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á ¬®á®£« á®¢ ®© ¬®¤¥«¨ ¯®¤¤¥à¦ ¨ï ¨®¨§ æ¨®ëå ¢®«. �®¤¥«ì ®á®¢     á®¢¬¥áâ®¬

à¥è¥¨¨ ª¨¥â¨ç¥áª®£® ãà ¢¥¨ï ¤«ï í«¥ªâà®®¢ ¨ ãà ¢¥¨ï ¤¢¨¦¥¨ï ¨®®¢ ¢ ¯à®áâà áâ¢¥®-
¯¥à¨®¤¨ç¥áª®¬ ¯®«¥. � íªá¯¥à¨¬¥â «ì® ¨§¬¥à¥®¬ ¯®«¥ ¯®áâà®¥  äãªæ¨ï à á¯à¥¤¥«¥¨ï, ¯®
ª®â®à®© à ááç¨â ë ¯à®áâà áâ¢¥ë¥ à á¯à¥¤¥«¥¨ï ª®æ¥âà æ¨¨ ¯« §¬ë ¨ áª®à®áâ¨ ¨®¨§ æ¨¨.
�¥è¥¨¥ ãà ¢¥¨ï ¤¢¨¦¥¨ï ¨®®¢ ¯®§¢®«¨«® ¢®ááâ ®¢¨âì ¯®«¥, ¡«¨§ª®¥ ª ¨áå®¤®¬ã.�¯¥æ¨ä¨ª®©
à áá¬ âà¨¢ ¥¬®£® ¬¥å ¨§¬  ï¢«ï¥âáï ïàª® ¢ëà ¦¥ë© ¥«®ª «ìë© å à ªâ¥à ä®à¬¨à®¢ ¨ï

äãªæ¨¨ à á¯à¥¤¥«¥¨ï í«¥ªâà®®¢ ¢á¥¬ ¥®¤®à®¤ë¬ ¯à®ä¨«¥¬ ¯®â¥æ¨ «  ¨®¨§ æ¨®®©

¢®«ë.

�¢¥¤¥¨¥

� à §àï¤¥ ¢ ¨¥àâëå £ § å ¨®¨§ æ¨®ë¥ ¢®«ë

(áâà âë)  ¡«î¤ îâáï ¢ è¨à®ª®© ®¡« áâ¨ ¤ ¢«¥¨©
¨ â®ª®¢, ¯à¨ç¥¬ ¢ § ¢¨á¨¬®áâ¨ ®â ãá«®¢¨© à §àï¤ 

¯à¨à®¤  íâ¨å áâà â áãé¥áâ¢¥® à §«¨ç ¥âáï. �à¨
¨§ª¨å ¤ ¢«¥¨ïå (¬¥ìè¨å ¥áª®«ìª¨å �®à) ¨ â®ª å
(¥ ¯à¥¢ëè îé¨å ¤¥áïâª®¢ ¬�) å à ªâ¥à áâà â ®¯à¥-
¤¥«ï¥âáï ¥«®ª «ì®© ª¨¥â¨ª®© í«¥ªâà®®¢, ª®£¤ 
äãªæ¨ï à á¯à¥¤¥«¥¨ï í«¥ªâà®®¢ (���) ¯® í¥à£¨-
ï¬ ä®à¬¨àã¥âáï ¢á¥¬ ¥®¤®à®¤ë¬ ¯®â¥æ¨ «ìë¬

¯®«¥¬ áâà âë, ¢ ª®â®à®¬ ¤¢¨¦ãâáï í«¥ªâà®ë.

�à¥¤¬¥â®¬  áâ®ïé¥© à ¡®âë ï¢«ï¥âáï   «¨§ ¢®§-
¬®¦®£® ¬¥å ¨§¬  á ¬®¯®¤¤¥à¦ ¨ï ¨®¨§ æ¨®-
ëå ¢®« ¢ íâ¨å ãá«®¢¨ïå. � ¤ ç  § ª«îç ¥âáï ¢

â®¬, çâ®¡ë  ©â¨ á ¬®á®£« á®¢ ®¥ ¯®«¥, ¢ ª®â®à®¬
ä®à¬¨àã¥âáï â ª ï äãªæ¨ï à á¯à¥¤¥«¥¨ï, ª®â®à ï
®¡¥á¯¥ç¨¢ ¥â ¯à®áâà áâ¢¥®¥ à á¯à¥¤¥«¥¨¥ ¨áâ®ç-
¨ª®¢ ¨®¨§ æ¨¨ ¨ ª®æ¥âà æ¨¨ í«¥ªâà®®¢, ¯à¨¢®-
¤ïé¨å ª ãáâ ®¢«¥¨î ¥®¡å®¤¨¬®£® ¯®«ï. � ¯à¥¤ë-
¤ãé¥© à ¡®â¥ [1] ¡ë«¨ ¨§¬¥à¥ë ¯à®ä¨«¨ ¯®â¥æ¨ « 

¨ äãªæ¨¨ à á¯à¥¤¥«¥¨ï ¢ áâà â å ¢¡«¨§¨ ¨¦¥©

£à ¨æë áãé¥áâ¢®¢ ¨ï ¯® â®ªã. �  ®á®¢¥ ª¨¥â¨ç¥-
áª®© ¬®¤¥«¨ ä®à¬¨à®¢ ¨ï äãªæ¨¨ à á¯à¥¤¥«¥¨ï ¢

¯à®áâà áâ¢¥®-¯¥à¨®¤¨ç¥áª®¬ ¯®«¥, ¯à¥¤«®¦¥®©
¢ [2], ¡ë«¨ ¢ë¯®«¥ë à áç¥âë ���. �®¯®áâ ¢«¥¨¥
¨§¬¥à¥ëå ¨ à ááç¨â ëå äãªæ¨© à á¯à¥¤¥«¥¨ï

¢ à §«¨çëå ä § å áâà âë ¯®ª § «® å®à®è¥¥ ª ç¥-
áâ¢¥®¥ á®£« á¨¥ à¥§ã«ìâ â®¢ íªá¯¥à¨¬¥â  ¨ à áç¥-
â , çâ® £®¢®à¨â ® ¯à ¢¨«ì®áâ¨ ¨áå®¤ëå ¯®«®¦¥¨©,
§ «®¦¥ëå ¢ â¥®à¨î, — ¢®§¬®¦®áâì ãáâ ®¢«¥¨ï

äãªæ¨¨ à á¯à¥¤¥«¥¨ï §  áç¥â íää¥ªâ  ”¡ãç¨-
à®¢ª¨” ¯à¨ ¯à®å®¦¤¥¨¨ í«¥ªâà® ¬¨ ¤®áâ â®ç®£®

ç¨á«  ¯¥à¨®¤®¢ ¥§ ¢¨á¨¬® ®â  ç «ì®£® ãá«®¢¨ï.
� «¨§ ãà ¢¥¨ï ¤¢¨¦¥¨ï ¨®®¢ (ãà ¢¥¨ï ¤«ï

¯®«ï) ¥ ¯à®¢®¤¨«áï.

