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ÏÐÈÌÅÍÅÍÈß ËÀÇÅÐÎÂ, ËÀÇÅÐÍÛÅ ÑÈÑÒÅÌÛ,  
ËÀÇÅÐÍÎ-ÎÏÒÈ×ÅÑÊÈÅ ÒÅÕÍÎËÎÃÈÈ 
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Ïëîòíîñòü ãèáðèäíîé ïëàçìû, ïîääåðæèâàåìîé 
ÑÂ×-èçëó÷åíèåì è ÑÎ2-ëàçåðîì 

 

 Ñ.Â. Àâòàåâà1,2, Â.Á. Äîëîìàíîâà1,2, Ð.Ñ. Ñàâåëüåâ2, Ï.À. Ïèíàåâ1,  
À.Ý. Ìåäâåäåâ1 

 
1 Èíñòèòóò ëàçåðíîé ôèçèêè ÑÎ ÐÀÍ 

630090, Íîâîñèáèðñê, Ðîññèÿ, ïð. Ëàâðåíòüåâà, 15Á  
2 Íîâîñèáèðñêèé ãîñóäàðñòâåííûé òåõíè÷åñêèé óíèâåðñèòåò 

630073, Íîâîñèáèðñê, Ðîññèÿ, ïð. Ê. Ìàðêñà 20, avtaeva_sv@laser.nsc.ru 
 

Ðàáîòà ïîñâÿùåíà èññëåäîâàíèþ êîíöåíòðàöèè ýëåêòðîíîâ ãèáðèäíîé ïëàçìû àòìîñôåðíîãî äàâëåíèÿ, 
ïîääåðæèâàåìîé èçëó÷åíèÿìè ÑÂ×-äèàïàçîíà (2,47 ÃÃö) è ÑÎ2-ëàçåðà (10,6 ìêì) â êàìåðå ýêñïåðèìåí-
òàëüíîãî ïëàçìîõèìè÷åñêîãî ðåàêòîðà, ðàçðàáîòàííîãî äëÿ èññëåäîâàíèÿ ïðîöåññà ñèíòåçà àëìàçîïîäîáíûõ 
è äðóãèõ ïîêðûòèé. Ðåàêòîð ñîçäàí íà îñíîâå ÑÂ×-ðåçîíàòîðà íà ÒÌ012-ìîäå êâàçèöèëèíäðè÷åñêîé ôîðìû, 
â êîòîðûé îäíîâðåìåííî ñ ÑÂ×-èçëó÷åíèåì ââîäèòñÿ ñôîêóñèðîâàííîå èçëó÷åíèå ÑÎ2-ëàçåðà. Èññëåäîâàíû 
êîíòóðû ëèíèè àòîìàðíîãî âîäîðîäà H, èçëó÷àåìûå ÑÂ×- è ãèáðèäíîé ïëàçìîé â ñìåñÿõ H2:Ar:CH4. Êîí-
òóðû ëèíèè H â ñïåêòðàõ ãèáðèäíîé ïëàçìû, â îòëè÷èå îò êîíòóðîâ ýòîé ëèíèè, èçëó÷àåìûõ ÑÂ×-
ïëàçìîé, àïïðîêñèìèðóåìûõ ôóíêöèåé Ëîðåíöà, èìåþò øèðîêèå êðûëüÿ è îïèñûâàþòñÿ ôóíêöèåé Ëîðåíöà  
ñ äâóõêîíòóðíîé àïïðîêñèìàöèåé, ÷òî óêàçûâàåò íà ñóùåñòâåííóþ ïðîñòðàíñòâåííî-âðåìåííóþ íåîäíîðîä-
íîñòü ãèáðèäíîé ïëàçìû. Èçìåðåííûå ïî øòàðêîâñêîìó óøèðåíèþ ëèíèé Hα êîíöåíòðàöèè ýëåêòðîíîâ  
â ÑÂ×-ïëàçìå àòìîñôåðíîãî äàâëåíèÿ ëåæàò â äèàïàçîíå 5  1014–1016 ñì3. Â ãèáðèäíîé ïëàçìå êîíöåíòðà-
öèÿ ýëåêòðîíîâ, ñîîòâåòñòâóþùàÿ êîíòóðó ñ ìåíüøåé ïîëóøèðèíîé, íåñêîëüêî ïðåâûøàåò êîíöåíòðàöèþ 
ýëåêòðîíîâ â ÑÂ×-ïëàçìå è ëåæèò â äèàïàçîíå 1015–5  1016 ñì3. Â ñëó÷àå ôîêóñèðîâêè ëàçåðíîãî èçëó÷å-
íèÿ â îáëàñòè ñãóñòêà ÑÂ×-ïëàçìû êîíöåíòðàöèÿ ýëåêòðîíîâ, èçìåðåííàÿ ïî êîíòóðó ñ áîëüøåé ïîëóøèðè-
íîé, ñîñòàâëÿåò âåëè÷èíó  1017 ñì3. 

