
�¨áì¬  ¢ ���, 1997, â®¬ 23, ò 2 26 ï¢ àï

01;04

�®ª «¨§ æ¨ï ¢ëá®ª®ç áâ®â®£® ¥¬ª®áâ®£®

à §àï¤  ¢ ¤«¨®© ¯®«®áª®¢®© «¨¨¨

c© �.�. � ©§¥à, �.�. �¥©¤¥à

�áâ¨âãâ ¯à®¡«¥¬ ¬¥å ¨ª¨ ���, �®áª¢ 
���� ���, �áâà 

�®áâã¯¨«® ¢ �¥¤ ªæ¨î 18 ®ï¡àï 1996 £.

� áá¬ âà¨¢ ¥âáï á ¬®á®£« á®¢  ï § ¤ ç  ® �� ¥¬ª®áâ®¬ àï§àï¤¥

áà¥¤¥£® ¤ ¢«¥¨ï ¢ ¤«¨®© ¯®«®áª®¢®© «¨¨¨ á ãç¥â®¬  £à¥¢  £ § .
�®«ãç¥ë áâ æ¨® àë¥ à á¯à¥¤¥«¥¨ï ¯ à ¬¥âà®¢ à §àï¤  ¢¤®«ì «¨-
¨¨. �®ª § ®, çâ® à §àï¤ £®à¨â ¢ ®¯à¥¤¥«¥ëå ãç áâª å, ¯®«®¦¥¨¥ ¨
¯à®âï¦¥®áâì ª®â®àëå § ¢¨áïâ ®â  ¬¯«¨âã¤ë ¯à¨«®¦¥®£®  ¯àï¦¥-
¨ï.

1. �ãâ¥¬ ®à£ ¨§ æ¨¨ ¢ëá®ª®ç áâ®â®£® ¥¬ª®áâ®£® à §àï¤ 

(���) à §àï¤  ¢ £ §¥ ¬¥¦¤ã ¤«¨ë¬¨ ¡«¨§ª® à á¯®«®¦¥ë¬¨

í«¥ªâà®¤ë¬¨ ¯®«®á ¬¨ ¡ë«¨ á®§¤ ë ¢ëá®ª®íää¥ªâ¨¢ë¥ ¨ ª®¬-
¯ ªâë¥ CO2-« §¥àë [1]. �®¢ëè¥¨î « §¥à®© ¬®é®áâ¨ á¯®á®¡-
áâ¢ã¥â ã¢¥«¨ç¥¨¥ ç áâ®âë ¯®«ï f [2]. �¤ ª® ¯à¨ f > 100−150��æ
¢áâã¯ îâ ¢ ¤¥©áâ¢¨¥ ¥¡« £®¯à¨ïâë¥ ¢®«®¢ë¥ íää¥ªâë, ª®â®àë¥
¯à¨¢®¤ïâ ª á¨«ì®¬ã ¨§¬¥¥¨î  ¬¯«¨âã¤ë ��  ¯àï¦¥¨ï Va
¢¤®«ì ¯®«®á (¯® ®á¨ x). � à ¡®â¥ [3], £¤¥ ¨§¬¥àï«®áì à á¯à¥¤¥«¥-
¨¥ V0x, íää¥ªâ à áá¬ âà¨¢ «áï ¨ â¥®à¥â¨ç¥áª¨. �ç¨â «®áì, çâ®
¤«¨ ï «¨¨ï, ª ª®¢®© ï¢«ïîâáï í«¥ªâà®¤ë¥ ¯®«®áë,  £àã¦¥ 
à §àï¤®¬ á ¥ § ¢¨áïé¨¬¨ ®â x § ¤ ë¬¨ ¯®£®ë¬¨ ¯ à ¬¥âà ¬¨.
�®¤¥«ì ¯à ¢¨«ì® ®âà ¦ ¥â å à ªâ¥à à á¯à¥¤¥«¥¨ï Va(x), ®

