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Íà îñíîâå ïîëó÷åííîé ðàíåå ñèñòåìû ìàòåðèàëüíûõ óðàâíåíèé ïðîìîäåëèðîâàí ïðîöåññ óñèëåíèÿ â ðå-

çîíàòîðå ÑÂ×-èçëó÷åíèÿ ñ äëèíîé âîëíû λ ∼ 10 ñì. Ïîêàçàíî, ÷òî ìîæíî äîñòè÷ü ïëîòíîñòè ýíåðãèè èçëó÷åíèÿ 

W ∼ 1000 Äæ/ì3. Íàêà÷êà ñðåäû ïðîèçâîäèòñÿ ïðè íàëè÷èè ïðîâîäÿùèõ íàíî÷àñòèö ñ ïîìîùüþ ñòàöèîíàð-
íîãî ýëåêòðè÷åñêîãî ïîëÿ. Îöåíåíû íåîáõîäèìàÿ äëÿ ýòîãî ìàññîâàÿ êîíöåíòðàöèÿ íàíî÷àñòèö è âåëè÷èíà 

íàêà÷èâàåìîãî ïîëÿ. Ïðåäëàãàåòñÿ â âîëíîâîäíîì êàíàëå ñ ïîìîùüþ ñòàöèîíàðíîãî ýëåêòðè÷åñêîãî ïîëÿ ñïî-
ñîá ïîëó÷åíèÿ àêòèâíîé ñðåäû äëÿ óñèëåíèÿ ÑÂ×-èçëó÷åíèÿ â äèàïàçîíå äëèíû âîëíû λ ∼ 10 ñì. Äëÿ ýòîãî 

íóæíî ðàñïûëèòü óäëèíåííûå ýëåêòðîïðîâîäÿùèå íàíî÷àñòèöû. 
 

Êëþ÷åâûå ñëîâà: ÑÂ×-èçëó÷åíèå, íàíî÷àñòèöû, ñòàöèîíàðíîå ýëåêòðè÷åñêîå ïîëå. 
 

Ââåäåíèå 

 
Â íàñòîÿùåå âðåìÿ ïðîâîäÿòñÿ èíòåíñèâíûå èñ-

ñëåäîâàíèÿ, ñâÿçàííûå ñ íàëè÷èåì ïûëåâûõ ÷àñòèö 
â íåéòðàëüíîé ãàçîâîé ñðåäå, â èîíèçèðîâàííîì ãà-
çå, è èññëåäîâàíèÿ îïòè÷åñêèõ ñâîéñòâ íåóïîðÿäî-
÷åííûõ ôðàêòàëüíûõ êëàñòåðîâ, îáðàçîâàííûõ ñôå-
ðè÷åñêèìè íàíî÷àñòèöàìè [1, 2]. Ýòî íàïðàâëåíèå 
ÿâëÿåòñÿ ïåðñïåêòèâíûì â ñâÿçè ñ ðàçëè÷íûìè òåõ-
íîëîãè÷åñêèìè ïðèëîæåíèÿìè: ïðîöåññû ãîðåíèÿ, 
ïëàçìåííûå òåõíîëîãèè, ôèçèêà àòìîñôåðû, óïðàâ-
ëÿåìûé òåðìîÿäåðíûé ñèíòåç. Â ñëó÷àå ïëàçìåííûõ 
òåõíîëîãèé áîëüøîé èíòåðåñ âûçûâàåò êðèñòàëëè-
çàöèÿ ïûëåâûõ ÷àñòèö â ãàçîðàçðÿäíîé ïëàçìå – îá-
ðàçîâàíèå óïîðÿäî÷åííûõ ñòðóêòóð [3, 4]. Äëÿ îïè-
ñàíèÿ íåëèíåéíîé ñïåêòðîñêîïèè â âèäèìîì äèàïà-
çîíå âûðîæäåííîãî ýëåêòðîííîãî ãàçà â ñôåðè÷åñêèõ 
íàíî÷àñòèöàõ ìåòàëëà ïðèâëåêàåòñÿ àïïàðàò êâàí-
òîâîé ìåõàíèêè [5]. 

