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

Ïðè ôóíêöèîíèðîâàíèè â îêîëîçåìíîì è
ìåæïëàíåòíîì ïðîñòðàíñòâå êîñìè÷åñêèé àïïà-
ðàò (ÊÀ) îêðóæàåò ñîáñòâåííàÿ âíåøíÿÿ àòìîñôå-
ðà (ÑÂÀ). Ñîñòàâ ÑÂÀ ôîðìèðóåòñÿ â ïðîöåññå
ñóáëèìàöèè êîíñòðóêöèîííûõ ìàòåðèàëîâ, äåãà-
çàöèè ñèñòåì è àãðåãàòîâ àïïàðàòà, âçàèìîäåé-
ñòâèÿ ñ ïîâåðõíîñòüþ ÊÀ âûñîêîñêîðîñòíûõ ïî-
òîêîâ ìåëêîäèñïåðñíûõ ÷àñòèö (ÂÏ ÌÄ×), íà-
ïðèìåð, ðîåâ ìèêðîìåòåîðèòîâ, ìåëêîäèñïåðñíûõ
îáëàêîâ êîñìè÷åñêîãî ìóñîðà àíòðîïîãåííîãî
(÷àñòî ïðåäíàìåðåííîãî) ïðîèñõîæäåíèÿ è äð. [1].
Ñîáñòâåííàÿ âíåøíÿÿ àòìîñôåðà ïðåäñòàâëÿåò
ñîáîé íèçêîòåìïåðàòóðíóþ ïëàçìó ñ ðàñïðåäåë¸í-
íûìè â íåé â ðàçíûõ ôàçîâûõ ñîñòîÿíèÿõ ìåëêî-
äèñïåðñíûìè ÷àñòèöàìè, îáðàçîâàâøèìèñÿ ïîñ-
ëå âçàèìîäåéñòâèÿ êîñìè÷åñêîãî àïïàðàòà ñ ìèê-
ðîìåòåîðèòàìè. Ýëåìåíòû èç ñîñòàâà ÑÂÀ ïîñòî-
ÿííî ïðåòåðïåâàþò ÿäåðíûå è õèìè÷åñêèå ïðåâðà-
ùåíèÿ ïîä âëèÿíèåì âíåøíèõ ôàêòîðîâ. Ñîñòàâ
ñîáñòâåííîé âíåøíåé àòìîñôåðû èíäèâèäóàëåí
äëÿ êàæäîãî ÊÀ è çàâèñèò îò îðáèòû ôóíêöèîíè-
ðîâàíèÿ, èñïîëüçóåìûõ êîíñòðóêöèîííûõ ìàòåðè-
àëîâ, òèïà ïðèìåíÿåìîé äâèãàòåëüíîé óñòàíîâêè,
íàëè÷èÿ íà áîðòó ýêèïàæà ñ ñîîòâåòñòâóþùèìè
ñèñòåìàìè æèçíåîáåñïå÷åíèÿ.
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Ïðîâåä¸í àíàëèç îñíîâíûõ èñòî÷íèêîâ ðàäèàöèîííîãî èçëó÷åíèÿ, âîçäåéñòâóþùåãî íà êîñìè÷åñêèé àïïà-
ðàò ñ ÿäåðíîé ýíåðãåòè÷åñêîé óñòàíîâêîé. Ðàññìîòðåíû óðîâíè âîçäåéñòâèÿ èçëó÷åíèé ðàäèàöèîííûõ ïîÿñîâ Çåìëè,
ñîëíå÷íîãî è ãàëàêòè÷åñêîãî, äàíà ñðàâíèòåëüíàÿ îöåíêà ôëþåíñà íåéòðîíîâ è ãàììà-èçëó÷åíèÿ îò ÿäåðíîãî
ðåàêòîðà-ïðåîáðàçîâàòåëÿ.

Êëþ÷åâûå ñëîâà: áîðòîâàÿ ÿäåðíàÿ ýíåðãåòè÷åñêàÿ óñòàíîâêà, ñîáñòâåííàÿ âíåøíÿÿ àòìîñôåðà, íàâåä¸ííàÿ
ðàäèîàêòèâíîñòü.

ïëîòíóþ ÑÂÀ, ñîâìåñòíî ñ ÿäåðíîé ýíåðãåòè÷åñ-
êîé óñòàíîâêîé â Ðîññèè è ìèðå â öåëîì ïðîâî-
äèòñÿ íåäîñòàòî÷íî, ââèäó ÷åãî ïðîáëåìà ïîëíî-
ñòüþ íå èçó÷åíà. Ñóùåñòâóþò äîïîëíèòåëüíûå
ôàêòîðû (èçëó÷åíèÿ åñòåñòâåííîãî ïðîèñõîæäå-
íèÿ), âëèÿþùèå íà ñîñòîÿíèå çàáîðòíîé àòìîñ-
ôåðû, êîòîðûå òàêæå âíîñÿò íåîïðåäåë¸ííîñòü â
ìîäåëèðóåìûå ïðîöåññû. Â íàñòîÿùåé ñòàòüå ïðî-
âåäåíà ñèñòåìàòèçàöèÿ îñíîâíûõ ïðîöåññîâ, ïðî-
òåêàþùèõ â ÑÂÀ, äëÿ ñîñòàâëåíèÿ ìàòåìàòè÷åñ-
êîé ìîäåëè èõ ñîâîêóïíîãî âëèÿíèÿ íà ýëåìåí-
òû êîñìè÷åñêîãî àïïàðàòà.

Â ïðîöåññå ýêñïëóàòàöèè êîñìè÷åñêèé àïïà-
ðàò ïîäâåðãàåòñÿ âëèÿíèþ åñòåñòâåííûõ èñòî÷íè-
êîâ èçëó÷åíèé (ñîëíå÷íûõ è ãàëàêòè÷åñêèõ êîñ-
ìè÷åñêèõ ëó÷åé, èçëó÷åíèé ðàäèàöèîííûõ ïîÿñîâ
Çåìëè) è èñêóññòâåííûõ èñòî÷íèêîâ (áîðòîâûå
èñòî÷íèêè èçëó÷åíèé), êîòîðûå îêàçûâàþò âîç-
äåéñòâèå íà ÊÀ â øèðîêîì äèàïàçîíå ýíåðãèé,
ïðîíèêàþò ÷åðåç ÑÂÀ âãëóáü ýëåìåíòîâ êîíñòðóê-
öèè, ãäå ïðîèñõîäèò ïðåîáðàçîâàíèå ýíåðãèé ÷à-
ñòèö [2].

