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1. �¢¥¤¥­¨¥

� â¥¬ â¨ç¥áª®¥ ¬®¤¥«¨à®¢ ­¨¥ ï¢«ï¥âáï íää¥ªâ¨¢­ë¬ ¨­áâàã¬¥­â®¬ ¨áá«¥¤®¢ ­¨ï á«®¦-
­ëå ä¨§¨ç¥áª¨å ï¢«¥­¨© [1], [2], ª ª®â®àë¬ ®â­®á¨âáï ¨ ¯« §¬  ¢ëá®ª®ç áâ®â­ëå (��) à §àï¤®¢
¯®­¨¦¥­­®£® ¤ ¢«¥­¨ï [3]. �â®â ¢¨¤ £ §®à §àï¤­®© ¯« §¬ë á®§¤ ¥âáï ¢ à¥§ã«ìâ â¥ ¢®§¤¥©áâ¢¨ï
í«¥ªâà®¬ £­¨â­®£® ¯®«ï ç áâ®â®© f = 1;76 � 13;56 ��æ, £¥­¥à¨àã¥¬®£® á ¯®¬®éìî ¨­¤ãªâ®à 
¨«¨ í«¥ªâà®¤®¢ ¢ ª¢ àæ¥¢®© âàã¡ª¥ ¤¨ ¬¥âà®¬ 1� 5 á¬ ¯à¨ ¤ ¢«¥­¨¨ ¯« §¬®®¡à §ãîé¥£® £ § 
p = 1;33�133 � . �à¨ íâ®¬ ¯« §¬  ®¡« ¤ ¥â á«¥¤ãîé¨¬¨ å à ªâ¥à¨áâ¨ª ¬¨: áâ¥¯¥­ì ¨®­¨§ æ¨¨
10�4 � 10�7, ª®­æ¥­âà æ¨¨ í«¥ªâà®­®¢ ne ¨ ¨®­®¢ ni = ne = 1015 � 1019 ¬�3, í«¥ªâà®­­ ï â¥¬¯¥-
à âãà  Te = 1�4 í�, â¥¬¯¥à âãà   â®¬®¢ Ta ¨ ¨®­®¢ Ti ¢ æ¥­âà¥ à §àï¤  Ta = Ti = (3�4) �103 �,
¢ ¯« §¬¥­­®© áâàã¥ Ta = Ti = (0;35� 1;0) � 103 �.

�¢®©áâ¢  ª¢ §¨­¥©âà «ì­®© ¯« §¬ë �� à §àï¤  ¯®­¨¦¥­­®£® ¤ ¢«¥­¨ï ¢ ¨­¥àâ­®¬ £ §¥ ¯à¨
ã¯à®é îé¨å ¯à¥¤¯®«®¦¥­¨ïå, ¯¥à¥ç¨á«¥­­ëå ¢ [3]{[5], ®¯¨áë¢ îâáï á¨áâ¥¬®© ¨§ 15 ­¥«¨­¥©-
­ëå ªà ¥¢ëå § ¤ ç, ­¥¨§¢¥áâ­ë¬¨ ¢ ª®â®à®© ï¢«ïîâáï ¬®¤ã«¨, ä §ë ¨ ã£«®¢ë¥ äã­ªæ¨¨ ¢¥ª-
â®à®¢ ­ ¯àï¦¥­­®áâ¥© ¬ £­¨â­®£® H ¨ í«¥ªâà¨ç¥áª®£® E ¯®«¥©, ª®­æ¥­âà æ¨ï ¨ â¥¬¯¥à âãà 
í«¥ªâà®­®¢, ª®­æ¥­âà æ¨ï ¨ â¥¬¯¥à âãà  ­¥©âà «ì­ëå  â®¬®¢, ª®¬¯®­¥­âë ¢¥ªâ®à  áª®à®áâ¨
¯« §¬ë v.

�¡®á­®¢ ­¨¥ à §à¥è¨¬®áâ¨ á¨áâ¥¬ë ¢ ­ áâ®ïé¥¥ ¢à¥¬ï ®âáãâáâ¢ã¥â, ¯®íâ®¬ã æ¥«ìî ¤ ­­®©
à ¡®âë ï¢«ï¥âáï ¨áá«¥¤®¢ ­¨¥ ­¥ª®â®àëå ­¥®¡å®¤¨¬ëå ãá«®¢¨© áãé¥áâ¢®¢ ­¨ï ­¥âà¨¢¨ «ì­®£®
à¥è¥­¨ï § ¤ ç¨.

2. �¨áâ¥¬  ªà ¥¢ëå § ¤ ç

� áá¬®âà¨¬ ¤«ï ®¯à¥¤¥«¥­­®áâ¨ �� ¨­¤ãªæ¨®­­ãî ¯« §¬ã ¯®­¨¦¥­­®£® ¤ ¢«¥­¨ï, ª®â®à ï
á®§¤ ¥âáï ¢ ®£à ­¨ç¥­­®© æ¨«¨­¤à¨ç¥áª®© ®¡« áâ¨ 
 á ¢­¥è­¥© £à ­¨æ¥© � ¨ ®áìî á¨¬¬¥âà¨¨ �0.
�­¥à£¨ï í«¥ªâà®¬ £­¨â­®£® ¯®«ï ¢¢®¤¨âáï ¢ ¯« §¬ã c ¯®¬®éìî ¨­¤ãªâ®à , ¯à®¥ªæ¨ï ª®â®à®£®
­  ¢­ãâà¥­­îî áâ¥­ªã à §àï¤­®© ª ¬¥àë �ind � �.

