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ÐÀÑ×ÅÒ, ÏÐÎÅÊÒÈÐÎÂÀÍÈÅ
È ÏÐÎÈÇÂÎÄÑÒÂÎ ÎÏÒÈ×ÅÑÊÈÕ ÑÈÑÒÅÌ

Ââåäåíèå

Íàä ïðîáëåìàìè ñîçäàíèÿ òåëåñêîïîâ 5-ãî ïîêî-
ëåíèÿ (25-ìåòðîâîãî è áîëüøèõ ðàçìåðîâ) ó÷åíûå è
èíæåíåðû íà÷àëè ðàáîòàòü â íà÷àëå 90-õ ãîäîâ ïðî-
øëîãî âåêà, êîãäà ðàçâîðà÷èâàëîñü ïðîåêòèðîâàíèå
è ñòðîèòåëüñòâî ÷åòâåðòîãî ïîêîëåíèÿ îïòè÷åñêèõ
òåëåñêîïîâ 10-ìåòðîâîãî êëàññà [1–3]. Â ïîñëåäíèå
ãîäû, êîãäà ðåàëèçàöèÿ îñíîâíûõ ïðîåêòîâ òåëåñêî-
ïîâ ÷åòâåðòîãî ïîêîëåíèÿ âñòóïèëà â çàâåðøàþùóþ
ôàçó, ýòè èññëåäîâàíèÿ íà÷àëè ðàñøèðÿòüñÿ è óãëóá-
ëÿòüñÿ [4–8]. Íåâçèðàÿ íà ñëîæíîñòü ñòîÿùèõ ïðî-
áëåì, âñëåä çà ïðåäëîæåíèÿìè ïî 25-ìåòðîâûì
òåëåñêîïàì ïîñëåäîâàëè àâàíïðîåêòû èíñòðóìåíòîâ
ñ àïåðòóðîé 50 ì [9] è äàæå 100 ì [10–13].

Àíàëèç îøèáîê êðóïíîãàáàðèòíûõ òåëåñêîïîâ
ïîêàçûâàåò, ÷òî ñ ðîñòîì äèàìåòðà ïðèåìíîé àïåð-
òóðû óäåëüíûé âêëàä êîíñòðóêöèè è îïòèêè â óõóä-
øåíèå êà÷åñòâà èçîáðàæåíèÿ çíà÷èòåëüíî âîçðàñ-
òåò [14]. Ïîýòîìó íåîáõîäèìî èçìåíèòü ïîäõîä ê
îáîñíîâàíèþ âûáîðà îïòè÷åñêîé ñõåìû òåëåñêîïà.
Äîìèíèðóþùèìè ñòàíîâÿòñÿ òðåáîâàíèÿ ê âîçìîæ-
íîñòè ñîçäàíèÿ âñåé ìåõàíè÷åñêîé êîíñòðóêöèè òå-
ëåñêîïà ñ ïðèåìëåìûìè ìàññîãàáàðèòíûìè, à òàê-
æå æåñòêîñòíûìè è ïðî÷íîñòíûìè õàðàêòåðèñòè-
êàìè, ïîçâîëÿþùèìè îáåñïå÷èòü òðåáóåìûå
êà÷åñòâî èçîáðàæåíèÿ è åãî ñòàáèëüíîñòü. Èìåííî
ïðàâèëüíûé âûáîð îïòè÷åñêîé ñõåìû, åå ñòðóêòó-

ðû è êîððåêöèîííûõ ñâîéñòâ è âîçìîæíîñòåé áó-
äåò â çíà÷èòåëüíîé ñòåïåíè îïðåäåëÿòü ðàáîòîñïî-
ñîáíîñòü áóäóùåãî òåëåñêîïà.

Êðîìå òîãî, îïòèêà òåëåñêîïà äîëæíà áûòü ìàê-
ñèìàëüíî òåõíîëîãè÷íà, ò. å. åå èçãîòîâëåíèå äîë-
æíî îáåñïå÷èâàòüñÿ íà ñóùåñòâóþùåì èëè ìîäåð-
íèçèðîâàííîì îáîðóäîâàíèè ñ ìèíèìàëüíûìè
äîïóñòèìûìè ïîãðåøíîñòÿìè è çàòðàòàìè ïðè ñî-
õðàíåíèè ïðîñòîòû, óäîáñòâà è òî÷íîñòè ïîñëåäóþ-
ùåé ñáîðêè è þñòèðîâêè.

