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Ïðåäëàãàåòñÿ ñïîñîá ïîëó÷åíèÿ àêòèâíîé ñðåäû ñ ïîìîùüþ ñòàöèîíàðíîãî ýëåêòðè÷åñêîãî ïîëÿ äëÿ 

óñèëåíèÿ ÑÂ×-èçëó÷åíèÿ â äèàïàçîíå äëèíû âîëíû λ ∼ 10 ñì. Ñïîñîá îñíîâàí íà ðàñïûëåíèè óäëèíåííûõ 
ýëåêòðîïðîâîäÿùèõ íàíî÷àñòèö. Îöåíåíû îáúåìíàÿ êîíöåíòðàöèÿ íàíî÷àñòèö è íåîáõîäèìîå çíà÷åíèå ñòà-
öèîíàðíîãî ýëåêòðè÷åñêîãî ïîëÿ äëÿ íàêà÷êè ñðåäû. 

 

Êëþ÷åâûå ñëîâà: ÑÂ×-èçëó÷åíèå, íàíî÷àñòèöû, ñèñòåìà ìàòåðèàëüíûõ óðàâíåíèé. 
 
Â íàñòîÿùåå âðåìÿ ïðîâîäÿòñÿ èíòåíñèâíûå èñ-

ñëåäîâàíèÿ, ñâÿçàííûå ñ íàëè÷èåì ïûëåâûõ ÷àñòèö 
â íåéòðàëüíîé ãàçîâîé ñðåäå, â èîíèçèðîâàííîì ãàçå. 
Ýòî íàïðàâëåíèå ÿâëÿåòñÿ ïåðñïåêòèâíûì â ñâÿçè  
ñ ðàçëè÷íûìè òåõíîëîãè÷åñêèìè ïðèëîæåíèÿìè: ïðî-
öåññû ãîðåíèÿ, ïëàçìåííûå òåõíîëîãèè, ôèçèêà àò-
ìîñôåðû, óïðàâëÿåìûé òåðìîÿäåðíûé ñèíòåç. Â ïëàç-
ìåííûõ òåõíîëîãèÿõ îñíîâíîå âíèìàíèå óäåëÿåòñÿ 

êðèñòàëëèçàöèè ïûëåâûõ ÷àñòèö â ãàçîðàçðÿäíîé 

ïëàçìå, ò.å. îáðàçîâàíèþ óïîðÿäî÷åííûõ ñòðóêòóð 
[1, 2]. Âûçûâàþò îïðåäåëåííûé èíòåðåñ ïðîöåññû, 
ñâÿçàííûå ñ âçàèìîäåéñòâèåì èçëó÷åíèÿ ñ íàíî÷à-
ñòèöàìè è íàíîñòðóêòóðàìè [3, 4]. Â äàííîé ñòàòüå 
ïðè íàëè÷èè ïðîâîäÿùèõ íàíî÷àñòèö ïðåäñòàâëåíà 
ñèñòåìà ìàòåðèàëüíûõ óðàâíåíèé, ïîçâîëÿþùàÿ îïè-
ñàòü ïðîöåññ óñèëåíèÿ â ðåçîíàòîðå ÑÂ×-èçëó÷åíèÿ 
ñ äëèíîé âîëíû λ ∼ 10 ñì. Íàêà÷êà ñðåäû ïðîèçâî-
äèòñÿ ñ ïîìîùüþ ñòàöèîíàðíîãî ýëåêòðè÷åñêîãî ïî-
ëÿ. Äàíà îöåíêà íåîáõîäèìîé äëÿ ýòîãî ìàññîâîé 
êîíöåíòðàöèè íàíî÷àñòèö è âåëè÷èíû íàêà÷èâàåìî-
ãî ïîëÿ. 

