. 

 ,     -
      ,   

     . 



217 

 22 
   .  

   ,   , 
    . 

     , -
  . ,   ,  

  -   ( ). 
  ,     
 .     

   ,     
  .   -

,  ,    -
,       

    .     
   ,    -

       . 
  ,    -

      -
    .   -

      j   
. 22.1.    ,  

   .  
        

  2
vW j .    -

  (Tmax)     t , 
        

2

max 2 ,
2
vW l

T T
k  

 k –     .
 

       
    : 

3 1
Cu Cu20 C 1 ,  0,41% 4,1 10 ,T  

kCu =3,86 /( ). 
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. 22.1.        

 d   L.       p1 

     ,   
        

3
2 1 Cu, 10 .sW

T T T t k k
k

 

    ,  -
       : 

p1 – ( p  + p  + p ) = p2,  (22.1) 
 p  –    ; p  –    

 

2 p   p  = 
2

2
v
g

, 

 , v  –    , g –  -
 .   (  = 1)  p  + p   0,74·10-6 2v  (  

     ( ),     
/ ).        

  f 
2

mp 2
L v

p f
d g

. 
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 ,      
    

p  [0,74+0,5 L
f

d
]·10-6 2v .  (22.2) 

 ,   ,    

     R
vd

N    –  

 ( . 22.2).  RN  > 4 103   -
 (     vd > 20). 

   . 22.2,      -
       -

.     -    
  f  0,3 [28]. 

 
. 22.2.         

        
     d 

    ,    
         ,  

(22.2) ,      -
   : 

p  p  = 
d
L015,0 10-6 2v .  (22.3) 

  Q =A v ,   –   ,  
       :  
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2 ( )( / ) 8 ( ) p d
Q A

L
.  (22.4) 

     
( )

4,186 ( / )
W

T
Q

. (22.5) 

      ,  
  .      -

     , -
     ,  

  ,     100 º . , 
,         -

     4,2  (~ 42,8 ),  
  200 º     1 / . 

       
 ( , ANSYS)      

  ( . 22.3, ). 
 ,        

       
      -

  , ,   ,  .  
     ,  

  .  ,   , 
     ( , -

-   ,    -
   )   -

  (Na-K ), -
    ~ 200 ° . 

     
    . 

  ,     -
 1    1   -
   2    2 -

 : 
4 4

1 2

1 2

( )
1 1 1

r
T T

q ,   (22.6) 

  = 5,67 10-8 -2 -4 –  – .  
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. 22.3.   ( )     ( / 2) ( )   

   :   15 ,  7 , -
     50º ,   5 / ,  

0,5 ,  250 .        0,96 , -
  2,25 / ,   26 º  

  (  )  -
     ,    = 0,8,   -

  = 0,1÷0,4.  , ,    
, ,   0,025.      

       ,   
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,  ,    .  
       

 = 1800 º      qr  0,3 / 2. 
      

       -
 . . 22.1    ,  -
    -

        -
. 

 22.1  
    ( )     

   

 4,2 K 78 K 300 K 300 78  
Cu 1,3 10-10 3,0 10-9 1,71 10-8 5,8
Al 1,01 10-9 4,0 10-9 2,55 10-8 6,6

  ,      
        ,   -

  .       -
    ,    
      , 

  . 
       

       
( ,  ,   ).   

         
 ,      . 

     -
 (HT-7 (  -7), -15, EAST, KSTAR, JT-60SA  .),  

      -
. 

 ,    , 
    ,   

jc    Bc,     -
   .     

.  
 . 22.4      

  .      -
       -
  NbTi  Nb3Sn. ,  -
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 « – »     -
 .     -
   .    -

       -
 -15,      1988 .,   

      -
,      .   

      
 ,       -

   .  
 

 
. 22.4.        -

    

     -
   . 

1.        
(  ,      ).  

,        
,     -

   ,   4,2 K  .   
 (22.6)       

, ,  ,   , 
   ,    -

 (300 K).    (  = 4,2 K)  1   

,  

Bc,  
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  1,4 / ,    (  =77 K) 22·10-3 / . 
           

