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�·¥¤¸É ¢²¥´ µ¡§µ· ·¥§Ê²ÓÉ Éµ¢ É¥µ·¥É¨Î¥¸±µ£µ ¨¸¸²¥¤µ¢ ´¨Ö ¸¨²Ó´µÉµÎ´ÒÌ Ô²¥±É·µ´´ÒÌ
¶ÊÎ±µ¢ ¸ ¢¨·ÉÊ ²Ó´Ò³ ± Éµ¤µ³ (‚Š). �·¨¢¥¤¥´  ±² ¸¸¨Ë¨± Í¨Ö ‚Š,  ´ ²¨É¨Î¥¸±¨¥ ·¥Ï¥´¨Ö
§ ¤ Î ¶µ ¤¨´ ³¨±¥ Ëµ·³¨·µ¢ ´¨Ö ‚Š, ·¥§Ê²ÓÉ ÉÒ ¸ ³µ¸µ£² ¸µ¢ ´´µ£µ ±µ³¶ÓÕÉ¥·´µ£µ ³µ¤¥²¨-
·µ¢ ´¨Ö ¤¨´ ³¨±¨ ¶ÊÎ±µ¢ ¸ ‚Š, ¢ ±µÉµ·ÒÌ ¢µ§´¨± ÕÉ ´¥µ¡ÒÎ´Ò¥ Ö¢²¥´¨Ö (£¨¸É¥·¥§¨¸, ³¥É ¸É -
¡¨²Ó´Ò¥ Ô²¥±É·µ´Ò, ¸¦ Éµ¥ ¸µ¸ÉµÖ´¨¥ ¶ÊÎ±  ¨ ¤·.). �¡´ ·Ê¦¥´´Ò¥ Ö¢²¥´¨Ö ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ
¢ É¥Ì´¨±¥ ‘‚—-£¥´¥· Éµ·µ¢, Ê¸±µ·¨É¥²Ó´µ° ¨ ±µ³³ÊÉ Í¨µ´´µ° É¥Ì´¨±¥.

Review of results of theoretical investigation of high-current electron beams with virtual cathode
(VC) is presented. VC classiˇcation, analytical solutions of tasks on VC formation dynamics, results of
self-consistent computer simulation of beams dynamics with VC, where unusual phenomena take place,
are presented. Revealed phenomena may be used in microwave generators techniques, accelerating
and commutation equipment.

‚‚…„…�ˆ…

‚ 1923 £. ‚. �Ê·¸¨ ´ ¨ ‚. � ¢²µ¢ µ¶Ê¡²¨±µ¢ ²¨ · ¡µÉÊ [1], ¢ ±µÉµ·µ°
¶·µ ´ ²¨§¨·µ¢ ²¨ ·¥¦¨³Ò ¶·µÌµ¦¤¥´¨Ö Ô²¥±É·µ´´µ£µ ¶ÊÎ±  Î¥·¥§ Ô±¢¨¶µ-
É¥´Í¨ ²Ó´ÊÕ ¢ ±ÊÊ³´ÊÕ ¶µ²µ¸ÉÓ. �µ-¢¨¤¨³µ³Ê, µ´¨ ¢¶¥·¢Ò¥ ¶µ± § ²¨, ÎÉµ
¶·¨ ´¥±µÉµ·ÒÌ Ê¸²µ¢¨ÖÌ ¢ ¶µ²µ¸É¨ ¶·µ¨¸Ìµ¤¨É µÉ· ¦¥´¨¥ Î ¸É¨ Ô²¥±É·µ´µ¢
´ § ¤, ± ÉµÎ±¥ ¨Ì ¢²¥É  ¢ ´¥¥. �µ§¤´¥¥ ³¥¸Éµ µ¸É ´µ¢±¨ ¨ · §¢µ·µÉ  Ô²¥±-
É·µ´µ¢ ¢ ´ ÊÎ´µ-É¥Ì´¨Î¥¸±µ° ²¨É¥· ÉÊ·¥ ¡Ò²µ ´ §¢ ´µ ¢¨·ÉÊ ²Ó´Ò³ ± Éµ¤µ³
(‚Š), ¶¸¥¢¤µ± Éµ¤µ³ ¨²¨ ÔËË¥±É¨¢´Ò³ ± Éµ¤µ³, ¶µ¸±µ²Ó±Ê µ´ Ö¢²Ö¥É¸Ö ¨¸-
ÉµÎ´¨±µ³ µÉ· ¦¥´´ÒÌ Ô²¥±É·µ´µ¢.

‘ É¥Ì ¶µ· Ô²¥±É·µ´´Ò¥ ¶ÊÎ±¨ ¸ ‚Š ´ Ï²¨ µÎ¥´Ó ³´µ£µ ¶·¨³¥´¥´¨°,
¸·¥¤¨ ±µÉµ·ÒÌ ³µ¦´µ ´ §¢ ÉÓ ¸²¥¤ÊÕÐ¨¥ (¢³¥¸É¥ ¸ ¸µµÉ¢¥É¸É¢ÊÕÐ¥° µ¡§µ·-
´µ° ²¨É¥· ÉÊ·µ°):
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Å ±µ²²¥±É¨¢´µ¥ Ê¸±µ·¥´¨¥ ¸¨²Ó´µÉµÎ´ÒÌ ¶ÊÎ±µ¢ ¶µ²µ¦¨É¥²Ó´ÒÌ ¨µ-
´µ¢ [2Ä6];

Å £¥´¥· Í¨Ö ³µÐ´ÒÌ ‘‚—-¨³¶Ê²Ó¸µ¢ (¶·¨¡µ·Ò ¸ ‚Š ¤²Ö £¥´¥· Í¨¨
‘‚—-¨§²ÊÎ¥´¨Ö ´ §Ò¢ ÕÉ¸Ö ¢¨·± Éµ· ³¨ ¨ µÉ· ¦ É¥²Ó´Ò³¨ É·¨µ¤ -
³¨) [6Ä17];

Å £¥´¥· Í¨Ö ³µÐ´ÒÌ ¨³¶Ê²Ó¸µ¢ Éµ·³µ§´µ£µ ·¥´É£¥´µ¢¸±µ£µ ¨§²ÊÎ¥-
´¨Ö [6, 18];

Å ³µÐ´ Ö ±µ³³ÊÉ Í¨µ´´ Ö É¥Ì´¨±  [6, 19];
Å ¨§³¥·¥´¨¥ ¸¢¥·Ì£²Ê¡µ±µ£µ ¢ ±ÊÊ³  [6, 20] ¨ ¤·.
ˆ ÌµÉÖ É¥Ì´¨±  ¶·¨¡µ·µ¢ ¨ Ê¸É ´µ¢µ± ¸ ‚Š ¶·¥¤¸É ¢²¥´  ¢ ¸µ¢·¥³¥´´µ°

µ¡§µ·´µ° ²¨É¥· ÉÊ·¥, ± ± ¢¨¤´µ, ¤µ¸É ÉµÎ´µ Ï¨·µ±µ, ¤¨´ ³¨±  Ô²¥±É·µ´´ÒÌ
¶ÊÎ±µ¢ ¸ ‚Š ¶µ¤·µ¡´µ ¶· ±É¨Î¥¸±¨ ´¨£¤¥ ´¥ · ¸¸³ É·¨¢ ² ¸Ó.

’¥³ ´¥ ³¥´¥¥ ¶ÊÎ±¨ ¸ ‚Š ¤¥³µ´¸É·¨·ÊÕÉ ¡µ²ÓÏµ¥ ³´µ£µµ¡· §¨¥ ´¥²¨-
´¥°´ÒÌ Ö¢²¥´¨°, ¶·µÖ¢²ÖÕÐ¨Ì¸Ö ¢ ³´µ£µ§´ Î´µ¸É¨ · ¸¶·¥¤¥²¥´¨Ö ¸±µ·µ¸É¨
Ô²¥±É·µ´µ¢ ¢ ¶ÊÎ±¥, ¢ ¸¨²Ó´µ° ÉÊ·¡Ê²¥´É´µ¸É¨ ¶ÊÎ± , ¢ ¸²µ¦´µ³ Ì · ±É¥·¥
¢§ ¨³µ¤¥°¸É¢¨Ö ¢µ²´µ¢ÒÌ ¶Ê²Ó¸ Í¨° ¸ ¸µ¡¸É¢¥´´Ò³¨ ³µ¤ ³¨ Ô²¥±É·µ¤¨´ -
³¨Î¥¸±µ° ¸É·Ê±ÉÊ·Ò ¶·¨¡µ·µ¢. ‚ É ±¨Ì ¶ÊÎ± Ì ¢µ§´¨± ÕÉ µÎ¥´Ó ´¥µ¡ÒÎ´Ò¥
Ö¢²¥´¨Ö (£¨¸É¥·¥§¨¸, ³¥É ¸É ¡¨²Ó´Ò¥ Ô²¥±É·µ´Ò, É ± ´ §Ò¢ ¥³µ¥ ¸¦ Éµ¥ ¸µ-
¸ÉµÖ´¨¥ ¶ÊÎ±  ¨ ¤·.), ¶·¥¤¢¨¤¥ÉÓ ±µÉµ·Ò¥ ¤µ ¨Ì µÉ±·ÒÉ¨Ö ¡Ò²µ µÎ¥´Ó É·Ê¤´µ.

‚ ÔÉµ³ µ¡§µ·¥ ³Ò ¸É ¢¨²¨ £² ¢´µ° Í¥²ÓÕ µ§´ ±µ³¨ÉÓ Î¨É É¥²¥° ¸ ¶¥·¥-
Î¨¸²¥´´Ò³¨ ´¥µ¡ÒÎ´Ò³¨ Ö¢²¥´¨Ö³¨ ¢ ¤¨´ ³¨±¥ ¶ÊÎ±µ¢ ¸ ‚Š, ±µÉµ·Ò¥ µ¡´ -
·Ê¦¨²¨¸Ó ¢ ´ Ï¨Ì ¸µ¡¸É¢¥´´ÒÌ ¨¸¸²¥¤µ¢ ´¨ÖÌ. �µ ¢ µ¡§µ·¥ É ±¦¥ ¶·¥¤¸É -
¢²¥´Ò ´¥±µÉµ·Ò¥ ·¥§Ê²ÓÉ ÉÒ ¨ ¤·Ê£¨Ì ² ¡µ· Éµ·¨°. — ¸ÉÓ ¨§ ´¨Ì Ê¦¥ ¸¥°Î ¸
¨¸¶µ²Ó§Ê¥É¸Ö ¢ ´¥±µÉµ·ÒÌ ¶·¨¡µ· Ì ¸¨²Ó´µÉµÎ´µ° Ô²¥±É·µ´¨±¨, µ¸É ²Ó´Ò¥
¥Ð¥ ¶·¥¤¸Éµ¨É µ¸³Ò¸²¨ÉÓ ¨ ¶·¨³¥´¨ÉÓ.

�¡§µ· ¸µ¸Éµ¨É ¨§ ¤¢ÊÌ Î ¸É¥°. ‚ ¶¥·¢µ° ¨§² £ ÕÉ¸Ö ±² ¸¸¨Ë¨± Í¨Ö ‚Š
¨  ´ ²¨É¨Î¥¸±¨¥ ·¥Ï¥´¨Ö § ¤ Î ¶µ ¤¨´ ³¨±¥ Ëµ·³¨·µ¢ ´¨Ö ‚Š. �É  Î ¸ÉÓ
Ö¢²Ö¥É¸Ö ¢¢µ¤´µ° ¨ ´¥µ¡Ìµ¤¨³  ¤²Ö ¶µ´¨³ ´¨Ö ¶µ¸²¥¤ÊÕÐ¥£µ ³ É¥·¨ ² . ‚Éµ-
· Ö Î ¸ÉÓ ¶·¥¤¸É ¢²Ö¥É ·¥§Ê²ÓÉ ÉÒ ¸ ³µ¸µ£² ¸µ¢ ´´µ£µ ±µ³¶ÓÕÉ¥·´µ£µ ³µ-
¤¥²¨·µ¢ ´¨Ö ¤¨´ ³¨±¨ ¶ÊÎ±µ¢ ¸ ‚Š, ¢ ±µÉµ·ÒÌ ¨ ¶·µÖ¢²ÖÕÉ¸Ö ´¥µ¡ÒÎ´Ò¥
´¥²¨´¥°´Ò¥ Ö¢²¥´¨Ö.

1. ���‹ˆ’ˆ—…‘Šˆ… ‘�Œ�‘�ƒ‹�‘�‚���›… Œ�„…‹ˆ
�‹…Š’�����ƒ� �“—Š� ‘ ‚Š

1.1. Š² ¸¸¨Ë¨± Í¨Ö ‚Š. ‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ³µ¦´µ ¢Ò¤¥²¨ÉÓ ´¥¸±µ²Ó±µ
· §´µ¢¨¤´µ¸É¥° ‚Š, ´ ¶·¨³¥·, ¤²Ö ¶²µ¸±µ¶ · ²²¥²Ó´µ£µ ¶·µ³¥¦ÊÉ±  É ±¨Ì
· §´µ¢¨¤´µ¸É¥° ¸ÊÐ¥¸É¢Ê¥É, ¶µ ³¥´ÓÏ¥° ³¥·¥, Î¥ÉÒ·¥.

�¥·¢ Ö · §´µ¢¨¤´µ¸ÉÓ ‚Š ¢µ§´¨± ¥É, ¥¸²¨ ´  ¶·µ³¥¦ÊÉµ± ´ ² £ ÉÓ ¢´¥Ï-
´¥¥ Éµ·³µ§ÖÐ¥¥ Ô²¥±É·µ¸É É¨Î¥¸±µ¥ ¶µ²¥. �·¨ ÔÉµ³ ³µ´µÔ´¥·£¥É¨Î¥¸±¨°
Ô²¥±É·µ´´Ò° ¶ÊÎµ± ¶µ²´µ¸ÉÓÕ µÉ· ¦ ¥É¸Ö ¶µÉ¥´Í¨ ²Ó´Ò³ ¡ ·Ó¥·µ³ ´ § ¤,
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  ¶·µ²¥É´µ£µ Éµ±  ´¥É. ’ ±µ° ‚Š ³µ¦´µ ´ §¢ ÉÓ µÉ· ¦ É¥²Ó´Ò³. �É³¥É¨³,
ÎÉµ µÉ· ¦ É¥²Ó´Ò° ‚Š ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ ¶·¨ ²Õ¡µ³, ¤ ¦¥ ¸±µ²Ó Ê£µ¤´µ
³ ²µ³, §´ Î¥´¨¨ Éµ±  ¶ÊÎ±  ¨ ¶·¨ ÔÉµ³ ³µ¦¥É ¡ÒÉÓ ¸É Í¨µ´ ·´Ò³. �ÉµÉ
‚Š ·¥ ²¨§Ê¥É¸Ö ¢ É ±¨Ì ¨§¢¥¸É´ÒÌ ‘‚—-¶·¨¡µ· Ì, ± ± £¥´¥· Éµ· Éµ·³µ§Ö-
Ð¥£µ ¶µ²Ö � ·±£ Ê§¥´ ÄŠÊ·Í  [21], µÉ· ¦ É¥²Ó´Ò° ±²¨¸É·µ´ [22], µÉ· ¦ -
É¥²Ó´Ò° £¥´¥· Éµ· ¤¨Ë· ±Í¨µ´´µ£µ ¨§²ÊÎ¥´¨Ö [23],   É ±¦¥ ¢ µÉ· ¦ É¥²Ó-
´ÒÌ Ô²¥±É·µ´´ÒÌ ²µ¢ÊÏ± Ì, ¶·¨³¥´Ö¥³ÒÌ ¤²Ö £¥´¥· Í¨¨ ¢Ò¸µ±µ§ ·Ö¤´ÒÌ
¨µ´µ¢ [24].

‚Éµ· Ö · §´µ¢¨¤´µ¸ÉÓ ‚Š ¢µ§´¨± ¥É ¢ Ô²¥±É·µ´´ÒÌ ¤¨µ¤ Ì ¸ É¥·³µÔ³¨É-
É¥· ³¨, ±µ£¤  Ô²¥±É·µ´´Ò° ¶ÊÎµ± ¨³¥¥É §´ Î¨É¥²Ó´Ò° Ô´¥·£¥É¨Î¥¸±¨° · §-
¡·µ¸. �·¨ ÔÉµ³ ´¨§±µÔ´¥·£¥É¨Î¥¸± Ö Ë· ±Í¨Ö ¶ÊÎ±  µÉ· ¦ ¥É¸Ö µÉ ¶µÉ¥´-
Í¨ ²Ó´µ£µ ¡ ·Ó¥· , ¸µ§¤ ´´µ£µ ¶·µ¸É· ´¸É¢¥´´Ò³ § ·Ö¤µ³ ¸ ³µ£µ ¶ÊÎ± , ´ 
· §²¨Î´ÒÌ · ¸¸ÉµÖ´¨ÖÌ ¤µ Ô³¨ÉÉ¥· . ’ ±µ° · §³ÒÉÒ° ‚Š ³µ¦´µ ´ §¢ ÉÓ É¥-
¶²µ¢Ò³. �´ É ±¦¥ ¤µ¶Ê¸± ¥É ¸É Í¨µ´ ·´µ¥ ¸ÊÐ¥¸É¢µ¢ ´¨¥ ¶ÊÎ±  ¨ ´¥ ¨³¥¥É
¶µ·µ£  ¶µ ¢¥²¨Î¨´¥ Éµ±  ¶ÊÎ± , ´µ ¢ µÉ²¨Î¨¥ µÉ µÉ· ¦ É¥²Ó´µ£µ ‚Š É¥¶²µ¢µ°
‚Š ¶·µ¶Ê¸± ¥É ´ ¨¡µ²¥¥ ¢Ò¸µ±µÔ´¥·£¨Î´Ò¥ Ô²¥±É·µ´Ò, Ëµ·³¨·ÊÖ ¶·¨ ÔÉµ³
¶·µ²¥É´Ò° Éµ±. �ÊÎ±¨ ¸ É¥¶²µ¢Ò³ ‚Š ¸ÊÐ¥¸É¢ÊÕÉ ¢ Ô²¥±É·µ´´ÒÌ ¤¨µ¤ Ì,
¢ ±µÉµ·ÒÌ Ê¸±µ·ÖÕÐ¥¥ ´ ¶·Ö¦¥´¨¥ ¢ Ô´¥·£¥É¨Î¥¸±¨Ì ¥¤¨´¨Í Ì ¸· ¢´¨³µ ¸
É¥¶²µ¢Ò³ · §¡·µ¸µ³ Ô³¨É¨·µ¢ ´´ÒÌ Ô²¥±É·µ´µ¢. ’¥µ·¨Ö ¶ÊÎ±µ¢ ¸ É¥¶²µ¢Ò³
‚Š ¶µ¤·µ¡´µ · ¸¸³µÉ·¥´  ¢ [25]. ’¥¶²µ¢µ° ‚Š É ±¦¥ ¢µ§´¨± ¥É, ´ ¶·¨³¥·,
¢ Ô²¥±É·µ´´ÒÌ ¶µÉµ± Ì, Ô³¨É¨·Ê¥³ÒÌ ¸ ¶µ¢¥·Ì´µ¸É¥° ´¥¡¥¸´ÒÌ É¥² ¶µ¤ ¤¥°-
¸É¢¨¥³ ±µ¸³¨Î¥¸±¨Ì ²ÊÎ¥° (´ ¶·¨³¥·, ¢ [26] · ¸¸³µÉ·¥´µ ¢µ§´¨±´µ¢¥´¨¥ ‚Š
¢¡²¨§¨ µ¸¢¥Ð¥´´µ° ‘µ²´Í¥³ ¶µ¢¥·Ì´µ¸É¨ ¸¶ÊÉ´¨±  Œ ·¸  Å ”µ¡µ¸ ). �É³¥-
É¨³, ÎÉµ Éµ²Ó±µ ÔÉ  · §´µ¢¨¤´µ¸ÉÓ ‚Š µ¶¨¸ ´  ¢ ®”¨§¨Î¥¸±µ° Ô´Í¨±²µ¶¥¤¨¨¯
(1988 £.).

’·¥ÉÓÖ · §´µ¢¨¤´µ¸ÉÓ ‚Š Å ³¥¸Éµ µÉ· ¦¥´¨Ö Ô²¥±É·µ´µ¢ µÉ ³ £´¨É´µ°
¶·µ¡±¨, ¢µ§´¨± ÕÐ¥¥ ¢ Ô²¥±É·µ´´ÒÌ ²µ¢ÊÏ± Ì ¸ ³ £´¨É´Ò³ ¶µ²¥³ ¶·µ¡µÎ-
´µ° ±µ´Ë¨£Ê· Í¨¨ [27, 28]. ’ ±µ° ‚Š, ´ §¢ ´´Ò° ³ £´¨É´Ò³, É ±¦¥ ¸É Í¨µ-
´ ·¥´ ¨ ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ ¶·¨ ¸±µ²Ó Ê£µ¤´µ ³ ²µ³ Éµ±¥ ¶ÊÎ± .

—¥É¢¥·É Ö · §´µ¢¨¤´µ¸ÉÓ ‚Š ³µ¦¥É ¢µ§´¨± ÉÓ ¶·¨ ¨´¦¥±Í¨¨ ¢ Ô±¢¨¶µ-
É¥´Í¨ ²Ó´ÊÕ ¶µ²µ¸ÉÓ ³µ´µÔ´¥·£¥É¨Î¥¸±µ£µ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¸ ´¥´Ê²¥¢µ°
¸±µ·µ¸ÉÓÕ Ô²¥±É·µ´µ¢ ¨ ¸ ¡µ²ÓÏµ° ¸¨²µ° Éµ± , ±µ£¤  ´¥É Ê¸²µ¢¨° ¤²Ö ¢µ§-
´¨±´µ¢¥´¨Ö ¶¥·¢µ° ¨ ¢Éµ·µ° · §´µ¢¨¤´µ¸É¥° ‚Š. �µÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥· ¢
ÔÉµ³ ¸²ÊÎ ¥ ¸µ§¤ ¥É ¶·µ¸É· ´¸É¢¥´´Ò° § ·Ö¤ ¸ ³µ£µ ¶ÊÎ± . �¥·¢ Ö µ¸µ¡¥´-
´µ¸ÉÓ É ±µ£µ ‚Š Å µ´ ¶·¨´Í¨¶¨ ²Ó´µ ´¥¸É Í¨µ´ ·¥´ ¨ ³µ¦¥É ¸ÊÐ¥¸É¢µ¢ ÉÓ
Éµ²Ó±µ ¢ µ¸Í¨²²ÖÉµ·´µ³ ·¥¦¨³¥. ‚Éµ· Ö ¥£µ µ¸µ¡¥´´µ¸ÉÓ Å µ´ ¢µ§´¨± ¥É
Éµ²Ó±µ Éµ£¤ , ±µ£¤  Éµ± ¶ÊÎ±  ¶·¥¢ÒÏ ¥É ´¥±µÉµ·µ¥ ±·¨É¨Î¥¸±µ¥ §´ Î¥´¨¥.
‚Š ÔÉµ° · §´µ¢¨¤´µ¸É¨ ´ §¢ ´ µ¸Í¨²²¨·ÊÕÐ¨³. �¥µ¡Ìµ¤¨³µ µÉ³¥É¨ÉÓ, ÎÉµ
µ¸Í¨²²¨·ÊÕÐ¨° ‚Š ³µ¦¥É É ±¦¥ ¢µ§´¨±´ÊÉÓ ¨ ¢ É¥Ì ¸²ÊÎ ÖÌ, ±µ£¤  ¨³¥ÕÉ¸Ö
Ê¸²µ¢¨Ö ¤²Ö ¸ÊÐ¥¸É¢µ¢ ´¨Ö µÉ· ¦ É¥²Ó´µ£µ, É¥¶²µ¢µ£µ ¨²¨ ³ £´¨É´µ£µ ‚Š.
� ¶·¨³¥·, ¢ µÉ· ¦ É¥²Ó´µ³ É·¨µ¤¥ Ìµ·µÏ¨Ì ·¥§Ê²ÓÉ Éµ¢ ¶µ ‘‚—-£¥´¥· Í¨¨
¤µ¸É¨£ ÕÉ ²¨ÏÓ ¶·¨ ¶·¥¢ÒÏ¥´¨¨ Éµ±µ³ ¶ÊÎ±  ¶µ·µ£µ¢µ£µ (¶·¥¤¥²Ó´µ£µ) §´ -
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Î¥´¨Ö Éµ± . �É³¥É¨³, ÎÉµ ´¥¸É Í¨µ´ ·´µ¸ÉÓ ¨ ¶µ·µ£µ¢µ¸ÉÓ ¸ÊÐ¥¸É¢µ¢ ´¨Ö
É ±µ£µ ‚Š ¸µ¶ÊÉ¸É¢Ê¥É · §¢¨É¨Õ ¨§²ÊÎ É¥²Ó´µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨.

Š¨´¥É¨±  Ô²¥±É·µ´µ¢ ¢¡²¨§¨ ‚Š ¤²Ö ± ¦¤µ° ¨Ì · §´µ¢¨¤´µ¸É¨ · §²¨Î´ ;
µÉ²¨Î¨¥ ¶·µÖ¢²Ö¥É¸Ö ¢ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢, ¢ Ë §µ¢ÒÌ ¶µ·-
É·¥É Ì ¶ÊÎ±  ¨ É. ¤. � ¶·¨³¥·, · ¸¸³ É·¨¢ ¥³Ò¥ ´¨¦¥ ¢ ¶. 1.3 ³¥É ¸É ¡¨²Ó´Ò¥
Ô²¥±É·µ´Ò ³µ£ÊÉ ¸ÊÐ¥¸É¢µ¢ ÉÓ ¢ µ±·¥¸É´µ¸É¨ Éµ²Ó±µ µ¸Í¨²²¨·ÊÕÐ¥£µ ‚Š.

„ ´´ Ö ±² ¸¸¨Ë¨± Í¨Ö ‚Š ¢¶¥·¢Ò¥ ¶·¥¤¸É ¢²¥´  ¢ · ¡µÉ¥ [6].
‚ µ¡§µ·¥ ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ ´¨° ¤¨´ ³¨±¨ ¶ÊÎ±µ¢ ¸ Î¥É¢¥·-

Éµ° · §´µ¢¨¤´µ¸ÉÓÕ ‚Š. ‚¥§¤¥ ¶µ É¥±¸ÉÊ, £¤¥ ¸¶¥Í¨ ²Ó´µ ´¥ µ£µ¢µ·¥´µ,
¶µ¤· §Ê³¥¢ ¥É¸Ö ¨³¥´´µ É ±µ° ‚Š.

1.2. ƒ¨¸É¥·¥§¨¸ ¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨° Ô²¥±É·µ´´µ£µ ¶ÊÎ± . �·¨ ¨´-
¦¥±Í¨¨ ¨´É¥´¸¨¢´ÒÌ Ô²¥±É·µ´´ÒÌ ¶ÊÎ±µ¢ ¢ Ô±¢¨¶µÉ¥´Í¨ ²Ó´Ò¥ ¶µ²µ¸É¨ · §-
²¨Î´µ° ±µ´Ë¨£Ê· Í¨¨ ´¥²¨´¥°´µ¸ÉÓ, ¸¢Ö§ ´´ Ö ¸ ¢²¨Ö´¨¥³ ¶µ²Ö ¸µ¡¸É¢¥´´µ£µ
¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤  ¶ÊÎ± , ¶·¨¢µ¤¨É ± ¸¢µ¥µ¡· §´µ³Ê Ö¢²¥´¨Õ, ±µ£¤ 
¶·¨ µ¤´¨Ì ¨ É¥Ì ¦¥ ¶ · ³¥É· Ì ¶ÊÎ±  ¢µ§³µ¦´Ò · §²¨Î´Ò¥ ¥£µ ¸µ¸ÉµÖ´¨Ö.
�Éµ Ö¢²¥´¨¥ Å £¨¸É¥·¥§¨¸ ¸µ¸ÉµÖ´¨°, µ¤´µ ¨§ ±µÉµ·ÒÌ ¸É Í¨µ´ ·´µ ¨ µÉ-
¢¥Î ¥É ¶µ²´µ³Ê ¶·µ²¥ÉÊ Ô²¥±É·µ´µ¢ ¸±¢µ§Ó ¶µ²µ¸ÉÓ,   ¤·Ê£µ¥ ¸µµÉ¢¥É¸É¢Ê¥É
µÉ· ¦¥´¨Õ Î ¸É¨ Ô²¥±É·µ´µ¢ µÉ ´¥±µÉµ·µ£µ ¸¥Î¥´¨Ö, Å ¸É ²µ ¨§¢¥¸É´µ Ê¦¥
¨§ · ¡µÉÒ [1].

‚ É ±¨Ì Ê¸²µ¢¨ÖÌ ³´µ£¨¥ ¢¥²¨Î¨´Ò, Ì · ±É¥·¨§ÊÕÐ¨¥ ¸µ¸ÉµÖ´¨Ö ¶ÊÎ± ,
¨³¥ÕÉ ¢¨¤ ¤¢Ê§´ Î´µ° § ¢¨¸¨³µ¸É¨ ´  ´¥±µÉµ·µ³ ¨´É¥·¢ ²¥ §´ Î¥´¨° Éµ± 
¶ÊÎ±  [28Ä32].

�¨¦¥ ¶·¨¢¥¤¥´µ ¶µ²´µ¥ ¨ ÉµÎ´µ¥ ·¥Ï¥´¨¥ § ¤ Î¨ µ £¨¸É¥·¥§¨¸¥ ¸É -
Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨° ³µ´µÔ´¥·£¥É¨Î¥¸±µ£µ ´¥·¥²ÖÉ¨¢¨¸É¸±µ£µ Ô²¥±É·µ´´µ£µ
¶ÊÎ±  ¢ ¶²µ¸±µ³ Ô±¢¨¶µÉ¥´Í¨ ²Ó´µ³ ¶·µ³¥¦ÊÉ±¥ ¤²¨´µ° L, µ£· ´¨Î¥´´µ³
¶·µ§· Î´Ò³¨ ¤²Ö Ô²¥±É·µ´µ¢ ¸¥É± ³¨.

�·¨ µ¶·¥¤¥²¥´´ÒÌ Ê¸²µ¢¨ÖÌ, ´ ¶·¨³¥·, ¶·¨ ´ ²µ¦¥´¨¨ ¤µ¸É ÉµÎ´µ ¸¨²Ó-
´µ£µ µ¤´µ·µ¤´µ£µ ³ £´¨É´µ£µ ¶µ²Ö ¢¤µ²Ó ´ ¶· ¢²¥´¨Ö ¨´¦¥±Í¨¨, É. ¥. ±µ-
£¤  ² ·³µ·µ¢¸±¨° · ¤¨Ê¸ Ô²¥±É·µ´µ¢ ³´µ£µ ³¥´ÓÏ¥ L, ¤¢¨¦¥´¨¥ Ô²¥±É·µ´µ¢
³µ¦´µ ¸Î¨É ÉÓ µ¤´µ³¥·´Ò³.

‚ ÔÉµ³ ¸²ÊÎ ¥ ¤¨´ ³¨±Ê Ô²¥±É·µ´´µ£µ ¶µÉµ±  ³µ¦´µ µ¶¨¸ ÉÓ ¸²¥¤ÊÕÐ¥°
¸¨¸É¥³µ° Ê· ¢´¥´¨°:

∂v

∂t
+ v

∂v

∂z
=

∂ϕ

∂z
, (1)

∂n

∂t
+

∂(nv)
∂z

= 0, (2)

∂2ϕ

∂z2
= qn, (3)

£¤¥ v Å ¸±µ·µ¸ÉÓ Ô²¥±É·µ´µ¢ ¢ ¶µÉµ±¥; n Å ¨Ì ¶²µÉ´µ¸ÉÓ; ϕ Å ¶µÉ¥´Í¨ ²
Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö, ´µ·³¨·µ¢ ´´Ò¥ ¸µµÉ¢¥É¸É¢¥´´µ ´  v0, n0, mv2

0/e; ±µ-
µ·¤¨´ É  z ´µ·³¨·µ¢ ´  ´  ¢¥²¨Î¨´Ê L,   ¢·¥³Ö t Å ´  L/v0. ‡¤¥¸Ó v0 ¨
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n0 Å ¸±µ·µ¸ÉÓ ¨ ¶²µÉ´µ¸ÉÓ Ô²¥±É·µ´µ¢ ¢ ¶²µ¸±µ¸É¨ ¨´¦¥±Í¨¨ z = 0; m ¨
e Å ³ ¸¸  ¨ § ·Ö¤ Ô²¥±É·µ´ . �·¨ ÔÉµ³ ¶ · ³¥É· q ¢ (3) · ¢¥´

q = ω2
pL2/v2

0 , (4)

£¤¥ ωp Å ¶² §³¥´´ Ö Î ¸ÉµÉ  ¶ÊÎ±  ¢ ¶²µ¸±µ¸É¨ ¨´¦¥±Í¨¨.
� §·¥Ï Ö ¸¨¸É¥³Ê Ê· ¢´¥´¨° µÉ´µ¸¨É¥²Ó´µ v ¶·¨ Ê¸²µ¢¨¨ ¸É Í¨µ´ ·´µ¸É¨

§ ¤ Î¨,   ÔÉµ ¸¶· ¢¥¤²¨¢µ, ±µ£¤  ¤²¨É¥²Ó´µ¸ÉÓ Ë·µ´É  ¨³¶Ê²Ó¸  Éµ±  ¸ÊÐ¥-
¸É¢¥´´µ ¶·¥¢ÒÏ ¥É ¢·¥³Ö ¶·µ²¥É  Ô²¥±É·µ´ ³¨ ¶·µ³¥¦ÊÉ±  L/v0, ¶µ²ÊÎ ¥³

v2 d3v

dz3
+ 4v

dv

dz

d2v

dz2
+

(
dv

dz

)3

= 0. (5)

“· ¢´¥´¨¥ (5) ¸µ¢³¥¸É´µ ¸ Ê¸²µ¢¨Ö³¨

v(0) = v(1) = 1,
d

dz

(
v
dv

dz

)∣∣∣∣
z=0

= q (6)

¸µ¸É ¢²Ö¥É ±· ¥¢ÊÕ § ¤ ÎÊ, µ¶¨¸Ò¢ ÕÐÊÕ ¨¸±µ³Ò° ¶·µË¨²Ó ¸±µ·µ¸É¨ ¶µ-
Éµ± . ’µÎ´µ¥ ¨ ¶µ²´µ¥ ·¥Ï¥´¨¥ ÔÉµ° § ¤ Î¨, ¶µ²ÊÎ¥´´µ¥ ¢ · ¡µÉ¥ [33], ¨³¥¥É
¶ · ³¥É·¨Î¥¸±¨° ¢¨¤ ¶µ ¶¥·¥³¥´´µ° ψ:

|1 − 2z| =
ψ3 + 6ψ

ψ3
0 + 6ψ0

, v =
ψ2 + 2
ψ2

0 + 2
, (7)

£¤¥ ¶ · ³¥É· ψ0 µ¶·¥¤¥²Ö¥É¸Ö ¨§  ²£¥¡· ¨Î¥¸±µ£µ Ê· ¢´¥´¨Ö

8
9

ψ2
0(ψ

2
0 + 6)2

(ψ2
0 + 2)3

= q. (8)

�µ²ÊÎ¥´´µ¥ ·¥Ï¥´¨¥ ¨³¥¥É ¤¢  µ¸µ¡ÒÌ §´ Î¥´¨Ö ¶ · ³¥É·  q: 8/9 ¨ 16/9,
¶·¨Î¥³ Éµ ·¥Ï¥´¨¥, ±µÉµ·µ¥ ¸µµÉ¢¥É¸É¢Ê¥É min {v(z)} = 0 ¶·¨ q = 8/9, ¢
ÉµÎ´µ¸É¨ ¸µ¢¶ ¤ ¥É ¸ · §¡¨¥´¨¥³ ¶·µ³¥¦ÊÉ±  ¸·¥¤¨´´µ° ¶²µ¸±µ¸ÉÓÕ ´  ¤¢ 
¤¨µ¤  — °²Ó¤ Ä‹¥´£³Õ· .

‹¥£±µ ¢¨¤¥ÉÓ, ÎÉµ ¶·¨ 0 < q < 8/9 ·¥Ï¥´¨¥ § ¤ Î¨, ¢Ò· ¦ ¥³µ¥ ¸µµÉ´µ-
Ï¥´¨Ö³¨ (7) ¨ (8), ¥¤¨´¸É¢¥´´µ, ¶·¨ 8/9 < q < 16/9 ¨³¥ÕÉ¸Ö ¤¢  ·¥Ï¥´¨Ö
(£¨¸É¥·¥§¨¸ ¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨°),   ¶·¨ q > 16/9 ¸É Í¨µ´ ·´ÒÌ ¸µ¸Éµ-
Ö´¨° ´¥É. �Éµ ¨²²Õ¸É·¨·Ê¥É § ¢¨¸¨³µ¸ÉÓ ψ0(q), ´¥Ö¢´µ § ¤ ´´ Ö ¸µµÉ´µÏ¥-
´¨¥³ (8), £· Ë¨± ±µÉµ·µ° ¶µ± § ´ ´  ·¨¸. 1,  .

‚ ¸É Í¨µ´ ·´ÒÌ ¸µ¸ÉµÖ´¨ÖÌ ³¨´¨³ ²Ó´Ò¥ §´ Î¥´¨Ö ¸±µ·µ¸É¨ ¨, ¸²¥¤µ-
¢ É¥²Ó´µ, ¶µÉ¥´Í¨ ²  ´ Ìµ¤ÖÉ¸Ö ¢ ¸¥·¥¤¨´¥ ¶·µ³¥¦ÊÉ± . ‘µµÉ¢¥É¸É¢¥´´µ ¢
¸¥·¥¤¨´¥ ¦¥ ¶·µ³¥¦ÊÉ±  ¨³¥¥É¸Ö ¨ ³ ±¸¨³ ²Ó´µ¥ §´ Î¥´¨¥ ¶²µÉ´µ¸É¨ Ô²¥±-
É·µ´µ¢. �  ·¨¸. 1, ¡ ¶µ± § ´  § ¢¨¸¨³µ¸ÉÓ min {v(z)} µÉ q,   ´  ·¨¸. 1, ¢ Å
§ ¢¨¸¨³µ¸ÉÓ max {n(z)} µÉ q.
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�¨¸. 1. ƒ¨¸É¥·¥§¨¸ ¸É Í¨µ´ ·´ÒÌ
¸µ¸ÉµÖ´¨° Ô²¥±É·µ´´µ£µ ¶µÉµ±  ¢
¶²µ¸±µ³ Ô±¢¨¶µÉ¥´Í¨ ²Ó´µ³ ¶·µ-
³¥¦ÊÉ±¥:  ) § ¢¨¸¨³µ¸ÉÓ ψ0(q);
¡) § ¢¨¸¨³µ¸ÉÓ min {v(z)} µÉ q;
¢) § ¢¨¸¨³µ¸ÉÓ max {n(z)} µÉ q

’ ± ± ± ¶·¨ 8/9 < q < 16/9 ¤²Ö ¸É Í¨µ´ ·´µ£µ ¸µ¸ÉµÖ´¨Ö, ¸µµÉ¢¥É¸É¢Ê-
ÕÐ¥£µ ¡	o²ÓÏ¨³ §´ Î¥´¨Ö³ ¨´¦¥±É¨·Ê¥³µ° ¶²µÉ´µ¸É¨ Éµ±  (¢¥·Ì´ÖÖ ¢¥É¢Ó
£· Ë¨±  ´  ·¨¸. 1,  ), ¨³¥¥É ³¥¸Éµ ´¥· ¢¥´¸É¢µ

d

dq
min {v(z)} > 0, (9)

Éµ ÔÉµ ¸µ¸ÉµÖ´¨¥ µ± §Ò¢ ¥É¸Ö ´¥Ê¸Éµ°Î¨¢Ò³ ¨ ´¥ ·¥ ²¨§Ê¥É¸Ö ´  ¶· ±É¨±¥.
‚³¥¸Éµ ´¥£µ ¸ÊÐ¥¸É¢Ê¥É ¶·¨´Í¨¶¨ ²Ó´µ ´¥¸É Í¨µ´ ·´µ¥ ¸µ¸ÉµÖ´¨¥ ¶µÉµ± 
¸ µÉ· ¦¥´¨¥³ Ô²¥±É·µ´µ¢ ´ § ¤ ± ¶²µ¸±µ¸É¨ ¨´¦¥±Í¨¨ (¸µ¸ÉµÖ´¨¥ ¸ ‚Š),
±µÉµ·µ¥ ³µ¦¥É ¡ÒÉÓ É ±¦¥ ¨ ¶·¨ q > 16/9, ÎÉµ Ê¸²µ¢´µ ¶µ± § ´µ ´  ·¨¸. 1
¢µ²´¨¸Éµ° ²¨´¨¥°.

