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x

a

y

b

xy

ab

2

2

2

2

22
  cos sin  .                                    (5-11) 

 (5-11)   ,       
( .5.6 )).  sin = 0   sin =       ( .5.6 )  ) ) 

                                                           y
bx

a
  .                                                     (5-12) 

            

              .5.7 

 ( .5.6 ).   
     

,   ,   
-   , 

      
  .  

   
   

,   , 
  

 .5.7. 

  

5.4.   . 

 .     m,   , 
 .      ,  

 

       ( .5.8),        m,  
 .            

.   ,    m,  k.     
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mg -  k = 0.                                                  (5-13) 

      ,      . 
,    ,       

  ,     ,  ,  
      ,      .     
    .             

  μ 

 max =  mg - k (x +)     (5-13)   

                                                            max = - kx .                                                (5-14)   

  ,  (5-14)   ,       

    ax = d2x/dt 2    k/m = 
0

2  : 

                                                          
d x

dt

2

2
= - 

0

2
x .                                               (5-15)  

 (5-15)     ,     
      ,       

    . ,   

                                       x = A sin(0t + ),                                         (5-16) 

                                 

                            
dx

dt
v A t    

0 0
cos( ) ,                           (5-17) 

                           
d x

dt
A t

2

2 0

2

0
    sin( ) .                               (5-18) 

 (5-16)  (5-18) ,   (5-16)    (5-15). 

     ,       
, . .         . ,   t = 

0  x (0)= 0,  v(0) = v0,   (5-16 ) ,  sin = 0   = 0, a  (5-17)   =  v0/0.   

   (5-15)   (t) = 
v

t0

0

0
sin .     

       .  

 .         -  
  .            

,          μ 

                                                      F  = - bv = - b
dx

dt
.                                        (5-19) 

      (  )  ,   , 
  μ 

                                             m
d x

dt
b
dx

dt

2

2
  + mg - k (x +).                                 (5-20) 
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     b

m2
,     μ 

                                                
d x

dt

dx

dt
x

2

2 0

22 0    ,                                         (5-21) 

 -  
0

2  k
m

.        

 ,   ,   (5-β1)      (5-15).  
     x(t) = z (t)e - t.   , 
μ 

                   
dx

dt

dz

dt
e ze

t t    ;                           2
dx

dt

dz

dt
e ze

t t  2 2 2  
; 

               
d x

dt

d z

dt
e

dz

dt
e ze

t t t

2

2

2

2

22       ,                 
0

2

0

2
x ze

t 
.  

    (5-β1)      μ 

                 
d z

dt
e

dz

dt
e ze

t t t

2

2

22       + 2 2 2  dz

dt
e ze

t t  + 
0

2
ze

t
= 0 

    e t     μ 

                                                
d z

dt
z

2

2 0

2 2 0  ( )  .                                            (5-22) 

     (5-15),      
ν     ,     (5-ββ)    

  
3

2

0

2 2  .     (5-β1 )  μ 

                                                x t Ae t
t( ) sin( )   

3
,                                      (5-23)  

           .    0   
3  0 .  (5-βγ)    , . .   e

t
 

   .       
   ,     μ 

                                                       


 

Ae

Ae
e

t

t T

T







( )
,                                           (5-24) 

. .        ,   
.        , . .   = ln 

 =  . 

 

 

5.5.     . 
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        ,   ,     mv2/2 

             
  ,    (5-17): 

                                       = 
1

2

1

2

2
mv m   

0

2 2 2

0
A tcos ( ) .                       (5-25) 

   , ,  

                                                         E m Aк
max  1

2
0

2 2                                            (5-β6)     

,     .       
     .       

       

:

  

                                        = 
1

2

1

2

2 2 2

0
kx kA t sin ( )  .                              (5-27) 

      μ 

                                                         E kA
max  1

2

2
 .                                              (5-28) 

   
0

2  k
m

,      μ 

E Ек
max max .             

(  (5-β5)  (5-27)): 

                        
1

2

1

2

1

2

2 2

0 0

2 2 2

0

2
kA t m A t kAsin ( ) cos ( )        ,              (5-29)    

 ,  sin2  + cos2  = 1    m k
0

2  . 

          ,       
        .     

   ,    ,     
   Q,         
     ( . .     ).  

  (     β)     
  (      )   

      . ,      
       μ 

                                                           = 
1

0T
y t dt

T

( ) . 

