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Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

Ââåäåíèå

Ãàçîðàçðÿäíûå ýëåêòðîñòàòè÷åñêèå èñòî÷íèêè
èîíîâ íàøëè øèðîêîå ïðèìåíåíèå â êà÷åñòâå
ýëåêòðè÷åñêèõ ðàêåòíûõ äâèãàòåëåé [1], èñïîëü-
çóåìûõ íà ñîâðåìåííûõ êîñìè÷åñêèõ àïïàðàòàõ ñ
äëèòåëüíûì ñðîêîì àêòèâíîãî ñóùåñòâîâàíèÿ [2,
3]. Ïðè ðàçðàáîòêå òàêèõ óñòðîéñòâ âñåãäà âîçíè-
êàåò íåîáõîäèìîñòü ýêñïåðèìåíòàëüíîãî ïîäòâåð-
æäåíèÿ èõ ðåñóðñà, êîòîðûé, êàê ïðàâèëî, îãðà-
íè÷èâàåòñÿ âðåìåíåì ñêâîçíîãî ðàñïûëåíèÿ óñêî-
ðÿþùåãî ýëåêòðîäà èîííî-îïòè÷åñêîé ñèñòåìû
èîíàìè ïåðåçàðÿäêè [4]. Íàèáîëåå äîñòîâåðíûì
ìåòîäîì èçìåðåíèÿ ðåñóðñà ÝÐÄ ÿâëÿþòñÿ ïðÿ-
ìûå ðåñóðñíûå èñïûòàíèÿ [5, 6], òðåáóþùèå áîëü-
øèõ âðåìåííûõ è ìàòåðèàëüíûõ çàòðàò. Ïîýòîìó
áîëüøîé èíòåðåñ âûçûâàþò ìåòîäèêè, ïîçâîëÿþ-
ùèå ïðåäñêàçàòü ðåñóðñ óñòðîéñòâà íà îñíîâå îò-
íîñèòåëüíî êîðîòêèõ èñïûòàíèé ñ ïîñëåäóþùåé
ýêñòðàïîëÿöèåé ðåçóëüòàòîâ íà âåñü ñðîê ñëóæáû.
Ïîäîáíûå ìåòîäèêè òðåáóþò òåîðåòè÷åñêîé è
ýêñïåðèìåíòàëüíîé îöåíêè ïðîôèëåé ðàñïðåäå-
ëåíèÿ ïëîòíîñòè èîííîãî òîêà â ïó÷êå [7, 8], à
òàêæå ñêîðîñòåé ýðîçèè ýëåìåíòîâ êîíñòðóêöèè,
íàõîäÿùèõñÿ ïîä âîçäåéñòâèåì èîííîé áîìáàðäè-
ðîâêè.
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Îïèñàí ñïîñîá îïðåäåëåíèÿ ïðîôèëÿ ýðîçèè ïîâåðõíîñòè ýëåìåíòîâ ýëåêòðîðàêåòíûõ äâèãàòåëåé (ÝÐÄ) è äðó-
ãèõ ãàçîðàçðÿäíûõ ïðèáîðîâ ïîä äåéñòâèåì ðàñïûëåíèÿ íåîäíîðîäíûìè èîííûìè ïîòîêàìè ñ ïîìîùüþ ìíîãî-
ñëîéíûõ ïîêðûòèé èç êîíòðàñòíûõ ìàòåðèàëîâ. Ïîêàçàíî, ÷òî ïðè âûáîðå ñòðóêòóðû ìíîãîñëîéíûõ ïîêðûòèé
êëþ÷åâûì ïàðàìåòðîì ïðè âû÷èñëåíèè òîëùèí îòäåëüíûõ ñëîåâ ÿâëÿåòñÿ óãîë âûðàáîòêè ïîâåðõíîñòè. Ïðèâå-
äåíî òåîðåòè÷åñêîå äîêàçàòåëüñòâî ïðèìåíèìîñòè âûðàæåíèÿ äëÿ óãëà âûðàáîòêè ïîâåðõíîñòè, ïîëó÷åííîãî äëÿ
ìàññèâíîãî ìàòåðèàëà, äëÿ ëþáîãî ñëîÿ ìíîãîñëîéíîãî ïîêðûòèÿ ïðîèçâîëüíîé ñòðóêòóðû. Ïðåäñòàâëåííûå ðå-
çóëüòàòû ìîãóò áûòü ïîëåçíû ïðè âûáîðå îïòèìàëüíûõ òîëùèí ñëîåâ ìíîãîñëîéíûõ ïîêðûòèé äëÿ óñêîðåííîãî
îïðåäåëåíèÿ ïðîôèëÿ ýðîçèè ïîâåðõíîñòåé èîííî-îïòè÷åñêîé ñèñòåìû ÝÐÄ.