�áå®¤ë¥ íªá¯¥à¨¬¥â «ìë¥ ¤ ë¥

�®ªà¥âë¥ íªá¯¥à¨¬¥âë ¨ à áç¥âë ¢ë¯®«¥ë

¤«ï à §àï¤  ¢ ¥®¥ ¯à¨ ¤ ¢«¥¨¨ p = 2�®à, â®ª¥
i = 10¬� ¢ âàã¡ª¥ à ¤¨ãá  R = 1 á¬ ¨ ¤«¨®© 80 á¬.
�§¬¥à¥ë¥ à á¯à¥¤¥«¥¨ï ¯®â¥æ¨ «  ¢¤®«ì

áâà â ¯à¨¢¥¤¥ë ¢ à ¡®â¥ [1]. � ë¥ íªá¯¥à¨¬¥â 

¬®£ãâ ¡ëâì  ¯¯à®ªá¨¬¨à®¢ ë áª çª®®¡à §®©

§ ¢¨á¨¬®áâìî ¯®«ï E(x) ¢ ¢¨¤¥

E(x) =

{
E1 ¤«ï 0 < x < x0,

E2 ¤«ï x0 < x < L,
(1)

£¤¥ E1 = 10�/á¬; E2 = 1.19�/á¬; L — ¤«¨  áâà âë

(L = 5.6 á¬); x0 = 1.4 á¬; E0 = 3.4�/á¬ — áà¥¤¥¥

¯® ¯¥à¨®¤ã ¯®«¥, ª®â®à®¥ ¡ã¤¥¬ à áá¬ âà¨¢ âì ª ª

¯®«¥ ¢ ¥áâà â¨ä¨æ¨à®¢ ®¬ áâ®«¡¥ ¯à¨ â¥å ¦¥

à §àï¤ëå ãá«®¢¨ïå.
� ¡«î¤ ¥¬ë¥ áâà âë ¨¬¥«¨ ç áâ®âã 1.6ª�æ ¨ ä -

§®¢ãî áª®à®áâì vph = 90¬/á. � ¤¥¨¥ ¯®â¥æ¨ «   
áâà â¥ á®áâ ¢«ï«® εL = 19�. �â¨ ¤ ë¥ ¡ã¤¥¬ ¢

¤ «ì¥©è¥¬ ¨á¯®«ì§®¢ âì ¢ ª ç¥áâ¢¥ ¨áå®¤®£® ¯à¨-
¡«¨¦¥¨ï ¤«ï à¥è¥¨ï á ¬®á®£« á®¢ ®© § ¤ ç¨.
�®¨§ æ¨ï ¢ ãá«®¢¨ïå íªá¯¥à¨¬¥â  ®¯à¥¤¥«ï¥âáï

¯àï¬ë¬¨ ¨ áâã¯¥ç âë¬¨ ¯à®æ¥áá ¬¨, çâ® âà¥¡ã¥â

¨ä®à¬ æ¨¨ ® § á¥«¥®áâïå ¨ ¢à¥¬¥ å ¦¨§¨ ¬¥â -
áâ ¡¨«ìëå ¨ à¥§® áëå á®áâ®ï¨©, ç¥à¥§ ª®â®àë¥
¨¤¥â áâã¯¥ç â ï ¨®¨§ æ¨ï. �ë«¨ ¢ë¯®«¥ë íªá-
¯¥à¨¬¥âë ¯® ¨§¬¥à¥¨î § á¥«¥®áâ¨ ¬¥â áâ ¡¨«ì-
®£® á®áâ®ï¨ï 2p53s3P2 ¢ áâà â å à §«¨çëå â¨¯®¢

(S-, P - ¨ R-áâà â å), çâ® ¯®§¢®«¨«® ®æ¥¨âì à¥ «ì-
ë¥ ¢à¥¬¥  ¦¨§¨ ¬¥â áâ ¡¨«¥©. �âà âë à §«¨çëå
â¨¯®¢ à¥ «¨§ãîâáï ¢ ¡«¨§ª¨å à §àï¤ëå ãá«®¢¨ïå ¨

à §«¨ç îâáï ¯ ¤¥¨¥¬ ¯®â¥æ¨ «    ¤«¨¥ áâà âë.
�«ï ¨§¬¥à¥¨© ¨á¯®«ì§®¢ «áï ¬¥â®¤ à¥ ¡á®à¡æ¨¨ á

¢à¥¬¥ë́¬ à §à¥è¥¨¥¬, ¬¥ìè¨¬ ç¥¬ 10¬ªá. � §-
àï¤ ï âàã¡ª  á ¡¥£ãé¨¬¨ áâà â ¬¨ ¯à®á¢¥ç¨¢ « áì
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�¨á. 1. �§¬¥à¥ ï ª®æ¥âà æ¨ï (N∗m) ¬¥â áâ ¡¨«ìëå
 â®¬®¢ 3P2 ¢ áâà â å S- ( ), P - (¡) ¨ R-â¨¯®¢ (¢) ¢

¥®¥. �¯«®èë¥ ªà¨¢ë¥ — § á¥«¥®áâì ¬¥â áâ ¡¨«¥©,
èâà¨å®¢ë¥ ªà¨¢ë¥ — ïàª®áâì «¨¥©ç â®£® ¨§«ãç¥¨ï; p,
�®à:   — 2.5, ¡ — 1.5, ¢ — 0.9; i, ¬�:   — 7, ¡ — 10, ¢ — 8;
εL, �: a — 19.5, ¡ — 9.8, ¢ — 11.5.

âàã¡ª®©, ¨¬¥¢è¥© ¤®áâ â®ç® áâ ¡¨«ìë© ãà®¢¥ì

®¯â¨ç¥áª®£® á¨£ «  ¨ à ¡®â ¢è¥© ¯à¨¬¥à® ¢ â¥å

¦¥ à §àï¤ëå ãá«®¢¨ïå. �¥§ã«ìâ âë íªá¯¥à¨¬¥â®¢

¯à¨¢¥¤¥ë   à¨á. 1; ¨§ ¥£® ¬®¦® § ª«îç¨âì,
çâ® áã¬¬ à ï § á¥«¥®áâì ¬¥â áâ ¡¨«ìëå ¨ à¥-
§® áëå á®áâ®ï¨© ¯à¥¢®áå®¤¨â ãà®¢¥ì 1011 á¬−3.
�«ï S- ¨ P -áâà â, ¯¥à¨®¤ ª®â®àëå (T ) á®áâ ¢«ï¥â

300 ¨ 660¬ªá, ¬¥â áâ ¡¨«¨ ¨¬¥îâ § ¬¥âãî £«ã¡¨ã

¬®¤ã«ïæ¨¨, ¤«ï R-áâà â á ¯¥à¨®¤®¬ 60¬ªá ¬®¤ã-
«ïæ¨ï ®âáãâáâ¢ã¥â. �â¨ ¤ ë¥ ¯®§¢®«ïîâ ®æ¥¨âì

¢à¥¬ï ¦¨§¨ ¬¥â áâ ¡¨«ìëå á®áâ®ï¨© ¢¥«¨ç¨®©

τm ≈ 100¬ªá, ¥  ªæ¥â¨àãï ¢¨¬ ¨ï   ª®ªà¥âëå
¬¥å ¨§¬ å £¨¡¥«¨ íâ¨å á®áâ®ï¨©. � ¤ «ì¥©è¥¬

¡ã¤¥¬ ¨á¯®«ì§®¢ âì íâ® § ç¥¨¥ ¤«ï ¯®áâà®¥¨ï

â¥®à¨¨.

�à¥¬ï ãå®¤  § àï¦¥ëå ç áâ¨æ   áâ¥ªã τa0 ¤«ï

¥áâà â¨ä¨æ¨à®¢ ®£® à §àï¤  ®æ¥¨¬ ¢ ¯à¨¡«¨¦¥-

¨¨  ¬¡¨¯®«ïà®© ¤¨ääã§¨¨

τa0 ≈

(
R

2.4

)2
1

Da
≈ 1.4 · 10−3p (á),

çâ® â ª¦¥ ¡ã¤¥â ¨á¯®«ì§®¢ ® ¯à¨ ¤ «ì¥©è¨å à á-
ç¥â å.

