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Ââåäåíèå
Áàðüåðíûé ðàçðÿä ëþáûõ êîíôèãóðàöèé – óíèêàëü-

íûé ïëàçìîõèìè÷åñêèé ðåàêòîð, ïîçâîëÿþùèé ñðàâíè-
òåëüíî ïðîñòî ðåàëèçîâàòü â ïðîìûøëåííûõ ìàñøòà-
áàõ íåðàâíîâåñíûé õèìè÷åñêèé ñèíòåç, â òîì ÷èñëå è
ñèíòåç îçîíà [1]. Äîñòàòî÷íî èíòåíñèâíî èçó÷àëè äè-
íàìèêó ïðîöåññîâ â áàðüåðíîì ðàçðÿäå îáúåìíîé è
êîìïëàíàðíîé ãåîìåòðèé [2–4]. Òàê íàçûâàåìûé
ñêîëüçÿùèé áàðüåðíûé ðàçðÿä áûë ìàëî èçó÷åí. Èñ-
ñëåäîâàíèÿ áûñòðûõ ïðîöåññîâ íàä ïîâåðõíîñòüþ äè-
ýëåêòðèêà [5–7] îñòàâèëè ðÿä âîïðîñîâ. Íàñòîÿùàÿ
ðàáîòà ïîñâÿùåíà ïîëó÷åíèþ ïîñëåäîâàòåëüíûõ è
ìàêñèìàëüíî ïîäðîáíûõ äàííûõ î äèíàìèêå ïðîöåñ-
ñîâ â áàðüåðíîì ðàçðÿäå ïîâåðõíîñòíîé ãåîìåòðèè, â
òîì ÷èñëå î êèíåòèêå ñèíòåçà îçîíà.

Ïîñòàíîâêà çàäà÷è
Áàðüåðíûé ðàçðÿä âîçíèêàåò íà ïîâåðõíîñòè äè-

ýëåêòðèêà ðàçðÿäíîé ÿ÷åéêè, êîãäà ê âûñîêîâîëüòíûì
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C ïîìîùüþ ÷èñëåííîãî ìîäåëèðîâàíèÿ èññëåäîâàíû ïðîöåññû, ïðîèñõîäÿùèå â ñêîëüçÿ-
ùåì áàðüåðíîì ðàçðÿäå â êèñëîðîäå àòìîñôåðíîãî äàâëåíèÿ. Ïðè ìîäåëèðîâàíèè ïðåäïîëà-
ãàëîñü ñóùåñòâîâàíèå ëîêàëüíîãî ðàâíîâåñèÿ, è ðàñ÷åò äèíàìèêè çàðÿæåííûõ ÷àñòèö â ãà-
çîâîì ïðîìåæóòêå ïðîâîäèëè ñ ïîìîùüþ óðàâíåíèé íåðàçðûâíîñòè. Êîíôèãóðàöèþ ýëåêò-
ðè÷åñêîãî ïîëÿ â ðàçðÿäíîé çîíå îïðåäåëÿëè èíòåãðèðîâàíèåì óðàâíåíèÿ Ïóàññîíà.
Îáíàðóæåíî, ÷òî ïðîáîé ãàçîâîé ïîëîñòè îïðåäåëÿåòñÿ ôîòîïðîöåññàìè íà ïîâåðõíîñòè êà-
òîäà. Ïîÿâëåíèå è ðàçâèòèå êàíàëà ìèêðîðàçðÿäà ïîääåðæèâàëîñü êàòîäíûì ñëîåì, êîòî-
ðûé ôîðìèðîâàëñÿ ó ïðîâîäÿùåãî êàòîäà. Ïàðàìåòðû êàòîäíîãî ñëîÿ, ïîëó÷åííîãî â êèñëî-
ðîäå íîðìàëüíîãî äàâëåíèÿ, ïðàêòè÷åñêè íå îòëè÷àëèñü îò ðàñïðåäåëåíèé â íîðìàëüíîì
êàòîäíîì ñëîå òëåþùåãî ðàçðÿäà.

