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Ââåäåíèå 
 

Â ïîñëåäíåå âðåìÿ ïðèñòàëüíîå âíèìàíèå èññëå-
äîâàòåëåé ïðèâëåêàþò íèçêîðàçìåðíûå ñòðóêòóðû 
(íàíîñòðóêòóðû): ôóëëåðåíû, îäíî- è ìíîãîñëîéíûå 
íàíîòðóáêè, íàíîïðîâîëî÷êè, íàíîñòðóêòóðû íà îñ-
íîâå ìîëåêóëû ÄÍÊ è ò.ï. Â çàâèñèìîñòè îò ðàäèóñà 
íàíîòðóáîê (ÍÒ) è ñõåìû ñâîðà÷èâàíèÿ ãðàôèòîâîé 
ïëîñêîñòè ÍÒ ìîãóò áûòü ïðîâîäíèêàìè, ïîëóìåòàë-
ëàìè è ïîëóïðîâîäíèêàìè. Ýòè è äðóãèå óíèêàëüíûå 
ñâîéñòâà ÍÒ ïðèâîäÿò ê ñëåäñòâèÿì ïðè èõ âçàèìî-
äåéñòâèè ñ ýëåêòðîìàãíèòíûì èçëó÷åíèåì. Â íàñòîÿ-
ùåé ñòàòüå ïîêàçàíî, ÷òî â ðåçóëüòàòå âçàèìîäåéñòâèÿ 

ÍÒ ñ íåñòàöèîíàðíûì ýëåêòðè÷åñêèì ïîëåì âîçìî-
æåí ìåõàíèçì ãåíåðàöèè ìèëëèìåòðîâîãî èçëó÷åíèÿ. 
  Ðàññìîòðèì óãëåðîäíûå íàíîòðóáêè ðàäèóñà R. 
Åñëè ÍÒ íàõîäèòñÿ ïîä ïåðåìåííûì ýëåêòðè÷åñêèì 

ïîòåíöèàëîì, òî ïî íåé ïîòå÷åò ïåðåìåííûé ýëåê-
òðè÷åñêèé òîê. Çàâèñèìîñòü íàâîäèìîãî òîêà îò ïðè-
ëîæåííîãî íàïðÿæåíèÿ îïðåäåëÿåò õàðàêòåðèñòèêè 
ÍÒ êàê ýëåêòðè÷åñêîãî ïðîâîäíèêà [1–8]. Ïðîâî-
äèìîñòü ÍÒ îïðåäåëÿåòñÿ íå êëàññè÷åñêèìè, à êâàí-
òîâûìè çàêîíàìè äâèæåíèÿ π-ýëåêòðîíîâ. Ïðîöåññ 
ïåðåíîñà çàðÿäà ïîä äåéñòâèåì ïðèëîæåííîãî íà-
ïðÿæåíèÿ îñóùåñòâëÿåòñÿ ïî íåñêîëüêèì êàíàëàì 
(÷åòûðå êàíàëà): äâóêðàòíîå ñïèíîâîå âûðîæäåíèå 

è äâóêðàòíîå âûðîæäåíèå çîííîé ñòðóêòóðû â òî÷-
êå óðîâíÿ Ôåðìè. Åñëè ðàññìàòðèâàòü ÍÒ êàê áåñ-
êîíå÷íî äëèííóþ ýëåêòðè÷åñêóþ öåïü, åäèíè÷íûé 

èíòåðâàë êîòîðîé õàðàêòåðèçóåòñÿ êèíåòè÷åñêîé èí-
äóêòèâíîñòüþ Lê, êâàíòîâîé åìêîñòüþ CQ è ýëåêòðî-
ñòàòè÷åñêîé åìêîñòüþ CEQ íà åäèíèöó äëèíû [9],  
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òî óãëåðîäíóþ ÍÒ ìîæíî ðàññìàòðèâàòü êàê ëèíèþ 
ïåðåäà÷è, ãäå ïàðàìåòðû ëèíèè îïðåäåëÿþòñÿ âû-
ðàæåíèÿìè 