Êëþ÷åâûå ñëîâà: ïðîôèëü ýðîçèè, èîííàÿ áîìáàðäèðîâêà, ìíîãîñëîéíûå ïîêðûòèÿ, èîííî-îïòè÷åñêàÿ ñèñ-
òåìà, èîííûå äâèãàòåëè, óñêîðåííûå èñïûòàíèÿ.

Ñêîðîñòü ýðîçèè ïîâåðõíîñòè ïîä äåéñòâèåì
èîííîé áîìáàðäèðîâêè ìîæåò áûòü èçìåðåíà íà-
ïðÿìóþ ïî ãëóáèíå âûðàáîòêè ïîâåðõíîñòè ýëåê-
òðîäà çà îïðåäåëåííûé ïðîìåæóòîê âðåìåíè. Äëÿ
èçìåðåíèÿ ãëóáèíû âûðàáîòêè ìîãóò èñïîëüçî-
âàòüñÿ êîíòàêòíûå è îïòè÷åñêèå ïðîôèëîìåòðû
[9, 10]. Òàêèå èçìåðåíèÿ äàþò íàèáîëåå äîñòîâåð-
íûå ðåçóëüòàòû, îäíàêî äëÿ èõ ïðîâåäåíèÿ òðåáó-
åòñÿ íåïðåðûâíàÿ ðàáîòà äâèãàòåëÿ äëèòåëüíîñòüþ
íå ìåíåå íåñêîëüêèõ ñîòåí ÷àñîâ.

Ñóùåñòâóåò ðÿä ñïîñîáîâ îöåíêè ñêîðîñòè
èçíîñà ýëåêòðîäîâ ÝÐÄ, îñíîâàííûõ íà îïðåäå-
ëåíèè êîíöåíòðàöèè ïðîäóêòîâ ýðîçèè (÷àñòèö
ìàòåðèàëà ýëåêòðîäîâ) â èîííîì ïó÷êå ñïåêòðàëü-
íûìè ìåòîäàìè [11, 12]. Îäíàêî äëÿ èõ ðåàëèçà-
öèè íåîáõîäèìî ñëîæíîå îïòè÷åñêîå îáîðóäîâà-
íèå. Íàèáîëåå ïðîñòûìè ñ òî÷êè çðåíèÿ ìàòåðè-
àëüíûõ çàòðàò ÿâëÿþòñÿ ðàñ÷åòíûå ìåòîäû [13, 14,
15] îöåíêè èîííûõ ïîòîêîâ. Íî òàêèå ìåòîäû
ïîêà íåñîâåðøåííû è òðåáóþò ýêñïåðèìåíòàëü-
íîé ïðîâåðêè. Ïðè ýòîì âàæíî îòìåòèòü, ÷òî ýê-
ñïåðèìåíòàëüíàÿ îòðàáîòêà ðàñ÷åòíûõ ìåòîäèê
îöåíêè ñêîðîñòåé ýðîçèè äîëæíà ïðîâîäèòüñÿ â
êîðîòêèõ, íàèìåíåå çàòðàòíûõ ýêñïåðèìåíòàõ.
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Ïðèìåíåíèå ìíîãîñëîéíûõ ïîêðûòèé
äëÿ èçìåðåíèÿ ñêîðîñòè ýðîçèè

