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)2= V0

2
/2g  

<=(</A)2/( </A2)=<  $07<5@=>AB8 A>2?0;8. % B>G=>ABLN 4> :>=AB0=B0 D>@<C;0 25@=0! 
 

    ** #@8 B>@<>65=88 02B><>18;L, 4286CI89AO A> A:>@>ABLN V0=72 :</G, >AB0=>28;AO 
G5@57 5 A. !09B8 B>@<>7=>9 ?CBL, AG8B0O CA:>@5=85 02B><>18;O  ?>AB>O==K<     

 

    !0G0;> A8AB5<K :>>@48=0B  ?><5I05< 2 B>G:C =0G0;0 B>@<>65=8O 02B><>18;O. &>G:0 A 
:>>@48=0B>9 )1 A>>B25BAB2C5B <><5=BC >AB0=>2:8, t1 4 2@5<O, ?@>H54H55 A <><5=B0 =0G0;0 
B>@<>65=8O 4> >AB0=>2:8, V>E = Vo, 0E = - 0. 

�0?8H5< >A=>2=K5 C@02=5=8O  B5>@88  4;O <><5=B0 >AB0=>2:8 t1, CGBO, GB> ?@8 MB>< 02-
B><>18;L >AB0=02;8205BAO (V1E = 0) 

 X1 = Vo- a*t1
2
/2       

 V1E = v0- a*t1 = 0        

�<55< A8AB5<C 87 42CE C@02=5=89  A 42C<O =58725AB=K<8 )1 8 a. �K@060O a 87 2B>@>3> 
C@02=5=8O  8 ?>4AB02;OO 53> 2 ?5@2>5, =0E>48<:     X1 = Vo t1/2= 50 <. 

** &5;> ?0405B A 2KA>BK h= 2000< (Vo=0). �0 :0:>5 2@5<O >=> ?>945B ?>A;54=85 1020<?  
      �A;8 70D8:A8@>20BL =0G0;> A8AB5<K >BAG5B0 2 B>G:5 =0G0;0 42865=8O  8 >AL "AL ) 

=0?@028BL 2=87, B> C@02=5=85 @02=>CA:>@5==>3> 42865=8O B5;0 ?@54AB0=5B 2 2845   
h = gt

2/2, >B:C40  t = √(2h/g).  
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% 2KA>BK 2000< B5;> ?0405B 70 √2*2000</10</A2=20A 
#5@2K5 980 <  B5;> ?0405B 70 √2*980</10</A2=√196=14A, 0 >AB02H85AO ?>A;54=85 1020< 70 

20-14=6A 
44444444444444444444444444444444444444 

$02=><5@=>5 42865=85 ?> >:@C6=>AB8 

�<5O >A=>2=CN D>@<C;C 0=V
2
/R    , ;53:> =09B8 >AB0;L=K5 A>>B=>H5=8O ;8=59=KE 8 C3-

;>2KE 25;8G8= 8AE>4O 87 ?@>ABKE A>>1@065=89. 
n(:>;8G5AB2> >1>@>B>2)=1/& 3 >1@0B=0O ?5@8>4C 25;8G8=0. 
'3>; (φ) 2 A8AB5<5 %� 87<5@O5BAO 2 @0480=0E, ?>B><C C3;>20O A:>@>ABL ω (A:>@>ABL 87<5-

=5=8O C3;0) 
ω=φ/t @04/c,  0 4;O ?>;=>3> >1>@>B0 
ω=2 Ã /& =2 Ã n     8  φ= ω t 

 #@>2>4O @0AAC645=8O 4;O >4=>3> ?>;=>3> >1>@>B0 (2@5<O= ?5@8>4C= &), ?>;CG8< 

v (;8=59=0O A:>@>ABL)= S/t=(4;8=0 >:@C6=>AB8)/(T)= 2ÃR/T=2ÃRn 
V  = ω R 

0=V
2
/R = ω 2 R 

**  8=CB=0O AB@5;:0 G0A>2 (1) 2 2 @070 4;8==55 G0A>2>9 (2). !09B8 >B=>H5=85 ;8=59=KE A:>@>-
AB59 :>=F>2 MB8E AB@5;>:. 

+B>1K ?>;CG8BL 8A:><>5 >B=>H5=85 ;8=59=KE A:>@>AB59 V1/V2, =04>  =09B8 A2O7L ;8=59=>9 
A:>@>AB8 8 4;8=K AB@5;:8 (@048CA0).  1B> V  = ω R. 

�=0G8B  --  V  = ω R               V 2 = (ω1*12) (R1*2)=24V1 

V1/V2= ω1 R1/ ω2 R2= ω1/ω2 *R1/R2=12*2=24 

70 >48= >1>@>B G0A>2>9 AB@5;:8 <8=CB=0O 45;05B 12, B5 ω1/ω2=12. 
 

** %:>;L:> >1>@>B>2 2 A5:C=4C 45;0NB :>;5A0 480<5B@>< 1,5 < ?@8 A:>@>AB8 20 </A? 
  v =2ÃRn=2ÃDn/2= ÃDn 

"BAN40 
n = V/(ÃD) =20 (</A)/(3,14*1,5<) = 4,2>1/A 
 

З484K4 1 

 

Ч5;>25: ?@>H5; 87 � 2 � =0 %525@-6:<, =0 �>AB>:-8:<, =0 %525@-2:<, =0 �0?04-2:<. !09B8 
?CBL 8  ?5@5<5I5=85. 

  

З484K4 2 

 

&@5BL ?CB8 B5;> 42830;>AL A v1=20:</G, >AB0;L=>9 ?CBL- A v2=30:</G. %@54=OO A:>@>ABL 70 
2A5 2@5<O ?CB8=? 
 

З484K4 3 

 

 8=CB=0O AB@5;:0 G0A>2 2 1,5 @070 4;8==55 G0A>2>9. !09B8 >B=>H5=85 ;8=59=KE A:>@>AB59 

:>=F>2 MB8E AB@5;>:. 
 

