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ˆ´¸É¨ÉÊÉ Ö¤¥·´μ° Ë¨§¨±¨ ¨³. ƒ.ˆ. 	Ê¤±¥·  ‘� ���, �μ¢μ¸¨¡¨·¸±, �μ¸¸¨Ö

�μ ³´¥´¨Õ ¢¥¤ÊÐ¨Ì ¶·μ¨§¢μ¤¨É¥²¥° ³¨±·μÔ²¥±É·μ´¨±¨, ¨¸¶μ²Ó§μ¢ ´¨¥ ²¨Éμ£· Ë¨¨ ´  ¡ §¥
² §¥·  ´  ¸¢μ¡μ¤´ÒÌ Ô²¥±É·μ´ Ì (‹‘�) ¢ ¡²¨¦ °Ï¥³ ¡Ê¤ÊÐ¥³ ³μ¦¥É ¸É ÉÓ μ¸´μ¢´μ° É¥Ì´μ²μ£¨¥°
³ ¸¸μ¢μ£μ ¶·μ¨§¢μ¤¸É¢  ¸μ ¸É·Ê±ÉÊ· ³¨ ¤μ 5 ´³. �¤´¨³ ¨§ μ¸´μ¢´ÒÌ ¶·¥¶ÖÉ¸É¢¨° ¤²Ö ÔÉμ£μ Ö¢²Ö¥É¸Ö
μÉ¸ÊÉ¸É¢¨¥ · ¡μÉ ÕÐ¥£μ ‹‘� ¸ ´Ê¦´Ò³¨ ¶ · ³¥É· ³¨. ‚ ˆŸ” ‘� ��� ¶·μ¢¥¤¥´Ò μÍ¥´±¨ ¢μ§-
³μ¦´μ¸É¨ ¸μ§¤ ´¨Ö É ±μ£μ ‹‘� ´  ¡ §¥ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ Ê¸±μ·¨É¥²Ö-·¥±Ê¶¥· Éμ·  (“�). ‘·¥¤´¨°
Éμ± “� μ£· ´¨Î¥´ ¶·μ¤μ²Ó´Ò³¨ ¨ ¶μ¶¥·¥Î´Ò³¨ ´¥Ê¸Éμ°Î¨¢μ¸ÉÖ³¨, ¢Ò§¢ ´´Ò³¨ ¢§ ¨³μ¤¥°¸É¢¨¥³
Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¸ ´ ¢¥¤¥´´Ò³¨ ¨³ ¶μ²Ö³¨ ¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì Ê¸±μ·ÖÕÐ¨Ì ¸É·Ê±ÉÊ· Ì. ‚ · -
¡μÉ¥ ¶·¨¢¥¤¥´Ò μÍ¥´±¨ ¶μ·μ£μ¢ÒÌ Éμ±μ¢ ¨ ¶ · ³¥É·μ¢ “�, ´¥μ¡Ìμ¤¨³ÒÌ ¤²Ö · ¡μÉÒ ‹‘�.

According to microelectronics production leaders the lithography based on the free electron
laser (FEL) could become the main technology for the elements mass production with scale to 5 nm
in the nearest future. One of the main problems is the absence of the working FEL with required
parameters. The feasibility study of those FEL based on superconducting energy-recovery linac (ERL)
was made in Budker INP. The ERL average current is limited by longitudinal and transverse instabili-
ties, caused by interaction between electron beam and its induced ˇelds in the superconducting cavities.
The estimations of the threshold currents and ERL parameters were made.

PACS: 41.60.Cr
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‚μ§³μ¦´μ¸ÉÓ ¸μ§¤ ´¨Ö ¢Ò¸μ±μ³μÐ´μ£μ ¨¸ÉμÎ´¨±  ¨§²ÊÎ¥´¨Ö ¤²Ö ¶·¨³¥´¥´¨Ö ¢ ²¨Éμ-
£· Ë¨¨ μ¡¸Ê¦¤ ¥É¸Ö ¶μ¸²¥¤´¥¥ ¤¥¸ÖÉ¨²¥É¨¥ [1, 2]. ’ ±¨³ ¨¸ÉμÎ´¨±μ³ ³μ¦¥É ¸É ÉÓ ‹‘�,
Ê¸É ´μ¢²¥´´Ò° ´  ³´μ£μμ¡μ·μÉ´Ò° “�. ‚Ò¸μ± Ö ¸·¥¤´ÖÖ ³μÐ´μ¸ÉÓ ¨§²ÊÎ¥´¨Ö, ´¥μ¡Ìμ-
¤¨³ Ö ¤²Ö ¶·μ³ÒÏ²¥´´ÒÌ É¥Ì´μ²μ£¨°, É·¥¡Ê¥É ¢Ò¸μ±¨Ì Ô´¥·£¨° ¨ ¸·¥¤´¥£μ Éμ±  Ô²¥±-
É·μ´´μ£μ ¶ÊÎ± . ’ ±¨¥ ¶ · ³¥É·Ò ¢μ§³μ¦´Ò Éμ²Ó±μ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì
¢Ò¸μ±μÎ ¸ÉμÉ´ÒÌ (‚—) ·¥§μ´ Éμ·μ¢.

