
�« ¤¨ª ¢ª §áª¨© ¬ â¥¬ â¨ç¥áª¨© ¦ãà «

�¯à¥«ì{¨îì, 2002, �®¬ 4, �ë¯ãáª 2

��� 517.958:530.145

����� ������ � ������������� �������� �������

�������������� ��������� ������ | ���� | �������

�. �. �®£¥®¢, �. �. �å ãª®¢-� ä¨è¥¢

�à¥¤« £ ¥âáï ¢¥à®ïâ®áâ ï ¨â¥à¯à¥â æ¨ï ¢®«®¢®© äãªæ¨¨ ãà ¢¥¨ï �«¥©  | �®ª  |

�®à¤®  (���). �ëïáï¥âáï ä¨§¨ç¥áª¨© á¬ëá« ä §ë ¢®«®¢®© äãªæ¨¨. �«¥ªâà®¬ £¨â®¥

¯®«¥ ¢¢®¤¨âáï ¨§ âà¥¡®¢ ¨ï «®ª «ì®© ¨¢ à¨ â®áâ¨ ãà ¢¥¨ï ¤«ï ä §ë ¢®«®¢®© äãª-

æ¨¨. �¡áã¦¤ ¥âáï, çâ® â ª®© ¬¥â®¤ ¢¢¥¤¥¨ï ¯®«ï ¬®¦® ¡ë«® ¯à®¢¥áâ¨ ã¦¥ ¢ ª« áá¨ç¥áª®©

ä¨§¨ª¥ ¤® á®§¤ ¨ï ª¢ â®¢®© ¬¥å ¨ª¨. �®«ãç¥ë ãà ¢¥¨ï, ®¡®¡é îé¨¥ ¯®¤å®¤ �¥©¬  

ª ï¢«¥¨ï¬ á¢¥àå¯à®¢®¤¨¬®áâ¨.

1. �¢¥¤¥¨¥

�§¢¥áâ®, çâ® ¯®á«¥¤®¢ â¥«ì ï à¥«ïâ¨¢¨áâáª ï ª¢ â®¢ ï ¬¥å ¨ª  ¥ ¬®¦¥â

¡ëâì à §¢¨â  ª ª â¥®à¨ï ®¤®© ç áâ¨æë (á¬.,  ¯à¨¬¥à, [1]). �§-§  à®¦¤¥¨© ¨  -

¨£¨«ïæ¨© ç áâ¨æ, â ª ï â¥®à¨ï ¬®¦¥â ¡ëâì â®«ìª® ¬®£®ç áâ¨ç®©. �¤ ª® ¥áâì

¡®«ìè®© ªàã£ ¯à®¡«¥¬, £¤¥ ®¤®ç áâ¨ç®¥ ¯à¨¡«¨¦¥¨¥ ¤ ¥â å®à®è¨¥ à¥§ã«ìâ âë.

� ¯à¨¬¥à, ãà ¢¥¨¥ �¨à ª  á ¡®«ìè®© â®ç®áâìî ¯à ¢¨«ì® ®¯¨áë¢ ¥â á¯¥ªâà

¨§«ãç¥¨ï  â®¬  ¢®¤®à®¤  ¨ ¤àã£¨¥ ï¢«¥¨ï.

