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Ðàçðàáîòàí ñïåêòðîìåòð ñ âíåøíèì âûñîêîäîáðîòíûì îïòè÷åñêèì ðåçîíàòîðîì è íåêîãåðåíòíûì èñòî÷-
íèêîì èçëó÷åíèÿ â îáëàñòè 0,9 ìêì ñî ñïåêòðàëüíûì ðàçðåøåíèåì 0,08 ñì–1; çàðåãèñòðèðîâàíû ñïåêòðû ïî-
ãëîùåíèÿ àòìîñôåðíîãî âîçäóõà è ýòàíîëà. Â êà÷åñòâå èñòî÷íèêà èçëó÷åíèÿ èñïîëüçîâàëàñü ãàëîãåíîâàÿ ëàì-
ïà ìîùíîñòüþ 100 Âò. Êîýôôèöèåíò óâåëè÷åíèÿ êîíòðàñòíîñòè ñèãíàëà ñïåêòðîìåòðà ïî ñðàâíåíèþ ñ êîíòðà-
ñòíîñòüþ èçìåðåíèé êëàññè÷åñêèì ñïåêòðîôîòîìåòðè÷åñêèì ìåòîäîì ñ êþâåòîé òàêîé æå äëèíû ñîñòàâèë 65. 
 

 
Â ïîñëåäíèå ãîäû ïðåäëîæåíû è ïîëó÷èëè áóð-

íîå ðàçâèòèå ñïåêòðîìåòðû, â êîòîðûõ ñâåò ââîäèòñÿ 
â ìîäó îïòè÷åñêîãî ðåçîíàòîðà. Òàêèå ñïåêòðîìåòðû 
õàðàêòåðèçóþòñÿ ÷ðåçâû÷àéíî âûñîêîé ïîðîãîâîé 
÷óâñòâèòåëüíîñòüþ ê ïîãëîùåíèþ – 10–7

 – 10–9
 ñì–1. 

Ïåðâûì áûë ïðåäëîæåí ìåòîä çàòóõàíèÿ èçëó÷åíèÿ 
â ðåçîíàòîðå, â êîòîðîì êîðîòêèé èìïóëüñ óçêîïî-
ëîñíîãî ëàçåðíîãî èçëó÷åíèÿ (âðåìÿ ëàçåðíîãî èì-
ïóëüñà tp ìåíüøå èëè ñðàâíèìî ñî âðåìåíåì ïîëíîãî 

îáõîäà ðåçîíàòîðà) çàïóñêàëñÿ â îïòè÷åñêèé ðåçîíà-
òîð ñ êîýôôèöèåíòîì îòðàæåíèÿ çåðêàë R = 0,9999, 
è ïî âðåìåíè çàòóõàíèÿ îïòè÷åñêîãî èçëó÷åíèÿ íà 
âûõîäå ðåçîíàòîðà îïðåäåëÿëñÿ êîýôôèöèåíò ïî-
ãëîùåíèÿ ñðåäû, ðàñïîëîæåííîé ìåæäó çåðêàëàìè 
ðåçîíàòîðà [1]. 

Â ìåòîäå ðåçîíàòîðíîãî óâåëè÷åíèÿ ïîãëîùåíèÿ 
(ÐÓÏ) óçêîïîëîñíîå èçëó÷åíèå íåïðåðûâíîãî ïåðå-
ñòðàèâàåìîãî ëàçåðà ââîäèòñÿ â ðåçîíàòîð ïðè ñëó-
÷àéíûõ ñîâïàäåíèÿõ ÷àñòîò ëàçåðà ñ ÷àñòîòîé îäíîé 
èç ìîä ðåçîíàòîðà. Èíôîðìàöèÿ î ïîãëîùåíèè èç-
âëåêàåòñÿ èç çàðåãèñòðèðîâàííîé âðåìåííîé ðàç-
âåðòêè èíòåíñèâíîñòè èçëó÷åíèÿ ëàçåðà, âûõîäÿ-
ùåé èç ðåçîíàòîðà [2].  

