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c© �.�. �àã£«®¢

�®áá¨©áª¨© ­ ãç­ë© æ¥­âà ”�ãàç â®¢áª¨© ¨­áâ¨âãâ”,
123182 �®áª¢ , �®áá¨ï

(�®á«ã¯¨«® ¢ �¥¤ ªæ¨î 23 ®ªâï¡àï 1995 £.)

�áá«¥¤®¢ «¨áì ¯®â¥à¨ í­¥à£¨¨ ­  ­ ¬ £­¨ç¨¢ ­¨¥ (£¨áâ¥à¥§¨á­ë¥) ¢ á¢¥àå¯à®¢®¤ïé¥¬ £¥«¨ª®¨¤¥,
ª®â®àë© ¯à¥¤áâ ¢«ï¥â á®¡®© ¯«®áª®¢¨âª®¢ãî ®¡¬®âªã. � ¦¤ë© ¯«®áª¨© ¢¨â®ª £¥«¨ª®¨¤  ¢ª«îç « ¢
á¥¡ï 15 ¯ à ««¥«ì­ëå ª®¬¯®§¨â­ëå á¢¥àå¯à®¢®¤­¨ª®¢. �®áà¥¤áâ¢®¬ ¨§¬¥à¥­¨ï ¯®â¥àì ¢ áâ æ¨®­ à-
­®¬ à¥¦¨¬¥ ¯à¨ ä¨ªá¨à®¢ ­­®¬ âà ­á¯®àâ­®¬ â®ª¥ ¡ë«  ¯®«ãç¥­  ¢®«ìâ- ¬¯¥à­ ï å à ªâ¥à¨áâ¨ª 
£¥«¨ª®¨¤ . �¥§ã«ìâ âë ¨§¬¥à¥­¨© ¯®â¥àì ¢ ¤¨­ ¬¨ç¥áª®¬ à¥¦¨¬¥ á¤¥« «¨ ¢®§¬®¦­ë¬ à¥ «ì­ãî

®æ¥­ªã ª®íää¨æ¨¥­â  â¥¯«®®â¤ ç¨ ¢ ¦¨¤ª¨© £¥«¨© — ¢ ¦­®© â¥¯«®ä¨§¨ç¥áª®© å à ªâ¥à¨áâ¨ª¨

â¥®à¨¨ ¤¨­ ¬¨ç¥áª®© áâ ¡¨«ì­®áâ¨ á¢¥àå¯à®¢®¤­¨ª®¢. �à ¢­¥­¨¥ ¯®â¥àì ¢ £¥«¨ª®¨¤¥ á ¯®â¥àï¬¨ ¢
®â¤¥«ì­®¬ á¢¥àå¯à®¢®¤­¨ª¥ ¨§ ¥£® á®áâ ¢  ¯®§¢®«¨«¨ ®¯à¥¤¥«¨âì ”¬ áèâ ¡ ¬ áá¨¢­®áâ¨” £¥«¨ª®¨¤ 
ª ª á¢¥àå¯à®¢®¤ïé¥© ª®¬¯®§¨â­®© áâàãªâãàë. � £¥®¬¥âà¨ç¥áª®¬ ¯à¨¡«¨¦¥­¨¨ £¥«¨ª®¨¤  ¡¥áª®­¥ç-
­ë¬ ¨§®âà®¯­ë¬ ¯®«ë¬ æ¨«¨­¤à®¬ á  §¨¬ãâ «ì­ë¬ ­ ¯à ¢«¥­¨¥¬ âà ­á¯®àâ­®£® â®ª  ¯®«ãç¥­®

¢ëà ¦¥­¨¥ ¤«ï ¯®â¥àì ­  ­ ¬ £­¨ç¨¢ ­¨¥, å®à®è® ®¯¨áë¢ îé¥¥ íªá¯¥à¨¬¥­â «ì­ë¥ à¥§ã«ìâ âë.

�¢¥¤¥­¨¥

�¢¥àå¯à®¢®¤ïé¨© £¥«¨ª®¨¤ [1] ï¢«ï¥âáï ¯à¨­æ¨¯¨-
 «ì­® ­®¢®© ª®­áâàãªæ¨¥© á¢¥àå¯à®¢®¤ïé¥© ®¡¬®âª¨

¨ á«ã¦¨â  «ìâ¥à­ â¨¢®© âà ¤¨æ¨®­­ë¬ ®¡¬®âª ¬

¢ ªàã¯­ëå á¨«ì­®â®ç­ëå áâ æ¨®­ à­ëå ãáâ ­®¢ª å,
¢ ç áâ­®áâ¨ ¢ á¢¥àåà®¢®¤ïé¨å ¬ £­¨â­ëå á¨áâ¥¬ å

(���) â®ª ¬ ª®¢ [2]. �à®áâ¥©è¨© £¥«¨ª®¨¤ ¯à¥¤-
áâ ¢«ï¥â á®¡®© ¬­®¦¥áâ¢® ®â¤¥«ì­ëå ¯ à ««¥«ì­ëå

ª®¬¯®§¨â­ëå á¢¥àå¯à®¢®¤­¨ª®¢, £ «ì¢ ­¨ç¥áª¨ ¨ ¬¥-
å ­¨ç¥áª¨ á®¥¤¨­¥­­ëå ¢ ¥¤¨­®¥ æ¥«®¥ ¯® ¢¨­â®¢®©

á¯¨à «¨, ­ ¯à¨¬¥à á¯ ï­­ëå (à¨á. 1). �¥«¨ª®¨¤

¨¬¥¥â àï¤ ¯à¥¨¬ãé¥áâ¢ ¯® áà ¢­¥­¨î á ®¡ëç­ë¬¨

��� — ¯®¢ëè¥­­ãî ª®­áâàãªâ¨¢­ãî ¯«®â­®áâì â®-
ª  ¨ £®à §¤® ¡®«¥¥ ¢ëá®ªãî ¬¥å ­¨ç¥áªãî ¦¥áâ-
ª®áâì. � ­ áâ®ïé¥¬ã ¬®¬¥­âã ¨áá«¥¤®¢ ­ë ®á­®¢-
­ë¥ í«¥ªâà®ä¨§¨ç¥áª¨¥ ¨ â¥¯«®ä¨§¨ç¥áª¨¥ á¢®©áâ¢ 

�¨á. 1. �¢¥àå¯à®¢®¤ïé¨© £¥«¨ª®¨¤.

