
�¨±¼¬  ¢ ����, ²®¬ 91, ¢»¯. 11, ±. 626 { 633 c 2010 £. 10 ¨¾¿�»«¥ ª³±²¨·¥±ª¨¥ ¢®«» ¢ ¥° ¢®¢¥±®© ¯»«¥¢®© ¯« §¬¥�.�.�¨«¨¯¯®¢1), �. �. �² °®±²¨, �.�.�ª ·¥ª®+, �. �.�®°²®¢�, �. � ©¥±²¥°r2), �.�®¤¥� 2)��� �� �°®¨¶ª¨© ¨±²¨²³² ¨®¢ ¶¨®»µ ¨ ²¥°¬®¿¤¥°»µ ¨±±«¥¤®¢ ¨©, 142190 �°®¨¶ª, �®±ª®¢±ª ¿ ®¡«., �®±±¨¿+Instituto de Matem�atica Pura y Aplicada, Universidad Polit�ecnica de Valencia, 46022 Valencia, Spain��¡º¥¤¨¥»© ¨±²¨²³² ¢»±®ª¨µ ²¥¬¯¥° ²³° ���, 127412 �®±ª¢ , �®±±¨¿rSchool of Mathematics and Physics, Queen's University, BT7 1NN Belfast, UK�Universidad Politecnica de Madrid, 28040 Madrid, Spain�®±²³¯¨«  ¢ °¥¤ ª¶¨¾ 30 ®¿¡°¿ 2009 £.�®±«¥ ¯¥°¥° ¡®²ª¨ 12  ¯°¥«¿ 2010 £.�  ®±®¢¥ ¬¥²®¤  ¬®¬¥²®¢, ¯°¨¬¥¨¬®£® ¯°¨ «¾¡»µ § ·¥¨¿µ ¯ ° ¬¥²°  ¥¨¤¥ «¼®±²¨ ¯»«¥¢®©¯« §¬», ¨   ®±®¢¥ £¨¤°®¤¨ ¬¨·¥±ª®£® ¯®¤µ®¤ , ±¯° ¢¥¤«¨¢®£® ²®«¼ª® ¯°¨ ¬ «»µ ¯ ° ¬¥²° µ ¥¨¤¥- «¼®±²¨, ¯°®¢¥¤¥® ®¡®¡¹¥¨¥ ²¥®°¨¨ ¢®« ¨ ª®«¥¡ ¨© ª®¬¯«¥ª±®© ¯« §¬»   ±«³· © ¤¢³µ½ª±¯®¥-¶¨ «¼®£® ¯®²¥¶¨ «  ¢§ ¨¬®¤¥©±²¢¨¿. �®ª § ®, ·²® ¯°¨ ¬ «»µ ¯ ° ¬¥²° µ ¥¨¤¥ «¼®±²¨ £¨¤°®¤¨ -¬¨·¥±ª¨© ¯®¤µ®¤ ¨ ¯®¤µ®¤   ®±®¢¥ ¬¥²®¤  ¬®¬¥²®¢ ¯°¨¢®¤¿² ª ®¤®¬³ ¨ ²®¬³ ¦¥ ¤¨±¯¥°±¨®®¬³±®®²®¸¥¨¾. �®ª § ®, ·²® ±ª®°®±²¼ ¯»«¥ ª³±²¨·¥±ª¨µ ¢®« ¢ ¤«¨®¢®«®¢®© ®¡« ±²¨ ®¯°¥¤¥«¿¥²±¿¬ «®© ¯®±²®¿®© ½ª° ¨°®¢ ¨¿,   ¢ ª®°®²ª®¢®«®¢®© { ¡®«¼¸¥© ¯®±²®¿®©. �®ª § ®, ·²® ¢ ¥° ¢®-¢¥±®© ¯« §¬¥ ±ª®°®±²¼ ¯»«¥ ª³±²¨·¥±ª¨µ ¢®« ®ª §»¢ ¥²±¿ § ·¨²¥«¼® ¢»¸¥ ²®©, ·²® ¯®«³· ¥²±¿ ¯°¨¨±¯®«¼§®¢ ¨¨ ¤¥¡ ¥¢±ª®© ²¥®°¨¨ ½ª° ¨°®¢ ¨¿ ¤«¿ ° ¢®¢¥±®© ¯« §¬». � ª¦¥   ®±®¢¥ £¨¤°®¤¨ -¬¨·¥±ª®£® ¯®¤µ®¤  ¯®ª §   ¢ ¦®±²¼ ¢ª«¾·¥¨¿ ± ¬®±®£« ±®¢ ®£® ¢«¨¿¨¿ ¯»«¥¢®©, ½«¥ª²°®®© ¨¨®®© ª®¬¯®¥² ¤°³£   ¤°³£ , ³·¥²  ±²®ª®¢ ½«¥ª²°®®¢ ¨ ¨®®¢   ¯»«¥¢»¥ · ±²¨¶», ¯°¨¢®¤¿¹¨µ ª§ ¬¥²®¬³ ¨§¬¥¥¨¾ ¯ ° ¬¥²°®¢ ¯®²¥¶¨ «  ¢§ ¨¬®¤¥©±²¢¨¿ ¯»«¥¢»µ · ±²¨¶.1. �¢¥¤¥¨¥. �»«¥¢ ¿ ¯« §¬  ¸¨°®ª® ° ±¯°®-±²° ¥  ¢ ¯°¨°®¤¥ ¨ ¢ ²¥µ®«®£¨·¥±ª¨µ ¯« §¬¥-»µ ³±² ®¢ª µ. �«¿ ¥¥ ¤¨ £®±²¨ª¨ ±¥£®¤¿ · ±²®¨±¯®«¼§³¾²±¿ ¬¥²®¤», ®±®¢ »¥   ¨±±«¥¤®¢ ¨-¿µ °¥ ª¶¨¨ ¯»«¥¢®© ª®¬¯®¥²»   ¢¥¸¨¥ ¯¥°¨®-¤¨·¥±ª¨¥ ¢®§¤¥©±²¢¨¿. �²¨ ¨±±«¥¤®¢ ¨¿ ¯®§¢®«¿-¾² ®¯°¥¤¥«¨²¼ ¯®²¥¶¨ « ¢§ ¨¬®¤¥©±²¢¨¿ § °¿¦¥-»µ ¯»«¥¢»µ · ±²¨¶ ¢ ¯« §¬¥. �®«¥¡ ¨¿ ¯»«¥¢®©¯« §¬» ¢ · «¥ ° ±±¬ ²°¨¢ «¨±¼   ®±®¢¥ £¨¤°®¤¨- ¬¨·¥±ª®£® (��) ¯®¤µ®¤  [1], ¨ ¡»«¨ ¯®«³·¥» ¤¨±-¯¥°±¨®»¥ ±®®²®¸¥¨¿ ¤«¿ ¯»«¥ ª³±²¨·¥±ª¨µ ¢®«(���). � ²¥¬ ¡»«  ±®§¤   ²¥®°¨¿ ¯»«¥°¥¸¥²®·»µ¢®« (���) [2]   ®±®¢¥ ° ±±¬®²°¥¨¿ ³¯®°¿¤®·¥-»µ ¢ ª°¨±² ««¨·¥±ª³¾ °¥¸¥²ª³ ¯»«¥¢»µ · ±²¨¶.� «¥¥ ®¡  ¯®¤µ®¤  ¨²¥±¨¢® ° §¢¨¢ «¨±¼ ¨ ³²®·¿-«¨±¼ (¯®¤°®¡¥¥ ±¬. ®¡§®° [3]), ® ¯°¨ ½²®¬ § °¿¤ª ¯»«¥¢»µ · ±²¨¶ ¥¨§¬¥® ° ±±¬ ²°¨¢ « ±¼   ®±-®¢¥ ¯°¨¡«¨¦¥¨¿ ®£° ¨·¥»µ ®°¡¨² (���),   ¯®-²¥¶¨ « ¢§ ¨¬®¤¥©±²¢¨¿ ¯®« £ «±¿ ¤¥¡ ¥¢±ª¨¬. � ¥-° ¢®¢¥±®© ¯« §¬¥, ¢ ª®²®°®© ¥° ¢®¢¥±®±²¼ ±®§-¤ ¥²±¿ ±²®ª ¬¨ ½«¥ª²°®®¢ ¨ ¨®®¢   ¯»«¥¢»¥ · ±-²¨¶»,   ®¡° ²»¥ ½¬¨±±¨®»¥ ¯®²®ª¨ ®²±³²±²¢³¾²,¯®²¥¶¨ « ¢§ ¨¬®¤¥©±²¢¨¿ ¯»«¥¢»µ · ±²¨¶ ®²«¨· -1)e-mail: fav@triniti.ru2)D.Ballester, L.Conde.