Ãëàâíûì òðåáîâàíèåì ê îïòèêå òåëåñêîïà 5-ãî ïî-
êîëåíèÿ, íàðÿäó ñ áåçóñëîâíûì òðåáîâàíèåì îáåñïå-
÷åíèÿ âûñîêîãî êà÷åñòâà ôîðìèðóåìîãî èçîáðàæåíèÿ,
ÿâëÿåòñÿ ìàêñèìàëüíàÿ êîìïàêòíîñòü îïòè÷åñêîé
ñèñòåìû. Ýòî òðåáîâàíèå îáóñëîâëåíî íåîáõîäè-
ìîñòüþ ïðåäåëüíîé ìèíèìèçàöèè ãàáàðèòîâ, ìàñ-
ñû è, ñîîòâåòñòâåííî, ñòîèìîñòè âñåãî òåëåñêîïà.

Ñ ðîñòîì äèàìåòðà àïåðòóðû òåëåñêîïà ïðè ñî-
õðàíåíèè ýêâèâàëåíòíîãî äèàôðàãìåííîãî ÷èñëà
[15] ïðîïîðöèîíàëüíî âîçðàñòàþò ôîêóñíîå ðàññòî-
ÿíèå îïòè÷åñêîé ñèñòåìû òåëåñêîïà è ìàñøòàá ôîð-
ìèðóåìîãî èì èçîáðàæåíèÿ. Ïðè ñîõðàíåíèè ñóùå-
ñòâóþùèõ îãðàíè÷åíèé íà ëèíåéíûå ðàçìåðû ñâå-
òîïðèåìíèêîâ, óñòàíàâëèâàåìûõ â ïëîñêîñòè
èçîáðàæåíèÿ, à òàêæå îãðàíè÷åíèé íà äèàìåòð ëèí-
çîâûõ êîððåêòîðîâ, óñòàíàâëèâàåìûõ âáëèçè ïëîñ-
êîñòè èçîáðàæåíèÿ, ñ ðîñòîì äèàìåòðà òåëåñêîïà
áóäåò óìåíüøàòüñÿ åãî óãëîâîå ïîëå.
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Ïðèíöèïû ïîñòðîåíèÿ
îïòè÷åñêîé ñèñòåìû òåëåñêîïà

ïÿòîãî ïîêîëåíèÿ

Ïåðâûå æå ðàñ÷åòû îïòè÷åñêèõ ñèñòåì òåëåñêî-
ïà äèàìåòðîì 25 è áîëåå ìåòðîâ ïîêàçàëè, ÷òî êëàñ-
ñè÷åñêèå äâóõçåðêàëüíûå ñõåìû íå â ñîñòîÿíèè
îáåñïå÷èòü òðåáóåìûå õàðàêòåðèñòèêè. Ïîñëåäóþ-
ùèå èññëåäîâàíèÿ ïîçâîëèëè ñôîðìóëèðîâàòü
îñíîâíûå ïðèíöèïû ïðîåêòèðîâàíèÿ îïòè÷åñêîé
ñèñòåìû òåëåñêîïîâ 5-ãî ïîêîëåíèÿ:

• ïðåäåëüíî ñâåòîñèëüíîå ãëàâíîå çåðêàëî (äè-
àôðàãìåííîå ÷èñëî ïîðÿäêà 1,0–1,5),

• ñòóïåí÷àòàÿ ñòðóêòóðà îïòè÷åñêîé ñèñòåìû ñ
ìèíèìàëüíûì êîëè÷åñòâîì ñòóïåíåé è îïòè÷åñêèõ
ýëåìåíòîâ â êàæäîé ñòóïåíè (â ñàìîì ïðîñòîì ñëó-
÷àå òðåáóþòñÿ äâå ñòóïåíè ïî äâà îïòè÷åñêèõ ýëå-
ìåíòà â êàæäîé) [16],

• ìèíèìàëüíîå âçàèìíîå âëèÿíèå ñòóïåíåé îï-
òè÷åñêîé ñèñòåìû,

• èñïîëüçîâàíèå îïòè÷åñêèõ ýëåìåíòîâ, îñîáåí-
íî êðóïíîãàáàðèòíûõ, ñ ìèíèìàëüíîé àñôåðè÷íî-
ñòüþ ðàáî÷åé ïîâåðõíîñòè;

• îòíîñèòåëüíî áîëüøîé äèàïàçîí äîïóñòèìûõ
ñìåùåíèé îïòè÷åñêèõ ýëåìåíòîâ äðóã îòíîñèòåëü-
íî äðóãà äëÿ îáåñïå÷åíèÿ äîïóñòèìîé èñõîäíîé
íåæåñòêîñòè êîíñòðóêöèè ìåõàíè÷åñêîé ÷àñòè òå-
ëåñêîïà (îïðàâ, òðóáû, îïîðíî-ïîâîðîòíîãî óñòðîé-
ñòâà è ò. ï.), ïîçâîëÿþùåé ìèíèìèçèðîâàòü åå âåñ;

• ñâîáîäíûå òåõíîëîãè÷åñêèå äîïóñêè íà êà÷å-
ñòâî èçãîòîâëåíèÿ îïòèêè ñ ñîõðàíåíèåì êà÷åñòâà
èçîáðàæåíèÿ.