     F = b
dx

dt
 b0A cos(0t +),    

          μ  
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                   =
1

0

0

0

2

0

2

0

2

0
T
b A t dx

A

T
b t dt

T T

        cos( ) cos ( ) . 

 cos2(0t + )    μ cos2  =
1

2
(1+cos2)      

      : 

                     =
b

T
A dt

b

T
A t dt

T T 
 0

2

2

0

0

2

2

0

02 2
2  cos ( ) =

b
A


0

2

2

2
,          (5-30) 

 

      (5-γ0)   (      
   0, . .     ,   - 

).  

          ,     ,        W  =  

  ,        μ 

                         Q
W

W

kA

b A T

k

b

km

b
   2 2

1 2

1 2

2

0

2 2 0

0

2
 





( / )

( / )
 ,             (5-31) 

 
0
 k

m
.   (5-γ1) ,      , 

   .   ,   -  , 
,      ,   ,    

   , . .  . 

          ,     .     
  μ      ,   

   . 

 

5.6.      

              ,       
,       .      

          ,     
           ,    

  .     ,     ,   
       , . .   

     ,      
     .        

          
μ 

                                                            I
d

dt
M

  ,                                                  (5-32) 
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 I -       ,  -    , 

   ,  
d

dt

d

dt





 

2

2
 -   , ,   , 

            ( .5.λ). 

 

 

                  l 

               

 

                h         m 

  

                         mg 

.5.9 

    m,    l  
 ,     

I = ml2,   ,     
   ,   .   

 ,     ,  M = mg h = 

mg lsin ,       
μ 

 

                                                      m
d

dt
mg sin2

2

2
l l


  ,                                      (5-33) 

       ml : 

 

                                                      
d

dt

g
sin

2

2


 

l
.                                               (5-34) 

     (5-γγ)   (5-γ4)  ,        
 ,           . 

                       : 

                                f (x) = f (0) +
1

1

1

2

0 1

3

02

2

2

3

3

3

! !

( )

!

( )
.....

df(0)

dx
x

d f

dx
x

d f

dx
x    

   sin 0 = 0,      ,  f(0)  

  
d f

dx

2

2

0( )
     μ 

                                               sin  =  - 
1

6

3 .....  

     γ00, . . 0,5  (       ν 
   570),       ,    , 

                 ,   
 (5-γ4 )   μ 

                                                            
d

dt

g2

2


 
l

0 ,                                           (5-35) 
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        .     
,        ,   
    μ 

                                                             
0
 g

l
.                                                  (5-36)  

                                               

                                              

                

                    l  

                           

                                       

                                     

                                       mg 

.5.10 

        ,  
       

     μ 

                              I
d

dt
mg sin

2

2 ц


  l ,                     (5-37) 

 l    ,        
  ( .5.10).  - 

        
,             . 

      μ 

                                                            = 
mg

I
lцм  .                                             (5-38) 

 

5.7.   .  

  ,      
 .          ,  

  .          
    (5-β0)   -    F(t) = F0sin t : 

                           m
d x

dt
b
dx

dt

2

2
  + mg - k (x +) + F0sin t ;                      (5-39)  

    ,   , μ     

                                                 
d x

dt

dx

dt
x

2

2 0

22    f0 sin t,                             (5-40 )  

 f0 =
F

m

0 .      . . .     

 ,    (5-40)      
μ x(t) = A sin( t + ).          

    ,       
. ,    ,      

μ       x(t)=Asint,      
  , . .f0 sin(t -) = f (t)     (- ) ,  f (t) = f0 sin(t +).   

    x(t) = Asint    .    
     (5-40).      
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   (t)        (5-40):  
dx

dt
A t  cos  = A t  

sin( )
2

; 
d x

dt
A t

2

2

2   sin ν      μ                                    

2              f0 

 

 

 

              

 

A(
0

2
-2)                       . 

5.11 

( ) sin sin( ) sin( )       
0

2 2

0
2

2
    A t A t f t .(5-41). 

,       , 
  (5-41)  μ  ,    

         ( .).    

  μ  4 2 2 2 2

0

2 2 2

0

2   A A f  ( ) .  

                           A
f


 

0

0

2 2 2 2 24( )   
,               ( 5-42) 

                                                           tg 
 




2

0

2 2
 .                                       (5-43) 

       (5-4β) ,     
   .       

