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Àííîòàöèÿ. Ïðåäìåòîì äàííîé ñòàòüè ÿâëÿåòñÿ õîëîäíûé ïîëûé ìàãíåòðîííûé êàòîä äëÿ ýëåê-
òðîðàêåòíîãî äâèãàòåëÿ. Îáñóæäàåòñÿ âîçìîæíîñòü èñïîëüçîâàíèÿ õîëîäíîãî ïîëîãî ìàãíåòðîííîãî
êàòîäà â êà÷åñòâå êàòîäà-êîìïåíñàòîðà ýëåêòðîðàêåòíîãî äâèãàòåëÿ íà àëüòåðíàòèâíûõ òîïëèâàõ,
òàêèõ êàê éîä è âîçäóõ. Ïðåäñòàâëåíî ýêñïåðèìåíòàëüíîå èññëåäîâàíèå êîíñòðóêöèè õîëîäíîãî
ïîëîãî ìàãíåòðîííîãî êàòîäà äëÿ ýëåêòðîðàêåòíîãî äâèãàòåëÿ. Áûëè èññëåäîâàíû ôàêòîðû, âëèÿ-
þùèå íà ýíåðãåòè÷åñêóþ ýôôåêòèâíîñòü ìàãíåòðîííîãî êàòîäà: ðàñõîä ðàáî÷åãî ãàçà, âåëè÷èíà
ìàãíèòíîãî ïîëÿ â ïîëîì êàòîäå, êîìáèíàöèÿ êàòîäíîãî ìàòåðèàëà è ðàáî÷åãî ãàçà. Ïîêàçàíî, ÷òî
ðàáî÷èå õàðàêòåðèñòèêè óñòðîéñòâà ñóùåñòâåííî çàâèñÿò îò ìàòåðèàëà êàòîäà è òèïà ðàáî÷åãî ãàçà.
Äëÿ äåìîíñòðàöèè âîçìîæíîñòè ïðèêëàäíîãî èñïîëüçîâàíèÿ êàòîäà â êà÷åñòâå êàòîäà-êîìïåíñà-
òîðà äëÿ ýëåêòðîðàêåòíûõ äâèãàòåëåé áûëè ïîëó÷åíû ðàáî÷èå õàðàêòåðèñòèêè óñòðîéñòâà ïðè ðà-
áîòå íà ãàçàõ êñåíîíå è âîçäóõå.
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Abstract

Electron sources have found their application in many fields of science and technology. In ion-plasma
technologies and electro-propulsion engines (EPE), the electron source is applied as a cathode-neutralizer.
Besides, it is employed as a plasma contactor that ensures the electric charge discharging from the body of
a spacecraft, such as the (International Space Station) ISS.

Most electron sources, being applied, are based on the thermionic emission phenomenon. The
disadvantage of such emitters is many factors limiting their resource. The resource of such electron sources
decreases even more when the latter are employed in the processes with reactive gases.

However, there are gas-discharging electron sources or plasma cold-cathode electron sources. A glow
discharge or a Penning discharge are being most often used in such sources. The effect of a hollow cathode
is being used as well. Thus, such an emitter is referred to as a cold hollow cathode (CHC) in many applications.
The disadvantage of the CHC based on self-sustained gas discharges is high operating voltages.

The CHC presents interest when working with reactive gases. The studies of alternative working substances
for electric thruster (air, iodine) require the design further development of the thrusters including cathodes.

The presented work conducts the studies of the cold hollow magnetron cathode performance (CHMC)
for the electric thruster, and performs energy efficiency comparison of various cathode material – working
gas combinations.

The following factors affecting the CHMC energy efficiency were studied in the presented work:
1. The working gas flow rate. The article shows that maximum energy efficiency is being achieved by

maximum possible flow rate of the working gas.
2. The magnetic field magnitude in the hollow cathode. The study revealed that maximum energy efficiency

is achieved at maximum value of the magnetic field.
3. Combination of the cathode material and working gas. The article demonstrates that the CHMC

performance characteristics depend significantly on the cathode material and the working gas type. To
demonstrate capabilities of the cathode applied consumption as a cathode-neutralizer for the electric thrusters,
the unit operating characteristics were obtained while running on gases, such as xenon and air.

Thus, the experiments on the presented design of a hollow magnetron cathode have revealed the
fundamental possibility of obtaining an electron current to compensate for the charge of the ion beam of
the electric thruster. However, the device efficiency compared with the thermionic cathodes employed now
is low. It has been demonstrated experimentally that all the ways, being described, of the energy efficiency
increasing are limited by the operating voltage of 300 V. This limitation corresponds to the theoretical models
of magnetron discharge.

To reduce the operating voltage threshold, the authors are planning the electrode system modification,
such as, extra ionization stages application with non-self-maintained discharges.

