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�«ï ®æ¥­ª¨ ­¥¢§ ¨¬­ëå à¥«ïâ¨¢¨áâáª¨å íää¥ª-
â®¢, ¢®§­¨ª îé¨å ¯à¨ ¢à é¥­¨¨ ª®«ìæ¥¢®£® ª®­âã-
à , ®¡ëç­® ¨á¯®«ì§ãîâáï ¬¥â®¤ë ®¡é¥© â¥®à¨¨ ®â-
­®á¨â¥«ì­®áâ¨. � ª¨¥ ®æ¥­ª¨ ¢ë¯®«­¥­ë ¡¥§ ãç¥â 

¯®ª § â¥«ï ¯à¥«®¬«¥­¨ï ¢ ª®­âãà¥ [1,2]. �à®¬¥

íâ®£®, íâ¨ ¬¥â®¤ë ï¢«ïîâáï ¬ «®¤®áâã¯­ë¬¨ ¤«ï è¨-
à®ª®£® ªàã£  à §à ¡®âç¨ª®¢ ¢®«®ª®­­®-®¯â¨ç¥áª¨å
¤ âç¨ª®¢. � ­ áâ®ïé¥© à ¡®â¥ ®¡é ï â¥®à¨ï ®â­®-
á¨â¥«ì­®áâ¨ ­¥ ¨á¯®«ì§ã¥âáï, à áç¥âë ¢ë¯®«­¥­ë á

¯à¨¬¥­¥­¨¥¬ á¯¥æ¨ «ì­®© â¥®à¨¨ ®â­®á¨â¥«ì­®áâ¨.
�¯à¥¤¥«¥­­®¥ ã¯à®é¥­¨¥, ª®â®à®¥ ¬®¦­® ¨á¯®«ì§®-

¢ âì ¯à¨ ¯®áâà®¥­¨¨ â¥®à¨¨ ¢®«®ª®­­®£® ª®«ìæ¥¢®£®

¨­â¥àä¥à®¬¥âà , ®¡ãá«®¢«¥­® ª®«ìæ¥¢ë¬ å à ªâ¥à®¬
¤¢¨¦¥­¨ï ®¯â¨ç¥áª¨å ¨­â¥àä¥à¨àãîé¨å ¢®«­ ¢ ¥£®

®¯â¨ç¥áª®¬ ª®­âãà¥. �¢¨¦¥­¨¥ ®¯â¨ç¥áª¨å ¨¬¯ã«ì-
á®¢ ¢ â ª®¬ ª®­âãà¥ ¢á¥£¤  ¯à¥¤áâ ¢«ï¥â ­¥¨­¥àæ¨-
 «ì­ë© ¯à®æ¥áá, ­¥§ ¢¨á¨¬® ®â â®£®, ¯®ª®¨âáï ¨«¨

­¥â ª®­âãà ¢ æ¥«®¬. �®«ìæ¥¢®© ®¯â¨ç¥áª¨© ª®­âãà

­ ç¨­ ¥âáï ¨ § ª ­ç¨¢ ¥âáï (ãá«®¢­®) ¢ â®çª¥ ®â-
¢¥â¢¨â¥«ï. �à¥¬ï ¯à¨å®¤  ¨¬¯ã«ìá  ¯® ª®«ìæ¥¢®¬ã

ª®­âãàã ®¯à¥¤¥«ï¥âáï à §­®áâìî ¬®¬¥­â®¢ ¯à¨å®¤  ¨

ãå®¤  ¢ â®çª¥ ®â¢¥â¢¨â¥«ï. �­® ¨­â¥£à «ì­® § ¢¨á¨â
®â ¢á¥å ®á®¡¥­­®áâ¥© ¤¢¨¦¥­¨ï ®¯â¨ç¥áª®£® ¨¬¯ã«ìá 