 

Êëþ÷åâûå ñëîâà: ÑÂ×-ðàçðÿä, ëàçåðíàÿ ïëàçìà, êîíöåíòðàöèÿ ýëåêòðîíîâ, øòàðêîâñêîå óøèðåíèå, 
äâóõêîíòóðíàÿ àïïðîêñèìàöèÿ, ïðîñòðàíñòâåííî-âðåìåííàÿ íåîäíîðîäíîñòü; microwave discharge, laser 
plasma, density of electrons, Stark broadening, two-contour approximation, spatio-temporal inhomogeneity. 

 
Ââåäåíèå 

 

Õîðîøî èçâåñòíû ñïîñîáû ñèíòåçà àëìàçíûõ ïîêðûòèé ñ ïðèìåíåíèåì ÑÂ×- è ëàçåðíîé ïëàçìû [1–3]. 
Îäíàêî, ìåæäó îñíîâíûìè ïàðàìåòðàìè ýòèõ èñòî÷íèêîâ ïëàçìû (ýíåðãèÿ è êîíöåíòðàöèÿ çàðÿæåííûõ ÷àñ-
òèö) èìåþòñÿ çíà÷èòåëüíûå èíòåðâàëû, êîòîðûå íå ìîãóò áûòü ðåàëèçîâàíû íè ñ ïîìîùüþ ÑÂ×, íè ñ ïîìî-
ùüþ èçëó÷åíèÿ CO2-ëàçåðà. Âûñîêàÿ ïëîòíîñòü çàðÿæåííûõ ÷àñòèö ëàçåðíîé ïëàçìû (1015–1017 ñì3) îáåñ-
ïå÷èâàåò áîëüøóþ ñêîðîñòü ðîñòà ñèíòåçèðóåìîãî ñëîÿ, îäíàêî äëÿ ëàçåðíîé ïëàçìû õàðàêòåðíà çíà÷èòåëü-
íàÿ íåîäíîðîäíîñòü è íåáîëüøèå ïëîùàäè ñèíòåçèðóåìîé ïîâåðõíîñòè [4]. Êðîìå òîãî, ëàçåðíàÿ ïëàçìà, êàê 
ïðàâèëî, èìååò âûñîêóþ ãàçîâóþ òåìïåðàòóðó, êîòîðàÿ ïðèáëèæàåòñÿ ê òåìïåðàòóðå ýëåêòðîíîâ. Ýòî ñóùå-
ñòâåííî îãðàíè÷èâàåò ïðèìåíåíèå ëàçåðíîé ïëàçìû äëÿ ñèíòåçà ìàòåðèàëîâ. Íàïðîòèâ, â íåðàâíîâåñíîé 
ÑÂ×-ïëàçìå òåìïåðàòóðó ãàçà ñóùåñòâåííî íèæå òåìïåðàòóðû ýëåêòðîíîâ, îäíàêî, íåâûñîêàÿ ïëîòíîñòü çà-
ðÿæåííûõ ÷àñòèö (1010–1013 ñì3) îãðàíè÷èâàåò ñêîðîñòè ðîñòà ñèíòåçèðóåìîé ïîâåðõíîñòè [5, 6]. Õàðàêòåð-
íûå ñêîðîñòè ðîñòà ïîëèêðèñòàëëè÷åñêèõ àëìàçíûõ ïëåíîê â ÑÂ×-ïëàçìå, êàê ïðàâèëî, îãðàíè÷èâàþòñÿ 
äåñÿòêàìè ìèêðîí â ÷àñ [7]. 