Íàèáîëåå çàìàí÷èâûì âàðèàíòîì ïðåäñòàâëÿ-
åòñÿ äâóõñòóïåí÷àòàÿ ñõåìà îïòèêè – äâå ñòóïåíè
ïî äâà çåðêàëà â êàæäîé, ïðè÷åì ïåðâàÿ ñòóïåíü àôî-
êàëüíàÿ (èëè áëèçêàÿ ê àôîêàëüíîé) [17]. Ýòî ïî-
çâîëèò ìàêñèìàëüíî ðàçâÿçàòü îáå ñòóïåíè êàê êîí-
ñòðóêòèâíî, òàê è ñ òî÷êè çðåíèÿ þñòèðîâêè.

Ñåãîäíÿ, ïîæàëóé, íè ó êîãî íå âûçûâàåò ñîìíå-
íèÿ, ÷òî â êà÷åñòâå ãëàâíûõ çåðêàë òåëåñêîïîâ ïÿ-
òîãî ïîêîëåíèÿ áóäóò èñïîëüçîâàòüñÿ èñêëþ÷èòåëü-
íî ñîñòàâíûå çåðêàëà [18], ó êîòîðûõ âçàèìíîå ïðî-
ñòðàíñòâåííîå ïîëîæåíèå îòäåëüíûõ ýëåìåíòîâ âî
âðåìÿ ðàáîòû áóäåò íåïðåðûâíî êîððåêòèðîâàòüñÿ
ñ öåëüþ ïîääåðæàíèÿ çàäàííîé ôîðìû è ñ öåëüþ
àäàïòèâíîé êîìïåíñàöèè èñêàæåíèé âîëíîâîãî
ôðîíòà ôîðìèðóåìîãî òåëåñêîïîì èçîáðàæåíèÿ.
Ñàìè îïòè÷åñêèå ýëåìåíòû ñîñòàâíîãî ãëàâíîãî
çåðêàëà (ÑÃÇ) äîëæíû áûòü ìàêñèìàëüíî ëåãêèìè
è æåñòêèìè, òàê êàê îíè áóäóò ÿâëÿòüñÿ èñïîëíè-
òåëüíûìè ýëåìåíòàìè ñèñòåìû àâòîìàòè÷åñêîãî ðå-
ãóëèðîâàíèÿ.

Âòîðûì ïî çíà÷èìîñòè è òðóäíîñòè ñîçäàíèÿ
îïòè÷åñêèì ýëåìåíòîì ñîâðåìåííîãî çåðêàëüíîãî
òåëåñêîïà ÿâëÿåòñÿ âòîðè÷íîå çåðêàëî. Íåîáõîäèì

ïîèñê êîìïðîìèññà, çàêëþ÷àþùåãîñÿ â âûáîðå òà-
êîé îïòè÷åñêîé ñõåìû, â êîòîðîé ïðåäåëüíî ìèíè-
ìèçèðîâàíû äèàìåòð âòîðè÷íîãî çåðêàëà, à òàêæå
åãî êðèâèçíà è àñôåðè÷íîñòü. Ýòî íåîáõîäèìî äëÿ
îáåñïå÷åíèÿ òåõíîëîãè÷íîñòè åãî èçãîòîâëåíèÿ è
êîíòðîëÿ.

Èíòåðåñíûì ðåøåíèåì, íåñìîòðÿ íà îòñòóïëå-
íèå îò òðåáîâàíèÿ êîìïàêòíîñòè îïòè÷åñêîé ñèñòå-
ìû, ÿâëÿåòñÿ ïðèìåíåíèå äëÿ ïåðâîé ñòóïåíè îïòè-
÷åñêîé ñèñòåìû çàôîêàëüíûõ ñõåì, ïîçâîëÿþùèõ,
âî-ïåðâûõ, èñïîëüçîâàòü áîëåå òåõíîëîãè÷íûå âî-
ãíóòûå âòîðè÷íûå çåðêàëà óìåíüøåííîãî ðàçìåðà,
à òàêæå ïðèìåíÿòü äîïîëíèòåëüíûå ëèíçîâûå êîð-
ðåêòîðû â ïðîñòðàíñòâå ïðîìåæóòî÷íîãî èçîáðàæå-
íèÿ, à âî-âòîðûõ, èñïîëüçîâàòü ñàìî ïåðâè÷íîå
èçîáðàæåíèå, àäàïòèâíî êîððåêòèðóÿ åãî êà÷åñòâî
ñ ïîìîùüþ ýëåìåíòîâ ÑÃÇ.