З484K4 4 

 

'A:>@5=85 ;8DB0 =0?@02;5=> 2=87. �C40 42865BAO ;8DB? "B25B ?@>8;;NAB@8@>20BL @8AC=-
:><. 

З484K4 5 

 

�>;5A> 25;>A8?540 8<55B @048CA 0,5 <. % :0:>9 A:>@>ABLN 42865BAO 25;>A8?54, 5A;8 
:>;5A> 45;05B 50 >1>@>B>2 2 <8=CBC? �0:>20 C3;>20O A:>@>ABL 2@0I5=8O :>;5A0 ?@8 MB>< 
42865=88? 

З484K4 6 

 

&5;> 1@>H5=> 25@B8:0;L=> 225@E A =0G0;L=>9 A:>@>ABLN 20</A. Ч5<C @025= <>4C;L A:>@>AB8 
B5;0 G5@57 0,5A ?>A;5 =0G0;0 42865=8O? %>?@>B82;5=85 2>74CE0 =5 CG8BK20BL. 
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З484K4 7 

 

�>H:0 ?@K305B A ?>4>:>==8:0 2KA>B>9 1,25< 3>@87>=B0;L=> A> A:>@>ABLN 3</A. !0 :0:>< 
@0AAB>O=88 >B AB5=K >=0 ?@875<;8BAO? 

З484K4 8 

 

�0:>9 ?CBL ?@>945= B5;>< : <><5=BC t=4 
 

 

 

#@0:B8G5A:>5 70=OB85 5-8 

�8=0<8:0 8 70:>=K !LNB>=0. 
 Ц9?P ;4AOF<O: CA2>5=85 <5B>48:8 @5H5=8O 7040G A 8A?>;L7>20=85< 70:>=>2 !LNB>=0. 
 

КBAFDB?PAO9 6BCDBEO 

 

1."?@545;O5B ;8 =0?@02;5=85 42865=8O =0?@02;5=85 CA:>@5=8O? 
2. �A;8 CA:>@5=85 B5;0 @02=> =C;N, >7=0G05B ;8 MB>, GB> =0 =53> =5 459AB2CNB A8;K? 
3. /1;>:>, ;560I55 =0 AB>;5 203>=0, ?>:0B8;>AL 2?5@54, ?> =0?@02;5=8N 42865=8O 203>=0. �0: 87<5=8-
;>AL 42865=85 ?>5740? 
4. %>3;0A=K ;8 �K A CB25@645=85<:   

- 5A;8 =0 B5;> =5 459AB2C5B A8;0, B> >=> =5 42865BAO;    
- 5A;8 =0 B5;> ?5@5AB0;0 459AB2>20BL A8;0, B> >=> >AB0=02;8205BAO;   
- B5;> >1O70B5;L=> 42865BAO BC40, :C40 =0?@02;5=0 A8;0; 
- 5A;8 =0 B5;> 459AB2C5B A8;0, B> A:>@>ABL 87<5=O5BAO. 

 

М9FB8<K9E><9 G>4;4A<O CB 6OCB?A9A<N  ;484K 

�8=0<8:0 <0B5@80;L=>9 B>G:8 

(A>1AB25==> 70:>=K !LNB>=0) 
$5H5=85 7040G =0 70:>=K !LNB>=0 ?@54?>;0305B 8A?>;L7>20=85 2A5E B@5E 70:>=>2 2 A2>59 

A>2>:C?=>AB8 =57028A8<> >B :>=:@5B=>3> 2840 7040G8. $07JOA=8< MB>. 
1.  �N1>5 >?8A0=85 ;N1>3> <5E0=8G5A:>3> 42865=8O 8<55B A<KA; ;8HL ?@8 C:070=88 B>9 

A8AB5<K >BAG5B0, ?> >B=>H5=8N : :>B>@>9 87<5@5=K ?>;>65=85, A:>@>ABL 8 CA:>@5=85 8=B5@5-
ACNI53> =0A B5;0, 0 B0:65 A8;K, 459AB2CNI85 =0 MB> B5;>. 

� H:>;5 @0AA<0B@820NBAO B>;L:> 8=5@F80;L=K5 A8AB5<K >BAG5B0 8 @5H5=85 7040G8, 5AB5-
AB25==>, =C6=> =0G8=0BL A D8:A8@>20=8O =5:>B>@>9 8=5@F80;L=>9 A8AB5<K >BAG5B0, =0?@8<5@, 
75<;N 8;8 ;N1>5 B5;>, 4286CI55AO >B=>A8B5;L=> =55 @02=><5@=>. 

&0:8< >1@07><, AAK;:0 =0 ?5@2K9 70:>= >G5284=0. 
2.  "?@545;8BL E0@0:B5@ 42865=8O B5;0 =52>7<>6=> 157 0=0;870 A8;. 459AB2CNI8E =0 =5-

3>. !> A8;K 4MB> <5@0 2708<>459AB28O B5;. 1B> >7=0G05B, GB> 157 @0AA<>B@5=8O 2708<>459AB28O 
8=B5@5ACNI53> =0A B5;0 A 4@C38<8 B5;0<8 7040G0 @5H5=0 1KBL =5 <>65B. �708<>459AB285 65, 0 
7=0G8B, 8 >?@545;5=85 2A5E A8;, 459AB2CNI8E ?0 8AA;54C5<>5 B5;>, =5<KA;8<> 157 ?>;L7>20=8O 
B@5BL8< 70:>=><. 

3.  &0: :0: 87<5=5=85 A:>@>AB8 B5;0 >?@545;O5BAO CA:>@5=85< B5;0, 0 25;8G8=0 53> >?@5-
45;O5BAO =7 2B>@>3> 70:>=0, B> OA=0 8 53> =5>1E>48<>ABL ?@8 @5H5=88 <5E0=8G5A:8E 7040G. 
!5>1E>48<> >BG5B;82> ?@54AB028BL A515 MBC 2708<>A2O7L 2A5E B@5E 70:>=>2 !LNB>=0. 