� à ¬¥âàë ¥áâà â¨ä¨æ¨à®¢ ®£®

à §àï¤ 

�«ï à¥è¥¨ï § ¤ ç¨ ® ¯à®áâà áâ¢¥®-¯¥à¨®¤¨-
ç¥áª®¬ ¯®«¥ ¥®¡å®¤¨¬ë ¤ ë¥ ® ¯ à ¬¥âà å ¯« §-
¬ë ¢ ¥áâà â¨ä¨æ¨à®¢ ®¬ ¥¢®§¬ãé¥®¬ ¯®«®-
¦¨â¥«ì®¬ áâ®«¡¥ ¢ ¯à®¤®«ì®¬ ¯®«¥ E0 ¢ ãá«®¢¨ïå

¢ë¯®«¥ëå íªá¯¥à¨¬¥â®¢. �â¨ ¤ ë¥ ¯®«ãç¨¬

¢ à ¬ª å ®¤®¬¥à®© ¬®¤¥«¨ ¢ ¯à¥¥¡à¥¦¥¨¨ à -
¤¨ «ìë¬¨ £à ¤¨¥â ¬¨, ¨á¯®«ì§®¢ ®© ¢ [1,2] ¤«ï
áâà â¨ä¨æ¨à®¢ ®£® à §àï¤ .
�«ï ¯à¨¡«¨¦¥®£® à áç¥â  ¯ à ¬¥âà®¢ à §àï¤ 

¨á¯®«ì§ã¥¬ ãà ¢¥¨ï

(eE0)2 ∂

∂ω

(
v3

3ν(v)

)
∂f0

0 (w)

∂w
= −vν∗f0

0 (w), (2)

1

τa0
=
I0

n0
. (3)

�à ¢¥¨¥ (2) — ª¨¥â¨ç¥áª®¥ ãà ¢¥¨¥ ¤«ï

äãªæ¨¨ à á¯à¥¤¥«¥¨ï f0
0 (¢ ã«¥¢®¬ ¯à¨¡«¨¦¥-

¨¨ [1,2]) ¢ ¯à¥¥¡à¥¦¥¨¨ ã¯àã£¨¬¨ ã¤ à ¬¨ ¢ ¡ -
« á¥ í¥à£¨¨. ν ¨ ν∗ — ç áâ®âë ã¯àã£¨å ¨ ¥ã¯àã£¨å

ã¤ à®¢, ª®â®àë¥  ¯¯à®ªá¨¬¨àã¥¬ ¢ëà ¦¥¨ï¬¨

ν = ν0(v/v1); ν0 = 2.2 · 109p (á−1),

ν∗ = ν∗0 (w/ε1 − 1); ν∗0 = 2 · 108p (á−1),

v ¨ w — áª®à®áâì ¨ ª¨¥â¨ç¥áª ï í¥à£¨ï, ε1 — ¯®à®£

¢®§¡ã¦¤¥¨ï (16.6 í�), v1 =
√

2ε1/m.
�à ¢¥¨¥ (3) — ãà ¢¥¨¥ ¡ « á  § àï¦¥ëå

ç áâ¨æ ¢ ¯à¨¡«¨¦¥¨¨ ¢à¥¬¥¨ ¦¨§¨, £¤¥ τa0 —
¢à¥¬ï ãå®¤    áâ¥ªã, I0 ¨ n0 — ¨®¨§ æ¨ï ¨

ª®æ¥âà æ¨ï ¢ áâ æ¨® à®¬ à §àï¤¥.
� «®£¨ç® [1,2] ¯®áâ ¢¨¬ ã«¥¢®¥ £à ¨ç®¥ ãá«®-

¢¨¥   ¯®à®£¥ ¢®§¡ã¦¤¥¨ï f0
0 |w=ε1 = 0. �ãªæ¨î

à á¯à¥¤¥«¥¨ï ¢ ¥ã¯àã£®© ®¡« áâ¨ ¯®«ãç¨¬ ¨§ ãà ¢-
¥¨ï (2), âà¥¡ãï à ¢¥áâ¢  ¯à®¨§¢®¤ëå   ¯®à®-
£¥ ¢®§¡ã¦¤¥¨ï. �®¤®¡ ï äãªæ¨ï à á¯à¥¤¥«¥¨ï,
¨¬¥îé ï à §àë¢ ¢ â®çª¥ w = ε1, ¯®§¢®«ï¥â à ááç¨-
â âì ¯àï¬ãî ¨ áâã¯¥ç âãî ¨®¨§ æ¨î ¨ ¯à®¢¥à¨âì

¢ë¯®«¨¬®áâì ãà ¢¥¨ï (3).
�ãªæ¨ï à á¯à¥¤¥«¥¨ï á ¯à¨¡«¨¦¥®© ®à¬¨-

à®¢ª®©
∫ ε1

0 f0
0 (w)

√
wdw = n0 ¨¬¥¥â ¢¨¤

f0
0 (w)=

9

4

n0

ε
3/2
1

ln ε1
w

0 < w < ε1,(
4
3

)1/3(T1

ε1

)2/3
1

Γ(2/3)z
1/3K1/3(z) w > ε1,

(4)
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z =
2

3

(
ε1

T1

)(
w

ε1
− 1

)3/2

;

T1 =
1
√

3

√
ν0

ν∗0
eE0λ1; λ1 =

v1

ν0
, (4a)

K1/3(z) — ¬®¤¨ä¨æ¨à®¢  ï äãªæ¨ï �¥áá¥«ï.
� ©¤¥¬ ¯®â®ª í«¥ªâà®®¢ ¢ ¥ã¯àã£ãî ®¡« áâì ¨§

ãà ¢¥¨ï (2), ¯à®¨â¥£à¨à®¢ ¢ ¥£® á«¥¢  ¨ á¯à ¢  ¯®
ª¨¥â¨ç¥áª¨¬ í¥à£¨ï¬ ®â ε1 ¤® ∞,

W0 =

∞∫
ε1

√
m

2
vν∗(v)f0

0 (w)dw

= −
2

3

(eE0)2

mν0
ε

3/2
1

∂f0
0

∂w

∣∣∣
w=ε1

=
3

2

(eE0)2n0

mν0ε1
.

(5)

�ëç¨á«¨¬ ¯«®â®áâì â®ª  j0 ç¥à¥§  ¯à ¢«¥ãî

ç áâì äãªæ¨¨ à á¯à¥¤¥«¥¨ï

f0
1 =

eE0v

ν

∂f0
0

∂w
,

j0 = (e2E0)

√
m

2

ε1∫
0

v3

3ν

∂f0
0

∂w
dw =

3

2

e3E0

mν0
n0. (6)

�§ ãà ¢¥¨© (5), (6) ¢¨¤®, çâ® ¡ « á ¬®é®áâ¨
¬®¦® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥

W0 =
j0E0

ε1
≈
iE0

ε1

1

πR20.43
. (7)

� à ¬ª å á¤¥« ëå ¯à¨¡«¨¦¥¨© ¢áï ¬®é®áâì,
¢ª« ¤ë¢ ¥¬ ï ¢ à §àï¤, ¨¤¥â   ¥ã¯àã£¨¥ ã¤ àë,
çâ® ¤ ¥â ®æ¥ªã á¢¥àåã ¤«ï ¢¥«¨ç¨ë W0. �¥ «ì®¥
§ ç¥¨¥ ¢¥«¨ç¨ë W0 ¬®¦¥â ¡ëâì § ¬¥â® ¬¥ìè¥,
¥á«¨ ãç¥áâì ¤àã£¨¥ ¢®§¬®¦ë¥ ª  «ë ¤¨áá¨¯ æ¨¨

