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) , 

 ( , , ). 
. . , 

1910-20 . 
. 

. , ,

, , , ,
, . . 

40 , 235U, 238U, 232Th 
, , 

(14 , 3 .). 
 (  40-50- . ) , 

) 85 r, , 131I, 90Sr, 144Ce, l37Cs .,
 (

). 

 (1972).
 ( , 1957;

, 1986) 
, , 

. 
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, ,

, . 
 ( ),

 ( , . .), 
 ( , 90Sr 
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, 
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1. 

         -, - , - ,
, . ., 

. 
.  , 

.
     

:
                                                 h/ =h ,                                                  (1.1)

8c 3 10  – ; 34h 6,63 10  – 
.

     
p k                                                       (1.2)

k – ;  k = 2 ; h 2 .
     :
                                                    = h/ .                                                      (1.3)
     

2 2 2
0E=c p +m c .                                         (1.4)

 m0 – .
             
                                                     . = 0,                                             (1.5)

0 - .  ( .< )
                                                      . = 2/2m.                                              (1.6)

     :
                                                   = mc2.                                                     (1.7)
      v:

2 2
0m m 1 v c .                                     (1.8)

     , 
. 

, . 
, ,

2 :
                                                  = ( )/ .                                           (1.9)
      : 

                                                x .                                                 (1.10 )
       :
                                                 t .                                                (1.10 )
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 1.1. , 
 0.9 .

v = 0.9c
 =? =?

 –  :   =  mv,   m  –  
, , 

:
0

2

mm=
1

,     = v/c = 0.9 ( ).

, 0
2

m cp
1

 =
81.01

1039.01011.9 831

 = 5,6 10-22 .

0, 
2

k 0 2

1E =m c ( 1) 131.06 10  = 0,66 .

 1.2.   ,
 v  =  0,09c  (  –  ),  

. .

 = mv. :
0

2

m cp=
1-

 =
0081.01

10309.01011.9 831

 = 2.47 10-23 .

 = m0v = 9.11 10-310.09 3.00 108 = 2.46 10-23 .

0, :

= 2
0 2

1m c ( 1) = 31 8 2 19,1 10 (3 10 ) ( 1)
1 0,0081

=

=0,329 1013 . = 2,06 .

 = m0v2/2 = 9,11 10-31(0,09 1083)20.5 = 0,332 10-15  = 2,07 .

, 
 1%.
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 1.3.
,  10-10 .

     = 10-10 .
    me = 9.11 10-31 .

 ,  = ?
 ,  = ?

:
= h/  , = h .

= 6,63 10-34 /10-10  = 6,63 10-24 /c;
= 6,63 10-34  3 108 -1 /10-10  = 1,99 10-15  = 12,4 .

 = h/  =  = 6.63 10-24 /c,

 = 2/2m = 6,632 10-48/2 9,11 10-31  = 151 .

 1.4. , 
   = 5 .

   = h/ .
, 

 (
, ,  0,51 ) 

.

:
2 2 2

0E c p m c , 2 2
0

1p= E E
c 0

1= E (E +2E )
c

,

,    – 0 =      + 0 =  + 2 0.

:
 =  5  = 5 106 1,60 10-19  = 8,00 10-13 ;

0 = 0,5  = 0,8 10-13 .
   =  2,93 10-21 , 

 :
     = 2,26 10-13  = 22,6 .
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 1.5. , 
, , 

?
 = 8

R =?

: p . , 
x = R/2,   R p.

. 
:   = 2mE . 

Rmin = 2 / .2m  = 2 1.05 10-34/ 27 132 1,67 10 8 10 1,60 )
  Rmin  = 3 10-15 .

 1.6.
,  10-10 .

 =10-10 .
ve v = ?

x , 
m v x . ,  

ve v  = m / me = 1,67 10-27 /9,11 10-31  = 1,83 103= 1830.

 1.7.  ( . =
1,5 ), ,

 = 1 . 
.

. = 1,5  = 2,4 10-16 .
 = 1  = 10-6 .

p/p = ?

, 
, 

.   = 0.511 , 
, 

  . = 2/2m.    = 2mE .
  x ,   p = x,

p/p = x 2mE  = 1.05 10-34/10-6 3016 1091.02104.2 = 5 10-5.
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1.1. 
     = 5 10-24 .

1.2. , ,
,  .

1.3.   ) , ) , )
,  3 107 . 

?
1.4. .
1.5.  )  5 ;    )  5 ;   )  5    

?
1.6. ?
1.7. , .
1.8.  U = 1 .

,  0.1% .
.

1.9. .
1.10. 
         , ) , ) ,

   = 3 10-22 . 
?

1.11. .
1.12.      = 10-12

.
1.13. ?
1.14. , 

,   
,  0,10 ?

1.15.  0,6 . 
.

1.16. , 
.

1.17. , 
   0,55 .

1.18.  0,435
0,628 ?
1.19.  0,55 ?
1.20. , 

 v = 108 .
1.21.  200

 2,02 . , , 
.
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1.22. 
 1) ; 2) ; 3) 

?
1.23. , 

                   1) ;
                   2)  1010 .

1.24.  2 10-10 .
1.25. , 

  0,5 ; 10  .
1.26. :

                                      1) 0,5 ;
                                      2) 10 .

1.27. ,  
 2 .

1.28.  0,2 .
1.29. , 

   v = 108 .
1.30.  ( ),  10-11 .
1.31. 

?
1.32.   , 

 v = 0,9c.
1.33. -

,  10-10 .
1.34. , , 

. 
 5 10-5 .

1.35. , , 
, 

, 
.