�·µ¸²¥¤¨³ Ô¢µ²ÕÍ¨Õ ¸µ¸ÉµÖ´¨° Ô²¥±É·µ´´µ£µ ¶µÉµ±  ¶·¨  ¤¨ ¡ É¨Î¥¸±¨
³¥¤²¥´´µ³ ¨§³¥´¥´¨¨ ¶ · ³¥É·  q. �·¨ ¢µ§· ¸É ´¨¨ q ¸µ¸ÉµÖ´¨¥ Ô²¥±É·µ´-
´µ£µ ¶µÉµ±  ¶µ¸²¥¤µ¢ É¥²Ó´µ ¶·µÌµ¤¨É (¸³. ·¨¸. 1) ÉµÎ±¨ A, B ¨ ¶·¨ ¤µ¸É¨-
¦¥´¨¨ §´ Î¥´¨Ö q = 16/9 ¶µ¶ ¤ ¥É ¢ ÉµÎ±Ê C. �·¨ ¤ ²Ó´¥°Ï¥³ Ê¢¥²¨Î¥´¨¨
¶µÉµ± Ô²¥±É·µ´µ¢ ¸É ´µ¢¨É¸Ö ´¥¸É Í¨µ´ ·´Ò³ ¨ ¢ ´¥³ Ëµ·³¨·Ê¥É¸Ö ‚Š. �·¨
Ê³¥´ÓÏ¥´¨¨ ¦¥ ¶ · ³¥É·  q ´¥¸É Í¨µ´ ·´µ¥ ¸µ¸ÉµÖ´¨¥ ¸ ‚Š ¡Ê¤¥É ¸µÌ· -
´ÖÉÓ¸Ö ¢¶²µÉÓ ¤µ ÉµÎ±¨ D, ¸µ¢¶ ¤ ÕÐ¥° ¸ ±· °´¥° ÉµÎ±µ° ´¥Ê¸Éµ°Î¨¢µ£µ
¸É Í¨µ´ ·´µ£µ ¸µ¸ÉµÖ´¨Ö (¢¥É¢Ó C → D). �·¨ ¶¥·¥Ìµ¤¥ Î¥·¥§ ÉµÎ±Ê D ¶µÉµ±
¸± Î±µ³ ¶¥·¥Ìµ¤¨É ¢ Ê¸Éµ°Î¨¢µ¥ ¸É Í¨µ´ ·´µ¥ ¸µ¸ÉµÖ´¨¥. �¶¨¸ ´´ÊÕ §¤¥¸Ó
Ô¢µ²ÕÍ¨Õ Ô²¥±É·µ´´µ£µ ¶µÉµ±  ´  ¶· ±É¨±¥ ³µ¦´µ µ¸ÊÐ¥¸É¢¨ÉÓ ¶ÊÉ¥³ ³¥¤-



468 „“�ˆ��‚ �. …. ˆ „�.

²¥´´µ£µ ¨§³¥´¥´¨Ö ¶²µÉ´µ¸É¨ ¨´¦¥±É¨·µ¢ ´´µ£µ Éµ±  Ô²¥±É·µ´µ¢ j, ¸±µ·µ¸É¨
Ô²¥±É·µ´µ¢ v0 ¨/¨²¨ Ï¨·¨´Ò Ô±¢¨¶µÉ¥´Í¨ ²Ó´µ£µ ¶·µ³¥¦ÊÉ± .

‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¢ÒÏ¥¸± § ´´Ò³ §´ Î¥´¨¥ ¶²µÉ´µ¸É¨ Ô²¥±É·µ´µ¢ (¶·¨
Ë¨±¸¨·µ¢ ´´ÒÌ v0 ¨ L), ¶·¨ ±µÉµ·µ³ q = 8/9, ³µ¦´µ ´ §¢ ÉÓ ¶¥·¢Ò³ ±·¨É¨-
Î¥¸±¨³ Éµ±µ³ (¨²¨ ¶·¥¤¥²Ó´Ò³ Éµ±µ³),   §´ Î¥´¨¥ ¶·¨ q = 16/9 Å ¢Éµ·Ò³
±·¨É¨Î¥¸±¨³ Éµ±µ³. ˆ ¢ µ¡Ð¥³ ¸²ÊÎ ¥ ¶·µ¨§¢µ²Ó´µ° ¶µ²µ¸É¨ ¶·¨³¥³, ÎÉµ
¶¥·¢Ò° ±·¨É¨Î¥¸±¨° Éµ± ¸µµÉ¢¥É¸É¢Ê¥É minG(v) = 0,   ¢Éµ·µ° Å §´ Î¥´¨Õ,
¢ÒÏ¥ ±µÉµ·µ£µ ¸É Í¨µ´ ·´µ¥ ¸µ¸ÉµÖ´¨¥ ´¥¢µ§³µ¦´µ.

�¥¶µ¸·¥¤¸É¢¥´´Ò³ ¨´É¥£·¨·µ¢ ´¨¥³

∫ L

0

n(z)dz ²¥£±µ ¶µ²ÊÎ¨ÉÓ, ÎÉµ ¢

¸µ¸ÉµÖ´¨¨ D ¶·µ³¥¦ÊÉµ± ¸µ¤¥·¦¨É ¢ É·¨ · §  ¡µ²ÓÏ¥ Ô²¥±É·µ´µ¢, Î¥³ ¢
¸µ¸ÉµÖ´¨¨ B, ¶µÔÉµ³Ê ¸± Îµ± D → B ¸µ¶·µ¢µ¦¤ ¥É¸Ö ¡Ò¸É·Ò³ (§  ¢·¥³Ö
∼ L/v0) ¸¡·µ¸µ³ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤  ¨§ ¶·µ³¥¦ÊÉ± . �Éµ Ö¢²¥´¨¥ ³µ¦´µ
¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö £¥´¥· Í¨¨ ³µÐ´ÒÌ ´ ´µ¸¥±Ê´¤´ÒÌ ¨³¶Ê²Ó¸µ¢ Éµ±  [34, 35],
  É ±¦¥ ¤²Ö ±µ²²¥±É¨¢´µ£µ Ê¸±µ·¥´¨Ö ¶µ²µ¦¨É¥²Ó´ÒÌ ¨µ´µ¢ [36]. Š·µ³¥
Éµ£µ, ¸ ³µ Ö¢²¥´¨¥ £¨¸É¥·¥§¨¸  ³µ¦´µ ¨¸¶µ²Ó§µ¢ ÉÓ ¤²Ö £¥´¥· Í¨¨ ³µÐ´ÒÌ
Ô²¥±É·µ³ £´¨É´ÒÌ ±µ²¥¡ ´¨° ·¥² ±¸ Í¨µ´´µ£µ É¨¶  [37].

�¨¸. 2. ’¥³¶¥· ÉÊ·´ Ö § ¢¨¸¨³µ¸ÉÓ ±·¨É¨Î¥-
¸±¨Ì Éµ±µ¢

‡¤¥¸Ó Ê± ¦¥³, ÎÉµ ¶µ¢¥¤¥´¨¥
Ô²¥±É·µ´´µ£µ ¶µÉµ±  ¢ ¸²ÊÎ ¥ ·¥-
²ÖÉ¨¢¨¸É¸±¨Ì Ô´¥·£¨° ¨²¨ ¢ ¸²Ê-
Î ¥ Ô±¢¨¶µÉ¥´Í¨ ²Ó´µ° ¶µ²µ¸É¨
¨´µ° Ëµ·³Ò ¶·¥¤¸É ¢²Ö¥É¸Ö ± Î¥-
¸É¢¥´´µ  ´ ²µ£¨Î´Ò³, ´µ ÉµÎ´ÒÌ
§´ Î¥´¨° ±·¨É¨Î¥¸±¨Ì Éµ±µ¢ ¶µ²Ê-
Î¨ÉÓ Ê¦¥ ´¥ Ê¤ ¥É¸Ö.

ˆ´É¥·¥¸´µ É ±¦¥ ¶·µ¸²¥¤¨ÉÓ
¢²¨Ö´¨¥ Ô´¥·£¥É¨Î¥¸±µ£µ · §¡·µ¸ 
¢ ¨´¦¥±É¨·Ê¥³µ³ ¶µÉµ±¥ Ô²¥±É·µ-
´µ¢ ´  §´ Î¥´¨Ö ¶ · ³¥É·  q, ¸µµÉ-

¢¥É¸É¢ÊÕÐ¨¥ ±·¨É¨Î¥¸±¨³ Éµ± ³. �É  § ¤ Î  ¨¸¸²¥¤µ¢ ² ¸Ó ¢ · ¡µÉ¥ [38], ¢
±µÉµ·µ° Ê¸É ´µ¢²¥´µ, ÎÉµ ¶·¨ ·µ¸É¥ É¥³¶¥· ÉÊ·Ò ¶ÊÎ±  §´ Î¥´¨Ö ±·¨É¨Î¥-
¸±¨Ì Éµ±µ¢ ¸¡²¨¦ ÕÉ¸Ö ¨ ¶·¨ (T/mv2

0)
1/2 ≈ 0, 2 ¶¥·¥±·Ò¢ ÕÉ¸Ö (¸³. ·¨¸. 2),

ÎÉµ ¢²¥Î¥É §  ¸µ¡µ° ¢Ò·µ¦¤¥´¨¥ £¨¸É¥·¥§¨¸ .

1.3. �¥±µÉµ·Ò¥ £¥µ³¥É·¨Î¥¸±¨¥ ¸¢µ°¸É¢  ·¥Ï¥´¨° § ¤ Î¨ µ ¶·¥¤¥²Ó-
´µ³ Éµ±¥. Š ± ¸²¥¤Ê¥É ¨§ ·¥§Ê²ÓÉ Éµ¢ ¶. 1.2, µ¤´¨³ ¨§ ±·¨É¥·¨¥¢, µ¶·¥¤¥²Ö-
ÕÐ¨Ì · ¡µÉÊ ¶·¨¡µ·µ¢ ¸ ‚Š, Ö¢²Ö¥É¸Ö ¶·¥¤¥²Ó´ Ö ¶²µÉ´µ¸ÉÓ Éµ± . � ¸¸³µ-
É·¨³ § ¤ ÎÊ µ ¶·¥¤¥²Ó´µ³ §´ Î¥´¨¨ ¶²µÉ´µ¸É¨ Éµ±  (¶¥·¢µ¥ ¨ ¢Éµ·µ¥ ±·¨-
É¨Î¥¸±¨¥ §´ Î¥´¨Ö), µ£· ´¨Î¥´´µ° ¶·µ¸É· ´¸É¢¥´´Ò³ § ·Ö¤µ³ ¸ ³µ£µ ¶ÊÎ± ,
¶·µÌµ¤ÖÐ¥£µ ¸±¢µ§Ó Ô±¢¨¶µÉ¥´Í¨ ²Ó´ÊÕ § ³±´ÊÉÊÕ ¶µ²µ¸ÉÓ ¶·µ¨§¢µ²Ó´µ°
Ëµ·³Ò ¢¤µ²Ó ¸¨²µ¢ÒÌ ²¨´¨° ¸¨²Ó´µ£µ µ¤´µ·µ¤´µ£µ ¸É Í¨µ´ ·´µ£µ ³ £´¨É-
´µ£µ ¶µ²Ö. ‡´ ´¨¥ ÔÉ¨Ì ¶·¥¤¥²Ó´ÒÌ §´ Î¥´¨° ´¥µ¡Ìµ¤¨³µ ¤²Ö ¶·µ¥±É¨·µ-
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¢ ´¨Ö É· ´¸¶µ·É¨·µ¢µÎ´ÒÌ É· ±Éµ¢ ¸¨²Ó´µÉµÎ´ÒÌ Ê¸±µ·¨É¥²¥° Ô²¥±É·µ´µ¢,
‘‚—-£¥´¥· Éµ·µ¢ ¸ ‚Š, ±µ²²¥±É¨¢´ÒÌ Ê¸±µ·¨É¥²¥° ¨µ´µ¢ ¨ É. ¤.

„²Ö ÔÉµ° § ¤ Î¨ ¢ ¸²ÊÎ ¥ ´¥·¥²ÖÉ¨¢¨¸É¸±µ£µ ¶ÊÎ±  ¸¨¸É¥³  Ê· ¢´¥´¨°,
¸µ¸ÉµÖÐ Ö ¨§ Ê· ¢´¥´¨Ö �Ê ¸¸µ´  (∆ϕ = 4πen), Ê· ¢´¥´¨Ö, ¢Ò· ¦ ÕÐ¥£µ
§ ±µ´ ¸µÌ· ´¥´¨Ö Ô´¥·£¨¨ ¢ ¤¢¨¦¥´¨¨ µÉ¤¥²Ó´µ£µ Ô²¥±É·µ´  (mv2/2 = eϕ)
¨ ¸µµÉ´µÏ¥´¨Ö ¤²Ö ¶²µÉ´µ¸É¨ Éµ±  (j = env), ¸¢µ¤¨É¸Ö ± § ¤ Î¥ „¨·¨Ì²¥ ¸µ
¸²¥¤ÊÕÐ¨³ Ê· ¢´¥´¨¥³ ¨ Ê¸²µ¢¨¥³ ´  £· ´¨Í¥ dG ¶µ²µ¸É¨ G:

∆(v2) = 8πej/mv, v|dG = v0. (10)

�´ ²µ£¨Î´ Ö § ¤ Î  ¢µ§´¨± ¥É ¨ ¤²Ö ·¥²ÖÉ¨¢¨¸É¸±µ£µ ¸²ÊÎ Ö.
‚ µ¡Ð¥³ ¸²ÊÎ ¥ § ¤ Î  (10) ³µ¦¥É ¡ÒÉÓ ·¥Ï¥´  Î¨¸²¥´´µ, ´ ¶·¨³¥·,

³¥Éµ¤µ³ ¨É¥· Í¨°, ´µ Î¨¸²¥´´µ¥ ·¥Ï¥´¨¥ Ö¢²Ö¥É¸Ö ¤µ¸É ÉµÎ´µ É·Ê¤µ¥³±¨³.
�¤´ ±µ ¨´µ£¤  ´¥ É·¥¡Ê¥É¸Ö ·¥Ï ÉÓ ¢¸Õ § ¤ ÎÊ,   ´¥µ¡Ìµ¤¨³µ, ´ ¶·¨³¥·,

´ °É¨ ²¨ÏÓ £¥µ³¥É·¨Î¥¸±µ¥ ³¥¸Éµ ÉµÎ¥± ¸ ³¨´¨³Ê³µ³ v ¢ ¶µ²µ¸É¨. � °É¨
Ê± § ´´µ¥ £¥µ³¥É·¨Î¥¸±µ¥ ³¥¸Éµ ³µ¦¥É ¶µ³µÎÓ ¸²¥¤ÊÕÐ Ö É¥µ·¥³  ¨ ¥¥ ¸²¥¤-
¸É¢¨Ö [39].

’¥µ·¥³ . �·¨ ¨§³¥´¥´¨¨ µ·¨¥´É Í¨¨ ¶µ²µ¸É¨ µÉ´µ¸¨É¥²Ó´µ ´ ¶· ¢²¥´¨Ö
¸¨²µ¢ÒÌ ²¨´¨° µ¤´µ·µ¤´µ£µ ³ £´¨É´µ£µ ¶µ²Ö ¨ µ¤´µ¢·¥³¥´´µ ¸µ¢¶ ¤ ÕÐ¥£µ
¸ ´¨³ ´ ¶· ¢²¥´¨Ö ¨´¦¥±Í¨¨ ¸¶²µÏ´µ£µ ¨ µ¤´µ·µ¤´µ£µ ¶µ ¶µ¶¥·¥Î´µ³Ê ¸¥-
Î¥´¨Õ ¶ÊÎ±  Ô²¥±É·µ´µ¢ §´ Î¥´¨Ö ±·¨É¨Î¥¸±¨Ì ¶²µÉ´µ¸É¥° Éµ±  (¶¥·¢µ¥ ¨
¢Éµ·µ¥ §´ Î¥´¨Ö) ¨ £¥µ³¥É·¨Î¥¸±µ¥ ³¥¸Éµ ÉµÎ¥±, µ¶·¥¤¥²Ö¥³µ¥ ¢Ò· ¦¥´¨¥³
minG(v), µ¸É ÕÉ¸Ö ´¥¨§³¥´´Ò³¨ (·¨¸. 3).

‘²¥¤¸É¢¨¥ 1. …¸²¨ ¶µ²µ¸ÉÓ ¨³¥¥É Í¥´É·, µ¸Ó ¨²¨ ¶²µ¸±µ¸ÉÓ ¸¨³³¥É·¨¨,
Éµ £¥µ³¥É·¨Î¥¸±µ¥ ³¥¸Éµ ÉµÎ¥± minG(v) É ±¦¥ ¸¨³³¥É·¨Î´µ µÉ´µ¸¨É¥²Ó´µ
ÔÉµ£µ Í¥´É· , ÔÉµ° µ¸¨ ¨²¨ ÔÉµ° ¶²µ¸±µ¸É¨.

‘²¥¤¸É¢¨¥ 2. …¸²¨ ¶µ²µ¸ÉÓ Ê¤µ¢²¥É¢µ·Ö¥É Ê¸²µ¢¨Õ ¸²¥¤¸É¢¨Ö 1 ¨ ± Éµ³Ê
¦¥ Ö¢²Ö¥É¸Ö µ¤´µ¸¢Ö§´µ° (´ ¶·¨³¥·, Ï ·, ±Ê¡ ¨ É. ¶.), Éµ £¥µ³¥É·¨Î¥¸±µ¥ ³¥-
¸Éµ ÉµÎ¥± ²¨¡µ ¸µ¢¶ ¤ ¥É ¸ ¶²µ¸±µ¸ÉÓÕ (¨²¨ µ¸ÓÕ, ¨²¨ Í¥´É·µ³) ¸¨³³¥É·¨¨,
²¨¡µ ²¥¦¨É ´  ÔÉµ° ¶²µ¸±µ¸É¨ (¨²¨ µ¸¨) ¸¨³³¥É·¨¨.

�¨¸. 3. ˆ²²Õ¸É· Í¨Ö ± É¥µ·¥³¥
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„µ± § É¥²Ó¸É¢µ É¥µ·¥³Ò ´¥¶µ¸·¥¤¸É¢¥´´µ ¸²¥¤Ê¥É ¨§ ¢Ò¢µ¤  Ê· ¢´¥´¨Ö
¤²Ö § ¤ Î¨ „¨·¨Ì²¥ (10), ¶µÉµ³Ê ÎÉµ ¢ ´¥³ µÉ¸ÊÉ¸É¢Ê¥É ± ± Ö-²¨¡µ ¨´Ëµ·³ -
Í¨Ö µ¡ µ·¨¥´É Í¨¨ ¶µ²µ¸É¨ µÉ´µ¸¨É¥²Ó´µ ¸¨²µ¢ÒÌ ²¨´¨° ³ £´¨É´µ£µ ¶µ²Ö ¨
´ ¶· ¢²¥´¨Ö ¨´¦¥±Í¨¨. ‚ ¸¶· ¢¥¤²¨¢µ¸É¨ ¸²¥¤¸É¢¨° É ±¦¥ ²¥£±µ Ê¡¥¤¨ÉÓ¸Ö.

�µ²Ó§ÊÖ¸Ó ¸²¥¤¸É¢¨Ö³¨ 1 ¨ 2, ³µ¦´µ ²¥£±µ µ¶·¥¤¥²¨ÉÓ, ÎÉµ £¥µ³¥É·¨Î¥-
¸±µ¥ ³¥¸Éµ ÉµÎ¥± minG(v) ¢ Ï ·¥ ¨ ±Ê¡¥ ¸µ¢¶ ¤ ¥É ¸ ¨Ì Í¥´É·µ³, ¢ ¡¥¸±µ-
´¥Î´µ³ ±·Ê£µ¢µ³ Í¨²¨´¤·¥ ¸µ¢¶ ¤ ¥É ¸ ¥£µ µ¸ÓÕ, ¢ ±·Ê£µ¢µ³ Éµ·¥ ²¥¦¨É ¢
¶²µ¸±µ¸É¨ ¥£µ ¸¨³³¥É·¨¨,   ¢ ¡¥¸±µ´¥Î´µ³ ¶²µ¸±µ¶ · ²²¥²Ó´µ³ ¶·µ³¥¦ÊÉ±¥
¸µ¢¶ ¤ ¥É ¸ ¥£µ ¸·¥¤¨´´µ° ¶²µ¸±µ¸ÉÓÕ ¨ É. ¤. ‡ ³¥É¨³, ÎÉµ Éµ¶µ²µ£¨Î¥¸± Ö
· §³¥·´µ¸ÉÓ £¥µ³¥É·¨Î¥¸±¨Ì ³¥¸É ÉµÎ¥± minG(v) ¢µ ¢¸¥Ì ¶·¨³¥· Ì · §²¨Î´ 
¨ µ¶·¥¤¥²Ö¥É¸Ö · §³¥·´µ¸ÉÓÕ § ¤ Î¨ ¨ £¥µ³¥É·¨¥° ¶µ²µ¸É¨.

Š·µ³¥ Éµ£µ, ¸ ¶µ³µÐÓÕ ¸²¥¤¸É¢¨° ³µ¦´µ ¤µ¸É ÉµÎ´µ ²¥£±µ ¶µ²ÊÎ¨ÉÓ §´ -
Î¥´¨¥ ¶¥·¢µ° ±·¨É¨Î¥¸±µ° ¶²µÉ´µ¸É¨ Éµ± , ´ ¶·¨³¥·, ¢ ¶²µ¸±µ¶ · ²²¥²Ó´µ°
±µ´Ë¨£Ê· Í¨¨ ¶µ²µ¸É¨. „¥°¸É¢¨É¥²Ó´µ, ¶²µ¸±µ¸ÉÓ v = minG(v) ¸¨³³¥É·¨Î´µ
· §¡¨¢ ¥É ¶µ²µ¸ÉÓ ´  ¤¢¥ Î ¸É¨, ¶·¨Î¥³ ¶·¨ minG(v) = 0 µ¡¥ Î ¸É¨ ¶·¥¤¸É -
¢¨³Ò ¢ ¢¨¤¥ ¶²µ¸±¨Ì ¤¨µ¤µ¢ — °²Ó¤ Ä‹¥´£³Õ· . ˆ¸¶µ²Ó§ÊÖ § ±µ´ — °²Ó¤ Ä
‹¥´£³Õ·  (§ ±µ´ ®3/2¯), ²¥£±µ ¶µ²ÊÎ¨ÉÓ ¶¥·¢µ¥ §´ Î¥´¨¥ ¶·¥¤¥²Ó´µ° ¶²µÉ´µ-
¸É¨ Éµ±  ¤²Ö ¶²µ¸±µ£µ Ô±¢¨¶µÉ¥´Í¨ ²Ó´µ£µ ¶·µ³¥¦ÊÉ± :

j1 = 4j—‹ =
√

2
9π

(e/m)1/2ϕ3/2

(L/2)2
, (11)

ÎÉµ ¢ ÉµÎ´µ¸É¨ ¸µµÉ¢¥É¸É¢Ê¥É q = 8/9.
‘²¥¤Ê¥É É ±¦¥ µÉ³¥É¨ÉÓ, ÎÉµ ¶·¨ µ¶·¥¤¥²¥´´ÒÌ Ê¸²µ¢¨ÖÌ ¢ Ô²¥±É·µ´´ÒÌ

¤¨µ¤ Ì, ¶µ³¥Ð¥´´ÒÌ ¢ ³ £´¨É´µ¥ ¶µ²¥, ¸¨²µ¢Ò¥ ²¨´¨¨ ±µÉµ·µ£µ ´ ¶· ¢²¥´Ò
¶µ¤ Ê£²µ³ ± ´ ¶· ¢²¥´¨Õ ¨´¦¥±Í¨¨, ³µ¦¥É Ëµ·³¨·µ¢ ÉÓ¸Ö Ô²¥±É·µ´´Ò° ¶Ê-
Îµ± ¸ ¤µ±·¨É¨Î¥¸±¨³ Éµ±µ³ ¨ µ¤´µ¢·¥³¥´´µ ´¥¸±µ²Ó±¨³¨ ³¨´¨³Ê³ ³¨ ¸±µ-
·µ¸É¨ [40]. ˆ§³¥´¥´¨¥ ´ ¶· ¢²¥´¨Ö ³ £´¨É´µ£µ ¶µ²Ö ¶·¨ ÔÉ¨Ì Ê¸²µ¢¨ÖÌ ¶·¨-
¢µ¤¨É ± ¢µ§´¨±´µ¢¥´¨Õ µ¡² ¸É¥° ¸ minG(v) ¨ ± Î¥¸É¢¥´´µ ³¥´Ö¥É ¸É·Ê±ÉÊ·Ê
¶ÊÎ± .

1.4. „¨´ ³¨±  Ëµ·³¨·µ¢ ´¨Ö ‚Š ¶·¨ ¨´¦¥±Í¨¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ± 
¢ ¶µ²Ê¶·µ¸É· ´¸É¢µ. � ¸¸³µÉ·¨³ ¶·µÍ¥¸¸ ¨´¦¥±Í¨¨ ³µ´µÔ´¥·£¥É¨Î¥¸±µ£µ
¶ÊÎ±  Ô²¥±É·µ´µ¢ ¢ ¶µ²Ê¶·µ¸É· ´¸É¢µ, µ£· ´¨Î¥´´µ¥ ³¥É ²²¨Î¥¸±µ° ¶²µ¸-
±µ¸ÉÓÕ z = 0. �·¨ ÔÉµ³ ´¥¢ ¦´µ, ¨´¦¥±É¨·ÊÕÉ¸Ö ²¨ Ô²¥±É·µ´Ò ¸±¢µ§Ó
¶·µ§· Î´ÊÕ ¤²Ö ´¨Ì ³¥É ²²¨Î¥¸±ÊÕ ¸¥É±Ê ¨²¨ Ëµ²Ó£Ê (¢ ÔÉµ³ ¸²ÊÎ ¥ ´  ¸¥É±¥
¨´¤ÊÍ¨·Ê¥É¸Ö ¶µ²µ¦¨É¥²Ó´Ò° § ·Ö¤ ¨§µ¡· ¦¥´¨Ö) ¨²¨ Ô²¥±É·µ´Ò ¶µ¶ ¤ ÕÉ
¢ ¶µ²Ê¶·µ¸É· ´¸É¢µ ¶ÊÉ¥³ ¨Ì ¢Ò¡¨¢ ´¨Ö ¸ ¶µ¢¥·Ì´µ¸É¨, ´ ¶·¨³¥·, ¨´É¥´-
¸¨¢´Ò³ ¶µÉµ±µ³ γ-±¢ ´Éµ¢ (¶·¨ ÔÉµ³ ´  ¶µ¢¥·Ì´µ¸É¨ ËµÉµÔ³¨ÉÉ¥·  µ¸É ¥É¸Ö
´¥¸±µ³¶¥´¸¨·µ¢ ´´Ò° § ·Ö¤ ¶µ²µ¦¨É¥²Ó´ÒÌ ¨µ´µ¢). ‚ ± ¦¤Ò° ³µ³¥´É ¢·¥-
³¥´¨ ¢ µ¡µ¨Ì ¸²ÊÎ ÖÌ ¶µ²µ¦¨É¥²Ó´Ò° § ·Ö¤ ¢ ÉµÎ´µ¸É¨ · ¢¥´ ¶µ²´µ³Ê § ·Ö¤Ê
¶ÊÎ±  Ô²¥±É·µ´µ¢. ˆ£´µ·¨·µ¢ ´¨¥ ÔÉµ£µ ¶µ²µ¦¨É¥²Ó´µ£µ § ·Ö¤ , ± ± ÔÉµ ¸¤¥-
² ´µ, ´ ¶·¨³¥·, ¢ [41], ¶·¨¢µ¤¨É ± ·¥Ï¥´¨Õ ´¥Ë¨§¨Î¥¸±¨Ì § ¤ Î.
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�Ê¸ÉÓ ¢ ³µ³¥´É ¢·¥³¥´¨ t = 0 ¸ ¶µ¢¥·Ì´µ¸É¨ z = 0 Ô²¥±É·µ´Ò Ô³¨É¨·Ê-
ÕÉ¸Ö ¸ ¶²µÉ´µ¸ÉÓÕ N [¸³−2 · c−1] = N(t). Š ³µ³¥´ÉÊ ¢·¥³¥´¨ t µ¡· §Ê¥É¸Ö
¶·µ¸É· ´¸É¢¥´´Ò° § ·Ö¤ Ô²¥±É·µ´µ¢ ´  ¥¤¨´¨ÍÊ ¶µ¢¥·Ì´µ¸É¨

Q = −e

t∫
0

N(τ)dτ (12)

¨ ¶µ²µ¦¨É¥²Ó´Ò° ¶µ¢¥·Ì´µ¸É´Ò° § ·Ö¤ ¢¥²¨Î¨´Ò |Q|. �µÔÉµ³Ê, ¸µ£² ¸´µ [42Ä
44], ´  Ô²¥±É·µ´Ò ¢ ¨´É¥·¢ ²¥ ¨´¦¥±Í¨¨ µÉ τ ¤µ τ + dτ ¤¥°¸É¢Ê¥É ¶µ²¥ E(τ),
¢¥²¨Î¨´  ±µÉµ·µ£µ µ¶·¥¤¥²Ö¥É¸Ö Éµ²Ó±µ § ·Ö¤µ³ Ô²¥±É·µ´µ¢, ¨¸¶ÊÐ¥´´ÒÌ · -
´¥¥. �µÔÉµ³Ê

E(τ) = 4πe

τ∫
0

N(τ)dτ. (13)

‘µµÉ´µÏ¥´¨¥ (13) ¸¶· ¢¥¤²¨¢µ Éµ²Ó±µ ¤µ Éµ£µ ³µ³¥´É , ¶µ±  ± ±µ°-²¨¡µ
¸²µ° Ô²¥±É·µ´µ¢ ´¥ µ¡£µ´¨É ¸²µ°, ¨´¦¥±É¨·µ¢ ´´Ò° · ´¥¥; ´¨¦¥ ³Ò ´ °¤¥³
ÉµÎ´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö ÔÉµ£µ ³µ³¥´É  ¢·¥³¥´¨. ‚ Î ¸É´µ³ ¸²ÊÎ ¥ ¶·Ö³µÊ£µ²Ó-
´µ£µ ¨³¶Ê²Ó¸  ¸ ¶²µÉ´µ¸ÉÓÕ N(t) = N0Θ(t), £¤¥ Θ(t) Å ¥¤¨´¨Î´ Ö ËÊ´±Í¨Ö
•¥¢¨¸ °¤ , ¶µ²ÊÎ¨³ E(τ) = 4πeN0τ .

’µ£¤  Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö Ô²¥±É·µ´µ¢ ¢ ¶¥·¥³¥´´ÒÌ ‹ £· ´¦  (t, τ) § -
¶¨Ï¥É¸Ö ¢ ¢¨¤¥

∂2

∂t2
z(t, τ) = − e

m
E(τ) = −τ (14)

¸ ´ Î ²Ó´Ò³¨ Ê¸²µ¢¨Ö³¨

z(τ, τ) = 0, ż(τ, τ) = v0. (15)

‡¤¥¸Ó ¡Ò²  ¢¢¥¤¥´  ¸²¥¤ÊÕÐ Ö ´µ·³¨·µ¢± : ¢·¥³¥´´Ò¥ ¶¥·¥³¥´´Ò¥ ´µ·-
³¨·ÊÕÉ¸Ö ´  τ ′ = mv0/4πe2N0, ¤²¨´  Å ´  v0τ

′, ¸±µ·µ¸ÉÓ Å ´  v0, ¶²µÉ-
´µ¸ÉÓ Ô²¥±É·µ´µ¢ Å ´  N0, Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥ Å ´  mv0/eτ ′, ¶µÉ¥´Í¨ ² Å
´  mv2

0/e ¨ É. ¤. ‡ ¤ Î  (14), (15) ²¥£±µ ·¥Ï ¥É¸Ö, ¥¥ ·¥Ï¥´¨¥ ¥¸ÉÓ

v(t, τ) = 1 + τ2 − tτ, (16)

z(t, τ) = t − τ + tτ2 − t2τ/2 − τ3/2. (17)

� ¸¶·¥¤¥²¥´¨Ö ¸±µ·µ¸É¨ v(z) ¨ ±µ´Í¥´É· Í¨¨ Ô²¥±É·µ´µ¢ n(z), ¶µ²ÊÎ¥´-
´Ò¥ ¨§ (16) ¨ (17), ¶µ± § ´Ò ´  ·¨¸. 4,  , ¡; É· ¥±Éµ·¨¨ Ô²¥±É·µ´µ¢ ¢ ¶²µ¸±µ¸É¨
(z, t) Å ´  ·¨¸. 5.
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�¨¸. 4. Œ£´µ¢¥´´Ò¥ ¶·µË¨²¨ · ¸¶·¥¤¥²¥´¨° ¸±µ·µ¸É¨ ( ) ¨ ±µ´Í¥´É· Í¨¨ (¡) ¶·¨
¨´¦¥±Í¨¨ ¶ÊÎ±  ¢ ¶µ²Ê¶·µ¸É· ´¸É¢µ; 1 Å t = 1; 2 Å t = 1, 5

�¨¸. 5. ’· ¥±Éµ·¨¨ Ô²¥±É·µ´µ¢ ¢ ¶²µ¸±µ¸É¨
(z, t) ¶·¨ ¤²¨É¥²Ó´µ° ¨´¦¥±Í¨¨ ¶ÊÎ±  ¢ ¶µ-
²Ê¶·µ¸É· ´¸É¢µ

‚·¥³Ö · §¢µ·µÉ  tr · §²¨Î´ÒÌ
¸²µ¥¢ Ô²¥±É·µ´µ¢ (v = 0) µ¶·¥¤¥-
²Ö¥É¸Ö ¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

tr = τ +
1
τ
, (18)

  ¢·¥³Ö ¢µ§¢· Ð¥´¨Ö tp Ô²¥±É·µ´µ¢
´  ¶²µ¸±µ¸ÉÓ ³µ¦´µ µ¶·¥¤¥²¨ÉÓ ¨§
Ê· ¢´¥´¨Ö z(tp, τ) = 0 (¸³. (17)).
�Éµ Ê· ¢´¥´¨¥ ¨³¥¥É ¤¢  ±µ·´Ö:

tp = τ, tp = τ +
2
τ

. (19)

�¥·¢Ò° ±µ·¥´Ó ¸µµÉ¢¥É¸É¢Ê¥É ¨´¦¥±Í¨¨ Ô²¥±É·µ´µ¢,   ¢Éµ·µ° Å ¢µ§¢· -
Ð¥´¨Õ Ô²¥±É·µ´µ¢ ´  ¶²µ¸±µ¸ÉÓ z = 0.

� °¤¥³ ³µ³¥´É ¢·¥³¥´¨, ±µ£¤  ´ ·ÊÏ ¥É¸Ö µ¤´µ§´ Î´µ¸ÉÓ ¸±µ·µ¸É¨ ¢
¶µÉµ±¥ Ô²¥±É·µ´µ¢, Éµ ¥¸ÉÓ ±µ£¤  ¶¥·¥¸É ¥É ¢Ò¶µ²´ÖÉÓ¸Ö · ¢¥´¸É¢µ (13). ‚
µ¡² ¸É¨ µ¤´µ§´ Î´µ¸É¨ ¨³¥¥³

∂

∂τ
z(t, τ) < 0. (20)

�Éµ Ê¸²µ¢¨¥ ¢Ò¶µ²´Ö¥É¸Ö ¶·¨

tm < τ

(
2 −

√
1 − 2

τ2

)
¨ tm > τ

(
2 +

√
1 − 2

τ2

)
. (21)

‚Ò· ¦¥´¨Ö (18), (19) ¨ (21) µ¶·¥¤¥²ÖÕÉ £· ´¨ÍÒ ¸µ¸ÉµÖ´¨° Ô²¥±É·µ´´µ£µ
¶µÉµ±  ¢ ¶²µ¸±µ¸É¨ (t, τ), ¶µ± § ´´µ° ´  ·¨¸. 6.
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�¨¸. 6. (t, τ )-¤¨ £· ³³  ¸µ¸ÉµÖ´¨° ¶ÊÎ± 
¶·¨ ¥£µ ¨´¦¥±Í¨¨ ¢ ¶µ²Ê¶·µ¸É· ´¸É¢µ

�·¥¤¸É ¢²Ö¥É É ±¦¥ ¨´É¥·¥¸ ¨¸-
¸²¥¤µ¢ ÉÓ ¤¨´ ³¨±Ê ¨´¦¥±Í¨¨ Ô²¥±-
É·µ´µ¢ ¢ ¶µ²Ê¶·µ¸É· ´¸É¢µ ¶·¨ ´ ²¨-
Î¨¨ Ô´¥·£¥É¨Î¥¸±µ£µ · §¡·µ¸  ¢ ¨´-
¦¥±É¨·µ¢ ´´µ³ ¶µÉµ±¥. �Ê¸ÉÓ ¢ ³µ-
³¥´É ¢·¥³¥´¨ t = 0 ¸ ¶µ¢¥·Ì´µ-
¸É¨ z = 0 ¨´¦¥±É¨·ÊÕÉ¸Ö (¨²¨ Ô³¨-
É¨·ÊÕÉ¸Ö) Ô²¥±É·µ´Ò ¸ ¶²µÉ´µ¸ÉÓÕ
N (¸³−2) ¨ ËÊ´±Í¨¥° · ¸¶·¥¤¥²¥´¨Ö
Ô²¥±É·µ´µ¢ f(W0) ¶µ ¢¥²¨Î¨´¥ W0 =
mv2/2, ´µ·³¨·µ¢ ´´µ° ´  N :

∞∫
0

f(W0) dW0 = N. (22)

‘Ê³³ ·´Ò° Ô²¥±É·¨Î¥¸±¨° § ·Ö¤
´  ¥¤¨´¨ÍÊ ¶µ¢¥·Ì´µ¸É¨ ÔÉ¨Ì Ô²¥±-
É·µ´µ¢ · ¢¥´ Q = −eN ,   ´ 
¶µ¢¥·Ì´µ¸É¨ µ¸É ²¸Ö ¶µ²µ¦¨É¥²Ó´Ò°
§ ·Ö¤ |Q|. �¶·¥¤¥²¨³ Ô²¥±É·¨Î¥¸±µ¥ ¶µ²¥, ¤¥°¸É¢ÊÕÐ¥¥ ´  Ô²¥±É·µ´Ò ¸ Ô´¥·-
£¨¥° W0:

E(W0) = 4πe

∞∫
W0

f(W )dW. (23)

‡ ±µ´ ¤¢¨¦¥´¨Ö Ô²¥±É·µ´µ¢ ¢ ¶µ²¥ (23) µ¶·¥¤¥²¨É¸Ö ¸µµÉ´µÏ¥´¨Ö³¨

v(W0, t) =

√
2W0

m
− eE(W0)

m
t, (24)

z(W0, t) =

√
2W0

m
t − eE(W0)

2m
t2. (25)

‚ Î ¸É´µ³ ¸²ÊÎ ¥ · ¢´µ³¥·´µ£µ ´  µÉ·¥§±¥ {W0 min; W0max} · ¸¶·¥¤¥²¥-
´¨Ö ¸µµÉ´µÏ¥´¨Ö (24) ¨ (25) ³µ¦´µ ¶¥·¥¶¨¸ ÉÓ ¢ ¢¨¤¥

v(W0, t) =

√
2W0

m
− 4πe2N

m

W0 max − W0

W0 max − W0 min
t, (26)

z(W0, t) =

√
2W0

m
t − 2πe2N

m

W0max − W0

W0 max − W0 min
t2. (27)

’· ¥±Éµ·¨¨ Ô²¥±É·µ´µ¢ ¢ ¶²µ¸±µ¸É¨ (z, t), · ¸¸Î¨É ´´Ò¥ ¶µ (26) ¨ (27)
¤²Ö W0 max = 150 ±Ô‚ ¨ W0 min = 50 ±Ô‚, ¶µ± § ´Ò ´  ·¨¸. 7.
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‚·¥³¥´  · §¢µ·µÉ  Ô²¥±É·µ´µ¢ tr ¨ ¢µ§¢· Ð¥´¨Ö ¨Ì ´  Ô³¨ÉÉ¥· tp § ¶¨-
¸Ò¢ ÕÉ¸Ö ¢ ÔÉµ³ ¸²ÊÎ ¥ ¢ ¢¨¤¥

tr(W0) =

√
2W0

m

m

4πe2N

W0 max − W0 min

W0 max − W0
, tp = 2tr. (28)

�¨¸. 7. ’· ¥±Éµ·¨¨ Ô²¥±É·µ´µ¢ ¢ ¶²µ¸-
±µ¸É¨ (z, t) ¶·¨ ³£´µ¢¥´´µ° ¨´¦¥±Í¨¨
¶ÊÎ±  ¢ ¶µ²Ê¶·µ¸É· ´¸É¢µ

‡ ³¥É¨³, ÎÉµ ¢ · ¸¸³ É·¨¢ ¥³µ³
¸²ÊÎ ¥ ³£´µ¢¥´´µ° Ô³¨¸¸¨¨ ³´µ£µ-
§´ Î´µ¸É¨ ¸±µ·µ¸É¨ ´¥ ¢µ§´¨± ¥É, É ±
± ± ¢¸¥£¤  ∂z/∂W0 > 0.

