
�¨±¼¬  ¢ ����, ²®¬ 94, ¢»¯. 7, ±. 601 { 604 c 2011 £. 10 ®ª²¿¡°¿�®¤³«¿¶¨¿ ¯«®²®±²¨ ½ª±¨²®®¢ ¢ £¨¡°¨¤®© ½«¥ª²°®-½ª±¨²®®©±¨±²¥¬¥�.�.�®¢ «¥¢+r1), �. �. � ¯«¨ª+�+�±²¨²³² ´¨§¨ª¨ ¯®«³¯°®¢®¤¨ª®¢ ¨¬. �.�.�¦ ®¢  �¨¡¨°±ª®£® ®²¤. ���, 630090 �®¢®±¨¡¨°±ª, �®±±¨¿r�®¢®±¨¡¨°±ª¨© £®±³¤ °±²¢¥»© ²¥µ¨·¥±ª¨© ³¨¢¥°±¨²¥², 630095 �®¢®±¨¡¨°±ª, �®±±¨¿��®¢®±¨¡¨°±ª¨© £®±³¤ °±²¢¥»© ³¨¢¥°±¨²¥², 630090 �®¢®±¨¡¨°±ª, �®±±¨¿�®±²³¯¨«  ¢ °¥¤ ª¶¨¾ 11  ¢£³±²  2011 £.�¥®°¥²¨·¥±ª¨ ¨§³· ¥²±¿ ¨¤³¶¨°®¢  ¿ ¬®¤³«¿¶¨¿ ¯«®²®±²¨ ½ª±¨²®®¢ ¢ ±¨±²¥¬¥, ±®±²®¿¹¥© ¨§¯°®±²° ±²¢¥® ° §¥±¥»µ ±«®¥¢ ¤¢³¬¥°®£® ½«¥ª²°®®£® £ §  ¨ ¥¯°¿¬»µ ¤¨¯®«¼»µ ½ª±¨²®®¢.� · ±²®±²¨, ¯®ª § ®, ·²® ¡« £®¤ °¿ ¢§ ¨¬®¤¥©±²¢¨¾ ± ½«¥ª²°® ¬¨, ¢¥¸¨© ¯®²¥¶¨ « ¢»§»¢ ¥²´°¨¤¥«¥¢±ª¨¥ ®±¶¨««¿¶¨¨ ¯«®²®±²¨ ½ª±¨²®®¢. �° ²ª® ®¡±³¦¤ ¾²±¿ ¢®§¬®¦»¥ ½ª±¯¥°¨¬¥²» ¯®  -¡«¾¤¥¨¾ ¯°¥¤±ª § ®£® ½´´¥ª² .�¤®© ¨§ ²¨¯¨·»µ ¯°®¡«¥¬ ´¨§¨ª¨ ¬®£®· ±-²¨·»µ ±¨±²¥¬ ¿¢«¿¥²±¿ ¢§ ¨¬®¤¥©±²¢¨¥ ´¥°¬¨-· ±²¨¶ (ª¢ §¨· ±²¨¶) ± ¡®§¥¢±ª¨¬¨. �°³£ ¯®¤®¡-»µ § ¤ · ±³¹¥±²¢¥® ° ±¸¨°¨«±¿ ± ¢®§¨ª®¢¥¨-¥¬ ¨ ° §¢¨²¨¥¬ ´¨§¨ª¨ ¨§ª®° §¬¥°»µ ±²°³ª²³°,¯°¨·¥¬ ³±¯¥µ¨ ²¥µ®«®£¨¨ ±¤¥« «¨ ¢®§¬®¦»¬ ¯°®-±²° ±²¢¥®¥ ° §¤¥«¥¨¥ ¢§ ¨¬®¤¥©±²¢³¾¹¨µ ´¥°-¬¨®®¢ ¨ ¡®§®®¢. �±²¥±²¢¥®, ½²® ¯°¨¢¥«® ª ®¢»¬¨²¥°¥±»¬ § ¤ · ¬, ®¤®© ¨§ ª®²®°»µ ±² «® ¢§ ¨-¬®¤¥©±²¢¨¥ ¤¢³¬¥°®£® ½«¥ª²°®®£® £ §  ± ¤¢³¬¥°-»¬¨ ¦¥ ½ª±¨²® ¬¨ ¢ £¥®¬¥²°¨¨ ¯ ° ««¥«¼»µ ±«®-¥¢. � ° ¡®² µ [1, 2] ¨§³· «¨±¼ ½´´¥ª²» ³¢«¥·¥¨¿¢ ² ª®© ±¨±²¥¬¥, ¢ ²®¬ ·¨±«¥ ± ³·¥²®¬ ¢®§¬®¦®©¡®§¥-½©¸²¥©®¢±ª®© ª®¤¥± ¶¨¨ (���) ½ª±¨²®®©¯®¤±¨±²¥¬». � ¥¤ ¢¥© ° ¡®²¥ [3] ° ±±¬ ²°¨¢ « ±¼±²°³ª²³° , ±®±²®¿¹ ¿ ¨§ ²°¥µ ª¢ ²®¢»µ ¿¬, ¢ ®¤®©¨§ ª®²®°»µ  µ®¤¨²±¿ ½«¥ª²°®»© £ §,   ¢ ¤¢³µ ¤°³-£¨µ { ½«¥ª²°®» ¨ ¤»°ª¨, ´®°¬¨°³¾¹¨¥ ¯°®±²° -±²¢¥® ¥¯°¿¬»¥ ½ª±¨²®», ±°¥¤¨© ¤¨¯®«¼»© ¬®-¬¥² ª®²®°»µ ¯¥°¯¥¤¨ª³«¿°¥ ±«®¿¬. �»«® ¯®ª -§ ®, ·²® ±¯¥ª²° ª®««¥ª²¨¢»µ ¢®§¡³¦¤¥¨© ² ª®©±¨±²¥¬» ±®¤¥°¦¨² °®²®»© ¬¨¨¬³¬.