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Äëÿ ÑÂ×-èçëó÷åíèÿ â äèàïàçîíå äëèíû âîëíû λ = 1 ÷ 10 ñì ïîêàçàíà âîçìîæíîñòü ñîçäàíèÿ íåñòà-
öèîíàðíîãî âîëíîâîäíîãî êàíàëà èç ïðîâîäÿùèõ íàíî÷àñòèö, èñõîäÿ èç èõ êîíöåíòðàöèè â âîçäóõå 1 ã íà 
1 ì3. Èç ðàñ÷åòíûõ îöåíîê ñëåäóåò, ÷òî äëÿ ñîçäàíèÿ êàíàëà ïðîòÿæåííîñòüþ 100 ì äîñòàòî÷íî 1 ÷ 10 êã 
íàíî÷àñòèö. Äèàïàçîí ìîùíîñòè ïåðåäàâàåìîãî èçëó÷åíèÿ çàâèñèò îò âåëè÷èíû ýëëèïñîèäàëüíîñòè ÷àñòèö. 
Ïðè ðàñïðîñòðàíåíèè ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ äëÿ ñèëüíî âûòÿíóòûõ íàíî÷àñòèö âîçìîæåí ðåæèì 
âîñïëàìåíåíèÿ âîëíîâîãî êàíàëà. 

 
Â òåõíèêå â ïîñëåäíèå ãîäû íàøëè øèðîêîå 

ïðèìåíåíèå âîëíîâîäû ñî ñâåòîâåäóùåé ñåðäöåâè-
íîé è ïðîçðà÷íîé äëÿ èçëó÷åíèÿ îáîëî÷êîé [1]. 
Êàê ñåðäöåâèíà, òàê è îáîëî÷êà ÿâëÿþòñÿ äèýëåê-
òðèêàìè, ò.å. òàêèå âîëíîâîäû (ñâåòîâîäû) íå ñî-
äåðæàò ýëåêòðîïðîâîäÿùåé îáëàñòè. Ëîêàëèçàöèÿ 
èçëó÷åíèÿ â ñâåòîâåäóùåé ñåðäöåâèíå ïðîèñõîäèò 
çà ñ÷åò òîãî, ÷òî äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü 
ñåðäöåâèíû áîëüøå äèýëåêòðè÷åñêîé ïðîíèöàåìî-
ñòè îáîëî÷êè. Íàïðèìåð, â ñëó÷àå ñâåòîâîäà äëÿ 
èçëó÷åíèÿ â âèäèìîì äèàïàçîíå îòíîñèòåëüíàÿ ðàç-
íîñòü äèýëåêòðè÷åñêèõ ïðîíèöàåìîñòåé ñåðäöåâèíû 
è îáîëî÷êè ñîñòàâëÿåò (2 ÷ 3) ⋅ 10–3. Òàêàÿ íåáîëü-
øàÿ ðàçíîñòü ïîêàçàòåëåé ïðåëîìëåíèÿ ñåðäöåâèíû 
è îáîëî÷êè îçíà÷àåò, ÷òî â îäíîðîäíîé ñðåäå íàëè÷èå 
ëîêàëèçîâàííîãî â ïðîòÿæåííîì öèëèíäðå íåáîëü-
øîãî êîëè÷åñòâà âåùåñòâà äðóãîãî ñîðòà ñ áîëüøåé 
äèýëåêòðè÷åñêîé ïðîíèöàåìîñòüþ ïðèâåäåò ê íàëè-
÷èþ âîëíîâîäíîãî êàíàëà. Â êà÷åñòâå îäíîðîäíîé 
ñðåäû ðàññìîòðèì âîçäóõ, à â êà÷åñòâå äðóãîãî âå-
ùåñòâà ðàññìîòðèì íàíî÷àñòèöû èç äèýëåêòðèêà. 
Äëÿ ïîëó÷åíèÿ ýôôåêòà îöåíèì îïòèìàëüíóþ êîí-
öåíòðàöèþ ÷àñòèö â âîëíîâîäíîì êàíàëå. Ñëåäóåò 
îòìåòèòü, ÷òî äëÿ ñîçäàíèÿ ñòàöèîíàðíîãî èëè êâà-
çèñòàöèîíàðíîãî âîëíîâîäíîãî êàíàëà íåîáõîäèìî 
óñòîé÷èâîå îáúåìíîå îáðàçîâàíèå íàíî÷àñòèö. Êâà-
çèñòàöèîíàðíûé âîëíîâîäíûé êàíàë ìîæåò áûòü 
ñîçäàí ñ ïîìîùüþ âèõðÿ. Â ýòîì ñëó÷àå â ðàáîòå 
áóäåò îöåíåíî âðåìÿ ñóùåñòâîâàíèÿ âèõðÿ.  

