
�¨±¼¬  ¢ ����, ²®¬ 93, ¢»¯. 6, ±. 341 { 345 c 2011 £. 25 ¬ °² �®¯³²®¥ ®²° ¦¥¨¥ ±¢¥²  ®² ¤¢¨¦³¹¥©±¿ ¥®¤®°®¤®±²¨�.�. �®§ ®¢1)�, �. �. �»±®²¨ , �.�.� ¶¥¢���� ��� \�®±³¤ °±²¢¥»© ®¯²¨·¥±ª¨© ¨±²¨²³² ¨¬. �.�.� ¢¨«®¢ ", 199034 �.-�¥²¥°¡³°£, �®±±¨¿�� ª²-�¥²¥°¡³°£±ª¨© £®±³¤ °±²¢¥»© ³¨¢¥°±¨²¥² ¨´®°¬ ¶¨®»µ ²¥µ®«®£¨©, ¬¥µ ¨ª¨ ¨ ®¯²¨ª¨197101 � ª²-�¥²¥°¡³°£, �®±±¨¿�®±²³¯¨«  ¢ °¥¤ ª¶¨¾ 13 ¤¥ª ¡°¿ 2010 £.�°®¢¥¤¥   «¨§ ®²° ¦¥¨¿ ¬®®µ°®¬ ²¨·¥±ª®£® ¨ ª¢ §¨¬®®µ°®¬ ²¨·¥±ª®£® ¨¬¯³«¼±®£® ±¢¥²®¢®£®¨§«³·¥¨¿, ¯ ¤ ¾¹¥£®   ¤¢¨¦³¹³¾±¿ ¥®¤®°®¤®±²¼ ®¯²¨·¥±ª¨µ µ ° ª²¥°¨±²¨ª ±°¥¤» ± ¯« §¬¥»¬²¨¯®¬ · ±²®²®© ¤¨±¯¥°±¨¨. �ª®°®±²¼ V ¤¢¨¦¥¨¿ ¥®¤®°®¤®±²¨,  ¢®¤¨¬®© ¢ ±°¥¤¥ ¨²¥±¨¢»¬« §¥°»¬ ¨¬¯³«¼±®¬, ¢ °¼¨°³¥²±¿ §  ±·¥² ¯¥°¥±²°®©ª¨ ¥£® ¥±³¹¥© · ±²®²». �®ª § ®, ·²® ®¡»·»©°¥¦¨¬ ¢±²°¥·®£® ®²° ¦¥¨¿, ª®£¤  ¨¬¯³«¼± ®²° ¦¥®£® ¨§«³·¥¨¿ ¤¢¨¦¥²±¿ ¢  ¯° ¢«¥¨¨, ¯°®²¨¢®-¯®«®¦®¬  ¯° ¢«¥¨¾ ¤¢¨¦¥¨¿ ¯ ¤ ¾¹¥£® ¨§«³·¥¨¿, °¥ «¨§³¥²±¿, ²®«¼ª® ¥±«¨ ±ª®°®±²¼ V ¬¥¼¸¥ª°¨²¨·¥±ª®£® § ·¥¨¿ Vmin, § ¢¨±¿¹¥£® ®² ¥±³¹¥© · ±²®²» ¨¬¯³«¼±  ¯ ¤ ¾¹¥£® ¨§«³·¥¨¿. �¡ -°³¦¥®, ·²® ¢ ®¯°¥¤¥«¥®¬ ¨²¥°¢ «¥ ±ª®°®±²¥© Vmin < V < Vmax ®²° ¦¥®¥ ¨§«³·¥¨¥ ¤¢¨¦¥²±¿ ¢²³ ¦¥ ±²®°®³, ·²® ¨ ¯ ¤ ¾¹¥¥ (½´´¥ª² ¯®¯³²®£® ®²° ¦¥¨¿). �°¨ ½²®¬ ¨¬¯³«¼± ®²° ¦¥®£® ¨§«³-·¥¨¿ ¯®±²¥¯¥® ®²±² ¥² ®² ¡»±²°® ³¡¥£ ¾¹¥© ¥®¤®°®¤®±²¨. �°¨ Vmax < V < c, £¤¥ c { ±ª®°®±²¼±¢¥²  ¢ ¢ ª³³¬¥, £°³¯¯®¢ ¿ ±ª®°®±²¼ ¨¬¯³«¼±  ¯ ¤ ¾¹¥£® ¨§«³·¥¨¿ ¬¥¼¸¥ ±ª®°®±²¨ ¤¢¨¦¥¨¿ ¥®¤-®°®¤®±²¨, ² ª ·²® ®²° ¦¥¨¿ ¥ ¯°®¨±µ®¤¨². � «¨²¨·¥±ª®¥ ° ±±¬®²°¥¨¥ ¯®¤²¢¥°¦¤¥® ·¨±«¥»¬¬®¤¥«¨°®¢ ¨¥¬.� ° ¬¥²°¨·¥±ª¨© ½´´¥ª² �®¯«¥°  [1] ¬®¦¥² ¡»²¼°¥ «¨§®¢  ¢ ¥¯®¤¢¨¦®© ¥«¨¥©®© ±°¥¤¥ §  ±·¥²¤¢¨¦¥¨¿ ¢ ¥© ¥®¤®°®¤®±²¨, ¨¤³¶¨°®¢ ®©° ±¯°®±²° ¥¨¥¬ ±®«¨²®  [2] ¨«¨ ¨²¥±¨¢®£® « -§¥°®£® ¨¬¯³«¼±  [3 { 7] (±¬. ² ª¦¥   «®£¨¨ ±  ±²°®-´¨§¨·¥±ª¨¬¨ ·¥°»¬¨ ¤»° ¬¨ [8, 9]). � ±°¥¤¥ ± ¤¨±-¯¥°±¨¥© · ±²®²  ®²° ¦¥®£® ®² ¤¢¨¦³¹¥©±¿ ¥®¤®-°®¤®±²¨ ¨§«³·¥¨¿ ®¯°¥¤¥«¿¥²±¿ ¥«¨¥©»¬ ³° ¢-¥¨¥¬, ª®²®°®¥ ¬®¦¥² ¨¬¥²¼ ®¤® (®¡»·»© ½´´¥ª²�®¯«¥° ), ¥±ª®«¼ª® (±«®¦»© ½´´¥ª² �®¯«¥°  [10])¨«¨ ¨ ®¤®£® [6] °¥¸¥¨¿. � ¯®±«¥¤¥¬ ±«³· ¥ µ -° ª²¥° ®²° ¦¥¨¿ ¨§«³·¥¨¿ § ° ¥¥ ¥ ¿±¥, ¨ ¥£®®¯°¥¤¥«¥¨¥ ±«³¦¨² ®±®¢®© § ¤ ·¥© ¤ ®£® ±®®¡-¹¥¨¿.� ª ¨ ¢ [3 { 7], ° ±±¬ ²°¨¢ ¥¬ ° ±¯°®±²° ¥¨¥¢ ¥¯®¤¢¨¦®© ¨§®²°®¯®© ±°¥¤¥ ±« ¡®¨²¥±¨¢»µ¯«®±ª¨µ ½«¥ª²°®¬ £¨²»µ ¢®« ¢¤®«¼ ®±¨ z (¢ ¯°¿-¬®¬ ¨ ®¡° ²®¬  ¯° ¢«¥¨¿µ). �® ±°¥¤¥ ¤¢¨¦¥²±¿«®ª «¨§®¢  ¿ ¥®¤®°®¤®±²¼,  ¯°¨¬¥°, ¯®ª § ²¥-«¿ ¯°¥«®¬«¥¨¿, ± ¥¨§¬¥»¬ ¯°®´¨«¥¬ ¨ ¯®±²®¿-®© ±ª®°®±²¼¾ V . �³±²¼ ¯ ¤ ¾¹¥¥ ¨§«³·¥¨¥ ¿¢«¿-¥²±¿ ¬®®µ°®¬ ²¨·¥±ª¨¬ ± · ±²®²®© !i ¨ ®¯°¥¤¥«¿-¥¬»¬ ¥¾ ¢¥¹¥±²¢¥»¬ ¢®«®¢»¬ ·¨±«®¬ ki (°¥¦¨-¬» ¯«®±ª¨µ ®¤®°®¤»µ ¢®«). �«¿ ®¯°¥¤¥«¥®±²¨¯®« £ ¥¬, ·²® ¢ ±³¹¥±²¢¥®© ±¯¥ª²° «¼®© ®¡« ±²¨¤¨½«¥ª²°¨·¥±ª ¿ " ¨ ¬ £¨² ¿ � ¯°®¨¶ ¥¬®±²¨ ¯®-«®¦¨²¥«¼», ²®£¤   ¯° ¢«¥¨¿ ¢®«®¢®£® ¢¥ª²®°  ¨1)e-mail: nrosanov@yahoo.com

¢¥ª²®°  �®©²¨£  (¯®²®ª  ½¥°£¨¨) ±®¢¯ ¤ ¾². �²-° ¦¥®¥ ¨§«³·¥¨¥ µ ° ª²¥°¨§³¥²±¿ · ±²®²®© !r ¨¢®«®¢»¬ ·¨±«®¬ kr. �¢¿§¼ ¢®«®¢®£® ·¨±«  ± · ±²®-²®© ¤ ¥²±¿ ±² ¤ °²»¬ ¤¨±¯¥°±¨®»¬ ±®®²®¸¥-¨¥¬ k2(!) = (!=c)2"(!)�(!), £¤¥ c { ±ª®°®±²¼ ±¢¥² ¢ ¢ ª³³¬¥. �°¨  µ®¦¤¥¨¨ ®²±¾¤  ¢®«®¢®£® ·¨±« ¢®§¨ª ¥² ¢®¯°®± ® ¢»¡®°¥ ¢¥²¢¨ ª¢ ¤° ²®£® ª®°¿.�«¿ ¯ ¤ ¾¹¥© ¢®«» § ª ª®°¿ ®¯°¥¤¥«¿¥²±¿ § ¤ -¨¥¬  ¯° ¢«¥¨¿ ° ±¯°®±²° ¥¨¿ ° ±±¬ ²°¨¢ ¥¬®©¢®«», ±®¢¯ ¤ ¾¹¨¬ ±  ¯° ¢«¥¨¥¬ ±°¥¤¥£® §  ®¯-²¨·¥±ª¨© ¯¥°¨®¤ ¯®²®ª  ½«¥ª²°®¬ £¨²®© ½¥°£¨¨(¢¥ª²®°  �®©²¨£ ). �±¯®«¼§³¥¬ ª®¬¯«¥ª±³¾ ´®°-¬³ § ¯¨±¨ ¢®« ¢¨¤  exp(ikz � i!t), £¤¥ t { ¢°¥¬¿.