** !0 AB>;5 ;568B 1@CA>:, :>B>@K9 ?KB0NBAO A428=CBL 2?@02>, 
?@8:;04K20O : =5<C A8;C F. �0:>20 A8;0 B@5=8O ?>:>O? 

&0: :0: 1@CA>: ?>:>8BAO, B> A8;K, 459AB2CNI85 =0 =53>, C@02-
=>25H5=K 2 ;N1>< =0?@02;5=88, 2 G0AB=>AB8 8 24>;L ?>25@E=>AB8 AB>-

;0. � ?>B><C 87 87-70 0 = 0 A;54C5B  
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>B:C40 . 

**#CBL, ?@>945==K9 <0B B>G:>9, 4286CI59AO @02=><5@=> ?> >:@C6=>AB8, A>AB028; 15< 
70 10A. "?@545;8BL <>4C;L F5=B@>AB@5<8B5;L=>3> CA:>@5=8O B>G:8, 5A;8 @048CA >:@C6=>AB8 @0-
25= 15A<. 

  �8=59=0O A:>@>ABL v=S/t=15 </10A=1,5</A.  a=V
2
/R=15 </A2

 

**#C;O <0AA>9 93 42865BAO 2 ?5=>?;0AB5. �0 5<A 55 A:>@>ABL C<5=LH8;0AL A 250</A 4> 
200</A. !09B8 A8;C A>?@>B82;5=8O 42865=8N ?C;8. 

   29 70:>= !LNB>=0 2 02B>@A:>9 D>@<C;8@>2:5 &p=ft   f=&p/t=m(v2-v1)/t 

=0,009:3*(250</A-200</A)/0,005A=90H 

** �0:CN A:>@>ABL >B=>A8B5;L=> ?>25@E=>AB8 �5<;8 4>;65= 8<5BL 8A:CAAB25==K9 A?CB-
=8:, GB>1K ;5B5BL ?> :@C3>2>9 >@18B5^ @0A?>;>65==>9 2 ?;>A:>AB8 M:20B>@0, =0 2KA>B5 � 8 1600 
:< =04 �5<;59? $048CA �5<;8 ?@8=OBL @02=K< /?7 = 6400 :<, CA:>@5=85 A2>1>4=>3> ?045=8O C 55 
?>25@E=>AB8 g0 = 9,8 </A2

. 

�A;8 ?@5=51@5GL A8;0<8 ?@8BO65=8O, 459AB2CNI8<8 =0 A?CB=8: A> AB>@>=K =515A=KE 
B5;, 8 =5 CG8BK20BL A>?@>B82;5=85 A@54K, <>6=> A 4>AB0B>G=>9 AB5?5=LN B>G=>AB8 AG8B0BL,   GB>   
=0   A?CB=8:   ?@8   53>  42865=88   459AB2C5B   B>;L:> A8;0 75<=>3> ?@8BO65=8O FT. 

#>4 459AB285< MB>9 A8;K A?CB=8: @02=><5@=> 42865BAO ?> >:@C6=>AB8 @048CA>< R7+h c 

=5:>B>@>9 A:>@>ABLN v >B=>A8B5;L=> F5=B@0 �5<;8. %8;0 ?@8BO65=8O  A>>1I05B A?CB=8:C =>@-
<0;L=>5 CA:>@5=85 @02=>5 ?> <>4C;N v2

/(R3 + h) 8 =0?@02;5==>5 : F5=B@C �5<;8.  
  (0:B8G5A:8, =0< =5>1E>48<> ?@5>4>;5BL A8;C ?@8BO65=8O 75<;8.  >4C;L A8;K BO3>B5-

=8O  2 C@02=5=88 2B>@>3> 70:>=0 !LNB>=0 =C6=> ?@54AB028BL 2 @0725@=CB>< 2845, 8A?>;L7CO 70-
:>= 2A5<8@=>3> BO3>B5=8O: 

 F=ma=mv^2/(R+h)=GmM/( R+h)^2,     >B:C40               v=sqrt(GM/(R+h)), B5 =5 7028A8B >B 
<0AAK  B5;0. 

 

З484K4 1 

. �A;8 B5;56:C BO=CBL A A8;>9 F1 - 5 !, B> 55 CA:>@5=85 1C45B 01 = 0,2 </A2. % :0:>9 A8;>9 F2 =C6=> 
BO=CBL, GB>1K 55 CA:>@5=85 1K;> 02 = 2 </A2? &@5=85< ?@5=51@5GL. 
 

З484K4 2 

. �0:>9 AB0=5B A:>@>ABL B5;0 <0AA>9 B = 5 :3, 4286CI53>AO A> A:>@>ABLN V0 = 8 </A, 5A;8 
=0 @0AAB>O=88 L=10< =0 B5;> 1C45B 459AB2>20BL A8;0 F= 12 !? 

 

З484K4 3 

%=0@O4 <0AA>9 m = 2 :3 2K;5B05B 87 AB2>;0 >@C48O 2 3>@87>=B0;L=>< =0?@02;5=88 A> A:>@>ABLN v = 1000 

</A. "?@545;8BL A8;C 402;5=8O F ?>@>E>2KE 307>2, AG8B0O 55 ?>AB>O==>9, 5A;8 4;8=0 AB2>;0 I = 3,5 <. 
З484K4 4 

�5@B>;5B ?>4=8<05B 02B><>18;L <0AA>9 5000:3 A CA:>@5=85< 0,6</A2. !09B8 =0BO65=85 B@>A0. 
З484K4 5 

�>:><>B82 BO=5B 70 A>1>9 420 203>=0. �> A:>;L:> @07 ?@8 CA:>@5==>< 42865=88 =0BO65=85  2 :@5?-
;5=88 ;>:><>B820 A 203>=>< 1>;LH5 G5<  <564C ?5@2K< 8 2B>@K< 203>=><? 
 