á¢¥àå¯à®¢®¤ïé¥£® £¥«¨ª®¨¤  [3]. �¥¤®áâ âª®¬ £¥«¨-
ª®¨¤  ª ª ¬ áá¨¢­®© á¢¥àå¯à®¢®¤ïé¥© ª®¬¯®§¨â­®©

áâàãªâãàë ï¢«ï¥âáï ¢ëá®ª¨© ãà®¢¥­ì í«¥ªâà¨ç¥áª¨å

¯®â¥àì í­¥à£¨¨ ­  ­ ¬ £­¨ç¨¢ ­¨¥ á¢¥àå¯à®¢®¤­¨ª 

(£¨áâ¥à¥§¨á­ëå), áà ¢­¨¬ë© á ãà®¢­¥¬ § ¯ á¥­­®©

¬ £­¨â­®© í­¥à£¨¨ ¢ £¥«¨ª®¨¤¥. �®ç­®¥ §­ ­¨¥ íâ¨å
¯®â¥àì ªà ©­¥ ¢ ¦­® ¤«ï ¯à ªâ¨ç¥áª®£® ¨á¯®«ì§®-
¢ ­¨ï £¥«¨ª®¨¤ , â ª ª ª ®­¨ ®¯à¥¤¥«ïîâ ­¥®¡å®¤¨-
¬ãî ¨­â¥­á¨¢­®áâì ®å« ¦¤¥­¨ï ¢ à¥¦¨¬ å ¢¢®¤  ¨

¢ë¢®¤  â®ª . �à®¬¥ â®£®, ¯à®¡«¥¬  ¯à¥¤áâ ¢«ï¥â ¨

â¥®à¥â¨ç¥áª¨© ¨­â¥à¥á, ¯®áª®«ìªã ¯®§¢®«ï¥â ¯à®¢¥-
à¨âì íªá¯¥à¨¬¥­â «ì­® ¯à ¢¨«ì­®áâì ¯à¥¤áâ ¢«¥­¨©

® ¬¥å ­¨§¬¥ ¯®â¥àì ¢ ¬ áá¨¢­®¬ á¢¥àå¯à®¢®¤­¨ª¥.

�ªá¯¥à¨¬¥­â «ì­ ï ãáâ ­®¢ª 

� íªá¯¥à¨¬¥­â å ¨á¯®«ì§®¢ «áï £¥«¨ª®¨¤ « ¡®à -
â®à­®£® ¬ áèâ ¡ , á®¤¥à¦ é¨© 71 ¯«®áª¨© ¢¨â®ª á

¢­ãâà¥­­¨¬ ¤¨ ¬¥âà®¬ 24 ¬¬, ¢­¥è­¨¬ 54 ¬¬, ¢ë¡®-
â®© 62 ¬¬. � ¦¤ë© ¢¨â®ª á®¤¥à¦ « 15 ª®¬¯®§¨â­ëå
á¢¥àå¯à®¢®¤­¨ª®¢ (¬¥¤­ ï ¬ âà¨æ , 0.5 ¬¬, ª®íä-
ä¨æ¨¥­â § ¯®«­¥­¨ï á¢¥àå¯à®¢®¤ïé¨¬ ¬ â¥à¨ «®¬

50%) ¨ 15 ¬¥¤­ëå ¯à®¢®¤®¢ ø 0.5 ¬¬, ç¥à¥¤ãîé¨åáï
¬¥¦¤ã á®¡®© ¨ á¯ ï­­ëå ¯® ¢¨­â®¢®© á¯¨à «¨ ¯®

â¥å­®«®£¨¨, ®¯¨á ­­®© ¢ [4]. � ª ç¥áâ¢¥ ¬¥¦¢¨â-
ª®¢®© ¨§®«ïæ¨¨ ¨á¯®«ì§®¢ «¨áì à §à¥§ ­­ë¥ ª®«ìæ 

¨§ ¯®«¨¨¬¨¤­®© ¯«¥­ª¨ â®«é¨­®© 40 ¬ª¬. �¥«¨ª®¨¤
¡ë« à §¬¥é¥­ ¢ £¥à¬¥â¨ç­®© â¥¯«®¨§®«¨à®¢ ­­®©

ª ¬¥à¥, á®¥¤¨­¥­­®© ¤«¨­­ë¬ ª ¯¨««ïà®¬ á ¨§¬¥-
à¨â¥«ì­ë¬ £ §£®«ì¤¥à®¬. �®â¥à¨ ¢ £¥«¨ª®¨¤¥ ®¯à¥-
¤¥«ï«¨áì ª «®à¨¬¥âà¨ç¥áª¨¬ á¯®á®¡®¬ ¯®áà¥¤áâ¢®¬

¨§¬¥à¥­¨ï ®¡ê¥¬  ¨á¯ à¥­­®£® ¨§ ª ¬¥àë £ §®®¡à §-
­®£® £¥«¨ï, ª®â®àë© ¯à®¯®àæ¨®­ «¥­ ¢ë¤¥«¨¢è¥©áï

â¥¯«®¢®© í­¥à£¨¨. �è¨¡ª  ¬¥â®¤  ¯à¨ ª «¨¡à®¢ª¥ ­¥
¯à¥¢ëè «  3%.
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�®â¥à¨ ¢ áâ æ¨®­ à­®¬ à¥¦¨¬¥

�«ï ¨áª«îç¥­¨ï áâ æ¨®­ à­®© á®áâ ¢«ïîé¥© ¯®-
â¥àì, á¢ï§ ­­®© á ­ «¨ç¨¥¬ á¯ ¥¢ ­  â®ª®¢¢®¤ å,
¨áá«¥¤®¢ « áì § ¢¨á¨¬®áâì ¬®é­®áâ¨ ¯®â¥àì P ®â