�¥µ¡Ìµ¤¨³µ É ±¦¥ µÉ³¥É¨ÉÓ, ÎÉµ
¢ · ¸¸³µÉ·¥´´ÒÌ ¢ ¤ ´´µ³ · §¤¥²¥
³µ¤¥²ÖÌ ¨´¦¥±Í¨¨ Ô²¥±É·µ´µ¢ ¢ ¶µ-
²Ê¶·µ¸É· ´¸É¢µ ¶·µ²¥É´Ò¥ Ô²¥±É·µ´Ò
µÉ¸ÊÉ¸É¢ÊÕÉ, É ± ± ± ¢¸¥ µ´¨ · ´µ ¨²¨
¶µ§¤´µ Ê¶ ¤ÊÉ ´  ¶²µ¸±µ¸ÉÓ ¨´¦¥±-
Í¨¨. � ¸¸³µÉ·¥´´Ò¥ ¢ ÔÉµ³ · §¤¥²¥
³µ¤¥²¨ µ¶Ê¡²¨±µ¢ ´Ò ¢ · ¡µÉ¥ [45].

1.5. „¨´ ³¨±  Ëµ·³¨·µ¢ ´¨Ö ‚Š ¶·¨ ¨´¦¥±Í¨¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ± 
¢ ¶²µ¸±¨° Ô±¢¨¶µÉ¥´Í¨ ²Ó´Ò° ¶·µ³¥¦ÊÉµ±. � ¸¸³µÉ·¨³ É¥¶¥·Ó ¤¨´ ³¨±Ê
Ô²¥±É·µ´´µ£µ ¶µÉµ±  ¢ ¶²µ¸±µ³ Ô±¢¨¶µÉ¥´Í¨ ²Ó´µ³ ¶·µ³¥¦ÊÉ±¥. �É³¥É¨³,
ÎÉµ ¤¨´ ³¨±  Ô²¥±É·µ´´µ£µ ¶µÉµ±  ¢ ¶²µ¸±µ³ Ô±¢¨¶µÉ¥´Í¨ ²Ó´µ³ ¶·µ³¥-
¦ÊÉ±¥ ¸ÊÐ¥¸É¢¥´´µ µÉ²¨Î ¥É¸Ö µÉ · ¸¸³µÉ·¥´´µ° ¢ ¶·¥¤Ò¤ÊÐ¥³ · §¤¥²¥ ¤¨-
´ ³¨±¨ ¶µÉµ±  ¶·¨ ¥£µ ¨´¦¥±Í¨¨ ¢ ¶µ²Ê¶·µ¸É· ´¸É¢µ: µ¸´µ¢´µ¥ µÉ²¨Î¨¥ ¸µ-
¸Éµ¨É ¢ ´ ²¨Î¨¨ ¶·µ²¥É´ÒÌ Ô²¥±É·µ´µ¢, µ´µ µ¡Ê¸²µ¢²¥´µ ´ ¢¥¤¥´´Ò³ ´  Ô²¥±-
É·µ¤¥ (±µ²²¥±Éµ·¥) ¶µ²µ¦¨É¥²Ó´Ò³ § ·Ö¤µ³. „²Ö ¨§ÊÎ¥´¨Ö ´ Î ²Ó´µ° ¸É ¤¨¨
Ëµ·³¨·µ¢ ´¨Ö ‚Š ¢ ¶²µ¸±µ³ Ô±¢¨¶µÉ¥´Í¨ ²Ó´µ³ ¶·µ³¥¦ÊÉ±¥ ¡Ò²  · §· ¡µ-
É ´  ¸²¥¤ÊÕÐ Ö ³µ¤¥²Ó ¸ ³µ¸µ£² ¸µ¢ ´´µ° ¤¨´ ³¨±¨ Ô²¥±É·µ´´µ£µ ¶µÉµ± ,
±µÉµ· Ö ¢ µÉ²¨Î¨¥ µÉ ¶·¥¤Ò¤ÊÐ¨Ì ³µ¤¥²¥° ¶. 1.4 ¶µ§¢µ²Ö¥É ¨¸¸²¥¤µ¢ ÉÓ ¶·µ-
Í¥¸¸ ¨ ´¥±µÉµ·µ¥ ¢·¥³Ö ¶µ¸²¥ ¶µÖ¢²¥´¨Ö ³´µ£µ§´ Î´µ¸É¨ ¸±µ·µ¸É¨.

� ¸¸³µÉ·¨³ ¨´¦¥±Í¨Õ Ô²¥±É·µ´µ¢ ¸±¢µ§Ó Éµ´±ÊÕ ¶·µ¢µ¤ÖÐÊÕ Ëµ²Ó£Ê
(¨²¨ ¸¥É±Ê) ¢ ¶²µ¸±¨° Ô±¢¨¶µÉ¥´Í¨ ²Ó´Ò° ¶·µ³¥¦ÊÉµ±. ˜¨·¨´Ê ¶·µ³¥¦ÊÉ± 
¡Ê¤¥³ ¸Î¨É ÉÓ ±µ´¥Î´µ°, ´µ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ° ¤²Ö Éµ£µ, ÎÉµ¡Ò §  ¢¸¥ ¢·¥³Ö
¨´¦¥±Í¨¨ £µ²µ¢´Ò¥ Ô²¥±É·µ´Ò ¶µÉµ±  ´¥ ¤µ¸É¨£ ²¨ ¶·µÉ¨¢µ¶µ²µ¦´µ° ¶·µ-
¢µ¤ÖÐ¥° ¶µ¢¥·Ì´µ¸É¨. �¨¦¥ ³Ò ÊÉµÎ´¨³ ÔÉµ Ê¸²µ¢¨¥.

�Ê¸ÉÓ ¢ ³µ³¥´É ¢·¥³¥´¨ t = 0 ¨´¦¥±Í¨Ö ´ Î¨´ ¥É¸Ö ¨ ¶·µ¨¸Ìµ¤¨É ¢
¸¨²Ó´µ³ ¢¥¤ÊÐ¥³ ³ £´¨É´µ³ ¶µ²¥, ¶·¨ ÔÉµ³ ¶²µÉ´µ¸ÉÓ ¨´¦¥±É¨·Ê¥³ÒÌ Ô²¥±-
É·µ´µ¢ n, ¨Ì ¸±µ·µ¸ÉÓ v. ‡ ¶¨Ï¥³ Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö Ô²¥±É·µ´µ¢ ¢ ¶µÉµ±¥,
Ê· ¢´¥´¨¥ ´¥¶·¥·Ò¢´µ¸É¨,   É ±¦¥ Ê· ¢´¥´¨¥ ¤²Ö ´ Ìµ¦¤¥´¨Ö Ô²¥±É·¨Î¥¸±µ£µ
¶µ²Ö (¢¸¥ Ê· ¢´¥´¨Ö ¢ ² £· ´¦¥¢ÒÌ ¶¥·¥³¥´´ÒÌ):

∂v(t, τ)
∂t

= − e

m
E(t, τ), (29)
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∂n(t, τ)
∂t

+
∂

∂z(t, τ)
[n(t, τ)v(t, τ)] = 0, (30)

∂E(t, τ)
∂t

= −4πen(t, τ), (31)

£¤¥ τ Å ³µ³¥´É ¨´¦¥±Í¨¨ µÎ¥·¥¤´µ£µ ¸²µÖ Ô²¥±É·µ´µ¢. ˆ¸±²ÕÎ Ö ¨§ Ê· ¢-
´¥´¨° n(t, τ) ¨ E(t, τ) ¨ ¨¸¶µ²Ó§ÊÖ ∂/∂z = v−1∂/∂t, ¶µ²ÊÎ¨³ µ¸´µ¢´µ¥ ³µ-
¤¥²Ó´µ¥ Ê· ¢´¥´¨¥

2v
...
v − v̇v̈ = 0. (32)

�Éµ Ê· ¢´¥´¨¥ ¸µ¢³¥¸É´µ ¸ Ê¸²µ¢¨Ö³¨ ´  ¶²µ¸±µ¸É¨ ¨´¦¥±Í¨¨

v(t, τ)|t=τ = v0, (33)

v̇(t, τ)|t=τ = −ω2
pv0τ, (34)

v̈(t, τ)|t=τ = ω2
pv0 (35)

µ¡· §ÊeÉ § ¤ ÎÊ ŠµÏ¨. ‡ ¤ Î  ²¥£±µ ¨´É¥£·¨·Ê¥É¸Ö ¢ ±¢ ¤· ÉÊ· Ì, ¨ ¥¥ ¨´É¥-
£· ² ³µ¦´µ § ¶¨¸ ÉÓ ¢ ¢¨¤¥

ξ̇ = − 2√
3
ωp

√
|ξ|3/2 sign ξ +

3
4
ω2

pτ2 − 1, ξ = v/v0. (36)

�·¥¦¤¥ Î¥³ ¶·¨¸ÉÊ¶¨ÉÓ ±  ´ ²¨§Ê ¤¨´ ³¨±¨ Ô²¥±É·µ´´µ£µ ¶µÉµ± , ¨¸-
¶µ²Ó§ÊÖ ¶µ²ÊÎ¥´´Ò° ¨´É¥£· ² (36), Ê¸É ´µ¢¨³ É¥ ¢·¥³¥´´Ò¥ · ³±¨, ¢ ±µÉµ·ÒÌ
¤ ´´ Ö ³µ¤¥²Ó ¥Ð¥ ¸¶· ¢¥¤²¨¢ . ‚ µÉ²¨Î¨¥ µÉ ³µ¤¥²¥° ¶. 1.4, £¤¥ ¨¸¶µ²Ó§Ê-
ÕÉ¸Ö ¸¶¥Í¨ ²Ó´Ò¥ ¢Ò· ¦¥´¨Ö ¤²Ö Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö (13) ¨ (23), ¸¶· ¢¥¤²¨-
¢Ò¥ ²¨ÏÓ ¤µ ´ Î ²  ¶µÖ¢²¥´¨Ö ³´µ£µ§´ Î´µ¸É¨ ¸±µ·µ¸É¨ ¶µÉµ±  Ô²¥±É·µ´µ¢,
Éµ ¥¸ÉÓ ¤µ ´ Î ²  § ·µ¦¤¥´¨Ö ‚Š, · ¸¸³µÉ·¥´´ Ö ³µ¤¥²Ó ¸ ³µ¸µ£² ¸µ¢ ´´µ
¸ Ê· ¢´¥´¨Ö³¨ ¤²Ö Ô²¥±É·µ´´µ£µ ¶µÉµ±  µ¶·¥¤¥²Ö¥É¸Ö Ê· ¢´¥´¨¥³ ¤²Ö ¶µ²Ö
(31). �Éµ ¤ ¥É ¢µ§³µ¦´µ¸ÉÓ · ¸Ï¨·¨ÉÓ ¢·¥³¥´´Ò¥ · ³±¨ ¶·¨¢¥¤¥´´µ° ³µ¤¥²¨
¶µ ¸· ¢´¥´¨Õ ¸ ³µ¤¥²Ö³¨ ¶. 1.4.

� ¸¸³µÉ·¨³ ¸²ÊÎ °, ±µ£¤  Ï¨·¨´  ¶·µ³¥¦ÊÉ±  ¤µ¸É ÉµÎ´µ ¢¥²¨± , ÎÉµ¡Ò
µÉ· ¦¥´´Ò¥ µÉ ‚Š Ô²¥±É·µ´Ò ´ Î ²¨ ¶ ¤ ÉÓ ´  ¶²µ¸±µ¸ÉÓ ¨´¦¥±Í¨¨ · ´ÓÏ¥,
Î¥³ ¶·µ²¥É´Ò¥ Ô²¥±É·µ´Ò ¤µ¸É¨£´ÊÉ ¶·µÉ¨¢µ¶µ²µ¦´µ£µ Ô²¥±É·µ¤ . ‚ ÔÉµ³
¸²ÊÎ ¥ ³µ³¥´É ´ Î ²  ¶ ¤¥´¨Ö Ô²¥±É·µ´µ¢ µ¶·¥¤¥²¨É ³µ³¥´É ¢·¥³¥´¨, ±µ£¤ 
³µ¤¥²Ó ¶¥·¥¸É ¥É ¶· ¢¨²Ó´µ µ¶¨¸Ò¢ ÉÓ ¤¨´ ³¨±Ê ¶µÉµ±  ¨§-§  ´¥¢µ§³µ¦´µ¸É¨
ÊÎ¥¸ÉÓ ÊÌµ¤ Ô²¥±É·µ´µ¢ ¨§ ¶·µ³¥¦ÊÉ±  ¢ £· ´¨Î´ÒÌ Ê¸²µ¢¨ÖÌ (34) ¨ (35). �ÉµÉ
³µ³¥´É ³µ¦´µ µ¶·¥¤¥²¨ÉÓ, ¶·¨· ¢´¨¢ Ö dv/dt ± ´Ê²Õ,   ¸±µ·µ¸ÉÓ v Å ± v0.
�Éµ ¤ ¥É

tp = τp

√
3

ωp

1∫
0

dξ√
ξ3/2 + 1

¶·¨ τp =

√
2
3

2
ωp

. (37)
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—¨¸²¥´´Ò¥ µÍ¥´±¨ ÔÉ¨Ì ³µ³¥´Éµ¢ ¢·¥³¥´¨:

tp ≈ 3, 10ω−1
p , τp ≈ 1, 63ω−1

p . (38)

’· ¥±Éµ·¨¨ Ô²¥±É·µ´µ¢ ¢ ¶²µ¸±µ¸É¨ (z, t), · ¸¸Î¨É ´´Ò¥ ¢ · ³± Ì · ¸-
¸³ É·¨¢ ¥³µ° ³µ¤¥²¨, ¶µ± § ´Ò ´  ·¨¸. 8 (É· ¥±Éµ·¨Ö Ô²¥±É·µ´µ¢ ¸ τ = τp

¢Ò¤¥²¥´ ). ‹¥£±µ É ±¦¥ µÍ¥´¨ÉÓ, ÎÉµ Ë·µ´É Ô²¥±É·µ´´µ£µ ¶µÉµ±  (τ = 0) ±

�¨¸. 8. ’· ¥±Éµ·¨¨ Ô²¥±É·µ´µ¢ ¢ ¶²µ¸±µ-
¸É¨ (z, t) ¶·¨ ¤²¨É¥²Ó´µ° ¨´¦¥±Í¨¨ ¶ÊÎ± 
¢ ¶²µ¸±¨° Ô±¢¨¶µÉ¥´Í¨ ²Ó´Ò° ¶·µ³¥¦ÊÉµ±

³µ³¥´ÉÊ ¢·¥³¥´¨ tp ¤µ¸É¨£´¥É · ¸-
¸ÉµÖ´¨Ö

df ≈ 9, 31
v0

ωp
, (39)

¨§ Î¥£µ ¸²¥¤Ê¥É, ÎÉµ Ê¸²µ¢¨¥ L >
df , £¤¥ L Å Ï¨·¨´  ¶·µ³¥¦ÊÉ± ,
Ö¢²Ö¥É¸Ö ´¥µ¡Ìµ¤¨³Ò³ ¤²Ö ³ ±¸¨-
³ ²Ó´µ£µ ¢·¥³¥´¨ ¤¥°¸É¢¨Ö ¤ ´´µ°
³µ¤¥²¨.

— ¸ÉµÉÊ ±µ²¥¡ ´¨° Ô²¥±É·µ-
´µ¢ ¢ ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥ ± -
Éµ¤ Ê¸±µ·¨É¥²ÖÄ‚Š ³µ¦´µ µÍ¥´¨ÉÓ
¸²¥¤ÊÕÐ¨³ µ¡· §µ³:

ω0 =
π

tp − τp
≈ 2, 14ωp. (40)

� §Ê³¥¥É¸Ö, ÎÉµ ¸ÊÐ¥¸É¢Ê¥É · §¡·µ¸ ¢·¥³¥´ ¶·µ²¥É  ¤²Ö µÉ¤¥²Ó´ÒÌ ¸²µ¥¢,
¶µÔÉµ³Ê, £µ¢µ·Ö µ Î ¸ÉµÉ¥ ±µ²¥¡ ´¨° Ô²¥±É·µ´µ¢ ¢ ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥, ¨³¥¥³
¢ ¢¨¤Ê ´¥±µÉµ·ÊÕ Ì · ±É¥·´ÊÕ Î ¸ÉµÉÊ, ¡²¨§±ÊÕ ± ¸·¥¤´¥° Î ¸ÉµÉ¥ ±µ²¥¡ ´¨°,
±µÉµ· Ö Ë¨±¸¨·Ê¥É¸Ö ¢ Ô±¸¶¥·¨³¥´É¥ ¶µ ¸¶¥±É·Ê ¨§²ÊÎ¥´¨Ö.

�Í¥´¨³ ¤²¨É¥²Ó´µ¸ÉÓ ¶·µÍ¥¸¸  Ëµ·³¨·µ¢ ´¨Ö ‚Š. Œµ³¥´É µ¸É ´µ¢±¨
τ -£µ Ô²¥±É·µ´´µ£µ ¸²µÖ ´ Ìµ¤¨É¸Ö ¨§ Ê¸²µ¢¨Ö ξ(t, τ) = 0. „ ²¥¥ µ¶·¥¤¥²¨³,
± ±µ° ¨§ ¸²µ¥¢ µ¸É ´µ¢¨É¸Ö ¶¥·¢Ò³. „²Ö ÔÉµ£µ ´¥µ¡Ìµ¤¨³µ ´ °É¨ Ô±¸É·¥-
³Ê³ (³¨´¨³Ê³) ´¥Ö¢´µ § ¤ ´´µ° ËÊ´±Í¨¨ ξ(t, τ) = 0 ¨§ Ê¸²µ¢¨Ö dt/dτ = 0.
‚ ·¥§Ê²ÓÉ É¥ ¶·¥µ¡· §µ¢ ´¨° ¶µ²ÊÎ¨³, ÎÉµ ¶¥·¢Ò³ µ¸É ´µ¢¨É¸Ö ¸²µ°, ¢·¥³Ö
¢Ò²¥É  ±µÉµ·µ£µ τs µ¶·¥¤¥²Ö¥É¸Ö ¨§ É· ´¸Í¥´¤¥´É´µ£µ Ê· ¢´¥´¨Ö

33/2ωpτs

8

1∫
0

dξ(
ξ3/2 + 3/4ω2

pτ
2
s − 1

)3/2
= 1, (41)

  ¶·µ¨§µ°¤¥É ÔÉµ ¢ ³µ³¥´É ¢·¥³¥´¨

ts = τs +
√

3
2ωp

1∫
0

dξ√
ξ3/2 + 3/4ω2

pτ
2
s − 1

. (42)
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—¨¸²¥´´Ò¥ µÍ¥´±¨ ¤ ÕÉ

ts ≈ 2, 35ω−1
p , τs ≈ 1, 49ω−1

p . (43)

‚¥²¨Î¨´  ts µ¶·¥¤¥²Ö¥É ¤²¨É¥²Ó´µ¸ÉÓ ¶·µÍ¥¸¸  Ëµ·³¨·µ¢ ´¨Ö ‚Š. ’· -
¥±Éµ·¨Ö ¸ τ = τs É ±¦¥ ¶µ± § ´  ´  ·¨¸. 8.

�µ²ÊÎ¥´´µ¥ ·¥Ï¥´¨¥ ³µ¦´µ ¶·¥¤¸É ¢¨ÉÓ É·¥Ì³¥·´Ò³ £· Ë¨±µ³ ¢ ±µµ·-
¤¨´ É Ì (τ, t, z) ¢¸¥£µ ² £· ´¦¥¢¸±µ£µ ³´µ£µµ¡· §¨Ö É· ¥±Éµ·¨° (¸³. ·¨¸. 9),
¨§ ±µÉµ·µ£µ ¢¨¤´µ, ÎÉµ ‚Š ¶·¥¤¸É ¢²Ö¥É ¸µ¡µ° ¶·µ¸É· ´¸É¢¥´´µ-¢·¥³¥´´ÊÕ
± Ê¸É¨±Ê ¢ Ô²¥±É·µ´´µ³ É¥Î¥´¨¨ (¸´ Î ²  ¸¡µ·±Ê,   § É¥³ ¸µ¢µ±Ê¶´µ¸ÉÓ ¤¢ÊÌ
¸±² ¤µ±) [46], ¶·¨Î¥³ £· Ë¨± ´  ·¨¸. 8 Ö¢²Ö¥É¸Ö ¶·µ¥±Í¨¥° £· Ë¨±  ·¨¸. 9.

�¨¸. 9. ’·¥Ì³¥·´µ¥ ¨§µ¡· ¦¥´¨¥ ² £· ´¦¥¢¸±µ£µ ³´µ£µµ¡· §¨Ö É· ¥±Éµ·¨° ¢ ¶²µ¸±µ-
¸É¨ (τ, t, z)

�¤´ ±µ ¢ · ³± Ì ±¨´¥É¨Î¥¸±µ£µ ¶µ¤Ìµ¤  ³µ¦´µ ¶µ± § ÉÓ, ÎÉµ · ¸Ìµ¤¨-
³µ¸ÉÓ ¶²µÉ´µ¸É¨ ¢ ± Ê¸É¨±¥ ¢ ·¥ ²Ó´µ¸É¨ ´¥ ¤µ¸É¨£ ¥É ¡¥¸±µ´¥Î´µ¸É¨. �Éµ
³µ¦´µ É ±¦¥ ¤µ± § ÉÓ ¸É·µ£µ ¨ ¤·Ê£¨³ ¸¶µ¸µ¡µ³, · §· ¡µÉ ´´Ò³ …. ˆ. ‡ ¡ ¡ -
Ì¨´Ò³ [47] ¤²Ö ¤µ± § É¥²Ó¸É¢  ´¥Ê¸Éµ°Î¨¢µ¸É¨ ´¥µ£· ´¨Î¥´´µ° ±Ê³Ê²ÖÍ¨¨.

„¥°¸É¢¨É¥²Ó´µ, µ¡Ñ¥³´ Ö ¶²µÉ´µ¸ÉÓ Ô²¥±É·µ´µ¢ ¢ ± Ê¸É¨±¥ µ¡· Ð ¥É¸Ö ¢
¡¥¸±µ´¥Î´µ¸ÉÓ,   µ¡· É´ Ö ¥° ¢¥²¨Î¨´  β = n−1 · ¢´  ´Ê²Õ. ’ ±µ¥ ¸µ¸ÉµÖ´¨¥
´ §Ò¢ ¥É¸Ö Ëµ±Ê¸¨·µ¢±µ° ¶µ ¶²µÉ´µ¸É¨. ‚¥²¨Î¨´  β Ö¢²Ö¥É¸Ö ¶µ²µ¦¨É¥²Ó´µ°
βmin > 0 ¶·¨ µ£· ´¨Î¥´´µ° Ëµ±Ê¸¨·µ¢±¥, ¨ βmin = 0, ±µ£¤  Ëµ±Ê¸¨·µ¢± 
¸É ´µ¢¨É¸Ö ´¥µ£· ´¨Î¥´´µ°.

‹Õ¡ Ö ¸¨¸É¥³ , ¢ Éµ³ Î¨¸²¥ ¨ Ô²¥±É·µ´´Ò° ¶ÊÎµ±, Ì · ±É¥·¨§Ê¥É¸Ö µ¶·¥-
¤¥²¥´´Ò³ ´ Î ²Ó´Ò³ ¸µ¸ÉµÖ´¨¥³, ±µÉµ·µ³Ê ¸µµÉ¢¥É¸É¢Ê¥É µ¶·¥¤¥²¥´´µ¥ · ¸-
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¶·¥¤¥²¥´¨¥ ´¥§ ¢¨¸¨³ÒÌ ¶ · ³¥É·µ¢ (±µµ·¤¨´ É , ¨³¶Ê²Ó¸ ¨ É. ¤.). „ ²¥¥
¢Ò¶µ²´¨³ ¸²¥¤ÊÕÐÊÕ ¶·µÍ¥¤Ê·Ê: · §µ¡Ó¥³ ´¥µ¡Ìµ¤¨³ÊÕ ¤²Ö ´ Ï¥£µ · ¸¸³µ-
É·¥´¨Ö µ¡² ¸ÉÓ ¶·µ¸É· ´¸É¢  ´  µÉ¤¥²Ó´Ò¥ ÖÎ¥°±¨ ¨ ¢Ò¶¨Ï¥³ §´ Î¥´¨Ö ¢¸¥Ì
¶ · ³¥É·µ¢ ¢ ± ¦¤µ° ¨§ ÖÎ¥¥±. ’¥¶¥·Ó ± ¦¤µ¥ ´ Î ²Ó´µ¥ ¸µ¸ÉµÖ´¨¥ ³µ¦´µ
¡Ê¤¥É µ¶¨¸Ò¢ ÉÓ ³´µ¦¥¸É¢µ³ N ¢¥²¨Î¨´ ¨²¨ ÉµÎ±µ° ¢ N -³¥·´µ³ ¶·µ¸É· ´-
¸É¢¥. ’µ£¤  · §²¨Î´Ò¥ ´ Î ²Ó´Ò¥ ¸µ¸ÉµÖ´¨Ö ¡Ê¤ÊÉ ¸µµÉ¢¥É¸É¢µ¢ ÉÓ N -³¥·´µ°
µ¡² ¸É¨ ¢ ÔÉµ³ ¶·µ¸É· ´¸É¢¥.

�·¨ ´¥µ£· ´¨Î¥´´µ° Ëµ±Ê¸¨·µ¢±¥ ³µ¦¥É ·¥ ²¨§µ¢ ÉÓ¸Ö µ¤´µ ¨§ ³´µ¦¥-
¸É¢  ¢µ§³µ¦´ÒÌ ¸µ¸ÉµÖ´¨°. Š Éµ³Ê ¦¥ µ¤´  ¨§ N ¢¥²¨Î¨´ ¡Ê¤¥É ¢¸¥£¤  Ë¨±¸¨-
·µ¢ ´ : βmin = 0 (¶µ² £ ¥É¸Ö, ÎÉµ ¢ ± ¦¤µ° ÖÎ¥°±¥ ¢Ò¶¨¸Ò¢ ¥É¸Ö ´ ¨³¥´ÓÏ¥¥
¨§ §´ Î¥´¨° β ¢ ´¥°). �µÔÉµ³Ê ³´µ¦¥¸É¢µ Ëµ±Ê¸¨·µ¢ ´´ÒÌ ¸µ¸ÉµÖ´¨° ¶·¨
¶·µ¨§¢µ²Ó´µ³ N ¡Ê¤¥É ¸µµÉ¢¥É¸É¢µ¢ ÉÓ µ¡² ¸É¨ ´  ¥¤¨´¨ÍÊ ³¥´ÓÏ¥£µ Î¨¸² 
¨§³¥·¥´¨°. ’µÎ±¨ N - ¨ (N − 1)-³¥·´ÒÌ µ¡² ¸É¥° ¶·¨ Ê¸Éµ°Î¨¢µ¸É¨ ¤µ²¦´Ò
¡ÒÉÓ ¢§ ¨³´µ-µ¤´µ§´ Î´µ ¸¢Ö§ ´Ò ¸ ¶µ³µÐÓÕ Ê¸É ´ ¢²¨¢ ¥³µ£µ Ê· ¢´¥´¨-
Ö³¨ ¶·µÍ¥¸¸ . �¤´ ±µ ÔÉµ ¥Ð¥ ´¥ £µ¢µ·¨É µ ¶·¥¤µ¶·¥¤¥²¥´´µ° ´¥Ê¸Éµ°Î¨-
¢µ¸É¨, ¶µ¸±µ²Ó±Ê É ±µ¥ ¸µµÉ¢¥É¸É¢¨¥ ³¥¦¤Ê µ¡² ¸ÉÖ³¨ · §´µ° · §³¥·´µ¸É¨
¢µ§³µ¦´µ. � ¶·¨³¥·, ÉµÎ± ³ ¥¤¨´¨Î´µ£µ ±¢ ¤· É  (0, β1β2 . . . ; 0, h1h2 . . .)
¢§ ¨³´µ-µ¤´µ§´ Î´µ ¸µµÉ¢¥É¸É¢ÊÕÉ ÉµÎ±¨ ¥¤¨´¨Î´µ£µ µÉ·¥§±  0, β1h1, β2h2 . . .
�µ ÔÉµ ¸µµÉ¢¥É¸É¢¨¥ ´¥ ³µ¦¥É ¡ÒÉÓ ´¥¶·¥·Ò¢´Ò³ ¨²¨ ±Ê¸µÎ´µ-´¥¶·¥·Ò¢´Ò³.
‘²¥¤µ¢ É¥²Ó´µ, É ±µ¥ ¸µµÉ¢¥É¸É¢¨¥ ´¥ ¸µ¤¥·¦¨É ¢ ¸¥¡¥ ± ±¨Ì-²¨¡µ Ë¨§¨-
Î¥¸±¨Ì ¶·µÍ¥¸¸µ¢. „¥°¸É¢¨É¥²Ó´µ, ¨§ É¥µ·¨¨ ³´µ¦¥¸É¢ ¨§¢¥¸É´µ, ÎÉµ ¥¸²¨
³´µ¦¥¸É¢µ ¶¥·¥³¥´´ÒÌ x1 · · ·xN ´¥¶·¥·Ò¢´µ ¨ µ¤´µ§´ Î´µ µÉµ¡· ¦ ¥É¸Ö ´ 
y1 · · · yN−1, Éµ

x1 = F1(y1 · · · yN−1)
x2 = F2(y1 · · · yN−1)

. . . . . . . . . . . . . . . . . . . . . .
xN = FN (y1 · · · yN−1),

£¤¥ Fi Å ´¥¶·¥·Ò¢´Ò¥ ËÊ´±Í¨¨. ’ ±µ¥ ¶·¥µ¡· §µ¢ ´¨¥ ¸µ¢¥·Ï ¥É¸Ö ± ± ¡Ò
µÉ N - ± (N − 1)-³¥·´µ° µ¡² ¸É¨ ¸ ´¥±µÉµ·µ° ·¥¤Ê±Í¨¥°. �¤´ ±µ, ¸µ¢¥·Ï Ö
µ¡· É´µ¥ µÉµ¡· ¦¥´¨¥ ¨ ¨¸¶µ²Ó§ÊÖ É¥µ·¥³Ê µ¡ µ¡· É´µ° ËÊ´±Í¨¨, ¨§ ¶µ¸²¥¤-
´¨Ì (N − 1) Ê· ¢´¥´¨° ¶µ²ÊÎ¨³

y1 = G1(x2 · · ·xN )
. . . . . . . . . . . . . . . . . . . . . . . . .
yN−1 = GN−1(x2 · · ·xN ).

’ ±¨³ µ¡· §µ³, y1 · · · yN−1 ´¥ § ¢¨¸¨É µÉ x1,   ÔÉµ, ¢ ¸¢µÕ µÎ¥·¥¤Ó, ¶·¨¢µ¤¨É
± Éµ³Ê, ÎÉµ É·¥¡µ¢ ´¨Ö ´¥¶·¥·Ò¢´µ¸É¨ ¨ µ¤´µ§´ Î´µ¸É¨ ¢³¥¸É¥ ´¥ ¢Ò¶µ²´Ö-
ÕÉ¸Ö.

ˆ§ ¶·¨¢¥¤¥´´µ£µ ¢ÒÏ¥ ¤µ± § É¥²Ó¸É¢  ¸²¥¤Ê¥É, ÎÉµ ´¥¶·¥·Ò¢´µ£µ ¢§ ¨³-
´µ-µ¤´µ§´ Î´µ£µ ¸µµÉ¢¥É¸É¢¨Ö ³¥¦¤Ê ÉµÎ± ³¨ µ¡² ¸É¥° ¸ · §´Ò³ Î¨¸²µ³ ¨§-
³¥·¥´¨° ¡ÒÉÓ ´¥ ³µ¦¥É. �Éµ ¸µµÉ¢¥É¸É¢Ê¥É Éµ³Ê, ÎÉµ ¶·¨ ¶·µ¨§¢µ²Ó´ÒÌ
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¢ ·¨ Í¨ÖÌ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨° Ëµ±Ê¸¨·µ¢±  ´¥ ¸µÌ· ´Ö¥É¸Ö. �µÔÉµ³Ê ²Õ¡ Ö
´¥µ£· ´¨Î¥´´ Ö Ëµ±Ê¸¨·µ¢±  ´¥Ê¸Éµ°Î¨¢  ¨²¨ ¢¥·µÖÉ´µ¸ÉÓ ¥¥ · ¢´  ´Ê²Õ.

“¦¥ ¢ · ³± Ì ÔÉµ° ³µ¤¥²¨ ³µ¦´µ ¸¤¥² ÉÓ ¢Ò¢µ¤Ò ¨ µ Ì · ±É¥·¥ £¥´¥· -
Í¨¨ ‘‚—-¨§²ÊÎ¥´¨Ö ¢ ¢¨·± Éµ· Ì. ‚ · ´´¨Ì Ô±¸¶¥·¨³¥´É Ì ¸ ¢¨·± Éµ· ³¨
¡Ò²µ Ê¸É ´µ¢²¥´µ [48], ÎÉµ ¢ ¸¶¥±É·¥ ¨§²ÊÎ¥´¨Ö ¢Ò¤¥²ÖÕÉ¸Ö ¤¢¥ Ì · ±É¥·-
´Ò¥ Î ¸ÉµÉÒ. �Ò²µ ¢Ò¸± § ´µ ¶·¥¤¶µ²µ¦¥´¨¥, ÎÉµ ¶·¨Î¨´µ° ¤¢ÊÌÎ ¸ÉµÉ´µ£µ
¸¶¥±É·  £¥´¥· Í¨¨ Ö¢²Ö¥É¸Ö ´ ²¨Î¨¥ ¤¢ÊÌ ´¥ ¸¢Ö§ ´´ÒÌ ³¥¦¤Ê ¸µ¡µ° Ô²¥±É-
·µ´´ÒÌ ±µ²¥¡ ´¨°: ±µ²¥¡ ´¨° Ô²¥±É·µ´µ¢ ¢ ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥ ± Éµ¤Ä‚Š
¨ ±µ²¥¡ ´¨° ‚Š ± ± Í¥²µ£µ, ¶·¨Î¥³ ¶µ¸²¥¤´¨¥ ¸Î¨É ²¨¸Ó ¡µ²¥¥ ¢Ò¸µ±µÎ -
¸ÉµÉ´Ò³¨. �µ²¥¥ Éµ£µ, Ô±¸¶¥·¨³¥´É ²Ó´µ ¤µ¸É ÉµÎ´µ ´ ¤¥¦´µ Ê¸É ´µ¢²¥´µ,
ÎÉµ ±µ²¥¡ ´¨Ö Ô²¥±É·µ´µ¢ ¶·µ¨¸Ìµ¤ÖÉ ´  Î ¸ÉµÉ¥ ∼ 2ωp. �ÉµÉ Ë ±É Ê¤ -
²µ¸Ó Ê¸É ´µ¢¨ÉÓ ¶ÊÉ¥³ ¨¸±Ê¸¸É¢¥´´µ£µ ¶µ¤ ¢²¥´¨Ö ±µ²¥¡ ´¨° Ô²¥±É·µ´µ¢ ¢
¶µÉ¥´Í¨ ²Ó´µ° Ö³¥ ¢ ·¥¤¨É·µ´¥.

�¤´ ±µ, ± ± ¢¨¤´µ ¨§ (40), ±µ²¥¡ ´¨Ö Ô²¥±É·µ´µ¢ ¢ ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥
É ±¦¥ ¶·µ¨¸Ìµ¤ÖÉ ´  ÔÉµ° ¦¥ Î ¸ÉµÉ¥. ’ ±¨³ µ¡· §µ³, ¢ ¤ ´´µ° · ¡µÉ¥ ÊÉ¢¥·-
¦¤ ¥É¸Ö, ÎÉµ µ¡  É¨¶  ±µ²¥¡ ´¨° ¢¸¥£¤  ¶·µ¨¸Ìµ¤ÖÉ ´  µ¤´µ° ¨ Éµ° ¦¥ Î -
¸ÉµÉ¥ ∼ 2ωp (§  ¨¸±²ÕÎ¥´¨¥³ ¸¶¥Í¨ ²Ó´ÒÌ ¸²ÊÎ ¥¢, ±µ£¤  ¶µÉ¥´Í¨ ²Ó´ Ö Ö³ 
¨¸±Ê¸¸É¢¥´´µ Ê¤²¨´¥´ , ´ ¶·¨³¥·, ¢ ³ £´¨Éµ¨§µ²¨·µ¢ ´´ÒÌ [49] ¨²¨ ³´µ£µ-
¸¥ÉµÎ´ÒÌ [50, 51] ¢¨·± Éµ· Ì).

„ ´´ Ö ³µ¤¥²Ó ¨ ¸¢Ö§ ´´Ò¥ ¸ ´¥° ¢Ò¢µ¤Ò ¶·¥¤¸É ¢²¥´Ò ¢ · ¡µÉ Ì [12,
13, 45].

1.6. „¨´ ³¨±  Ëµ·³¨·µ¢ ´¨Ö ‚Š ¢ Ô²¥±É·µ´´µ³ ¶ÊÎ±¥, ¶·µÌµ¤ÖÐ¥³
¸±¢µ§Ó ¤¨Ô²¥±É·¨±. „ ´´ Ö · ¡µÉ  · §¢¨¢ ¥É ¶µ¤Ìµ¤ ¶. 1.5 ´  ¸²ÊÎ °, ±µ£¤ 
‚Š Ëµ·³¨·Ê¥É¸Ö ¢ ¶ÊÎ±¥, ¶·µÌµ¤ÖÐ¥³ ¸±¢µ§Ó ¤¨Ô²¥±É·¨Î¥¸±ÊÕ ¸·¥¤Ê. Š ±
µ± § ²µ¸Ó, ¨ ¢ ÔÉµ³ ¸²ÊÎ ¥ § ¤ Î  µ ´ Î ²Ó´µ° ¸É ¤¨¨ ¶·µÍ¥¸¸  Ëµ·³¨·µ¢ ´¨Ö
‚Š ¨³¥¥É ÉµÎ´µ¥ ·¥Ï¥´¨¥.

� ¸¸³µÉ·¨³ ¶·µÍ¥¸¸ ¨´¦¥±Í¨¨ ³µ´µÔ´¥·£¥É¨Î¥¸±µ£µ ¶ÊÎ±  Ô²¥±É·µ´µ¢ ¢
¶µ²Ê¶·µ¸É· ´¸É¢µ, µ£· ´¨Î¥´´µ¥ ¶²µ¸±µ¸ÉÓÕ z = 0. ‘Î¨É ¥³, ÎÉµ ¢ ¶µ²Ê¶·µ-
¸É· ´¸É¢¥ Ô²¥±É·µ´Ò ¤¢¨¦ÊÉ¸Ö ¢ µ¤´µ·µ¤´µ° ¨§µÉ·µ¶´µ° ´¥¤¨¸¶¥·£¨·ÊÕÐ¥°
¸·¥¤¥, ±µÉµ· Ö Ö¢²Ö¥É¸Ö ¶·µ§· Î´µ° ¤²Ö ´¨Ì ¸ ³¨Ì. ‡ ³¥´  ¤¨Ô²¥±É·¨Î¥¸±µ°
¸·¥¤Ò ¸ ± ´ ² ³¨ ¸¶²µÏ´µ° ¸·¥¤µ° §¤¥¸Ó ´¥¶·¨´Í¨¶¨ ²Ó´ , É ± ± ± µ´  ¸¢µ-
¤¨É¸Ö ± ¶¥·¥¸Î¥ÉÊ ¤¨Ô²¥±É·¨Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨ ¸·¥¤Ò ε ´  ÔËË¥±É¨¢´ÊÕ.

