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Äëÿ ÑÂ×-èçëó÷åíèÿ â äèàïàçîíå äëèíû âîëíû λ = 1÷10 ñì ïîêàçàíà âîçìîæíîñòü ñîçäàíèÿ íåñòàöèî-
íàðíîãî ìíîãîìîäîâîãî âîëíîâîäíîãî êàíàëà èç ïðîâîäÿùèõ âûòÿíóòûõ âäîëü îäíîãî íàïðàâëåíèÿ íàíî÷à-
ñòèö, èñõîäÿ èç èõ êîíöåíòðàöèè â âîçäóõå 1 ã íà 1 ì3. Ïîêàçàíî, ÷òî åñëè äëèíà ÷àñòèö ïðåâîñõîäèò ïîïå-
ðå÷íûå ðàçìåðû â 10–20 ðàç, òî âåëè÷èíà àïåðòóðû ââîäèìîãî èçëó÷åíèÿ ñîñòàâëÿåò 13–22°, ÷òî â 4–7 ðàç 
áîëüøå, ÷åì äëÿ íàíî÷àñòèö ñôåðè÷åñêîé ôîðìû. Ðåçêîå óâåëè÷åíèå ïîëÿðèçóåìîñòè âûòÿíóòûõ íàíî÷à-
ñòèö ïîçâîëÿåò óìåíüøèòü èõ îáúåìíóþ êîíöåíòðàöèþ. Ïðè ñòîêðàòíîì óäëèíåíèè íàíî÷àñòèö íàïðÿæåí-
íîñòü ïîëÿ âîëíû ìîæåò äîñòèãàòü ∼ 104 Â/ñì, ïðè ýòîì íå áóäåò ðåæèìà âîñïëàìåíåíèÿ íàíî÷àñòèö çà ñ÷åò 
ïîëåâîé ýìèññèè. 

 

Â [1] áûë ðàññìîòðåí âîëíîâîäíûé êàíàë  
â âîçäóõå íà îñíîâå ïðèìåñè íàíî÷àñòèö ñôåðè÷å-
ñêîé ôîðìû è áûëî ïîêàçàíî, ÷òî åñëè â äëèííîì 
âîçäóøíîì öèëèíäðå L ðàäèóñà ρ0 â ãàçîîáðàçíîé 
ñðåäå ñ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòüþ ε1 (äëÿ 
âîçäóõà ε1 = 1) ðàñïûëåíû íàíî÷àñòèöû ðàäèóñà R  
ñ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòüþ ε2, òî äèýëåê-
òðè÷åñêóþ ïðîíèöàåìîñòü ñìåñè εñì ìîæíî íàéòè ïî 
ôîðìóëå [2, ñ. 69]: 
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ãäå êîíöåíòðàöèÿ íàíî÷àñòèö n íàìíîãî ìåíüøå êîí-
öåíòðàöèè ìîëåêóë âîçäóõà; c1 = nv; v = (4π/3)R3 – 
îáúåì íàíî÷àñòèö. Åñëè íàíî÷àñòèöû ÿâëÿþòñÿ íå-
çàðÿæåííûìè ïðîâîäíèêàìè, òî â (1) íàäî ïîëî-
æèòü ε2 → ∞. Â ýòîì ñëó÷àå äèýëåêòðè÷åñêàÿ ïðî-
íèöàåìîñòü ñìåñè 

 ñì 1 1 13 .cε = ε + ε  (2) 

Â [1] òàêæå áûëî óêàçàíî íà âîçìîæíîñòü ñîç-
äàíèÿ ñ ïîìîùüþ âèõðÿ êâàçèñòàöèîíàðíîãî âîëíî-
âîäíîãî êàíàëà íà îñíîâå óñòîé÷èâîãî îáúåìíîãî 
îáðàçîâàíèÿ èç íàíî÷àñòèö, à òàêæå îöåíåíî âðåìÿ 
ñóùåñòâîâàíèÿ âèõðÿ.  