        
  ,    . -

        
,    (77 K) ( . 22.5) (  -

  ).  
 
 
 
 
 
 
 
 
 

 
 

. 22.5.       4,2 K 

      (21.13),  
         

4,2  77 K    ,    : 
  = 0,06 (  ) – 91·10-3 / · 2; 
  = 0,025 (  ) – 38·10-3 / · 2. 

2.  ,      
  . ,    ( )  

77K  4,2K    155·10-3 / . 
     -

     ,   
  « »  . 

      -
   . , -

     -   , 
    ,    

      -
   (  ). 
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3.       
    , ,   

     ( . 22.6) 
      -

 ,      
  ( )     ( -

),       
  (     -

   ).     
    :   -

 ,     ?  
, , ,    R = 1,5 , a = 0,5    

  3,5    W  B2(2 Ra2)/8  3 ! -
    21.1, ,    -

      750  -
!    -

   ,    
       -

 . ,      -
 , , ,   -

      . 
 . 22.6     -
    . 

         
    ( ). 

       -
 (Y, Gd),  REBCO,    

 BSCCO (Bi-2212, Bi-2213)      
.       
  ~ 80   10–12    ~ 500  

  .    . 22.7,   
    ,  -

 –      , 
  .  ,   

.       . 
      -

   ,       
     ~ $20 . 



226 

 
 

. 22.6.      
   

 
 

. 22.7.   ( )     ( ) 
        

 

 
 

   

  

   

 

,  

j,  

 
,  

77K

T,K   J,
A/ 2 
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 23 
   

   ,    
 ,     
 .  ,    – -

   1976 .  -10. . 23.1   
    . 
     .    

 1,5 ,  – 0,35 .  ,    -
, 3,5 ,    1 . , -

    , ,    -
       

 ,     10–15 . 
   ( )   

  ,        
      -

     .  
        , 

 ,     , 
    .   

       -
        

,        -
 .    ,  

       
     . 21.1.  ,   -

       ,    
      

   ,    ,   , 
    .     

    , ,  
  ,     -

   .      
    ( . . 19)  

      , 
        

     ,    
   ,   « » 

      .  -
  ,         -
     -15  ( . 23.2). 
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. 2
3.

1.
 

 
 

-1
0 
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. 23.2.   -15      

    

  -15        
 ( . 23.2)     

  .     
,      

     -
    . 

      
JET     . 23.3.    

  ,    ,   -10, D-  -
      ,  

        
,        

,    ( -   -
    ).  

    JET  30 ,   
       
. 
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. 23.3.    JET 

      -
      ,    

    ,  
      

   .  JET    
,        -

  ,     
 .      -

       -
 ,      500 º   , -

,  .     -

 
 D1-D4 
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      10-8–10-9 . 

      (  34 ) -
    1 (  ), -

  2 (  ,  )  
       -

 ,   3- 4 –  -
      . 

       -
 ,      (  -14) 

( . 23.4).     N   -
   N2 ,  N   ,  

       -
  ,      -

   ,     .     
    ,    

    n ,     -
  . 
       (80-   -

 )   7     
    ,    -

 ,        -
        ~ 13 !   

     1  0,35 .  
     

. 
       -

       (    
~ 130 / 2,    ,    -

 ),       
      , 

       . 
       -

  ,      
  « »  .  

    ( . )   , 
    .  ,   -

  ,    -15,    
1980- ,  1990- ,       

    . 
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1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

. 2
3.

4.
 

 
 

 
 

 (
-1

4)
 

1 
– 

 
, 2

 –
 

 
 

2 
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. 23.5.         

-15: 1 – , 2 –  , 3 –  ,  
4 –    , 5 –   

, 6 –  , 7 –  , 8 –    
 , 9 –     

 
    -

       
  «  ».     -

 -15 ( . 23.5) –       -
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  ,     -
   . 
        

   – ,    
 10-3 .      -
    ,  
    .   
      1,2   

 4,5 K,     ~ 350   , 
      -

 ,  ,    . 
  ,     -

       -
  ,  9     .  

