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ÄÈÍÀÌÈÊÀ ÇÀÑÅËÅÍÈß ÌÅÒÀÑÒÀÁÈËÜÍÎÃÎ ÑÎÑÒÎßÍÈß 

3 +

uA Σ  ÀÇÎÒÀ Â ÎÁÚÅÌÍÎÌ ÑÀÌÎÑÒÎßÒÅËÜÍÎÌ ÐÀÇÐßÄÅ 

 
 

Ñ öåëüþ óñòàíîâëåíèÿ âîçìîæíîñòè âëèÿíèÿ ñòóïåí÷àòîé èîíèçàöèè N2 íà ðàçâèòèå íåóñòîé÷èâîñòè 
îáúåìíîãî ñàìîñòîÿòåëüíîãî ðàçðÿäà (ÎÑÐ) ìåòîäîì âíóòðèðåçîíàòîðíîé ëàçåðíîé ñïåêòðîñêîïèè (ÂÐËÑ) 

èññëåäîâàíà äèíàìèêà çàñåëåíèÿ êîëåáàòåëüíûõ óðîâíåé v = 2÷8 ñîñòîÿíèÿ 3 +

uA ∑  ïðè äàâëåíèè 0,3 àòì. 

Ìàêñèìàëüíàÿ ñóììàðíàÿ íàñåëåííîñòü íà ñåìè êîëåáàòåëüíûõ óðîâíÿõ N(v = 2÷8) = 6,4 ⋅ 1014 ñì–3 ñóùåñò-
âåííî ïðåâûøàåò ìàêñèìàëüíóþ êîíöåíòðàöèþ ýëåêòðîíîâ nå = 4 ⋅ 1012 ñì–3. Â óñëîâèÿõ ýêñïåðèìåíòîâ 
âêëàä ñòóïåí÷àòîé èîíèçàöèè â èîíèçàöèîííûé ïîòîê â ñòîëáå ÎÑÐ áûë ïðåíåáðåæèìî ìàë. Ïîýòîìó äàííûé 
ïðîöåññ ìîæåò âëèÿòü íà äëèòåëüíîñòü óñòîé÷èâîãî ãîðåíèÿ ÎÑÐ ëèøü çà ñ÷åò óâåëè÷åíèÿ ñêîðîñòè ïðîðàñ-
òàíèÿ èñêðîâîãî êàíàëà â ðàçðÿäíîì ïðîìåæóòêå. 

 
 

Â [1] áûëî ïðåäïîëîæåíî, ÷òî îäíèì èç îñíîâíûõ ôàêòîðîâ, îãðàíè÷èâàþùèõ äëèòåëüíîñòü óñ-
òîé÷èâîãî ãîðåíèÿ îáúåìíîãî íåñàìîñòîÿòåëüíîãî ðàçðÿäà â ðàáî÷èõ ñìåñÿõ ÑO2-ëàçåðà, ÿâëÿåòñÿ 
ðàçâèòèå íåóñòîé÷èâîñòè, îáóñëîâëåííîé ñòóïåí÷àòîé èîíèçàöèåé N2 ÷åðåç ìåòàñòàáèëüíûå ýëåêòðîí-
íûå ñîñòîÿíèÿ. Ñîãëàñíî ðàñ÷åòàì [2] ïðîöåññ ñòóïåí÷àòîé èîíèçàöèè äîëæåí òàêæå äàâàòü çàìåòíûé 
âêëàä â èîíèçàöèîííûé ïîòîê ïðè âîçáóæäåíèè N2 îáúåìíûì ñàìîñòîÿòåëüíûì ðàçðÿäîì (ÎÑÐ), ÷òî 
óêàçûâàåò íà âîçìîæíîñòü ðàçâèòèÿ íåóñòîé÷èâîñòè äàííîãî òèïà â N2 è â ñìåñÿõ ñ âûñîêèì åãî ñî-
äåðæàíèåì. 

Â íåcàìîñòîÿòåëüíîì ÑÂ× ðàçðÿäå âîçáóæäåííûõ ñîñòîÿíèé îáíàðóæåíî íå áûëî [3], õîòÿ ïîðîã 
÷óâñòâèòåëüíîñòè ìåòîäà 1014 ñì–3 (âíóòðèðåçîíàòîðíàÿ ëàçåðíàÿ ñïåêòðîñêîïèÿ) áûë ñóùåñòâåííî 
ìåíüøå îæèäàåìîé èç ðàñ÷åòîâ âåëè÷èíû çàñåëåííîñòè. 

