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� · ³¥É·¨Î¥¸±¨° ·¥§μ´ ´¸ ¢ ¸¨¸É¥³¥ ¤²¨´´ÒÌ
¤¦μ§¥Ë¸μ´μ¢¸±¨Ì ¶¥·¥Ìμ¤μ¢

�  μ¸´μ¢¥ ¨¸¸²¥¤μ¢ ´¨Ö Ë §μ¢μ° ¤¨´ ³¨±¨ ¸¨¸É¥³Ò ¤²¨´´ÒÌ ¤¦μ§¥Ë¸μ-
´μ¢¸±¨Ì ¶¥·¥Ìμ¤μ¢ („�), ¤²¨´  ±μÉμ·ÒÌ ¶·¥¢ÒÏ ¥É ¤¦μ§¥Ë¸μ´μ¢¸±ÊÕ £²Ê¡¨´Ê
¶·μ´¨±´μ¢¥´¨Ö, ¶μ± § ´  ¢μ§³μ¦´μ¸ÉÓ ¢μ§´¨±´μ¢¥´¨Ö ¶·μ¤μ²Ó´μ° ¶² §³¥´´μ°
¢μ²´Ò ¨ ·¥ ²¨§ Í¨¨ ¶ · ³¥É·¨Î¥¸±μ£μ ·¥§μ´ ´¸ . � ¸Î¥ÉÒ ¶·μ¢¥¤¥´Ò ¸ ÊÎ¥Éμ³
± ± ¨´¤Ê±É¨¢´μ°, É ± ¨ ¥³±μ¸É´μ° ¸¢Ö§¨ ³¥¦¤Ê ¤¦μ§¥Ë¸μ´μ¢¸±¨³¨ ¶¥·¥Ìμ¤ ³¨.
� ¸¸Î¨É ´Ò ¢μ²ÓÉ- ³¶¥·´Ò¥ Ì · ±É¥·¨¸É¨±¨, ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´Ò¥ § ¢¨-
¸¨³μ¸É¨ Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  ¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ¸²μÖÌ ¨ ³ £´¨É´μ£μ ¶μ²Ö ¢μ
¢¸¥Ì „� ¸¨¸É¥³Ò. ‚ μ¡² ¸É¨ ¶ · ³¥É·¨Î¥¸±μ£μ ·¥§μ´ ´¸ , ´ Î¨´ Ö ¸ μ¶·¥¤¥²¥´-
´μ° ¤²¨´Ò „�, ´ ¡²Õ¤ ¥É¸Ö ¸μ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¶·μ¤μ²Ó´μ° ¶² §³¥´´μ° ¢μ²´Ò ¨
Ë²Õ±¸μ´´ÒÌ ¸μ¸ÉμÖ´¨°.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ É¥μ·¥É¨Î¥¸±μ° Ë¨§¨±¨ ¨³. �.�. 
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Parametric Resonance in the System of Long
Josephson Junctions

Based on the investigations of phase dynamics of long Josephson junction system
with length larger than the Josephson penetration depth, we show the possibility
of appearance of longitudinal plasma wave and realization of parametric resonance.
Calculations are performed taking into account both inductive and capacitive coupling
between the Josephson junctions. Current-voltage characteristics, spatiotemporal
dependence of electrical charge in the superconducting layers and magnetic ˇeld in
all the Josephson junctions of the system have been calculated. In the parametric
resonance region starting from a certain length of Josephson junctions we observe
the coexistence of longitudinal plasma waves and �uxon states.

The investigation has been performed at the Bogoliubov Laboratory of Theoretical
Physics, JINR.
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‚ ¢Ò¸μ±μÉ¥³¶¥· ÉÊ·´ÒÌ ¸¢¥·Ì¶·μ¢μ¤´¨± Ì, É ±¨Ì ± ± Bi2Sr2CaCu2O8,
¸¢¥·Ì¶·μ¢μ¤ÖÐ¨¥ ¨ ¤¨Ô²¥±É·¨Î¥¸±¨¥ ¸²μ¨ μ¡· §ÊÕÉ ¸¨¸É¥³Ê ¸¢Ö§ ´´ÒÌ ¤¦μ-
§¥Ë¸μ´μ¢¸±¨Ì ¶¥·¥Ìμ¤μ¢ („�), ¢ ±μÉμ·μ° ´ ¡²Õ¤ ¥É¸Ö ¢´ÊÉ·¥´´¨° ÔËË¥±É
„¦μ§¥Ë¸μ´  [1]. 	É  ¸¨¸É¥³  Ö¢²Ö¥É¸Ö μ¤´¨³ ¨§ ¶¥·¸¶¥±É¨¢´ÒÌ μ¡Ñ¥±Éμ¢
¸¢¥·Ì¶·μ¢μ¤ÖÐ¥° Ô²¥±É·μ´¨±¨ [2, 3]. ˜¨·μ±¨¥ ¢μ§³μ¦´μ¸É¨ ¤²Ö · §²¨Î´ÒÌ
¶·¨³¥´¥´¨° ¶·¥¤¸É ¢²Ö¥É ±μ£¥·¥´É´μ¥ Ô²¥±É·μ³ £´¨É´μ¥ ¨§²ÊÎ¥´¨¥ ¨§ ¤ ´´μ°
¸¨¸É¥³Ò ¢ É¥· £¥·Íμ¢μ° μ¡² ¸É¨ Î ¸ÉμÉ [4]. �¤´ ±μ ³¥Ì ´¨§³ ÔÉμ£μ ¨§²ÊÎ¥-
´¨Ö μ¸É ¥É¸Ö ´¥Ö¸´Ò³ ¤μ ´ ¸ÉμÖÐ¥£μ ¢·¥³¥´¨. ‚¥¤¥É¸Ö ¨´É¥´¸¨¢´Ò° ¶μ¨¸±
´μ¢ÒÌ ¢μ§³μ¦´μ¸É¥° ¤²Ö Ê¢¥²¨Î¥´¨Ö ¥£μ ³μÐ´μ¸É¨, ±μÉμ· Ö, ¶μ ¶μ¸²¥¤´¨³
¤ ´´Ò³ [5], ¸μ¸É ¢²Ö¥É μ±μ²μ 600 ³±‚É ´  Î ¸ÉμÉ¥ 0,5 ’ƒÍ ¶·¨ ¨¸¶μ²Ó§μ¢ -
´¨¨ ´¥¸±μ²Ó±¨Ì ¶μ¸²¥¤μ¢ É¥²Ó´μ ¸μ¥¤¨´¥´´ÒÌ ¸É¥±μ¢. � ¨¡μ²¥¥ ¨´É¥´¸¨¢´μ¥
±μ£¥·¥´É´μ¥ ¨§²ÊÎ¥´¨¥ ¸μμÉ¢¥É¸É¢Ê¥É μ¡² ¸É¨ ¢μ²ÓÉ- ³¶¥·´ÒÌ Ì · ±É¥·¨¸É¨±
(‚�•), £¤¥ ¶·μ¨¸Ìμ¤¨É ¶¥·¥±²ÕÎ¥´¨¥ ¸ ¢¥·Ì´¥° ¢¥É¢¨ ´  ¢´ÊÉ·¥´´¨¥ [3].
‚ · ¡μÉ¥ [6] ¶μ± § ´μ, ÎÉμ ¢ ÔÉμ° μ¡² ¸É¨ ‚�• ¢ ·¥§Ê²ÓÉ É¥ ¶ · ³¥É·¨Î¥¸±μ£μ
·¥§μ´ ´¸  ¤¦μ§¥Ë¸μ´μ¢¸±¨¥ μ¸Í¨²²ÖÍ¨¨ ¢μ§¡Ê¦¤ ÕÉ ¶·μ¤μ²Ó´ÊÕ ¶² §³¥´´ÊÕ
¢μ²´Ê (��‚). �¥§μ´ ´¸ ¶·¨¢μ¤¨É ± Ê¢¥²¨Î¥´¨Õ  ³¶²¨ÉÊ¤Ò μ¸Í¨²²ÖÍ¨° Ô²¥±-
É·¨Î¥¸±μ£μ § ·Ö¤  ¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ¸²μÖÌ [6,7]. „μ ´ ¸ÉμÖÐ¥£μ ¢·¥³¥´¨ ¶ -
· ³¥É·¨Î¥¸±¨° ·¥§μ´ ´¸ ¢ ¸¨¸É¥³¥ ¸¢Ö§ ´´ÒÌ „� ¨¸¸²¥¤μ¢ ²¸Ö ²¨ÏÓ ¢ · ³± Ì
μ¤´μ³¥·´μ° ³μ¤¥²¨, É. ¥. · ¸¸³ É·¨¢ ² ¸Ó ¸¨¸É¥³  ±μ·μÉ±¨Ì „�, ¤²Ö ±μÉμ·ÒÌ
¤²¨´  „� L ³¥´ÓÏ¥ ¤¦μ§¥Ë¸μ´μ¢¸±μ° £²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö λJ . 
μ²Ó-
Ï¨´¸É¢μ ¦¥ Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ¸¢Ö§ ´μ ¨³¥´´μ ¸ ¤²¨´´Ò³¨ „�,
¢ ±μÉμ·ÒÌ L > λJ . �μ¸±μ²Ó±Ê ·¥ÎÓ ¡Ê¤¥É ¨¤É¨ ¢ μ¸´μ¢´μ³ μ ¤²¨´´ÒÌ „�,
¢ ¤ ²Ó´¥°Ï¥³ ¨§²μ¦¥´¨¨ ¸²μ¢μ ®¤²¨´´Ò°¯ μ¶Ê¸± ¥É¸Ö.

