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� à ¡®â¥ ¯®ª § ­®, çâ® áª®à®áâì ¤¨áá¨¯ æ¨¨ í­¥à£¨¨ â¥¯«®¢®£® ¯®«ï

®¡à §æ  ¢ ®áâà¨¥ ¬¨ªà®áª®¯  ®¡à â­® ¯à®¯®àæ¨®­ «ì­  ªã¡ã à ááâ®ï­¨ï

¬¥¦¤ã ­¨¬¨.

� §à ¡®âª  ¬¥å ­¨§¬  «®ª «ì­®© ¬®¤¨ä¨ª æ¨¨ ¯®¢¥àå­®áâ¨

â¢¥à¤®£® â¥«  âà¥¡ã¥â, ª ª ¯à ¢¨«®, à áç¥â  â¥¬¯¥à âãàë ¬ â¥à¨ « 
®¡à §æ , ¯à¨ íâ®¬ ­¥®¡å®¤¨¬® ãç¨âë¢ âì à §«¨ç­ë¥ ¨áâ®ç­¨ª¨

í­¥à£®¢ë¤¥«¥­¨ï, ­ ¯à¨¬¥à §  áç¥â íää¥ªâ®¢ �¦®ã«ï, �®¬á®­ ,
�®ââ¨­£ ¬  ¨ â. ¤. �á«¨ â¥«  ¢ ¢ ªãã¬¥ à á¯®«®¦¥­ë ­  ¡®«ìè®¬

à ááâ®ï­¨¨ ¤àã£ ®â ¤àã£ , â® ¯¥à¥­®á í­¥à£¨¨ ¬¥¦¤ã ­¨¬¨ ¡ã¤¥â

®áãé¥áâ¢«ïâìáï à ¤¨ æ¨®­­®© ç áâìî â¥¯«®¢®£® í«¥ªâà®¬ £­¨â­®-
£® ¯®«ï. �­â¥­á¨¢­®áâì í­¥à£®®¡¬¥­  ¢ íâ®¬ á«ãç ¥ ®¯¨áë¢ ¥âáï

§ ª®­®¬ �â¥ä ­ –�®«ìæ¬ ­ . �à¨ ¤®áâ â®ç­® ¬ «ëå à ááâ®ï­¨ïå

¬¥¦¤ã â¥« ¬¨, ª®£¤  í­¥à£¨ï â¥¯«®¢®£® ä«ãªâã æ¨®­­®£® ¯®«ï á®-
áà¥¤®â®ç¥­  ¢ ®á­®¢­®¬ ¢ ª¢ §¨áâ æ¨®­ à­®© (í¢ ­¥áæ¥­â­®©) ç áâ¨
íâ®£® ¯®«ï, ¯¥à¥­®á í­¥à£¨¨ ¡ã¤¥â ¯®¤ç¨­ïâìáï á®¢¥àè¥­­® ¨­ë¬

§ ª®­®¬¥à­®áâï¬. � ª, ¢ £¥®¬¥âà¨¨, â¨¯¨ç­®© ¤«ï âã­­¥«ì­®£®

¬¨ªà®áª®¯ , ª®£¤  ¤¢  â¥«  à §¤¥«¥­ë ­¥¡®«ìè¨¬ ¯à®¬¥¦ãâª®¬ d,
à §¬¥à ª®â®à®£® ¬­®£® ¬¥­ìè¥ â¥¯«®¢®© ¤«¨­ë ¢®«­ë λT = ~c/kT ,
£¤¥ c — áª®à®áâì á¢¥â , k — ¯®áâ®ï­­ ï �®«ìæ¬ ­ , T — â¥¬¯¥à -
âãà  â¥« , ­¥®¡å®¤¨¬® §­ âì íâ¨ § ª®­®¬¥à­®áâ¨.