�®£¤  ¯°¨ ° ±¯°®±²° ¥¨¨ ¯ ¤ ¾¹¥£® ¨§«³·¥¨¿ ¢¯®«®¦¨²¥«¼®¬  ¯° ¢«¥¨¨ ®±¨ zki = !ic p"(!i)�(!i) > 0: (1)�«¿ ®²° ¦¥®© ¢®«» ¨¬¥¥² ¬¥±²®   «®£¨·®¥ ±®-®²®¸¥¨¥ ± § ¬¥®© !i ! !r, ® § ª ¢®«®¢®£® ·¨±-«  kr ¬» ¯®ª  ¥ ¡³¤¥¬ ´¨ª±¨°®¢ ²¼. �®®²¢¥²±²¢¥-®, ¢ ®¡« ±²¨ ®¤®°®¤®© ±°¥¤» (z ! �1 ) ª®¬¯®-¥²» ¯®«¥© ¨¬¥¾² ¢¨¤A exp(ikiz � i!it) +B exp(ikrz � i!rt): (2)�§ ³±«®¢¨© ¥¯°¥°»¢®±²¨   ¤¢¨¦³¹¥¬±¿ ¯¥°¥¤¥¬´°®²¥ ¥®¤®°®¤®±²¨ ± ª®®°¤¨ ²®© z = V t ±«¥-¤³¥², ¢ · ±²®±²¨, ·²® ¯®ª § ²¥«¨ ½ª±¯®¥² ¢ (2)¤®«¦» ±®¢¯ ¤ ²¼ ¢ «¾¡®© ¬®¬¥² ¢°¥¬¥¨, ² ª ·²®kiV � !i = krV � !r: (3)�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 5 { 6 2011 341



342 �.�. �®§ ®¢, �. �. �»±®²¨ , �.�.� ¶¥¢�²® ±®®²®¸¥¨¥ ±«³¦¨² ³° ¢¥¨¥¬ ¤«¿ ®¯°¥¤¥«¥-¨¿ · ±²®²» ®²° ¦¥®© ¢®«», ® ¢ ¥¬ ¯®ª  ¥®¯°¥¤¥«¥»¬ ®±² ¥²±¿ § ª ¢®«®¢®£® ·¨±«  ®²° -¦¥®© ¢®«». � ª ¬» ³¢¨¤¨¬, ¢ § ¢¨±¨¬®±²¨ ®²³±«®¢¨© °¥ «¨§³¾²±¿ ¤¢  °¥¦¨¬ : °¥¦¨¬ ¢±²°¥·®-£® ®²° ¦¥¨¿ (kr < 0), ª®£¤  (3) ¯°¨¨¬ ¥² ´®°¬³(¯®¤ª®°¥»¥ ¢»° ¦¥¨¿ ±·¨² ¾²±¿ ¯®«®¦¨²¥«¼»-¬¨) �1� Vc p"i�i�!i = �1 + Vc p"r�r�!r; (4)¨ °¥¦¨¬ ¯®¯³²®£® ®²° ¦¥¨¿ (kr > 0), ¤«¿ ª®²®°®£®�1� Vc p"i�i�!i = �1� Vc p"r�r�!r: (5)�²¬¥²¨¬, ·²® · ±²®²  !r ®¯°¥¤¥«¿¥²±¿ ¥ § ¢¨±¨¬®®² ¢¨¤  ¥®¤®°®¤®±²¨ ª ª ¤«¿ ¬®®µ°®¬ ²¨·¥±ª®£®[4 { 6], ² ª ¨ ¤«¿ ª¢ §¨¬®®µ°®¬ ²¨·¥±ª®£® (¨¬¯³«¼±-®£®) ¨§«³·¥¨© [7],   ± ¬ ½´´¥ª² ®²° ¦¥¨¿ ¢»-§¢  £° ¤¨¥²®¬ ¥®¤®°®¤®±²¨, ¥ ³·¨²»¢ ¥¬»¬¢ ±² ¤ °²»µ ¯°¨¡«¨¦¥¨¿µ ¬¥¤«¥® ¬¥¿¾¹¨µ±¿ ¬¯«¨²³¤ ¨ ®¤® ¯° ¢«¥®£® ° ±¯°®±²° ¥¨¿.�« §¬¥ ¿ ¤¨±¯¥°±¨¿. �®²¿ µ ° ª²¥° °¥¦¨¬®¢®²° ¦¥¨¿ ¥ § ¢¨±¨² ®² ª®ª°¥²®£® ¢¨¤  · ±²®²®©§ ¢¨±¨¬®±²¨ " ¨ �, ³¤®¡® ¯°®¨««¾±²°¨°®¢ ²¼ ½²¨°¥¦¨¬» ¤«¿ ¯« §¬¥®£® ²¨¯  ¤¨±¯¥°±¨¨ ª ª  ¨¡®-«¥¥ ³¨¢¥°± «¼®£® ¤«¿ ¢»±®ª¨µ · ±²®² ¨ ®¯° ¢¤ -®£® ¤ ¦¥ §  ° ¬ª ¬¨ ¬ ª°®±ª®¯¨·¥±ª®© ½«¥ª²°®¤¨- ¬¨ª¨ [11]. � ¨¡®«¥¥ ¢ ¦»¬ §¤¥±¼ ±¢®©±²¢®¬ ±°¥-¤» ±«³¦¨²  «¨·¨¥ ° §°¥¸¥®© ¨ § ¯°¥¹¥®© §®¤«¿ ° ±¯°®±²° ¥¨¿ ¨§«³·¥¨¿. �² ª, ° ±±¬®²°¨¬¥¬ £¨²³¾ ¡¥±±²®«ª®¢¨²¥«¼³¾ ¯« §¬³ ¢ ®¡« ±-²¨ ¯°®§° ·®±²¨:"(!) = 1� !2p=!2; � = 1; !2 > !2p; (6)£¤¥ !2p = 4�Ne2=m { ¯« §¬¥ ¿ · ±²®² , N { ª®-¶¥²° ¶¨¿ ½«¥ª²°®®¢, e ¨ m { ¨µ § °¿¤ ¨ ¬ ±± . �°¨½²®¬ ´ §®¢ ¿ ¨ £°³¯¯®¢ ¿ ±ª®°®±²¨,   ² ª¦¥ ¯ ° -¬¥²° ª¢ ¤° ²¨·®© ¤¨±¯¥°±¨¨ ¨¬¥¾² ¢¨¤Vphc =  1� !2p!2!