í¥à£¨¨ í«¥ªâà®®¢.
�®«ãç¨¬ ¢ëà ¦¥¨¥ ¤«ï ¯®«®£® ç¨á«  ¨®¨§ æ¨©,

¯à¨¨¬ ï ¢® ¢¨¬ ¨¥ ¯àï¬ãî Id0 ¨ áâã¯¥ç âãî Is0
¨®¨§ æ¨î,

Id0 =

∞∫
εi

νd

(
w

εi
− 1

)
f0

0

√
w dw

=

(
4

3

)1/3
n0

Γ(2/3)

√
εi

ε1

(
T1

ε1

)2/3

×

∞∫
εi

(
w

εi
− 1

)
z1/3K1/3(z)dw, (8)

Is0 = Nm0

∞∫
εsi

f0
0 vσsi(v)

√
wdw = W0τmνsi. (9)

�¤¥áì εi ¨ εsi — ¯®â¥æ¨ «ë ¯àï¬®© ¨ áâã¯¥ç â®©

¨®¨§ æ¨¨: νd(w/εi−1) — ç áâ®â  ¯àï¬®© ¨®¨§ æ¨¨,

νd = 3.2 · 108p (á−1); Nm0 — § á¥«¥®áâì ¬¥â áâ -
¡¨«ìëå ¨ à¥§® áëå á®áâ®ï¨©, ç¥à¥§ ª®â®àë¥

¨¤¥â áâã¯¥ç â ï ¨®¨§ æ¨ï; τm — ¢à¥¬ï ¦¨§¨ íâ¨å

á®áâ®ï¨©; σsi ¨ νsi — á¥ç¥¨¥ ¨ ç áâ®â  áâã¯¥ç â®©

¨®¨§ æ¨¨; νsi = 2 · 10−7n0 (á−1).
�ª®ç â¥«ìë¥ ¤ ë¥ ® ¯ à ¬¥âà å ®¤®à®¤®-

£® à §àï¤ , áª®àà¥ªâ¨à®¢ ë¥   íªá¯¥à¨¬¥â «ì-
ë¥ § ç¥¨ï E0 ≈ 3.4�/á¬, Nm0 ≈ 5 · 1011 á¬−3,
¬®£ãâ ¡ëâì ¯à¥¤áâ ¢«¥ë ¢ ¢¨¤¥ n0 ≈ 1010 á¬−3,
W0 ≈ 5 · 1015á¬−3· á−1, Is0 ≈ 5 · 1014 á¬−3 · á−1,
Id0 ≈ 1014 á¬−3· á−1, 1/τa0 ≈ 6 · 104 á−1.

�¥å ¨§¬ á ¬®¯®¤¤¥à¦ ¨ï áâà â

�à®  «¨§¨àã¥¬ ¢®§¬®¦®áâì à¥ «¨§ æ¨¨ ¬¥å -
¨§¬  ¢§ ¨¬®£® ä®à¬¨à®¢ ¨ï í«¥ªâà¨ç¥áª®£® ¯®«ï

¨ äãªæ¨¨ à á¯à¥¤¥«¥¨ï, ®¡¥á¯¥ç¨¢ îé¥£® á ¬®¯®¤-
¤¥à¦ ¨¥ áâà â.
�¯à¥¤¥«¨¬ ¤«¨ã í¥à£¥â¨ç¥áª®© à¥« ªá æ¨¨ λε

ª ª à ááâ®ï¨¥,   ª®â®à®¥ ¤¨ääã¤¨àãîâ í«¥ªâà®-
ë §  ¢à¥¬ï τ , ¥®¡å®¤¨¬®¥ ¤«ï ®¡¬¥  í¥à£¨¥©

λε ≈
√
Dτ , £¤¥

D ≈ vλ,
1

τ
=


m
M
ν + 1

τE
¤«ï v < v1,

m
M ν + ν∗ ¤«ï v > v1,

(10)

τE — ¢à¥¬ï, §  ª®â®à®¥ í«¥ªâà® ¬®¦¥â  ¡à âì

í¥à£¨î ε1 ¯à¨ ãáª®à¥¨¨ ¢ ¯à®¤®«ì®¬ ¯®«¥ E0.
�â® ¢à¥¬ï «¥£ª® ®æ¥¨âì ¨§ á®®â®è¥¨ï(

eE0

mν

)
(eE0)τE ≈ ε1,

1

τE
≈

(eE0)2

mνε1
.

�à¨¨¬ ï ¢® ¢¨¬ ¨¥, çâ® 1/τE > (m/M)ν ¨

ν∗ > (m/M)ν, ¤«ï ¤«¨ë í¥à£¥â¨ç¥áª®© à¥« ªá æ¨¨

λε ¯®«ãç ¥¬

λε =


ε1
eE0

¤«ï w < ε1,

v√
νν∗

=
√
λλ∗ ¤«ï w > ε1.

(11)

� ãá«®¢¨ïå ¢ë¯®«¥ëå íªá¯¥à¨¬¥â®¢ ¤«ï í«¥ª-
âà®®¢ á í¥à£¨ï¬¨, ¬¥ìè¨¬¨, ç¥¬ ¯®à®£ ¢®§¡ã-
¦¤¥¨ï ε1 (ã¯àã£ ï ®¡« áâì), ¤«¨  í¥à£¥â¨ç¥áª®©
à¥« ªá æ¨¨ ®ª §ë¢ ¥âáï à ¢®© λε ≈ 5 á¬,   ¤«ï í«¥ª-
âà®®¢ á í¥à£¨ï¬¨, ¯à¥¢®áå®¤ïé¨¬¨ ε1 (¥ã¯àã£ ï
®¡« áâì), λ∗ε ≈ 0.1 á¬.
� ª¨¬ ®¡à §®¬, à §¬¥àë©   «¨§ ¤«¨ë í¥à£¥â¨-

ç¥áª®© à¥« ªá æ¨¨ ¯®ª §ë¢ ¥â, çâ® äãªæ¨ï à á¯à¥-
¤¥«¥¨ï í«¥ªâà®®¢ ¢ ã¯àã£®© ®¡« áâ¨ ãáâ  ¢«¨¢ -
¥âáï   à ááâ®ï¨ïå ¯®àï¤ª  ¤«¨ë áâà âë, â. ¥. ä®à-
¬¨àã¥âáï ¢á¥¬ ¥®¤®à®¤ë¬ ¯à®ä¨«¥¬ ¯®â¥æ¨ « ,
  ¢ ¥ã¯àã£®© ®¡« áâ¨ ¤«¨  í¥à£¥â¨ç¥áª®© à¥« ª-
á æ¨¨ ¬ «  ¨ äãªæ¨ï à á¯à¥¤¥«¥¨ï ®¯à¥¤¥«ï¥âáï

§ ç¥¨¥¬ ¯®«ï ¢ ¤ ®© ä §¥ áâà âë.
�áå®¤ï ¨§ íâ¨å á®®¡à ¦¥¨©, æ¥«¥á®®¡à §® § ¯¨-

á âì ª¨¥â¨ç¥áª®¥ ãà ¢¥¨¥ ¤«ï ã¯àã£®© ®¡« áâ¨

�ãà « â¥å¨ç¥áª®© ä¨§¨ª¨, 1997, â®¬ 67, ò 2



� ¬®á®£« á®¢ ë© ¬¥å ¨§¬ ¯®¤¤¥à¦ ¨ï ¨®¨§ æ¨®ëå ¢®« ¢ à §àï¤¥ ¨§ª®£® ¤ ¢«¥¨ï 27

¢ ¯¥à¥¬¥ëå ¯®« ï í¥à£¨ï ε = w + eϕ(x) ¨

ª®®à¤¨ â  x.

