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Ââåäåíèå

Ïðè èíòåðïðåòàöèè ðåçóëüòàòîâ èçìåðåíèé
ïàðàìåòðîâ ñòðóé ñòàöèîíàðíûõ ïëàçìåííûõ äâè-
ãàòåëåé (ÑÏÄ) íåîáõîäèìî ïîíèìàòü ïðèðîäó âîç-
íèêíîâåíèÿ èîíîâ â ðàçëè÷íûõ ÷àñòÿõ ýíåðãåòè-
÷åñêîãî ñïåêòðà [1, 2]. Ýòî îñîáåííî âàæíî â òåõ
ñëó÷àÿõ, êîãäà ïàðàìåòðû ñòðóè, èçìåðåííûå â óñ-
ëîâèÿõ âàêóóìíîãî ñòåíäà, èñïîëüçóþòñÿ äëÿ àíà-
ëèçîâ âîçäåéñòâèÿ íà ÊÀ â íàòóðíûõ óñëîâèÿõ [3].
Ïîñêîëüêó ïîëíîñòüþ èñêëþ÷èòü âëèÿíèå îñòà-
òî÷íîãî ãàçà âàêóóìíîé êàìåðû íà ðåçóëüòàòû èç-
ìåðåíèé íå ïðåäñòàâëÿåòñÿ âîçìîæíûì, íóæíî
ðàçäåëÿòü ïåðâè÷íûå èîíû, îáðàçóþùèåñÿ â äâè-
ãàòåëå, è èîíû, âîçíèêàþùèå â ðåçóëüòàòå âçàè-
ìîäåéñòâèÿ ïåðâè÷íûõ èîíîâ ñ ÷àñòèöàìè îñòà-
òî÷íîãî ãàçà [4, 5].

Õîðîøî èçâåñòíî, ÷òî èîíû ñ ýíåðãèÿìè â
ðàéîíå eUd, ãäå Ud — íàïðÿæåíèå ðàçðÿäà, ïðåä-
ñòàâëÿþò ñîáîé áûñòðûå èîíû ñòðóè, îáðàçóþùè-
åñÿ â ðàçðÿäíîì êàíàëå äâèãàòåëÿ â çîíàõ èîíè-
çàöèè è óñêîðåíèÿ [6—9]. Èçâåñòíî òàêæå, ÷òî
èîíû ñ ýíåðãèÿìè îò 0 äî 30—40 ýÂ ÿâëÿþòñÿ
èîíàìè ïåðåçàðÿäêè, êîòîðûå îáðàçóþòñÿ êàê â
ðàçðÿäíîì êàíàëå äâèãàòåëÿ, òàê è â âàêóóìíîé
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Ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà óãëîâûõ è ýíåðãåòè÷åñêèõ ðàñïðåäåëåíèé èîíîâ ñðåäíèõ ýíåðãèé â ñòðóÿõ
ñòàöèîíàðíûõ ïëàçìåííûõ äâèãàòåëåé. Ïîêàçàíî, ÷òî ñîäåðæàíèå ýòèõ èîíîâ ñîñòàâëÿåò îêîëî 35% ïîëíîãî
èîííîãî òîêà ñòðóè, à èõ âêëàä â òÿãó — 25%. Óñòàíîâëåíî, ÷òî èîíû ñðåäíèõ ýíåðãèé îáðàçóþòñÿ â çîíå ðàçðÿ-
äà è â áëèæíåé çîíå ñòðóè. Âëèÿíèå ôîíîâîãî äàâëåíèÿ âàêóóìíîé êàìåðû íà ñîäåðæàíèå ýòèõ èîíîâ íåçíà÷è-
òåëüíî. Ïðèâåäåíà ìîäåëü ãåíåðàöèè èîíîâ ñðåäíèõ ýíåðãèé çà ñ÷åò óïðóãîãî ðàññåÿíèÿ. Ïîëó÷åíî õîðîøåå
ñîâïàäåíèå ñ ýêñïåðèìåíòîì êàê ïî óãëîâîìó ðàñïðåäåëåíèþ, òàê è ïî ýíåðãåòè÷åñêèì ñïåêòðàì èîíîâ ïðè
êîýôôèöèåíòå ðàññåÿíèÿ, ðàâíîì 0,4.

Êëþ÷åâûå ñëîâà: ñòàöèîíàðíûé ïëàçìåííûé äâèãàòåëü, ïàðàìåòðû ñòðóè, ýíåðãåòè÷åñêèé ñïåêòð, óãëîâîå
ðàñïðåäåëåíèå, èîíû ñðåäíèõ ýíåðãèé, ìîäåëü ðàññåÿíèÿ.