 =

2

ê (8 ),FL h e v  =

28 ( ),Q FC e hv  

 ( )≈ π2 ln (2 ) ,EQC a R  

ãäå a – ðàññòîÿíèå, íàïðèìåð, äî ïàðàëëåëüíî ðàñ-
ïîëîæåííîé îñè ÍÒ ïëîñêîñòè; h ≈ 6,6 ⋅ 10–34 Äæ ⋅ ñ – 

ïîñòîÿííàÿ Ïëàíêà; e = 1,6 ⋅ 10–19
 Êë – çàðÿä ýëåê-

òðîíà; vF – ñêîðîñòü π-ýëåêòðîíà íà óðîâíå Ôåðìè; 
ñóììàðíàÿ ýëåêòðè÷åñêàÿ åìêîñòü ïîëó÷àåòñÿ êàê 
ïîñëåäîâàòåëüíîå ñîåäèíåíèå CQ è CEQ. Ïîêàæåì, 
÷òî â ñðåäå íà îñíîâå ïðîäîëüíî îðèåíòèðîâàííîé 
âäîëü íåñòàöèîíàðíîãî ýëåêòðè÷åñêîãî ïîëÿ ñèñòå-
ìû ÍÒ âîçìîæíà ãåíåðàöèÿ ÑÂ×-èçëó÷åíèÿ. 

Â ñëó÷àå ìàêðîñêîïè÷åñêèõ àíòåííûõ âèáðàòîðîâ 
îïòèìàëüíàÿ äëèíà àíòåííû l è äëèíà âîëíû λh ïëîò-
íîñòè òîêà ñâÿçàíû ñîîòíîøåíèåì l = λh/2. Â ñëó÷àå 
óãëåðîäíûõ ÍÒ âîëíîâîå ÷èñëî ïîâåðõíîñòíûõ ýëåê-
òðîìàãíèòíûõ âîëí â óãëåðîäíûõ ÍÒ (ïîñòîÿííàÿ ðàñ- 
ïðîñòðàíåíèÿ) h0 = k/β, ãäå β << 1 – êîýôôèöèåíò 

çàìåäëåíèÿ, k = 2π/λ, λ – äëèíà âîëíû èçëó÷åíèÿ  

â âàêóóìå. Ïîýòîìó äëÿ íàíîòðóáîê ïðè îïòèìàëüíîé 

äëèíå àíòåííû l [9. Ñ. 434] èìååò ìåñòî ñîîòíîøåíèå 

l = λRe(β)/2. Òàêîå ñóùåñòâåííîå êà÷åñòâåííîå 
îòëè÷èå ìàêðîñêîïè÷åñêèõ âèáðàòîðîâ îò íàíîàí-
òåíí îáúÿñíÿåòñÿ áîëüøèì çíà÷åíèåì êèíåòè÷åñêîé 
èíäóêòèâíîñòè íàíîàíòåíí [9, 10] (íà 4 ïîðÿäêà 

áîëüøå, ÷åì ó ìàãíèòíîé èíäóêòèâíîñòè )[11] .  Â ðà-
áîòàõ [4, 5, 9] ïîêàçàíî, ÷òî äëÿ ìåòàëëè÷åñêèõ ÍÒ 
òèïà (9,0) «çèãçàã» çíà÷åíèå β ≈ 0,02 â äèàïàçîíå 

÷àñòîò 10–5 < kb < 10–3, ãäå b = 1,42 ⋅ 10–10 ì – ðàñ-
ñòîÿíèå ìåæäó àòîìíûìè öåíòðàìè â ÍÒ. Ïîýòîìó 

ïðè l = 1 ìêì â îïòèìàëüíîì ðåæèìå èçëó÷åíèÿ àí-
òåííû λ ≈ 100 ìêì. 