ýëåêòðîäàì ïðèêëàäûâàåòñÿ âûñîêîå íàïðÿæåíèå
(ðèñ. 1). Âûñîêîâîëüòíûå ýëåêòðîäû ìîãóò èìåòü
ðàçíóþ ôîðìó, èõ ìîæåò áûòü ëþáîå êîëè÷åñòâî.
Ðàçðÿä â òàêîé ñèñòåìå ðàçâèâàåòñÿ íîðìàëüíî ê ïî-
âåðõíîñòè ýëåêòðîäîâ, âäîëü ïîâåðõíîñòè äèýëåêòðèêà
â âèäå òîíêèõ ðàçðÿäíûõ êàíàëîâ – ìèêðîðàçðÿäîâ
(ðèñ. 2). Äëèíà ýòèõ êàíàëîâ çàâèñèò îò ïðèëîæåííîãî
íàïðÿæåíèÿ, à òîëùèíà ïðàêòè÷åñêè ïîñòîÿííà è ñî-
ñòàâëÿåò ~100 ìê [2].

Ïîâåðõíîñòíûé ðàçðÿä èññëåäîâàëè ýêñïåðèìåí-
òàëüíî è òåîðåòè÷åñêè [5–7]. Â äàííîé ðàáîòå ïðåä-
ñòàâëåíû ðåçóëüòàòû ÷èñëåííîãî èññëåäîâàíèÿ ïî-
âåðõíîñòíîãî áàðüåðíîãî ðàçðÿäà â êèñëîðîäå ïðè àò-
ìîñôåðíîì äàâëåíèè. ×èñëåííîå ìîäåëèðîâàíèå ðàç-
ðÿäà ïðîâîäèëè â äâóìåðíîì ïðèáëèæåíèè â ïðåäïî-
ëîæåíèè ñóùåñòâîâàíèÿ ëîêàëüíîãî ðàâíîâåñèÿ. Ñèñ-
òåìà êîîðäèíàò ïðèâåäåíà íà ðèñ. 1.

Äèíàìèêà çàðÿæåííûõ è íåéòðàëüíûõ ÷àñòèö â ðàç-
ðÿäíîé çîíå îïèñûâàåòñÿ ñèñòåìîé óðàâíåíèé Áîëüö-
ìàíà. Â óñëîâèÿõ ñóùåñòâîâàíèÿ ëîêàëüíîãî ðàâíîâå-
ñèÿ óðàâíåíèÿ Áîëüöìàíà ïðåîáðàçóþòñÿ â ñèñòåìó
óðàâíåíèé íåðàçðûâíîñòè:
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ðàçðÿäíûé èìïóëüñ òîêà (ðèñ. 4). Íà ýòîì æå ãðàôè-
êå íàíåñåíû ýìèññèîííûå òîêè, âûçâàííûå ôîòî- è
èîííûìè ïðîöåññàìè íà ïîâåðõíîñòè êàòîäà. Êàê âèä-
íî, ïîÿâëåíèþ îñíîâíîãî ðàçðÿäíîãî òîêà ïðåäøåñòâó-
åò çíà÷èòåëüíûé ôîòîòîê. Ïåðåäíèé ôðîíò ðàçðÿäíî-
ãî òîêà ñîñòàâëÿåò âñåãî íåñêîëüêî íàíîñåêóíä, à åãî
ïîëíàÿ äëèòåëüíîñòü äîñòèãàåò 20–25 íñ.