Keywords: cold hollow magnetron cathode for electric thruster, electric thruster cathode-neutralizer,
magnetron discharge, cathode-neutralizer energy efficiency, iodine as electric thruster working substance,
air as electric thruster working substance
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Ââåäåíèå

Â ñîâðåìåííîé êîñìîíàâòèêå âñå ÷àùå èñ-
ïîëüçóþòñÿ ýëåêòðîðàêåòíûå äâèãàòåëè (ÝÐÄ),
òàê êàê îíè îáëàäàþò íàèëó÷øèìè ýêñïëóàòàöè-
îííûìè õàðàêòåðèñòèêàìè [1]. Ñóùåñòâóåò òåí-
äåíöèÿ ïåðåõîäà ê ïîëíîñòüþ ýëåêòðè÷åñêèì
ñïóòíèêàì, òî åñòü êîãäà âñå ñèñòåìû ñïóòíèêà
ðàáîòàþò íà ýëåêòðîýíåðãèè, â òîì ÷èñëå äâèãà-
òåëè [2, 3]. Íàèáîëåå ÷àñòî èñïîëüçóþò èîííûå
è ñòàöèîíàðíûå ïëàçìåííûå äâèãàòåëè (ÑÏÄ).
Îäíèì èç ñàìûõ îòâåòñòâåííûõ óçëîâ îáîèõ äâè-
ãàòåëåé ÿâëÿåòñÿ êàòîä-êîìïåíñàòîð [4—6].

Êàòîä-êîìïåíñàòîð èñïîëüçóåòñÿ äëÿ êîìïåí-
ñàöèè îáúåìíîãî çàðÿäà èîííîãî ïîòîêà ÝÐÄ è
ïëàçìåííûõ óñêîðèòåëåé. Òàêæå îí ìîæåò áûòü
ïðèìåíåí äëÿ âûðàâíèâàíèÿ ïîòåíöèàëîâ êîðïó-
ñà êîñìè÷åñêîãî àïïàðàòà (ÊÀ) è îêðóæàþùåé
ñðåäû, êàê ïëàçìåííûé êîíòàêòîð [7, 8].

Èññëåäîâàíèÿ àëüòåðíàòèâíûõ ðàáî÷èõ âå-
ùåñòâ ÝÐÄ ïîçâîëÿò ðàñøèðèòü îáëàñòü ïðèìå-
íåíèÿ ïîñëåäíèõ, à òàêæå ñíèçèòü ýêñïëóàòàöè-
îííûå çàòðàòû, ñâÿçàííûå ñ èõ ðàáîòîé. Íàïðè-
ìåð, âåäóòñÿ èññëåäîâàíèÿ éîäà êàê ðàáî÷åãî
âåùåñòâà äëÿ ÝÐÄ [9—12]. Åãî ïðåèìóùåñòâîì
ïåðåä ïðèìåíÿåìûì â ñåãîäíÿøíèõ ÝÐÄ êñåíî-
íîì ÿâëÿþòñÿ îòíîñèòåëüíî íèçêàÿ ñòîèìîñòü è
âûñîêèé îáúåì äîáû÷è. Íà ôîíå âîçðàñòàþùå-
ãî êîëè÷åñòâà çàïóñêîâ ñïóòíèêîâ, îñíàùåííûõ
ÝÐÄ, îáúåì äîáû÷è ðàáî÷åãî âåùåñòâà ñòàíîâèò-
ñÿ êðèòè÷åñêè âàæíûì ôàêòîðîì. Íàïðèìåð,
ñïóòíèêè ñèñòåìû «Starlink» êîììåð÷åñêîé êîì-
ïàíèè «SpaceX» óæå ñåé÷àñ èñïîëüçóþò êðèïòîí
â êà÷åñòâå ðàáî÷åãî âåùåñòâà, òàê êàê ïðåäïîëà-
ãàåòñÿ çàïóñòèòü äî íåñêîëüêèõ äåñÿòêîâ òûñÿ÷
ñïóòíèêîâ [13]. Êðèïòîí îòíîñèòñÿ ê áëàãîðîä-
íûì ãàçàì, êàê è êñåíîí, íî åãî äîáû÷à âûøå, à
ñòîèìîñòü íèæå.

Äðóãèì àëüòåðíàòèâíûì ðàáî÷èì âåùåñòâîì
ÝÐÄ ÿâëÿåòñÿ âîçäóõ [14—16]. Òàêèå èññëåäîâà-
íèÿ àêòóàëüíû äëÿ íèçêîîðáèòàëüíûõ ÊÀ íà çà-
áîðòíîì âîçäóõå. Òåõíîëîãèÿ ïîçâîëèò íå äåð-
æàòü çàïàñ êñåíîíà íà áîðòó, ÷òî óâåëè÷èò ìàñ-
ñó ïîëåçíîé íàãðóçêè ÊÀ è ñðîê åãî àêòèâíîãî
ñóùåñòâîâàíèÿ íà îðáèòå.

Íåäîñòàòêîì îáîèõ àëüòåðíàòèâ ÿâëÿåòñÿ
õèìè÷åñêàÿ àêòèâíîñòü éîäà è âîçäóõà. Îñîáåí-
íî ÷óâñòâèòåëåí ê õèìè÷åñêè àêòèâíûì âåùå-
ñòâàì ãëàâíûé óçåë ÝÐÄ – êàòîä-êîìïåíñàòîð.
Èññëåäîâàíèÿ àëüòåðíàòèâíûõ ðàáî÷èõ âåùåñòâ
ÝÐÄ (âîçäóõ, éîä) òðåáóþò äîðàáîòêè êîíñòðóê-
öèè äâèãàòåëåé, â òîì ÷èñëå êàòîäîâ, ñ öåëüþ
ïîâûøåíèÿ èõ óñòîé÷èâîñòè ê ýòèì âåùåñòâàì.