�á­®¢­ë¬¨ ¯à®æ¥áá ¬¨, ®¯à¥¤¥«ïîé¨¬¨ ¯®¤¤¥à¦ ­¨¥ áâ æ¨®­ à­®£® á®áâ®ï­¨ï £ §®à §àï¤-
­®© ¯« §¬ë, ï¢«ïîâáï ¯¥à¥¤ ç  í­¥à£¨¨ í«¥ªâà®¬ £­¨â­®£® ¯®«ï í«¥ªâà®­ ¬, ¨®­¨§ æ¨ï ¨ ­ -
£à¥¢ £ § , ãå®¤ § àï¦¥­­ëå ç áâ¨æ ¨§ à §àï¤  [6]. �®íâ®¬ã à áá¬®âà¨¬ ¯®¤á¨áâ¥¬ã ¯®«­®©
á¨áâ¥¬ë ªà ¥¢ëå § ¤ ç �� ¯« §¬ë ¯®­¨¦¥­­®£® ¤ ¢«¥­¨ï [3], ®¯¨áë¢ îéãî ¨¬¥­­® íâ¨ ¯à®-
æ¥ááë. �®¤á¨áâ¥¬  ¢ª«îç ¥â ¢ á¥¡ï:

ªà ¥¢ãî § ¤ çã ¤«ï ãà ¢­¥­¨ï ¤¨ääã§¨¨{ª®­¢¥ªæ¨¨ í«¥ªâà®­­®£® £ § 
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ªà ¥¢ãî § ¤ çã ¤«ï ãà ¢­¥­¨ï â¥¯«®¯à®¢®¤­®áâ¨ (� ãà ¢­¥­¨ï á®åà ­¥­¨ï í­¥à£¨¨) í«¥ªâà®­-
­®£® £ § 
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ªà ¥¢ãî § ¤ çã ¤«ï ãà ¢­¥­¨ï â¥¯«®¯à®¢®¤­®áâ¨ (� ãà ¢­¥­¨ï á®åà ­¥­¨ï í­¥à£¨¨)  â®¬­®-
¨®­­®£® £ § 
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ªà ¥¢ë¥ § ¤ ç¨ ¤«ï ãà ¢­¥­¨© á®åà ­¥­¨ï í­¥à£¨¨ í«¥ªâà®¬ £­¨â­®£® ¯®«ï ¢ ¤¨ää¥à¥­æ¨ «ì-
­®© ä®à¬¥
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div(gradE2 � 2qE2)� 2
"!2

c2
E2 = 2(�0!)

2H2; x 2 
; (9)
�
@E2

@n
� 2(q � n)E2

�����
�

= EH; E2j�0[�2 = 0: (10)

�¤¥áì Da | ª®íää¨æ¨¥­â  ¬¡¨¯®«ïà­®© ¤¨ääã§¨¨, �i | ç áâ®â  ¨®­¨§ æ¨¨, x | â¥ªãé¨¥ ª®-
®à¤¨­ âë â®çª¨ ¢ ¯à®áâà ­áâ¢¥, r | ¥¥ à ¤¨ «ì­ ï ª®®à¤¨­ â , � | äã­ªæ¨ï, ®¯à¥¤¥«ïîé ï
¢§ ¨¬®¤¥©áâ¢¨¥ § àï¦¥­­ëå ç áâ¨æ á® áâ¥­ª®© à §àï¤­®© ª ¬¥àë, n | ¢­ãâà¥­­ïï ­®à¬ «ì ª
£à ­¨æ¥, {e, {a | ª®íää¨æ¨¥­âë â¥¯«®¯à®¢®¤­®áâ¨ í«¥ªâà®­­®£® ¨  â®¬­®-¨®­­®£® £ §®¢, kB
| ¯®áâ®ï­­ ï �®«ìæ¬ ­ , ve | ¢¥ªâ®à í«¥ªâà®­­®© áª®à®áâ¨, ve = v�Da gradne=ne, � | ¤®«ï
í­¥à£¨¨, ¯¥à¥¤ ¢ ¥¬ ï í«¥ªâà®­ ¬¨  â®¬ ¬ ¨ ¨®­ ¬ ¢ ã¯àã£¨å áâ®«ª­®¢¥­¨ïå, �c | ç áâ®â 
â ª¨å áâ®«ª­®¢¥­¨©, � | ¯à®¢®¤¨¬®áâì ¯« §¬ë, E2 = jEj2, EI | ¯®â¥­æ¨ « ¨®­¨§ æ¨¨  â®¬®¢
¯« §¬®®¡à §ãîé¥£® £ § , mi, me | ¬ ááë ¨®­®¢ ¨  â®¬®¢, na | ª®­æ¥­âà æ¨ï ­¥©âà «ì­ëå
 â®¬®¢, {w | ª®íää¨æ¨¥­â â¥¯«®¯à®¢®¤­®áâ¨ ¬ â¥à¨ «  áâ¥­®ª à §àï¤­®© ª ¬¥àë, hw | â®«-
é¨­  áâ¥­®ª, Tw | ­ àã¦­ ï â¥¬¯¥à âãà  (â¥¬¯¥à âãà  ®å« ¦¤ îé¥© ¦¨¤ª®áâ¨), H2 = jHj2,
s2 = �2 + ("0"!)