Îñíîâíûìè çàäà÷àìè îïòèêè âòîðîé ñòóïåíè
ÿâëÿþòñÿ ñîãëàñîâàíèå îïòè÷åñêèõ ïàðàìåòðîâ
ïåðâîé ñòóïåíè ñ ïàðàìåòðàìè ïðèåìíî-ðåãèñòðè-
ðóþùåé àïïàðàòóðû (óãëîâîå ïîëå, ìàñøòàá èçîá-
ðàæåíèÿ, êðèâèçíà ïîâåðõíîñòè èçîáðàæåíèÿ è
ò. ä.), à òàêæå êîìïåíñàöèÿ àáåððàöèé ïåðâîé ñòó-
ïåíè. Îïòèêà âòîðîé ñòóïåíè ìîæåò áûòü âûïîëíå-
íà ïîëíîñòüþ èëè ÷àñòè÷íî ñìåííîé â çàâèñèìî-
ñòè îò íàçíà÷åíèÿ òåëåñêîïà è ñîñòàâà åãî íàó÷íûõ
ïðèáîðîâ. Îñíîâîé äëÿ ïðîåêòèðîâàíèÿ îïòèêè
âòîðîé ñòóïåíè ìîãóò ñëóæèòü ïðàêòè÷åñêè ëþáûå
èçâåñòíûå ñõåìû çåðêàëüíûõ è çåðêàëüíî-ëèíçîâûõ
îáúåêòèâîâ.

Êàê áûëî ïîêàçàíî â ðàáîòàõ [14, 19], íàèáîëåå
ðàöèîíàëüíûì è âåðîÿòíûì âàðèàíòîì íà ñåãîäíÿø-
íèé äåíü ÿâëÿåòñÿ ñîçäàíèå àäàïòèâíîãî îïòè÷å-
ñêîãî òåëåñêîïà 25-ìåòðîâîãî êëàññà. Èìåííî äëÿ
òàêîãî äèàìåòðà è áûëà ïîñòàâëåíà çàäà÷à ïîèñêà
ñõåìû ïîñòðîåíèÿ îïòèêè òåëåñêîïà, ðàáîòàþùåãî
â âèäèìîì è áëèæíåì ÈÊ äèàïàçîíàõ äëèí âîëí.

Îïòè÷åñêàÿ ñèñòåìà
25-ìåòðîâîãî òåëåñêîïà

Îäíèì èç íàèáîëåå ïåðñïåêòèâíûõ âàðèàíòîâ
îïòè÷åñêîé ñõåìû äëÿ 25-ìåòðîâîãî òåëåñêîïà ÿâ-
ëÿåòñÿ, íà íàø âçãëÿä, äâóõñòóïåí÷àòàÿ ÷åòûðåõçåð-
êàëüíàÿ ñõåìà ñ ñîñòàâíûì ãëàâíûì çåðêàëîì [8,14].

Ïåðâàÿ ñòóïåíü – äâóõçåðêàëüíàÿ àôîêàëüíàÿ
óäëèíÿþùàÿ ñèñòåìà Ãðåãîðè. Îíà èìååò ñëåäóþ-
ùèå ïðåèìóùåñòâà:

• íåçíà÷èòåëüíîå ýêðàíèðîâàíèå ãëàâíîãî çåðêàëà,
• ïîëó÷åíèå èçîáðàæåíèÿ â óäîáíîì äëÿ ðàáîòû

ïðèåìíî-ðåãèñòðèðóþùåé ñèñòåìû ìåñòå, íåïî-
ñðåäñòâåííî çà ãëàâíûì çåðêàëîì.

Äëÿ ïîëó÷åíèÿ âûñîêîãî êà÷åñòâà èçîáðàæåíèÿ
ãëàâíîå çåðêàëî èìååò ôîðìó àñôåðèêè âûñøåãî
ïîðÿäêà.
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Âòîðàÿ ñòóïåíü ïðåäñòàâëÿåò ñîáîé äâóõçåðêàëü-
íóþ ôîêóñèðóþùóþ ïðåäôîêàëüíóþ ñèñòåìó Êàñ-
ñåãðåíà.

Ïàðàìåòðû èñõîäíîé
îïòè÷åñêîé ñõåìû òåëåñêîïà (ðèñ. 1)

Ãëàâíîå çåðêàëî òåëåñêîïà 1 – àñôåðèêà âûñøå-
ãî ïîðÿäêà äèàìåòðîì 25 000 ìì è ðàäèóñîì áëè-
æàéøåé ñôåðû R = 75 000 ìì.

Âòîðè÷íîå çåðêàëî 2 – ñôåðà äèàìåòðîì 5000 ìì
è R = 15 000 ìì.

Ðàññòîÿíèå ìåæäó ãëàâíûì è âòîðè÷íûì çåðêà-
ëàìè 45 000 ìì.