∂

∂x

v3

3ν

∂f0(ε, x)

∂x
+
m2

M

∂

∂ε
v3νf0(ε, x) = 0, w < ε1. (12)

�«ï ¥ã¯àã£®© ®¡« áâ¨  à£ã¬¥â®¬ äãªæ¨¨ à á-
¯à¥¤¥«¥¨ï ï¢«ï¥âáï ª¨¥â¨ç¥áª ï í¥à£¨ï w, á ¬ 
��� ¯ à ¬¥âà¨ç¥áª¨ § ¢¨á¨â ®â ¯®«ï E(x)

(eE(x))2 v
3
1

3ν0

∂2f0(w)

∂w2
= −vν∗f0(w), w > ε1. (13)

�¥®¡å®¤¨¬® áè¨¢ âì ¥«®ª «ìãî ��� ¢ ã¯àã£®©

®¡« áâ¨ á «®ª «ì®© ��� ¢ ¥ã¯àã£®©. �«ï íâ®-
£® ¢®á¯®«ì§ã¥¬áï ¯à¨¡«¨¦¥¨¥¬ ç¥à®© áâ¥ª¨ ¯à¨

w = ε1 ¨ ¯®âà¥¡ã¥¬ à ¢¥áâ¢  ¯à®¨§¢®¤ëå ¢ íâ®©

â®çª¥. �à¨ íâ®¬ ¯®«ãç ¥âáï à¥è¥¨¥ á à §àë¢®¬  

¯®à®£¥ ¢®§¡ã¦¤¥¨ï, ®¤ ª® à ¢¥áâ¢® ¯à®¨§¢®¤ëå
¯®§¢®«ï¥â ¯®«ãç âì ¯à ¢¨«ìë¥ § ç¥¨ï ¯®â®ª  ¢

¥ã¯àã£ãî ®¡« áâì.
�ãªæ¨ï à á¯à¥¤¥«¥¨ï ¢ ã¯àã£®© ®¡« áâ¨ ¢

¯à®áâà áâ¢¥®-¯¥à¨®¤¨ç¥áª®¬ ¯®«¥ ¡ë«  ¯®«ãç¥ 
¢ à ¡®â¥ [2]. �ë«® ¯®ª § ®, çâ® ¨¬¥¥â ¬¥áâ® íää¥ªâ
¡ãç¨à®¢ª¨, ª®£¤  ¥§ ¢¨á¨¬® ®â  ç «ì®£® ãá«®¢¨ï
ç¥à¥§ ª ª®¥-â® ç¨á«® ¯¥à¨®¤®¢ ä®à¬¨àã¥âáï ãáâ -
®¢¨¢è ïáï äãªæ¨ï à á¯à¥¤¥«¥¨ï. �à¨ íâ®¬ ¯à®-
¨áå®¤¨â ª®¬¯¥á æ¨ï á¦ â¨ï ¯® í¥à£¨¨ ¢á«¥¤áâ¢¨¥

ã¯àã£¨å ã¤ à®¢ ¨ à á¯«ë¢ ¨ï §  áç¥â ¤¨ääã§¨¨ ¯®

í¥à£¨¨.
� à ¡®â¥ [1] ¢ë¯®«¥ë ª®ªà¥âë¥ à áç¥âë ���

¢ ã¯àã£®© ®¡« áâ¨ ¢ ¯à¨¡«¨¦¥¨¨ ç¥à®© áâ¥ª¨

¤«ï ¯¥à¨®¤¨ç¥áª®£® ¯®«ï, § ¤ ®£® ãà ¢¥¨¥¬ (1).
�¥§ã«ìâ âë ¬®¦® ¯à¥¤áâ ¢¨âì ¢ ¢¨¤¥

f0(ε, x) = Φ(ε)

x∫
x1(ε)

ν

v3
dx = Φ(ε)F0(ε, x), (14)

x1(ε) — ¯¥à¨®¤¨ç¥áª ï ªà¨¢ ï   ä §®¢®© ¯«®áª®áâ¨

ε, x, £¤¥ ª¨¥â¨ç¥áª ï í¥à£¨ï à ¢  ¯®à®£ã ¢®§¡ã-
¦¤¥¨ï (w = ε1); Φ(ε) —  ¬¯«¨âã¤  äãªæ¨¨ à á-
¯à¥¤¥«¥¨ï, § ¢¨áïé ï ®â ¯®«®© í¥à£¨¨, ª®â®à ï
®¯¨áë¢ ¥â íää¥ªâ ¡ãç¨à®¢ª¨.
�â   ¬¯«¨âã¤  ¨¬¥¥â § ¬¥â® ¢ëà ¦¥ë© ¬ ª-

á¨¬ã¬ ¯à¨ í¥à£¨ïå, á®®â¢¥âáâ¢ãîé¨å à¥§® áë¬
âà ¥ªâ®à¨ï¬. �«ã¡¨  ¬®¤ã«ïæ¨¨ Φ(ε) à áâ¥â á à®-
áâ®¬ ¤®«¨ í£¥à£¨¨, â¥àï¥¬®© ¯à¨ ã¯àã£¨å ã¤ à å,
¨ á ã¢¥«¨ç¥¨¥¬ £«ã¡¨ë ¬®¤ã«ïæ¨¨ ¯¥à¨®¤¨ç¥áª®£®

¯®â¥æ¨ « . �«ï ®à¬¨à®¢ª¨  ¬¯«¨âã¤ë Φ(ε) ¯à¨-
à ¢ï¥¬ (4) ¤«ï ¯®áâ®ï®£® ¯®«ï E0 ¨ (14), ¯®« £ ï
¢ (14) x1(ε) = (ε− ε1)/eE0. �®£¤ 

Φ(ε) =
9

4

n0

ε
3/2
1

(
eE0

mν0
2v1

)
Φ̃(ε), (15)

¯à¨ç¥¬ Φ̃(ε) = 1 ¢ ¯®áâ®ï®¬ ¯®«¥ E0. � ¯¥à¨®-
¤¨ç¥áª®¬ ¯®«¥ Φ̃(ε) ¥ ï¢«ï¥âáï ª®áâ â®©, ¨ ¢¨¤

�¨á. 2. � ¢¨á¨¬®áâì  ¬¯«¨âã¤ë äãªæ¨¨ à á¯à¥¤¥«¥¨ï

Φ̃(ε) (ä®à¬ã«  (14)) ®â í¥à£¨¨ ( ) ¢ ¯à®áâà áâ¢¥®-
¯¥à¨®¤¨ç¥áª®¬ ¯®«¥ ¨ ®â ª®®à¤¨ âë ¯à¨ w = ε1 (¡).

äãªæ¨¨ Φ̃(ε) ¯à¨¢¥¤¥   à¨á. 2 ¤«ï ãá«®¢¨© ¢ë¯®«-
¥ëå íªá¯¥à¨¬¥â®¢ (¯à®ä¨«ì ¯®â¥æ¨ «  § ¤ 

ãà ¢¥¨¥¬ (1), à®«ì ã¯àã£¨å ¯®â¥àì ®¯à¥¤¥«ï¥âáï

ª®íää¨æ¨¥â®¬ θ ≈ (m/M)ντE ≈ 0.26).