1E-mail: y getmanov@mail.ru
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�¨¸. 1. �¥É²Ö μ¡· É´μ° ¸¢Ö§¨ ¶μ·μ£μ¢μ° ´¥-

Ê¸Éμ°Î¨¢μ¸É¨

�¤´μ° ¨§ μ¸´μ¢´ÒÌ ¶·μ¡²¥³ ¸μ§¤ ´¨Ö
Ê¸±μ·¨É¥²Ö ´  μ¸´μ¢¥ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ‚—-
·¥§μ´ Éμ·μ¢ Ö¢²ÖÕÉ¸Ö ÔËË¥±ÉÒ ¢§ ¨³μ¤¥°¸É¢¨Ö
Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¸ ¤μ²£μ¦¨¢ÊÐ¨³¨ ³μ¤ ³¨
‚—-¶μ²Ö. �ËË¥±ÉÒ ´¥Ê¸Éμ°Î¨¢μ¸É¥° ¶μ·μ£μ-
¢μ£μ Éμ±  ¶ÊÎ±  ³μ¦´μ · §¤¥²¨ÉÓ ´  ¶·μ¤μ²Ó-
´Ò¥ ¨ ¶μ¶¥·¥Î´Ò¥. Œ¥Ì ´¨§³Ò · §¢¨É¨Ö ´¥-
¸É ¡¨²Ó´μ¸É¥° ¶·¨´Í¨¶¨ ²Ó´μ ´¥ μÉ²¨Î ÕÉ¸Ö.
‚ ¸²ÊÎ ¥ μ¤´μμ¡μ·μÉ´μ£μ “� μ´ ¸²¥¤ÊÕÐ¨°
(·¨¸. 1): 1 Å ¶ÊÎμ± Ô²¥±É·μ´μ¢, ¶·μ²¥É Ö Î¥·¥§
·¥§μ´ Éμ·, ¶μ²ÊÎ ¥É ¤μ¶μ²´¨É¥²Ó´μ¥ μÉ±²μ´¥-
´¨¥ ¶μ ¨³¶Ê²Ó¸Ê μÉ μ¸´μ¢´μ° ¨²¨ ¢μ§¡Ê¦¤¥´-

´μ° ¤¨¶μ²Ó´μ° ³μ¤Ò ‚—-¶μ²Ö; 2 Å ¶μ²ÊÎ¥´´μ¥ μÉ±²μ´¥´¨¥ ¶μ ¨³¶Ê²Ó¸Ê ¶·¥μ¡· §Ê¥É¸Ö
¢ μÉ±²μ´¥´¨¥ ¶μ ±μμ·¤¨´ É¥ ¶·¨ Ê¸²μ¢¨¨ μÉ²¨Î´ÒÌ μÉ ´Ê²Ö ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì Ô²¥³¥´Éμ¢
É· ´¸¶μ·É´μ° ³ É·¨ÍÒ ¨, ¢μ§¢· Ð Ö¸Ó μ¡· É´μ ¢ ·¥§μ´ Éμ·, § ³Ò± ¥É ¶¥É²Õ ´¥Ê¸Éμ°Î¨-
¢μ¸É¨ 3, Ê¸¨²¨¢ Ö ¢μ§¡Ê¦¤¥´´ÊÕ ¤¨¶μ²Ó´ÊÕ ¨²¨ μÉ±²μ´ÖÖ μ¸´μ¢´ÊÕ ‚—-³μ¤Ê ·¥§μ´ Éμ· .

