
�¨±¼¬  ¢ ����, ²®¬ 91, ¢»¯. 3, ±. 126 { 129 c 2010 £. 10 ´¥¢° «¿�¥°¥ª®¢±ª¨© ¬¥µ ¨§¬ ¢®§¡³¦¤¥¨¿ ¯®¢¥°µ®±²»µ ¢®«�. �. �³¥¢1), �.�.�¥®²®¢¨·1), �. �. �¨¤±ª¨©1)�¨§¨·¥±ª¨© ¨±²¨²³² ¨¬. �.�.�¥¡¥¤¥¢  ��� 119991 �®±ª¢ , �®±±¨¿�®±²³¯¨«  ¢ °¥¤ ª¶¨¾ 24 ®¿¡°¿ 2009 £.�®±«¥ ¯¥°¥° ¡®²ª¨ 21 ¤¥ª ¡°¿ 2009 £.�°¥¤«®¦¥  ²¥®°¨¿ ¢®§¡³¦¤¥¨¿ ¯®¢¥°µ®±²»µ ¢®« ¢ ²®ª®© ®¤®°®¤®© ¯«¥ª¥ ¬¥² «« , ®ª°³-¦¥®© ¤¨½«¥ª²°¨·¥±ª®© ±°¥¤®©, ¯°¨ ¤¢¨¦¥¨¨ ¢³²°¨ ¯«¥ª¨ ¡»±²°®© § °¿¦¥®© · ±²¨¶». �®ª § ®,·²® ½´´¥ª² � ¢¨«®¢ -�¥°¥ª®¢  ¤«¿ ¯®¢¥°µ®±²»µ ¢®« ¢®§¨ª ¥² ¯°¨ ±ª®°®±²¿µ · ±²¨¶» ¢ ¤¥±¿²ª¨ ¨±®²¨ ° § ¬¥¼¸¨µ, ·¥¬ ±®®²¢¥²±²¢³¾¹¨¥ ±ª®°®±²¨ ¢ ®¤®°®¤®© ±°¥¤¥.1. �¢«¥¨¥ � ¢¨«®¢ -�¥°¥ª®¢  { ¨§«³·¥¨¥ ±¢¥² ¯°¨ ¤¢¨¦¥¨¨ ¡»±²°®£® ½«¥ª²°®  ¢ ±°¥¤¥ {  ¡«¾¤ -¾² ª ª ¢ ®¤®°®¤»µ [1, 2], ² ª ¨ ¢ ¥®¤®°®¤»µ ±°¥-¤ µ, ¢ ² ª¨µ, ª ª ´®²®»¥ ª°¨±² ««» [3]. �±«®¢¨¥¬¢®§¨ª®¢¥¨¿ ½²®£® ¨§«³·¥¨¿ ¿¢«¿¥²±¿  «¨·¨¥ ¢¯°®±²° ±²¢¥ (®¤®°®¤®¬ ¨«¨ ¥®¤®°®¤®¬) ±®¡±²-¢¥»µ ½«¥ª²°®¬ £¨²»µ ¢®« ± ´ §®¢®© ±ª®°®±²¼¾¬¥¼¸¥©, ·¥¬ ±ª®°®±²¼ ¯°®«¥² ¾¹¥£® ½«¥ª²°® .�®¡±²¢¥»¥ ¢®«» ± ¬ «®© ´ §®¢®© ±ª®°®±²¼¾¨¬¥¾²±¿ ¢  ®¯«¥ª µ ¨ ¢  ®¨²¿µ ¨§ ±¥°¥¡-° , §®«®² , ¬¥¤¨. �²® ² ª  §»¢ ¥¬»¥ ¯®¢¥°µ®±²-»¥ ¯« §¬®-¯®«¿°¨²®». �²«¨·¨¥ ´ §®¢®© ±ª®°®±²¨½²¨µ ¢®« ®² ±ª®°®±²¨ ±¢¥²  ¢ ¢ ª³³¬¥ ¬®¦¥² ±®±² ¢-«¿²¼ ¬®£¨¥ ¤¥±¿²ª¨ ¨ ±®²¨ ° §. �²® ®§ · ¥², ·²®¨±¯³±ª ²¼ ¨§«³·¥¨¥ ¢ ¢¨¤¥ ¯« §¬®  ¬®¦¥² ½«¥ª-²°®, ±° ¢¨²¥«¼® ¬¥¤«¥»© ¯® ±° ¢¥¨¾ ± ½«¥ª-²°®®¬, ±¯®±®¡»¬ ¨§«³· ²¼ ¢ ®¤®°®¤®© ±°¥¤¥ [4].�¥®¤®°®¤®¥ ¯°®±²° ±²¢® ± ²®ª®© ¬¥² ««¨·¥±-ª®© ¯«¥ª®© ¨¬¥¥² ¢ ª ·¥±²¢¥ ±®¡±²¢¥»µ ¢®«±¨¬¬¥²°¨·»© ¨  ²¨±¨¬¬¥²°¨·»© ¯®¢¥°µ®±²»¥¯« §¬®» ¡¥§ ¯°®¤®«¼®© ±®±² ¢«¿¾¹¥© ¬ £¨²®-£® ¯®«¿, ² ª  §»¢ ¥¬»¥ ��-¯« §¬®», ¯« §¬®»¯®¯¥°¥·®-¬ £¨²®£® ²¨¯  ± ¬ £¨²»¬ ¯®«¥¬ ¢¯«®±ª®±²¨ ¯«¥ª¨. �¨¬¬¥²°¨¾ ¯« §¬®®¢ ¬» ®¯°¥-¤¥«¿¥¬ ¯® ¢¨¤³ ¬ £¨²®£® ¯®«¿. �°¨ § ¤ ®¬ § -·¥¨¨ ¢®«®¢®£® ·¨±«  · ±²®²  ±¨¬¬¥²°¨·®£® ¯« §-¬®  ¢»¸¥ · ±²®²»  ²¨±¨¬¬¥²°¨·®£® ¯« §¬® .