êàìåðå â ðåçóëüòàòå ïðîöåññîâ ðåçîíàíñíîé ïåðå-
çàðÿäêè. Îäíàêî â ñòðóÿõ ÑÏÄ ïðàêòè÷åñêè âñå-
ãäà ïðèñóòñòâóþò èîíû ïðîìåæóòî÷íûõ ýíåðãèé,
ïðèðîäà âîçíèêíîâåíèÿ êîòîðûõ ïîêà íå ñîâñåì
ïîíÿòíà. Íà òîðìîçíûõ õàðàêòåðèñòèêàõ ýòè èîíû
ïðîÿâëÿþòñÿ â âèäå ïîëîãîãî, ïî÷òè ïðÿìîëèíåé-
íîãî ñêëîíà, ïðîñòèðàþùåãîñÿ îò 30—40 ýÂ äî
eUd. Äîëÿ ýòèõ èîíîâ â ñòðóå (â îòëè÷èå îò óñêî-
ðåííûõ èîíîâ) óâåëè÷èâàåòñÿ ïî ìåðå óâåëè÷åíèÿ
óãëà âûëåòà. Èîíû ïðîìåæóòî÷íûõ ýíåðãèé îáíà-
ðóæèâàþòñÿ â ýíåðãåòè÷åñêèõ ñïåêòðàõ äàæå ïðè

óãëàõ âûëåòà áîëüøå 90° [10—12], õîòÿ ïèê óñêî-
ðåííûõ èîíîâ ïðàêòè÷åñêè ïîëíîñòüþ èñ÷åçàåò

ïîñëå 60—70°.
Ïðåîáëàäàíèå èîíîâ ïðîìåæóòî÷íûõ ýíåðãèé

â ïåðèôåðèéíîé çîíå ñòðóè äåëàåò èõ íàèáîëåå
çíà÷èìûìè ñ òî÷êè çðåíèÿ ïðîãíîçèðîâàíèÿ âîç-
äåéñòâèÿ ñòðóé ÑÏÄ íà ÊÀ. È ïîñêîëüêó ìåõà-
íèçì îáðàçîâàíèÿ ýòèõ èîíîâ íåÿñåí, ïðè èíòåð-
ïðåòàöèè ðåçóëüòàòîâ èçìåðåíèé ìîãóò âîçíèêàòü
çíà÷èòåëüíûå îøèáêè.

Â íàñòîÿùåå âðåìÿ ñóùåñòâóþò ðàçëè÷íûå
ãèïîòåçû, îáúÿñíÿþùèå ìåõàíèçìû îáðàçîâàíèÿ
ýòèõ èîíîâ [10, 13]. Â ÷àñòíîñòè, â ðàáîòå [13]
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âûäâèãàåòñÿ ïðåäïîëîæåíèå, ÷òî èîíû ïðîìåæó-
òî÷íûõ ýíåðãèé âîçíèêàþò â ðåçóëüòàòå óïðóãî-
ãî ðàññåÿíèÿ íà íåéòðàëüíûõ ÷àñòèöàõ ñòðóè è
âàêóóìíîé êàìåðû. Â ðàáîòå [10], íàïðîòèâ, ãè-
ïîòåçà óïðóãîãî ðàññåÿíèÿ íå ïîäòâåðæäàåòñÿ, à
ïðåäïîëàãàåòñÿ, ÷òî ðàäèàëüíûå ïîòîêè èîíîâ
ïðîìåæóòî÷íûõ ýíåðãèé ôîðìèðóþòñÿ â ðàçðÿäå,
÷àñòü çîíû óñêîðåíèÿ êîòîðîãî ðàñïîëàãàåòñÿ âíå
óñêîðèòåëüíîãî êàíàëà äâèãàòåëÿ.

Â äàííîé ñòàòüå ïðåäïðèíÿòà ïîïûòêà ïðîâå-
ðèòü ýòè ãèïîòåçû, ÷òîáû îòâåòèòü íà äâà âîïðî-

ñà: 1) âîçíèêàþò ëè ýòè èîíû â áëèæíåé çîíå
ñòðóè èëè îáðàçóþòñÿ ïðè ðàñïðîñòðàíåíèè â
âàêóóìíîé êàìåðå; 2) íàñêîëüêî ñèëüíî ïîäâåð-
æåíû ýòè èîíû âëèÿíèþ äàâëåíèÿ â âàêóóìíîé
êàìåðå ïðè ïðîâåäåíèè çîíäîâûõ èçìåðåíèé ïà-
ðàìåòðîâ ñòðóè.

Àíàëèç ýêñïåðèìåíòàëüíûõ äàííûõ

Äëÿ àíàëèçà âîñïîëüçóåìñÿ äàííûìè, ïîëó÷åí-
íûìè â ðàáîòå [13] ïðèìåíèòåëüíî ê âûñîêîèì-
ïóëüñíîìó äâèãàòåëþ BHT-1500 [14]. Íà ðèñ. 1

Ðèñ. 1. Òîðìîçíûå õàðàêòåðèñòèêè (à) è ýíåðãåòè÷åñêèå ñïåêòðû (á) èîíîâ ñòðóè BHT-1500 ïðè ðàçëè÷íûõ óã-
ëàõ âûëåòà èîíîâ (700 Â, 2.44 ìã/ñ, 2·10-5 ìì ðò.ñò.)

à)

á)
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ïðèâåäåíû íîðìèðîâàííûå òîðìîçíûå õàðàêòåðè-
ñòèêè ýëåêòðîñòàòè÷åñêèõ çîíäîâ-ýíåðãîàíàëèçà-
òîðîâ (äàëåå — çîíäîâ), ðàñïîëîæåííûõ íà ðàç-
ëè÷íûõ óãëàõ âûëåòà èîíîâ.

Âûäåëèì òðè êëàññà èîíîâ:
1) áûñòðûå èîíû ñòðóè ñ ýíåðãèÿìè îò 550 äî

800 ýÂ;
2) èîíû ïåðåçàðÿäêè ñ ýíåðãèÿìè 0…60 ýÂ;

3) èîíû ïðîìåæóòî÷íûõ ýíåðãèé ñ ýíåðãèÿìè
60…550 ýÂ.