Óíèêàëüíûå ýôôåêòû âîçíèêàþò ïðè âçàèìî-
äåéñòâèè âûñîêî÷àñòîòíîãî èçëó÷åíèÿ ñ ðÿäîì êâàí-
òîâûõ íàíîñòðóêòóð â ïðîäîëüíîì ìàãíèòíîì ïîëå: 
ñ êâàíòîâûì êîëüöîì êîíå÷íîé øèðèíû, êâàíòîâûì 
öèëèíäðîì êîíå÷íîé òîëùèíû è êâàíòîâîé ïðîâîëî÷-
êîé [6, 7]. Ïîâåðõíîñòíàÿ ïðîâîäèìîñòü â ñèëüíîì 

ìàãíèòíîì ïîëå çà ñ÷åò ñòàòè÷åñêîãî ñêèí-ýôôåêòà 
ìîæåò îêàçàòüñÿ çàìåòíî áîëüøå îáúåìíîé [8] íà 

âåëè÷èíó (ωcτ)
2, ãäå óñëîâèå ñèëüíîãî ìàãíèòíîãî 

ïîëÿ âûïîëíÿåòñÿ ïðè íèçêèõ òåìïåðàòóðàõ â ñëó-
÷àå ωcτ >> 1, τ – âðåìÿ ðåëàêñàöèè; ωc = ⏐e⏐B/m*c – 

öèêëîòðîííàÿ ÷àñòîòà; m* – ýôôåêòèâíàÿ ìàññà; å – 

çàðÿä ýëåêòðîíà; c – ñêîðîñòü ñâåòà. 
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Ñàìè ãàëüâàíîìàãíèòíûå ýôôåêòû âåñüìà ÷óâ-
ñòâèòåëüíû ê ãåîìåòðèè ïîâåðõíîñòè Ôåðìè. Ñóùå-
ñòâåííûé âêëàä âíîñÿò ìåäëåííûå ýëåêòðîíû, íà-
ïðèìåð â ýëåêòðîïðîâîäíîñòü. Â ýòîì ñëó÷àå ñóùåñò-
âóåò çíà÷åíèå ýíåðãèè, ïðè êîòîðîì èçìåíÿåòñÿ 

òîïîëîãèÿ èçîýíåðãåòè÷åñêèõ ïîâåðõíîñòåé, â ðåçóëü-
òàòå ÷åãî ïëîòíîñòü ýëåêòðîííûõ ñîñòîÿíèé èìååò 
êîðíåâóþ îñîáåííîñòü – îñîáåííîñòü Âàí Õîâà  
(â ýòîì ñëó÷àå ïîâåðõíîñòü ñîäåðæèò òî÷êó, â êî-
òîðîé ñêîðîñòü îáðàùàåòñÿ â íóëü). 

Â ñëó÷àå öèëèíäðà ïðè íàëè÷èè ïðîäîëüíîãî 
ìàãíèòíîãî ïîëÿ B íà êðèâîé êîýôôèöèåíòà ïîãëî-
ùåíèÿ ñóùåñòâóåò òîëüêî îäíà òî÷êà ðåçîíàíñà, ñâÿ-
çàííàÿ ñ ýëåêòðîíàìè ïåðåõîäàìè ìåæäó ñîñåäíèìè 
óðîâíÿìè ν → ν + 1 (ν – ðàäèàëüíîå êâàíòîâîå 
÷èñëî). Ïåðåõîäû ñ èçìåíåíèåì ìàãíèòíîãî êâàíòî-
âîãî ÷èñëà çàïðåùåíû. Ðåçîíàíñíàÿ ÷àñòîòà îïðåäå-
ëÿåòñÿ ÷àñòîòîé êîíôàéíìåíòà ω0 ∼ 1013 ñ–1 è öèêëî-
òðîííîé ÷àñòîòîé ωc (â [6] ωc/ω0 ∼ 0,1). Äëÿ êâàíòî-
âîé ïðîâîëî÷êè ñèòóàöèÿ õîòü èçíà÷àëüíî ñëîæíåå, 
íî ìàñøòàáû âåëè÷èí ω0, ωc îñòàþòñÿ ïðåæíèìè.  
Â ýòîì ñëó÷àå â äèïîëüíîì ïðèáëèæåíèè âîçìîæíû 
òîëüêî ïåðåõîäû, îáóñëîâëåííûå èçìåíåíèåì îáîèõ 
êâàíòîâûõ ÷èñåë – ν è m. Êðèâàÿ êîýôôèöèåíòà 
ïîãëîùåíèÿ èìååò ñåðèþ ïèêîâ ñ äóáëåòíîé ñòðóê-
òóðîé, ïðè÷åì ïèêè, ñîñòàâëÿþùèå äóáëåò, íàõîäÿò-
ñÿ íà ðàññòîÿíèè ωc äðóã îò äðóãà. Äóáëåòû ðàñïî-
ëàãàþòñÿ ñ ïåðèîäîì Ω, ïðè÷åì âûñîòà ïèêîâ ðåçêî 
óìåíüøàåòñÿ ñ óâåëè÷åíèåì ÷àñòîòû ω. Äëÿ äóáëåòà 
ñ ìèíèìàëüíîé ÷àñòîòîé ω = Ω + ωc/2, Ω ∼ 1013