1.36. , 
.

1.37. .
1.38. 

, . 
? ? ?

1.39. , 
 100 .

1.40. 
, ,   10-8 .
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1.41. , 
 0,001 , 

?
1.42.  1 ?
1.43.  (8,880 ± 0,012)105 . 

?
1.44. 

?
1.45. ,

, 
.
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       2. .  

       , 
. , 

.  Z  –  
.

A
z X . :

1)     -   z        N = A - z    ;
2)   - nm = A m , p nm m ;

3)  - q = z e ;

4) .  , 
1/3

0R R A  , -15
0R =1.23 10 ;

5) ;
6) 

  .
        , , .

:
                            = (Zmp  + (A – Z)mn – m )c2 .                                (2.1)

        , , 
:

m m Zm .

  
 m = Z (mp + me) + (A - Z)mn - ma = ZmH + (A - Z)mn - ma;            (2.2)

mH = 1.00728 .;  mn = 1.00867 .
          m = (Z 1.00783 + (A - Z) 1.00867 - ma .;                                 (2.3)
            = 931 m .          1 . = 1.66 10-27

         1700 ,  300,
. 

) , 
.

         N0 –   t  =  0,  -
 t   

 N:
t

0N N e , (2.4)
   – .
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 ( , 
) 

:

1 2T ln2 0.693= .                                              (2.5)

 –
, :

 = dN = N
dt

t
0N e .                                   (2.6)

 N,  m, 

                                          N = mNA ,
 NA - ;  - , 

 : -3×10 .
A

1/2

m ln2 NA=  .                                                (2.7)

 ( ) 
. : 1  = 3,7 1010 .

:
 = /m,   ;

q = A/V, 3.
:

A

1/2

ln2 Na=
T

.                                                         (2.8)

: , 3
. .

 ( )  - :
A A 4 4
Z Z 2 2X Y He .                                            (2.9)

      4,  z – , 

X YA An
4

.                                               (2.10)

z = 2 n .
        , 

 – :

1 2
Dlg T =C+
E

,                                                   (2.11)



17

 – , 1 2T – .
    D   Z .

:
2

1 2

DE=
lgT -C

.                                                 (2.12)

.
1. : A A 0

Z z+1 -1X Y + e + ;

2. : eYX A
Z

A
Z 1 + ;

3.  ( ): A - A
Z Z-1X+e Y + .

      , 
. 
 Q.

      A A
Z Z+1a+ X b+ Y , 

:
                        Q = (mb + mx – ma – my)c2 (2.13)

 Q – , . 
 Q = 0.

, 
1 ) 

 ( ) 2 .
 1 ,  2 – , 

 1  2  t:
                           N1 = 1t

01N e ;                                                             (2.14)

                           N2 = 1 2- t - t1
01

2 1
N (e -  e ) .

       
( 1 2>> ),  N2  , . 

                           N2 = 2- t1
1

2
N (1-  e ) .                                                   (2.15)

  

 2.1. , 
m=1 .

        = m 2.
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:
.=1,66 1027 ,   =1,660 10-27 (2,998 108)2 2/c2=1,67 10-11 .

 = (14,92 10-11/1,602 10-19)  = 9,31 108  = 931 .
       , ., 

, m( .)  931!

 2.2.
.

       , 
, :

                                             m = Zmp + Nmn – m .
 (ma),   

. , 
,  m  =  ma -  Zme.  

:  m = Z(mp + me) + (A - Z)mn - ma..
        ., , ,  1 .

 931  ( ), , 
mp=1,00728 .;
mn = 1,00867 .;
me = 0,00055 .;
mp + me = 1,00783 .,

:
              m = (Z 1,00783 + (A - Z) 1,00867 - ma .;
               = m 931 .
       

.

 2.3.
7
3Li .

 – 
, m = Zmp  +  (A - Z)mn - m .

, , 
: m  = ma - Zme. ,

 m = Z(mp + me) + (A - Z)mn - ma = ZmH + (A - Z)mn - ma =
=(3 1,00783 + 4 1,00867 - 7,01601) . = 0,04216 .

,  mp = 1,00728 . me = 0,00055 .
, 

, 
(1 . = 931 ), :
E = c2 m  = 0,0421 931  = 39.2 .
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 2.4. 17
8 O

.

     :  =  m 2.
 m = Z(mp + me) + (A - Z)mn - ma = ZmH + (A - Z)mn - ma =

=(8 1,00783 + 9 1,00867 – 16,99913) . = 0,1415 .
      , ,  ( .

 2). :
 = 0,1415 931  = 132 .

       
 =  – 2/3 – Z2A-1/3 – C  – 2Z)2A-1 + A .

:            = 15,75 ;    . = 17,8 ;   = 0,719 ;
 = 23,7 ;   = 34 ;   = 3/4;
+1

= 0 ;
-1

      17
8 O  =17, Z = 8,  = 0.

=(15,75 17–17,8 170,667–0.719 64/170,333–23,7(17–16)2/17) =132 .
, 

.
         =  = 132 /17 = 7,76 .

 2.5. 10
5 B . 

. .
.

A
Z X . 

4 10 1 A
2 5 1 ZHe+ B H+ X .

: Z = 6,  A = 13.
 Q 

Q = 931(mHe+ mB - mH - mc).
Q = 931(4,00260 + 10,01294 – 1,00783 -13,00335)  = 4,06 .

 2.6. 0
27
12 Mg  m = 0.2 ,  6 .

m  = 0.2  = 2 10-8
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1/2 = 10 . = 600
T = 6 . = 2.16 104

0=?  = ?