(1)
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Òåïåðü ðàññìîòðèì âëèÿíèå íà àíòåííûå ñâîé-
ñòâà ÍÒ òåïëîâûõ ïîòåðü. Áîëüøîå çíà÷åíèå êèíå-
òè÷åñêîé èíäóêòèâíîñòè â ÍÒ ïðèâîäèò ê òîìó, ÷òî 
â ðåàêòèâíîì ñîïðîòèâëåíèè ìîæíî ïðåíåáðå÷ü åì-
êîñòíûì ñîïðîòèâëåíèåì, ïîýòîìó ó÷åò îìè÷åñêî- 
ãî ñîïðîòèâëåíèÿ ôàêòè÷åñêè ýêâèâàëåíòåí çàìåíå  
(–iωLê → –iωLk + Ra), ãäå Ra – ýëåêòðè÷åñêîå ñî-
ïðîòèâëåíèå ÍÒ íà åäèíèöó äëèíû. Ýêñïåðèìåí-
òàëüíî ïîëó÷åííîå â [12] çíà÷åíèå ñîïðîòèâëåíèÿ 
Ra ≈ 10 êÎì ⋅ ìêì–1. 

Äëÿ êèíåìàòè÷åñêîé èíäóêòèâíîñòè Lê = 
= h/(8e2vF), ãäå îáðàòíîå çíà÷åíèå êâàíòà ïðîâî-
äèìîñòè ðàâíî h/(2e2) = 12,6 êÎì. Â ðåçóëüòàòå èç 
óñëîâèÿ ðåàëèçàöèè âûñîêîýôôåêòèâíûõ íàíîàí-
òåíí [8] (ìàëûå ôèçè÷åñêèå ïîòåðè) ñëåäóåò, ÷òî 
ω >> Ra/Lê ≈ 3 ⋅ 1012 c–1, ò.å. λ << 1,5 ìì. 

Äàëåå ðàññìîòðèì ÷àñòîòó kb = 10–6. Â ýòîì 
ñëó÷àå β ≈ 0,02, λ ≈ 0,95 ìì (ω ≈ 2 ⋅ 1012 c–1). Ñîîò-
âåòñòâåííî ïðè äëèíå âîëíû λ ≈ 1 ìì îïòè÷åñêàÿ 
äëèíà l = λRe(β)/2 ≈ 10 ìêì. Óñëîâèå kb = 10–6 
îçíà÷àåò, ÷òî ïîâåðõíîñòíûå âîëíû íå áóäóò ñëàáî-
çàòóõàþùèìè (óñëîâèå ñëàáîãî çàòóõàíèÿ âîëí [12] 
10–5 < kb < 10–3).  

Â [10] äëÿ íàíîòðóáîê áûëî ïîëó÷åíî óðàâíåíèå 

Ëåîíòîâè÷à–Ëåâèíà. Óðàâíåíèå äëÿ íóëåâîãî ÷ëå-
íà ïëîòíîñòè òîêà j(0)(z) ∼ exp(ih0z – iωt) â ðàçëî-
æåíèè ïî ìàëîìó ïàðàìåòðó 1/X çàïèøåòñÿ â âèäå 
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ãäå k = ω/c = 2π/λ, ñ – ñêîðîñòü ñâåòà â âàêóóìå; 
σz – àêñèàëüíàÿ ïðîâîäèìîñòü ìåòàëëè÷åñêîé (íà-
ïðèìåð, òèïà «êðåñëî») íàíîòðóáêè [3, 10, 12]; R – 
ðàäèóñ íàíîòðóáêè; â ñîîòâåòñòâèè ñ [3, 4]: 

 ( ) ( )=

2 2 2 2

0 0 0 0–2 – – ,X K h k R I h k R  

 σ ≈ π ω + ν⎡ ⎤⎣ ⎦
24 ( ) ,z Fi e v hR i  

ãäå X < 0; K0(ξ), I0(ξ) – ìîäèôèöèðîâàííûå ôóíê-
öèè Áåññåëÿ, ν = 1/τ, τ – ñðåäíåå âðåìÿ ñâîáîäíîãî 
ïðîáåãà ýëåêòðîíà äëÿ ÓÍÒ, êîòîðîå â ïðèáëèæå-
íèè âðåìåíè ðåëàêñàöèè ïîçâîëÿåò âû÷èñëèòü èíòå-
ãðàë ñòîëêíîâåíèÿ â êèíåòè÷åñêîì óðàâíåíèè Áîëüö-
ìàíà. 