Äëÿ êðàòêîñòè áóäåì íàçûâàòü ýòè èîíû α -,

β - è γ -èîíàìè ñîîòâåòñòâåííî. Óãëîâûå ðàñïðå-

äåëåíèÿ ïëîòíîñòè òîêà è ñîäåðæàíèÿ ýòèõ èîíîâ
â ñòðóå ïðèâåäåíû íà ðèñ. 2.

Èç ðèñ. 2 ñëåäóåò, ÷òî γ -èîíû íà÷èíàþò ïðå-

îáëàäàòü íàä α -èîíàìè ïðè óãëàõ âûëåòà ϕ > 30°

Ðèñ. 2. Çàâèñèìîñòü ïëîòíîñòè òîêà (à) è ýíåðãåòè÷åñêîãî ñîñòàâà ñòðóè (á) îò óãëà âûëåòà èîíîâ

à)

á)
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è îáíàðóæèâàþòñÿ âïëîòü äî ϕ = 90°, ãäå α -èîíû
ïðàêòè÷åñêè îòñóòñòâóþò (ðîñò ñîäåðæàíèÿ
α -èîíîâ ïðè ϕ > 70°, ïî-âèäèìîìó, îáóñëîâëåí
âîçðàñòàíèåì ïîãðåøíîñòè èçìåðåíèé â ïåðèôå-
ðèéíîé çîíå ñòðóè).

Èíòåãðàëüíûå çíà÷åíèÿ îñåâîãî èìïóëüñà Ri,

òîêà Ii è ìàññîâîãî ðàñõîäà im  èîíîâ ñòðóè (áåç

ó÷åòà äâóõçàðÿäíûõ èîíîâ) äàíû â òàáëèöå.
Íà ðèñ. 3 ïðèâåäåíû çàâèñèìîñòè ñîäåðæàíèÿ

γ -èîíîâ îò óãëà âûëåòà èîíîâ ïðè ðàçëè÷íîì äàâ-

ëåíèè â âàêóóìíîé êàìåðå.
Êàê âèäíî èç ýòîãî ðèñóíêà, ïðè èçìåíåíèè

äàâëåíèÿ ïî÷òè â òðè ðàçà ñîäåðæàíèå γ -èîíîâ

èçìåíÿåòñÿ íåçíà÷èòåëüíî. Èç ýòîãî ñëåäóåò, ÷òî
ãåíåðàöèÿ γ -èîíîâ ìîæåò ïðîèñõîäèòü â çîíå ðàç-

ðÿäà (òàì, ãäå äåéñòâóåò óñêîðÿþùàÿ ðàçíîñòü
ïîòåíöèàëîâ) è â áëèæíåé çîíå ñòðóè (òàì, ãäå
åùå âîçìîæíû ñòîëêíîâåíèÿ ìåæäó ÷àñòèöàìè
ñòðóè). Â îáðàçîâàíèè γ -èîíîâ ó÷àñòâóþò, â îñ-

íîâíîì, ÷àñòèöû, èñòåêàþùèå èç ðàçðÿäíîãî êà-
íàëà äâèãàòåëÿ, à ÷àñòèöû îñòàòî÷íîé àòìîñôåðû
âàêóóìíîé êàìåðû íå ó÷àñòâóþò â ýòîì ïðîöåññå.

Íåáîëüøèå èçìåíåíèÿ ñîäåðæàíèÿ γ -èîíîâ

ïðè èçìåíåíèè äàâëåíèÿ â âàêóóìíîé êàìåðå
ìîãóò áûòü ñâÿçàíû ñ èçìåíåíèåì êîíôèãóðàöèè
ýëåêòðè÷åñêîãî ïîëÿ è êîíöåíòðàöèè ÷àñòèö â
çîíàõ èîíèçàöèè è óñêîðåíèÿ, î ÷åì ãîâîðèòñÿ â
ðàáîòàõ [15—18].

Íàèáîëüøèé âêëàä γ -èîíîâ íàáëþäàåòñÿ â

ðàéîíå 45°. Íàëè÷èå ìàêñèìóìà îáúÿñíÿåòñÿ òåì,

÷òî ïðè ìàëûõ óãëàõ âûëåòà ϕ  â ñòðóå ïðåîáëà-

äàþò α -èîíû, à ïðè áîëüøèõ α -èîíû èñ÷åçàþò,

íî çíà÷èòåëüíî âîçðàñòàåò äîëÿ β -èîíîâ.

Ñîäåðæàíèå γ -èîíîâ â ñïåêòðå ïðè ìàëûõ óã-

ëàõ âûëåòà (ñïåêòðû 0 è 20°) ñ ðîñòîì ýíåðãèè
óâåëè÷èâàåòñÿ, à ïðè áîëüøèõ óãëàõ (ñïåêòðû 40

è 60°) — óìåíüøàåòñÿ. Êðîìå òîãî, íà ñïåêòðàõ
(îñîáåííî ïðè áîëüøèõ óãëàõ âûëåòà) ïîìèìî

Ðèñ. 3. Çàâèñèìîñòü ñîäåðæàíèÿ γ -èîíîâ îò óãëà âûëåòà èîíîâ ïðè ðàçëè÷íîì äàâëåíèè â êàìåðå