�®®²¢¥²±²¢¥®, ´ §®¢ ¿ ±ª®°®±²¼  ²¨±¨¬¬¥²°¨·-®£® ¯« §¬®  ¬¥¼¸¥ ´ §®¢®© ±ª®°®±²¨ ±¨¬¬¥²°¨·-®£®. �®«¥ ¯« §¬®®¢ «®ª «¨§®¢ ®   ¯«¥ª¥,    ³¤ «¥¨¨ ®² ¯«¥ª¨ ½ª±¯®¥¶¨ «¼® ¬ «®. � ª¨µ¢®« ¢ ®¤®°®¤®¬ ¯°®±²° ±²¢¥ ¥².�» ° ±±¬®²°¨¬ ¢®§¡³¦¤¥¨¥ ¯®¢¥°µ®±²»µ ¢®«· ±²¨¶¥©, ¤¢¨¦³¹¥©±¿ ¢ ²®ª®© ¯«¥ª¥ ¬¥² ««  ±²°®-£® ¯ ° ««¥«¼® ¯®¢¥°µ®±²¨ ¯«¥ª¨. � ª ¿ ¯®±² ®¢-ª  § ¤ ·¨ ¯®§¢®«¨²  ¬ ®²¢«¥·¼±¿ ®² ¯¥°¥µ®¤®£® ¨§-1)e-mail: vizuev@sci.lebedev.ru; leon@sci.lebedev.ru;vlidsky@sci.lebedev.ru

«³·¥¨¿ · ±²¨¶», ¥¨§¡¥¦® ±®¯³²±²¢³¾¹¥£® ·¥°¥-ª®¢±ª®¬³ ¯°¨ ¤¢¨¦¥¨¨ · ±²¨¶» ¯®¤ ³£«®¬ ª ¯®¢¥°µ-®±²¨ ¯«¥ª¨ [5]. �®«¥¥ ¤¥² «¼®¥ ¨±±«¥¤®¢ ¨¥ ¯®-ª §»¢ ¥² [6], ·²® ¯°¨ ¤¢¨¦¥¨¨ · ±²¨¶» ¢¥ ¬¥² «-«  ¢®§¨ª ¥² ª °²¨  ¨§«³·¥¨¿, ¯®¤®¡ ¿ ° ±±¬®²-°¥®© ¨¦¥ ¢ ¤ ®© ° ¡®²¥. �°¨ ½²®¬ ° ±±²®¿¨¥¬¥¦¤³ ²° ¥ª²®°¨¥© · ±²¨¶» ¨ ¯®¢¥°µ®±²¼¾ ¬¥² «-«  ¬®¦¥² ¯°¥¢»¸ ²¼ ¢ ¥±ª®«¼ª® ° § ²®«¹¨³ ¯«¥-ª¨. � « ¿ ¦¥ ¢¥°²¨ª «¼ ¿ ±®±² ¢«¿¾¹ ¿ ±ª®°®±²¨· ±²¨¶» ¥ ®ª §»¢ ¥² § ¬¥²®£® ¢«¨¿¨¿   ·¥°¥-ª®¢±ª®¥ ¢®§¡³¦¤¥¨¥ ¯®¢¥°µ®±²»µ ¢®«.2. � ±±¬®²°¨¬ ²®ª³¾ ¯«¥ª³ ¬¥² «« , ¯®¬¥-¹¥³¾ ¢ ¤¨½«¥ª²°¨·¥±ª³¾ ±°¥¤³ (±¬. °¨±.1).�¨½«¥ª²°¨·¥±ª³¾ ¯°®¨¶ ¥¬®±²¼ ¬¥² ««  ¡³¤¥¬ ®¡®-
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�¨±.1§ · ²¼ "m,   ¤¨½«¥ª²°¨·¥±ª³¾ ¯°®¨¶ ¥¬®±²¼ ±°¥-¤» ¨¦¥ ¨ ¢»¸¥ ¯«¥ª¨ { "b ¨ "h, ±®®²¢¥²±²¢¥®.�¢¥¤¥¬ ¤¥ª °²®¢³ ±¨±²¥¬³ ª®®°¤¨ ² ² ª, ·²®¡» · ±-²¨¶  ¤¢¨£ « ±¼ ¢¤®«¼ ®±¨ x. �±¨ x ¨ y «¥¦ ² ¢ ¯«®±-ª®±²¨ ¯«¥ª¨, ®±¼ z  ¯° ¢¨¬ ¯¥°¯¥¤¨ª³«¿°® ¯«®±-ª®±²¨ ¯«¥ª¨. �®ª, ±®§¤ ¢ ¥¬»© ²®·¥·®© · ±²¨¶¥©,¤¢¨¦³¹¥©±¿ ±® ±ª®°®±²¼¾ v ¢¤®«¼ ®±¨ x, ¨ ¯«®²®±²¼§ °¿¤  ®¯¨±»¢ ¾²±¿ ±«¥¤³¾¹¨¬¨ ´®°¬³« ¬¨:jx = ev�(x�vt)�(y)�(z); � = e�(x�vt)�(y)�(z): (2:1)126 �¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 3 { 4 2010