      1,8  -
        10–15   

    2–4     
       « -
»     

,          -
  .    

165   80 K.  ,   -
     

   , ,    , 
   . 

     
     «  »  

 1990-         
. 
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 24 
-      

.   

24.1.    
    nD = nT = ni/2  
 ,     D-T  < TD >, 

      , -
   i,      

Ri,       Sf   
: 

TD

2
1

2
i

i

i i
i f

n
v

dn
d

S
t

R
n . (24.1) 

     « » ( ) -
 : 

T

2

D 1
4
idn n

d
n

v
t

R , (24.2) 

 n  –   ,   –   , 
R  –   .  (24.2)    

 « »  .     -
   

ni +2n  = ne    (24.3) 
       (   -

   ) 
(ni+ ne+n )kT = 2n0kT,   (24.4) 

 n0 –      .  
  (24.2)     

(R  = 1)   (24.3)  (24.4),     
 t     : 

0

0 0

( /4)( )
1 ( /4)

DT

DT

n n f t
t

n n f t
,   (24.5) 

 < DTv>  fDT.        
P  = nD nT< DTv>  (E  = 3,52 ) , ,  -

 (  0-  ,    -
     V ) P  = nD nT < DTv>   
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(E  = 3,52 + 14,1 ) V    
P ni

2, ,  ni/n0 = 1 – (3/2)[n /n0],  
(24.3), (24.4),  (24.5)  ,    -

     P  (0)    -
  t:  

0

(0)8 1
3 ( )DT

P
t

n f P t
. 

   fDT  10-22 -3    = 10    
 -    n = 1020 -3 , 
  ,     « », -

    ~ 100 .  
 ,    (     -

)   ( . . 10.1  15.1),  ,  -
,       

-    « ». 
     -

      .   (24.1). 
    Qf   
 ,  (24.1)   : 

2

2
1i

TD i
i

i
f f

n
v R

n
Q S V V . (24.6) 

 ,      (n ~ 1020 -3, 
V ~ 500 3)   10 ,    -

 TDv   fDT = 10-22 3 -1,     (Ri = 1) 
   Qf ~ 2,5 1020 -1.    

 400       
0,5  .   ,  ,   -

      i ~ 10 E.   -
  E ~ 1 ,     1020 -3,   

       
      -

 ( )  RY   Qf  2,5 1020[1 + 20(1 – RY)]c-1. 
 RY = 0,       20 .  

,   1  ~ 30 .   (    2004 .)  
  ,       3   

[6].  ,        
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( . . 15.2)  .   ,   
     (    ~ 6  

  18,5 )   = 1,79 10-9 -1(12,3 ). 
        [6]: 

2
31
2T

x x
t , (24.7) 

 0

1B

E N
x

W R
; RB –  ; W –  

 ,  N0 –    . 
     W = 1 ,  « -

»  5   (N0 = 1027 . )   -
 RB = 1,2      . 

       -
  x << 1      -

   . 
24.2.    .   

 
       -

 ,   –      -
   .      -

 PT     
E: PT = <3nkT>V/ E,         = N/ c  

    c. 
     -

   D T-  (  nD = nT = n/2) 
2(3 ) 3( / 4) TD rad aux

E

d nkT nkT
n v E P P

dt
, (24.8) 

        - -
,    ,   – 

        -
  ,    -

    . 
    Prad     -

 ,         
- .       

 ,       -
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 ,    -
         . 

      . 
       

  .     
Pr

 ( / 3 ) = 1,7 10-3 8 Z2 nen i ( - 3) Te
1 / 2 .   (24.9) 

       -
     ,   

10–100 .       -
 ,  , -   

,      
      , -

       -
 ( . 24.1).      -

 ne ~ 1019–1020 -3      Pr  
     ni -

      . 24.1  
 Ki(T)   Pr = nineKi(T). 

 

 
. 24.1.       

     

 ,   , 
         -

   ( , ,     -
  ).  