­  ¢á¥å ®â¤¥«ì­ëå ãç áâª å ®¯â¨ç¥áª®£® ª®­âãà : ®â-
­®á¨â¥«ì­®© áª®à®áâ¨ ¨å ¤¢¨¦¥­¨ï, £¥®¬¥âà¨¨, ¯®ª -
§ â¥«ï ¯à¥«®¬«¥­¨ï. �¥áì § ¬ª­ãâë© ª®­âãà ¬®¦­®
à §¡¨âì ­  ®â¤¥«ì­ë¥ ¬ «ë¥ í«¥¬¥­âë ¨ à áá¬®âà¥âì

¢ª« ¤ ª ¦¤®£® í«¥¬¥­â  ¢ ®¡é¨© ¨­â¥£à «ì­ë© íä-
ä¥ªâ ¢ ®â¤¥«ì­®áâ¨. �à¨ íâ®¬ ¤«ï ¬ «ëå «¨­¥©­ëå

í«¥¬¥­â®¢ ¬®¦­® ®¯¥à¨à®¢ âì «®ª «ì­® ®¤­®à®¤­ë-
¬¨ ®¯â¨ç¥áª¨¬¨ ¯ à ¬¥âà ¬¨ ¨ «¨­¥©­®© áª®à®áâìî

¨å ¤¢¨¦¥­¨ï. �á¥ à áç¥âë ¤«ï ª ¦¤®£® ¨§ ­¨å ¬®¦­®

¯à®¨§¢®¤¨âì ¢ á®¯ãâáâ¢ãîé¥© ¨­¥àæ¨ «ì­®© á¨áâ¥-
¬¥ ª®®à¤¨­ â ¨ ­¥ ®¡à é âì ¢­¨¬ ­¨ï ­  ¢à é¥-
­¨¥ ¢®ªàã£ ­¥ª®â®à®£® ®¡é¥£® æ¥­âà . �¨§¨ç¥áª®¥

§­ ç¥­¨¥ ¨¬¥¥â â®«ìª® à¥§ã«ìâ â ¨­â¥£à¨à®¢ ­¨ï ¯®

¢á¥¬ã § ¬ª­ãâ®¬ã ª®­âãàã, ªã¤  ¢à é¥­¨¥ ¢®©¤¥â

¥áâ¥áâ¢¥­­ë¬ ¯ãâ¥¬.
� §¬¥áâ¨¬ ¢¤®«ì ®¯â¨ç¥áª®© ®á¨ à áá¬ âà¨¢ ¥¬®£®

¢®«®ª®­­®-®¯â¨ç¥áª®£® ª®­âãà  ­¥¯à¥àë¢­®¥ ¬­®¦¥-
áâ¢® ¨­¥àæ¨ «ì­ëå á¨áâ¥¬ ®âáç¥â . � ¦¤®¬ã ¬ «®¬ã
í«¥¬¥­âã ª®­âãà  dl ¤«ï à áá¬ âà¨¢ ¥¬®£® ä¨§¨ç¥-
áª¨ ¬ «®£® ¨­â¥à¢ «  ¢à¥¬¥­¨ ¬®¦­® á®¯®áâ ¢¨âì

­¥ª®â®àãî ¨­¥àæ¨ «ì­ãî á¨áâ¥¬ã ª®®à¤¨­ â, ¢§ïâãî
¨§ ¤ ­­®£® ­ ¡®à  ¨­¥àæ¨ «ì­ëå á¨áâ¥¬ ª®®à¤¨­ â,
ª®â®à ï ¡ã¤¥â ¢ ¤ ­­ë© ¬®¬¥­â ¢à¥¬¥­¨ ­ å®¤¨âì-
áï ­  ®á¨ íâ®£® ¬ «®£® í«¥¬¥­â  ª®­âãà  ¨ ¨¬¥âì