�¥°¥ª®¢±ª¨© ¬¥µ ¨§¬ ¢®§¡³¦¤¥¨¿ ¯®¢¥°µ®±²»µ ¢®« 127�¥¸¥¨¥ ³° ¢¥¨© � ª±¢¥««  ¡³¤¥¬ ¨±ª ²¼ ± ¯®¬®-¹¼¾ ° §«®¦¥¨¿ ¯®«¥©   ª®¬¯®¥²» �³°¼¥ ¯® · ±-²®²¥: E = 1Z�1 E!e�i!td!: (2:2)� ª ª ª ¨±²®·¨ª ¯®«¿ § ¢¨±¨² ®² ª®®°¤¨ ²» x ¨¢°¥¬¥¨ ·¥°¥§ ¢»° ¦¥¨¥ (x � vt) (±¬. (2.1)), ²®±¯¥ª²° «¼»¥ ª®¬¯®¥²» ¯®«¿ · ±²®²» ! § ¢¨±¿²®² ª®®°¤¨ ²» x ²®«¼ª® ·¥°¥§ ´ §®¢»© ¬®¦¨²¥«¼exp(ikxx), £¤¥ kx = !=v: (2:3)�°®¤¥« ¥¬ ²¥¯¥°¼ ¯°¥®¡° §®¢ ¨¥ �³°¼¥ ¯® ¢®«®-¢»¬ ·¨±« ¬ ky:E! = exp(ikxx) 1Z�1 E!ky exp(ikyy)dky: (2:4)� ª ¬» ³¢¨¤¨¬ ¨¦¥, § ¢¨±¨¬®±²¨ ¯®«¥© ®² ª®®°¤¨- ²» z ¢  ¸¥¬ ±«³· ¥ ³¤®¡¥¥ ®²»±ª¨¢ ²¼, ¥ ¯¥°¥-µ®¤¿ ª ª®¬¯®¥² ¬ �³°¼¥,   °¥¸ ¿ ®¡»ª®¢¥»¥«¨¥©»¥ ¤¨´´¥°¥¶¨ «¼»¥ ³° ¢¥¨¿. �¥¸¥¨¿½²¨µ ³° ¢¥¨© ®ª ¦³²±¿ ³¡»¢ ¾¹¨¬¨ ½ª±¯®¥² -¬¨,   ¥ £ °¬®¨·¥±ª¨¬¨ ª®«¥¡ ¨¿¬¨. �®½²®¬³ ¬»®±² ¢¨«¨ ¢±¥ ª®¬¯®¥²» ¯®«¿ § ¢¨±¿¹¨¬¨ ®² ª®®°-¤¨ ²» z. �«¿ ª®¬¯®¥² ¯®«¥© E!ky , H!ky ±¨±²¥¬ ³° ¢¥¨© � ª±¢¥««  ¯°¨¨¬ ¥² ¢¨¤ikyHz � @zHy = �"i!c Ex + e�c�(z); (2:5)@zHx � ikxHz = �"i!c Ey; (2:6)ikxHy � ikyHx = �"i!c Ez ; (2:7)ikyEz � @zEy = i!c Hx; (2:8)@zEx � ikxEz = i!c Hy; (2:9)ikxEy � ikyEx = i!c Hz: (2:10)�«¿ ³¯°®¹¥¨¿ § ¯¨±¨ ¬» ®¯³±²¨«¨ ³ ¢±¥µ ª®¬¯®-¥² ¨¤¥ª±» !ky, ³ª §»¢ ¾¹¨¥, ¯® ª ª¨¬ ¯¥°¥¬¥-»¬ ±¤¥« ® ¯°¥®¡° §®¢ ¨¥ �³°¼¥. �¥±«®¦® ¯®-ª § ²¼, ·²® ³° ¢¥¨¿ � ª±¢¥««  ¤«¿ ¤¨¢¥°£¥¶¨¨E!ky , H!ky ±«¥¤³¾² ¨§ ³° ¢¥¨© (2.5){(2.10), ¥±«¨¯°¨¿²¼ ¢® ¢¨¬ ¨¥ (2.1).3. �¥°¥©¤¥¬ ª ®¢»¬ ¥¨§¢¥±²»¬ ´³ª¶¨¿¬ ±®-£« ±® ±«¥¤³¾¹¨¬ ´®°¬³« ¬:H� = 1k (kxHx + kyHy); H� = 1k (�kyHx + kxHy);(3:1)