Â íàñòîÿùåé ðàáîòå èññëåäóåòñÿ êîíöåíòðàöèÿ ýëåêòðîíîâ â ãèáðèäíîé ïëàçìå àòìîñôåðíîãî äàâëåíèÿ, 
ïîääåðæèâàåìîé èçëó÷åíèÿìè ÑÂ×-äèàïàçîíà (2,47 ÃÃö) è ÑÎ2-ëàçåðà (10,6 ìêì) â êàìåðå ýêñïåðèìåíòàëü-
íîãî ïëàçìîõèìè÷åñêîãî ðåàêòîðà [8]. Â ãèáðèäíîé ïëàçìå ìîæíî îæèäàòü ñóùåñòâåííîãî óâåëè÷åíèÿ ïëîò-
íîñòè çàðÿæåííûõ ÷àñòèö ïðè ñîõðàíåíèè íåðàâíîâåñíîãî ñîñòîÿíèÿ ìåæäó òåìïåðàòóðàìè ýëåêòðîíîâ  
è òÿæåëûõ ÷àñòèö, ÷òî ïîçâîëèò óâåëè÷èòü ñêîðîñòè ðîñòà ïîëèêðèñòàëëè÷åñêèõ àëìàçíûõ ïë¸íîê. 
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. Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà 

 

Äëÿ ñîçäàíèÿ ãèáðèäíîé ïëàçìû èñïîëüçîâàëñÿ ÑÂ×-ðåàêòîð íà ÒÌ012-ìîäå, ñîçäàííûé íà îñíîâå ðåçî-
íàòîðà êâàçèöèëèíäðè÷åñêîé ôîðìû, ñëóæàùåãî êàìåðîé ðåàêòîðà. Ñõåìà ãåíåðàöèè ãèáðèäíîé ïëàçìû  
â êàìåðå ðåàêòîðà ïîêàçàíà íà ðèñ. 1. Ìàëûé 1 è áîëüøîé 2 êîíóñà êàìåðû ðåàêòîðà ñîåäèíåíû ðåçüáîé 3, 
ïîçâîëÿþùåé ìåíÿòü îáúåì ðåçîíàòîðà. Â êàìåðó-ðåçîíàòîð ÷åðåç ââîä 6 ïîäàåòñÿ ãàç (àðãîí, âîäîðîä, ìå-
òàí), ôîðìèðóþùèé èçáûòî÷íîå äàâëåíèå. Â îáëàñòè îñíîâíîãî ìàêñèìóìà ÑÂ×-èçëó÷åíèÿ ïðîèñõîäèò ïðî-
áîé ãàçà ñ îáðàçîâàíèåì ÑÂ×-ïëàçìû 7. Äëèòåëüíîñòü èìïóëüñîâ ÑÂ×-ãåíåðàòîðà îò 0,5 ìêñ è âûøå, ñðåä-
íÿÿ ÑÂ×-ìîùíîñòü – äî 1,5 êÂò, èìïóëüñíàÿ ìîùíîñòü – äî 7 êÂò. ×àñòîòà ïîâòîðåíèÿ èìïóëüñîâ – 1–
150 êÃö. Èçëó÷åíèå ÑÎ2-ëàçåðà 8, ïðîõîäÿ ÷åðåç çàïðåäåëüíûé âîëíîâîä 9, ôîêóñèðóåòñÿ ëèíçîé 10 â îá-
ëàñòü ÑÂ×-ïëàçìû, ãäå ôîðìèðóåòñÿ ãèáðèäíàÿ ïëàçìà 11. Ñòðóÿ ïëàçìû 13 ÷åðåç ñâåðõçâóêîâîå ñîïëî 12 
íàïðàâëÿåòñÿ ê ïîäëîæêå 14, íà êîòîðîé îñóùåñòâëÿåòñÿ ñèíòåç ïëåíîê. 