­ã«¥¢ãî áª®à®áâì ®â­®á¨â¥«ì­® ­¥ª®â®à®© ®¯®à­®©

á¨áâ¥¬ë ª®®à¤¨­ â, ­ ¯à¨¬¥à ¢ ¯à¨¢¥¤¥­­®¬ æ¥­âà¥

¢à é¥­¨ï ¢á¥£® § ¬ª­ãâ®£® ¢®«®ª®­­®-®¯â¨ç¥áª®£®
ª®­âãà . �®«®¦¨¬, çâ® ¢ à áá¬ âà¨¢ ¥¬ë© ¬®¬¥­â

¢à¥¬¥­¨ áª®à®áâì í«¥¬¥­â  dl ®â­®á¨â¥«ì­® ¥£® «®-
ª «ì­®© ¨­¥àæ¨ «ì­®© á¨áâ¥¬ë ª®®à¤¨­ â à ¢­  v,
¯à¨ç¥¬ ã£®« ¬¥¦¤ã ¢¥ªâ®à ¬¨ v ¨ dl à ¢¥­ ϑ. �á«¨
¨§¬¥àïâì ç áâ®âã ¢áâà¥ç­ëå ¢®«­, ¯à®å®¤ïé¨å ¢ à á-
á¬ âà¨¢ ¥¬ë© ¬®¬¥­â ¢à¥¬¥­¨ ç¥à¥§ í«¥¬¥­â dl, ¢
«®ª «ì­®© ¨­¥àæ¨ «ì­®© á¨áâ¥¬¥ ª®®à¤¨­ â, â® §­ -
ç¥­¨ï ç áâ®âë ®ª ¦ãâáï à §«¨ç­ë¬¨ ¤«ï ¢áâà¥ç­ëå

¢®«­ ¨ à ¢­ë¬¨ [3]
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£¤¥ γ = (1 − v2/c2)−1/2; c — áª®à®áâì á¢¥â  ¢ ¢ ªã-
ã¬¥; ω0 — ç áâ®â  ¢ á¨áâ¥¬¥ ª®®à¤¨­ â, ¤¢¨¦ãé¥©áï
¢¬¥áâ¥ á í«¥¬¥­â®¬ dl; n — ¯®ª § â¥«ì ¯à¥«®¬«¥­¨ï

á¢¥â  ­  ãç áâª¥ í«¥¬¥­â  dl; ¨­¤¥ªá ¬¨ ”¯«îá” ¨

”¬¨­ãá” ®¡®§­ ç¥­ë ¢¥«¨ç¨­ë, ®â­®áïé¨¥áï á®®â¢¥â-
áâ¢¥­­® ª ¯àï¬®© ¨ ®¡à â­®© ¢®«­¥.
�â®¡ë ¯®«ãç¨âì ä §®¢ë¥ ­ ¡¥£¨ ¢áâà¥ç­ëå ¢®«­

­  í«¥¬¥­â¥ dl, ­¥®¡å®¤¨¬® ç áâ®âë ω± ã¬­®¦¨âì ­ 
¢à¥¬ï ¯à®å®¦¤¥­¨ï ¢áâà¥ç­ëå ¢®«­ ç¥à¥§ í«¥¬¥­â

dl, ª®â®à®¥ â ª¦¥ à §«¨ç­® ¤«ï ª ¦¤®© ¢áâà¥ç­®©

¢®«­ë. � «®ª «ì­®© ¨­¥àæ¨ «ì­®© á¨áâ¥¬¥ ª®®à¤¨­ â
¨¬¥¥¬

dt± = dl/c±, dϕ± = ω±dt±, (2)
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�«ï c± á ãç¥â®¬ à¥«ïâ¨¢¨áâáª®£® á«®¦¥­¨ï áª®à®-

áâ¥© ­ å®¤¨¬

c± =
( c
n
± v cosϑ

)/(
1±

v cosϑ

cn

)
. (3)

� ¯¥à¢®¬ ¯à¨¡«¨¦¥­¨¨ ¯® v/c

c± =
c

n
±

(
1−

1

n2

)
v cosϑ. (4)