¥²±¿ ®² ¤¥¡ ¥¢±ª®£® [4]. � ª¦¥ ¯°¨ ¯®¢»¸¥»µ ¤ ¢-«¥¨¿µ ¥¯°¨¬¥¨¬® ���. �®½²®¬³ ²°¥¡³¥²±¿ ®¡®¡-¹¥¨¥ ²¥®°¨¨ ¯»«¥ ª³±²¨·¥±ª¨µ ¢®«   ±«³· © ¥-° ¢®¢¥±®© ¯»«¥¢®© ¯« §¬», ·¥¬³ ¨ ¯®±¢¿¹¥   -±²®¿¹ ¿ ° ¡®² .2. �¨±¯¥°±¨®®¥ ³° ¢¥¨¥   ®±®¢¥ ¬¥-²®¤  ¬®¬¥²®¢. �� ¯®¤µ®¤ ±¯° ¢¥¤«¨¢ ²®«¼ª® ¯°¨¬ «»µ ¯ ° ¬¥²° µ ¥¨¤¥ «¼®±²¨, ¯®½²®¬³ ¥®¡µ®¤¨-¬® ° §¢¨²¨¥ ²¥®°¨¨ ª®«¥¡ ¨© ¯»«¥¢®© ¯« §¬» ¯°¨¯°®¬¥¦³²®·»µ ¨ ¢»±®ª¨µ § ·¥¨¿µ ¯ ° ¬¥²°  ¥-¨¤¥ «¼®±²¨. � ° ¡®²¥ [5] ¤«¿ ±¨«¼®¥¨¤¥ «¼®©¯»«¥¢®© ¯« §¬» ¡»« ¯°¥¤«®¦¥ ¬¥²®¤ ª¢ §¨«®ª «¨-§®¢ »µ § °¿¤®¢, ¢ ª®²®°®¬ ¨±¯®«¼§®¢ «±¿ ¤¥¡ ¥¢-±ª¨© ¯®²¥¶¨ « ¢§ ¨¬®¤¥©±²¢¨¿ ¨ ¥ ³·¨²»¢ «¨±¼±²®ª¨ ½«¥ª²°®®¢ ¨ ¨®®¢   ¯»«¥¢»¥ · ±²¨¶». � ±²®¿¹¥© ° ¡®²¥ ²¥®°¨¿ ª®«¥¡ ¨© ¯»«¥¢®© ª®¬¯®-¥²» ° §¢¨¢ ¥²±¿   ®±®¢¥ ¬¥²®¤  ¬®¬¥²®¢, ª®²®-°»© ±¢®¡®¤¥ ®² ³ª § »µ ¥¤®±² ²ª®¢ ¨, ¢ ®²«¨·¨¥®² ¯®¤µ®¤ , ¨±¯®«¼§®¢ ®£® ¢ [5], ±¯®±®¡¥ ³·¥±²¼½´´¥ª²» § ²³µ ¨¿ ª®««¥ª²¨¢»µ ¯°®¶¥±±®¢.� ª ¯®ª § ® ¢ ° ¡®²¥ [4], ¢ ¥° ¢®¢¥±®© ¯« §¬¥¯°¨ ¯®¢»¸¥»µ ¤ ¢«¥¨¿µ ¯®²¥¶¨ « ¢§ ¨¬®¤¥©±²-¢¨¿ ®¯¨±»¢ ¥²±¿ ±³¬¬®© ¤¢³µ ¯®²¥¶¨ «®¢ �ª ¢»± ° §»¬¨ § °¿¤ ¬¨ ¨ ¯®±²®¿»¬¨ ½ª° ¨°®¢ ¨¿.�³°¼¥-®¡° § ¯ °®£® ¯®²¥¶¨ «  ¢§ ¨¬®¤¥©±²¢¨¿ ¯»-«¥¢»µ · ±²¨¶ ¬®¦® ¯°¥¤±² ¢¨²¼ ¢ ¢¨¤¥626 �¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 11 { 12 2010



�»«¥ ª³±²¨·¥±ª¨¥ ¢®«» ¢ ¥° ¢®¢¥±®© ¯»«¥¢®© ¯« §¬¥ 627' (k) = 4�e2Z2dk2 � (k) ; (1)£¤¥ Zd { § °¿¤ ¯»«¥¢»µ · ±²¨¶ ¢ ½«¥¬¥² °»µ § -°¿¤ µ e, ´³ª¶¨¿ � (k) ¤«¿ ¥½ª° ¨°®¢ ®£® ª³«®-®¢±ª®£® ¯®²¥¶¨ «  ²®¦¤¥±²¢¥® ° ¢  ¥¤¨¨¶¥,  ¢ ¥° ¢®¢¥±®© ¯« §¬¥ ¨¬¥¥² ¢¨¤� (k) = k2� �1k2 + k21 + �2k2 + k22� ; (2)k1 ¨ k2 { ¯®±²®¿»¥ ½ª° ¨°®¢ ¨¿ ¢ ¥° ¢®¢¥±®©¯« §¬¥ [6, 4],   ¯ ° ¬¥²°» �1 ¨ �2 ° ¢»�1 = k2d � {2� � k22k21 � k22 ; �2 = �k2d � {2� � k21k21 � k22 : (3)�¤¥±¼ k2d = k2de + k2di, k2de = 4�e2n0=Te, k2di == 4�e2n0=Ti, ne0 = ni0 = n0 { ª®¶¥²° ¶¨¿ ½«¥ª-²°®®¢ ¨ ¨®®¢ ¢ ¥¢®§¬³¹¥®© ¯« §¬¥, Te, Ti {²¥¬¯¥° ²³°  ½«¥ª²°®®¢ ¨ ¨®®¢ ¢ ½¥°£¥²¨·¥±ª¨µ¥¤¨¨¶ µ, {2� = {2i � {2e = �S�=Zd, {2e = �eSe=Zd,{2i = �eSi=Zd, S� = eSi � eSe, eS� = S�=D�, D� { ª®½´-´¨¶¨¥² ¤¨´´³§¨¨ § °¿¦¥»µ · ±²¨¶ ¯« §¬» ±®°² � (� = e; i), S� { ±²®ª¨ ¯« §¬¥»µ · ±²¨¶   ¬ ª°®-· ±²¨¶³, ª®²®°»¥ ¢ ±² ¶¨® °®¬ ±®±²®¿¨¨ ° ¢»¤°³£ ¤°³£³: Se = Si � S. �²¬¥²¨¬, ·²® �1 + �2 = 1.�°¥¤¯®«®¦¨¬ ±³¹¥±²¢®¢ ¨¥ ¤¨½«¥ª²°¨·¥±ª®©´³ª¶¨¨ ¯« §¬», � (k; !). �®£¤  ¬¥²®¤ ¬®¬¥²®¢¯®§¢®«¿¥² ±¢¿§ ²¼ µ ° ª²¥°³¾ · ±²®²³ ±« ¡®§ ²³-µ ¾¹¥© «¥£¬¾°®¢±ª®© ¬®¤» ¯»«¥¢®© ª®¬¯®¥²»¢ ¯« §¬¥, !L (k), ± ®²®¸¥¨¥¬ ·¥²¢¥°²®£® ¨ ¢²®°®£®· ±²®²»µ ¬®¬¥²®¢ ´³ª¶¨¨ ¯®²¥°¼ ¢ ±¨±²¥¬¥ [7]:!2L (k) = C4 (k)C2 (k) = !2pdh� (k) + V (k) + U (k)i; (4)£¤¥ !pd { ¯»«¥¢ ¿ ¯« §¬¥ ¿ · ±²®² : !2pd == 4�e2Z2dnd0=md, C� (k) = � 1� R1�1 !��1 �� Im��1 (k; !) d!; V (k) { ¢« ±®¢±ª¨© ¢ª« ¤ ¢¤¨±¯¥°±¨¾, V (k) = 3k24�Z2de2nd=Td � k2c2d!2pd ; (5)U (k) = 12�2nd 1Z0 p2 [S (p)� 1] Xi=1;2 �ifi (p; k) dp; (6)S (k) { ±² ²¨·¥±ª¨© ±²°³ª²³°»© ´ ª²®° ¯»«¨,fi (p; k) = 34 � p24k2 �� k2i4k2 + 13 p2p2 + k2i �++ �p2 + k2i � k2�216pk3 ln" (p+ k)2 + k2i(p� k)2 + k2i # ; (7)

nd, Td { ª®¶¥²° ¶¨¿ ¨ ²¥¬¯¥° ²³°  ¯»«¥¢®© ª®¬-¯®¥²», md { ¬ ±±  ¯»«¥¢»µ · ±²¨¶, c2d = 3Td=md.�¨±¯¥°±¨®®¥ ³° ¢¥¨¥ (4) ±®®²¢¥²±²¢³¥² ±«³-· ¾ ±« ¡®£® § ²³µ ¨¿ ���. � ±«³· ¥ ¬ «®£® ª®°°¥-«¿¶¨®®£® ¢ª« ¤ , ¢¢¥¤¿ ±²®«ª®¢¥¨¿ ± ¥©²° «¼-»¬¨ · ±²¨¶ ¬¨ ± ½´´¥ª²¨¢®© · ±²®²®© �d (±¬. ¨-¦¥), ¨§ (4) ¯®«³·¨¬ ¤¨±¯¥°±¨®®¥ ³° ¢¥¨¥! (! + i�d) = k2 �c2d + !2pd� �1k2 + k21 + �2k2 + k22�� :(8)�  °¨±.1 ¯°¥¤±² ¢«¥» § ¢¨±¨¬®±²¨ !1 (k),¤¥©±²¢¨²¥«¼®© · ±²¨ · ±²®²», ®² ¢®«®¢®£® ¢¥ª²®° 
1