 

 

À4

À6 

À2 À1 3 À9 11 

 

Ðèñ. 1. Ñõåìà ôîðìèðîâàíèÿ ãèáðèäíîé ïëàçìû: 1, 2 – ìàëûé è áîëüøîé êîíóñû ðåçîíàòîðà; 3 – îáëàñòü ñîåäèíåíèÿ 
êîíóñîâ, 4, 5 –êàáåëü è øòûðü ââîäà ÑÂ×-èçëó÷åíèÿ â ðåçîíàòîð; 6 – ââîä ãàçà; 7 – îáëàñòü ÑÂ×-ðàçðÿäà; 8 – èçëó÷å-
íèå ÑÎ2 ëàçåðà; 9 – çàïðåäåëüíûé âîëíîâîä, 10 – äëèííîôîêóñíàÿ ëèíçà (F = 250 ìì), 11–îáëàñòü ãèáðèäíîé ïëàçìû, 
12 – ñâåðõçâóêîâîå ñîïëî, 13 – ñòðóÿ ïðîäóêòîâ ïëàçìû, 14 – ïîäëîæêà, 15– êîëëèìàòîð èçëó÷åíèÿ ïëàçìû, 16 – îïòî- 
  âîëîêíî ñïåêòðîàíàëèçàòîðà 

 
Èçëó÷åíèå ïëàçìû îòáèðàåòñÿ êîëëèìàòîðîì 15, ïîñòóïàåò â ñâåòîâîä 16 è äàëåå â ñïåêòðîàíàëèçàòîð 

âûñîêîãî ðàçðåøåíèÿ HDSA (ÎÎÎ «ÀÍÃÑÒÐÅÌ», ã. Íîâîñèáèðñê) ñ ðàçðåøåíèåì 0,2–0,3 Ǻ â çàâèñèìîñòè 
îò äëèíû âîëíû (350–1000 íì). 

 
Ðåçóëüòàòû è îáñóæäåíèÿ 

 

Èññëåäîâàëàñü ãèáðèäíàÿ ïëàçìà â ãàçîâîé ñìåñè 95H2:3Ar:2CH4 ïðè äàâëåíèè ÷óòü âûøå àòìîñôåðíî-
ãî. Ïîäâîäèìàÿ ê ðàçðÿäó ìîùíîñòü P  ñîñòàâëÿëà 570 Âò ïðè ÷àñòîòå ñëåäîâàíèÿ èìïóëüñîâ 1 êÃö (ñêâàæ-
íîñòü–5). CO2-ëàçåð èñïîëüçîâàëñÿ â èìïóëüñíîì ðåæèìå. Èñïîëüçóåìûå ÷àñòîòû ν è ýíåðãèÿ ëàçåðíûõ èì-
ïóëüñîâ Eèìï, ñâÿçàííûå ñîîòíîøåíèåì èìï ,P E    óêàçàíû â òàáëèöå. 