�à¨¬¥¥¨¥ ¦¥ ãà ¢¥¨ï ��� ª ®¤®ç áâ¨çë¬ ï¢«¥¨ï¬ áç¨â ¥âáï ¥¯à¨¥¬-

«¥¬ë¬ ¢ á¢ï§¨ á âàã¤®áâìî ¢¥à®ïâ®áâ®© ¨â¥à¯à¥â æ¨¨ ¢®«®¢®© äãªæ¨¨ íâ®£®

ãà ¢¥¨ï. � ãç¥¡®© «¨â¥à âãà¥ ¯® íâ¨¬ ¢®¯à®á ¬ ãâ¢¥à¦¤ ¥âáï, çâ® ãà ¢¥¨¥

��� ¥ ¯®§¢®«ï¥â ¢¢¥áâ¨ ¯®«®¦¨â¥«ì® ®¯à¥¤¥«¥ãî ¢¥«¨ç¨ã, ª®â®àãî ¬®¦® ¡ë-

«® ¡ë ¨áâ®«ª®¢ âì ª ª ¯«®â®áâì ¢¥à®ïâ®áâ¨,   «®£¨çãî ¯«®â®áâ¨ ¢¥à®ïâ®áâ¨

¥à¥«ïâ¨¢¨áâáª®£® ãà ¢¥¨ï �à¥¤¨£¥à  (á¬.,  ¯à¨¬¥à, [2]).

�®à®è® ¨§¢¥áâ®, çâ® ¥á«¨ 	 ¢®«®¢ ï äãªæ¨ï ¥ª®â®à®© á¨áâ¥¬ë, â® ãà ¢¥¨¥

�à¥¤¨£¥à  ¯®§¢®«ï¥â ¢¢¥áâ¨ á®åà ïîéãîáï ¢¥«¨ç¨ã 	�	; ª®â®à ï ¨â¥à¯à¥â¨-

àã¥âáï ª ª ¯«®â®áâì ¢¥à®ïâ®áâ¨. � á«ãç ¥ ¦¥ ãà ¢¥¨ï ��� á®®â¢¥âáâ¢ãîé ï

¢¥«¨ç¨  ¨¬¥¥â ¢¨¤
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�â® ¢ëà ¦¥¨¥ á®åà ï¥âáï, ® ¯®«®¦¨â¥«ì® ¥ ®¯à¥¤¥«¥® ¨ ¥«ì§ï ¨â¥à¯à¥-

â¨à®¢ âì ª ª ¯«®â®áâì ¢¥à®ïâ®áâ¨. �® ¢®§¨ª ¥â ¢®¯à®á. �®ç¥¬ã â ª®¥ á«®¦®¥

¢ëà ¦¥¨¥ ã¦® ¨áâ®«ª®¢ë¢ âì ª ª ¯«®â®áâì ¢¥à®ïâ®áâ¨? �®¦¥â ¡ëâì íâ® ¢ë-

à ¦¥¨¥ ¥áâì ¥ª®â®à ï á®åà ïîé ïáï ä¨§¨ç¥áª ï ¢¥«¨ç¨ , ¥á«¨ 	 ¨¬¥¥â â®â ¦¥

á¬ëá«, çâ® ¨ ¢ ãà ¢¥¨¨ �à¥¤¨£¥à ?

� ¤ ®© à ¡®â¥ ¡ã¤¥â ¤ ® ®¡®á®¢ ¨¥, çâ® ¢®«®¢ ï äãªæ¨ï ãà ¢¥¨ï ���

¬®¦¥â ¡ëâì ¨â¥à¯à¥â¨à®¢  , ª ª ¨ ¢ ãà ¢¥¨¨ �à¥¤¨£¥à , ¢ ¡®à®¢áª®¬ á¬ëá«¥.

�ã¤¥â ¯®ª § ®, çâ® ãà ¢¥¨¥ ��� ¤ ¥â § ª® á®åà ¥¨ï í¥à£¨¨,   ¥ ç¨á«  ç áâ¨æ

c 2002 �®£¥®¢ �. �., �å ãª®¢-� ä¨è¥¢ �. �.
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(§ ª® á®åà ¥¨ï ¯«®â®áâ¨ ¢¥à®ïâ®áâ¨ ¢ëà ¦ ¥â, ¢ ª®¥ç®¬ áç¥â¥, á®åà ¥¨¥

ç¨á«  ç áâ¨æ) [3].