�1=2 > 1; Vgrc =  1� !2p!2!1=2 < 1;d2kd!2 = �!2pc (!2 � !2p)�3=2: (7)�«¿ ±«³· ¿ ®¤®°®¤»µ ¢®« ¥ § ¢¨±¨¬® ®² ¢»¡®° § ª  kr ¯®«³· ¥¬ ¤«¿ · ±²®²» ®²° ¦¥®© ¢®«»!r = 11� V 2c2 ��1 + V 2c2 �!i � 2Vc q!2i � !2p� ;

!2i;r > !2p: (8)�¥¦¨¬ ¢±²°¥·®£® ®²° ¦¥¨¿ (kr < 0). �²®² °¥-¦¨¬, ¤¥² «¼® ¯°®  «¨§¨°®¢ »© ¢ [4 { 6], ±³¹¥±²-¢³¥², ¥±«¨ ±ª®°®±²¼ ¤¢¨¦¥¨¿ ¥®¤®°®¤®±²¨ ¬¥¼-¸¥ ª°¨²¨·¥±ª®£® § ·¥¨¿, § ¢¨±¿¹¥£® ®² · ±²®²»¯ ¤ ¾¹¥£® ¨§«³·¥¨¿:Vc < Vminc =s!i � !p!i + !p : (9)�²® §®  I   ¨§®¡° ¦¥®©   °¨±.1 ®¡« ±²¨ ¯ -° ¬¥²°®¢. �°¨ ´¨ª±¨°®¢ ®© · ±²®²¥ ¯ ¤ ¾¹¥£®
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w wi p/�¨±.1. � §¤¥«¥¨¥ ®¡« ±²¨ ¯ ° ¬¥²°®¢ { ±ª®°®±²¨ ¤¢¨-¦¥¨¿ ¥®¤®°®¤®±²¨ V ¨ · ±²®²» ¯ ¤ ¾¹¥£® ¨§«³·¥-¨¿ !i {   §®», ®²¢¥· ¾¹¨¥ ° §«¨·»¬ °¥¦¨¬ ¬ ®²-° ¦¥¨¿: I { °¥¦¨¬ ¢±²°¥·®£® ®²° ¦¥¨¿, II { °¥¦¨¬¯®¯³²®£® ®²° ¦¥¨¿, III { °¥¦¨¬ ®²±³²±²¢¨¿ ®²° ¦¥-¨¿¨§«³·¥¨¿ ¯°¨ ³¢¥«¨·¥¨¨ · ±²®²» !r ¢ ¨²¥°¢ -«¥ !p � !r < +1 ´³ª¶¨¿ V (!r) ¬®®²®® ³¡»-¢ ¥² ®² ¬ ª±¨¬ «¼®£® § ·¥¨¿ Vmin ¯°¨ !r = !p¤® V1 = �c ¯°¨ !r ! 1, ®¡° ¹ ¿±¼ ¢ ³«¼ ¯°¨!r = !i. �°³¯¯®¢ ¿ ±ª®°®±²¼ ¤«¿ ®²° ¦¥®© ¢®«»¢ ½²®¬ °¥¦¨¬¥ ®²°¨¶ ²¥«¼  ¢¢¨¤³ ¤¢¨¦¥¨¿ ½²®©¢®«» ¢ ±²®°®³ ®²°¨¶ ²¥«¼»µ § ·¥¨© ®±¨ z. �°¨´¨ª±¨°®¢ ®© ±ª®°®±²¨ ¤¢¨¦¥¨¿ ¥®¤®°®¤®±²¨ ¨³¢¥«¨·¥¨¨ · ±²®²» ¯ ¤ ¾¹¥£® ¨§«³·¥¨¿ !i · ±²®-²  ®²° ¦¥®© ¢®«» !r ¬®®²®® ¢®§° ±² ¥².�¥¦¨¬ ¯®¯³²®£® ®²° ¦¥¨¿. �±«¨ ±ª®°®±²¼ ¤¢¨-¦¥¨¿ ¥®¤®°®¤®±²¨ ¯°¥¢»¸ ¥² ¯°¨¢¥¤¥®¥ ¢ (9)ª°¨²¨·¥±ª®¥ § ·¥¨¥, V > Vmin, ²® °¥¦¨¬ ¢±²°¥·-®£® ¤¢¨¦¥¨¿ ±² ®¢¨²±¿ ¥¢®§¬®¦»¬ (³° ¢¥¨¥(4) ¥ ¨¬¥¥² °¥¸¥¨©, ¨, ±®®²¢¥²±²¢¥®, ³±«®¢¨¿±¸¨¢ ¨¿   ´°®²¥ ¥®¤®°®¤®±²¨ ¤«¿ ½²®£® °¥¦¨-¬  ¥ ¢»¯®«¿¾²±¿). � ±±¬®²°¨¬ ¢®§¬®¦®±²¼ °¥ -�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 5 { 6 2011