2, "0 | í«¥ªâà¨ç¥áª ï ¯®áâ®ï­­ ï, " | ®â­®á¨â¥«ì­ ï ¤¨í«¥ªâà¨ç¥áª ï ¯à®-
­¨æ ¥¬®áâì, ! = 2�f | ªàã£®¢ ï ç áâ®â  í«¥ªâà®¬ £­¨â­®£® ¯®«ï, w | ¢¥ªâ®à, § ¢¨áïé¨© ®â
¯à®¢®¤¨¬®áâ¨ ¨ ¤¨í«¥ªâà¨ç¥áª®© ¯à®­¨æ ¥¬®áâ¨ ¯« §¬ë, ä §ë ¨ ­ ¯à ¢«¥­¨ï ¢¥ªâ®à  H [3],
Hind | ­ ¯àï¦¥­­®áâì ¬ £­¨â­®£® ¯®«ï, á®§¤ ¢ ¥¬ ï ¨­¤ãªâ®à®¬ ­  áâ¥­ª¥ à §àï¤­®© ª ¬¥-
àë, q | ¢¥ªâ®à, § ¢¨áïé¨© ®â ­ ¯à ¢«¥­¨ï ¢¥ªâ®à  E [3], c | áª®à®áâì á¢¥â  ¢ ¢ ªãã¬¥, �0 |
¬ £­¨â­ ï ¯®áâ®ï­­ ï, �2 | ç áâì £à ­¨æë à §àï¤­®£® ®¡ê¥¬ , ­¥¯à®§à ç­ ï ¤«ï í«¥ªâà®¬ £-
­¨â­®£® ¯®«ï.

�¢ï§ì ãà ¢­¥­¨© ¢ á¨áâ¥¬¥ § ¤ ¥âáï § ¢¨á¨¬®áâï¬¨ ª®íää¨æ¨¥­â®¢ ¯¥à¥­®á  ®â ¤ ¢«¥­¨ï ¨
â¥¬¯¥à âãàë á®®â¢¥âáâ¢ãîé¨å ç áâ¨æ, ä®à¬ã« ¬¨ ¤«ï ¢ëç¨á«¥­¨ï ¯à®¢®¤¨¬®áâ¨ � ¨ ¤¨í«¥ª-
âà¨ç¥áª®© ¯à®­¨æ ¥¬®áâ¨ ¯« §¬ë ", ãà ¢­¥­¨¥¬ á®áâ®ï­¨ï

p = nakTa; Da = Da(p; Te); �i = �i(p; Te); � = �(Te); (11)

{e = ne{
0
e(Te); �c = �c(p; Te); {a = {a(na; Ta); (12)
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2�c
me(�2c + !2)

; " = 1�
nee

2!

"0me(�2c + !2)
: (13)

�¤¥áì {0e | äã­ªæ¨ï, § ¢¨áïé ï â®«ìª® ®â í«¥ªâà®­­®© â¥¬¯¥à âãàë.
�ã¤¥¬ áç¨â âì à á¯à¥¤¥«¥­¨¥ áª®à®áâ¨ ¨ ª®­æ¥­âà æ¨¨ ­¥©âà «ì­ëå  â®¬®¢, ä § ¨ ã£«®¢ëå

äã­ªæ¨© ¢¥ªâ®à®¢ ­ ¯àï¦¥­­®áâ¥© í«¥ªâà¨ç¥áª®£® ¨ ¬ £­¨â­®£® ¯®«¥© § ¤ ­­ë¬¨ äã­ªæ¨ï¬¨
ª®®à¤¨­ â.

3. �á«®¢¨¥ à §à¥è¨¬®áâ¨ ªà ¥¢®© § ¤ ç¨ (1), (2)

�¥âàã¤­® ¢¨¤¥âì, çâ® ®¤­¨¬ ¨§ à¥è¥­¨© ãà ¢­¥­¨ï (1) á £à ­¨ç­ë¬ ãá«®¢¨¥¬ (2) ï¢«ï¥âáï
âà¨¢¨ «ì­®¥, â. ¥. ne � 0 ¤«ï ¢á¥å x 2 
. �¤­ ª® ¢ á®®â¢¥âáâ¢¨¨ á ä¨§¨ç¥áª¨¬ á¬ëá«®¬ § ¤ ç¨
¨­â¥à¥á ¯à¥¤áâ ¢«ï¥â â®«ìª® ­¥âà¨¢¨ «ì­®¥ à¥è¥­¨¥, ª®â®à®¥, ¡®«¥¥ â®£®, ¤®«¦­® ¡ëâì ­¥®-
âà¨æ â¥«ì­ë¬, ne > 0. � ¬¥â¨¬ â ª¦¥, çâ® à¥è¥­¨¥ § ¤ ç¨ (1), (2) ®¯à¥¤¥«ï¥âáï á â®ç­®áâìî
¤® ¯à®¨§¢®«ì­®£® ¬­®¦¨â¥«ï: «î¡ ï äã­ªæ¨ï ¢¨¤  ne(x) = n�e � ne(x), £¤¥ n

�
e | ¯à®¨§¢®«ì­ë©

¬­®¦¨â¥«ì, ne(x) | ­¥ª®â®à®¥ à¥è¥­¨¥ § ¤ ç¨ (1), (2), â ª¦¥ ¡ã¤¥â à¥è¥­¨¥¬.
�â® ®§­ ç ¥â, çâ® § ¤ ç  (1), (2) ®â­®á¨âáï ª ª« ááã § ¤ ç ­  á®¡áâ¢¥­­ë¥ §­ ç¥­¨ï,   à á-

¯à¥¤¥«¥­¨¥ ª®­æ¥­âà æ¨¨ í«¥ªâà®­®¢ ¢ �� ¯« §¬¥ ¯®­¨¦¥­­®£® ¤ ¢«¥­¨ï ï¢«ï¥âáï á®¡áâ¢¥­-
­®© äã­ªæ¨¥©. �à¨ íâ®¬, ª ª ­¥âàã¤­® ¯®ª § âì, á¯¥ªâà «ì­ë¬ ¯ à ¬¥âà®¬ ï¢«ï¥âáï §­ ç¥­¨¥
í«¥ªâà®­­®© â¥¬¯¥à âãàë ¢ æ¥­âà¥ ¯« §¬ë T �

e = Te (x�), ª®â®à®¥ ­¥«¨­¥©­® ¢å®¤¨â ¢ ª®íä-
ä¨æ¨¥­â ¨ ¢¥á®¢ãî äã­ªæ¨î ãà ¢­¥­¨ï. �¤¥áì x� | â®çª , ¢ ª®â®à®© ¤®áâ¨£ ¥âáï ¬ ªá¨¬ã¬
ne.