�¥­®¬¥­®«®£¨ç¥áª ï â¥®à¨ï [1] à áá¬ âà¨¢ ¥â ä«ãªâã æ¨®­-
­®¥ í«¥ªâà®¬ £­¨â­®¥ ¯®«¥ ª ª ¯®«¥, á®§¤ ¢ ¥¬®¥ à á¯à¥¤¥«¥­­ë-
¬¨ ¢ ¬ â¥à¨ «¥ á«ãç ©­ë¬¨ áâ®à®­­¨¬¨ ¨áâ®ç­¨ª ¬¨, ¯à¨ç¨­®©
áãé¥áâ¢®¢ ­¨ï ª®â®àëå ï¢«ïîâáï à §«¨ç­®£® à®¤  ä«ãªâã æ¨¨:
ª¢ ­â®¢ë¥, â¥¯«®¢ë¥ ¨ â. ¤. �à¨¬¥­¥­¨¥ â¥®à¥¬ë ¢§ ¨¬­®áâ¨ ¨
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ä«ãªâã æ¨®­­®-¤¨áá¨¯ æ¨®­­®© â¥®à¥¬ë ¯®§¢®«ï¥â ¢ëç¨á«ïâì ­ 

®á­®¢¥ ¢ë¢®¤  á®®â¢¥âáâ¢ãîé¨å ª®àà¥«ïæ¨®­­ëå äã­ªæ¨© à §-
­®®¡à §­ë¥ í­¥à£¥â¨ç¥áª¨¥ å à ªâ¥à¨áâ¨ª¨ á«ãç ©­ëå ¯®«¥©. �

­ è¥¬ á«ãç ¥, ®¯à¥¤¥«ïï â¥¯«®¢ë¥ èã¬ë, ­ ¢¥¤¥­­ë¥ ¢ ®áâà¨¥

¨£«ë ­ £à¥âë¬ ®¡à §æ®¬, ­¥®¡å®¤¨¬® ­ ©â¨ ¨å ¤¦®ã«¥¢ë ¯®â¥à¨. �
íâ®© æ¥«ìî ¢®á¯®«ì§ã¥¬áï à¥è¥­¨¥¬ § ¤ ç¨ ® â¥¯«®¢®¬ ¨§«ãç¥­¨¨

â®­ª¨å ¬¥â ««¨ç¥áª¨å ¯à®¢®¤­¨ª®¢, ¯®¯¥à¥ç­ë¥ à §¬¥àë ª®â®àëå

¬­®£® ¬¥­ìè¥ ¤«¨­ë ¢®«­ë. � íâ®¬ ¯à¨¡«¨¦¥­¨¨ ä«ãªâã æ¨®­­ë©

â®ª J , ­ ¢®¤¨¬ë© â¥¯«®¢ë¬ ¯®«¥¬ ®ªàã¦ îé¨å â¥« ¢ â®­ª®¬

¯à®¢®¤­¨ª¥, ¢ëà ¦ ¥âáï á«¥¤ãîé¨¬ ®¡à §®¬:

¯|I|2 =
2

π|E0|2

∫
θdQ0, (1)

£¤¥ E0 = ZI0 — á®áà¥¤®â®ç¥­­ ï ¨­â¥£à «ì­ ï í. ¤. á.; Z — ¯®«­ë©

¨¬¯¥¤ ­á ®áâà¨ï; I0 — â®ª, ¢®§¡ã¦¤ ¥¬ë© á®áà¥¤®â®ç¥­­®© í. ¤. á.;
θ(T ) = ~ω/2 + ~ω/(exp(~ω/kT )− 1) — áà¥¤­ïï í­¥à£¨ï ®áæ¨««ïâ®à 

¯à¨ â¥¬¯¥à âãà¥ T ; dQ0 — ¤¦®ã«¥¢ë ¯®â¥à¨ í«¥ªâà®¬ £­¨â­®£®

¯®«ï ®áæ¨««ïâ®à  ¢ í«¥¬¥­â¥ ®¡ê¥¬  ®¡à §æ . �­ ï (1), ¨áª®¬ãî
­ ¬¨ ¬®é­®áâì â¥¯«®¢ëå ¯®â¥àì ¢ ®áâà¨¥ ­ ©¤¥¬ ¯® ä®à¬ã«¥

Wev = 2

∞∫
0

ReZ ¯|I|2dω. (2)