: A = N0e t.
 t = 0, 0 = N0.

 = (ln2)/T1/2.
:  N = mNA ,  NA - ,

. - . 
. :

A
0

1/2

m ln2 NA =
T

;

 t: A

1/2 1/2

m ln2 N ln2A= exp( t)
T T

.

 = 27 10-3 ; NA = 6,02 1023 -1.
10 23

0 3
2 10 0,693 6,02 10A

27 10 600
 = 5,13 1012 .

10 23
4

0 3
2 10 0.693 6.02 10A exp( 0.693 2.16 10 / 600)

27 10 600
= 81.3 .

2.1. , 12
6 C  (m =1.9927 10-26 )

?
2.2. , 

 9, 10, 11. .
2.3. , 

 16, 17, 18  20. .
2.4. .
2.5. 

.
2.6. .
2.7.  1 .  ( 210

84 Po ) ?
2.8.  ( 222

86 Rn ),  1 .
2.9. , , 

 18.2%.
2.10. =1.44 10-3 .-1,

 75% ?
2.11. , 

,  1.07  100
.
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2.12.  100 . 
, 

.
2.13. 92

238U.
2.14. , m=3 .
2.15. ,  1/3 

29
225Ac.

2.16. , -, - -

  29
64  Cu.

2.17.  1 88
226Ra  1 . 

, .
2.18. 234 235 238

92 92 92U, U, U ,  
  0.006%, 0.71%  99.28% . 
, 

.
2.19.  5 88

226Ra  10 . 
, .

2.20. 210Po, 
 2,2  (

-  5,30 ).
2.21. =1.44 10-3 1/ .

 75 % ?
2.22. , 

84
148Po.

2.23. 
:

e
- -

e

n p+e+ ;

e + .
2.24. , 

92
238U 88

226Ra 
.

2.25. , , 
, 

. , , 
 1 92

238U  320 .
2.26. =4.10-12 1/ .

 25 % ?
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2.27.  10
5 B . 

. .
.

2.28. 0
 m  = 0.2 ,  6 .

2.29.   24Na  , 
 1 .

2.30. -, -  - ?
2.31. 4 3

2 2He, He .
2.32.  1.5 . 

, ?
2.33. . 

 10%  ?
2.34. , 

 4.78 . : 1) , 2) , 
.

2.35.  1  1) , 2) 
, , 

 5.5 .
2.36. 1 238

92 U
0.107 . ,  1

.
2.37. - 202 223

86 86Rn, Rn .
2.38. - 208

82 Pb ?
2.39. - - - 238

92 U ?
2.40. -

233
92 U ?

2.41. - 208
82 Pb ?

2.43. 7
3Li(p,n) .

2.44. , 10
5B(n, ) .

, .
2.45.  –

,  , 
.

2.46. 7
3Li  – .

 9.15 . 
, ?
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2.47. , 
2 1
1 1H+h H+n . 

.
2.48. , 

24
12 Mg( ,n) .

2.49.  1 235
92 U , 

 200 ?
2.50. 235

92 U
 5000 , 

200 ? .  17%.
2.51. 

. 1) ; 2) 
, .

2.52. , 
 1 ?

2.53. 13
7 N

12
6C . , 

.
2.54. 

. .
2.55. ,  100000 

 10  5 .
2.56. ,   1) 

 0   t;    2) .
2.57. 

 71.3   ?
2.58.  -  1.0   Na-24,

 = 15 .?
2.59.   -   t   = 0    .

 t1  = 2,0   N , 
t2 = 3t1 –   2.66 . .
2.60.   2.5  7 .

  .
2.61.  
10,5 . , 

?
2.62.  , 

 4,0% .
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3. 

. 
  

, . 
:

1. : ) , ) ;
2.   – ;

        3. .

:
1)  ( , , , ),
2)  (

, , , );
3) : dE/d ,

 (dE/dx)/ ; , 
. .

          ( , 
) :

dE/dxi=
w

,                                                   (3.1)

 w - , 
.  33 .

          J – , 
, 

J = E/w                                                      (3.2)

)

2 4 2
2

. 2 2
dE 4 z e n 2v m( ) = ln
dx v m I(1 )

.                (3.3)

22
0

e
0

2m vdE 4 e ze= n ln
dx m v I Z

,                    (3.4)

 mo- , z – , v – 
, Z –  ( )  , n –

 1 3 , I – 
. .
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 L  . 

:

                                      L  =
4 2

e 0

0

2 e z M n 4E mln
E m I(Z)M

,                     (3.5)

 – .
:

A
e

ZmNn =
V

= AZ N ,                                           (3.6)

 Z
 (Z) = 13.5 Z .                                                    (3.7)

, 

i i i i

i i

N Z lnIlnI=
N Z

,                              (3.8)

, Ni – 
.

         (3.3) , 
:

04EmBnL = ln
E MI

, (3.9)

   =
2 4

-6
0

2 z e M
m 1,6 10

.

, 
, . 

. 

. :
1  = 6.25 .
        ,   , , 

.
:

(z = 1; /m = 1,84 103),  Bp = 3,84 10-28;
 (z = 1; d/m =2 1,84 103), Bd = 2Bp = 7,68 10-28;             (3.10)

 (z =2; /m =4 1,84 103)  B  = 16Bp = 6,13 10-27.
  

.
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)
( - )  

:
4 2

2 2 2
2 2 2

.

dE e n v mE= ln ln2(2 (1 ) 1+ )+1
dx v m 2I (1 )

,    (3.11)

 – . 
  , , 

24

2
.

dE 4 e n mv= ln
dx 2 Imv

.                         (3.12)

4

.

dE 2 e n E= ln
dx E I

.                                             (3.13)

, , 
. 