1. ‘•…Œ� “‘Š��ˆ’…‹Ÿ

ˆ¸¶μ²Ó§μ¢ ´¨¥ ¸Ì¥³Ò ³´μ£μμ¡μ·μÉ´μ£μ “� ¶μ´¨¦ ¥É μ¡ÐÊÕ ¸Éμ¨³μ¸ÉÓ Ê¸É ´μ¢±¨.
�¶ÒÉ · ¡μÉÒ ¸ ³´μ£μμ¡μ·μÉ´Ò³ “� �μ¢μ¸¨¡¨·¸±μ£μ ‹‘� [3] ¶μ± § ² μ¤¨´ ¨§ ´¥¤μ¸É É-
±μ¢ ±μ³¶μ´μ¢±¨ “� ¸ μ¤´μ° Ê¸±μ·ÖÕÐ¥° ¸É·Ê±ÉÊ·μ°. � ¸É·μ°±  Ô²¥±É·μ´´μ-μ¶É¨Î¥¸±μ°
¸¨¸É¥³Ò ¤μ·μ¦¥± μ¸²μ¦´Ö¥É¸Ö ¨§-§  μ¤´μ¢·¥³¥´´μ£μ ¤¢¨¦¥´¨Ö ¶μ ´¨³ Ê¸±μ·Ö¥³μ£μ ¨
§ ³¥¤²Ö¥³μ£μ ¶ÊÎ±μ¢ ¸ · §´Ò³ Ô´¥·£¥É¨Î¥¸±¨³ · §¡·μ¸μ³ ¢¸²¥¤¸É¢¨¥ ¨§²ÊÎ¥´¨Ö. �μ-
ÔÉμ³Ê ¡Ò²  ¶·¥¤²μ¦¥´  ¸Ì¥³  ¸ · §¤¥²¥´´μ° Ê¸±μ·ÖÕÐ¥° ¸É·Ê±ÉÊ·μ° (·¨¸. 2) [2, 4Ä6].
‚ ¦´Ò³ ¶·¥¨³ÊÐ¥¸É¢μ³ É ±μ° ¸É·Ê±ÉÊ·Ò Ö¢²Ö¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ´¥§ ¢¨¸¨³μ° ´ ¸É·μ°±¨
μ¶É¨±¨ ¤²Ö Ê¸±μ·Ö¥³μ£μ ¨ § ³¥¤²Ö¥³μ£μ ¶ÊÎ±μ¢. �·¨´Í¨¶ · ¡μÉÒ ¸²¥¤ÊÕÐ¨°: Ô²¥±É·μ´Ò
¨§ ¨´¦¥±Éμ·  1 ¶μ¶ ¤ ÕÉ ¢ ¶·¥¤Ê¸±μ·¨É¥²Ó 2, ¤ ²¥¥, Ê¸±μ·¨¢Ï¨¸Ó ¶μ ¤¢  · §  ¢ ²¨´¥°´ÒÌ
Ê¸±μ·¨É¥²ÖÌ 3, ¶μ¶ ¤ ÕÉ ¢ μ´¤Ê²ÖÉμ· 5, μÉ±Ê¤  ¢ Éμ·³μ§ÖÐ¥° Ë §¥ ¢μ§¢· Ð ÕÉ¸Ö μ¡· É´μ
¨, ¢¥·´Ê¢ Ô´¥·£¨Õ ¢ μ¸´μ¢´ÊÕ ¸¨¸É¥³Ê ¨ ¶·¥¤Ê¸±μ·¨É¥²Ó, ¸¡· ¸Ò¢ ÕÉ¸Ö ¢ ¶μ£²μÉ¨É¥²Ó 7.

�¨¸. 2. ‘Ì¥³  Ê¸±μ·¨É¥²Ö-·¥±Ê¶¥· Éμ· : 1 Å ¨´¦¥±Éμ·; 2 Å ¶·¥¤Ê¸±μ·ÖÕÐ¨° ²¨´ ±; 3 Å μ¸´μ¢-

´Ò¥ ²¨´ ±¨; 4 Å ³ £´¨É´ Ö ¸¨¸É¥³ ; 5 Å μ´¤Ê²ÖÉμ·; 6 Å μ¶É¨Î¥¸±¨° ·¥§μ´ Éμ·; 7 Å ¶μ£²μÉ¨É¥²Ó;