 ñ–1, 
ωc/Ω ∼ 0,1. Ïðè τ ≈ 10–12

 ñ óñëîâèå ñèëüíîãî ìàãíèò-
íîãî ïîëÿ äîñòèãàåòñÿ ïðè ω0 ∼ 1013 ñ–1.  
Â íàøåì ñëó÷àå ω ∼ 1010 ÷ 1011 ñ–1. Ïðè t = 20 °Ñ  
è îáû÷íî èñïîëüçóåìûõ çíà÷åíèÿõ ìàãíèòíîé èí-
äóêöèè B ∼ 1 Òë (ωτ ≤ 1) îòíîñèòåëüíîå èçìåíåíèå 
äëÿ áîëüøèíñòâà ìåòàëëîâ âåñüìà ìàëî. 
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Âûçûâàþò îïðåäåëåííûé èíòåðåñ ïðîöåññû, 
ñâÿçàííûå ñ ïðîöåññîì âçàèìîäåéñòâèÿ èçëó÷åíèÿ  
ñ íàíî÷àñòèöàìè è íàíîñòðóêòóðàìè [9–11]. 

Â äàííîé ñòàòüå ïðè íàëè÷èè óäëèíåííûõ ïðî-
âîäÿùèõ íàíî÷àñòèö íà îñíîâå ðàíåå ïîëó÷åííîé 

ñèñòåìû ìàòåðèàëüíûõ óðàâíåíèé ìàòåìàòè÷åñêè 
ïðîìîäåëèðîâàí ïðîöåññ óñèëåíèÿ ÑÂ×-èçëó÷åíèÿ 
ñ äëèíîé âîëíû λ ∼ 1 ÷ 10 ñì â ïðîñòðàíñòâåííîì 
ðåçîíàòîðå. Íàêà÷êà ñðåäû ïðîèçâîäèòñÿ ñ ïîìîùüþ 
ñòàöèîíàðíîãî (êâàçèñòàöèîíàðíîãî) ýëåêòðè÷åñêîãî 
ïîëÿ. Îïðåäåëåíû âðåìÿ óñèëåíèÿ, íåîáõîäèìàÿ äëÿ 
ýòîãî ìàññîâàÿ êîíöåíòðàöèÿ íàíî÷àñòèö è âåëè÷èíà 
íàêà÷èâàåìîãî ïîëÿ. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò 
áûòü ïðèìåíåíû äëÿ îïèñàíèÿ ïëàçìåííûõ îáðàçî-
âàíèé [12–17]. 

Ðàññìîòðåííàÿ â ñòàòüå çàäà÷à î÷åíü ñèëüíî  
ïåðåêëèêàåòñÿ ñ òåîðåòè÷åñêîé ñõåìîé ÑÀÇÅÐà 

(SASER – Sound Amplification by Stimulated Emis-
sion of Radiation) [18–20] – óñòðîéñòâà, ãåíåðèðóþ-
ùåãî êîãåðåíòíîå ýëåêòðîìàãíèòíîå èçëó÷åíèå çà 
ñ÷åò âûíóæäåííîãî èçëó÷åíèÿ (èëè ðàññåÿíèÿ) ñâåòà 

àêòèâíîé ñðåäîé. Â êà÷åñòâå àêòèâíîé ñðåäû èñïîëü-
çóåòñÿ æèäêèé äèýëåêòðèê ñ ðàâíîìåðíî ðàñïðåäå-
ëåííûìè â íåì äèñïåðñíûìè ÷àñòèöàìè (íàïðèìåð,  
â [20] â êà÷åñòâå äèñïåðñíûõ ÷àñòèö ðàññìîòðåíû 
ãàçîâûå ïóçûðüêè, ïîëó÷åííûå ïóòåì ýëåêòðîëèçà). 
  Ðàññìîòðèì ñôîðìóëèðîâàííóþ çàäà÷ó. 