�·¨ ¤¢¨¦¥´¨¨ Ô²¥±É·µ´´Ò° ¶ÊÎµ± ¢µ§¡Ê¦¤ ¥É ¶·µ¤µ²Ó´ÊÕ Ô²¥±É·µ³ £-
´¨É´ÊÕ ¢µ²´Ê, ¸±µ·µ¸ÉÓ · ¸¶·µ¸É· ´¥´¨Ö ±µÉµ·µ° ¢ ¸·¥¤¥ § ¢¨¸¨É µÉ ¤¨Ô²¥±-
É·¨Î¥¸±µ° ¶·µ´¨Í ¥³µ¸É¨ ε ¤ ´´µ° ¸·¥¤Ò ¨ · ¢´Ö¥É¸Ö c/

√
ε, £¤¥ c Å ¸±µ·µ¸ÉÓ

¸¢¥É .
�Ê¤¥³, ± ± ¨ ¶·¥¦¤¥, ¸Î¨É ÉÓ, ÎÉµ ´  ¤ ´´ÊÕ ¸¨¸É¥³Ê ´ ²µ¦¥´µ ¡¥¸-

±µ´¥Î´µ ¸¨²Ó´µ¥ ¢´¥Ï´¥¥ ³ £´¨É´µ¥ ¶µ²¥, ¡² £µ¤ ·Ö ±µÉµ·µ³Ê Ô²¥±É·µ´Ò
¤¢¨¦ÊÉ¸Ö ¸É·µ£µ ¢¤µ²Ó µ¸¨ z, ¨ ¶ÊÎµ± µ¤´µ·µ¤¥´ ¢ ¶µ¶¥·¥Î´µ³ ´ ¶· ¢²¥´¨¨.

‡ ¶¨Ï¥³ ¢ ² £· ´¦¥¢¸±¨Ì ¶¥·¥³¥´´ÒÌ ¤²Ö ¤ ´´µ° µ¤´µ³¥·´µ° § ¤ Î¨
Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö Ô²¥±É·µ´µ¢ ¢ ¶µÉµ±¥, Ê· ¢´¥´¨¥ ´¥¶·¥·Ò¢´µ¸É¨ ¨ ¢µ²´µ-
¢µ¥ Ê· ¢´¥´¨¥:
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m
dv(t, τ)

dt
= eE(t, τ), (44)

∂n(t, τ)
∂t

+
∂

∂z(t, τ)
(n(t, τ)v(t, τ)) = 0, (45)

∂2E(t, τ)
∂z(t, τ)2

− ε

c2

∂2E(t, τ)
∂t2

=
e

ε0ε

∂n(t, τ)
∂z(t, τ)

. (46)

�µ¤Î¥·±´¥³ ¶·¨´Í¨¶¨ ²Ó´µ¥ µÉ²¨Î¨¥ ¤ ´´µ° ³µ¤¥²¨ µÉ ³µ¤¥²¨ ¢ ¶. 1.5:
§¤¥¸Ó ¢³¥¸Éµ Ê· ¢´¥´¨Ö �Ê ¸¸µ´  (31) ¨¸¶µ²Ó§Ê¥É¸Ö ¢µ²´µ¢µ¥ Ê· ¢´¥´¨¥ (46),
ÎÉµ ¶µ§¢µ²Ö¥É ¶·¨³¥´ÖÉÓ ¥¥ ·¥§Ê²ÓÉ ÉÒ ± ¸²ÊÎ Õ, ±µ£¤  Ë §µ¢ Ö ¸±µ·µ¸ÉÓ
¢µ²´Ò ¸· ¢´¨³  ¸µ ¸±µ·µ¸ÉÓÕ Ô²¥±É·µ´µ¢. �µ²¥¥ Éµ£µ, ¶·¨ ε < 1 Ê· ¢´¥´¨Ö
³µ£ÊÉ ¡ÒÉÓ ¶·¨³¥´¨³Ò ¤²Ö § ¤ Î¨ µ Ëµ·³¨·µ¢ ´¨¨ ‚Š ¢ ¢µ²´µ¢µ¤¥ ¨²¨
¶² §³¥ ¡¥§ ÊÎ¥É  ¤¨¸¶¥·¸¨¨.

‡ ¶¨Ï¥³ ´ Î ²Ó´Ò¥ Ê¸²µ¢¨Ö ¤²Ö ± ¦¤µ£µ ¸²µÖ Ô²¥±É·µ´µ¢, ¨´¦¥±É¨·µ-
¢ ´´µ£µ ¸ ¶²µ¸±µ¸É¨ z = 0 ¢ ³µ³¥´É ¢·¥³¥´¨ t = τ :

n(t, τ)|t=τ = n0, (47)

v(t, τ)|t=τ = v0, (48)

v̇(t, τ)|t=τ = − e2n0

εε0m
v0τ, (49)

v̈(t, τ)|t=τ =
e2n0

εε0m
v0. (50)

�·µ¨´É¥£·¨·µ¢ ¢ ´¥¸±µ²Ó±µ · § ¸¨¸É¥³Ê Ê· ¢´¥´¨° (44)Ä(46) ¨ ¨¸¶µ²Ó§ÊÖ
Ê¸²µ¢¨Ö (47)Ä(50), ¶µ²ÊÎ ¥³ µ¸´µ¢´µ¥ ³µ¤¥²Ó´µ¥ Ê· ¢´¥´¨¥

∂v(t, τ)

∂t
=

=

√√√√[1
2

ln

√
αv(t, τ)+1√
αv(t, τ)−1

(
v(t, τ)− 1

α

)
+ arctan

√
αv(t, τ)

(
v(t, τ)+

1

α

)]
C3P+C4v(t, τ)+C5,

(51)

£¤¥ µ¡µ§´ Î¥´µ

α =

√
ε

c
, C3 = − e2n0

√
v0

εε0
√

αm
, C4 =

2e2n0v0

mεε0
− 1

√
α

(
1

2
ln

√
αv0 + 1

√
αv0 − 1

+ arctan
√

αv0

)
C3,

C5 = − e2n0v0

εε0m
τ −
√[

1

2
ln

√
αv0 + 1

√
αv0 − 1

(
v0 − 1

α

)
+ arctan

√
αv0

(
v0 +

1

α

)]
C3 + C4v0.

�¥Ï¥´¨¥ Ê· ¢´¥´¨Ö (51) ¶·µ¢µ¤¨²µ¸Ó ³¥Éµ¤µ³ �Ê´£¥ÄŠÊÉÉÒ,   § É¥³ ´ -
Ìµ¤¨²¨¸Ó · ¸¶·¥¤¥²¥´¨Ö n(t, τ) ¨ E(t, τ). �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢ ¤²Ö ε = 10
¶·¥¤¸É ¢²¥´Ò ´¨¦¥.
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�¨¸. 10. ’· ¥±Éµ·¨¨ Ô²¥±É·µ´µ¢ ¢ ¶²µ¸±µ¸É¨
(z, t)

�  ·¨¸. 10 ¶µ± § ´Ò É· -
¥±Éµ·¨¨ Ô²¥±É·µ´µ¢ ¢ ¶²µ¸±µ-
¸É¨ (z, t), · ¸¸Î¨É ´´Ò¥ ¢ · ³-
± Ì · ¸¸³ É·¨¢ ¥³µ° ³µ¤¥²¨.
‚ ¸µµÉ¢¥É¸É¢¨¨ ¸ ¶·¥¤¸É ¢²¥-
´¨¥³ ¶. 1.5 ‚Š Å ÔÉµ µ£¨-
¡ ÕÐ Ö ¸¥³¥°¸É¢  É· ¥±Éµ·¨°
(± Ê¸É¨±  ¢ Ô²¥±É·µ´´µ³ ¶µ-
Éµ±¥), ±µÉµ· Ö Ëµ·³¨·Ê¥É¸Ö ¸´ -
Î ²  ¢ ¢¨¤¥ ¸¡µ·±¨ (ÉµÎ±  � ´ 
·¨¸. 10),   § É¥³ ¸ÊÐ¥¸É¢Ê¥É ¢
¢¨¤¥ ¤¢ÊÌ ¸±² ¤µ± ¶µ¢¥·Ì´µ¸É¨
² £· ´¦¥¢¸±µ£µ ³´µ£µµ¡· §¨Ö ¢
±µµ·¤¨´ É Ì (τ, t, z), ¶·¨¡²¨¦ -
ÕÐ¨Ì¸Ö ± ¶²µ¸±µ¸É¨ ¨´¦¥±Í¨¨.

�  ·¨¸. 11,  Ä¢ ¶·¥¤¸É ¢²¥´Ò
³£´µ¢¥´´Ò¥ ¶·µ¸É· ´¸É¢¥´´Ò¥
· ¸¶·¥¤¥²¥´¨Ö ¸±µ·µ¸É¨ v(z) ¨
±µ´Í¥´É· Í¨¨ n(z) Ô²¥±É·µ´µ¢,   É ±¦¥ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö E(z), Ì · ±É¥-
·¨§ÊÕÐ¨¥ ´ Î ²Ó´ÊÕ ¸É ¤¨Õ Ô¢µ²ÕÍ¨¨ ¶ÊÎ±  ¶·¨ Ëµ·³¨·µ¢ ´¨¨ ¢ ´¥³ ‚Š.

�¨¸. 11. Œ£´µ¢¥´´Ò¥ ¶·µË¨²¨
· ¸¶·¥¤¥²¥´¨° ¸±µ·µ¸É¨ ( ), ±µ´-
Í¥´É· Í¨¨ (¡) ¨ Ô²¥±É·¨Î¥¸±µ£µ
¶µ²Ö (¢). Š·¨¢Ò¥ 1 Å ωpt = 0, 4;
2 Å ωpt = 0, 8; 3 Å ωpt = 1, 2;
4 Å ωpt = 1, 6
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�¨¸. 12. � ¸¸Î¨É ´´ Ö § ¢¨¸¨³µ¸ÉÓ ¢·¥³¥´¨ µ¸É ´µ¢±¨ Ô²¥±É·µ´µ¢ µÉ ¤¨Ô²¥±É·¨Î¥¸±µ°
¶·µ´¨Í ¥³µ¸É¨ ¸·¥¤Ò ¤²Ö Î ¸É´µ£µ ¸²ÊÎ Ö v0 = 3 · 106 ³/¸, n0 = 1016 ³−3

�¨¸. 13. (t, τ )-¤¨ £· ³³  ¸µ¸ÉµÖ´¨° ¶ÊÎ± : 1 Å µ¸É ´µ¢±  Ô²¥±É·µ´µ¢ (v = 0); 2 Å
³µ³¥´É ¶µÖ¢²¥´¨Ö ³´µ£µ¶µÉµÎ´µ¸É¨; 3 Å ¢µ§¢· É Ô²¥±É·µ´µ¢ ´  ¶²µ¸±µ¸ÉÓ (z = 0)

”µ·³¨·µ¢ ´¨¥ µ¸µ¡¥´´µ¸É¨ ¢ ¶·µË¨²¥ E(z) Ö¢²Ö¥É¸Ö µÉ²¨Î¨É¥²Ó´µ° Î¥·Éµ°
¢µ²´µ¢µ£µ Ì · ±É¥·  · §¢¨É¨Ö ‚Š.

�´ ²¨§ § ¢¨¸¨³µ¸É¨ ·¥Ï¥´¨Ö µÉ ε ¶µ± § ², ÎÉµ ¸ ·µ¸Éµ³ ε  ³¶²¨ÉÊ¤ 
Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö Ê³¥´ÓÏ ¥É¸Ö, ¸²¥¤µ¢ É¥²Ó´µ, ¤²Ö µ¡· §µ¢ ´¨Ö ‚Š É·¥¡Ê-
¥É¸Ö ¡µ²ÓÏ¨° ´ ±µ¶²¥´´Ò° ¶·µ¸É· ´¸É¢¥´´Ò° § ·Ö¤. ’ ±¨³ µ¡· §µ³, ¢·¥³Ö
Ëµ·³¨·µ¢ ´¨Ö ‚Š ¶·¨ µ¤¨´ ±µ¢ÒÌ §´ Î¥´¨ÖÌ Éµ±  ¨´¦¥±Í¨¨ ¸ ·µ¸Éµ³ ε Ê¢¥-
²¨Î¨¢ ¥É¸Ö. ‡ ¢¨¸¨³µ¸ÉÓ ¢·¥³¥´¨ Ëµ·³¨·µ¢ ´¨Ö ‚Š µÉ ε ¶µ± § ´  ´  ·¨¸. 12.

�  ·¨¸. 13 ¨§µ¡· ¦¥´  (t, τ)-¤¨ £· ³³  ¸µ¸ÉµÖ´¨° Ô²¥±É·µ´´µ£µ ¶ÊÎ± 
¶·¨ ¥£µ ¨´¦¥±Í¨¨ ¢ ¶µ²Ê¶·µ¸É· ´¸É¢µ,  ´ ²µ£¨Î´ Ö ¶µ± § ´´µ° ´  ·¨¸. 6.

�¥§Ê²ÓÉ ÉÒ ¶. 1.6. ¶·¥¤¸É ¢²¥´Ò ¢ · ¡µÉ¥ [52] ¨ ³µ£ÊÉ ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´Ò
¶·¨ · §· ¡µÉ±¥ ¶·¨¡µ·µ¢ ´  µ¸´µ¢¥ Ô²¥±É·µ´´ÒÌ ¶ÊÎ±µ¢, ¶·µÌµ¤ÖÐ¨Ì Î¥·¥§
¤¨Ô²¥±É·¨Î¥¸±¨¥ ± ´ ²Ò.

2. �…‹ˆ�…‰��Ÿ „ˆ��ŒˆŠ� �‹…Š’����›• �“—Š�‚ ‘ ‚Š

2.1. Š· É±µ¥ µ¶¨¸ ´¨¥ ±µ³¶ÓÕÉ¥·´ÒÌ ¶·µ£· ³³ ³µ¤¥²¨·µ¢ ´¨Ö ¶ÊÎ-
±µ¢ ¸ ‚Š. �´ ²¨É¨Î¥¸±¨¥ ³µ¤¥²¨ ¤¨´ ³¨±¨ Ô²¥±É·µ´´ÒÌ ¶ÊÎ±µ¢ ¸ ‚Š, ¶·¨-
¢¥¤¥´´Ò¥ ¢ · §¤. 1, ¨³¥ÕÉ ·Ö¤ Ê± § ´´ÒÌ µ£· ´¨Î¥´¨°. �µÔÉµ³Ê µ¸´µ¢´Ò³
¨´¸É·Ê³¥´Éµ³ É¥µ·¥É¨Î¥¸±µ£µ ¨¸¸²¥¤µ¢ ´¨Ö ¶·µÍ¥¸¸µ¢ ¢ Ô²¥±É·µ´´ÒÌ ¶ÊÎ± Ì
¸ ‚Š,   É ±¦¥ ¶·¨¡µ·µ¢ ´  ¨Ì µ¸´µ¢¥ Ö¢²Ö¥É¸Ö ±µ³¶ÓÕÉ¥·´µ¥ ³µ¤¥²¨·µ¢ -
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´¨¥. � ¨¡µ²¥¥ ¶µ¤Ìµ¤ÖÐ¨³ ¤²Ö ÔÉ¨Ì Í¥²¥° Ö¢²Ö¥É¸Ö ³¥Éµ¤ ±·Ê¶´ÒÌ Î ¸É¨Í,
µ¸´µ¢ ´´Ò° ´  ² £· ´¦¥¢¸±µ³ Ëµ·³ ²¨§³¥, Å ¶· ±É¨Î¥¸±¨ ¥¤¨´¸É¢¥´´Ò°
³¥Éµ¤, ¶µ§¢µ²ÖÕÐ¨° ¢¥¸É¨ · ¸Î¥ÉÒ ± ± ¶·¨ ³´µ£µ§´ Î´µ¸É¨ ¸±µ·µ¸É¨ Î ¸É¨Í
¢ ¶µÉµ±¥, É ± ¨ ¶·¨ Ëµ·³¨·µ¢ ´¨¨ ¢ ´¥³ ± Ê¸É¨±.

Š ´ ¸ÉµÖÐ¥³Ê ¢·¥³¥´¨ ¨§¢¥¸É´µ ¤µ¸É ÉµÎ´µ ¡µ²ÓÏµ¥ ±µ²¨Î¥¸É¢µ ±µ³-
¶ÓÕÉ¥·´ÒÌ ±µ¤µ¢, ·¥ ²¨§ÊÕÐ¨Ì ³¥Éµ¤ ±·Ê¶´ÒÌ Î ¸É¨Í, ¸ ¶µ³µÐÓÕ ±µÉµ·ÒÌ
´ ±µ¶²¥´ µ¡Ï¨·´Ò° µ¡Ñ¥³ ¨´Ëµ·³ Í¨¨ µ · ¡µÉ¥ ¶·¨¡µ·µ¢ ¸ ‚Š. �¸´µ¢´Ò¥
É¥´¤¥´Í¨¨ · §¢¨É¨Ö ÔÉµ£µ ³¥Éµ¤  ³µ¤¥²¨·µ¢ ´¨Ö ¸¢Ö§ ´Ò ¸¥°Î ¸ ¸ ¶µ¸²¥-
¤µ¢ É¥²Ó´Ò³ ÊÎ¥Éµ³ É¥Ì ²¨¡µ ¨´ÒÌ µ¸µ¡¥´´µ¸É¥°, ´ ¶·¨³¥·, ÊÎ¥É  ¢Ò¢µ¤ 
¨§²ÊÎ¥´¨Ö, ÊÎ¥É  · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢ ¶·¨ ³´µ£µ±· É´µ³ ¨Ì ¶·µÌµ¦¤¥´¨¨
¸±¢µ§Ó  ´µ¤´ÊÕ ¸¥É±Ê (¨²¨ Ëµ²Ó£Ê), ÊÎ¥É  ¢´¥Ï´¥° Í¥¶¨ ¨ É. ¤.

‚ ¸¢Ö§¨ ¸ · §¢¨É¨¥³ ±µ´Í¥¶Í¨¨ ÉÊ·¡ÊÉ·µ´  (µ¤´µ° ¨§ · §´µ¢¨¤´µ¸É¥°
‘‚—-£¥´¥· Éµ·  ¸ ‚Š) ¢µ§´¨±²  § ¤ Î  ¨¸¸²¥¤µ¢ ´¨Ö ·¥¦¨³µ¢ ÉÊ·¡Ê²¥´É´µ-
¸É¨ Ô²¥±É·µ´´ÒÌ ¶ÊÎ±µ¢ ¸ ‚Š. „²Ö ·¥Ï¥´¨Ö ÔÉµ° § ¤ Î¨ ´ ³¨ ¡Ò²¨ · §· -
¡µÉ ´Ò ¤¢  µ¤´µ³¥·´ÒÌ ±µ³¶ÓÕÉ¥·´ÒÌ ±µ¤  ´  µ¸´µ¢¥ Ô²¥±É·µ¸É É¨Î¥¸±µ°

�¨¸. 14. ‘Ì¥³  ³µ¤¥²¨·µ¢ ´¨Ö ¶·¨¡µ·µ¢ ¸
‚Š ³¥Éµ¤µ³ ¶²µ¸±¨Ì § ·Ö¦¥´´ÒÌ ²¨¸Éµ¢

¢¥·¸¨¨ ³¥Éµ¤  ±·Ê¶´ÒÌ Î ¸É¨Í. �É¨
±µ¤Ò ¡Ò²¨ ·¥ ²¨§µ¢ ´Ò ¢ ¶ ±¥É Ì
¶·µ£· ³³ ±µ³¶ÓÕÉ¥·´µ£µ ³µ¤¥²¨·µ-
¢ ´¨Ö ¨ ¸ ¨Ì ¶µ³µÐÓÕ ¶µ²ÊÎ¥´Ò ´µ-
¢Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ ¤¨´ ³¨±¥ Ô²¥±-
É·µ´´ÒÌ ¶ÊÎ±µ¢ ¸ ‚Š. Š·µ³¥
Éµ£µ, ¤²Ö · ¸Î¥Éµ¢ ¶ÊÎ±µ¢ ¸ ‚Š
¨¸¶µ²Ó§µ¢ ²¸Ö 2,5-³¥·´Ò° ±µ¤
Š���’ [53, 54].

�¥·¢Ò° ±µ¤ ¶·¥¤´ §´ Î¥´ ¤²Ö
± Î¥¸É¢¥´´µ£µ  ´ ²¨§  ¤¨´ ³¨±¨
Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¢ ¶·¨¡µ· Ì ¸
‚Š,   É ±¦¥ ¤²Ö ¶µ²ÊÎ¥´¨Ö ¡µ²Ó-
Ï¨Ì ³ ¸¸¨¢µ¢ Î¨¸²¥´´µ° ¨´Ëµ·-
³ Í¨¨. „²Ö ÔÉµ£µ ¡Ò² ¢Ò¡· ´ ¸ -
³Ò° ¶·µ¸Éµ° ¢ ·¨ ´É ³¥Éµ¤  ±·Ê¶-
´ÒÌ Î ¸É¨Í, ±µ£¤  ±·Ê¶´Ò¥ Î ¸É¨ÍÒ
¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ ¡¥¸±µ´¥Î´µ
Éµ´±¨Ì § ·Ö¦¥´´ÒÌ ¶²µ¸±µ¸É¥° (²¨-
¸Éµ¢),   ¶·µ¸É· ´¸É¢µ ¢§ ¨³µ¤¥°¸É¢¨Ö Å ¢ ¢¨¤¥ ¤¢ÊÌ ¶²µ¸±µ¶ · ²²¥²Ó´ÒÌ
¶·µ³¥¦ÊÉ±µ¢: ¤¨µ¤´µ£µ Ê¸±µ·ÖÕÐ¥£µ ¶·µ³¥¦ÊÉ±  ¥¤¨´¨Î´µ° ¤²¨´Ò (LD = 1)
¨ ¶·µ³¥¦ÊÉ±  ¤·¥°Ë  ¨²¨ Éµ·³µ¦¥´¨Ö ¤²¨´Ò LP (·¨¸. 14).

�µÉ¥´Í¨ ² Ô³¨É¨·ÊÕÐ¥£µ Ô²¥±É·µ¤  (± Éµ¤ ) Ue ¡Ò² · ¢¥´ ´Ê²Õ, ¶µÉ¥´-
Í¨ ²  ´µ¤´µ° ¸¥É±¨ Ua · ¢¥´ ¥¤¨´¨Í¥,   ¶µÉ¥´Í¨ ² ±µ²²¥±Éµ·  Uc ³µ£ ¡ÒÉÓ
· ¢´Ò³ ´Ê²Õ ¨²¨ ¥¤¨´¨Í¥.

„¨´ ³¨±  µÉ¤¥²Ó´ÒÌ ²¨¸Éµ¢ · ¸¸Î¨ÉÒ¢ ² ¸Ó ¶ÊÉ¥³ ¶µÏ £µ¢µ£µ ¨´É¥£·¨-
·µ¢ ´¨Ö ¸¨¸É¥³Ò ´µ·³¨·µ¢ ´´ÒÌ ¤¨ËË¥·¥´Í¨ ²Ó´ÒÌ Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö
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i-° Î ¸É¨ÍÒ:

żi = vi, v̇i = Ei, (52)

£¤¥ ¢¥²¨Î¨´  Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢ ¤¨µ¤´µ³ ¶·µ³¥¦ÊÉ±¥ ¢Ò· ¦ ¥É¸Ö ¢ ¢¨¤¥

Ei =
Ua − Ue

LD
+

N−
D∑

j<i

λj −
N+

D∑
j>i

λj , (53)

  ¢ ¶·µ³¥¦ÊÉ±¥ ¤·¥°Ë 

Ei =
Uc − Ua

LP
+

N−
P∑

j<i

λj −
N+

P∑
j>i

λj . (54)

‡¤¥¸Ó N±
D,P Å ±µ²¨Î¥¸É¢µ ²¨¸Éµ¢ ¶¥·¥¤ ¨ §  i-³ ²¨¸Éµ³ ¢ ¤¨µ¤´µ³ ¶·µ³¥-

¦ÊÉ±¥ ¨ ¶·µ³¥¦ÊÉ±¥ ¤·¥°Ë  ¸µµÉ¢¥É¸É¢¥´´µ; λi Å Ô²¥±É·¨Î¥¸±¨° § ·Ö¤ i-£µ
²¨¸É .

Šµ¤ ¶µ§¢µ²Ö¥É ÊÎ¨ÉÒ¢ ÉÓ ¢²¨Ö´¨¥ ¶·µ§· Î´µ¸É¨  ´µ¤´µ° ¸¥É±¨ χ ¶ÊÉ¥³
Ê³¥´ÓÏ¥´¨Ö § ·Ö¤  ²¨¸É  ¶·¨ ± ¦¤µ³ ¥¥ ¶·µ²¥É¥ ¸±¢µ§Ó ¸¥É±Ê. „ ´´Ò° ±µ¤
¡Ò² ·¥ ²¨§µ¢ ´ ´  Ö§Ò±¥ Turbo C++ ¨ µ·¨¥´É¨·µ¢ ´ ´  ¶¥·¸µ´ ²Ó´Ò¥ ±µ³-
¶ÓÕÉ¥·Ò. Š·µ³¥ Éµ£µ, ¶ ±¥É ¶·µ£· ³³ ¶µ§¢µ²Ö¥É µÉµ¡· ¦ ÉÓ ¤¨´ ³¨±Ê Ô²¥±-
É·µ´´µ£µ ¶µÉµ±  ´  Ô±· ´¥ ³µ´¨Éµ·  ¢ ·¥ ²Ó´µ³ ³ ¸ÏÉ ¡¥ ¢·¥³¥´¨. �µ²¥¥
¶µ²´µ¥ µ¶¨¸ ´¨¥ · ¡µÉÒ ¨ ¢ÒÎ¨¸²¨É¥²Ó´ÒÌ ¢µ§³µ¦´µ¸É¥° ¶ ±¥É  ¶·µ£· ³³
´  µ¸´µ¢¥ ÔÉµ£µ ±µ¤  ¶·¥¤¸É ¢²¥´Ò ¢ · ¡µÉ¥ [55].

‚ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ · ¡µÉÒ ¶·µ£· ³³Ò ¶·¨¢¥¤¥³ ´  ·¨¸. 15 ·¥§Ê²Ó-
É ÉÒ · ¸Î¥É  É· ¥±Éµ·¨° ²¨¸Éµ¢ ¶·¨ ³µ¤¥²¨·µ¢ ´¨¨ ¢¨·± Éµ· , ¨²²Õ¸É·¨·Ê-
ÕÐ¨¥ Ë ±É ¸µ¢¶ ¤¥´¨Ö Î ¸ÉµÉÒ ±µ²¥¡ ´¨° Ô²¥±É·µ´µ¢ ¢ ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥
± Éµ¤Ä‚Š ¸ Î ¸ÉµÉµ° ±µ²¥¡ ´¨° ‚Š ± ± Í¥²µ£µ (¸³. ¶. 1.5).

�¨¸. 15. ’· ¥±Éµ·¨¨ Ô²¥±É·µ´µ¢ ¢ ¢¨·± Éµ·¥, · ¸¸Î¨É ´´Ò¥ ³¥Éµ¤µ³ ¶²µ¸±¨Ì § ·Ö-
¦¥´´ÒÌ ²¨¸Éµ¢
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�¨¸. 16. ‘Ì¥³  ³µ¤¥²¨·µ¢ ´¨Ö ¶µ ³¥Éµ¤Ê § -
·Ö¦¥´´ÒÌ ±µ²ÓÍ¥¢ÒÌ ¤¨¸±µ¢

Š·µ³¥ Éµ£µ, ±µ¤ ¡Ò² ¨¸¶µ²Ó§µ-
¢ ´ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö ·¥¦¨³µ¢ ÉÊ·-
¡Ê²¥´É´µ¸É¨ Ô²¥±É·µ´´ÒÌ ¶ÊÎ±µ¢ ¸
‚Š (¶. 2.7),   É ±¦¥ ¸ ¥£µ ¶µ³µ-
ÐÓÕ ¡Ò²¨ ¢¶¥·¢Ò¥ µ¡´ ·Ê¦¥´Ò É ±
´ §Ò¢ ¥³Ò¥ ³¥É ¸É ¡¨²Ó´Ò¥ Ô²¥±-
É·µ´Ò (¶. 2.3).

‹¥£±µ ¢¨¤¥ÉÓ, µ¤´ ±µ, ÎÉµ
³¥Éµ¤ ¶²µ¸±¨Ì ²¨¸Éµ¢ µ¶¥·¨·Ê¥É
Éµ²Ó±µ ¸ ´µ·³¨·µ¢ ´´Ò³¨ ¢¥²¨-
Î¨´ ³¨ ¨ ´¥ ¶µ§¢µ²Ö¥É ¶·µ¢µ¤¨ÉÓ
¢ÒÎ¨¸²¥´¨Ö ¸ ·¥ ²Ó´Ò³¨ ¢¥²¨Î¨-
´ ³¨ (µ¡Ð¨° Éµ± ¢ ¤¨µ¤¥,  ³¶²¨-
ÉÊ¤  Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢ ‘‚—-
¢µ²´¥ ¨ É. ¶.). „²Ö ¶·µ¢¥¤¥´¨Ö ¶µ²-
´µ³ ¸ÏÉ ¡´ÒÌ ¨´¦¥´¥·´ÒÌ · ¸Î¥-
Éµ¢ ¡Ò² · §· ¡µÉ ´ ¤·Ê£µ° Î¨¸²¥´-
´Ò° ±µ¤, ¢ ±µÉµ·µ³ ±·Ê¶´Ò¥ Î -
¸É¨ÍÒ ¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ ±µ²ÓÍ¥¢ÒÌ ¤¨¸±µ¢. ƒ¥µ³¥É·¨Ö µ¡² ¸É¨ ³µ¤¥-
²¨·µ¢ ´¨Ö ¢ ÔÉµ³ ±µ¤¥ ¶µ± § ´  ´  ·¨¸. 16.

„¨´ ³¨±  ±·Ê¶´ÒÌ Î ¸É¨Í µ¶·¥¤¥²Ö¥É¸Ö §¤¥¸Ó ¶ÊÉ¥³ ¶µÏ £µ¢µ£µ ·¥Ï¥´¨Ö
·¥²ÖÉ¨¢¨¸É¸±¨Ì Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö

d

dt
zi = vi(zi, t), (55)

d

dt

[
vi(zi, t)√

1 − v2
i (zi, t)/c2

]
= − e

m


∑

j

E(zi, zj , t) + E0(t)


 , (56)

£¤¥ vi(zi, t) Å ¸±µ·µ¸ÉÓ i-° ±·Ê¶´µ° Î ¸É¨ÍÒ; E(zi, zj , t) Å Ô²¥±É·¨Î¥¸±µ¥
¶µ²¥ j-° Î ¸É¨ÍÒ ¢ ÉµÎ±¥ zi ¢ ³µ³¥´É ¢·¥³¥´¨ t; E0(t) Å ¢´¥Ï´¥¥ Ô²¥±É·¨-
Î¥¸±µ¥ ¶µ²¥ (¢ Ê¸±µ·ÖÕÐ¥³ ¶·µ³¥¦ÊÉ±¥ Å ¤¨µ¤¥). �·¨ ÔÉµ³ ¨¸¶µ²Ó§Ê¥É¸Ö
¸¶¥Í¨ ²Ó´µ¥ ¢Ò· ¦¥´¨¥ ¤²Ö Ô²¥±É·µ¸É É¨Î¥¸±µ£µ ¶µ²Ö µÉ¤¥²Ó´µ° ±·Ê¶´µ°
Î ¸É¨ÍÒ, ¶µ²ÊÎ¥´´µ¥ ³¥Éµ¤µ³ ËÊ´±Í¨¨ ƒ·¨´  ¨ ¶·¨¢¥¤¥´´µ¥ ¢ [56].

�ÉµÉ ±µ¤ ¡Ò² § ¶·µ£· ³³¨·µ¢ ´ ´  Ö§Ò±¥ ”��’��� ¤²Ö �‚Œ É¨¶  PDP
11.70 ¨ ¨¸¶µ²Ó§µ¢ ´ ¤²Ö · ¸Î¥É  ¤¨´ ³¨±¨ É¥·³ ²¨§ Í¨¨ Ô²¥±É·µ´µ¢ ¢¡²¨§¨
‚Š (¸³. ¶. 2.7). �µ§¤´¥¥ ±µ¤ ¡Ò² ³µ¤¨Ë¨Í¨·µ¢ ´. Œµ¤¨Ë¨± Í¨Ö ¢±²ÕÎ ²  ¢
¸¥¡Ö:

Å § ³¥´Ê £·µ³µ§¤±¨Ì ¸¶¥Í¨ ²Ó´ÒÌ ¢Ò· ¦¥´¨° ¤²Ö Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö
µÉ¤¥²Ó´µ° ±·Ê¶´µ° Î ¸É¨ÍÒ ¢ ¢¨¤¥ ¸² ¡µ ¸Ìµ¤ÖÐ¨Ì¸Ö ·Ö¤µ¢ µÉ ±µ³¡¨´ Í¨¨
ËÊ´±Í¨° �¥¸¸¥²Ö ¨ £¨¶¥·¡µ²¨Î¥¸±¨Ì ËÊ´±Í¨° ´  ¶·Ö³µ¥ ·¥Ï¥´¨¥ Ê· ¢´¥´¨Ö
�Ê ¸¸µ´  ´  ¶·µ¸É· ´¸É¢¥´´µ° ¸¥É±¥ (PIC-³¥Éµ¤);
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Å ÊÎ¥É · ¸¸¥Ö´¨Ö Ô²¥±É·µ´µ¢ ¶·¨ ± ¦¤µ³ ¶·µÌµ¦¤¥´¨¨ Ô²¥±É·µ´µ¢
¸±¢µ§Ó  ´µ¤´ÊÕ Ëµ²Ó£Ê ¸ ÊÎ¥Éµ³ ¨µ´¨§ Í¨µ´´ÒÌ ¶µÉ¥·Ó ¨ Éµ·³µ§´µ£µ ¨§-
²ÊÎ¥´¨Ö;

Å ¨¸¶µ²Ó§µ¢ ´¨¥ Ö§Ò±  ‘ ¤²Ö ¶¥·¸µ´ ²Ó´µ£µ ±µ³¶ÓÕÉ¥· .
�É  ³µ¤¨Ë¨± Í¨Ö ±µ¤  ¶µ§¢µ²¨²  ¢¶¥·¢Ò¥ · ¸¸Î¨É ÉÓ ¸ ³µ¸µ£² ¸µ¢ ´-

´Ò³ µ¡· §µ³ ¸¶¥±É·Ò Éµ·³µ§´µ£µ ¨§²ÊÎ¥´¨Ö ¶·¨ ¨¸¶µ²Ó§µ¢ ´¨¨ ¢¨·± Éµ·  ¢
± Î¥¸É¢¥ £¥´¥· Éµ·  ‘†� (¶·¥¤²µ¦¥´µ ¢ [57]).

„²Ö ¤¢Ê³¥·´ÒÌ · ¸Î¥Éµ¢ Ô²¥±É·µ´´ÒÌ ¶ÊÎ±µ¢ ¸ ‚Š,   É ±¦¥ ¤²Ö ³µ¤¥-
²¨·µ¢ ´¨Ö ±µ´±·¥É´ÒÌ ‘‚—-¶·¨¡µ·µ¢ ¨¸¶µ²Ó§µ¢ ²¸Ö ±µ¤ Š���’, ¶·¥¤¸É ¢-
²ÖÕÐ¨° ¸µ¡µ° Ê´¨¢¥·¸ ²Ó´µ¥ ¸·¥¤¸É¢µ ¢ÒÎ¨¸²¨É¥²Ó´µ£µ Ô±¸¶¥·¨³¥´É  ¤²Ö
·¥Ï¥´¨Ö ¡µ²ÓÏµ£µ ±·Ê£  § ¤ Î Ô²¥±É·µ¤¨´ ³¨±¨. �´ µ¸´µ¢ ´ ´  ¸ ³µ¸µ£² ¸µ-
¢ ´´µ³ ·¥Ï¥´¨¨ Ê· ¢´¥´¨Ö Œ ±¸¢¥²²  ¸ ¶µ³µÐÓÕ Ö¢´ÒÌ ±µ´¸¥·¢ É¨¢´ÒÌ ¶µ
Ô´¥·£¨¨ · §´µ¸É´ÒÌ ¸Ì¥³ ¸ ¶¥·¥Ï £¨¢ ´¨¥³ ´  ¸¤¢¨´ÊÉÒÌ ¸¥É± Ì, ¨³¥ÕÐ¨Ì
¢Éµ·µ° ¶µ·Ö¤µ± ÉµÎ´µ¸É¨ ¶µ ±µµ·¤¨´ É ³ ¨ ¢·¥³¥´¨,   É ±¦¥ ·¥²ÖÉ¨¢¨¸É¸±¨Ì
Ê· ¢´¥´¨° ¤¢¨¦¥´¨Ö Î ¸É¨Í PIC-³¥Éµ¤µ³. ’µÎ´µ¸ÉÓ · ¸Î¥Éµ¢ ±µ´É·µ²¨·µ¢ -
² ¸Ó ¶µ ÉµÎ´µ¸É¨ ¢Ò¶µ²´¥´¨Ö Ô´¥·£¥É¨Î¥¸±µ£µ ¡ ² ´¸ . …£µ ³ ±¸¨³ ²Ó´µ¥
µÉ±²µ´¥´¨¥ ¢µ ¢¸¥Ì ´ Ï¨Ì · ¸Î¥É Ì ´¥ ¶·¥¢ÒÏ ²µ 2 %. Šµ¤ ¶·µÏ¥² ³´µ-
£µ±· É´µ¥ É¥¸É¨·µ¢ ´¨¥ ¶·¨ ³µ¤¥²¨·µ¢ ´¨¨ · §²¨Î´ÒÌ § ¤ Î (´ ¶·¨³¥·, ¢
· ¡µÉ¥ [58]).

2.2. „¢Ê³¥·´ Ö ¤¨´ ³¨±  ‚Š. ˆ§  ´ ²¨§  ¸É Í¨µ´ ·´µ£µ ¸µ¸ÉµÖ´¨Ö Ô²¥±-
É·µ´´µ£µ ¶µÉµ±  ¸ ‚Š, ¨´¦¥±É¨·Ê¥³µ£µ ¢ Í¨²¨´¤·¨Î¥¸±ÊÕ Ô±¢¨¶µÉ¥´Í¨ ²Ó-
´ÊÕ ¶µ²µ¸ÉÓ ¸ Éµ·Í , ¸²¥¤Ê¥É, ÎÉµ ‚Š ¨³¥¥É ¢ ¶²µ¸±µ¸É¨ (r, z) ¸¥·¶µµ¡· §´ÊÕ
Ëµ·³Ê, ¸¢µ¥° ¢Ò¶Ê±²µ¸ÉÓÕ ´ ¶· ¢²¥´´ÊÕ ± Éµ·ÍÊ, ¸±¢µ§Ó ±µÉµ·Ò° ¶·µ¨§¢µ-
¤¨É¸Ö ¨´¦¥±Í¨Ö [59].

�¨¸. 17. Œ£´µ¢¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥
Ô²¥±É·µ´µ¢ ¢ ¶µ²µ¸É¨ (¶µ± § ´  ²¨ÏÓ
¢¥·Ì´ÖÖ ¶µ²µ¢¨´ , ¸É·¥²±¨ µ¡µ§´ -
Î ÕÉ ¢¥±Éµ·Ò ¸±µ·µ¸É¨)

’ ± ± ± ÔÉµ ¡Ò²µ ¶µ²ÊÎ¥´µ ¶·¨ Ê¶-
·µÐ ÕÐ¨Ì ¶·¥¤¶µ²µ¦¥´¨ÖÌ, Éµ ¸²¥¤Ê¥É
µ¦¨¤ ÉÓ, ÎÉµ ¢ ·¥ ²Ó´ÒÌ ¶·¨¡µ· Ì Ëµ·-
³  ¨ ¤¨´ ³¨±  ‚Š ³µ£ÊÉ µ± § ÉÓ¸Ö
¸²µ¦´¥¥.

‘ Í¥²ÓÕ µÉ¢¥É  ´  ÔÉµÉ ¢µ¶·µ¸ ¡Ò²µ
¶·µ¢¥¤¥´µ ¨¸¸²¥¤µ¢ ´¨¥ ¤¨´ ³¨±¨ ‚Š ¢
¤¢Ê³¥·´µ° ´¥¸É Í¨µ´ ·´µ° ¶µ¸É ´µ¢±¥
§ ¤ Î¨ ¸ ¶µ³µÐÓÕ PIC-±µ¤  Š���’.
�¤¨´ ¨§ ¶·¨³¥·µ¢ · ¸Î¥Éµ¢ ¶·¨¢¥¤¥´
´¨¦¥.