Èíòåãðàëüíûå ïàðàìåòðû èîíîâ ñòðóè, %

Êëàññ èîíîâ Ri Ii im  

α 74.4 55.9 55.9 

β 24.4 34.7 34.7 

γ 1.2 9.4 9.4 
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äâóõ òèïè÷íûõ ìàêñèìóìîâ α - è β -èîíîâ â ðàé-

îíå 150—200 Â ïðîñìàòðèâàåòñÿ òðåòèé ìàêñèìóì,
ñîîòâåòñòâóþùèé γ -èîíàì, ÷òî ñîãëàñóåòñÿ ñ äàí-

íûìè [10].
Òàêèì îáðàçîì, íà îñíîâàíèè ïðîâåäåííîãî

àíàëèçà ìîæíî óòâåðæäàòü ñëåäóþùåå:
À) ãåíåðàöèÿ γ -èîíîâ ïðîèñõîäèò â çîíå ðàç-

ðÿäà è â áëèæíåé çîíå ñòðóè;
Á) ñîäåðæàíèå γ -èîíîâ â ýíåðãåòè÷åñêèõ

ñïåêòðàõ ïðè ìàëûõ óãëàõ âûëåòà ñ ðîñòîì ýíåð-
ãèè èîíîâ óâåëè÷èâàåòñÿ, à ïðè áîëüøèõ — óìåíü-
øàåòñÿ;

Â) âíåøíåå äàâëåíèå îêàçûâàåò íåçíà÷èòåëü-
íîå âëèÿíèå íà ñîäåðæàíèå γ -èîíîâ â ñòðóå.

Ðàññìîòðèì òðè âîçìîæíûõ ìåõàíèçìà ãåíå-
ðàöèè γ -èîíîâ (èõ ìîæåò áûòü è áîëüøå):

1) «ïîçäíÿÿ» èîíèçàöèÿ è ïîñëåäóþùåå óñêî-
ðåíèå â çîíå ðàçðÿäà;

2) ïåðåçàðÿäêà è ïîñëåäóþùåå óñêîðåíèå â
çîíå ðàçðÿäà;

3) óïðóãîå ðàññåÿíèå â çîíå ðàçðÿäà è â áëèæ-
íåé çîíå ñòðóè.

Â ïåðâîì ñëó÷àå γ -èîí îáðàçóåòñÿ è óñêîðÿ-

åòñÿ â çîíå ðàçðÿäà òàê æå, êàê α -èîí, íî òîëü-
êî íèæå ïî ïîòîêó. Òàêèå γ -èîíû — ýòî íåäîóñ-

êîðåííûå α -èîíû, à èõ ýíåðãåòè÷åñêèé ñïåêòð
îáðàçóåò ëåâîå «êðûëî» êîëîêîëîîáðàçíîé ôóíê-
öèè ðàñïðåäåëåíèÿ α -èîíîâ. Îäíàêî â ïåðèôå-
ðèéíîé îáëàñòè ñòðóè íàáëþäàåòñÿ ñîâåðøåííî
èíîé âèä ñïåêòðà, ïðè êîòîðîì êîëè÷åñòâî γ -

èîíîâ óìåíüøàåòñÿ ïî ìåðå ðîñòà èõ ýíåðãèè (óò-

âåðæäåíèå «Á», êðèâûå 40° è 60° íà ðèñ. 1,á [10]).
Ýòî âîçìîæíî òîëüêî â òîì ñëó÷àå, åñëè íåéòðàëü-
íûå ÷àñòèöû, èç êîòîðûõ îáðàçóþòñÿ γ -èîíû,

âõîäÿò â çîíó ðàçðÿäà íå ñî ñòîðîíû àíîäà, à ñ
ïðîòèâîïîëîæíîé ñòîðîíû èëè ââîäÿòñÿ ñáîêó,
ò.å. èìååò ìåñòî íåîäíîðîäíîñòü, íàðóøàþùàÿ
èäåàëèçèðîâàííîå ïðåäñòàâëåíèå çîíû ðàçðÿäà.
Ïîäîáíûå íåîäíîðîäíîñòè íàáëþäàþòñÿ â ÑÏÄ
[19—21].

Âî âòîðîì ñëó÷àå γ -èîí, åùå íå íàáðàâ ýíåð-

ãèþ, ïåðåçàðÿæàåòñÿ íà íåéòðàëüíîì àòîìå. Îá-
ðàçîâàâøèéñÿ ïðè ýòîì èîí ïåðåçàðÿäêè (áóäó-
ùèé γ -èîí) óñêîðÿåòñÿ â ýëåêòðè÷åñêîì ïîëå ðàç-

ðÿäà, à íåéòðàë ïðîäîëæàåò äâèæåíèå ñ ïðåæíåé
ñêîðîñòüþ. Ýíåðãèÿ γ -èîíà áóäåò òåì ìåíüøå,

÷åì íèæå ïî ïîòîêó ïðîèçîøëà ïåðåçàðÿäêà. È
ïîñêîëüêó âåðîÿòíîñòü ïåðåçàðÿäêè ñíèæàåòñÿ
âíèç ïî ïîòîêó (â ñèëó «âûãîðàíèÿ» íåéòðàëüíûõ
÷àñòèö), òàêîé ìåõàíèçì íå ìîæåò îáúÿñíèòü íà-

áëþäàþùèåñÿ ýêñïåðèìåíòàëüíî ñïåêòðû ïðè
áîëüøèõ óãëàõ âûëåòà èîíîâ. Â òî æå âðåìÿ åñëè
ïîòîê íåéòðàëüíûõ àòîìîâ íåîäíîðîäåí (íàïðè-
ìåð, åñëè îí ïåðåñåêàåò ïîòîê γ -èîíîâ), òî÷êà