¢à¥¬¥­¨ ¢ áâ æ¨®­ à­®¬ à¥¦¨¬¥ ¯à¨ ä¨ªá¨à®¢ ­-
­®¬ §­ ç¥­¨¨ â®ª  I ¢ £¥«¨ª®¨¤¥ ¯®á«¥ ®áâ ­®¢ª¨

¢¢®¤ . �â¨ § ¢¨á¨¬®áâ¨ ¤«ï âà¥å §­ ç¥­¨© â®ª  ¨

¤¢ãå áª®à®áâ¥© ¢¢®¤  ¯à¥¤áâ ¢«¥­ë ­  à¨á. 2. � ª-
á¨¬ «ì­® ¤®áâ¨¦¨¬ë© â®ª ¨áá«¥¤ã¥¬®£® £¥«¨ª®¨¤ ,
á®®â¢¥âáâ¢ãîé¨© ”ªà¨â¨ç¥áª®¬ã á®áâ®ï­¨î” [5] æ¥­-
âà «ì­ëå ¢¨âª®¢ £¥«¨ª®¨¤ , á®áâ ¢«ï¥â 3820 � [3].
�â® á®áâ®ï­¨¥ ®§­ ç ¥â, çâ® ¢ ª ¦¤®© â®çª¥ â®ª

¯à®â¥ª ¥â á ªà¨â¨ç¥áª®© ¯«®â­®áâìî, § ¯®«­ïï ¢á¥

á¥ç¥­¨¥ æ¥­âà «ì­ëå ¢¨âª®¢. � ª®© ¯à®æ¥áá ¯®«ãç¨«
­ §¢ ­¨¥ ¥áâ¥áâ¢¥­­®© ®¯â¨¬¨§ æ¨¨ ®¡¬®âª¨ ¯® ¯«®â-
­®áâ¨ â®ª . �à¨ â®ª å, ¤ «¥ª¨å ®â ¬ ªá¨¬ «ì­®£®,
¯® ¨§¬¥à¥­¨ï¬ ¯®áâ®ï­­ëå §­ ç¥­¨© ¬®é­®áâ¨ Pef ¨§

á®®â­®è¥­¨ï

R =
Pef

I2
(1)

¬®¦­® ®¯à¥¤¥«¨âì íää¥ªâ¨¢­®¥ á®¯à®â¨¢«¥­¨¥ £¥«¨-
ª®¨¤ . �â® á®¯à®â¨¢«¥­¨¥ à ¢­® á®¯à®â¨¢«¥­¨î ¤¢ãå

á¯ ¥¢ 2.06·10−8 �¬ ¢¥§¤¥, ªà®¬¥ ®¡« áâ¨ I > 3500�. �
íâ®© ®¡« áâ¨ â®ª®¢ ¨§-§  à §¬ëâ®áâ¨ ¢®«ìâ- ¬¯¥à­®©
å à ªâ¥à¨áâ¨ª¨ á¢¥àå¯à®¢®¤­¨ª®¢ [6] ¢ ­¨å ¯®ï¢«ï-
¥âáï í«¥ªâà¨ç¥áª®¥ á®¯à®â¨¢«¥­¨¥, ª®â®à®¥ ã¢¥«¨ç¨-
¢ ¥â í«¥ªâà¨ç¥áª®¥ á®¯à®â¨¢«¥­¨¥ £¥«¨ª®¨¤  (­ ¯à¨-
¬¥à, ¯à¨ I = 3700 �, R = 4 · 10−8 �¬). � ¤ «ì­¥©è¥¬

¯à¨ ¨§¬¥à¥­¨ïå ¯ à §¨â­ãî á®áâ ¢«ïîéãî ¯®â¥àì,
á¢ï§ ­­ãî á® á¯ ï¬¨, ­¥®¡å®¤¨¬® ¨áª«îç âì. �ëå®¤
¬®é­®áâ¨ ­  ¯®áâ®ï­­®¥ §­ ç¥­¨¥ (à¨á. 2) ®§­ ç ¥â
ãáâ ­®¢«¥­¨¥ à ¢­®¢¥á­®£® à á¯à¥¤¥«¥­¨ï í«¥ªâà¨-

�¨á. 2. � ¢¨á¨¬®áâì ¬®é­®áâ¨ ¯®â¥àì ¢ £¥«¨ª®¨¤¥ ®â

¢à¥¬¥­¨ ¢ áâ æ¨®­ à­®¬ à¥¦¨¬¥ ¯®á«¥ ®áâ ­®¢ª¨ ¢¢®¤ 

â®ª . İ �/á: • — 30, × — 3; I, �: 1 — 1500, 2 — 2500,
3 — 3400.

�¨á. 3. �®«ìâ- ¬¯¥à­ë¥ å à ªâ¥à¨áâ¨ª¨ á¢¥àå¯à®¢®¤­¨-
ª  (1, 3, 4 ) ¨ £¥«¨ª®¨¤  (2 ). B, �«: 1 — 1, 3 — 2, 4 — 4.

ç¥áª®£® ¯®«ï ¨ ¯à¥ªà é¥­¨¥ ¯¥à¥à á¯à¥¤¥«¥­¨ï â®ª 

¯® á¥ç¥­¨î ¯«®áª¨å ¢¨âª®¢ £¥«¨ª®¨¤ .
�ëç¨â ï ¨§ ¬®é­®áâ¨ áâ æ¨®­ à­ëå ¯®â¥àì ¬®é-

­®áâì, â¥àï¥¬ãî ­  á¯ ïå ¨ ¨á¯®«ì§ãï ¢ëà ¦¥­¨¥

E =
P − Pef

IL
, (2)

£¤¥ E — ¯à®¤®«ì­®¥ í«¥ªâà¨ç¥áª®¥ ¯®«¥, L — ¤«¨-
­  ¯à®¢®¤­¨ª  ¢ £¥«¨ª®¨¤¥, ¬®¦­® ¯®«ãç¨âì áâ -
æ¨®­ à­ãî ¢®«ìâ- ¬¯¥à­ãî å à ªâ¥à¨áâ¨ªã (���)
£¥«¨ª®¨¤ . �  à¨á. 3 ¯à¥¤áâ ¢«¥­ë ��� £¥«¨ª®¨¤ ,
¯à¨¢¥¤¥­­ ï ª ®¤­®¬ã á¢¥àå¯à®¢®¤­¨ªã (¢ ¯«®áª®¬