”µ·³  Ô±¢¨¶µÉ¥´Í¨ ²Ó´µ° ¶µ²µ¸É¨
¡Ò²  ¢Ò¡· ´  ¢ ¢¨¤¥ Í¨²¨´¤·  ¤¨ ³¥É·µ³
0,12 ³ ¨ ¤²¨´µ° L = 0, 05 ³. ‘Î¨É ²µ¸Ó,
ÎÉµ ¶µ²µ¸ÉÓ ¶µ³¥Ð¥´  ¢ µ¤´µ·µ¤´µ¥  ±-
¸¨ ²Ó´µ¥ ³ £´¨É´µ¥ ¶µ²¥ B = 5 ’². ‘

µ¤´µ£µ ¨§ Éµ·Íµ¢ ¢ ± ³¥·Ê, ´ Î¨´ Ö ¸ ´¥±µÉµ·µ£µ ³µ³¥´É  ¢·¥³¥´¨, ¨´¦¥±-
É¨·µ¢ ²¸Ö ³µ´µÔ´¥·£¥É¨Î¥¸±¨° ¨ µ¤´µ·µ¤´Ò° ¢ ¶µ¶¥·¥Î´µ³ ¸¥Î¥´¨¨ Ô²¥±-
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É·µ´´Ò° ¶ÊÎµ± ¤¨ ³¥É·µ³ 0,1 ³, ¸ Éµ±µ³ I = 35 ±� ¨ Ô´¥·£¨¥° Ô²¥±É·µ´µ¢
W = 200 ±Ô‚.

’¨¶¨Î´µ¥ ³£´µ¢¥´´µ¥ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·µ´µ¢ ¢ ¶µ²µ¸É¨ ¶µ± § ´µ ´ 
·¨¸. 17,   ´  ·¨¸. 18 Å Ë §µ¢Ò° ¶µ·É·¥É Ô²¥±É·µ´´µ£µ ¶ÊÎ± , ¸¢¨¤¥É¥²Ó¸É¢ÊÕ-

�¨¸. 18. ” §µ¢Ò° ¶µ·É·¥É ¶ÊÎ± 

Ð¨°, ÎÉµ ´  · ¸¸ÉµÖ´¨¨ l ≈ 5 ³³ µÉ
¶²µ¸±µ¸É¨ ¨´¦¥±Í¨¨ ± ³µ³¥´ÉÊ ¢·¥-
³¥´¨ t = 200 ¶¸ ¢ ¶µ²µ¸É¨ ¸ÊÐ¥¸É-
¢Ê¥É ‚Š, Ëµ·³  ±µÉµ·µ£µ (¸³. ·¨¸. 17)
¸Ìµ¤´  ¸ Éµ°, ±µÉµ· Ö ¸²¥¤Ê¥É ¨§ ¸É Í¨-
µ´ ·´µ£µ · ¸¸³µÉ·¥´¨Ö.

„ ²Ó´¥°Ï Ö Ô¢µ²ÕÍ¨Ö ¸¨¸É¥³Ò ¶µ-
± § ´  ´  ¸¥·¨¨ ³£´µ¢¥´´ÒÌ · ¸-
¶·¥¤¥²¥´¨° Ô²¥±É·µ´µ¢ ¢ ¶µ²µ¸É¨
(·¨¸. 19), ¸¤¥² ´´ÒÌ ¢ ¤¨ ¶ §µ´¥ ¢·¥³¥-
´¨ 200 < t < 350 ¶¸ Î¥·¥§ ¨´É¥·¢ ²
¢·¥³¥´¨ ∆t = 40 ¶¸.

�µ²¥¥ ¶µ¤·µ¡´Ò° ¶µ ¢·¥³¥´¨  ´ -
²¨§ ÔÉ¨Ì · ¸¶·¥¤¥²¥´¨°, ¶·µ¢¥¤¥´´Ò°
¢ [60], £µ¢µ·¨É µ ¸²¥¤ÊÕÐ¥° ¤¨´ ³¨±¥ ‚Š. �·¨³¥·´µ ± ³µ³¥´ÉÊ ¢·¥³¥´¨
t = 230 ¶¸ Ëµ·³  ‚Š ¢¡²¨§¨ µ¸¨ ¶µ²µ¸É¨ ¢µ§³ÊÐ ¥É¸Ö,   ± ³µ³¥´ÉÊ t = 240 ¶¸
µÉ ‚Š µÉ¤¥²Ö¥É¸Ö ¶²µÉ´Ò° ¸£Ê¸Éµ±, ¶µ Ëµ·³¥ ¡²¨§±¨° ± ‚Š, ¨ ²¥É¨É ¶µ ´ ¶· -
¢²¥´¨Õ ¤¢¨¦¥´¨Ö ¶·µ²¥É´ÒÌ Ô²¥±É·µ´µ¢. ‚µ§³ÊÐ¥´¨Ö ‚Š ¨ µÉµ·¢ ¢Ï¥£µ¸Ö
¸£Ê¸É±  ´ · ¸É ÕÉ ¶·¨³¥·´µ µ¤¨´ ±µ¢Ò³ µ¡· §µ³ ¤µ ³µ³¥´É  ¢·¥³¥´¨ t =
330 ¶¸,   ± ³µ³¥´ÉÊ t = 350 ¶¸ ‚Š ¢µ¸¸É ´ ¢²¨¢ ¥É ¸¢µÕ ¶¥·¢µ´ Î ²Ó´ÊÕ ´¥-
¢µ§³ÊÐ¥´´ÊÕ Ëµ·³Ê, ¨ ¤ ²¥¥ ¶·µÍ¥¸¸ ¢µ§³ÊÐ¥´¨Ö ¨ µÉ·Ò¢  ¸£Ê¸É±  ¶¥·¨µ¤¨-
Î¥¸±¨ ¶µ¢Éµ·Ö¥É¸Ö. ‹Õ¡µ¶ÒÉ´µ, ÎÉµ ¢µ§³ÊÐ¥´¨Ö ‚Š, ¶µ ±· °´¥° ³¥·¥ ¢ ÔÉµ³
¢ ·¨ ´É¥, ¢ É¥Î¥´¨¥ ¸²¥¤ÊÕÐ¨Ì ¶¥·¨µ¤µ¢ ±µ²¥¡ ´¨° ¶µ Ëµ·³¥ ¨ · §³¥· ³ ¶µ-
¢Éµ·ÖÕÉ¸Ö, ÎÉµ £µ¢µ·¨É µ ¸É ¡¨²Ó´µ¸É¨ É ±µ° ¶·¨ÎÊ¤²¨¢µ° Ô¢µ²ÕÍ¨¨ ¸¨¸É¥³Ò.

�É³¥É¨³, ÎÉµ ÌµÉÖ ¶²µÉ´µ¸ÉÓ Ô²¥±É·µ´µ¢ ¢ µÉµ·¢ ¢Ï¥³¸Ö µÉ ‚Š ¸£Ê¸É±¥
¢¸¥£µ ²¨ÏÓ ¢ 2Ä5 · § ³¥´ÓÏ¥ ¶²µÉ´µ¸É¨ Ô²¥±É·µ´µ¢ ¢ ¸ ³µ³ ‚Š, ¨³¥´´µ ±µ²¥-
¡ ´¨Ö³¨ ‚Š ¨ ¤¢¨¦¥´¨¥³ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ¸£Ê¸É±µ¢ µ¶·¥¤¥²Ö¥É¸Ö ¸É·Ê±-
ÉÊ·  ‘‚—-¶µ²Ö ¢ ¶µ²µ¸É¨. �·¨ · §· ¡µÉ±¥ ¦¥ Ê¸±µ·¨É¥²¥° ¶µ²µ¦¨É¥²Ó´ÒÌ
¨µ´µ¢ ¶µ²ÊÎ¥´´ Ö ¨´Ëµ·³ Í¨Ö µ Ëµ·³¥ ‚Š ¨ ¥£µ ¤¨´ ³¨±¥ ¶·¥¤¸É ¢²Ö¥É¸Ö
¤µ¸É ÉµÎ´µ ¢ ¦´µ°, ÎÉµ¡Ò ¶· ¢¨²Ó´µ · ¸¸Î¨É ÉÓ ³¥¸Éµ ¨ ³µ³¥´É ¢·¥³¥´¨
®§ £·Ê§±¨¯ ¨µ´ ³¨ ‚Š.

Š·µ³¥ Éµ£µ, ± ± ¶·¥¤²µ¦¥´µ ¢ [61], ¸ ¶µ³µÐÓÕ ¸¶¥Í¨ ²Ó´µ£µ ¶·µË¨²¨-
·µ¢ ´¨Ö ¸É¥´µ± ¶µ²µ¸É¨ ³µ¦´µ ¶µ¤µ¡· ÉÓ ¶ · ³¥É·Ò ¸¨¸É¥³Ò É ±, ÎÉµ¡Ò ‚Š
¨ Ô²¥±É·µ´´Ò¥ ¸£Ê¸É±¨ ¡Ò²¨ ¶²µ¸±¨³¨, ÎÉµ ³µ¦¥É ¡ÒÉÓ ¶µ²¥§´µ ¤²Ö µ¶É¨³¨-
§ Í¨¨ ± ± · §· ¡ ÉÒ¢ ¥³ÒÌ ‘‚—-£¥´¥· Éµ·µ¢ ¸ ‚Š É¨¶  ¢¨·± Éµ·, É ± ¨ ¤²Ö
±µ²²¥±É¨¢´ÒÌ Ê¸±µ·¨É¥²¥° ¨µ´µ¢.

‡¤¥¸Ó ÌµÉ¥²µ¸Ó ¡Ò µÉ³¥É¨ÉÓ ¥Ð¥ µ¤¨´ ¢ ¦´Ò° ¢µ¶·µ¸ ¤¨´ ³¨±¨ ¶ÊÎ±  ¸
‚Š: ± ±µ¢  ¢¥²¨Î¨´  É· ´¸¶µ·É¨·Ê¥³µ£µ Éµ±  ¨ ± ± ¥¥ Ê¢¥²¨Î¨ÉÓ? ‚ ´ ¸ÉµÖ-
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�¨¸. 19. Œ£´µ¢¥´´Ò¥ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¢ ¶µ²µ¸É¨ ¢ · §²¨Î´Ò¥ ³µ³¥´ÉÒ ¢·¥-
³¥´¨ (¶µ± § ´Ò Ë· £³¥´ÉÒ · ¸¶·¥¤¥²¥´¨°, ‚Š ¨ ¸£Ê¸Éµ± ¢Ò¤¥²¥´Ò ²¨´¨Ö³¨)

Ð¥¥ ¢·¥³Ö ¸ÊÐ¥¸É¢ÊÕÉ ¤¢  ³´¥´¨Ö ¶µ ÔÉµ³Ê ¢µ¶·µ¸Ê. �¥·¢µ¥ ³´¥´¨¥ µ¸´µ¢ ´µ
´  ¸É Í¨µ´ ·´µ³  ´ ²¨É¨Î¥¸±µ³ · ¸¸³µÉ·¥´¨¨ [28, 29] ¨ § ±²ÕÎ ¥É¸Ö ¢ Éµ³,
ÎÉµ É· ´¸¶µ·É¨·Ê¥³Ò° Éµ± ¢ ¶ÊÎ±¥ ¸ ‚Š ´¥ ¡µ²¥¥ ¶µ²µ¢¨´Ò ¶·¥¤¥²Ó´µ£µ.
� ¢Éµ·µ¥ ³´¥´¨¥, µ¸´µ¢ ´´µ¥ ´  Î¨¸²¥´´µ³ ³µ¤¥²¨·µ¢ ´¨¨, £µ¢µ·¨É µ Éµ³,
ÎÉµ ¢¥²¨Î¨´  É· ´¸¶µ·É¨·Ê¥³µ£µ Éµ±  µ¸Í¨²²¨·Ê¥É ¶µ ¢·¥³¥´¨ µ±µ²µ ¸·¥¤-
´¥£µ §´ Î¥´¨Ö, ¢ ÉµÎ´µ¸É¨ · ¢´µ£µ ¶·¥¤¥²Ó´µ³Ê Éµ±Ê [58, 62]. �ÉµÉ ¢µ¶·µ¸
É·¥¡Ê¥É ¸±µ·¥°Ï¥£µ · §·¥Ï¥´¨Ö, ¨ ¢ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢µ§´¨±²  ´ ÊÎ´ Ö ¤¨¸±Ê¸-
¸¨Ö [63, 64]. �¢Éµ·Ò ¤ ´´µ£µ µ¡§µ·  ¶·¨¤¥·¦¨¢ ÕÉ¸Ö ¢Éµ·µ£µ ³´¥´¨Ö, É. ±.
µ´µ ¶µ¤É¢¥·¦¤¥´µ Ô±¸¶¥·¨³¥´É ²Ó´µ [65].

ˆ§ ÔÉµ£µ ¸²¥¤Ê¥É, ÎÉµ ¤²Ö Ê¢¥²¨Î¥´¨Ö É· ´¸¶µ·É¨·Ê¥³µ£µ Éµ±  ´¥µ¡Ìµ-
¤¨³µ Ê¢¥²¨Î¨¢ ÉÓ ¶·¥¤¥²Ó´Ò° Éµ±. �Éµ ³µ¦´µ µ¸ÊÐ¥¸É¢¨ÉÓ ¸ ¶µ³µÐÓÕ ¶·µ-
¤µ²Ó´ÒÌ [66] ¨²¨ ¶µ¶¥·¥Î´ÒÌ [67] ³¥É ²²¨Î¥¸±¨Ì ¢¸É ¢µ± ¢ ± ´ ²¥ ¨²¨ ¸
¶µ³µÐÓÕ ¶µ¶¥·¥Î´ÒÌ ¶² §³¥´´ÒÌ ¶¥·¥³ÒÎ¥± [68].
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2.3. Œ¥É ¸É ¡¨²Ó´Ò¥ Ô²¥±É·µ´Ò ¢ ‚Š. ‚¸Ö ¶· ±É¨±  ³µ¤¥²¨·µ¢ ´¨Ö
‚Š ¶µ± §Ò¢ ¥É, ÎÉµ µ´ ¤¢¨¦¥É¸Ö É ±, ÎÉµ ¥£µ ¶µ²µ¦¥´¨¥ ¢ ¶·µ¸É· ´¸É¢¥ ¨
¢¥²¨Î¨´  Ô²¥±É·¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¢ ³¨´¨³Ê³¥ ³¥´ÖÕÉ¸Ö ¶¥·¨µ¤¨Î¥¸±¨.
�µÔÉµ³Ê µ´ Éµ ¶·µ¶Ê¸± ¥É Ô²¥±É·µ´Ò ¶ÊÎ±  ¢¶¥·¥¤, Éµ µÉ· ¦ ¥É ¨Ì ´ § ¤,
· ¡µÉ Ö ± ± ¶¥·¨µ¤¨Î¥¸±¨° ±² ¶ ´. �¥·¢ Ö £·Ê¶¶  Ô²¥±É·µ´µ¢ ´ §Ò¢ ¥É¸Ö
¶·µ²¥É´Ò³¨ Ô²¥±É·µ´ ³¨,   ¢Éµ· Ö Å µÉ· ¦¥´´Ò³¨ Ô²¥±É·µ´ ³¨. ˆÌ ±µ²¨-
Î¥¸É¢¥´´Ò° ¡ ² ´¸ µ¶·¥¤¥²Ö¥É¸Ö µÉ´µÏ¥´¨¥³ Éµ±  ¶ÊÎ±  ± ¶·¥¤¥²Ó´µ³Ê Éµ±Ê,
¶·¨ ±µÉµ·µ³ µ¡· §Ê¥É¸Ö ‚Š.

�·¨ ³µ¤¥²¨·µ¢ ´¨¨ ¤¨´ ³¨±¨ ¶ÊÎ±  ¸ ‚Š Ô²¥±É·µ¸É É¨Î¥¸±¨³ ³¥Éµ¤µ³
§ ·Ö¦¥´´ÒÌ ²¨¸Éµ¢ ¶µ ¶·µ£· ³³¥, µ¶¨¸ ´´µ° ¢ ¶. 2.1 (¸³. [55]), ¡Ò²  µ¡´ ·Ê-
¦¥´  ¥Ð¥ µ¤´  £·Ê¶¶  Ô²¥±É·µ´µ¢, ´ §¢ ´´ Ö ³¥É ¸É ¡¨²Ó´Ò³¨ Ô²¥±É·µ´ ³¨.
�É¨ Ô²¥±É·µ´Ò ¶µ¤²¥É ÕÉ ± ‚Š ¨ µ¸Í¨²²¨·ÊÕÉ ¢³¥¸É¥ ¸ ´¨³ ´  ¶·µÉÖ¦¥-
´¨¨ ´¥¸±µ²Ó±¨Ì ¥£µ ¶¥·¨µ¤µ¢ (§ ·¥£¨¸É·¨·µ¢ ´µ ¤µ 20 ¶¥·¨µ¤µ¢ É ±¨Ì ±µ-
²¥¡ ´¨°), ¶µ¸²¥ Î¥£µ ¶·¨¸µ¥¤¨´ÖÕÉ¸Ö ²¨¡µ ± ¶·µ²¥É´Ò³ Ô²¥±É·µ´ ³, ²¨¡µ ±
µÉ· ¦¥´´Ò³ (¸³. É ±¦¥ [12, 13]). �·¨³¥· · ¸¸Î¨É ´´ÒÌ É· ¥±Éµ·¨° Ô²¥±É·µ-
´µ¢ ¢ ¶²µ¸±µ¸É¨ (z, t) ¸ ¢Ò¤¥²¥´´µ° É· ¥±Éµ·¨¥° ³¥É ¸É ¡¨²Ó´µ£µ Ô²¥±É·µ´ ,
¢§ÖÉÒ° ¨§ · ¡µÉ [12, 13, 55], ¶µ± § ´ ´  ·¨¸. 20. � ²¨Î¨¥ É ±¨Ì Ô²¥±É·µ-
´µ¢ µ± § ²µ¸Ó ´¥µ¦¨¤ ´´Ò³ ¤²Ö ´ ¸, É ± ± ± µ´¨ ´ Ìµ¤ÖÉ¸Ö ¢¡²¨§¨ ¢¥·Ï¨´Ò
¶·µË¨²Ö ¸¢µ¥° ¶µÉ¥´Í¨ ²Ó´µ° Ô´¥·£¨¨, ¨ ¨Ì ¶µ²µ¦¥´¨¥ ¤µ²¦´µ ¡Ò ¡ÒÉÓ
´¥Ê¸Éµ°Î¨¢Ò³.

�¨¸. 20. ƒ· Ë¨± · ¸Î¥É´ÒÌ É· ¥±Éµ·¨° Ô²¥±É·µ´µ¢ ¢ ¶²µ¸±µ¸É¨ (z, t) ¨§ [53], É· ¥±-
Éµ·¨Ö ³¥É ¸É ¡¨²Ó´µ£µ Ô²¥±É·µ´  ¢Ò¤¥²¥´ 

�µ§¤´¥¥ ¢ · ¡µÉ Ì [69, 70], £¤¥ Ô²¥±É·µ´´Ò° ¶ÊÎµ± ¸ ‚Š ³µ¤¥²¨·µ¢ ²¸Ö
¤·Ê£¨³ ³¥Éµ¤µ³, ±µÉµ·Ò° É ±¦¥ µ¸´µ¢ ´ ´  Ô²¥±É·µ¸É É¨Î¥¸±µ³ Ê· ¢´¥´¨¨,
³¥É ¸É ¡¨²Ó´Ò¥ Ô²¥±É·µ´Ò Éµ¦¥ ¡Ò²¨ µ¡´ ·Ê¦¥´Ò. �Ò²µ ´ °¤¥´µ, ÎÉµ Î¥³
¡µ²ÓÏ¥ ¢·¥³¥´¨ ³¥É ¸É ¡¨²Ó´Ò¥ Ô²¥±É·µ´Ò ´ Ìµ¤ÖÉ¸Ö ¢¡²¨§¨ ‚Š, É¥³ ¨Ì
³¥´ÓÏ¥.

–¥²ÓÕ ¤ ²Ó´¥°Ï¨Ì ¨¸¸²¥¤µ¢ ´¨° ¤¨´ ³¨±¨ ³¥É ¸É ¡¨²Ó´ÒÌ Ô²¥±É·µ´µ¢
¢ ‚Š Ö¢²Ö²¸Ö ¶µ¨¸± µÉ¢¥Éµ¢ ´  ¸²¥¤ÊÕÐ¨¥ ¢µ¶·µ¸Ò.
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1. Š ±µ¢  ¶·¨Î¨´  Ê¸Éµ°Î¨¢µ¸É¨ ³¥É ¸É ¡¨²Ó´ÒÌ Ô²¥±É·µ´µ¢ ¨ ± ±µ¢ ³¥-
Ì ´¨§³ ¨Ì Ê¤¥·¦ ´¨Ö ¢¡²¨§¨ ‚Š?

2. Ÿ¢²Ö¥É¸Ö ²¨ ´ ²¨Î¨¥ É ±¨Ì ³¥É ¸É ¡¨²Ó´ÒÌ Ô²¥±É·µ´µ¢ µ¤´µ³¥·´Ò³
¸Î¥É´Ò³ ÔËË¥±Éµ³ ¨²¨ µ´¨ ¸ÊÐ¥¸É¢ÊÕÉ ¢ ·¥ ²Ó´ÒÌ ³´µ£µ³¥·´ÒÌ ±µ´Ë¨£Ê-
· Í¨ÖÌ?

3. Ÿ¢²Ö¥É¸Ö ²¨ ´ ²¨Î¨¥ ³¥É ¸É ¡¨²Ó´ÒÌ Ô²¥±É·µ´µ¢ Ô²¥±É·µ¸É É¨Î¥¸±¨³
¸Î¥É´Ò³ ÔËË¥±Éµ³ ¨²¨ µ´¨ ¸ÊÐ¥¸É¢ÊÕÉ ¢ Ô²¥±É·µ³ £´¨É´ÒÌ ¶µ²ÖÌ?

4. Š ±µ¢µ µÉ´µ¸¨É¥²Ó´µ¥ ±µ²¨Î¥¸É¢µ ³¥É ¸É ¡¨²Ó´ÒÌ Ô²¥±É·µ´µ¢ ¶µ ¸· ¢-
´¥´¨Õ c µ¡Ð¨³ ±µ²¨Î¥¸É¢µ³ Ô²¥±É·µ´µ¢ ¶ÊÎ± ?

� ¸¸³µÉ·¨³ ¸´ Î ²  ¶¥·¢Ò° ¢µ¶·µ¸ Å µ ³¥Ì ´¨§³¥ Ê¸Éµ°Î¨¢µ¸É¨ ¨ Ê¤¥·-
¦ ´¨Ö ³¥É ¸É ¡¨²Ó´ÒÌ Ô²¥±É·µ´µ¢ ¢ ‚Š. …¸²¨ ¡Ò µ´ ¡Ò² ´¥¶µ¤¢¨¦¥´, Éµ
Ö¸´µ, ÎÉµ ³¥É ¸É ¡¨²Ó´Ò¥ Ô²¥±É·µ´Ò ´¥ ´ ¡²Õ¤ ²¨¸Ó ¡Ò, É ± ± ± ³¨´¨³Ê³
Ô²¥±É·µ¸É É¨Î¥¸±µ£µ ¶µÉ¥´Í¨ ²  ¢¡²¨§¨ ‚Š Ö¢²Ö¥É¸Ö ¤²Ö µÉ·¨Í É¥²Ó´µ § -
·Ö¦¥´´ÒÌ Ô²¥±É·µ´µ¢ ¶µÉ¥´Í¨ ²Ó´µ° ¢¥·Ï¨´µ°. �¸Í¨²²ÖÍ¨¨ ¦¥ ‚Š ¢ ¶·µ-
¸É· ´¸É¢¥ ¶·¨¢µ¤ÖÉ ± Éµ³Ê, ÎÉµ ¢¥·Ï¨´  ¶·µË¨²Ö ¶µÉ¥´Í¨ ²Ó´µ° Ô´¥·£¨¨
É ±¦¥ µ¸Í¨²²¨·Ê¥É. ˆ ¥¸²¨ É ±¨¥ ±µ²¥¡ ´¨Ö ³¥´¥¥ ¨´¥·É´Ò ¨ ¡µ²¥¥ ¡Ò¸É·Ò,
Î¥³ ´¥±µÉµ·Ò¥ ´¨§±µÔ´¥·£¥É¨Î´Ò¥ Ô²¥±É·µ´Ò, Éµ ¶·¨ ¶· ¢¨²Ó´µ³ ¢Ò¡µ·¥
Ë §Ò Ô²¥±É·µ´  ³µ¦¥É µ± § ÉÓ¸Ö, ÎÉµ µ¸Í¨²²¨·ÊÕÐ¨° ‚Š ± ± ¡Ò ¶µ¶¥·¥-
³¥´´µ µ¡· §Ê¥É ²µ± ²Ó´ÊÕ ¶µÉ¥´Í¨ ²Ó´ÊÕ Ö³Ê ¤²Ö Ô²¥±É·µ´µ¢ ¸ Éµ ¶µÖ¢²ÖÕ-
Ð¨³¨¸Ö, Éµ ¨¸Î¥§ ÕÐ¨³¨ ¸É¥´± ³¨.

�É  Ê¸Éµ°Î¨¢µ¸ÉÓ ¢¡²¨§¨ ¶µÉ¥´Í¨ ²Ó´µ° ¢¥·Ï¨´Ò  ´ ²µ£¨Î´  Ê¸Éµ°Î¨¢µ-
¸É¨ ¨§¢¥¸É´µ£µ ¨§ ³¥Ì ´¨±¨ µ¡· Ð¥´´µ£µ ³ ÖÉ´¨±  ¸ ¢¨¡·¨·ÊÕÐ¨³ ¶µ¤¢¥¸µ³,
¨¸¸²¥¤µ¢ ´´µ£µ �. ‹. Š ¶¨Í¥° [71, 72], ¢ ±µÉµ·µ³ ¢¥·Ì´¥¥ ´¥Ê¸Éµ°Î¨¢µ¥ ¸µ-
¸ÉµÖ´¨¥ ¶µ¤ ¤¥°¸É¢¨¥³ ¢¨¡· Í¨° ¶·¨µ¡·¥É ¥É Ê¸Éµ°Î¨¢µ¸ÉÓ.

’ ± ± ± ‚Š Å Ë §µ¢µ¥ Ô²¥±É·µ´´µ¥ µ¡· §µ¢ ´¨¥, Éµ ¥£µ ¨´¥·Í¨Ö ³ ² 
¨  ³¶²¨ÉÊ¤  ¸±µ·µ¸É¨ ¥£µ ±µ²¥¡ ´¨° ³µ¦¥É ¶·¥¢ÒÏ ÉÓ ¸±µ·µ¸ÉÓ ´¥±µÉµ·ÒÌ
Ô²¥±É·µ´µ¢. �Éµ µ¡¸ÉµÖÉ¥²Ó¸É¢µ ¶µ§¢µ²Ö¥É ¸±µ´¸É·Ê¨·µ¢ ÉÓ ¶·µ¸ÉÊÕ ³µ¤¥²Ó
Ê¤¥·¦ ´¨Ö Ô²¥±É·µ´  µ¸Í¨²²¨·ÊÕÐ¥° ¶µÉ¥´Í¨ ²Ó´µ° ¢¥·Ï¨´µ°.

�Ê¸ÉÓ Î ¸É¨Í  ´ Ìµ¤¨É¸Ö ¢ µ¸Í¨²²¨·ÊÕÐ¥³ ¶µÉ¥´Í¨ ²Ó´µ³ ¶µ²¥ ¶ · ¡µ-
²¨Î¥¸±µ£µ ¶·µË¨²Ö, ¨³¥ÕÐ¥³ ¢¨¤

U(x) = −a(x − δ cos ωt)2. (57)

’µ£¤  Ê· ¢´¥´¨¥ ¤¢¨¦¥´¨Ö

m
d2x

dt2
= 2a(x − δ cos ωt), (58)

£¤¥ m Å ³ ¸¸  Î ¸É¨ÍÒ; a Å ¶ · ³¥É· ±·ÊÉ¨§´Ò ¶ · ¡µ²Ò; δ Å  ³¶²¨ÉÊ¤ ;
ω Å Î ¸ÉµÉ  ±µ²¥¡ ´¨° ¶µÉ¥´Í¨ ²Ó´µ£µ ¡ ·Ó¥· .

�¥Ï¥´¨¥ ¤¨ËË¥·¥´Í¨ ²Ó´µ£µ Ê· ¢´¥´¨Ö (58) ¶·¨ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ
x(0) = x0, v(0) = v0 ¢Ò· ¦ ¥É¸Ö Î¥·¥§ Ô²¥³¥´É ·´Ò¥ ËÊ´±Í¨¨:

x(t) =
δω2

0 cos ωt

ω2 + ω2
0

− δω2
0 cosh ω0t

ω2 + ω2
0

+ x0 cosh (ω0t) +
v0

ω0
sinh (ω0t), (59)
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£¤¥ ω0 =
√

2a/m,   Ê¶µ³Ö´ÊÉÒ° ¢ÒÏ¥ ¶ · ³¥É· ±·ÊÉ¨§´Ò ¨£· ¥É ·µ²Ó ¦¥¸É-
±µ¸É¨ ¸¨¸É¥³Ò.

�Ê¸ÉÓ Î ¸É¨Í  ´ ²¥É ¥É ´  µ¸Í¨²²¨·ÊÕÐ¨° ¶µÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥· ¨ ¶Ê¸ÉÓ
¤²Ö µ¶·¥¤¥²¥´´µ¸É¨ x0 > δ > 0,   É ±¦¥ v0 < 0. �µ²Ó§ÊÖ¸Ó ¢Ò· ¦¥´¨¥³ (59),
³µ¦´µ µ¶·¥¤¥²¨ÉÓ, ¶·¨ ± ±¨Ì ´ Î ²Ó´ÒÌ Ê¸²µ¢¨ÖÌ É· ¥±Éµ·¨Ö Î ¸É¨ÍÒ ¡Ê¤¥É
Ë¨´¨É´ , ±¢ §¨Ë¨´¨É´  (³¥É ¸É ¡¨²Ó´ ) ¨²¨ ¨´Ë¨´¨É´  ¨ ¸µµÉ¢¥É¸É¢¥´´µ ¶µ-
²ÊÎ¨ÉÓ § ¢¨¸¨³µ¸ÉÓ ¢·¥³¥´¨ τ ´ Ìµ¦¤¥´¨Ö Î ¸É¨ÍÒ ¢´ÊÉ·¨ ¨´É¥·¢ ²  (−δ, δ)
µÉ ´ Î ²Ó´ÒÌ Ê¸²µ¢¨°.

�Î¥¢¨¤´µ, ÎÉµ ¸¨¸É¥³  ¡Ê¤¥É Ë¨´¨É´  (τ = ∞), ¥¸²¨ ¢Ò¶µ²´Ö¥É¸Ö ¸²¥¤Ê-
ÕÐ¥¥ ¸µµÉ´µÏ¥´¨¥, ´ ±² ¤Ò¢ ¥³µ¥ ´  ´ Î ²Ó´Ò¥ Ê¸²µ¢¨Ö Î ¸É¨ÍÒ:

v0 = −ω0

(
x0 −

δω2
0

ω2 + ω2
0

)
. (60)

‚ ÔÉµ³ ¸²ÊÎ ¥ £¨¶¥·¡µ²¨Î¥¸±¨¥ ¸² £ ¥³Ò¥ ¢ (59) ¢§ ¨³´µ Ê´¨ÎÉµ¦ ÕÉ¸Ö,
µ¸É ¥É¸Ö Éµ²Ó±µ É·¨£µ´µ³¥É·¨Î¥¸±µ¥ ¸² £ ¥³µ¥, ¨ Î ¸É¨Í  ¡Ê¤¥É ¸µ¢¥·Ï ÉÓ
±µ²¥¡ É¥²Ó´µ¥ ¤¢¨¦¥´¨¥ ¸±µ²Ó Ê£µ¤´µ ¤µ²£µ. …¸²¨ ¦¥ ´¥³´µ£µ µÉ±²µ´¨ÉÓ¸Ö
µÉ §´ Î¥´¨° x0 ¨ v0, Ê¤µ¢²¥É¢µ·ÖÕÐ¨Ì ¸µµÉ´µÏ¥´¨Õ (60), Éµ É· ¥±Éµ·¨Ö Î -
¸É¨ÍÒ ¡Ê¤¥É Ê¦¥ ±¢ §¨Ë¨´¨É´µ°: ±µ£¤  µ´ , ¸µ¢¥·Ï¨¢ ´¥¸±µ²Ó±µ ±µ²¥¡ ´¨°,
Ê°¤¥É ´  ¡¥¸±µ´¥Î´µ¸ÉÓ.

‚·¥³Ö ´ Ìµ¦¤¥´¨Ö Î ¸É¨ÍÒ ¢ ¨´É¥·¢ ²¥ (−δ, δ) ³µ¦´µ µ¶·¥¤¥²¨ÉÓ Î¨-
¸²¥´´µ, ·¥Ï Ö É· ´¸Í¥´¤¥´É´µ¥ Ê· ¢´¥´¨¥ x(t) = ±δ ³¥Éµ¤µ³ �ÓÕÉµ´ . � 
·¨¸. 21 ¶·¥¤¸É ¢²¥´Ò ±·¨¢Ò¥ § ¢¨¸¨³µ¸É¨ ¢·¥³¥´¨ ´ Ìµ¦¤¥´¨Ö Î ¸É¨ÍÒ ¢ ¨´-
É¥·¢ ²¥ (−δ, δ) µÉ ¢¥²¨Î¨´Ò ´ Î ²Ó´µ° ¸±µ·µ¸É¨ v0 ¶·¨ ´¥¸±µ²Ó±¨Ì §´ Î¥´¨ÖÌ
´ Î ²Ó´µ° ±µµ·¤¨´ ÉÒ x0.

ˆ§ ·¨¸. 21 ³µ¦´µ § ±²ÕÎ¨ÉÓ, ÎÉµ:
1) § ¢¨¸¨³µ¸É¨ ¨³¥ÕÉ ·¥§µ´ ´¸´Ò° Ì · ±É¥·;
2) ¶· ¢Ò¥ ¢¥É¢¨ ÔÉ¨Ì ±·¨¢ÒÌ (¶µ± § ´µ ¶Ê´±É¨·µ³) ¸µµÉ¢¥É¸É¢ÊÕÉ µÉ· -

¦¥´´Ò³ Î ¸É¨Í ³ ¨ Ê¶¨· ÕÉ¸Ö ¢ µ¸Ó  ¡¸Í¨¸¸; ÔÉµ µ§´ Î ¥É, ÎÉµ Î ¸É¨ÍÒ ¸
³ ²Ò³¨ ¸±µ·µ¸ÉÖ³¨ ´¥ ¤µ²¥É ÕÉ ¤µ ¡ ·Ó¥· ;

�¨¸. 21. ‡ ¢¨¸¨³µ¸ÉÓ ¢·¥³¥´¨ ´ Ìµ¦-
¤¥´¨Ö Î ¸É¨ÍÒ ¢ ¨´É¥·¢ ²¥ (−δ, δ) µÉ
´ Î ²Ó´µ° ¸±µ·µ¸É¨: ´ Î ²Ó´ Ö ±µµ·-
¤¨´ É  Î ¸É¨ÍÒ x0 = 5, 5; 5; 4, 5; 4;
3, 5; 3, ÎÉµ ¸µµÉ¢¥É¸É¢Ê¥É ±·¨¢Ò³
1Ä6; ¶Ê´±É¨·´Ò¥ ¨ ¸¶²µÏ´Ò¥ ²¨´¨¨
¸µµÉ¢¥É¸É¢ÊÕÉ µÉ· ¦¥´´Ò³ ¨ ¶·µ²¥É-
´Ò³ Î ¸É¨Í ³
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3) ²¥¢Ò¥ ¢¥É¢¨ ±·¨¢ÒÌ (¸¶²µÏ´Ò¥ ²¨´¨¨) ¸µµÉ¢¥É¸É¢ÊÕÉ ¶·µ²¥É´Ò³ Î -
¸É¨Í ³. ˆÌ  ¸¨³¶ÉµÉ¨±  ¶·¨ ¡µ²ÓÏ¨Ì ´ Î ²Ó´ÒÌ ¸±µ·µ¸ÉÖÌ ¨³¥¥É ¢¨¤ τ ≈
2δ/v0.

�´ ²¨§ ·¥Ï¥´¨Ö ¶µ± §Ò¢ ¥É, ÎÉµ Î¥³ ¡²¨¦¥ §´ Î¥´¨Ö x0, v0 ± ¢¥²¨Î¨´ ³,
¤ ¢ ¥³Ò³ ¢Ò· ¦¥´¨¥³ (60), É¥³ ¡µ²ÓÏ¥ ¢·¥³Ö ´ Ìµ¦¤¥´¨Ö Î ¸É¨ÍÒ ¢´ÊÉ·¨
¨´É¥·¢ ²  (−δ, δ).

�¨¸. 22. �¡² ¸É¨ ¸ÊÐ¥¸É¢µ¢ ´¨Ö ´¥ ¤µ²¥É¥¢-
Ï¨Ì (1), µÉ· ¦¥´´ÒÌ (2) ¨ ¶·µ²¥É´ÒÌ (3)
Î ¸É¨Í; ´ Î ²Ó´ Ö ¸±µ·µ¸ÉÓ (v0) ¨ ´ Î ²Ó-
´ Ö ±µµ·¤¨´ É  (x0) ¢Ò· ¦¥´Ò ¢ ¥¤¨´¨Í Ì
¸±µ·µ¸É¨ ¤¢¨¦¥´¨Ö (ωδ) ¨  ³¶²¨ÉÊ¤Ò (δ)
¶µÉ¥´Í¨ ² 

�  Ë §µ¢µ° ¶²µ¸±µ¸É¨ ´ Î ²Ó-
´ÒÌ §´ Î¥´¨° (x0, v0), ¨§µ¡· ¦¥´-
´µ° ´  ·¨¸. 22, ¶µ± § ´Ò µ¡² -
¸É¨, ¢ ±µÉµ·ÒÌ µ¸ÊÐ¥¸É¢²Ö¥É¸Ö ÉµÉ
¨²¨ ¨´µ° ·¥¦¨³ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ.
�·¨ ÔÉµ³ ¶²µ¸±µ¸ÉÓ §´ Î¥´¨° · §-
¡¨¢ ¥É¸Ö ´  É·¨ µ¡² ¸É¨:

1) Î ¸É¨Í  ´¥ ¤µ²¥É ¥É ¤µ ¡ -
·Ó¥·  (τ = 0);

2) Î ¸É¨ÍÒ ´¥±µÉµ·µ¥ ¢·¥³Ö ´ -
Ìµ¤ÖÉ¸Ö ¢ ¨´É¥·¢ ²¥ (−δ, δ),   § É¥³
µÉ· ¦ ÕÉ¸Ö ´ § ¤;

3) Î ¸É¨ÍÒ ´¥±µÉµ·µ¥ ¢·¥³Ö ´ -
Ìµ¤ÖÉ¸Ö ¢ ¨´É¥·¢ ²¥ (−δ, δ),   § É¥³
¶·µ²¥É ÕÉ ¢¶¥·¥¤.

�¡² ¸É¨ 2 ¨ 3 · §¤¥²ÖÕÉ¸Ö ¶·Ö-
³µ°, ¤ ¢ ¥³µ° ¢Ò· ¦¥´¨¥³ (60),
£· ´¨Í  ³¥¦¤Ê µ¡² ¸ÉÖ³¨ 1 ¨ 2
¡Ò²  ´ °¤¥´  Î¨¸²¥´´µ.

�  ·¨¸. 23 ¶µ± § ´ Ì · ±É¥·´Ò° § ±µ´ ¤¢¨¦¥´¨Ö ³¥É ¸É ¡¨²Ó´µ° Î ¸É¨ÍÒ
(³ ²Ò¥ µ¸Í¨²²ÖÍ¨¨) ´  Ëµ´¥ § ±µ´  ¤¢¨¦¥´¨Ö ¢¥·Ï¨´Ò ¶µÉ¥´Í¨ ²Ó´µ£µ ¡ -
·Ó¥·  (¡µ²ÓÏ¨¥ µ¸Í¨²²ÖÍ¨¨).