Îñíîâíûìè ïîòîêàìè ýíåðãèè åñòåñòâåííîãî
ïðîèñõîæäåíèÿ, âëèÿþùèìè íà êîñìè÷åñêèé àï-
ïàðàò, ÿâëÿþòñÿ ñîëíå÷íûå êîñìè÷åñêèå ëó÷è,
âêëþ÷àþùèå ýëåêòðîìàãíèòíîå èçëó÷åíèå (ñîë-
íå÷íàÿ ðàäèàöèÿ) è êîðïóñêóëÿðíîå èçëó÷åíèå
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(ñîëíå÷íûé âåòåð) [3]. Êîðïóñêóëÿðíîå èçëó÷åíèå
ïðåäñòàâëÿåò ñîáîé ïîòîê çàðÿæåííûõ ÷àñòèö âû-
ñîêèõ ýíåðãèé (áîëåå 5 ÌýÂ/íóêëîí) [4], êîòîðûé
ñîñòîèò èç ýëåêòðîíîâ è èîíîâ. Èîííàÿ ñîñòàâ-
ëÿþùàÿ âêëþ÷àåò â ñåáÿ ïðîòîíû np, àëüôà-÷àñ-
òèöû na è áîëåå òÿæ¸ëûå ÿäðà nm (óãëåðîä, àçîò,
êèñëîðîä è èîííûå êîìïîíåíòû) ñî ñðåäíèì îò-
íîøåíèåì êîíöåíòðàöèé np : na : nm = 1000:60:1 [5].
Åñëè ñðàâíèâàòü ïîòîê àëüôà-÷àñòèö è ïðîòîíîâ
ïî çíà÷åíèþ ïîëíîé ýíåðãèè ýòèõ ÷àñòèö, òî
ïîëó÷èòñÿ îòíîøåíèå 0,8/1,0 [6]. Çíà÷åíèÿ ïîëó-
÷åíû íà ðàññòîÿíèè, ðàâíîì îäíîé àñòðîíîìè÷åñ-
êîé åäèíèöå îò ïîâåðõíîñòè Ñîëíöà.

Ýíåðãèÿ ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ Ñîëíöà
íà âåðõíåé ãðàíèöå àòìîñôåðû Çåìëè, â çîíàõ
ýêñïëóàòàöèè êîñìè÷åñêèõ àïïàðàòîâ, ðàñïðåäå-
ëåíà ïî ñïåêòðó íåðàâíîìåðíî. Íà êîðîòêîâîëíî-
âóþ ÷àñòü ñïåêòðà – ãàììà-ëó÷è, ðåíòãåíîâñêèå
è óëüòðàôèîëåòîâûå ëó÷è – ïðèõîäèòñÿ òîëüêî 7%
ýíåðãèè ñîëíå÷íîé ðàäèàöèè, à íà îïòè÷åñêèé
äèàïàçîí ñïåêòðà – 48%. Ìàêñèìóì èçëó÷àåìîé
ýíåðãèè íàõîäèòñÿ â îïòè÷åñêîì äèàïàçîíå, êî-
òîðûé ñîîòâåòñòâóåò ñèíå-çåëåíîìó èíòåðâàëó
ñâåòîâîé ãàììû èçëó÷åíèÿ. Îñòàëüíûå 45% ýíåð-
ãèè ñîëíå÷íîé ðàäèàöèè ñîäåðæàòñÿ â èíôðàêðàñ-
íîì äèàïàçîíå, è ëèøü íåçíà÷èòåëüíàÿ ÷àñòü
ïðèõîäèòñÿ íà ðàäèîèçëó÷åíèå [3].

Ñëåäóþùèìè åñòåñòâåííûìè ïîòîêàìè ýíåð-
ãèè, âëèÿþùèìè íà êîñìè÷åñêèé àïïàðàò, ÿâëÿ-
þòñÿ ãàëàêòè÷åñêèå êîñìè÷åñêèå ëó÷è (ÃÊË) –
èçîòðîïíîå êîñìè÷åñêîå èçëó÷åíèå, ïðèõîäÿùåå
èç íåäð ãàëàêòèêè, êîòîðîå ñîñòîèò èç ïðîòîíîâ/
íåéòðîíîâ (~88%), àëüôà-÷àñòèö (~9,8%), áîëåå

òÿæ¸ëûõ ÿäåð (~1%) è ýëåêòðîíîâ (~1%), ñ ýíåð-
ãåòè÷åñêèì èíòåðâàëîì îò 0,1 äî ~1010 ÃýÂ [7]. Ïî
ñðàâíåíèþ ñ ñîëíå÷íûìè ãàëàêòè÷åñêèå êîñìè-
÷åñêèå ëó÷è âîçäåéñòâóþò íà ÊÀ ñ ìåíüøåé èí-
òåíñèâíîñòüþ, ââèäó íèçêîé êîíöåíòðàöèè ÷àñ-
òèö, íî èç-çà áîëüøèõ ýíåðãèé ÷àñòèö îêàçûâàþò
áîëåå íåãàòèâíîå âîçäåéñòâèå íà àïïàðàòóðó ÊÀ.

Òðåòüèì âèäîì èçëó÷åíèé åñòåñòâåííîãî ïðî-
èñõîæäåíèÿ, ôîðìèðóþùèìñÿ ñîëíå÷íûì âåòðîì
è ìàãíèòîñôåðîé Çåìëè, ÿâëÿþòñÿ ðàäèàöèîííûå
ïîÿñà (ÐÏÇ). Ïîòîêè ïðîòîíîâ è ýëåêòðîíîâ, çàõ-
âà÷åííûå ãåîìàãíèòíûì ïîëåì, îáðàçóþò ðàäèà-
öèîííûå çîíû â âèäå òîðîîáðàçíûõ êîëåö, îõâà-
òûâàþùèõ Çåìëþ â ïëîñêîñòè ãåîìàãíèòíîãî ýê-
âàòîðà. Çàõâà÷åííûå ÷àñòèöû äâèæóòñÿ âäîëü è îä-
íîâðåìåííî îáðàùàþòñÿ âîêðóã ìàãíèòíûõ ñèëî-
âûõ ëèíèé. Òðàåêòîðèÿ ÷àñòèö ïðåäñòàâëÿåò ñî-
áîé ñïèðàëü.