Èç âûðàæåíèÿ äëÿ σz (3) ñëåäóåò âûðàæåíèå 
äëÿ êèíåòè÷åñêîé èíäóêòèâíîñòè [12] Lê èç (1)  
è àêòèâíîãî ýëåêòðè÷åñêîãî ñîïðîòèâëåíèÿ Ra íà 
åäèíèöó äëèíû íàíîòðóáêè: 

 = π σ ≈ τ
21 (2 ) (8 ).a z FR R h e v  (4) 

Ïåðåïèøåì (2) ñ ó÷åòîì (3) ñëåäóþùèì îáðàçîì: 
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ãäå α = e2/(�c) ≈ 1/137 – ïîñòîÿííàÿ òîíêîé ñòðóê-
òóðû. 

Èç äèñïåðñèîííîãî óðàâíåíèÿ (5) ñëåäóåò óðàâ-
íåíèå äëÿ ïîâåðõíîñòíîé ïëîòíîñòè òîêà 
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ãäå 
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2
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c

v X
 (7) 

Ïðè âûâîäå (6) âî âòîðîì ñëàãàåìîì â ëåâîé 
÷àñòè ïîëàãàëîñü, ÷òî 1/c << 1/(4αvFX), è, êðîìå 
òîãî, ó÷òåíî, ÷òî ìîæíî ïðåíåáðå÷ü çàâèñèìîñòüþ 
êîýôôèöèåíòîâ ïðè ω è ω2 â (5), ò.å. çàâèñèìîñòüþ 

= ω

( )
k c

X k  îò ω. Äåéñòâèòåëüíî, èìååò ìåñòî h0/k = 

= 1/β >> 1, ïîýòîìó 

 ≈ Λω ≈
2 2 –3

0 0– 10 ,R h k  

ãäå Λ = R/(cβ); ω0 – íåñóùàÿ ÷àñòîòà â ñëó÷àå êâà-
çèìîíîõðîìàòè÷åñêîãî èçëó÷åíèÿ. 

Èç óñëîâèÿ Λω0 ≈ 10
–3 ñëåäóåò, ÷òî I0(Λω0) ≈ 1, 

ïðè èçëó÷åíèè ñ íåáîëüøèì ñïåêòðàëüíûì ðàçáðî-
ñîì ÷àñòîòû Δω ∼ ⎪ω – ω0⎪ << ω0 (êâàçèìîíîõðîìàòè - 
÷åñêîå èçëó÷åíèå )[13]  ìîæíî ñ÷èòàòü, ÷òî I0(Λω) ≈ 1. 
Èìååò ìåñòî K0(Λω0) ≈ K0(10

–3) ≈ 7,5. Ïðè Δω << ω0 
ïîëó÷àåì 

 
ω =ω

Λω ≈ Λω + ω ω ∂ ω ∂ω ≈
0

0 0 0 0 0( ) ( ) ( – ) ( )K K K  

 ≈ ω ω ⋅ ≈
–6

07,5 – ( –1) 10 7,5. 

Ââåäåì íîâóþ êîíñòàíòó 
�E  = 3 ⋅ 106 Â/ì è ïðå-

îáðàçóåì ïðàâóþ ÷àñòü (6) ê âèäó 

 
β ∂ ∂ ⎛ ⎞= ⎜ ⎟π ∂ π ∂ ⎝ ⎠�

2 2

0 0 ,
2 2

z z
c E I E
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ãäå = β �
2 2

I N c E X  (â ñèñòåìå ÑÃÑ); N – ïîâåðõíî-

ñòíàÿ ïëîòíîñòü âåðòèêàëüíî îðèåíòèðîâàííûõ íà-
íîòðóáîê. Ââåäåì ïîëíóþ ïëîòíîñòü òîêà 

 = π
(0)

2 .J Rj N  (9) 

Ñ ó÷åòîì (8) è (9) óðàâíåíèå (6) â îêîí÷àòåëüíîé 
ôîðìå çàïèøåòñÿ â âèäå 
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ãäå ω = β2 2 2 2

0c h ; ∼ 0exp( )J ih z  [4, 5, 9]. 
Óðàâíåíèå (10) ïîçâîëÿåò ïîëó÷èòü àíàëîã äè-

ïîëüíîãî ìîìåíòà α1 èçîëèðîâàííîé íàíîòðóáêè â ïî- 
ëå âûñîêî÷àñòîòíîãî èçëó÷åíèÿ ω�∼0 exp(– )

z
E i t : 