Èñïîëüçîâàíèå â ÐÓÏ-ñïåêòðîñêîïèè â êà÷åñòâå 
èñòî÷íèêà íåêîãåðåíòíîãî îïòè÷åñêîãî èçëó÷åíèÿ (ëàì-
ïû âûñîêîé ÿðêîñòè) ïîçâîëÿåò ïåðåêðûòü âåñü ñïåê-
òðàëüíûé äèàïàçîí îò ÓÔ- äî äàëüíåé ÈÊ-îáëàñòè 
[3]. Â ýòîì ñëó÷àå îïòè÷åñêîå èçëó÷åíèå èñòî÷íèêà 
èìååò íåïðåðûâíûé íàáîð ÷àñòîò, ÷àñòü èç êîòîðûõ 
ñîâïàäàåò ñ ñîáñòâåííûìè ÷àñòîòàìè ðåçîíàòîðà è ýô-
ôåêòèâíî ââîäèòñÿ âíóòðü ðåçîíàòîðà. 

Â äàííîé ñòàòüå îïèñàí øèðîêîïîëîñíûé âûñî-
êî÷óâñòâèòåëüíûé ñïåêòðîìåòð ñ âûñîêîäîáðîòíûì 
ðåçîíàòîðîì â îáëàñòè 0,9 ìêì. 

 

Ýêñïåðèìåíò 
 
Â íàøåì ýêñïåðèìåíòå â êà÷åñòâå èñòî÷íèêà 

èçëó÷åíèÿ èñïîëüçîâàëàñü 100-Âò êñåíîíîâàÿ ëàìïà 
(ðèñ. 1). Ïîäáîðîì àáñîðáöèîííûõ ñâåòîôèëüòðîâ 
 

1 2 3 4 5 6 7 8 9 10  
Ðèñ. 1. Ñõåìà ñïåêòðîìåòðà: 1 – ãàëîãåíîâàÿ ëàìïà; 2 – 
ñâåòîôèëüòð ÊÑ-19; 3, 7 – ëèíçû; 4, 6 – èðèñîâûå äèà-
ôðàãìû; 5 – âûñîêîäîáðîòíûé ñôåðè÷åñêèé ðåçîíàòîð;  
8 – ìîíîõðîìàòîð; 9 – ôîòîäèîäíàÿ ëèíåéêà; 10 – êîì- 
  ïüþòåð 
 