.

. 0

dE E= .
dx l

                                                        (3.14)

 l0 – .
        , 

0 0E=E exp( x/l ).                                                 (3.15)
,  – ,

   « » ,
, .

26

0 2 1/3
e

4,31 10l = ( ).
n Z ln(183/Z )

(3.16)

       , ,

c
800E = ( )
Z

,                                                   (3.17)

 Z – .
       - 

x
0J=J e ,                                                       (3.18)

 – 2 ;   – 
2.
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                                       = 1,33
max22 E , 2          (0.5 E 6 ).

2) - 

x
0J=J e , ,                                             (3.19)

, ,  – , ,
J0– .

        .
:

1  =1,602 10 –19  = 1,602 10-12 ;
1  = 6,25 1018 ;

 = 6,25 1011  = 6,25 105 ;
 = 1,60 10-6 .

3)   

xn
0e ,         (3.20)

 - , 
; n – .

ANn =
A

,                                                      (3.21)

 NA – ,  - ,   – .

, .
 R – , ,

, 
. 

, . 
, 

.
 – . 

:
                                       Rm = R.

.
     , - 

. 3/2R =0.31 ) .                                        (3.22)
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:
    Rm = 0.56 R . 1/3   ( 2).               (3.23)

:
                           Rp = (R  (4 ) – 0.2) (  0,5  ).                 (3.24)

 ( - ) :
, .

        ( ) 
, .

        - 

1.38

m
0.407 E , (0.15 E 0.8 )

R
0.542 E 0.133, (0.8 E 3 )

 ,         (3.25)

 - - .
       

, :
                            Rx = RAl(Z/A)Al/(Z/A)x  ( 2).                                (3.26)

     - 

                                    Rx/R . = / ..   R .= 400 , .                       (3.27)

     
, 

k , kl , 
    k . 

:
klk

ln (3.28)

1.33
1/2 =0.032E , 2.                                              (3.29)

.

:
1  =1.602 10 –19  = 1.602 10-12 ;
1  = 6.25 1018 ;

 = 10-7 =6.25 1011  = 6.25 105 .
 = 1.60 10-6

   = 1.602·10-19  = 4,80·10-10
q
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 3.1. , 
236

94 Pu , .
- 

Z = 94
P = 105 a
T = 273oK
R = ?

       
- 

 ( )   R  =  0.31  3/2  
(4  7 ).
       , 236

94 Pu ,
 - , 

1/2:
2

1 2

DE=
lgT -C

.

1./2= 2,7  = 365 24 3600  = 0.851 109 , lg(0.853 109)=8.26, =–53,35,
D = 147,4.

 = (147/(8,26 + 53,5))2 = 5,62 .
:

R = 0.31 5,623/2  = 4,13 .
       , , 236

94 Pu
,  4,13 .

 3.2.
 4.0 .

Z= 7,
z =1

 = 4
 = 28 
 = 273
 = 105

(dE/dx) . = ?
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       , 
, 

, 
4

e 0

0

2 e M n 4m EdE ln
dx m E MI Z

,                         (1)

 – .
     

:   = nkT.
  n  =  P/kT  =  105/(1,38 10-23 273) -3 =  2,65 1019 -3, 

 1 3    n  = 14 2,65 1019 -3 = 3,72 1020 -3.
      , 

 2Z=14 (  Z),  n – , 
.

      
 (Z) = 13.5 Z  = 13.5 7  = 94.5 .

       (1), , 
 M/m0 = 1860; ,

 = 4.80 10-10
q. :

75.131086.1
1044ln

4
1025.61072.31083.11080.428.6

3

65203404

iondx
dE

1.0106.152.4
4

1072.31083.3 7
2028

.

 3.3.  6,0
 1 ,  = 0,50 -1.  -

.
 = 6.0

d = 1
 = 0,50 -1

I/I0=?

 (3.18)   I= I0exp(- d) :
I/I0 = exp(– d) = exp(–0,5 1) = 0,6.

 60%   – .

 3.4. , 
239

94 Pu , 238
92 U .
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  :
1/2(Pu) = 2 104  = 2 104 365 24 3600 . = 6,31 1010 .
1/2(U) = 4,5 109  = 1,42 1016 .

 - :
2

1 2

DE=
lgT -C

:
E (Pu) = 5,15 ;
E (U) = 4,18 .

:
R (Pu) = 0,31 3E = 0.31 35,15 3,6 .

R (U) = 0.31 34.18 = 0.31 8.55 = 2,6 .

R(Pu)/R(U) = 3,6/2,6 = 1,4 .

 3.5. -
 5 .

 = 1.67 10-27

 = 4 
         Z = 7
          = 5  = 5  106 .
         L /Lp = ?

         (3.9).
, :

p

p
p

2EmB ln
4M IL
2EmL B ln
4M I

=

6

6

5 1016ln
2 1840 94,5 10,5
2 5 10ln

1840 94,5

.

        , -
.

, 
/me = 1840.

 (3.7):
 (Z) = 13,5 Z  = 13,5 7 . = 94,5 .

,
.
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 3.6.  1
.

 = 1 .
Z = 1
T = 2730K
P = 105

dE/dx = ?

         :
dE/dx = (7.68 10-28n/E) ln(E/1.84 103I). 

 n = P 2Z/kT,  Z =7, 
 N2.  n = 3.75 1026 -3 = 3.75 1020 -3. 

 dE/dx = 1.32 10-7  = 0.824 /c .