�®¯³²®¥ ®²° ¦¥¨¥ ±¢¥²  ®² ¤¢¨¦³¹¥©±¿ ¥®¤®°®¤®±²¨ 343«¨§ ¶¨¨ ¯°¨ ½²®¬ °¥¦¨¬  ¯®¯³²®£® ®²° ¦¥¨¿. �«¿¥£® ¨§ (5) ¯®«³·¨¬!i� Vc q!2p � !2i = !r� Vc q!2p � !2r ; !2ir > !2p: (10)�§ (10) ±«¥¤³¥²V = !i � !rq!2i � !2p �q!2r � !2p : (11)�²®² °¥¦¨¬ ®²¢¥· ¥² §®¥ II °¨±.1. �¡¹¥¥ ¤«¿ §® I¨ II ¢»° ¦¥¨¥ £°³¯¯®¢®© ±ª®°®±²¨ ¤«¿ ®²° ¦¥®©¢®«» ² ª®¥:Vg = sign(V � Vmin)s1� !2p!2r ; !2i;r > !2p: (12)�°¨ ´¨ª±¨°®¢ ®© · ±²®²¥ ¯ ¤ ¾¹¥© ¢®«» ¨ ³¢¥-«¨·¥¨¨ ±ª®°®±²¨ V · ±²®²  ®²° ¦¥®© ¢®«» ¢ §®-¥ II ¬®®²®® ¢®§° ±² ¥², ¤®±²¨£ ¿ ¯°¨Vmaxc =s1� !2p!2i (13)§ ·¥¨¿ !r = !i. �°¨ ½²®¬ £°³¯¯®¢ ¿ ±ª®°®±²¼¤«¿ ®²° ¦¥®£® ¨§«³·¥¨¿ ¢®§° ±² ¥² ®² 0 ¤® V {±ª®°®±²¨ ¤¢¨¦¥¨¿ ¥®¤®°®¤®±²¨. �®®²¢¥²±²¢¥-®, °¥¦¨¬ ¯®¯³²®£® ®²° ¦¥¨¿ °¥ «¨§³¥²±¿ ¢ ¤¨ -¯ §®¥ (±¬. °¨±.1)Vmin < V < Vmax: (14)�  £° ¨¶¥ ¬¥¦¤³ °¥¦¨¬ ¬¨ ¢±²°¥·®£® ¨ ¯®¯³²®-£® ®²° ¦¥¨©, ²® ¥±²¼ ¯°¨ V = Vmin, · ±²®²  ®²° -¦¥®£® ¨§«³·¥¨¿ ®²¢¥· ¥² £° ¨¶¥ ¬¥¦¤³ ° §°¥-¸¥®© ¨ § ¯°¥¹¥®© §® ¬¨: !r = !p, ¨ ¯°¨ ½²®¬¯ ° ¬¥²° ª¢ ¤° ²¨·®© ¤¨±¯¥°±¨¨ ¢ (7) ®¡° ¹ ¥²±¿ ¢¡¥±ª®¥·®±²¼, ² ª ·²® ¨¬¯³«¼± ± ² ª®© ¶¥²° «¼®©· ±²®²®© ¨ ³§ª¨¬ ±¯¥ª²°®¬ ¡»±²°® ° ±¯«»¢ ¥²±¿.�°¨ ¤ «¼¥©¸¥¬ ³¢¥«¨·¥¨¨ ±ª®°®±²¨ ¥®¤®°®¤-®±²¨ Vmax < V < c ½²  ±ª®°®±²¼ ³¦¥ ¯°¥¢»¸ ¥²£°³¯¯®¢³¾ ±ª®°®±²¼ ¤«¿ · ±²®²» ¯ ¤ ¾¹¥£® ¨§«³·¥-¨¿. �®£¤  ¥®¤®°®¤®±²¼ ³¡¥£ ¥² ®² \¬¥¤«¥®£®"¯ ¤ ¾¹¥£® ¨¬¯³«¼± , ®²° ¦¥¨¿ ®±®¢®© · ±²¨ ¨¬-¯³«¼±  ¥ ¯°®¨±µ®¤¨², ·¥¬ ¨ ®¡º¿±¿¥²±¿ ®²±³²±²¢¨¥°¥¸¥¨© ³° ¢¥¨¿ (3) ¢ ½²®¬ ±«³· ¥ (¤«¿ ¬®®µ°®-¬ ²¨·¥±ª®£® ¨§«³·¥¨¿ ² ª®© °¥¦¨¬ ¥ ¨¬¥¥² ´¨§¨-·¥±ª®£® ±¬»±« ). �°¨ V > c ° ±±¬ ²°¨¢ ¥¬»¥ °¥¦¨-¬» ¥³±²®©·¨¢», ² ª ª ª ±ª®°®±²¼ ¤¢¨¦¥¨¿ ¥®¤-®°®¤®±²¨ ¯°¥¢»¸ ¥² ´ §®¢³¾ ±ª®°®±²¼ ¤«¿ ¢»±®-ª®· ±²®²®£® ¨§«³·¥¨¿, ² ª ·²® ¤ ¦¥ ¢ ®²±³²±²¢¨¥¯ ¤ ¾¹¥£® ¨§«³·¥¨¿ ¢ ±°¥¤¥ ¢®§¨ª ¥² ¨§«³·¥¨¥� ¢¨«®¢ {�¥°¥ª®¢ .