âûäåëÿëñÿ ñïåêòðàëüíûé ó÷àñòîê, êîòîðûé ñîîòâåò-
ñòâîâàë ìàêñèìàëüíîìó îòðàæåíèþ äèýëåêòðè÷åñêèõ 
çåðêàë, îáðàçóþùèõ îïòè÷åñêèé ñòàáèëüíûé ðåçîíà-
òîð. Â êà÷åñòâå âûñîêîäîáðîòíîãî ðåçîíàòîðà èñïîëü-
çîâàëñÿ èíòåðôåðîìåòð Ôàáðè–Ïåðî ñî ñôåðè÷åñêè-
ìè çåðêàëàìè. Äëèíà îïòè÷åñêîãî ðåçîíàòîðà ñîñòàâ-
ëÿëà 44 ñì, ðàäèóñ êðèâèçíû çåðêàë – 1,5 ì, êîýôôè-
öèåíò ïðîïóñêàíèÿ çåðêàë Θ = 0,007. Ôèëüòð òàêæå 
îòðåçàë èçëó÷åíèå ìåíüøå 0,45 ìêì, êîòîðîå ñîîòâåò-
ñòâîâàëî èçëó÷åíèþ, îòðàæåííîìó âî âòîðîì è òðåòüåì 
ïîðÿäêå äèôðàêöèîííîé ðåøåòêè. Èçëó÷åíèå, âû-
øåäøåå èç èíòåðôåðîìåòðà, íàïðàâëÿëîñü íà ïîëè-
õðîìàòîð ñ ôîêóñíûì ðàññòîÿíèåì îáúåêòèâà 1200 ìì. 
Â ïîëèõðîìàòîðå èñïîëüçîâàëàñü äèôðàêöèîííàÿ ðå-
øåòêà 600 øòð/ìì, ðàáîòàþùàÿ â òðåòüåì ïîðÿäêå, 
÷òî îáåñïå÷èâàëî ñïåêòðàëüíîå ðàçðåøåíèå ∼0,1 ñì–1. 
Äëÿ êàëèáðîâêè äëèíû âîëíû èñïîëüçîâàëîñü èçëó-
÷åíèå Íå–Ne-ëàçåðà è íåîíîâîé ëàìïû, êîòîðîå çà-
âîäèëîñü â ïîëèõðîìàòîð ïîä òåì æå óãëîì, ÷òî è îñ-
íîâíîå èçëó÷åíèå èç ðåçîíàòîðà. Âñëåäñòâèå ïîòåðü 
èç-çà îòðàæåíèÿ çåðêàë èíòåíñèâíîñòü èçëó÷åíèÿ 
îñëàáëÿëàñü â 0,5(1 – R) ðàç ïîñëå ðåçîíàòîðà, à äà-
ëåå óìåíüøàëàñü çà ñ÷åò ïðîõîæäåíèÿ ñâåòà ÷åðåç 
ïîëèõðîìàòîð äî âåëè÷èíû ïîðÿäêà 10–5 I0, ïîýòîìó 
íà âûõîäå ðåçîíàòîðà èñïîëüçîâàëàñü ôîòîäèîäíàÿ 
ëèíåéêà ñ íèçêèì óðîâíåì øóìîâ è ïîâûøåííîé 
÷óâñòâèòåëüíîñòüþ, ñèãíàë ñ êîòîðîé íàïðàâëÿëñÿ  
â êîìïüþòåð. Áîëåå ïîäðîáíîå îïèñàíèå ôîòîñ÷èòû-
âàòåëÿ íà îñíîâå ôîòîäèîäíîé ëèíåéêè ïðèâåäåíî  
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â ðàáîòå [4]. Ïîñëå íàêîïëåíèÿ è óñðåäíåíèÿ èçëó-
÷åíèÿ, ïðîøåäøåãî ÷åðåç êþâåòó, ïîëó÷àëñÿ ñïåêòð 
ïîãëîùåíèÿ âåùåñòâà. Íà ðèñ. 2 ïðèâåäåí ó÷àñòîê 
ñïåêòðà ïðîïóñêàíèÿ àòìîñôåðíîãî âîçäóõà äëèíîé 
44 ñì ïðè îäíîïðîõîäíîé ñõåìå èçìåðåíèé (1)  
è ñ âûñîêîäîáðîòíûì îïòè÷åñêèì ðåçîíàòîðîì (2).  
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Ðèñ. 2. Íîðìèðîâàííûé ñïåêòð ïðîïóñêàíèÿ àòìîñôåðíîãî 
âîçäóõà â îáëàñòè 0,9 ìêì, çàðåãèñòðèðîâàííûé áåç ïðè-
ìåíåíèÿ (1) è ñ ïðèìåíåíèåì (2) îïòè÷åñêîãî ðåçîíàòîðà 
äëèíîé 44 ñì, óâåëè÷èâàþùåãî ÷óâñòâèòåëüíîñòü â 65 ðàç. 
  Ïî îñè Õ îòëîæåíû íîìåðà ÿ÷ååê äèîäíîé ëèíåéêè 

 
Êîýôôèöèåíò óâåëè÷åíèÿ êîíòðàñòíîñòè ñèãíàëà ñ äàí-
íûìè çåðêàëàìè ïî ñðàâíåíèþ ñ èçìåðåíèåì êëàññè-
÷åñêèì ñïåêòðîôîòîìåòðè÷åñêèì ìåòîäîì ñ êþâåòîé 
òàêîé æå äëèíû ñîñòàâèë 65. 