Ðåãèñòðàöèÿ âîçáóæäåííûõ ñîñòîÿíèé 3 +

u 2A N∑  â ïëàçìå ÎÑÐ ïðîâîäèëàñü â [4] ìåòîäîì äèîä-

íîé ëàçåðíîé ñïåêòðîñêîïèè [5], íî èç-çà ìàëîãî äèàïàçîíà ñïåêòðàëüíîé ïåðåñòðîéêè äèîäíîãî ëàçå-
ðà â ýòèõ ýêñïåðèìåíòàõ êîíòðîëèðîâàëîñü ïîãëîùåíèå ëèøü íà îäíîì ýëåêòðîííî-êîëåáàòåëüíîì 

ïåðåõîäå 3 + 3
u gA B ,∑ − π  ÷òî íå ïîçâîëèëî îöåíèòü ïîëíóþ çàñåëåííîñòü ýëåêòðîííîãî óðîâíÿ. 

Â íàñòîÿùåé ðàáîòå èññëåäóåòñÿ äèíàìèêà çàñåëåíèÿ êîëåáàòåëüíûõ óðîâíåé v = 2÷8 ñîcòîÿíèÿ 
À3

Σ
+ è N2 â ïëàçìå ÎÑÐ ñ öåëüþ ïîëó÷åíèÿ êîëè÷åñòâåííûõ äàííûõ î ïîëíîé çàñåëåííîñòè ýòîãî 

ñîcòîÿíèÿ è óñòàíîâëåíèÿ âîçìîæíîñòè âëèÿíèÿ ñòóïåí÷àòîé èîíèçàöèè íà ðàçâèòèå íåóñòîé÷èâîñòè 
ÎÑÐ. 

Èññëåäîâàíèÿ ïðîâîäèëèñü ìåòîäîì âíóòðèðåçîíàòîðíîé ëàçåðíîé ñïåêòðîñêîïèè. Èñïîëüçîâàë-
ñÿ èìïóëüñíûé ëàçåð ñ ëàìïîâîé íàêà÷êîé íà ðàñòâîðå êðàñèòåëÿ ðîäàìèíà 6Æ â èçîïðîïàíîëå ñ 
äëèòåëüíîñòüþ èìïóëüñà ãåíåðàöèè ïî ïîëóâûñîòå τ = 80 íñ è îáëàñòüþ ïåðåñòðîéêè äëèíû âîëíû 
ãåíåðàöèè (5750÷6100)°À. Â ðåçîíàòîð ëàçåðà äëèíîé Lð = 130 ñì ïîìåùàëàñü ðàçðÿäíàÿ êàìåðà ñ 
àêòèâíûì îáúåìîì 4×5×50 ñì3 ïðè äàâëåíèè àçîòà ð = 0,3 àòì. Ñõåìà ðàçðÿäíîãî ìîäóëÿ àíàëîãè÷íà 
[6]. Ñïåêòðîãðàô íà îñíîâå àâòîêîëëèìàöèîííîé òðóáû ÓÔ–90 ñ äèôðàêöèîííîé ðåøåòêîé èìåë 
ðàçðåøåíèå 0,1 ñì–1. Äëÿ ïîëó÷åíèÿ âðåìåííîé çàâèñèìîñòè íàñåëåííîñòè êîëåáàòåëüíûõ óðîâíåé 

ñïåêòðû ïîãëîùåíèÿ I+ ñèñòåìû N2 (ïåðåõîä 3 + 3
u gA B ,Σ − π ) ðåãèñòðèðîâàëèñü íà ôîòîïëåíêå â ðàç-

ëè÷íûå ìîìåíòû âðåìåíè îòíîñèòåëüíî íà÷àëà òîêà ÎÑÐ. 
Îïðåäåëåíèå çàñåëåííîñòåé êîëåáàòåëüíûõ óðîâíåé (Nv) ÷åðåç èíòåãðàëüíûé êîýôôèöèåíò ïî-

ãëîùåíèÿ ýëåêòðîííî-êîëåáàòåëüíî-âðàùàòåëüíîé ëèíèè ( )к dω ω∫  ïðîèçâîäèëîñü ñòàíäàðòíûì ìåòî-

äîì [7], ïîñêîëüêó â óñëîâèÿõ äàííîãî ýêñïåðèìåíòà çà âðåìÿ, ñðàâíèìîå ñ âðåìåíåì ïîñòóïàòåëüíîé 
ðåëàêñàöèè, óñòàíàâëèâàåòñÿ ðàâíîâåñíàÿ ôóíêöèÿ ðàñïðåäåëåíèÿ ïî âðàùàòåëüíûì óðîâíÿì ñ òåì-
ïåðàòóðîé, ðàâíîé òåìïåðàòóðå íåéòðàëüíîãî ãàçà [8]. Íàñåëåííîñòü ýëåêòðîííîãî ñîñòîÿíèÿ B3

πg 
ïðèíèìàëàñü ðàâíîé íóëþ. 