�¥©áâ¢¨â¥«ì­®, á ¯®¬®éìî § ¬¥­ë ¯¥à¥¬¥­­ëå ne(x) = ne(x)=n�e, T e(x) = Te(x)=T �
e , Da =

Da=D
�
a, �i = �i=�

�
i , v = v=D�

a, � = �=D�
a, £¤¥ n�e = ne(x�), T �

e = Te(x�), D�
a = Da(p�; T �

e ), �
�
i =

�i(p�; T �
e ); p

� = p(x�), § ¤ ç  (1), (2) ¯à¨¢®¤¨âáï ª ¢¨¤ã

�div(Da gradne � vne) = ��ine; (14)

lim
r!0

rDa
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= 0;
�
Da

@ne
@n

� �ne

�����
�

= 0: (15)

�¤¥áì � = ��i =D
�
a.

�à ¢­¥­¨¥ (14) á £à ­¨ç­ë¬¨ ãá«®¢¨ï¬¨ (15) ¯à¥¤áâ ¢«ï¥â á®¡®© «¨­¥©­ãî § ¤ çã ­  á®¡-
áâ¢¥­­ë¥ §­ ç¥­¨ï. �§¢¥áâ­®, çâ® á¯¥ªâà í««¨¯â¨ç¥áª®£® ãà ¢­¥­¨ï á ¬« ¤è¨¬¨ ¯à®¨§¢®¤­ë-
¬¨ ï¢«ï¥âáï ª®¬¯«¥ªá­ë¬; ¯à¨ íâ®¬ â®«ìª® ­ ¨¬¥­ìè¥¥ ¯® ¬®¤ã«î á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ �0
¢¥é¥áâ¢¥­­®,   ®â¢¥ç îé ï ¥¬ã á®¡áâ¢¥­­ ï äã­ªæ¨ï ­¥®âà¨æ â¥«ì­  [7]. �à®¨§¢®¤ï ®¡à â­ãî
§ ¬¥­ã ¯¥à¥¬¥­­ëå, ãáâ ­®¢¨¬, çâ® ­¥âà¨¢¨ «ì­®¥ ­¥®âà¨æ â¥«ì­®¥ à¥è¥­¨¥ § ¤ ç¨ (1), (2)
áãé¥áâ¢ã¥â â®«ìª® ¢ â®¬ á«ãç ¥, ¥á«¨ ¥£® ª®íää¨æ¨¥­âë ã¤®¢«¥â¢®àïîâ á®®â­®è¥­¨î

Da(p�; T �
e )

�i(p�; T �
e )

�0 = 1; (16)

£¤¥ �0 | ­ ¨¬¥­ìè¥¥ á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ § ¤ ç¨ (14){(15).
� á¯à¥¤¥«¥­¨¥ ¤ ¢«¥­¨ï ¢ ¯« §¬¥ �� à §àï¤  ¯®­¨¦¥­­®£® ¤ ¢«¥­¨ï p = p(x) ®¯à¥¤¥«ï¥âáï

à¥è¥­¨¥¬ ãà ¢­¥­¨©� ¢ì¥{�â®ªá  á®¢¬¥áâ­® á ªà ¥¢®© § ¤ ç¥© (5), (6) ¨ § ¢¨á¨â ®â ¤ ¢«¥­¨ï ­ 
¢å®¤¥ ¢ à §àï¤­ãî ª ¬¥àã ¨ à áå®¤  £ §  [3], â. ¥. ¬®¦¥â à¥£ã«¨à®¢ âìáï ¢­¥è­¨¬ ¢®§¤¥©áâ¢¨¥¬.
�®íâ®¬ã, à¥è¨¢ § ¤ çã ­  á®¡áâ¢¥­­ë¥ §­ ç¥­¨ï (14), (15), ¨ à §à¥è ï ­¥«¨­¥©­®¥ ãà ¢­¥­¨¥
(16) ®â­®á¨â¥«ì­® T �

e , ¬®¦­® ­ ©â¨ â ª®¥ ¥£® §­ ç¥­¨¥, ª®â®à®¥ ®¡¥á¯¥ç¨¢ ¥â à §à¥è¨¬®áâì
§ ¤ ç¨ (1), (2).