�¨¸. 23. ƒ· Ë¨± ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ (1) ¨ ¢¥·Ï¨´Ò ¡ ·Ó¥·  (2) ¶·¨ ´ Î ²Ó´µ° ¸±µ·µ¸É¨
¨ ±µµ·¤¨´ É¥:  ) x0 = −10, 8; v0 = 25, 6 Å µÉ· ¦¥´´ Ö Î ¸É¨Í ; ¡) x0 = −11;
v0 = 25, 9 Å ¶·µ²¥É´ Ö Î ¸É¨Í 
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�  ·¨¸. 23 ³µ¦´µ ¢Ò¤¥²¨ÉÓ ¸²¥¤ÊÕÐ¨¥ µ¸µ¡¥´´µ¸É¨ ¤¨´ ³¨±¨ ³¥É ¸É -
¡¨²Ó´µ° Î ¸É¨ÍÒ:

Å ±µ²¥¡ ´¨Ö Î ¸É¨ÍÒ ¨ ¡ ·Ó¥·  ¢¸¥£¤  ¢ Ë §¥;
Å  ³¶²¨ÉÊ¤  ¸±µ·µ¸É¨ ¨ · §³ Ì ±µ²¥¡ ´¨° ¡ ·Ó¥·  ¶·¥¢ÒÏ ¥É  ³¶²¨ÉÊ¤Ê

¸±µ·µ¸É¨ ¨ · §³ Ì ±µ²¥¡ ´¨° Î ¸É¨ÍÒ (¸µµÉ¢¥É¸É¢Ê¥É Ê¸²µ¢¨Õ Š ¶¨ÍÒ: δ �
A, £¤¥ A = δω2

0/(ω2 + ω2
0).

�¨¸. 24. ” §µ¢Ò¥ ¶µ·É·¥ÉÒ § Ì¢ -
Î¥´´ÒÌ ( ), µÉ· ¦¥´´ÒÌ (¡) ¨ ¶·µ-
²¥É´ÒÌ (¢) Î ¸É¨Í, ¸É·¥²±¨ Ê± §Ò-
¢ ÕÉ ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö

„²Ö ¨²²Õ¸É· Í¨¨ ¤¢¨¦¥´¨Ö Î ¸É¨ÍÒ
É ±¦¥ Ê¤µ¡´µ ¢µ¸¶µ²Ó§µ¢ ÉÓ¸Ö ¥¥ Ë §µ¢Ò³
¶µ·É·¥Éµ³. C ¨¸¶µ²Ó§µ¢ ´¨¥³ ¶µ²ÊÎ¥´´ÒÌ
¢Ò· ¦¥´¨° ¤²Ö ¸±µ·µ¸É¨ ¨ ±µµ·¤¨´ ÉÒ ´ 
·¨¸. 24 ¶·¥¤¸É ¢²¥´Ò ´¥¸±µ²Ó±µ Ë §µ¢ÒÌ
¶µ·É·¥Éµ¢.

�·¨¢¥¤¥´´ Ö ¶·µ¸É Ö ³µ¤¥²Ó ³¥É ¸É -
¡¨²Ó´ÒÌ Ô²¥±É·µ´µ¢ ¢ ‚Š ¨ ¥¥ ¶µ¤·µ¡´Ò°
 ´ ²¨§ ¶·¥¤¸É ¢²¥´Ò ¢ [73]. �¤´ ±µ ³µ-
¤¥²Ó Ö¢²Ö¥É¸Ö ¸²¨Ï±µ³ Ê¶·µÐ¥´´µ°, É ±
± ± ¢ ´¥° ÊÎ¨ÉÒ¢ ¥É¸Ö ²¨ÏÓ ±µ²¥¡ ´¨¥ ±µ-
µ·¤¨´ ÉÒ ‚Š ¨ ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö ±µ²¥¡ ´¨¥
¶µÉ¥´Í¨ ²  ‚Š. ‚ · ¡µÉ¥ [74] Î¨¸²¥´´µ
¨¸¸²¥¤µ¢ ²¸Ö ³¥É ¸É ¡¨²Ó´Ò° µ¸Í¨²²ÖÉµ·,
¡ ² ´¸¨·ÊÕÐ¨° ´  ¢¥·Ï¨´¥ £ Ê¸¸µ¢¸±µ£µ
¶µÉ¥´Í¨ ²Ó´µ£µ ¡ ·Ó¥· , ¢Ò¸µÉ  ¨ ¶µ²µ-
¦¥´¨¥ ±µÉµ·µ£µ µ¤´µ¢·¥³¥´´µ µ¸Í¨²²¨·µ-
¢ ²¨. �·µË¨²Ó ¥£µ ¶µÉ¥´Í¨ ²  § ¤ ¢ ²¸Ö
§ ±µ´µ³

U(z, t) = (a0 − a1 sin ωt)×
× exp [−δ(z − ξ cos ωt)2]. (61)

�Ò²µ ¶µ± § ´µ, ÎÉµ ¤¨´ ³¨±  Î ¸É¨ÍÒ ¢
¶µÉ¥´Í¨ ²¥ (61) ¶· ±É¨Î¥¸±¨  ´ ²µ£¨Î´ 
¤¨´ ³¨±¥ Î ¸É¨ÍÒ ¢ ¶µÉ¥´Í¨ ²¥ (57).

„²Ö µÉ¢¥É  ´  µ¸É ¢Ï¨¥¸Ö ¢µ¶·µ¸Ò,
¸Ëµ·³Ê²¨·µ¢ ´´Ò¥ ¢ ´ Î ²¥ ¶. 2.3, ³Ò ¨¸-
¶µ²Ó§µ¢ ²¨ PIC-±µ¤ Š���’ [73, 74], ³µ-
¤¥·´¨§¨·µ¢ ´´Ò° É ±, ÎÉµ¡Ò ³Ò ¸³µ£²¨
µ¡´ ·Ê¦¨ÉÓ ¨ · ¸¸Î¨É ÉÓ ±µ²¨Î¥¸É¢µ ³¥-
É ¸É ¡¨²Ó´ÒÌ Ô²¥±É·µ´µ¢.

„²Ö ÔÉµ£µ ¢ ¶·µ¸É· ´¸É¢¥ ¢¡²¨§¨ ‚Š
¢Ò¤¥²Ö²¸Ö ´¥±¨° µ¡Ñ¥³ ¨ µÉ¸²¥¦¨¢ ²µ¸Ó ¢·¥³Ö ´ Ìµ¦¤¥´¨Ö ± ¦¤µ° ±·Ê¶-
´µ° Î ¸É¨ÍÒ ¢ ÔÉµ³ µ¡Ñ¥³¥. �µ¸²¥ µ±µ´Î ´¨Ö · ¸Î¥É  ¸É·µ¨² ¸Ó ËÊ´±Í¨Ö
· ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ µÉ ¢¥²¨Î¨´Ò ÔÉµ£µ ¢·¥³¥´¨. �¤¨´ ¨§ É¨¶¨Î´ÒÌ
¨¸¸²¥¤µ¢ ´´ÒÌ ¶·¨³¥·µ¢ ¶·¥¤¸É ¢²¥´ ´¨¦¥.
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�¨¸. 25. ƒ¥µ³¥É·¨Ö µ¡² ¸É¨ ³µ¤¥²¨·µ¢ ´¨Ö
¶ÊÎ±  ¸ ‚Š, ¶Ê´±É¨·µ³ ¢Ò¤¥²¥´ µ¡Ñ¥³, ¢
±µÉµ·µ³ ¢ÒÎ¨¸²Ö² ¸Ó ËÊ´±Í¨Ö · ¸¶·¥¤¥-
²¥´¨Ö Ô²¥±É·µ´µ¢ ¶µ ¢·¥³¥´¨ ´ Ìµ¦¤¥´¨Ö
¢ ´¥³

�±¢¨¶µÉ¥´Í¨ ²Ó´ Ö ¶µ²µ¸ÉÓ
¶·¥¤¸É ¢²Ö²  ¸µ¡µ° ±·Ê£µ¢µ° Í¨-
²¨´¤· · ¤¨Ê¸µ³ R = 2 ¸³ ¨ ¤²¨-
´µ° L = 15 ¸³, µ£· ´¨Î¥´´Ò° ¶·µ-
¢µ¤ÖÐ¨³¨ Éµ·Í ³¨. ‘Î¨É ²µ¸Ó, ÎÉµ
´  ¶µ²µ¸ÉÓ ´ ²µ¦¥´µ µ¤´µ·µ¤´µ¥
¸¨²Ó´µ¥ ³ £´¨É´µ¥ ¶µ²¥ ¢¥²¨Î¨-
´µ° B = 30 ±ƒ¸. ‘ ²¥¢µ£µ Éµ·Í 
(¸³. ·¨¸. 25) ¢ ¶µ²µ¸ÉÓ ¨´¦¥±É¨-
·µ¢ ²¸Ö ³µ´µÔ´¥·£¥É¨Î¥¸±¨° É·Ê¡Î -
ÉÒ° Ô²¥±É·µ´´Ò° ¶ÊÎµ± ¸ Ô´¥·£¨¥°
Ô²¥±É·µ´µ¢ U = 511 ±Ô‚ (γ = 2), · -
¤¨Ê¸µ³ ¶ÊÎ±  rb = 1 ¸³ ¨ Éµ²Ð¨´µ°
É·Ê¡±¨ Éµ±  ∆r = 0, 2 ¸³. �Í¥´± 
¢¥²¨Î¨´Ò ¶·¥¤¥²Ó´µ£µ Éµ±  ¤²Ö É -
±µ° £¥µ³¥É·¨¨ ¶µ ¨§¢¥¸É´µ° Ëµ·-
³Ê²¥ �µ£¤ ´±¥¢¨ÎÄ�ÊÌ ¤§¥ [75] ¤ ¥É
Ilim ≈ 4, 82 ±�.

�¨¸. 26. Œ£´µ¢¥´´Ò° Ë §µ¢Ò° ¶µ·É·¥É
¶ÊÎ±  ¢ § ¤ Î¥ µ ³¥É ¸É ¡¨²Ó´ÒÌ Ô²¥±É·µ-
´ Ì

’¨¶¨Î´Ò° ³£´µ¢¥´´Ò° Ë §µ¢Ò°
¶µ·É·¥É ¶ÊÎ±  ¶·¨ Éµ±¥ ¢ÒÏ¥ ¶·¥-
¤¥²Ó´µ£µ ¶µ± § ´ ´  ·¨¸. 26. ‚¨¤´µ,
ÎÉµ Éµ£¤  ¢ ¶µ²µ¸É¨ ¸ÊÐ¥¸É¢Ê¥É ‚Š.
�¡Ñ¥³, ¢ ±µÉµ·µ³ µÉ¸²¥¦¨¢ ²µ¸Ó
¢·¥³Ö ´ Ìµ¦¤¥´¨Ö Ô²¥±É·µ´µ¢ ¢ É¥-
Î¥´¨¥ 15 ´¸, ¶µ± § ´ ´  ·¨¸. 25 ¶Ê´±-
É¨·µ³.

�Ò²µ µ¡´ ·Ê¦¥´µ, ÎÉµ ³¥É ¸É -
¡¨²Ó´Ò¥ Ô²¥±É·µ´Ò ¢ § ³¥É´µ³ ±µ-
²¨Î¥¸É¢¥ ¶·¨¸ÊÉ¸É¢ÊÕÉ, ±µ£¤  Éµ±
¶ÊÎ±  ´¥¸¨²Ó´µ ¶·¥¢ÒÏ ¥É ¶·¥¤¥²Ó-
´Ò° Éµ±. ’ ±, ´ ¶·¨³¥·, ËÊ´±Í¨Ö
· ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¶µ ¢·¥-
³¥´¨ ¨Ì ´ Ìµ¦¤¥´¨Ö ¢ ¢Ò¤¥²¥´´µ³
µ¡Ñ¥³¥ ¤²Ö Éµ±  ¶ÊÎ±  I = 5, 15 ±�

¶µ± § ´  ´  ·¨¸. 27,  ,   ¤²Ö Éµ±  I = 10 ±� Å ´  ·¨¸. 27, ¡. „¢Ê£µ·¡Ò° Ì -
· ±É¥· ¢¥·Ï¨´Ò ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ´  ·¨¸. 27 ¸µµÉ¢¥É¸É¢Ê¥É ¶·µ²¥É´Ò³
¨ µÉ· ¦¥´´Ò³ Ô²¥±É·µ´ ³,   ¤²¨´´Ò° Ì¢µ¸É ´  ·¨¸. 27,   Å ³¥É ¸É ¡¨²Ó´Ò³.
Šµ²¨Î¥¸É¢µ ¶µ¸²¥¤´¨Ì ¸µ¸É ¢²Ö¥É ´¥¸±µ²Ó±µ ¤¥¸ÖÉÒÌ ¤µ²¥° ¶·µÍ¥´É  µÉ µ¡-
Ð¥£µ ±µ²¨Î¥¸É¢  Ô²¥±É·µ´µ¢. „²Ö ¸²ÊÎ Ö ·¨¸. 27, ¡ ³¥É ¸É ¡¨²Ó´Ò¥ Ô²¥±É·µ´Ò
´¥ ´ ¡²Õ¤ ÕÉ¸Ö, ÌµÉÖ ´¥¡µ²ÓÏµ¥ ¨Ì ¶·¨¸ÊÉ¸É¢¨¥ ¶µ²´µ¸ÉÓÕ ´¥ ¨¸±²ÕÎ ¥É¸Ö.
’µ µ¡¸ÉµÖÉ¥²Ó¸É¢µ, ÎÉµ ¤µ²Ö ³¥É ¸É ¡¨²Ó´ÒÌ Ô²¥±É·µ´µ¢ ¶ ¤ ¥É ¸ ·µ¸Éµ³ Éµ± 
¶ÊÎ± , ¶µ-¢¨¤¨³µ³Ê, µ¡Ö§ ´µ Éµ³Ê, ÎÉµ, ¢µ-¶¥·¢ÒÌ, ¸ ·µ¸Éµ³ Éµ±  Ô²¥±É·µ³ £-
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�¨¸. 27. ”Ê´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¶µ ¢·¥³¥´¨ ´ Ìµ¦¤¥´¨Ö ¢ ¢Ò¤¥²¥´´µ³
µ¡Ñ¥³¥ ¤²Ö ¶ÊÎ±  ¸ Éµ±µ³:  ) 5,15 ±�; ¡) 10 ±�

´¨É´Ò¥ ±µ²¥¡ ´¨Ö ¢ ¶µ²µ¸É¨ ¸É ´µ¢ÖÉ¸Ö ¡µ²¥¥ ´¥·¥£Ê²Ö·´Ò³¨, ¨ ¢µ-¢Éµ·ÒÌ,
¸ ·µ¸Éµ³ Éµ±  ¶ÊÎ±  Ê¢¥²¨Î¨¢ ¥É¸Ö ±µ²¨Î¥¸É¢µ ¢¸¥Ì Ô²¥±É·µ´µ¢, ¨, ¥¸²¨ ¡Ò
µ¡Ð¥¥ ±µ²¨Î¥¸É¢µ ³¥É ¸É ¡¨²Ó´ÒÌ Ô²¥±É·µ´µ¢ ¡Ò²µ ¢¸¥£¤  µ¤¨´ ±µ¢Ò³, Éµ
¨Ì µÉ´µ¸¨É¥²Ó´µ¥ Î¨¸²µ ¶ ¤ ²µ ¡Ò.

’ ±¨³ µ¡· §µ³, ¢ÒÖ¢²¥´ ³¥Ì ´¨§³ ¶µÖ¢²¥´¨Ö ¢ ‚Š ³¥É ¸É ¡¨²Ó´ÒÌ Ô²¥±-
É·µ´µ¢, ±µÉµ·Ò¥ Ê¸Éµ°Î¨¢µ µ¸Í¨²²¨·ÊÕÉ ¢³¥¸É¥ ¸ ´¨³. �  ¶·µ¸Éµ° ³µ¤¥²¨
¨¸¸²¥¤µ¢ ´  ¤¨´ ³¨±  É ±¨Ì µ¸Í¨²²ÖÍ¨° ¨ ¢ÒÖ¢²¥´Ò ¨Ì § ±µ´µ³¥·´µ¸É¨. „¢Ê-
³¥·´µ¥ ¶µ²´µ¸ÉÓÕ ¸ ³µ¸µ£² ¸µ¢ ´´µ¥ ±µ³¶ÓÕÉ¥·´µ¥ ³µ¤¥²¨·µ¢ ´¨¥ ¶µ¤É¢¥·-
¤¨²µ ´ ²¨Î¨¥ É ±¨Ì Ô²¥±É·µ´µ¢ ¨ ¶µ§¢µ²¨²µ µÍ¥´¨ÉÓ ¨Ì ±µ²¨Î¥¸É¢µ.

�µ¤Î¥·±´¥³, ÎÉµ ³¥É ¸É ¡¨²Ó´Ò¥ Ô²¥±É·µ´Ò, ¤¢¨£ Ö¸Ó ¢ Ë §¥ ¸ ‚Š, Ê¢¥-
²¨Î¨¢ ÕÉ ¤¨¶µ²Ó´Ò° ³µ³¥´É ¸¨¸É¥³Ò ‚ŠÄ¥£µ ¨§µ¡· ¦¥´¨¥ ´   ´µ¤´µ° ¸¥É±¥,
¶µÔÉµ³Ê Ê¢¥²¨Î¥´¨¥ Î¨¸²  É ±¨Ì Ô²¥±É·µ´µ¢ ¶µ§¢µ²¨²µ ¡Ò ¶µ¢Ò¸¨ÉÓ ±¶¤
‘‚—-£¥´¥· Éµ·µ¢ ¸ ‚Š, µ Î¥³ ±· É±µ Ê¶µ³Ö´ÊÉµ ¢ [55]. “¢¥²¨Î¨ÉÓ ¨Ì ±µ-
²¨Î¥¸É¢µ, ± ± ¶µ± §Ò¢ ¥É  ´ ²¨§ ¶·¨¢¥¤¥´´ÒÌ ³µ¤¥²¥°, ³µ¦´µ, ´ ¶·¨³¥·,
·¥ ²¨§ÊÖ ¡µ²¥¥ ¶µ²µ£¨° ¸±²µ´ ¶µÉ¥´Í¨ ²Ó´µ£µ ¡ ·Ó¥·  ¨²¨ ¤¥² Ö Ô²¥±É·µ´Ò
¡µ²¥¥ ¨´¥·É´Ò³¨ (Ê¢¥²¨Î¨¢ Ö ¨Ì ·¥²ÖÉ¨¢¨¸É¸±ÊÕ ³ ¸¸Ê) ¤²Ö ²ÊÎÏ¥£µ ¢Ò¶µ²-
´¥´¨Ö Ê¸²µ¢¨Ö Š ¶¨ÍÒ.

2.4. ®‘¦ Éµ¥ ¸µ¸ÉµÖ´¨¥¯ ¸¢¥·Ì¶·¥¤¥²Ó´ÒÌ ¶ÊÎ±µ¢. �µ¸²¥ µÉ· ¦¥´¨Ö
Ô²¥±É·µ´µ¢ µÉ ‚Š ¢ ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥ ± Éµ¤Ä‚Š Ê¸É ´ ¢²¨¢ ¥É¸Ö ¤¢ÊÌ¶µ-
Éµ±µ¢µ¥ ¸µ¸ÉµÖ´¨¥ ¶ÊÎ±  („‘�) ¢¸É·¥Î´ÒÌ Ô²¥±É·µ´´ÒÌ ¶ÊÎ±µ¢. �Í¥´±¨ ¶µ-
± §Ò¢ ÕÉ, ÎÉµ ¢¸É·¥Î´Ò¥ ¶ÊÎ±¨ ¶·µ²¥É´ÒÌ Ô²¥±É·µ´µ¢ ¢ ´¥¢µ§³ÊÐ¥´´µ³ ¢¨¤¥
¤µ²£µ ´ Ìµ¤¨ÉÓ¸Ö ´¥ ³µ£ÊÉ, É ± ± ± ¢µ§³µ¦´µ ¢µ§¡Ê¦¤¥´¨¥ · §²¨Î´ÒÌ ¶ÊÎ±µ-
¢ÒÌ ´¥Ê¸Éµ°Î¨¢µ¸É¥°. ‚ Î ¸É´µ¸É¨, ± ± ¶µ± §Ò¢ ÕÉ µÍ¥´±¨, ¶²µÉ´µ¸ÉÓ Éµ± 
¶·µ²¥É´ÒÌ Ô²¥±É·µ´µ¢ ¤µ¸É ÉµÎ´  ¤²Ö ¢µ§¡Ê¦¤¥´¨Ö ¤¢ÊÌ¶µÉµ±µ¢µ° ´¥Ê¸Éµ°-
Î¨¢µ¸É¨, µ¸µ¡¥´´µ ¢ Ê¤²¨´¥´´ÒÌ Ö³ Ì, ´ ¶·¨³¥·, ¢ ³ £´¨Éµ¨§µ²¨·µ¢ ´´ÒÌ
¢¨·± Éµ· Ì.

‚ · ¡µÉ¥ [76] ¡Ò²µ µ¡´ ·Ê¦¥´µ, ÎÉµ ¢ ¶ÊÎ± Ì ¸ ¶²µÉ´µ¸ÉÓÕ Éµ± ,
¶·¥¢ÒÏ ÕÐ¥° ¶·¥¤¥²Ó´µ¥ §´ Î¥´¨¥, ¸ÊÐ¥¸É¢Ê¥É ¡µ²¥¥ ¡Ò¸É· Ö ´¥Ê¸Éµ°Î¨-
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�¨¸. 28. ’¨¶¨Î´Ò° ¶·¨³¥· ¢µ²´µ¢µ£µ Ì · ±É¥·  Ê¸É ´µ¢²¥´¨Ö ‘‘�:  , ¢, ¤, ¦) Ô¢µ-
²ÕÍ¨Ö Ë §µ¢µ£µ ¶µ·É·¥É  ¶ÊÎ± ; ¡, £, ¥, §) Ô¢µ²ÕÍ¨Ö · ¸¶·¥¤¥²¥´¨Ö § ·Ö¤  ¢¤µ²Ó µ¸¨
¶·¨¡µ· 
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¢µ¸ÉÓ, µ¶¥·¥¦ ÕÐ Ö ¢ ¸¢µ¥³ · §¢¨É¨¨ ¤¢ÊÌ¶µÉµ±µ¢ÊÕ. �·µ¨¸Ìµ¤¨É Ëµ·-
³¨·µ¢ ´¨¥ É ± ´ §Ò¢ ¥³µ£µ ¸¦ Éµ£µ ¸µ¸ÉµÖ´¨Ö ¶ÊÎ±  (‘‘�), Ì · ±É¥·¨-
§ÊÕÐ¥£µ¸Ö ³ ²µ° ¸±µ·µ¸ÉÓÕ ¨ ¡µ²ÓÏµ° ¶²µÉ´µ¸ÉÓÕ Ô²¥±É·µ´µ¢,   É ±¦¥
· §¢¨Éµ° ÉÊ·¡Ê²¥´É´µ¸ÉÓÕ ¢¸É·¥Î´ÒÌ ¶µÉµ±µ¢. “¸É ´µ¢²¥´µ, ÎÉµ ¢ ¡¥¸Ëµ²Ó-
£µ¢ÒÌ ³ £´¨Éµ¨§µ²¨·µ¢ ´´ÒÌ ¢¨·± Éµ· Ì, ¶·¥¤¸É ¢²ÖÕÐ¨Ì ¸µ¡µ° ¤²¨´´ÊÕ
É·Ê¡Ê ¸µ ¸± Î±µ³ ¤¨ ³¥É· , £¤¥ ¢ ¸¥±Í¨¨ ³¥´ÓÏ¥£µ ¤¨ ³¥É·  · §³¥Ð¥´ ± Éµ¤,
Ëµ·³¨·µ¢ ´¨¥ ‘‘� ¨³¥¥É ¢µ²´µ¢µ° Ì · ±É¥·, ¶·¨Î¥³ ¢µ²´  ¶¥·¥±²ÕÎ¥´¨Ö
„‘�→‘‘� ¤¢¨¦¥É¸Ö µÉ ‚Š ± ± Éµ¤Ê, É. ¥. ¶·µÉ¨¢ ´ ¶· ¢²¥´¨Ö ¨´¦¥±Í¨¨.
‘±µ·µ¸ÉÓ ¢µ²´Ò ¶¥·¥±²ÕÎ¥´¨Ö ¡Ò²  µÍ¥´¥´  ± ± ∼ 1010 ¸³/¸. „²Ö µ¡ÑÖ¸´¥-
´¨Ö ÔÉµ£µ Ö¢²¥´¨Ö ¡Ò²  ¶·¥¤²µ¦¥´  É¥µ·¨Ö, µ¸´µ¢ ´´ Ö ´  ¡ ² ´¸¥ ³µ³¥´Éµ¢
¸¨² ¤ ¢²¥´¨Ö ¢ ¸¥Î¥´¨ÖÌ, ´ Ìµ¤ÖÐ¨Ì¸Ö ¶µ · §´Ò¥ ¸Éµ·µ´Ò µÉ ¸± Î±  ¤¨ -
³¥É· . ” ±É¨Î¥¸±¨ ‘‘� Å ÔÉµ · ¸¶·¥¤¥²¥´´Ò° ¢ ¶·µ¸É· ´¸É¢¥ ¤·¥°Ë  ‚Š.
„¨´ ³¨±  ¤¢¨¦¥´¨Ö ¢µ²´Ò Ê¸É ´µ¢²¥´¨Ö ‘‘� ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 28.

�É³¥É¨³, ÎÉµ Ê¸É ´µ¢²¥´¨¥ ‘‘� ¸µ¶·µ¢µ¦¤ ¥É¸Ö ¤µ¶µ²´¨É¥²Ó´Ò³ ´ ±µ¶-
²¥´¨¥³ Ô²¥±É·¨Î¥¸±µ£µ § ·Ö¤ ,   ¸±µ·µ¸ÉÓ ¢µ²´Ò ¶¥·¥±²ÕÎ¥´¨Ö µ¶·¥¤¥²Ö¥É¸Ö
É¥³¶µ³ ´ ±µ¶²¥´¨Ö § ·Ö¤ , É. ¥. µÉ´µÏ¥´¨¥³ Éµ±  ¶ÊÎ±  ± ¶·¥¤¥²Ó´µ³Ê Éµ±Ê.

�¨¸. 29. ‡ ±µ´Ò ¤¢¨¦¥´¨Ö ‚Š ¨
Ë·µ´É  ‘‘�: 1 Å ¤²Ö ¢¨·± Éµ· 
¸  ´µ¤´µ° Ëµ²Ó£µ°; 2 Å ¤²Ö ¡¥¸-
Ëµ²Ó£µ¢µ£µ ¢¨·± Éµ· 

‚ ´ ¸ÉµÖÐ¥° · ¡µÉ¥ ¡Ò²µ ¶·µ¤µ²¦¥´µ
Î¨¸²¥´´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ ‘‘� ¸ ¶µ³µÐÓÕ
±µ¤  Š���’. ’ ±, ¢ [77] ¡Ò²µ ´ °¤¥´µ, ÎÉµ
¥¸²¨ ¢ ³ £´¨Éµ¨§µ²¨·µ¢ ´´µ³ ¢¨·± Éµ·¥ ´ 
¸± Î±¥ ¤¨ ³¥É·  · §³¥¸É¨ÉÓ Ëµ²Ó£Ê ¨²¨, ¸± -
¦¥³, Éµ´±¨° ¶² §³¥´´Ò° ¸²µ°, Éµ ¸±µ·µ¸ÉÓ
¢µ²´Ò Ê¸É ´µ¢²¥´¨Ö ‘‘� ´¥¸±µ²Ó±µ Ê³¥´Ó-
Ï¨É¸Ö. �  ·¨¸. 29 ¶µ± § ´Ò ¤²Ö ¸· ¢´¥-
´¨Ö § ±µ´Ò ¤¢¨¦¥´¨Ö ¢µ²´Ò ¶¥·¥±²ÕÎ¥´¨Ö
„‘�→‘‘� ¤²Ö Ëµ²Ó£µ¢µ£µ ¨ ¡¥¸Ëµ²Ó£µ¢µ£µ
¢ ·¨ ´Éµ¢ ¢¨·± Éµ· .

‚ ¶·¥¤²µ¦¥´´µ³  ¢Éµ·µ³ ¢¨·± Éµ·¥ ¸
³ £´¨É´µ° ¶·µ¡±µ° [78] ¡Ò²µ ´ °¤¥´µ, ÎÉµ
‘‘� Ê¸É ´ ¢²¨¢ ¥É¸Ö ³¥¦¤Ê ‚Š ¨ ³ £´¨É-
´µ° ¶·µ¡±µ° (¶µ ±² ¸¸¨Ë¨± Í¨¨ ¶. 1.1 Å
³¥¦¤Ê µ¸Í¨²²¨·ÊÕÐ¨³ ‚Š ¨ ³ £´¨É´Ò³ ‚Š
¸µµÉ¢¥É¸É¢¥´´µ),   ¢µ²´  ¶¥·¥±²ÕÎ¥´¨Ö ³µ-
¦¥É ¤¢¨£ ÉÓ¸Ö ¢ ¶·µÉ¨¢µ¶µ²µ¦´ÊÕ µÉ ± Éµ¤ 
¸Éµ·µ´Ê.

Š·µ³¥ Éµ£µ, ¡Ò²¨ µ¡´ ·Ê¦¥´Ò ¨ ¡µ²¥¥
¸²µ¦´Ò¥ ·¥¦¨³Ò ‘‘�, ´ ¶·¨³¥·, ±µ£¤  ¶·µ-
ÉÖ¦¥´´µ¸ÉÓ ‘‘� µ¸Í¨²²¨·Ê¥É ¢µ ¢·¥³¥´¨. � ¶·¨³¥·, ¢ ¡¥¸Ëµ²Ó£µ¢µ³ ³ £´¨-
Éµ¨§µ²¨·µ¢ ´´µ³ ¢¨·± Éµ·¥ ³µ¦¥É ·¥ ²¨§µ¢Ò¢ ÉÓ¸Ö ·¥¦¨³, ±µ£¤  ‘‘� ¶µ-
¶¥·¥³¥´´µ ¢µ§´¨± ¥É Éµ Ê ‚Š, Éµ Ê ± Éµ¤ . — ¸ÉµÉ  É ±¨Ì ±µ²¥¡ ´¨° ¸ÊÐ¥-
¸É¢¥´´µ ³¥´ÓÏ¥ Î ¸ÉµÉÒ ±µ²¥¡ ´¨° ‚Š ¨ ¸µ¸É ¢²Ö¥É ¶·¨³¥·´µ ¤µ²¨ £¨£ -
£¥·Í . �  ·¨¸. 30 ¶µ± § ´Ò µÉ¤¥²Ó´Ò¥ Ë §Ò ÔÉ¨Ì ±µ²¥¡ ´¨°.
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�¨¸. 30. �É¤¥²Ó´Ò¥ Ë §Ò ±µ²¥¡ É¥²Ó´µ£µ ¶·µÍ¥¸¸  Ëµ·³¨·µ¢ ´¨Ö ‘‘� Éµ Ê ± Éµ¤ , Éµ
Ê ‚Š:  , ¢) Ô¢µ²ÕÍ¨Ö Ë §µ¢µ£µ ¶µ·É·¥É  ¶ÊÎ± ; ¡, £) Ô¢µ²ÕÍ¨Ö · ¸¶·¥¤¥²¥´¨Ö § ·Ö¤ 
¢¤µ²Ó µ¸¨ ¶·¨¡µ· 

‚ Í¨²¨´¤·¨Î¥¸±µ° ¶µ²µ¸É¨, ¢ ±µÉµ·µ° ¸ Éµ·Íµ¢ ¨´¦¥±É¨·ÊÕÉ¸Ö µ¤¨´ -
±µ¢Ò¥ ¢¸É·¥Î´Ò¥ ¸¢¥·Ì¶·¥¤¥²Ó´Ò¥ ¶ÊÎ±¨ (É ± Ö ±µ´Ë¨£Ê· Í¨Ö ®¢¸É·¥Î´Ò¥
¢¨·± Éµ·Ò¯ Ô±¸¶¥·¨³¥´É ²Ó´µ ¨¸¸²¥¤µ¢ ² ¸Ó ¢ [79]), ³µ£ÊÉ µ¡· §µ¢Ò¢ ÉÓ¸Ö
´¥¸±µ²Ó±µ ‚Š ¨ ´¥¸±µ²Ó±µ ÊÎ ¸É±µ¢ ¸ ‘‘� ¸ µ¸Í¨²²¨·ÊÕÐ¥° ¢µ ¢·¥³¥´¨
¤²¨´µ°. �Éµ ¨²²Õ¸É·¨·Ê¥É ·¨¸. 31. ‘ÊÐ¥¸É¢¥´´µ ¶·¨ ÔÉµ³, ÎÉµ ¢ ¸¶¥±É·¥
Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢ ¶µ²µ¸É¨ É ±¦¥ ´ ·Ö¤Ê ¸ ¢Ò¸µ±µÎ ¸ÉµÉ´µ° ¸µ¸É ¢²ÖÕ-
Ð¥° ¶·¨¸ÊÉ¸É¢Ê¥É ´¨§±µÎ ¸ÉµÉ´ Ö, Î ¸ÉµÉ  ±µÉµ·µ° ¸µµÉ¢¥É¸É¢Ê¥É ÔÉ¨³ ±µ²¥-
¡ ´¨Ö³ (·¨¸. 32). �  ÔÉµ° ¦¥ Î ¸ÉµÉ¥ ³µ¦¥É µ¸Í¨²²¨·µ¢ ÉÓ ¨ µ¡Ð¥¥ Î¨¸²µ
Ô²¥±É·µ´µ¢ ¢ ¶µ²µ¸É¨ (·¨¸. 33).

�É³¥É¨³ §´ Î¥´¨¥ ‘‘�. ‚ Ô²¥±É·µ´´µ° ²µ¢ÊÏ±¥ ¸ µÉ· ¦ É¥²Ó´Ò³ ‚Š∗

REBIS, ¶·¥¤²µ¦¥´´µ° …. „. „µ´Íµ³ ¨ ËÊ´±Í¨µ´¨·ÊÕÐ¥° ¢ �ˆŸˆ [24], µ¡-
´ ·Ê¦¥´Ò ¸µ¸ÉµÖ´¨Ö [80], ´ §¢ ´´Ò¥ ¨Ì  ¢Éµ· ³¨ ®Ô²¥±É·µ´´Ò³¨ ¸É·Ê´ ³¨¯.
�Ò²µ ´ °¤¥´µ, ÎÉµ Ô²¥±É·µ´´Ò¥ ¸É·Ê´Ò ¶·¥¤¸É ¢²ÖÕÉ ¸µ¡µ° ¡µ²¥¥ ¶²µÉ´Ò¥

∗‹Õ¡µ¶ÒÉ´µ, ÎÉµ ¢ ²µ¢ÊÏ±¥ REBIS µ¤´µ¢·¥³¥´´µ ¸ÊÐ¥¸É¢ÊÕÉ É·¨ · §´µ¢¨¤´µ¸É¨ ‚Š: µÉ-
· ¦ É¥²Ó´Ò° ‚Š ¢¡²¨§¨ µÉ· ¦ É¥²Ö ²µ¢ÊÏ±¨, É¥¶²µ¢µ° ‚Š ¢¡²¨§¨ É¥·³µÔ³¨¸¸¨µ´´µ£µ ± Éµ¤  ¨
‘‘� Å · ¸¶·¥¤¥²¥´´Ò° µ¸Í¨²²¨·ÊÕÐ¨° ‚Š.
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�¨¸. 31. �¸Í¨²²ÖÉµ·´Ò° Ì · ±É¥· ¤¨´ ³¨±¨ ‘‘� ( ) ¨ µÉ¤¥²Ó´Ò¥ Ë §Ò Ë §µ¢µ£µ
¶µ·É·¥É  (¡) ¤²Ö ¢¸É·¥Î´ÒÌ ¢¨·± Éµ·µ¢

�¨¸. 32. ‘¶¥±É· ±µ²¥¡ ´¨° Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö ¢µ ¢¸É·¥Î´ÒÌ ¢¨·± Éµ· Ì ¢ µ¸Í¨²²Ö-
Éµ·´µ³ ·¥¦¨³¥ ‘‘�

�¨¸. 33. ‡ ÉÊÌ ÕÐ¨¥ ±µ²¥¡ ´¨Ö µ¡Ð¥£µ ±µ²¨Î¥¸É¢  Ô²¥±É·µ´µ¢ ¢µ ¢¸É·¥Î´ÒÌ ¢¨·± -
Éµ· Ì: ¶¥·¨µ¤ ±µ²¥¡ ´¨° ¸µµÉ¢¥É¸É¢Ê¥É ¶¥·¨µ¤Ê ±µ²¥¡ ´¨° ‘‘�

Ô²¥±É·µ´´Ò¥ µ¡· §µ¢ ´¨Ö,   ¨Ì Ê¸É ´µ¢²¥´¨¥ ¸µ¶·µ¢µ¦¤ ¥É¸Ö ¤µ¶µ²´¨É¥²Ó-
´Ò³ ¨³¶Ê²Ó¸µ³ Éµ±  ´ ±µ¶²¥´¨Ö § ·Ö¤  ¢ ²µ¢ÊÏ±¥. �Éµ Ö¢²¥´¨¥ ³µ¦´µ ¨´-
É¥·¶·¥É¨·µ¢ ÉÓ ¸²¥¤ÊÕÐ¨³ µ¡· §µ³: Ô²¥±É·µ´´ Ö ¸É·Ê´  Å ÔÉµ ‘‘�,   ¥£µ
Ê¸É ´µ¢²¥´¨¥ ¸µ¶·µ¢µ¦¤ ¥É¸Ö ¤µ¶µ²´¨É¥²Ó´Ò³ ´ ±µ¶²¥´¨¥³ § ·Ö¤ , ± ± ÔÉµ
¶µ± § ´µ ´  ·¨¸. 28. ’ ±¨³ µ¡· §µ³, ÔÉµÉ ·¥¦¨³ ¸¶µ¸µ¡¸É¢Ê¥É Ê¢¥²¨Î¥´¨Õ
Î¨¸²  ´ ±µ¶²¥´´ÒÌ Ô²¥±É·µ´µ¢ ¨ Ö¢²Ö¥É¸Ö ¶µ²µ¦¨É¥²Ó´Ò³ ± Î¥¸É¢µ³.
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‘µ£² ¸´µ ¶·¥¤²µ¦¥´¨Õ [81], ¢µ²´  ¶¥·¥±²ÕÎ¥´¨Ö „‘�→‘‘� ³µ¦¥É
¨¸¶µ²Ó§µ¢ ÉÓ¸Ö ¤²Ö ±µ²²¥±É¨¢´µ£µ Ê¸±µ·¥´¨Ö ¨µ´µ¢. ‚ · ¡µÉ¥ [81] É ±¦¥ ¡Ò²
µÍ¥´¥´ É¥³¶ Ê¸±µ·¥´¨Ö ¨µ´µ¢ ¢ ÔÉµ° ¢µ²´¥, ±µÉµ·Ò° ¸µ¸É ¢¨² ∼ 1 ŒÔ‚/c³.

…¸²¨ ¦¥ ¢ ‘‚—-£¥´¥· Éµ· Ì ¸ ‚Š ·¥ ²¨§Ê¥É¸Ö µ¸Í¨²²¨·ÊÕÐ¨° ·¥¦¨³
‘‘�, Éµ ¢ ¸¶¥±É·¥ ¨Ì £¥´¥· Í¨¨ ¶µÖ¢²Ö¥É¸Ö ´¨§±µÎ ¸ÉµÉ´ Ö ¸µ¸É ¢²ÖÕÐ Ö,
ÎÉµ ³µ¦¥É ¡ÒÉÓ ¶µ²¥§´µ ¤²Ö ·Ö¤  ¶·¨²µ¦¥´¨°.

2.5. „¨´ ³¨±  Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¸ ‚Š ¢ ¸µ¸É ¢´ÒÌ É·Ê¡ Ì ¤·¥°Ë .
‚ · ¡µÉ Ì [58, 82] ¶·¨¢¥¤¥´Ò ·¥§Ê²ÓÉ ÉÒ ¨¸¸²¥¤µ¢ ´¨Ö § ±µ´µ³¥·´µ¸É¥° ¤¨-
´ ³¨±¨ ¶ÊÎ±  ¢ ¸µ¸É ¢´ÒÌ ³ £´¨Éµ¨§µ²¨·µ¢ ´´ÒÌ Í¨²¨´¤·¨Î¥¸±¨Ì É·Ê¡ Ì
¤·¥°Ë , ±µÉµ·Ò¥ ¸µ¸ÉµÖÉ ¨§ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ ¸µµ¸´ÒÌ § ³±´ÊÉÒÌ Í¨²¨´-
¤·¨Î¥¸±¨Ì ·¥§µ´ Éµ·µ¢ (¸¥±Í¨°), µÉ¤¥²¥´´ÒÌ ¤·Ê£ µÉ ¤·Ê£  Éµ´±¨³¨ ¶·µ§· Î-
´Ò³¨ ¤²Ö Ô²¥±É·µ´µ¢ ¸¥É± ³¨ ¨²¨ Ëµ²Ó£ ³¨ (·¨¸. 34).