8 Å § Ð¨É´Ò¥ ¸É¥´Ò § ² 



ˆ¸¸²¥¤μ¢ ´¨¥ Ê¸Éμ°Î¨¢μ¸É¨ ¶ÊÎ±  ¤²Ö ¶·μ¥±É  ²¨Éμ£· Ë¨Î¥¸±μ£μ ² §¥·  1259

„²¨´  ¢μ²´Ò ¶¥·¢μ° £ ·³μ´¨±¨ ¨§²ÊÎ¥´¨Ö μ´¤Ê²ÖÉμ·  13 ´³ μ¶·¥¤¥²Ö¥É ³ ±¸¨³ ²Ó-
´ÊÕ Ô´¥·£¨Õ Ô²¥±É·μ´μ¢ ¢ Ê¸±μ·¨É¥²¥ 800 ŒÔ‚. „²Ö Ê¢¥²¨Î¥´¨° §´ Î¥´¨° ¶μ·μ£μ¢ÒÌ
Éμ±μ¢ ´¥Ê¸Éμ°Î¨¢μ¸É¥° ¨ ÔËË¥±É¨¢´μ¸É¨ Ëμ±Ê¸¨·μ¢±¨ ¢ ²¨´ ± Ì ¶·¥¤¶μ² £ ¥É¸Ö ¸¤¥² ÉÓ
´ ¡μ·Ò Ô´¥·£¨° ¢ μ¸´μ¢´ÒÌ ²¨´ ± Ì · ¢´Ò³¨ 100 ¨ 275 ŒÔ‚,   ¢ ¶·¥¤Ò´¦¥±Éμ·¥ 40 ŒÔ‚.

2. ���…�…—��Ÿ “‘’�‰—ˆ‚�‘’œ

	² £μ¤ ·Ö ´¥§ ¢¨¸¨³μ° Ô²¥±É·μ´´μ-μ¶É¨Î¥¸±μ° ¸¨¸É¥³¥ μ¡  ²¨´¥°´ÒÌ Ê¸±μ·¨É¥²Ö
³μ¦´μ · ¸¸³ É·¨¢ ÉÓ ´¥§ ¢¨¸¨³μ ¤·Ê£ μÉ ¤·Ê£ , ¶·¨ ÔÉμ³ ¨§-§  ³¥´ÓÏ¥° Ô´¥·£¨¨ ¢ ¶¥·¢μ³
μ¦¨¤ ¥É¸Ö ¡μ²¥¥ ´¨§±¨° ¶μ·μ£μ¢Ò° Éμ±. ‚—-¸¨¸É¥³  ¶¥·¢μ£μ ²¨´ ±  ¸μ¸Éμ¨É ¨§ 10 ¤¥¢Ö-
É¨ÖÎ¥¥Î´ÒÌ ·¥§μ´ Éμ·μ¢ ¸ ¤¥¢ÖÉÓÕ ¤¨¶μ²Ó´Ò³¨ ³μ¤ ³¨. ’ ±¨³ μ¡· §μ³, ¢ μ¶·¥¤¥²¥´¨¨
¶μ·μ£μ¢μ£μ Éμ±  ¶ÊÎ±  ÊÎ ¸É¢ÊÕÉ 90 ¤¨¶μ²Ó´ÒÌ ³μ¤. �¤´¨³ ¨§ ¢μ§³μ¦´ÒÌ ¸¶μ¸μ¡μ¢ ´ -
¸É·μ°±¨ ´¥μ¡Ìμ¤¨³μ£μ ¶μ·μ£μ¢μ£μ Éμ±  100 ³� Ö¢²Ö¥É¸Ö ¸¤¢¨£ Î ¸ÉμÉ ¤¨¶μ²Ó´ÒÌ ³μ¤ · ¸-
¸É·μ°± ³¨ ·¥§μ´ Éμ·μ¢. �μ·μ£μ¢Ò° Éμ± ¶μ¶¥·¥Î´μ° ´¥Ê¸Éμ°Î¨¢μ¸É¨ ³´μ£μμ¡μ·μÉ´μ£μ “�
(¸³. ·¨¸. 2) · ¢¥´ [7]
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£¤¥ e ¨ m0c
2 Å § ·Ö¤ ¨ Ô´¥·£¨Ö ¶μ±μÖ Ô²¥±É·μ´ ; ρ = (Rs/Q)m, ωm, Qm Å ¢μ²´μ¢μ¥

