
   5, 2012 
 

 

        " "  WWW.VIMI.RU 

72 

 681.7 
 

       
      

 
. . , . .  

 
        -

  ,         
 - ,       -

       ,    -
    .    -

    , —       
—  4, 5  7-  . ,      -

            
   0,1 %      

  —  4-      "3/8", -
     15—20      
. 

 
PACS: 41.75.Fr , 41.85.Ct 

 
 : ,     ,    

. 
 

 
 

     -
  -  -

   -  [1, 2] 
    

    . -
,     -

     ( ),  
     -

     -
,      -

       
   -

 .   ,     
     

 [3],    —  
4-   [4]. 

      -
      

,     -
  ,  "  "   

-   ( )  -
      -

  .      
 
 

  , . 
  , . 

  . 
, 603950,  , . , 23. 

. 8 (831) 462-32-65. E-mail: manuilov@rf.unn.ru 
 

    15  2012 . 
 

 

©  . .,  . ., 2012  

       
    -

     
    

.      
PIC-  [3],    ,  

,      ,    -
   ,  -

,     -
   ,    

  .  
    

     
      

  , - - 
,   . 

    ,  
,     -

     ( ) 
[5]  —    

    
   [6].     -

 . - ,   
 .  ,   -

-   ( )  
   100 .   

    500—900 .    
    [7]. 
  —     

    ,   -



   5, 2012 
 

 

        " "  WWW.VIMI.RU 

73 

 ,   , -
    [8].     

    , 
   ,   

,     -
  . ,   

  ,    
     -

       
 .   -

  ,        -
      -

 [8].   ,   ,  -
     2— 

4   [8].  ,     -
  " "     

    ,   
 (   )    

    .   
      .  

    ,     
     -

    :     
   ,     -  
 [8].  
     -
   [7,  8]    -

     -
 —  4-  .  -

      
    

     
      2— 

3 .     
      . 
      -

      
    , -

     -
     

   .  
,    -

    
     -

     
.     

     -
 ,       -

    -
    ,   

  ,    
    

      
  1—2 . 

      
 

 
   -

      
,        

     
       

  .  ,  -
 ,    -

     -
      -
   (   -

      
    ( . 1)). 

 ,     -
    . -

     
  " "   , 

     -
      . 

 ,    "  "  
 . 

 

 

y

x

h 

2r  

E 

B 

. 1.    
 

    -
    [7, 8] , 
      -

   3—5  -
   .   

    -
    [9]    -

  ,      
    , -
, 100    -

.   ,     -
      1000  

 .   -
      

     
      
   r ,  

 ,  1000   
    N (N = 5—50)  



   5, 2012 
 

 

        " "  WWW.VIMI.RU 

74 

,    -
 Tc.    7  

  ,  ,  
   [3, . 141—144],  

—  4-   [4, . 325]   
5   — :  

 4-   [4, . 144],  4-  -
   "3/8" [4, . 144],    

4-   [4, . 180],  —
 5-   [4, . 182]   7-  
 [4, . 207].    
 ,   

    C++. 
    -

     
(   ,     

  )     
  N ( .  1—4      
. 2—4).      

    , 
 — .    

   1000  1005 -
  .  -

 N = 5,  10,  20  50 (    N, 
 ,     -

     -
     PIC- ,  

        
  ,   -

    -
 ). 

 

  

y 
1,8 
1,5 
1,2 
1,0 
0,7 
0,4 
0,1 

–0,2 
–0,4 
–0,7 
–1,0 

1000,0                                 1001,0                                  1002,0 

7 

6 1, 2, 3 

5 
4 

 
. 2.    N = 10.  

  —   (1) (    
      -

—  (2)   (3)); -   
   —  —  4-    

 "3/8" (4);   —   
—  (5);   —   (6);  

-      —   
—  (7) 

 
    —

.  N = 10  20    
,   ,  1,5   -

   ( .  .  2   3).  -

     10 %  
 N =  50.         

    :  
 1 %  Tc   N = 20.   -

    :    
5  %   N = 10.   -

    (    
Tc)   N =  50.   ,    

      
    

. 
 

 

y 
1,3 
1,1 
1,0 
0,8 

0,3 
0,1 

–0,1 
–0,2 
–0,4 

1000,0                                 1001,0                                  1002,0 

7 

1, 2, 3, 4, 5 
6 0,4 

0,6 

 
 

. 3.    N = 20 
 
 

 

y 
1,2 
1,1 
0,9 
0,8 

0,2 
0,1 

–0,1 
–0,2 

1000,0                                 1001,0                                  1002,0 

7 

1, 2, 3, 4, 5 
6 

0,4 

0,6 
0,5 

 
 

. 4.    N = 50.  
      — , 

   ,   
    

 
    —

    -
  4-  .  N = 10  -

   ,    -
  10 %.  ,  -

 4-  ,    -
 "3/8",      -

     N.  N = 20   
    —   -

   1 %.   N   N = 5, 
  4-       

 1/3 Tc   r   50 %.      
5-   7-      -

 10 %,    — 5 %. 