� ç «  ¬ë à áá¬®âà¨¬ ãà ¢¥¨¥ ��� ¤«ï á¢®¡®¤®© ç áâ¨æë,   ¯®â®¬ ¤«ï

§ àï¤  ¢ í«¥ªâà®¬ £¨â®¬ ¯®«¥. �à¨ç¥¬ ¬¥â®¤ ¢¢¥¤¥¨ï í«¥ªâà®¬ £¨â®£® ¯®«ï

¬®¦¥â ¡ëâì ¯à¨¬¥¥ ¨ ¢ ª« áá¨ç¥áª®© ä¨§¨ª¥ ¤«ï ãà ¢¥¨ï � ¬¨«ìâ®  | �ª®¡¨.

�¥¬ á ¬ë¬ ¡ã¤¥â ¯®ª § ®, çâ® ¢¢¥¤¥¨¥ ª «¨¡à®¢®ç®£® ¯®«ï ¢ ª¢ â®¢®© ¬¥å -

¨ª¥, á¢ï§ ®¥ á «®ª «ì®© ä §®¢®© ¨¢ à¨ â®áâìî, ¬®¦® ¡ë«® ¯à®¢®¤¨âì ¨ ¢

ª« áá¨ç¥áª®© ä¨§¨ª¥.

2. �à ¢¥¨¥ ��� ¤«ï á¢®¡®¤®© ç áâ¨æë

¨ ¨â¥à¯à¥â æ¨ï ä §ë ¢®«®¢®© äãªæ¨¨

� ª å®à®è® ¨§¢¥áâ®, ãà ¢¥¨¥ ��� ¬®¦® § ¯¨á âì ¢ ä®à¬¥ [1{2]

@2	

@t2
= r

2	�m2	: (1)

�¡®§ ç¥¨ï áâ ¤ àâë¥ ¨ ~ = c = 1:

� ¯¨á ¢ (1) ¤«ï ª®¬¯«¥ªá®-á®¯àï¦¥®© äãªæ¨¨ 	� ®¡ëçë¬ á¯®á®¡®¬ ¬®¦®

¯®«ãç¨âì
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r	�	r	�) : (2)

� ª® á®åà ¥¨ï ª ª®© ä¨§¨ç¥áª®© ¢¥«¨ç¨ë ¢ëà ¦ ¥â ãà ¢¥¨¥ (2)? �¡ëç®

íâ® ãà ¢¥¨¥ á¢ï§ë¢ ¥âáï á ãà ¢¥¨¥¬ ¥¯à¥àë¢®áâ¨ ¤«ï ¯«®â®áâ¨ ¢¥à®ïâ®áâ¨,

  ¯«®â®áâì ¢¥à®ïâ®áâ¨ áç¨â ¥âáï � 	� @	

@t
� 	@	

�

@t
: �¤¥áì ¨ ¢®§¨ª ¥â âàã¤®áâì á®

§ ª®¬. �®, ¯®áª®«ìªã ¯«®â®áâì ¢¥à®ïâ®áâ¨ á¢ï§   á ç¨á«®¬ ç áâ¨æ,   ç¨á«® ç á-

â¨æ ¢ à¥«ïâ¨¢¨áâáª®© ®¡« áâ¨ ¥ ®¡ï§ ® á®åà ïâìáï, â® ¬®¦® ¯à¥¤¯®«®¦¨âì, çâ®

ãà ¢¥¨¥ (2) ¢ëà ¦ ¥â § ª® á®åà ¥¨ï ¥ª®© ¤àã£®© ä¨§¨ç¥áª®© ¢¥«¨ç¨ë.