�ã¤¥¬ áç¨â âì, çâ® ¢ ®áâà¨¥, å à ªâ¥à¨§ã¥¬®¬ à ¤¨ãá®¬ ªà¨¢¨§-
­ë p, ¯®¬¥é¥­ ®áæ¨««ïâ®à ­  à ááâ®ï­¨¨ h = d+ p ®â ¯®¢¥àå­®áâ¨
¯®«ã¯à®áâà ­áâ¢ . �«¥ªâà¨ç¥áª¨© ¤¨¯®«ì­ë© ¬®¬¥­â ®áæ¨««ïâ®à 
à ¢¥­ L = (I0p/iω)e, £¤¥ i — ¬­¨¬ ï ¥¤¨­¨æ , e — ¥¤¨­¨ç­ë©

¢¥ªâ®à. �®é­®áâì ¯®â¥àì í«¥ªâà®¬ £­¨â­®£® ¯®«ï ®áæ¨««ïâ®à  ¢

¯®«ã¯à®áâà ­áâ¢¥, § ¯®«­¥­­®¬ ¨§®âà®¯­®© ¯à®¢®¤ïé¥© áà¥¤®© á

ª®¬¯«¥ªá­®© ¤¨í«¥ªâà¨ç¥áª®© ¯à®­¨æ ¥¬®áâìî ε1 = ε′1 − iε
′′
1 ®¯à¥-

¤¥«¥­ë ¢ [2] ¨ ¤«ï ¯à®¨§¢®«ì­® ®à¨¥­â¨à®¢ ­­®£® í«¥ªâà¨ç¥áª®£®

¤¨¯®«ï à ¢­ë

Q0 =
ω2

4c

∞∫
0

exp(−(q + q∗)h)ρdρ
[
i(|Lx|

2

+ |Ly|
2)(|q|2Sε/k

2 + Sµ) + 2|Lz|
2ρ2Sε/k

2
]
, (3)

£¤¥ Sε = k(q∗1/ε
∗
1−q1/ε1)/|q+q1/ε1|2, Sµ ¯®«ãç ¥âáï § ¬¥­®© ε1 ­  µ1,

c — áª®à®áâì á¢¥â , q = (ρ2 − k2)1/2, q1 = (ρ2 − k2
1)1/2.
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� áá¬®âà¨¬ á«ãç ©, ª®£¤  ¤¨¯®«ì ®à¨¥­â¨à®¢ ­ ¢¤®«ì ®á¨ oz.
�«ãç © ¯à®¨§¢®«ì­®© ®à¨¥­â æ¨¨ à áá¬ âà¨¢ ¥âáï  ­ «®£¨ç­®. � 
¬ «ëå à ááâ®ï­¨ïå, ª®£¤  kh � 1, ¢®«­®¢®© ç áâìî ¯®«ï ¬®¦­®

¯à¥­¥¡à¥çì ¨ ãç¨âë¢ âì â®«ìª® ª¢ §¨áâ æ¨®­ à­®¥ ¯®«¥, ª®â®à®¬ã
á®®â¢¥âáâ¢ãîâ §­ ç¥­¨ï ρ > k. �®¢â®àïï ¢ëª« ¤ª¨, ¯®¤®¡­ë¥
á¤¥« ­­ë¬ ¢ [2], ¯®«ãç¨¬, çâ® á â®ç­®áâìî ¤® ç«¥­®¢ ¯®àï¤ª 

(kh)−2, Q0 = I2
0p

2ε′′1/2ωh
3|1 + ε1|2. �®«­ë© ¨¬¯¥¤ ­á ®áâà¨ï,

à §¬¥à®¬ ¯®àï¤ª  p, § ¯¨è¥¬ ¢ ¢¨¤¥ Z = (1 − i)(ω/2πσc2)1/2 [4].
�®« £ ï ε1 = 1 − i4πσ/ω ¨ ¯®¤áâ ¢«ïï (1) ¨ ¢ëà ¦¥­¨¥ ¤«ï Q0 ¢