Ïðèñòóïèì ê ðàññìîòðåíèþ ñôîðìóëèðîâàííîé 
çàäà÷è. Ïðåäïîëîæèì, ÷òî â äëèííîì âîçäóøíîì 
öèëèíäðå L ðàäèóñà ρ0 ðàñïûëåíû íàíî÷àñòèöû 
ðàäèóñà R ñ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòüþ ε2. 
Ïóñòü äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü ãàçîîáðàç-
íîé ñðåäû ε1 (äëÿ âîçäóõà ε1 = 1), à êîíöåíòðàöèÿ 
íàíî÷àñòèö íàìíîãî ìåíüøå êîíöåíòðàöèè ìîëåêóë 

âîçäóõà. Â ýòîì ñëó÷àå äèýëåêòðè÷åñêàÿ ïðîíèöàå-
ìîñòü ñìåñè εñì áóäåò ðàâíà [2, ñ. 69]: 

 
ε − εε = ε + ε

ε + ε
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ãäå v = (4π/3)R3 – îáúåì íàíî÷àñòèöû; n – êîí-
öåíòðàöèÿ íàíî÷àñòèö. Êîãäà íàíî÷àñòèöû ÿâëÿþò-
ñÿ íåçàðÿæåííûìè ïðîâîäíèêàìè, â (1) íàäî ïîëî-
æèòü ε2 → ∞. Òîãäà  

 εñì = ε1 + 3nvε1. (2) 

Ðàññìîòðèì ñëó÷àé nv = 10–3 (ýòî ðàâíîñèëüíî 
òîìó, ÷òî îñðåäíåííàÿ ïëîòíîñòü íàíî÷àñòèö ðàâíà 
1,7 êã/ì3). Ïðåäïîëîæèì, ÷òî â öèëèíäðå êîíöåí-
òðàöèÿ íàíî÷àñòèö íå çàâèñèò îò êîîðäèíàò. Òîãäà 

ôóíêöèÿ ïîêàçàòåëÿ ïðåëîìëåíèÿ ñðåäû n = ε%  
áóäåò èìåòü âèä ñòóïåí÷àòîé ôóíêöèè: 
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ãäå ïðåäïîëàãàåòñÿ, ÷òî ó íàíî÷àñòèö ε2 → ∞ (çäåñü 
nco è ncl – ïîêàçàòåëè ïðåëîìëåíèÿ, ñîîòâåòñòâåííî, 
ñåðäöåâèíû è îáîëî÷êè âîëíîâîäà). 

Â âîëíîâîäå (3) â çàâèñèìîñòè îò ρ0 è äëèíû 
âîëíû λ ìîãóò ðàñïðîñòðàíÿòüñÿ îäíà è áîëåå íà-
ïðàâëÿåìûõ ìîä. Íàïðàâëÿåìûå ìîäû ìîãóò ïðàê-
òè÷åñêè áåç ïîòåðü ðàñïðîñòðàíÿòüñÿ íà áîëüøèå 
ðàññòîÿíèÿ. 

Òåïåðü îïðåäåëèì äëÿ îäíîìîäîâîãî ðåæèìà 
âåëè÷èíó ρ0 è îöåíèì äîëþ ìîùíîñòè èçëó÷åíèÿ, 
êîòîðàÿ ïðèõîäèòñÿ íà íàïðàâëÿåìóþ ìîäó, à òàê-
æå îöåíèì äëèíó âîëíîâîäà L äëÿ c = nv = 10–3. 
Ââåäåì îïòè÷åñêèé îáúåì 
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 2 2

0 02 ,co co clV n k k n n= ρ ∆ ≡ ρ −  (4) 