ïåðåçàðÿäêè ìîæåò ñìåùàòüñÿ âíèç ïî ïîòîêó â
çàâèñèìîñòè îò óãëà âûëåòà α -èîíà. È òîãäà óâå-
ëè÷åíèå êîëè÷åñòâà γ -èîíîâ ïî ìåðå óìåíüøåíèÿ

èõ ýíåðãèè ñòàíîâèòñÿ âîçìîæíûì.
Â òðåòüåì ñëó÷àå ïðåäïîëàãàåòñÿ, ÷òî γ -èîíû

îáðàçóþòñÿ â ðåçóëüòàòå óïðóãèõ ñòîëêíîâåíèé ñ
íåéòðàëüíûìè ÷àñòèöàìè â çîíå ðàçðÿäà èëè â
áëèæíåé çîíå ñòðóè.

Åñëè ñòîëêíîâåíèå ïðîèçîøëî â çîíå ðàçðÿ-
äà, òî â îäíîðîäíîì ïîëå òàêèå ñòîëêíîâåíèÿ íå
ïðèâåäóò ê èçìåíåíèþ ýíåðãèè èîíîâ, ïîñêîëü-
êó ïîñëå ñòîëêíîâåíèÿ èîí ïðîäîëæàåò óñêîðÿòü-
ñÿ ïîëåì è ïðîõîäèò òó æå ðàçíîñòü ïîòåíöèàëîâ,
÷òî è áåç ñòîëêíîâåíèÿ. Åñëè æå ïîëå íåîäíîðîä-
íî, ïîñëå ñòîëêíîâåíèÿ èîí ìîæåò áûòü «âûáðî-
øåí» èç çîíû ðàçðÿäà, íå íàáðàâ ìàêñèìàëüíîé
ýíåðãèè.

Ñòîëêíîâåíèÿ â áëèæíåé çîíå ñòðóè (çà ãðà-
íèöåé äåéñòâèÿ ýëåêòðè÷åñêîãî ïîëÿ) ìîãóò ïðè-
âîäèòü ê ñóùåñòâåííîìó èçìåíåíèþ ýíåðãèè è
íàïðàâëåíèÿ äâèæåíèÿ èîíîâ. Îäíàêî ìàëîå ñå-
÷åíèå óïðóãèõ ñòîëêíîâåíèé (ïîðÿäêà 2·10-20 ì2

[13]) è ìàëàÿ êîíöåíòðàöèÿ íåéòðàëüíûõ ÷àñòèö
â áëèæíåé çîíå ñòðóè (ìåíåå 1018 ì-3 [19]) ãîâî-
ðÿò î òîì, ÷òî âåðîÿòíîñòü òàêèõ ñòîëêíîâåíèé
íè÷òîæíî ìàëà è îíè íå ìîãóò ñëóæèòü îáúÿñíå-
íèåì íàáëþäàþùèõñÿ â ýêñïåðèìåíòå çíà÷èòåëü-
íûõ ïîòîêîâ γ -èîíîâ.

Â òî æå âðåìÿ ãèïîòåçà óïðóãîãî ðàññåÿíèÿ
óñêîðåííûõ èîíîâ ÿâëÿåòñÿ âåñüìà ïðèâëåêàòåëü-
íîé, ïîñêîëüêó, åñëè íå ïðèíèìàòü âî âíèìàíèå
êîëè÷åñòâåííûé àñïåêò, ïîçâîëÿåò îáúÿñíèòü
ìíîãèå îñîáåííîñòè óãëîâîãî è ýíåðãåòè÷åñêîãî
ðàñïðåäåëåíèÿ èîíîâ ñòðóè [22, 23]. Â ñâÿçè ñ ýòèì
äàëåå áóäóò ïðåäñòàâëåíû îöåíêè óãëîâîãî ðàñïðå-
äåëåíèÿ è ýíåðãåòè÷åñêèõ ñïåêòðîâ γ -èîíîâ â

ðàçëè÷íûõ òî÷êàõ ñòðóè ïðè èõ îáðàçîâàíèè ïî
ìåõàíèçìó óïðóãîãî ðàññåÿíèÿ.

Îöåíêà ïàðàìåòðîâ èîíîâ óïðóãîãî ðàññåÿíèÿ

Îöåíèì ïëîòíîñòü òîêà è ôóíêöèþ ðàñïðåäå-
ëåíèÿ (òîðìîçíóþ õàðàêòåðèñòèêó) γ -èîíîâ â
òî÷êàõ óñòàíîâêè çîíäîâ, ðåàëèçóåìûõ âî âðåìÿ
èçìåðåíèé ïàðàìåòðîâ ñòðóè. Áóäåì ñ÷èòàòü, ÷òî
ýòè èîíû âîçíèêàþò â ðåçóëüòàòå óïðóãîãî ðàññå-
ÿíèÿ α -èîíîâ íà íåéòðàëüíûõ àòîìàõ. Â ñèëó ìà-
ëîé âåðîÿòíîñòè óïðóãèõ ñòîëêíîâåíèé çàäà÷ó áó-
äåì ðåøàòü â ïðèáëèæåíèè ïåðâûõ ñòîëêíîâåíèé.
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Ïóñòü ðàññåÿíèå ÷àñòèö ïðîèñõîäèò â òîíêîì
ïîëóñôåðè÷åñêîì ñëîå, òîëùèíîé h è ðàäèóñîì

0 âûõr Rª , ãäå Râûõ — ðàäèóñ ñðåäíåé ëèíèè ðàçðÿä-

íîãî êàíàëà äâèãàòåëÿ. Òîãäà ýëåìåíòàðíûé ðàñ-
ñåèâàþùèé îáúåì

( )2
0 sin ,dV r h d dϕ ϕ ψ=                   (1)

ãäå ϕ  — ïîëÿðíûé óãîë; ψ  — àçèìóòàëüíûé óãîë.