E� = 1k (kxEx+kyEy); E� = 1k (�kyEx+kxEy); (3:2)£¤¥ ·¥°¥§ k ®¡®§ ·¥® ¢»° ¦¥¨¥k =qk2x + k2y: (3:3)�®±«¥ § ¬¥» ¥¨§¢¥±²»µ (3.1), (3.2) ±¨±²¥¬  (2.5){(2.10) ¯°¥¢° ¹ ¥²±¿ ¢ ±¨±²¥¬³ ¸¥±²¨ ³° ¢¥¨©, ª®-²®° ¿ ° ±¯ ¤ ¥²±¿   ¤¢¥ ¥§ ¢¨±¨¬»¥ ²°®©ª¨ ³° ¢-¥¨©. �¥°¢ ¿ ²°®©ª  ³° ¢¥¨©:�@zH� + "i!E� = e� kxk �(z);k �H� + "!Ez = 0;@zE� � ik � Ez � i!H� = 0: (3:4)�²®° ¿ ²°®©ª  ³° ¢¥¨© ®²®±¨²¥«¼® ª®¬¯®¥²H� , Hz, E� ¥ ¨¬¥¥² °¥¸¥¨© ¢ ¢¨¤¥ ¯®¢¥°µ®±²»µ¢®« ¨ ¯®²®¬³ ¤«¿  ± ¨²¥°¥±  ¥ ¯°¥¤±² ¢«¿¥².�®§¡³¦¤ ¥¬»¥ · ±²¨¶¥© ¢®«» ®¯¨±»¢ ¾²±¿ ±¨±-²¥¬®© (3.4) ¨ ¨¬¥¾² ®²«¨·»¥ ®² ³«¿ ª®¬¯®¥²»H� , E� , Ez . �±ª«¾·¨¢ Ez ¨§ ¢²®°®£® ¨ ²°¥²¼¥£® ³° ¢-¥¨© (3.4),  ©¤¥¬:H� = "i!k2 � "!2@zE�: (3:5)�®¤±² ¢¨¢  ©¤¥®¥ H� ¢ ¯¥°¢®¥ ¨§ ³° ¢¥¨© (3.4), ©¤¥¬:@2zE� � (k2 � "!2)E� = � e� kxk k2 � "!2"i! �(z): (3:6)�²® ³° ¢¥¨¥ ¢»¯®«¥® ª ª ¢³²°¨ ¯«¥ª¨, ² ª ¨¢¥ ¥¥, ¯°¨·¥¬ ¤«¿ ¯®«¿ ¢³²°¨ ¯®¤ " ±«¥¤³¥² ¯®¨-¬ ²¼ "m { ¤¨½«¥ª²°¨·¥±ª³¾ ¯°®¨¶ ¥¬®±²¼ ¬¥² «« ,  ¤«¿ ¯®«¿ ¢»¸¥ ¨ ¨¦¥ ¯«¥ª¨ { ±®®²¢¥²±²¢¥® "h¨ "b.�¢¥¤¥¬ ®¡®§ ·¥¨¿:p =pk2 � "m!2; qh =pk2 � "h!2; qb =pk2 � "b!2:(3:7)�«¿ ¯®«¥© ¢ ¯«¥ª¥ ¨ ¢¥ ¯«¥ª¨ ¯®«³·¨¬ ³° ¢¥¨¿:@2zE(m)� � p2E(m)� = � e� kxk p2"mi! �(z); (3:8)@2zE(h)� � q2hE(h)� = 0; @2zE(b)� � q2bE(b)� = 0: (3:9)4. �®±ª®«¼ª³ ¬» ¯°¥¤¯®« £ ¥¬ "m < 0, ²® ¿±®,·²® § ·¥¨¥ p (±¬. (3.7)) ¢¥¹¥±²¢¥® (¬» ¢°¥¬¥-® ¥ ° ±±¬ ²°¨¢ ¥¬ ¬ «³¾ ¬¨¬³¾ · ±²¼ p, ±¢¿§ -³¾ ± ª®¥·®© ¯°®¢®¤¨¬®±²¼¾ ¬¥² «« ). �¥«¨·¨»¦¥ qh, qb ¬®£³² ¡»²¼ ª ª ¢¥¹¥±²¢¥»¬¨, ² ª ¨ ¬¨-¬»¬¨. �®¯®±² ¢«¿¿ (2.3), (3.3) ¨ (3.7), ¬» ¢¨¤¨¬,�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 3 { 4 2010



128 �. �. �³¥¢, �.�.�¥®²®¢¨·, �. �. �¨¤±ª¨©·²® ° ±±¬ ²°¨¢ ¥¬®¥ ¿¢«¥¨¥ ±³¹¥±²¢¥® § ¢¨±¨²®² ±ª®°®±²¨ · ±²¨¶» ¨ ¤¨½«¥ª²°¨·¥±ª®© ¯°®¨¶ ¥-¬®±²¨ ®ª°³¦ ¾¹¥© ¯«¥ª³ ±°¥¤».