114



�®¯¯«¥à®¢áª¨© à¥«ïâ¨¢¨áâáª¨© ¬¥â®¤ à áç¥â  ­¥¢§ ¨¬­®áâ¨ ®¯â¨ç¥áª¨å ª®­âãà®¢... 115

� §®¢ ï ­¥§ ¨¬­®áâì, ª®â®à ï ¢®§­¨ª ¥â ¬¥¦¤ã

¢áâà¥ç­ë¬¨ ¢®«­ ¬¨ ­  í«¥¬¥­â¥ dl, ®¯à¥¤¥«ï¥âáï
à §­®áâìî ¢¥«¨ç¨­ dϕ+ ¨ dϕ−. �®«­ ï ä §®¢ ï

­¥¢§ ¨¬­®áâì ¢áâà¥ç­ëå ¨­â¥àä¥à¨àãîé¨å ­  ¢ë-
å®¤¥ ¢®«®ª®­­®£® ª®«ìæ¥¢®£® ¨­â¥àä¥à®¬¥âà  ¢®«­

®¯à¥¤¥«ï¥âáï ¨­â¥£à¨à®¢ ­¨¥¬ ¯® ¢á¥¬ í«¥¬¥­â ¬

§ ¬ª­ãâ®£® ª®­âãà , ¢ à¥§ã«ìâ â¥

∆Φ =
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∮ √
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�â  ä®à¬ã«  ¯¥à¥å®¤¨â ¢ ¨§¢¥áâ­ë¥ ¢ëà ¦¥­¨ï,
¯®«ãç¥­­ë¥ ¤«ï íää¥ªâ  � ­ìïª  á ¯à¨¬¥­¥­¨¥¬

®¡é¥© â¥®à¨¨ ®â­®á¨â¥«ì­®áâ¨ ¤«ï ®¯â¨ç¥áª¨å ¢®«­,
à á¯à®áâà ­ïîé¨åáï ¢ à ¢­®¬¥à­® ¢à é îé¥¬áï § -
¬ª­ãâ®¬ ®¯â¨ç¥áª®¬ ª ­ «¥, á®¤¥à¦ é¥¬ ¢ ªãã¬,
¥á«¨ ¯®«®¦¨âì n = 1. �à®¬¥ íâ®£®, ¯®«ãç¥­­ ï ä®à-
¬ã«  ¢ë¯®«­ï¥âáï ¨ ¤«ï á«ãç ¥¢, ª®£¤  à §«¨ç­ë¥

ç áâ¨ § ¬ª­ãâ®£® ª®­âãà  ¢à é îâáï á à §«¨ç­ë¬¨

áª®à®áâï¬¨, â ª çâ® ¢ ¯à®æ¥áá¥ ¢à é¥­¨ï ¯à®¨áå®¤¨â
¨§¬¥­¥­¨¥ ¥£® ä®à¬ë.

�à¨¬¥­¥­­ë© ¢ à ¡®â¥ ¤®¯¯«¥à®¢áª¨© à¥«ïâ¨¢¨áâ-
áª¨© ¬¥â®¤ à áç¥â  ¯®§¢®«ï¥â ®æ¥­¨âì ä §®¢ë¥ á¤¢¨-
£¨ ¨­â¥àä¥à¨àãîé¨å ¢®«­ ¢ ¨­â¥àä¥à®¬¥âà å ­¥

â®«ìª® á ª®«ìæ¥¢®©, ­® ¨ à §­®¯«¥ç­®© ®¯â¨ç¥áª®©

áå¥¬®©, £¤¥ à®«ì ¢áâà¥ç­ëå ¢®«­ ¢ë¯®«­ï¥â ä ª-
â¨ç¥áª¨ ®¤­  ¨ â  ¦¥ ¢®«­ , ¯à®å®¤ïé ï ª ­ « ¢