 3.7. , 
 0,05 , 

0=5 104 /( 2 ).  = 2.3 .
d = 0,05  = 5

0 = 5 104 ./( 2 )
 = 2.3 
 = ?

   
       

- x
0 e .

:

n =
24 2 23 1 3

AN 2,3 10 6,02 10 7.8
A 59

10.2 .

 = 5 104 exp(-0.2 -1 ) ( ./( 2 ));
 = 1.8 104 ./( 2 )

      3.1. 
8.5 .
3.2. :

) -  5.0 ;
) -  10.0 .

3.3. , 
-  5.5

.
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3.4. - 
 ,  5 107 .

3.5. , 
: ) ;

       ) .
3.6. 
0,8 .
3.7. , 

.
3.8. , 

 2,5  1 .
3.9. 
4,0 .
3.10. 

.
3.11. - , 

 1 .
3.12. - , 

 1 .
3.13. - , 

 11,0 .
3.14. -  1,2 .
3.15. , 

 1 .
3.16.  0,8

.
3.17. -  5 .
3.18. -  3

?
3.19. -  1,0

.
3.20. , 

 10 .
3.21. , 

:
) ;
) ;
) ;
) .

3.22. .
3.23.  1

,  0,5 .
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3.24.  1)0,1 ;
2) 10 , .
3.25. , 94

236Pu.
3.26.  1 3 .
3.27. , 

.
3.28. - 

,  10 .

3.29. - 
) ;
) ;
) ;
) .

3.30.  0,8
.

3.31.  1
. .

3.32. , 
.

3.33. -  1,2 .
3.34. - 

,  10 .
3.35.  1 3 .
3.36. , 

 1/4  
) ;
) ;
) .

3.37. , 

84
148Po.

3.38. , 

) ;
) ;
) ;
) .

3.39.  0,5
) ;
) .

3.40.  0,8
.
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3.41.   ,  
:
) ;
) .

3.42.   ,  
:
) ;
) 

3.43. , 
 10 .

3.44. .
3.45. -  0,8 .
3.46. -  21,0
3.47. 
4,0 .
3.48.  0.40

 25%. 
, , 

.
3.49. 

 6,2 .
3.50. , 

 5.0
 42 .

3.51. , 
 200 , 

 1.0 ?
3.52. - 

 2.9  2,6 . 
.

3.53. , 
 0,40  0,60 , 
 1.0 .   

.
3.54. - 

,  4.50 .
3.55.  = 0,50

 50 2. 
, , .

3.56. :
) ;
) .
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3.57. , 
 100 .

3.58. 
 1.0 .

3.59. :
) ;
) ;
) .

3.60. , 
)   5.0  105 ;
)   8.0 .

3.61. 
.

3.62. -  3
?

3.63. 
 80 ?

3.64.  100 .
 1) , 2) , 

.
3.65.   

 20 .
3.66.      100 .

 104 .  
?

3.67.  3 .
3.68. -   9

.
3.69. -  10

.
3.70.   

.
3.71. 

, , 

5,3 2 .
3.72. 

 20  0.15 ?

5.3 2 . 
 1,1 2 .
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4.  

, 
, , ,

, , .
  –  

 ( . dósis – , ).
 4 

. :
1) ;
2) ;
3) ;
4) .

.
1)  (X)  ( .) –

-  ,
. 

 dQ, 
, 

 dm :

dm
dQX .

. -  ( ).
 1 ,

 1 3  (  0,001293
0°C  760 . .) 2,08·109 .

.  ( ).
: 1  = 2,58·10-4 .

, 

–  .
 1 

1990 . 
, 

 – 
. 

.
 ( , 

) , 
, 

.
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2)  (D)  ( .) –
de , 

) , , 
dm :

dm
deD .

, 
.

. –  ( . rad – radiation absorbed
dose): 1  = 100 .

.  – , 
),  –  ( ) : 1  = 1 

: 1  = 100 .
:

(DT) - 
. ) :

TmT
T dmD

m
1D ,

 mT - , D - 
dm .

? , , 
, , 

,  34  (1  = 1,6·10-19 ).
,  1 ,  2,08·109

 1 3 , ,  2,08·109 34  =
70,7·109  = 70,7·109 1,6·10-19  = 1,13·10-8 .

 1 : 1,13·10-8 /0,001293  =
0,87·10-5  = 0,87·10-2 .  – 

.
 1  = 1 
,  1 

 0,87  ( ).
, , 

,  ( ), :
D = fX,  f - ,  0,87  ( )

.
 ( , 

) 
, 
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 f 
0,93.

3) .
, 

.

 dE/dx, 
 « » ( ). 

 L:

,,
,,L .

. 
 L/ ,  

. 
, 2 -1.  

, , 
, .

, , 
. 

,  (W).
 L/W  ( ). 

 W .  W  34 .
:

 = /34  ( ).

, 
, .

:

   1 .
 - .

, 
. 

, , ,
. 

, , 
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, 
. , 

, 
, 

. 
 ( ) 

, 
. 

 "
", , 

,  
.

, , , 
, )

. 
, 

 200 .
 ( ) 

:
, 

 200
, 

.

, 

 - , 
 - , 

 - . .).
, , , 

.
 (HT,R)

 R  DT,R
 T 

 WR :
RT,RRT, DWH .
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 WR ( , 
,   " " ) 

,

 ( , 
).
:

    (
   - )  1,
    - 1,
         10  - 5,

 10  10  - 10,
 100  2  - 20,
 2  20  - 10,

 20  - 5,
     2  ( ) - 5,
    - ,  - 20.