 
Ïàðàìåòðû èçëó÷åíèÿ ÑÎ2 ëàçåðà ( = 10?6 ìêì) 

×àñòîòà èçëó÷åíèÿ, êÃö Ñðåäíÿÿ ìîùíîñòü èçëó÷åíèÿ, Âò Ýíåðãèÿ èìïóëüñà, ìÄæ 
3 170 56,7 
15 500 33,3 
30 700 23,3 
80 700 8,7 

 
Â ñïåêòðå èçëó÷åíèÿ ãèáðèäíîé ïëàçìû â ñìåñè ãàçîâ 95H2:3Ar:2CH4, òàêæå êàê è â ñïåêòðå ÑÂ×-

ðàçðÿäà íàáëþäàþòñÿ ëèíèè àòîìàðíîãî âîäîðîäà ñåðèè Áàëüìåðà è ñëàáûå ïîëîñû ñèñòåìû Ñâàíà ìîëåêó-
ëÿðíîãî óãëåðîäà (Ñ2).  

Âûñîêàÿ êîíöåíòðàöèÿ ýëåêòðîíîâ â ãèáðèäíîé ïëàçìå ïðèâîäèò ê çàìåòíîìó óøèðåíèþ ëèíèé àòîìàð-
íîãî âîäîðîäà âñëåäñòâèå ýôôåêòà Øòàðêà, ÷òî ïîçâîëÿåò èñïîëüçîâàëîñü åãî äëÿ èçìåðåíèÿ ïëîòíîñòè 
ýëåêòðîíîâ â òàêîé ïëàçìå. Íàèáîëåå óäîáíîé äëÿ îïðåäåëåíèÿ êîíöåíòðàöèè ýëåêòðîíîâ ïî øòàðêîâñêîìó 
óøèðåíèþ ëèíèé àòîìàðíîãî âîäîðîäà ñåðèè Áàëüìåðà ÿâëÿåòñÿ ëèíèÿ H [9]. Îäíàêî, èíòåíñèâíîñòü ëèíèè 
H áûëà ìàëà äëÿ êîððåêòíîãî èçìåðåíèÿ óøèðåíèÿ ëèíèè è îïðåäåëåíèÿ êîíöåíòðàöèè ýëåêòðîíîâ. Ïîýòî-
ìó äëÿ èçìåðåíèÿ ïëîòíîñòè ýëåêòðîíîâ èñïîëüçîâàëàñü ëèíèÿ àòîìàðíîãî âîäîðîäà Hα. 

Àïïàðàòíàÿ ôóíêöèÿ ðåãèñòðèðóþùåé ñïåêòðàëüíîé ñèñòåìû èçìåðÿëàñü ñ ïîìîùüþ ãåëèé-íåîíîâîãî 
ëàçåðà. Àíàëèç ôîðìû àïïàðàòíîé ôóíêöèè ïîêàçàë, ÷òî îíà õîðîøî àïïðîêñèìèðóåòñÿ ôóíêöèåé Ãàóññà  

À8 À10

À9 

À6 16   

15   

7 13 

14 
12 
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. ñ ïîëóøèðèíîé ∆λa = 0,02 íì. Àïïàðàòíîå âìåñòå ñ äîïëåðîâñêèì óøèðåíèå ëèíèè H ïî îöåíêàì íå ïðåâû-

øàåò 0,04–0,05 íì. Ýêñïåðèìåíòàëüíî íàáëþäàåìûå êîíòóðû ëèíèè H íàìíîãî øèðå êîíòóðà, îáóñëîâëåí-
íîãî äîïëåðîâñêèì è àïïàðàòíûì óøèðåíèåì, ïîýòîìó ïðè àíàëèçå øòàðêîâñêîãî óøèðåíèÿ ëèíèè H â ãèá-
ðèäíîé ïëàçìå àïïàðàòíûì è äîïïëåðîâñêèì óøèðåíèåì ëèíèè H ìîæíî ïðåíåáðå÷ü. Àíàëèç ôîðìû êîí-
òóðîâ ëèíèè H ïîêàçàë, ÷òî îíè õîðîøî àïïðîêñèìèðóþòñÿ äâóìÿ ôóíêöèÿìè Ëîðåíöà (äâóõêîíòóðíàÿ 
àïïðîêñèìàöèÿ) è íå ìîãóò áûòü àïïðîêñèìèðîâàíû íè îäíîé ôóíêöèåé Ëîðåíöà, íè ôóíêöèåé Ôîéãòà. 
Òèïè÷íûé âèä äâóõêîíòóðíîé àïïðîêñèìàöèè êîíòóðîâ ëèíèè H, èçëó÷àåìûõ ãèáðèäíîé ïëàçìîé â ñìåñè 
95H2:3Ar:2CH4, ôóíêöèåé Ëîðåíöà ïðåäñòàâëåí íà ðèñ. 2. 