2

3 4

100 1000

k (cm )
–1

0

0.2

0.4

0.6
w

w
1
/

p
d

�¨±.1. �¨±¯¥°±¨®»¥ ª°¨¢»¥ ��� ¤«¿ ¯»«¥¢»µ · ±-²¨¶ ± ¯«®²®±²¼¾ %d = 1:5 £/±¬3 ¯°¨ nd = 105 c¬�3,Qion = 1015 ±¬�3�±�1, Te = Ti = 300 K, Rd = 1 ¬ª¬,k1 = 2190:31 ±¬�1, Zd = 193:37, !pd = 41:51 ±�1,�d = !pd, cd = 0: 1 { p = 1 ²®°°, k2 = 26:61 ±¬�1,�1 = 0:500, �2 = 0:500; 2 { 10 ²®°°, k2 = 84:13 ±¬�1,�1 = 0:499, �2 = 0:501; 3 { 100 ²®°°, k2 = 266:07 ±¬�1,�1 = 0:493, �2 = 0:507; 4 { 760 ²®°°, k2 = 733:49 ±¬�1,�1 = 0:437, �2 = 0:563¢ ¯« §¬¥ ± ¢¥¸¨¬ ¨±²®·¨ª®¬ ¨®¨§ ¶¨¨ £ § ,° ±±·¨² »¥ ¨§ ¤¨±¯¥°±¨®®£® ³° ¢¥¨¿ (8).� ° ±·¥² µ § ¤ ¢ «®±¼, ·²® · ±²®²  ±²®«ª®¢¥¨©¯»«¥¢»µ · ±²¨¶ ±  ²®¬ ¬¨ ¥©²° «¼®£® £ §  (±¬.¨¦¥) ° ¢  ¯« §¬¥®© ¯»«¥¢®© · ±²®²¥ �d = !pd(¯°¨ ½²®¬ ³±«®¢¨¨ § ·¥¨¥ ¢®«®¢®£® ¢¥ª²®° , ¯°¨¤®±²¨¦¥¨¨ ª®²®°®£® ¯®¿¢«¿¥²±¿ ¥³«¥¢®¥ °¥¸¥¨¥!1, ¯°¨¬¥°® ±®®²¢¥²±²¢³¥² ¬¥¼¸¥© ¨§ ¯®±²®¿»µ½ª° ¨°®¢ ¨¿). � ª¦¥ ¯®« £ «®±¼, ·²® cd = 0.�§ °¨±.1 ¢¨¤®, ·²® ¢ ®¡« ±²¨ k � k2 · ±²®²  ���¡»±²°® ° ±²¥² ± °®±²®¬ ¢®«®¢®£® ¢¥ª²®° ,   § ²¥¬ ¢®¡« ±²¨ k2 � k � k1 ¢»µ®¤¨²    ±»¹¥¨¥. �°¨¤ «¼¥©¸¥¬ ³¢¥«¨·¥¨¨ ¢®«®¢®£® ¢¥ª²®°  ¢ ®¡« ±-²¨ k � k1 ±®¢   ·¨ ¥²±¿ °®±² · ±²®²». �²® £®¢®-°¨² ® ²®¬, ·²® ¯°¨ ¬ «»µ § ·¥¨¿µ ¢®«®¢®£® ¢¥ª²®-�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 11 { 12 2010 2�



628 �.�.�¨«¨¯¯®¢, �.�. �² °®±²¨, �.�.�ª ·¥ª®, �. �.�®°²®¢, �. � ©¥±²¥°, �.�®¤¥°  £°³¯¯®¢ ¿ ±ª®°®±²¼ ¯»«¥ ª³±²¨·¥±ª¨µ ¢®« ®¯°¥-¤¥«¿¥²±¿ ¬¥¼¸¥© ¯®±²®¿®© ½ª° ¨°®¢ ¨¿,   ¯°¨¡®«¼¸¨µ { ¡®«¼¸¥© ¯®±²®¿®©. �¥©±²¢¨²¥«¼®, ¨§(8) ¢ ±«³· ¥ ±¨«¼® ®²«¨· ¾¹¨µ±¿ ¯®±²®¿»µ ½ª° -¨°®¢ ¨¿ ¬» ¯®«³· ¥¬, ·²® ¯°¨ k � k2 � k1 £°³¯-¯®¢ ¿ ±ª®°®±²¼ ®¯°¥¤¥«¿¥²±¿ ±®®²®¸¥¨¥¬vgr = d!1dk � !pdk2 �2(1 + �22)3=2s 1�2 � � �1 + ��22 � ; (9)  ¯°¨ k � k1 � k2vgr � !pdk1 �1(1 + �21)3=2s 11� �+ (�2 � �)��21 ; (10)£¤¥ �1 = k=k1, �2 = k=k2, � = (�d=2!pd)2.�§ ¢»° ¦¥¨© (9), (10) ¢¨¤®, ·²® ¯°¨ k � k2 �� k1 £°³¯¯®¢ ¿ ±ª®°®±²¼ ��� ®¯°¥¤¥«¿¥²±¿ ¬¥¼¸¥©¯®±²®¿®© ½ª° ¨°®¢ ¨¿ ¨ ®ª §»¢ ¥²±¿ ¢¥«¨·¨®©¯®°¿¤ª  !pd=k2,   ¢ ®¡« ±²¨ k � k1 { ¡®«¼¸¥© ¯®±²®-¿®© ½ª° ¨°®¢ ¨¿ ¨ ¿¢«¿¥²±¿ ¢¥«¨·¨®© ¯®°¿¤ª !pd=k1, ·²® µ®°®¸® ¢¨¤® ¨§ °¨±.2,   ª®²®°®¬ ¯°¥¤-
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–1�¨±.2. � ¢¨±¨¬®±²¼ £°³¯¯®¢®© ±ª®°®±²¨ ��� ®² ¢®«-®¢®£® ¢¥ª²®°  (¯ ° ¬¥²°» ¯« §¬» ª ª   °¨±.1): 1 {° ±·¥²   ®±®¢¥ (8), 2 { ±®£« ±® (9), 3 { ±®£« ±® (10)(¯°¨ ° §»µ ¤ ¢«¥¨¿µ ½²¨ ª°¨¢»¥ ¯° ª²¨·¥±ª¨ ±®¢¯ -¤ «¨, ¯®½²®¬³ ¯°¨¢¥¤¥  ª°¨¢ ¿ ²®«¼ª® ¤«¿ ¤ ¢«¥¨¿1 ²®°°)±² ¢«¥» § ¢¨±¨¬®±²¨ £°³¯¯®¢®© ±ª®°®±²¨ ��� ®²¢®«®¢®£® ¢¥ª²®° .�®®¡¹¥ £®¢®°¿, ² ª ¿ ±¨²³ ¶¨¿ ¨¬¥¥² ¬¥±²® ²®«¼-ª® ¢ ¨§®²¥°¬¨·¥±ª®© ¨«¨ ¡«¨§ª®© ª ¥© ¯« §¬¥, ¢ª®²®°®© �1 � �2 � 1=2. � ¥¨§®²¥°¬¨·¥±ª®© ¯« §-¬¥ ¯°¨ Te � Ti ¨¬¥¥² ¬¥±²® �1 � 0, �2 � 1 (®±-®¢ ¿ § ¢¨±¨¬®±²¼ ½²¨µ ¢¥«¨·¨ ®² Te ¨ Ti ¯°¨