� ¯°¥¤±² ¢«¥®¬ ¢»¸¥   «¨§¥ ¥ ¨±¯®«¼§®¢ «-±¿ ¿¢»© ¢¨¤ ¯°®´¨«¿ ¥®¤®°®¤®±²¨, ® ¢ ¦¥ ¤«¿ µ®¦¤¥¨¿ ¥ · ±²®²,    ¬¯«¨²³¤ ®²° ¦¥»µ ¥-®¤®°®¤®±²¼¾ ¢®« [4 { 6]. �²¬¥²¨¬, ·²® ¢ ®¡»·®¬¯°¨¡«¨¦¥¨¨ ¬¥¤«¥® ¬¥¿¾¹¨µ±¿  ¬¯«¨²³¤ [12]  «¨§¨°³¥¬®¥ ®²° ¦¥¨¥ ¨ ° ±±¬ ²°¨¢ ¥¬»¥  ¬¨½´´¥ª²» ®²±³²±²¢³¾², ² ª ª ª ®¨ ¢»§¢ » £° ¤¨-¥²®¬ ¥®¤®°®¤®±²¨.�¨±«¥»© ° ±·¥². �¥¸ ¥¬ ®¤®¬¥°®¥ ¢®«®¢®¥³° ¢¥¨¥ ¢ ¢ ª³³¬¥ ¨ ¯« §¬¥:@2E@z2 � 4�c2 @j@t � 1c2 @2E@t2 = 0; (15)¨ ³° ¢¥¨¥ �°³¤¥ ¤«¿ ¯«®²®±²¨ ½«¥ª²°¨·¥±ª®£® ²®-ª  j: @j@t + j = !2p4�E; (16)£¤¥  { · ±²®²  ±²®«ª®¢¥¨© ½«¥ª²°®®¢. � ¢ ª³³-¬¥, £¤¥ ª®¶¥²° ¶¨¿ ½«¥ª²°®®¢ N = 0, ª £° ¨¶¥±°¥¤» ± ª®¶¥²° ¶¨¥© ¢¨¤ N = N0 + �N(z � V t) (17)° ±¯°®±²° ¿¥²±¿ ¨¬¯³«¼± ± ½«¥ª²°¨·¥±ª¨¬ ¯®«¥¬Ei = exp�� (z � V t� z0)2w2i � cos�!ic (z � V t)� : (18)� ²®·¥¥, ®¡¥±¯¥·¨¢ ¥²±¿ ³«¥¢®¥ § ·¥¨¥ ¯®«¿ ¢±°¥¤¥ ¢  · «¼»© ¬®¬¥² ¢°¥¬¥¨. �° ¨¶  ¬¥¦¤³¢ ª³³¬®¬ ¨ ±°¥¤®© (²®·ª  z = zb) µ ° ª²¥°¨§³¥²±¿¸¨°¨®© ° §¬»²¨¿ wb:N0(z) = N (0)2 (1 + th[(z � zb)=wb]): (19)�°®´¨«¼ ¤¢¨¦³¹¥©±¿ ¥®¤®°®¤®±²¨ �N ¡«¨§®ª ª¯°¿¬®³£®«¼®¬³ ± ¯®«³¸¨°¨®© w (±³¯¥°£ ³±±®¢ ´³ª¶¨¿ ¢»±®ª®© ±²¥¯¥¨). � ° ±·¥² µ ª®¶¥²° -¶¨¿ ®°¬¨°³¥²±¿   ¢¥«¨·¨³ Nc = m!2i =4�e2,   ª®-®°¤¨ ²  ¤®¬®¦ ¥²±¿   ¢®«®¢®¥ ·¨±«® ¯ ¤ ¾¹¥£®¨§«³·¥¨¿ ¢ ¢ ª³³¬¥, ki = !i=c.�  °¨±.2 ¯°¨¢¥¤¥» ¤¢  ¯°¨¬¥°  ° ±·¥² , ®²¢¥-· ¾¹¨¥ °¥¦¨¬³ ¢±²°¥·®£® ®²° ¦¥¨¿ (V=c = 0:2,§®  I) ¨ ¯®¯³²®£® ®²° ¦¥¨¿ (V=c = 0:3, §®  II).� ±·¥²» ¯®«®±²¼¾ ±®£« ±³¾²±¿ ± ¨§«®¦¥»¬ ¢»¸¥  «¨²¨·¥±ª¨¬ ®¯¨± ¨¥¬. �¤¥±¼ ®¨ ¯°¥¤±² ¢«¥»¤«¿ ±° ¢¨²¥«¼® ¡®«¼¸®©  ¬¯«¨²³¤» ¥®¤®°®¤®±-²¨, ² ª ª ª ¢ ¯°®²¨¢®¬ ±«³· ¥ ®²° ¦¥®¥ ¨§«³·¥-¨¥ ±« ¡®¥, µ®²¿ ²° ¥ª²®°¨¿ ®²° ¦¥®£® ¨¬¯³«¼± ¨¬¥¥² ²®² ¦¥ µ ° ª²¥°. � ±·¥²» ¯®ª §»¢ ¾², ·²®³·¥² ±« ¡®£® ¯®£«®¹¥¨¿ ¥ ¬¥¿¥² ®±®¢®£® °¥§³«¼-² ² .�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 5 { 6 2011