� ª¨¬ ®¡à §®¬, ãà ¢­¥­¨¥ (1) c £à ­¨ç­ë¬¨ ãá«®¢¨ï¬¨ (2) ¤¥©áâ¢¨â¥«ì­® ï¢«ï¥âáï § ¤ ç¥©
­  á®¡áâ¢¥­­ë¥ §­ ç¥­¨ï, ¯à¨ç¥¬ ¥¥ á¯¥ªâà «ì­ë¬ ¯ à ¬¥âà®¬ ï¢«ï¥âáï §­ ç¥­¨¥ T �

e , ª®â®-
à®¥ ­¥«¨­¥©­® ¢å®¤¨â ¢ ª®íää¨æ¨¥­âë ¨ ¢¥á®¢ãî äã­ªæ¨î ãà ¢­¥­¨ï. �¥®¡å®¤¨¬ë¬ ãá«®¢¨¥¬
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à §à¥è¨¬®áâ¨ ªà ¥¢®© § ¤ ç¨ (1){(2) ï¢«ï¥âáï ¢ë¯®«­¥­¨¥ à ¢¥­áâ¢  (16). �®áâ â®ç­ë¥ ãá«®-
¢¨ï áãé¥áâ¢®¢ ­¨ï ­¥âà¨¢¨ «ì­®£® ­¥®âà¨æ â¥«ì­®£® à¥è¥­¨ï § ¤ ç¨ (1){(2) ¢ ç áâ­®¬ á«ãç ¥
®¤­®à®¤­ëå £à ­¨ç­ëå ãá«®¢¨© ¯¥à¢®£® à®¤  ¯®«ãç¥­ë ¢ [8].

4. �á«®¢¨ï á®¢¬¥áâ­®áâ¨ á¨áâ¥¬ë ªà ¥¢ëå § ¤ ç

�ëè¥ ¯®ª § ­®, çâ® ­¥âà¨¢¨ «ì­®¥ ­¥®âà¨æ â¥«ì­®¥ à¥è¥­¨¥ ãà ¢­¥­¨ï ¤¨ääã§¨¨ í«¥ª-
âà®­®¢ (1) á ªà ¥¢ë¬¨ ãá«®¢¨ï¬¨ (2) áãé¥áâ¢ã¥â «¨èì ¯à¨ ®¯à¥¤¥«¥­­®¬ §­ ç¥­¨¨ í«¥ªâà®­­®©
â¥¬¯¥à âãàë ¢ æ¥­âà¥ à §àï¤ , § ¤ ¢ ¥¬®¬ á®®â­®è¥­¨¥¬ (16). �¤­ ª® §­ ç¥­¨¥ T �

e ­¥ ï¢«ï¥âáï
á¢®¡®¤­ë¬ ¯ à ¬¥âà®¬, â. ª. ¯à®áâà ­áâ¢¥­­®¥ à á¯à¥¤¥«¥­¨¥ Te(x) ¨ á®®â¢¥âáâ¢¥­­® §­ ç¥­¨¥
T �
e = Te(x�) ­ å®¤ïâáï ¢ à¥§ã«ìâ â¥ à¥è¥­¨ï ãà ¢­¥­¨ï (3) á £à ­¨ç­ë¬ ãá«®¢¨¥¬ (4). �à¥¡®-
¢ ­¨¥ á®¢¬¥áâ­®áâ¨ á¨áâ¥¬ë ªà ¥¢ëå § ¤ ç ¯à¨¢®¤¨â ª ­¥®¡å®¤¨¬®áâ¨ ã¯à ¢«¥­¨ï à¥è¥­¨¥¬
ªà ¥¢®© § ¤ ç¨ (3), (4) â ª, çâ®¡ë ®¡¥á¯¥ç¨âì ¢ë¯®«­¥­¨¥ á®®â­®è¥­¨ï (16).

�®ª ¦¥¬, çâ® ã¯à ¢«¥­¨¥ ¯®¢¥¤¥­¨¥¬ äã­ªæ¨¨ Te(x) ¢®§¬®¦­® §  áç¥â ¨§¬¥­¥­¨ï ªà ¥¢®£®
ãá«®¢¨ï ¯¥à¢®£® à®¤  ¢ § ¤ ç¥ à áç¥â  à á¯à¥¤¥«¥­¨ï ­ ¯àï¦¥­­®áâ¨ ¬ £­¨â­®£® ¯®«ï (7){(8).

� ¬¥â¨¬, çâ® ¢ëà ¦¥­¨¥ �E2 ¢å®¤¨â ¢ ¯à ¢ãî ç áâì ãà ¢­¥­¨© (3) ¨ (7). �à®¨­â¥£à¨àã-
¥¬ ¨å,   â ª¦¥ ãà ¢­¥­¨¥ (5) ¯® ®¡ê¥¬ã ¯« §¬ë. �®«ãç¨¬ á«¥¤ãîé¨¥ á®®â­®è¥­¨ï, ª®â®àë¥
¢ë¯®«­ïîâáï ­  à¥è¥­¨ïå á¨áâ¥¬ë § ¤ ç (1){(10):

�

Z
�

�
{e

@Te
@n

�
5
2
kBve;nneTe

�
d� +

Z



�
3
2
kB��cne(Te � Ta) + �ineEI
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 = Pd; (17)
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kB��cne(Te � Ta)

�
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 = 0; (18)
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d� = Pd: (19)

�¤¥áì Pd =
R



�E2d
 ¥áâì ¬®é­®áâì, ¢ª« ¤ë¢ ¥¬ ï ¢ à §àï¤, §­ ç¥­¨¥ ª®â®à®© ï¢«ï¥âáï ®¤­®© ¨§

®á­®¢­ëå í­¥à£¥â¨ç¥áª¨å å à ªâ¥à¨áâ¨ª �� ¯« §¬¥­­®© ãáâ ­®¢ª¨ [3], wn = (w�n), ve;n = (ve�n),
va;n = (va � n). �â¬¥â¨¬, çâ® á®®â­®è¥­¨ï (18), (19) ï¢«ïîâáï ¢ëà ¦¥­¨¥¬ § ª®­  á®åà ­¥­¨ï
í­¥à£¨¨ ¤«ï �� ¯« §¬ë ¯®­¨¦¥­­®£® ¤ ¢«¥­¨ï ¢ à ¬ª å à áá¬ âà¨¢ ¥¬®© ¬®¤¥«¨.