k1 � k2 ¢»° ¦ ¥²±¿ ´®°¬³« ¬¨: �1 � Ti= (Te + Ti),�2 � Te= (Te + Ti)), ¢ ½²®¬ ±«³· ¥ £°³¯¯®¢ ¿ ±ª®°®±²¼¡³¤¥² § ¢¨±¥²¼ ²®«¼ª® ®² ¬¥¼¸¥© ¯®±²®¿®© ½ª° -¨°®¢ ¨¿. � ° ¢®¢¥±®© ¯« §¬¥ k1 = kd, k2 = 0,�1 = 1, �2 = 0, ¯®½²®¬³ ±ª®°®±²¼ ¯»«¥¢®£® §¢³ª ®¯°¥¤¥«¿¥²±¿ ®¡° ²®© ¤«¨®© ¤¥¡ ¥¢±ª®£® ½ª° ¨°®-¢ ¨¿. �®±ª®«¼ª³ ¢ ¥° ¢®¢¥±®© ¯« §¬¥ ¯°¨ ¤ ¢-«¥¨¿µ ®ª®«® 760 ²®°° ¨ ¨¦¥ kd � k2, ²® ¢ ² ª®©¯« §¬¥ ±ª®°®±²¼ ��� ¡³¤¥² ¢ kd=k2 � 1 ° § ¢»¸¥,·¥¬ ¢ ° ¢®¢¥±®©.�«¿ ¢¥°¨´¨ª ¶¨¨ ²¥®°¨¨ ���   ®±®¢¥ ¬¥²®¤ ¬®¬¥²®¢ ¯°®¤®«¦¨¬ ¨§³·¥¨¥ ¢®«®¢»µ ±¢®©±²¢ ¯»-«¥¢®© ¯« §¬» ¢ �� ¯°¨¡«¨¦¥¨¨.3. �¨±¯¥°±¨®®¥ ³° ¢¥¨¥ ¯»«¥¢®© ¯« §-¬» ¢ £¨¤°®¤¨ ¬¨·¥±ª®¬ ¯°¨¡«¨¦¥¨¨. �° ¢-¥¨¥ ¤¢¨¦¥¨¿ ¯»«¥¢®© ª®¬¯®¥²» ¢ �� ¯°¨¡«¨-¦¥¨¨ ¨¬¥¥² ¢¨¤mdnd dVddt + Opd + ndFS = eZdndE; (11)£¤¥ Vd, pd {  ¯° ¢«¥ ¿ ±ª®°®±²¼ ¨ ¤ ¢«¥¨¥ ¯»«¥-¢»µ · ±²¨¶, ±®®²¢¥²±²¢¥®, FS { ±¨«  �²®ª± . �¨-«®© ¨®®£® ³¢«¥·¥¨¿ ¢ ±« ¡®¨®¨§®¢ ®© ¯« §¬¥¯°¨ ¯®¢»¸¥»µ ¤ ¢«¥¨¿µ ¬®¦® ¯°¥¥¡°¥·¼. �  -±²®¿¹¥© ° ¡®²¥ ° ±±¬ ²°¨¢ ¾²±¿ ²®«¼ª® ª®«¥¡ ¨¿ ±¢®«®¢»¬ ¢¥ª²®°®¬,  ¯° ¢«¥»¬ ¯¥°¯¥¤¨ª³«¿°® ¯° ¢«¥¨¾ ±¨«» ²¿¦¥±²¨, ¨  ¯°¿¦¥®±²¨ ½«¥ª-²°¨·¥±ª®£® ¯®«¿ ¯°¨½«¥ª²°®¤®£® ±«®¿ (½«¥ª²°®±² -²¨·¥±ª ¿ ±¨«  ¨ ±¨«  ²¿¦¥±²¨ ³° ¢®¢¥¸¨¢ ¾² ¤°³£¤°³£ ). �¨«³ �²®ª±  ®¯°¥¤¥«¨¬ ª ªFS = 6��0KRdVd;£¤¥ �0 { ¤¨ ¬¨·¥±ª ¿ ¢¿§ª®±²¼ £ § , K { ¯®¯° ¢-ª  � ¨£¥¬ , ³·¨²»¢ ¾¹ ¿ ®²ª«®¥¨¿ ®² § ª® �²®ª±  ¯°¨ ª®¥·»µ § ·¥¨¿µ ·¨±«  �³¤±¥  { ®²-®¸¥¨¿ ¤«¨» ¯°®¡¥£   ²®¬®¢ £ §  ª ° ¤¨³±³ ¯»«¥-¢®© · ±²¨¶» Rd. �²  ¯®¯° ¢ª  § ¤ ¢ « ±¼ ±®£« ±®[8]. �° ¢¥¨¥ (11) ¤®¯®«¨¬ ³° ¢¥¨¥¬ ¥¯°¥°»¢-®±²¨: @nd@t +r (ndVd) = 0: (12)�®±«¥ ¯°®¶¥¤³°» «¨¥ °¨§ ¶¨¨ ¨ ¯¥°¥µ®¤  ª´³°¼¥-ª®¬¯®¥² ¬, ¨§ (11), (12) ¯®«³·¨¬ (¨¤¥ª±»k! ®¯³±ª ¥¬):�i (! + i�d)mdnd0Vd + ikc2smdnd1 = eZdnd0E;�i!nd1 + ind0kVd = 0; (13)£¤¥ �d = 6��0Rdmd ; c2s = 1md @p@nd : (14)�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 11 { 12 2010



�»«¥ ª³±²¨·¥±ª¨¥ ¢®«» ¢ ¥° ¢®¢¥±®© ¯»«¥¢®© ¯« §¬¥ 629�¤¥±¼ ¨ ¤ «¥¥ ¢¥«¨·¨» ± ¨¤¥ª±®¬ \0" ®²®±¿²±¿ ª¥¢®§¬³¹¥»¬ § ·¥¨¿¬, ± ¨¤¥ª±®¬ \1" { ª ¬ -«»¬ ¢®§¬³¹¥¨¿¬ (Vd ¨ E ± ¬¨ ¿¢«¿¾²±¿ ¢®§¬³¹¥-¨¥¬, ¥¢®§¬³¹¥»¥ § ·¥¨¿ ª®²®°»µ ° ¢» 0).�°¨ ®¯°¥¤¥«¥¨¨ ±ª®°®±²¨ ¯»«¥¢®£® §¢³ª  ¨§ ¢²®-°®£® ³° ¢¥¨¿ (14) ³¦® ¨¬¥²¼ ¢ ¢¨¤³, ·²® ¥±«¨µ ° ª²¥°®¥ ¢°¥¬¿ ª®«¥¡ ¨© �v = 2�!�1 § ·¨²¥«¼-® ¯°¥¢»¸ ¥² µ ° ª²¥°®¥ ¢°¥¬¿ °¥« ª± ¶¨¨ ½¥°£¨¨¯»«¥¢»µ · ±²¨¶ ¢ ±²®«ª®¢¥¨¿µ ± ¥©²° «¼»¬ £ -§®¬, ²® ¯°®¨§¢®¤ ¿ ¡¥°¥²±¿ ¯°¨ ¯®±²®¿®© ½²°®-¯¨¨,   ¥±«¨ °¥ «¨§³¥²±¿ ¯°®²¨¢®¯®«®¦»© ±«³· ©, ²®¯°¨ ¯®±²®¿®© ²¥¬¯¥° ²³°¥. �²¬¥²¨¬, ·²® �� ¨ ª¨-¥²¨·¥±ª¨© ¯®¤µ®¤» ¯°¨¢®¤¿² ª ° §»¬ ª®½´´¨¶¨-¥² ¬ ¢ ´®°¬³«¥, ±¢¿§»¢ ¾¹¥© ±ª®°®±²¼ §¢³ª  § °¿-¦¥»µ · ±²¨¶ ± ²¥¬¯¥° ²³°®© (±¬.,  ¯°¨¬¥°, [9]).�®®¡¹¥ £®¢®°¿, ±ª®°®±²¼ §¢³ª  ² ª¦¥ § ¢¨±¨² ®² ¯ -° ¬¥²°  ¥¨¤¥ «¼®±²¨ ·¥°¥§ § ¢¨±¨¬®±²¼ ¤ ¢«¥¨¿®² ½²®£® ¯ ° ¬¥²° , ® ¢¢¨¤³ ¬ «®£® ¢«¨¿¨¿ cs  ¤¨±¯¥°±¨®»¥ ±®®²®¸¥¨¿, ¬»   ½²®¬ ¥ ¡³¤¥¬®±²  ¢«¨¢ ²¼±¿. �®½²®¬³ ¤ «¥¥ ¤«¿ ®¶¥®ª ¡³¤¥¬¨±¯®«¼§®¢ ²¼ ´®°¬³«³ ª¨¥²¨·¥±ª®© ²¥®°¨¨ ±®£« ±-® (5), ²® ¥±²¼ ¯®«®¦¨¬, ·²® cs = cd.�«¿ ³±² ®¢«¥¨¿ ¤¨±¯¥°±¨®»µ ±®®²®¸¥¨©¡³¤¥¬ ¨±µ®¤¨²¼ ¨§ ¤¨½«¥ª²°¨·¥±ª®© ¯°®¨¶ ¥¬®±²¨¯»«¥¢®© ¯« §¬», ¤«¿ ®¯°¥¤¥«¥¨¿ ª®²®°®© ¢®±¯®«¼-§³¥¬±¿ ´®°¬³«®©, ±¢¿§»¢ ¾¹¥© ¯®«³¾ ¯«®²®±²¼²®ª  ± ¤¨½«¥ª²°¨·¥±ª®© ¯°®¨¶ ¥¬®±²¼¾ [9]:J� = �i !4� (��� � ���)E� ; (15)£¤¥ J�, E� { ª®¬¯®¥²» ¢¥ª²®°®¢ ¯«®²®±²¨ ²®ª  ¨ ¯°¿¦¥®±²¨ ¢¥¸¥£® ½«¥ª²°¨·¥±ª®£® ¯®«¿, ��� {±¨¬¢®« �°®¥ª¥° , �; � = x; y; z. �®«»© ²®ª ¿¢«¿¥²-±¿ ±³¬¬®© ½«¥ª²°®®£®, ¨®®£® ²®ª®¢ ¨ ²®ª  § °¿-¦¥»µ ¯»«¥¢»µ · ±²¨¶:J = Ji + Je + Jd:�«¿ ®¯°¥¤¥«¥¨¿ ¤¨½«¥ª²°¨·¥±ª®© ¯°®¨¶ ¥¬®±²¨¯»«¥¢®© ¯« §¬» ± ³·¥²®¬ ¯¥°¥¬¥®±²¨ § °¿¤  ¯»«¥-¢»µ · ±²¨¶ ¨¬¥¥¬ ±¨±²¥¬³, ¢ª«¾· ¾¹³¾ ³° ¢¥¨¿(11), (12) ¨ ³° ¢¥¨¿ ¡ « ±  § °¿¤  ¯»«¥¢»µ · ±-²¨¶, ¡ « ±  ·¨±«  ½«¥ª²°®®¢ ¨ ¨®®¢:@Zd=@t+ (Vd � r)Zd = �Zd (�dini � �dene) ;@ne=@t+r (neVe) = Qion + �ionne � �einine���de jZdjndne;@ni=@t+r (niVi) = Qion + �ionne � �einine���di jZdjndni; (16)£¤¥ ne, ni { ª®¶¥²° ¶¨¨ ½«¥ª²°®®¢ ¨ ¨®®¢, ±®-®²¢¥²±²¢¥®, je � neVe = �Derne � �eneE, ji �

� niVi = �Dirni + �iniE, �e, �i { ¯®¤¢¨¦-®±²¨ ½«¥ª²°®®¢ ¨ ¨®®¢, ±®®²¢¥²±²¢¥®, �de jZdj,�di jZdj { ª®½´´¨¶¨¥²» °¥ª®¬¡¨ ¶¨¨ ½«¥ª²°®®¢ ¨¨®®¢   ¯»«¥¢»µ · ±²¨¶ µ, Qion { ¨²¥±¨¢®±²¼®¡º¥¬®© ¨®¨§ ¶¨¨ ¢¥¸¨¬ ¨±²®·¨ª®¬,  ¯°¨-¬¥°, ¯³·ª®¬ ¡»±²°»µ ½«¥ª²°®®¢, �ion { · ±²®² ¨®¨§ ¶¨¨ £ §  ±®¡±²¢¥»¬¨ ½«¥ª²°® ¬¨ ¯« §¬»,�ei { ª®½´´¨¶¨¥² ½«¥ª²°®-¨®®© °¥ª®¬¡¨ ¶¨¨.� ª ¥®¤®ª° ²® ®²¬¥· «®±¼ ° ¥¥ (±¬.,  ¯°¨-¬¥°, [10, 11]), ª®½´´¨¶¨¥² °¥ª®¬¡¨ ¶¨¨ ¨®®¢  ¯»«¥¢»µ · ±²¨¶ µ ¢ ±² ¶¨® °»µ ³±«®¢¨¿µ ¡«¨§®ªª « ¦¥¢¥®¢±ª®¬³, ¯®½²®¬³ ¯°¨ ¯®¢»¸¥»µ ¤ ¢«¥-¨¿µ £ §  ¯®«®¦¨¬, ·²®�di = 4�e�i: (17)� ¢¨±¨¬®±²¼ ª®½´´¨¶¨¥²  °¥ª®¬¡¨ ¶¨¨ ½«¥ª²°®-®¢ ®² § °¿¤  ¯»«¥¢»µ · ±²¨¶ § ¤ ¤¨¬ ±®£« ±®   -«¨²¨·¥±ª®© ²¥®°¨¨ § °¿¤ª¨ (Zd < 0) [10, 12]:�de = 4�e�e exp�Zde2TeRd� : (18)�°¨ ¨§ª¨µ ¤ ¢«¥¨¿µ £ §  ª®½´´¨¶¨¥²» °¥ª®¬¡¨- ¶¨¨ ¬®¦® § ¤ ²¼   ®±®¢¥ ���, ª ª ½²® ¤¥« -«®±¼,  ¯°¨¬¥°, ¢ ° ¡®²¥ [13], ¢ ª®²®°®© ¨±±«¥¤®¢ -«®±¼ ¢«¨¿¨¥ ¯°®¶¥±±  § °¿¤ª¨   ¤¨±¯¥°±¨®»¥ ±®-®²®¸¥¨¿ ¡¥§ ³·¥²  ±¨«» ±®¯°®²¨¢«¥¨¿ ¥©²° «¼-®£® £ § . � ±² ¶¨® °®¬, ¥¢®§¬³¹¥®¬ ±®±²®¿-¨¨ Vd = Ve = Vi = 0,   ¥¢®§¬³¹¥»¥ § °¿¤ Zd0,ª®¶¥²° ¶¨¨ ½«¥ª²°®®¢ ne0 ¨ ¨®®¢ ni0 ¿¢«¿¾²±¿°¥¸¥¨¥¬ ±¨±²¥¬» ±² ¶¨® °»µ ³° ¢¥¨© (16) ±³«¥¢»¬¨ «¥¢»¬¨ · ±²¿¬¨. �®®¡¹¥ £®¢®°¿, ¥¢®§-¬³¹¥»¥ § ·¥¨¿ ¬®¦® ¡° ²¼ ¨§ ·¨±«¥»µ ° ±-·¥²®¢ § °¿¤ª¨ ¯»«¨®ª,   ´®°¬³«» (17), (18) ¨±¯®«¼-§®¢ ²¼ ¤«¿ ¢»·¨±«¥¨¿ ¨§¬¥¥¨© ±ª®°®±²¥© £¨¡¥«¨½«¥ª²°®®¢ ¨ ¨®®¢   ¯»«¥¢»µ · ±²¨¶ µ ¯°¨ ¨§¬¥-¥¨¨ ¯ ° ¬¥²°®¢ ¯« §¬».�®±«¥ ¯°®¶¥¤³°» «¨¥ °¨§ ¶¨¨, ¯¥°¥µ®¤  ª´³°¼¥-ª®¬¯®¥² ¬ ¨ ¥±«®¦»µ ¯°¥®¡° §®¢ ¨© ¨§(16) ¤«¿ ¢®§¬³¹¥¨© ª®¶¥²° ¶¨¨ ½«¥ª²°®®¢ ¨¨®®¢  µ®¤¨¬: a11 a12a21 a22 ! ni1ne1 ! = ikE4�e  b1b2 ! ; (19)£¤¥ a11 = k2se + eSe (1 + Zd0�) iZd0 ;a12 = �ie!e + k2 � k2ie + k2se ni0ne0++eSe �nd0ne0 � (1 + Zd0�) eZd0 � ;�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 11 { 12 2010