�±² ®¢¨¬±¿ ª° ²ª®   ±«³· ¥, ª®£¤  ±ª®°®±²¼· ±²¨¶» ¯°¥¢®±µ®¤¨² ¢¥«¨·¨³ ´ §®¢®© ±ª®°®±²¨±¢¥²  ¢ ±°¥¤¥: v > c=p"h (£¤¥ c { ±ª®°®±²¼ ±¢¥-²  ¢ ¢ ª³³¬¥). �°¨ ¬ «»µ § ·¥¨¿µ ky ¢¥«¨·¨ qh ®ª ¦¥²±¿ ·¨±²® ¬¨¬®©, ±«¥¤®¢ ²¥«¼®, °¥¸¥¨¿³° ¢¥¨© (3.9) ¯°¥¤±² ¢«¿¾² ±®¡®© ®±¶¨««¨°³¾¹¨¥´³ª¶¨¨ z, ·²® ±®®²¢¥²±²¢³¥² ¨§«³·¥¨¾ ½«¥ª²°®-¬ £¨²»µ ¢®« ¢ ®ª°³¦ ¾¹¥¥ ¯«¥ª³ ¯°®±²° ±²-¢®. �²® ª« ±±¨·¥±ª¨© ±«³· © ·¥°¥ª®¢±ª®£® ¨§«³-·¥¨¿, ²¥®°¨¿ ª®²®°®£® ¯°¥¤«®¦¥  ¢ [7]. � ½²®¬±«³· ¥ ¬¨¬³¾ · ±²¼ qh ¥±²¥±²¢¥® ®¡®§ ·¨²¼ kz ,² ª ·²® qh = ikz. �§«³·¥¨¥ � ¢¨«®¢ -�¥°¥ª®¢  ±®-±°¥¤®²®·¥®   ¯®¢¥°µ®±²¨ ª®³± , ¯°¨·¥¬ ¢®«®-¢®© ¢¥ª²®° ¢®§¨ª ¾¹¨µ ¢®« ®ª §»¢ ¥²±¿ ° ¢»¬k = fkx; ky; kzg. �±²®·¨ª®¬ ¨§«³·¥¨¿ ¿¢«¿¥²±¿ ¢ ¸¥¬ ±«³· ¥ ¯®«¥   ¯®¢¥°µ®±²¨ ¯«¥ª¨, ¨¤³¶¨-°®¢ ®¥ ¤¢¨¦³¹¥©±¿ ¢³²°¨ ¬¥² ««  · ±²¨¶¥©.� °²¨  ª ·¥±²¢¥® ¬¥¿¥²±¿ ¢ ±«³· ¥, ª®£¤ ±ª®°®±²¼ · ±²¨¶» ¬¥¼¸¥ ±ª®°®±²¨ ±¢¥²  ¢ ±°¥¤¥:v < c=p"h. � ½²®¬ ±«³· ¥ ª« ±±¨·¥±ª®¥ ·¥°¥ª®¢-±ª®¥ ¨§«³·¥¨¥ ®²±³²±²¢³¥² [7]. �¥«¨·¨  qh ±² ®-¢¨²±¿ ¢¥¹¥±²¢¥®©, ·²® ±®®²¢¥²±²¢³¥² ½ª±¯®¥¶¨- «¼®¬³ § ²³µ ¨¾ ¯®«¿ ¯°¨ ³¤ «¥¨¨ ®² ¯®¢¥°µ®±-²¨ ¯«¥ª¨. �¥ª²®° �®©²¨£ , µ ° ª²¥°¨§³¾¹¨©  -¯° ¢«¥¨¥ ° ±¯°®±²° ¥¨¿ ½¥°£¨¨,  ¯° ¢«¥ ±²°®-£® ¢ ¯«®±ª®±²¨ ¯«¥ª¨. � ª¨¥ °¥¸¥¨¿ ³° ¢¥¨©¯®«¿ ¬®¦®  §»¢ ²¼ ¯®¢¥°µ®±²®© ¢®«®©, ± ¢®«-®¢»¬ ¢¥ª²®°®¬ k = fkx; ky; 0g.5. �² ª, ¢ ¤ «¼¥©¸¥¬ ¬» ¡³¤¥¬ ¯°¥¤¯®« £ ²¼v < c=p"h. �¡¹¥¥ °¥¸¥¨¥ ³° ¢¥¨¿ (3.8) ¿¢«¿¥²±¿±³¬¬®© · ±²®£® °¥¸¥¨¿ ¥®¤®°®¤®£® ³° ¢¥¨¿¨ ®¡¹¥£® °¥¸¥¨¿ ®¤®°®¤®£®. � ±²®¥ °¥¸¥¨¥  -µ®¤¨¬ ¬¥²®¤®¬ ¢ °¨ ¶¨¨ ¯°®¨§¢®«¼®© ¯®±²®¿®© ¨¤®¡ ¢«¿¥¬ ®¡¹¥¥ °¥¸¥¨¥, § ¢¨±¿¹¥¥ ®² ¤¢³µ ¯®±²®-¿»µ:E(m)� = e2� kxk p"mi! ��(z)e�pz + (1� �(z))epz�++ C1epz + C2e�pz: (5:1)�¤¥±¼ �(z) { ´³ª¶¨¿ �¥¢¨± ©¤ . �¥¸¥¨¥ ³° ¢¥-¨© (4.5) ¨ (4.6)  ©¤¥¬ ¨§ ³±«®¢¨¿ ³¡»¢ ¨¿ ¯®«¿  ¡¥±ª®¥·®±²¨:E(h)� = C3 exp(�qhz); E(b)� = C4 exp(qbz): (5:2)�¤¥±¼ C1, C2, C3, C4 { ª®±² ²», ª®²®°»¥ ¤®«¦»¡»²¼ ®¯°¥¤¥«¥» ¨§ £° ¨·»µ ³±«®¢¨©. �°¨¬¥¨¢³° ¢¥¨¥ (3.5) ª® ¢±¥¬ ²°¥¬ ±°¥¤ ¬,  ©¤¥¬ ª®¬-¯®¥²» ¯®«¥© H(m)� , H(h)� H(b)� . �° ¨·»¥ ³±«®¢¨¿