Ôîòîïðîöåññû èãðàþò îïðåäåëÿþùóþ ðîëü â èíè-
öèèðîâàíèè ðàçðÿäíûõ ïðîöåññîâ. Èñêëþ÷åíèå ôîòî-
ïðîöåññîâ èç ìîäåëè ïðèâîäèò ê çíà÷èòåëüíîìó (íà
ïîðÿäîê è áîëåå) çàòÿãèâàíèþ ïåðåäíåãî ôðîíòà ðàç-

ðÿäíîãî òîêà, òàêîìó æå óâåëè÷åíèþ åãî îáùåé äëè-
òåëüíîñòè è ïàäåíèþ åãî àìïëèòóäû, ÷òî íå ñîîòâåò-
ñòâóåò ýêñïåðèìåíòàëüíûì äàííûì [5, 6]. Ïî ìåðå
íàðàñòàíèÿ ðàçðÿäíîãî òîêà ðîëü ôîòîïðîöåññîâ ïà-
äàåò, â òî æå âðåìÿ ïîÿâëÿåòñÿ çàìåòíûé ýìèññèîí-
íûé òîê, âûçâàííûé ñòîëêíîâåíèÿìè ïîëîæèòåëüíûõ
èîíîâ ñ ïîâåðõíîñòüþ êàòîäà.

Èçìåíåíèå çíà÷èìîñòè ýìèññèîííûõ ïðîöåññîâ,
êàê è íàðàñòàíèå ðàçðÿäíîãî òîêà, ñâÿçàíî ñ ïåðå-
ñòðîéêîé êîíôèãóðàöèè ýëåêòðè÷åñêîãî ïîëÿ âáëèçè
êàòîäà (ðèñ. 5). Ïðåæäå âñåãî íàïðÿæåííîñòü ïîëÿ

Ðèñ. 3. Íà÷àëüíîå ðàñïðåäåëåíèå íàïðÿæåííîñòè ýëåêòðè÷åñêîãî ïîëÿ: à – âäîëü ïîâåðõíîñòè äèýëåêòðèêà;
á – íîðìàëüíî ê ïîâåðõíîñòè äèýëåêòðèêà

Ðèñ. 4. Ïîëíûé òîê ðàçðÿäà (1), òîêè ýìèññèè, âûçâàííûå ôîòîýìèññè-
åé (2) è èîííûìè ïðîöåññàìè íà ïîâåðõíîñòè êàòîäà (3)
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Ðèñ. 6. Óøèðåíèå êàòîäíîãî ïÿòíà íà ïîâåðõíîñòè êàòîäà (t, íñ): 1 – 1; 2 – 15,2; 3 – 15,5; 4 – 16; 5 –  17; 6 – 18,8

Ðèñ. 5. Ôîðìèðîâàíèå êàòîäíîãî ñëîÿ (t, íñ): a –  15 ; á – 17

âáëèçè êàòîäà óâåëè÷èâàåòñÿ ïðèìåðíî íà 30%, äî-
ñòèãàÿ âåëè÷èíû ïîðÿäêà 1500 Td, ÷òî âèäíî èç
ñðàâíåíèÿ ðèñ. 3 è 5. Êðîìå òîãî, ïðîäîëüíàÿ ñî-
ñòàâëÿþùàÿ íàïðÿæåííîñòè ýëåêòðè÷åñêîãî ïîëÿ
“ïðèæèìàåòñÿ” ê êàòîäó. Îäíîâðåìåííî ñ ýòèì ïðî-
öåññîì íàáëþäàåòñÿ óøèðåíèå îáëàñòè ñ âûñîêîé
íàïðÿæåííîñòüþ ïîëÿ âäîëü ïîâåðõíîñòè êàòîäà –
îò ïîâåðõíîñòè äèýëåêòðèêà ê âåðõíåìó êðàþ êàòî-
äà (ðèñ. 6). Ïàðàìåòðû êàòîäíîãî ñëîÿ ïîâåðõíîñò-

íîãî áàðüåðíîãî ðàçðÿäà ïðàêòè÷åñêè íå îòëè÷àþòñÿ
îò ïàðàìåòðîâ íîðìàëüíîãî êàòîäíîãî ñëîÿ òëåþùåãî
ðàçðÿäà, ò.å. çà íåñêîëüêî íàíîñåêóíä ó êàòîäà ôîðìè-
ðóåòñÿ íîðìàëüíûé êàòîäíûé ñëîé. Èçìåíåíèå åãî
ïîïåðå÷íûõ ðàçìåðîâ âäîëü ïîâåðõíîñòè êàòîäà –
ïðîöåññ, èçâåñòíûé êàê óøèðåíèå êàòîäíîãî ïÿòíà.