Ïóñòü èìååòñÿ íåîãðàíè÷åííàÿ îáëàñòü, ñîñòîÿ-
ùàÿ èç âûòÿíóòûõ íàíî÷àñòèö êîíöåíòðàöèè n, ÷å-
ðåç êîòîðóþ ðàñïðîñòðàíÿåòñÿ ýëåêòðîìàãíèòíîå èç-
ëó÷åíèå. Ýëåêòðè÷åñêîå ïîëå îáîçíà÷èì êàê E(t, r). 
Äëÿ òîãî ÷òîáû îïèñàòü ìåõàíèçì âçàèìîäåéñòâèÿ 

òàêèõ ÷àñòèö ñ ýëåêòðîìàãíèòíûì èçëó÷åíèåì, àï-
ïðîêñèìèðóåì ýòè ÷àñòèöû äâóìÿ îäèíàêîâûìè ïðî-
âîäÿùèìè øàðàìè ðàäèóñà R è ìàññû m (ðèñóíîê). 
  Áóäåì ñ÷èòàòü, ÷òî øàðû ñîåäèíåíû ïðîâîäÿ-
ùèì òîíêèì ñòåðæíåì äëèíîé L, ñ êîýôôèöèåíòîì 

óïðóãîñòè 
�k  è ýëåêòðè÷åñêèì ñîïðîòèâëåíèåì r0. 

Ïóñòü g1(t) è g2(t) – ñîîòâåòñòâåííî çàðÿäû íà ïåð-
âîì è âòîðîì øàðàõ. Áóäåì ñ÷èòàòü, ÷òî äèïîëè ïà-
ðàëëåëüíû ýëåêòðè÷åñêîìó ïîëþ âîëíû. 
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Àïïðîêñèìàöèÿ óäëèíåííûõ íàíî÷àñòèö ãàíòåëüþ 
 
Ïîëÿðèçàöèÿ â îáùåì ñëó÷àå áóäåò ñêëàäûâàòü-

ñÿ èç ëèíåéíîé P0 è íåëèíåéíîé P1 ïîëÿðèçàöèé: 
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ãäå è P0, P1 – àìïëèòóäû âåêòîðîâ P0, P1; n – êîí-
öåíòðàöèÿ íàíî÷àñòèö; x(t) – áûñòðîîñöèëëèðóþùàÿ 

â ìàñøòàáå âðåìåíè èçìåíåíèÿ ðàçíîñòè çàðÿäîâ âå-
ëè÷èíà, êîòîðàÿ õàðàêòåðèçóåò èçìåíåíèå ðàññòîÿíèÿ 
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ìåæäó øàðàìè çà ñ÷åò óïðóãèõ ñèë; x << L; g1 + g2 = 
= +

(0) (0)
1 2g g ; x(0)

 îáîçíà÷àåò äîïîëíèòåëüíóþ äåôîð-
ìàöèþ çà ñ÷åò óïðóãèõ è êóëîíîâñêîé ñèë äâóõ ïðåä-
âàðèòåëüíî çàðÿæåííûõ øàðîâ ñ çàðÿäàìè (0)

1g , (0)
2g  

ïðè íàëè÷èè E: 
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Íåòðóäíî çàìåòèòü, ÷òî P1 – ýòî èçìåíåíèå íåëè-
íåéíîé ïîëÿðèçàöèè ïðè ñîîòâåòñòâóþùåì èçìåíå-
íèè çàðÿäîâ. Â (2) ëèíåéíîñòü P0 ñëåäóåò èç òîãî 
ôàêòà, ÷òî ïðè R << L èìååò ìåñòî ñîîòíîøåíèå 
(g2 – g1)/R = LE, ò.å. 
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ãäå ýëåêòðè÷åñêàÿ âîñïðèèì÷èâîñòü χ = nRL2/2 = 
= const. 

Ñ ó÷åòîì ïîëó÷åííûõ ñîîòíîøåíèé óðàâíåíèå 
ïîëÿ â ðåçîíàòîðå ñ ðàñïûëåííûìè íàíî÷àñòèöàìè 
çàïèøåòñÿ â âèäå [5, ñ. 75]: 
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ãäå ε = 1 + 4πχ – äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü; τ – 
âðåìÿ çàòóõàíèÿ ðåçîíàòîðà. Â (4) ïðåäïîëàãàåòñÿ, 
÷òî ïîëÿðèçàöèÿ P1, çàâèñÿùàÿ îò ïîëÿ ðåçîíàòîðà, 
èìååò òàêîå æå ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå, êàê 

è íîðìàëüíàÿ ìîäà ïîëÿ ðåçîíàòîðà. 
Â îòñóòñòâèå èçëó÷åíèÿ ïðè R << L ýíåðãèÿ ñèñ-