‚ ¸²ÊÎ ¥ μ¤´μ£μ „� ¢ μÉ¸ÊÉ¸É¢¨¥ ¢´¥Ï´¥£μ ³ £´¨É´μ£μ ¶μ²Ö ´  ‚�•
´ ¡²Õ¤ ÕÉ¸Ö ¸ÉÊ¶¥´Ó±¨ ´Ê²¥¢μ£μ ¶μ²Ö [8Ä10], ±μÉμ·Ò¥ μ¡Ê¸²μ¢²¥´Ò ´ ²¨Î¨¥³
Ë²Õ±¸μ´´ÒÌ ¸μ¸ÉμÖ´¨°. ‚ ¸²ÊÎ ¥ ¸¨¸É¥³Ò „� Ë²Õ±¸μ´´Ò¥ ¸μ¸ÉμÖ´¨Ö ³μ£ÊÉ
¢μ§´¨± ÉÓ ¢ ± ¦¤μ³ „� ¸É¥± . ‚ ¸¢Ö§¨ ¸ ÔÉ¨³ ¢μ§´¨± ¥É ¢μ¶·μ¸ μ ¢μ§³μ¦´μ¸É¨
¸μ¸ÊÐ¥¸É¢μ¢ ´¨Ö Ë²Õ±¸μ´´ÒÌ ¸μ¸ÉμÖ´¨° ¨ ��‚.

„²Ö μ¶¨¸ ´¨Ö ¸¨¸É¥³Ò „� ‘ ± ¥³, 
μ¤¨´Ò³ ¨ �¥¤¥·¸¥´μ³ [11] ¡Ò² 
¶·¥¤²μ¦¥´  ³μ¤¥²Ó, ÊÎ¨ÉÒ¢ ÕÐ Ö ¨´¤Ê±É¨¢´ÊÕ ¸¢Ö§Ó ³¥¦¤Ê „�. …³±μ¸É´ Ö
¸¢Ö§Ó ¢ ¶·¥¤²μ¦¥´´μ° ³μ¤¥²¨ ´¥ ÊÎ¨ÉÒ¢ ² ¸Ó. �¡μ¡Ð¥´¨¥ ³μ¤¥²¨ ´  ¸²Ê-
Î ° μ¡μ¨Ì É¨¶μ¢ ¸¢Ö§¨ ³¥¦¤Ê „� ¡Ò²μ ¶·μ¢¥¤¥´μ Œ Î¨¤μ° ¨ ‘ ± ¥³ [12].
�¤´ ±μ ¢ ¨Ì ³μ¤¥²¨ ´¥ ÊÎ¨ÉÒ¢ ²¸Ö ¤¨ËËÊ§¨μ´´Ò° Éμ± [13], ¢ ¦´μ¸ÉÓ ±μÉμ-
·μ£μ ¶μ¤Î¥·±¨¢ ² ¸Ó ¢ ·Ö¤¥ · ¡μÉ [14Ä16]. Š·μ³¥ Éμ£μ, ¨¸¸²¥¤μ¢ ´¨¥ ‚�•
¢ · ³± Ì μ¡μ¡Ð¥´´μ° ³μ¤¥²¨ Œ Î¨¤Ò ¨ ‘ ± Ö ¤μ ´ ¸ÉμÖÐ¥£μ ¢·¥³¥´¨ ´¥
¶·μ¢μ¤¨²μ¸Ó. „·Ê£μ° ¶·¨´Í¨¶¨ ²Ó´μ° ¶·μ¡²¥³μ°, ±μÉμ· Ö É ±¦¥ μ¸É ¢ ² ¸Ó
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´¥ ¨¸¸²¥¤μ¢ ´´μ° ¤μ ´ ¸ÉμÖÐ¥£μ ¢·¥³¥´¨, Ö¢²Ö¥É¸Ö ¢μ§³μ¦´μ¸ÉÓ ·¥ ²¨§ Í¨¨
¶ · ³¥É·¨Î¥¸±μ£μ ·¥§μ´ ´¸  ¨ ¢μ§¡Ê¦¤¥´¨Ö ¶·μ¤μ²Ó´μ° ¶² §³¥´´μ° ¢μ²´Ò
¢¤μ²Ó ¸É¥±  ¤²¨´´ÒÌ ¤¦μ§¥Ë¸μ´μ¢¸±¨Ì ¶¥·¥Ìμ¤μ¢. 
Ò²μ ´¥Ö¸´μ, ± ±ÊÕ ·μ²Ó
¸Ò£· ¥É ¨´¤Ê±É¨¢´ Ö ¸¢Ö§Ó: ¡Ê¤¥É ²¨ μ´  ¸¶μ¸μ¡¸É¢μ¢ ÉÓ ¨²¨, ´ μ¡μ·μÉ, ¶·¥-
¶ÖÉ¸É¢μ¢ ÉÓ ·¥ ²¨§ Í¨¨ ¶ · ³¥É·¨Î¥¸±μ£μ ·¥§μ´ ´¸ . ‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ ¢
· ³± Ì μ¡μ¡Ð¥´´μ° ³μ¤¥²¨, ÊÎ¨ÉÒ¢ ÕÐ¥° ± ± ¨´¤Ê±É¨¢´ÊÕ, É ± ¨ ¥³±μ¸É´ÊÕ
¸¢Ö§Ó,   É ±¦¥ ¤¨ËËÊ§¨μ´´Ò° Éμ±, ¶·μ¢¥¤¥´μ ¶μ¤·μ¡´μ¥ ¨¸¸²¥¤μ¢ ´¨¥ ‚�•
¨ ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÒÌ § ¢¨¸¨³μ¸É¥° Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  ¢ ¸¢¥·Ì-
¶·μ¢μ¤ÖÐ¨Ì ¸²μÖÌ ¨ ³ £´¨É´μ£μ ¶μ²Ö ¢μ ¢¸¥Ì „�. �μ± § ´μ, ÎÉμ ¢ ¸¨¸É¥³¥
¤²¨´´ÒÌ „�, ± ± ¨ ¢ ¸²ÊÎ ¥ ¸¨¸É¥³Ò ±μ·μÉ±¨Ì „�, ¢μ§´¨± ¥É ¶·μ¤μ²Ó´ Ö
¶² §³¥´´ Ö ¢μ²´  ¨ ·¥ ²¨§Ê¥É¸Ö ¶ · ³¥É·¨Î¥¸±¨° ·¥§μ´ ´¸. ‚ μ¡² ¸É¨ ¶ -
· ³¥É·¨Î¥¸±μ£μ ·¥§μ´ ´¸ , ´ Î¨´ Ö ¸ μ¶·¥¤¥²¥´´μ° ¤²¨´Ò „�, ´ ¡²Õ¤ ¥É¸Ö
¸μ¸ÊÐ¥¸É¢μ¢ ´¨¥ ¶·μ¤μ²Ó´μ° ¶² §³¥´´μ° ¢μ²´Ò ¨ Ë²Õ±¸μ´´ÒÌ ¸μ¸ÉμÖ´¨°.