²°¥¡³¾² ¥¯°¥°»¢®±²¨ ² £¥¶¨ «¼»µ ª®¬¯®¥²H� ¨ E�   ¯®¢¥°µ®±²¿µ z = zh ¨ z = zb. �°¨° ¢¨-¢ ¿ ¨µ, ¬» ¯®«³·¨¬ ·¥²»°¥ ³° ¢¥¨¿ ®²®±¨²¥«¼®·¥²»°¥µ ¥¨§¢¥±²»µ C1, C2, c3, C4. �¥¸ ¿ ½²¨ ³° ¢-¥¨¿,  µ®¤¨¬:C1 = e2� kxk pi!"m Qb exp(�2pzb) + 1QbQh exp(2pd)� 1 ; (5:3)C2 = e2� kxk pi!"m Qh exp(�2pzh) + 1QbQh exp(2pd)� 1 ; (5:4)£¤¥ d = zh � zb { ²®«¹¨  ¯«¥ª¨,   ·¥°¥§ Qh, Qb®¡®§ ·¥» ±«¥¤³¾¹¨¥ ¢»° ¦¥¨¿:Qh = "mqh + "hp"mqh � "hp ; Qb = "mqb + "bp"mqb � "bp : (5:5)�»·¨±«¨¬ ª®¬¯®¥²» �³°¼¥ ±®±² ¢«¿¾¹¥©  ¯°¿-¦¥®±²¨ E(h)z;!ky   ¯®¢¥°µ®±²¨ ¯«¥ª¨. �±¯®«¼§³¿(5.1), (5.3), (5.4) ¨ ¢²®°®¥ ¨§ ³° ¢¥¨© (3.4), ¯®±«¥³¯°®¹¥¨©  µ®¤¨¬:E(h)z;!ky (zh) == e2� kx"h! Qb exp(�2pzb) + 1QbQh exp(2pd)� 1(Qh � 1) exp(pzh): (5:6)�¥¯¥°¼ ¬» ¬®¦¥¬ ®¯°¥¤¥«¨²¼ § ¢¨±¨¬®±²¼ ®² ¢°¥-¬¥¨ ¨ ¯°®±²° ±²¢¥»µ ª®®°¤¨ ² ±®±² ¢«¿¾¹¥©½«¥ª²°¨·¥±ª®£® ¯®«¿ Ez(x; y; z; t)   ¯®¢¥°µ®±-²¨ ¯«¥ª¨, ²® ¥±²¼ ¯°¨ z = zh. �«¿ ½²®£®  ¤®¯®¤±² ¢¨²¼ ° §«®¦¥¨¥ (2.4) ¢ (2.2) ¨ ¢»¯®«¨²¼¨²¥£°¨°®¢ ¨¥: Ez(x; y; z; t) == 1Z�1 dky 1Z�1 d! �Ez;!ky � exp�i!v x� i!t� � exp(ikyy):(5:7)6. �¨¦¥ ¯°¨¢¥¤¥» ±¯¥ª²°», ¯®±²°®¥»¥ ¯® ´®°-¬³«¥ (5.6). �  °¨±.2 ¯® £®°¨§®² «¼»¬ ®±¿¬ ®²«®-¦¥» ¢¥«¨·¨» kx, ky ¢ ®¡° ²»µ  ®¬¥²° µ. � ±-²®²  ¢®«» ±¢¿§   ± ¢®«®¢»¬ ·¨±«®¬ ±®®²®¸¥¨-¥¬ ! = kx � v. �® ¢¥°²¨ª «¼®© ®±¨ { ª®¬¯®¥-²  Ez;!ky ½«¥ª²°¨·¥±ª®£® ¯®«¿   ¯®¢¥°µ®±²¨ ¯«¥-ª¨, z = zh ¢¥ ¯«¥ª¨. �¨½«¥ª²°¨·¥±ª ¿ ¯°®¨-¶ ¥¬®±²¼ ¯«¥ª¨ ¬¥² ««  ¢»·¨±«¿¥²±¿ ¯® ´®°¬³«¥"m(!) = 1 � !2pl=!2 + 0:3i, ¯°¨·¥¬ ¯« §¬¥ ¿ · ±-²®²  ¢»¡°   ±®®²¢¥²±²¢³¾¹¥© ¤«¨¥ ¢®«» ¢ ¢ ª³-³¬¥ � = 150 ¬. �®«¹¨  ¯«¥ª¨ ¬¥² ««  ±®±² ¢«¿¥²d = 2¬. �¨½«¥ª²°¨·¥±ª ¿ ¯°®¨¶ ¥¬®±²¼ ¯°®±²° -±²¢  ¢¥ ¯«¥ª¨ "b = "h = 1. �ª®°®±²¼ · ±²¨¶» ¢»-¡°   v = 0:22 c. �²®   ®¤³ ¤¢ ¤¶ ²³¾ ¯°¥¢»¸ -¥² ±ª®°®±²¼ °¥§® ±®£® ¯®¢¥°µ®±²®£® ¯« §¬®  ¢�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 3 { 4 2010