Ïðè ïîñòîÿííîé âûñîòå â ðàçëè÷íûõ ãåîãðà-
ôè÷åñêèõ ðàéîíàõ ÷àñòèöû â ïðîñòðàíñòâå íå
ðàñïðåäåëÿþòñÿ ðàâíîìåðíî. Óêàçàííàÿ íåðàâíî-
ìåðíîñòü ñâÿçàíà ñî ñòðóêòóðîé ðåàëüíîãî ãåîìàã-
íèòíîãî ïîëÿ è åãî àíîìàëèÿìè. Â çàâèñèìîñòè
îò ðàññòîÿíèÿ îò Çåìëè âûäåëÿþò âíóòðåííèé è
âíåøíèé ðàäèàöèîííûå ïîÿñà. Ãðàíèöû ýòèõ ïî-
ÿñîâ ñõåìàòè÷íî ïîêàçàíû íà ðèñ. 1. Âíåøíèé è
âíóòðåííèé ðàäèàöèîííûå ïîÿñà èìåþò ðàçëè÷-
íûå âåëè÷èíû îáú¸ìíûõ ïëîòíîñòåé ýëåêòðè÷åñ-
êèõ çàðÿäîâ.

Âíóòðåííèé ïîÿñ çàïîëíåí ïðîòîíàìè ñ ýíåð-
ãèåé Åð > 30 ÌýÂ ñ ìàêñèìàëüíîé ïëîòíîñòüþ íà
âûñîòå (0,5…2,0) ðàäèóñà Çåìëè RÇ. Âíåøíèé ïîÿñ
ñîñòîèò èç ïðîòîíîâ ñ ýíåðãèåé Åð > 100 êýÂ è

Ðèñ. 1. Ìàãíèòîñôåðà Çåìëè
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ýëåêòðîíîâ ñ ýíåðãèåé Åð > 150 êýÂ. Ìàêñèìàëü-
íàÿ ïëîòíîñòü ïîòîêà ýëåêòðîíîâ íàáëþäàåòñÿ â
îáëàñòè (4…5)RÇ.

Âíóòðåííèé ðàäèàöèîííûé ïîÿñ ïðàêòè÷åñêè
íå èçìåíÿåòñÿ ïðè èçìåíåíèè ñîëíå÷íîé àêòèâ-
íîñòè. Ôîðìà îáëàñòåé âíåøíèõ ïîÿñîâ çàìåòíî
çàâèñèò îò àêòèâíîñòè ñîëíöà è îò ïîëîæåíèÿ
îòíîñèòåëüíî ãðàíèöû «íî÷ü – äåíü». Çà âíåøíèì
ÐÏÇ íàõîäèòñÿ çîíà íåóñòîé÷èâîãî çàõâàòà.

Ïðè âîçäåéñòâèè â ïåðâóþ î÷åðåäü ñîëíå÷íîãî
âåòðà è ìåæïëàíåòíîé ñðåäû ïðîèñõîäèò ïîäæà-
òèå ãåîìàãíèòíîãî ïîëÿ. Â ðåçóëüòàòå âçàèìîäåé-
ñòâèÿ ñ ìàãíèòîñôåðîé ÷àñòèöû ñîëíå÷íîãî âåòðà
îáðàçóþò óäàðíóþ âîëíó íà ðàññòîÿíèè (12…15)RÇ.
Çà óäàðíîé âîëíîé íàõîäèòñÿ îáëàñòü òóðáóëåíò-
íîñòè.

Ñ íî÷íîé ñòîðîíû Çåìëè íàõîäèòñÿ ìàãíèò-
íûé õâîñò, äèàìåòð êîòîðîãî ñîñòàâëÿåò ~ 40RÇ.
Íà ðàññòîÿíèè > 500RÇ ìàãíèòíûå ñèëîâûå ëèíèè
íîñÿò íåðåãóëÿðíûé õàðàêòåð.

Íàèáîëüøóþ îïàñíîñòü ïðè ïîëåòàõ â îêîëî-
çåìíîì ïðîñòðàíñòâå ïðåäñòàâëÿþò ðàäèàöèîííûå
ïîÿñà Çåìëè. Ñîëíå÷íîå è ãàëàêòè÷åñêîå êîñìè-
÷åñêèå èçëó÷åíèÿ íàèáîëåå îïàñíû â ìåæïëàíåò-
íîì ïðîñòðàíñòâå.

Ïîìèìî åñòåñòâåííûõ èñòî÷íèêîâ, âëèÿþùèõ
íà áîðòîâóþ àïïàðàòóðó ÊÀ, ñóùåñòâóþò èñêóñ-
ñòâåííûå, ðàñïîëîæåííûå íà áîðòó êîñìè÷åñêî-

ãî àïïàðàòà. ßäåðíàÿ ýíåðãåòè÷åñêàÿ óñòàíîâêà –
ïðèìåð èñêóññòâåííîãî èñòî÷íèêà, êîòîðûé ôîð-
ìèðóåò ïîòîê ýíåðãèè, ïðåâûøàþùèé ïî èíòåí-
ñèâíîñòè âëèÿíèÿ âñå åñòåñòâåííûå. Îò ïðÿìûõ
ýëåêòðîìàãíèòíîãî è êîðïóñêóëÿðíîãî âîçäåé-
ñòâèé ÿäåðíîãî ðåàêòîðà áîðòîâóþ àïïàðàòóðó ÊÀ
çàùèùàåò áëîê ðàäèàöèîííîé çàùèòû, óñòàíîâ-
ëåííûé ó èñòî÷íèêà èçëó÷åíèé. Îáëàñòü, íå çà-
ùèù¸ííàÿ êîíóñîì òåíåâîé ðàäèàöèîííîé çàùè-
òû, ïîäâåðãàåòñÿ äåéñòâèþ èçëó÷åíèé ñ áîëüøîé
ïðîíèêàþùåé ñïîñîáíîñòüþ.

Äëÿ ñîñòàâëåíèÿ ìîäåëè âîçäåéñòâóþùèõ ôàê-
òîðîâ è ïîíèìàíèÿ ðàäèàöèîííûõ ïðîöåññîâ ðàñ-
ñìîòðèì îñíîâíûå ýíåðãåòè÷åñêèå ïðåîáðàçîâà-
íèÿ, ïðîòåêàþùèå â ñîáñòâåííîé âíåøíåé àòìîñ-
ôåðå êîñìè÷åñêîãî àïïàðàòà ñ ÿäåðíîé ýíåðãåòè-
÷åñêîé óñòàíîâêîé (ðèñ. 2).