� ¸¸³μÉ·¨³ ¸¨¸É¥³Ê N+1 ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ¸²μ¥¢, ±μÉμ·Ò¥ ¢³¥¸É¥ ¸ ¶·μ-
³¥¦ÊÉμÎ´Ò³¨ ¤¨Ô²¥±É·¨Î¥¸±¨³¨ ¸²μÖ³¨ μ¡· §ÊÕÉ ¸¨¸É¥³Ê ¸¢Ö§ ´´ÒÌ ¤¦μ-
§¥Ë¸μ´μ¢¸±¨Ì ¶¥·¥Ìμ¤μ¢. �¸Ó x ¢Ò¡· ´  ¢¤μ²Ó ¤²¨´Ò L „�, μ¸Ó y Å ¢¤μ²Ó
Ï¨·¨´Ò W „� ¨ μ¸Ó z ¶¥·¶¥´¤¨±Ê²Ö·´  ¸²μÖ³. ‘¢¥·Ì¶·μ¢μ¤ÖÐ¨¥ ¸²μ¨ ¸ ´μ-
³¥· ³¨ l ¨ l−1 μ¡· §ÊÕÉ l-° ¤¦μ§¥Ë¸μ´μ¢¸±¨° ¶¥·¥Ìμ¤, ±μÉμ·Ò° μ¶¨¸Ò¢ ¥É¸Ö

± ²¨¡·μ¢μÎ´μ-¨´¢ ·¨ ´É´μ° · §´μ¸ÉÓÕ Ë § ϕl = θl − θl−1 − 2e

�c

zl∫
zl−1

Az dz,

£¤¥ θl Å Ë §  ¶ · ³¥É·  ¶μ·Ö¤±  l-£μ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ ¸²μÖ; e Å Ô²¥±-
É·¨Î¥¸±¨° § ·Ö¤ Ô²¥±É·μ´ ; � Å ¶μ¸ÉμÖ´´ Ö �² ´± ; c Å ¸±μ·μ¸ÉÓ ¸¢¥É  ¢
¢ ±ÊÊ³¥ ¨ Az Å ¢¥±Éμ·´Ò° ¶μÉ¥´Í¨ ² ¡ ·Ó¥· . ‚ · ¸¸³ É·¨¢ ¥³μ³ ¸²ÊÎ ¥
¶·¥¤¶μ² £ ¥É¸Ö, ÎÉμ Ï¨·¨´  „� ´ ³´μ£μ ³¥´ÓÏ¥ ¤¦μ§¥Ë¸μ´μ¢¸±μ° £²Ê¡¨´Ò
¶·μ´¨±´μ¢¥´¨Ö ³ £´¨É´μ£μ ¶μ²Ö (W � λJ ).

�²μÉ´μ¸ÉÓ § ·Ö¤  ¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥³ ¸²μ¥ μ¶·¥¤¥²Ö¥É¸Ö ¢Ò· ¦¥´¨¥³

Ql = − ε

4πλ2
e

(
φl +

�

2e

∂θl

∂t

)
, (1)

£¤¥ ε Å ¤¨Ô²¥±É·¨Î¥¸± Ö ¶·μ´¨Í ¥³μ¸ÉÓ ¨§μ²¨·ÊÕÐ¥£μ ¸²μÖ; λe Å ¤¥¡ ¥¢-
¸± Ö ¤²¨´  Ô±· ´¨·μ¢ ´¨Ö; φl Å ¸± ²Ö·´Ò° ¶μÉ¥´Í¨ ² l-£μ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ
¸²μÖ ¨ t Å ¢·¥³Ö [12]. “Î¨ÉÒ¢ Ö ¢Ò· ¦¥´¨¥ (1), ¸¢Ö§Ó ³¥¦¤Ê ´ ¶·Ö¦¥´´μ¸ÉÓÕ

Ô²¥±É·¨Î¥¸±μ£μ ¶μ²Ö ¨ ¢¥±Éμ·´Ò³ ¶μÉ¥´Í¨ ²μ³ Ez = −1
c

∂Az

∂t
− ∂φ

∂z
, Ê· ¢´¥-

´¨¥ �Ê ¸¸μ´ 
∂Ez

∂z
=

4π

ε
Q,   É ±¦¥ Ëμ·³Ê²Ê V = dIE, ¶μ²ÊÎ ¥³ μ¡μ¡Ð¥´´μ¥

¸μμÉ´μÏ¥´¨¥ „¦μ§¥Ë¸μ´ 

�

2e

∂ϕl

∂t
= DcVl + scVl+1 + scVl−1, (2)

2



£¤¥ Dc = 1 + (2λe/dI) coth (ds/λe) Å ÔËË¥±É¨¢´ Ö Ô²¥±É·¨Î¥¸± Ö Éμ²-
Ð¨´  „�, ´μ·³¨·μ¢ ´´ Ö ´  Éμ²Ð¨´Ò ¤¨Ô²¥±É·¨Î¥¸±μ£μ ¸²μÖ dI ; sc =
−λe/[dI sinh (ds/λe)] Å ¶ · ³¥É· ¥³±μ¸É´μ° ¸¢Ö§¨; Vl Å ´ ¶·Ö¦¥´¨¥
¢ l-³ „�; ds Å Éμ²Ð¨´  ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ ¸²μÖ [12]. �μ¸±μ²Ó±Ê ds/λe ³ ²μ,
· §² £ Ö coth (ds/λe) ¨ sinh (ds/λe) ¢ ·Ö¤ ’¥°²μ· , ³μ¦´μ ´ ¶¨¸ ÉÓ ¢Ò· ¦¥-
´¨Ö ¤²Ö ÔËË¥±É¨¢´μ° Ô²¥±É·¨Î¥¸±μ° Éμ²Ð¨´Ò „� ¨ ¶ · ³¥É·  ¥³±μ¸É´μ°
¸¢Ö§¨ ¢ ¢¨¤¥ Dc = 1 + 2λ2

e/(dIds) ¨ sc = −λ2
e/(dIds) ¸μμÉ¢¥É¸É¢¥´´μ.

�²μÉ´μ¸ÉÓ ¶μ¢¥·Ì´μ¸É´μ£μ Éμ±  ¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥³ ¸²μ¥ μ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³

jx,l = − c

4πλ2
L

(
Ax,l −

�c

2e

∂θl

∂x

)
, (3)

£¤¥ λL Å ²μ´¤μ´μ¢¸± Ö £²Ê¡¨´  ¶·μ´¨±´μ¢¥´¨Ö [12]. ‘ ÊÎ¥Éμ³ (3) ¨ ¸μμÉ´μÏ¥-

´¨° By = −
(

∂Az

∂x
− ∂Ax

∂z

)
,

∂2Bz,l

∂z2
=

1
λ2

L

Bz,l μ¶·¥¤¥²Ö¥É¸Ö ¶·μ¨§¢μ¤´ Ö

· §´μ¸É¨ Ë § ¶μ ±μμ·¤¨´ É¥

�c

2eD£

∂ϕl

∂x
= Bl + SBl+1 + SBl−1, (4)

£¤¥ S = s£/D£ Å ¶ · ³¥É· ¨´¤Ê±É¨¢´μ° ¸¢Ö§¨, s£ = −λL/ sinh (ds/λL),
£¤¥ D£ = dI + 2λL coth (ds/λL) Å ÔËË¥±É¨¢´ Ö ³ £´¨É´ Ö Éμ²Ð¨´ . �É³¥-
É¨³, ÎÉμ ¶ · ³¥É· ¨´¤Ê±É¨¢´μ° ¸¢Ö§¨ S ¶·¨´¨³ ¥É §´ Î¥´¨Ö ¢ ¨´É¥·¢ ²¥
0 < |S| < 0,5. ’ ±¨³ μ¡· §μ³, ¸¨¸É¥³  Ê· ¢´¥´¨° ¤²Ö · §´μ¸É¥° Ë § ¨ ´ ¶·Ö-
¦¥´¨° ¢μ ¢¸¥Ì „� ¸É¥± , ±μÉμ· Ö μ¶·¥¤¥²Ö¥É Ë §μ¢ÊÕ ¤¨´ ³¨±Ê ¸¨¸É¥³Ò „�,
§ ¶¨¸Ò¢ ¥É¸Ö ¢ ¢¨¤¥⎧⎪⎪⎪⎨

⎪⎪⎪⎩

∂ϕl

∂t
= DcVl + scVl+1 + scVl−1,

∂Vl

∂t
=

N∑
n=1

(
£−1

l,n

∂2ϕn

∂x2

)
− sin ϕl − β

∂ϕl

∂t
+ I,

(5)

£¤¥ £ =

⎛
⎜⎜⎜⎜⎜⎜⎝

1 S 0 . . . S
...

...
...

...
...

...
...

. . . 0 S 1 S 0 . . .
...

...
...

...
...

...
...

S . . . 0 S 1

⎞
⎟⎟⎟⎟⎟⎟⎠

Å ³ É·¨Í  ¨´¤Ê±É¨¢´μ° ¸¢Ö§¨.

‚ ¸¨¸É¥³¥ Ê· ¢´¥´¨° (5) ¢·¥³Ö ´μ·³¨·μ¢ ´μ ´  ¶² §³¥´´ÊÕ Î ¸ÉμÉÊ „�

ωp =
√

8πdIejc/(�ε), ´ ¶·Ö¦¥´¨¥ Å ´  V0 = �ωp/(2e), ±μμ·¤¨´ É  x Å

´  ¤¦μ§¥Ë¸μ´μ¢¸±ÊÕ £²Ê¡¨´Ê ¶·μ´¨±´μ¢¥´¨Ö λJ =
√

�c2/(8πejcD£), Éμ± Å
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´  ±·¨É¨Î¥¸±¨° Éμ± jc, ³ £´¨É´μ¥ ¶μ²¥ B Å ´  B0 = �c/(2eD£λJ ). ‡¤¥¸Ó
β = σV0/(dIjc) Å ¶ · ³¥É· ¤¨¸¸¨¶ Í¨¨.