Äëÿ îïðåäåëåíèÿ êîýôôèöèåíòà ïîãëîùåíèÿ K(ω) ïî ñïåêòðîãðàììàì îïðåäåëÿëîñü ïî÷åðíåíèå â 
ëèíèè ïîãëîùåíèÿ D1 è âíå åå D2. Ýòè äàííûå ââîäèëèñü â ÝÂÌ, ãäå ñ ó÷åòîì êðèâîé ïî÷åðíåíèÿ 
ôîòîïëåíêè â æåëòîé îáëàñòè ñïåêòðà âû÷èñëÿëèñü ýêñïîçèöèè H1 è Í2, ñîîòâåòñòâóþùèå ýòèì ïî-
÷åðíåíèÿì. Òàê êàê ñâåò çà âðåìÿ èìïóëüñà ãåíåðàöèè Ò ïðîõîäèò ìåæäó çåðêàëàìè ðåçîíàòîðà ïóòü 
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ω = ∫  ãäå I(t) — ôîðìà èìïóëüñà ãåíåðà-

öèè. Âíå ëèíèè ïîãëîùåíèÿ K(ω) = 0, ïîýòîìó èç ðåøåíèÿ óðàâíåíèÿ 
 

 (1) 
 

îòíîñèòåëüíî ê(ω) ìîæíî íàéòè êîýôôèöèåíò ïîãëîùåíèÿ, ñîîòâåòñòâóþùèé èçìåðåííîìó îòíîøåíèþ 
H1/H2. Äëÿ êîíêðåòíîé ôîðìû ãåíåðàöèè I(t) ðåøåíèÿ óðàâíåíèÿ (1) áûëè ïðîòàáóëèðîâàíû íà 
ÝÂÌ è â äàëüíåéøåì ê(ω) îïðåäåëÿëèñü ÷èñòî ãðàôè÷åñêè. Òåìïåðàòóðà íåéòðàëüíîãî ãàçà Tã, èñ-
ïîëüçóåìàÿ â äàëüíåéøèõ ðàñ÷åòàõ íàñåëåííîñòè íà êîëåáàòåëüíûõ óðîâíÿõ, îïðåäåëÿëàñü ïî âåëè÷èíàì 
ê(ω) â ëèíèÿõ íàèáîëåå èíòåíñèâíîé Q1–âåòâè äëÿ âðàùàòåëüíûõ óðîâíåé J = 1÷25 ïîëîñ (v′, v″) — 
(7,3) è (8,4). Åå âåëè÷èíà (300±20 K) íå èçìåíÿëàñü â èíòåðâàëå âðåìåíè 0—3 ìêñ îòíîñèòåëüíî íà-
÷àëà òîêà ÎÑÐ, ÷òî îáóñëîâëåíî ìåäëåííîé V—T–ðåëàêñàöèåé â N2 [9]. 
 

 
 

Ðèñ. 1. Îñöèëëîãðàììà èìïóëüñà òîêà ÎÑÐ (i); çàâèñèìîñòü êîíöåíòðàöèè ìåòàñòàáèëüíûõ ñîñòîÿ-
íèé N (v″ = 3) îò t 

 
Èç ðèñ. 1, íà êîòîðîì ïðåäñòàâëåíû îñöèëëîãðàììû òîêà ÎÑÐ (êðèâàÿ 1), à òàêæå âðåìåííàÿ 

çàâèñèìîñòü N(v″ = 3) (êðèâàÿ 2), âèäíî, ÷òî ìàêñèìóì N(v″ = 3) äîñòèãàåòñÿ ê îêîí÷àíèþ òîêà 
ÎÑÐ, ïîëíàÿ äëèòåëüíîñòü êîòîðîãî ñîñòàâëÿåò 0,8 ìêñ. Õàðàêòåðíîå âðåìÿ ðàñïàäà ìåòàñòàáèëüíîãî 
ñîñòîÿíèÿ N(v″ = 3) ñîñòàâëÿåò ∼ 0,5 ìêñ. Àíàëîãè÷íûé âèä èìåþò âðåìåííûå çàâèñèìîñòè N(v″) 

äðóãèõ êîëåáàòåëüíûõ óðîâíåé ñîñòîÿíèÿ 3 +

uA .Σ  

Íà ðèñ. 2 ïðèâåäåíî ðàñïðåäåëåíèå íàñåëåííîñòè ñîñòîÿíèÿ 3 +

uA Σ  ïî êîëåáàòåëüíûì óðîâíÿì â 

ìîìåíòû âðåìåíè t1 = 0,7 ìêñ (1) è t2 = 1,6 ìêñ (2) îòíîñèòåëüíî íà÷àëà òîêà ÎÑÐ. Áëèçêèé õàðàê-
òåð ðàñïðåäåëåíèÿ N(v″) áûë ïîëó÷åí â [10] äëÿ íåïðåðûâíîãî ðàçðÿäà â àçîòå. 