 
⎛ ⎞ω β λ

α = ⎜ ⎟⎜ ⎟ω ω + νω π⎝ ⎠� �

2 2 2

1 2 2 2
,

– 4i X
 (11) 

ãäå ω/c = 2π/λ. 
Â (11) â îòëè÷èå îò ôîðìóëû â [14] «äèïîëüíûé 

ìîìåíò» èìååò ðàçìåðíîñòü ì2, ÷òî îáúÿñíÿåòñÿ ðàç-
ìåðíîñòüþ ïîâåðõíîñòíîé ïëîòíîñòè âåðòèêàëüíî 

(3)

7.*  
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îðèåíòèðîâàííûõ íàíîòðóáîê N. Ðåçîíàíñíàÿ ÷àñ-
òîòà, êàê è â [14], îïðåäåëÿåòñÿ âåëè÷èíîé ν, îäíàêî 
çäåñü ìû ïîëàãàëè ν = 3,3 ⋅ 1011 c–1, ÷òî ïðàêòè÷åñêè 

íà 2 ïîðÿäêà ìåíüøå, ÷åì â [14] (ν = 3 ⋅ 1013 c–1). 
Ñîîòâåòñòâåííî îòëè÷àåòñÿ äëÿ èçëó÷åíèÿ îáëàñòü 
èçìåíåíèÿ öèêëè÷åñêîé ÷àñòîòû ω�.  Ðàññìàòðèâàå-
ìûé â íàñòîÿùåé ñòàòüå ïîäõîä ïîçâîëÿåò â ïðèíöè-
ïå èñïîëüçîâàòü íåñêîëüêî ñëîåâ âåðòèêàëüíî îðèåí-
òèðîâàííûõ íàíîòðóáîê äëèíîé L (ìîæíî òàêæå èñ-
ïîëüçîâàòü ðàâíîìåðíîå ðàñïðåäåëåíèå âåðòèêàëüíî 
îðèåíòèðîâàííûõ íàíîòðóáîê â êîíå÷íîì îáúåìå). 
Åñëè ïðåäïîëîæèòü, ÷òî ðàññòîÿíèå ìåæäó ñëîÿìè 
íàíîòðóáîê ðàâíî 3L, òî â (11) âûðàæåíèå â êðóã-
ëûõ ñêîáêàõ ïðåîáðàçóåòñÿ ê âèäó 

 
β λ β

→ λ
π π

2 2 2

2

2 2

3
.

4 4
L

X X
 

Â [14] âûðàæåíèå â êðóãëûõ ñêîáêàõ ðàâíÿåòñÿ 
LR2/6. 

Ïóñòü ïðîôèëü íåñòàöèîíàðíîãî ïîëÿ èìååò âèä 
«òðàïåöèè» 

′=0 0 ( ),
z

E E f t  
′ ′Δ ≤ < Δ⎧

′ = ⎨
′Δ ≤ < Δ + Δτ⎩

1 1

1 1

, 0 ,
( )

1, ,

t T t T
f t

T t T
 (12) 

ãäå ′ = ν1– ,t t z  ′ = ,z z  ΔÒ1 – øèðèíà ïåðåäíåãî 
ôðîíòà. Èç (10) â èíòåðâàëå âðåìåíè ≤ ≤ Δ 10 t T  
ñëåäóåò 

 
′ν⎛ ⎞⎡ ⎤ ⎡ ⎤′= + ω ν⎜ ⎟⎢ ⎥ ⎢ ⎥⎣ ⎦ω Δ ⎣ ⎦⎝ ⎠

2 2

2

1

–1 exp – cos – ( 2) .
2

I t
J t

T
(13) 

Èìååò ìåñòî ïðèáëèæåííîå ñîîòíîøåíèå h/(2e2) ≈ 
≈ 12,6 êÎì (h = 2π�). Ïóñòü R = 4 íì, τ = 3 ⋅ 10–12 c 
(ν  = 1/τ = 3,3 ⋅ 1011 c–1, ñì. )[3] ,  ω = 2πν, �E  = 
= 3 ⋅ 106 Â/ì, Å0 = 3 ⋅ 107 Â/ì, òîãäà h0R = 2πR/(λβ) ≈ 
≈ 10–3, I0(10