 

1. Âûâîä ñèñòåìû ìàòåðèàëüíûõ  

óðàâíåíèé ïðè âçàèìîäåéñòâèè  

èçëó÷åíèÿ ñ íàíî÷àñòèöàìè 
 
Â [11] áûëà ïîëó÷åíà ñèñòåìà ìàòåðèàëüíûõ 

óðàâíåíèé ïðè âçàèìîäåéñòâèè óäëèíåííûõ ðàñïû-
ëåííûõ íàíî÷àñòèö ñ ÑÂ×-èçëó÷åíèåì: 
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ãäå ε – äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü ñðåäû, êî-
òîðàÿ îáóñëîâëèâàåòñÿ ëèíåéíîé ïîëÿðèçàöèåé P0 
(â äàëüíåéøèõ ðàñ÷åòàõ ε = 1); T2 – àíàëîã ïîïå- 
ðå÷íîãî âðåìåíè ðåëàêñàöèè. Ïðè âûâîäå (1) óäëè-
íåííûå íàíî÷àñòèöû àïïðîêñèìèðîâàëèñü ãàíòåëÿìè 

(ðèñ. 1), êîòîðûå ïðåäñòàâëÿþò ñîáîé äâà øàðà 
ìàññîé m è ðàäèóñîì R, ñîåäèíåííûå óïðóãîé ïðÿ-
ìîëèíåéíîé ïðóæèíîé ñ êîýôôèöèåíòîì óïðóãîñòè 

k�  è ýëåêòðè÷åñêèì ñîïðîòèâëåíèåì r0. Â (1) E(t, r) 

– âåêòîð ïîëÿ; P1, P1 – ñîîòâåòñòâåííî âåêòîð  
è àìïëèòóäà íåëèíåéíîé ïîëÿðèçàöèè; N – àíàëîã 
èíâåðñèè íàñåëåííîñòåé (ïîòåíöèàëüíàÿ ýíåðãèÿ 
äèïîëåé â êâàçèñòàöèîíàðíîì ýëåêòðè÷åñêîì ïîëå). 
  Ïðè óñèëåíèè ïîëÿ áóäåò èìåòü ìåñòî  

N – N0 < 0. Åñëè E∂P1/∂t > 0, òî ïîëå áóäåò ñî- 
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Ðèñ. 1. Àïïðîêñèìàöèÿ óäëèíåííûõ íàíî÷àñòèö ãàíòåëüþ 
 

âåðøàòü ïîëîæèòåëüíóþ ðàáîòó è ýíåðãèÿ ïîëÿ 
áóäåò óìåíüøàòüñÿ. Ïîýòîìó äëÿ óâåëè÷åíèÿ  
ýíåðãèè ïîëÿ íåîáõîäèìî âûïîëíåíèå óñëîâèÿ 

E∂P1/∂t < 0 âî âòîðîì óðàâíåíèè (1). Ïîñêîëüêó ïðè 

N – N0 < 0 äîëæíî èìåòü ìåñòî ∂N/∂t > 0, òî, èñ-
õîäÿ èç çàêîíà ñîõðàíåíèÿ ýíåðãèè, ïîëó÷èì âòî-
ðîå óðàâíåíèå (1). 

Ñèñòåìà óðàâíåíèé (1) ïðåäñòàâëÿåò ñîáîé óðàâ-
íåíèå äëÿ ïîëÿ è äâà ìàòåðèàëüíûõ óðàâíåíèÿ äëÿ 
íåëèíåéíîé ñðåäû [21, ñ. 113]. 
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ãäå Λ = R/μ, μ = m/2 – ïðèâåäåííàÿ ìàññà ãàí-
òåëüêè. Ïðè âûâîäå âòîðîãî óðàâíåíèÿ â (3) ó÷òå-
íî, ÷òî â ñëó÷àå óñèëåíèÿ èçëó÷åíèÿ íàïðÿæåí-
íîñòü ïîëÿ è íåëèíåéíàÿ ïîëÿðèçàöèÿ íàïðàâëåíû 
â ïðîòèâîïîëîæíûõ íàïðàâëåíèÿõ. Â (3) èçìåíåíèå 

ýíåðãèè 2 1 0 :W W W N N N= − = − = −

�  

 
2

0 2 1( )
,

4

n g g
N

R

−

=  
(0) (0) 2

0 2 1
0

( )
,

4

n g g
N

R

−

=   (4) 

ãäå g1(t) è g2(t) – ñîîòâåòñòâåííî çàðÿäû íà ïåðâîì 
è âòîðîì øàðàõ ãàíòåëüêè â ïðîèçâîëüíûé ìîìåíò 
âðåìåíè (ñì. ðèñ. 1), (0)

1g , (0)
2g  – çàðÿäû íà øàðàõ 

â íà÷àëüíûé ìîìåíò âðåìåíè; n0 – êîíöåíòðàöèÿ 
íàíî÷àñòèö. 
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Èç âòîðîãî óðàâíåíèÿ (1) ñ ó÷åòîì (2) ïîëó÷èì 
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2. Ðåçóëüòàòû ÷èñëåííîãî  