З484K4 6 

+5@57 20 A ?>A;5 =0G0;0 M;5:B@>2>7 @0728; A:>@>ABL 4</A. !09B8 A8;C, 5A;8 <0AA0 M;-2>70 @02=0 184B. --
F=m*a=184000:3*4</A /20A=36,8:! 

 

З484K4 7 

%  :0:8< CA:>@5=85< 1C45B 2A?;K20BL =0E>4OI89AO ?>4 2>4>9 <OG <0AA>9 0,5:3, 5A;8 459-
AB2CNI0O =0 =53> A8;0 BO65AB8 @02=0 5!, 0@E8<54>20 A8;0- 10!, 0 A@54=OO A8;0 A>?@>B82;5=8O 
42865=8N- 2!? 
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#@0:B8G5A:>5 70=OB85 9-12 

�2865=85 2 3@028B0F8>==>< ?>;5 
Ц9?P ;4AOF<O: CA2>5=85 <5B>48:8 @5H5=8O 7040G A 8A?>;L7>20=85< 70:>=0 �A5<8@=>3> BO3>B5=8O. 
 

КBAFDB?PAO9 6BCDBEO 

 

1. � G5< D878G5A:89 A<KA; ?>AB>O=AB20 CA:>@5=8O A2>1>4=>3> ?045=8O?  
2. �5A 8 =525A><>ABL.  
3. 'A;>28O ?@>O2;5=85 =525A><>AB8 =0 �5<;5.  

 

 

М9FB8<K9E><9 G>4;4A<O CB 6OCB?A9A<N CD4>F<K9E><I ;484K 

** �0:CN A:>@>ABL >B=>A8B5;L=> ?>25@E=>AB8 �5<;8 4>;65= 8<5BL 8A:CAAB25==K9 A?CB-
=8:, GB>1K ;5B5BL ?> :@C3>2>9 >@18B5^ @0A?>;>65==>9 2 ?;>A:>AB8 M:20B>@0, =0 2KA>B5 � 8 1600 
:< =04 �5<;59? $048CA �5<;8 ?@8=OBL @02=K< /?7 = 6400 :<, CA:>@5=85 A2>1>4=>3> ?045=8O C 55 
?>25@E=>AB8 g0 = 9,8 </A2

. 

�A;8 ?@5=51@5GL A8;0<8 ?@8BO65=8O, 459AB2CNI8<8 =0 A?CB=8: A> AB>@>=K =515A=KE 
B5;, 8 =5 CG8BK20BL A>?@>B82;5=85 A@54K, <>6=> A 4>AB0B>G=>9 AB5?5=LN B>G=>AB8 AG8B0BL,   GB>   
=0   A?CB=8:   ?@8   53>  42865=88   459AB2C5B   B>;L:> A8;0 75<=>3> ?@8BO65=8O FT. 

#>4 459AB285< MB>9 A8;K A?CB=8: @02=><5@=> 42865BAO ?> >:@C6=>AB8 @048CA>< R7+h c 

=5:>B>@>9 A:>@>ABLN v >B=>A8B5;L=> F5=B@0 �5<;8. %8;0 ?@8BO65=8O  A>>1I05B A?CB=8:C =>@-
<0;L=>5 CA:>@5=85 @02=>5 ?> <>4C;N v2

/(R3 + h) 8 =0?@02;5==>5 : F5=B@C �5<;8.  
  (0:B8G5A:8, =0< =5>1E>48<> ?@5>4>;5BL A8;C ?@8BO65=8O 75<;8.  >4C;L A8;K BO3>B5-

=8O  2 C@02=5=88 2B>@>3> 70:>=0 !LNB>=0 =C6=> ?@54AB028BL 2 @0725@=CB>< 2845, 8A?>;L7CO 70-
:>= 2A5<8@=>3> BO3>B5=8O: 

 F=ma=mv^2/(R+h)=GmM/( R+h)^2,     >B:C40               v=sqrt(GM/(R+h)), B5 =5 7028A8B >B 
<0AAK  B5;0. 

 

З484K4 1 

�0:>2 25A B5;0 <0AA>9 1:3 =0 �C=5.R;=1,73*10^6<,  ;= 7,3*10^22:3 
 

З484K4 2 

�> A:>;L:> @07 C<5=LH8BAO A8;0 BO3>B5=8O : 75<;5 ?@8 C40;5=88 B5;0 >B  ?>2-B8 �5<;8 
=0 @0AAB>O=85-R7. 

З484K4 3 

%8;0 BO65AB8, 459AB2CNI0O =0 :0<5=L <0AA>9 2:�, 1>;LH5 A8;K BO65AB8, 459AB2CNI59 =0 :0<5=L 
<0AA>9  1:�. #>G5<C 1>;55 BO65;K9 :0<5=L =5 ?0405B 1KAB@55? 

 

�0:>=K A>E@0=5=8O 
*5;L 70=OB8O: >A2>8BL <5B>48:C @5H5=8O 7040G =0 70:>=K A>E@0=5=8O.  
 

�>=B@>;L=K5 2>?@>AK 

 

1. (878G5A:0O 25;8G8=0, 2AG5340 =587<5==0O 2 87>;8@>20==>9A8AB5<5?  
2. �0: D>@<C;8@C5BAO 70:>= A>E@0=5=8O <5E0=8G5A:>9 M=5@388?  
3. �C40 6CE>48B6 <5E0=8G5A:0O M=5@38O?  
���"!/   %")$�!�!�/  
�0:>=K A>E@0=5=8O 8<?C;LA0 P=mv 8 <5E0=8G5A:>9 M=5@388= mgh+mv2/2, A 

:>B>@K<8 <K 1C45< 8<5BL 45;> 5ABL @57C;LB0B A8<<5B@88 <8@0 >B=>A8B5;L=> 2@5-
<5=8 (M=5@38O) 8 ?@>AB@0=AB20(8<?C;LA).  5E M=5@38O A>E@0=O5BAO, 5A;8 6?5@5:0-
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G820=8N6 ?>B5=F80;L=>9 M=5@388 2 :8=5B8G5A:CN =8GB> =5 <5H05B. !0?@8<5@ ?@8 
AB>;:=>25=88 H0@>2 M=5@38O 42865=8O 45D>@<8@C5B H0@K, 70AB02;OO @01>B0BL A8-
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З484K4 3 

!5:>B>@>5 :>;-2> 2>4>@>40 =0E>48BAO ?@8 &1=200� 8 $2=400#0. �07 3@5NB 4> 
&2=10 000�, ?@8 :>B>@>9 !2 @0A?0405BAO =0 0B><K !. !09B8 402;5=85 $2, 5A;8 >1J5< 
8 <0AA0 ?>AB>O==K. 