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0�¨±.2. �²®«ª®¢¥¨¥ ¨¬¯³«¼±  ¨§«³·¥¨¿ ± ¤¢¨¦³¹¥©±¿ ¥®¤®°®¤®±²¼¾ ±°¥¤»; (a), (b) { ¯°®¤®«¼®¥ ° ±¯°¥¤¥«¥¨¥ ¯°¿¦¥®±²¨ ½«¥ª²°¨·¥±ª®£® ¯®«¿ E ¨ ¡«¨§ª¨© ª ¯°¿¬®³£®«¼®¬³ ¯°®´¨«¼ ¥®¤®°®¤®±²¨ ¢ ° §«¨·»¥ ¬®¬¥-²» ¢°¥¬¥¨ t, £° ¨¶  ¢ ª³³¬  ¨ ±°¥¤» ¯®ª §   ¢¥°²¨ª «¼®© ¯°¿¬®©; (c), (d) { ¯°¿¬»¥ ¯®ª §»¢ ¾² ²° ¥ª²®°¨¾¤¢¨¦¥¨¿ ¥®¤®°®¤®±²¨ (±¯«®¸ ¿ «¨¨¿ { ¶¥²° ¥®¤®°®¤®±²¨, ¸²°¨µ®¢»¥ ¯°¿¬»¥ { ¥¥ ª° ¿),   ¯³ª²¨°»¥ ª°¨-¢»¥ { ²° ¥ª²®°¨¨ ¯ ¤ ¾¹¥£® ¨ ®²° ¦¥®£® ¨¬¯³«¼±®¢, £®°¨§®² «¼ ¿ ¯°¿¬ ¿ { £° ¨¶  ¬¥¦¤³ ¢ ª³³¬®¬ ¨ ±°¥¤®©.� ° ¬¥²°»:  = 0, N (0)=Nc = 0:75, �N=Nc = 0:25, kiwi = 20, kiw = 60, kiwb = 0:01, V=c = 0:2 (a), (c) ¨ 0.3 (b), (d)� ª¨¬ ®¡° §®¬, ¯®±«¥¤®¢ ²¥«¼®¥ ° ±±¬®²°¥¨¥®²° ¦¥¨¿ ½«¥ª²°®¬ £¨²®£® ¨§«³·¥¨¿ ®² ¤¢¨¦³- ¹¥©±¿ ¥®¤®°®¤®±²¨ ²°¥¡³¥² ¯¥°¥µ®¤  ®² ¬®®µ°®-¬ ²¨·¥±ª®£® ¨§«³·¥¨¿ ª ª¢ §¨¬®®µ°®¬ ²¨·¥±ª®-�¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 5 { 6 2011



�®¯³²®¥ ®²° ¦¥¨¥ ±¢¥²  ®² ¤¢¨¦³¹¥©±¿ ¥®¤®°®¤®±²¨ 345¬³. �²® ¯®§¢®«¿¥² ¢»¿¢¨²¼ ¥¢®§¬®¦»© ¤«¿ ±¢¥-²  ¢ ¢ ª³³¬¥ °¥¦¨¬ ¯®¯³²®£® ®²° ¦¥¨¿ ¨ ®¡º¿±-¨²¼ ®²±³²±²¢¨¥ °¥¦¨¬  ¬®®µ°®¬ ²¨·¥±ª®£® ®²° -¦¥¨¿ ¯°¨ ±° ¢¨²¥«¼® ¢»±®ª¨µ ±ª®°®±²¿µ ¤¢¨¦¥-¨¿ ¥®¤®°®¤®±²¨. �°¨°®¤  °¥¦¨¬  ¯®¯³²®£® ®²-° ¦¥¨¿ ¨§«³·¥¨¿ ª¨¥¬ ²¨·¥±ª ¿ ¨ ®¡º¿±¿¥²±¿²¥¬, ·²® ¨§«³·¥¨¥ § ¨¬±²¢³¥² ³ ±°¥¤» ± ¤¨±¯¥°±¨-¥© ®¯°¥¤¥«¥»¥ ª®°¯³±ª³«¿°»¥ ±¢®©±²¢ . �®¿±¨¬½²® ±«¥¤³¾¹¥©   «®£¨¥©. �®¯®±² ¢¨¬ ¯ ¤ ¾¹¥¥ ¨§-«³·¥¨¥ ®²¤¥«¼»¬ ¥ ¢§ ¨¬®¤¥©±²¢³¾¹¨¬ ¤°³£ ±¤°³£®¬ ª« ±±¨·¥±ª¨¬ · ±²¨¶ ¬, «¥²¿¹¨¬ ± ¯®±²®¿-®© ±ª®°®±²¼¾ v ¢¤®«¼ ®±¨ z (¤«¿ ¯°®±²®²» ±·¨² ¥¬¢±¥ ±ª®°®±²¨ ¥°¥«¿²¨¢¨±²±ª¨¬¨). �²¨ · ±²¨¶»  -«¥² ¾²   ¬ ±±¨¢®¥ §¥°ª «®, ¤¢¨¦³¹¥¥±¿ ± § ¤ ®©±ª®°®±²¼¾ V . �ª®°®±²¼ ³¯°³£® ®²° §¨¢¸¨µ±¿ · ±²¨¶2V �v (² ª ª ª ¢ ±¨±²¥¬¥ ®²±·¥² , ±¢¿§ ®© ± §¥°ª -«®¬, ±ª®°®±²¼ ¯ ¤ ¾¹¨µ ¨ ®²° ¦¥»µ · ±²¨¶ ° ¢ ,±®®²¢¥²±²¢¥®, v � V ¨ V � v, ·²® ¨ ¤ ¥² ¯°¨¢¥¤¥-®¥ ¢»° ¦¥¨¥ ¤«¿ ±ª®°®±²¨ ¢ « ¡®° ²®°®© ±¨±²¥¬¥ª®®°¤¨ ²). �²±¾¤  ±«¥¤³¥², ·²® ¯°¨ V < Vmin, £¤¥Vmin = v=2, °¥ «¨§³¥²±¿ ¢±²°¥·®¥ ¤¢¨¦¥¨¥ ®²° -¦¥»µ · ±²¨¶ (°¥¦¨¬ ¢±²°¥·®£® ®²° ¦¥¨¿). �°¨Vmin < V < Vmax, £¤¥ Vmax = v, ®²° ¦¥»¥ · ±-²¨¶» «¥²¿² ¢ ²®¬ ¦¥  ¯° ¢«¥¨¨, ·²® ¨ ¯ ¤ ¾¹¨¥(°¥¦¨¬ ¯®¯³²®£® ®²° ¦¥¨¿),   ¯°¨ V > Vmax ®²° -¦¥¨¿ ¥ ¯°®¨±µ®¤¨². �²«¨·¨¿ ª« ±±¨·¥±ª¨µ · ±²¨¶®² ¢®«®¢»µ ¯ ª¥²®¢ § ª«¾· ¾²±¿ ¢ ²®¬, ·²® ¤«¿ ¯®-±«¥¤¨µ ¢ ®¡¹¥¬ ±«³· ¥ ¯°¨±³²±²¢³¥² ª ª ®²° ¦¥¨¥,² ª ¨ ¯°®µ®¦¤¥¨¥, ¨ ¨¬¯³«¼± ±¢¥²  ¢±¥£¤  ±®¤¥°¦ ²¢»±®ª®· ±²®²»¥ ±®±² ¢«¿¾¹¨¥, ª®²®°»¥ ¡³¤³² ®²-° ¦ ²¼±¿ ®°¬ «¼®.�»¸¥ ¬» ¨±¯®«¼§®¢ «¨ ¯« §¬¥»© § ª® ¤¨±-¯¥°±¨¨ ±°¥¤». �³¹¥±²¢¥»¬ §¤¥±¼ ¿¢«¿¥²±¿  «¨-·¨¥ ° §°¥¸¥®© (!2 > !2p) ¨ § ¯°¥¹¥®© (!2 << !2p) §® ¤«¿ ° ±¯°®±²° ¥¨¿ ¨§«³·¥¨¿, ¯°¨-

·¥¬ °¥¦¨¬ ¯®¯³²®£® ®²° ¦¥¨¿ ¢®§¨ª ¥², ª®£¤ ±¤¢¨³² ¿ ¨§-§  ½´´¥ª²  �®¯«¥°  · ±²®²  ®²° ¦¥-®£® ¨§«³·¥¨¿ ¯°¨¡«¨¦ ¥²±¿ ª £° ¨¶¥ §®. �®- ¿ ±²°³ª²³°  ²¨¯¨·  ¨ ¤«¿ ´®²®»µ ª°¨±² ««®¢ ¨¬¥² ¬ ²¥°¨ «®¢ ± ¯¥°¨®¤¨·¥±ª®© ¯°®±²° ±²¢¥®©¬®¤³«¿¶¨¥© ¯®ª § ²¥«¿ ¯°¥«®¬«¥¨¿ [13]. � ³·¥²®¬¯°®£°¥±±  ¢ ¨§£®²®¢«¥¨¨ ½²¨µ ¨±ª³±±²¢¥»µ ¬ ²¥-°¨ «®¢ ¯°¥¤±² ¢«¿¥²±¿ ¢®§¬®¦»¬ ½ª±¯¥°¨¬¥² «¼-®¥  ¡«¾¤¥¨¥ ¢ ¨µ   «®£¨·»µ ½´´¥ª²®¢.�¢²®°» ¡« £®¤ °» �.�. �¨¢¸ °¾ §  ¯®«¥§»¥®¡±³¦¤¥¨¿. � ¡®²  ¢µ®¤¨² ¢ ¯«  £° ²®¢ �®±±¨©-±ª®£® ´®¤  ´³¤ ¬¥² «¼»µ ¨±±«¥¤®¢ ¨© #09-02-12129-®´¨ ¬ ¨ �¨¨±²¥°±²¢  ®¡° §®¢ ¨¿ ¨  ³ª¨��� #2.1.1/9824.1. �. �. �¨µ¥«¼±®, �³°. �³±±ª. ´¨§.-µ¨¬. ®¡-¢ , · ±²¼´¨§¨·. 31, 119 (1899).2. �. �. �³¯ ±®¢, �¢ ². ½«¥ª²°®. 9, 2127 (1982).3. �. �. �®§ ®¢, �¨±¼¬  ¢ ���� 88, 577 (2008).4. �. �. �®§ ®¢, ���� 135, 154 (2009).5. �. �. �®§ ®¢, �¯². ¨ ±¯¥ª²°. 106, 487 (2009).6. �. �. �®§ ®¢, �¯². ¨ ±¯¥ª²°. 108, 668 (2010).7. �. �. �®§ ®¢, �¯². ¨ ±¯¥ª²°. 109, 1200 (2010).8. T.G. Philbin, C. Kuklewicz, S. Robertson et al., Science319, 1367 (2008).9. S. Robertson and U. Leonhardt, Phys. Rev. A 81,063835 (2010).10. �.�. �° ª, �§¢. �� ���� 6, 3 (1942).11. �. �. � ¤ ³, �.�. �¨´¸¨¶, �«¥ª²°®¤¨ ¬¨ª  ±¯«®¸-»µ ±°¥¤, �.: � ³ª , 1982.12. V.E. Lobanov and A.P. Sukhorukov, Phys. Rev. A 82,033809 (2010).13. Nonlinearities in Periodic Structures and Metamaterials.Eds. C. Denz, S. Flach, and Yu. S. Kivshar, Heidelberg:Springer, 2010.

5 �¨±¼¬  ¢ ���� ²®¬ 93 ¢»¯. 5 { 6 2011