¢¨âª¥ ¨å 15),   â ª¦¥ ��� ª®à®âª®£® ®¡à §æ  ®¤­®£®

¨§ á¢¥àå¯à®¢®¤­¨ª®¢ á®áâ ¢«ïîé¨å £¥«¨ª®¨¤, ¢ à §-
­ëå ¬ £­¨â­ëå ¯®«ïå. �¥àå­¨¥ â®çª¨ ��� á¢¥àå¯à®-
¢®¤­¨ª  á®®â¢¥âáâ¢ãîâ â¥¯«®¢®¬ã áàë¢ã,   ¢¥àå­ïï

â®çª  ��� £¥«¨ª®¨¤  — ¬ ªá¨¬ «ì­® ¤®áâ¨¦¨¬®¬ã

â®ªã.
�­â¥à¥á­ë¬ ä ªâ®¬ ï¢«ï¥âáï å®à®è¥¥ á®¢¯ ¤¥­¨¥

��� £¥«¨ª®¨¤  ¨ ��� á¢¥àå¯à®¢®¤­¨ª  ¢ ¬ £­¨â­®¬

¯®«¥ á ¨­¤ãªæ¨¥© 1.67 �«, ª®â®à®¥ ¢ â®ç­®áâ¨ ®¯à¥¤¥-
«ï¥â áà¥¤­îî ¨­â¥£à «ì­ãî ¯® ¨­¤ãªæ¨¨ ¬ £­¨â­®£®

¯®«ï ¯«®â­®áâì â®ª  ¢ £¥«¨ª®¨¤¥. �â® á®¢¯ ¤¥­¨¥

¯®§¢®«ï¥â ¢ ¤ «ì­¥©è¥¬ ¯à¨ ¯à®¥ªâ¨à®¢ ­¨¨ § ¬¥-
­ïâì áâ æ¨®­ à­ãî ��� £¥«¨ª®¨¤  ­  ��� ª®à®â-
ª®£® ®¡à §æ  á¢¥àå¯à®¢®¤­¨ª . �¥à¢ ï âà¥¡ã¥â ¤«¨-
â¥«ì­ëå ¤®à®£®áâ®ïé¨å ¨§¬¥à¥­¨©, ¢â®à ï ­¥â. �à -
¢¨«ì­ë© ¢ë¡®à à ¡®ç¥£® â®ª  ¢ £¥«¨ª®¨¤¥ ¤¨ªâã¥â

­¥®¡å®¤¨¬®áâì §­ ­¨ï áâ æ¨®­ à­®© ��� £¥«¨ª®¨¤ .
� ¯à¨¬¥à, ¨§ ��� £¥«¨ª®¨¤  ¢¨¤­®, çâ® ¯à¥¢ëè¥­¨¥
â®ª  3510 � (234 � ­  ®¤¨­ á¢¥àå¯à®¢®¤­¨ª ¨ 92% ®â

¬ ªá¨¬ «ì­® ¤®áâ¨¦¨¬®£® â®ª ) ¯à¨¢®¤¨â ª ¯®ï¢«¥-
­¨î ¢ £¥«¨ª®¨¤¥ áâ æ¨®­ à­®£® í«¥ªâà¨ç¥áª®£® ¯®«ï

¨ á®®â¢¥âáâ¢ãîé¨å í«¥ªâà¨ç¥áª¨å ¯®â¥àì. � ª, ¯à¨
â®ª¥ 3780 � (99% ®â ¬ ªá¨¬ «ì­®£®) ¬®é­®áâì ¯®-
â¥àì á®áâ ¢«ï¥â §­ ç¨â¥«ì­ãî ¢¥«¨ç¨­ã ¢ 20 ª�â/¬3.
�âáî¤  á«¥¤ã¥â ¢ ¦­ë© ¯à ªâ¨ç¥áª¨© ¢ë¢®¤: çâ®¡ë
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¨§¡¥¦ âì ¡®«ìè¨å ¯®â¥àì ¦¨¤ª®£® £¥«¨ï ¯à¨ à ¡®â¥

£¥«¨ª®¨¤  ¨§ ­¨®¡¨©-â¨â ­  , ¥£® à ¡®ç¨© â®ª ­¥

¤®«¦¥­ ¯à¥¢ëè âì 92% ®â ¬ ªá¨¬ «ì­® ¤®áâ¨¦¨¬®£®

(¯®-¢¨¤¨¬®¬ã, ¤«ï ­¥®¡¨©-®«®¢  íâ  æ¨äà  ¤®«¦­ 

¡ëâì ¥é¥ ­¨¦¥).

�®â¥à¨ ¢ ¤¨­ ¬¨ç¥áª®¬ à¥¦¨¬¥

�  à¨á. 4 ¯à¥¤áâ ¢«¥­  § ¢¨á¨¬®áâì áã¬¬ à­ëå

í«¥ªâà¨ç¥áª¨å ¯®â¥àì ¢ £¥«¨ª®¨¤¥ ®â ¢¥«¨ç¨­ë â®ª 

¯à¨ à §­ëå áª®à®áâïå ¢¢®¤ . �®â¥à¨ ¯à ªâ¨ç¥áª¨ ­¥
§ ¢¨áïâ ®â áª®à®áâ¨ ¢¢®¤  â®ª . �à ©­¥ á« ¡ ï § -
¢¨á¨¬®áâì ®¡êïá­ï¥âáï ­¥¡®«ìè¨¬ ä®­®¬ (6.08 ¬�â),
á¢ï§ ­­ë¬ á â¥¯«®¯à¨â®ª®¬ ¯® ª ¯¨««ïàã, ª®â®àë©
á®¥¤¨­ï¥â ª ¬¥àã á ¨§¬¥à¨â¥«ì­ë¬ £ §£®«ì¤¥à®¬.