   5, 2012 
 

 

        " "  WWW.VIMI.RU 

75 

   . 2—4, 
   , -

  .  x  y -
     
     -

. 
 ,   -

    , 
    -
 —  4-  , -
   "3/8".      

   ,    
— ,       N >10—15 -

     —
 5-       

.   ,  ,   [4], -
 —    7  

  ,     — 11  4  
  "3/8". 

  N (N < 10—15),  -
     -

—   ,  -
, ,  ,   

    -
      

 . ,   -
    -

  ,    
     5— 

10  ,       -
  ,    -

.   ,     -
    -

  N  10—20. 
    —

   "3/8", - , -
     

     -
   dt (0,  1/2,  1/2,  1   -

 dt     0,  1/3,  2/3,  1   
  "3/8" — . [4, . 144])   

     
    (   

—     
     ,    

   "3/8"  —     
 — . [4, . 144]). 

  ,  -
  —    

"3/8"   —   -
       

     

   , , 
 ,     

     -
    . 
 
 

 
 

   , 
      

      
 ,     

      -
,        -
      

 ,    —
       
    . -
    -

 — ,    4-  
   "3/8",     -

       
       -

 . 
____________________ 

 
  . . ,  

. . , . .   
 . .     

 . 
 
 

          
 
1.  .  .,   .  .  -

   . — .: , . ., 1972. 
2.  . .     -

. — : , . ., 1974. 
3.  .,   .   -

 / .  . — .: , 1987. 
4.  .,  .,  .  -

  /  / 
.  . — .: , 1990.  
5.  . .    

.  .:     (3-   -
-   ). . 4. — : , 1974. 

6. -  . .,  . .   -
 .  .:   . — ., 

1980. 
7.  . .,  . . //  . 

2002.  3. . 80. 
8.  .  . //  . . 2006. 

. 49.  10. . 872. 
9.  .  .,   .  .,   .  .,  -  
 . .//  . . 1992. . 35.  

 11—12. . 999. 

 
 
 
 



   5, 2012 
 

 

        " "  WWW.VIMI.RU 

76 

 
 

        r      . Tc —  
 , r 0 —    , N —       . 

 
  1 

 

    r   N = 5 
 

  /Tc, % r / r 0, % 
—  18,92 217,36 
 31,02 8,19 

  —  
4-   19,87 49,05 

 —  4-   
  "3/8" 22,37 23,09 

  39,25 44,79 
 —  1,25 9,32 
  0,00 11,47 

 
  2 

 

    r   N = 10 
 

  /Tc, % r / r 0, % 
—  4,66 70,69 
 11,25 1,96 

  —  
4-   8,13 6,58 

 —  4-   
  "3/8" 1,55 1,10 

  4,11 5,25 
 -  0,02 0,12 
  0,00 0,04 

 

  3 
 

    r   N = 20 
 

  /Tc, % r / r 0, % 
—  0,34 21,64 
 11,41 0,57 

  —
 4-   0,50 0,23 
 —  4-  -

   "3/8" 0,10 0,28 
  0,29 0,12 
 —  0,00 0,00 
  0,00 0,00 

 
  4 

 

    r   N = 50 
 

  /Tc, % r / r 0, % 
—  0,15 8,69 
 31,46 0,07 

  —  
4-   0,02 

0,00 
 

 —  4-   
  "3/8" 0,01 0,00 

  0,01 0,01 
 —  0,00 0,00 
  0,00 0,00 

 
 

Efficiency of numerical algorithms for solving particle motion equations  
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The comparison of the accuracy provided by different numerical algorithms for solving the elec-

tron motion equations is performed. The typical for the gyrotron helical electron beams with high 
pitch-factor case, when particles perform hundreds or thousands turns and at the same time it is 
necessary to find the phase of the oscillatory motion with high accuracy about 0.1 %, is considered. 
Such well known methods as Boris method, Adams—Bashford one and different versions of 
Runge—Kutta method of 4, 5 and 7-th orders are considered. It  is  shown that  for  the  case  when   
the time interval of particle motion exceeds some hundreds of cyclotron period, the most preferable 
approach is the so-called 4-th order Runge—Kutta method with the "rule 3/8", which provides  
the mentioned above accuracy even when the number of steps on the cyclotron period is 15—20 only. 
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