�ãªæ¨ï à á¯à¥¤¥«¥¨ï ¢ ã¯àã£®© ®¡« áâ¨ f0(ε, x),
à áç¨â  ï ¢ à ¬ª å ¯à¨¡«¨¦¥¨© à ¡®â [1,2]
¨ ¯¥à¥áâà®¥ ï ¢ ¯¥à¥¬¥ëå w, x, ¯®ª §    

à¨á. 3, a, b. �¨¤®, çâ® ¯® äãªæ¨¨ à á¯à¥¤¥«¥¨ï

à á¯à®áâà ï¥âáï ¢®«  ¢®§¬ãé¥¨ï, çâ® ï¢«ï¥âáï

á«¥¤áâ¢¨¥¬ ¥«®ª «ì®£® ä®à¬¨à®¢ ¨ï��� ¢ á«®¦-
®¬ ¯®â¥æ¨ «ì®¬ ¯®«¥.

�ãªæ¨ï à á¯à¥¤¥«¥¨ï §  ¯®à®£®¬ ¢®§¡ã¦¤¥¨ï,
áè¨â ï á (14) ¯®  ª«®ã á à §àë¢®¬ ¯à¨ w = ε1,
¨¬¥¥â ¢¨¤

f0(w, x) =Φ(ε)
∣∣∣
w=ε1

√
v2

1

3ν0ν
∗
0

×

(
4

3

ε1

T1

)1/3
1

Γ(2/3)
z1/3K1/3(z),

T1(x) =
1
√

3

√
ν0

ν∗0
eE(x)λ1. (16)

�ãªæ¨¨ à á¯à¥¤¥«¥¨ï (14), (16) ¯®§¢®«ïîâ à á-
áç¨â âì å à ªâ¥à¨áâ¨ª¨ ¨®¨§ æ¨®®© ¢®«ë ¯® ä -
§ ¬ áâà âë ¨ ¯à®  «¨§¨à®¢ âì ¨®¨§ æ¨®ë© ¡ -
« á.
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�¨á. 3. �§¬¥¥¨¥ ��� ¯® ¤«¨¥ áâà âë ¢ ¯à®áâà áâ¢¥®-¯¥à¨®¤¨ç¥áª®¬ ¯®«¥, § ¤ ®¬ ãà ¢¥¨¥¬ (1).   — ¢¨¤ á®

áâ®à®ë ª â®¤ , ¡ — ¢¨¤ á® áâ®à®ë  ®¤ .

�®æ¥âà æ¨î í«¥ªâà®®¢ n(x)  ©¤¥¬ ¯à¨¡«¨-
¦¥® ¯® äãªæ¨¨ (14) (à¨á. 3) ¢ á®®â¢¥âáâ¢¨¨ á

n(x) =

ε1∫
0

f0(w, x)
√
w dw. (17)

�¥§ã«ìâ âë ¯à¥¤áâ ¢«¥ë   à¨á. 4,  . �§ à¨áãª 
¢¨¤¥ ä §®¢ë© á¤¢¨£ ¬¥¦¤ã ¯®«¥¬ E(x) ¨ ª®æ¥âà -
æ¨¥© í«¥ªâà®®¢ n(x), ª®â®àë© ï¢«ï¥âáï á«¥¤áâ¢¨¥¬
¥«®ª «ì®© ª¨¥â¨ª¨ í«¥ªâà®®¢. �á«¨ ¡ë ¨¬¥«®

¬¥áâ® «®ª «ì®¥ ä®à¬¨à®¢ ¨¥ ���, â® ¢®§¬®¦ë©
ä §®¢ë© á¤¢¨£ ¬¥¦¤ã n(x) ¨ E(x) ®¯à¥¤¥«ï«áï ¡ë

ãà ¢¥¨¥¬ ¤¢¨¦¥¨ï ¨®®¢.
�ëç¨á«¨¬ ¯®â®ª í«¥ªâà®®¢ ¢ ¥ã¯àã£ãî ®¡« áâì

W (x) ¯®  ª«®ã äãªæ¨¨ à á¯à¥¤¥«¥¨ï (14) ¢ â®çª¥
w = ε1. �â¥£à¨àãï ª¨¥â¨ç¥áª®¥ ãà ¢¥¨¥ (12),
(13) ¯® í¥à£¨ï¬ ®â ¯®à®£  ¢®§¡ã¦¤¥¨ï ¤® ¡¥áª®¥ç-
®áâ¨ ¨ ¨á¯®«ì§ãï ãá«®¢¨¥ ç¥à®© áâ¥ª¨   ¯®à®£¥

¢®§¡ã¦¤¥¨ï, ¯®«ãç ¥¬

W (x) =

√
m

2

∞∫
ε1

∂

∂x

v3

3ν

∂f0(ε, x)

∂x
dw

=

√
m

2
eE(x)

∞∫
ε1

∂

∂w

v3

3ν

∂f0(ε, x)

∂x
dw

=

√
m

2
eE(x)

Φ(ε)

3

∣∣∣
w=ε1

. (18)

�®¤áâ ¢«ïï ¢ (18) ¢ëà ¦¥¨¥ (15), ¨¬¥¥¬

W (x) =
3

2

(eE0)2n0

mν0ε1
Ẽ(x)Φ̃(ε)

∣∣∣
w=ε1

= W0Ẽ(x)Φ̃(x),

(19)
£¤¥ Ẽ = E(x)/E0, Φ̃(x) — § ç¥¨¥ Φ̃(ε) ¯à¨ w = ε1.
�à ä¨ª § ¢¨á¨¬®áâ¨ Φ̃(x) ¯à¨¢¥¤¥   à¨á. 2, ¡. � 

à¨á. 4, ¡ ¯®ª § ® ¨§¬¥¥¨¥ ®â®á¨â¥«ì®£® ¯à®ä¨-
«ï ¢¥«¨ç¨ë W (x) = W (x)/W0 ¯® ä § ¬ áâà âë.

�§ à¨áãª  ¢¨¤®, çâ® ¯®â®ª ¢ ¥ã¯àã£ãî ®¡« áâì

á®áà¥¤®â®ç¥ £« ¢ë¬ ®¡à §®¬ ¢ ®¡« áâ¨ á¨«ì®£®

¯®«ï x < x0. �¥¡®«ìè ï ¥¬®®â®®áâì   ¯à®¬¥-
¦ãâª¥ 0 < x < x0 ®¡ãá«®¢«¥  ¯®¢¥¤¥¥¬ äãªæ¨¨

Φ̃(x) (à¨á. 2, ¡).

�®«ãç¥®¥ ¢ëà ¦¥¨¥ ¤«ï ¯®â®ª  ¢ ¥ã¯àã£ãî

®¡« áâì W (x) ¯®§¢®«ï¥â à ááç¨â âì § á¥«¥®áâ¨

¨¦¨å ¢®§¡ã¦¤¥ëå á®áâ®ï¨© Nm(x), ç¥à¥§ ª®-
â®àë¥ ¨¤ãâ áâã¯¥ç âë¥ ¯à®æ¥ááë ¢®§¡ã¦¤¥¨© ¨

¨®¨§ æ¨© á ãç¥â®¬ ª®¥ç®£® ¢à¥¬¥¨ ¦¨§¨ íâ¨å

á®áâ®ï¨© τm,

∂Nm

∂t
+
Nm

τm
= W,

Nm(0) = Nm(T ). (20)

�¥è¥¨¥ ¥áâ æ¨® à®£® ãà ¢¥¨ï (20) ¢ ¡¥§à §-
¬¥àëå ¯¥à¥¬¥ëå ¨¬¥¥â ¢¨¤

Ñm(t) =
e−t/τm

eT/τm − 1

T∫
0

W̃ (t)

τm
et/τmdt

+ e−t/τm

t∫
0

W̃ (t)

τm
et/τmdt, (21)

£¤¥ Ñm = Nm/Nm0, T — ¯¥à¨®¤ áâà âë.