–3) ≈ 1, K0(10
–3) ≈ 7,5, X ≈ –15. Ïàðà-

ìåòðû íåñòàöèîíàðíîãî èìïóëüñà âûáåðåì â ñîîòâåò-
ñòâèè ñ [15]: ΔT1 = 10–10 c, Δτ = 3 ⋅ 10–9 c. Ïðè N = 
= 106 ñì–2 ⎡⎣ïîâåðõíîñòíàÿ  ïëîòíîñòü íàíîòðóáîê 
(ñì. )⎤⎦[16]  vF = 106 ì/ñ, �E  = 3 ⋅ 106 Â/ì ïîëó÷àåì 
β ≈ 0,03; I ≈ 1,8 ⋅ 1019 À/(ñ ⋅ ì2), I/(ω2ΔÒ1) ≈ 
≈ 4,3 ⋅ 105 À/ì2. 

Ïîëå èçëó÷åíèÿ E(t, z) îïðåäåëÿëîñü ïóòåì ÷èñ-
ëåííîãî ðåøåíèÿ âîëíîâîãî óðàâíåíèÿ 

 
∂ ∂ ν ∂⎛ ⎞
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E t z E t z J t z

c tt z
 (14) 

ãäå ε0 – ýëåêòðè÷åñêàÿ ïîñòîÿííàÿ, â ñîâîêóïíîñòè 
ñ óðàâíåíèåì (10) â ïðåäïîëîæåíèè, ÷òî ν1 = c. 

Èç óðàâíåíèÿ (14) ìîæíî ïîëó÷èòü ïðèáëè-
æåííîå àíàëèòè÷åñêîå ðåøåíèå. Ïðåäïîëàãàÿ, ÷òî 

ε� 0 ,E P  ïîëó÷àåì 
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=
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2

0– ,
2

E c J

t z t
 (15) 

μ0 – ìàãíèòíàÿ ïîñòîÿííàÿ, ãäå ïðè âûâîäå (15) ó÷-
òåíî, ÷òî ′ ′∂ ∂ ∂ ∂� .E z E c t  Èç (15) ïîëó÷àåì 
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èëè, ñ ó÷åòîì ãðàíè÷íîãî óñëîâèÿ ′ ′= =( 0, ) 0E z t   

è óñëîâèÿ ′ =( 0)J t : 
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2 2( – )
1– exp – cos ( – ) – ( 2) .

2

t z c
t z c (17) 

Íà ðèñ. 1 ïîêàçàíà çàâèñèìîñòü ïëîòíîñòè òîêà 
J îò ïðîäîëüíîé êîîðäèíàòû z â ìîìåíò âðåìåíè 
t = 5 ⋅ 10–11 c (ïåðåäíèé ôðîíò ðàñïðîñòðàíèòñÿ íà 
ðàññòîÿíèå ≈ 1,5 ñì), ïîëó÷åííàÿ ÷èñëåííûì ðåøå-
íèåì óðàâíåíèÿ (10) ïðè ν1 = c. 

 

 
Ðèñ. 1. Ðàñïðåäåëåíèå ïëîòíîñòè òîêà J ïî êîîðäèíàòå z 
  íà âðåìÿ t = 5 ⋅ 10–11 c 

 
×èñëåííîå ðåøåíèå ïîëíîñòüþ ñîâïàëî ñ àíà-

ëèòè÷åñêèì ðåøåíèåì (13). Â ýòîì ñëó÷àå ïëîò-
íîñòü òîêà èìååò ïîñòîÿííóþ ñîñòàâëÿþùóþ è áû-
ñòðî îñöèëëèðóþùóþ ÷àñòü ñ ïåðèîäîì îñöèëëÿöèé 
Δz ≈ 2πc/ω ≈ 0,9 ìì. Èç (13) ñëåäóåò, ÷òî ïðè ν << ω 
àìïëèòóäà êîëåáàíèé áûñòðî îñöèëëèðóþùåé ÷àñòè 
ïîëÿ ðàâíÿëàñü áû âåëè÷èíå ïîñòîÿííîé ñîñòàâëÿþ-
ùåé ïîëÿ. Íåçíà÷èòåëüíîå îòêëîíåíèå îáúÿñíÿåòñÿ 
îòíîñèòåëüíî áîëüøèì çíà÷åíèåì ν. 