Â äàííîé ñòàòüå ïîêàçàíî, ÷òî èñïîëüçîâàíèå 
óäëèíåííûõ â îäíîì íàïðàâëåíèè íàíî÷àñòèö ïî-
çâîëÿåò ïðè òîé æå èõ ìàññîâîé êîíöåíòðàöèè çíà-
÷èòåëüíî óâåëè÷èòü â îòëè÷èå îò (2) äèýëåêòðè÷å-
ñêóþ ïðîíèöàåìîñòü ñìåñè.  

Äëÿ âûòÿíóòûõ íàíî÷àñòèö â ñîîòâåòñòâèè  
ñ [2, ñ. 69] ïîëó÷èì 
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ãäå 2 ;c nv v= � �  – îáúåì âûòÿíóòîé íàíî÷àñòèöû;  

Nx – êîýôôèöèåíò äåïîëÿðèçàöèè âûòÿíóòîé íà-
íî÷àñòèöû âäîëü îñè OX (ïîëå ñ÷èòàåòñÿ òàêæå 
íàïðàâëåííûì âäîëü îñè OX). Â îáùåì ñëó÷àå êî-
ýôôèöèåíòû äåïîëÿðèçàöèè âñåãäà óäîâëåòâîðÿþò 
ðàâåíñòâó 

 1.x y zN N N+ + =  

Äëÿ âûòÿíóòîãî ýëëèïñîèäà a >> b = c ñ ýêñöåíòðè-

ñèòåòîì 

21 1/ , / ,e p p a b= − =  èìååò ìåñòî [2, ñ. 44]: 
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Ïðè p >> 1  ñîîòíîøåíèå (4) ìîæåò áûòü ïðåîáðàçî-
âàíî ê âèäó 
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ãäå ïðè âûâîäå (5) ó÷òåíî, ÷òî åñëè ïðè p >> 1 ïî-

ëîæèòü th ,e = ξ  òî èìååò ìåñòî 2ln(4 ).pξ =  Èç (5) 

ïðè p = 10 ïîëó÷èì 0,02,
x

N ≈  à ïðè p = 20 – 

0,0067.
x

N ≈  

Â ñëó÷àå ε2 >> ε1 (íàïðèìåð, íàíî÷àñòèöà ñî-
ñòîèò èç ïðîâîäÿùåãî ìàòåðèàëà) ôîðìóëà (3) çà-
ïèøåòñÿ â âèäå 

  ñì 1 2 13 / .
x

c Nε = ε + ε  (6) 
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Ïðè 3

2 10 , 10c p
−

= =  (ýòî ðàâíîñèëüíî òîìó, ÷òî 

óñðåäíåííàÿ ïëîòíîñòü ãðàôèòîâûõ íàíî÷àñòèö 
ðàâíà 1,7 êã/ì3) ïîëó÷èì àïåðòóðó ââîäèìîãî  
â âîëíîâîäíûé êàíàë ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ 

2/ 12,8 ,
x

c Nα ≈ = °  à ïðè 3

2 10 è 20c p
−

= =  àïåð-

òóðà 22,1 .α = °  Â òî æå âðåìÿ äëÿ ñôåðè÷åñêè ñèì-

ìåòðè÷íûõ íàíî÷àñòèö [1] àïåðòóðà ââîäèìîãî èç-

ëó÷åíèÿ (äëÿ ñôåðè÷åñêèõ ÷àñòèö 1/3
x

N = ) 

13 3,1 .cα ≈ = °  Ïîñêîëüêó ïðè ìàëûõ α ââîäèìàÿ 

â âîëíîâîäíûé êàíàë ìîùíîñòü ïðîïîðöèîíàëüíà 

òåëåñíîìó óãëó 2 24 sin ( /2) ,Ω = π α ≈ πα  òî ïðè 

10 20p≤ ≤  ââîäèìàÿ ìîùíîñòü ïî ñðàâíåíèþ ñî 

ñôåðè÷åñêè ñèììåòðè÷íûìè ÷àñòèöàìè óâåëè÷èòñÿ 
â 17÷51 ðàç. 