¨ç¥£® ¥ £®¢®à¨â ® ¥®¤®à®¤®áâ¨ à §àï¤  ¨ ®¡à â®¬ ¥¥ ¢«¨ï¨¨

  Va(x).
�¨¦¥ à áá¬ âà¨¢ ¥âáï á ¬®á®£« á®¢  ï § ¤ ç  ® ¤«¨®©

«¨¨¨ á �� à §àï¤®¬. �¯à¥¤¥«ïîéãî à®«ì §¤¥áì ¨£à ¥â ¯à¨áãé¨©

�� à §àï¤ã íää¥ªâ ®à¬ «ì®© ¯«®â®áâ¨ â®ª . � ¯à®¨áâ¥ª ¥â ®â
 £à¥¢  £ §  ¢ à §àï¤¥, ªà ©¥ áãé¥áâ¢¥®£® â ª¦¥ ¨ ¤«ï « §¥àëå
å à ªâ¥à¨áâ¨ª. �¥è¥¨¥ ¢ëï¢«ï¥â ®¢ë¥ ®á®¡¥®áâ¨ ��� à §àï¤ 

¢ ¯®«®áª®¢®© á¨áâ¥¬¥. � §àï¤ £®à¨â ¢ ®¯à¥¤¥«¥ëå ãç áâª å   ®á¨
x, ¯®«®¦¥¨¥ ¨ ¯à®âï¦¥®áâì ª®â®àëå § ¢¨áïâ ®â  ¬«¨âã¤ë ¯à¨«®-
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¦¥®£®  ¯àï¦¥¨ï. � §àï¤ ï¢«ï¥âáï  ®¬ «ìë¬ ¯®¢áî¤ã, ªà®¬¥
ªà ¥¢, £¤¥ ® ®à¬ «¥. �à¨ ¯®¢ëè¥¨¨  ¯àï¦¥¨ï à §àï¤ë¥

ãç áâª¨ à áè¨àïîâáï, ª ª ¯à¨ ãá¨«¥¨¨ â®ª  ¢ ®à¬ «ì®¬ à¥¦¨¬¥
  ¡®«¥¥ ¨§ª¨å ç áâ®â å. �à¨ ä¨ªá¨à®¢ ëå ��� ��-£¥¥à â®à 
¨ ¨¬¯¥¤ á¥ ¢¥è¥© æ¥¯¨ â®ª,  ¯àï¦¥¨¥ ¨ £¥®¬¥âà¨ï à §àï¤-
ëå ãç áâª®¢ ¢¯®«¥ ®¯à¥¤¥«¥ë ¢®«ìâ- ¬¯¥à®© å à ªâ¥à¨áâ¨ª®©
(���) à §àï¤®© á¨áâ¥¬ë ¨ ” £àã§®ç®© ¯àï¬®©”. � §àï¤ë©

®¡ê¥¬ ¬®¦® à¥£ã«¨à®¢ âì,¬¥ïï ¯ à ¬¥âàë ¢¥è¥© æ¥¯¨. �¤ ª®
¯®¢ëè¥¨¥  ¯àï¦¥¨ï ¢ áâà¥¬«¥¨¨ § ¯®«¨âì ¯« §¬®© ®¡ê¥¬

¬®¦¥â ¯à¨¢¥áâ¨ ª £ã¡¨â¥«ì®¬ã ¤«ï « §¥à®© £¥¥à æ¨¨ ¯¥à¥£à¥¢ã

¢ ãç áâª å ¯®¢ëè¥®©  ®¬ «ì®áâ¨. � ª¨¬ ®¡à §®¬, ¢®§¨ª ¥â
¥®¡å®¤¨¬®áâì ®¯â¨¬¨§ æ¨¨ ¯ à ¬¥âà®¢ à §àï¤®© á¨áâ¥¬ë ¨ ¢¥è-
¥© æ¥¯¨.