Ôîêóñíîå ðàññòîÿíèå ãëàâíîãî çåðêàëà 37 500 ìì.
Âõîäíîé çðà÷îê òåëåñêîïà ñîâïàäàåò ñ âåðøèíîé

ïîâåðõíîñòè ãëàâíîãî çåðêàëà.
Âòîðàÿ ôîêóñèðóþùàÿ ñòóïåíü ñîñòîèò èç äâóõ

àñôåðè÷åñêèõ çåðêàë âûñøåãî ïîðÿäêà. Äèàìåòð òðå-
òüåãî çåðêàëà 3 ñîñòàâëÿåò 5200 ìì, R = 17785 ìì;
äèàìåòð ÷åòâåðòîãî çåðêàëà 4 ñîñòàâëÿåò 2000 ìì,
R = 6193 ìì. Âòîðàÿ ôîêóñèðóþùàÿ ñòóïåíü ðàñïî-
ëîæåíà íà ðàññòîÿíèè 5542 ìì îò ãëàâíîãî çåðêàëà
èñõîäÿ èç êîíñòðóêòèâíûõ ñîîáðàæåíèé è íàèëó÷-
øåé êîððåêöèè àáåððàöèé. Âåðøèíû òðåòüåãî è
ãëàâíîãî çåðêàë ñîâïàäàþò. (Ðàññòîÿíèå ìåæäó âòî-
ðûì è òðåòüèì çåðêàëàìè – 45 000 ìì.)

Ýêâèâàëåíòíîå ôîêóñíîå ðàññòîÿíèå 250 000 ìì.
Äèàìåòð âõîäíîãî çðà÷êà 25 000 ìì.
Ðàññòîÿíèå ïëîñêîñòè èçîáðàæåíèÿ îòíîñèòåëü-

íî ãëàâíîãî çåðêàëà – 1500 ìì.
Óãëîâîå ïîëå èñõîäíîé îïòè÷åñêîé ñõåìû áûëî

âûáðàíî ðàâíûì 3′.
Â ðåçóëüòàòå ðàñ÷åòà ïî ïðîãðàììå “ÑÀÐÎ” áûëè

ïîëó÷åíû ñëåäóþùèå àáåððàöèè ñèñòåìû:

Y′íà îñè = 0,006 ìì,

Y′âíå îñè = 0,0058 ìì.

Îïòè÷åñêàÿ ñõåìà 25-ìåòðîâîãî òåëåñêîïà
ïîñëå ïðîâåäåíèÿ êîððåêöèè

ïî ïðîãðàììå “ZEMAX-ÅÅ”

Îïòèìèçàöèÿ îïòè÷åñêîé ñèñòåìû 25-ìåòðî-
âîãî òåëåñêîïà ñ ïîìîùüþ ïàêåòà êîìïüþòåðíûõ
ïðîãðàìì “ZEMAX-EE” ïîçâîëèëà íà ïîðÿäîê
óëó÷øèòü ðåçóëüòàò ïî ñðàâíåíèþ ñ èñõîäíûì âà-
ðèàíòîì.

Ïðè ýòîì óäàëîñü ñóùåñòâåííî óìåíüøèòü äèà-
ìåòðû çåðêàë âòîðîé ñòóïåíè òåëåñêîïà: äèàìåòð
òðåòüåãî çåðêàëà ñîêðàùåí ñ 5200 äî 3000 ìì, äèà-
ìåòð ÷åòâåðòîãî çåðêàëà ñ 2000 äî 1000 ìì. Óãëî-
âîå ïîëå ñèñòåìû óâåëè÷åíî ñ 3′ äî 10′ (äèôðàêöèîí-
íîå êà÷åñòâî ñèñòåìû).

Â ðåçóëüòàòå ïðîâåäåííîé îïòèìèçàöèè àáåððà-
öèè ñèñòåìû óìåíüøèëèñü äî çíà÷åíèé

Y′íà îñè = 0,0009 ìì,
Y′âíå îñè = 0,0023 ìì.

Êîððåêöèÿ èñõîäíîé ñõåìû 25-ìåòðîâîãî òåëåñêî-
ïà ïðèâåëà òàêæå ê èçìåíåíèþ ôîðìû çåðêàë îïòè÷å-
ñêîé ñèñòåìû. Ïðè ýòîì âñå ãàáàðèòíûå è îïòè÷åñêèå
õàðàêòåðèñòèêè ñõåìû óäàëîñü ñîõðàíèòü.