ãäå k = 2π/λ, λ – äëèíà ýëåêòðîìàãíèòíîé âîëíû; 
∆ = const. Èçâåñòíî, ÷òî îäíîìîäîâûé ðåæèì âîëíî-
âîäà îïðåäåëÿåòñÿ èç óñëîâèÿ 0 < V ≤ 2,405 [1, ñ. 272]. 
Ïðè V → 0 íà íàïðàâëÿåìóþ ìîäó ïðèõîäèòñÿ ìà-
ëåíüêàÿ äîëÿ ìîùíîñòè, ïîñêîëüêó â ýòîì ñëó÷àå 
ïÿòíî ìîäû ñòðåìèòñÿ ê áåñêîíå÷íîñòè, à ïðè 
V → 2,405 íà÷èíàåò ïîÿâëÿòüñÿ äðóãàÿ íàïðàâëÿå-
ìàÿ ìîäà. Ïîýòîìó îïòèìàëüíûì óñëîâèåì ÿâëÿåòñÿ 
V ≈ 1 (ñì. Ïðèëîæåíèå). Â ýòîì ñëó÷àå èç (4) ïî-
ëó÷èì 

 2 2

0 /(2 )co cln nρ = λ π − . (5) 

Ïðåäïîëîæèì, ÷òî ðàñïûëÿåòñÿ ãðàôèò âåñîì 
m = 1,7 êã (ïëîòíîñòü ãðàôèòà ρã = 1,7 ⋅ 103 êã/ì3). 
Òîãäà äëèíà âîëíîâîäà êàíàëà L áóäåò ðàâíà  

 2

0/( ),L = Λ πρ    (6) 

ãäå Λ = m/(nvρã) = 106 ñì3; ρ0 – â ñàíòèìåòðàõ. 
Ïóñòü λ = 1 ÷ 10 ñì. Òîãäà â ñîîòâåòñòâèè ñ (5) 

ïðè nv = 10–3 ïîëó÷èì ðàäèóñ ñåðäöåâèíû 0ρ  (ðà-

äèóñ âîëíîâîäíîãî êàíàëà), ðàâíûé 2,9 ÷ 29 ñì,  
à äëèíà âîëíîâîäíîãî êàíàëà L ñîîòâåòñòâåííî áó-
äåò ìåíÿòüñÿ â èíòåðâàëå 379 ÷ 3,79 ì. 

Äëÿ ïðèäàíèÿ óñòîé÷èâîñòè âîëíîâîäíîìó êà-
íàëó ìîæíî ñîçäàòü âèõðåâîå âðàùåíèå âîëíîâîä-
íîãî êàíàëà ñ ïðèìåñüþ íàíî÷àñòèö. Â ýòîì ñëó÷àå 
âîëíîâîäíûå ñâîéñòâà òàêîãî êàíàëà ïðàêòè÷åñêè 
íå èçìåíÿòñÿ, à ñèñòåìà ñòàíåò íàìíîãî óñòîé÷èâåé 
[3, ñ. 143]. Îöåíèì õàðàêòåðíîå âðåìÿ ñóùåñòâîâà-
íèÿ âèõðåâîãî êàíàëà τ. Ïðåäïîëîæèì, ÷òî âî âðà-
ùàþùåìñÿ âîëíîâîì êàíàëå ëèíåéíàÿ ñêîðîñòü òî-
÷åê èìååò òîëüêî ϕ-þ êîìïîíåíòó, ãàç íåñæèìàåì. 
Òîãäà èç óðàâíåíèÿ Íàâüå–Ñòîêñà ïîëó÷èì äëÿ ϕ-é 
êîìïîíåíòû ñêîðîñòè v 

 ϕ ϕ∂ ∂∂  ρ = η  ∂ ∂ ∂ 
ã

1
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t r r r
  (7) 

Ïðåäïîëîæèì, ÷òî vϕ èçìåíÿåòñÿ ïî ýêñïîíåíöè-
àëüíîìó çàêîíó: 

 vϕ ∼  exp (–t/τ).   (8) 

Èç (7) è (8) ïîëó÷èì vϕ, êîòîðàÿ óäîâëåòâîðÿåò 
óðàâíåíèþ 
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Â îêðåñòíîñòè r = 0 ðåøåíèå (9) áóäåò ïðåäñòàâ-
ëÿòü ñîáîé ôóíêöèþ Áåññåëÿ 