630 �.�.�¨«¨¯¯®¢, �.�. �² °®±²¨, �.�.�ª ·¥ª®, �. �.�®°²®¢, �. � ©¥±²¥°, �.�®¤¥b1 = k2de� eSe!2pdZd0 [! (! + i�d)� k2c2s] ;a21 = �ie!i + k2 + k2si ne0ni0+ eSi�nd0ni0 + iZd0� ;a22 = �k2ii + k2si � eSi deZd0 ;b2 = �k2di � eSi!2pdZd0 [! (! + i�d)� k2c2s] ; e!� = !D� ;k2s� = �ein�0D� ; � = e2RdTe ; � = iS! + i�ch nd0n�0 ; � = e; i;S � Se0 = Si0; Se0 = ��de0Zd0ne0; Si0 = ��diZd0ni0:� ° ª²¥°®¥ ¢°¥¬¿ § °¿¤ª¨ ¯»«¥¢»µ · ±²¨¶ ®¯°¥¤¥-«¿¥²±¿ ¢»° ¦¥¨¥¬�ch = ��dini0 Zd0e2RdTe :�²¬¥²¨¬, ·²® ¬» ¨§³· ¥¬ ¯»«¥ ª³±²¨·¥±ª¨¥ ¢®«-», ª®²®°»¥ ¡»¢ ¾² ²®«¼ª® ¯°®¤®«¼»¬¨, ¯®½²®¬³¢ ³° ¢¥¨¿ (13) ¢µ®¤¿² ²®«¼ª® ¯°®¤®«¼»¥ ±®±² ¢-«¿¾¹¨¥ ¢®«®¢®£® ¢¥ª²®°  ¨  ¯° ¢«¥®© ±ª®°®±²¨¯»«¥¢»µ · ±²¨¶. � ³·¥²®¬ ±ª § ®£®, ¨§ ³° ¢¥¨©(13)  µ®¤¨¬Jd = eZd0Vdnd0 = i!E4� !2pd! (! + i�)� k2c2s : (20)�±¯®«¼§³¿ ° §®±²¼ ¢²®°®£® ¨ ²°¥²¼¥£® ³° ¢¥-¨© (16), ¯®±«¥ «¨¥ °¨§ ¶¨¨ ¨ ¯¥°¥µ®¤  ª ´³°¼¥-ª®¬¯®¥² ¬ ¤«¿ ±³¬¬» ½«¥ª²°®®© ¨ ¨®®© ¯«®²-®±²¥© ²®ª  ¯®«³· ¥¬:kJei = !e (ni1 � ne1 + Zd1nd0) : (21)�¥¯¥°¼, ®²»±ª ¢ °¥¸¥¨¥ ±¨±²¥¬» (19) ¨ ¯®¤±² -¢¨¢ ¥£® ¢ (21), ¨§ (15) ¯®«³·¨¬ ¢»° ¦¥¨¥ ¤«¿ ¯°®-¤®«¼®© ¤¨½«¥ª²°¨·¥±ª®© ¯°®¨¶ ¥¬®±²¨, ¯°¨° ¢¿¢ª®²®°®¥ ³«¾ ®ª®· ²¥«¼® ¯®«³·¨¬ ¤¨±¯¥°±¨®®¥³° ¢¥¨¥�L = 1� !2pd! (! + i�d)� k2c2s ++(b1a22�b2a12)(1+i)�(b2a11�b1a21)(1+e)a12a21 � a11a22 = 0: (22)�²® ³° ¢¥¨¥ ¬®¦® ° ±±¬ ²°¨¢ ²¼ ª ª ª³¡¨·¥±ª®¥³° ¢¥¨¥ ®² ¯¥°¥¬¥®© k2, °¥¸¥¨¥ ª®²®°®£® ¤ ¥²²°¨ ¤¨±¯¥°±¨®»¥ ª°¨¢»¥ k (!) = kR (!) + ikI (!),«¨¡® ª ª ³° ¢¥¨¥ ·¥²¢¥°²®© ±²¥¯¥¨ ®² · ±²®²»,

ª®²®°®¥, ¢ ±¢®¾ ®·¥°¥¤¼, ¯°¨¢®¤¨² ª ·¥²»°¥¬ ¤¨±-¯¥°±¨®»¬ ª°¨¢»¬ ! (k) = !1 (k) � i!2 (k). �²¬¥-²¨¬, ·²® § ¤ ¨¥ ¤¥©±²¢¨²¥«¼®£® ¢®«®¢®£® ¢¥ª²®-°  ±®®²¢¥²±²¢³¥² § ¤ ·¥ ® ±®¡±²¢¥»µ ª®«¥¡ ¨¿µ¯« §¬», ¯°¨ ½²®¬ ¤¥©±²¢¨²¥«¼ ¿ · ±²¼ · ±²®²» !1®¯°¥¤¥«¿¥² ±®¡±²¢¥³¾ · ±²®²³ ª®«¥¡ ¨© ± § ¤ -®© ¯°®±²° ±²¢¥®© ´®°¬®©,   ¬¨¬ ¿ · ±²¼ !2,¢ § ¢¨±¨¬®±²¨ ®² § ª , ®¯°¥¤¥«¿¥² § ²³µ ¨¥ ¨«¨³±¨«¥¨¥ ª®«¥¡ ¨©. � § ¤ ¨¥ ¤¥©±²¢¨²¥«¼®£® § -·¥¨¿ · ±²®²» ±®®²¢¥²±²¢³¥² § ¤ ·¥ ® ° ±¯°®±²° ¥-¨¨ ¢ ¯« §¬¥ ¢®«, £¥¥°¨°³¥¬»µ ± ½²®© · ±²®²®©. �½²®¬ ±«³· ¥ ¤¥©±²¢¨²¥«¼ ¿ · ±²¼ ¢®«®¢®£® ¢¥ª²®° ®¯°¥¤¥«¿¥² ´ §®¢³¾ ±ª®°®±²¼ vph = !=kR,   ¬¨¬ ¿· ±²¼ kI , ¢ § ¢¨±¨¬®±²¨ ®² § ª , ®¯°¥¤¥«¿¥² § ²³µ -¨¥ ¨«¨ ³±¨«¥¨¥ ¢®«» ± ° ±±²®¿¨¥¬.� «¥¥ ³·²¥¬, ·²® ª ª µ ° ª²¥°®¥ °¥ª®¬¡¨ ¶¨-®®¥ ¢°¥¬¿ ½«¥ª²°®®¢ ¨ ¨®®¢ �rec � p2�eiQion,² ª ¨ µ ° ª²¥°®¥ ¢°¥¬¿ § °¿¤ª¨ ¯»«¥¢»µ · ±²¨¶�ch = ��1ch ¬®£® ¬¥¼¸¥ ®¡° ²®© ¯« §¬¥®© · ±²®-²» ¯»«¥¢®© ª®¬¯®¥²», ¯®½²®¬³ ¢ ª®½´´¨¶¨¥² µaij ³° ¢¥¨¿ (22) ¬®¦® ¯®«®¦¨²¼ ! = 0. � ½²®¬±«³· ¥ ¤¨±¯¥°±¨®®¥ ³° ¢¥¨¥ (22) ¯°¨¨¬ ¥² ¢¨¤!(! + i�d) = k2 "c2s + !2pd �1k2 + k21 + �2k2 + k22!# ;(23)£¤¥ ®¢»¥ ¯®±²®¿»¥ ½ª° ¨°®¢ ¨¿, ¤®¯®«¨²¥«¼®³·¨²»¢ ¾¹¨¥ £¨¡¥«¼ ½«¥ª²°®®¢ ¨ ¨®®¢ ¢ ¯« §¬¥  ¯»«¥¢»µ · ±²¨¶ µ, ®¯°¥¤¥«¿¾²±¿ ±®®²®¸¥¨¥¬k21;2 = 12 ���p�2 � 4D�� ; (24)£¤¥� = �0 + (1 + i) �k2di � {2i �+ (1 + e) �k2de + {2e� ;�0 = k2se ni0ne0 + k2si ne0ni0 � k2ie + {2� + eSind0ni0 ;D� = (1 + i) �k2de �k2si � k2ii�+ k2di�k2se ni0ne0 � k2ie��++ (1 + e)�k2dek2si ne0ni0 + k2dik2se��+ �(1 + e) Zdnd0ni0 + i � e� �k2de{2i + k2di{2e� :�¥«¨·¨» � (� = e; i) ¢ ° ±±¬ ²°¨¢ ¥¬®¬ ±«³· ¥ ±² -®¢¿²±¿ ¤¥©±²¢¨²¥«¼»¬¨:� = S�ch nd0n�0 = RdTee2 nd0n�0 :�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 11 { 12 2010