 

×óâñòâèòåëüíîñòü ñïåêòðîìåòðà 
 
Ðàññìîòðèì ôîðìèðîâàíèå ïðîâàëà â âûñîêîäîá-

ðîòíîì îïòè÷åñêîì ðåçîíàòîðå ïðè øèðîêîïîëîñíîì 
íåêîãåðåíòíîì ñâåòå, îñíîâûâàÿñü íà ïîäõîäå, ñôîð-
ìóëèðîâàííîì â [5]. Ïðåäïîëàãàåòñÿ, ÷òî íåëèíåé-
íûå ýôôåêòû ïðåíåáðåæèìî ìàëû è ÷òî øèðèíà 
ñïåêòðà èçëó÷åíèÿ Δν ñóùåñòâåííî áîëüøå øèðèíû 
ñâîáîäíîãî èíòåðâàëà ðåçîíàòîðà δν äëÿ òîãî, ÷òî-
áû áûòü íå÷óâñòâèòåëüíûì äëÿ äåòåêòèðîâàíèÿ âà-
ðèàöèè èíòåíñèâíîñòè âñëåäñòâèå ìîäîâîé ñòðóêòó-
ðû ðåçîíàòîðà. 

Ìû ðàññìîòðèì îïòè÷åñêè ñòàáèëüíûé ðåçîíàòîð 
äëèíû d, ñôîðìèðîâàííûé äâóìÿ çåðêàëàìè ñ êîýô-
ôèöèåíòîì îòðàæåíèÿ R, êîýôôèöèåíòîì ïðîïóñêà-
íèÿ çåðêàëà Θ è êîýôôèöèåíòîì ïîòåðü â çåðêàëå α 
(R + Θ + α = 1) (çàäíèå ïîâåðõíîñòè çåðêàë ïðîñâåò-
ëåíû), êîòîðûé íåïðåðûâíî îñâåùàåòñÿ íåêîãåðåíò-
íûì èçëó÷åíèåì èíòåíñèâíîñòè I0. 

Èíòåíñèâíîñòü èçëó÷åíèÿ, ïðîøåäøåãî âûñîêî-
äîáðîòíûé ðåçîíàòîð ïðè α = 0, îïèñûâàåòñÿ ñëåäóþ-
ùèì âûðàæåíèåì: 
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ãäå t – êîýôôèöèåíò ïðîïóñêàíèÿ ñðåäû, ðàñïîëî-
æåííîé â ðåçîíàòîðå; Φ = 2nd cosϕ – ðàçíîñòü ôàç 
ñîñåäíèõ èíòåðôåðèðóþùèõ ëó÷åé; n – ïîêàçàòåëü 

ïðåëîìëåíèÿ âåùåñòâà â ðåçîíàòîðå; ϕ – óãîë ìåæ-
äó ðàñïðîñòðàíåíèåì ëó÷à â ðåçîíàòîðå è îñüþ ðå-
çîíàòîðà. 

Ïðè îòñóòñòâèè ñðåäû â ðåçîíàòîðå (t = 1) èí-
òåíñèâíîñòü ïðîøåäøåãî ðåçîíàòîð èçëó÷åíèÿ â èí-
òåðôåðåíöèîííûõ ìàêñèìóìàõ (Φ = 2kπ) ðàâíà ïà-
äàþùåìó èçëó÷åíèþ: 

 I = I0. (2) 

Ïðè ââåäåíèè â ðåçîíàòîð ïîãëîùåíèÿ èíòåí-
ñèâíîñòü ïðîøåäøåãî ðåçîíàòîð èçëó÷åíèÿ â èíòåð-
ôåðåíöèîííûõ ìàêñèìóìàõ îïðåäåëÿåòñÿ ñëåäóþ-
ùèì âûðàæåíèåì: 
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Íåîáõîäèìî îòìåòèòü, ÷òî íèêàêèõ ïðèáëèæåíèé 
äëÿ t è R íå áûëî ñäåëàíî, ïîýòîìó (3) âûïîëíÿåò-
ñÿ êàê äëÿ áîëüøîãî ïîãëîùåíèÿ, òàê è äëÿ ìàëûõ 
êîýôôèöèåíòîâ îòðàæåíèÿ çåðêàë R. 