� ¢¥­áâ¢  (17){(19) ¤®«¦­ë ¢ë¯®«­ïâìáï ®¤­®¢à¥¬¥­­®, çâ® ­¥¢®§¬®¦­® ¯à¨ ¯à®¨§¢®«ì­®¬
§ ¤ ­¨¨ §­ ç¥­¨ïHind ¢ £à ­¨ç­ëå ãá«®¢¨ïå ¯¥à¢®£® à®¤  (8) ª ãà ¢­¥­¨î (7). �®áª®«ìªã ¢ á¨«ã
(13) � � ne, â® §­ ç¥­¨¥ Pd ¯àï¬® ¯à®¯®àæ¨®­ «ì­® n�e, â ª ¦¥, ª ª ¨ «¥¢ ï ç áâì á®®â­®è¥­¨ï
(17). �§ ªà ¥¢ëå § ¤ ç (7), (8) ¨ (9), (10) á«¥¤ãîâ ®â­®è¥­¨ï ¯à®¯®àæ¨®­ «ì­®áâ¨ H2 � H2

ind
,

E2 � H2

ind
.

�«®¦¨¬ à ¢¥­áâ¢  (17), (18) ¨ ¯¥à¥¯¨è¥¬ ¯®«ãç¥­­®¥ á®®â­®è¥­¨¥ á ãç¥â®¬ § ¢¨á¨¬®áâ¥©
(11){(13), ¯à®¯®àæ¨®­ «ì­®áâ¨ H � Hind, E � Hind, ¢ë­®áï ¯à¨ íâ®¬ à §¬¥à­ë¥ ¬­®¦¨â¥«¨ § 
§­ ª ¨­â¥£à¨à®¢ ­¨ï. �®«ãç¨¬
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2

=
E2
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: (22)
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�¥«¨ç¨­ë A, B, C, D á« ¡® § ¢¨áïâ ®â T �
e . �®íâ®¬ã ¨§ (20) á«¥¤ã¥â, çâ® T �

e ª ª à¥è¥­¨¥
ªà ¥¢®© § ¤ ç¨ (3){(4) ­¥«¨­¥©­® § ¢¨á¨â ®â Hind. � ª¨¬ ®¡à §®¬, §­ ç¥­¨¥ Te(x�), ­ ©¤¥­­®¥ ¢
à¥§ã«ìâ â¥ à¥è¥­¨ï ªà ¥¢®© § ¤ ç¨ (3){(4), á®¢¯ ¤¥â á® §­ ç¥­¨¥¬ T �

e , ¯®«ãç¥­­ë¬ ¨§ á®®â­®-
è¥­¨ï (16) â®«ìª® ¢ â®¬ á«ãç ¥, ¥á«¨ §­ ç¥­¨¥ Hind ¢ £à ­¨ç­ëå ãá«®¢¨ïå (8) ¡ã¤¥â § ¤ ­® ¢
á®®â¢¥âáâ¢¨¨ á à ¢¥­áâ¢®¬ (20).

� ¬¥â¨¬, çâ® ¯à¨ ¨§¬¥­¥­¨¨ §­ ç¥­¨© ­ ¯àï¦¥­­®áâ¥© ¯®«¥© ­  £à ­¨æ¥ à §àï¤  á®®â¢¥â-
áâ¢¥­­® ¨§¬¥­ï¥âáï ¨ «¥¢ ï ç áâì á®®â­®è¥­¨ï (19). �«ï �� ¨­¤ãªæ¨®­­®© ¯« §¬ë á ãç¥â®¬
¢¢¥¤¥­­ëå ¢¥«¨ç¨­ ®­® ¯à¨­¨¬ ¥â ¢¨¤

1
2
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n�eH
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ind

��c
D; £¤¥ P =

Z
�ind
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s2
@H
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@n
� 2wn

�
d�:

�âáî¤  á«¥¤ã¥â, çâ® à ¢¥­áâ¢® (19) ¡ã¤¥â ¢ë¯®«­¥­®, ¥á«¨

n�e =
��cP

2D
: (23)

� ¢¥­áâ¢  (20) ¨ (23) ¯®«ãç¥­ë ¢ ¯à¥¤¯®«®¦¥­¨¨, çâ® äã­ªæ¨¨ ne, Te, Ta, H2, E2 ï¢«ïîâáï
à¥è¥­¨ï¬¨ á¨áâ¥¬ë ªà ¥¢ëå § ¤ ç (1){(10). �®íâ®¬ã ®­¨ ï¢«ïîâáï ­¥®¡å®¤¨¬ë¬¨ ãá«®¢¨ï¬¨
á®¢¬¥áâ­®áâ¨ íâ®© á¨áâ¥¬ë ¯à¨ ¯à®¨§¢®«ì­ëå § ¢¨á¨¬®áâïå âà ­á¯®àâ­ëå ª®íää¨æ¨¥­â®¢.