З484K4 4 

163 :8A;>@>40 ?@8 2 0B  >1J5<>< 5;. �0: 87<5=8BAO &, 5A;8 ?@8 C25;8G5=88 
402;5=8O 4> 5 0B< 53> >1J5< C<5=LH8;AO =0 1;?. 

 

З484K4 5 

!09B8 <0AAC <>;5:C;K 2>4>@>40, 5A;8 Na=6*10^23 1/<>;L 
-- =0,002:3/<>;L.   m0=M/Na=3,3*10^-27:3 
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З484K4 6 

!09B8 :>=F5=B@0F8N <>;5:C; "2, 5A;8 53> 402;5=85 0,2 #0, 0 A@54=5:204@0-
B8G=0O A:>@>ABL <>;5:C;=700</A,  =0,032:3/<>;L 

 

З484K4 7 

#@8 &1=20%,   $1=6*10^5#0. !09B8 402;5=85 2 H8=5 2> 2@5<O 42865=8O, 5A;8 &2=40%? �7<5-
=5=85< >1J5<0 ?@5=51@5GL.  

З484K4 8 

�0:>5 402;5=85 @01>G59 A<5A8 CAB0=02;8205BAO 2 F8;8=4@0E 02B>, 5A;8 ?@8 
?5@2>=0G0;L=>< 402;5=88 80 :#0 : :>=FC B0:B0 A60B8O & ?>2KH05BAO  A 50% 4> 
250%, 0 >1J5< C<5=LH05BAO A 0,75 4> 0,17 ;? 

 

&5?;>2>9 10;0=A, ?5@2>5 =0G0;> B5@<>48=0<8:8. 
КBAFDB?PAO9 6BCDBEO 

 

1. �0:>2K A?>A>1K ?5@540G8 B5?;0?  
2. +B> 2E>48B 2> 2=CB@5==NN M=5@38N B5;0?  
3. �5@=> ;8, GB> ?@8 0� ?@5:@0I05BAO 2AO:>5 42865=85?  
4. !07>28B5 @5?5@=K5 B>G:8 H:0;K �5;L28=0.  
5. ?  

6. �0:>2K <5B>4K 87<5@5=8O ?@>872>48B5;L=>AB8 B@C40?  
7. �0:>20 <5B>48:0 @0AGPB0 ?@>872>48B5;L=>AB8 B@C40 ?@8 :064>< <5B>45 87<5@5=8O ?@>872>48-

B5;L=>AB8 B@C40?  
 

М9FB8<K9E><9 G>4;4A<O 
&�#�"�Ы� /���!�/ 

� <>;5:C;O@=>9 D878:5 ?>4 2=CB@5==59 M=5@3859 ?>4@07C<520NB G0ABL 55.: :8=5B8G5A:CN 
M=5@38N E0>B8G5A:>3> 42865=8O <8:@>G0AB8F (<>;5:C;, 0B><>2, 8>=>2, A2>1>4=KE M;5:B@>=>2) 8 
?>B5=F80;L=CN M=5@38N 8E 2708<>459AB28O 4@C3 A 4@C3><: 

U=W:+W@=  

�A5 4@C385 284K 2=CB@5==59 M=5@388 B5;0 (M=5@38O M;5:B@><03=8B=>3> 87;CG5=8O, M;5:-
B@>==KE >1>;>G5:, 2=CB@8O45@=0O) AG8B0NBAO =587<5==K<8 8 =5 2;8ONI8<8 =0 @0AA<0B@8205-
<K5 ?@>F5AAK. 

     �7<5=5=85 2=CB@5==59 M=5@388 8 ?5@540G0 55 >B >4=>3> B5;0 : 4@C3><C ?@>8AE>48B 2 
?@>F5AA5 2708<>459AB28O B5;. �ABL 420 A?>A>10, 425 D>@<K B0:>3> 2708<>459AB28O. #@8 ?5@2>< 
A?>A>15 2=CB@5==OO M=5@38O >4=>3> B5;0 87<5=O5BAO 70 AG5B 87<5=5=8O M=5@388 C?>@O4>G5==>3> 
(<5E0=8G5A:>3>) 42865=8O G0AB8F 4@C3>3> B5;0 (<5E0=8G5A:>9 @01>BK, M;5:B@870F88, ?5@5<03-
=8G820=8O, >1;CG5=8O).  5@>9 87<5=5=8O-M=5@388 C?>@O4>G5==>3> 42865=8O G0AB8F 25I5AB20 2 
?@>F5AA5 <0:@>A:>?8G5A:>3> 2708<>459AB28O B5; A;C68B @01>B0 А. 

�> 2B>@>< A;CG05 87<5=5=85 2=CB@5==59 M=5@388 ?@>8AE>48B 2A;54AB285 A>C40@5=8O E0>-
B8G5A:8 4286CI8EAO <>;5:C; A>?@8:0A0NI8EAO B5;. 

#@>F5AA 87<5=5=8O 2=CB@5==59 M=5@388 B5;0, >1CA;>2;5==K9 ?5@540G59 B5?;>2>3> 428-
65=8O <>;5:C; 157 A>25@H5=8O @01>BK, 2=5H=59 A@54>9, =07K20NB B5?;>2K< ?@>F5AA>< 8;8 
?@>F5AA>< B5?;>?5@540G8. 