�  à¨á. 4, ¢ ¯à¥¤áâ ¢«¥  ®â®á¨â¥«ì ï § á¥«¥-
®áâì Ñm ¯® ¤«¨¥ áâà âë, ª®â®à ï ¯®«ãç¥  ¨§ (20)
á ¨á¯®«ì§®¢ ¨¥¬ íªá¯¥à¨¬¥â «ìëå § ç¥¨© ä §®-
¢®© áª®à®áâ¨ áâà âë ¨ ¢à¥¬¥¨ ¦¨§¨ τm. �¨¤®, çâ®
ª®¥ç®¥ ¢à¥¬ï ¦¨§¨ τm ≈ 100¬ªá ¯à¨¢®¤¨â ª ¥

á«¨èª®¬ £«ã¡®ª®© ¬®¤ã«ïæ¨¨ Ñm, çâ® ª®àà¥«¨àã¥â
á ¤ ë¬¨ íªá¯¥à¨¬¥â  (à¨á. 1, á¯«®è ï ªà¨¢ ï),
¨ ª § ¯ §¤ë¢ ¨î § á¥«¥®áâ¥© ¯® áà ¢¥¨î á

¨áâ®ç¨ª ¬¨ ¢®§¡ã¦¤¥¨ï.
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�®«ãç¥ë¥ ¨§ à áç¥â®¢ ¤ ë¥ ¯® § á¥«¥®áâï¬

Nm(x) ¯®§¢®«ïîâ  ©â¨ à á¯à¥¤¥«¥¨¥ ¨áâ®ç¨ª®¢

áâã¯¥ç â®© ¨®¨§ æ¨¨ ¯® ä § ¬ áâà âë

Is(x) = Nm(x)

∞∫
εsi

f0(w, x)vσsi(v)
√
wdw. (22)

�¥§ã«ìâ âë à áç¥â®¢ ¯® ä®à¬ã«¥ (22) ¤«ï ®â®-
á¨â¥«ì®© ¢¥«¨ç¨ë Ĩs(x) = Is(x)/Is0 ¯à¨¢¥¤¥ë  

à¨á. 4, £. �¨¤®, çâ® áâã¯¥ç â ï ¨®¨§ æ¨ï ¨¬¥¥â § -

�¨á. 4. �à®áâà áâ¢¥ë¥ à á¯à¥¤¥«¥¨ï ¯ à ¬¥âà®¢

¯« §¬ë ¢ ¨®¨§ æ¨®®© ¢®«¥.   — ª®æ¥âà æ¨ï í«¥ª-
âà®®¢, ¡ — ¯®«®¥ ç¨á«® ¥ã¯àã£¨å ã¤ à®¢, ¢ — áã¬-
¬ à ï § á¥«¥®áâì ¨¦¨å ¢®§¡ã¦¤¥ëå á®áâ®ï¨©,
ç¥à¥§ ª®â®àë¥ ¨¤¥â áâã¯¥ç â ï ¨®¨§ æ¨ï, £ — ç¨á«®

áâã¯¥ç âëå ¨®¨§ æ¨©, ¤ — ç¨á«® ¯àï¬ëå ¨®¨§ æ¨©.

�¨á. 5. �à®áâà áâ¢¥ë¥ à á¯à¥¤¥«¥¨ï ¢ ¨®¨§ æ¨-
®®© ¢®«¥.   — ¯«®â®áâì ¯à®¤®«ì®£® í«¥ªâà®®£®

â®ª , ¡ — áà¥¤ïï í¥à£¨ï í«¥ªâà®®¢ (á¯«®è ï ªà¨¢ ï)
¨ áª®àà¥ªâ¨à®¢ ®¥ à á¯à¥¤¥«¥¨¥ ç áâ®âë  ¬¡¨¯®«ïà-
ëå ãå®¤®¢   áâ¥ªã 1/τa(x) (¯ãªâ¨à); ¢ — ¯à®¤®«ì®¥

í«¥ªâà¨ç¥áª®¥ ¯®«¥, à ááç¨â ®¥ ¯® ãà ¢¥¨î (28).

¬¥âë© ä §®¢ë© á¤¢¨£ ¯® ®â®è¥¨î ª ¯®«î E(x), § -

¬¥â®  à áâ ï ¢ ®¡« áâ¨ á¨«ì®£® ¯®«ï (0 < x < x0)

¨ ¯« ¢® á¯ ¤ ï ¢ ®¡« áâ¨ á« ¡®£® ¯®«ï (x0 < x < L).

� á¯à¥¤¥«¥¨¥ ¨áâ®ç¨ª®¢ ¯àï¬®© ¨®¨§ æ¨¨ ¯®

¤«¨¥ áâà âë ¬®¦®  ©â¨   «®£¨ç® (8) á ¨á-

¯®«ì§®¢ ¨¥¬ äãªæ¨¨ à á¯à¥¤¥«¥¨ï (16). �¥-

§ã«ìâ âë à áç¥â®¢ ¤«ï ®â®á¨â¥«ì®© ¢¥«¨ç¨ë

Ĩd(x) = Id(x)/Id0 ¯à¨¢¥¤¥ë   à¨á. 4, ¤, ¨§ ª®â®à®£®

¢¨¤®, çâ® ¢ á®®â¢¥âáâ¢¨¨ á «®ª «ìë¬ å à ªâ¥à®¬

ä®à¬¨à®¢ ¨ï ��� ¢ ¥ã¯àã£®© ®¡« áâ¨ ¨áâ®ç¨ª¨

¯àï¬®© ¨®¨§ æ¨¨ á®áà¥¤®â®ç¥ë ¢ ®¡« áâ¨ á¨«ì®£®

¯®«ï, £¤¥ ¨å ¢ª« ¤ ¬®¦¥â ¡ëâì áà ¢¨¬ ¨«¨ ¤ ¦¥

¯à¥¢ëè âì ¢ª« ¤ áâã¯¥ç â®© ¨®¨§ æ¨¨.