ìîäåëèðîâàíèÿ 
 
Íà îñíîâå ìàòåðèàëüíûõ óðàâíåíèé (3) è (5) 

ïðîâåäåíà ñåðèÿ ðàñ÷åòîâ ïî óñèëåíèþ ÑÂ×-èçëó- 
÷åíèÿ â íåñòàöèîíàðíîì ïðîñòðàíñòâåííîì ðåçîíà-
òîðå – àíàëîãå ïëàçìåííûõ îáðàçîâàíèé. Â ðàñ÷å-
òàõ ïîëàãàëîñü (ñì. [11]), ÷òî R = 10–8 ì; ε = 1; 
ω = 2 ⋅ 1010 ñ–1; τ = 10–3 ñ; ρ = 2 ⋅ 103 êã/ì3

 – ïëîòíîñòü 

øàðîâ ðàäèóñà R; L = 20R; 2

0E /8π = 10 Äæ/ì3 – 

ïëîòíîñòü ýíåðãèè ýëåêòðîñòàòè÷åñêîãî ïîëÿ, ñ ïî-
ìîùüþ êîòîðîãî ïðîèçâîäèòñÿ íàêà÷êà ñèñòåìû; 
c0 = 8πR3n0/3 = 10–3 – îáúåìíàÿ êîíöåíòðàöèÿ 
ãàíòåëåê. Èç ïðèâåäåííûõ âûøå äàííûõ ñëåäóåò, 
÷òî Λ = R/μ = 3/(2πρR2) ≈ 2,4 ⋅ 1012 ì/êã. Â äàííîé 

ðàáîòå â îòëè÷èå îò [11] âìåñòî ãðàôèòà áðàëè 
êðåìíèé, â ðåçóëüòàòå ÷åãî ïîëó÷èëè T1 ≈ 4 ⋅ 10–7 ñ 
(ïîñêîëüêó äëÿ ãðàôèòà T1 ∼ 10

–15 ñ, òî â ýòîì ñëó-
÷àå âðåìÿ ýëåêòðè÷åñêîãî ðàçðÿäíèêà äîëæíî áûòü 

ìåíüøå ∼ 10–15 ñ, íî ðàçðÿäíèêè ñ òàêèìè ïàðàìåò-
ðàìè íåëüçÿ ðåàëèçîâàòü íà ïðàêòèêå). Âåëè÷èíà 
«ðàçíîñòè èíâåðñèè íàñåëåííîñòåé» â íà÷àëüíûé 

ìîìåíò âðåìåíè â ñîîòâåòñòâèè ñ (4) ðàâíà 
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�  Äæ/ì3. 

Ìíîãîêðàòíàÿ «íàêà÷êà» ïðè ÷èñëåííîì ìîäåëèðî-
âàíèè çàäàâàëàñü ñëåäóþùèì îáðàçîì. Íà êàæäîì 
èíòåðâàëå âðåìåíè Δt, íà êîòîðîì ïðîèñõîäèò óñè-
ëåíèå èçëó÷åíèÿ, ÷èñëåííî ðåøàëèñü óðàâíåíèÿ (3) 
è (5). Íà n-ì èíòåðâàëå âðåìåíè tn–1 ≤ t ≤ tn, ãäå 
tn = nΔt, ïîëàãàëîñü, ÷òî â òî÷êå tn–1 èìååò ìåñòî 

ñîîòíîøåíèå 0 ( 1)
3

t n t
N N

= − Δ
− =  Äæ/ì3. Íà÷àëüíûå 

çíà÷åíèÿ äëÿ E, P1 ïîëàãàëèñü ðàâíûìè çíà÷åíèÿì 
E, P1 â êîíöå ïðåäûäóùåãî (n – 1)-ãî èíòåðâàëà. 
  Âåëè÷èíó T2 îöåíèì ñëåäóþùèì îáðàçîì. Ðàñ-
ñìàòðèâàåìûå â ðàáîòå ÷àñòîòû ñîîòâåòñòâóþò ãè-
ïåðçâóêó. Â âîçäóõå ãèïåðçâóê íå ìîæåò ðàñïðî-

ñòðàíÿòüñÿ, ïîýòîìó äëÿ îïðåäåëåíèÿ äèññèïàòèâ-
íîãî ñëàãàåìîãî â (3) âîñïîëüçóåìñÿ êèíåòè÷åñêèì 
ïîäõîäîì. Ïðè ñîóäàðåíèè ìîëåêóë ãàçà ñ òîðöîì 
ñîâåðøàþùåãî ãàðìîíè÷åñêèå êîëåáàíèÿ öèëèíäðà 
(äëÿ îöåíêè ãàíòåëüêè àïïðîêñèìèðóåì ãàðìîíè÷å-
ñêè êîëåáëþùèìñÿ öèëèíäðîì) ïîòîê èìïóëüñà 
ïàäàþùèõ íà ïîâåðõíîñòü òîðöà ìîëåêóë ðàâåí 