�«ï ¨áá«¥¤®¢ ¨ï íâ®£® ¢®¯à®á , á«¥¤ãï à ¡®â ¬ [3, 5{7], ¯à¥¤áâ ¢¨¬ 	 ¢ ¢¨¤¥

	 = �
1

2 exp(iS); (3)

£¤¥ � = 	�	 ¨ S | ¢¥é¥áâ¢¥ë¥ ¯à®¨§¢®«ìë¥ äãªæ¨¨. �®¤áâ ¢«ïï (3) ¢ (2) «¥£ª®

¯®«ãç ¥¬
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� «¨§ ãà ¢¥¨ï (1) á ¯®¬®éìî ¯®¤áâ ®¢ª¨ (3) ¯à®¢¥¤¥ ¢ à ¡®â¥ [3]. �¤¥áì

¬ë ¯®©¤¥¬ ¥áª®«ìª® ¨ë¬ ¯ãâ¥¬. �¬®¦¨¢ (1) á«¥¢    	�, ¨ ¨â¥£à¨àãï ¯® ¯à®áâ-

à áâ¢¥ë¬ ª®®à¤¨ â ¬, ¯®«ãç¨¬:
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Z
	�	 dV; (5)

£¤¥ dV = dxdydz:
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�®¤áâ ¢«ïï (3) ¢ (5), ¯®á«¥ ¥á«®¦ëå ¯à¥®¡à §®¢ ¨©, ¯®«ãç¨¬
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�ç¨âë¢ ï (4) ¨ ¯à¨à ¢ï¢ ¯®¤ëâ¥£à «ìë¥ ¢ëà ¦¥¨ï, ¨§ (6) ¯®«ãç ¥¬

1

c2

�
@S

@t

�2
� (rS)

2
�m2c2 =

~
2

�
1

2

 
@2�

1

2

@t2
�r

2�
1

2

!
: (7)

�¤¥áì ¨ ¤ «¥¥ ¡ã¤¥¬ ¯®«ì§®¢ âìáï ®¡ëçë¬¨ ¥¤¨¨æ ¬¨.

�â¬¥â¨¬, çâ®, ¥á«¨ ¡ë (4) ¬ë ¥ ¯®«ãç¨«¨ ¨§ (2), â® ¯®«ãç¨«¨ ¡ë ¨§ (6), â ª ª ª

ã¦® ¯à¨à ¢ïâì ¤¥©áâ¢¨â¥«ìë¥ ¨ ¬¨¬ë¥ ç áâ¨ (6).

�à ¢¥¨ï (4) ¨ (7) ¯®«ãç¥ë ¨§ (1) ¯®¤áâ ®¢ª®© (3) ç¨áâ® ä®à¬ «ìë¬ ®¡à §®¬

¨ ¤® á¨å ¯®à ¬ë ¨ª ª ¥ ¨â¥à¯à¥â¨à®¢ «¨ � ¨ S. �á«¨ ¢ (7) ¯®áâ®ïãî �« ª 

~! 0; â® ¯®«ãç ¥¬ à¥«ïâ¨¢¨áâáª®¥ ãà ¢¥¨¥ � ¬¨«ìâ®  | �ª®¡¨ ¤«ï ª« áá¨ç¥áª®£®

¤¥©áâ¢¨ï S [4].

� ©¤¥¬ ¥à¥«ïâ¨¢¨áâáª¨© ¯à¥¤¥« (4) ¨ (7). �«ï íâ®£® ¯à¥¤áâ ¢¨¬ S ¢ ¢¨¤¥ S =

S0 �mc2t: �®¤áâ ¢«ïï íâ® ¢ëà ¦¥¨¥ ¢ (4) ¨ (7), ¯®«ãç¨¬
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(8)

�§ (8) ¢¨¤®, çâ® ¢ ¯à¥¤¥«¥ ¯à¨ c ! 1 íâ¨ ãà ¢¥¨ï ¯¥à¥å®¤ïâ ¢ á®®â¢¥âáâ¢ã-

îé¨¥ ãà ¢¥¨ï, ¯®«ãç ¥¬ë¥ ¨§ ãà ¢¥¨ï �à¥¤¨£¥à  ¤«ï á¢®¡®¤®© ç áâ¨æë ¯à¨

¯®¤áâ ®¢ª¥ (3) [5{7].