�­â¥à¥á­ë¬ ¢®¯à®á®¬ ï¢«ï¥âáï ®¯à¥¤¥«¥­¨¥ á®®â-
­®è¥­¨ï ¬¥¦¤ã ¯®â¥àï¬¨ ¢ £¥«¨ª®¨¤¥ ¨ ¯®â¥àï¬¨

¢ ®â¤¥«ì­®¬ ª®¬¯®§¨â­®¬ á¢¥àå¯à®¢®¤­¨ª¥ ¢  ­ -
«®£¨ç­ëå ãá«®¢¨ïå. �â® áà ¢­¥­¨¥ å à ªâ¥à¨§ã¥â

”¬ áèâ ¡ ¬ áá¨¢­®áâ¨” £¥«¨ª®¨¤  ª ª á¢¥àå¯à®¢®-
¤ïé¥© áâàãªâãàë ¯® ®â­®è¥­¨î ª á®áâ ¢«ïîé¨¬

¥£® ®â¤¥«ì­ë¬ ª®¬¯®§¨â­ë¬ á¢¥àå¯à®¢®¤­¨ª ¬. � 
à¨á. 5 ¯à¥¤áâ ¢«¥­® áà ¢­¥­¨¥ § ¢¨á¨¬®áâ¨ ¯®â¥àì,
­®à¬¨à®¢ ­­ëå ­  ®¡ê¥¬ á¢¥àå¯à®¢®¤ïé¥£® ¬ â¥à¨-
 « , ®â ¨­¤ãªæ¨¨ ¬ £­¨â­®£® ¯®«ï ¤«ï £¥«¨ª®¨¤  ¢

á®¡áâ¢¥­­®¬ ¯®«¥ ¨ ª®¬¯®§¨â­®£® á¢¥àå¯à®¢®¤­¨ª 

¢ ¯¥à¯¥­¤¨ªã«ïà­®¬, ¨§¬¥­ïîé¥¬áï á ¯®áâ®ï­­®©

áª®à®áâìî ¬ £­¨â­®¬ ¯®«¥ [7]. � ®â«¨ç¨¥ ®â £¥«¨-
ª®¨¤  ¯®â¥à¨ ¢ á¢¥àå¯à®¢®¤­¨ª¥ § ¢¨áïâ ®â áª®à®-
áâ¨ ¨§¬¥­¥­¨ï ¯®«ï, çâ® á¢ï§ ­® á â¢¨áâ¨à®¢ ­¨¥¬

(áªàãç¨¢ ­¨¥¬) á¢¥àå¯à®¢®¤ïé¨å ¦¨«. �®íâ®¬ã ç¨-
áâë¬¨ ¯®â¥àï¬¨ ­  ­ ¬ £­¨ç¨¢ ­¨¥ á¢¥àå¯à®¢®¤­¨ª 

�¨á. 4. � ¢¨á¨¬®áâì í«¥ªâà¨ç¥áª¨å ¯®â¥àì ¢ £¥«¨ª®¨¤¥ ®â
âà ­á¯®àâ­®£® â®ª  ¯à¨ à §­ëå áª®à®áâïå ¢¢®¤ . I, �/á:
+ — 3, ◦ — 9, 4 — 15, � — 30; á¯«®è­ ï ªà¨¢ ï —
â¥®à¨ï.

�¨á. 5. � ¢¨á¨¬®áâì ã¤¥«ì­ëå ª á¢¥àå¯à®¢®¤­¨ªã

í«¥ªâà¨ç¥áª¨å ¯®â¥àì ®â ¨­¤ãªæ¨¨ ¬ £­¨â­®£® ¯®«ï

¤«ï £¥«¨ª®¨¤  (◦) ¨ ®¤¨­®ç­®£® á¢¥àå¯à®¢®¤­¨ª  ¯à¨

Ḃ = 0.18 �«/á +, 0 •.

ï¢«ïîâáï â®«ìª® ¯®â¥à¨, ¨§¬¥àï¥¬ë¥ ¯à ªâ¨ç¥áª¨ á
­ã«¥¢®© áª®à®áâìî (Ḃ = 0). ”� áèâ ¡ ¬ áá¨¢­®áâ¨”
£¥«¨ª®¨¤  ¬®¦­® ®æ¥­¨âì ®â­®è¥­¨¥¬ ¯®â¥àì £¥«¨-
ª®¨¤/¯à®¢®¤­¨ª. � ®¡« áâ¨ â®ª®¢, ¡«¨§ª¨å ª ¬ ªá¨-
¬ «ì­®¬ã (90%), íâ® ®â­®è¥­¨¥ à ¢­® 50. �®ïá­¨âì

íâã æ¨äàã ¬®¦­® â ª¨¬ ¯à¨¬¥à®¬: ¯à¨ ¢¢®¤¥ â®ª 

¢ £¥«¨ª®¨¤ ¨ ¢ ®¡ëç­ãî á¢¥àå¯à®¢®¤ïéãî ®¡¬®âªã á

®¤­¨¬¨ ¨ â¥¬¨ ¦¥ à §¬¥à ¬¨ ¨ ®¡ê¥¬®¬ á¢¥àå¯à®¢®¤-
­¨ª  ¯®â¥à¨ ¢ £¥«¨ª®¨¤¥ ¯à¨¬¥à­® ¢ 50 à § ¡®«ìè¥.
�­ ­¨¥ § ¢¨á¨¬®áâ¨ ¯®â¥àì ¢ ¤¨­ ¬¨ç¥áª®¬ à¥¦¨-

¬¥ ®â â®ª  Q(I) ¯®§¢®«ï¥â à¥ «ì­® ®æ¥­¨âì ¢ ¦­¥©-
èãî â¥¯«®ä¨§¨ç¥áªãî å à ªâ¥à¨áâ¨ªã — ª®íää¨-
æ¨¥­â â¥¯«®®â¤ ç¨ á ¯®¢¥àå­®áâ¨ £¥«¨ª®¨¤  h. � ª

¯à ¢¨«®, ®­ ¨á¯®«ì§ã¥âáï ¢ à áç¥â å ª ª ¯®¤£®­®ç-
­ë© ¯ à ¬¥âà. �à ¢­¨¢ ï Q(I) á § ¢¨á¨¬®áâìî â®ª 