 (0) 2( )( ) ,x x t xf v v u dvρ +�  

ãäå f(vx) – ôóíêöèÿ ðàñïðåäåëåíèÿ ìîëåêóë ïî ñêî-
ðîñòÿì; 0m nρ = ��  – ïëîòíîñòü âîçäóõà; m0 – ìàññà 
ìîëåêóë âîçäóõà; n�  – êîíöåíòðàöèÿ ìîëåêóë âîç-
äóõà; (0) (0) / ;tu du dt=  u(0)

 – ñìåùåíèå íà òîðöå öè-
ëèíäðà, (0)

t xu v�  (
x

v  – ñðåäíåå çíà÷åíèå x-
êîìïîíåíòû ñêîðîñòè ìîëåêóë). Ïðè îòðàæåíèè ìî-
ëåêóë ïîòîê èìïóëüñà ðàâåí 

(0) 2( )( ) .x x t xf v v u dvρ −�  Çà 

ñ÷åò ðàçíîñòè ïîòîêîâ èìïóëüñîâ äîïîëíèòåëüíîå äàâ-
ëåíèå âíóòðè öèëèíäðà îêîëî òîðöà 

(0)
4 .x tp v uΔ = ρ�  

Äîïîëíèòåëüíîå äàâëåíèå íà òîðöàõ öèëèíäðà çà 
ñ÷åò äàâëåíèÿ Δp ïðèâîäèò ê äîïîëíèòåëüíîé ñèëå 
(ñèëà òðåíèÿ) 2( ) .F x R p= π Δ  Ñ÷èòàÿ, ÷òî òîãî æå 
ïîðÿäêà ñèëà áóäåò äåéñòâîâàòü íà øàðû â íàøåé 
ìîäåëè, â ñîîòâåòñòâèè ñ [11] ïîëó÷èì, ÷òî â (1) 

2

21/ 2 / ,
x

T R v≈ π ρ μ�  ãäå â êà÷åñòâå ïðèâåäåííîé 
ìàññû µ  âîçüìåì ìàññó ïîëîâèíû öèëèíäðà (âåëè-
÷èíó Ω  â [11] ìû îöåíèëè â ðåçóëüòàòå àïïðîêñè-
ìàöèè ãàíòåëåê öèëèíäðîì). Â ðåçóëüòàòå äëÿ 
êðåìíèÿ ïîëó÷èì 7

2 / (4 ) 3 10xT L v −

= ρ ρ ≈ ⋅�  ñ, ãäå 
32,3 10ρ = ⋅  êã/ì3 – ïëîòíîñòü ìàòåðèàëà íàíî÷à-

ñòèö, 1,3ρ =�  êã/ì3, 
1/2

0/ 290
x

v RT≈ μ ≈⎡ ⎤⎣ ⎦  ì/ñ. 
Â ðàññìàòðèâàåìîé ìîäåëè ãàíòåëåê âîçíèêàåò åùå 
îäíà ñèëà, ïðîïîðöèîíàëüíàÿ ñêîðîñòè, – ýòî ñèëà 

òîðìîæåíèÿ èçëó÷åíèåì (ñèëà Ëîðåíöà–Äèðàêà [22]) 
 

 
2 2 2

3 3

0

2 2
,

3 3

Q dx NR dx
F

dt dtc c n

ω ω

= =  

ãäå Q = (g2 – g1)/2 – çàðÿä øàðîâ ãàíòåëåê. Ñèëà 

Ëîðåíöà–Äèðàêà â ðàññìàòðèâàåìîé çàäà÷å çíà÷è-

òåëüíî ìåíüøå ñèëû òðåíèÿ 
24 /

x
R v dx dtπ ρ�  íà 

âåëè÷èíó 2ω2NR/(3c3c0ρ) ∼ 10
–21. Òàêàÿ ìàëàÿ âå-

ëè÷èíà îáúÿñíÿåòñÿ îòíîñèòåëüíî áîëüøîé ìàññîé 

øàðîâ ãàíòåëåê. 

Ïóñòü â äàëüíåéøåì ωT2 = 104 (T2 = 5 ⋅ 10–7 c). 