 5@>9 2708<>459AB28O B5;, ?@82>4OI53> : 87<5=5=8N M=5@388 

E0>B8G5A:>3> 42865=8O 8 2708<>459AB28O <>;5:C; (<5@>9 M=5@388 E0>B8G5A:>3> 42865-
=8O, ?5@540==>9 >B >4=>3> B5;0 : 4@C3><C 2 ?@>F5AA5 B5?;>>1<5=0), A;C68B 25;8G8=0 Q, =07K20-
5<0O :>;8G5AB2>< B5?;>BK. 

2. �>;8G5AB2> B5?;>BK, ?>42545==>5 : B5;C (A8AB5<5 B5;), 845B 2 >1I5< A;CG05 =0 87<5=5-
=85 2=CB@5==59 M=5@388 B5;0 8 =0 A>25@H5=85 B5;>< @01>BK =04 2=5H=8<8 B5;0<8 (?5@2>5 =0G0-
;> B5@<>48=0<8:8 4 70:>= A>E@0=5=8O 8 ?@52@0I5=8O M=5@388 A CG5B>< B5?;>2KE O2;5=89): 
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�>;8G5AB2> B5?;>BK Q, A>>1I5==>5 B5;C, AG8B0NB ?@8 MB>< ?>;>68B5;L=K<, >B40==>5 B5-
;>< 4 >B@8F0B5;L=K<. $01>BC AG8B0NB ?>;>68B5;L=>9, 5A;8 B5;> 70 AG5B A2>59 2=CB@5==59 
M=5@388 A>25@H05B "@01>BC =04 2=5H=59 A@54>9, 8 >B@8F0B5;L=>9, 5A;8 @01>B0 A>25@H05BAO =04 
B5;>< 8 70 AG5B @01>BK C25;8G8205BAO 2=CB@5==OO M=5@38O. 

�>;8G5AB2> B5?;>BK 8 @01>B0 O2;ONBAO <5@0<8 87<5=5=8O 2=CB@5==59 M=5@388, :>;8G5-
AB2> B5?;>BK 4 2 ?@>F5AA5 B5?;>?5@540G8, @01>B0 4 2 ?@>F5AA5 ?@52@0I5=8O <5E0=8G5A:>9 
M=5@388 2> 2=CB@5==NN. 

#@8<5@ 2. #@8 A>1;N45=88 =5>1E>48<KE ?@54>AB>@>6=>AB59 2>40 <>65B 1KBL ?5@5-
>E;0645=0 4> B5<?5@0BC@K  410°%.     %:>;L:> ;L40 >1@07C5BAO 87 B0:>9 2>4K <0AA>9 1 :3 5A;8 2 
=55 1@>A8BL :CA>G5: ;L40 8 MB8< 2K720BL 70<5@70=85 2>4K? �0:CN B5<?5@0BC@C 4>;6=0 8<5BL 
?5@5>E;0645==0O 2>40, GB>1K >=0 F5;8:>< ?@52@0B8;0AL 2 ;54? '45;L=0O B5?;>5<:>ABL ?5@5-
>E;0645==>9 2>4K A2 = 4,19 :�6/(:3*�), ;L40 A; = 2,1 :�6/(:3*�).  '45;L=0O B5?;>B0  ?;02;5=8O 
;L40 » = 0,33  �6/:3. 

$5H5=85. +B>1K 2>40 70<5@7;0 ?@8 >E;0645=88, 2 =59 4>;6=K =0E>48BLAO =5>4=>@>4=K5 
2:;NG5=8O 4 F5=B@K :@8AB0;;870F88, >:>;> :>B>@KE =0G8=05BAO @>AB :@8AB0;;8:>2 ;L40. �A;8 2 
?5@5>E;0645==>9 2>45 8A:CAAB25==> A>740BL F5=B@K :@8AB0;;870F88, 2 =59 =0G=5B >1@07>2K-
20BLAO ;54.  >;5:C;K AB0=CB ?5@5E>48BL 2 A>AB>O=85, A>>B25BAB2CNI55 <8=8<C<C 8E ?>B5=F8-
0;L=>9 M=5@388. '<5=LH5=85 ?>B5=F80;L=>9 M=5@388 >4=>9 G0AB8 <>;5:C; 2>4K, >1@07CNI8E 
;54, 2K7K205B C25;8G5=85 B5?;>2>3> 42865=8O >AB0;L=KE <>;5:C;, :>B>@>5 @538AB@8@C5BAO =0<8 
:0: =03@520=85 2>4K. #> CA;>28N 7040G8 <>6=> ?@5=51@5GL 2708<>459AB285< ?5@5>E;0645==>9 
2>4K A >:@C60NI59 A@54>9, ?>MB><C 2 @57C;LB0B5 G0AB8G=>9 :@8AB0;;870F88 2>4K 2 =59 ?@>-
87>945B B>;L:> ?5@5@0A?@545;5=85 M=5@388. #>;=0O 2=CB@5==OO M=5@38O >AB0=5BAO =587<5==>9, 
8,  A;54>20B5;L=>, C<5=L- 

H5=85 ?>B5=F80;L=>9 M=5@388 G0AB8 <>;5:C; ?@82545B : A>>B25BAB2CNI5<C C25;8G5=8N 
:8=5B8G5A:>9 M=5@388 E0>B8G5A:>3> 42865=8O 4 ?>2KH5=8N B5<?5@0BC@K A8AB5<K. 

�040G0 A2>48BAO : A>AB-N C@02=5=8O B5?;>2>3> 10;0=A0 ?@8 CA;>288, GB> Q = ", А = " A 
CG5B>< 03@530B=>3> ?@52@0I5=8O. 