Â ðàáîòå [16] áûë âïåðâûå ïðåäëîæåí ñïîñîá
äèàãíîñòèêè ñêîðîñòè ýðîçèè ïîâåðõíîñòè ñ ïî-
ìîùüþ ìíîãîñëîéíûõ ïîêðûòèé, ïîçâîëÿþùèé
îöåíèòü ñêîðîñòü ýðîçèè ïîâåðõíîñòè ýëåêòðîäà
ïî ðåçóëüòàòàì ýêñïåðèìåíòà äëèòåëüíîñòüþ íå
áîëåå íåñêîëüêèõ äåñÿòêîâ ÷àñîâ. Ê èññëåäóåìîé
ïîâåðõíîñòè ïðèâàðèâàëèñü íåáîëüøèå îáðàçöû-
ñâèäåòåëè ñ íàíåñåííûì ìíîãîñëîéíûì ïîêðûòè-
åì, ñîñòîÿùèì èç ÷åðåäóþùèõñÿ ñëîåâ êîíòðàñò-
íûõ ìàòåðèàëîâ. Ñêîðîñòü ýðîçèè îïðåäåëÿëàñü ïî
êîëè÷åñòâó ðàñïûëåííûõ ñëîåâ çà âðåìÿ ýêñïåðè-
ìåíòà. Íåäîñòàòêîì îïèñàííîãî ñïîñîáà ÿâëÿåò-
ñÿ ñëîæíîñòü óñòàíîâêè è äåìîíòàæà îáðàçöîâ
ñâèäåòåëåé, à òàêæå íåâîçìîæíîñòü ïîñòðîåíèÿ
êàðòû ðàñïðåäåëåíèÿ ïðîôèëÿ ýðîçèè ýëåêòðîäà
ïî ïîâåðõíîñòè.

Â ðàáîòàõ [17—20] ìíîãîñëîéíûå ïîêðûòèÿ
íàíîñèëèñü ïðÿìî íà ïîâåðõíîñòü èññëåäóåìîãî
ýëåêòðîäà. Ïðè ðàñïûëåíèè îáðàçöà ñ ìíîãîñëîé-
íûì ïîêðûòèåì íåîäíîðîäíûì èîííûì ïó÷êîì
ñêîðîñòè ýðîçèè ðàçëè÷íûõ òî÷åê ïîâåðõíîñòè
áóäóò ðàçëè÷àòüñÿ. Ïðè äîñòàòî÷íîì âðåìåíè âîç-
äåéñòâèÿ â ðàçíûõ òî÷êàõ ïîâåðõíîñòè áóäåò ðàñ-
ïûëåíî ðàçëè÷íîå êîëè÷åñòâî ñëîåâ ïîêðûòèÿ. Â
ðåçóëüòàòå áóäåò ñôîðìèðîâàíà êîíòðàñòíàÿ êàð-
òèíà ðàñïûëåíèÿ, ñîñòîÿùàÿ èç ÷åðåäóþùèõñÿ
ïîëîñ èç ðàçíûõ ìàòåðèàëîâ. Ïðè ýòîì ãðàíèöû
ìåæäó ñîñåäíèìè ïîëîñàìè áóäóò ëèíèÿìè ðàâíîé
ãëóáèíû âûðàáîòêè. Ñêîðîñòü ýðîçèè è ïðîôèëü
âûðàáîòêè îïðåäåëÿþòñÿ ïðè àíàëèçå èçîáðàæå-
íèé ðàñïûëåííîé ïîâåðõíîñòè ïîêðûòèÿ (ðèñ. 1),
ïîñëå âîçäåéñòâèÿ èîííîãî ïó÷êà â òå÷åíèå îïðå-
äåëåííîãî âðåìåíè.