Íà ñõåìå èçîáðàæåíî, êàê ïîòîê ïðÿìîãî ðà-
äèàöèîííîãî èçëó÷åíèÿ îò ßÝÓ (à) âîçäåéñòâóåò
íà îáëàñòü ÑÂÀ (ä) âíå òåíè áëîêà ðàäèàöèîííîé
çàùèòû (ã). Ïîñëå àêòèâàöèè (âîçáóæäåíèÿ) ÿäåð
è èîíèçàöèè àòîìîâ âåùåñòâà ÑÂÀ, ïîä âîçäåé-
ñòâèåì êîðïóñêóëÿðíûõ è ýëåêòðîìàãíèòíûõ èç-
ëó÷åíèé ßÝÓ, ïðîèñõîäèò èõ äåàêòèâàöèÿ è
ðåêîìáèíàöèÿ ñ îáðàçîâàíèåì âòîðè÷íûõ íåéòðî-
íîâ, γ -êâàíòîâ, ïðîòîíîâ, ýëåêòðîíîâ è äðóãèõ

÷àñòèö. Âòîðè÷íûå ÷àñòèöû è èçëó÷åíèÿ ðàñïðî-
ñòðàíÿþòñÿ îò òî÷åê âçàèìîäåéñòâèÿ â ðàçíûå

Ðèñ. 2. Ñõåìà îñíîâíûõ ýíåðãåòè÷åñêèõ ïðåîáðàçîâàíèé, ïðîòåêàþùèõ â ñîáñòâåííîé âíåøíåé àòìîñôåðå ÊÀ ñ
ßÝÓ: à – ïîòîê ðàäèàöèîííîãî èçëó÷åíèÿ îò ðåàêòîðà; á – ïîòîê ÑÊË; â – ïîòîê ÃÊË; ã – ãðàíèöà òåíè áëîêà
ðàäèàöèîííîé çàùèòû ßÝÓ; ä – ñîáñòâåííàÿ âíåøíÿÿ àòìîñôåðà êîñìè÷åñêîãî àïïàðàòà íàä ôðàãìåíòîì îá-
øèâêè; å – ôðàãìåíò îáøèâêè êîñìè÷åñêîãî àïïàðàòà; 1 – òðàåêòîðèè âòîðè÷íûõ ãàììà-êâàíòîâ; 2 — òðàåêòî-
ðèè âòîðè÷íûõ ÷àñòèö, âîçíèêøèõ â ðåçóëüòàòå äåàêòèâàöèè ÿäåð; 3 — òðàåêòîðèè âòîðè÷íûõ ÷àñòèö, âîçíèê-
øèõ â ðåçóëüòàòå ðåêîìáèíàöèè àòîìîâ



126 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹2

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

ñòîðîíû, îáðàçóÿ òðàåêòîðèè âòîðè÷íûõ γ -êâàí-

òîâ (1) è âòîðè÷íûõ ÷àñòèö (2, 3), â ðåçóëüòàòå ÷åãî
âîçíèêàåò ÿâëåíèå íàâåä¸ííîé ðàäèîàêòèâíîñòè
íà îáëàñòÿõ, ïðèëåæàùèõ ê îáøèâêå ÊÀ, êîòîðûå
çàùèùåíû áëîêîì òåíåâîé ðàäèàöèîííîé çàùè-
òû îò ïðÿìîãî èçëó÷åíèÿ ßÝÓ. Äîïîëíèòåëüíûé
âêëàä â ïðîòåêàþùèå àêòèâàöèîííûå è èîíèçà-
öèîííûå ïðîöåññû âíîñÿò ïåðâè÷íûå è âòîðè÷-
íûå γ -êâàíòû è ÷àñòèöû ïðè ïîïàäàíèè ÑÊË (á)

è ÃÊË (â).
Ïîñêîëüêó ÑÂÀ íå ñòàòè÷íà, à ïîñòîÿííî ïå-

ðåìåøèâàåòñÿ â ðåçóëüòàòå ñóùåñòâóþùèõ ãðàäè-
åíòîâ äàâëåíèÿ, òåìïåðàòóðû è êîíöåíòðàöèè
àêòèâèðîâàííûõ ÿäåð è èîíèçîâàííûõ ÷àñòèö
âåùåñòâ àòìîñôåðû, íàâåä¸ííàÿ ðàäèîàêòèâíîñòü
ïåðåíîñèòñÿ ïî âñåé ïîâåðõíîñòè êîñìè÷åñêîãî
àïïàðàòà ñ ßÝÓ. Ãðàäèåíòû ïàðàìåòðîâ àòìîñôå-
ðû òàêæå ñïîñîáñòâóþò ôîðìèðîâàíèþ ïîòîêîâ
ñðåäû, ïåðåíîñÿùèõ àêòèâèðîâàííûå ÿäðà â îá-
ëàñòü òåíè, ñîçäàâàåìîé áëîêîì ðàäèàöèîííîé
çàùèòû. Ðàñùåïëåíèÿ âîçáóæäåííûõ ÿäåð è ïåðå-
õîä èõ â íîâûå, ñòàáèëüíûå, ñîñòîÿíèÿ ñîïðîâîæ-
äàþòñÿ ðàäèàöèîííûìè èçëó÷åíèÿìè, ïðèâîäÿ-
ùèìè ê âîçíèêíîâåíèþ íàâåäåííîé ðàäèàöèè íà
çàùèùåííóþ êîíñòðóêöèþ ÊÀ.