�¨¸. 34. ‘Ì¥³  ¸µ¸É ¢´µ° É·Ê¡Ò ¤·¥°Ë  ¨§ n ¸¥±Í¨°

�¤´  ¨§ µ¸µ¡¥´´µ¸É¥° É ±¨Ì ¸µ¸É ¢´ÒÌ É·Ê¡ ¤·¥°Ë  § ±²ÕÎ ¥É¸Ö ¢ Éµ³,
ÎÉµ ¶·¨ µ¶·¥¤¥²¥´´ÒÌ Ê¸²µ¢¨ÖÌ ¢ ´¨Ì ³µ£ÊÉ µ¤´µ¢·¥³¥´´µ ¸ÊÐ¥¸É¢µ¢ ÉÓ ´¥-
¸±µ²Ó±µ ‚Š, ¨Ì ³ ±¸¨³ ²Ó´oe Î¨¸²µ N = 2n − 1, £¤¥ n Å Î¨¸²µ ¸¥±Í¨°.
Š·µ³¥ Éµ£µ, ¢ ´¨Ì ³µ¦¥É Ê¸É ´ ¢²¨¢ ÉÓ¸Ö ¨ ‘‘�.

“¸²µ¢¨³¸Ö ´Ê³¥·µ¢ ÉÓ ¸¥±Í¨¨ ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨´¤¥±¸Ò £¥µ³¥É·¨Î¥-
¸±¨Ì · §³¥·µ¢ ¸¥±Í¨° ¸²¥¢  ´ ¶· ¢µ, ¸Î¨É Ö, ÎÉµ ¨´¦¥±Í¨Ö ¶ÊÎ±  ¶·µ¨¸Ìµ¤¨É
¸ ²¥¢µ£µ Éµ·Í  ¶¥·¢µ° ¸¥±Í¨¨.

�·µ¸É¥°Ï¨°  ´ ²¨§ ¤¨ £· ³³Ò Éµ±µ¢ ¤²Ö ¤¢ÊÌ¸¥±Í¨µ´´µ° É·Ê¡Ò ¤·¥°Ë 
¤ ¥É ¸²¥¤ÊÕÐ¥¥:

I: �·¨ ¸µµÉ´µÏ¥´¨¨ ¶·¥¤¥²Ó´ÒÌ Éµ±µ¢ Ilim 1 < Ilim 2 (·¨¸. 35,  ) ¢µ§³µ¦´Ò
¤¢¥ ¸¨ÉÊ Í¨¨:

I : ¶·¨ I0 < Ilim 1 ¶ÊÎµ± ¶µ²´µ¸ÉÓÕ ¶·µÌµ¤¨É Î¥·¥§ ¢¸Õ É·Ê¡Ê ¤·¥°Ë ;

I¡: ¶·¨ I0 > Ilim 1 Ê ²¥¢µ£µ Éµ·Í  ¶¥·¢µ° ¸¥±Í¨¨ Ëµ·³¨·Ê¥É¸Ö ‚Š1l

(§¤¥¸Ó ¨ ¤ ²¥¥ ¨´¤¥±¸ ‚Š ¸µ¤¥·¦¨É ´µ³¥· ¸¥±Í¨¨,   ¡Ê±¢Ò l ¨²¨
r µ¡µ§´ Î ÕÉ, ¢¡²¨§¨ ± ±µ£µ Éµ·Í  ¸¥±Í¨¨, ²¥¢µ£µ ¨²¨ ¶· ¢µ£µ,
¸Ëµ·³¨·µ¢ ²¸Ö ‚Š).
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�¨¸. 35. ƒ¥µ³¥É·¨Ö ¤¢ÊÌ¸¥±Í¨µ´´µ° É·Ê¡Ò ¤·¥°Ë :  ) ¤²Ö ¸²ÊÎ Ö I; ¡) ¤²Ö ¸²ÊÎ Ö II

II: �·¨ Ilim 1 > Ilim 2 (·¨¸. 35, ¡) ¢µ§³µ¦´Ò Î¥ÉÒ·¥ ¸¨ÉÊ Í¨¨:

II : ¶·¨ I0 < Ilim 2 ¶ÊÎµ± ¶µ²´µ¸ÉÓÕ ¶·µÌµ¤¨É Î¥·¥§ ¢¸Õ É·Ê¡Ê ¤·¥°Ë ;

II¡: ¶·¨ Ilim 2 < I0 < 1/2(Ilim 1 + Ilim 2) µ¡· §Ê¥É¸Ö ‚Š2l;

II¢: ¶·¨ 1/2(Ilim 1 + Ilim 2) < I0 < Ilim 1 µ¡· §ÊÕÉ¸Ö ‚Š2l ¨ ‚Š1r;

II£: ¶·¨ I0 > Ilim 1 µ¡· §ÊÕÉ¸Ö ‚Š2l, ‚Š1r ¨ ‚Š1l,   ³¥¦¤Ê ‚Š1r ¨
‚Š1l Ê¸É ´ ¢²¨¢ ¥É¸Ö ‘‘�, ¶·¨Î¥³ ¥¸²¨ I0 ´¥ ´ ³´µ£µ ¶·¥¢ÒÏ ¥É
Ilim 1, Éµ ‚Š2l µ¡· §Ê¥É¸Ö · ´¥¥ ‚Š1l, ¥¸²¨ ¦¥ §´ ± ´¥· ¢¥´¸É¢ 
¢Ò¶µ²´Ö¥É¸Ö ¸ ¡µ²ÓÏ¨³ § ¶ ¸µ³, Éµ, ´ µ¡µ·µÉ, ‚Š1l µ¡· §Ê¥É¸Ö
· ´¥¥ ‚Š2l; Éµ±, ¶·¨ ±µÉµ·µ³ ‚Š2l ¨ ‚Š1l µ¡· §ÊÕÉ¸Ö µ¤´µ¢·¥-
³¥´´µ, ¡Ê¤¥³ µ¡µ§´ Î ÉÓ Ic.

�¤´ ±µ ±µ³¶ÓÕÉ¥·´µ¥ ³µ¤¥²¨·µ¢ ´¨¥ ¶µ± § ²µ, ÎÉµ ¤²Ö ¸²ÊÎ Ö I ¶·¨ ´¥-
¡µ²ÓÏµ° · §´µ¸É¨ Ilim 2−Ilim 1 µ¶¨¸ ´´ Ö ¢ÒÏ¥ ¤¨ £· ³³  Éµ±µ¢ ± Î¥¸É¢¥´´µ
¨§³¥´¨² ¸Ó: µ¡² ¸ÉÓ ¶·¥¤¶µ² £ ¥³µ° £· ´¨ÍÒ ³¥¦¤Ê ¤¢Ê³Ö ¸¨ÉÊ Í¨Ö³¨ ¤¨ -

�¨¸. 36. ’¥µ·¥É¨Î¥¸± Ö ( ) ¨ · ¸Î¥É´ Ö (¡) ¤¨ £· ³³  Éµ±µ¢ ¤²Ö ¤¢ÊÌ¸¥±Í¨µ´´µ° É·Ê¡Ò
¤·¥°Ë  ¢ ¸²ÊÎ ¥ I: ¢ ¶·Ö³µÊ£µ²Ó´¨±¥ ¶µ± § ´Ò ¸É¨²¨§µ¢ ´´Ò¥ Ë §µ¢Ò¥ ¶µ·É·¥ÉÒ ¶ÊÎ± 
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�¨¸. 37. ’¥µ·¥É¨Î¥¸± Ö ( ) ¨ · ¸Î¥É´ Ö (¡) ¤¨ £· ³³  Éµ±µ¢ ¤²Ö ¤¢ÊÌ¸¥±Í¨µ´´µ° É·Ê¡Ò
¤·¥°Ë  ¢ ¸²ÊÎ ¥ II: ¢ ¶·Ö³µÊ£µ²Ó´¨±¥ ¶µ± § ´Ò ¸É¨²¨§µ¢ ´´Ò¥ Ë §µ¢Ò¥ ¶µ·É·¥ÉÒ
¶ÊÎ± 

£· ³³Ò Éµ±µ¢ ¸¤¢¨´Ê² ¸Ó ¢ ¸Éµ·µ´Ê ³¥´ÓÏ¨Ì §´ Î¥´¨° Éµ±  ¨ ¨³¥¥É Éµ´-
±ÊÕ ¸É·Ê±ÉÊ·Ê, ±µ£¤  ¢µ§³µ¦´  ·¥ ²¨§ Í¨Ö ¸µ¸ÉµÖ´¨Ö ¸ ¤¢Ê³Ö ¨²¨ ¸ É·¥³Ö
‚Š (·¨¸. 36). —Éµ ± ¸ ¥É¸Ö ¸²ÊÎ Ö II, Éµ µ¶¨¸ ´´ Ö ¢ÒÏ¥ ¤¨ £· ³³  Éµ±µ¢
¨§³¥´¨² ¸Ó ²¨ÏÓ ±µ²¨Î¥¸É¢¥´´µ: ¶µ²µ¦¥´¨Ö £· ´¨Í ¢¸¥Ì Î¥ÉÒ·¥Ì ¸¨ÉÊ Í¨°
¸ÊÐ¥¸É¢¥´´µ, ¶µÎÉ¨ ¢ ¤¢  · § , ¸¤¢¨´ÊÉÒ ¢ µ¡² ¸ÉÓ ³¥´ÓÏ¨Ì Éµ±µ¢ (·¨¸. 37).

�´ ²¨§ ¤¨´ ³¨±¨ Ô¢µ²ÕÍ¨¨ Ë §µ¢µ£µ ¶µ·É·¥É  ¶ÊÎ±  ¢ · §²¨Î´ÒÌ ¸¨-
ÉÊ Í¨ÖÌ ¶µ§¢µ²¨² ´ °É¨ µ¡ÑÖ¸´¥´¨¥ É ±µ° É· ´¸Ëµ·³ Í¨¨ ¤¨ £· ³³ Éµ±µ¢.
Š ± ¢¨¤´µ ¨§ ·¨¸. 38 (¤²Ö ¸¨ÉÊ Í¨¨ II¡ ¢ ± Î¥¸É¢¥ ¶·¨³¥· ), ´  Ëµ´¥ ¡Ê·¸¨-
 ´µ¢¸±µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨ Ëµ·³¨·µ¢ ´¨Ö ‚Š · §¢¨¢ ¥É¸Ö ¡µ²¥¥ ±µ·µÉ±µ¢µ²-
´µ¢ Ö ³µ´µÉ·µ´´ Ö (¶¨·¸µ¢¸± Ö) ´¥Ê¸Éµ°Î¨¢µ¸ÉÓ, µ¶¨¸ ´´ Ö ¢ · ¡µÉ¥ [83].
�É  ´¥Ê¸Éµ°Î¨¢µ¸ÉÓ ¶·¨¢µ¤¨É ± ¸¨²Ó´µ° ³µ¤Ê²ÖÍ¨¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¶µ
¨³¶Ê²Ó¸Ê, ¶·¨Î¥³ ¢ Í¥²µ³ ±µ²¨Î¥¸É¢µ Ô²¥±É·µ´µ¢ ¸ Ô´¥·£¨¥° ³¥´ÓÏ¥°, Î¥³
Ô´¥·£¨Ö ¨´¦¥±Í¨¨, ´  Ëµ²Ó£¥, · §¤¥²ÖÕÐ¥° ¸¥±Í¨¨ É·Ê¡Ò ¤·¥°Ë , ¡Ê¤¥É § -
³¥É´µ ¡µ²ÓÏ¥, Î¥³ ±µ²¨Î¥¸É¢µ ¢Ò¸µ±µÔ´¥·£¨Î´ÒÌ Ô²¥±É·µ´µ¢. ’µ£¤  ¨³¥¥É
³¥¸Éµ ¸´¨¦¥´¨¥ Ô´¥·£¨¨ Ô²¥±É·µ´µ¢ ´  ¢Ìµ¤¥ ¢µ ¢Éµ·ÊÕ ¸¥±Í¨Õ, ÎÉµ ¶·¨¢µ¤¨É
± ¸¤¢¨£Ê Ilim 2 ¨, ± ± ¸²¥¤¸É¢¨¥, ± ´ ¡²Õ¤ ¥³µ° ¶¥·¥¸É·µ°±¥ ¤¨ £· ³³ Éµ±µ¢.

’ ±¨³ µ¡· §µ³, µ¡´ ·Ê¦¥´µ, ÎÉµ ¢ ¤¢ÊÌ¸¥±Í¨µ´´µ° É·Ê¡¥ ¤·¥°Ë  ¢¸²¥¤-
¸É¢¨¥ · §¢¨É¨Ö ¶¨·¸µ¢¸±µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨ ¶·µ¨¸Ìµ¤¨É ¸¤¢¨£ ¨ ¶¥·¥¸É·µ°± 
¤¨ £· ³³ Éµ±µ¢. Š·µ³¥ Éµ£µ, §¤¥¸Ó É ±¦¥ ¡Ò²µ µ¡´ ·Ê¦¥´µ µ¡· §µ¢ ´¨¥ ‘‘�,
¶·¨Î¥³ £· ´¨ÍÒ ·¥¦¨³µ¢, ¢ ±µÉµ·ÒÌ ¢µ§³µ¦´µ Ê¸É ´µ¢²¥´¨¥ ‘‘�, É ±¦¥
¸¤¢¨´ÊÉÒ ¢ µ¡² ¸ÉÓ ³¥´ÓÏ¨Ì §´ Î¥´¨° Éµ±µ¢.
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�¨¸. 38. �¢µ²ÕÍ¨Ö Ë §µ¢µ£µ ¶µ·É·¥É  ¶ÊÎ±  ¢ ¤¢ÊÌ¸¥±Í¨µ´´µ° É·Ê¡¥ ¤·¥°Ë  ¤²Ö ¸¨-
ÉÊ Í¨¨ II¡, ¤¥³µ´¸É·¨·ÊÕÐ Ö · §¢¨É¨¥ ±µ·µÉ±µ¢µ²´µ¢µ° ¶¨·¸µ¢¸±µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨

…¸²¨ ¤²Ö ¤¢ÊÌ¸¥±Í¨µ´´µ° É·Ê¡Ò ¡Ò²µ ¢¸¥£µ ¤¢  ¸²ÊÎ Ö (Ilim 1 < Ilim 2 ¨
Ilim 1 > Ilim 2), ¤²Ö ± ¦¤µ£µ ¨§ ±µÉµ·ÒÌ ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° Éµ±  ¨´-
¦¥±É¨·Ê¥³µ£µ ¶ÊÎ±  ¸ÊÐ¥¸É¢ÊÕÉ ´¥¸±µ²Ó±µ · §²¨Î´ÒÌ ¸¨ÉÊ Í¨°, Éµ ¤²Ö É·¥Ì-
¸¥±Í¨µ´´µ° É·Ê¡Ò ¸ÊÐ¥¸É¢ÊÕÉ Ê¦¥ Ï¥¸ÉÓ ¸²ÊÎ ¥¢. �·¨Î¥³ ¤²Ö ´¥±µÉµ·ÒÌ
¸²ÊÎ ¥¢ Éµ±µ¢ Ö ¤¨ £· ³³  ¨³¥¥É ¤µ ¤¥¸ÖÉ¨ ÊÎ ¸É±µ¢ ¸ · §²¨Î´Ò³¨ ·¥¦¨³ ³¨
¢ ¤¨´ ³¨±¥ ¶ÊÎ± .

‚ ± Î¥¸É¢¥ ¶·¨³¥·  ¶·¨¢¥¤¥³ ·¥§Ê²ÓÉ ÉÒ ³µ¤¥²¨·µ¢ ´¨Ö µ¤´µ£µ ¸²ÊÎ Ö
Ilim 1 > Ilim 2 > Ilim 3 (£¥µ³¥É·¨Ö Å ´  ·¨¸. 39). �  ·¨¸. 40 ¶·¨¢¥¤¥´  · ¸¸Î¨-



504 „“�ˆ��‚ �. …. ˆ „�.

�¨¸. 39. ƒ¥µ³¥É·¨Ö É·¥Ì¸¥±Í¨µ´´µ° É·Ê¡Ò ¤·¥°Ë 

É ´´ Ö ¤¨ £· ³³  Éµ±µ¢, ¨³¥ÕÐ Ö ¢¸¥£µ Ï¥¸ÉÓ ÊÎ ¸É±µ¢, É ± ± ± ¤¨ ¶ §µ´Ò
Éµ±  ¤²Ö ´¥±µÉµ·ÒÌ ¸¨ÉÊ Í¨° ³ ²Ò ¨²¨ ¤ ¦¥ ¶¥·¥±·Ò¢ ÕÉ¸Ö, ÎÉµ § É·Ê¤´Ö¥É
 ´ ²¨§. �  ·¨¸. 40 É ±¦¥ ¶µ± § ´Ò ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ µ¡· §µ¢ ´¨Ö ‚Š.

‡¤¥¸Ó, ± ± ¨ ¤²Ö ¤¢ÊÌ¸¥±Í¨µ´´µ° É·Ê¡Ò, ¡Ò² µ¡´ ·Ê¦¥´ ¸¤¢¨£ ¶·¥¤¥²Ó-
´ÒÌ Éµ±µ¢ ¢ µ¡² ¸ÉÓ ´¨§±¨Ì §´ Î¥´¨°. �´ ²µ£¨Î´ Ö ± ·É¨´  ´ ¡²Õ¤ ¥É¸Ö ¨
¤²Ö ¤·Ê£¨Ì ¸²ÊÎ ¥¢ £¥µ³¥É·¨¨ É·¥Ì¸¥±Í¨µ´´µ° É·Ê¡Ò, ´µ ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨
µ¡· §µ¢ ´¨Ö ‚Š ¤²Ö · §²¨Î´ÒÌ ¢ ·¨ ´Éµ¢ ³µ£ÊÉ · §²¨Î ÉÓ¸Ö.

�·¨ · §· ¡µÉ±¥ ‘‚—-£¥´¥· Éµ·µ¢ ¶·¥¤¸É ¢²Ö¥É ¨´É¥·¥¸, ¸ ± ±µ° ÔËË¥±-
É¨¢´µ¸ÉÓÕ ¶·µ¨¸Ìµ¤¨É £¥´¥· Í¨Ö Ô²¥±É·µ³ £´¨É´µ£µ ¨§²ÊÎ¥´¨Ö. „²Ö ¨¸¸²¥-
¤Ê¥³ÒÌ ¢ ¤ ´´µ° · ¡µÉ¥ ±µ´Ë¨£Ê· Í¨° ÔÉµÉ ¢µ¶·µ¸ ¶·¨¢µ¤¨É ± § ¤ Î¥ µ ¸¨´-
Ë §´µ¸É¨ Ô²¥±É·µ³ £´¨É´ÒÌ ±µ²¥¡ ´¨°, £¥´¥·¨·Ê¥³ÒÌ ± ¦¤Ò³ ‚Š, ¨ µ ¸µ-

�¨¸. 40. � ¸Î¥É´ Ö ¤¨ £· ³³  Éµ±µ¢ ¤²Ö É·¥Ì¸¥±Í¨µ´´µ° É·Ê¡Ò ¤·¥°Ë 
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£² ¸µ¢ ´¨¨ ÔÉ¨Ì ±µ²¥¡ ´¨° ¸ ±µ²¥¡ ´¨Ö³¨, ¢µ§¡Ê¦¤ ¥³Ò³¨ ±µ·µÉ±µ¢µ²´µ¢µ°
¶¨·¸µ¢¸±µ° ´¥Ê¸Éµ°Î¨¢µ¸ÉÓÕ.

Œµ¦´µ ´ ¤¥ÖÉÓ¸Ö, ÎÉµ ¸ÊÐ¥¸É¢ÊÕÉ ·¥¦¨³Ò, ±µ£¤  ¨§²ÊÎ¥´¨¥, £¥´¥·¨·Ê¥-
³µ¥ ´¥±µÉµ·Ò³¨ ¨§ ÔÉ¨Ì ±µ²¥¡ ´¨°, ¡Ê¤¥É ¸±² ¤Ò¢ ÉÓ¸Ö, ÎÉµ ³µ¦¥É ¶·¨¢¥¸É¨
± ¨¤¥¥ ¡µ²¥¥ ÔËË¥±É¨¢´µ£µ ¢¨·± Éµ·  ¸µ ³´µ£¨³¨ ‚Š.

„²Ö µÉ¢¥É  ´  ÔÉ¨ ¢µ¶·µ¸Ò ¡Ò²µ ¶·µ¢¥¤¥´µ ¸²¥¤ÊÕÐ¥¥ ¨¸¸²¥¤µ¢ ´¨¥ [58].
�· ¢Ò° Éµ·¥Í ¶µ¸²¥¤´¥° ¸¥±Í¨¨ É·Ê¡Ò ¤·¥°Ë  µÉ±·Ò¢ ²¸Ö, ¨ ´  ´¥³ § -
¤ ¢ ²¨¸Ó Ê¸²µ¢¨Ö ¨§²ÊÎ¥´¨Ö. ‘ ¶µ³µÐÓÕ ¸¶¥Í¨ ²Ó´µ£µ ¶µ¤¡µ·  ¶·µË¨²Ö
³ £´¨É´µ£µ ¶µ²Ö ¸µ§¤ ¢ ²¨¸Ó Ê¸²µ¢¨Ö ¤²Ö Éµ£µ, ÎÉµ¡Ò ¶·µ²¥É´Ò¥ Ô²¥±É·µ´Ò
¢Ò¸ ¦¨¢ ²¨¸Ó ´  ¡µ±µ¢Ò¥ ¸É¥´±¨ ¶· ¢µ° ¸¥±Í¨¨ §  ¶µ¸²¥¤´¨³ ‚Š. ‘ µ¤´µ°
¸Éµ·µ´Ò, ÔÉµ ¶µ§¢µ²Ö²µ ¸µ§¤ ÉÓ ±µ´ÉÊ· µ¡· É´µ£µ Éµ±µ¶·µ¢µ¤  ¤²Ö ¶·µ²¥É´ÒÌ
Ô²¥±É·µ´µ¢,   ¸ ¤·Ê£µ° Å · ¸¸Î¨É ÉÓ ¨§²ÊÎ ¥³ÊÕ Ô²¥±É·µ³ £´¨É´ÊÕ ¢µ²´Ê ´ 
¢ÒÌµ¤¥ ¨§ ¸¨¸É¥³Ò.

� ¸¸Î¨ÉÒ¢ ²¸Ö ¶µÉµ± ¢¥±Éµ·  �µ°´É¨´£  P Î¥·¥§ ¶µ¶¥·¥Î´µ¥ ¸¥Î¥´¨¥
É·Ê¡Ò ¤·¥°Ë  ¢¡²¨§¨ ¢ÒÌµ¤´µ£µ Éµ·Í ,   ¶µ Ëµ·³Ê²¥ η = 100 % P/I0U0

· ¸¸Î¨ÉÒ¢ ²¸Ö ±¶¤ ‘‚—-£¥´¥· Í¨¨.

�¨¸. 41. ‡ ¢¨¸¨³µ¸ÉÓ ±¶¤ ‘‚—-£¥´¥· Í¨¨ µÉ
Éµ±  ¶ÊÎ±  ¤²Ö µ¤´µ¸¥±Í¨µ´´µ° É·Ê¡Ò ¤·¥°Ë 

� ¸¸³µÉ·¨³ ¸´ Î ²  ·¥§Ê²Ó-
É ÉÒ · ¸Î¥Éµ¢ ¤²Ö µ¤´µ¸¥±Í¨µ´-
´µ° É·Ê¡Ò ¤·¥°Ë . �ÉµÉ ¸²ÊÎ °
· ¸¸³ É·¨¢ ²¸Ö · ´¥¥ ¢ [84] É¥-
µ·¥É¨Î¥¸±¨ ¨ ¸ ¶µ³µÐÓÕ ³µ¤¥-
²¨·µ¢ ´¨Ö. ’¥µ·¥É¨Î¥¸±¨ É ³
¡Ò²µ ¶µ²ÊÎ¥´µ, ÎÉµ ³ ±¸¨³ ²Ó-
´Ò° ±¶¤ £¥´¥· Í¨¨ ¶·¨Ìµ¤¨É¸Ö
´  I0 = 2Ilim,   ³ ±¸¨³ ²Ó´ Ö
³µÐ´µ¸ÉÓ ¤µ¸É¨£ ¥É¸Ö ¶·¨ I0 =
3Ilim. �ÉµÉ ·¥§Ê²ÓÉ É ¡Ò² ¶µ¤-
É¢¥·¦¤¥´ Î¨¸²¥´´µ. �¤´ ±µ ¢
É¥µ·¥É¨Î¥¸±µ³  ´ ²¨§¥ ´¥ ¡Ò² 
ÊÎÉ¥´  ¶¨·¸µ¢¸± Ö ´¥Ê¸Éµ°Î¨-
¢µ¸ÉÓ,   ¶·¨ ³µ¤¥²¨·µ¢ ´¨¨ I0

¢ ·Ó¨·µ¢ ²¸Ö ¸ ¡µ²ÓÏ¨³ Ï £µ³.
� ³¨ ¡Ò²µ ¶·µ¢¥¤¥´µ ¡µ²¥¥ ¶µ¤·µ¡´µ¥ ¨¸¸²¥¤µ¢ ´¨¥ § ¢¨¸¨³µ¸É¨ ±¶¤ µÉ
¨´¦¥±É¨·Ê¥³µ£µ Éµ± . �µ²ÊÎ¥´´ Ö § ¢¨¸¨³µ¸ÉÓ η(I0) ¤²Ö µ¤´µ£µ ¢ ·¨ ´É 
· §³¥·µ¢ ¶µ²µ¸É¨ ¨ ¶ · ³¥É·  ¶ÊÎ±  ¶·¥¤¸É ¢²¥´  ´  ·¨¸. 41. �´ ²¨§ ÔÉµ°
§ ¢¨¸¨³µ¸É¨ ¶µ§¢µ²Ö¥É ÊÉ¢¥·¦¤ ÉÓ ¸²¥¤ÊÕÐ¥¥:

Å ´ ¨¡µ²ÓÏ¨° ±¶¤ (14 %) ¨³¥¥É ±µ·µÉ±µ¢µ²´µ¢ Ö ¶¨·¸µ¢¸± Ö ´¥Ê¸Éµ°-
Î¨¢µ¸ÉÓ, ±µ£¤  ‚Š ´¥ Ëµ·³¨·Ê¥É¸Ö;

Å ²µ± ²Ó´Ò¥ ³¨´¨³Ê³Ò § ¢¨¸¨³µ¸É¨ η(I0) ¶·¨Ìµ¤ÖÉ¸Ö ´  §´ Î¥´¨Ö ¨´-
¦¥±É¨·Ê¥³µ£µ Éµ± : I0 = Ilim, 2Ilim, 3Ilim ¨ É. ¤.

’ ±¨¥ ¦¥ µ¸µ¡¥´´µ¸É¨ § ¢¨¸¨³µ¸É¨ η(I0) ´ ¡²Õ¤ ²¨¸Ó ¨ ¤²Ö ¤·Ê£¨Ì ¢ -
·¨ ´Éµ¢.
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�¨¸. 42. ‡ ¢¨¸¨³µ¸ÉÓ ±¶¤ ‘‚—-£¥´¥· Í¨¨ µÉ Éµ±  ¶ÊÎ±  ¤²Ö ¤¢ÊÌ¸¥±Í¨µ´´µ° É·Ê¡Ò
¤·¥°Ë :  ) ¸²ÊÎ ° I; ¡) ¸²ÊÎ ° II

�  ·¨¸. 42,  , ¡ ¶·¨¢¥¤¥´Ò § ¢¨¸¨³µ¸É¨ η(I0) ¤²Ö ¤¢ÊÌ¸¥±Í¨µ´´ÒÌ É·Ê¡
¤·¥°Ë , ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¸²ÊÎ Ö³ ·¨¸. 35. �  ´¨Ì ¶µ²µ¦¥´¨¥ ³¨´¨³Ê³µ¢
¸µµÉ¢¥É¸É¢Ê¥É ¸¤¢¨´ÊÉÒ³ §´ Î¥´¨Ö³ ¶·¥¤¥²Ó´ÒÌ Éµ±µ¢, · ¸¸Î¨É ´´Ò³ ¢ÒÏ¥.

�¡ÑÖ¸´¥´¨¥ ÔÉ¨³ Ë ±É ³ ¤ ÉÓ É·Ê¤´µ. ŒÒ ¸Ìµ¤¨³¸Ö ´  ³Ò¸²¨ µ Éµ³, ÎÉµ
¢¡²¨§¨ §´ Î¥´¨° ¶·¥¤¥²Ó´ÒÌ Éµ±µ¢ ¨´±·¥³¥´É ¡Ê·¸¨ ´µ¢¸±µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨
δ ¤µ¸É ÉµÎ´µ ³ ²: lim δ

(I0−Ilim)→0
= 0.

�É³¥É¨³ ¥Ð¥ µ¤´µ ¢ ¦´µ¥ µ¡¸ÉµÖÉ¥²Ó¸É¢µ. ‚ · ¸Î¥É Ì ±¶¤ ¤²Ö ¤¢ÊÌ¸¥±Í¨-
µ´´µ° É·Ê¡Ò ¤·¥°Ë  ‘‚—-¨§²ÊÎ¥´¨¥ ¢Ò¢µ¤¨²µ¸Ó Éµ²Ó±µ ¨§ ¶µ¸²¥¤´¥° ¸¥±Í¨¨,
  ·µ²Ó ¶·¥¤Ò¤ÊÐ¨Ì ¸¥±Í¨° ¸¢µ¤¨² ¸Ó ²¨ÏÓ ± ¸µµÉ¢¥É¸É¢ÊÕÐ¥° ³µ¤Ê²ÖÍ¨¨
¶ÊÎ± . �¤´ ±µ ¢ [85] ¡Ò²  ¶·¥¤²µ¦¥´  ±µ´¸É·Ê±Í¨Ö ¢¨·± Éµ· , ¢ ±µÉµ·µ³
¤¨ Ë· £³Ò ¢Ò¶µ²´¥´Ò ¢ ¢¨¤¥ ¸¥Éµ± ¢ Ëµ·³¥ ¸¶¨· ²¨ �·Ì¨³¥¤ , ÎÉµ ¤¥² ¥É
¨Ì ¶·µ§· Î´Ò³¨ ¤²Ö ‘‚—-¢µ²´ ’Œ-É¨¶ . �Éµ ¶µ§¢µ²Ö¥É ¸Ê³³¨·µ¢ ÉÓ ¨§²ÊÎ¥-
´¨Ö ¢¸¥Ì ¸¥±Í¨° ¨ ¸ÊÐ¥¸É¢¥´´µ ¶µ¢Ò¸¨ÉÓ ±¶¤ ¢¨·± Éµ· .

…Ð¥ µ¤´¨³ ³¥Ì ´¨§³µ³ É¥·³ ²¨§ Í¨¨ ¶ÊÎ±  ¢ ·¥ ²Ó´ÒÌ ¶·¨¡µ· Ì ¸ ‚Š
Ö¢²Ö¥É¸Ö · ¸¸¥Ö´¨¥ Ô²¥±É·µ´µ¢ ¶·¨ ³´µ£µ±· É´µ³ ¶·µÌµ¦¤¥´¨¨ ¨Ì ¸±¢µ§Ó
 ´µ¤´ÊÕ Ëµ²Ó£Ê. ”µ·³¨·µ¢ ´¨¥ ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ §¤¥¸Ó
µ¶·¥¤¥²Ö¥É¸Ö ¢¥²¨Î¨´µ° ³ £´¨É´µ£µ ¶µ²Ö, Éµ²Ð¨´µ° ¨ ³ É¥·¨ ²µ³  ´µ¤´µ°
Ëµ²Ó£¨. �ÉµÉ  ¸¶¥±É ¨§²µ¦¥´ ¢ · ¡µÉ Ì [86Ä89]. �·¨ É ±µ³ ¢§ ¨³µ¤¥°¸É¢¨¨
¢µ§³µ¦´µ ¨¸¶µ²Ó§µ¢ ´¨¥ ¢¨·± Éµ·µ¢ ¨ µÉ· ¦ É¥²Ó´ÒÌ É·¨µ¤µ¢ ¤²Ö £¥´¥· Í¨¨
Éµ·³µ§´µ£µ ¨ “”-¨§²ÊÎ¥´¨Ö [88, 89]. “± ¦¥³, ÎÉµ ¢ [90] µ¶¨¸ ´Ò ·¥§Ê²ÓÉ ÉÒ
Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¨¸¸²¥¤µ¢ ´¨° µÉ· ¦ É¥²Ó´µ£µ É·¨µ¤  ¤²Ö ÔÉ¨Ì Í¥²¥°.

2.6. „¨´ ³¨±  É¥·³ ²¨§ Í¨¨ Ô²¥±É·µ´µ¢. �·¨´ÖÉµ ±² ¸¸¨Ë¨Í¨·µ¢ ÉÓ
ÉÊ·¡Ê²¥´É´µ¸ÉÓ ¶µÉµ±µ¢ÒÌ ¸¨¸É¥³ ¤¢Ê³Ö É¨¶ ³¨: ¸² ¡ Ö ÉÊ·¡Ê²¥´É´µ¸ÉÓ, ¸¢Ö-
§ ´´ Ö ¸ É¥¶²µ¢Ò³ · §¡·µ¸µ³ ¸±µ·µ¸É¥° Î ¸É¨Í ¶µÉµ± , ¨ ¸¨²Ó´ Ö ÉÊ·¡Ê²¥´É-
´µ¸ÉÓ, ¸¢Ö§ ´´ Ö ¸ ³ ±·µ¸±µ¶¨Î¥¸±¨³¨ ´¥Ê¸Éµ°Î¨¢µ¸ÉÖ³¨ ¶µÉµ±  ¨ ¶·¨¢µ¤Ö-
Ð Ö ± £¥´¥· Í¨¨ ¢µ²´µ¢ÒÌ ¸É·Ê±ÉÊ·. �± § ²µ¸Ó, ÎÉµ ¢ Ô²¥±É·µ´´µ³ ¶ÊÎ±¥ ¸
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‚Š µ¤´µ¢·¥³¥´´µ · §¢¨¢ ¥É¸Ö ¨ ¸² ¡ Ö, ¨ ¸¨²Ó´ Ö ÉÊ·¡Ê²¥´É´µ¸ÉÓ. ‚ ¤ ´´µ³
· §¤¥²¥ · ¸¸³µÉ·¥´  É¥·³ ²¨§ Í¨Ö Ô²¥±É·µ´µ¢ ¢ Ô²¥±É·µ´´µ³ ¶µÉµ±¥ ¸ ‚Š
¢ · ³± Ì ±µ´Í¥¶Í¨¨ ¸² ¡µ° ÉÊ·¡Ê²¥´É´µ¸É¨,   ¢ ¸²¥¤ÊÕÐ¥³ · §¤¥²¥ · ¸¸³µ-
É·¥´  ¥£µ ¸¨²Ó´ Ö ÉÊ·¡Ê²¥´É´µ¸ÉÓ.

„²Ö ¨¸¸²¥¤µ¢ ´¨Ö Ëµ·³¨·µ¢ ´¨Ö ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢
¢¡²¨§¨ ‚Š ¡Ò² ¨¸¶µ²Ó§µ¢ ´ ±µ¤ ´  µ¸´µ¢¥ ³¥Éµ¤  ±·Ê¶´ÒÌ Î ¸É¨Í, ±µ£¤ 
Î ¸É¨ÍÒ ¨³¥²¨ Ëµ·³Ê ±µ²ÓÍ¥¢ÒÌ ¤¨¸±µ¢. ‚ ± Î¥¸É¢¥ ¨²²Õ¸É· Í¨¨ ¶·¨¢¥¤¥³
¶·¨³¥· · ¸Î¥É  É¥·³ ²¨§ Í¨¨ Ô²¥±É·µ´µ¢ ¢ ¢¨·± Éµ·¥ ¶·¨ ¸²¥¤ÊÕÐ¨Ì §´ -
Î¥´¨ÖÌ: ¤¨ ³¥É· ¤¨µ¤´µ° µ¡² ¸É¨ D1 = 11, 4 ¸³; ¤¨ ³¥É· µ¡² ¸É¨ ¤·¥°Ë 
D2 = 18 ¸³; ¤²¨´  ¤¨µ¤´µ° µ¡² ¸É¨ L1 = 3, 7 ¸³; ¤²¨´  µ¡² ¸É¨ ¤·¥°Ë 
L2 = 30 ¸³; ¢´¥Ï´¨° ¤¨ ³¥É· É·Ê¡Î Éµ£µ ¶ÊÎ±  Ô²¥±É·µ´µ¢ d = 6 ¸³; Éµ²-
Ð¨´  ¸É¥´±¨ É·Ê¡±¨ Éµ±  δ = 0, 5 ¸³; Éµ± ¶ÊÎ±  I = 50 ±�; Ê¸±µ·ÖÕÐ¥¥
´ ¶·Ö¦¥´¨¥ U = 1, 5 Œ‚. � ¸¸Î¨ÉÒ¢ ² ¸Ó ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ-
´µ¢ ¶µ ¸±µ·µ¸ÉÖ³ ¢ µ±·¥¸É´µ¸É¨ ‚Š.

�¢µ²ÕÍ¨Ö ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö ¶µ± § ´  ´  ·¨¸. 43, £¤¥ Ö¸´µ ¶·µ¸²¥-
¦¨¢ ¥É¸Ö, ÎÉµ ´  ¶¥·¢ÒÌ ´ ´µ¸¥±Ê´¤ Ì ¡Ò¸É·Ò¥ Ô²¥±É·µ´Ò ®¶¥·¥± Î¨¢ ÕÉ¸Ö¯
¢ µ¡² ¸ÉÓ ´¨§±¨Ì Ô´¥·£¨° ¨ ± ¨¸Ìµ¤Ê 4Ä5 ´¸ ËÊ´±Í¨Ö · ¸¶·¥¤¥²¥´¨Ö ¶· ±É¨-
Î¥¸±¨ ¸É ¡¨²¨§¨·Ê¥É¸Ö.

‚¢µ¤Ö ÔËË¥±É¨¢´ÊÕ ¶·µ¤µ²Ó´ÊÕ É¥³¶¥· ÉÊ·Ê Ô²¥±É·µ´µ¢ ¢ ‚Š

T =

m

∞∫
0

(v − 〈v〉)2f(v)dv

∞∫
0

f(v)dv

, (62)

£¤¥ ¸·¥¤´¥¥ §´ Î¥´¨¥ ¸±µ·µ¸É¨ µ¶·¥¤¥²Ö¥É¸Ö ¨§

〈v〉 =

∞∫
0

vf(v)dv

∞∫
0

f(v)dv

, (63)

³µ¦´µ ¶·µ¸²¥¤¨ÉÓ ¤¨´ ³¨±Ê É¥·³ ²¨§ Í¨¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ± . �¥§Ê²ÓÉ ÉÒ
· ¸Î¥Éµ¢ (62) ¶·¥¤¸É ¢²¥´Ò ´  ·¨¸. 44, ¨§ ±µÉµ·µ£µ ¢¨¤´µ, ÎÉµ ¸´ Î ²  É¥³-
¶¥· ÉÊ·  ¢µ§· ¸É ¥É ¤µ §´ Î¥´¨Ö 30 ±Ô‚,   § É¥³ ¶ ¤ ¥É ¤µ Ê·µ¢´Ö 12 ±Ô‚.