Íà ðèñ. 3 ïðåäñòàâëåíà çàâèñèìîñòü ãëóáèíû 
ïðîâàëà 1 – I/I0 â ñïåêòðå ïðîïóñêàíèÿ ðåçîíàòîðà 
êàê ôóíêöèÿ ïîãëîùåíèÿ èññëåäóåìîé ñðåäû (1 – t). 
Âèäíî, ÷òî äëÿ ìàëûõ êîýôôèöèåíòîâ ïîãëîùåíèÿ 
(êîýôôèöèåíò ïðîïóñêàíèÿ áëèçîê ê 1), êîãäà ïðî-
âàë â ñïåêòðå ïðîïóñêàíèÿ ðåçîíàòîðà 1 – I/I0 íå 
ïðåâûøàåò 20%, ãëóáèíà ïðîâàëà ëèíåéíî ñâÿçàíà  
ñ êîýôôèöèåíòîì ïðîïóñêàíèÿ. Ïðè áîëüøèõ çíà-
÷åíèÿõ 1 – t ëèíåéíîñòü íà÷èíàåò íàðóøàòüñÿ. 
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Ðèñ. 3. Çàâèñèìîñòü ãëóáèíû ïðîâàëà 1 – I/I0 â ñïåêòðå 
èçëó÷åíèÿ îò 1 – t äëÿ êîýôôèöèåíòà îòðàæåíèÿ çåðêàë 
  R = 0,99 

 

Îïðåäåëèì êîýôôèöèåíò óâåëè÷åíèÿ êîíòðàñò-
íîñòè β íîâîãî ìåòîäà ïî îòíîøåíèþ ê îäíîïðîõîä-
íîé ñïåêòðîñêîïèè, êîòîðûé ïðåäñòàâëÿåò ñîáîé îò-
íîøåíèå ãëóáèíû ïðîâàëà 1 – I/I0 â ñïåêòðå ïðî-
ïóñêàíèÿ ðåçîíàòîðà ê ãëóáèíå ïðîâàëà â îäíîïðî-
õîäíîì ñëó÷àå 1 – t: 

 β = (1 – I/I0)/(1 – t). 

 Íà ðèñ. 4 ïðåäñòàâëåíà çàâèñèìîñòü êîýôôè-
öèåíòà óâåëè÷åíèÿ êîíòðàñòíîñòè β ñïåêòðîìåòðà ïðè 
ðàçíûõ çíà÷åíèÿõ êîýôôèöèåíòà îòðàæåíèÿ çåðêàë 
ðåçîíàòîðà. Ïðè êîýôôèöèåíòå îòðàæåíèÿ çåðêàë 

R = 0,9999 êîýôôèöèåíò óâåëè÷åíèÿ êîíòðàñòíîñòè 
äîñòèãàåò 104 è áûñòðî óìåíüøàåòñÿ ïðàêòè÷åñêè  
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ïî ýêñïîíåíöèàëüíîìó çàêîíó ïðè óìåíüøåíèè R, 
äîñòèãàÿ 98 ïðè R = 0,98 è 19 ïðè R = 0,9. 
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Ðèñ. 4. Óâåëè÷åíèå êîíòðàñòà β â âûñîêîäîáðîòíîì ðåçîíà- 
  òîðå êàê ôóíêöèÿ êîýôôèöèåíòà îòðàæåíèÿ çåðêàë R 

 