‘¨¸É¥³  Ê· ¢´¥´¨° (5) ·¥Ï ¥É¸Ö Î¨¸²¥´´μ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ ³¥Éμ¤ 
�Ê´£¥ÄŠÊÉÉÒ Î¥É¢¥·Éμ£μ ¶μ·Ö¤± . „²Ö ¢ÒÎ¨¸²¥´¨Ö ‚�• ¶·μ¢μ¤¨É¸Ö Ê¸·¥¤-
´¥´¨¥ Vl(x, t) ¶μ ±μμ·¤¨´ É¥ ¨ ¢·¥³¥´¨. �  ± ¦¤μ³ Ï £¥ ¶μ ¢·¥³¥´¨ ¶·μ-
¢μ¤¨É¸Ö ¨´É¥£·¨·μ¢ ´¨¥ ´ ¶·Ö¦¥´¨Ö ¶μ ±μμ·¤¨´ É¥ ¶μ ³¥Éμ¤Ê ‘¨³¶¸μ´  ¨

Ê¸·¥¤´¥´¨¥ V̄ (t) = (1/L)

L∫
0

Vl(x, t) dx. � ¶·Ö¦¥´¨¥ Ê¸·¥¤´Ö¥É¸Ö ¶μ ¢·¥³¥´¨

¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ëμ·³Ê²Ò V = 1/(Tmax − Tmin)

Tmax∫
Tmin

V̄ (t) dt; ¶·¨ ÔÉμ³ ¨¸-

¶μ²Ó§Ê¥É¸Ö ³¥Éμ¤ ¶·Ö³μÊ£μ²Ó´¨±μ¢. ‚¥²¨Î¨´  ¢´ÊÉ·¥´´¥£μ ³ £´¨É´μ£μ ¶μ²Ö
¢ „� μ¶·¥¤¥²Ö¥É¸Ö ¶·μ¨§¢μ¤´μ° · §´μ¸É¨ Ë § ¶μ ±μμ·¤¨´ É¥

∂ϕl

∂x
= Bl + SBl+1 + SBl−1. (6)

�²μÉ´μ¸ÉÓ Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  ¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ¸²μÖÌ ¢ÒÎ¨¸²Ö¥É¸Ö ± ±
· §´μ¸ÉÓ ´ ¶·Ö¦¥´¨° ¢ ¸μ¸¥¤´¨Ì „�, É. ¥.

Ql = Q0(Vl+1 − Vl), (7)

£¤¥ Q0 = εV0/(4πdsdI).
‚ ´ ¸ÉμÖÐ¥° · ¡μÉ¥ · ¸Î¥ÉÒ ¶·μ¢¥¤¥´Ò ¤²Ö ¸É¥±  ¸ 10 „� ¶·¨ β = 0,2 ¨

¶¥·¨μ¤¨Î¥¸±¨Ì £· ´¨Î´ÒÌ Ê¸²μ¢¨ÖÌ ¢ ´Ê²¥¢μ³ ¢´¥Ï´¥³ ³ £´¨É´μ³ ¶μ²¥. �·¨
· ¸Î¥É Ì Éμ± Ê¢¥²¨Î¨¢ ¥É¸Ö μÉ ³¨´¨³ ²Ó´μ£μ §´ Î¥´¨Ö I = 0,01 ¤μ Imax = 1,1
¨ μ¡· É´μ Ê³¥´ÓÏ ¥É¸Ö ¤μ ´Ê²Ö. Š ¡ §μ¢μ³Ê Éμ±Ê ¤μ¡ ¢²Ö¥É¸Ö ÏÊ³ ¸  ³¶²¨-
ÉÊ¤μ° δI = ±10−8. ˜ £ ¶μ ±μμ·¤¨´ É¥ · ¢¥´ Δx = 0,05. ‚·¥³¥´´μ° ¤μ³¥´
¤²Ö Ê¸·¥¤´¥´¨Ö ¸μ¸É ¢²Ö¥É 200 ¸ ¶ · ³¥É·μ³ ¤¨¸±·¥É¨§ Í¨¨ Δt = Δx/4. ˜ £
¶μ Éμ±Ê · ¢¥´ 0,005,   ¢ ¨´É¥·¢ ²¥ [0,1−0,95] μ´ ¸μ¸É ¢²Ö¥É 0,0001.

„²Ö ¢Ò¤¥²¥´¨Ö ÔËË¥±Éμ¢, μ¡Ê¸²μ¢²¥´´ÒÌ ¸¨¸É¥³μ° ¸¢Ö§ ´´ÒÌ „�, ³Ò
¢´ Î ²¥ · ¸¸³μÉ·¨³ ¢±· ÉÍ¥ ¸¢μ°¸É¢  μ¤¨´μÎ´μ£μ „�. �  ·¨¸. 1, a ¶·¨¢¥¤¥´ 
μ¤´μ¶¥É²¥¢ Ö ‚�• μ¤¨´μÎ´μ£μ „� ¤²¨´μ° L = 5. ’¥³´Ò³¨ ¸É·¥²± ³¨ Ê± -
§ ´μ ´ ¶· ¢²¥´¨¥ ¨§³¥´¥´¨Ö ¡ §μ¢μ£μ Éμ±  ¶·¨ μ¤´μ³ ¥£μ Í¨±²¥ ¨§³¥´¥´¨Ö
μÉ ´Ê²Ö ¤μ Imax = 1,1 ¨ μ¡· É´μ ¤μ ´Ê²Ö. ŒÒ ¢¨¤¨³, ÎÉμ ¶·¨ Ê³¥´ÓÏ¥-
´¨¨ ¡ §μ¢μ£μ Éμ±  ´  ‚�• ¨³¥ÕÉ¸Ö É·¨ ¸ÉÊ¶¥´Ó±¨ ´Ê²¥¢μ£μ ¶μ²Ö, ±μÉμ·Ò¥
μÉ³¥Î¥´Ò Í¨Ë· ³¨ 1, 2, 3. �·μ¨¸Ìμ¦¤¥´¨¥ ÔÉ¨Ì ¸ÉÊ¶¥´¥± ¸¢Ö§ ´μ ¸ μ¡· §μ¢ -
´¨¥³ ¢ „� Ë²Õ±¸μ´´ÒÌ ¸μ¸ÉμÖ´¨° [17]. ‘±μ·μ¸ÉÓ Ë²Õ±¸μ´  u μ¶·¥¤¥²Ö¥É¸Ö
¢Ò· ¦¥´¨¥³ u = [1+ (4β/πI)2]−1/2 [18]. �´  ´μ·³¨·μ¢ ´  ´  ¸±μ·μ¸ÉÓ ‘¢¨-
Ì ·É  cj = ωpλJ . �·¨ ¢Ò¶μ²´¥´¨¨ Ê¸²μ¢¨Ö u = 1 ¶¥·¨μ¤¨Î¥¸±μ¥ ¤¢¨¦¥´¨¥
Ë²Õ±¸μ´  ¶·¨¢μ¤¨É ± ¸·¥¤´¥³Ê §´ Î¥´¨Õ ´ ¶·Ö¦¥´¨Ö, ¢Ò· ¦ ¥³μ³Ê ¢ ¢¨¤¥

VZFS =
2πnu

L
, (8)
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�¨¸. 1. a) ‚�• „� ¤²¨´μ° L = 5; ¡) § ¢¨¸¨³μ¸ÉÓ ¸·¥¤´¥£μ §´ Î¥´¨Ö ¸¢¥·Ì¶·μ¢μ¤Ö-
Ð¥£μ Éμ±  Is μÉ ¢¥²¨Î¨´Ò ¡ §μ¢μ£μ Éμ±  I Éμ£μ ¦¥ „�; ¢) ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ Ö
§ ¢¨¸¨³μ¸ÉÓ ³ £´¨É´μ£μ ¶μ²Ö ¢ „�, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö · §²¨Î´Ò³ ÊÎ ¸É± ³ ‚�• ¶·¨
I = 0,74; £) I = 0,65; ¤) I = 0,50; ¥) I = 0,34

¨ μ¡· §μ¢ ´¨Õ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° ¸ÉÊ¶¥´Ó±¨ ´  ‚�•. �μÖ¢²¥´¨¥ n Ë²Õ±¸μ´μ¢
¢ „� ¶·¨¢μ¤¨É ± ¢μ§´¨±´μ¢¥´¨Õ n ¸ÉÊ¶¥´¥± ´  ‚�• [17Ä20]. ‚ · ¸¸Î¨É ´-
´μ° ´ ³¨ ‚�• ¶μ²μ¦¥´¨¥ ¸ÉÊ¶¥´¥± ¶μ ´ ¶·Ö¦¥´¨Õ Ìμ·μÏμ ¸μ£² ¸Ê¥É¸Ö ¸
É¥μ·¥É¨Î¥¸±¨³¨ μÍ¥´± ³¨, ¶·μ¢¥¤¥´´Ò³¨ ¶μ Ëμ·³Ê²¥ (8).