¸μ¶·μÉ¨¢²¥´¨¥, Î ¸ÉμÉ  ¨ ¤μ¡·μÉ´μ¸ÉÓ ³μ¤Ò m; Tn ¨ Tm Å ¢·¥³Ö μ¡μ·μÉ  Î ¸É¨ÍÒ ¶·¨
n ¨ m ¶·μ²¥É Ì ·¥§μ´ Éμ· ; βk ¨ βn Å ¶ · ³¥É·Ò ’¢¨¸¸ ; γk ¨ γn Å ·¥²ÖÉ¨¢¨¸É¸±¨¥
Ë ±Éμ·Ò ¨ ψnk Å ´ ¡¥£ ¡¥É É·μ´´μ° Ë §Ò ³¥¦¤Ê ¶·μ²¥É ³¨ k ¨ n. ”μ·³Ê²  (1) Ö¢²Ö¥É¸Ö
¶·¨¡²¨¦¥´´μ°, ¢ ¥¥ ¢Ò¢μ¤¥ ´¥ ÊÎ¨ÉÒ¢ ¥É¸Ö § ÉÊÌ ´¨¥ ¢μ§¡Ê¦¤ ¥³ÒÌ ¶ÊÎ±μ³ ±μ²¥¡ ´¨°
§  ¢·¥³Ö ¶·μÌμ¦¤¥´¨Ö ¶ÊÎ±  Î¥·¥§ “�. Š·μ³¥ Éμ£μ, ¸ÊÐ¥¸É¢Ê¥É μ¶ ¸´μ¸ÉÓ ¢§ ¨³´μ£μ
¶¥·¥±·ÒÉ¨Ö ¶μ²μ¸ ³μ¤ δf ≈ f/Q, ´¥ ÊÎ¨ÉÒ¢ ¥³ Ö ¶·¨ μ¤´μ³μ¤μ¢μ° ¨ μ¤´μ·¥§μ´ Éμ·´μ°
μÍ¥´±¥ ¶μ·μ£μ¢ÒÌ §´ Î¥´¨° (1), ´μ ¸ÊÐ¥¸É¢¥´´μ ¸´¨¦ ÕÐ Ö ¶μ·μ£μ¢Ò° Éμ± [8].

’ ± ± ± ´ ¡¥£ ¡¥É É·μ´´ÒÌ Ë § ³¥¦¤Ê ¶·μ²¥É ³¨ ÔÉμ ¨´É¥£· ² ¡¥É -ËÊ´±Í¨°, Éμ ¶μ-
·μ£μ¢Ò° Éμ± ¤²Ö ·¥§μ´ Éμ·μ¢ ²¨´¥°´μ£μ Ê¸±μ·¨É¥²Ö ³μ¦´μ · ¸¸Î¨É ÉÓ, ´ ²μ¦¨¢ Ê¸²μ¢¨¥
¸¨³³¥É·¨¨ ¡¥É -ËÊ´±Í¨° ¤²Ö Ê¸±μ·¥´¨Ö ¨ Éμ·³μ¦¥´¨Ö. „²Ö μ¶É¨³¨§ Í¨¨ Ô²¥±É·μ´´μ£μ
Éμ±  ¶·¨³¥´Ö¥É¸Ö ³¥Éμ¤ Ê³¥´ÓÏ¥´¨Ö ¸·¥¤´¨Ì · §³¥·μ¢ ¶ÊÎ±  ¢ ·¥§μ´ Éμ·¥ ¢ ¶·μ£· ³³¥
®Elegant¯ [9]. ‚Éμ·Ò³ Ï £μ³ μ¶É¨³¨§ Í¨¨ ¶μ·μ£μ¢ÒÌ §´ Î¥´¨° Éμ±  ´¥Ê¸Éμ°Î¨¢μ¸É¨
Ö¢²Ö¥É¸Ö ¶μ¤¡μ· ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ´ ¡¥£μ¢ ¡¥É É·μ´´ÒÌ Ë § ¢  ·± Ì Ê¸±μ·¨É¥²Ö (·¨¸. 3).

�¨¸. 3 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). ‡ ¢¨-

¸¨³μ¸ÉÓ ¶μ·μ£μ¢μ£μ Éμ±  μÉ ¡¥É É·μ´´ÒÌ Ë §
(μ¸¨ X, Y, Z Å ´ ¡¥£ ¡¥É É·μ´´ÒÌ Ë § ´   ·-

± Ì Ê¸±μ·¨É¥²Ö, ◦,  ³¶²¨ÉÊ¤  Éμ±  μ¡μ§´ Î¥´ 

Í¢¥Éμ³, �) (Q = 5 · 104, ρ = 100 �³)

�¨¸. 4 (Í¢¥É´μ° ¢ Ô²¥±É·μ´´μ° ¢¥·¸¨¨). �¡² ¸ÉÓ

Ê¸Éμ°Î¨¢μ¸É¨ ( ³¶²¨ÉÊ¤  Éμ±  μ¡μ§´ Î¥´  Í¢¥-
Éμ³, �; μ¸¨ X, Y, Z Å ´ ¡μ· ¡¥É É·μ´´ÒÌ

Ë § ´   ·± Ì Ê¸±μ·¨É¥²Ö, ◦) (Q = 5 · 104,

ρ = 100 �³)
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�μ²ÊÎ¥´´Ò¥ ¶ · ³¥É·Ò Ê¸É ´μ¢±¨ ¨¸¶μ²Ó§μ¢ ²¨¸Ó ¤²Ö Î¨¸²¥´´μ£μ ³μ¤¥²¨·μ¢ ´¨Ö ¢ ¶·μ-
£· ³³¥ BI [10]. �¥§Ê²ÓÉ É μ¶É¨³¨§ Í¨¨ ¶·¥¤¸É ¢²¥´ ´  ·¨¸. 4.