¯àï¬®¬ ¨ ®¡à â­®¬ ­ ¯à ¢«¥­¨ïå,   â ª¦¥ ¨ ¤àã£¨å
áå¥¬ å, ­ ¯à¨¬¥à ¨­â¥àä¥à®¬¥âà¥ � å –�¥­¤¥à . �
á¢ï§¨ á ¯®ï¢«¥­¨¥¬ ¨­â¥àä¥à®¬¥âà®¢ á ¯à®âï¦¥­­ë¬

¢®«®ª®­­®-®¯â¨ç¥áª¨¬ ª®­âãà®¬ ¯®ï¢¨«áï ¯à ªâ¨ç¥-
áª¨© ¨­â¥à¥á ª à¥£¨áâà æ¨¨ á ¨å ¯®¬®éìî à §«¨ç-
­ëå à¥«ïâ¨¢¨áâáª¨å íää¥ªâ®¢ ¨ á®®â¢¥âáâ¢¥­­® ª

¬¥â®¤ ¬ ¨å ®æ¥­ª¨ ¢ ¢®«®ª®­­®-®¯â¨ç¥áª¨å ¨­â¥à-
ä¥à®¬¥âà å á ãç¥â®¬ à¥ «ì­ëå á¢®©áâ¢ ¢®«®ª®­­ëå

á¢¥â®¢®¤®¢. �«ï ãá¨«¥­¨ï à¥«ïâ¨¢¨áâáª¨å íää¥ªâ®¢
¢ à ¡®â å [4,5] à áá¬®âà¥­ë ¨­â¥àä¥à®¬¥âàë á® §­ -
ç¨â¥«ì­®© £¥®¬¥âà¨ç¥áª®©  á¨¬¬¥âà¨¥© ¨­â¥àä¥à¨-
àãîé¨å «ãç¥© ¨ ª ­ «®¢ ¨å à á¯à®áâà ­¥­¨ï, çâ®
¢ à¥ «ì­ëå ãá«®¢¨ïå ®¯à¥¤¥«ï¥â à¥§ª®¥ ­ à áâ ­¨¥

­¥¢§ ¨¬­ëå ä §®¢ëå èã¬®¢ ¨§-§  ­¥®¤­®à®¤­ëå â¥-
¯«®¢ëå ¨  ªãáâ¨ç¥áª¨å ¢®§¤¥©áâ¢¨© ­  à §­¥á¥­­ë¥

¢ ¯à®áâà ­áâ¢¥ ¢®«®ª®­­ë¥ ¯à®âï¦¥­­ë¥ ª®­âãàë.
�ç¥â ­¥®¤­®à®¤­®£® à á¯à¥¤¥«¥­¨ï ¯®ª § â¥«ï ¯à¥-
«®¬«¥­¨ï ¢ ¢®«®ª­¥ ¯®§¢®«ï¥â ­¥ â®«ìª® ¯®¢ëá¨âì

â®ç­®áâì ®æ¥­®ª, ­® ¨ á¯¥æ¨ «ì­® ¨á¯®«ì§®¢ âì ®¯â¨-
ç¥áªãî ­¥®¤­®à®¤­®áâì, á®§¤ ¢ ¥¬ãî §  áç¥â ¨¬¥­­®

¯®ª § â¥«ï ¯à¥«®¬«¥­¨ï ¢ ¥¤¨­®¬ ¤«ï ¨­â¥àä¥à¨àã-
îé¨å ¢®«­ ª ­ «¥, á¢®¤ï â ª¨¬ ®¡à §®¬ ª ¬¨­¨¬ã-
¬ã £¥®¬¥âà¨ç¥áªãî ­¥¢§ ¨¬­®áâì ¨­â¥àä¥à¨àãîé¨å

¢®«­ ¯® ®â­®è¥­¨î ª á«ãç ©­ë¬ ¢­¥è­¨¬ ¢®§¤¥©-
áâ¢¨ï¬.
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