Ïðèìåíÿåìûå ñåé÷àñ êàòîäû-êîìïåíñàòîðû
ÝÐÄ èñïîëüçóþò ìåõàíèçì òåðìîýìèññèè äëÿ
ïîëó÷åíèÿ ýëåêòðîíîâ. Â èõ êîíñòðóêöèþ âõîäÿò
òåðìîýìèññèîííûå âñòàâêè èç ìàòåðèàëîâ ñ íèç-
êîé ðàáîòîé âûõîäà ýëåêòðîíà, òàêèõ êàê ãåêñî-
áîðèä ëàíòàíà, îêñèä áàðèÿ [17]. Òàêèå ýìèòòå-
ðû èìåþò ðÿä íåäîñòàòêîâ, íåïîñðåäñòâåííî
âëèÿþùèõ íà èõ ýìèññèîííóþ ñïîñîáíîñòü è
ðåñóðñ. Íàïðèìåð, âûñîêèå ðàáî÷èå òåìïåðàòó-
ðû íàêàëüíûõ ýëåìåíòîâ, õèìè÷åñêè ñëîæíûå
âåùåñòâà, ìåíÿþùèå ñâîè ñâîéñòâà èç-çà ïîòå-
ðè ëåãèðóþùèõ ýëåìåíòîâ è âçàèìîäåéñòâèÿ ñ
áûñòðûìè èîíàìè [4]. Â ïðèñóòñòâèè õèìè÷åñ-
êè àêòèâíûõ ãàçîâ òàêèå êàòîäû áûñòðî òåðÿþò
ñâîþ ýìèññèîííóþ ñïîñîáíîñòü [18, 19].

Â êà÷åñòâå àëüòåðíàòèâû ìîæíî ðàññìàòðè-
âàòü èñòî÷íèêè ýëåêòðîíîâ íà áàçå ñàìîñòîÿòåëü-
íûõ ãàçîâûõ ðàçðÿäîâ ñ õîëîäíûì êàòîäîì. Ýìèò-
òåðîì â ýòèõ èñòî÷íèêàõ âûñòóïàåò ïëàçìà òëå-
þùåãî ðàçðÿäà èëè ðàçðÿäà Ïåííèíãà [20]. Äëÿ
óâåëè÷åíèÿ ïëîòíîñòè ïëàçìû ïðèìåíÿþò ýô-
ôåêò ïîëîãî êàòîäà. Ïîýòîìó âî ìíîãèõ ïðèìå-
íåíèÿõ òàêîé ýìèòòåð íàçûâàþò õîëîäíûì ïîëûì
êàòîäîì (ÕÏÊ). Íåäîñòàòêîì ÕÏÊ íà îñíîâå ñà-
ìîñòîÿòåëüíûõ ãàçîâûõ ðàçðÿäîâ ÿâëÿþòñÿ âûñî-
êèå ðàáî÷èå íàïðÿæåíèÿ è, ñîîòâåòñòâåííî, íèç-
êàÿ ýíåðãåòè÷åñêàÿ ýôôåêòèâíîñòü. Ïðè ðàáîòå
ñ õèìè÷åñêè àêòèâíûìè ãàçàìè ÕÏÊ ïðåäñòàâ-
ëÿþò èíòåðåñ, òàê êàê îòñóòñòâèå íàêàëüíûõ ýëå-
ìåíòîâ äåëàåò èõ ðàáîòó óñòîé÷èâîé äàæå â àãðåñ-
ñèâíîé ñðåäå.

Äàííàÿ ñòàòüÿ ïîñâÿùåíà ðàçðàáîòêå è èññëå-
äîâàíèþ êàòîäà-êîìïåíñàòîðà äëÿ ÝÐÄ íà áàçå
ìàãíåòðîííîãî ðàçðÿäà â ïîëîì êàòîäå. Ïðîâå-
äåíû èññëåäîâàíèÿ ðàáî÷èõ õàðàêòåðèñòèê õîëîä-
íîãî ïîëîãî ìàãíåòðîííîãî êàòîäà (ÕÏÌÊ) äëÿ
ÝÐÄ è âûïîëíåíî ñðàâíåíèå ýíåðãåòè÷åñêîé
ýôôåêòèâíîñòè ñ ó÷åòîì çàòðàò íà èçâëå÷åíèå
ýëåêòðîííîãî ïó÷êà íà ðàçëè÷íûõ êîìáèíàöèÿõ
ìàòåðèàë êàòîäà – ðàáî÷èé ãàç.

Îáîðóäîâàíèå è ýêñïåðèìåíò

Èññëåäîâàíèÿ ïðîâîäèëè íà ýêñïåðèìåíòàëü-
íîé âàêóóìíîé óñòàíîâêå, îïèñàííîé â ðàáîòå
[21]. Áûëà èññëåäîâàíà êîíñòðóêöèÿ ÕÏÌÊ
(ðèñ. 1), â ñîñòàâ êîòîðîé âõîäÿò: âîäîîõëàæäà-
åìûé ïîëûé êàòîä 1, àíîä 2 ñ âûõîäíûì îòâåð-
ñòèåì äëÿ âûòÿæêè ýëåêòðîíîâ, èçîëÿòîð 3, ìàã-
íèòíàÿ ñèñòåìà 4 íà ïîñòîÿííûõ ìàãíèòàõ 5. Âå-
ëè÷èíó èíäóêöèè ìàãíèòíîãî ïîëÿ ðåãóëèðîâà-
ëè èçìåíåíèåì êîëè÷åñòâà ìàãíèòîâ.