‚μ§´¨±´μ¢¥´¨¥ Ë²Õ±¸μ´´ÒÌ ¸μ¸ÉμÖ´¨°, Ö¢²ÖÕÐ¨Ì¸Ö ¢¨Ì·Ö³¨ ¸¢¥·Ì¶·μ-
¢μ¤ÖÐ¥£μ Éμ± , ¶·¨¢μ¤¨É, ¥¸É¥¸É¢¥´´μ, ± ·¥§±μ³Ê ¢μ§· ¸É ´¨Õ ¸·¥¤´¥£μ §´ -
Î¥´¨Ö ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ Éμ±  ¨, ¸μμÉ¢¥É¸É¢¥´´μ, ± ·¥§±μ³Ê ¶ ¤¥´¨Õ ´ ¶·Ö¦¥-
´¨Ö ¶¥·¥¤ ¶¥·¥Ìμ¤μ³ ´  ¸ÉÊ¶¥´Ó±¨. �  ·¨¸. 1, ¡ ¤¢μ°´Ò³¨ ¸É·¥²± ³¨ ¶μ± § ´μ
¸μμÉ¢¥É¸É¢¨¥ § ¢¨¸¨³μ¸É¨ ¸·¥¤´¥£μ §´ Î¥´¨Ö ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥£μ Éμ±  μÉ ¢¥²¨-
Î¨´Ò ¡ §μ¢μ£μ Éμ±  ¨ ‚�•.

„²Ö ´¥¶μ¸·¥¤¸É¢¥´´μ° ¤¥³μ´¸É· Í¨¨ Ë²Õ±¸μ´´ÒÌ ¸μ¸ÉμÖ´¨° ´  ·¨¸. 1
¶·¨¢¥¤¥´  ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ Ö § ¢¨¸¨³μ¸ÉÓ ³ £´¨É´μ£μ ¶μ²Ö ¢ „�
¶·¨ §´ Î¥´¨ÖÌ ¡ §μ¢μ£μ Éμ± , ¸μμÉ¢¥É¸É¢ÊÕÐ¨Ì ¸ÉÊ¶¥´Ó± ³ ´  ‚�•. ‚ μ¡² -
¸É¨ É·¥ÉÓ¥° ¸ÉÊ¶¥´Ó±¨ ¶·¨ I = 0,74 ÔÉ  § ¢¨¸¨³μ¸ÉÓ ¶μ± § ´  ´  ·¨¸. 1, ¢.
�´  ¤¥³μ´¸É·¨·Ê¥É μ¡· §μ¢ ´¨¥ É·¥ÌË²Õ±¸μ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¢ ¨´É¥·¢ ²¥ ¡ -
§μ¢μ£μ Éμ± , ¸μμÉ¢¥É¸É¢ÊÕÐ¥³ É·¥ÉÓ¥° ¸ÉÊ¶¥´Ó±¥ ´  ‚�•. ‚´¥ μ¡² ¸É¨ ¸ÉÊ¶¥-
´¥±, ´ ¶·¨³¥· ¶·¨ I = 0,65 (·¨¸. 1, £), ³ £´¨É´μ¥ ¶μ²¥ ¢ „� Ë²Ê±ÉÊ¨·Ê¥É ´ 
Ê·μ¢´¥ ÏÊ³ . „¢ÊÌË²Õ±¸μ´´μ¥ ¸μ¸ÉμÖ´¨¥ ¶·¨ I = 0,5, ¸μμÉ¢¥É¸É¢ÊÕÐ¥¥ ¢Éμ-
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·μ° ¸ÉÊ¶¥´Ó±¥, ¶μ± § ´μ ´  ·¨¸. 1, ¤. �  ·¨¸. 1, ¥ ¶·¨¢¥¤¥´  ¶·μ¸É· ´¸É¢¥´´μ-
¢·¥³¥´´ Ö § ¢¨¸¨³μ¸ÉÓ ³ £´¨É´μ£μ ¶μ²Ö ¢ μ¡² ¸É¨ ¶¥·¢μ° ¸ÉÊ¶¥´Ó±¨ ¶·¨
I = 0,45, ¸μμÉ¢¥É¸É¢ÊÕÐ Ö ¸μ¸ÉμÖ´¨Õ ¸ μ¤´¨³ Ë²Õ±¸μ´μ³.

�¥·¥°¤¥³ É¥¶¥·Ó ± ¨¸¸²¥¤μ¢ ´¨Õ ¸¨¸É¥³Ò „� ¸ ÊÎ¥Éμ³ ± ± ¥³±μ¸É´μ°,
É ± ¨ ¨´¤Ê±É¨¢´μ° ¸¢Ö§¨ ³¥¦¤Ê „�. �  ·¨¸. 2,   ¶·¨¢¥¤¥´  ‚�• ¤¥¸ÖÉ¨ „�
¤²¨´μ° L = 5, ¸ ¶ · ³¥É· ³¨ ¨´¤Ê±É¨¢´μ° ¸¢Ö§¨ S = −0,05 ¨ ¥³±μ¸É´μ°
¸¢Ö§¨ Dc = 1,1, sc = −0,05. —Éμ¡Ò ¶·μ¸²¥¤¨ÉÓ ¤¥É ²Ó´μ ¢²¨Ö´¨¥ ¨´¤Ê±-
É¨¢´μ° ¸¢Ö§¨, ³Ò ¢Ò¡· ²¨ §´ Î¥´¨¥ ¶ · ³¥É·  S = −0,05, ÎÉμ ¸μμÉ¢¥É¸É¢Ê¥É
¸² ¡μ° ¨´¤Ê±É¨¢´μ° ¸¢Ö§¨ ³¥¦¤Ê „�.

�¨¸. 2. a) ‚�• ¸¨¸É¥³Ò ¸ ¤¥¸ÖÉÓÕ „� ¤²¨´μ° L = 5 ¶·¨ sc = −0,05, Dc = 1,1, S =
−0,05; ¡) ¢·¥³¥´´� Ö § ¢¨¸¨³μ¸ÉÓ Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤ , Ê¸·¥¤´¥´´μ£μ ¶μ ±μμ·¤¨´ É¥
¢ ¶¥·¢μ³ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥³ ¸²μ¥, ¢³¥¸É¥ ¸ ‚�• ¢ μ¡² ¸É¨ ¶ · ³¥É·¨Î¥¸±μ£μ ·¥§μ´ ´¸ 
¶·¨ É¥Ì ¦¥ §´ Î¥´¨ÖÌ ¶ · ³¥É·μ¢ ³μ¤¥²¨. ‚¸É ¢±¨ Ê¢¥²¨Î¨¢ ÕÉ Î ¸É¨ ¢·¥³¥´´�μ°
§ ¢¨¸¨³μ¸É¨, ¤¥³μ´¸É·¨·ÊÕÐ¨¥ Ì · ±É¥· μ¸Í¨²²ÖÍ¨° § ·Ö¤ 