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kx�¨±.2. �¯¥ª²° ¢®«, ¢®§¡³¦¤ ¥¬»µ · ±²¨¶¥©, ¤¢¨¦³-¹¥©±¿ ¢ ¯«¥ª¥ ¬¥² «« . � ·¥¨¿ kx, ky ¤ » ¢ ¬�1.� ° ¬¥²°» ¯«¥ª¨ ¨ ±ª®°®±²¼ · ±²¨¶» ¯®¬¥¹¥» ¢²¥ª±²¥° ±±¬ ²°¨¢ ¥¬®© ¯«¥ª¥   · ±²®²¥, ±®®²¢¥²±²¢³¾-¹¥© ¤«¨¥ ¢®«» ¢ ¢ ª³³¬¥ � = 800 ¬. �°¥¤¯®-« £ «®±¼, ·²® · ±²¨¶  ¤¢¨¦¥²±¿ ¢¤®«¼ ¯®¢¥°µ®±²¨z = zh, ²® ¥±²¼ ¢ (5.6) ¯®«®¦¥® zh = 0, zb = �d.� ¢¨±¨¬®±²¼ ®² ¯°®±²° ±²¢¥»µ ª®®°¤¨ ² x,y ±®±² ¢«¿¾¹¥©  ¯°¿¦¥®±²¨ ½«¥ª²°¨·¥±ª®£® ¯®«¿Ez(x; y; zh)   ¯®¢¥°µ®±²¨ ¯«¥ª¨ ¡»«  ®¯°¥¤¥«¥ ¯® ´®°¬³«¥ (5.7) ·¨±«¥»¬ ¨²¥£°¨°®¢ ¨¥¬. �¥-§³«¼² ²» ·¨±«¥®£® ° ±·¥²  ¯°¥¤±² ¢«¥»   °¨±.3.
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x ( m)m�¨±.3. � ¢¨±¨¬®±²¼ ®² ¯°®±²° ±²¢¥»µ ª®®°¤¨ ²ª®¬¯®¥²»  ¯°¿¦¥®±²¨ E(h)z ¢¡«¨§¨ ¯®¢¥°µ®±²¨¯«¥ª¨. � ±²¨¶  ¤¢¨¦¥²±¿ ¢¯° ¢® ¢¤®«¼ ®±¨ x, ¯°¨·¥¬¢ ¬®¬¥²  ¡«¾¤¥¨¿  µ®¤¨²±¿ ¢ ²®·ª¥ x = 0. � ° -¬¥²°» ¯«¥ª¨ ¯°¨¿²» ²¥ ¦¥, ·²® ¨ ¯°¨ ¯®±²°®¥¨¨°¨±.2�»·¨±«¥¨¿ ¯°®¢®¤¨«¨±¼ ¯°¨ ²¥µ ¦¥ § ·¥¨¿µ ¯ ° -¬¥²°®¢ ±°¥¤» ¨ ±ª®°®±²¨ · ±²¨¶». �°¨ ¢»·¨±«¥¨¨¨²¥£° «®¢ ¢ (5.7) ¡»«® ¢»¡° ® § ·¥¨¥ t = 0. � ±-

²¨¶   µ®¤¨²±¿ ¢ ¬®¬¥²  ¡«¾¤¥¨¿ ¢ ²®·ª¥ x = 0,y = 0.�» ¢¨¤¨¬ (±¬. °¨±.2), ·²® ¬ ª±¨¬³¬ ½¥°£¨¨ ¥-±¥² ¢®«  ± ¢®«®¢»¬ ¢¥ª²®°®¬, ¯ ° ««¥«¼»¬ ±ª®-°®±²¨ · ±²¨¶», ¯°¨ ½²®¬ ´ §®¢ ¿ ±ª®°®±²¼ ¥¥ ±®¢¯ -¤ ¥² ±® ±ª®°®±²¼¾ · ±²¨¶». �°®² ½²®© ¢®«» ¯¥°-¯¥¤¨ª³«¿°¥ ±ª®°®±²¨ ®±¨ x, ¢ ±¢¿§¨ ± ·¥¬   °¨±.3¢¨¤  ±¥°¨¿ ¤³£, ª®²®°»¬¨ ¨§°¥§   ¢®§¬³¹¥ ¿¯®¢¥°µ®±²¼. �§«³·¥¨¥ § ¯®«¿¥² ²°¥³£®«¼¨ª, ¿¢-«¿¾¹¨©±¿ ¤¢³¬¥°»¬   «®£®¬ ²°¥µ¬¥°®£® ª®³± ¨§ ª« ±±¨·¥±ª®£® ¿¢«¥¨¿ � ¢¨«®¢ -�¥°¥ª®¢ .7. �®¤¢¥¤¥¬ ¨²®£.