Îñíîâíîé ìàãíåòðîííûé ðàçðÿä, ýìèòèðóþ-
ùèé ýëåêòðîíû, ñîçäàâàëè ñ ïîìîùüþ èñòî÷íèêà
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ïèòàíèÿ 6 ñ ðåãóëèðóåìûì â äèàïàçîíå 0…800 Â
íàïðÿæåíèåì è òîêîì íàãðóçêè äî 1,5 À. Äëÿ
âûòÿæêè ýëåêòðîííîãî ïó÷êà áûë ïðåäóñìîòðåí
âûòÿæíîé ýëåêòðîä 7, íà êîòîðûé ïîäàâàëè ïî-
òåíöèàë 0…120 Â îò èñòî÷íèêà ïèòàíèÿ 8. Ïðè
ýòîì çàãîðàëñÿ âíåøíèé ðàçðÿä, êîòîðûé â äàí-
íîé ðàáîòå ïî àíàëîãèè ñ ðàçðÿäîì ìåæäó èîí-
íûì ïó÷êîì äâèãàòåëÿ è êàòîäîì-êîìïåíñàòîðîì
äàëåå áóäåò íàçûâàòüñÿ ïëàçìåííûì «ìîñòîì».

Áûëè ïðîâåäåíû òðè ñåðèè ýêñïåðèìåíòîâ íà
ÕÏÌÊ. Öåëüþ ïåðâîé ñåðèè áûëî âûÿâëåíèå
çàâèñèìîñòè ðàáî÷èõ õàðàêòåðèñòèê, à èìåííî
ÂÀÕ óñòðîéñòâà è åãî ýìèññèîííîé õàðàêòåðèñ-
òèêè, îò âåëè÷èíû ðàñõîäà ðàáî÷åãî ãàçà. Âòîðàÿ
ñåðèÿ ýêñïåðèìåíòîâ áûëà ïðîâåäåíà äëÿ îïðå-
äåëåíèÿ âëèÿíèÿ âåëè÷èíû ìàãíèòíîãî ïîëÿ íà
ÂÀÕ ÕÏÌÊ; â òðåòüåé ñåðèè èññëåäîâàëè ÂÀÕ
äëÿ ðàçíûõ êîìáèíàöèé ìàòåðèàëà êàòîäà è ðà-
áî÷åãî ãàçà. Ýìèññèîííîé õàðàêòåðèñòèêîé (ÝÕ)
ÕÏÌÊ â äàííîé ðàáîòå íàçâàëè ÂÀÕ ïëàçìåí-
íîãî «ìîñòà».

Íà ðèñ. 2 è 3 ïðèâåäåíû ïîëó÷åííûå â ýêñ-
ïåðèìåíòå ÂÀÕ ìàãíåòðîííîãî ðàçðÿäà è ïëàç-
ìåííîãî «ìîñòà» ñîîòâåòñòâåííî äëÿ ÕÏÌÊ ïðè
ðàçíûõ çíà÷åíèÿõ ðàñõîäà àðãîíà â äèàïàçîíå îò
0,09 äî 0,4 ìã/ñ. Ðàñ÷åòíîå ìàãíèòíîå ïîëå íà îñè
êàòîäà ðàâíÿëîñü 0,09 Òë. Ìàòåðèàë êàòîäà –
ìåäü. Ýìèññèîííîå îòâåðñòèå â àíîäå 2 ìì. Ðà-
áî÷èé ãàç àðãîí.

Áûëè ïîëó÷åíû õàðàêòåðíûå äëÿ ìàãíåòðîí-
íîãî ðàçðÿäà ðàáî÷èå íàïðÿæåíèÿ, ñîñòàâëÿþùèå
330…370 Â ïðè òîêå 1 À. Ïðè÷åì, ÷åì âûøå ðàñ-
õîä ãàçà, òåì ÂÀÕ áîëåå ïîëîãàÿ è íàïðÿæåíèå
ãîðåíèÿ íèæå.

Çàæèãàíèå ïëàçìåííîãî ìîñòà ïðîèñõîäèëî
ïðè íàïðÿæåíèÿõ âûòÿæíîãî ýëåêòðîäà 30…35 Â
(ðèñ. 3). Ïðè ýòîì áîëåå íèçêîå íàïðÿæåíèå çà-
æèãàíèÿ ñîîòâåòñòâîâàëî áîëüøåìó ðàñõîäó àð-
ãîíà. Íàñûùåíèå ýìèññèîííîãî òîêà ýëåêòðîíîâ
íàñòóïàëî ïðè íàïðÿæåíèÿõ 35…40 Â. Âåëè÷èíà
ýìèññèîííîãî òîêà íàñûùåíèÿ ñ òî÷íîñòüþ äî
ïîãðåøíîñòè èçìåðåíèÿ ðàâíÿëàñü òîêó ðàçðÿäà
â ïîëîñòè. Íà ðèñ. 3 íàñûùåíèå ýëåêòðîííîãî
òîêà ñîîòâåòñòâóåò ëèíåéíûì ó÷àñòêàì êðèâûõ,
òàê êàê ïîâûøåíèå âûòÿãèâàþùåãî íàïðÿæåíèÿ
âûøå íàïðÿæåíèÿ íàñûùåíèÿ ïðèâîäèëî ê ïðî-
ïîðöèîíàëüíîìó ðîñòó òîêà ðàçðÿäà ïðè äàëüíåé-
øåì ðîñòå ýëåêòðîííîãî òîêà.