Ki ( 3)
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        -
        -

 (   E > 0,5 ) .  -
 : 

Pr ( / 3) = 6,2 10-1 7ne ( -3 )Te( ) 2( ).  
  (24.8)      

       
       1957 .  
.    ,   -

        -
 .      PTR  (  

    ,     -
  )    T  -

         -
 (   I)    

( . 24.2)   PrR       PER: 
 

PTR T I =PrR+PER. 

. 24. 2.    ,  
    

 -      -
    ,    V, -
      (PrR + PER = 

= V(Pr + PE),      . 24.2   -
   ).    -

        
{[(n2/4)< DTv>](E  + MEn) + Pr + PE} T I = Pr + PE.   (24.10) 
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       -
     M   

 En.  D-T  E  = 3,5 , En = 14,1 ,  -
    M = 1,1–1,2,     

  238U,     
   239Pu,      

   ,    D-T ,  = 7. 
,       

  ,    (24.9) -
     2

rP Cn kT  n2fr. 
 < DTv>  fDT   (24.10),  -

   ,     
      

DT

3 (1 )
( / 4)[ ] ( 1)

T I
E

n T I T I r

kT
n

f E ME f
. (24.11) 

     T = 0,4, 
   I = 0,8,  T I = 0,32  1/3,   

 (24.11)    : 
3

(1/8)[ ]E
n DT r

kT
n

E ME f f
. (24.12) 

   n E   
(  M = 1,2)   . 24.3,   -

    D-T  -
 fDT (T): 

3 1 18 2 3
DT 1 3

20( ) 4,65 10 exp /f T
T

, (24.13) 

    . 
 . 24.4     

 fDT ( )      (24.13) 
(  ).   ,     

         
 30 . 

  
        

     (   200 )  
   : 
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expA
E B E

E
. (24.14) 

 E –   , A  B –  
,       
    .    
     

2
1 22B

Z Z e v
E

, (24.15) 

 Z1  Z2 –   ; e –  ; 
 –  ; v –  .  -

  (24.13) –     -
 (  )     

  . 
    ,  -

    ,   
. . . 

 
. 24.3.   ( )  

  ( )    D-T  

    D-T   T I = 1,3, Z = 1 -
     

  (breakeven),    -
 T = 10     

 n E  1014 -3   n E  1020 -3 . (24.16) 
 (24.16) –     -

      -
    (  DT ). 
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n ET,   T ~ 10      
n ET  3,5 1021 -3 .  (24.17) 

 ,     (24.17) -
      (4.5).   

     4. 
   D-D ,    
,      ,   

DT- ,    . 24.4,   n E > 1015 -3  
     (~ 100 ). 

   ,     
(ignition)    .    

    -   -
,    (24.8)   -

 dT/dt.  dT/dt = 0  . 24.4 ,   , 
       

(Paux= 0),       n E. 

. 24.4.          
   D-T  D-D .    (24.12) 

    0,25 %  .   
(ignition) D-T   dT/dt = 0   (24.12)  Z  = 1

=3,6 ~0,05%W) 
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. 25.8.   : PF –  ,  

CS –  , TF –   , 
  –   

  ( . 25.9)   , -
    SS316 L(N)-1G,  -



250 

  5 10-8       
,   .     

   ,    -
     –  ,  -

 (   )   – . 
     ,   -

     ,    -
 ( ).  

    200º      
  .  ,  5300   -

    ,     
 8 %    . ,  -

       
       -

   XXI . 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

. 25.9.      

     -
  –  –     

(     -15, . . 23.5), ,    -15 
(    )    

    80 K.    
     . 



251 

       
   , , -

  ( . (22.6)). 
    ( . 25.10)  -

       40  180   
  30      

(   . 21.1  . 21.2).    -
       10-4 . 

 
. 25.10.  (  – 29 ,  – 29,4 ) 

        
(29 )        54  

,    .    -
    180      

     (3500 ),      
  (~ 8,7 .    -

  5,3 .   ). 
    ( . 25.11)  -

       500  
    50    ( -

 ).    (400 ) -
   ,   

,   120       
     . 