’ ±¨³ µ¡· §µ³, ¶µ± § ´µ, ÎÉµ ¶µÉ¥´Í¨ ²Ó´Ò° ¡ ·Ó¥· ‚Š, ¸µ¢¥·Ï ÕÐ¨°
¸²µ¦´Ò¥ µ¸Í¨²²ÖÍ¨¨, Ö¢²Ö¥É¸Ö · ¸¸¥¨¢ É¥²¥³ ´ ²¥É ÕÐ¨Ì Ô²¥±É·µ´µ¢,   ·¥-
§Ê²ÓÉ Éµ³ ÔÉµ£µ · ¸¸¥Ö´¨Ö Ö¢²Ö¥É¸Ö É¥·³ ²¨§ Í¨Ö ¶ÊÎ± . � ¨¡µ²¥¥ ¢¥·µÖÉ-
´Ò³ ³¥Ì ´¨§³µ³ É¥·³ ²¨§ Í¨¨ Ö¢²Ö¥É¸Ö ¸ÉµÌ ¸É¨§ Í¨Ö ¤¢¨¦¥´¨Ö Ô²¥±É·µ´ ,
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�¨¸. 43. �¢µ²ÕÍ¨Ö ËÊ´±Í¨¨ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¶µ ¸±µ·µ¸ÉÖ³ ¢ µ±·¥¸É´µ¸É¨
‚Š; v0 Å ´ Î ²Ó´ Ö ¸±µ·µ¸ÉÓ Ô²¥±É·µ´µ¢
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¸µ¢¥·Ï ÕÐ¥£µ ±µ²¥¡ ´¨Ö ³¥¦¤Ê ¤¢Ê³Ö ±µ²¥¡²ÕÐ¨³¨¸Ö ¸É¥´± ³¨ ¶µÉ¥´Í¨ ²Ó-
´µ° Ö³Ò ± Éµ¤Ä‚Š, ÎÉµ Ö¢²Ö¥É¸Ö  ´ ²µ£µ³ ¨§¢¥¸É´µ£µ ³¥Ì ´¨§³  ¸ÉµÌ ¸É¨-

�¨¸. 44. �¢µ²ÕÍ¨Ö ¶·µ¤µ²Ó´µ° É¥³¶¥· -
ÉÊ·Ò Ô²¥±É·µ´µ¢ ¢ ‚Š

Î¥¸±µ£µ Ê¸±µ·¥´¨Ö ”¥·³¨Ä“² ³  [91].
‚ ¸¢Ö§¨ ¸ ÔÉµ° § ¤ Î¥° µÉ³¥-

É¨³ ¸²¥¤ÊÕÐ¥¥. �¡Ð¥¶·¨´ÖÉµ ¸Î¨-
É ÉÓ, ÎÉµ ¤²¨É¥²Ó´µ¸ÉÓ ¶¥·¥Ìµ¤´µ£µ
¶·µÍ¥¸¸  ¢ ¢¨·± Éµ·¥ ¸µ¸É ¢²Ö¥É ´¥-
¸±µ²Ó±µ ¶¥·¨µ¤µ¢ ±µ²¥¡ ´¨° Ô²¥±-
É·µ´µ¢ ¢ ¶µÉ¥´Í¨ ²Ó´µ° Ö³¥, µ¤´ ±µ
´ Ï¨ · ¸Î¥ÉÒ ¶µ± §Ò¢ ÕÉ, ÎÉµ µ±µ´-
Î ´¨¥³ ¶¥·¥Ìµ¤´µ£µ ¶·µÍ¥¸¸  ¸²¥¤Ê¥É
¸Î¨É ÉÓ µ±µ´Î ´¨¥ Ô¢µ²ÕÍ¨¨ ËÊ´±-
Í¨¨ · ¸¶·¥¤¥²¥´¨Ö Ô²¥±É·µ´µ¢ ¶µ
¸±µ·µ¸ÉÖ³.

�¥§Ê²ÓÉ ÉÒ ÔÉ¨Ì · ¸Î¥Éµ¢ ¶·¥¤-
¸É ¢²¥´Ò ¢ · ¡µÉ Ì [12, 13, 56].

2.7. ˆ¸¸²¥¤µ¢ ´¨¥ ÉÊ·¡Ê²¥´É´µ¸É¨ ¢ Ô²¥±É·µ´´ÒÌ ¶ÊÎ± Ì ¸ ‚Š. — -
¸Éµ ¤²Ö µ¶¨¸ ´¨Ö Ì µÉ¨Î¥¸±¨Ì ¶·µÖ¢²¥´¨° · §²¨Î´ÒÌ ¤¨´ ³¨Î¥¸±¨Ì µ¡Ñ¥±Éµ¢
¶·¨³¥´ÖÕÉ · §´µµ¡· §´Ò¥ ³¥Éµ¤Ò ¸É É¨¸É¨Î¥¸±µ£µ  ´ ²¨§  ¢·¥³¥´´µ£µ ¨²¨
¶·µ¸É· ´¸É¢¥´´µ£µ ¶µ¢¥¤¥´¨Ö Éµ° ¨²¨ ¨´µ° Ë¨§¨Î¥¸±µ° ¢¥²¨Î¨´Ò, · ¸¸Î¨ÉÒ-
¢ ÕÉ ±µ··¥²ÖÍ¨µ´´Ò¥ § ¢¨¸¨³µ¸É¨.

‚ ´ ¸ÉµÖÐ¥¥ ¢·¥³Ö ¢ ¸¢Ö§¨ ¸ ¶·µ£·¥¸¸µ³ ¢ É¥Ì´¨±¥ ±µ³¶ÓÕÉ¥·´µ£µ ³µ¤¥-
²¨·µ¢ ´¨Ö ¶µÖ¢¨²¨¸Ó ¡µ²¥¥ Éµ´±¨¥ ³¥Éµ¤Ò  ´ ²¨§  ¶µ¢¥¤¥´¨Ö ¤¨´ ³¨Î¥¸±¨Ì
µ¡Ñ¥±Éµ¢. Š µ¤´µ³Ê ¨§ É ±¨Ì ³¥Éµ¤µ¢ ¸²¥¤Ê¥É µÉ´¥¸É¨ µÍ¥´±Ê ¸²µ¦´µ¸É¨ ¤ ´-
´µ£µ ¤¨´ ³¨Î¥¸±µ£µ µ¡Ñ¥±É  ´  µ¸´µ¢¥ ¢ÒÎ¨¸²¥´¨Ö Ë· ±É ²Ó´µ° · §³¥·´µ¸É¨
¥£µ ¸ÉµÌ ¸É¨Î¥¸±µ£µ  ÉÉ· ±Éµ· .

�É  ¶·µÍ¥¤Ê·  ´¥ ¢Ò§Ò¢ ¥É ³´µ£µ§´ Î´µ£µ Éµ²±µ¢ ´¨Ö ¤²Ö ¸¨¸É¥³ ¸ ¸µ¸·¥-
¤µÉµÎ¥´´Ò³¨ ¶ · ³¥É· ³¨, ±µ£¤  ¶·¨³¥´¨³  É¥µ·¥³  ’ ±±¥´¸  [92], ÊÉ¢¥·-
¦¤ ÕÐ Ö, ÎÉµ ³µ¦´µ ¢µ¸¸É ´µ¢¨ÉÓ ´¥±µÉµ·Ò¥ ¸¢µ°¸É¢   ÉÉ· ±Éµ·  ¨, ¢ Î ¸É-
´µ¸É¨, ¢ÒÎ¨¸²¨ÉÓ ¥£µ Ë· ±É ²Ó´ÊÕ · §³¥·´µ¸ÉÓ ¶µ ¢·¥³¥´´µ° ¶µ¸²¥¤µ¢ É¥²Ó-
´µ¸É¨ ± ±µ°-²¨¡µ µ¤´µ° ¶¥·¥³¥´´µ°.

‘²µ¦´¥¥ µ¡¸Éµ¨É ¤¥²µ ¢ · ¸¶·¥¤¥²¥´´ÒÌ µ¡Ñ¥±É Ì, ¶·µ¸É· ´¸É¢¥´´µ-
¢·¥³¥´´ Ö ¤¨´ ³¨±  ±µÉµ·ÒÌ µ¶¨¸Ò¢ ¥É¸Ö µ¤´¨³ ¨²¨ ´¥¸±µ²Ó±¨³¨ Ê· ¢´¥-
´¨Ö³¨ ¢ Î ¸É´ÒÌ ¶·µ¨§¢µ¤´ÒÌ,   ÉÊ·¡Ê²¥´É´Ò¥ ¶µÉµ±¨ ± ± · § ¨ µÉ´µ¸ÖÉ¸Ö ±
É ±¨³ µ¡Ñ¥±É ³. ‚ ÔÉµ³ ¸²ÊÎ ¥ §´ Î¥´¨¥ Ë· ±É ²Ó´µ° · §³¥·´µ¸É¨, ´ °¤¥´-
´µ¥ ¶µ ¢·¥³¥´´µ° ¶µ¸²¥¤µ¢ É¥²Ó´µ¸É¨ µ¤´µ° ¶¥·¥³¥´´µ° ¢ ± ±µ°-²¨¡µ ÉµÎ±¥
¶·µ¸É· ´¸É¢ , ³µ¦¥É ¨ ´¥ ¸µ¢¶ ¤ ÉÓ ¸µ §´ Î¥´¨¥³ Ë· ±É ²Ó´µ° · §³¥·´µ¸É¨
ÔÉµ° ¦¥ ¶¥·¥³¥´´µ° ¢ ¤·Ê£µ° ÉµÎ±¥ ¨²¨ ¤·Ê£µ° ¶¥·¥³¥´´µ° ¢ ÔÉµ° ¦¥ ÉµÎ±¥.
�¤´ ±µ Ë ±É ¸µ¢¶ ¤¥´¨Ö Ë· ±É ²Ó´ÒÌ · §³¥·´µ¸É¥° ¤¢ÊÌ ¢·¥³¥´´ÒÌ ¶µ¸²¥-
¤µ¢ É¥²Ó´µ¸É¥° £µ¢µ·¨É µ Éµ³, ÎÉµ ¸µµÉ¢¥É¸É¢ÊÕÐ¨¥ ¨³ ¶¥·¥³¥´´Ò¥ ³µ¦´µ
¸¢Ö§ ÉÓ ¤·Ê£ ¸ ¤·Ê£µ³ µ¡Ò±´µ¢¥´´Ò³ ¤¨ËË¥·¥´Í¨ ²Ó´Ò³ ¨²¨  ²£¥¡· ¨Î¥¸±¨³
Ê· ¢´¥´¨¥³.
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‚ µ¡Ð¥³ ¸²ÊÎ ¥, ¥¸²¨ ´ ³¨ ´ °¤¥´  Ë· ±É ²Ó´ Ö · §³¥·´µ¸ÉÓ µ ± ±µ°-
²¨¡µ ¶¥·¥³¥´´µ°, Éµ ³µ¦´µ ¸µ¸É ¢¨ÉÓ µ¡Ò±´µ¢¥´´µ¥ ³µ¤¥²Ó´µ¥ ¤¨ËË¥·¥´Í¨-
 ²Ó´µ¥ Ê· ¢´¥´¨¥ ¶µ·Ö¤±  N0 = 2µ+1, ± Î¥¸É¢¥´´µ µÉµ¡· ¦ ÕÐ¥¥ ¤¨´ ³¨±Ê
ÔÉµ° ¶¥·¥³¥´´µ° [93]. ˆ´Ò³¨ ¸²µ¢ ³¨, ¶µ·Ö¤µ± ³µ¤¥²Ó´µ£µ Ê· ¢´¥´¨Ö µ¶·¥-
¤¥²Ö¥É Î¨¸²µ ¸É¥¶¥´¥° ¸¢µ¡µ¤Ò ¸¨¸É¥³Ò, ¢ ±µÉµ·µ° ÊÎ ¸É¢Ê¥É ÔÉ  ¶¥·¥³¥´´ Ö,
¶·¨Î¥³ ÔÉµ Î¨¸²µ ¸µ¢¶ ¤ ¥É ¸ · §³¥·´µ¸ÉÓÕ ¶·µ¸É· ´¸É¢  ¢²µ¦¥´¨Ö  ÉÉ· ±-
Éµ· .

�· ±É¨Î¥¸±¨ ´ ¸ ¡µ²¥¥ ¢¸¥£µ ¨´É¥·¥¸Ê¥É Ë· ±É ²Ó´ Ö · §³¥·´µ¸ÉÓ Ô²¥±-
É·µ³ £´¨É´µ£µ ¨§²ÊÎ¥´¨Ö, £¥´¥·¨·Ê¥³µ£µ · §²¨Î´Ò³¨ ¶·¨¡µ· ³¨ ¸ ‚Š, ¶µ-
ÔÉµ³Ê  ´ ²¨§Ê · §³¥·´µ¸É¨ ¡Ê¤ÊÉ ¶µ¤¢¥·£´ÊÉÒ · ¸Î¥É´Ò¥ ¢·¥³¥´´Ò¥ § ¢¨¸¨-
³µ¸É¨ ¶µ²Ö £¥´¥· Í¨¨ E(t) ¢¡²¨§¨ ‚Š.

ˆ¸Ìµ¤´Ò¥ · ¸Î¥É´Ò¥ ¤ ´´Ò¥

’¨¶ ¶·¨¡µ·  Ua Uc χ→ χ←

‚¨·± Éµ· 1 1 1 1
�É· ¦ É¥²Ó´Ò° É·¨µ¤ 1 0 1 1

�¥¤¨É·µ´ 1 1 1 0

‘ ¶µ³µÐÓÕ ±µ¤  ´  µ¸´µ¢¥ § ·Ö¦¥´´ÒÌ ²¨¸Éµ¢ ¡Ò²¨ ¨¸¸²¥¤µ¢ ´Ò ¸²¥¤Ê-
ÕÐ¨¥ · §´µ¢¨¤´µ¸É¨ ‘‚—-¶·¨¡µ·µ¢ ¸ ‚Š: ¢¨·± Éµ·, µÉ· ¦ É¥²Ó´Ò° É·¨µ¤ ¨
·¥¤¨É·µ´ [6, 11]. ˆ¸Ìµ¤´Ò¥ · ¸Î¥É´Ò¥ ¤ ´´Ò¥ ¡· ²¨¸Ó ¨§ É ¡²¨ÍÒ.

’¨¶¨Î´ Ö ¢·¥³¥´´ Ö § ¢¨¸¨³µ¸ÉÓ E(t) ¢¡²¨§¨ ‚Š ¢¥¤¥É ¸¥¡Ö ¤µ¢µ²Ó´µ
¸²µ¦´Ò³ µ¡· §µ³ (·¨¸. 45). „²Ö ¢ÒÎ¨¸²¥´¨Ö Ë· ±É ²Ó´µ° · §³¥·´µ¸É¨  É-
É· ±Éµ· , ¢±²ÕÎ ÕÐ¥£µ E(t), ¡Ò² ¢Ò¡· ´  ²£µ·¨É³ ƒ· ¸¸¡¥·£¥· Ä�·µ± Î-
Îµ [94], ³µ¤¨Ë¨Í¨·µ¢ ´´Ò° ´ ³¨ ¤²Ö ¨¸¸²¥¤µ¢ ´¨Ö  ÉÉ· ±Éµ·µ¢ ¡µ²ÓÏµ°
· §³¥·´µ¸É¨ (´¥µ¡Ìµ¤¨³µ¸ÉÓ ¨ ¸ÊÐ´µ¸ÉÓ É ±µ° ³µ¤¨Ë¨± Í¨¨ ¨§²µ¦¥´  ¢ · -
¡µÉ¥ [95]).

‹¥£±µ ¢¨¤¥ÉÓ, ÎÉµ ¢µ ¢·¥³¥´´µ³ Ìµ¤¥ Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö E(t)
(¸³. ·¨¸. 45,  ) ³µ¦´µ ¢Ò¤¥²¨ÉÓ ¤¢¥ ¸É ¤¨¨ Å ·¥£Ê²Ö·´ÊÕ Î ¸ÉÓ (¤µ µ¡· §µ¢ -
´¨Ö ‚Š) ¨ µ¸Í¨²²ÖÉµ·´ÊÕ Î ¸ÉÓ. ”µ·³ ²¨§³ ®wavelet¯-¶·¥µ¡· §µ¢ ´¨° ³µ-

�¨¸. 45. �¥§Ê²ÓÉ ÉÒ · ¸Î¥Éµ¢:  ) ¸¨£´ ² E(t); ¡) ¸¥Î¥´¨¥ ®wavelet¯-µ¡· §  W (a, b)
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¦¥É ¡ÒÉÓ ¨¸¶µ²Ó§µ¢ ´ ¤²Ö ¤¥³µ´¸É· Í¨¨ Ë· ±É ²Ó´µ¸É¨ ¸¨£´ ²  ¨ ¸²µ¦´µ¸É¨
¢µ ¢§ ¨³µ¤¥°¸É¢¨¨ · §²¨Î´ÒÌ ¥£µ ¢·¥³¥´´ÒÌ ³ ¸ÏÉ ¡µ¢ [96, 97]. ®Wavelet¯-
µ¡· §Ò W (a, b) ¸¨£´ ²µ¢ E(t) ¢ÒÎ¨¸²Ö²¨¸Ó ¸ ¶µ³µÐÓÕ

W (a, b) = a−1/2

∫
Ψ

(
t − b

a

)
E(t)dt, (64)

£¤¥ Ψ(x) ¡Ò²µ ¢Ò¡· ´µ ¢ Ëµ·³¥ É ± ´ §Ò¢ ¥³µ° ®³¥±¸¨± ´¸±µ° Ï²Ö¶Ò¯:

Ψ(x) = (1 − x2) exp (−x2/2). (65)

�  ·¨¸. 45, ¡ ¨§µ¡· ¦¥´ ¶·¨³¥· ¶µ²ÊÎ¥´´µ£µ ¢ [98] ¸¥Î¥´¨Ö ®wavelet¯-
µ¡· §  W (a, b) ¶²µ¸±µ¸ÉÓÕ W (a, b) = 0 ¢ ²µ£ ·¨Ë³¨Î¥¸±µ³ ³ ¸ÏÉ ¡¥ ¶µ a
É ±, ÎÉµ W (a, b) > 0 µ±· Ï¥´Ò ¢ Î¥·´Ò° Í¢¥É.

�¨¸. 46. ‡ ¢¨¸¨³µ¸É¨ Ë· ±É ²Ó´µ° · §³¥·´µ-
¸É¨  ÉÉ· ±Éµ·µ¢ µ µÉ §´ Î¥´¨Ö Lp/LD ¤²Ö ¢¨·-
± Éµ·  (�), µÉ· ¦ É¥²Ó´µ£µ É·¨µ¤  (�) ¨ ·¥¤¨-
É·µ´  (�)

‚¥É¢¨¸É Ö ¨ ¸ ³µ¶µ¤µ¡´ Ö
¸É·Ê±ÉÊ·  ¨§µ¡· ¦¥´¨Ö ®wave-
let¯-µ¡· §  ¸¢¨¤¥É¥²Ó¸É¢Ê¥É µ
Éµ³, ÎÉµ, ¤¥°¸É¢¨É¥²Ó´µ, ¢ Ô²¥±-
É·µ´´µ³ ¶ÊÎ±¥ ·¥ ²¨§Ê¥É¸Ö ¸µ-
¸ÉµÖ´¨¥ ¸ ¸¨²Ó´µ° ¶·µ¤µ²Ó-
´µ° ÉÊ·¡Ê²¥´É´µ¸ÉÓÕ, · §¢¨¢-
Ï¥°¸Ö ¢ ·¥§Ê²ÓÉ É¥ ³ ±·µ¸±µ¶¨-
Î¥¸±µ° ´¥Ê¸Éµ°Î¨¢µ¸É¨.

�  ´ Î ²Ó´µ° ¸É ¤¨¨ ¤µ ³µ-
³¥´É  µ¡· §µ¢ ´¨Ö ‚Š Ë· ±É ²Ó-
´ Ö · §³¥·´µ¸ÉÓ ¸¨£´ ²  E(t)
¤µ²¦´  (¨ ÔÉµ ¡Ò²µ ¶·µ¢¥·¥-
´µ) · ¢´ÖÉÓ¸Ö ¥¤¨´¨Í¥. „ ²¥¥ ¡Ò-
²¨ ¶µ²ÊÎ¥´Ò ¸²¥¤ÊÕÐ¨¥ ·¥§Ê²Ó-
É ÉÒ. �·¨ ²Õ¡ÒÌ §´ Î¥´¨ÖÌ ¸É¥-
¶¥´¨ ¶·¥¢ÒÏ¥´¨Ö Éµ±µ³ ¶ÊÎ± 
¶·¥¤¥²Ó´µ£µ Éµ±  ¨²¨, ÎÉµ Éµ ¦¥ ¸ ³µ¥, ²Õ¡µ° µÉ´µ¸¨É¥²Ó´µ° ¢¥²¨Î¨´Ò
¶·µ³¥¦ÊÉ±  ¤·¥°Ë  (¨²¨ Éµ·³µ¦¥´¨Ö) Lp/LD Ë· ±É ²Ó´ Ö · §³¥·´µ¸ÉÓ µ
±µ´¥Î´ , ¤·µ¡´  ¨ ¤µ¸É¨£ ¥É ¡µ²ÓÏ¨Ì §´ Î¥´¨° (µ ∼ 10−20). �Éµ ¸¢¨¤¥-
É¥²Ó¸É¢Ê¥É µ Éµ³, ÎÉµ ¶·¨ ²Õ¡µ³ §´ Î¥´¨¨ Lp/LD ¢¸¥ É¨¶Ò ¶·¨¡µ·µ¢ ¸ ‚Š
· ¡µÉ ÕÉ ¢ ·¥¦¨³¥ ÉÊ·¡ÊÉ·µ´  ¸ ¸¨²Ó´µ · §¢¨Éµ° ÉÊ·¡Ê²¥´É´µ¸ÉÓÕ Ô²¥±É·µ´-
´µ£µ ¶µÉµ± .

�Ò²  ¨¸¸²¥¤µ¢ ´  § ¢¨¸¨³µ¸ÉÓ ¢¥²¨Î¨´Ò µ µÉ §´ Î¥´¨Ö Lp/LD ¤²Ö · §-
²¨Î´ÒÌ ¶·¨¡µ·µ¢ ¸ ‚Š. �É  § ¢¨¸¨³µ¸ÉÓ ¤²Ö ¢¨·± Éµ· , µÉ· ¦ É¥²Ó´µ£µ
É·¨µ¤  ¨ ·¥¤¨É·µ´  ¶µ± § ´  ´  ·¨¸. 46.

�´ ²¨§ ÔÉ¨Ì § ¢¨¸¨³µ¸É¥° ¶µ§¢µ²¨² ¸¤¥² ÉÓ ¸²¥¤ÊÕÐ¨¥ ¢Ò¢µ¤Ò. ‘É¥-
¶¥´Ó ÉÊ·¡Ê²¨§µ¢ ´´µ¸É¨ ¢¨·± Éµ·  ¨ µÉ· ¦ É¥²Ó´µ£µ É·¨µ¤  ²¥¦¨É ¶·¨³¥·´µ
¢ µ¤´µ³ ¨ Éµ³ ¦¥ ¤¨ ¶ §µ´¥ §´ Î¥´¨° µ (µ ∼ 8−12), ÎÉµ ¸¢¨¤¥É¥²Ó¸É¢Ê¥É
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�¨¸. 47. �É² ¸ · ¸¸Î¨É ´´ÒÌ ËÊ·Ó¥-µ¡· §µ¢ ‘‚—-¸¨£´ ²µ¢ ¢¨·± Éµ·  ¤²Ö · §²¨Î´ÒÌ
§´ Î¥´¨° Lp/LD (Î ¸ÉµÉ  µÉ²µ¦¥´  ¢ Ê¸²µ¢´ÒÌ ¥¤¨´¨Í Ì)
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µ ¸Ìµ¦¥¸É¨ ¶·µ¨¸Ìµ¤ÖÐ¨Ì ¢ ´¨Ì ¶·µÍ¥¸¸µ¢, µ¸µ¡¥´´µ ¶·¨ ¡µ²ÓÏ¨Ì §´ Î¥-
´¨ÖÌ Lp/LD, ±µ£¤  ¢´¥Ï´¥¥ Éµ·³µ§ÖÐ¥¥ ¶µ²¥ ¢ µÉ· ¦ É¥²Ó´µ³ É·¨µ¤¥ ¸É -
´µ¢¨É¸Ö ³ ²Ò³. �¥³µ´µÉµ´´Ò° Ì · ±É¥· § ¢¨¸¨³µ¸É¨ Ë· ±É ²Ó´µ° · §³¥·-
´µ¸É¨ µ µÉ ¢¥²¨Î¨´Ò ¶·µ³¥¦ÊÉ±  ¤·¥°Ë  (Éµ·³µ¦¥´¨Ö) µ¡Ê¸²µ¢²¥´ ´ ²¨Î¨¥³
¢ ¢¨·± Éµ·¥ ¨ µÉ· ¦ É¥²Ó´µ³ É·¨µ¤¥ µ¡· É´µ° ¸¢Ö§¨ ¶µ ¶ÊÎ±Ê, µ¸ÊÐ¥¸É¢²Ö-
¥³µ° ¢µ²´ ³¨ ¶²µÉ´µ¸É¨ ¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤ , ±µÉµ·Ò¥ ¸¢µ¡µ¤´µ ¶·µ-
´¨± ÕÉ Î¥·¥§  ´µ¤´ÊÕ ¸¥É±Ê ¨²¨ Ëµ²Ó£Ê (¸³. ·¨¸. 46). �·¨Î¥³ ³¨´¨³Ê³ ³
ÔÉµ° § ¢¨¸¨³µ¸É¨ ¸µµÉ¢¥É¸É¢Ê¥É ·¥§µ´ ´¸´ Ö ¤²¨´  µ¡· É´µ° ¸¢Ö§¨, ¶·¨ ±µÉµ-
·µ° ¸¨´Ì·µ´¨§ Í¨Ö ¶ÊÎ±  ´ ¨¡µ²¥¥ § ³¥É´ . �ÉµÉ ³¥Ì ´¨§³ ¸¨´Ì·µ´¨§ Í¨¨
ÉÊ·¡Ê²¥´É´µ¸É¨ ¢ Ô²¥±É·µ´´µ³ ¶µÉµ±¥ ¢ÒÖ¢²¥´ ´ ³¨ ¨ ¢¶¥·¢Ò¥ µÉ· ¦¥´ ¢
· ¡µÉ¥ [95].

‚ ·¥ ²Ó´ÒÌ ¶·¨¡µ· Ì ¨³¥¥É¸Ö ¥Ð¥ µ¤¨´ ³¥Ì ´¨§³ ¸¨´Ì·µ´¨§ Í¨¨ ¢§ -
¨³µ¤¥°¸É¢¨Ö ¶ÊÎ±  ¸ ·¥§µ´ Éµ·´Ò³¨ ³µ¤ ³¨. “Î¥É ÔÉµ£µ Ë ±Éµ·  ¢ ³µ¤¥²¨
¶²µ¸±¨Ì ²¨¸Éµ¢ ¶µ§¢µ²Ö¥É ¶µ²ÊÎ ÉÓ ¶ÊÎ±¨ ¸ µ ∼ 2−3 [99], µ¤´ ±µ ÔÉµÉ ³¥-
Ì ´¨§³ ¸¨´Ì·µ´¨§ Í¨¨ ´¥ ¨³¥¥É ´¥¶µ¸·¥¤¸É¢¥´´µ° µ¡· É´µ° ¸¢Ö§¨ ¸ ¤¨µ¤´µ°
µ¡² ¸ÉÓÕ,   µ¸ÊÐ¥¸É¢²Ö¥É¸Ö Î¥·¥§ ¶µ¸·¥¤´¨± , ±µÉµ·Ò³ Ö¢²ÖÕÉ¸Ö ¢µ²´Ò ¶²µÉ-
´µ¸É¨ ¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤  ¶ÊÎ± . �¥§Ê²ÓÉ ÉÒ ´ Ï¨Ì ¨¸¸²¥¤µ¢ ´¨° [95]
¶µ§¢µ²ÖÕÉ ¢ÒÖ¢¨ÉÓ µ¸´µ¢´Ò¥ Ë ±Éµ·Ò, ¸¶µ¸µ¡¸É¢ÊÕÐ¨¥ ¸¨´Ì·µ´¨§ Í¨¨ ÉÊ·-
¡Ê²¥´É´µ£µ Ô²¥±É·µ´´µ£µ ¶µÉµ±  ¢ ¢¨·± Éµ·¥ ¨ µÉ· ¦ É¥²Ó´µ³ É·¨µ¤¥.

�µ²ÊÎ¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶µ¤É¢¥·¦¤ ÕÉ¸Ö  ´ ²¨§µ³ ¸¶¥±É·µ¢ ‘‚—-£¥´¥· -
Í¨¨ ¢¨·± Éµ· , ¶µ²ÊÎ¥´´ÒÌ ¢ · ³± Ì ÔÉµ° ¦¥ ³µ¤¥²¨. �¸Í¨²²ÖÉµ·´ Ö Î ¸ÉÓ
¢·¥³¥´´µ£µ Ìµ¤  Ô²¥±É·¨Î¥¸±µ£µ ¶µ²Ö (¤²Ö ± ¦¤µ£µ §´ Î¥´¨Ö Lp/LD ¤²¨É¥²Ó-
´µ¸ÉÓ ·¥£Ê²Ö·´µ° Î ¸É¨ ¢·¥³¥´´µ£µ Ìµ¤  ¶µ²Ö, ¡Ò² , · §Ê³¥¥É¸Ö, · §²¨Î´µ° Å
¶µ¤·µ¡´¥¥ ¸³. [100]) · ¸±² ¤Ò¢ ² ¸Ó ¢ ·Ö¤ ”Ê·Ó¥, ¨ ¸µµÉ¢¥É¸É¢ÊÕÐ¨°  É² ¸
¸¶¥±É·µ¢ ‘‚—-£¥´¥· Í¨¨ ¢¨·± Éµ·  ¶µ± § ´ ´  ·¨¸. 47.

�¨¸. 48. ‡ ¢¨¸¨³µ¸ÉÓ ¢Ò¸µÉÒ ¢Ò¸µ±µÎ ¸ÉµÉ-
´ÒÌ ¶¨±µ¢ ¢ ¸¶¥±É· Ì ‘‚—-£¥´¥· Í¨¨ ¢¨·-
± Éµ·  ¤²Ö · §²¨Î´ÒÌ §´ Î¥´¨° Lp/LD

Š ± ²¥£±µ ¢¨¤¥ÉÓ, ¢ ± ¦¤µ³
¸¶¥±É·¥ ³µ¦´µ ¢Ò¤¥²¨ÉÓ ¤¢  Ì -
· ±É¥·´ÒÌ ÊÎ ¸É±  Å ´¨§±µÎ ¸ÉµÉ-
´Ò¥ ¨ ¢Ò¸µ±µÎ ¸ÉµÉ´Ò¥ ¶¨±¨ (´ ¨-
¡µ²¥¥ µÉÎ¥É²¨¢µ, ´ ¶·¨³¥·, ¶·¨
Lp/LD = 17). �¥·¢Ò¥ µÉ¢¥Î ÕÉ
¢·¥³¥´´µ³Ê Ìµ¤Ê µ£¨¡ ÕÐ¥° Ô²¥±-
É·¨Î¥¸±µ£µ ¶µ²Ö,   ¢Éµ·Ò¥ Å µ¸-
Í¨²²ÖÍ¨Ö³ ‚Š ± ± Í¥²µ£µ.

‚ ¤ ²Ó´¥°Ï¥³ ´ ¸ ¡Ê¤ÊÉ ¨´-
É¥·¥¸µ¢ ÉÓ ¶µ¸²¥¤´¨¥. „²Ö ¨¸¸²¥-
¤µ¢ ´¨Ö ¸É¥¶¥´¨ ¸¨´Ì·µ´¨§ Í¨¨ ¢
ÉÊ·¡Ê²¥´É´µ³ ¶µÉµ±¥ · ¸¸Î¨ÉÒ¢ -
² ¸Ó ¢Ò¸µÉ  µ¸Í¨²²ÖÉµ·´ÒÌ ¶¨±µ¢
¢ ¸¶¥±É· Ì ¶µ µÉ´µÏ¥´¨Ö ± Ê¸·¥¤´¥´´µ³Ê Ëµ´Ê (¨¸±²ÕÎ Ö ´¨§±µÎ ¸ÉµÉ´Ò¥
¶¨±¨). ‚Ò¸µÉ  ÔÉ¨Ì ¶¨±µ¢ ¢ ¤¥Í¨¡¥²² Ì ¢ § ¢¨¸¨³µ¸É¨ µÉ Lp/LD ¶µ± § ´ 
´  ·¨¸. 48.
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�É  § ¢¨¸¨³µ¸ÉÓ É ± ¦¥, ± ± ¨ § ¢¨¸¨³µ¸ÉÓ µ(Lp/LD) ´  ·¨¸. 46, ¨³¥¥É
´¥³µ´µÉµ´´Ò° µ¸Í¨²²¨·ÊÕÐ¨° Ì · ±É¥·, ¶·¨Î¥³ ³¨´¨³Ê³ ³ ÔÉµ° § ¢¨¸¨³µ-
¸É¨ ¸µµÉ¢¥É¸É¢ÊÕÉ ³ ±¸¨³Ê³Ò § ¢¨¸¨³µ¸É¨ µ(Lp/LD), ÎÉµ É ±¦¥ ¶µ¤É¢¥·-
¦¤ ¥É ¢Ò¢µ¤ µ ´ ²¨Î¨¨ ¢ Ô²¥±É·µ´´µ³ ¶µÉµ±¥ ÔËË¥±É  ¸ ³µ¸¨´Ì·µ´¨§ Í¨¨
ÉÊ·¡Ê²¥´É´µ¸É¨ ¢ µ±·¥¸É´µ¸É¨ ‚Š.

ˆ´É¥·¥¸´µ ¨¸¸²¥¤µ¢ ÉÓ, ´ ¸±µ²Ó±µ ¢¥²¨±  ¸É¥¶¥´Ó ¸¨´Ì·µ´¨§ Í¨¨. ‘ ÔÉµ°
Í¥²ÓÕ ¨¸¸²¥¤µ¢ ² ¸Ó § ¢¨¸¨³µ¸ÉÓ µ(Lp/LD) ¤²Ö ·¥¤¨É·µ´ , £¤¥ µ¡· É´ Ö
¸¢Ö§Ó ¶µ ¶ÊÎ±Ê ¶·¨´Ê¤¨É¥²Ó´µ ¶µ¤ ¢²¥´ . ‚ ÔÉµ³ ¸²ÊÎ ¥ §´ Î¥´¨Ö µ ²¥¦ É
¢ ¤¨ ¶ §µ´¥ §´ Î¥´¨° µ ∼ 12−22 (·¨¸. 46), ÎÉµ ¸ÊÐ¥¸É¢¥´´µ ¶·¥¢ÒÏ ¥É §´ -
Î¥´¨Ö µ ¤²Ö ¢¨·± Éµ·  ¨ µÉ· ¦ É¥²Ó´µ£µ É·¨µ¤ . �ÉµÉ ·¥§Ê²ÓÉ É ¶·µÉ¨¢µ-
·¥Î¨É ¶¥·¢µ´ Î ²Ó´µ° ¨¤¥¥  ¢Éµ·µ¢ ·¥¤¨É·µ´  [101], ¸Î¨É ¢Ï¨Ì, ÎÉµ, Ê¡· ¢
µÉ· ¦¥´´Ò¥ µÉ ‚Š Ô²¥±É·µ´Ò ¨§ ¤¨µ¤´µ° µ¡² ¸É¨, ³µ¦´µ ¸É ¡¨²¨§¨·µ¢ ÉÓ
£¥´¥· Í¨Õ. ˆÉ ±, µÉ¸ÊÉ¸É¢¨¥ ¢ ·¥¤¨É·µ´¥ µ¡· É´µ° ¸¢Ö§¨, ¨£· ÕÐ¥° ¸¨´-
Ì·µ´¨§ÊÕÐÊÕ ·µ²Ó,   É ±¦¥, ± ± µÉ³¥Î ²µ¸Ó ¢ [102, 103], µÉ¸ÊÉ¸É¢¨¥ ·¥¦¨³ 
Ë §µ¢µ° ¸¥¶ · Í¨¨ ¢ Ô²¥±É·µ´´µ³ ¶ÊÎ±¥ Ö¢²ÖÕÉ¸Ö µ¸´µ¢´Ò³¨ ¶·¨´Í¨¶¨ ²Ó-
´Ò³¨ ´¥¤µ¸É É± ³¨ ÔÉµ£µ ¶·¨¡µ· . �¤´ ±µ ¢ [12] ¡Ò²µ ¶µ± § ´µ, ± ± ³µ¦´µ
Ê¸É· ´¨ÉÓ ÔÉ¨ ´¥¤µ¸É É±¨ ¢ ¶·¥¤²µ¦¥´´µ³ ´ ³¨ ¢ [104] ·¥¤¨É·µ´¥ ¸ ¤¨¸±·¨-
³¨´ Í¨¥° ³Ö£±¨Ì Ô²¥±É·µ´µ¢.

‡�Š‹�—…�ˆ…

‚ µ¡§µ·¥ ¶·¨¢¥¤¥´  ±² ¸¸¨Ë¨± Í¨Ö ‚Š, ¶µ¸É·µ¥´Ò  ´ ²¨É¨Î¥¸±¨¥ ¸ ³µ-
¸µ£² ¸µ¢ ´´Ò¥ ¸É Í¨µ´ ·´Ò¥ ¨ ¤¨´ ³¨Î¥¸±¨¥ ³µ¤¥²¨ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¸
ÊÎ¥Éµ³ ¶·µ¸É· ´¸É¢¥´´µ£µ § ·Ö¤  ¢ ¶µ²Ê¶·µ¸É· ´¸É¢¥ ¨ ¶²µ¸±µ³ Ô±¢¨¶µÉ¥´-
Í¨ ²Ó´µ³ ¶·µ³¥¦ÊÉ±¥, ¶µ§¢µ²¨¢Ï¨¥ µ¶·¥¤¥²¨ÉÓ Ê¸²µ¢¨Ö, Ì · ±É¥·¨¸É¨±¨ ¨
¶ · ³¥É·Ò Ëµ·³¨·µ¢ ´¨Ö ‚Š ¤²Ö · §²¨Î´ÒÌ ¶·µ¸É¥°Ï¨Ì ¸¨ÉÊ Í¨°.

�·¥¤¸É ¢²¥´Ò É ±¦¥ ·¥§Ê²ÓÉ ÉÒ µ¤´µ³¥·´ÒÌ ¨ ¤¢Ê³¥·´ÒÌ · ¸Î¥Éµ¢ ¤¨-
´ ³¨±¨ ¸¢¥·Ì¶·¥¤¥²Ó´ÒÌ Ô²¥±É·µ´´ÒÌ ¶ÊÎ±µ¢ ¢ ¶·µ¸ÉÒÌ ¨ ¸µ¸É ¢´ÒÌ É·Ê¡ Ì
¤·¥°Ë , ±µÉµ·Ò¥ ¶µ§¢µ²¨²¨ µ¶·¥¤¥²¨ÉÓ ¤¨´ ³¨±Ê ‚Š, µ¡´ ·Ê¦¨ÉÓ ¨ µ¡Ñ-
Ö¸´¨ÉÓ ÔËË¥±É ¸´¨¦¥´¨Ö ¶·¥¤¥²Ó´µ£µ Éµ± , ¸ÊÐ¥¸É¢µ¢ ´¨¥ ³¥É ¸É ¡¨²Ó´ÒÌ
Ô²¥±É·µ´µ¢ ¢ ‚Š, § ±µ´µ³¥·´µ¸É¨ Ê¸É ´µ¢²¥´¨Ö ¨ ¤¨´ ³¨±¨ ®¸¦ Éµ£µ ¸µ-
¸ÉµÖ´¨Ö¯ Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¸ ‚Š,   É ±¦¥ § ±µ´µ³¥·´µ¸É¨ ÉÊ·¡Ê²¥´É´µ£µ
¸µ¸ÉµÖ´¨Ö Ô²¥±É·µ´´µ£µ ¶ÊÎ±  ¸ ‚Š.

’ ±¨³ µ¡· §µ³, ¨§²µ¦¥´´Ò¥ ¢ µ¡§µ·¥ ·¥§Ê²ÓÉ ÉÒ Ê¡¥¤¨É¥²Ó´µ ¸¢¨¤¥É¥²Ó-
¸É¢ÊÕÉ µ ¸²µ¦´µ° ´¥²¨´¥°´µ° ¤¨´ ³¨±¥ Ô²¥±É·µ´´ÒÌ ¶ÊÎ±µ¢ ¸ ‚Š. �µ´¨-
³ ´¨¥ É ±¨Ì ¶·µÍ¥¸¸µ¢ ¶µ§¢µ²¨É ¶¥·¥°É¨ ´  ± Î¥¸É¢¥´´µ ¨´µ° Ê·µ¢¥´Ó ¢
¸µ§¤ ´¨¨ Ô²¥±É·µ´´ÒÌ ¶·¨¡µ·µ¢ ¸ ‚Š.
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