� «¨§ í«¥ªâà®®© ª¨¥â¨ª¨ ¢ ¯à®áâà áâ¢¥®-

¯¥à¨®¤¨ç¥áª®¬ ¯®«¥ ¯®§¢®«ï¥â  ©â¨ ¯«®â®áâì ¯à®-

¤®«ì®£® í«¥ªâà®®£® â®ª , ª®â®à ï ¯à ªâ¨ç¥áª¨

á®¢¯ ¤ ¥â á ¯«®â®áâìî à §àï¤®£® â®ª , ¢ § ¢¨á¨-

¬®áâ¨ ®â ä §ë áâà âë. � ¯à ¢«¥ ï ç áâì äãªæ¨¨

à á¯à¥¤¥«¥¨ï á ¨á¯®«ì§®¢ ¨¥¬ (14) ¨¬¥¥â ¢¨¤

f1(ε, x) = −
v

ν

∂f0(ε, x)

∂x
= Φ(ε)

1

v2(ε, x)
. (23)
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�«®â®áâì ¯à®¤®«ì®£® â®ª  ¯®«ãç¨¬ ®¡ëçë¬

®¡à §®¬

j(x) = 4πe
m3/2

4π
√

2

v1∫
0

f1v
3dv = e

√
m

2

ε1(x)+ε1∫
ε1(x)

Φ(ε)dε,

(24)
£¤¥ ε1(x) — ¯¥à¨®¤¨ç¥áª ï ªà¨¢ ï   ä §®¢®© ¯«®á-
ª®áâ¨ ε, x, ï¢«ïîé ïáï ®¡à é¥¨¥¬ ªà¨¢®© x1(ε)
(ä®à¬ã«  (14)).
�á¯®«ì§ãï ¢ëà ¦¥¨¥ (15) ¤«ï ®à¬¨à®¢®ç®© ª®-

áâ âë Φ(ε) ¨ (6) ¤«ï j0, ¯®«ãç ¥¬ ®ª®ç â¥«ì®¥

¢ëà ¦¥¨¥ ¤«ï ¯«®â®áâ¨ â®ª 

j(x) =
3e2E0

2mν0
n0

1

ε1

ε1(x)+ε1∫
ε1(x)

Φ(ε)dε = j0 · j(x). (25)

�  à¨á. 5,   ¯à¨¢¥¤¥ë à¥§ã«ìâ âë à áç¥â®¢ ¯®

ä®à¬ã«¥ (25) ¤«ï j(x). �§ ¥£® ¢¨¤®, çâ® á â®ç®-
áâìî ∼ 3 % ¯«®â®áâì â®ª  ¯®áâ®ï  ¢¤®«ì áâà âë.
�¥¡®«ìè ï ¬®¤ã«ïæ¨ï â®ª  á¢ï§   á ¯à¨¡«¨¦¥ë¬

å à ªâ¥à®¬ ¢ëà ¦¥¨ï (14).
�®«ãç¥ë¥ ¤ ë¥ ® ª®æ¥âà æ¨¨ í«¥ªâà®®¢

n(x) (à¨á. 4,  ) ¨ ¨®¨§ æ¨¨ (à¨á. 4, £, ¤) ¯®§¢®«ï-
¥â ¯à®  «¨§¨à®¢ âì ãà ¢¥¨¥ ¡ « á  § àï¦¥ëå

ç áâ¨æ ¨ ¢ëç¨á«¨âì í«¥ªâà¨ç¥áª®¥ ¯®«¥ E(x). �à ¢-
¥¨¥ ¤¢¨¦¥¨ï ¨®®¢ § ¯¨è¥¬ ¢ ¢¨¤¥

bi
d

dx
n(x)E(x) +

n(x)

τa(x)
= Is(x) + Id(x), (26)

£¤¥ bi — ¯®¤¢¨¦®áâì ¨®®¢ (bi ≈ 3.2 · 103/p á¬2/
� · á · �®à); τa — ¢à¥¬ï ¦¨§¨ ¨®®¢, ®¯à¥¤¥«ï¥¬®¥
ãå®¤ ¬¨   áâ¥ªã ¢ à¥¦¨¬¥ ª¢ §¨ ¬¡¨¯®«ïà®©

¤¨ääã§¨¨.
�«ï ¥áâà â¨ä¨æ¨à®¢ ®£® à §àï¤  íâ® ãà ¢¥-

¨¥ ¯¥à¥å®¤¨â ¢ (3). �¥«¨ç¨ã τa(x) ¬®¦® ¯à¨¡«¨-
¦¥® § ¤ âì ¢ ¢¨¤¥

1

τa(x)
≈
bi

e

2

3
ε̄(x)

(
2.4

R

)2

, (27)

£¤¥ ε̄(x) — áà¥¤ïï í¥à£¨ï, à ááç¨â  ï ¯® äãª-
æ¨¨ à á¯à¥¤¥«¥¨ï (14).
�à ä¨ª § ¢¨á¨¬®áâ¨ ε̄(x) ¯à¨¢¥¤¥   à¨á. 5, ¡.

�à ¢¨«ì®¥ ®¯¨á ¨¥ à ¤¨ «ìëå ¯®â®ª®¢ ¨®®¢ ¨

í«¥ªâà®®¢ ¢ à ¬ª å ¤¢ã¬¥à®© ¬®¤¥«¨ ¤«ï ¥áâà -
â¨ä¨æ¨à®¢ ®£® à §àï¤  ¢ë¯®«¥® ¢ à ¡®â¥ [3].
�¥è¥¨¥ ãà ¢¥¨ï(26) ¢ ¡¥§à §¬¥àëå ¯¥à¥¬¥-

ëå ¨¬¥¥â ¢¨¤

Ẽ(x) = α

∫ x
0

(
Ĩ(x)− ñ(x)

τ̃a(x)

)
dx

ñ(x)
+
ñ(0)

ñ(x)
Ẽ(0), (28)

£¤¥

α =
Is0 + Id0

n0

1

biE0
,

Ĩ(x) =
Is(x) + Id(x)

Is0 + Id0
, τ̃a(x) =

τa(x)

τa0
.

�ë«¨ ¢ë¯®«¥ë à áç¥âë Ẽ(x) ¯® ä®à¬ã«¥ (28)
á ¥¡®«ìè¨¬¨ ¢ à¨ æ¨ï¬¨ ¢¥«¨ç¨ë τ̃a(x). �á«¨

¯à¥¤¯®«®¦¨âì, çâ® ¢¥«¨ç¨  1/τ̃a(x) ¢¥¤¥â á¥¡ï â ª,
ª ª ¯®ª § ®   à¨á. 5, ¡, â® à¥§ã«ìâ âë à áç¥â®¢

¯® ä®à¬ã«¥ (28) ¢®á¯à®¨§¢®¤ïâ ¨§ ç «ì® § ¤ ®¥
¯®«¥ (1), çâ® ¬®¦® ¢¨¤¥âì ¨§ à¨á. 5, ¢.
� ª¨¬ ®¡à §®¬, ¢ë¯®«¥ë©   «¨§ ¯®ª §ë¢ ¥â

¢®§¬®¦®áâì ¯®áâà®¥¨ï ¬®¤¥«¨ á ¬®¯®¤¤¥à¦ ¨ï

¨®¨§ æ¨®ëå ¢®«. �¥©áâ¢¨â¥«ì®, ¢ í«¥ªâà¨ç¥-
áª®¬ ¯®«¥ E(x), § ¤ ®¬ ãà ¢¥¥¨¥¬ (1), ä®à¬¨àã-
¥âáï äãªæ¨ï à á¯à¥¤¥«¥¨ï (14), (16). �â  äãªæ¨ï
®¡¥á¯¥ç¨¢ ¥â ª ª  ¡á®«îâë¥ § ç¥¨ï, â ª ¨ ¯à®-
áâà áâ¢¥ë¥ à á¯à¥¤¥«¥¨ï ª®æ¥âà æ¨¨ í«¥ªâà®-
®¢ ¨ ¨áâ®ç¨ª®¢ ¯àï¬®© ¨ áâã¯¥ç â®© ¨®¨§ æ¨¨,
¥®¡å®¤¨¬ë¥ ¤«ï ¯®¤¤¥à¦ ¨ï ¨áå®¤®£® ¯®«ï.

� ¡®â  ¢ë¯®«¥  ¯à¨ ¯®¤¤¥à¦ª¥ �¥¦¤ã à®¤®£®

 ãç®£® ä®¤  (ä®¤ �®à®á ). �à â ò �-81300.
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