252 

 
 

. 25.11.      

  ( . 25.12)   440 .   
       -

  ,  Be- ,   
   2,2  4,7 / 2.    

~ 2,5 . 

 
. 25.12.   

 
 

 

  

  



253 

       
      (   

  400 / 2)     
      -

,        
   8 8 2. 
      . 25.13. 

, ,      -
 ,        -

        
 .  ,   -

       -
   . -    

         
 «strike point» – ,    -

       
 (  10 / 2)     -

    .     
   ( ,    -

   )   ,   -
  ,     -

. 
 

 
. 25.13.    

  

  

 

   

 



254 

     – 54,  -
 – 8,7 .      350 º .  -
      80    

 . 
 .   ,   

 - ,    ,    
      -

     (ELM) –  
  ,      -

    2–6 %  .  Q = 10  
 ELM     1–2 .    

       -
,        -

 . 
         

   « » ,   -
 (       ), 

     , 
      -

.  . 25.14   25.14     -
 .        -

   :  –    -
    –   . 

      -
  ( . 25.15)     

 (     32 )    
1 ,      , 

     (40–55 ),  -
   (170 )   20  

      (5 ).   -
 –     . 

    ,  
      . 

         
 . - ,     

 (~ 1018 -1 -3),      
  ,    

       -
     .   



255 

    ,    -
     , 

     «  
 »   ,   

      ( . 25.16). 
      -

      ( . 25.17). , 
     2–3    

,     . 

 
 
 
 

. 25.14 . ,     

 

. 25.14 .    

 
 

ELM 

  
 

 

 
 
 
 



256 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

L
H

 

 
 

~ 
5 

 

E
C

 
  

 1
70

 
 

IC
 

  
 

 4
0–

55
 

 

N
B

 

 
 

1 
 

+4
0

 
20

 
 

+2
0 

 
20

 
 

+2
0 

 
32

 
 

+ 
16

,5
 

 

. 2
5.

15
. 

 
 

 
 

 



257 

 
. 25.16.  «   » 

 
. 25.17.          

( ) 

- ,       
        -
 (   4    ),    . 

        -



258 

  (24,6),       -
 .    Q = 10   « »  

0,3 % .  ,    -
       , -

    ,  -
      . 

  –     .  
40        (   

)    27  ,      
        -

  DT-   17 .     -
   .   -

     ( ) -
  ( ) ( . 25.18). 

     40  -
      ,  

    . 

 
. 25.18.    : 1 –   

   ; 2 –  ; 3 –   ( ), 
4 –   

       -
      . 
    12 (  18)  ,  

(  17)    6 (  9) – .  , 
   16 (  54)  . -

       (  
,     ).  40 -

     .   -

  3             2

                    1

        4



259 

    20    
   1    , -

   20  (    
 ,     , 

    ).  
     -

  ,     , 
        -
    ,    -

        2 %.    -
     :   

     120  (  
 , , -   

)    ( ,   -
    400 ),  500  (  -
  ,   

) ( . 25.19). 
     -

  ( . 25.20).     -
,       

    (14,4 . 3)  -
  493  ,    -

   . ,  -
    ,   -

  –  ,   , 
       

  9   ! 
 .       

-    80     –   
 –       -
    (CEA).    
 – 180 .  ,    , -

     .   
   ,    -

  ,   , -
        -
  ,     

  ,   (  39   -
 ).     2019 . 



260 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    

 4
00

 
   

   
   

   
   

   
  

 
 

   
   

   
   

   
   

   
   

 
 

 
  

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

  
 

. 2
5.

19
. 

 
 



261 

 
. 25.20.    

 
. 25.22.        

    
,    . 

.  

 



262 
 

 
 

 

 
 

  

 
 

   
 

 6
6 

 

 4
00

 
 

. 2
5.

21
. 

 
 

 
 

 



263 

 26 
   ? 

   « »    
  ,     

 (  16  25),   ( . . 18),    -
   ( ),    -

 .       
(2040 .).  