Ïðèâåäåì ôîðìóëó ïîâåðõíîñòè ñ ÷åòíîé àñôå-
ðèêîé, ïî êîòîðîé áûë ïðîâåäåí ðàñ÷åò òåëåñêîïà ïî
ïðîãðàììå “ZEMAX”. Îñåñèììåòðè÷íàÿ ïîëèíî-
ìèàëüíàÿ àñôåðè÷åñêàÿ ïîâåðõíîñòü îïèñûâàåòñÿ
ïóòåì äîáàâëåíèÿ ê ôîðìóëå ñôåðû ïîëèíîìà, õà-
ðàêòåðèçóþùåãî îòêëîíåíèÿ îò ñôåðè÷åñêîé ïîâåðõ-
íîñòè. Â ìîäåëè ïîâåðõíîñòè ñ ÷åòíîé àñôåðèêîé äëÿ
îïèñàíèÿ àñôåðè÷íîñòè èñïîëüçóþòñÿ òîëüêî ÷åòíûå
ñòåïåíè ðàäèàëüíûõ êîîðäèíàò. Ñòðåëêà ïðîãèáà ïî-
âåðõíîñòè îïðåäåëÿåòñÿ ôîðìóëîé

( )2 2 2 2 4
1 2

6 8 16
3 4 8

1 1 (1 )

,

z ñr k c r r r

r r r

= + − + + α + α +

+α + α + + α…

ãäå ñ – êðèâèçíà ïîâåðõíîñòè, r – ðàäèàëüíàÿ êîîð-
äèíàòà â ëèíåéíûõ åäèíèöàõ ñõåìû, k = –ε2 – êîíè-
÷åñêàÿ ïîñòîÿííàÿ (ε – ýêñöåíòðèñèòåò ïîâåðõíîñ-
òè), αi – êîýôôèöèåíòû àñôåðèêè.

Ïîñëå ïðîâåäåíèÿ êîððåêöèè îïòè÷åñêîé ñèñòå-
ìû äëÿ ïîëÿ 10′ ãëàâíîå çåðêàëî 25-ìåòðîâîãî òå-
ëåñêîïà ïðåäñòàâëÿåò ñîáîé ãèïåðáîëîèä øåñòîãî
ïîðÿäêà ñ êîýôôèöèåíòàìè àñôåðèêè

α1 = –4,661×10–8,

α2 = –7,152× 10–17,

α3 = 2,717× 10–27

è êîíè÷åñêîé ïîñòîÿííîé k = –1,275163.
Âòîðè÷íîå çåðêàëî òåëåñêîïà ïðåäñòàâëÿåò ñî-

áîé ýëëèïñîèä øåñòîãî ïîðÿäêà äèàìåòðîì 5 ì ñ
êîýôôèöèåíòàìè àñôåðèêè

Ðèñ. 1. Èñõîäíàÿ îïòè÷åñêàÿ ñõåìà 25-ìåòðîâîãî
òåëåñêîïà. 1 – ñîñòàâíîå ãëàâíîå çåðêàëî, 2 – âòî-
ðè÷íîå çåðêàëî, 3 – òðåòüå çåðêàëî, 4 – ÷åòâåðòîå
çåðêàëî.

1

2 34
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α1 = 1,997× 10–6,
α2 = –1,288×10–14,
α3 = –3,581× 10–23

è êîíè÷åñêîé ïîñòîÿííîé k = –0,155784.
Òðåòüå çåðêàëî òåëåñêîïà – ñïëþñíóòûé ñôåðî-

èä ÷åòâåðòîãî ïîðÿäêà äèàìåòðîì 3 ì ñ êîýôôèöè-
åíòàìè àñôåðèêè

α1 = 3,974× 10–6,

α2 = –1,836× 10–14

è êîíè÷åñêîé ïîñòîÿííîé k = 0,8721267.
×åòâåðòîå çåðêàëî òåëåñêîïà – ñïëþñíóòûé ñôå-

ðîèä ÷åòâåðòîãî ïîðÿäêà äèàìåòðîì 1 ì ñ êîýôôè-
öèåíòàìè àñôåðèêè

α1 = –5,371× 10–7,
α2 = 6,165× 10–13

è êîíè÷åñêîé ïîñòîÿííîé k = 3,743774.
Íà ðèñ. 2 ïðèâåäåíû çàâèñèìîñòè êîíöåíòðàöèè

ýíåðãèè E â êðóæêå ðàññåÿíèÿ l â ôîêàëüíîé ïëîñêî-

Ðèñ. 2. Çàâèñèìîñòè êîíöåíòðàöèè ýíåðãèè Å â
êðóæêå ðàññåÿíèÿ l â ôîêàëüíîé ïëîñêîñòè ñèñòå-
ìû. Ïîÿñíåíèÿ â òåêñòå.

Ðèñ. 3. Çàâèñèìîñòè àáåððàöèé îò óãëîâîãî è ëè-
íåéíîãî ïîëåé. 1 – çàâèñèìîñòü îòíîøåíèÿ êðóæ-
êà ðàññåÿíèÿ òî÷êè â ðåàëüíîé δð è äèôðàêöèîí-
íî-îãðàíè÷åííîé δäèôð îïòè÷åñêèõ ñèñòåìàõ îò
óãëîâîãî ω è ëèíåéíîãî L ïîëåé; 2 – çàâèñèìîñòü
ðàçìåðà èçîáðàæåíèÿ (ïî óðîâíþ 0,8Å0) â ëèíåé-
íîé lð è óãëîâîé ìåðå δð îò óãëîâîãî ω è ëèíåéíîãî
L ïîëåé.