� [5{7] ¢¥«¨ç¨  �~2r2�
1

2 =2m�
1

2  §¢   ýª¢ â®¢ë¬ ¯®â¥æ¨ «®¬þ ¨«¨ ýª¢ -

â®¢®-¬¥å ¨ç¥áª®© í¥à£¨¥©þ.

� à ¡®â å [5{7] ¯®«®¦¨â¥«ì® ®¯à¥¤¥«¥ ï ¢¥«¨ç¨  � ¨¬¥¥â ®¡ëçë© á¬ëá«

¯«®â®áâ¨ ¢¥à®ïâ®áâ¨. �«¥¤®¢ â¥«ì®, ¨ ¢ á«ãç ¥ ãà ¢¥¨ï ��� (1) ¬ë ¬®¦¥¬

®¯à¥¤¥«¨âì � ª ª ¯«®â®áâì ¢¥à®ïâ®áâ¨ ¨ ¯à®¢®¤¨âì ¯® íâ®© äãªæ¨¨ ãáà¥¤¥¨ï

à §ëå ¢¥«¨ç¨. �â®¡ë ¢ëïá¨âì ä¨§¨ç¥áª¨© á¬ëá« ä §ë S ¯®áâã¯¨¬ á«¥¤ãîé¨¬

®¡à §®¬.

� ©¤¥¬ áà¥¤¥¥ § ç¥¨¥ ®¯¥à â®à  ¨¬¯ã«ìá  P̂ = �i~r. �¬¥¥¬

hP̂ i = �i~

Z
	�

r	dV: (9)

�®¤áâ ¢«ïï (3) ¢ (9), á ãç¥â®¬ â®£®, çâ®   ¡¥áª®¥ç®áâ¨ �! 0, «¥£ª® ¯®«ãç¨¬

hP̂ i =

Z
�rSdV: (10)
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�ëà ¦¥¨¥ (10) ¯®§¢®«ï¥â  ¬ ¨â¥à¯à¥â¨à®¢ âì ¢¥«¨ç¨ã P (r; t) = rS ª ª ¨¬-

¯ã«ìá ç áâ¨æë ¢ ¤ ®© â®çª¥ ¢ ¬®¬¥â t. �®çª  r à á¯à¥¤¥«¥  á ¢¥à®ïâ®áâìî �(r; t);
çâ® á®®â¢¥âáâ¢ã¥â á®®â®è¥¨î ¥®¯à¥¤¥«¥®áâ¨. �¥¬ á ¬ë¬ ãáâ  ¢«¨¢ ¥âáï á¬ëá«

rS:
�â®¡ë ãáâ ®¢¨âì á¬ëá« @S=@t; § ¯¨è¥¬ ãà ¢¥¨¥ �à¥¤¨£¥à  ¢ ä®à¬¥ á¯à -

¢¥¤«¨¢®© ª ª ¢ ¥à¥«ïâ¨¢¨áâáª®©, â ª ¨ ¢ à¥«ïâ¨¢¨áâáª®© ª¢ â®¢®© â¥®à¨¨, â. ¥. ¢

¢¨¤¥

i~
@	

@t
= Ĥ	: (11)

�¬®¦ ï (11) á«¥¢    	� ¨ ¨â¥£à¨àãï, ¯®«ãç¨¬

i~

Z
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@	

@t
dV =

Z
	�Ĥ	dV: (12)

�¨§¨ç¥áª¨© á¬ëá« ¯à ¢®© ç áâ¨ (12) ïá¥, íâ® hĤi. �®¤áâ ¢«ïï (3) ¢ «¥¢ãî ç áâì

(12), á ãç¥â®¬ ®à¬¨à®¢ª¨ �, ¯®«ãç¨¬

�

Z
�
@S

@t
dV =

Z
	�Ĥ	dV; â. ¥.