Ãëóáèíà âûðàáîòêè ïðè ðàñïûëåíèè ïîâåðõíî-
ñòè èîííûì ïó÷êîì îïðåäåëÿåòñÿ âûðàæåíèåì:
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ãäå Ma – àòîìíàÿ ìàññà ìàòåðèàëà;   – ïëîòíîñòü

ìàòåðèàëà; Sýô – óñðåäíåííûé ïî ôóíêöèè ðàñ-
ïðåäåëåíèÿ èîíîâ ïî ýíåðãèÿì êîýôôèöèåíò ðàñ-
ïûëåíèÿ; j – ïëîòíîñòü èîííîãî òîêà; t – âðåìÿ
âîçäåéñòâèÿ èîííîãî ïîòîêà.

Ïðè íåîäíîðîäíîì ðàñïðåäåëåíèè ïëîòíîñòè
èîííîãî òîêà ïîâåðõíîñòü ðàñïûëÿåòñÿ ñ óêëîíîì
â ñòîðîíó óâåëè÷åíèÿ ïëîòíîñòè èîííîãî òîêà.
Óãîë íàêëîíà   îïðåäåëÿåòñÿ âûðàæåíèåì:
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ãäå dj/dx – ãðàäèåíò ïëîòíîñòè èîííîãî òîêà â
èññëåäóåìîì íàïðàâëåíèè x.

Âèäèìàÿ øèðèíà ïîëîñû íà êîíòðàñòíîé êàð-
òèíå ðàñïûëåíèÿ çàâèñèò îò òîëùèíû ïîêðûòèÿ
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ãäå i  – òîëùèíà ñëîÿ äëÿ äàííîé ïîëîñû.

Ïðè ýòîì, êàê ïðåäïîëàãàåòñÿ â ðàáîòå [18],
åñëè òîëùèíû ñëîåâ èç îäèíàêîâûõ ìàòåðèàëîâ
áóäóò ðàâíû, òî ïðè îäèíàêîâîì ãðàäèåíòå ïëîò-
íîñòè èîííîãî òîêà óãîë   è, ñëåäîâàòåëüíî, øè-
ðèíà ïîëîñ áóäåò îäèíàêîâà. Äëÿ ñëîåâ èç ðàçíûõ
ìàòåðèàëîâ ïðè èõ îäèíàêîâîé òîëùèíå, øèðèíà
ïîëîñ áóäåò ðàçëè÷íîé.