Â çàâèñèìîñòè îò âåëè÷èíû ãðàäèåíòîâ ïàðà-
ìåòðîâ ÑÂÀ ñêîðîñòè ðàñïðåäåëåíèé àêòèâèðî-
âàííûõ è èîíèçîâàííûõ ÷àñòèö â îáú¸ìå àòìîñ-
ôåðû íåîäèíàêîâû, ââèäó ÷åãî êîíöåíòðàöèÿ òîãî
èëè èíîãî âèäà ÷àñòèö â ðàçíûõ ó÷àñòêàõ îáú¸ìà
ñîáñòâåííîé âíåøíåé àòìîñôåðû íå èçîòðîïíà è
íàõîäèòñÿ â ñîñòîÿíèè ïîñòîÿííîãî èçìåíåíèÿ
[10]. Îò ñêîðîñòè ïåðåìåùåíèÿ àêòèâèðîâàííûõ
÷àñòèö ÑÂÀ â îáëàñòè îáú¸ìà êîíóñà òåíåâîé çà-
ùèòû çàâèñèò ìîùíîñòü äîçû íàâåä¸ííîé ðàäè-
àöèè, ïîãëîù¸ííîé êîñìè÷åñêèì àïïàðàòîì. Òà-
êèì îáðàçîì, ñêîðîñòü ïåðåìåùåíèÿ àêòèâèðî-
âàííûõ ÷àñòèö â îáú¸ìå ñîáñòâåííîé âíåøíåé
àòìîñôåðû õàðàêòåðèçóåò âðåìÿ, çà êîòîðîå áîð-
òîâàÿ àïïàðàòóðà è êîíñòðóêöèîííûå ìàòåðèàëû
íàêîïÿò äîçó íàâåä¸ííîé ðàäèîàêòèâíîñòè, ñïî-
ñîáíóþ ïîâëèÿòü íà ýêñïëóàòàöèîííûå õàðàêòå-
ðèñòèêè ÊÀ.

Âåëè÷èíà ïëîòíîñòè ïîòîêà íåéòðîíîâ íà
ïîâåðõíîñòè ðåàêòîðà ßÝÓ ñîñòàâëÿåò 1014 – 1015

íåéòð/(ñì2·ñ) [7, 11]. Ïëîòíîñòü ïîòîêà γ -êâàí-

òîâ ñîñòàâëÿåò — 1018 – 1019 ÌýÂ/(ñì2·ñ). Äëÿ
îöåíêè âëèÿíèÿ èçëó÷åíèÿ ðåàêòîðà íà ÑÂÀ ÊÀ
ðàññìîòðèì ñîñòàâ ïîòîêîâ íåéòðîíîâ è γ -êâàí-

òîâ, ïîñêîëüêó îñòàëüíûå âèäû èçëó÷åíèé ( α -èç-

ëó÷åíèÿ, β -èçëó÷åíèÿ, ðàäèîèçëó÷åíèÿ è ïð.),

îáðàçóþùèåñÿ ïðè ïðîòåêàíèè ÿäåðíûõ ðåàêöèé

â àêòèâíîé çîíå, â ðàñ÷¸òàõ íå èñïîëüçóåì, ââè-
äó èõ ìàëûõ çíà÷åíèé.

Èç îáúåìà àêòèâíîé çîíû íà ïîâåðõíîñòü êîð-
ïóñà ÿäåðíîãî ðåàêòîðà äèôôóíäèðóþò íåéòðîíû,
êîòîðûå ðàçäåëÿþò íà ÷åòûðå óñëîâíûå ãðóïïû [8,
12]:

1) ìãíîâåííûå íåéòðîíû, ò.å. íåéòðîíû, ñî-
ïðîâîæäàþùèå ïðîöåññ äåëåíèÿ ÿäåð òîïëèâà;

2) çàïàçäûâàþùèå íåéòðîíû — èñïóñêàþòñÿ
ñèëüíî âîçáóæäåííûìè ÿäðàìè îñêîëêîâ äåëåíèÿ;

3) íåéòðîíû àêòèâàöèè — ïðè ðàäèîàêòèâíîì
ðàñïàäå ïðîäóêòîâ íåêîòîðûõ ÿäåðíûõ ðåàêöèé;

4) ôîòîíåéòðîíû — îáðàçóþòñÿ â ðåçóëüòàòå
( γ , n)-ðåàêöèé íà ÿäðàõ.

Ìãíîâåííûå íåéòðîíû âíîñÿò îñíîâíîé âêëàä
â ïðîöåññû àêòèâàöèè ÿäåð è èîíèçàöèè àòîìîâ
âåùåñòâà ÑÂÀ.

Ìãíîâåííûå íåéòðîíû îáðàçóþòñÿ âíóòðè
àêòèâíîé çîíû ðåàêòîðà ïðàêòè÷åñêè îäíîâðåìåí-
íî ñ äåëåíèÿìè ÿäåð. ×èñëî ìãíîâåííûõ íåéòðî-
íîâ ïðè äåëåíèÿõ êàæäîãî ÿäðà U235, U233, Pu239

â ñðåäíåì ðàâíî 2,5 ±0,03, 2,47 ± 0,03 è 2,9 ± 0,04
ñîîòâåòñòâåííî. Çàïàçäûâàþùèõ íåéòðîíîâ îáðà-
çóåòñÿ ìåíüøå (0,002—0,007 íåéòð/äåëåíèå), îíè
èñïóñêàþòñÿ íåêîòîðûìè ïðîäóêòàìè äåëåíèÿ ñ
ïåðèîäàìè ïîëóðàñïàäà 0,18—54,5 ñ [8].

Íåéòðîíû äåëåíèÿ (îáðàçîâàííûå â ïðîöåññå
ÿäåðíîé ðåàêöèè äåëåíèÿ) èìåþò íåîäèíàêîâûå
íà÷àëüíûå êèíåòè÷åñêèå ýíåðãèè. Ñïåêòð íåéò-
ðîíîâ äåëåíèÿ ïî íà÷àëüíûì êèíåòè÷åñêèì ýíåð-
ãèÿì (ñïåêòð Óàòòà) íîñèò ñòàòèñòè÷åñêèé õàðàê-
òåð [13]. Ðàñïðåäåëåíèå íåéòðîíîâ ïî ýíåðãèÿì
ïðèâåäåíî íà ðèñ. 3.

Íàèáîëåå âåðîÿòíàÿ ýíåðãèÿ íåéòðîíîâ, îáðà-
çîâàâøèõñÿ â ðåçóëüòàòå äåëåíèÿ ÿäåðíîãî òîïëèâà
(ñîîòâåòñòâóþùàÿ ìàêñèìóìó ñïåêòðà íåéòðîíîâ
äåëåíèÿ), íåìíîãèì ìåíüøå 1 ÌýÂ (òî÷íîå åå
çíà÷åíèå — 0,7104 ÌýÂ), íî åñòü íåéòðîíû ñ ýíåð-

Ðèñ. 3. Ýíåðãåòè÷åñêèé ñïåêòð íåéòðîíîâ äåëåíèÿ –
ñïåêòð Óàòòà
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ãèÿìè äî 18...20 ÌýÂ [14]. Îäíàêî òàêèõ íåéòðî-
íîâ ìåíüøå, ïîýòîìó ñðåäíÿÿ ýíåðãèÿ âñåãî ïî-
òîêà ïðèáëèçèòåëüíî ðàâíà 2 ÌýÂ (Ån = 1,935 ÌýÂ
ó U235, Ån = 2 ÌýÂ ó Ðu239) [9].