       μ 4(    
0

2 2 28 0  ) ,  

,  « »      μ  

                                                         
0

2 22  .                                           (5-44) 

 

     ,    ,      
  ,  (5-4β)  ,      

 .     ,       
      0 .       0 , . .      

  .        
,          
 . 

                                       

                  

 

                                
A

2
 

 

                    2  

 

                                        

      ,  
  -   -   .5.1β.   

    ,   
     -     , 

    .  (5-4β)  - 

,   « »       0.     

0=
f

0

0

2
. 
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.5.12 

    ,    0     0 ,    

  A
f

 0

0
2

,     
A

A

km

b
0

0

2
 



= Q, . .  

    Q  (Q -  ).     
        ,   

  .     ,     
     , - ,   .  ,  

        ,   . 
   ,       

   ,    ,    
  . 

                 .  
    ,    ,    

 « »       γ0%  (     1/ 2   )  
 « »    ( .5.1β).     
      .   ,   

«  »     ,      γ0%. 
     ,     .  

,      ,      , 
      .      

   .   

 №6 

     .        
.  ,    .  .     .  

6.1.       .  ,    . 

                -   
.      ,    .  

,         ,  
  ν  ,        

    (  ,     ).  
           

       .     
   ,    ,     

.         .   
     ,     . 

     ,    , 
    .     ( . . , 

   )     ,        
    .       

  ,      .   
  ( .6.1)     ,    

.     ,        

      =
x

v
,  v -      . 
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    f (t). ,     ,    

,  f (t)      ,     ,   
 ,          
.     ,       ,  
 f(t)           = x/v , . . 
  f(t)   (t - /v).      

,  f(t) = f(t - /v) . ,        
.         ,    

 .       μ 

                   f ( , t) = sin(t - 
x

v
)= sin (t - 

x
v

) = Asin (t - kx),                   (6-1) 

 k
v Tv

    


2 2
 -    , К    vT    

.      (6-1)     (x,t). ,  
 ,   ,      .  

 ,      . ,    
   ,  ; ,      

   .   -    , . .  (x,t) = 

const,   ,       

   μ  
dФ
dt

k
dx

dt
  = 0 ,   

                                                        v  = 
dx

dt k
 

,                                                 (6-2) 

. .         . 
          -   

   ,     ,      
,  ,    ν    

. ,   -   .    
     . 

                                                    6.2.   

                 ν  
  ,        .  , 

        .   
  ,       
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.   ,           
    ,     

    .      
           ,   
 .          w. . .  

  « »   ,    « »   
  v,   « »       

  μ 

                                                               = v  w.                                                    (6-3)   

 (6-γ) ,      ,      
.         . . , 

      . 

6.3.      

   .          , 
  ( .6.β)   1    2  ,      

  l0 = x2 - x1=   .   -       
,     -  -     

( 1+1)   ( 2+2 ),  . .      1,  -  2.   
   ( 2+2) - ( 1+1)=l0 +(2- 1) = l0 + l,     
 μ 

                                                         =  
l
l

 = 

x

.                                                 (6-4)  

 

 

           
   .     (6-1),    

    ,      f (x,t)  
  ,     .    f (x,t)   

      ,       ,   
   ,      . , 

 f(x,y)= x5 y 5,   



f
x

5x4 y5, 




f

y
5x5 y4  (         

). 

                     
      .   ( λ-10 ) 

  μ 
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                                                        = lim .



x x x

 
0

                                               (6-5) 

      ,      
    .       , 

       -   .    
    f1  f2 ( .6.β).          

,      μ  

                                                      ma f fц. .
 

2 1
.                                               (6-6) 

       μ 

                                                       =  

x E

f

S
 1

,                                                  (6-7) 

  -     ), S -   ,  

x

-   

.   = f/S   ν  m = Sx ,   -  
.      . . ,   (6-6)  μ 

                                          Sx



   
2

2 2 1 2 1


 ц

t
f f S S. .

. 

         Sx, μ 

                                                  
  






2

2

2 1ц

t x x

. .





. 

           
μ 

                                                         



 


2

2

ц

t x

. .
.                                                (6-8) 

  (6-8)     (6-7),      μ 

                                             =   = 

x

;      





x

E
x

2

2


. 

 

      (6-8) μ 

                                                         




2

2

ц

t

. .
E
x




2

2


.                                        (6-9) 

 (6-λ)   .       
  ,     .      
       ,      

   = t -
x

v
.    ,  
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2

f

x
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1
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2
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f
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, 

 ,        μ 
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v
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 -    ,     .  
    (  ),     , 

  ,    .      
  , ,      (  , NaCl – 

 ).  ,        . 
          « ». 