 ϕ
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�
ã

0 ,v J r   (10) 

ãäå J0(x) – ôóíêöèÿ Áåññåëÿ îò ïåðåìåííîé x. 
Ïóñòü ðàäèóñ âîëíîâîäíîãî êàíàëà ðàâíÿåòñÿ 

ρ0. Ïîëàãàÿ, ÷òî ïðè r = ρ0 vϕ ≈ 0,5, ãäå vϕ(0) = 1, 

èç (10) ïîëó÷èì ρ τη ρ ≈ã 0/( ) 1,5. Îêîí÷àòåëüíî 

τ ≈ ρ ρ η2 2

ã 0 /1,5 . Äëÿ âîçäóõà ρã = 1,3 êã/ì3, 

η = 1,8 ⋅ 10–5 êã/(ì ⋅ ñ). Ïóñòü ρ0 = 6 ñì (ýòî ñîîòâåò-
ñòâóåò ñëó÷àþ λ = 2,1 ñì, L ≈ 88 ì), òîãäà 
τ ≈ 116 ñ. Àíàëîãè÷íîå âðåìÿ äàþò ðåçóëüòàòû ìà-
òåìàòè÷åñêîãî ìîäåëèðîâàíèÿ. ×èñëåííî ðåøàëîñü 
óðàâíåíèå (7) ñî ñëåäóþùèìè íà÷àëüíûìè è êðàå-
âûìè óñëîâèÿìè: 

 0( 0) 0, ( ) 0, 5 .
r r

v r v r a a

r
ϕ ϕ

∂ = = = = = ρ
∂

 

Íà ðèñ. 1 ïðèâåäåíà çàâèñèìîñòü vϕ îò r ïðè 
t = 0; 120 è 240 ñ. Èç ðèñ. 1 âèäíî, ÷òî ìàêñèìàëü-
íîå çíà÷åíèå vϕ óìåíüøàåòñÿ â äâà ðàçà ïðè 
t ≈ 120 ñ. 
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Ðèñ. 1. Çàâèñèìîñòü ϕ-é êîìïîíåíòû ëèíåéíîé ñêîðîñòè 
òî÷åê ñðåäû îò r â âèõðåâîì êàíàëå ïðè t = 0 (êðèâàÿ 1), 
 t = 120 ñ (2) è t = 240 ñ (3) 

 

Ïî ìåðå óâåëè÷åíèÿ 2

0ρ  â çàâèñèìîñòè îò t êîí-

öåíòðàöèÿ íàíî÷àñòèö áóäåò óìåíüøàòüñÿ, ïðè÷åì 
ïðè L = const áóäåò èìåòü ìåñòî ñîîòíîøåíèå 
2

0 constnρ = . Èç (3) è (4) âèäíî, ÷òî âåëè÷èíà V 

2
, 

îïðåäåëÿþùàÿ îäíîìîäîâûé ðåæèì ðàñïðîñòðàíå-

íèÿ èçëó÷åíèÿ, ïðîïîðöèîíàëüíà 2

0nρ . Ýòî, â ñâîþ 

î÷åðåäü, îçíà÷àåò, ÷òî ñî âðåìåíåì îäíîìîäîâûé 
ðåæèì ðàñïðîñòðàíåíèÿ èçëó÷åíèÿ íå áóäåò ìå-
íÿòüñÿ. 

Òàêèì îáðàçîì, äàííûå îöåíêè ïîêàçûâàþò 
âîçìîæíîñòü ñîçäàíèÿ âîëíîâîäíîãî êàíàëà ñ ïî-
ìîùüþ íàíî÷àñòèö òèïà ãðàôèòà. Ñëåäóåò îòìåòèòü, 
÷òî âîëíîâîäíûé êàíàë, ñ êîòîðûì ìû ÷àñòî ñòàë-
êèâàåìñÿ, ÿâëÿåòñÿ øëåéôîì çà ñàìîëåòîì íà 
áîëüøîé âûñîòå. Ýòîò øëåéô ìîæíî, íàïðèìåð, 
èñïîëüçîâàòü â êà÷åñòâå âîëíîâîäíîãî êàíàëà äëÿ 
èçëó÷åíèÿ ìåòðîâîé äëèíû. Äëèòåëüíîñòü òàêîãî 
êàíàëà â çàâèñèìîñòè îò ìåòåîóñëîâèé ìîæåò äîñ-
òèãàòü äî 100 êì. 