Ïðè ðàñïðîñòðàíåíèè èçëó÷åíèÿ â ñâåòîâîäàõ 
ñóùåñòâóåò îäíîìîäîâûé è ìíîãîìîäîâûé ðåæèìû 
ðàñïðîñòðàíåíèÿ èçëó÷åíèÿ [3]. Äëÿ îäíîìîäîâîãî 
ðåæèìà âîçìîæíî òîëüêî âîëíîâîå (ìîäîâîå) îïè-
ñàíèå ïðîöåññà ðàñïðîñòðàíåíèÿ èçëó÷åíèÿ. Äëÿ 
ìíîãîìîäîâîãî ðåæèìà ïðîöåññ ðàñïðîñòðàíåíèÿ 
èçëó÷åíèÿ ìîæíî îïèñàòü êàê íà îñíîâå ìåòîäà 
ãåîìåòðè÷åñêîé îïòèêè, òàê è íà îñíîâå ìåòîäà 
ìîä. Ïðè èñïîëüçîâàíèè ìåòîäà ìîä ðîëü àïåðòóðû 
äëÿ ââîäèìîãî èçëó÷åíèÿ âûïîëíÿåò îïòè÷åñêèé 
îáúåì ñâåòîâîäà V ([1] èëè [3, ñ. 192]): 

 2 2

0 0 2 13 / ,co xclV k n n k c N= ρ − = ρ ε   (7) 

ãäå 2 / ,k= π λ  λ – äëèíà ýëåêòðîìàãíèòíîé âîëíû; 

nco, ncl – ñîîòâåòñòâåííî ïîêàçàòåëè ïðåëîìëåíèÿ 
ñåðäöåâèíû è îáîëî÷êè ñâåòîâîäà; ρ0 – ðàäèóñ 
ñåðäöåâèíû ñâåòîâîäà. Ñ÷èòàÿ p = 10, λ = 3 ñì, 
ε1 = 1, c2 = 10–3, ρ0 = 10 ñì, ïîëó÷èì V = 8,1. Ýòî 
îçíà÷àåò, ÷òî â òàêîì âîëíîâîäå ìîæíî ãåíåðèðî-
âàòü ìîäû âïëîòü äî 41HE  è 21EH  ìîä (ñì. [1] èëè 

[3, ñ. 273]). Àíàëîãè÷íûå ðåçóëüòàòû ðàñ÷åòîâ äëÿ 
20p =  ïðè ïðî÷èõ îäèíàêîâûõ óñëîâèÿõ äàþò 

V = 14,0. Âèäíî, ÷òî îïòè÷åñêèé îáúåì ÷óâñòâèòå-
ëåí â âåëè÷èíå p. Ïðè ýòîì 1,7 êã ãðàôèòîâûõ íà-
íî÷àñòèö, èçãîòîâëåííûõ â âèäå âûòÿíóòûõ ýëëèï-
ñîèäîâ, ïîçâîëÿåò ñîçäàòü âîëíîâîäíûé êàíàë ïðî-
òÿæåííîñòüþ L ≈ 19 ì. 

Òåïåðü îöåíèì õàðàêòåðíîå âðåìÿ, çà êîòîðîå 
ïîä âëèÿíèåì âíåøíåãî ïîëÿ íàíî÷àñòèöà áóäåò 
ðàçâåðíóòà âäîëü ïîëÿ. Äëÿ ýòîãî äîñòàòî÷íî îïðå-
äåëèòü ïåðèîä èëè, ÷òî òî æå ñàìîå, öèêëè÷åñêóþ  
 
 

÷àñòîòó ìàëûõ êîëåáàíèé ÷àñòèöû. Â ñîîòâåòñòâèè 
ñ [2, ñ. 66] â îäíîðîäíîì ýëåêòðè÷åñêîì ïîëå E0 
äåéñòâóþùèé íà ïðîâîäÿùèé ýëëèïñîèä âðàùàþ-
ùèé ìîìåíò K ïðè p >> 1 ìîæíî çàïèñàòü â âèäå 
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0 / 4 10 Äæ/ì ,E π =  Nx = 0,01, 