¯¥à¥å®¤  ¢ ­®à¬ «ì­®¥ á®áâ®ï­¨¥ ®â áª®à®áâ¨ ¢¢®¤ 

â®ª  Iq(İ) [3], ¬®¦­® ®¯à¥¤¥«¨âì â¥¯«®¢®© ¯®â®ª q
á ¯®¢¥àå­®áâ¨ £¥«¨ª®¨¤  S ­¥¯®áà¥¤áâ¢¥­­® ¯¥à¥¤

áª çª ¬¨ ¬ £­¨â­®£® ¯®â®ª  ¢ £¥«¨ª®¨¤¥, ¯à¨¢®¤ï-
é¨¬¨ ª â¥¯«®¢®¬ã áàë¢ã (ªà¨§¨áã ª¨¯¥­¨ï),

q =
1

S

(
dQ

dT

)
İ . (3)

�ª §ë¢ ¥âáï, q ­¥ § ¢¨á¨â ®â áª®à®áâ¨ ¢¢®¤  ¨

ï¢«ï¥âáï ã­¨¢¥àá «ì­®© ¢¥«¨ç¨­®©

q = (150± 10) �â/¬2. (4)

�à¨ ¬ «ëå â¥¯«®¢ëå ­ ¯®à å ª®íää¨æ¨¥­â â¥-
¯«®®â¤ ç¨ ï¢«ï¥âáï äã­ªæ¨¥© â¥¯«®¢®© ­ £àã§ª¨.
� ¬®­®£à ä¨¨ [8] ­  ®á­®¢¥ ¡®«ìè¥£® ª®«¨ç¥áâ¢ 

íªá¯¥à¨¬¥­â «ì­ëå ¤ ­­ëå ¤«ï ª¨¯¥­¨ï £¥«¨ï ­ 
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¬¥â ««¨ç¥áª¨å ¯®¢¥àå­®áâïå ¯à¨  â¬®áä¥à­®¬ ¤ -
¢«¥­¨¨ ¯®«ãç¥­®  ¯¯à®ªá¨¬¨àãîé¥¥ á®®â­®è¥­¨¥

h = 758q0.356. (5)

�à¥¤­¥ª¢ ¤à â¨ç­ë¥ ®âª«®­¥­¨ï ®â (5) ­¥ ¯à¥¢ë-
è îâ 50%, ¯®íâ®¬ã, ¨á¯®«ì§ãï (4), ¯®«ãç ¥¬ ¨­â¥à-
¢ «, ¢ ª®â®à®¬ «¥¦¨â à¥ «ì­®¥ §­ ç¥­¨¥ h,

h = (4500± 2200) �â/¬2 ·K. (6)

�¥®à¨ï

� áá¬®âà¨¬ ¬®¤¥«ì­®¥ ¯à¥¤áâ ¢«¥­¨¥ £¥«¨ª®¨¤ 

¯®«ë¬ ¡¥áª®­¥ç­ë¬ ¨§®âà®¯­ë¬ æ¨«¨­¤à®¬ ¯à¨ ¢¢®-
¤¥ ¢ ­¥£® âà ­á¯®àâ­®£® â®ª  ¢  §¨¬ãâ «ì­®¬ ­ ¯à -
¢«¥­¨¨ (à¨á. 6). � á®®â¢¥âáâ¢¨¨ á ”¬®¤¥«ìî ªà¨â¨ç¥-
áª®£® á®áâ®ï­¨ï” (í¬¯¨à¨ç¥áª¨© § ª®­, ­¥®¤­®ªà â­®
¯®¤â¢¥à¦¤¥­­ë© ¢ íªá¯¥à¨¬¥­â¥) â®ª ¢ á¢¥àå¯à®¢®¤-
­¨ª¥ ¯à®â¥ª ¥â «¨¡® á ªà¨â¨ç¥áª®© ¯«®â­®áâìî, «¨¡®
á ­ã«¥¢®©. � ¢¨á¨¬®áâì ªà¨â¨ç¥áª®© ¯«®â­®áâ¨ â®ª 
jc ®â ¨­¤ãªæ¨¨ ¬ £­¨â­®£® ¯®«ï B ¢ ª®¬¯®§¨â­ëå

á¢¥àå¯à®¢®¤­¨ª å, á®áâ ¢«ïîé¨å £¥«¨ª®¨¤, å®à®è®
®¯¨áë¢ ¥âáï á®®â­®è¥­¨¥¬ �¨¬ –�­¤¥àá¥­  [9]

jc =
αc

B +B∗
, (7)

£¤¥ αc ¨ B
∗ — ¯®áâ®ï­­ë¥, αc = 9.89 · 108� · �«/¬2

(ãáà¥¤­¥­® ¯® á¥ç¥­¨î £¥«¨ª®¨¤ ), B∗ = 2.07 �«.
� ¯¨è¥¬ ¢â®à®¥ ãà ¢­¥­¨¥ � ªá¢¥«« 

rot B = µ0 j (8)

¢ æ¨«¨­¤à¨ç¥áª¨å ª®®à¤¨­ â å á £à ­¨ç­ë¬ ãá«®¢¨-
¥¬ ­  ¢­ãâà¥­­¥¬ à ¤¨ãá¥ r1

dB

dr
= −µ0

αc

B +B∗
, B(r1) = B0, (9)

B0 — ¬ £­¨â­®¥ ¯®«¥ ¢ ®â¢¥àáâ¨¨ £¥«¨ª®¨¤  ®â

âà ­á¯®àâ­®£® â®ª  I.
�¥®¡å®¤¨¬® § ¬¥â¨âì, çâ® ¢¢®¤ âà ­á¯®àâ­®£® â®ª 

¢ æ¨«¨­¤à (£¥«¨ª®¨¤) ¢  §¨¬ãâ «ì­®¬ ­ ¯à ¢«¥­¨¨

�¨á. 6. �®¤¥«ì­®¥ ¯à¥¤áâ ¢«¥­¨¥ £¥«¨ª®¨¤  ¡¥áª®­¥ç­ë¬
¯®«ë¬ æ¨«¨­¤à®¬.