�  ±²®¿¹¥© ° ¡®²¥ ¬» ° ±±¬ ²°¨¢ ¥¬   «®£¨·-³¾ ±²°³ª²³°³, ±µ¥¬ ²¨·¥±ª¨ ¨§®¡° ¦¥³¾   °¨-±³ª¥. �» ¡³¤¥¬ ¨²¥°¥±®¢ ²¼±¿ ¢®¯°®±®¬ ½ª° ¨-°®¢ ¨¿ ±² ²¨·¥±ª®£® ¢®§¬³¹¥¨¿ ²¨¯  ª³«®®¢±ª®©¯°¨¬¥±¨ ¨ ª¢ ²®¢®© ¨²¨. �²®² ¢®¯°®±  ¬¨ ¨§-³· «±¿ ¢ ¥¤ ¢¥© ° ¡®²¥ [4] ¯°¨¬¥¨²¥«¼® ª ¤¢³-¬¥°®¬³ £ §³ ¥¯°¿¬»µ ½ª±¨²®®¢. �»«® ¯®ª § -®, ·²® ½ª° ¨°®¢ ¨¥ ¯°¨¬¥±¨ ¥¯°¿¬»¬¨ ½ª±¨²®- ¬¨ ¢ °¥¦¨¬¥ ��� ±³¹¥±²¢¥® ³±ª®°¿¥² ³¡»¢ -¨¥ ¯®²¥¶¨ «  ¢§ ¨¬®¤¥©±²¢¨¿ ½ª±¨²®  ± § °¿¦¥-®© ¯°¨¬¥±¼¾   ¡®«¼¸¨µ ° ±±²®¿¨¿µ. � ®²±³²-1)e-mail: vadimkovalev@isp.nsc.ru
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�µ¥¬ ²¨·¥±ª®¥ ¨§®¡° ¦¥¨¥ ¨§³· ¥¬®© ±²°³ª²³°»±²¢¨¥ ª®¤¥± ²  ¥¯°¿¬»¥ ½ª±¨²®» ½ª° ¨°³¾²±² ²¨·¥±ª®¥ ¯®«¥ ¯® ¤¨½«¥ª²°¨·¥±ª®¬³ ²¨¯³: ¢¥¸-¨© ¯®²¥¶¨ « ¤¥«¨²±¿   ¤¨½«¥ª²°¨·¥±ª³¾ ¯°®¨-¶ ¥¬®±²¼, ±®µ° ¿¿ ¨±µ®¤³¾ § ¢¨±¨¬®±²¼ ®² ª®®°-¤¨ ². �²¬¥²¨¬ ² ª¦¥, ·²® ¢®¯°®± ½ª° ¨°®¢ ¨¿¯°¨¬¥±¥© ½ª±¨²®»¬ £ §®¬ ° ±±¬ ²°¨¢ «±¿ ¢ ° ¡®-²¥ [5] (¡¥§ ³·¥²  ¢®§¬®¦®© ª®¤¥± ¶¨¨ ½ª±¨²®®¢),°¥§³«¼² ²» ª®²®°®© ±®¢¯ ¤ ¾² ±  ¸¨¬¨ ¢ ®¡« ±²¨¢»¸¥ ²®·ª¨ ª®¤¥± ¶¨¨. �±²¥±²¢¥®, ª®®°¤¨ ²-»¥ § ¢¨±¨¬®±²¨ ½ª° ¨°®¢ ®£® ¯®²¥¶¨ «  ¢ ®¡¥-¨µ ³¯®¬¿³²»µ ° ¡®² µ ¯®«³· «¨±¼ ¬®®²®»¬¨ ¨,±®®²¢¥²±²¢¥®, ®±¶¨««¿¶¨© ¯«®²®±²¨ ½ª±¨²®®¢ ¥¡»«®.�  ±²®¿¹¥© ° ¡®²¥ ¬» ¯®ª ¦¥¬, ª ª ¢«¨¿¥²  ½ª° ¨°®¢ ¨¥ ¯°¨±³²±²¢¨¥ 2D ½«¥ª²°®®£® £ § ¢¡«¨§¨ ±«®¿ ¥¯°¿¬»µ ½ª±¨²®®¢. �°®¬¥ ²®£®, ¬» ¨±-±«¥¤³¥¬ ®¢»© ½´´¥ª² { ¨¤³¶¨°®¢ »¥ ½«¥ª²°® -¬¨ ´°¨¤¥«¥¢±ª¨¥ ®±¶¨««¿¶¨¨ ½ª±¨²®®© ¯«®²®±²¨.�°¨ ½²®¬ ¬» ®£° ¨·¨¬±¿ §¤¥±¼ «¨¥©®© ²¥®°¨¥©½ª° ¨°®¢ ¨¿.5 �¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 7 { 8 2011 601