Òàêèì îáðàçîì, äàæå ïðè èñïîëüçîâàíèè îáû÷-
íûõ äèýëåêòðè÷åñêèõ çåðêàë ñ êîýôôèöèåíòàìè îò-
ðàæåíèÿ 0,9…0,99 ìîæíî ïîëó÷èòü çàìåòíîå óâåëè-
÷åíèå êîíòðàñòíîñòè â 20…100 ðàç. Ðåçêîå óâåëè÷å-
íèå êîíòðàñòíîñòè â 1000 ðàç è áîëåå âîçíèêàåò, êî-
ãäà êîýôôèöèåíò îòðàæåíèÿ çåðêàë ïðåâûøàåò 0,999. 
Â íàøåì ñëó÷àå óâåëè÷åíèå êîíòðàñòíîñòè ñîñòàâèëî 
65 ðàç, ÷òî ñîîòâåòñòâóåò êîýôôèöèåíòó îòðàæåíèÿ 
çåðêàë R = 0,97 è óêàçûâàåò íà òî, ÷òî äàííûå çåð-
êàëà õàðàêòåðèçóþòñÿ ñåðüåçíûìè ïîòåðÿìè α, äîñ-
òèãàþùèìè 0,027. Íà ðèñ. 4 äîâåðèòåëüíûé èíòåðâàë 
èçìåðåííîãî çíà÷åíèÿ ñîîòâåòñòâóåò èçìåðåíèÿì, 
ïðîâåäåííûì ïî íåñêîëüêèì ñïåêòðàëüíûì ëèíèÿì. 
 

Ïîëó÷åííîå óâåëè÷åíèå êîíòðàñòíîñòè äàæå  

ñ çåðêàëàìè íåâûñîêîãî êà÷åñòâà ñðàâíèìî ñ óâåëè-
÷åíèåì êîíòðàñòíîñòè ñïåêòðîìåòðà ïðè èñïîëüçîâà-
íèè ìíîãîõîäîâûõ êþâåò, êîòîðîå òèïè÷íî ñîñòàâëÿ-
åò 100. Òàêèì îáðàçîì, èñïîëüçîâàíèå âíåøíèõ îï-
òè÷åñêèõ ðåçîíàòîðîâ âìåñòî ìíîãîõîäîâûõ êþâåò 
ïîçâîëÿåò ñîçäàòü ïðîñòîé è ýôôåêòèâíûé âûñîêî-
÷óâñòâèòåëüíûé ñïåêòðîìåòð äàæå ñ íå î÷åíü âûñîêî-
îòðàæàþùèìè çåðêàëàìè, ÷òî äåëàåò ìåòîä ðåçîíà-
òîðíîãî óâåëè÷åíèÿ ïîãëîùåíèÿ ýôôåêòèâíûì äëÿ 
ñîçäàíèÿ ãàçîàíàëèçàòîðîâ. 

Ë.Í. Ñèíèöà âûðàæàåò áëàãîäàðíîñòü Þ.À. Ïîï- 
ëàâñêîìó è À.Ï. Ùåðáàêîâó çà ïðåäîñòàâëåíèå ôîòî-
ñ÷èòûâàòåëÿ íà ÏÇÑ-ëèíåéêå è ïðîãðàììíîãî îáåñ-
ïå÷åíèÿ äëÿ îáðàáîòêè ðåçóëüòàòîâ èçìåðåíèé. 

Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ÐÔÔÈ (ãðàí-
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L.N. Sinitsa, A.M. Solodov. High-sensitive spectrometer with high-Q resonator within 0.9 µm. 
A spectrometer with outer high-Q optical resonator and non-coherent radiation source in the range 0.9 μm 

and spectral resolution of 0.08 cm–1 is designed. A halogen lamp of 100 W was used as the radiation source.  
Absorption spectra of atmospheric air and ethanol near 0.9 μm were recorded with the use of the spectrometer. 
The signal contrast coefficient of the spectrometer turned out to be 65 comparative to standard spectropho-
tometric method. 

 