�®§¬®¦®, à ¤¨ª «ìë¬ á¯®á®¡®¬ ¡®àì¡ë á ¯®á«¥¤áâ¢¨ï¬¨ ¢®«-
®¢ëå íää¥ªâ®¢ ï¢«ï¥âáï ¨áªãááâ¢¥®¥ ¢ëà ¢¨¢ ¨¥  ¯àï¦¥¨ï

¢¤®«ì ¯®«®á, áª ¦¥¬, ¯ãâ¥¬ ¯à¨¬¥¥¨ï ¢á¯®¬®£ â¥«ìëå à á¯à¥-
¤¥«¥ëå ¨¤ãªâ¨¢®áâ¥© ¨«¨ á¥ªæ¨®¨à®¢ ¨¥¬ í«¥ªâà®¤®¢, çâ®
á¨«ì® ãá«®¦ï¥â ¤¥«® (ááë«ª¨ ¢ [2,3]). �® ¯®¨¬ ¨¥ à¥ «ì®£®

¢«¨ï¨ï ¢®«®¢ëå íää¥ªâ®¢   à §àï¤,   çâ®  ¯à ¢«¥  ¤  ï
à ¡®â , ¬®¦¥â ¯®¬®çì ®¯â¨¬¨§ æ¨¨ ¥ãá«®¦¥ëå á¨áâ¥¬.

2. � áá¬®âà¨¬ áâ æ¨® àë© à §àï¤ α-â¨¯  ¬¥¦¤ã í«¥ªâà®¤ë-
¬¨ ¯®«®á ¬¨ ¤«¨ë l, è¨à¨ë a, à §¤¥«¥ë¬¨ à ááâ®ï¨¥¬ h. �

á¥à¥¤¨¥, ¢ â®çª¥ x = 0, ¯à¨«®¦¥®  ¯àï¦¥¨¥ V (0) = Va exp(iωt)
(à¨á. 1). � ¯¨è¥¬ ãà ¢¥¨ï ¤«ï ª®¬¯«¥ªáëå  ¬¯«¨âã¤  ¯àï¦¥-
¨ï V̄ ¨ â®ª  Ī ¢¤®«ì í«¥ªâà®¤®© «¨¨¨

dV̄ /dx = −iωL1Ī , dĪ/dx = V̄ /Z1, Z1 = Z/a. (1)

�¤¥áì L1 — ¯®£® ï ¨¤ãªâ¨¢®áâì «¨¨¨, Z1 — ¯®£®ë© ¨¬-
¯¥¤ á ¬¥¦í«¥ªâà®¤®£® ¯à®áâà áâ¢  á à §àï¤®¬. �¬¯¥¤ á  

¥¤¨¨æã ¯«®é ¤¨ í«¥ªâà®¤®¢ Z ¢ëç¨á«¥ ¢ [2]   ®á®¢¥ ¯à®áâ¥©è¥©
¬®¤¥«¨ à §àï¤ :

Z(x) =
hm(νm + iω)/e2n+ 2A · 4π/iω

1− ω2/ω2
p + iωνm/ω2

p

[
�¬ · á¬2

]
. (2)

�«®â®áâì ¨®®¢ ¢ íâ®© ¬®¤¥«¨ áç¨â ¥âáï ¯®áâ®ï®© ¢¤®«ì

��-â®ª ; á ¥î á®¢¯ ¤ ¥â ¯«®â®áâì ®áæ¨««¨àãîé¥© ¯« §¬ë

n = n(x); νm — íää¥ªâ¨¢ ï ç áâ®â  áâ®«ª®¢¥¨© í«¥ªâà®®¢ á
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�¨á. 1.   — áå¥¬  íªá¯¥à¨¬¥â  á �� à §àï¤®¬ ¢ ¯®«®áª®¢®© «¨¨¨ [3];
¡ ¨ ¢ — íª¢¨¢ «¥âë¥ áå¥¬ë ¤«¨®© «¨¨¨ ¨ í«¥¬¥â à®£® ¯®¯¥à¥ç-
®£® �� ¥¬ª®áâ®£® α-à §àï¤  [2] á®®â¢¥âáâ¢¥®.