602 �.�. �®¢ «¥¢, �.�. � ¯«¨ª�¡¹¨¥ ±®®²®¸¥¨¿. � ª ¨ ¢ ° ¡®²¥ [4], ¡³-¤¥¬ ±·¨² ²¼, ·²® ¢±¥ ¤¨¯®«¨ ±²°®£® ®°¨¥²¨°®¢ »¯® ®°¬ «¨ ª ±²°³ª²³°¥ (®±¼ Z). � §³¬¥¥²±¿, ¢ ¤¥©-±²¢¨²¥«¼®±²¨ ¨¬¥¾²±¿ ¢³²°¥¨¥ ±²¥¯¥¨ ±¢®¡®¤»½ª±¨²®®¢, ².¥. ª®«¥¡ ¨¿ ½«¥ª²°®®¢ ¨ ¤»°®ª ¢ ¯«®±-ª®±²¨ ±²°³ª²³°» ¨ (¨§-§  ª®¥·»µ ¸¨°¨ ¿¬) ¢  -¯° ¢«¥¨¨ OZ. �¤ ª® ½²® ¥ ¬¥¿¥² £« ¢®© ª ·¥±²-¢¥®© ®±®¡¥®±²¨ ° ±±¬ ²°¨¢ ¥¬®© ±¨±²¥¬» {  -«¨·¨¿ ³ · ±²¨¶ ¥³«¥¢®£® ±°¥¤¥£® ¤¨¯®«¼®£® ¬®-¬¥² , ¯¥°¯¥¤¨ª³«¿°®£® ¯«®±ª®±²¨.�®²¥¶¨ « ¢§ ¨¬®¤¥©±²¢¨¿ ½ª±¨²®®¢ ¤°³£ ± ¤°³-£®¬ ¢ �³°¼¥-¯°¥¤±² ¢«¥¨¨ ¨¬¥¥² ¢¨¤gk = 4�e2k (1� e�kd): (1)�¤¥±¼ k = jkj. �» ¤«¿ ª° ²ª®±²¨ ¯¨¸¥¬ e2¢¬¥±²® e2=�, £¤¥ � { ´®®¢ ¿ ¤¨½«¥ª²°¨·¥±ª ¿¯°®¨¶ ¥¬®±²¼. �³°¼¥-®¡° § ¯®²¥¶¨ «  ½«¥ª²°®-½«¥ª²°®®£® ¢§ ¨¬®¤¥©±²¢¨¿ ¢ ±«®¥ ½«¥ª²°®®¢¨¬¥¥² ®¡»·»© ¢¨¤: �k = 2�e2=k. � ° ¬ª µ ²¥®-°¨¨ «¨¥©®£® ®²ª«¨ª  ®²ª«®¥¨¿ ª®¶¥²° ¶¨©½«¥ª²°®®¢ (nk) ¨ ½ª±¨²®®¢ (Nk) ®² ° ¢®¢¥±»µ§ ·¥¨© ±¢¿§ » ± ¢®§¬³¹¥¨¥¬ ¯®±°¥¤±²¢®¬±®®²®¸¥¨© nk = Uek�ek;Nk = Uexk �exk ; (2)£¤¥ Uek { ¯®«»© ¯®²¥¶¨ « ¢®§¬³¹¥¨¿, ¤¥©±²¢³¾-¹¨©   ½«¥ª²°®», Uexk { ²® ¦¥ ± ¬®¥ ¤«¿ ½ª±¨²®®¢.�®«¿°¨§ ¶¨®»¥ ®¯¥° ²®°» ¢ ¯°¨¡«¨¦¥¨¨ ±«³· ©-»µ ´ § ¨¬¥¾² ¢¨¤ (� = e; ex; ~ = 1)��k =Xq f�q � f�q+kE�q �E�q+k � i� ; (3)Eeq = q22m; Eexq = q22M ;£¤¥ m { ¬ ±±  ½«¥ª²°® , M { ¬ ±±  ½ª±¨²® , f�q {´³ª¶¨¨ ° ±¯°¥¤¥«¥¨¿ ±®®²¢¥²±²¢³¾¹¨µ · ±²¨¶.�®«»© ¯®²¥¶¨ «, ¤¥©±²¢³¾¹¨©   ½«¥ª²°®» ¨½ª±¨²®»: Uek = V ek + �knk + LkNk;Uexk = V exk + gkNk + Lknk; (4)£¤¥ V ek = 2�eQk e�kjb�z0j (5)¥±²¼ ¯®²¥¶¨ « ¢ ±«®¥ ½«¥ª²°®®¢ z = b (±¬. °¨±³-®ª), ±®§¤ »© ¯°¨¬¥±¼¾ ± § °¿¤®¬ Q,  µ®¤¿¹¥©±¿¢ ²®·ª¥ (0; 0; z0),  V exk = 2�eQk �e�kjz0�dj � e�kjz0j� (6)

®¯°¥¤¥«¿¥² ¯®²¥¶¨ « ¢§ ¨¬®¤¥©±²¢¨¿ ½ª±¨²®®¢ ±²®© ¦¥ ¯°¨¬¥±¼¾. � ¢»° ¦¥¨¿µ (4) ¢²®°»¥ ±« -£ ¥¬»¥ { ¨¤³¶¨°®¢  ¿ · ±²¼ ¯®«®£® ¯®²¥¶¨ -« , ±®§¤ ®£® \±¢®¨¬¨" · ±²¨¶ ¬¨ ¢ \±¢®¥¬" ±«®¥,  ²°¥²¼¨ { ¨¤³¶¨°®¢ »© ¯®²¥¶¨ «, ±®§¤ »©½«¥ª²°® ¬¨ ¢ ±«®¥ ½ª±¨²®®¢, ¨  ®¡®°®². �®-¦¨²¥«¼ Lk ¯°¥¤±² ¢«¿¥² ±®¡®© ¯®²¥¶¨ « ½«¥ª²°®-½ª±¨²®®£® ¢§ ¨¬®¤¥©±²¢¨¿:Lk = 2�e2k e�kb �ekd � 1� : (7)�®¢¬¥±²®¥ °¥¸¥¨¥ ±¨±²¥¬» ³° ¢¥¨© (2) ¨ (4)¯®§¢®«¿¥² ¢»° §¨²¼ nk; Nk ·¥°¥§ V ek ; V exk :nk = �ek V ek (1� gk�exk ) + V exk Lk�exk(1� �k�ek)(1� gk�exk )� L2k�ek�exk ;Nk = �exk V exk (1� �k�ek) + V ek Lk�ek(1� �k�ek)(1� gk�exk )� L2k�ek�exk : (8)�®«¿°¨§ ¶¨®»© ®¯¥° ²®° ½«¥ª²°®®¢ ¢ (8) ¨¬¥¥²¢¨¤ [6]:�ek = �m� "1� ��1� 4p20k2 �r1� 4p20k2 # : (9)�¤¥±¼ �(x) { ´³ª¶¨¿ �¥¢¨± ©¤ , p0 { ¨¬¯³«¼± �¥°¬¨½«¥ª²°®®£® £ § . �¨¤ ¯®«¿°¨§ ¶¨®®£® ®¯¥° ²®° ½ª±¨²®®¢ § ¢¨±¨² ®² ²®£®,  µ®¤¨²±¿ «¨ ½ª±¨²®»©£ § ¢ °¥¦¨¬¥ ��� ¨«¨ ¥², ·²® ®¯°¥¤¥«¿¥²±¿ ²¥¬¯¥-° ²³°®© ½ª±¨²®®£® £ §  T . � ±±¬®²°¨¬ ®²¤¥«¼®®¡« ±²¨ T > Tc ¨ T < Tc, ¯°¥¤¯®« £ ¿ ¢»¯®«¥¨¥¥° ¢¥±²¢ T; Tc � p20=M , £¤¥ Tc { ²¥¬¯¥° ²³°  ª®-¤¥± ¶¨¨.�«®²®±²¼ ½ª±¨²®®¢ ¢ ®²±³²±²¢¨¥ ª®¤¥-± ²  (T > Tc). � ±±¬®²°¨¬ ¯®¢¥¤¥¨¥ ½ª±¨²®®©¯«®²®±²¨ ª ª ´³ª¶¨¨ ª®®°¤¨ ²:N(�) = 12� Z 10 Nk J0(k�)kdk; (10)£¤¥ Nk ®¯°¥¤¥«¿¥²±¿ ¢»° ¦¥¨¥¬ (8). �±¨¬¯²®²¨ª N(�) ¯°¨ � ! 1 ±®¤¥°¦¨² ª ª ¬®®²®³¾ · ±²¼,² ª ¨ ®±¶¨««¿¶¨¨, ®¡³±«®¢«¥»¥  «¨·¨¥¬ �ek ¢ (8).� ±±¬®²°¨¬ ¬®®²®³¾ · ±²¼. �« ¢»© ¢ª« ¤ ¢¥¥   ¡®«¼¸¨µ ° ±±²®¿¨¿µ ¤ ¾² ¬ «»¥ § ·¥¨¿ k.�¬¥¥¬ �ex0 = �M2� �e2�N0=MT � 1� ;�e0 = �m� : (11)�»·¨±«¿¿ ¨²¥£° « ¢ (10), ¯°¨ �� jz0j; b; d ¯®«³· ¥¬N(�) = Qk04�e�3 ��+ (1 + k0d)�ks(1 + k0d)2 � ; (12)� = (jz0 � dj+ d� jz0j)(1 + k0d� k0ksd2);� = ksd(jb� z0j+ b� d=2) + jz0j �� jz0 � dj+ ks([z0 � d]2 � z20)=2:�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 7 { 8 2011



�®¤³«¿¶¨¿ ¯«®²®±²¨ ½ª±¨²®®¢ ¢ £¨¡°¨¤®© ½«¥ª²°®-½ª±¨²®®© ±¨±²¥¬¥ 603�¤¥±¼ ks = 2me2; k0 = 2Me2[exp(2�N0=MT )�1],N0 {° ¢®¢¥± ¿ ª®¶¥²° ¶¨¿ ½ª±¨²®®¢.