Íà ðèñ. 2 è 3 ïðèâåäåíû ñîîòâåòñòâåííî çàâèñèìî-

ñòè óñèëåíèÿ ïëîòíîñòè ýíåðãèè èçëó÷åíèÿ W = 
2 2

0( ) / 8 ( ) / 2E t E t= π = ε
� �

 è âåëè÷èíû íàêà÷êè ñðå-

äû N�  îò âðåìåíè t â ñëó÷àå äâóêðàòíîé íàêà÷êè  

ñ ïîìîùüþ ñòàöèîíàðíîãî ýëåêòðè÷åñêîãî ïîëÿ, ãäå 

ε0 – ýëåêòðè÷åñêàÿ ïîñòîÿííàÿ. Íà÷àëüíàÿ ïëîò-

íîñòü ýíåðãèè ïîëÿ W(t = 0) = 4,425 ⋅ 10–4
 Äæ/ì3. 

Èç ðèñ. 3 âèäíî, ÷òî N�  ïðè ïåðâûõ äâóõ íà-
êà÷êàõ áûñòðî âîçðàñòàëà â íåáîëüøîì èíòåðâà- 
ëå òî÷êè tn, à ïîòîì ìåäëåííî óáûâàëà ñ õàðàêòåð-
íûì ìàñøòàáîì âðåìåíè ïî ïîëóâûñîòå ïîðÿäêà 
∼ 4 ⋅ 10–7 ñ. Â ñëó÷àå ìíîãîêðàòíîé íàêà÷êè ïðè áîëü-
øèõ çíà÷åíèÿõ âðåìåíè ó N�  ïîëÿðèçàöèè è ìîùíî-
ñòè èçëó÷åíèÿ ïîÿâëÿþòñÿ îñöèëëÿöèè. 
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Åñëè â (8) ïðåíåáðå÷ü âòîðûì ñëàãàåìûì, òî 
ðîñò ìîùíîñòè èçëó÷åíèÿ çà îäèí àêò óñèëåíèÿ áó-
äåò îïðåäåëÿòüñÿ èíòåãðàëîì îò .N�  Ýòî ïîäòâåðæäà-
åòñÿ ðåçóëüòàòàìè ÷èñëåííîãî ìîäåëèðîâàíèÿ. Íà 
ðèñ. 4 ïðèâåäåíû çàâèñèìîñòè óñèëåíèÿ ïëîòíîñòè 
ýíåðãèè èçëó÷åíèÿ ñ èíòåðâàëàìè âðåìåí äëÿ îäíîé 
íàêà÷êè Δt = 5 ⋅ 10–6; 2,5 ⋅ 10–6 è 1,5 ⋅ 10–6 ñ. 

 

 
Ðèñ. 2. Çàâèñèìîñòü ïëîòíîñòè ýíåðãèè èçëó÷åíèÿ W îò âðå-

ìåíè t ïðè äâóêðàòíîé íàêà÷êå. W(t = 0) = 4,425 ⋅ 10–4
 Äæ/ì3 

 

 
Ðèñ. 3. Çàâèñèìîñòü âåëè÷èíû íàêà÷êè ñðåäû N�  îò âðå- 

 ìåíè t ïðè äâóêðàòíîé íàêà÷êå 

 

 
Ðèñ. 4. Çàâèñèìîñòü ïëîòíîñòè ýíåðãèè èçëó÷åíèÿ W îò 

âðåìåíè t (èíòåðâàë íàêà÷êè Δt = 5 ⋅ 10–6 c (1), Δt =   

  = 2,5 ⋅ 10–6 c (2), Δt = 1,5 ⋅ 10–6 c (3)) 
 

Ìàêñèìàëüíûå çíà÷åíèÿ ïëîòíîñòè ýíåðãèè èç-
ëó÷åíèÿ äîñòèãàëèñü ñîîòâåòñòâåííî ïðè 4600-êðàò- 
íîé íàêà÷êå çà âðåìÿ tmax = 0,023 c, 5400-êðàòíîé 
çà tmax = 0,0135 c è 5600-êðàòíîé íàêà÷êå çà tmax = 
= 0,0084 c. Ïðè Δt = 5 ⋅ 10–6; 2,5 ⋅ 10–6  è 1,5 ⋅ 10–6 c 
ïëîòíîñòü ýíåðãèè èçëó÷åíèÿ Wmax äîñòèãàëà 598; 
1200 è 2028 Äæ/ì3 ñîîòâåòñòâåííî. Òàêàÿ çàêîíî-
ìåðíîñòü îáúÿñíÿåòñÿ òåì, ÷òî â ïðèâåäåííûõ íà 
ðèñ. 4 ðàñ÷åòíûõ âåëè÷èíàõ èíòåãðàë îò N�  ïðàê-
òè÷åñêè ïîñòîÿííûé ïðè ðàçëè÷íûõ çíà÷åíèÿõ  
è èíòåðâàëàõ âðåìåíè íàêà÷êè. Ñîîòâåòñòâåííî 
áóäóò îòëè÷àòüñÿ âðåìÿ è çíà÷åíèå W â ñòàöèîíàð-
íîì ðåæèìå. 