ρ = 2 ⋅ 103 êã/ì3 – ïëîòíîñòü âåùåñòâà íàíî÷àñòèö,  
a = 100 íì = 10–7 ì, ïîëó÷èì ω ≈ 3 ⋅ 106 c–1. Ýòî 
îçíà÷àåò, ÷òî â ñëó÷àå èçëó÷åíèÿ ñàíòèìåòðîâîé 
äëèíû ïîëå íå âëèÿåò íà èçìåíåíèå îðèåíòàöèè 
âûòÿíóòûõ íàíî÷àñòèö. Ïîýòîìó ìîæíî ñ÷èòàòü, 
÷òî íàíî÷àñòèöû èìåþò èçîòðîïíîå ðàñïðåäåëåíèå 
ïî óãëó. 

Òàêèì îáðàçîì, ïîëó÷åííûå îöåíêè ñîâìåñòíî 
ñ ðåçóëüòàòàìè ðàáîòû [1] ïîêàçûâàþò âîçìîæíîñòü 
ñîçäàíèÿ âîëíîâîäíîãî êàíàëà ñ èñïîëüçîâàíèåì 
íàíî÷àñòèöû òèïà ãðàôèòà. Ïðè ýòîì íàíî÷àñòèöû 
ñ âûòÿíóòîé ìîíîíàïðàâëåííîé ãåîìåòðèåé ïîçâî-
ëÿþò óâåëè÷èòü îïòè÷åñêèé îáúåì, ÷òî â ñâîþ î÷å-
ðåäü ïðèâîäèò ê óìåíüøåíèþ ìàññîâîé êîíöåíòðà-
öèè íàíî÷àñòèö ïðè ôèêñèðîâàííîì ÷èñëå íàïðàâ-
ëÿåìûõ ìîä, ëèáî, ïðè íåèçìåííîé ìàññîâîé êîí-
öåíòðàöèè, ê óâåëè÷åíèþ ÷èñëà íàïðàâëÿåìûõ ìîä 
(ê óâåëè÷åíèþ àïåðòóðû). Êðîìå òîãî, ðàññìîòðåí-
íàÿ â ðàáîòå çàäà÷à ïðåäñòàâëÿåò ñàìîñòîÿòåëüíûé 
èíòåðåñ ïðè äâèæåíèè èçëó÷åíèÿ ïî âîëíîâîäíîìó 
êàíàëó, îñòàâëÿåìîìó ñàìîëåòîì. Â ýòîì ñëó÷àå 
ïðè ñîîòâåòñòâóþùåé àïåðòóðå âîçìîæíû çàõâàò  
è îòðàæåíèå èçëó÷åíèÿ îò ñàìîëåòà, íàõîäÿùåãîñÿ 
íà áîëüøåì ðàññòîÿíèè, ÷åì èññëåäóåìûé îáúåêò. 
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V.A. Zatsepin, N.R. Sadykov, M.O. Sadykova, V.K. Filippov, A.N. Shcherbina. On a possibility  
of producing a nonstationary waveguide channel based on extended nanoparticles. 

For microwave radiation at λ = 1÷10 cm, a possibility was shown to produce a nonstationary multimode 
waveguide channel of conducting nanoparticles extended in one direction at their concentration in air of 
1 g/m3. It was shown that if the length of the particles is 10–20 times then greater their cross dimensions, the 
aperture for input radiation is 13–22°, what is 4–7 times larger than for spherical nanoparticles. The rapid in-
crease in polarizability of extended nanoparticles allows the volume concentration of nanoparticles to be de-
creased. At the hundred-fold extension of nanoparticles, the wave-field intensity can reach ∼ 104 V/cm, at 
which the mode of nanoparticles ignition is impossible. 