ñòè ñèñòåìû. Âèäíî, ÷òî äèôðàêöèîííûå (êðèâàÿ 1)
è ðàñ÷åòíûå çíà÷åíèÿ ýíåðãèé äëÿ óãëîâ ïîëÿ 0°, 5′ è
–5′ (êðèâûå 2, 3 è 4 ñîîòâåòñòâåííî) îïòèìèçèðîâàí-
íîé îïòè÷åñêîé ñèñòåìû ïðàêòè÷åñêè ñîâïàäàþò. Ýòî
îçíà÷àåò, ÷òî îïòèìèçèðîâàííàÿ îïòè÷åñêàÿ ñèñòå-
ìà îáëàäàåò äèôðàêöèîííûì êà÷åñòâîì.

Íà ðèñ. 3 ïðèâåäåíû çàâèñèìîñòè àáåððàöèè îò
óãëîâîãî è ëèíåéíîãî ïîëåé.

Çàêëþ÷åíèå

Ïðåäëîæåííàÿ îïòè÷åñêàÿ ñõåìà 25-ìåòðîâîãî
òåëåñêîïà îáëàäàåò ðÿäîì äîñòîèíñòâ, îáåñïå÷èâà-
þùèõ âûñîêîå êà÷åñòâî èçîáðàæåíèÿ â ñî÷åòàíèè
ñ òåõíîëîãè÷íîñòüþ. Ýòî îêàçàëîñü âîçìîæíûì çà
ñ÷åò òîãî, ÷òî

• ãëàâíîå çåðêàëî c äèàôðàãìåííûì ÷èñëîì 1,5
ñîñòàâëåíî èç ìåòðîâûõ ýëåìåíòîâ ñôåðè÷åñêîé
ôîðìû,

• àñôåðè÷íîñòü îòðàæàþùåé ïîâåðõíîñòè ÑÃÇ
îáåñïå÷èâàåòñÿ ïóòåì ñîîòâåòñòâóþùåé óñòàíîâêè
îáðàçóþùèõ åå ñôåðè÷åñêèõ ýëåìåíòîâ (ñðåäíå-
êâàäðàòè÷åñêîå îòñòóïëåíèå àïïðîêñèìèðîâàííîé
ïîâåðõíîñòè îò ðàñ÷åòíîé àñôåðè÷åñêîé â ïðåäå-
ëàõ 25-ìåòðîâîé àïåðòóðû íå ïðåâûøàåò 0,012 ìêì
(λâèä/40);

• âòîðè÷íîå çåðêàëî äèàìåòðîì 5 ì àñôåðè÷å-
ñêîé ôîðìû ìîæåò áûòü êàê âûïóêëûì (ïðåäôîêàëü-
íàÿ ïåðâàÿ ñòóïåíü), òàê è âîãíóòûì (çàôîêàëüíàÿ
ïåðâàÿ ñòóïåíü);

• àôîêàëüíàÿ (èëè áëèçêàÿ ê íåé) äâóõçåðêàëüíàÿ
ïåðâàÿ ñòóïåíü ôîðìèðóåò ïðàêòè÷åñêè ðàâíîèñêà-
æåííûå èçîáðàæåíèÿ â ïðåäåëàõ âñåãî óãëîâîãî ïîëÿ,
ïðè ýòîì çà ñ÷åò óïðàâëåíèÿ ýëåìåíòàìè ÑÃÇ â ñî-
ñòàâå àäàïòèâíîé ñèñòåìû èìååòñÿ âîçìîæíîñòü ïîä-
äåðæèâàòü òðåáóåìîå êà÷åñòâî îïòè÷åñêîé ñèñòåìû;

• ïåðâàÿ è âòîðàÿ ñòóïåíè îïòè÷åñêîé ñèñòåìû
ïî÷òè íåçàâèñèìû çà ñ÷åò êâàçèàôîêàëüíîñòè ïåð-
âîé ñòóïåíè,

• èìååòñÿ äîïîëíèòåëüíàÿ âîçìîæíîñòü èñïîëü-
çîâàíèÿ ïåðâè÷íîãî ôîêóñà ñ øèðîêèì óãëîâûì
ïîëåì â ñîâîêóïíîñòè ñ êîððåêòîðîì (èëè áåç íåãî)
è àäàïòèâíîé êîððåêöèåé êà÷åñòâà èçîáðàæåíèÿ ñ
ïîìîùüþ óïðàâëÿåìûõ ýëåìåíòîâ ÑÃÇ.