. HT
 :

R
T,RR

R
T,RT )D(WHH .

.  -  ( ).
. –  ( ).

: 1  = 100 .
 - 

, , 
 1 .

,  1 , 
,  1/WR ).

, ,  ( , 
 1 ,  1/20  = 0,05 .

,
,  (

).
,  

 ( , 
), 

.
4)  (E)  - , 
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. 
 HT  T 

 WT :

T
TT )H(WE

WT  
. 

) 
. 

 WT :  - 0,20;  - 0,12;
 - 0,12;  - 0,12;  - 0,12;  - 0,05;

 - 0,05;  - 0,05;  - 0,05;  -
0,05;  - 0,01;  - 0,01;  (

, , , 
, , , , ,
   , ) - 0,05.

.  (
 - ,  - ). .

. 
. 

,  HT

, 1W
T

T .

.
        D

 = dD / dt  ,
 dD  –   dt.   (

).  ( ),
, .

        D
), .

X
), :

111 .

X : , , , , .
         , 

 ( ). 
: , , . 



43

H / E  - ,
.

) , . 

. , 
, 

.
 -

P{t}. ,  t1  t2

2

1

t

t

dt)t(PD .

.

; , 
, .  

, . 
 . , 

, . 
. , 

, , 
. 

, ,
  

; 
,  - . 

, 

.  .
, 

.   N(D)  dD , 
 D  D+dD.  DS

DS=
0

dD)D(DN .

        N(D) 
(D), 

 D,   
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0

DdD)D(D .

        
, , .  N( ) 

, 
, 

:

S =
0

dP)P(PN .

       
. 

 ( ) .  DS ,
 « », 

S ,
:

DS =
0

k
S dt)t(P .

          « » , 
; 

. 
.

                                        H tBA ivT ,           (4.1)
vA  – ,  – , v –

, t – .

                                           =           (4.2)
-97  ( )

=1 . , 137Cs, 
 ( )  2 310 , 

 ( , )  5 410 .
, ,  (4.2)

                                      Bih=5·10-7 /  ,
                            Big =2·10-8  .
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 4.1. , 
 100 3

(137Cs).  1 .

 (4.2), 

                                    Bih = 5 710 .

 V- . 
 23 3 ;  - 14 3 ,  8,4·103

 5,5·103  3 .
 (4.1). 

                                      =100·5·10 7 ·23·1=1,15 ,

                                      =100·5·10 7 ·14·1=0,70 .

 4.2.
  Av=370  (137Cs). 

,  2 
.

 (4.2), 

igB = 43 105/10 =2·10-8 ( ).

 V=2·365=730  = 0,73 3 ,  (4.1)

383
T 104,573,010210370H .

4.1.
, =258 ?
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4.2. - .
 W,  m=5 

=258 .
4.3.  V=1 ³ 

 N=120 t = 1 .
, 

 t = 1 .
4.4.  V  1 ³,

=2 . .
1=150 . 

2=110 . 
.

4.5. X , -
 E=2 ,  0,86 .

, 
X =0,86 .

4.6. l=10 
X =0,86 . 

lmin
t=6  5,16 ? 

.
4.7. X
r1=40  4,30 .  t,

 r2=6 , 
 5,16 .

.
4.8. H -

, 
X =10 .
4.9. H , 

, 
X =200 .

,  8 ,  2 .
4.10. X -

, 
D =0,3 .

4.11-20.  -
 200 , 
 D , 

 t .  D     t 4.11-20.
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4.11-20.
1  2 3 44 5 6 7 8 9 10

D , 50 50 50 100 100 100 150 150 150 200

t,  20 15 10 20 15 10 30 20 10 20

4.21-30.
, V

 - t,  ( 4.21-30).

4.21-30.
1 2 3 4 5 6 7 8 9 10

V ,
3

50 100 150 200 250 300 350 400 450 500

t, 10 10 5 5 5 5 5 5 10 10

4.31. 137Cs 
V T

,  V = 0,5
, . 

 5 104 .
, V =300 .

4.32.  1 
90Sr  100 . 

 – 50 .
4.33.  400 ,

60Co  100 3. 
 – 2 .

4.34.
, 137Cs 

 400 .  – 1 .
4.35. 131 , 

 500 3. 
 1 3 .
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5. 

.

1) , 
 ( ) , 

i
i j

ji i i

u CC CD C R
t x x x

,                      (5.1)

 – , ix – ,  – ,
iu  – ix , iD  – , jR – 

.
         

 (5.1), 
x b
u

0C C e ,                                               (5.2)
 b – , 

2
S

x
vb u
D

 .                                                      (5.3)

Sv - .

 2)   
. 

 « », « » .

.
, 

.
 – 

 1
 ( 1)  1  ( 2), 

. .
1

2
.                                             (5.4)

. 
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 –
:

1

3
,                                             (5.5)

1  –  1
, ; 3  –   1 2 ,

2.

) , :

,                                              (5.6)

 –  ( )  1
, ;  –  1 2 , ;  – 

) , , 2.
 (5.4) 

  1  1
,  ;  2 –  1 . .

 (5.6) 
 – 

,  – 
, .

 – 
. 

,  ( ), 
.

 5.1. =5 
. 

0 = 500 .  u=0,5 . 
 b = 55 10 -1, 410 -1.

0 = 55 10 3

u=0,5
b = 55 10 -1

410 -1
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. ,  (4.1), 

x b
u

0A A e .

:
3

5510 5 10 10
5 0,5A 5 10 e = 51,12 10 3.

 5.2. 131

11Q 8,1 10 .
, 

  , , 
8G 5 10 3.