    .       ,    
  10 – 8  =10 – 10 .    . ,   - 

  .  ,       10 – 11  = 10 – 13 ,  
    10 – 12  ÷ 10 – 13  = 10 – 14 ÷10 –15 . 

    

     m   1/1β     

12

6 :               m 27
12

6 1066,1
12

а а а а   
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    μ 

12
а а 

а а 
12

6


m

m
mr  

     . 
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,       1÷102.      mr 

 1  105. 
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m

Nm

Nmν
N

Nν
AA

           ,            Nmm   -  . 

    

     
   .  .7.1 

    
  . 

      
,   - .     - 

.    ,  
   ,     

, ν    
 ,     . 

           
   ,      ν   
,   .        . 

 

7.2.     

    17  . ,   ,  
  - .  

 - .        
   ё    . 

             constPV                                                              (7-1) . 

   (V) 

    

V

RTm
P


 . 

    
ё  –  

,  
   .7.β . 

  
  ё    

.7.β   , . 

 - .         
ё    (  )   .  

 const
T

V
      (7-2) 

 

r0 

r1 r 

Fx 

 Fx>0 

 Fx<0 

 .7.1 

 

 T  T 

 V   

 V 

  

 a     

 .7.2 
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T

V

P
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T
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   . 7.γ. 
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 const
T

P
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     . 7.4 
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  . 

  (   ) 

       

= 1+ 2+... +                                                  (7-4) 

  - ,      ,     
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            μ 
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kT

gxm

ePP
0

0


 .                               (7-16) 

,              

AN
m


0 ,      RkN A  ,          

  μ 

RT

gx

ePP




 0                                     (7-16') 

     P  n ,       

  RT

gx

enn




 0   kT

gxm

enn
0

0


 .     

 .7.8 

 =0 

 dx 

 -dP 

 0 

  

 x 



67 

 

    ,     ,   
  .   ,     

  ,        U( ). 

         

   

 
kT

xU

enn


 0                                                   (7-17) 

  –      .   
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A = I( 2- 1), 

=  

 

. .          A=I[BS-(-BS)] = 2IBS = 2pm B.             (14-21) 

 

 

 

14.6.      .   

   Id            

                                                 d  = Id .                                                     (14-22) 

                
.  .     q,     Я, 

 n,  

                                      I = ,                            (14-23) 

 dQ = qdN -     dV = Sdl; ndV=dN -   

    dl; d  -        

 .  (14-23)  (14-22),  

1 ;cos BSBSSB  


BSBSSB  0cos2

l
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F Bl 


vqnS
dt

dl
qnS
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qndV
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d  = qdN   . 

, ,    ,   ,                   

.                                         (14-24) 

 

 

      .                             (14-25) 

    . 

 

      :   

                 F =qv ЬТn,                                            (14-26)   
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  ,   . 14.1β  ,       

   . 14.1β ν  .14.13  ,   ,  
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, ,          

 , ( .14.14),       

                                                                       ,                               (14-27)  
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,                                           (14-28)  

 T -  , v = 1 / T -     . 

 ,         

          , 
   μ        

 .                                    (14-29) 

          . 
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  ,      , . .    

     ,                                                              (14-30) 
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V , -   i -  . 
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14.9.   

          -

   μ 

1) ,       (10 10 );     -

 ν   Гn, AЮ, HР, SТ, P,  ( ), BТ ( )... 

2) ,       (10 10 )ν      

   μ ~ 1/T,       ν   
 , .... 

3) ,       μ  ,   
 800000;  Fe    = 5000. 

 

       H , ( .14.15)      
 ,   ,      , . . 

   ( )     
 -    II .      

. 

 

 15 

    .    .  
.    .   .  . 

15.1.   . 

      .    μ 
      ( )  .   

    1831 .     ,   
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                                 (15-2)         
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15.2.   

      ,    , 
 .  ,      ,    
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.                                                 (15-27)    

        .                                           (15-28) 

  -    , [ ]  =  / 3 
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   .                                    (15-29) 
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    ,       ,  
      ,   .  

            
.  

  ,   ,  ,  
  - 

 

 ,    ,      
 

U=Umcost,                                                   (15-33) 

 Um —  . 