�»«¥ ª³±²¨·¥±ª¨¥ ¢®«» ¢ ¥° ¢®¢¥±®© ¯»«¥¢®© ¯« §¬¥ 631� ° ¬¥²°» �1, �2 ° ¢»:�1 = k21 � �0k21 � k22 ; �2 = �0 � k22k21 � k22 : (25)�¨±¯¥°±¨®®¥ ³° ¢¥¨¥ (23) ®²«¨· ¥²±¿ ®² (8)²®«¼ª® ¯¥°¥®¯°¥¤¥«¥»¬¨ § ·¥¨¿¬¨ ¯®±²®¿»µ½ª° ¨°®¢ ¨¿ ¨ ¢¥«¨·¨ �1, �2. �²® ³ª §»¢ ¥²  ²®, ·²® ¯°®¶¥±±» £¨¡¥«¨ ½«¥ª²°®®¢ ¨ ¨®®¢   ¯»«¥-¢»µ · ±²¨¶ µ ¬¥¿¾² ¯®²¥¶¨ « ¨µ ¢§ ¨¬®¤¥©±²¢¨¿.�¥©±²¢¨²¥«¼®, ° ±±¬®²°¥¨¥ § ¤ ·¨ ®¡ ½ª° ¨°®¢ -¨¨ ¢»¡° ®© ¯»«¥¢®© · ±²¨¶» ¯®¤²¢¥°¦¤ ¾² ½²®²¢»¢®¤.� ±«³· ¥ ¬ «®±²¨ ¢«¨¿¨¿ ¯»«¥¢®© ª®¬¯®¥²»  ±¢®©±²¢  ¯« §¬», ²® ¥±²¼ ¯°¨ ¢»¯®«¥¨¨ ³±«®-¢¨© ndZd � ne0, ndZd � ni0, ¢±¥¬¨ ·«¥ ¬¨, ±®-¤¥°¦ ¹¨¬¨ ±²®ª¨ ¨ ¯ ° ¬¥²°» e, i ¢ (24), (25),¬®¦® ¯°¥¥¡°¥·¼. � ½²®¬ ±«³· ¥ ±®®²®¸¥¨¥ (24)¯¥°¥µ®¤¨² ¢ ¢»° ¦¥¨¥ ¤«¿ ®¯°¥¤¥«¥¨¿ ¯®±²®¿»µ½ª° ¨°®¢ ¨¿, ¯°¨¢¥¤¥®¥ ¢ [6, 4],   (25) ¯¥°¥©¤¥²¢ (3). �«¥¤®¢ ²¥«¼®, ¤¨±¯¥°±¨®®¥ ³° ¢¥¨¥ (23)¢ ±«³· ¥ ¬ «®£® ¢«¨¿¨¿ ¯»«¥¢®© ª®¬¯®¥²»   ¯ -° ¬¥²°» ¯« §¬» ¯¥°¥©¤¥² ¢ (8).4. �¡±³¦¤¥¨¥. �¨±«¥»¥ ° ±·¥²» ¯®ª § «¨,·²® ¤¨±¯¥°±¨®»¥ ª°¨¢»¥ ¯° ª²¨·¥±ª¨ ¥ ¬¥¿¾²-±¿ ¯°¨ ¯°¥¥¡°¥¦¥¨¨ · ±²®²®© ¢ ·«¥ µ (! + i�ch),¯®½²®¬³ ¤ «¥¥ ¢±¥ ° ±·¥²» ¯°®¢¥¤¥» ¡¥§ ³·¥²  § -¤¥°¦ª¨ ¢ ¨§¬¥¥¨¨ § °¿¤  ¯»«¥¢»µ · ±²¨¶ ¯°¨ ¨§-¬¥¥¨¨ ¯ ° ¬¥²°®¢ ¯« §¬». � «¨§ ¤¨±¯¥°±¨®»µ³° ¢¥¨© (8), (23) ¯®ª §»¢ ¥², ·²® ®¨ ¨¬¥¾² °¥¸¥-¨¥ ! (k) ± ®²«¨·®© ®² ³«¿ ¤¥©±²¢¨²¥«¼®© · ±²¼¾²®«¼ª® ¯°¨ ¢»¯®«¥¨¨ ³±«®¢¨¿ 2!pd > �d.�  °¨±.3 ¯°¨¢¥¤¥» ¤¨±¯¥°±¨®»¥ ª°¨¢»¥ ª®«-«¥ª²¨¢»µ ª®«¥¡ ¨© ¤«¿ ³±«®¢¨© ¯« §¬» ¢ ¯®«®¦¨-²¥«¼®¬ ±²®«¡¥ ¢ ¯»«¥¢»µ ½ª±¯¥°¨¬¥² µ [14] ¢  °-£®¥, ¢»·¨±«¥»¥ ¨§ ³° ¢¥¨¿ (22) ®²®±¨²¥«¼®!, ¯°¨·¥¬ ¯®ª § » ¤¥©±²¢¨²¥«¼ ¿ ¨ ¬¨¬ ¿ · ±²¨· ±²®²» ²®«¼ª® ¤«¿ °¥¸¥¨¿ ±  ¨¬¥¼¸¥© ¬¨¬®©· ±²¼¾, ²® ¥±²¼ ±  ¨¬¥¼¸¨¬ § ²³µ ¨¥¬ ¢ ¯« §¬¥.�¨¤®, ·²® ± ª®½´´¨¶¨¥²®¬ ²°¥¨¿, ¢»·¨±«¥»¬¨§ ¢»° ¦¥¨¿ (14) ¤«¿ ¯»«¥¢»µ · ±²¨¶ ± ¯«®²®±-²¼¾ 1.5 £/±¬3 (±¤¥« »µ ¨§ ¬¥« ¬¨´®°¬ «¼¤¥£¨-¤  { ² ª¨¥ · ±²¨¶» ¸¨°®ª® ¨±¯®«¼§³¾²±¿ ¢ ¯»«¥¢»µ½ª±¯¥°¨¬¥² µ), ¬» ¯®«³· ¥¬ ²®«¼ª® ¬¨¬»¥ °¥¸¥-¨¿, ¯®½²®¬³ ¢ ¯« §¬¥ ¥± ¬®±²®¿²¥«¼®£® ° §°¿¤ ¯°¨ ½²¨µ ³±«®¢¨¿µ ¡³¤³²  ¡«¾¤ ²¼±¿ ²®«¼ª® § ²³-µ ¾¹¨¥ ¯»«¥¢»¥ ¢®«» (±¬. [3]). �²® ±¢¿§ ® ± ¡®«¼-¸¨¬ § ·¥¨¥¬ ª®½´´¨¶¨¥²  ±®¯°®²¨¢«¥¨¿ ¯»«¥-¢»µ · ±²¨¶ ¢  °£®¥ ¨ ± ±¨«¼»¬ ½ª° ¨°®¢ ¨¥¬.�® ³¦® ®²¬¥²¨²¼, ·²® ±¨«  �²®ª±  ±®®²¢¥²±²¢³¥²¤¢¨¦¥¨¾ ³¥¤¨¥®© ±´¥°¨·¥±ª®© · ±²¨¶»,   ¤«¿±«³· ¿ ª®««¥ª²¨¢®£® ¤¢¨¦¥¨¿ ¯»«¥¢»µ · ±²¨¶ ª®-½´´¨¶¨¥² �d ¬®¦¥² ¡»²¼ ¨ ¬¥¼¸¥ (¯®¤°®¡¥¥ ±¬.
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�¨±.3. � ¢¨±¨¬®±²¨ ¤¥©±²¢¨²¥«¼®© (a) ¨ ¬¨¬®© (b)· ±²¥© · ±²®²» ®² ¢®«®¢®£® ¢¥ª²®°  ¢  °£®¥ ¯°¨nd = 105 ±¬�3, Qion = 1014 ±¬�3�±�1, Te = 1 ½�, Rd =10 ¬ª¬ (ne0 = 1:123 � 109 ±¬�3, ni0 = 5:717 � 109 ±¬�3,Zd = �4:594 � 104, �d0 = 672:1 c�1, !pd = 311:84 c�1,k1 = 850:782 ±¬�1, k2 = 45:273 ±¬�1, kd = 633:905 ±¬�1)�²®¸¥¨¿ �d�d0 ³ª § »   °¨±³ª¥. �®·ª¨ { ° ±·¥² ±³·¥²®¬ ¯°®¨§¢®¤»µ ¯® ¢°¥¬¥¨ ¢ ³° ¢¥¨¿µ ¡ « ± ½«¥ª²°®®¢ ¨ ¨®®¢ ¢ (22), ±¯«®¸»¥ «¨¨¨ { ¡¥§ ³·¥² ¨§ ³° ¢¥¨¿ (23)[8]). � ª¦¥ ®¡° ²¨¬ ¢¨¬ ¨¥   ²®, ·²® ª®½´´¨-¶¨¥² ±®¯°®²¨¢«¥¨¿ ®¡° ²® ¯°®¯®°¶¨® «¥ ¬ ±±¥¯»«¥¢»µ · ±²¨¶ ¨ ¯°¨ ¨µ § ¤ ®¬ ° §¬¥°¥ ¬®¦¥²¡»²¼ «¥£ª® ³¬¥¼¸¥   ¯®°¿¤®ª ¢»¡®°®¬ ¬ ²¥°¨ -«  ¯»«¥¢»µ · ±²¨¶ ± ¡®«¼¸¥© ¯«®²®±²¼¾,  ¯°¨¬¥°,±¢¨¶ , §®«®²  ¨ ².¤.�  °¨±.3 ¯°¥¤±² ¢«¥» ¤¨±¯¥°±¨®»¥ ª°¨¢»¥,¯®«³·¥»¥ ± ³¬¥¼¸¥»¬¨ ª®½´´¨¶¨¥² ¬¨ ±®-¯°®²¨¢«¥¨¿. �¨¤®, ·²® ¯°¨ ³¬¥¼¸¥¨¨ § ·¥-¨¿ ª®½´´¨¶¨¥²  ¢±¥£®   15% ¨«¨ ¡®«¥¥ ¯®¿¢«¿-¾²±¿ °¥¸¥¨¿ ¤¨±¯¥°±¨®®£® ³° ¢¥¨¿ ± · ±²®²®©,¨¬¥¾¹¥© ¤¥©±²¢¨²¥«¼³¾ · ±²¼, ¯®½²®¬³ ¢®§¬®¦®�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 11 { 12 2010