#@8 >1@07>20=88 87 ?5@5>E;0645==>9 2>4K ;L40 <0AA>9 F2   ?>B5=F80;L=0O   M=5@38O   

<>;5:C;   C<5=LH8BAO   =0   25;8G8=C  

 1B0 M=5@38O G0AB8G=> ?>945B =0 =03@520=85 >1@07>202H53>AO ;L40 >B =0G0;L=>9 B5<?5@0-
BC@K t1 4> B5<?5@0BC@K t0 = 0°% 8 G0AB8G=> =0 =03@520=85 >AB02H59AO ?>A;5 :@8AB0;;870F88 2>-
4K <0AA>9 F1 =0 t0 — t1 (40;L=59H55 =03@520=85 =52>7<>6=>, B0: :0: ?@8 0°% :@8AB0;;870F8O 
2>4K ?@5:@0B8BAO). &0:8< >1@07><, 2A;54AB285 =03@520=8O 2=CB@5==OO M=5@38O B5?;>2>3> 42865-
=8O <>;5:C; C25;8G8BAO =0 

#> 70:>=C A>E@0=5=8O M=5@388 

, ?>MB><C C@02=5=85  �@><5 
B>3>,      m1 + F2 = FB.                                        

�7 MB8E A>>B=>H5=89   =0E>48<  <0AAC >1@07>202H53>AO ;L40: 

   ,     m2=0,12:3 
+B>1K 70<5@7;0 2AO ?5@5>E;0645==0O 2>40, M=5@38O, 2K45;82H0OAO ?@8 :@8AB0;;870F88, 

4>;6=0 ?>;=>ABLN ?>9B8 =0 =03@520=85 >1@07>202H53>AO ;L40, B. 5. 

                                 345 tx4 =0G0;L=0O B5<?5@0BC@0 ?5@5>E;0-
645==>9 2>4K. �7 ?>A;54=53> C@02=5=8O =0E>48<: 

 
**1*� G0H:C A 5003 ;L40 ?@8 0% 4>102;ONB 2003 2>4K ?@8 80%. !09B8 CAB0=>282HCNAO & 8 GB> 
1C45B 2 G0H:5.? 

�0@80=BK @5H5=8O 
I  5B>4 >F5=>:. )20B8B ;8 B5?;0 2>4K,>E;0645==>9 4> 0%, GB>1K @0AB>?8BL 25AL ;54? 

Qmax=4,2*10^3*80*0,2�6, 4;O 2A53> ;L40 Q?;=3,4*10^5*0,5�6, B5 Q<0E<Q?;.- =5 25AL ;54 @0A-
B05B. % CG5B>< >F5=:8  B5?; 10;0=A m2c280=&m»    &m=0,2:3 @0AB0O2H53> ;L40, B5 1C45B 4003 2>-
4K 8 3003 ;L40 ?@ 0%. 
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  II  #@54?>;>65=85 > D075. #CABL 1C4CB 8 ;54 8 2>40, B> '@- B5?; 10;0=A0 40AB @5H5=85. �A;8 
>H81>G=>5 ?@54?>;>65=85, GB>  >AB0=5BAO B>;L:> 2>40,  B> 10;0=A m2c2(80-t1)=m;»+m;c2 t1 40AB 
t1 <5=LH5 =>;O, GB> =52>7<>6=>, 7=0G8B ?@54?>;>65=85 =525@=>. 

** �0:0O G0ABL 70B@0G5==>9 =0 ?0@>>1@07>20=85 M=5@388 845B =0 A>25@H5=85 @01>BK? '4 B5?-
;>B0 ?0@>>1@-O r ?@8 100% =2,3*10^6�6/:3. �02; =0AKI ?0@0 ?@8 100%=10^5 #0. 
$5H5=85.    #CABL 2>40 ?@8 100%, 0  ?0@ =04 =59 =0AKI5==K9. %>>1I8< A8AB5<5 Q B5?;0 8 &m= 

Q/r 8A?0@8BLAO. �2064K ?@8<5=82 '@-5  -�, 8<55< P&V=&m/M * RT, => P&V=� 8  
�/Q= RT/ (  r)=0,08=8% 

 
 

 З484K4 1  

�8;><>;L >4=>0B><=>3> 3070 =03@5205BAO =0 100� ?@8 ?>AB>O==>< >1J5<5. !09B8 :>;8G5-
AB2> B5?;>BK, A>>1I5==>5 307C. 

З484K4 2 

�0;;>= 5<:>ABLN 100 ; A>45@68B 5,76 :3 :8A;>@>40. #@8 :0:>9 B5<?5@0BC@5 2>7=8:05B 
>?0A=>ABL 27@K20, 5A;8 10;;>= 2K45@68205B 402;5=85 4> 5-10

6
 #0(10B<=105

)? 
 

З484K4 3 

 0=><5B@ =0 10;;>=5 A> A60BK< :8A;>@>4>< ?>:07K20; ?@8 B5<?5@0BC@5 -3°% 402;5=85 
1,8*10

6
 #0,  0   ?@8  B5<?5@0BC@5   27°%  402;5=85 2*10

6
 �K;0 ;8 CB5G:0 3070 87 10;;>=0? 

 

З484K4 4 

"?@545;8BL 2=CB@5==NN M=5@38N 0B><0@=>3> :8A;>@>40 <0AA>9 0,16:3 ?@8 300�. 
 

З484K4 5 

 

** !0 :0:8E CG0AB:0E 307 ?>;CG0;  M=5@38N. 
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#@0:B8G5A:0O @01>B0 722-23 

$5H5=85 7040G ?> B5<5 «Э;5:B@8G5A:>5 ?>;5» 
*5;L @01>BK: 
70:@5?8BL C<5=85 ?@8<5=OBL D>@<C;C =0?@O6P==>AB8 M;5:B@8G5A:>3> ?>;O, 70:>= 

�C;>=0, 70:>= A>E@0=5=8O M;5:B@8G5A:>3> 70@O40 8 ?@8=F8? AC?5@?>78F88 ?>;59 

?@8 @5H5=88 7040G; 
A?>A>1AB2>20BL @0728B8N C<5=8O ;>38G5A:>3> <KH;5=8O; 
A?>A>1AB2>20BL    @0728B8N    ?>7=020B5;L=KE    A?>A>1=>AB59,    A0<>AB>OB5;L=>-
AB8, >B25BAB25==>AB8. 