Çàâèñèìîñòü ÂÀÕ ìàãíåòðîííîãî ðàçðÿäà â
ïîëîñòè êàòîäà îò âåëè÷èíû ìàãíèòíîãî ïîëÿ
ïðåäñòàâëåíà íà ðèñ. 4. Òîïîëîãèÿ ìàãíèòíîãî
ïîëÿ êàòîäà èçîáðàæåíà íà ðèñ. 1. Íåïîñðåä-
ñòâåííî â êàòîäíîé ïîëîñòè, ãäå ãîðèò ìàãíåò-

Ðèñ. 1. Ñõåìà ýêñïåðèìåíòàëüíîãî õîëîäíîãî ïîëîãî
ìàãíåòðîííîãî êàòîäà

Ðèñ. 2. ÂÀÕ ìàãíåòðîííîãî ðàçðÿäà ïðè ðàñõîäàõ àð-
ãîíà 0,09…0,4 ìã/ñ. Íà ãðàôèêå óêàçàíû ðàñ÷åòíûå çíà-
÷åíèÿ äàâëåíèÿ â ïîëîñòè êàòîäà

Ðèñ. 3. Ýìèññèîííàÿ õàðàêòåðèñòèêà êàòîäà ïðè ðàñ-
õîäàõ àðãîíà 0,15…0,30 ìã/ñ. Íà ãðàôèêå óêàçàíû ñî-
îòâåòñòâóþùèå äàâëåíèÿ â âàêóóìíîé êàìåðå

Ðèñ. 4. ÂÀÕ ìàãíåòðîííîãî ðàçðÿäà ïðè âåëè÷èíå èí-
äóêöèè ìàãíèòíîãî ïîëÿ íà îñè 0…0,09 Òë
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ðîííûé ðàçðÿä, îñåâàÿ ñîñòàâëÿþùàÿ ìàãíèòíîãî
ïîëÿ ñëàáî çàâèñèò îò ðàäèóñà. Íà ðèñ. 4 è 5
óêàçàíà âåëè÷èíà ìàãíèòíîãî ïîëÿ íà îñè ïî
öåíòðó äëèíû êàòîäà. Âî âñåõ ýêñïåðèìåíòàõ
ðàñõîä ðàáî÷åãî ãàçà àðãîíà áûë ðàâåí 0,4 ìã/ñ.
Ìàòåðèàë êàòîäà  ìåäü. Ýìèññèîííîå îòâåðñòèå
â àíîäå  2 ìì.

Íàïðÿæåíèå ìàãíåòðîííîãî ðàçðÿäà â ïîëîñ-
òè êàòîäà ñîñòàâèëî 330…450 Â ïðè òîêå 0,3…1 À.
Êàê è â ñëó÷àå ðàñõîäà, ÷åì áîëüøå âåëè÷èíà
ìàãíèòíîãî ïîëÿ íà îñè êàòîäà, òåì ÂÀÕ áîëåå
ïîëîãàÿ è íàïðÿæåíèå ãîðåíèÿ íèæå. Ýòî ñîãëà-
ñóåòñÿ ñ òåîðèåé ìàãíåòðîííîãî ðàçðÿäà è ýêñ-
ïåðèìåíòàëüíûìè ðàáîòàìè äðóãèõ àâòîðîâ [14].

Íà ðèñ. 5 ïðåäñòàâëåíû ýìèññèîííûå õàðàê-
òåðèñòèêè êàòîäà ïðè ðàçëè÷íûõ ìàãíèòíûõ ïî-
ëÿõ. Â îòñóòñòâèå ìàãíèòíîãî ïîëÿ íàïðÿæåíèå
çàæèãàíèÿ ïëàçìåííîãî «ìîñòà» âîçðàñòàåò äî
110 Â, è ïðè ñíèæåíèè íàïðÿæåíèÿ íà âûòÿæíîì
ýëåêòðîäå åãî ãîðåíèå íå ñòàáèëüíî. Êàæäàÿ
ýìèññèîííàÿ êðèâàÿ íà ðèñ. 5 ñîñòîèò èç ïðàâîé
è ëåâîé âåòâè. Ïðàâûå âåòâè – çàæèãàíèå ìîñ-
òà, ëåâûå – ãàøåíèå. Âî âñåõ ýêñïåðèìåíòàõ ðàñ-
õîä ðàáî÷åãî ãàçà àðãîíà áûë ðàâåí 0,4 ìã/ñ.
Ìàòåðèàë êàòîäà ìåäü. Ýìèññèîííîå îòâåðñòèå
â àíîäå 2 ìì.

Äàëåå áûëè ïðîâåäåíû ýêñïåðèìåíòû ñ ðàç-
ëè÷íûìè ìàòåðèàëàìè êàòîäà íà àðãîíå. Íèæå
ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåíòîâ ÂÀÕ è
ÝÕ êàòîäà íà ìåäíîì, àëþìèíèåâîì è òèòàíîâîì
êàòîäå.