�¥°¥©¤¥¬ ²¥¯¥°¼ ª ´°¨¤¥«¥¢±ª¨¬ ®±¶¨««¿¶¨¿¬¯«®²®±²¨ ½ª±¨²®®¢, ª®²®°»¥ ¢®§¨ª ¾² ¢±«¥¤±²¢¨¥ «¨·¨¿ ¯®«¿°¨§ ¶¨®®£® ®¯¥° ²®°  ½«¥ª²°®®¢ �ek¢ ¢»° ¦¥¨¨ (8). �±®¡¥®±²¼ �ek ¨¬¥¥² ª®°¥¢®© µ -° ª²¥° ¯°¨ k = 2p0, ª ª ½²® ¢¨¤® ¨§ (9). �¡«¨§¨ ½²®©®±®¡¥®±²¨ ° ¤¨ª « ¬ «. �®½²®¬³ ¬®¦® ° §«®¦¨²¼¯®¤»²¥£° «¼®¥ ¢»° ¦¥¨¥ ¢ (10) ¯® ¬ «®¬³ ¯ ° -¬¥²°³ k = �(1 � 4p20=k2)p1� 4p20=k2,   ª®½´´¨¶¨-¥² ¯°¨ k ¢»¥±²¨ ¨§-¯®¤ § ª  ¨²¥£° « , ¢§¿¢ ¥£®¢ ²®·ª¥ k = 2p0. �¤¥°¦¨¢ ¿ ¯¥°¢»© ¥¨±·¥§ ¾¹¨©¢ª« ¤ ¯® k ¨ ¢»·¨±«¿¿ ¨²¥£° «, ¤«¿ ®±¶¨««¨°³¾-¹¥© ¯®¯° ¢ª¨ ~N(�) ª ¯«®²®±²¨ ½ª±¨²®®¢ ¯®«³· ¥¬~N(�) = � A2�p2 sin(2p0�)�2 : (13)�¬¯«¨²³¤  ®±¶¨««¿¶¨© ¢ (13)A = �Lk�ek �exk �V ek (1� gk�exk ) + LkV exk �exk�2k � ;�k = (1� gk�exk )(1� �k�ek)� L2k�exk �e0; k = 2p0: (14)�§ ½²®£® ¢»° ¦¥¨¿ ¢¨¤®, ·²® ®±¶¨««¿¶¨¨ ½ª±¨²®-®© ¯«®²®±²¨ ¨¬¥¾²  ¢¥¤¥»© µ ° ª²¥°: ¢ ®²±³²-±²¢¨¥ ±¢¿§¨ ¬¥¦¤³ ½«¥ª²°® ¬¨ ¨ ½ª±¨²® ¬¨, ².¥.¯°¨ Lk = 0,  ¬¯«¨²³¤  ®±¶¨««¿¶¨© ®¡° ¹ ¥²±¿ ¢³«¼. �°¨ k = 2p0 ½«¥ª²°®»© ¯®«¿°¨§ ¶¨®»©®¯¥° ²®° ±®¢¯ ¤ ¥² ± �e0,   ¤«¿ ¢¥«¨·¨» �ex2p0 , ¨-²¥£°¨°³¿ ¢ (3) ¯® ³£«³, ¯®«³· ¥¬�ex2p0=� M2�p0 Z p00 pdppp20 � p2 1exp� p22MT � �T �� 1 : (15)�¤¥±¼ � < 0 { µ¨¬¨·¥±ª¨© ¯®²¥¶¨ « ½ª±¨²®®¢.�³ª¶¨¿ ° ±¯°¥¤¥«¥¨¿ ½ª±¨²®®¢ ¢ ½²®¬ ¢»° ¦¥-¨¨ ¡»±²°® ³¡»¢ ¥² ¯°¨ p > pMT . �®±ª®«¼-ª³ ¬» ±·¨² ¥¬, ·²® p0 � pMT , ¬®¦® ¯°¥¥¡-°¥·¼ p ¯®¤ § ª®¬ ° ¤¨ª « . �®±«¥ ½²®£® ¨²¥£-° « «¥£ª® ¢»·¨±«¿¥²±¿. �»° ¦ ¿ µ¨¬¨·¥±ª¨© ¯®-²¥¶¨ « ½ª±¨²®®¢ ·¥°¥§ ¨µ ° ¢®¢¥±³¾ ª®¶¥²-° ¶¨¾, 1 � exp(�=T ) = exp(�2�N0=MT ), ¯®«³· ¥¬�exk=2p0 = �MN0=2�n0, £¤¥ n0 { ° ¢®¢¥± ¿ ª®¶¥²-° ¶¨¿ ½«¥ª²°®®¢. �  ¨¡®«¥¥ ²¨¯¨·®© ½ª±¯¥°¨¬¥-² «¼®© ±¨²³ ¶¨¨, ª®£¤  N0 � n0, ¤«¿  ¬¯«¨²³¤»®±¶¨««¿¶¨© ¯®«³· ¥¬ ®¶¥ª³A � �Qe mMe4p20 N0n0 e�2p0(b+jb�z0j) �e2p0d � 1� :�·¥² ª®¤¥± ²  ½ª±¨²®®¢ (Tc > T ). �²ª«¨ªª®¤¥± ²    ¢¥¸¥¥ ¢®§¬³¹¥¨¥ ¬®¦¥² ¡»²¼  ©-¤¥ ¨§ ³° ¢¥¨¿ �°®±± {�¨² ¥¢±ª®£®. � ª ¡»«® ¯®-ª § ® ¢  ¸¥© ° ¡®²¥ [4] (±¬. ² ª¦¥ [7]), ²®² ¦¥°¥§³«¼² ² ¬®¦® ¯®«³·¨²¼, ¨±¯®«¼§³¿ ¢ (3) ´³ª-¶¨¾ ° ±¯°¥¤¥«¥¨¿ fexp = nc�p;0 +Np, £¤¥ nc { ·¨±«®