Â ïðàâîé ÷àñòè óðàâíåíèÿ (8) ìíîæèòåëü ïðè 
2

,E�  êîòîðûé èìååò ðàçìåðíîñòü îáðàòíîãî çíà÷å-
íèÿ âðåìåíè, áóäåò ðàâåí 

 7 –12 01 2
2,3 10 ñ .tT N

T

=

π Λ
= ≈ ⋅

ε

�

 

Âèäíî, ÷òî T ≈ 4,4 ⋅ 10–8 ñ çíà÷èòåëüíî ìåíüøå 
ïåðèîäà êîëåáàíèé èçëó÷åíèÿ (ïåðèîä ýëåêòðîìàã-
íèòíûõ êîëåáàíèé 2π/ω ≈ 3,14 ⋅ 10–10 ñ–1). 

 

Çàêëþ÷åíèå 

 
Òàêèì îáðàçîì, ïîëó÷åííàÿ ñèñòåìà ìàòåðè-

àëüíûõ óðàâíåíèé îïèñûâàåò â ïðîñòðàíñòâåííîì 
ðåçîíàòîðå (àíàëîãå ïëàçìåííûõ îáðàçîâàíèé) ïðî-
öåññ óñèëåíèÿ ÑÂ×-èçëó÷åíèÿ. Ïðè ω = 2 ⋅ 1010 ñ–1 
è îáúåìíîé êîíöåíòðàöèè íàíî÷àñòèö ñ0 = 10–3 äëÿ 
îäíîêðàòíîé íàêà÷êè õàðàêòåðíîå âðåìÿ óñèëåíèÿ 
äëÿ óäëèíåííûõ íàíî÷àñòèö L ≈20R ñîñòàâèëî 
Ò ∼ 10–8

 ÷ 10–7 ñ. Â ðåçóëüòàòå ìíîãîêðàòíîé íàêà÷-
êè ïëîòíîñòü ýíåðãèè èçëó÷åíèÿ ìîæíî äîâåñòè äî 
W ≈ 2000 Äæ/ì3 çà âðåìÿ tmax = 0,0084 c (ñì. 
ðèñ. 4). Èçâåñòíî, ÷òî â ñëó÷àå êâàçèñòàöèîíàðíîãî 
ïîëÿ äëèòåëüíîñòüþ Δτ = (1 ÷ 3) ⋅ 10–9 ñ âåëè÷èíà 
ïîëÿ ðàçðÿäà Å0 = 1,5 ⋅ 107 Â/ì [23–25], ÷òî ñî-
ñòàâëÿåò ïëîòíîñòü ýíåðãèè ïîëÿ W ≈ 1000 Äæ/ì3. 
Òàêîé ïëîòíîñòè ýíåðãèè èçëó÷åíèÿ â íàøåé çàäà÷å 
ìîæíî äîñòèãíóòü çà âðåìÿ Δt2 = 0,0084 ñ. 

Èñïîëüçóåìûé â äàííîé ñòàòüå òåîðåòè÷åñêèé 
ïîäõîä ïîçâîëÿåò òàêæå ðàññìîòðåòü ïðîöåññ óñè-
ëåíèÿ áåãóùåé âîëíû – óñèëåíèå ÑÂ×-èçëó÷åíèÿ. 
  Àâòîðû áëàãîäàðÿò Ì.È. ßëàíäèíà çà ïîäáîð 
ïàðàìåòðîâ êâàçèñòàöèîíàðíîãî ïîëÿ. 
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N.R. Sadykov, N.A. Sñorkin. Mathematical modeling of interaction of radiation with disperse nano- 
particles. 

On the basis of obtained system of material equations a process of amplification of SHF-emission with  
the wavelength λ ∼ 10 cm in the resonator was simulated. It was shown that the emission energy density  
W ∼ 1000 J/m3 can be obtained. The medium excitation is carried out by electric field in the presence of con-
ductive nanoparticles. The necessary mass concentration of nanoparticles and magnitude of excitation field were 
evaluated. A method of generation of active medium for amplification of SHF-emission with the wavelength in 
the range of λ ∼ 10 cm with stationary electric field is proposed. It can be done by spraying of elongated  
conductive nanoparticles. 

 