Óøèðåíèå ïðîèñõîäèò îäíîâðåìåííî ñ ðàçâèòèåì ïå-
ðåäíåãî ôðîíòà ðàçðÿäíîãî òîêà. Âáëèçè ìàêñèìóìà
òîêà íàáëþäàåòñÿ ñòàáèëèçàöèÿ ïîïåðå÷íîãî ðàçìåðà
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êàòîäíîãî ïÿòíà, ðàçìåð êîòîðîãî äîñòèãàåò ïðèìåð-
íî 40–60 ìê (ðèñ. 6). Ïðîäîëüíàÿ òîëùèíà êàòîäíî-
ãî ñëîÿ ñîñòàâëÿåò ïðèìåðíî 20–30 ìê. Ïëîòíîñòü
òîêà íà âíåøíåé ãðàíèöå êàòîäíîãî ñëîÿ äîñòèãàåò
250 À/ñì2. Âñå ïåðå÷èñëåííûå ïàðàìåòðû ïðàêòè÷åñêè
ñîâïàäàþò ñ ïàðàìåòðàìè íîðìàëüíîãî êàòîäíîãî ñëîÿ
â êèñëîðîäå ïðè àòìîñôåðíîì äàâëåíèè.

Âûâîäû
Â ðåçóëüòàòå ÷èñëåííîãî ìîäåëèðîâàíèÿ ïðîöåññîâ

â áàðüåðíîì ðàçðÿäå ïîâåðõíîñòíîé ãåîìåòðèè áûëî
óñòàíîâëåíî:

1) ïðîáîé ãàçîâîãî ïðîìåæóòêà íà÷èíàåòñÿ ñ ðåç-
êîãî óñèëåíèÿ ôîòîïðîöåññîâ íà ïîâåðõíîñòè êàòîäà;

2) óâåëè÷åíèå âòîðè÷íîé ýìèññèè ñ ïîâåðõíîñòè
ýëåêòðîäà ïðèâîäèò ê ôîðìèðîâàíèþ êàòîäíîãî ñëîÿ;
êàòîäíîå ïÿòíî íà ïîâåðõíîñòè ïðîâîäÿùåãî ýëåêòðî-
äà óâåëè÷èâàåò ñâîþ ïëîùàäü äî òåõ ïîð, ïîêà îñåâ-
øèé íà äèýëåêòðè÷åñêóþ ïîâåðõíîñòü çàðÿä íå îñòà-
íàâëèâàåò ýòîò ïðîöåññ;

3) â ðàçâèòîì êàòîäíîì ñëîå ðîëü ôîòîïðîöåññîâ
â äàëüíåéøåé äèíàìèêå ðàçðÿäà óìåíüøàåòñÿ è çà-
ìåùàåòñÿ âòîðè÷íîé ýìèññèåé ýëåêòðîíîâ, âûçâàííîé
óäàðàìè ïîëîæèòåëüíûõ èîíîâ î ïîâåðõíîñòü êàòîäà.
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SPARK-OVER OF GAS GAP ON THE SURFACE BARRIER
DISCHARGE
I.S. Tkachenko, V.I. Gibalov, V.V. Lunin

(Division of Physical Chemistry)

The development of a discharge channel in barrier discharge with surface arrangements is
investigated numerically. It is found that initial phase of discharge development is mainly
determined by photoemission. The cathode layer, which appears at the negative electrode,
becomes the source of secondary electrons caused by ion collisions with cathode surface.
Parameters of the cathode layer are near to those of a normal glow discharge. The charge
transfer as well as energy release and ozone production happens mainly in the conductive
channel, which appears above the dielectric surface. It is found that specific energy consumption
on ozone production is near the experimental value and is determined by field strength in the
conductive channel, which is nearly constant and of about 70 to 100 Td.