· ±²¨¶ ¢ ª®¤¥± ²¥,   Np { ´³ª¶¨¿ ° ±¯°¥¤¥«¥¨¿ ¤ª®¤¥± ²»µ · ±²¨¶. �»° ¦¥¨¿ (8), (10), (13)¨ (14) ®±² ¾²±¿ ¢¥°»¬¨ ¨ ¢ ½²®¬ ±«³· ¥ ± ²®© «¨¸¼° §¨¶¥©, ·²® ¯®«¿°¨§ ¶¨®»© ®¯¥° ²®° ½ª±¨²®®¢¯°¨  «¨·¨¨ ª®¤¥± ²  ±«¥¤³¥² ¢»·¨±«¨²¼ § ®¢®.� «¥¥ ¡³¤¥¬ ° ±±¬ ²°¨¢ ²¼ ±«³· © ³«¥¢®© ²¥¬¯¥° -²³°». �®£¤  ° ±¯°¥¤¥«¥¨¥  ¤ª®¤¥± ²»µ · ±²¨¶¨¬¥¥² ¢¨¤ (±¬. [8])Np = M2s4p2�(p)[�(p) + p2=2M +Ms2p] ; (16)�(p) =qs2pp2 + (p2=2M)2:�¤¥±¼ sp = p4�e2nc[1� exp(�pd)]=Mp { ±ª®°®±²¼§¢³ª  ¢ ¡®§¥-£ §¥ ± ¢§ ¨¬®¤¥©±²¢¨¥¬. �¡¹¥¥ ¢»° -¦¥¨¥ (3) ¤«¿ �exk ¬®¦® ¯°¥®¡° §®¢ ²¼ ±«¥¤³¾¹¨¬®¡° §®¬:�exk = �Xq fexq k2=M(k2=2M)2 � (qk=M + i�)2 : (17)�¨¤®, ·²® ¥±«¨ ¨¬¯³«¼± k ¬®£® ¡®«¼¸¥ µ ° ª²¥°®-£® ¨¬¯³«¼±  ´³ª¶¨¨ ° ±¯°¥¤¥«¥¨¿, ²® ¢ § ¬¥ ²¥-«¥ (17) ¬®¦® ¯°¥¥¡°¥·¼ ¢²®°»¬ ±« £ ¥¬»¬ ¨ ®²¢¥²¡³¤¥² ¢»° ¦ ²¼±¿ ·¥°¥§ ¯®«®¥ ·¨±«® · ±²¨¶, �exk == �4MN0=k2. �°¨ k = 2p0 ½²® ±®¢¯ ¤ ¥² ±  ©¤¥-»¬ ° ¥¥ § ·¥¨¥¬ �ex2p0 ¢ ®²±³²±²¢¨¥ ª®¤¥± ² .� ª¨¬ ®¡° §®¬, ¢ ®¡« ±²¨ ¢»±®ª¨µ ¯«®²®±²¥© ½«¥ª-²°®®£® £ § , ª®£¤  p0 � pMT; p0 � Ms2p0 ,  ¬-¯«¨²³¤  ´°¨¤¥«¥¢±ª¨µ ®±¶¨««¿¶¨© ½ª±¨²®®© ¯«®²-®±²¨ ¥ ¬¥¿¥²±¿ ¯°¨ ¢®§¨ª®¢¥¨¨ ���. �®±«¥¤-¥¥ ¥° ¢¥±²¢® ¯®±«¥ ¯®¤±² ®¢ª¨ § ·¥¨¿ s2p0 ¤ -¥² ³±«®¢¨¥ n0 � ncMe2=p0.� ®²«¨·¨¥ ®² ´°¨¤¥«¥¢±ª¨µ ®±¶¨««¿¶¨©, ª®¤¥-± ¶¨¿ ½ª±¨²®®¢ ¬¥¿¥² ª®½´´¨¶¨¥² ¢ ¯®¢¥¤¥¨¨¬®®²®®© · ±²¨ ¯«®²®±²¨ ½ª±¨²®®¢. �±¯®«¼§³¿´³ª¶¨¾ ° ±¯°¥¤¥«¥¨¿ ½ª±¨²®®¢ fexp = nc�p;0+Np,¨§ ®¡¹¥£® ¢»° ¦¥¨¿ (3) ¯®«³· ¥¬�exk = �4Mnck2 � 2M�k Z k=20 pdpNppk2 � 4p2 ; (18)£¤¥ ¯¥°¢®¥ ±« £ ¥¬®¥ { ¢ª« ¤ ª®¤¥± ² , ¢²®°®¥ { ¤ª®¤¥± ²»µ · ±²¨¶. � ª ³¦¥ ³¯®¬¨ «®±¼ ¢»-¸¥, ¯®¢¥¤¥¨¥ ¬®®²®®© · ±²¨   ¡®«¼¸¨µ ° ±±²®-¿¨¿µ ®¯°¥¤¥«¿¥²±¿ ¬ «»¬¨ k � pMT < Ms ¢ (18).�¤¥±¼ s = sk=0. �°¨ ¬ «»µ k ¢ ¨²¥£° «¥ (18) ±³-¹¥±²¢¥» ¬ «»¥ p, £¤¥ Np �Ms=2p. �»·¨±«¿¿ ¨-²¥£° « ¢ (18) ± ² ª¨¬ ° ±¯°¥¤¥«¥¨¥¬, ¯®«³· ¥¬�exk � �4Mnck2 � M2s4k : (19)�±¯®«¼§³¿ ½²® ¢»° ¦¥¨¥,   ² ª¦¥ �e0 ¨§ (11),  ¡®«¼¸¨µ ° ±±²®¿¨¿µ � � jz0j; b; d ¤«¿ ¬®®²®-�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 7 { 8 2011 5�



604 �.�. �®¢ «¥¢, �.�. � ¯«¨ª®© · ±²¨ ¯«®²®±²¨ ½ª±¨²®®¢ ¯®«³· ¥¬ (k31 =16�e2Mnc; k22 = �e2M2s)N(�) = � Q4�e�3 (�1k22 + �1k31); (20)�1 = �d+ jz0j � jz0 � djk31d ;�1 = 1k31ks + 1k61 [k31(b� 3d=2 ++ jb� z0j+ jz0j � jz0 � dj) + k22 ] ++ 1k61 �k22(jz0 � dj � jz0j)d + k31 (z0 � d)2 � z202d � :�±¶¨««¿¶¨¨ �°¨¤¥«¿ ®² ¯°¨¬¥±¨, ° ±±¬®²°¥»¥¢»¸¥, ±«®¦®  ¡«¾¤ ²¼ ½ª±¯¥°¨¬¥² «¼®. �±-®¢»¬ ±¯®±®¡®¬ ¤¥²¥ª²¨°®¢ ¨¿ ½ª±¨²®®¢ ¢  -®±²°³ª²³° µ ¿¢«¿¾²±¿ ®¯²¨·¥±ª¨¥ ½ª±¯¥°¨¬¥²».� · ±²®±²¨, ° ±²¥ª ¨¥ ¢®§¬³¹¥¨¿ ½ª±¨²®®©¯«®²®±²¨ ¬®¦®  ¡«¾¤ ²¼, ¨§¬¥°¿¿ ° ±¯°¥¤¥«¥-¨¥ ¨²¥±¨¢®±²¨ «¾¬¨¥±¶¥¶¨¨ ¯® ¯«®¹ ¤¨ ®¡-° §¶ . �®¦® ¯°¥¤¯®«®¦¨²¼, ·²®   «®£¨·»¬ ®¡-° §®¬ ¬®¦®  ¡«¾¤ ²¼ ¨ ±² ²¨·¥±ª³¾ ¬®¤³«¿¶¨¾¯«®²®±²¨ ½ª±¨²®®¢. �®±«¥¤¾¾ ¬®¦® ±®§¤ ²¼, ¯®-¤ ¢ ¿  ¯°¿¦¥¨¥   § ²¢®°, ° ±¯®«®¦¥»©  ¤ ±«®-¥¬ ½«¥ª²°®®¢. �» ®¡±³¤¨¬ §¤¥±¼ ¢®§¬®¦»© ¢ °¨- ² ½ª±¯¥°¨¬¥² «¼®© ±²°³ª²³°».�³±²¼ ¬¥² ««¨·¥±ª¨© § ²¢®° ¢ ¢¨¤¥ ²®ª®© ¨²¨° ±¯®«®¦¥ ¢  ¯° ¢«¥¨¨ ®±¨ Y ¢ ²®·ª¥ (0; z0) (±·¨-² ¥¬ z0 > b) ¢ ¯«®±ª®±²¨ XZ ± «¨¥©®© ¯«®²®±²¼¾§ °¿¤  � . �®§¤ ¢ ¥¬»© ¨²¼¾ ¯®²¥¶¨ « ¥ § ¢¨±¨²®² ª®®°¤¨ ²» Y . �³°¼¥-®¡° §» ¯®²¥¶¨ «®¢, ±®§¤ -¢ ¥¬»µ ¢ ±«®¥ ½«¥ª²°®®¢ ¨ ½ª±¨²®®¢, ¨¬¥¾² ¢¨¤V ek = 2�e�~"jkxj e�jkxj(z0�b); (21)V exk = 2�e�~"jkxj e�jkxjz0 �ejkxjd � 1� ;£¤¥ ~" = ("+1)=2, ².ª. § °¿¦¥ ¿ ¨²¼ «¥¦¨²   ¯®«³-¯°®±²° ±²¢¥ ± ¤¨½«¥ª²°¨·¥±ª®© ¯°®¨¶ ¥¬®±²¼¾ ".�±¥ ¢»¸¥¯°¨¢¥¤¥»¥ ¢»° ¦¥¨¿ ®±² ¾²±¿ ¢ ±¨«¥,²®«¼ª® ¢¬¥±²® (10) ²¥¯¥°¼ ¨¬¥¥¬N(x) = Z Nk�(ky)eikr dk(2�)2 ; (22)£¤¥ k =qk2x + k2y. �±¶¨««¨°³¾¹ ¿ · ±²¼ ~N(x) ½ª±¨-²®®© ¯«®²®±²¨ ¡³¤¥² ¨¬¥²¼ ¢¨¤~N(x) = � A2p�p0 sin(2p0x+ �=4)x3=2 (23)± ²¥¬ ¦¥ A, ·²® ¨ ¢ (14), ¨ ± § ¬¥®© V ek ; V exk  ¢»° ¦¥¨¿ (21). �±¥ ³²¢¥°¦¤¥¨¿, ±¤¥« »¥ ®²®-±¨²¥«¼® ¯®¢¥¤¥¨¿ A ¯°¨ T > Tc ¨ T < Tc, ®±² ¾²±¿