„²Ö ¸¨¸É¥³Ò ¸ ¡μ²¥¥ ¢Ò¸μ±μ° ¤μ¡·μÉ´μ¸ÉÓÕ ·¥§μ´ Éμ·μ¢ (Q = 5 · 104, ρ = 100 �³)
¨¸¶μ²Ó§μ¢ ²¸Ö ³¥Éμ¤ ¶μ¤¸É·μ°±¨ Î ¸ÉμÉ ¤¨¶μ²Ó´ÒÌ ³μ¤. ‘ ÊÎ¥Éμ³ Ï¨·¨´Ò ³μ¤ ¶μ·μ£μ¢Ò¥
Éμ±¨ Ê¤ ²μ¸Ó ¶μ¤´ÖÉÓ ¤μ 50 ³� ¶·¨ Ï¨·¨´¥ μ¡² ¸É¨ Ê¸Éμ°Î¨¢μ¸É¨ 5◦.

3. ���„�‹œ��Ÿ “‘’�‰—ˆ‚�‘’œ

„²Ö · ¡μÉÒ ¨¸ÉμÎ´¨±  ¨§²ÊÎ¥´¨Ö ¢Ò¸μ±μ° ³μÐ´μ¸É¨ ´¥μ¡Ìμ¤¨³μ ¤μ£·Ê¶¶¨·μ¢Ò¢ ÉÓ
Ô²¥±É·μ´´Ò° ¶ÊÎμ± ¢μ ¢·¥³Ö ¤¢¨¦¥´¨Ö ± μ´¤Ê²ÖÉμ·Ê (¸³. ·¨¸. 1). �¥μ¡Ìμ¤¨³Ò¥ ¤²Ö
ÔÉμ£μ ´¥´Ê²¥¢Ò¥ §´ Î¥´¨Ö ¶·μ¤μ²Ó´μ° ¤¨¸¶¥·¸¨¨ § ³Ò± ÕÉ ¶¥É²Õ ´¥Ê¸Éμ°Î¨¢μ¸É¨ ¶ÊÎμ±Ä
·¥§μ´ Éμ· (¸³. ·¨¸. 2). “¸Éμ°Î¨¢μ¸ÉÓ ³´μ£μμ¡μ·μÉ´μ£μ “� ¸ μ¤´¨³ Ê¸±μ·ÖÕÐ¨³ ¶·μ³¥-
¦ÊÉ±μ³ · ¸¸³ É·¨¢ ² ¸Ó ¢ [7].

„²Ö  ´ ²¨§  Ê¸Éμ°Î¨¢μ¸É¨ ¨¸¶μ²Ó§Ê¥É¸Ö μ¤´μ·¥§μ´ Éμ·´μ¥ ¶·¨¡²¨¦¥´¨¥. ‚§ ¨³μ¤¥°-
¸É¢¨¥ Ô²¥±É·μ´´μ£μ Éμ±  ¨ ‚—-·¥§μ´ Éμ·  Ê¤μ¡´μ ¶·¥¤¸É ¢²ÖÉÓ ¢ ¢¨¤¥ Ô±¢¨¢ ²¥´É´μ£μ
±μ´ÉÊ·  ¸ ¸μ¸·¥¤μÉμÎ¥´´Ò³¨ ¶ · ³¥É· ³¨. ’μ£¤  Éμ±¨ Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¨ £¥´¥· Éμ· 
¶·¥¤¸É ¢²ÖÕÉ¸Ö ¢ ¢¨¤¥ ¨¸ÉμÎ´¨±μ¢ Éμ± . „²Ö  ´ ²¨§  ÔÉμ° ¸¨¸É¥³Ò ¨¸¶μ²Ó§Ê¥É¸Ö É¥μ·¨Ö
¢μ§³ÊÐ¥´¨° ¸É Í¨μ´ ·´μ£μ ¸μ¸ÉμÖ´¨Ö [11]. ’μ± ¶ÊÎ±μ¢ Ib1,2 § ¢¨¸¨É μÉ ¢¸¥Ì ´ ¶·Ö¦¥-
´¨° ²¨´ ±μ¢ U1,2 ¨§-§  Ë §μ¢μ£μ ¤¢¨¦¥´¨Ö Iα(U1, U2) = Iα(ReU1, ImU1, ReU2, ImU2).
“· ¢´¥´¨Ö ¶·¥μ¡· §ÊÕÉ¸Ö ¢ ¸¨¸É¥³Ê μ¤´μ·μ¤´ÒÌ ²¨´¥°´ÒÌ Ê· ¢´¥´¨° λδU = MδU ¸
Ê¸²μ¢¨¥³ · §·¥Ï¨³μ¸É¨ |M − λE| = 0, £¤¥ M Å ³ É·¨Í  ¶·μ¢μ¤¨³μ¸É¨:

M =

⎛
⎜⎜⎜⎜⎜⎜⎝

ρ1
∂ReIb1
∂ReU1

− 1
Q1
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− ξ1
Q1

ρ1
∂ReIb1
∂ReU2

ρ1
∂ReIb1
∂ImU2

ρ1
∂ImIb1
∂ReU1

+ ξ1
Q1

ρ1
∂ImIb1
∂ImU1

− 1
Q1

ρ1
∂ImIb1
∂ReU2

ρ1
∂ImIb1
∂ImU2

ρ2
∂ReIb2
∂ReU1

ρ2
∂ReIb2
∂ImU1

ρ2
∂ReIb2
∂ReU2

− 1
Q2

ρ2
∂ReIb2
∂ImU2

− ξ2
Q2

ρ2
∂ImIb2
∂ReU1

ρ2
∂ImIb2
∂ImU1

ρ2
∂ImIb2
∂ReU2

+ ξ2
Q2

ρ2
∂ImIb2
∂ImU2

− 1
Q2

⎞
⎟⎟⎟⎟⎟⎟⎠

. (2)

�¨¸. 5. ‡ ¢¨¸¨³μ¸ÉÓ ¶μ·μ£μ¢μ£μ Éμ±  μÉ Ë §Ò ¢²¥É  ¶·¨ · §´ÒÌ · ¸¸É·μ°± Ì ·¥§μ´ Éμ·  (É¥μ·¨Ö)

(¢¸¥ R56 = 1 ³, ±·μ³¥ R56 und = 2 ³)
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�¨¸. 6. ‡ ¢¨¸¨³μ¸ÉÓ ¶μ·μ£μ¢μ£μ Éμ±  μÉ Ë §Ò ¢²¥É  ¶·¨ · §´ÒÌ · ¸¸É·μ°± Ì ·¥§μ´ Éμ·  (É¥μ·¨Ö)

(¢¸¥ ¤μ μ´¤Ê²ÖÉμ·  R56 = 1 ³, R56 und = 2 ³, ¶μ¸²¥ μ´¤Ê²ÖÉμ·  R56 = 0)

“¸²μ¢¨¥ μÉ·¨Í É¥²Ó´μ¸É¨ ¤¥°¸É¢¨É¥²Ó´μ° Î ¸É¨ ¸μ¡¸É¢¥´´ÒÌ Î¨¸¥² M Re (λi) < 0
¡Ê¤¥É μ¶·¥¤¥²ÖÉÓ μ¡² ¸É¨ Ê¸Éμ°Î¨¢μ¸É¨. ’ ±¦¥ ´¥μ¡Ìμ¤¨³Ò³ Ê¸²μ¢¨¥³ · ¡μÉÒ Ê¸±μ·¨-
É¥²Ö Ö¢²Ö¥É¸Ö ·¥±Ê¶¥· Í¨Ö Ô´¥·£¨¨ ¨ ¶·μ¤μ²Ó´ Ö Ëμ±Ê¸¨·μ¢± . “¸²μ¢¨Ö Ê¸Éμ°Î¨¢μ¸É¨
³ É·¨ÍÒ M ¢Ò· ¦ ÕÉ¸Ö ±·¨É¥·¨¥³ ‹¨¥´ · Ä˜¨¶ ·  [12], μ¶¨¸Ò¢ ÕÐ¥£μ¸Ö Î¥ÉÒ·Ó³Ö
´¥· ¢¥´¸É¢ ³¨. „²Ö · §²¨Î´ÒÌ · ¸¸É·μ¥± ·¥§μ´ Éμ·μ¢ ¨ μ¤¨´ ±μ¢ÒÌ Ê¸±μ·ÖÕÐ¨Ì Ë §
¡Ò²¨ ¢ÒÎ¨¸²¥´Ò ¶μ·μ£μ¢Ò¥ Éμ±¨. ‚ ¸²ÊÎ ¥ Ê¸É ´μ¢±¨ μ¤´μ£μ μ´¤Ê²ÖÉμ·  ´  ¸·¥¤´¥°
¤μ·μ¦±¥ ´¥μ¡Ìμ¤¨³μ¸ÉÓ ¤μ£·Ê¶¶¨·μ¢Ò¢ ÉÓ ¶ÊÎμ± ¶μ¸²¥ ¨§²ÊÎ¥´¨Ö ´¥ Ö¢²Ö¥É¸Ö ±·¨É¨Î¥-
¸±μ°. �μÔÉμ³Ê ¡Ò²¨ · ¸¸³μÉ·¥´Ò ¤¢  ¸²ÊÎ Ö ¸ · §´Ò³¨ Ô²¥³¥´É ³¨ R56 É· ´¸¶μ·É´μ°
³ É·¨ÍÒ: 1) R56 = 1 ³ ¤²Ö ¢¸¥Ì ¤μ·μ¦¥±, ±·μ³¥ ¤μ·μ¦±¨ ¸ μ´¤Ê²ÖÉμ·μ³, £¤¥ R56 = 2 ³
(·¨¸. 5); 2) R56 = 1 ³ ¤²Ö ¢¸¥Ì ¤μ·μ¦¥± ¤μ μ´¤Ê²ÖÉμ· , R56 = 2 ³ ´  ¤μ·μ¦±¥ ¸ μ´¤Ê²Ö-
Éμ·μ³, R56 = 0 ¤²Ö ¢¸¥Ì ¤μ·μ¦¥± ¶μ¸²¥ μ´¤Ê²ÖÉμ·  (·¨¸. 6).