11Q 8,1 10
8G 5 10 3

7t 1 3,16 10
8

ihB 2,5 10
V 23 3

      

V
Q GA

t
 .

:
11 8

V 7
8,1 10 5 10A

3,16 10
= 31,28 10 3 .

T V iH A B V ,
 – ; V– .  60-

 ( .5.1) 131

8
ihB 2,5 10 ,    V, 

,  23 3 .
3 8

TH 1,28 10 2,5 10 23 12 30 = 72,65 10 .



51

 5.3. , 

 Kr  Xe. -
440, =10% , 

, . 
 – 60 ,  u=1,6 ,  – 3

, 0z 10  ( );
 k =0,4.

         , 
 41,5 ;  q 

Kr  Xe 164,06 10 171,07 10   ; 
B  Kr  Xe 
6 3B 1,07 10 . 

5G 6,0 10 3.  u=1,6
5 5

0G 6,0 10 / 1,6 3,8 10 3. , 
, , 

.
m=41,5

16
Krq 4,06 10

17
Xeq 1,07 10

6 3B 1,07 10
=10%
=3

v=1,6
k =0,4

5G 6,0 10 3

.

17Q q m 0,41 1,07 10 41,5 0,1= 176,14 10 )
 Q 

0 eH Q B G k
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17 6 5H 6,14 10 1,07 10 3,8 10 0,4 / 365 24 3600 = 0,32 ).

.

 5.4.
, 

, . 
.

.

         , , , 
 R ,  (v) 

 (u)  r, 
.  r 

 Q, .
uRQ 2 .

vruR 22  . 
:

v
Qr  .

         

IjdivgradCv
t
C ,                                   (1)

 – ;  – ; j  - 
, .

0
t
C .

,
 – , 

:

C
dt
dC

dt
dN

V
1I ,

1
2

ln 2
T

 -  ( 1
2

T  - ).

. 

:
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x
jjr

rr
1jdiv .

Cj . 
r
Cjdiv .

 (1)
:

C Cv C
x r

,                                           (2)

C aC
x

,                                                   (3)

v
Qra
v

  (4),   v .

 (3) 
ax

0C C e .                                                 (5)
, 

, 
.

 (4)  (5) :
x
v

0C C fe ,
vx

Qf e - .

 5.5.
1018,5 10 2 137 Cs .

 (
) 137 Cs

3,7 ,  5-  – 27,4 10 . 
.

1= 3,7 
2= 27,4 10
3= 1018,5 10 2

.

 (5.4)  (5.5) .
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1
2

2

3,7
7,4 10

= 0,005 .

,
 1  1 .

10
1

10 2 2
3

3,7 1 10
0,2

18,5 10
.

, 
 1 103,7 10

, .

5.1.  –  ( ), 
137 Cs : 1018,5 10 2 (5 /  2), 

 – 3,7·102  (10-8 ),  – 37  (10-9 ).
5.2. 

90Sr 103,7 10 2 (1 / 2). ( =0,2; =1,5).
5.3. ,

137 Cs 103,7 10
2 (1 / 2),   –  400 , =0,2; =1,0.

5.4. 
137 Cs  10 .

5.5 
:  –  –   – , 

137 Cs  – 1018,5 10 2 (5 /  2),  1=0,3,   2 = 0,03,
3=0,01. . 

.
(5 ., 200 .
5.6.  (k=300,
h=10 , H = 4 ,  S = 2 2).
5.7.  ( 6V 8 10 3, k=300,
h=10 , H = 4 ) , 

53,7 10
( 510 ).
5.8. 137 Cs ,  
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18,5  ( 105 10 ). : k=300, h=10 , H = 4 ,
S=2 2.
5.9. 

, 137 Cs 133,7 10  (1000 ) 

105 10 ? 
.

5.10. 
:  = 5 3,  = 300, H = 4 , F = 0,7 (

).
5.11. 

: H = 200 , S=2000 2, F  = 0,1,  = 1 3,
0 = 2000.

5.12. 137 Cs , 
0= 113,7 10 2 (10 2),  0 ( ) =

4000 2, 0 = 0,1.
5.13.  5.12 137 Cs

,  a = 0,999, b = 0,98, r
= 1/30 ( ), T = 1 .
5.14.  4.12  4.13 137 Cs

 20 .
5.15. 137 Cs

,  =  2,   = 18,5  ( 105 10 ), V = 4000 3 .
 4.12  4.13.

5.16. 
123,7 10  (100 )  10

) (  1
1074 10 2  20 / 2).

5.17. 90Sr  - 1018,5 10 2 (5  /  2),
 10-8 -1. 

.
5.18. 
137 Cs 137,4 10  (2000 ), 1= 133,7 10  (1000 ),

0=0,29 1310  (80 ).

5.19. 137 Cs  - 1055,5 10 2 (15 2),  
 – 0,6 3. 

, 
 ( 38 10 3 .
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 5.20-29.

 I131  Q, . 

 G. 
ih = 2,9 10-7 ,   - ih =1,0 10-6

.

1 2  3 4 5 6 7 8 9 10

Q,1011, 5 6  8 10 10 15 15 17 20 20

G,10-8,
3

2 5  5 5 8 2 5 8 2 5

 5.30-39.