òåìû 
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(0)
2g  – çàðÿäû íà øàðàõ â íà÷àëüíûé ìî-

ìåíò âðåìåíè. 
Â ïðèñóòñòâèè ïîëÿ èçëó÷åíèÿ â ïðîèçâîëüíûé 

ìîìåíò âðåìåíè 
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Èç (5) è (6) ïîëó÷èì, ÷òî ïðè íàëè÷èè èçëó-
÷åíèÿ ýíåðãèÿ ñèñòåìû 
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Ïðè âûâîäå (7) ó÷òåíî, ÷òî áóäåò èìåòü ìåñòî ñëå-
äóþùåå ñîîòíîøåíèå: 
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Ïðè íàëè÷èè ïîëÿ çàêîí ñîõðàíåíèÿ ýíåðãèè ñ ïî-
ìîùüþ ââåäåííûõ âåëè÷èí N, P çàïèøåòñÿ â âèäå 
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ãäå Ò1 – âðåìÿ ðåëàêñàöèè âåëè÷èíû N –N0 ïðè 
îòñóòñòâèè ïîëÿ. Çäåñü ëèíåéíîé ïîëÿðèçàöèåé ïðå-
íåáðåãàåì. 

Óðàâíåíèå (8) ïðåäñòàâëÿåò ñîáîé îäíî èç äâóõ 
ìàòåðèàëüíûõ óðàâíåíèé [5, ñ. 75]. Òåïåðü ïîëó÷èì 
âòîðîå óðàâíåíèå. Îòíîñèòåëüíî îáîáùåííîé êîîð-
äèíàòû õ = õ2 – õ1, ãäå õ1, õ2 – ñîîòâåòñòâåííî êî-
îðäèíàòû öåíòðîâ øàðîâ, áóäåò èìåòü ìåñòî óðàâ-
íåíèå äâèæåíèÿ 
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ãäå µ = m/2 – ïðèâåäåííàÿ ìàññà; =��

2 2
/ .x d x dt  Ïðè 

âûâîäå (9) ó÷òåíî, ÷òî ïðè óñèëåíèè ïîëÿ çàðÿäû 
q1 è q2 ìåíÿþòñÿ ìåñòàìè (ñì. ðèñóíîê). 

Ñ ó÷åòîì ñèë òðåíèÿ è ñîîòíîøåíèÿ (1) èç (9) 
ïîëó÷èì 
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ãäå Ω = μ�
2 / ;k  Ò2 – âðåìÿ ðåëàêñàöèè íåëèíåéíîé 

ïîëÿðèçàöèè. Ïðè âûâîäå (10) ó÷òåíî, ÷òî 
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Ñ ó÷åòîì (2) óðàâíåíèå (10) çàïèøåòñÿ â âèäå 
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ãäå N, N0 îïðåäåëåíû â (7); âòîðîå ñëàãàåìîå â (11) 
õàðàêòåðèçóåò äèññèïàòèâíûå ïðîöåññû, íàïðèìåð 
ñèëû òðåíèÿ øàðîâ çà ñ÷åò íàëè÷èÿ âîçäóõà. 

Óðàâíåíèÿ (4), (8) è (11) ïðåäñòàâëÿþò ñîáîé 
ñèñòåìó ìàòåðèàëüíûõ óðàâíåíèé â ðåçîíàòîðå, ãäå 
ðîëü ñðåäû âûïîëíÿþò óäëèíåííûå íàíî÷àñòèöû.  
Â äàííîé ñòàòüå óäëèíåííûå íàíî÷àñòèöû àïïðîêñè-
ìèðîâàíû óäëèíåííûìè ýëåêòðîïðîâîäÿùèìè ãàí-
òåëüêàìè. Âåëè÷èíû N è P1 â (8) è (11) âûïîëíÿþò 
ñîîòâåòñòâåííî ðîëü ðàçíîñòè íàñåëåííîñòåé óðîâ-
íåé è ïîëÿðèçàöèè (ñì. [5, ñ. 75] èëè [6]). 