Š ± ¨ ¢ ¸²ÊÎ ¥ μ¤¨´μÎ´μ£μ „�, ´  ‚�• ´ ¡²Õ¤ ÕÉ¸Ö É·¨ ¸ÉÊ¶¥´Ó±¨ ´Ê²¥-
¢μ£μ ¶μ²Ö. �´¨ Ê± § ´Ò £μ·¨§μ´É ²Ó´Ò³¨ ¶μ²Ò³¨ ¸É·¥²± ³¨ ¨ μÉ³¥Î¥´Ò Î¨¸-
² ³¨ 1, 2, 3. ˆ§¢¥¸É´μ [6], ÎÉμ ËÊ´¤ ³¥´É ²Ó´Ò° ¶ · ³¥É·¨Î¥¸±¨° ·¥§μ´ ´¸
¢ ¸¨¸É¥³¥ ±μ·μÉ±¨Ì „� ¸μμÉ¢¥É¸É¢Ê¥É μ¡² ¸É¨ ÉμÎ±¨ ¨§²μ³  ´  ¢¥·Ì´¥° ¢¥É¢¨
‚�• (¢¸¥ „� ´ Ìμ¤ÖÉ¸Ö ¢μ ¢· Ð É¥²Ó´μ³ (R) ¸μ¸ÉμÖ´¨¨ (〈dϕ/dt〉 = const)),
¶μ¸²¥ Î¥£μ ¶·μ¨¸Ìμ¤¨É ¶¥·¥±²ÕÎ¥´¨¥ μ¤´μ£μ ¨²¨ ´¥¸±μ²Ó±¨Ì „� ¢ μ¸Í¨²-
²¨·ÊÕÐ¥¥ (O) ¸μ¸ÉμÖ´¨¥ (〈dϕ/dt〉 = 0). �μÔÉμ³Ê ¢ ¶¥·¢ÊÕ μÎ¥·¥¤Ó ¸²¥¤Ê¥É
¶·μ ´ ²¨§¨·μ¢ ÉÓ ¢·¥³¥´´�ÊÕ § ¢¨¸¨³μ¸ÉÓ Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  ¢ ¸¢¥·Ì¶·μ-
¢μ¤ÖÐ¨Ì ¸²μÖÌ ¨³¥´´μ ¢ ÔÉμ° μ¡² ¸É¨ ¶¥·¥±²ÕÎ¥´¨Ö „�. ‘ÉÊ¶¥´Ó±¨ ´Ê-
²¥¢μ£μ ¶μ²Ö ¶·¨´ ¤²¥¦ É ¢¥·Ì´¥° ¢¥É¢¨ ‚�•, É ± ± ± μ´¨ ¸μμÉ¢¥É¸É¢ÊÕÉ
R-¸μ¸ÉμÖ´¨Ö³ „�. Š ± ¶μ± §Ò¢ ¥É  ´ ²¨§ · ¸¶·¥¤¥²¥´¨Ö ¸·¥¤´¥£μ §´ Î¥´¨Ö
¶·μ¨§¢μ¤´μ° ¶μ ¢·¥³¥´¨ μÉ · §´μ¸É¨ Ë § ¢ ± ¦¤μ³ „� (¨²¨ ¢¤μ²Ó ¸É¥± ),
¶¥·¥±²ÕÎ¥´¨¥ ¸ ¢¥·Ì´¥° ¢¥É¢¨ ‚�• ¶·μ¨¸Ìμ¤¨É ¶·¨ I = 0,2747, ± ± ÔÉμ
Ê± § ´μ ¢¥·É¨± ²Ó´μ° ¶μ²μ° ¸É·¥²±μ° ´  ·¨¸. 2, a.
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‚·¥³¥´´� Ö § ¢¨¸¨³μ¸ÉÓ Ê¸·¥¤´¥´´μ£μ ¶μ ±μμ·¤¨´ É¥ §´ Î¥´¨Ö § ·Ö¤  ¢
¶¥·¢μ³ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥³ ¸²μ¥ ¢³¥¸É¥ ¸ ¸μμÉ¢¥É¸É¢ÊÕÐ¥° Î ¸ÉÓÕ ‚�• ¶·¨¢¥-
¤¥´  ´  ·¨¸. 2, ¡. Š ± ¨ ¢ ¸²ÊÎ ¥ ±μ·μÉ±¨Ì „�, ¶·¨ ¶·¨¡²¨¦¥´¨¨ ± ÉμÎ±¥ ¶¥-
·¥±²ÕÎ¥´¨Ö ´ ¡²Õ¤ ¥É¸Ö ·μ¸É  ³¶²¨ÉÊ¤Ò μ¸Í¨²²ÖÍ¨° Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤ 
¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ¸²μÖÌ. 	Éμ Ê± §Ò¢ ¥É ´  ´ ²¨Î¨¥ ·¥§μ´ ´¸ . „¥É ²Ó´Ò°
 ´ ²¨§ · ¸Î¥É´ÒÌ ¤ ´´ÒÌ ¶μ¤É¢¥·¦¤ ¥É, ÎÉμ ¢ ÔÉμ° μ¡² ¸É¨ ·¥ ²¨§Ê¥É¸Ö ¶ · -
³¥É·¨Î¥¸±¨° ·¥§μ´ ´¸ ωJ = 2ωLPW ¨ ¶·μ¨¸Ìμ¤¨É ¢μ§¡Ê¦¤¥´¨¥ ¶·μ¤μ²Ó´μ°
¶² §³¥´´μ° ¢μ²´Ò ¢¤μ²Ó ¸É¥±  „�. ‚¥·Ì´ÖÖ ¢¸É ¢±  ´  ·¨¸. 2, ¡ ¤¥³μ´¸É·¨-
·Ê¥É Ì · ±É¥· μ¸Í¨²²ÖÍ¨° ¢ μ¡² ¸É¨ ¶ · ³¥É·¨Î¥¸±μ£μ ·¥§μ´ ´¸ . �¨¦´ÖÖ
¢¸É ¢±  ´  ·¨¸. 2, ¡ ¶μ± §Ò¢ ¥É, ÎÉμ ¢¤ ²¨ μÉ μ¡² ¸É¨ ¶ · ³¥É·¨Î¥¸±μ£μ ·¥§μ-
´ ´¸  § ·Ö¤ μ¸Í¨²²¨·Ê¥É ´  Ê·μ¢´¥ ÏÊ³ . ‚ μÉ²¨Î¨¥ μÉ ¸²ÊÎ Ö ¸¨¸É¥³Ò ±μ-
·μÉ±¨Ì „� [6], μ¡² ¸ÉÓ ¶ · ³¥É·¨Î¥¸±μ£μ ·¥§μ´ ´¸  §¤¥¸Ó §´ Î¨É¥²Ó´μ Ï¨·¥
¶μ Éμ±Ê. Š·μ³¥ Éμ£μ, ¶ · ³¥É·¨Î¥¸±¨° ·¥§μ´ ´¸ ·¥ ²¨§Ê¥É¸Ö ¶·¨ ³¥´ÓÏ¥³
´ ¶·Ö¦¥´¨¨: VLPW = 6,6388, É. ¥. Î ¸ÉμÉ  ¢μ§¡Ê¦¤ ¥³μ° ��‚ ´¨¦¥, Î¥³ ¢
¸²ÊÎ ¥ ±μ·μÉ±¨Ì „�.

Š ± μÉ³¥Î ²μ¸Ó ¢ÒÏ¥, μ¤´¨³ ¨§ μ¸´μ¢´ÒÌ ·¥§Ê²ÓÉ Éμ¢ ´ ¸ÉμÖÐ¥° · ¡μÉÒ
Ö¢²Ö¥É¸Ö ¶·¥¤¸± § ´¨¥ ¸μ¸ÊÐ¥¸É¢μ¢ ´¨Ö Ë²Õ±¸μ´´μ£μ ¸μ¸ÉμÖ´¨Ö ¨ ��‚ ¢
¸É¥±¥ „�. „²Ö ¤¥³μ´¸É· Í¨¨ ÔÉμ£μ Ë ±É  ´ ³¨ · ¸¸Î¨É ´Ò ¶·μ¸É· ´¸É¢¥´´μ-
¢·¥³¥´´Ò¥ § ¢¨¸¨³μ¸É¨ § ·Ö¤  ¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ¸²μÖÌ ¨ ³ £´¨É´μ£μ ¶μ²Ö
¢ „� ¸¨¸É¥³Ò. � ¸¶·¥¤¥²¥´¨¥ § ·Ö¤  ¢¤μ²Ó ¸É¥±  ¨ ¢¤μ²Ó ¶·μ¸É· ´¸É¢¥´´μ°
±μμ·¤¨´ ÉÒ x ¶·¨ §´ Î¥´¨¨ ¡ §μ¢μ£μ Éμ±  I = 0,2750 ¢ Ë¨±¸¨·μ¢ ´´Ò° ³μ-
³¥´É ¢·¥³¥´¨ ¶·¥¤¸É ¢²¥´μ ´  ·¨¸. 3, a. ŒÒ ¢¨¤¨³ ´ ²¨Î¨¥ ¢¤μ²Ó ¸É¥±  „�
��‚ ¸ ¤²¨´μ° λ = 2 (λ ´μ·³¨·μ¢ ´  ´  ¶¥·¨μ¤ ·¥Ï¥É±¨ d = dI + ds). � ¸-
¶·¥¤¥²¥´¨¥ § ·Ö¤  μ± §Ò¢ ¥É¸Ö ´¥μ¤´μ·μ¤´Ò³ ¢¤μ²Ó ±μμ·¤¨´ ÉÒ ¢μ ¢¸¥Ì „�
¸¨¸É¥³Ò, ÎÉμ ¸¢Ö§ ´μ ¸ ¢μ§¡Ê¦¤¥´¨¥³ Ë²Õ±¸μ´´ÒÌ ( ´É¨Ë²Õ±¸μ´´ÒÌ) ¸μ-
¸ÉμÖ´¨°. 	ÉμÉ ¢Ò¢μ¤ ¶μ¤É¢¥·¦¤ ¥É · ¸¶·¥¤¥²¥´¨¥ ³ £´¨É´μ£μ ¶μ²Ö ¢ „� ¢¤μ²Ó

�¨¸. 3. a) �·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  ¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì
¸²μÖÌ (N Å ´μ³¥· ¸²μÖ) ¢ Ë¨±¸¨·μ¢ ´´Ò° ³μ³¥´É ¢·¥³¥´¨ ¢ μ¡² ¸É¨ ¶ · ³¥É·¨Î¥-
¸±μ£μ ·¥§μ´ ´¸  ¶·¨ I = 0,2750 ¤²Ö ¸É¥±  ¸ 10 „� ¶·¨ É¥Ì ¦¥ §´ Î¥´¨ÖÌ ¶ · ³¥É·μ¢,
ÎÉμ ¨ ´  ·¨¸. 2; ¡) Éμ ¦¥ ¤²Ö ³ £´¨É´μ£μ ¶μ²Ö ¢ „� ¸É¥±  (J Å ´μ³¥· „�)
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¸É¥±  ¨ ¢¤μ²Ó ±μμ·¤¨´ ÉÒ x, ¶·¨¢¥¤¥´´μ¥ ´  ·¨¸. 3, ¡ ¶·¨ É¥Ì ¦¥ ¶ · ³¥É· Ì
³μ¤¥²¨. „ ´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ¤¥³μ´¸É·¨·Ê¥É ´ ²¨Î¨¥ Ë²Õ±¸μ´  ( ´É¨Ë²Õ±-
¸μ´ ) ¢ ± ¦¤μ³ „� ¸É¥± .