Íà ðèñ. 6 ïðåäñòàâëåíî ñðàâíåíèå ÂÀÕ ìàã-
íåòðîííîãî ðàçðÿäà íà ðàçëè÷íûõ ìàòåðèàëàõ
êàòîäà. Âî âñåõ ýêñïåðèìåíòàõ ðàñõîä àðãîíà áûë
ðàâåí 0,4 ìã/ñ; àëþìèíèåâûé è ìåäíûé êàòîäû
èìåëè âíóòðåííèé äèàìåòð 24 ìì; òèòàíîâûé,
ïðåäñòàâëÿâøèé ñîáîé òèòàíîâóþ âñòàâêó â ìåä-
íîì êàòîäå, èìåë âíóòðåííèé äèàìåòð 20 ìì. Íà
àëþìèíèåâîì êàòîäå ïðè íàëè÷èè ìàãíèòíîãî
ïîëÿ ðàçðÿä ãîðåë íåñòàáèëüíî â «ìèêðîäóãîâîì»
ðåæèìå, èç-çà íàëè÷èÿ îêñèäíîãî ïîêðûòèÿ íà
êàòîäå. Çà âñå âðåìÿ ýêñïåðèìåíòà åãî óäàëèòü

ðàñïûëåíèåì â ðàçðÿäå òàê è íå óäàëîñü. Òîëü-
êî â ýêñïåðèìåíòå áåç ìàãíèòíîãî ïîëÿ íà àëþ-
ìèíèåâîì êàòîäå óäàëîñü èçáàâèòüñÿ îò îêñèä-
íîãî ïîêðûòèÿ è ïîëó÷èòü ñòàáèëüíîå ãîðåíèå
ìàãíåòðîííîãî ðàçðÿäà. Íà êàòîäàõ èç ìåäè è
òèòàíà ðàçðÿä ãîðåë â ìàãíèòíîì ïîëå ñòàáèëüíî.
Âåëè÷èíà ìàãíèòíîãî ïîëÿ áûëà ðàâíà 0,09 Òë.

Íà ðèñ. 7 ïðèâåäåíî ñðàâíåíèå ÝÕ ÕÏÌÊ ñ
ðàçëè÷íûìè ìàòåðèàëàìè êàòîäà. Âèäíî, ÷òî
ìàòåðèàë, êàê è ìàãíèòíîå ïîëå, ñèëüíî âëèÿåò
íà õàðàêòåðèñòèêè âûòÿæêè ýëåêòðîííîãî ïó÷-
êà. Íà òèòàíîâîì êàòîäå ñ äèàìåòðîì 20 ìì òîê
íà âûòÿæíîé ýëåêòðîä áûë íåíóëåâûì äàæå â îò-
ñóòñòâèå ïîòåíöèàëà íà íåì.

Íà àëþìèíèåâîì êàòîäå ñ ìàãíèòíûì ïîëåì
0,09 Òë áûëè ïîëó÷åíû ñëåäóþùèå äàííûå, ïðåä-
ñòàâëåííûå íà ðèñ. 8. Ðàçðÿä ãîðåë íåñòàáèëüíî
â «ìèêðîäóãîâîì» ðåæèìå. Çäåñü îòìå÷åíû âñå
òî÷êè, ïîëó÷åííûå â õîäå ýêñïåðèìåíòà. Òî÷êè
ñ áîëüøèì íàïðÿæåíèåì ñîîòâåòñòâóþò áîëüøå-
ìó âðåìåíè ýêñïåðèìåíòà. Òàêèì îáðàçîì, âèä-
íî, ÷òî êàòîä â ðàçðÿäå î÷èùàåòñÿ îò îêèñëîâ, íî
î÷åíü ìåäëåííî. Âûòÿæêà ýëåêòðîííîãî òîêà â
òàêîì ðåæèìå çàòðóäíåíà, òðåáóåòñÿ áîëüøåå
íàïðÿæåíèå íà âûòÿæíîì ýëåêòðîäå (ðèñ. 9). Ïðè
ýòîì çíà÷èòåëüíîãî ñíèæåíèÿ íàïðÿæåíèÿ ðàç-
ðÿäà â êàòîäå ïðè âûòÿæêå ýëåêòðîííîãî òîêà,

Ðèñ. 5. ÂÀÕ ïëàçìåííîãî «ìîñòà» â çàâèñèìîñòè îò
èíäóêöèè ìàãíèòíîãî ïîëÿ ÕÏÌÊ

Ðèñ. 6. Ñðàâíåíèå ÂÀÕ ìàãíåòðîííîãî ðàçðÿäà íà ðàç-
ëè÷íûõ ìàòåðèàëàõ êàòîäà

Ðèñ. 7. Ñðàâíåíèå ÂÀÕ ïëàçìåííîãî «ìîñòà» íà ðàç-
ëè÷íûõ ìàòåðèàëàõ êàòîäà
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êàê â ýêñïåðèìåíòàõ íà ìåäè è òèòàíå, íå íàáëþ-
äàåòñÿ.

Íà çàêëþ÷èòåëüíîì ýòàïå èññëåäîâàíèé áûëè
ïðîâåäåíû ýêñïåðèìåíòû ñ òåìè æå ìàòåðèàëà-
ìè êàòîäà, íî ñ ðàçëè÷íûìè ãàçàìè. Íèæå ïðåä-

ñòàâëåíû äàííûå (ðèñ. 10 è 11) ïî ñëåäóþùèì
êîìáèíàöèÿì ìàòåðèàë êàòîäà — ðàáî÷èé ãàç:
ìåäü-àðãîí, ìåäü-êñåíîí, òèòàí-àðãîí, òèòàí-
àçîò, òèòàí-âîçäóõ, òèòàí-ñìåñü àçîòà è âîçäóõà.