á®¢¥àè¥­­®  ­ «®£¨ç¥­ á«ãç î íªà ­¨à®¢ ­¨ï â®«-
é¨ æ¨«¨­¤à  ®â ¨§¬¥­ïîé¥£®áï á ¯®áâ®ï­­®© áª®à®-
áâìî ¬ £­¨â­®£® ¯®«ï ¢ ®â¢¥àáâ¨¨ æ¨«¨­¤à . � íâ®©

á¨âã æ¨¨ âà ­á¯®àâ­ë© â®ª áâ ­®¢¨âáï íªà ­¨àãî-
é¨¬. �¥è¥­¨¥ (9) § ¯¨è¥¬

B(r) = −B∗ + (2µ0αc)
1/2
[
a− (r − r1)

]1/2
, (10)

£¤¥

a =
(B0 +B∗)2

2µ0αc
. (11)

�á¯®«ì§ãï (10), ¬®¦­® ®¯à¥¤¥«¨âì ¤«¨­ã ¯à®­¨ª-
­®¢¥­¨ï ¬ £­¨â­®£® ¯®«ï ¢ â®«éã æ¨«¨­¤à 

B(r1 + δ) = 0, δ =
B0(B0 + 2B∗B0)

2µ0αc
. (12)

� á¯à¥¤¥«¥­¨¥ í«¥ªâà¨ç¥áª®£® ¯®«ï ­ ©¤¥¬, à¥è¨¢
¯¥à¢®¥ ãà ¢­¥­¨¥ � ªá¢¥«« ,

rot E = −Ḃ (13)

á ­ã«¥¢ë¬ £à ­¨ç­ë¬ ãá«®¢¨¥¬ ­  ¤«¨­¥ ¯à®­¨ª­®-
¢¥­¨ï ¬ £­¨â­®£® ¯®«ï (á¯à ¢  ®â à ¤¨ãá  (r1 + δ)
â®ª  ­¥â)

dE

dr
+
E

r
= −

a1/2Ḃ0

[a− (r − r1)]1/2
, E(r1 + δ) = 0, (14)

�£® à¥è¥­¨¥

E(r) =
2a1/2

3r
Ḃ0

[
(a+ r1 − r)

1/2(2a+ 2r1 + r)

− (a− δ)1/2(2a+ 3r1 + δ)
]
. (15)

�®é­®áâì ¯®â¥àì ®¯à¥¤¥«¨âáï ¨­â¥£à¨à®¢ ­¨¥¬

¤¦®ã«¥¢  â¥¯«®¢ë¤¥«¥­¨ï

Q̇ =

∫
V

jcE dV. (16)

�ç¨âë¢ ï ®á¥¢ãî ¨  §¨¬ãâ «ì­ãî ®¤­®à®¤­®áâì

Q̇ = 2πl

r1+δ∫
r1

rjc(r)E(r) dr, (17)

£¤¥ l — ¤«¨­  à¥ «ì­®£® £¥«¨ª®¨¤ .
� áªàë¢ ï (17), ¯®«ãç ¥¬

Q̇=
πlr1B

3
0(1+B∗/B0)Ḃ0

µ2
0αc

[
1 +

2a

3r1
+

δ

6r1

(
1−

2B∗

B0

)]
.

(18)
�ã¬¬ à­ë¥ ¯®â¥à¨ ¯à¨ ¨§¬¥­¥­¨¨ ¯®«ï ®â 0 ¤® Bm

Q =

∫
t

Q̇ dt =

Bm∫
0

Q̇

Ḃ0

dB0, (19)
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Q =
πlr1B

4
m

4µ2
0αc

(
1 +

4B∗

3Bm
+

15B2
m

18µ0αcr1

+
13B∗Bm
15µ0αcr1

+
2B∗2

3µ0αcr1

)
. (20)

�«ï â®£® çâ®¡ë áà ¢­¨âì ¯®«ãç¥­­®¥ ¢ëà ¦¥­¨¥

(20) á íªá¯¥à¨¬¥­â®¬ ­¥®¡å®¤¨¬® § ¤ âì ª®­ªà¥â­ë©

ª®íää¨æ¨¥­â á¢ï§¨ âà ­á¯®àâ­®£® â®ª  ¨ ®á¥¢®© á®-
áâ ¢«ïîé¥© ¯®«ï ­  ®¡¬®âª¥ £¥«¨ª®¨¤  (­  à ¤¨-
ãá¥ r1)

Bm = kI. (21)

�®íää¨æ¨¥­â k ®¯à¥¤¥«ï¥âáï £¥®¬¥âà¨ç¥áª¨¬¨

à §¬¥à ¬¨ ¨ ª®­áâàãªâ¨¢­ë¬¨ ®á®¡¥­­®áâï¬¨ ª -
¦¤®£® £¥«¨ª®¨¤ . �¥«¨ç¨­  k á¢®ï ¤«ï ª ¦¤®£®

¯«®áª®£® ¢¨âª  £¥«¨ª®¨¤ . �­  ¬ ªá¨¬ «ì­  ¢ æ¥­-
âà «ì­®© ¯«®áª®áâ¨ £¥«¨ª®¨¤  ¨ ¬¨­¨¬ «ì­  ­  ¥£®

â®àæ¥¢®© ¯®¢¥àå­®áâ¨. �âà®£® £®¢®àï, k ¢ £¥«¨ª®¨-
¤¥ § ¢¨á¨â ¨ ®â âà ­á¯®àâ­®£® â®ª  ¢ ®â«¨ç¨¥ ®â

®¡ëç­ëå ®¡¬®â®ª. �§¬¥à¥­¨ï kmax (æ¥­âà) ¨ kmin

(â®à¥æ) ¢ ¨áá«¥¤ã¥¬®¬ £¥«¨ª®¨¤¥ ¤«ï ¢á¥£® ¤¨ ¯ §®­ 
âà ­á¯®àâ­®£® â®ª  ¡ë«¨ ¢ë¯®«­¥­ë ¢ à ¡®â¥ [3].
�«ï ¯à¨¬¥à  ¯à¨¢¥¤¥¬ ¨å §­ ç¥­¨ï ¤«ï âà¥å §­ -
ç¥­¨© âà ­á¯®àâ­®£® â®ª : I = 1000, 2000, 3000 �;
kmax = 1.04 · 10−3, 1.15 · 10−3, 1.16 · 10−3 �«/�;
kmin = 5 · 10−4, 7.8 · 10−4, 9.7 · 10−4 �«/�. �«ï