Ðàññìîòðèì êîãåðåíòíîå èçëó÷åíèå â ðåçîíàòîðå: 
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Ïðåäïîëîæèì, ÷òî ðåçîíàòîð íàñòðîåí òàê, ÷òî 
ω = Ω = ω0. Òîãäà èç (11) è (12) ïîëó÷èì 
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Ïîäñòàâèâ (13) â (4) è (8), ïîëó÷èì 
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Èç (13) è (14) ñëåäóåò: 
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Îöåíèì â ïðàâîé ÷àñòè (15) âåëè÷èíó ïðè �

2
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êîòîðàÿ áóäåò èìåòü ðàçìåðíîñòü îáðàòíîãî çíà÷å-
íèÿ âðåìåíè: 
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ãäå m = 2μ. 
Ïóñòü ωT2 = 103, ω =  2 ⋅ 1010 c–1 (äëèíà âîëíû 

â âàêóóìå λ ≈ 10 ñì); ρ = 2 ⋅ 103 êã/ì3 – ïëîòíîñòü 
øàðîâ ðàäèóñà R; L = 50R; R = 10–8 ì; 2

0E /8π = 
= 10 Äæ/ì3 – ïëîòíîñòü ýíåðãèè ýëåêòðîñòàòè÷å-
ñêîãî ïîëÿ, ñ ïîìîùüþ êîòîðîãî ïðîèçâîäèòñÿ íà-
êà÷êà ñèñòåìû; ε = 1; ñ0 = 8πR3

n/3 = 10–3 – îáú-
åìíàÿ êîíöåíòðàöèÿ ãàíòåëåê. Ñ ó÷åòîì ñîîòíîøå-
íèÿ m = 4πR3/3 èç (16) ïðè N = 0 ïîëó÷èì 
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ãäå ïðè âûâîäå (17) ó÷òåíî =

(0) (0)
2 1 0( – )/ .g g R LE  

  Èç (17) âèäíî, ÷òî T ≈ 7,1 ⋅ 10–8 c, â òî âðåìÿ 
êàê ïåðèîä ýëåêòðîìàãíèòíûõ êîëåáàíèé ðàâåí 
2π/ω ≈ 3,2 ⋅ 10–10 c–1. 

Òåïåðü îöåíèì âåëè÷èíó ÷àñòîòû êîëåáàíèé óä-
ëèíåííûõ ÷àñòèö. Ïðè îöåíêå ÷àñòîòû âìåñòî ãàí-
òåëåê ðàññìîòðèì ÷àñòèöû öèëèíäðè÷åñêîé ôîðìû. 
Ïðåäïîëîæèì, ÷òî ìàññà öèëèíäðè÷åñêîãî ñòåðæíÿ 
äëèíû L ëîêàëèçîâàíà íà êîíöàõ ñòåðæíÿ. Òîãäà 
ïðèâåäåííàÿ ìàññà îñöèëëÿòîðà 

 μ = = π ρ
2/2 /4,m R L  

ãäå ρ – ïëîòíîñòü ìàññû ñòåðæíÿ. Â ñëó÷àå óäëè-
íåííûõ íàíî÷àñòèö äëÿ êîýôôèöèåíòà óïðóãîñòè 

áóäåò èìåòü ìåñòî ñîîòíîøåíèå 

 = π
�
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ãäå W – ìîäóëü Þíãà. Òîãäà ÷àñòîòà êîëåáàíèé 

 Ω = μ = ρ�
2/ 4 /( ).k W L  

Äëÿ áîëüøèíñòâà ìåòàëëîâ ìîäóëü Þíãà ëå-
æèò â èíòåðâàëå W ∼ 109

 ÷ 1012 Äæ/ì3. Ïîëàãàÿ 
ρ = 2 ⋅ 103 êã/ì3, ïîëó÷èì Ω ≈ 3 ⋅ 109

 ÷ 9 ⋅ 1010 ñ–1, 
÷òî íå ïðîòèâîðå÷èò âûøåïðèâåäåííîìó ïðåäïîëî-
æåíèþ ω = 2 ⋅ 1010 ñ–1. 