       -
  .   ( )   -
       ( .  

8) W-7X    5,5     30 3.  2019 
     (~30 ) -
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        «  -
» (Broader Approach)    JT-

60SA (   JET)    100  (  -
 1000 ),         
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       100 , -
  CFETR (     ),    

2030    200   . 
 2009 .      « » (  

. . )      -
      2020 . 

        
 ( ) «    -
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 -15       
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 2017 .        
     

     2025 .     
2035 .       ,   -

   (  – ) . 
     -

        
( . 16).     [30],   

       -
       

     . 
,     -

  SABR (Subrcritial Advanced Burner Reactor,  
   ) [32], -

          
,    (  75 %) ,  -

   ,     
    3 .  SABR   

 10  (     )  
 ,     , 

     . 
    ,   -

        
,       

   . 
 . 26.1  ,   

      -
       

( )   ,   -   
( - )  ( ),     -

  ( ).    -
     .  

 . 26.2      
    (  

    ) –  
   :  -

 ,  ,  
 . 
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          -

        -
         

 .  -  , -
     ,     
  1977 .     ,  

,   ,     
   ,     , 

    13  (  2,5  ,   ). 
      

    (nDnT v E ) 
( . (24.1)) , ,     = P /P  
(    P = nkT      
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  R,  1,32 
  a,  0,47 

 k 1,83 
  0,4 

  V, 3 10
  S, 2 34

  ,  4+4 
  I,  11 

  B ,  13 
  Bz,  6,5 

  q 3,5 
  P,  18 

  ,  16 
  , -3 9,5 1020
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 , ,  .  -
 MIT       

ARC (affordable, robust compact reactor), . . ,  
     ~ 500  (   

) ( . 26.4)     REBCO ( -
- - - ) ,   

    90–100 K.    
(3,3 )   ,    (     

       -
  23 ). 

   ,   , -
   ,   -

     .   -
      .   -

 REBCO   20 K,    -
         

.    FLiBe (     
),       -

      600 .  -
        

     = 1,1.  
  7,8  (     63 %)   -

 (   25      
13,6   - ),    

 . 
    9,2 ,    24 . 

      , -
  (    )    . 

   MIT    -
      ARC,   

SPARC (Smallest Possible ARC).    
R=1,65 ,  =0,5    12     7,5    

    50  100 .  
       ARC -

     .  ,   
       . 
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,  [17] ,      

       -
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   . . .  ( ) , 
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 :     – 0,3 ,   
 – 13 .        
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1.  ,   D-  ,  1 . 
  – 10 .      D-D 

,        -
  ? 

,      . 
2.   ,   D-  ,  1 . 

  – 10 .      D-
3He ,     ? 

,      . 
3.   2  ,       -

 D  3He   10 %  6+, 1 %  8+  0,1 % 
 Fe26+. 

4.      D-T   
  1020 -3    -

     = 15 ? 
5.    D-T -  10 , -

  1020 -3,   5 .   , 
   (  D+)  . 

6.       –  .  -
    – ,       

.     8,7     
.         . -

  ( )   – 54 / 3,  – 16 106 K. 
        -

  . 
7. ,         

 .   –   ,   -
 0,783  ,       

 – 12  .   ( )   – 110 / 3, 
 – 10·106 K.      

 . 
8.        « -

  ».     0,17  
,    – 5,96  .   ( -

)   – 295 / 3,  – 4,7 106 K.  -
     . 

9.  ,       
 –    .    -
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 13  ,    – 600  . 
  ( )   – 6,3 / 3,  – 31 106 K. 

       . 
10.       -
    0,8       

120    1014 -3.   ? 
11.  ,    1012 -3. 
12.       O   -

        -
   0,35 ,    12 .   

,        -
  . 

13.  D-T  – 1 1020 -3,  – 15 .   
       ? 

14.   ,      
   ,       -

 5 %    ( ,    
   6,    -    

   )? 
15.     – 6,2 ,  – 2 ,  

 – 1 1020 -3.      
 1 . ,  (11.3),   -

    . 
16.        