(2), ¯®«ãç¨¬ ®ª®­ç â¥«ì­®

Wev =
~σcp2

8(2π3)2h3

∞∫
0

x1/2dx

[exp(αx)− 1](1 + x2/4π2)
, (4)

£¤¥ x = ω/σ, α = ~σ/kT .
� ª¨¬ ®¡à §®¬, ¯®«ãç ¥âáï ®¡à â­ ï ªã¡¨ç¥áª ï § ¢¨á¨¬®áâì

¬®é­®áâ¨ ¤¦®ã«¥¢ëå ¯®â¥àì ®â h. �ç¥¢¨¤­®, çâ® ç¥¬ ¬¥­ìè¥

à §¬¥à ®áâà¨ï (¢¥«¨ç¨­  p), â¥¬ â®ç­¥¥ ®æ¥­ª  Wev .
�«¥¤ã¥â ®â¬¥â¨âì, çâ®Wev ¥áâì ¯® á¬ëá«ã à §­®áâì ¬¥¦¤ã ¬®é-

­®áâìî, £¥­¥à¨àã¥¬®© ¢ ®áâà¨¥ ä«ãªâã æ¨®­­ë¬ ¯®«¥¬ ®¡à §æ ,
­ £à¥â®£® ¤® â¥¬¯¥à âãàë T1, ¨ ¬®é­®áâìî, ¢ë¤¥«ï¥¬®© ¢ ®¡à §æ¥
¯à¨ ¤¨áá¨¯ æ¨¨ ¢ ­¥¬ ä«ãªâã æ¨®­­®£® ¯®«ï ®áâà¨ï, ­ £à¥â®£® ¤®
â¥¬¯¥à âãàë T2. �¬¥­­® ¯®íâ®¬ã ¢ (4) ­¥ ¢å®¤¨â í­¥à£¨ï ­ã«¥¢ëå
ª®«¥¡ ­¨©, á®§¤ ¢ ¥¬ëå ¢á¥¬ ¯à®áâà ­áâ¢®¬, ¯®áª®«ìªã «î¡®© ¯®-
â®ª í­¥£¨¨ íâ¨å ª®«¥¡ ­¨© ¢ «î¡®¬ ­ ¯à ¢«¥­¨¨ ¯®«­®áâìî £ á¨âáï

¢áâà¥ç­ë¬.
� à ¡®â¥ [3] ¯®«ãç¥­® à¥è¥­¨¥ ¯®¤®¡­®© § ¤ ç¨ ¢ ®¤­®¬¥à­®¬

á«ãç ¥, ª®£¤  ¤¢  ¯®«ã¯à®áâà ­áâ¢  à §¤¥«¥­ë ­¥ª®â®àë¬ ¯à®¬¥-
¦ãâª®¬ d ¢ ­ è¨å ®¡®§­ ç¥­¨ïå. �¥à¥¤ ¢ ¥¬ ï í¢ ­¥áæ¥­â­ë¬¨

¢®«­ ¬¨ ¬®é­®áâì ­  ¥¤¨­¨æã ¯®¢¥àå­®áâ¨ ®â ®¤­®£® ¯®«ã¯à®áâà ­-
áâ¢  á â¥¬¯¥à âãà®© T1 ¤àã£®¬ã á â¥¬¯¥à âãà®© T2 ¢ëà ¦ ¥âáï ¢

¢¨¤¥

W ′ev =
~σ2

π2d2

∞∫
0

[exp(α2x) − exp(α1x)]xdx

[exp(α1x)− 1][exp(α2x) − 1]

×

∞∫
0

y exp(−y)dy

1 + x2/π2 + 16π2(1− exp(−y))2/x2 − 8(1− exp(−y))
. (5)
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�§ ¯®«ãç¥­­®£® à¥§ã«ìâ â   ¢â®à®¢ [3] ¢¨¤­®, çâ® ¢ ®¤­®¬¥à­®¬

á«ãç ¥ ¤¨áá¨¯¨àã¥¬ ï ¬®é­®áâì ®¡à â­® ¯à®¯®àæ¨®­ «ì­  ª¢ -
¤à âã à ááâ®ï­¨ï ¬¥¦¤ã ¯«®áª¨¬¨ ¯®¢¥àå­®áâï¬¨. �ç¨â ï, çâ®

íää¥ªâ¨¢­ ï ¯à¨­¨¬ îé ï ¯«®é ¤ì ®áâà¨ï ¯®àï¤ª  πp2 ¯®«ãç ¥¬

Wev = W ′evπp
2.