 

 
à                                                                         á 

Ðèñ. 2. Äâóõêîíòóðíàÿ àïïðîêñèìàöèÿ ôîðìû êîíòóðîâ ëèíèè H, íàáëþäàåìûõ â ñïåêòðàõ èçëó÷åíèÿ ãèáðèäíîé ïëàç-
ìû, ôóíêöèåé Ëîðåíöà; 1 – ýêñïåðèìåíòàëüíûé êîíòóð, 2 – öåíòðàëüíûé êîíòóð äâóõêîíòóðíîé àïïðîêñèìàöèè, 3 – 
øèðîêèé êîíòóð äâóõêîíòóðíîé àïïðîêñèìàöèè, 4 – äâóõêîíòóðíàÿ ëîðåíöåâñêàÿ àïïðîêñèìàöèÿ. ×àñòîòà ñëåäîâàíèÿ 
   èìïóëüñîâ ÑÎ2 ëàçåðà: 3 êÃö (à) è 30 êÃö (á)  

 
Íà ðèñ. 3 ïðåäñòàâëåíû êîíöåíòðàöèè ýëåêòðîíîâ, ðàññ÷èòàííûå ïî ïîëóøèðèíå êàæäîãî èç êîíòóðîâ 

äâóõêîíòóðíîé àïïðîêñèìàöèè êîíòóðîâ ëèíèè H, íàáëþäàåìîé â ñïåêòðàõ èçëó÷åíèÿ ãèáðèäíîé ïëàçìû 
â ñìåñè 95H2:3Ar:2CH4. Êàê âèäíî èç ðèñóíêà êîíöåíòðàöèÿ ýëåêòðîíîâ, ðàññ÷èòàííàÿ ïî øèðîêîìó êîíòó-
ðó äâóõêîíòóðíîé ëîðåíöåâñêîé àïïðîêñèìàöèè, ñîñòàâëÿåò âåëè÷èíó ïîðÿäêà 1017 ñì3 è, âåðîÿòíî, ñîîòâåò-
ñòâóåò âûñîêèì êîíöåíòðàöèÿì ýëåêòðîíîâ â îáëàñòè ãèáðèäíîé ïëàçìû â íà÷àëüíûå ìîìåíòû âðåìåíè ïîñëå 
ïðèõîäà ëàçåðíîãî èìïóëüñà. Êîíöåíòðàöèÿ ýëåêòðîíîâ, ðàññ÷èòàííàÿ ïî öåíòðàëüíîìó óçêîìó êîíòóðó, 
ëåæèò â ïðåäåëàõ 5  1014–1016 ñì3 è ñîîòâåòñòâóåò ïåðèôåðèéíîé îáëàñòè ãèáðèäíîé ïëàçìû â áîëåå ïîçä-
íèå âðåìåíà ýâîëþöèè äåòîíàöèîííîé âîëíû, ãåíåðèðóåìîé ëàçåðíûì èìïóëüñîì, ãäå è êîãäà êîíöåíòðàöèÿ 
ýëåêòðîíîâ ïî ìåðå óäàëåíèÿ îò öåíòðà äåòîíàöèîííîé âîëíû ïðèáëèæàåòñÿ ê èõ êîíöåíòðàöèè â íåâîçìó-
ùåííîé ÑÂ×-ïëàçìå. 