Òåïåðü îöåíèì âðåìÿ T1 â (8). Â ñèñòåìå ÑÈ 
ïðè îòñóòñòâèè ïîëÿ Å = 0 èìååò ìåñòî ñîîòíîøåíèå 
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2 1 2 1

0 0

– –
– ,

2 4

d g g g g

dt Rr
 (18) 

 

ãäå ε0 – ýëåêòðè÷åñêàÿ ïîñòîÿííàÿ. Ñ ó÷åòîì (7) è (8) 
óðàâíåíèå (18) ìîæíî çàïèñàòü â âèäå 

 =

πε0 0

1
– .

d
N N

dt Rr
 (19) 

Èç (19) ñëåäóåò, ÷òî T1 = πε0Rr0. Äàëåå íàì äëÿ 
îöåíêè âåëè÷èíû T1 ïîíàäîáèòñÿ çàêîí Îìà. Îáîñ-
íóåì â íàøåé çàäà÷å âîçìîæíîñòü ïðèìåíåíèÿ ýòîãî 
çàêîíà. Äëÿ ñïëîøíûõ ñðåä äëèíà ñâîáîäíîãî ïðî-
áåãà ýëåêòðîíà λ0 ∼ 10–10 ñì, â òî âðåìÿ êàê ðàçìå-
ðû øàðîâ â íàøåì ñëó÷àå íå ïðåâîñõîäÿò âåëè÷èíû 
R ∼ 10–8 ì (L ∼ 10–7 ì). Ýòî îçíà÷àåò, ÷òî ïðè òà-
êèõ ìàñøòàáàõ äâèæåíèå ýëåêòðîíîâ ïðîèñõîäèò  
â ñîîòâåòñòâèè ñ ìàêðîñêîïè÷åñêèì äâèæåíèåì ýëåê-
òðîíîâ â ïðîâîäÿùèõ ñðåäàõ. Ïðè ýòîì â íàøèõ ðàñ-
÷åòàõ ãëóáèíà ïðîíèêíîâåíèÿ ïîëÿ çà ñ÷åò ñêèí-
ýôôåêòà áóäåò ïîðÿäêà δ = πσω = ε σω ∼0/ 2 /(2 )c c  
∼ 10–6

 ÷ 10–5 ì >> R, ãäå σ – ýëåêòðè÷åñêàÿ ïðîâîäè-
ìîñòü; ε0 = 8,85 ⋅ 10–12

 Ô/ì. Äëÿ ñîïðîòèâëåíèÿ èìååò 

ìåñòî ñîîòíîøåíèå r0 = ρ0L/S = 20ρ0/(πR), îòêóäà 
ñëåäóåò T1 = 20ε0ρ0, ãäå ρ0 = 1/σ – óäåëüíîå ñîïðî-
òèâëåíèå. Äëÿ ãðàôèòà ρ0 ∼ 10–5 Îì ⋅ ì, è, ñëåäîâà-
òåëüíî, T1 ∼ 10–15 ñ. Âèäíî, ÷òî ïðè ω = 2 ⋅ 1010 ñ–1 
â (8) ìîæíî ïðåíåáðå÷ü ïåðâûì ñëàãàåìûì ∂N/∂t. 
  Òàêèì îáðàçîì, ïîëó÷åííàÿ ñèñòåìà ìàòåðèàëü-
íûõ óðàâíåíèé îïèñûâàåò â ïðîñòðàíñòâåííîì ðåçî-
íàòîðå ïðîöåññ óñèëåíèÿ ÑÂ×-èçëó÷åíèÿ ñ äëèíîé âîë- 
íû λ ∼ 10 ñì. Ïðè ω = 2 ⋅ 1010 ñ–1

 è îáúåìíîé êîíöåí-
òðàöèè c0 = 10–3

 äëÿ óäëèíåííûõ íàíî÷àñòèö L = 50R 
õàðàêòåðíîå âðåìÿ óñèëåíèÿ T1 ∼ 10–8

 ÷ 10–7 ñ. Ïðè-
âåäåííûé â ñòàòüå òåîðåòè÷åñêèé ïîäõîä ïîçâîëÿåò 
òàêæå ðàññìîòðåòü ïðîöåññ óñèëåíèÿ áåãóùåé âîëíû – 
óñèëåíèå ÑÂ×-èçëó÷åíèÿ. 
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N.R. Sadykov. Derivation of the system of material equations for the case of radiation interaction with 
nanoparticles. 

The way of active medium generation for intensification of microwave-radiation over the range of wave-
length λ ∼ 10 cm is offered with the help of stationary electric field. It is necessary to spray lengthened con-
ducting nanoparticles. In present work the volume concentration and necessary value of stationary electric field 
are estimated for medium pumping. 