Ñïåêòð íåéòðîíîâ äåëåíèÿ ïî íà÷àëüíûì êè-
íåòè÷åñêèì ýíåðãèÿì ïîêàçûâàåò, ÷òî áîëüøèí-
ñòâî íåéòðîíîâ äåëåíèÿ – ýòî ìãíîâåííûå íåéò-
ðîíû, ýíåðãèÿ êîòîðûõ Ån >0,1 ÌýÂ.

Ïðè ðàñ÷¸òå âëèÿíèÿ ßÝÓ íà ñîáñòâåííóþ
âíåøíþþ àòìîñôåðó ÊÀ íåîáõîäèìî èñïîëüçî-
âàòü ïðèâåä¸ííûå âûøå ýíåðãèè íåéòðîííîãî
ïîòîêà îò ðåàêòîðà.

Èñòî÷íèêîâ γ -èçëó÷åíèÿ ðàáîòàþùåãî ðåàê-

òîðà áîëüøå, è ïîäðàçäåëÿþòñÿ îíè íà ñëåäóþùèå
óñëîâíûå ãðóïïû [8]:

1) èçëó÷åíèå, ñîïðîâîæäàþùåå ïðîöåññ äåëå-
íèÿ – ìãíîâåííîå èçëó÷åíèå;

2) èçëó÷åíèå êîðîòêîæèâóùèõ ïðîäóêòîâ äå-
ëåíèÿ, áîëüøàÿ ÷àñòü êîòîðîãî èñïóñêàåòñÿ â ïåð-
âûå 10 ìèíóò ïîñëå äåëåíèÿ;

3) çàõâàòíîå èçëó÷åíèå, ò.å. γ -èçëó÷åíèå, ñî-

ïðîâîæäàþùåå (n, γ )-ðåàêöèè;

4) èçëó÷åíèå ïðîäóêòîâ àêòèâàöèè;
5) èçëó÷åíèå äîëãîæèâóùèõ ïðîäóêòîâ äåëåíèÿ

— èñïóñêàþòñÿ çà âðåìÿ, ïðåâûøàþùåå 10 ìèíóò
ïîñëå äåëåíèÿ;

6) èçëó÷åíèå, ñîïðîâîæäàþùåå íåóïðóãîå ðàñ-
ñåÿíèå íåéòðîíîâ;

7) èçëó÷åíèå, ñîïðîâîæäàþùåå (n, ð)- è (n, α )-
ðåàêöèè;

8) èçëó÷åíèå, ñîïðîâîæäàþùåå àííèãèëÿöèþ
ïîçèòðîíîâ;

9) òîðìîçíîå èçëó÷åíèå, ò.å. èçëó÷åíèå, îáðà-

çóþùååñÿ ïðè òîðìîæåíèè β -÷àñòèö â àêòèâíîé

çîíå.
Èçëó÷åíèå, êîòîðîå ïîñòîÿííî ñîïðîâîæäàåò

ïðîöåññû äåëåíèÿ ÿäåð âíóòðè àêòèâíîé çîíû
ßÝÓ, íàçûâàåòñÿ ìãíîâåííûì γ -èçëó÷åíèåì. Íà

äîëþ ýòîãî èçëó÷åíèÿ èç ïîëíîãî êîëè÷åñòâà
ýíåðãèè, âûäåëÿþùåéñÿ ïðè îäíîì äåëåíèè, ïðè-
õîäèòñÿ 7,2—7,5 ÌýÂ. Ýòà ýíåðãèÿ ìîæåò èñïóñ-
êàòüñÿ êàê íåñêîëüêèìè, òàê è îäíèì γ -êâàíòîì.

Èçëó÷åíèå êîðîòêîæèâóùèõ ïðîäóêòîâ äåëåíèÿ
(íà îäíî äåëåíèå) – ýòî èçëó÷åíèå àêòèâèðîâàí-
íûõ îñêîëêîâ äåëåíèÿ, êîòîðûå â ïðîöåññå äåàê-
òèâàöèè èñïóñêàþò γ -êâàíòû. Êîëè÷åñòâî îáðà-

çóþùèõñÿ γ -êâàíòîâ â ïðîöåññå äåàêòèâàöèè ñî-

èçìåðèìî ñ ìãíîâåííûìè γ -êâàíòàìè è èìååò

îäèíàêîâîå ñ íèìè ýíåðãåòè÷åñêîå ðàñïðåäåëåíèå.
Ïðè çàõâàòå íåéòðîíîâ ÿäðàìè ýëåìåíòîâ,

âõîäÿùèõ â ñîñòàâ àêòèâíîé çîíû, ïðîèñõîäèò èõ

àêòèâàöèÿ è îáðàçóåòñÿ çàõâàòíîå γ -èçëó÷åíèå.

Ñïåêòð çàõâàòíîãî γ -èçëó÷åíèÿ ëèíåé÷àòûé, ïî-

ýòîìó ýíåðãåòè÷åñêîå ðàñïðåäåëåíèå â àêòèâíîé
çîíå ðåàêòîðà çàâèñèò îò åå êîíñòðóêöèè è ñîñòà-
âà. Ïðåäåëüíàÿ ýíåðãèÿ γ -êâàíòîâ çàõâàòíîãî

èçëó÷åíèÿ íà ïîâåðõíîñòè ðåàêòîðà ñîñòàâëÿåò
10 ÌýÂ [8].

Èçëó÷åíèå ïðîäóêòîâ àêòèâàöèè — ýòî γ -èç-

ëó÷åíèå ðàäèîàêòèâíîãî ðàñïàäà ÿäåð âíóòðè àê-
òèâíîé çîíû ßÝÓ, êîòîðîå îáðàçóåòñÿ â ðåçóëü-
òàòå çàõâàòà íåéòðîíîâ ñòàáèëüíûìè ÿäðàìè ìà-
òåðèàëîâ àêòèâíîé çîíû [8].