áà ¢­¥­¨ï â¥®à¨¨ ¨ íªá¯¥à¨¬¥­â  k ®¯à¥¤¥«¨¬ ª ª

áà¥¤­¥¥ ¬¥¦¤ã kmax ¨ kmin

k =
kmax + kmin

2
. (22)

�á¯®«ì§ãï (20)–(22) ¨ ãç¨âë¢ ï ­¥¡®«ìè®© ä®­,
¯®«ãç¨¬ à áç¥â­ãî § ¢¨á¨¬®áâì ¯®â¥àì ­  ­ ¬ £-
­¨ç¨¢ ­¨¥ ¢ £¥«¨ª®¨¤¥ ®â âà ­á¯®àâ­®£® â®ª . �â 
§ ¢¨á¨¬®áâì ¯à¨¢¥¤¥­  ­  à¨á. 4. �¨¤­® ¢¯®«­¥ ã¤®-
¢«¥â¢®à¨â¥«ì­®¥ á®£« á¨¥ íªá¯¥à¨¬¥­â  ¨ à áç¥â ,
çâ® ¯®§¢®«ï¥â ¢¯®á«¥¤áâ¢¨¨ ¨á¯®«ì§®¢ âì ¯®«ãç¥­­®¥

¢ëà ¦¥­¨¥ ¤«ï ¯®â¥àì ­  ­ ¬ £­¨ç¨¢ ­¨¥ ¢ £¥«¨ª®-
¨¤¥ ¯à¨ ¯à®¥ªâ¨à®¢ ­¨¨.

�á­®¢­ë¥ à¥§ã«ìâ âë

�§¬¥à¥­ë í«¥ªâà¨ç¥áª¨¥ ¯®â¥à¨ ­  ­ ¬ £­¨ç¨¢ -
­¨¥ (£¨áâ¥à¥§¨á­ë¥) ¢ £¥«¨ª®¨¤¥ ¢ áâ æ¨®­ à­®¬ ¨

¤¨­ ¬¨ç¥áª®¬ (¢¢®¤ â®ª ) à¥¦¨¬ å. �®«ãç¥­  áâ æ¨-
®­ à­ ï ¢®«ìâ- ¬¯¥à­ ï å à ªâ¥à¨áâ¨ª  £¥«¨ª®¨¤ .
�®ª § ­  ¢®§¬®¦­®áâì ¥¥ § ¬¥­ë ­  ¢®«ìâ- ¬¯¥à­ãî
å à ªâ¥à¨áâ¨ªã ®¤¨­®ç­®£® ª®¬¯®§¨â­®£® á¢¥àå¯à®-
¢®¤­¨ª  ¨§ á®áâ ¢  £¥«¨ª®¨¤  ¢ ¬ £­¨â­®¬ ¯®«¥ á ¨­-
¤ãªæ¨¥© á®®â¢¥âáâ¢ãîé¥© áà¥¤­¥¬ã ¨­â¥£à «ì­®¬ã

§­ ç¥­¨î ªà¨â¨ç¥áª®© ¯«®â­®áâ¨ â®ª . �§ ¨§¬¥à¥­¨©
¯®â¥àì ¢ ¤¨­ ¬¨ç¥áª®¬ à¥¦¨¬¥ á¤¥« ­  à¥ «ì­ ï

®æ¥­ª  ª®íää¨æ¨¥­â  â¥¯«®®â¤ ç¨ ¢ ¦¨¤ª¨© £¥«¨© —
¢ ¦­®© â¥¯«®ä¨§¨ç¥áª®© å à ªâ¥à¨áâ¨ª¨ â¥®à¨¨ ¤¨-
­ ¬¨ç¥áª®© áâ ¡¨«ì­®áâ¨ á¢¥àå¯à®¢®¤­¨ª®¢.

�§ áà ¢­¥­¨ï ¯®â¥àì ¢ £¥«¨ª®¨¤¥ ¨ á¢¥àå¯à¢®¤­¨ª¥

¨§ ¥£® á®áâ ¢  ®¯à¥¤¥«¥­ ”¬ áèâ ¡ ¬ áá¨¢­®áâ¨” £¥-
«¨ª®¨¤  ª ª á¢¥àå¯à®¢®¤ïé¥© áâàãªâãàë. �¡ê¥¤¨­¥-
­¨¥ 15 ª®¬¯®§¨â­ëå á¢¥àå¯à®¢®¤­¨ª®¢ ¢ ¥¤¨­ë© ¯«®á-
ª¨© ¢¨â®ª £¥«¨ª®¨¤  ã¢¥«¨ç¨¢ ¥â ¯®â¥à¨ ¯à¨¬¥à­®

¢ 50 à §. � £¥®¬¥âà¨ç¥áª®¬ ¯à¨¡«¨¦¥­¨¨ £¥«¨ª®¨¤ 

¡¥áª®­¥ç­ë¬ ¨§®âà®¯­ë¬ ¯®«ë¬ æ¨«¨­¤à®¬ á  §¨¬ã-
â «ì­ë¬ ­ ¯à ¢«¥­¨¥¬ âà ­á¯®àâ­®£® â®ª  ¯®«ãç¥­®

¢ëà ¦¥­¨¥ ¤«ï ¯®â¥àì ­  ­ ¬ £­¨ç¨¢ ­¨¥, å®à®è®
®¯¨áë¢ îé¥¥ íªá¯¥à¨¬¥­â «ì­ë¥ à¥§ã«ìâ âë.

� ¡®â  ¢ë¯®«­¥­  ¯à¨ ¯®¤¤¥à¦ª¥ �®áá¨©áª®£® ä®­-
¤  äã­¤ ¬¥­â «ì­ëå ¨áá«¥¤®¢ ­¨© (¯à®¥ªâ ò 94-02-
03562- ).
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