 

 
à                                                                         á 

Ðèñ. 3. Ïîëóøèðèíà ëèíèè H (a) è êîíöåíòðàöèÿ ýëåêòðîíîâ, èçìåðåííàÿ ïî øòàðêîâñêîìó óøèðåíèþ ëèíèè H, (b)  
â ãèáðèäíîé ïëàçìå â ñìåñè 95H2:3Ar:2CH4; 1 – öåíòðàëüíûé êîíòóð äâóõêîíòóðíîé ëîðåíöåâñêîé àïïðîêñèìàöèè,  
  2 – øèðîêèé êîíòóð äâóõêîíòóðíîé ëîðåíöåâñêîé àïïðîêñèìàöèè, 3 – ëîðåíöåâñêèé êîíòóð 
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Çàêëþ÷åíèå 
 
Ïî øòàðêîâñêîìó óøèðåíèþ ëèíèè àòîìàðíîãî âîäîðîäà Hα èññëåäîâàíà ïëîòíîñòü ýëåêòðîíîâ â ãèá-

ðèäíîé ïëàçìå àòìîñôåðíîãî äàâëåíèÿ â ãàçîâîé ñìåñè 95H2:3Ar:2CH4, ïîääåðæèâàåìîé èìïóëüñíî-
ïåðèîäè÷åñêèì ÑÂ×-èçëó÷åíèåì (2,47 ÃÃö) è èçëó÷åíèåì èìïóëüñíîãî ÑÎ2-ëàçåðà (10,6 ìêì). Êîíòóðû ëè-
íèè H, íàáëþäàåìûå â èçëó÷åíèè ãèáðèäíîãî ðàçðÿäà, îïèñûâàþòñÿ äâóõêîíòóðíîé àïïðîêñèìàöèåé ôóíê-
öèåé Ëîðåíöà, ÷òî ñâèäåòåëüñòâóåò î ïðîñòðàíñòâåííî-âðåìåííîé íåîäíîðîäíîñòè ãèáðèäíîé ïëàçìû. Â ãèá-
ðèäíîì ðàçðÿäå êîíöåíòðàöèÿ ýëåêòðîíîâ èñïûòûâàåò ïðîñòðàíñòâåííî-âðåìåííûå èçìåíåíèÿ â äèàïàçîíå îò 
5  1014–1016 ñì3 äî 1017 ñì3è çàâèñèò îò ÷àñòîòû è ýíåðãèè èìïóëüñîâ èçëó÷åíèÿ CO2-ëàçåðà. 

 

Áëàãîäàðíîñòè.  Àâòîðû âûðàæàþò ïðèçíàòåëüíîñòü çàâåäóþùåìó ëàáîðàòîðèè ìîùíûõ íåïðåðûâíûõ 
ëàçåðîâ ÈËÔ ÑÎ ÐÀÍ Ñìèðíîâó À.Ë. çà ïðåäîñòàâëåííóþ âîçìîæíîñòü ïðîâåäåíèÿ ýêñïåðèìåíòîâ ñ èçëó-
÷åíèåì ÑÎ2 ëàçåðà. 

Ôèíàíñèðîâàíèå. Èññëåäîâàíèå âûïîëíåíî ïðè ôèíàíñîâîé ïîääåðæêå ÐÍÔ â ðàìêàõ íàó÷íîãî ïðîåê-
òà ÐÍÔ ¹ 25-29-00816.  

 
Ñïèñîê ëèòåðàòóðû 

 

1. Konov V.I., Prokhorov A.M., Uglov S.A., Bolshakov A.P., Leontiev I.A., Dausinger F., Hügel H., Angstenberger B., 
Sepold G., Metev S. CO2 laser-induced plasma CVD synthesis of diamond //Appl. Phys. A. 1998. V. 66. P. 575–578. 