Ñïåêòð ýíåðãèè âñåãî γ -èçëó÷åíèÿ ôîðìèðó-

åòñÿ â ðåçóëüòàòå ïðîöåññîâ ðàññåÿíèÿ, ðàñïðîñ-
òðàíåíèÿ è ïîòåðè ýíåðãèè γ -êâàíòîâ â ìàòåðè-

àëàõ àêòèâíîé çîíû è çàâèñèò îò å¸ ñîñòàâà, êîí-
ñòðóêöèîííûõ ìàòåðèàëîâ, óäåëüíîé ýíåðãåòè÷åñ-
êîé âûðàáîòêè òîïëèâà, ìîùíîñòè ðåàêòîðà, ïðî-
ñòðàíñòâåííîé êîîðäèíàòû è äðóãèõ ïàðàìåòðîâ [8].

Îñòàâøèåñÿ èñòî÷íèêè γ -êâàíòîâ â àêòèâíîé

çîíå èãðàþò ìåíüøóþ ðîëü â ôîðìèðîâàíèè ýíåð-
ãåòè÷åñêîãî ïîòîêà γ -èçëó÷åíèÿ èç àêòèâíîé

çîíû ÿäåðíîé ýíåðãåòè÷åñêîé óñòàíîâêè, ñëåäî-
âàòåëüíî, ïðè ðàññìîòðåíèè âëèÿíèÿ íà ñîáñòâåí-
íóþ âíåøíþþ àòìîñôåðó â îáëàñòè ðåàêòîðà, íå
çàùèù¸ííîé áëîêîì ðàäèàöèîííîé çàùèòû, èõ
ìîæíî íå ó÷èòûâàòü.

Âûâîäû

Ââèäó óâåëè÷åíèÿ ïîòðåáëÿåìîé ìîùíîñòè
áîðòîâûìè ñèñòåìàìè ïåðñïåêòèâíûõ êîñìè÷åñ-
êèõ àïïàðàòîâ ñóùåñòâóåò òåíäåíöèÿ ê èõ îñíà-
ùåíèþ ÿäåðíûìè ýíåðãåòè÷åñêèìè óñòàíîâêàìè
[15, 16]. Â ñòàòüå ðàññìîòðåíû îñíîâíûå âèäû
èçëó÷åíèé, âîçäåéñòâóþùèõ íà êîñìè÷åñêèå àï-
ïàðàòû ñ ßÝÓ, ïðèâåäåíà èõ êëàññèôèêàöèÿ [17].
Äëÿ êîñìè÷åñêîãî àïïàðàòà ñ ßÝÓ íàèáîëåå îïàñ-
íûì ÿâëÿåòñÿ ðàäèàöèîííîå âîçäåéñòâèå áîðòî-
âîãî ðåàêòîðà, êîòîðîå ïðåâîñõîäèò ïî èíòåíñèâ-
íîñòè ñîëíå÷íûå è ãàëàêòè÷åñêèå èçëó÷åíèÿ,
ôîðìèðóÿ îñíîâíîé âêëàä â äîçû ðàäèàöèè, íà-
êàïëèâàåìûå àïïàðàòóðîé è êîíñòðóêöèîííûìè
ýëåìåíòàìè. Ñêîðîñòü ðàñïðîñòðàíåíèÿ íàâåä¸í-
íîé ðàäèîàêòèâíîñòè â îáú¸ìå ÑÂÀ è íàêîïëåíèÿ
êðèòè÷åñêîé äîçû ðàäèàöèè â áîðòîâîé àïïàðà-
òóðå è êîíñòðóêöèîííûõ ìàòåðèàëàõ îò àêòèâèðî-
âàííîãî è èîíèçîâàííîãî âåùåñòâà ÑÂÀ â íàñòî-
ÿùåå âðåìÿ íå îïðåäåëåíà [18, 19]. Â ñîâðåìåí-
íûõ ýêîíîìè÷åñêèõ óñëîâèÿõ ñðîê ýêñïëóàòàöèè
ÊÀ ñ ßÝÓ óñòàíàâëèâàåòñÿ â äèàïàçîíå îò ñåìè
ëåò è áîëåå, ÷òî òðåáóåò ïðîâåäåíèÿ êîìïëåêñà
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ðàáîò ïî èçó÷åíèþ è ó÷¸òó èíòåíñèâíîñòè íàêîï-
ëåíèÿ äîçû ðàäèàöèè îò ÑÂÀ [20].

Îñíîâíîé öåëüþ äàëüíåéøèõ èññëåäîâàíèé
äîëæíî ÿâëÿòüñÿ îïðåäåëåíèå ñêîðîñòè ïåðåìåùå-
íèÿ àêòèâèðîâàííîé è èîíèçèðîâàííîé ñðåäû ïî
îáúåìó ÑÂÀ, à òàêæå ìîùíîñòè äîçû íàâåäåííîé
ðàäèàöèè, êîòîðûå íåîáõîäèìî îïðåäåëèòü ñ ó÷å-
òîì ðàçíèöû ïîòåíöèàëîâ ìåæäó ÑÂÀ è êîðïóñîì
ÊÀ. Â èòîãå òåîðåòè÷åñêèõ èññëåäîâàíèé ñëåäóåò
îïðåäåëèòü âðåìÿ äîñòèæåíèÿ ïðåäåëüíî äîïóñ-
òèìîé äîçû ðàäèàöèè íà ïîâåðõíîñòÿõ ïðèáîðíî-
ãî îòñåêà è êîíñòðóêòèâíûõ ýëåìåíòîâ, ðàñïîëî-
æåííûõ â îáëàñòè òåíè áëîêà ðàäèàöèîííîé çà-
ùèòû.
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Abstract

When in orbit, the spacecraft is affected by natural
sources of radiation (solar and galactic cosmic rays,
radiation of the Earth radiation belts) and artificial
sources (the onboard radiation sources), which affect
the spacecraft in a wide range of energies, penetrate
through the eigen external atmosphere (EEA) deep
into the structural elements, where particles of energies
conversion occurs.

The following energies, affecting a spacecraft,
relate to the energies of natural origin:

- solar cosmic rays, including electromagnetic
radiation (solar radiation) and corpuscular radiation
(solar wind);

- galactic cosmic rays, i.e. isotropic cosmic
radiation coming from the interior of the galaxy;

- radiation belts of the Earth, namelly radiation
of natural origin, formed by the solar wind and the
Earth magnetosphere.

The spacecraft onboard equipment is affected not
only by sources of natural origin, but there are also
artificial ones situated onboard the spacecraft. Nuclear
power plant (NPP) is an example of an artificial source
that generates a flow of energy that exceeds all natural
impacts by its intensity.