632 �.�.�¨«¨¯¯®¢, �.�. �² °®±²¨, �.�.�ª ·¥ª®, �. �.�®°²®¢, �. � ©¥±²¥°, �.�®¤¥ ¡«¾¤¥¨¥ ¢»³¦¤¥»µ ª®«¥¡ ¨© ¯»«¥¢®© ¯« §-¬». �  °¨±.3 ¯®ª § » °¥¸¥¨¿ ³° ¢¥¨¿ (23) ± ¨¬¥¼¸¥© ¬¨¬®© · ±²¼¾, ª®²®°»¥ µ®°®¸® ±®£« -±³¾²±¿ ± °¥¸¥¨¿¬¨ (22), ²® ¥±²¼ ¯°®¨§¢®¤»¥ ¯®¢°¥¬¥¨ ®² § °¿¤  ¯»«¥¢»µ · ±²¨¶ ¨ ª®¶¥²° ¶¨©½«¥ª²°®®¢ ¢ ³° ¢¥¨¿µ § °¿¤ª¨ ¨ ¡ « ±  ¥ ¢«¨¿-¾²   ±¯¥ª²° ���. � ¯°¥¥¡°¥¦¥¨¥ ¢«¨¿¨¥¬ ¯»«¥-¢®© ª®¬¯®¥²»   ¯«®²®±²¼ ¯« §¬», ²® ¥±²¼ § ¬¥ ³° ¢¥¨¿ (23)   (8) ¯°¨¢®¤¨² ª § ¬¥²®¬³ ¨§¬¥¥-¨¾ ¤¨±¯¥°±¨®»µ ª°¨¢»µ. �²® ³ª §»¢ ¥²   ¢ ¦-®±²¼ ³·¥²  ±²®ª®¢ ½«¥ª²°®®¢ ¨ ¨®®¢   ¯»«¥¢»¥· ±²¨¶».�  °¨±.4 ¯°¨¢¥¤¥» § ¢¨±¨¬®±²¨ ¢®«®¢®£® ¢¥ª-²®°  ®² · ±²®²» ¢  °£®¥ ¯°¨ ²°¥µ ° §»µ ¤ ¢«¥¨-¿µ. �¨¤®, ·²® ¤ ¦¥ ¯°¨ ¬ «»µ · ±²®² µ ¥² «¨¥©-®© § ¢¨±¨¬®±²¨ kR (!). �°¨¢¥¤¥ ¿   °¨±.4 ª °-
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�¨±.4. � ¢¨±¨¬®±²¨ ¤¥©±²¢¨²¥«¼®© (a) ¨ ¬¨¬®© (b)· ±²¥© ¢®«®¢®£® ¢¥ª²®°  ®² · ±²®²» ¢  °£®¥ ¤«¿�d = 0:85�d0 ¨§ ¤¨±¯¥°±¨®®£® ³° ¢¥¨¿ (22): 1 {p = 100 ²®°°, k1 = 510:517 ±¬�1, k2 = 36:689 ±¬�1,Zd = �1:8597 � 104, !pd = 126:242 c�1, �d = 525:953 c�1;2 { p = 200 ²®°°, k1 = 607:133 ±¬�1, k2 = 36:123 ±¬�1,Zd = �2:6199 � 104, !pd = 177:845 c�1, �d = 551:135 c�1;3 { p = 760 ²®°°, k1 = 850:782 ±¬�1, k2 = 45:273 ±¬�1,Zd = �4:5938 � 104, !pd = 311:836 c�1, �d = 571:290 c�1

²¨  ¯®µ®¦    ½ª±¯¥°¨¬¥² «¼»¥ °¥§³«¼² ²» [15]:1) ¨¬¥¥²±¿ ¬ ª±¨¬³¬   ª°¨¢»µ kR (!), ¯°¨·¥¬ ¯®-«®¦¥¨¥ ¬ ª±¨¬³¬  ±¤¢¨£ ¥²±¿ ¢ ±²®°®³ ¬¥¼¸¨µ· ±²®² ± ³¬¥¼¸¥¨¥¬ ¤ ¢«¥¨¿, ª ª ¨ ¢ [15]; 2) ª°¨-¢»¥ kI (!) ± °®±²®¬ · ±²®²» ¢»µ®¤¿²    ±»¹¥¨¥,  § ·¥¨¿ ¬¨¬»µ · ±²¥© ¢®«®¢®£® ¢¥ª²®°  ¯°¥¢»-¸ ¾² § ·¥¨¿ ¤¥©±²¢¨²¥«¼»µ · ±²¥©.� ª«¾·¥¨¥. �  ±²®¿¹¥© ° ¡®²¥ ¢¯¥°¢»¥ ° §-¢¨²  ²¥®°¨¿ ¯»«¥ ª³±²¨·¥±ª¨µ ¢®« ¢ ¥° ¢®¢¥±-®© ¯»«¥¢®© ¯« §¬¥ ± ³·¥²®¬ ¤¢³µ½ª±¯®¥¶¨ «¼®-£® ¢¨¤  ¯®²¥¶¨ «  ¢§ ¨¬®¤¥©±²¢¨¿ ¯»«¥¢»µ · ±²¨¶.�²® ¯°¨¢¥«® ª ¯®¿¢«¥¨¾ ®¢»µ § ª®®¬¥°®±²¥© ¢¯®¢¥¤¥¨¨ ���, ª®²®°»¥ ¥ ®¯¨±»¢ ¾²±¿ ¨§¢¥±²»-¬¨ ²¥®°¨¿¬¨. �®ª § ®, ·²® ²¥®°¨¿ ª®«¥¡ ¨© ¨¯»«¥ ª³±²¨·¥±ª¨µ ¢®« ¢ ¯»«¥¢®© ¯« §¬¥   ®±®¢¥£¨¤°®¤¨ ¬¨·¥±ª®£® ¯®¤µ®¤  ¨   ®±®¢¥ ¬¥²®¤  ¬®-¬¥²®¢ ¯°¨ ¬ «»µ ¯ ° ¬¥²° µ ¥¨¤¥ «¼®±²¨ ¯°¨¢®-¤¿² ª ®¤®¬³ ¨ ²®¬³ ¦¥ ¤¨±¯¥°±¨®®¬³ ±®®²®¸¥-¨¾. �±² ®¢«¥®, ·²® ³·¥² ¢«¨¿¨¿ ¯»«¥¢®© ª®¬-¯®¥²»   ±¢®©±²¢  ¯« §¬» ¯°¨¢®¤¨² ª § ¬¥²®¬³¨§¬¥¥¨¾ ¯ ° ¬¥²°®¢ ¯®²¥¶¨ «  ¢§ ¨¬®¤¥©±²¢¨¿¯»«¥¢»µ · ±²¨¶, ® ¢¨¤ ¤¨±¯¥°±¨®®£® ³° ¢¥¨¿¤«¿ ¯»«¥ ª³±²¨·¥±ª¨µ ¢®« ¯°¨ ½²®¬ ®±² ¥²±¿ ¥¨§-¬¥»¬. �³¦® ®²¬¥²¨²¼, ·²® ¤¢³µ½ª±¯®¥¶¨ «¼-»© ¢¨¤ ¯®²¥¶¨ «  ¢§ ¨¬®¤¥©±²¢¨¿ ¯®«³·¥ ¢ ° ¬-ª µ ¬®¤¥«¨ ¿·¥¥ª �¥©²¶ -�¨£¥° , ¯®½²®¬³ ¢ ±«³· ¥±¨«¼®£® ¢«¨¿¨¿ ¯»«¥¢®© ª®¬¯®¥²»   ±¢®©±²¢ ¯»«¥¢®© ¯« §¬» ½²  ¬®¤¥«¼ ²°¥¡³¥² ³²®·¥¨¿.� ±²®¿¹ ¿ ° ¡®²  ¢»¯®«¥  ¯°¨ ¯®¤¤¥°¦ª¥ �®±- ³ª¨ (�� #02.740.11.5096, £° ² #��-3239.2010.2)¨ �¨¨±²¥°±²¢  ®¡° §®¢ ¨¿ ¨  ³ª¨ �±¯ ¨¨ (¯°®-¥ª² éENE2007-67406-C01&C02/FTN).1. N.N. Rao, P.K. Shukla, and M.Y. Yu, Planet. SpaceSci. 38, 543 (1990).2. F. Melands�, Phys. Plasmas 3, 3890 (1996).3. P.K. Shukla and B. Eliasson, Rev. Mod. Phys. 81, 25(2009)4. �. �. �¨«¨¯¯®¢, �. �. � £®°®¤¨©, �.�. �®¬®² ¨ ¤°.,���� 132, 949 (2007).5. G. Kalman, M. Rosenberg, and H.E. DeWitt, Phys. Rev.Lett. 84, 6030 (2000).6. �. �. �¨«¨¯¯®¢, �. �. � £®°®¤¨©, �.�. �®¬®² ¨ ¤°.,���� 131, 164 (2007).7. I.M. Tkachenko, Book of Abstracts of the Int. Conf.Operator Theory and Applications in MathematicalPhysics, Bedlewo, Poland, 2002, p. 20.8. P. C. Reist, Aerosol Science and Technology, New York,McGraw-Hill, Inc., 2nd Ed., 1993, p.68.�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 11 { 12 2010
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