Íà îñíîâàíèè âûðàæåíèé (1) è (2) â ðàáîòå
[18] äàþòñÿ ðåêîìåíäàöèè ïî âûáîðó ñîîòíîøå-
íèÿ òîëùèí îòäåëüíûõ ñëîåâ ïîêðûòèÿ. Íàïðè-
ìåð, äëÿ òîãî ÷òîáû ïðè ïîñòîÿííîì ãðàäèåíòå
ïëîòíîñòè èîííîãî òîêà íà êàðòèíå ðàñïûëåíèÿ
ìíîãîñëîéíîãî ïîêðûòèÿ ïîëó÷èòü ïîëîñû îäè-
íàêîâîé øèðèíû äëÿ âñåõ êîíòðàñòíûõ ìàòåðèà-
ëîâ, íåîáõîäèìî íàíîñèòü ñëîè ñ òîëùèíîé
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ãäå A – êîíñòàíòà.Ðèñ. 1. Ïîâåðõíîñòü óñêîðÿþùåãî ýëåêòðîäà ýëåêòðîñòà-
òè÷åñêîãî èîííîãî äâèãàòåëÿ ñ ìíîãîñëîéíûì ïîêðû-
òèåì ïîñëå 14 ÷àñîâ ðàáîòû
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Ïðè âûáîðå ñòðóêòóðû ìíîãîñëîéíûõ ïîêðû-
òèé äëÿ èçìåðåíèÿ ïðîôèëÿ âûðàáîòêè ïîâåðõíî-
ñòè âû÷èñëåíèå òîëùèí îòäåëüíûõ ñëîåâ ïðîèç-
âîäèòñÿ ïî ôîðìóëå (3) òàê, ÷òîáû øèðèíà âèäè-
ìûõ ïîëîñ íà èçîáðàæåíèè çíà÷èòåëüíî ïðåâûøà-
ëà ðàçðåøàþùóþ ñïîñîáíîñòü ñèñòåìû ôîòîðåãè-
ñòðàöèè ïðè ëþáûõ âîçìîæíûõ ïàðàìåòðàõ èîí-
íîãî ïó÷êà. Â ðàáîòå [18] âûðàæåíèÿ (2) è (3) äëÿ
óãëà íàêëîíà ïîâåðõíîñòè ïîëó÷åíû äëÿ ðàñïûëå-
íèÿ îäíîðîäíîãî ìàòåðèàëà èëè ðàñïûëåíèÿ ñà-
ìîãî âåðõíåãî ñëîÿ ïîêðûòèÿ, êîãäà ðàñïûëåíèå
â êàæäîé òî÷êå ïîâåðõíîñòè íà÷èíàåòñÿ îäíîâðå-
ìåííî. Ïðè ðàñïûëåíèè ìíîãîñëîéíîãî ïîêðûòèÿ
íåîäíîðîäíûì èîííûì ïó÷êîì ðàçíûå òî÷êè
ñëîÿ, íàõîäÿùåãîñÿ â ãëóáèíå, íà÷èíàþò ðàñïû-
ëÿòüñÿ â ðàçíîå âðåìÿ, ïîýòîìó âîçíèêàåò âîïðîñ
î êîððåêòíîñòè ïðèìåíåíèÿ â ýòîì ñëó÷àå âûðà-
æåíèÿ (2).

Óãîë âûðàáîòêè âíóòðåííèõ ñëîåâ ïîêðûòèÿ

Ðàññìîòðèì ìíîãîñëîéíîå ïîêðûòèå, ñîñòîÿ-
ùåå èç ïðîèçâîëüíîãî ÷èñëà ñëîåâ n ñ ïðîèçâîëü-

íîé òîëùèíîé i  èç ïðîèçâîëüíûõ ìàòåðèàëîâ

(ðèñ. 2). Äëÿ êàæäîãî i-ãî ñëîÿ ìîæåò áûòü îïðå-
äåëåíà âåëè÷èíà, ïðîïîðöèîíàëüíàÿ ñêîðîñòè
ðàñïûëåíèÿ:
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Ïóñòü ÷åðåç âðåìÿ t â òî÷êå ñ êîîðäèíàòîé x
áóäóò ðàñïûëåíû n-1 ñëîåâ è ÷àñòè÷íî, íà ãëóáè-

íó n , ðàñïûëåí ñëîé n. Òîãäà äëÿ êàæäîãî i-ãî

ñëîÿ â òî÷êå x ìîæíî çàïèñàòü:

1 2, ... ,i
i n

i

jt t t t t
K


                 (6)

ãäå ti – âðåìÿ ñêâîçíîãî òðàâëåíèÿ i-ãî ñëîÿ â
òî÷êå x;  t – ïîëíîå âðåìÿ òðàâëåíèÿ; j – ïëîòíîñòü
èîííîãî òîêà â òî÷êå x.