¢ ±¨«¥. � ¯°¥¤¥«¥ N0 � n0 ¤«¿ A ¯®«³· ¥¬ ®¶¥ª³A � ��e mMe4p20 N0n0 e�2p0(b+jb�z0j) �e2p0d � 1� :�°¨ N0 = 1010 ±¬�2, n0 = 1011 ±¬�2, �=e = 108 ±¬�1,  ² ª¦¥ ± ¨±¯®«¼§®¢ ¨¥¬ ½´´¥ª²¨¢»µ ¬ ±± · ±²¨¶GaAs ¤«¿ ¯°¥¤½ª±¯®¥¶¨ «¼®£® ¬®¦¨²¥«¿ ¢ A ¯®-«³· ¥¬ § ·¥¨¥ 107 ±¬�1. �°¨ ½²®¬ ª®½´´¨¶¨¥²¯¥°¥¤ ±¨³±®¬ ¢ (23) ¯°¨ x = 10�4 ±¬ ±² ®¢¨²±¿ ¯®-°¿¤ª  108 ±¬�2.�«¿ ¬®®²®®© · ±²¨ ¯°¨ T > Tc ¯®«³· ¥¬ (®¡®-§ ·¥¨¿ ±¬. (12))N(x) = � M�2�emx2 �� �exp�2�N0MT �� 1� ��+ (1 + k0d)�(1 + k0d)2 � : (24)�«¿ T < Tc N(x) = ��(�1k22 + �1k31)2�ex2 : (25)�«¿ GaAs-±²°³ª²³° ¯°¨ d = 100A, b = 250A, z0 == 300A, �=e = 108 ±¬�1, x = 10�4 ±¬ ®¶¥ª  ¯® ´®°-¬³«¥ (24) ¤ ¥² N(x) � 2 � 108 ±¬�2, ²®£¤  ª ª µ -° ª²¥°»¥ ½ª±¯¥°¨¬¥² «¼»¥ § ·¥¨¿ ° ¢®¢¥±®©½ª±¨²®®© ¯«®²®±²¨ ±®±² ¢«¿¾² ¢¥«¨·¨³ ®² 109 ¤®1011 ±¬�2 [9, 10].� ¡®²  ¯®¤¤¥°¦   ���� (£° ² #11-02-00060),´®¤®¬ \�¨ ±²¨¿" ¨ ¯°®£° ¬¬ ¬¨ ���.1. �. �. �®§®¢¨ª, �. �. �¨ª¨²ª®¢, ���� 111, 1107(1997).2. �. �. �®§®¢¨ª, �. �. �¨ª¨²ª®¢, ���� 116, 1440(1999).3. I. V. Shelykh, T. Taylor, and A. Kavokin, Phys. Rev.Lett. 105, 140402 (2010).4. �.�. �®¢ «¥¢, �. �. � ¯«¨ª, �¨±¼¬  ¢ ���� 92, 208(2010).5. A. L. Ivanov, Europhys. Lett. 59, 586 (2002).6. F. Stern, Phys. Rev. Lett. 18, 546 (1967).7. A. Gri�n, Excitations in a Bose-condensed liquid,Cambridge Univ. Press, 1993.8. �.�. �¨´¸¨¶, �. �. �¨² ¥¢±ª¨©, �² ²¨±²¨·¥±ª ¿ ´¨-§¨ª , · ±²¼ 2., �.: � ³ª , 1978, x 25.9. A.A. High, A.K. Thomas, G. Grosso et al., Phys. Rev.Lett. 103, 087403 (2009).10. �. �. �®°¡³®¢, �. �. �¨¬®´¥¥¢, �¨±¼¬  ¢ ���� 80,210 (2004); �. �. �®°¡³®¢, �. �. �¨¬®´¥¥¢, �¨±¼¬  ¢���� 83, 178 (2006); �. �. �®°¡³®¢, �. �. �¨¬®´¥-¥¢, �¨±¼¬  ¢ ���� 84, 390 (2006); �. �. �®°¡³®¢,�. �. �¨¬®´¥¥¢, �¨±¼¬  ¢ ���� 87, 797 (2008).�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 7 { 8 2011