� ¸¸³μÉ·¨³ ¡μ²¥¥ ¤¥É ²Ó´μ ¤¨´ ³¨±Ê ��‚ ¨ Ë²Õ±¸μ´´ÒÌ ¸μ¸ÉμÖ´¨° ¢
¸¨¸É¥³¥ ¤²¨´´ÒÌ „�. �  ·¨¸. 4, a ¶·μ¤¥³μ´¸É·¨·μ¢ ´μ μ¤¨´ ±μ¢μ¥ · ¸¶·¥-
¤¥²¥´¨¥ § ·Ö¤  ¢¤μ²Ó ±μμ·¤¨´ ÉÒ x ¢ Ë¨±¸¨·μ¢ ´´Ò° ³μ³¥´É ¢·¥³¥´¨ ¢μ
¢¸¥Ì Î¥É´ÒÌ ¨ ´¥Î¥É´ÒÌ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ¸²μÖÌ ¸μμÉ¢¥É¸É¢¥´´μ. ‚¥·É¨± ²Ó-
´Ò¥ ¸É·¥²±¨ Ê± §Ò¢ ÕÉ ´ ¶· ¢²¥´¨¥ ¨§³¥´¥´¨Ö §´ Î¥´¨Ö § ·Ö¤ ,   £μ·¨§μ´-
É ²Ó´Ò¥ Å ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨Ö Ë²Õ±¸μ´μ¢. �¥μ¤´μ·μ¤´μ¸ÉÓ § ·Ö¤  ¢¤μ²Ó
±μμ·¤¨´ ÉÒ x μ¡Ê¸²μ¢²¥´  ¢μ§´¨±´μ¢¥´¨¥³ Ë²Õ±¸μ´´ÒÌ ¸μ¸ÉμÖ´¨° ¢ „�.
�¨¸. 4, ¡ ¨²²Õ¸É·¨·Ê¥É ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÊÕ § ¢¨¸¨³μ¸ÉÓ § ·Ö¤  ¢ ¶¥·-
¢μ³ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¥³ ¸²μ¥. �  ÔÉμ³ ·¨¸Ê´±¥ Ìμ·μÏμ ¶·μ¸³ É·¨¢ ¥É¸Ö Ê¸Éμ°-
Î¨¢ Ö ¤¨´ ³¨±  μ¸Í¨²²ÖÍ¨° § ·Ö¤ . � ¸¶·¥¤¥²¥´¨¥ ¢´ÊÉ·¥´´¥£μ ³ £´¨É´μ£μ
¶μ²Ö ¢¤μ²Ó ±μμ·¤¨´ ÉÒ x ¢μ ¢¸¥Ì „� ¢ Ë¨±¸¨·μ¢ ´´Ò° ³μ³¥´É ¢·¥³¥´¨,
¤¥³μ´¸É·¨·ÊÕÐ¥¥ μ¤´μË²Õ±¸μ´´Ò¥ ¸μ¸ÉμÖ´¨Ö, ¶·¨¢¥¤¥´μ ´  ·¨¸. 4, ¢. ‡¤¥¸Ó
É ±¦¥ £μ·¨§μ´É ²Ó´Ò¥ ¸É·¥²±¨ Ê± §Ò¢ ÕÉ ´ ¶· ¢²¥´¨¥ ¤¢¨¦¥´¨¥ Ë²Õ±¸μ´μ¢,
  ¢¥·É¨± ²Ó´Ò¥ Å ¨§³¥´¥´¨¥ ³ £´¨É´μ£μ ¶μ²Ö. �μ¸±μ²Ó±Ê ¢ ÔÉμ° μ¡² ¸É¨ ¢

�¨¸. 4. a) �·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  ¢ Î¥É´ÒÌ ¨ ´¥-
Î¥É´ÒÌ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ¸²μÖÌ ¢ Ë¨±¸¨·μ¢ ´´Ò° ³μ³¥´É ¢·¥³¥´¨. ‚¥·É¨± ²Ó´Ò¥
¸É·¥²±¨ Ê± §Ò¢ ÕÉ ´ ¶· ¢²¥´¨¥ ¨§³¥´¥´¨Ö § ·Ö¤ ,   £μ·¨§μ´É ²Ó´Ò¥ Å ´ ¶· ¢²¥´¨¥
¤¢¨¦¥´¨Ö Ë²Õ±¸μ´ ; ¡) ¤¨´ ³¨±  ¶·μ¸É· ´¸É¢¥´´μ£μ · ¸¶·¥¤¥²¥´¨Ö § ·Ö¤  ¢ ¶¥·¢μ³
¸¢¥·Ì¶·μ¢μ¤ÖÐ¥³ ¸²μ¥; ¢) ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ ³ £´¨É´μ£μ ¶μ²Ö ¢ Î¥É´ÒÌ
¨ ´¥Î¥É´ÒÌ „� ¢ Ë¨±¸¨·μ¢ ´´Ò° ³μ³¥´É ¢·¥³¥´¨. �μ²Ó ¸É·¥²μ±  ´ ²μ£¨Î´  ·¨¸.a;
£) ¤¨´ ³¨±  ¶·μ¸É· ´¸É¢¥´´μ£μ · ¸¶·¥¤¥²¥´¨Ö ³ £´¨É´μ£μ ¶μ²Ö ¢ ¶¥·¢μ³ „� ¸É¥± 
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¸¨¸É¥³¥ μ¡· §Ê¥É¸Ö ��‚ ¸ ¢μ²´μ¢Ò³ Î¨¸²μ³ π (π Å ³μ¤ ), Ë²Õ±¸μ´´Ò¥ ¸μ-
¸ÉμÖ´¨Ö ¢ ¸μ¸¥¤´¨Ì (Î¥É´ÒÌ ¨ ´¥Î¥É´ÒÌ) „� μ± §Ò¢ ÕÉ¸Ö ¶·μÉ¨¢μ¶μ²μ¦´Ò³¨
¤·Ê£ ¤·Ê£Ê. �  ·¨¸. 4, £ ¶·¥¤¸É ¢²¥´  ¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ Ö § ¢¨¸¨³μ¸ÉÓ
³ £´¨É´μ£μ ¶μ²Ö ¢ ¶¥·¢μ³ „�, ¤¥³μ´¸É·¨·ÊÕÐ Ö Ê¸Éμ°Î¨¢ÊÕ ¤¨´ ³¨±Ê Ë²Õ±-
¸μ´´μ£μ ¸μ¸ÉμÖ´¨Ö. ‚ μ¸É ²Ó´ÒÌ „� ´ ¡²Õ¤ ¥É¸Ö  ´ ²μ£¨Î´μ¥ ¶μ¢¥¤¥´¨¥.
�·¨¢¥¤¥´´Ò¥ ·¥§Ê²ÓÉ ÉÒ ¶μ¤É¢¥·¦¤ ÕÉ ¢μ§³μ¦´μ¸ÉÓ ·¥ ²¨§ Í¨¨ ¶ · ³¥É·¨-
Î¥¸±μ£μ ·¥§μ´ ´¸  ¢ ¸¨¸É¥³¥ ¤²¨´´ÒÌ „�, ±μÉμ·Ò° ¢μ§´¨± ¥É ¢ ¸μ¸ÉμÖ´¨¨,
¸μμÉ¢¥É¸É¢ÊÕÐ¥³ Ë²Õ±¸μ´´μ° ¢¥É¢¨.