�
@S

@t

�
= �hĤi: (13)

� ª¨¬ ®¡à §®¬ ¬ë ¬®¦¥¬ ãâ¢¥à¦¤ âì, çâ® @S=@t ¥áâì «®ª «ì ï í¥à£¨ï ç áâ¨æë
á ®¡à âë¬ § ª®¬. �á«¨ ¦¥ S ¯à¥¤áâ ¢¨¬® ¢ ¢¨¤¥ S(r; t) = S0(r)�Et; £¤¥ E = const;
â® ¯®«ãç¨¬

@�

@t
+ divj = 0; (14)

£¤¥ j = ~c
2

2iE
(	�

r	�	r	�) ¢ á«ãç ¥ ãà ¢¥¨ï (2) ¨ j = c
2

E
�rS0 ¢ á«ãç ¥ ãà ¢¥¨ï

(4). �à¨ E < 0 ãà ¢¥¨¥ (14) ¨¬¥¥â ¢¯®«¥ à §ã¬®¥ ¨áâ®«ª®¢ ¨¥ [3].

�¥à¥¬áï â¥¯¥àì ª (4). �â¥£à¨àãï (4) ¯® ®¡ê¥¬ã ¨ ¯à¨¬¥ïï ª ¯à ¢®© ç áâ¨

â¥®à¥¬ã �áâà®£à ¤áª®£® | � ãáá , ¯®«ãç¨¬

@

@t

Z
�
@S

@t
dV = c2

Z
�rS d�; (15)

£¤¥ d� | ¢¥ªâ®à í«¥¬¥â  ¯®¢¥àå®áâ¨ �.
�ãáâì � ¤®áâ â®ç® ¡ëáâà® áâà¥¬¨âáï ª ã«î ¯à¨ r ! 1: �®£¤  ¯à¨ � ! 1;

¯®«ãç¨¬
@

@t

Z
�
@S

@t
dV = 0: (16)

� ãç¥â®¬ (13) ¬ë ¯®«ãç¨«¨ § ª® á®åà ¥¨ï í¥à£¨¨ ¢ ¨â¥£à «ì®© ä®à¬¥. �«¥¤®-

¢ â¥«ì®, ¬ë ¬®¦¥¬ ¨â¥à¯à¥â¨à®¢ âì (4) ª ª § ª® á®åà ¥¨ï ¢ ¤¨ää¥à¥æ¨ «ì®©

ä®à¬¥.

�§ íâ¨å à ááã¦¤¥¨© ¬®¦® á¤¥« âì ¢ë¢®¤: ãà ¢¥¨¥ ��� ¤ ¥â § ª® á®åà ¥-

¨ï í¥à£¨¨,   ¥ ¯«®â®áâ¨ ¢¥à®ïâ®áâ¨ (¯«®â®áâ¨ ç¨á«  ç áâ¨æ) ¨ § ª � ¨ª ª ¥
á¢ï§  á ãà ¢¥¨¥¬ ¥¯à¥àë¢®áâ¨ (2).



�®¢ë© ¯®¤å®¤ ª ¨â¥à¯à¥â æ¨¨ ¢®«®¢®© äãªæ¨¨ 2{69

3. �®ª «ì ï ¨¢ à¨ â®áâì ¨ ãç¥â ¢§ ¨¬®¤¥©áâ¢¨ï

�á«¨ ç áâ¨æ  á § àï¤®¬ q ¤¢¨¦¥âáï ¢ í«¥ªâà®¬ £¨â®¬ ¯®«¥ á ¯®â¥æ¨ « ¬¨ �A ¨

', â® § ¯¨á ¢ ãà ¢¥¨¥ ��� ¤«ï íâ®£® á«ãç ï ¨ á¤¥« ¢ ¯®¤áâ ®¢ªã (3), ¬ë ¯®«ãç¨¬

á®®â¢¥âáâ¢ãîé¥¥ ®¡®¡é¥¨¥ (4) ¨ (7). � à ¡®â¥ [3] ¯®«ãç¥ë íâ¨ ãà ¢¥¨ï ãª § ë¬

á¯®á®¡®¬.