 ,     R (L0, 0) ( .15.1, ).  
        μ 

I=U/R=(Um/R)cost=Imcost, 

    lm=Um/R. 

         
   .  . 15.1,      

  Im   Um   (    Im  Um  ). 

 ,     L (R0, C0) ( . 15.β, ).  
     (15-γγ),      ,    

 . . .  

s=-LdI/dt.             

Umcost-LdI/dt=0, 

 

  LdI/dt=Umcos .                                           (15-34) 

       ,  

UL=LdI/dt                                                  (15-35) 

    .   (15-γ4) ,  

dI=(Um/L)cost/dt, 

  , ,     
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 (      ),  

(15-36) 

 

 

RL=L                                                       (15-37) 

    (   ).  
 (15-γ6) ,     (=0)     

.   Um=LIm   (15-γ4)   (15-γ5)   
      μ 

UL=LImcost.                                                   (15-38) 

  (15-γ6)  (15-γ8)   ,    UL   
  I,   ,  /β,       ( . 15.β, ). 

   ,                   (R0,   L0) 

     ,     ,    
  .        ,   

   ,  
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Q/C=UC=Umcost.  

                                                                                                        (15-38) 

 

 

 

RC=1/( ) 

    (   ).  
  (=0) RC=, . .       .  
   

UC=(1/C)Imcost.                                         (15-39)  

  (15-γ8)  (15-γλ)   ,    UC    
     I  /β.      ( . 15.γ, ). 

   ,    ,  
  .  . 15.4,   ,    

R,   L    ,      
.     ,       

   UR, UL  UC.  . 15.4,     
     (UR),  (UL)   (UC).  Um 

          .  
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  . 15.4, ,          .   
,   

                                                (15-40) 

   , 

 

 

 

       

                              (15-41) 

 ,        

U=Umcost, 

     

I = Imcos(t-),                                             (15-42) 

   Im    (15-41)  (15-4β).  
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                                (15-43) 

   ,   

 

—  . 

  ,     .     
 UR  UL      U.     

   . 15.5,   ,  

                               (15-44) 

     =,   =0.  

 

  

    ,    ,  
   ( .15.4), 

L= 1/( ),                                                   (15-45) 

           (=0), . .    
  .  (15-45)   

 =l/LC.                                                     (15-46) 

      Z  ,   
 R ,       ,   

(    Um) .         
 ,    (UR=U),      (UC)  

  (UL)       .   
   (  ),   (15-46) —

 .        .15.6. 
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(UL) =(UC) , 

,             
  ,  

 

 

 

 Q —  .        , 
     ,      , 

  .          
  -   . ,      

     QUm (Q    —  ),  
    Um).         
    ,         

 , . .       .   
       ,  

   ,       . 

 . 

   ,     
     L ( .15.7).   ,   

    ,    .    
   U=Umcost( . (14λ.1)), ,   (15-4β),   1 2   

I1=Im1cos(t-1), 

     (15-41)   R=0  L=0: 

 

     1 2  1L2  1-2=, . .      . 
     ( )  
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Im=│Im1,-Im2│=Um│C-l/(L)|. 

 = =1/L ,  Im1=Im2  Im=0. 

        ,   
    ,      
         (  ).  

        ,     . 

 

 

   Im    ,     
.    R,    1-2    ,    

    Im    ,     .  
,        I1  I2     I   
   ,     .   

   I1  I2      I. 

        ,  
 ,         , 

        .  ,  
    ,      .  

  ,    ,  ,  
     ,        

   ,      . 

,     . 

         
   μ 

P(t)=U(t)I(t), 

 U(t)=Umcost, I(t)= Imcos(t-). 

  cos(t-),  

(t) = ImUmcos(t-)cost= Im(Um(cos2tcos+sintcostsin). 

      ,       
. ,  ξcos2t>=1/2, <sintcost>=0,  

ξ >=1/2ImUm s. 

   ( .15.4) ,  Umcosfi=RIm.  

<P>=1/2RI2
m. 

        I = Im/β.  



I= Im/2,  U=Um/2

   (  )    . 
          .  

    ,       

<P>=IUcos,    (15-47) 

  cos   .

 (15-47) ,  ,     ,    
       ,       .     

 ,  cos=1  =IU.       
(R=0),  cos=0     ,        .  
cos  ,   ,        

      I,       
,     ,     . 
      cos,      

    0,85.
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