ËÈÒÅÐÀÒÓÐÀ

11. Scientific American. November 1991. V. 256. ¹ 5.

12. Ðýíäàëë Ë.Ê. Îïòè÷åñêèå è èíôðàêðàñíûå òåëåñêîïû
90-õ ãîäîâ / Ïîä ðåä. Õüþèò À. Ì.: Ìèð, 1983. Ñ. 288.

13. Ìåéíåë À.Á. Îïòè÷åñêèå òåëåñêîïû áóäóùåãî. Ì.:
Ìèð, 1981. Ñ. 20–35.

14. Ardeberg A., Andersen T., Owner-Petersen M. Study of a
25 m Telescope for Optical Wavelengths // Proc. SPIE.
1994. V. 2199. P. 315–333.

0

0,4

0,8

1, 2, 3, 4E, îòí. åä.

50 100l, ìêì

1

2
0,0043
0,0064
0,0080

0,0195

10

20

30

11

2

3

–6 –3 0 3 6
–436 –218 218 436

ω, óãë. ìèí
L, ìì

lp, ìêì δp,óãë. ñδp/δäèôð

0



23“Îïòè÷åñêèé æóðíàë”, òîì 74, ¹ 2, 2007

15. Sychev V.V., Kasperski V.B., Stroganova S.M., Travush V.I.
On conceptual design options of a large optical telescope
of 10…25 metre class // Proc. SPIE. 1996. V. 2861.
P. 624–634.

16. Bash F.N., Sebring T.A., Ray F.B., Ramsey L.W. The
Extremely Large Telescope: A twenty-five meter aperture
for the twenty-first century // Proc. SPIE. 1996. V. 2861.
P. 576–584.

17. Çâåðåâ Â.À., Áàõîëäèí À.Â., Ãàâðèëþê À.Â. Îïòè÷åñêàÿ
ñèñòåìà âûñîêîàïåðòóðíîãî òåëåñêîïà // Îïòè÷åñêèé
æóðíàë. 2001. Ò. 68. ¹ 6. Ñ. 6–14.

18. Áàõîëäèí À.Â., Çâåðåâ Â.À., Ðîìàíîâà Ã.Ý. Îïòè÷åñêàÿ
ñèñòåìà âûñîêîàïåðòóðíîãî òåëåñêîïà // Îïòè÷åñêèé
æóðíàë. 2005. Ò. 72. ¹ 2. Ñ. 24–28.

19. Ardeberg A., Andersen T., Owner-Petersen M., Jessen N.-C.
A 25 m Live Optics Telescope // Proc. SPIE. 1996.
V. 2861. P. 585–596.

10. Nelson J.E. Design Concept for the California Extremely
Large Telescope (CELT) // Proc. SPIE. 2000. V. 4004.
P. 282–299.

11. Dierickx P., Gilmozzi R. Progress of the OWL 100-m
Telescope Conceptual Design // Proc. SPIE. 2000.
V. 4004. P. 290–299.

12. Atad-Ettedgui E., Worswick S., Wells M., Ramsay S., Has-
tings P., Wright G. An Integral Approach to the design of
a 100 m telescope, its adaptive optics and instrumen-
tation // Proc. SPIE. 2000. V. 4004. P. 300–310.

13. Ray F.B., Bash F.N., Ramsey L.W., Sebring T.A. Issues in
scaling ELT up to 100 meters // Proc. SPIE. 2000. V. 4004.
P. 405–419.

14. Sychev V.V., Belkin N.D., Deulin E.A. The problems of
the 25-m class supertelescope designing // Proc. SPIE.
2000. V. 4004. P. 330–339.

15. ÃÎÑÒ 7427-76. Ãåîìåòðè÷åñêàÿ îïòèêà. Òåðìèíû, îï-
ðåäåëåíèÿ è áóêâåííûå îáîçíà÷åíèÿ.

16. Meinel A.B., Meinel M.P. Two-stage optics: high-acuity
performance from low-acuity optical systems // Opt.
Engin. 1992. V. 31. ¹ 11. P. 2271–2281.

17. Puryayev D.T. Afocal two-mirror system // Opt. Engin.
1993. V. 32. ¹ 1. P. 1325–1327.

18. Owner-Petersen M. Optical design and performance
analysis of a 25 m class telescope with a segmented
spherical primary // Proc. SPIE. 1996. V. 2871. P. 607–612.

19. Ñû÷åâ Â.Â. Àäàïòèâíûå îïòè÷åñêèå ñèñòåìû â êðóï-
íîãàáàðèòíîì òåëåñêîïîñòðîåíèè. Ñòàðûé Îñêîë.:
Òîíêèå íàóêîåìêèå òåõíîëîãèè, 2005. Ñ. 464.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