�¤¥áì ¬ë ¢ª«îç¨¬ ¢§ ¨¬®¤¥©áâ¢¨¥ ¥áª®«ìª® ¨ë¬ á¯®á®¡®¬. � ª ¢¨¤® ¨§ (4) ¨

(7) íâ¨ ãà ¢¥¨ï ¨¢ à¨ âë ®â®á¨â¥«ì® § ¬¥ë S ! S0+const: �á«¨ ¦¥ á¤¥« âì
§ ¬¥ã S ! S0 + const � f(x; t); £¤¥ f | ¯à®¨§¢®«ì ï äãªæ¨ï, â® ãà ¢¥¨ï ã¦¥ ¥

¨¢ à¨ âë. �¥¯¥àì ¯®âà¥¡ã¥¬, çâ®¡ë ¯à¨ â ª®© § ¬¥¥ S ãà ¢¥¨ï (4) ¨ (7) ®áâ -

¢ «¨áì ¡ë ¨¢ à¨ âë¬¨, â. ¥. ¯®âà¥¡ã¥¬ «®ª «ìãî ¨¢ à¨ â®áâì ãà ¢¥¨© (4)

¨ (7) ¯à¨ ¯à¥®¡à §®¢ ¨ïå S ! S0+const � f(x; t): �®£¤  ¬ë ¤®«¦ë ¢¢¥áâ¨ ¥ª®â®àë¥

ý¯®«ïþ, ª®â®àë¥ ¡ë ª®¬¯¥á¨à®¢ «¨ «¨è¨¥ ç«¥ë.

�®¤¢¥à£¥¬ S ¯à¥®¡à §®¢ ¨î

S ! S0 +
q

c
� f(x; t): (17)

�®£¤ 
@S

@t
=

@S

@t
+

q

c

@f

@t
¨ rS = rS0 +

q

c
rf: (18)

�â®¡ë ¨áç¥§«¨ «¨è¨¥ ¯à®¨§¢®¤ë¥ ¢ (4) ¨ (7), ª ª ¢¨¤® ¨§ (18), ã¦® ¢¢¥áâ¨

ª®¬¯¥á¨àãîé¨¥ ¯®«ï. �¢¥¤¥¬ ¯®«ï ¢ (4) ¨ (7) ¢ ¢¨¤¥

@

@t

�
�
@S

@t
+ q'

�
= c2r

n
�
�
rS �

q

c
A
�o

;

�
@S

@t
+ q'

�2
� c2

�
rS �

q

c
A
�2
�m2c2 =

~
2

�
1

2

 
@2�

1

2

@t2
� c2r�

1

2

!
:

9>>>=
>>>;

(19)

�¥¯¥àì ®¤®¢à¥¬¥® á (17) ¯à¥®¡à §ã¥¬ ¯®«ï ¯® ä®à¬ã« ¬

' = '0

�
1

c

@f

@t
;

A = A0 +rf:

(20)

�¨¤®, çâ® ãà ¢¥¨ï (19) ¥ ¬¥ïîâ á¢®¥© ä®à¬ë. � (20) ¥áâì å®à®è® ¨§¢¥áâë¥

ª «¨¡à®¢®çë¥ ¯à¥®¡à §®¢ ¨ï í«¥ªâà®¬ £¨âëå ¯®â¥æ¨ «®¢. �â¨ à ááã¦¤¥¨ï ¨-

â¥à¥áë ¥é¥ ¨ â¥¬, çâ®, ª ª ã¦¥ ®â¬¥ç «®áì ¢ëè¥, ¯à¨ ~! 0 ãà ¢¥¨¥ (7) ¯¥à¥å®¤¨â

¢ ª« áá¨ç¥áª®¥ ãà ¢¥¨¥ � ¬¨«ìâ®  | �ª®¡¨. �«¥¤®¢ â¥«ì®, ¯à¥®¡à §®¢ ¨ï (17)