Íà ðèñ. 2 ïðèâåäåíà çàâèñèìîñòü ïîëÿ èçëó÷å-
íèÿ E(t, z) îò êîîðäèíàòû z, ãäå ïîëå îïðåäåëÿëîñü 
èç âîëíîâîãî óðàâíåíèÿ ïðè ν1 = c â ìîìåíò âðåìå-
íè t = 5 ⋅ 10–11 c. 

 

 
Ðèñ. 2. Ðàñïðåäåëåíèå ïîëÿ èçëó÷åíèÿ ïî êîîðäèíàòå z  
  íà âðåìÿ t = 5 ⋅ 10–11 c 
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Ðåøåíèå, òàê æå, êàê è â ñëó÷àå ïëîòíîñòè òî-
êà, ñîäåðæèò ìåäëåííî ìåíÿþùóþñÿ ñîñòàâëÿþùóþ 
è áûñòðî îñöèëëèðóþùóþ ÷àñòü. Àìïëèòóäà áûñòðî 
îñöèëëèðóþùåé ÷àñòè ïîëÿ ïîðÿäêà ∼ 106 Â/ì. 
Ïðè ÷èñëåííîì ðåøåíèè âîëíîâîãî óðàâíåíèÿ (14) 
â ïðåäïîëîæåíèè, ÷òî ν1 = c, ïðîèçâîäíàÿ âòîðîãî 
ïîðÿäêà ïî ïåðåìåííîé z íà ðàçíîñòíîé ñåòêå zj 
àïïðîêñèìèðîâàëîñü âûðàæåíèåì 

 +
+∂

≈
∂ Δ

2
1 –1

2 2

– 2( , )
,

j j jE E EE t z

z z
 

â êîòîðîì j – íîìåð óçëà; Δz = zj + 1 – zj – øàã ñåòêè, 
ïðèíÿòûé ïîñòîÿííûì äëÿ âñåõ íîìåðîâ j. Â ðåçóëü-
òàòå óðàâíåíèå (14) ïðåâðàùàåòñÿ â ñèñòåìó îáûê-
íîâåííûõ äèôôåðåíöèàëüíûõ óðàâíåíèé 

+ −
∂ + ∂ν⎛ ⎞

= ν ⎜ ⎟
ε ∂∂ Δ ⎝ ⎠

22

1 12 1

2 2
0

( , ) – 2 ( , )1
– ,

j j j j jE t z E E E J t z

c tt z
(18) 

ïîðÿäîê êîòîðîé îïðåäåëÿåòñÿ ÷èñëîì óçëîâ ðàçíî-
ñòíîé ñåòêè ïî ïåðåìåííîé z. Ðåøåíèå óðàâíåíèÿ (10) 
è ñèñòåìû óðàâíåíèé (18) îñóùåñòâëÿëîñü ñ ïîìî-
ùüþ áèáëèîòåêè ñòàíäàðòíûõ ïðîãðàìì IMSL ÿçû-
êà ïðîãðàììèðîâàíèÿ Fortran-95. 

Íà ðèñ. 3 ïðèâåäåíà çàâèñèìîñòü äëÿ ïëîòíîñòè 

òîêà J îò ïðîäîëüíîé êîîðäèíàòû z â ìîìåíò âðåìå-
íè t = 5 ⋅ 10–10 c (ïåðåäíèé ôðîíò ðàñïðîñòðàíèòñÿ 
íà ðàññòîÿíèå ≈ 15 ñì). 