Ïîëîæåíèå ýëåìåíòàðíîãî îáúåìà dV â ïðî-

ñòðàíñòâå çàäàåòñÿ âåêòîðîì ( ), ,V V V Vr x y z


, à çîíäà

— âåêòîðîì ( ), ,S S S Sr x y z


. Ïîñêîëüêó ,S Vr r





óãîë ðàññåÿíèÿ

arccos .V S

V S

r r

r r
θ

Ê ˆ◊
= Á ˜Á ˜◊Ë ¯

 

                    (2)

Êîëè÷åñòâî ÷àñòèö, ðàññåèâàåìûõ â îáúåìå dV

â òåëåñíûé óãîë dΩ  â íàïðàâëåíèè θ , îïðåäåëÿ-
åòñÿ ñîîòíîøåíèåì

( ) ( )0,
,i

sc

j r d
dN n dV d

e d

ϕ σ θ
Ω

Ω
Ê ˆ

= Á ˜Ë ¯        (3)

ãäå ( )0, ,i scj r nϕ  — ïëîòíîñòü òîêà èîíîâ è êîíöåí-

òðàöèÿ öåíòðîâ ðàññåÿíèÿ â òî÷êå Vr


ñîîòâåò-

ñòâåííî; 
( )d

d

σ θ
Ω

 — äèôôåðåíöèàëüíîå ñå÷åíèå

ðàññåÿíèÿ íà óãîë θ .

Äëÿ îïðåäåëåíèÿ 
( )d

d

σ θ
Ω

 ïðèìåì, ÷òî ðàññåÿ-

íèå ÷àñòèö ÿâëÿåòñÿ óïðóãèì, íåöåíòðàëüíûì. Â
ýòîì ñëó÷àå èç çàêîíîâ ñîõðàíåíèÿ ýíåðãèè è
èìïóëüñà ñëåäóåò, ÷òî ïðè ðàâíûõ ìàññàõ ñòàëêè-
âàþùèõñÿ ÷àñòèö èõ ðàçëåò ïðîèñõîäèò ïîä ïðÿ-
ìûì óãëîì (ðèñ. 4).

Äèôôåðåíöèàëüíîå ñå÷åíèå ðàññåÿíèÿ:

( ) ( )

( )

0 0

2
0

2 2 cos sin

sin 2 ,

d
d d R R d

d

R d

ρσ πρ θ π θ θ θ
θ

π θ θ

Ê ˆ= = =Á ˜Ë ¯

=
   

(4)

ãäå R0 — ãàçîêèíåòè÷åñêèé ðàäèóñ ÷àñòèö; ρ  —

ïðèöåëüíûé ïàðàìåòð,

( ) ( )0 0 0sin sin cos , 0 .
2 2

R R R
π πρ γ θ θ θÊ ˆ= = - = £ £Á ˜Ë ¯ (5)

Îòêóäà äëÿ 
( )d

d

σ θ
Ω

 ìîæíî ïîëó÷èòü:

2
20
0

sin 2
cos .

2 sin

Rd
R

d
σ θ θ
Ω θ

= =             (6)

Ðèñ. 4. Ñõåìà óïðóãîãî ñòîëêíîâåíèÿ ÷àñòèö ðàâíîé ìàññû
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Ïîëíîå ñå÷åíèå ðàññåÿíèÿ

/2 /2
2 2
0 0

0 0

1
sin 2 .

2sc d R d R
π π

σ σ π θ θ π= = =Ú Ú         (7)

Çíàÿ scσ , ãàçîêèíåòè÷åñêèé ðàäèóñ ÷àñòèöû R0

ìîæíî îïðåäåëèòü ïî ôîðìóëå

0

2
.scR

σ
π

=                       (8)

Ïëîòíîñòü ïîòîêà èîíîâ ðàññåÿíèÿ â òî÷êå
óñòàíîâêè çîíäà

( ) ( ) ( )

2

0 2
02

, 21
cos sin .

s

sc

i sc
sc

sc

dN
dnv

r d

j r
n r h d d

er

Ω

ϕ σ
θ ϕ ϕ ψ

π

= =

=




  (9)

Ïîñêîëüêó ðàññåÿíèå ïðîèñõîäèò âáëèçè âû-
õîäíîãî ñå÷åíèÿ äâèãàòåëÿ, íà áîëüøîì ðàññòîÿ-

íèè äî çîíäà, ìîæíî ïðèíÿòü, ÷òî 
2 2.sc Sr rª


 Òîã-

äà, ïðåíåáðåãàÿ ïðîñòðàíñòâåííîé íåîäíîðîäíî-
ñòüþ öåíòðîâ ðàññåÿíèÿ â ÿäðå ïîòîêà α -èîíîâ
(ïîñêîëüêó èìåííî â íåì ôîðìèðóåòñÿ îñíîâíàÿ
äîëÿ ïîòîêà èîíîâ ðàññåÿíèÿ) è ïîëàãàÿ, ÷òî
nsc ≈ const, äëÿ ïëîòíîñòè èîííîãî òîêà íà çîíäå
ìîæíî çàïèñàòü:

( ) ( ) ( )
22

0 0

2
, cos sin ,s sc i Sj K j r d d

π
ϕ ψ π

ϕ ψ

ϕ θ ϕ ϕ ψ
π

= =

= =

= Ú Ú   (10)

ãäå sc sc scK n hσ=  — êîýôôèöèåíò ðàññåÿíèÿ

α -èîíîâ â h-ñëîå.
Äëÿ ïîëó÷åíèÿ òîðìîçíîé õàðàêòåðèñòèêè

çîíäà I>E (U), ãäå U — çàäåðæèâàþùèé ïîòåíöè-
àë, ïðè âû÷èñëåíèè èíòåãðàëà (10) íåîáõîäèìî
ó÷åñòü îòñå÷êó èîíîâ.

Â ñîîòâåòñòâèè ñ ðèñ. 4, ïðè óïðóãîì ðàññåÿ-
íèè ñêîðîñòü èîíîâ, ëåòÿùèõ íà çîíä

( )0 cos ,i iu u θ=¢                  (11)

ãäå 0
iu  — ñêîðîñòü ïåðâè÷íûõ èîíîâ äî ðàññåÿíèÿ.

Òàêèì îáðàçîì, óñëîâèåì îòñå÷êè èîíîâ áó-
äåò:

1

2
.i

eU
u

m
£¢                        (12)

Äëÿ îöåíîê âîçüìåì ïàðàìåòðû ñòðóè äâèãà-
òåëÿ BHT-1500 íà ðåæèìå 700 Â, 2.44 ìã/c [12], ÷òî
ñîîòâåòñòâóåò ðèñ. 1 è 2, ïðèâåäåííûì âûøå. Ñî-
ãëàñíî äàííûì òàáëèöû, ïðèìåì, ÷òî Ksc = 0.394.
Ýíåðãåòè÷åñêèé ñïåêòð èîíîâ äëÿ âñåõ óãëîâ âû-
ëåòà ïðèìåì ðàâíûì ñïåêòðó íà îñè ñòðóè.

Ðåçóëüòàòû ðàñ÷åòîâ ïðèâåäåíû íà ðèñ. 5—7.
Ñðàâíåíèå ðèñ. 5—7 è 1, 2 ïîêàçûâàåò, ÷òî

èìååòñÿ õîðîøåå êà÷åñòâåííîå ñîâïàäåíèå ðåçóëü-
òàòîâ ðàñ÷åòà ñ ýêñïåðèìåíòîì êàê ïî óãëîâîìó
ðàñïðåäåëåíèþ, òàê è ïî ýíåðãåòè÷åñêèì ñïåêò-
ðàì γ -èîíîâ. Èç ýòîãî ñëåäóåò, ÷òî ïàðàìåòðû

γ -èîíîâ óäîâëåòâîðèòåëüíî îïèñûâàþòñÿ ìîäå-

ëüþ óïðóãîãî ðàññåÿíèÿ. Îäíàêî ãîâîðèòü î òîì,
÷òî â äâèãàòåëå äåéñòâèòåëüíî ðåàëèçóåòñÿ ìåõà-
íèçì óïðóãîãî ðàññåÿíèÿ α -èîíîâ ïîêà ðàíî.
Ïðèâåäåííîå âûøå çíà÷åíèå êîýôôèöèåíòà Ksc

ïðè h = 0.02 ì è scσ = 2·10-20 ì2 [13] ñîîòâåòñòâóåò

êîíöåíòðàöèè öåíòðîâ ðàññåÿíèÿ nsc = 1·1021 ì-3,
÷òî çíà÷èòåëüíî (íà 2-3 ïîðÿäêà âåëè÷èíû) ïðå-
âûøàåò êîíöåíòðàöèþ íåéòðàëîâ â ðàçðÿäíîì
êàíàëå äâèãàòåëÿ.

Âûâîäû

Òàêèì îáðàçîì, ìîæíî óòâåðæäàòü, ÷òî
γ -èîíû îáðàçóþòñÿ â çîíå ðàçðÿäà è â áëèæíåé

çîíå ñòðóè. ×àñòèöû ôîíîâîãî ãàçà íå ó÷àñòâóþò
â ïðîöåññàõ ãåíåðàöèè γ -èîíîâ, ïîýòîìó ìîæíî

ñ÷èòàòü, ÷òî γ -èîíû ÿâëÿþòñÿ èîíàìè ñòðóè, à íå

âòîðè÷íûìè èîíàìè, îáðàçóþùèìèñÿ â óñëîâèÿõ
âàêóóìíîãî ñòåíäà. Âëèÿíèå ôîíîâîãî äàâëåíèÿ
íà ñîäåðæàíèå γ -èîíîâ íåçíà÷èòåëüíî.