2. Vikharev A.L., Gorbachev A.M., Lobaev M.A., Radishev D.B. Multimode cavity type MPACVD reactor for large area 
diamond film deposition // Diamond and Related Materials. 2018. V. 83. P. 8–14. 

3. Weng J., Liu F., Xiong L.W., Wang J.H., Sun Q. Deposition of large area uniform diamond films by microwave plasma 
CVD // Vacuum. 2018. V.147, P.134-142. 

4. Ðàéçåð Þ.Ï. Ëàçåðíàÿ èñêðà è ðàñïðîñòðàíåíèå ðàçðÿäîâ. Ì.: Íàóêà, 1974. 308 ñ. 
5. Yamada H., Chayahara A., Mokuno Y., Shikata S. Microwave plasma generated in a narrow gap to achieve high power 

efficiency during diamond growth // Diamond & Related Materials. 2009. V.18. P.117–120. 
6. Gicquel A., Chenevier M., Hassouni Kh., Tserepi A., Dubus M. Validation of actinometry for estimating relative hydro-

gen atom densities and electron energy evolution in plasma assisted diamond deposition reactors //J. Appl. Phys. 1998.  
V. 83. P. 7504. 

7. Ma Z., Wu C., Wang J., Zhao H., Zhang L., Fu Q., Wang C. Development of a plate-to-plate MPCVD reactor con-
figuration for diamond synthesis // Diamond & Related Materials. 2016. V. 66. P. 135–140. 

8. Ìåäâåäåâ À.Ý., Ïèíàåâ Ï.À. Ëàçåðíî-ïëàçìåííûé ñèíòåç ïðè êîìïëåêñíîì âîçäåéñòâèè ëàçåðíîé ïëàçìû è ÑÂ× ïîëÿ 
/ XLVI Ìåæäóíàðîäíàÿ (Çâåíèãîðîäñêàÿ) êîíôåðåíöèÿ ïî ôèçèêå ïëàçìû è ÓÒÑ, 18–22 ìàðòà 2019 ã. Ñáîðíèê 
òåçèñîâ, C. 216. 

9. Ïëàçìà â ëàçåðàõ. Ïåð. ñàíãë. / Ïîä ðåä. Äæ. Áåêåôè. Ìîñêâà, Ýíåðãîàòîìèçäàò, 1982. 416 ñ.  

 
S.V. Avtaeva, V.B. Dolomanova, R.S. Savelyev, P.A. Pinaev, A.E. Medvedev. Density of hybrid 

plasma supported by microwave radiation and CO2 laser. 
The paper is devoted to the study of the electron number density of an atmospheric pressure hybrid plasma 

supported by microwave radiation (2.47 GHz) and a CO2 laser (10.6 m) in the chamber of an experimental 
plasma-chemical reactor developed to study the synthesis of diamond-like and other coatings. The reactor is 
based on a microwave resonator on the TM012 mode of a quasi-cylindrical shape, into which focused radiation of 
a CO2 laser is introduced simultaneously with microwave radiation. The shapes of the atomic hydrogen H line 
emitted by microwave and hybrid plasma in H2:Ar:CH4 mixtures are studied. The shapes of the H line in the 
hybrid plasma spectra, in contrast to the shapes of this line emitted by microwave plasma, approximated by the 
Lorentz function, have wide wings and are described by the Lorentz function with a two-contour approxima-
tion, which indicates a significant spatio-temporal inhomogeneity of the hybrid plasma. The density of electrons 
in the atmospheric pressure microwave plasma measured by the Stark broadening of the H lines are in the 
range of 5  1014–1016 cm3. In the hybrid plasma, the density of electrons corresponding to the contour with a 
smaller half-width slightly exceeds the density of electrons in the microwave plasma and is in the range of 
1015–5  1016 cm3. In the case of focusing laser radiation in the region of a microwave plasma bunch, the density 
of electrons measured by the contour with a larger half-width is  1017 cm3. 
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