Íàèáîëüøåå íàïðÿæåíèå ãîðåíèÿ ìàãíåòðîí-
íîãî ðàçðÿäà âíóòðè ÕÏÌÊ áûëî ïîëó÷åíî íà
ïàðå ìåäü-êñåíîí. Äàëåå ïî óáûâàíèþ íàïðÿæå-
íèÿ ãîðåíèÿ èäóò òèòàí-âîçäóõ è òèòàí-àçîò. Â
ýêñïåðèìåíòå òèòàí-àçîò áûëà ïîëó÷åíà õàðàê-
òåðíàÿ äëÿ ðåàêòèâíûõ ïðîöåññîâ S-îáðàçíàÿ
ÂÀÕ ìàãíåòðîííîãî ðàçðÿäà. Ïðè ýòîì ñëåäóåò
îòìåòèòü, ÷òî ñìåñü âîçäóõà è àçîòå â ïðîïîðöèè
3:2 äàëà çíà÷èòåëüíîå ñíèæåíèå íàïðÿæåíèÿ ïî
ñðàâíåíèþ ñ ðàáîòîé íà ÷èñòîì àçîòå è âîçäóõå.

Ïî ðåçóëüòàòàì ýêñïåðèìåíòîâ ñ äàííîé êîí-
ñòðóêöèåé êàòîäà áûëè ïîëó÷åíû çàâèñèìîñòè
ýíåðãåòè÷åñêîé öåíû ýëåêòðîíà îò âåëè÷èíû
âûòÿãèâàåìîãî ýëåêòðîííîãî òîêà (ðèñ. 12). Öåíà
ýëåêòðîíà â õîëîäíîì ïîëîì ìàãíåòðîííîì êà-
òîäå ñîñòàâèëà 310…550 ýÂ ïðè ýëåêòðîííîì òîêå
0,1...1,25 À è íà ðàçëè÷íûõ êîìáèíàöèÿõ ìàòå-
ðèàë êàòîäà – ðàáî÷èé ãàç.

Âûâîä

Îäíèì èç âàæíûõ ïóòåé ðàçâèòèÿ ÝÐÄ ÿâëÿ-
åòñÿ ïðèìåíåíèå íîâûõ ðàáî÷èõ âåùåñòâ. Ïåðñ-
ïåêòèâíûìè ðàáî÷èìè âåùåñòâàìè äëÿ ÝÐÄ ñ÷è-
òàþòñÿ éîä è âîçäóõ. Íî â ñèëó èõ õèìè÷åñêîé
àêòèâíîñòè íåîáõîäèìà äîðàáîòêà êîíñòðóêöèè
ÝÐÄ, îñîáåííî êàòîäà-êîìïåíñàòîðà.

Â äàííîé ðàáîòå áûë èññëåäîâàí êàòîä-êîì-
ïåíñàòîð äëÿ ÝÐÄ íà áàçå ìàãíåòðîííîãî ðàçðÿäà
â ïîëîì êàòîäå, à òàêæå ôàêòîðû, âëèÿþùèå íà
ýíåðãåòè÷åñêóþ ýôôåêòèâíîñòü ÕÏÌÊ:

1. Ðàñõîä ðàáî÷åãî ãàçà. Ïîêàçàíî, ÷òî ìàê-
ñèìàëüíàÿ ýíåðãåòè÷åñêàÿ ýôôåêòèâíîñòü äîñòè-
ãàåòñÿ ìàêñèìàëüíî âîçìîæíûì ðàñõîäîì ðàáî-
÷åãî ãàçà. Ïðåäåë óâåëè÷åíèÿ ðàñõîäà ãàçà äëÿ

Ðèñ. 8. ÂÀÕ ìàãíåòðîííîãî ðàçðÿäà íà àëþìèíèåâîì
êàòîäå â «ìèêðîäóãîâîì» ðåæèìå

Ðèñ. 9. ÂÀÕ ïëàçìåííîãî «ìîñòà» íà àëþìèíèåâîì
êàòîäå â «ìèêðîäóãîâîì» ðåæèìå

Ðèñ. 10. Ñðàâíåíèå ÂÀÕ ìàãíåòðîííîãî ðàçðÿäà íà ðàç-
ëè÷íûõ êîìáèíàöèÿõ ìàòåðèàë êàòîäà – ðàáî÷èé ãàç

Ðèñ. 11. Ñðàâíåíèå ÂÀÕ ïëàçìåííîãî «ìîñòà» íà ðàç-
ëè÷íûõ êîìáèíàöèÿõ ìàòåðèàë êàòîäà – ðàáî÷èé ãàç

Ðèñ. 12. Çàâèñèìîñòü öåíû ýëåêòðîíà â ÕÏÌÊ îò âå-
ëè÷èíû âûòÿãèâàåìîãî ýëåêòðîííîãî òîêà íà ðàçëè÷-
íûõ êîìáèíàöèÿõ ìàòåðèàë êàòîäà – ðàáî÷èé ãàç
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ïðåäñòàâëåííîé êîíñòðóêöèè îáóñëîâëåí ñðûâîì
ðàçðÿäà â äóãó.

2. Âåëè÷èíà ìàãíèòíîãî ïîëÿ â ïîëîñòè óñò-
ðîéñòâà. Â ðåçóëüòàòå èññëåäîâàíèÿ ëàáîðàòîð-
íîãî îáðàçöà ÕÏÌÊ, òàê æå êàê è äëÿ ðàñõîäà
ðàáî÷åãî ãàçà áûëî ïîëó÷åíî, ÷òî ìàêñèìàëüíàÿ
ýíåðãåòè÷åñêàÿ ýôôåêòèâíîñòü äîñòèãàåòñÿ ïðè
ìàêñèìàëüíîì çíà÷åíèè ìàãíèòíîãî ïîëÿ. Ìàê-
ñèìóì ìàãíèòíîãî ïîëÿ îáóñëîâëåí îñîáåííîñ-
òÿìè êîíñòðóêöèè: íåâîçìîæíîñòüþ óñòàíîâêè
áîëüøåãî êîëè÷åñòâî ìàãíèòîâ è ìàãíèòíûì
íàñûùåíèåì ìàãíèòîïðîâîäîâ.