�«¥ª²°®, ¤¢¨¦³¹¨©±¿ ¢ ²®ª®© ¯«¥ª¥ ¯®°®¦¤ -¥² ¯®¢¥°µ®±²»¥ ¢®«», ¯°¨·¥¬ ¬¥µ ¨§¬ ¢®§¡³¦-¤¥¨¿ ¯®¢¥°µ®±²»µ ¢®«   «®£¨·¥ ¬¥µ ¨§¬³ ·¥-°¥ª®¢±ª®£® ¨§«³·¥¨¿. �®§¨ª ¥² ¤¢³¬¥°»© ½´-´¥ª² � ¢¨«®¢ -�¥°¥ª®¢ .� ®²«¨·¨¥ ®² ½«¥ª²°®  ¢ ®¤®°®¤®© ±°¥¤¥, ° ±-±¬ ²°¨¢ ¥¬»© ½´´¥ª² ¬®£³² ¯®°®¦¤ ²¼ ½«¥ª²°®»,±ª®°®±²¼ ª®²®°»µ ¢ ¤¥±¿²ª¨ ¨ ±®²¨ ° § ¬¥¼¸¥ ±®-®²¢¥²±²¢³¾¹¥© ±ª®°®±²¨ ¢ ®¤®°®¤®© ±°¥¤¥.�®§¨ª ¾¹¥¥ ¨§«³·¥¨¥ § ¯®«¿¥² ²°¥³£®«¼¨ª,¿¢«¿¾¹¨©±¿ ¤¢³¬¥°»¬   «®£®¬ ·¥°¥ª®¢±ª®£® ª®-³± . �°¨·¥¬ ¢ ®²«¨·¨¥ ®² ª« ±±¨·¥±ª®£® ½´´¥ª-²  � ¢¨«®¢ -�¥°¥ª®¢  ¨§«³·¥¨¥ ¥ ±®±°¥¤®²®·¥®³ ¯®¢¥°µ®±²¨ ª®³± ,   § ¯®«¿¥² ¢±¥ ¯°®±²° ±²¢®¢³²°¨ ²°¥³£®«¼¨ª . �®±«¥¤¥¥ ±¢¿§ ® ±® ±«¥¤³-¾¹¥© ®±®¡¥®±²¼¾ ° ±±¬ ²°¨¢ ¥¬®£® ¢ °¨ ²  ½´-´¥ª²  � ¢¨«®¢ -�¥°¥ª®¢  { ±¨«¼®© § ¢¨±¨¬®±²¼¾®² · ±²®²» ´ §®¢®© ±ª®°®±²¨ ¯®¢¥°µ®±²»µ ¢®«,·²® ¢ ±¢®¾ ®·¥°¥¤¼ ±¢¿§ ® ± § ¢¨±¨¬®±²¼¾ ®² · ±²®-²» ¤¨½«¥ª²°¨·¥±ª®© ¯°®¨¶ ¥¬®±²¨ ¬¥² «« . � ±¨«³½²¨µ ¯°¨·¨ ¬ ª±¨¬ «¼³¾  ¬¯«¨²³¤³ ¨¬¥¥² ¢®« ± ´ §®¢®© ±ª®°®±²¼¾, ±®¢¯ ¤ ¾¹¥© ±® ±ª®°®±²¼¾ · ±-²¨¶».�°¥¤¢ °¨²¥«¼»© ¢ °¨ ² ²¥ª±²  ¤ ®£® ±®®¡¹¥-¨¿ ¨¬¥¥²±¿ ¢ [6].1. �. �. �¥°¥ª®¢, �°³¤» ���� 2, ¢»¯.4, 3 (1944).2. �. �. � ¤ ³, �.�. �¨´¸¨¶, �«¥ª²°®¤¨ ¬¨ª  ±¯«®¸-»µ ±°¥¤, �.: � ³ª , 1982.3. C. Luo, M. Ibanescu, S.G. Johnson, and J. D.Joannopoulos, Science 299, 368 (2003).4. V. S. Zuev, arXiv:0907.1145 07 July 2009; �. �. �³¥¢, �¯-²¨ª  ¨ ±¯¥ª²°®±ª®¯¨¿, °¥£. é24709 ®² 22 ¨¾«¿ 2009 £.5. �.�. �° ª, ��� 87, 189 (1965).6. V. S. Zuev, A.M. Leontovich, and V.V. Lidsky,arXiv:0911.0565v2 (06 November 2009).7. �. �. � ¬¬, �.�. �° ª, ��� ���� XIV, 107 (1937).2 �¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 3 { 4 2010