Ìàêñèìàëüíàÿ ñóììàðíàÿ íàñåëåííîñòü íà ñåìè êîëåáàòåëüíûõ óðîâíÿõ 
8

2
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v
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′′∑  ñîñòàâëÿåò 

6,4 ⋅ 1014 ñì–3, ÷òî ñóùåñòâåííî ïðåâûøàåò ìàêñèìàëüíóþ êîíöåíòðàöèþ ýëåêòðîíîâ nå = 4 ⋅ 1012 ñì–3. 
Ðåçóëüòàòû ÷èñëåííîãî ðàñ÷åòà ïî ìîäåëè, ïðåäëîæåííîé â [2] (áåç ó÷åòà êèíåòèêè êîëåáàòåëüíûõ 

óðîâíåé ñîñòîÿíèÿ 3 +

u
A Σ ), äàþò äëÿ ìàêñèìàëüíûõ íàñåëåííîñòåé ýëåêòðîííûõ ñîñòîÿíèé 3 +

uA Σ è B3
πg 

çíà÷åíèÿ 1015 ñì–3 è 1014 ñì–3 ñîîòâåòñòâåííî. Áîëüøàÿ ðàçíèöà ýòèõ âåëè÷èí óêàçûâàåò íà ñïðàâåä-
ëèâîñòü ïðåäïîëîæåíèÿ î íóëåâîé íàñåëåííîñòè ñîñòîÿíèÿ B3

πg ïðè îïðåäåëåíèè Nv. Áëèçêîå ñîâïà-

äåíèå ðàñ÷åòíîé âåëè÷èíû íàñåëåííîñòè ñîñòîÿíèÿ 3 +

uA Σ  ñ ýêñïåðèìåíòàëüíî ïîëó÷åííûì çíà÷åíèåì 

äëÿ 
8

2

( )
v

v

N v

′′=

′′=

′′∑  ñâèäåòåëüñòâóåò î òîì, ÷òî â ïëàçìå ÎÑÐ íàèáîëåå ñèëüíî íàñåëåíû êîëåáàòåëüíûå 

óðîâíè ñ v ≤ 10. Ðàñ÷åòû òàêæå ïîêàçûâàþò, ÷òî â ðàññìàòðèâàåìîì ñëó÷àå âêëàä ñòóïåí÷àòîé èîíèçà-
öèè â èîíèçàöèîííûé ïîòîê (â ñòîëáå ÎÑÐ) ïðåíåáðåæèìî ìàë ïî ñðàâíåíèþ ñ âêëàäîì ïðÿìîé èîíèçà-
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öèè N2. Ïîýòîìó äàííûé ïðîöåññ ìîæåò âëèÿòü íà óñòîé÷èâîñòü ÎÑÐ ëèøü çà ñ÷åò óâåëè÷åíèÿ ñêîðîñòè 
ïðîðàñòàíèÿ êàíàëà [12], â ãîëîâêå êîòîðîãî êîíöåíòðàöèÿ ýëåêòðîíîâ ñóùåñòâåííî áîëüøå, ÷åì â ñòîëáå 
ÎÑÐ [11]. Èìåííî íà òàêîé ìåõàíèçì êîíòðàãèðîâàíèÿ ÎÑÐ Â N2 óêàçûâàþò ðåçóëüòàòû [13]. 
 

 
 

Ðèñ 2. Ðàñïðåäåëåíèå íàñåëåííîñòè ñîñòîÿíèÿ 3 +

u 2
A Σ N  ïî êîëåáàòåëüíûì óðîâíÿì: 1—t1 = 0,7 ìêñ; 

2—t2 = l,6 ìêñ 
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Σ  vibrational state excitation dynamics (v = 2—8) at a gas pressure of 9,3 atm was studied using intra-

cavity laser spectroscopy in order to explore the effect of N2 step ionization on the self-sustained volume discharge 
instability. The maximum total population of seven N2 vibrational levels (v = 2—8) = 6,4 ⋅ 1014 cm–3 was found to 
dramatically exceed the electron density ne = 4 ⋅ 1012 cm–3. For our experimental conditions, the contribution from the 
step ionization to the ionization flux in the discharge plasma is negligible and can affect the stable discharge time only 
through an increased rate of development of the spark channel in the discharge gap. 