‡�Š‹	—…�ˆ…

‚ ·¥§Ê²ÓÉ É¥ · ¸Î¥Éμ¢ ¡Ò²¨ ¶μ²ÊÎ¥´Ò ³ ±¸¨³ ²Ó´Ò¥ ¤μ¶Ê¸É¨³Ò¥ §´ Î¥´¨Ö ¤μ¡·μÉ´μ-
¸É¥° ´¥¸¨³³¥É·¨Î´ÒÌ ³μ¤ ¨ · ¸¸³μÉ·¥´ ³¥Ì ´¨§³ ´ ¸É·μ°±¨ Î ¸ÉμÉ ¨ ´ ¡¥£μ¢ ¡¥É É·μ´-
´ÒÌ Ë §. �μ²ÊÎ¥´Ò μ¡² ¸É¨ Ê¸Éμ°Î¨¢μ¸É¨ ´ ¡¥£μ¢ ¡¥É É·μ´´ÒÌ Ë §, μ¡¥¸¶¥Î¨¢ ÕÐ¨¥
¢Ò¸μ±¨° ¸·¥¤´¨° Éμ± 100 ³� “� ¤²Ö ¢§ ¨³μ¤¥°¸É¢¨Ö Ô²¥±É·μ´´μ£μ ¶ÊÎ±  ¸ ¤¨¶μ²Ó´Ò³¨
³μ¤ ³¨ ·¥§μ´ Éμ·μ¢.

‚ ¸²ÊÎ ¥ ¢§ ¨³μ¤¥°¸É¢¨Ö ¸ μ¸´μ¢´μ° ³μ¤μ° ¡Ò²¨ · ¸¸³μÉ·¥´Ò ¤¢  ¢ ·¨ ´É  ·¥¦¨³μ¢
´ ¸É·μ°±¨ £·Ê¶¶¨·μ¢±¨ ¶ÊÎ± . �¥´Ê²¥¢Ò¥ §´ Î¥´¨Ö R56  ·μ± ¶μ¸²¥ ¤μ·μ¦±¨ ¸ Ê¸É ´μ-
¢²¥´´Ò³ μ´¤Ê²ÖÉμ·μ³ Ê¢¥²¨Î¨¢ ÕÉ μ¡² ¸ÉÓ Ê¸Éμ°Î¨¢μ¸É¨ ¨ ¢¥²¨Î¨´Ê ¶μ·μ£μ¢μ£μ Éμ± 
¶ÊÎ± . 	Ò²¨ μ¶·¥¤¥²¥´Ò ¤¨ ¶ §μ´Ò Ê¸±μ·ÖÕÐ¨Ì Ë § ¨ · ¸¸É·μ¥± ·¥§μ´ Éμ·μ¢, ´¥μ¡Ìμ-
¤¨³ÒÌ ¤²Ö ¶μ²ÊÎ¥´¨Ö ¸·¥¤´¥£μ Éμ±  100 ³�.

� ¡μÉ  ¢Ò¶μ²´¥´  §  ¸Î¥É £· ´É  �μ¸¸¨°¸±μ£μ ´ ÊÎ´μ£μ Ëμ´¤  (¶·μ¥±É º14-50-
00080).
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