�¨á«¥­­ë© áç¥â ¯à®¢®¤¨«áï ¤«ï á«ãç ï T2 = 0, ∆T =
T1 − T2 = T , çâ® á®£« áã¥âáï á® á¬ëá«®¬ à áá¬ âà¨¢ ¥¬®£® ¬¥å -
­¨§¬  ®¡¬¥­  í­¥à£¨¥©. �¥§ã«ìâ â à áç¥â  ¯® ä®à¬ã« ¬ (4) ¨ (5)
¤«ï á«ãç ï d = 10−7 á¬ ¨ í«¥ªâà®¯à®¢®¤­®áâ¨ ¬ â¥à¨ «®¢ ¨£«ë ¨

®¡à §æ  λ = 2 · 1016 á−1, á®®â¢¥âáâ¢ãîé¥© ¢®«ìäà ¬ã, ¯à¥¤áâ ¢«¥­
­  à¨áã­ª¥.�à¨¢ ï 1 íâ®£® à¨áã­ª  à ááç¨â ­  ¯® ä®à¬ã«¥ (4), ªà¨-
¢ ï 2 — ¯® ä®à¬ã«¥ (5). �ã­ªâ¨à®¬ ¯®ª § ­  ªà¨¢ ï, à ááç¨â ­­ ï
¯® ä®à¬ã«¥ (4) á í«¥ªâà®¯à®¢®¤­®áâìî §®«®â  (λ = 3.5 · 1017 á−1).
� áç¥â ¯® ®¡¥¨¬ ä®à¬ã« ¬ ¯®ª §ë¢ ¥â, çâ® ¯¥à¥¤ ¢ ¥¬ ï ¬®é­®áâì
­  ­¥áª®«ìª® ¯®àï¤ª®¢ ¡®«ìè¥ â®© ¬®é­®áâ¨, ª®â®à ï á®®â¢¥âáâ¢ã¥â
§ ª®­ã �â¥ä ­ –�®«ìæ¬ ­ .

� ¬¥â¨¬, çâ® ä®à¬ã«ë ¤«ï áª®à®áâ¨ ¤¨áá¨¯ æ¨¨ í­¥à£¨¨

ä«ãªâã æ¨®­­®£® ¯®«ï ¯®«ãç¥­ë ¢ à ¬ª å ¯à¥¤áâ ¢«¥­¨© ®

δ-ª®àà¥«¨à®¢ ­­ëå á«ãç ©­ëå ¨áâ®ç­¨ª å ¢ áà¥¤¥. �®-¢¨¤¨¬®¬ã,
ãç¥â ª®­¥ç­®£® à ¤¨ãá  ª®àà¥«ïæ¨¨ ¯à¨¢¥¤¥â ª ¨­®© § ¢¨á¨¬®áâ¨ ®â

à ááâ®ï­¨ï ¬¥¦¤ã í«¥ªâà®¤ ¬¨, ¢® ¢áïª®¬ á«ãç ¥ ­  à ááâ®ï­¨ïå,
áà ¢­¨¬ëå á à ¤¨ãá®¬ ª®àà¥«ïæ¨¨.

�¨áì¬  ¢ ���, 1997, â®¬ 23, ò 3



�ª®à®áâì ¤¨áá¨¯ æ¨¨ í­¥à£¨¨ â¥¯«®¢®£® ä«ãªâã æ¨®­­®£® ¯®«ï... 53

�¢â®à ¡« £®¤ à¨â �.�. �­¤à®­®¢  ¨ �.�. �ãà¨­  §  ®¡áã¦¤¥­¨¥
§ âà®­ãâ®£® ¢®¯à®á .

� ¡®â  ¯®¤¤¥à¦ ­  ����, £à ­â 95-02-03595.
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