      =1   n = 5 1019 -3. 
17.        

   n = 2 1014 c -3, R = 1,5 ,  = 0,5      
10   1 , ,     ,  -

       . 
18.      (   ) -

,        -
       5 ?   
  ? 

19.       -  
         

3,5 ? 
20.          
         3    

 ? 
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21.          
 R = 5 ,  = 1,5      5 ?  

22.        
 1,5 ? 

23.  ,       
24.    ,    

 ,       
   15  (   

  70    ). 
25.     -

  . 
26.       ,  

   ,   -
,      ? 

27.         R = 3  
 a = 1     q = 2,5   ,   -

         
? 

28.         , -
   ,       -

   b/a = 1,6     = 0,2? 
29.        -

       
50 ? 

30.         
  ,      

 2  ? 
31.        16  -

     R = 3 , a = 1 ,  = 2 ? 
32.  ,      

     1    
   20    5      500 . 
33.  ,     -
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1.        
       

 ( . . 4.4)   500 .    
 < >DD  < >D .  ,   < 500  

 . 
 D-D     3He.    -

    3He . 
2. T  80 ,    D-3     D-T 

   = 10  ( . . 4.4). 
   D-D ,  -

   W = nD
2< >EDD EDD  ,   

 EDD = 3,27   4,03    4,5  
,         3  
.     4 %   

D-3   (18,4 ),    D-T  (17,6 ). 
3. T  80 .      . 
4.       

W = (n2/4)< >DTEDT.   15    -
 . 4.4 < >DT 3 10-22 3 .  

W = (1040/4) -3 3 10-22 3 17,6 106 1,6 10–19 /  = 2,1 106 / 3. 
,    ,    

         
2,1 / 3 Vp,  Vp  . 

5.  (4.6) 
4 4

3
D 1 4 3

10 10 K /7 7 10 ,
10

r

 
   (  

 
D+)   -

 (7.1).        
 

Le
3, 37( ) ( )
( )

r W
B

, 

     

L i
14 4( ) ( . . .) ( )
( )

r M W
B

, 

     ,   
 rLe  0,7 10-2 ,     

  
rLD  0,4 . 
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6.    n = 54 / 3/1,67 10-24  = 
= 3,2 1025 -3 

6
9

D 25 3
16 10 K7 4,5 10

3, 2 10
r , pe 3 ,2 1017 / . 

7. rD  2,8 10-9 . 
8. rD  1,1 10-9 .  ,      
   ,  ,      

    (Warm Dense Matter) -
     . 

9. pi   2,5 1015 / . 
10. rD  24 . 
11. rD  240 .       ,  

        . 
12.       (7.6) -

  ,      
R = 35.     ,   -

  sin <
R
1 .     

       , -
      .  -

      

n /n  < 2
2

2
3

0 0 0

1 1sin 1 cos
24

v
v d d dv

Rv
= 0,014. 

13.  ,      -
        -

       -
     (4,5).    

     2 . 
14.      2,15 .  

,       -
 ne = k

k
k Zn . 

15.       
23 %    ,   ,  

 -  ~ 2 %. 
16.   ~180       -

    e2  (  7,4 ),    90   
e4 . 
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17. ~ 7,5 .   ,     
V ~ 2 R a2. 

18.  ,  -
 ,   (11.4) f  = 140 ,  = 

= c/f   2,1 . 
19.   10,9 . 
20.   22 . 
21.   11,2 . 
22.     1/2 ~ 25 . 
23. 1/2 ~ 145 , . .      

   5,8  ( . . 22.1). 
24. f > 2,8 . 
25.     ,  

        : 
         

     ,   
        

   . 
26.     ,  

      ,  -
  I,  a   R   , 

       -
   (       

 ). 
27.   20 (19,1) .     ( -

      )    
    (20.16),    
   ,        
. 

28.   1,9 . 
29.   2,5     . 
30.   500 . 
31.  200 . 
32. F ~ 100  (~ 10 ). 
33.  5 . 
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