¬®«¥ªã« ¬¨, ωp = (4πe2n/m)1/2 — ¯« §¬¥ ï ç áâ®â . �¬¯«¨âã¤ 
ª®«¥¡ ¨© £à ¨æ ¯« §¬ë A ã¤®¢«¥â¢®àï¥â ãà ¢¥¨î

A2
[(
ω2 − ω2

p · 2A/h
)2

+ ω2ν2
m

]
= (eVa/mh)

2
. (3)

�«ï â¨¯¨çëå ¤«ï « §¥à®¢ ¯ à ¬¥âà®¢ f = 100��æ, p = 100�®à,
h = 0.2 á¬ ¨ n ∼ 1010−1011 á¬−3, νm � ω, A � h, νmω � ω2

p · 2A/h.
�à¨ íâ®¬ A(x) ≈ µeEa/ω, £¤¥ µe = e2/mνm — ¯®¤¢¨¦®áâì

í«¥ªâà®®¢,Ea ≈ Va/h— ®à¨¥â¨à®¢®ç®  ¬¯«¨âã¤  ¯®«ï ¢ ¯« §¬¥.
�¢ï¦¥¬ n(x) ¨  ¬¯«¨âã¤ã ¯«®â®áâ¨ à §àï¤®£® â®ª 

ja(x) ≈ enµeEa á  ¯àï¦¥¨¥¬ Va(x). �® áª« ¤ë¢ ¥âáï ¨§
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 ¯àï¦¥¨©   á«®ïå Vs ¨ ¯« §¬¥ Vp, ª®â®àë¥ á¤¢¨ãâë ¯® ä §¥

¯à¨¡«¨§¨â¥«ì®   π/2. �®íâ®¬ã

Va = (V 2
as + V 2

ap)
1/2, (4)

¯à¨ç¥¬ Vas = 8πenA2 [2], Vap = Ea(h − 2A). �®áª®«ì-
ªã µe ∼ N−1 (N−1 — ¯«®â®áâì ç¨á«  ¬®«¥ªã«),   ¤ ¢«¥¨¥

p = NkT ¯à¨  £à¥¢¥ £ §  ¤® â¥¬¯¥à âãàë T ®áâ ¥âáï ¥¨§¬¥ë¬

(p = N0kT0, £¤¥ T0 = 300 K — â¥¬¯¥à âãà  ®å« ¦¤ ¥¬ëå í«¥ªâà®-
¤®¢), Vas = (2e/π)µ02

e (Ea/p)
2(T/T0)2nf−2. �®«¥ ¢ ¯« §¬¥ Ea ¨ n

c¢ï§ ë ãá«®¢¨¥¬ ¨®¨§ æ¨®®-à¥ª®¬¡¨ æ¨®®£® ¡ « á 

νi�� = βn, νi�� ≈ (2Ea/πB1N)1/2µeEaα(Ea). (5)

� áâ®â  ¨®¨§ æ¨¨ ¢ �� ¯®«¥ νi�� ¯à¨¡«¨¦¥® ¢ëà ¦ ¥âáï ç¥à¥§

â ãá¥¤®¢áª¨© ª®íää¨æ¨¥â α(E) ∼ Nexp(−B1N/E) [2]. �á«¨

¢ £ §¥ ¯à®¨áå®¤¨â ¯à¨«¨¯ ¨¥, ¢ ª ç¥áâ¢¥ β á«¥¤ã¥â ¡à âì íä-
ä¥ªâ¨¢ë© ª®íää¨æ¨¥â à¥ª®¬¡¨ æ¨¨. � ª®¥æ, T ®¯à¥¤¥«ï¥âáï

ãá«®¢¨¥¬ ¡ « á  â¥¯« , ª®â®à®¥ ¢ë®á¨âáï â¥¯«®¯à®¢®¤®áâìî ª

í«¥ªâà®¤ ¬. �à¨¡«¨¦¥® [2]