X  . 
, 

 4 
. V0 = 5 105 3 ,

 u,  b 

1 2 3 4 5 6 7 8 9 10

u, /c 0,5 0,5 0,5 0,3 0,3 0,3 0,8 0,8 0,8 0,5

b, 10-5 1/c 1,5 0,5 0,1 0,2 0,5 0,1 0,2 0,5 1 0,1

, 10-5 1/c 2 1 0,5 0,6 0,5 0,1 0,2 1 1 0,2

X, 5 2 2 5 5 10 10 2 2  1

V  X .
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:

G = 6,6720·10-11H· 2 2

 = 2,99792458·108

0 = 12,5663706144·10-7

0 = 8,85418782·10-12

h = 6,626176·10-34

me = 9,109534·10-31

mp = 1,6726485·10-27

mn = 1,6749543·10-27

e = 1,6021892·10-19

1 . = 1,6605655·10-27

NA = 6,022045·1023 -1

R = 8,31441 /( )
k = 1,380662·10-23

                   = 2,426·10-12

, 

1 H 1,0079 56 Ba 137,33
2 He 4,00260 57 La 138,9055
3 Li 6,90041 58 Se 140,12
4 Be 9,01218 59 Pr 140,9077
5 B 10,81 60 Nd 144,24
6 C 12,011 61 Pn [145]
7 N 14,0067 62 Sn 150,4
8 O 15,9994 63 Eo 151,96
9 F 18,9984 64 Gd 157,25
10 Ne 20,179 65 Tb 158,9254
11 Na 22,98977 66 Dy 162,50
12 Mg 24,305 67 Ho 164,9304
13 Al 26,98154 68 Er 167,26
14 Si 28,0855 69 Tm 168,9342
15 P 30,97376 70 Yb 173,04
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16 S 32,06 71 Lu 174,967
17 Cl 35,453 72 Hf 178,49
18 Ar 39,948 73 Ta 180,947
19 K 39,0983 74 W 183,85
20 Ca 40,08 75 Re 186,21
21 Sc 44,9559 76 Os 190,2
22 Ti 47,90 77 Ir 192,22
23 V 50,9415 78 Pt 195,08
24 Cr 51,996 79 Au 196,97
25  Mn 54,9380 80 Hg 200,59
26 Fe 55,847 81 Tl 204,38
27 Co 58,9332 82 Pb 207,2
28 Ni 58,71 83 Bi 208,98
29 Cu 63,546 84 Po [209]
30 Zn 65,38 85 At [210]
31 Ga 69,735 86 Rn [222]
32 Ge 72,59 87 Fr [223]
33 As 74,9216 88 Ra 226,03
34 Se 78,96 89 Ac [227]
35 Br 79,904 90 Th 232,04
36 Kr 83,80 91  Pa [231]
37 Rb 85,467 92 U 238,03
38 Sr 87,62 93 Np [237]
39 Y 88,9059 94 Pu [244]
40 Zr 91,22 95 Am [247]
41 Nb 92,9064 96 Cm [247]
42 Mo 96,94 97 Bk [247]
43 Tc 98,9062 98  Cf [251]
44 Ru 101,07 99  Es [252]
45 Rh 102,9055 100 Fm [257]
46 Pd 106,4 101  Md [258]
47 Ag 107,868 102 No [259]
48 Cd 112,401 103 Lr [260]
49 In 114,82 104 Db [261]
50 Sn 118,69 105 Jl [262]
51 Sb 122,75 106  Rf [263]
52 Te 127,60 107 Bh [262]
53 I 125,9045 108 Hn [265]
54 Xe 131,30 109  Mt [266]
55 Cs 132,9054 110  Uun
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     m

m m
 (1 )

 (2 )
 (3 )

(3 )
(4 )
 (6Li)
 (7Li)

 (7Be)
 (11 )

 (14 )
 (31Si)
 (31 )
 (44 )

1,007825
2,014108
3,016028
3,016045
4,002596
6,015110
7,016046
7,016925
11,009304
14,003217
30,975350
30,973762
43,95549

 (50Ti)
 (51 )

 (52V)
 (55Mn)

 (58 )
 (90Sr)

 (210 )
 (226Rn)

 (226Ra)
 (232Th)
 (238U)
 (239U)

 (239Pu)

49,944736
50,949858
51,944800
54,930249
57,935776
89,907711
209,982760
222,017422
226,025279
232,038112
238,050637
239,054149
239,052037

     1/2

1/2 1/2
 (14 )
 (58 )
 (90Sr)

 (210 )
 (226Rn)

5 730 
71 
28 
140 
3,82 

 (226Ra)
 (232Th)
 (238U)
 (239U)

 (239Pu)

1 620 
1,41·1010

4,5·109

23,54 
24 390 

     ( ) 
.

, , 

-
-

90

90

131

134

136

137

141

Sr

Zr

I

Cs

Cs

Cs

Ce

9

9

8

8

9

8

9

4 10

1 10

2 10

2 10

3 10

2 10

2 10

7

9

8

8

9

8

9

3 10

4 10

2,5 10

1 10

2 10

1 10

2 10

144

238

239

240

241

242

Ce

Pu

Pu

Pu

Pu

Pu

8

7

7

7

8

7

1 10

5 10

7 10

5 10

1 10

5 10

8

5

5

5

9

5

4 10

7 10

7 10

7 10

1 10

7 10
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     = 6 
, -1

 (  = 2,3·103 3)

23,99
49,36
6,19

1. ., , ., . 
. 2- ., , . – .:

, 1991. – 472 .
2. ., . . . . – .: ,

1980. – 671 .
3. . . – .:

, 1984. – 216 c.
4. ., . . – :

, 1975. – 416 .
5. ., . . – , ,

1991. – 479 .
6. . - . – .:

, 1968. – 319 .
7. . . . 2. . – .:

, 1989. – 416 .
8. . 

 “ ”. – : , 2002. – 45 c.