¨ (20) ¨¬¥îâ ¬¥áâ® ã¦¥ ¢ ª« áá¨ç¥áª®© ä¨§¨ª¥, ¥á«¨ ¯®âà¥¡®¢ âì «®ª «ìãî ¨¢ à¨-

 â®áâì ª« áá¨ç¥áª®£® ¤¥©áâ¢¨ï. �® ¥áâì í«¥ªâà®¬ £¨â®¥ ¯®«¥ ¬®¦® ¡ë«® ¡ë ¢

¯à¨æ¨¯¥ ý¯à¥¤áª § âìþ â¥®à¥â¨ç¥áª¨ ¯®á«¥ ä®à¬ã«¨à®¢ª¨ ãà ¢¥¨ï � ¬¨«ìâ®  |

�ª®¡¨.

�¥¯¥àì ¯®ª ¦¥¬, çâ® ®â®á¨â¥«ì® ¯à¥®¡à §®¢ ¨ï â¨¯  (17), ãà ¢¥¨¥ ¤¢¨¦¥¨ï

ª« áá¨ç¥áª®© ¬¥å ¨ª¨ ¨¢ à¨ â®.

�® ®¯à¥¤¥«¥¨î ¨¬¥¥¬ dSc=dt = L; £¤¥ Sc | ¤¥©áâ¢¨¥, L | äãªæ¨ï � £à ¦ .

�á«¨ ®¤®¢à¥¬¥® ¯à®¢¥áâ¨ ¯à¥®¡à §®¢ ¨ï

Sc = S0

c + af ;

L = L0 + adf=dt;



2{70 �. �. �®£¥®¢, �. �. �å ãª®¢-� ä¨è¥¢

£¤¥ a = const ¨ f | ¯à®¨§¢®«ì ï äãªæ¨ï, â® dS0

c=dt = L0: � ª ¨§¢¥áâ®, äãªæ¨ï

� £à ¦  ®¯à¥¤¥«¥  á â®ç®áâìî ¤® ¯®«®© ¯à®¨§¢®¤®© ®â ¯à®¨§¢®«ì®© äãªæ¨¨,

â ª ª ª ãà ¢¥¨¥ ¤¢¨¦¥¨ï ®¯à¥¤¥«ï¥âáï ãá«®¢¨¥¬ �Sc = 0:
�î¡®¯ëâ® ®â¬¥â¨âì, çâ®   íâ®â ä ªâ ¥ ®¡à é îâ ¢¨¬ ¨ï ¢ ãç¥¡®© «¨â¥-

à âãà¥.

4. � ª«îç¥¨¥

� ª ¨§¢¥áâ® [5, 6], �¥©¬  à §¢¨« £¨¤à®¤¨ ¬¨ç¥áª¨© ¯®¤å®¤ ª ¯à®¡«¥¬¥ á¢¥àå-

¯à®¢®¤¨¬®áâ¨, ®á®¢ ë©   ãà ¢¥¨¨ �à¥¤¨£¥à . �®áª®«ìªã á¢¥àå¯à®¢®¤ïé¨¥

ªã¯¥à®¢áª¨¥ ¯ àë | áª «ïàë¥ ç áâ¨æë, â® ª ¨¬ ¬®¦® ¯à¨¬¥¨âì ãà ¢¥¨¥ ���

¯à¨ ¢¥à®ïâ®áâ®¬ ¨áâ®«ª®¢ ¨¨ ¢®«®¢®© äãªæ¨¨. �¥¬ á ¬ë¬ ãà ¢¥¨ï (19) ®¡®¡-

é îâ ¯®¤å®¤ �¥©¬     à¥«ïâ¨¢¨áâáªãî ®¡« áâì.
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