Θ−Θ0 = 〈jE〉h2/12, Θ = Θ(T ), Θ0 = Θ(T0), (6)

£¤¥ Θ =
T∫
0

λdT — ¯®â¥æ¨ « ¯®â®ª  â¥¯« , λ(T ) — â¥¯«®¯à®¢®¤-

®áâì; 〈jE〉 — áà¥¤¥¥ §  ¯¥à¨®¤ ¢ë¤¥«¥¨¥ ¤¦®ã«¥¢  â¥¯«  ¢ 1 á¬3

¢ 1 á. �®â¥à¨ ª®«¥¡ â¥«ì®© í¥à£¨¨ ¬®«¥ªã« ¥ ¢¥«¨ª¨ [2].
�à ¢¥¨ï (4)–(6) ®¯à¥¤¥«ïîâ ”���” à §àï¤  Va(ja). �  ¨¬¥¥â

¬¨¨¬ã¬ Vmin, ª®â®à®¬ã á®®â¢¥âáâ¢ã¥â ®à¬ «ì ï ¯«®â®áâì â®ª 
jan. �à¨ ja < jan ¨ Va < Vmin à §àï¤ £®à¥âì ¥ ¬®¦¥â. � ®¡« áâïå,
£¤¥ Va > Vmin, à¥ «¨§ã¥âáï  ®¬ «ìë© à¥¦¨¬,   â®çª¨ x, £¤¥

Va = Vmin, à §£à ¨ç¨¢ îâ â®ª®¢ë¥ ¨ ¡¥áâ®ª®¢ë¥ §®ë. � ãç¥-
â®¬ íâ®£® ¯®«®¦¥¨ï, ª®â®à®¥ ¤«ï ¬ â¥¬ â¨ç¥áª®© § ¤ ç¨ á«¥¤ã¥â
à áá¬ âà¨¢ âì ª ª ä¨§¨ç¥áª¨© ¯®áâã« â, ¨ à¥è ¥âáï á¨áâ¥¬  ãà ¢-
¥¨© (1)–(6) á £à ¨çë¬¨ ãá«®¢¨ï¬¨   ª®æ å «¨¨¨. �¡ëç®
í«¥ªâà®¤ë   ª®æ å § ¬ëª îâ ¡ «« áâë¬¨ ¨¤ãªâ¨¢®áâï¬¨ Lb,
â ª çâ® V̄ (l/2) = iωLbI(l/2). �¬¯«¨âã¤  ¯à¨«®¦¥®£®  ¯àï¦¥¨ï
Va(0) = V̄ (0) áç¨â ¥âáï § ¤ ¢ ¥¬ë¬ ¯ à ¬¥âà®¬; â®£¤  à¥è¥¨¥

®¯à¥¤¥«ï¥â ¯®«ë© à §àï¤ë© â®ª 2
l/2∫
0

ajadx.
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�¨á. 2. �à®¤®«ìë¥ à á¯à¥¤¥«¥¨ï ¯ à ¬¥âà®¢ à §àï¤  ¢¤®«ì ¯®«®áª®¢®© «¨¨¨ ¯à¨ Lb = 10� ¨

à §«¨çëå § ç¥¨ïå Va(0):   —  ¬¯«¨âã¤ë  ¯àï¦¥¨ï Va(x) (¡®«¥¥ â®ª¨¥ «¨¨¨ — á®®â¢¥âáâ¢ãîé¨¥

à á¯à¥¤¥«¥¨ï  ¯àï¦¥¨ï ¡¥§ ãç¥â  à §àï¤ ); ¡ — â¥¬¯¥à âãàë £ § ; ¢ — ã¤¥«ìë¥ ¬®é®áâ¨ í¥à£®-

¢ë¤¥«¥¨ï ¨ £ — ¯«®â®áâ¨ ¯« §¬ë. N2, p = 100�®à, f = 100��æ, Lb = 10 �.
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3. �  à¨á. 2 ¯à¨¢¥¤¥ë à¥§ã«ìâ âë ç¨á«¥®£® à¥è¥¨ï ¤«ï