5. �á«®¢¨ï à §à¥è¨¬®áâ¨ á¨áâ¥¬ë ªà ¥¢ëå § ¤ ç

�ãé¥áâ¢®¢ ­¨¥ à¥è¥­¨ï á¨áâ¥¬ë ªà ¥¢ëå § ¤ ç (1){(10) ®¡¥á¯¥ç¨¢ ¥âáï ¥¥ á®¢¬¥áâ­®áâìî ¨
¢ë¯®«­¥­¨¥¬ à ¢¥­áâ¢  (16). �¥©áâ¢¨â¥«ì­®, ¥á«¨ à ¢¥­áâ¢® (16) ­¥ ¨¬¥¥â ¬¥áâ , â® à¥è¥­¨¥¬
ªà ¥¢®© § ¤ ç¨ (1), (2) ï¢«ï¥âáï â®«ìª® âà¨¢¨ «ì­®¥, â. ¥. ne � 0 ¤«ï ¢á¥å x 2 
. �à¨ íâ®¬
¢á«¥¤áâ¢¨¥ ®¡à é¥­¨ï ¢ ­ã«ì ª®íää¨æ¨¥­â®¢ ¯à¨ £« ¢­®¬ ç«¥­¥ ãà ¢­¥­¨ï § ¤ ç¨ (3), (4) ¨
(7), (8) ¢ëà®¦¤ îâáï ¢® ¢á¥© ®¡« áâ¨ 
, â. ¥. á¨áâ¥¬  (1){(10) â¥àï¥â á¬ëá«.

�  ®á­®¢ ­¨¨ ¨§«®¦¥­­®£® ¬®¦­® áä®à¬ã«¨à®¢ âì á«¥¤ãîé¥¥

�â¢¥à¦¤¥­¨¥. �«ï áãé¥áâ¢®¢ ­¨ï ­¥âà¨¢¨ «ì­®£® à¥è¥­¨ï á¨áâ¥¬ë ªà ¥¢ëå § ¤ ç (1){
(10) ­¥®¡å®¤¨¬®, çâ®¡ë ª®­æ¥­âà æ¨¨ í«¥ªâà®­®¢ ¨ í«¥ªâà®­­®© â¥¬¯¥à âãàë ¢ æ¥­âà¥ ¯« §-

¬ë n�e ¨ T �
e , ­ ¯àï¦¥­­®áâì ¬ £­¨â­®£® ¯®«ï, á®§¤ ¢ ¥¬®£® ¨­¤ãªâ®à®¬ ­  £à ­¨æ¥ ¯« §¬ë

Hind, ã¤®¢«¥â¢®àï«¨ ­¥«¨­¥©­ë¬ á®®â­®è¥­¨ï¬

Da(p�; T �
e )

�i(p�; T �
e )

�0 = 1; H2

ind
=
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a

n�eT
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e

B + ��i
EI

T �
e

C

�
T �
e �

�
cD

�1
; n�e =

1
2
��cP

D
; (24)

£¤¥ �0 | ­ ¨¬¥­ìè¥¥ á®¡áâ¢¥­­®¥ §­ ç¥­¨¥ § ¤ ç¨ (14), (15), ª®íää¨æ¨¥­âë A, B, C, D, P
®¯à¥¤¥«¥­ë á®®â­®è¥­¨ï¬¨ (21), (22),   ¢¥«¨ç¨­ë, ®â¬¥ç¥­­ë¥ §¢¥§¤®çª®©, áãâì §­ ç¥­¨ï á®-
®â¢¥âáâ¢ãîé¨å äã­ªæ¨© ¢ æ¥­âà¥ ¯« §¬ë.

�­ «®£¨ç­ë¥ ãâ¢¥à¦¤¥­¨ï ¬®¦­® áä®à¬ã«¨à®¢ âì ¤«ï �� ¥¬ª®áâ­®© ¯« §¬ë, £¥­¥à¨àã¥-
¬®© á ¯®¬®éìî ¢­¥è­¨å í«¥ªâà®¤®¢,   â ª¦¥ ¤«ï ¯« §¬ë �� ª®¬¡¨­¨à®¢ ­­®£® (¨­¤ãªæ¨®­­®-
¥¬ª®áâ­®£®) à §àï¤  ¯®­¨¦¥­­®£® ¤ ¢«¥­¨ï.

6. � ª«îç¥­¨¥

�¥âàã¤­® ¢¨¤¥âì, çâ® á¨áâ¥¬  ªà ¥¢ëå § ¤ ç (1){(10) á ¤®¯®«­¨â¥«ì­ë¬¨ ãá«®¢¨ï¬¨ (24)
ï¢«ï¥âáï § ¬ª­ãâ®©. �â® ®§­ ç ¥â, çâ® à¥è¥­¨¥ á¨áâ¥¬ë ªà ¥¢ëå § ¤ ç �� ¯« §¬ë ¯®­¨¦¥­­®-
£® ¤ ¢«¥­¨ï ¯®«­®áâìî ®¯à¥¤¥«ï¥âáï  ¯¯à®ªá¨¬ æ¨ï¬¨ ª®íää¨æ¨¥­â®¢ ¯¥à¥­®á , ¬ â¥à¨ «ì-
­ë¬¨ ãà ¢­¥­¨ï¬¨ áà¥¤ë ¨ £à ­¨ç­ë¬¨ ãá«®¢¨ï¬¨. �à¨ íâ®¬ à¥è¥­¨¥ á¨áâ¥¬ë  ¢â®¬ â¨ç¥áª¨
®¯à¥¤¥«ï¥â §­ ç¥­¨¥ £à ­¨ç­®£® ãá«®¢¨ï ¯¥à¢®£® à®¤  ¤«ï ­ ¯àï¦¥­­®áâ¨ ¬ £­¨â­®£® ¯®«ï ¡¥§
¯à¨¢«¥ç¥­¨ï  ¯à¨®à­ëå í¬¯¨à¨ç¥áª¨å ¤ ­­ëå, ­ ¯à¨¬¥à, ® áâ¥¯¥­¨ ¨®­¨§ æ¨¨ ¨«¨ â¥à¬¨ç¥áª®©
­¥à ¢­®¢¥á­®áâ¨ ¯« §¬ë.
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� ª¨¬ ®¡à §®¬, ¢ à¥§ã«ìâ â¥ ¯à®¢¥¤¥­­®£®  ­ «¨§  á¨áâ¥¬ë ªà ¥¢ëå § ¤ ç (1){(10) ¯®«ãç¥-
­ë ­¥®¡å®¤¨¬ë¥ ãá«®¢¨ï áãé¥áâ¢®¢ ­¨ï à¥è¥­¨ï ¢ ¢¨¤¥ ä®à¬ã« (24), á¢ï§ë¢ îé¨å §­ ç¥­¨¥
ª®­æ¥­âà æ¨¨ í«¥ªâà®­®¢ ¢ æ¥­âà¥ à §àï¤  á í«¥ªâà®­­®© â¥¬¯¥à âãà®© ¢ íâ®© ¦¥ â®çª¥ ¨
­ ¯àï¦¥­­®áâìî ¬ £­¨â­®£® ¯®«ï ­  áâ¥­ª¥ à §àï¤­®© ª ¬¥àë, ª®â®àë¥ ­¥®¡å®¤¨¬ë ¤«ï ¯®¤-
¤¥à¦ ­¨ï áâ æ¨®­ à­®£® �� ¨­¤ãªæ¨®­­®£® à §àï¤  ¯®­¨¦¥­­®£® ¤ ¢«¥­¨ï.