Radiation from natural and artificial sources affects
the spaccraft through the medium of its eigen external
atmosphere (EEA). Since the EEA is not static, but
is constantly mixing as the result of the existing of
pressure gradients, temperature, and concentration of
activated nuclei and ionized particles of atmospheric
substances, the induced radioactivity is being carried
over the entire surface of the spacecraft with NPP.
Gradients of atmospheric parameters also contribute
to medium flows formation that transfer activated
nuclei to the shadow area created by the radiation
protection unit. The exited nuclei are splitting and
their transition to new stable states is accompanied by
radiation, which leads to the occurrence of induced
radiation on the protected spacecraft structure.

The article deals with the main types of radiation
that affect spacecraft with nuclear power plants, and
gives their classification. Radiation impact of the
onboard reactor, which surpasses solar and galaxy

MAIN SOURCES AND RADIATION COMPOSITION AFFECTING EIGEN
EXTERNAL ATMOSPHERE OF A SPACECRAFT WITH NUCLEAR POWER PLANT

Kolbasin I.V.

Arsenal design Bureau named after M.V. Frunze,
1-3, Komsomol str., Saint Petersburg, 195009, Russia

e-mail: kolbasin777ivan@mail.ru

radiation by the intensity, forming basic contribution
to the radiation doses, being accumulated by the
equipment and structural elements, is the most
dangerous for a spacecraft with NPP. The rate of the
induced radioactivity propagation in the EEA volume
and accumulation of critical dose of radiation in both
onboard equipment and structural elements from
activated and ionized EEA substance has not been
determined at present.

In the existing economic conditions, the service
life of a spacecraft with nuclear power plant is set
within the range of seven years or more, which requires
a complex of works to study and account for the
intensity of radiation dose accumulation from the
EEA.

Keywords: onboard power plant, eigen external
atmosphere, induced radioactivity.

References

1. Akishin A.I. Materialy VIII Mezhvuzovskoi nauchnoi
shkoly molodykh spetsialistov “Kontsentrirovannye potoki
energii v kosmicheskoi tekhnike, elektronike, ekologii i
meditsine” (19-20 November 2007), Moscow, NIIYaF
MGU, 2007, pp. 15-19.

2. Atamasov V.D., Danilyuk A.Yu., Dement’ev I.I. et al.
Fiziko-khimicheskie protsessy formirovaniya sobstvennoi
vneshnei atmosfery KA pri vozdeistvii vysokoskorostnykh
potokov melkodispersnykh chastits (Physical and
chemical processes of formation of the SPACECRAFT
eigen external atmosphere under the impact of high-
speed flows of fine particles), Saint Petersburg, KB
“Arsenal” im. M.V. Frunze, 2015, pp. 78-84.

3. Pudovkin O.L. Struktura i elektromagnitnoe izluchenie
Solntsa, 2014-08-17. URL: https://netrs.ru/izluchenie-
nashei-zvezdy-struktura-i-elektromagnitnoe-izluchenie
-solnca/

4. Luchi kosmicheskie solnechnye. Veroyatnostnaya model’
potokov protonov. GOST R 25645.165–2001 (Solar space
rays. Probabilistic model for proton fluxes, State
Standard R 25645.165–2001), Moscow, Standarty,
2001, 10 p.

5. Veter solnechnyi. Sostav, kontsentratsiya chastits i
skorost’. GOST R 25645.136–86 (Solar wind.
Composition, particle concentration and velocity, State



130 Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹2

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

Standard R 25645.136–86), Moscow, Standarty, 1986,
5 p.

6. Haffner J.W. Radiation and Shielding in Space (Nuclear
Science & Technology). Academic Press Inc., U.S.,
1968, 347 p.

7. Atamasov V.D., Babuk V.A., Nemykin S.A. et al.
Yadernye orbital’nye kompleksy (Nuclear orbital
complexes), Saint Petersburg, Professional, 2016,
800 p.

8. Lektsiya po ORB. Predposlednyaya. Obespechenie
radiatsionnoi bezopasnosti AES. URL: https://
studopedia.org/10-122995.html

9. Vakh I.V., Dobryakova L.B. Rukovodstvo k
prakticheskim zanyatiyam po yadernoi i neitronnoi fizike
(Guide to practical classes in nuclear and neutron
physics), Sevastopol, SIYaEiP, 2001, 132 p.

10. Gaponenko O.V., Gavrin D.S., Sviridova E.S.
Structure analysis of the strategic plans of the space-
rocket industry development by method of space
functional and industrial technologies R&D
classification. Aerospace MAI Journal, 2019, vol. 26,
no. 1, pp. 64-81.

11. Yudintsev V.V. Rotating space debris objects net
capture dynamics. Aerospace MAI Journal, 2018,
vol. 25, no. 4, pp. 37-48.

12. Donskov A.V., Mishurova N.V., Solov’ev S.V.
Automated system for space vehicle status monitoring.
Aerospace MAI Journal, 2018, vol. 25, no. 3, pp. 151-160.

13. Razoumny Yu.N., Samusenko O.E., Nguyen N.Q.
Optimal options analysis of two-tier satellite systems
for near-earth space spherical layer continuous
coverage. Aerospace MAI Journal, 2018, vol. 25, no. 3,
pp. 171-181.

14.  Aslanov V.S., Yudintsev V.V. Docking with space
debris employing the unfolding flexible beam-strap.
Aerospace MAI Journal, 2018, vol. 25, no. 2, pp. 16-24.

15. Akishin A.I., Novikov L.S. Elektrizatsiya kosmicheskikh
apparatov (Electrification of space vehicles), Moscow,
Znanie, 1985, 64 p.

16. Abdurakhimov A.A., Poluyan M.M. Materialy XXV
Mezhvedomstvennoi nauchno-tekhnicheskoi konferentsii
kosmodroma “Plesetsk”, Plesetsk, 1 GIK MO RF, 2007,
pp. 84-87.

17. Abdurakhimov A.A., Poluyan M.M. Materialy Voenno-
kosmicheskoi akademii imeni A.F. Mozhaiskogo, 2007,
pp. 26-28.

18. Nymmik R.A. Izvestiya Rossiiskoi akademii nauk. Seriya
fizicheskaya, 1997, vol. 61, no. 6, pp. 1058-1061.

19. Ishkhanov B.S., Kapitonov I.M., Yudin N.P. Chastitsy
i atomnye yadra (Particles and atomic nuclei), Moscow,
LKI, 2007, 584 p.

20. Grew K.E., Ibbs T.L. Thermal diffusion in gases.
Cambridge University press, 1952, 243 p.