ãá«®¢¨©, ¡«¨§ª¨å ª íªá¯¥à¨¬¥âã [3]: 100��æ, 100�®à, h = 0.2 á¬,
l = 70 á¬, a = 10 á¬; â®«é¨  í«¥ªâà®¤®¢ 1 á¬, ®âªã¤ 

L1 ≈ 9.18 ·10−10 �/á¬. � ®âáãâáâ¢¨¥ à §àï¤  (n→∞) Z1 → 1/iωC1,
£¤¥ C1 = a/4πh = 4.42 ·10−12�/á¬ — ¯®£® ï ¥¬ª®áâì ¯®«®áë. �à¨
íâ®¬ áª®à®áâì ¢®«ë ¢¤®«ì «¨¨¨ c1 = (L1C1)−1/2 = 1.57 · 1010 á¬/á,
  ¤«¨  ¢®«ë λ1 = c1/f ≈ 157 á¬≈ 2.2l. � §àï¤ «®ª «¨§®¢  ¢ â¥å
ãç áâª å ¯®«®áª®¢®© «¨¨¨, £¤¥ Va(x) > Vmin. �à¨ Va(0) < Vmin

¢ æ¥âà «ì®© ç áâ¨ ¯®«®áª®¢®© «¨¨¨ ¯« §¬ë ¥â. � ¯à¨¬¥à,
â ª®© à¥¦¨¬ £®à¥¨ï à¥ «¨§ã¥âáï ¢ à áç¥â å ¯à¨ Va(0) = 160�
(Vmin ≈ 168�). � ã¢¥«¨ç¥¨¥¬ Va(0) à §àï¤ § ¯®«ï¥â ¢á¥ ¡®«ì-
èãî ç áâì ¯à®¬¥¦ãâª , ®¤ ª® ¯à¨ íâ®¬ à áâ¥â â¥¬¯¥à âãà  £ § 

(à¨á. 2, ¡) ¤® § ç¥¨©, ¥¯à¨¥¬«¥¬ëå ¤«ï « §¥à®© £¥¥à æ¨¨. � -
§ã¬¥¥âáï, ¯à¨ â¥å ¦¥ Va ¨ ja ¤«ï à §àï¤  ¢ « §¥à®© á¬¥á¨ á £¥«¨¥¬,
â¥¯«®¯à®¢®¤®áâì ª®â®à®£® § ç¨â¥«ì® ¢ëè¥, ç¥¬ ¤«ï  §®â , â¥¬-
¯¥à âãà  £ §  ¯®«ãç¨âáï áãé¥áâ¢¥® ¡®«¥¥ ¨§ª®©. � ááç¨â ë¥
à á¯à¥¤¥«¥¨ï  ¯àï¦¥¨ï á®£« áãîâáï á ¨§¬¥à¥¨ï¬¨ [3].

�«ï ¯®áâà®¥¨ï ¡®«¥¥ ¤¥â «ì®© â¥®à¨¨ ¯à¥¤áâ ¢«ï¥âáï ¢¥áì¬ 

¢ ¦ë¬ ¯à®¢¥áâ¨ ¥¯®áà¥¤áâ¢¥ë¥ ¨§¬¥à¥¨ï ¢ íªá¯¥à¨¬¥â¥ à á-
¯à¥¤¥«¥¨© ¯«®â®áâ¨ ¯« §¬ë, â¥¬¯¥à âãàë £ §  ¨ ¤àã£¨å ¯ à ¬¥-
âà®¢ ¢¤®«ì ¯®«®áª®¢®© «¨¨¨ ¯à¨ à §«¨çëå § ç¥¨ïå  ¬¯«¨âã¤ë

¯à¨«®¦¥®£®  ¯àï¦¥¨ï ¨ ¥£® ç áâ®âë.
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