 

 
Ðèñ. 3. Ðàñïðåäåëåíèå ïëîòíîñòè òîêà J ïî êîîðäèíàòå z  
  íà âðåìÿ t = 5 ⋅ 10–10 c 

 
Ìåäëåííî ìåíÿþùàÿñÿ ñîñòàâëÿþùàÿ ïðåäñòàâ-

ëÿåò ñîáîé ïî ñóòè ôóíêöèþ f(t′) èç (12). Áûñòðî 
îñöèëëèðóþùàÿ ÷àñòü ñîäåðæèò äâå îáëàñòè îñöèë-
ëÿöèè, êîòîðûå îáóñëîâëèâàþòñÿ ïåðåäíèì è çàä-
íèì ôðîíòàìè íåñòàöèîíàðíîãî ïîëÿ (12). 

Íà ðèñ. 4 ïðèâåäåíà çàâèñèìîñòü ïîëÿ èçëó÷åíèÿ 

îò êîîðäèíàòû z â ìîìåíò âðåìåíè t = 5 ⋅ 10–10 c. 
Áûñòðî îñöèëëèðóþùàÿ ÷àñòü ïîëÿ èçëó÷åíèÿ ñî-
äåðæèò äâå îáëàñòè, ïðè÷åì àìïëèòóäà êîëåáàíèé 
ïåðåäíåãî èìïóëüñà ïîðÿäêà ∼ 107 Â/ì, à çàäíåãî  
â 2 ðàçà ìåíüøå. 

Èç ïîëó÷åííûõ ðåçóëüòàòîâ ñëåäóåò, ÷òî ñ ïî-
ìîùüþ íåñòàöèîíàðíîãî ýëåêòðè÷åñêîãî ïîëÿ ñ íà-
ïðÿæåííîñòüþ Å0 = 3 ⋅ 106 Â/ì, øèðèíîé ïåðåäíåãî 
 

 
Ðèñ. 4. Ðàñïðåäåëåíèå ïîëÿ èçëó÷åíèÿ ïî êîîðäèíàòå z  
  íà âðåìÿ t = 5 ⋅ 10–10 c 

 

ôðîíòà ΔÒ1 ≈ 10
–10 ñ äëèòåëüíîñòüþ Δτ ≈ 10–9 ñ íà 

ðàññòîÿíèÿõ Δz ∼ 10 ñì âîçìîæíà ãåíåðàöèÿ êîðîò-
êèõ ÑÂ×-èìïóëüñîâ (èçëó÷åíèå â íåñêîëüêî ïåðèîäîâ 

êîëåáàíèé) ñ äëèíîé âîëíû ∼ 1 ìì è ñ àìïëèòóäîé 

ïîëÿ ∼ 107 Â/ì. Äëèòåëüíîñòü êîðîòêèõ èìïóëüñîâ 

îïðåäåëÿåòñÿ âåëè÷èíîé ν èç (10). Îíà æå îïðåäåëÿåò 

óñëîâèå ðåàëèçàöèè âûñîêîýôôåêòèâíûõ íàíîàí-
òåíí [8] (ìàëûå ôèçè÷åñêèå ïîòåðè) ω >> Ra/Lê. 
Äåéñòâèòåëüíî, èç (3) ñëåäóåò âûðàæåíèå äëÿ êèíå-
òè÷åñêîé èíäóêòèâíîñòè [12] Lê = h/(8e2vF) ⎡⎣ñì. ⎤⎦(1)  

è àêòèâíîãî ýëåêòðè÷åñêîãî ñîïðîòèâëåíèÿ Ra = 
= 1/(2πRσz) ≈ h/(8e2vFτ) íà åäèíèöó äëèíû íàíîò-
ðóáêè. Òîãäà óñëîâèå ðåàëèçàöèè âûñîêîýôôåêòèâ-
íûõ íàíîàíòåíí çàïèøåòñÿ ω >> Ra/Lê ≈ 1/τ = ν ≈ 
≈ 3,3 ⋅ 1011 ñ–1. Â äàííîé ðàáîòå ïîëàãàëîñü ω = 2πν. 
  Ðàáîòà âûïîëíåíà ïî ïðîåêòó ÐÔÔÈ ¹ 10-02-
96012. 
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The mechanism of influence of non-stationary electric field on à system of nanotubes is considered. On the 

basis of the received results the effect of generation of millimeter radiation is predicted. The results of mathe-
matical simulation are adduced. 

 
 