Ïðèëîæåíèå 

Ðàññìîòðèì âîëíîâîäíûé êàíàë ñî ñòóïåí÷à-
òûì ïðîôèëåì ïîêàçàòåëÿ ïðåëîìëåíèÿ (ÏÏÏ) ïðè 
λ = 1 ñì è ïðè ρ0 = 5 ñì:  
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Â ýòîì ñëó÷àå îïòè÷åñêèé îáúåì ðàâíÿåòñÿ 
V = 3,14. Âîëíîâîä áóäåò ñîäåðæàòü äâå ìîäû –
m = 0, N = 1 è m = 1, N = 1. Ïîñòîÿííûå ðàñ- 
ïðîñòðàíåíèÿ ðàâíÿþòñÿ βm=0, N=1 = 6,3043 ñì–1  
è βm=1, N=1 = 6,29 ñì–1. Íà ðèñ. 2 ïðèâåäåíû çàâè-
ñèìîñòè èíòåíñèâíîñòåé ýòèõ ìîä îò ðàäèóñà, ãäå 
íîðìèðîâêà ôóíêöèé âûáèðàëàñü èç óñëîâèÿ 
max Ψm, N = 1. 
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Ðèñ. 2. Çàâèñèìîñòè íîðìèðîâàííûõ èíòåíñèâíîñòåé ìîä  

Ψ m=1, N=1
2

 îò r ìîäû ñ m = 0, N = 1 (ñïëîøíàÿ êðèâàÿ)  
 è ñ m = 1, N = 1 (êðèâàÿ ñ ìàðêåðîì «+») 

 

Ðàññìîòðèì âîëíîâîäíûé êàíàë ñî ñëåäóþùèì 
ñòóïåí÷àòûì ÏÏÏ ïðè λ = 1 ñì, ρ0 = 5 ñì: 
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Â ýòîì ñëó÷àå îïòè÷åñêèé îáúåì ðàâíÿåòñÿ 
V = 0,993. Âîëíîâîä ñîäåðæèò îäíó ìîäó m = 0, 

N = 1. Ïîñòîÿííàÿ ðàñïðîñòðàíåíèÿ ðàâíÿåòñÿ 
βm=0, N=1 = 6,2833 ñì–1. Çàâèñèìîñòü èíòåíñèâíîñòè 
òàêîé ìîäû îò ðàäèóñà ïðèâåäåíà íà ðèñ. 3. 

 

Ψ m=0 N=1
2

 

0 10 20 30 40 

0

0,2

0,4

0,6

0,8

1

r, ñì
 

Ðèñ. 3. Çàâèñèìîñòü èíòåíñèâíîñòè îñíîâíîé ìîäû 
(m = 0, N = 1) îò r 

 
Ðàññìîòðèì âîëíîâîäíûé êàíàë ñî ñëåäóþùèì 

ÏÏÏ: 
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Âîëíîâîä ñîäåðæèò îäíó ìîäó m = 0, N = 1. 
Ïîñòîÿííàÿ ðàñïðîñòðàíåíèÿ ìîäû ðàâíÿåòñÿ 
βm=0, N=1 = 6,2831 ñì–1. Â ýòîì ñëó÷àå V ðàâíÿåò-
ñÿ 0,77.  
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V.A. Zatsepin, V.P. Smyslov, N.R. Sadykov, M.O. Sadykova, V.K. Filippov, A.N. Shcherbina.  

On the possibility of creating a non-stationary waveguide channel based on nanoparticles. 
For microwave-radiation in the wavelength range λ = 1 ÷ 10 cm, the possibility of creating of non-

stationary waveguide channel from conducting nanoparticles is shown based on their concentration in air 
1 g/m3. The estimates show that for creation of a channel with the length of 100 m 1 ÷ 10 kg of nanoparticles 
is enough. The power range of transmitted radiation depends on how ellipsoidal are the particles. At electro-
magnetic radiation propagation for strongly prolate nanoparticles, the condition of the wave channel ignition is  
possible. 