Â òî÷êå ñ êîîðäèíàòîé x+dx ïðè ïëîòíîñòè
òîêà j+dj âðåìÿ, çàòðà÷åííîå íà òðàâëåíèå i-ãî
ñëîÿ, ñîêðàòèòñÿ íà dti . Òîãäà, àíàëîãè÷íî (6), äëÿ
n-1 ñëîåâ çàïèøåì:

( )( ).i
i i

i

j dj t dt
K


                 (7)

Äëÿ ñëîÿ i = n âðåìÿ òðàâëåíèÿ óâåëè÷èòñÿ íà
dtn . Âðåìÿ òðàâëåíèÿ ïîñëåäíåãî ñëîÿ â òî÷êå x+dx
ñòàíåò áîëüøå íà âåëè÷èíó, ðàâíóþ ñóììå âðåìåí,
íà êîòîðûå ñîêðàòÿòñÿ âðåìåíà òðàâëåíèÿ êàæäîãî
ïðåäûäóùåãî ñëîÿ:

1 2 -1... .n ndt dt dt dt                  (8)

Äëÿ ñëîåâ i = 1…n – 1, ïðèðàâíèâàÿ ïðàâûå ÷à-
ñòè (6) è (7), ïîëó÷àåì:

( )( ).i i ijt j dj t dt                     (9)

Ïðåîáðàçóÿ (9) è ïðåíåáðåãàÿ ìàëûì ÷ëåíîì
djdti , ïîëó÷àåì âûðàæåíèå äëÿ ñîêðàùåíèÿ âðåìå-
íè ñêâîçíîãî òðàâëåíèÿ ñëîåâ i =1…(n – 1) â òî÷-
êå x+dx:

Ðèñ. 2. Ñõåìà ðàñïûëåíèÿ ìíîãîñëîéíîãî ïîêðûòèÿ íåîäíîðîäíûì èîííûì ïó÷êîì
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.i i
dj

dt t
j

                         (10)

Äëÿ ñëîÿ i = n â òî÷êå ñ êîîðäèíàòîé x+dx
ìîæíî çàïèñàòü

( )( ).n n n n
n n

n n n

d d
j dj t dt

K K K

     
         (11)

Ïðåîáðàçóåì (11) ñ ó÷åòîì âûðàæåíèÿ (6) äëÿ
ñëîÿ i = n :

( )( ).n
n n n

n

d
jt j dj t dt

K


                (12)

Ñîêðàùàÿ ëåâóþ è ïðàâóþ ÷àñòè (12) íà jtn è
ïðåíåáðåãàÿ ìàëûì ÷ëåíîì dj·dtn, ïîëó÷àåì:

.n
n n

n

d
jdt t dj

K


                  (13)

Ñ ó÷åòîì (8) è (10) âûðàæåíèå (13) ìîæíî
ïðåîáðàçîâàòü:

1 1

1 1

1

1

.

n n
n

i n i n
n

n

i n

d
j dt t dj dj t t dj

K

t t dj tdj

 




    

 
   
 

 


       

(14)

Ðàçäåëèâ ëåâóþ è ïðàâóþ ÷àñòü (14) íà dx è
ïåðåíîñÿ Kn â ïðàâóþ ÷àñòü, ïîëó÷àåì âûðàæåíèå,
ñîâïàäàþùåå ñ (2):

tg( ) .n
n

dS dj
K t

dx dx
                  (15)

Ñëåäîâàòåëüíî, ïîëó÷åííûå â [18] âûðàæåíèÿ
(2), (3), (4) â ÷àñòíîñòè è ïðåäëîæåííàÿ ìåòîäè-
êà — â öåëîì ñïðàâåäëèâû äëÿ ëþáîãî ñëîÿ èç ëþ-
áîãî ìàòåðèàëà, íàõîäÿùåãîñÿ â ãëóáèíå ìíîãî-
ñëîéíîãî ïîêðûòèÿ ïðîèçâîëüíîé ñòðóêòóðû.