�¡¸Ê¤¨³ ¢±· ÉÍ¥ ¢μ§³μ¦´μ¸ÉÓ Ô±¸¶¥·¨³¥´É ²Ó´μ° ·¥ ²¨§ Í¨¨ ¨¸¸²¥¤μ-
¢ ´´ÒÌ ÔËË¥±Éμ¢. „²Ö ÔÉμ£μ · ¸¸Î¨É ¥³ ‚�• ¨ ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥-
¤¥²¥´¨¥ Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  ¶·¨ ¢¥²¨Î¨´¥ ¨´¤Ê±É¨¢´μ° ¸¢Ö§¨, ¡²¨§±μ° ±
Ô±¸¶¥·¨³¥´É ²Ó´μ³Ê §´ Î¥´¨Õ. 	±¸¶¥·¨³¥´É ²Ó´μ¥ §´ Î¥´¨¥ ¶ · ³¥É·  ¨´-
¤Ê±É¨¢´μ° ¸¢Ö§¨ ¢ ¸²μ¨¸ÉÒÌ ¸¢¥·Ì¶·μ¢μ¤´¨± Ì É¨¶  BSCCO ¡²¨§±μ ± ¢¥²¨-
Î¨´¥ S = −0,49 [21]. ‡´ Î¥´¨¥ ¶ · ³¥É·  ¥³±μ¸É´μ° ¸¢Ö§¨ ¢ ÔÉ¨Ì ³ É¥·¨ ² Ì
É ±¦¥ ¸μμÉ¢¥É¸É¢Ê¥É ¢Ò¡· ´´μ° ´ ³¨ ¢¥²¨Î¨´¥ sc = −0,05 [12]. ‚�• ¶·¨
ÔÉ¨Ì §´ Î¥´¨ÖÌ ¶ · ³¥É·μ¢ ¸¢Ö§¨ ¶·¨¢¥¤¥´  ´  ·¨¸. 5, a. ‚ μÉ²¨Î¨¥ μÉ ·¥-
§Ê²ÓÉ É , ¶·¥¤¸É ¢²¥´´μ£μ ´  ·¨¸. 2, a, ¢ ¤ ´´μ³ ¸²ÊÎ ¥ ‚�• ¤¥³μ´¸É·¨·Ê¥É
¨´É¥´¸¨¢´Ò¥ ¢¥É¢²¥´¨Ö ¢ £¨¸É¥·¥§¨¸´μ° μ¡² ¸É¨. �´ ²¨§ ¸·¥¤´¥£μ §´ Î¥´¨Ö
¶·μ¨§¢μ¤´μ° ¶μ ¢·¥³¥´¨ μÉ · §´μ¸É¨ Ë § ¢μ ¢¸¥Ì „� ¨ ¢·¥³¥´´�μ° § ¢¨¸¨³μ¸É¨
§ ·Ö¤  ¢μ ¢¸¥Ì ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ¸²μÖÌ ¶μ± § ², ÎÉμ ¶¥·¥±²ÕÎ¥´¨¥ Î ¸É¨ „�
¨§ R-¸μ¸ÉμÖ´¨Ö ¢ O-¸μ¸ÉμÖ´¨¥ ¶·μ¨¸Ìμ¤¨É ¶·¨ I = 0,466. � · ³¥É·¨Î¥¸±¨°
·¥§μ´ ´¸ ¨ ¸¢Ö§ ´´Ò° ¸ ÔÉ¨³ ·μ¸É  ³¶²¨ÉÊ¤Ò § ·Ö¤  ¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ¸²μÖÌ
´ Î¨´ ¥É¸Ö ¶·¨ I = 0,47, ÎÉμ Ê± § ´μ ¸É·¥²±μ° ´  ·¨¸. 5, a. �·μ¸É· ´¸É¢¥´-
´μ¥ · ¸¶·¥¤¥²¥´¨¥ § ·Ö¤  ¢ Ë¨±¸¨·μ¢ ´´Ò° ³μ³¥´É ¢·¥³¥´¨, ¶·¥¤¸É ¢²¥´´μ¥
´  ·¨¸. 5, ¡, ¤¥³μ´¸É·¨·Ê¥É ´ ²¨Î¨¥ ��‚ ¸ ¤²¨´μ° λ = 2 ¢¤μ²Ó ¸É¥±  „�.

�¨¸. 5. a) ‚�• ¸¨¸É¥³Ò ¸ ¤¥¸ÖÉÓÕ „� ¤²¨´μ° L = 5 ¶·¨ sc = −0,05, Dc = 1,1, S =
−0,49; ¡) ¶·μ¸É· ´¸É¢¥´´μ¥ · ¸¶·¥¤¥²¥´¨¥ Ô²¥±É·¨Î¥¸±μ£μ § ·Ö¤  ¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì
¸²μÖÌ ¶·¨ I = 0,47 ¢ Ë¨±¸¨·μ¢ ´´Ò° ³μ³¥´É ¢·¥³¥´¨ ¢ μ¡² ¸É¨ ¶ · ³¥É·¨Î¥¸±μ£μ
·¥§μ´ ´¸  ¤²Ö ¸É¥±  ¸ 10 „� ¶·¨ É¥Ì ¦¥ §´ Î¥´¨ÖÌ ¶ · ³¥É·μ¢, ÎÉμ ¨ ´  ·¨¸. a
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�¥μ¤´μ·μ¤´μ¥ · ¸¶·¥¤¥²¥´¨¥ § ·Ö¤  ¢¤μ²Ó ±μμ·¤¨´ ÉÒ x μ¡Ê¸²μ¢²¥´μ μ¡· -
§μ¢ ´¨¥³ ¤¢ÊÌË²Õ±¸μ´´μ£μ (Ë²Õ±¸μ´Ä ´É¨Ë²Õ±¸μ´) ¸μ¸ÉμÖ´¨Ö. ’ ±¨³ μ¡· -
§μ³, ¶·¨ §´ Î¥´¨¨ ¶ · ³¥É·  ¨´¤Ê±É¨¢´μ° ¸¢Ö§¨, ¡²¨§±μ³ ± Ô±¸¶¥·¨³¥´É ²Ó-
´μ³Ê, ¸¨ÉÊ Í¨Ö ´¥ μÉ²¨Î ¥É¸Ö μÉ ¶·¥¤¸É ¢²¥´´μ° ´  ·¨¸. 3. �·¨¢¥¤¥´´Ò¥ ·¥-
§Ê²ÓÉ ÉÒ ¶μ± §Ò¢ ÕÉ ¢μ§³μ¦´μ¸ÉÓ ·¥ ²¨§ Í¨¨ ¸μ¸ÉμÖ´¨Ö, ¸μμÉ¢¥É¸É¢ÊÕÐ¥£μ
¸μ¸ÊÐ¥¸É¢μ¢ ´¨Õ ¢ ¸¨¸É¥³¥ ± ± Ë²Õ±¸μ´μ¢, É ± ¨ ��‚.

‚ § ±²ÕÎ¥´¨¥ μÉ³¥É¨³, ÎÉμ ¶·μ¢¥¤¥´´Ò¥ ¨¸¸²¥¤μ¢ ´¨Ö Ë §μ¢μ° ¤¨´ -
³¨±¨ ¸¨¸É¥³Ò ¤²¨´´ÒÌ „� ¸ ¨´¤Ê±É¨¢´μ° ¨ ¥³±μ¸É´μ° ¸¢Ö§ÓÕ, ‚�• ¨
¶·μ¸É· ´¸É¢¥´´μ-¢·¥³¥´´ÒÌ § ¢¨¸¨³μ¸É¥° § ·Ö¤  ¢ ¸¢¥·Ì¶·μ¢μ¤ÖÐ¨Ì ¸²μÖÌ
Ê± §Ò¢ ÕÉ ´  ¢μ§³μ¦´μ¸ÉÓ ¢μ§´¨±´μ¢¥´¨Ö ¶·μ¤μ²Ó´μ° ¶² §³¥´´μ° ¢μ²´Ò,  
É ±¦¥ ¶ · ³¥É·¨Î¥¸±μ£μ ·¥§μ´ ´¸  ¶·¨ Ê¸²μ¢¨¨ ωJ = 2ωLPW . ‚ ¦´Ò³ ·¥-
§Ê²ÓÉ Éμ³ Ö¢²Ö¥É¸Ö ÉμÉ Ë ±É, ÎÉμ Ê¢¥²¨Î¥´¨¥ ¤²¨´Ò „� ¶·¨¢μ¤¨É ± μ¡· §μ-
¢ ´¨Õ ¶·μ¤μ²Ó´μ° ¶² §³¥´´μ° ¢μ²´Ò ¢ ¨´É¥·¢ ²¥ ¡ §μ¢μ£μ Éμ± , ¸μμÉ¢¥É¸-
É¢ÊÕÐ¥³ ¸ÉÊ¶¥´Ó±¥ ´Ê²¥¢μ£μ ¶μ²Ö. �·¨ ÔÉμ³ Î ¸ÉμÉ  ¶·μ¤μ²Ó´μ° ¶² §³¥´-
´μ° ¢μ²´Ò ³¥´Ö¥É¸Ö ¢ § ¢¨¸¨³μ¸É¨ μÉ ¶μ²μ¦¥´¨Ö ¸ÉÊ¶¥´Ó±¨ ´Ê²¥¢μ£μ ¶μ²Ö ´ 
¢μ²ÓÉ- ³¶¥·´μ° Ì · ±É¥·¨¸É¨±¥.

�¢Éμ·Ò ¶·¨§´ É¥²Ó´Ò …. ‚. ‡¥³²Ö´μ°, ˆ. ‘ ·Ì ¤μ¢Ê, �.•¥·³ ´´Ê,
Š. ‚.ŠÊ²¨±μ¢Ê ¨ ‘.�.Œ¥¤¢¥¤¥¢μ° §  ¶²μ¤μÉ¢μ·´μ¥ μ¡¸Ê¦¤¥´¨¥ ¨ Í¥´´Ò¥
¸μ¢¥ÉÒ. � ¡μÉ  ¢Ò¶μ²´¥´  ¶·¨ ¶μ¤¤¥·¦±¥ �””ˆ (£· ´É º 13-02-90905).
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