�ëï¢«¥­­ ï ¢§ ¨¬®á¢ï§ì ¢­ãâà¥­­¨å å à ªâ¥à¨áâ¨ª �� ¯« §¬ë ¯®­¨¦¥­­®£® ¤ ¢«¥­¨ï á
£à ­¨ç­ë¬¨ ãá«®¢¨ï¬¨ ¯¥à¢®£® à®¤  (8) ¢ ¯®áâà®¥­­®© ¬®¤¥«¨ ï¢«ï¥âáï ¬ â¥¬ â¨ç¥áª¨¬ ¢ë-
à ¦¥­¨¥¬ ¨§¢¥áâ­®£® íªá¯¥à¨¬¥­â «ì­®£® ä ªâ , çâ® ¯®«®¦¨â¥«ì­ë© áâ®«¡ £ §®¢ëå à §àï¤®¢
ï¢«ï¥âáï á ¬®­ áâà ¨¢ îé¥©áï,  ¢â®¬ â¨ç¥áª¨ à¥£ã«¨àã¥¬®© á¨áâ¥¬®© [9], [10]. �â® ®§­ ç ¥â,
çâ® ®á­®¢­ë¥ ¯ à ¬¥âàë à §àï¤ , â ª¨¥ ª ª ­ ¯àï¦¥­­®áâì í«¥ªâà¨ç¥áª®£® ¯®«ï, ¢¥«¨ç¨­ 
áà¥¤­¥© í­¥à£¨¨ í«¥ªâà®­®¢ ãáâ ­ ¢«¨¢ îâáï  ¢â®¬ â¨ç¥áª¨, ­¥§ ¢¨á¨¬® ®â ¢¥«¨ç¨­ë â®ª ,
¯à®â¥ª îé¥£® ç¥à¥§ à §àï¤, ¨ ¯à¨«®¦¥­­®£® ­ ¯àï¦¥­¨ï.

�­ «®£¨ç­®, ¢ ¯®áâà®¥­­®© ¬®¤¥«¨ à¥è¥­¨¥ á¨áâ¥¬ë ªà ¥¢ëå § ¤ ç (1){(10) ¯®§¢®«ï¥â ­ ©â¨
­¥ â®«ìª® ¯à®áâà ­áâ¢¥­­ë¥ à á¯à¥¤¥«¥­¨ï ®á­®¢­ëå å à ªâ¥à¨áâ¨ª ¯« §¬ë, ­® ¨ ®¤­®¢à¥¬¥­­®
®¯à¥¤¥«¨âì §­ ç¥­¨ï ­ ¯àï¦¥­­®áâ¨ ¬ £­¨â­®£® ¯®«ï, ª®â®àãî ­¥®¡å®¤¨¬® á®§¤ âì ­  áâ¥­ª å
à §àï¤­®© ª ¬¥àë ¤«ï ¯®¤¤¥à¦ ­¨ï áâ æ¨®­ à­®£® á®áâ®ï­¨ï ¯« §¬ë,   â ª¦¥ ¯®£«®é ¥¬®©
à §àï¤®¬ ¬®é­®áâ¨, ª®­æ¥­âà æ¨¨ ¨ â¥¬¯¥à âãàë í«¥ªâà®­®¢ ¢ æ¥­âà¥ à §àï¤ .

� ª¨¬ ®¡à §®¬, á¨áâ¥¬  ªà ¥¢ëå § ¤ ç (1){(10), ®¯¨áë¢ îé ï ª¢ §¨­¥©âà «ì­ãî ¢ëá®ª®ç -
áâ®â­ãî ¯« §¬ã ¯®­¨¦¥­­®£® ¤ ¢«¥­¨ï, á ¤®¯®«­¨â¥«ì­ë¬¨ ãá«®¢¨ï¬¨ (24) ï¢«ï¥âáï § ¬ª­ã-
â®© ®â­®á¨â¥«ì­® ¢å®¤ïé¨å ¢ ­¥¥ ¯ à ¬¥âà®¢, ¯à¨ íâ®¬ á®®â­®è¥­¨ï (24) ¯à¥¤áâ ¢«ïîâ á®¡®©
­¥®¡å®¤¨¬ë¥ ãá«®¢¨ï á®¢¬¥áâ­®áâ¨ ¨ áãé¥áâ¢®¢ ­¨ï ¥¥ ­¥âà¨¢¨ «ì­®£® à¥è¥­¨ï.
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