Âûâîäû

Ïðèâåäåííûå ðåçóëüòàòû äîêàçûâàþò ïðèìå-
íèìîñòü îïèñàííîãî â ðàáîòå [18] ñïîñîáà äëÿ
ìíîãîñëîéíûõ ïîêðûòèé ïðîèçâîëüíîé ñòðóêòó-
ðû. Ïðè ýòîì ñëåäóåò ó÷èòûâàòü, ÷òî íà òî÷íîñòü
îïðåäåëåíèÿ óãëà âûðàáîòêè è ïðîôèëÿ ýðîçèè
âëèÿþò ïîãðåøíîñòè íàíåñåíèÿ èëè îïðåäåëåíèÿ
òîëùèíû îòäåëüíûõ ñëîåâ íà âñåé èññëåäóåìîé
ïîâåðõíîñòè, à òàêæå òî÷íîñòü îïðåäåëåíèÿ ýô-
ôåêòèâíîãî êîýôôèöèåíòà ðàñïûëåíèÿ ìàòåðèà-
ëîâ ñëîåâ. Ñëåäóåò îòìåòèòü, ÷òî óãëû âûðàáîòêè
ïîêðûòèÿ êðàéíå ìàëû è íå îêàçûâàþò çàìåòíî-
ãî âëèÿíèÿ íà êîýôôèöèåíò ðàñïûëåíèÿ â ïðî-
öåññå âûðàáîòêè.

Îáîñíîâàííàÿ â ðàáîòå ìåòîäèêà îïðåäåëåíèÿ
ïðîôèëÿ ýðîçèè ëåæèò â îñíîâå ïîëíîöåííîé
ìåòîäèêè óñêîðåííîãî ïðîãíîçèðîâàíèÿ ðåñóðñà
ýëåìåíòîâ ãàçîðàçðÿäíûõ èñòî÷íèêîâ èîíîâ.
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Abstract

Determining erosion rate of electric rocket engines
elements and other gas-discharge devices is the most
important stage of their design and testing. The
simplest method to determine the surface erosion rate
under the ion bombarding may be employing of
optically contrasted multilayer coatings pre-applied to
the surface under study. The pattern of alternating
optically contrasted bands occurs while sputtering
these coatings by the non-uniform ion beams. The
boundaries between these bands are the lines of equal
erosion depth.

The surface slope angle in the erosion zone while
a massive material sputtering by a non-uniform ion
beam is determined by the equation

tg( ) a effM S tdh dj
dx q dx

  


                  (1)
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where Ma is the atomic mass of the material,   is its

density, Seff is effective sputtering rate, j is the ion
current density, t is the ion beam exposure time, and
q is the ion charge.

While selecting a multilayer coating structure

computation of separate layers thickness i  is

performed on the assumption of the required band
width and the surface slope angle in the erosion zone

.
tg( )

i
i

i

b



                     (2)

The layers thickness herewith should be selected
so that the bands widths on the image repeatedly
exceeded the registration resolution of the equipment
employed for the sputtered patterns photo-registration.
Thus, to obtain accurate results using the represented



157Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.26. ¹1

Òåïëîâûå, ýëåêòðîðàêåòíûå äâèãàòåëè è ýíåðãîóñòàíîâêè Thermal engines, electric propulsion and power
ëåòàòåëüíûõ àïïàðàòîâ plants for flying vehicles

technique, the correct surface slopes angles i

determining is required.
At the same time, while sputtering multilayer

coatings, different points of the layer, lying in depth,
begin sputtering at different time moments, in contrast
the massive material. Thus, the necessity occurred to
confirm the correctness of application of the
expressions, obtained for the massive material, to the
layers thicknesses computing of the multilayer coating.

This article is dedicated to the analytical proof of
the expressions usage appropriateness to calculate the
erosion slope angle and the layers thickness in the
depth of the multilayer coating. It shows that these
expressions can be used for any layer of any material
located in the depth of the multilayer coating of
arbitrary structure.

Keywords: erosion profile, ion bombardment,
multilayer coatings, ion-optical system, ion thrusters,
accelerated test.
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