�>=B@>;L=K5 2>?@>AK 

 

1. � G5< >B;8G85 ?>B5=F80;0 >B ?>B5=F80;L=>9 M=5@388?  
2. �028A8B ;8 ?>B5=F80;L=0O M=5@38O >B 25;8G8=K 70@O40?  
 

 5B>48G5A:85 C:070=8O ?> 2K?>;=5=8N ?@0:B8G5A:ux 7040G 
 

$5H5=85 7040G =0 70:>= �C;>=0 
Ц9?P ;4AOF<O: CA2>8BL <5B>48:C @5H5=8O B0:>3> B8?0 7040G. 
 

�0@O4K 

1.  %>3;0A=> 70:>=C �C;>=0 <>4C;L A8;K 2708<>459AB28O <564C 42C<O =5?>4286=K<8 
B>G5G=K<8 70@O40<8 q\ 8 q2 =0E>4OI8<8AO =0 @0AAB>O=88 r 4@C3 >B 4@C30 2 A@545 A 48M;5:B@8G5-
A:>9 ?@>=8F05<>ABLN 5, @025=: 

 345 k 4 ?>AB>O==K9 :>MDD8F85=B. 
 

  
2.  �A;8 A8AB5<0 B5; =5 >1<5=8205BAO M;5:B@8G5A:8<8 70@O40<8 A B5;0<8, =5 ?@8=04;560-

I8<8 MB>9 A8AB5<5, B> 0;351@08G5A:0O AC<<0 70@O4>2 A8AB5<K 5ABL 25;8G8=0 ?>AB>O==0O (70:>= 
A>E@0=5=8O 70@O4>2): 

  
1** C :0:>9 A8;>9 2708<>459AB2CNB 420 70@O40 ?> 10 =�; =0 @0AAB>O=88 3 

A<? 
--F=Kqq/R

2
=9*10+9*(10*10-9)

2
/(3*10-2)

2
=10^-3=1<! 

 

2** !09B8 25;8G8=C :064>3> 87 42CE >48=0:>2KE 70@O4>2, 5A;8 2 <0A;5 =0 
@0AAB>O=88 6A< >=8 2708<>459AB2CNB A A8;>9 0,4<!. ε=2,2 

-- F=Kqq/εR^2    q=√(FεR^2/K)= 6*10-2√ (0.4*10-3*2,2/9*10+9)=1,88*10-

8=18,8=�; 
 

3** �> A:>;L:> @07 A8;0 M;5:B@8G5A:>3> >BB0;:820=8O <56 42C<O M;5:B@>=0-
<8 1>;LH5 A8;K 8E 3@028B0F8>==>3> ?@8BO65=8O? K=9*10^9.   G=6,67*10^-11.    

e/m=1,76*10^11 

--(Kee/R2) /(Gmm/R2)=K/G*(e/m)^2 
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=(9*10^9/6,67*10
^-11

)* (1,76*10^11)
^2

=1,35*10+20*3,1*10
^22

=4,2*10
+42

 

               

6**  >6=> ;8 ?@>2>4=8:C A>>1I8BL 70@O4   4*10^-19
? 

- =5 :@0B5= M;5<5=B0@=><C. 
 

 7** �0@O4 <5B  H0@8:0 q=-1,6=�;, 50=-1,6*10^-19�;.  N=q/e0=10^10 

 

9**  !09B8 A8;C 2708<>459AB28O ?@>B>=0 8 1;-=0 ?@8 R=10^-8A<. 
F=Fe^2/R^2=  

1,6^2*(10^-19)*10*10^9/(10^-10)^2=2,3*10^-8<. 
 

 

**13 &@8 B>G5G=KE 70@O40 Q---T1>---2Q---T2>--4Q   % :0:>9 A8;>9 =0BO=CBK 
=8B8 5A;8 <564C 70@O40<8 @0AAB>O=85 L                   --------------------- 

--Kq2q/L^2 + Kq4q/(2L)^2-T1=0               (4K2qq+4Kq^2)/4L^2=3KQ^2/L^2=T1 

T2-K2q4q/L^2 - Kq4q/(2L)^2=0              (4K2q4q+Kq4q)/4L^2=9KQ^2/L^2=T2 
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#@0:B8G5A:>5 70=OB85 24 

!0?@O65==>ABL 8 ?>B5=F80; M;5:B@>?>;O 
 

 

КBAFDB?PAO9 6BCDBEO 

 

1. � G5< >B;8G85 ?>B5=F80;0 >B ?>B5=F80;L=>9 M=5@388?  
2. �028A8B ;8 ?>B5=F80;L=0O M=5@38O >B 25;8G8=K 70@O40?  
 

М9FB8<K9E><9 G>4;4A<O CB 6OCB?A9A<N CD4>F<K9E>ux ;484K 

 

1.  !0?@O65==>ABL M;5:B@8G5A:>3> ?>;O 2 40==>9 B>G:5 ?@>AB@0=AB20 @02=0: 

 
345 F 4 A8;0, 459AB2CNI0O =0 B>G5G=K9 ?>;>68B5;L=K9 (?@>1=K9) 70@O4 q0, ?><5I5=-

=K9 2 MBC B>G:C. 
 >4C;L 25:B>@0 =0?@O65==>AB8 M;5:B@8G5A:>3> ?>;O, A>740205<>3> B>G5G=K< 70@O4>< q 

=0 @0AAB>O=88 r >B 70@O40, @025=: 

                                                           
�A;8 =0 ?>25@E=>AB8 ?@>2>4OI53> H0@0 @048CA>< 30 

@02=><5@=>   @0A?@545;5=  70@O4  q,  B>   2=CB@8   H0@0   
=0?@O65==>ABL ?>;O 2AN4C @02=0 =C;N. �0 ?@545;0<8 H0@0 8 
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