3. Êîìáèíàöèÿ ìàòåðèàëà êàòîäà è ðàáî÷åãî
ãàçà. Ïîêàçàíî, ÷òî ðàáî÷èå õàðàêòåðèñòèêè
ÕÏÌÊ ñóùåñòâåííî çàâèñÿò îò ìàòåðèàëà êàòî-
äà è ðîäà ðàáî÷åãî ãàçà. Â äàííîé ðàáîòå ìîæíî
âûäåëèòü êîìáèíàöèè ìåäü-àðãîí è òèòàí-àðãîí
êàê íàèáîëåå âûãîäíûå ñ òî÷êè çðåíèÿ ýíåðãå-
òè÷åñêîé ýôôåêòèâíîñòè. Äëÿ äåìîíñòðàöèè
âîçìîæíîñòè ïðèêëàäíîãî èñïîëüçîâàíèÿ êàòî-
äà â êà÷åñòâå êàòîäà-êîìïåíñàòîðà äëÿ ýëåêòðî-
ðàêåòíûõ äâèãàòåëåé áûëè ïîëó÷åíû ðàáî÷èå
õàðàêòåðèñòèêè óñòðîéñòâà ïðè ðàáîòå íà ãàçàõ
êñåíîíå è âîçäóõå.

Âûáîð êîìáèíàöèè ìàòåðèàë êàòîäà – ðàáî-
÷èé ãàç äîëæåí áûòü îáóñëîâëåí öåëÿìè èñïîëü-
çîâàíèÿ óñòðîéñòâà. Îáû÷íî ðàáî÷èé ãàç çàäàí.
Òîãäà íåîáõîäèìî ýêñïåðèìåíòàëüíî ïîäîáðàòü
îïòèìàëüíûé ìàòåðèàëà êàòîäà. Ïðè ýòîì ìàòå-
ðèàë êàòîäà äîëæåí ñîîòâåòñòâîâàòü ñëåäóþùèì
êðèòåðèÿì: íèçêàÿ ðàáîòà âûõîäà ýëåêòðîíà,
íèçêèé êîýôôèöèåíò ðàñïûëåíèÿ è õèìè÷åñêàÿ
èíåðòíîñòü èëè õèìè÷åñêîå âçàèìîäåéñòâèå ìà-
òåðèàëà è ãàçà äîëæíû ïðèâîäèòü ê îáðàçîâàíèþ
âåùåñòâà, èìåþùåãî íèçêóþ ðàáîòó âûõîäà ýëåê-
òðîíà, íèçêèé êîýôôèöèåíò ðàñïûëåíèÿ è äîñ-
òàòî÷íóþ ýëåêòðîïðîâîäíîñòü.

Òàêèì îáðàçîì, ýêñïåðèìåíòû íà ïðåäñòàâ-
ëåííîé êîíñòðóêöèè ïîëîãî ìàãíåòðîííîãî êà-
òîäà ïîêàçàëè ïðèíöèïèàëüíóþ âîçìîæíîñòü
ïîëó÷åíèÿ ýëåêòðîííîãî òîêà äëÿ êîìïåíñàöèè
çàðÿäà èîííîãî ïó÷êà ÝÐÄ. Íî ýôôåêòèâíîñòü
óñòðîéñòâà â ñðàâíåíèè ñ ïðèìåíÿåìûìè ñåé÷àñ
òåðìîýìèññèîííûìè êàòîäàìè íèçêàÿ. Äëÿ òåð-
ìîýìèññèîííîãî êàòîäà õàðàêòåðíû çíà÷åíèÿ
ýíåðãåòè÷åñêîé öåíû ýëåêòðîíà ïîðÿäêà 30 ýÂ
ïðè òîêàõ 5…20 À. Ýêñïåðèìåíòàëüíî ïîêàçàíî,
÷òî âñå îïèñàííûå ïóòè óâåëè÷åíèÿ ýíåðãåòè÷åñ-
êîé ýôôåêòèâíîñòè îãðàíè÷åíû çíà÷åíèåì ðàáî-
÷åãî íàïðÿæåíèÿ â 300 Â. Òàêîå îãðàíè÷åíèå ñî-
îòâåòñòâóåò òåîðåòè÷åñêèì ìîäåëÿì ìàãíåòðîí-
íîãî ðàçðÿäà [21] è íàêîïëåííûì ýêñïåðèìåí-
òàëüíûì äàííûì ïî ýòîìó òèïó ðàçðÿäà [22].

Äëÿ ñíèæåíèÿ ïîðîãà ðàáî÷åãî íàïðÿæåíèÿ
ïëàíèðóåòñÿ ìîäèôèêàöèÿ ýëåêòðîäíîé ñèñòåìû,
íàïðèìåð èñïîëüçîâàíèå äîïîëíèòåëüíûõ ñòóïå-
íåé èîíèçàöèè ñ íåñàìîñòîÿòåëüíûìè ðàçðÿäà-
ìè.
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