Ìîäåëü ãåíåðàöèè γ -èîíîâ çà ñ÷åò óïðóãîãî

ðàññåÿíèÿ óñêîðåííûõ èîíîâ äàåò õîðîøåå ñîâïà-
äåíèå ñ ýêñïåðèìåíòîì êàê ïî óãëîâîìó ðàñïðå-
äåëåíèþ, òàê è ïî ýíåðãåòè÷åñêèì ñïåêòðàì
γ -èîíîâ ïðè êîýôôèöèåíòå ðàññåÿíèÿ α -èîíîâ,

ðàâíîì 0,4. Îñîáåííî õîðîøî ñîâïàëè òîðìîçíûå
õàðàêòåðèñòèêè èîíîâ ñòðóè ïðè ðàçëè÷íûõ óãëàõ
âûëåòà. Â òî æå âðåìÿ îáîñíîâàòü ïîëó÷åííîå çíà-
÷åíèå êîýôôèöèåíòà ðàññåÿíèÿ íå óäàëîñü, ïîýòî-
ìó ïðåäëîæåííàÿ ìîäåëü ïîêà ìîæåò ðàññìàòðè-
âàòüñÿ òîëüêî êàê ðàáî÷àÿ ãèïîòåçà.

Äëÿ âûÿñíåíèÿ èñòèííûõ ìåõàíèçìîâ ãåíåðà-
öèè γ -èîíîâ íåîáõîäèìà òðåõìåðíàÿ êèíåòè÷åñ-

êàÿ ìîäåëü, îïèñûâàþùàÿ ïðîöåññû â óñêîðèòåëü-
íîì êàíàëå äâèãàòåëÿ è â áëèæíåé çîíå ñòðóè,
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Ðèñ. 6. Ðàñ÷åòíûå òîðìîçíûå õàðàêòåðèñòèêè èîíîâ ñòðóè

Ðèñ. 5. Çàâèñèìîñòü ïëîòíîñòè òîêà α -èîíîâ (ýêñïåðèìåíò) è γ -èîíîâ (ðàñ÷åò è ýêñïåðèìåíò) îò óãëà âûëåòà
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Ðèñ. 7. Ðàñ÷åòíûå ýíåðãåòè÷åñêèå ñïåêòðû α - è γ -èîíîâ ñòðóè (à) è òîëüêî γ -èîíîâ (á) ïðè ðàçëè÷íûõ óãëàõ

âûëåòà

á)

à)
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ó÷èòûâàþùàÿ ïîëîæåíèå êàòîäà è âëèÿíèå ÷àñ-
òèö îñòàòî÷íîé àòìîñôåðû âàêóóìíîé êàìåðû,
èëè áîëåå ïîäðîáíûå èçìåðåíèÿ ïîëåé ÷àñòèö è
ýëåêòðè÷åñêîãî ïîëÿ â íåïîñðåäñòâåííîé áëèçî-
ñòè ê âûõîäíîìó ñå÷åíèþ êàíàëà.

Àâòîðû áëàãîäàðÿò Â.Ï. Êèìà è Ñ.À. Õàðòîâà
çà öåííûå çàìå÷àíèÿ è ðåêîìåíäàöèè

ïî äàííîé ñòàòüå.
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Abstract

The article presents the analysis results of the ions
median-energy ions angular and power distribution in
the jets of stationary plasma thrusters. The data on the
BHT-1500 thruster at the 700 V mode were used for
the analysis. The article demonstrates that content of
the median-energy ions is about 35% of total ion flow
of the jet, and its contribution to the thrust is 25%.
Energy specters of the median-energy ions differ
greatly at the small and large escape angles. At the
small escape angles the number of median-energy
increases, and decreases at the large ones.

It is revealed that median-energy ions are being
formed in the discharge area, and in the nearest part
of the jet. Particles of the background gas do not
participate in the processes of their generation, and,
therefore, it may be considered that the median-energy
ions are ions of the jet, rather than secondary ions
being formed under conditions of the test bench. The
background pressure effect on the median-energy ions
content is insignificant.

Three mechanisms of median-energy ions
generation occurring due to collision such as late
ionization and further acceleration in the discharge
area; charge-exchange and further acceleration in the
discharge area, and elastic scattering in the discharge
area and in the nearest part of the jet were examined.
It was revealed that the median-energy ions formation
according to any of the above-mentioned mechanisms
was possible only in the areas of local non-uniformity
of the electric field and of neutral particles flows. Such

MECHANISMS FOR FORMING MEDIAN-ENERGY IONS IN THE JETS
OF STATIONARY PLASMA THRUSTERS

Nadiradze A.B.*, Frolova Yu.L.**

Moscow Aviation Institute (National Research University),
MAI, 4, Volokolamskoe shosse, Moscow, 125993, Russia

* å-mail: nadiradze@mai.ru
** e-mail: ylfrolova@yandex.ru

non-uniformities can appear near discharge channel
walls or due to the cathode asymmetrical position.

The article presents the model of median-energy
ions generation due to accelerated ions elastic
scattering. Good qualitative agreement with
experiments on both angular distribution and ion
power spectra was obtained. However, the obtained
scattering coefficient of about 40% cannot be
substantiated within the framework of this model. In
this regard, the presented model can be examined so
long only as the working hypothesis. For clarifying the
true mechanisms of median-energy ions generation the
3D kinetic model describing processes in the
accelerating ducts of the thruster and in the nearest
area of the jet, accounting for the cathode position and
effect of the residual atmosphere particles of the
vacuum chamber, is required. Much more detailed
measurements of the fields of the particles and electric
field in the direct vicinity to the outlet cross-section
of the duct are required as well.

Keywords: stationary plasma thruster, jet
parameters, energy spectrum, angular distribution, ions
of average energies, dissipation model
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