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Äâà ñïåêòðà îçîíà, îáîãàùåííîãî êèñëîðîäîì 18Î, áûëè çàðåãèñòðèðîâàíû íà Ôóðüå-ñïåêòðîìåòðå 
Ðåéìñêîãî óíèâåðñèòåòà â äèàïàçîíå 3400–5600 ñì−1. Îïðåäåëåíû ýêñïåðèìåíòàëüíûå öåíòðû äâåíàäöàòè 
êîëåáàòåëüíî-âðàùàòåëüíûõ ïîëîñ 16O16O18O èç àíàëèçà èäåíòèôèöèðîâàííûõ ëèíèé â ñïåêòðàõ. Ïðîâåäåíî 
èõ ñðàâíåíèå ñ òåîðåòè÷åñêèìè ðàñ÷åòàìè íà îñíîâå ôóíêöèè ïîòåíöèàëüíîé ýíåðãèè ìîëåêóëû.  

 

Êëþ÷åâûå ñëîâà: îçîí, èçîòîïè÷åñêèå ìîäèôèêàöèè, CS ñèììåòðèÿ, Ôóðüå-ñïåêòðîñêîïèÿ, ïîòåíöè-
àëüíàÿ ïîâåðõíîñòü; ozone, isotopologues, CS symmetry, Fourier spectroscopy, potential energy surface, 
theoretical predictions. 

 

Ââåäåíèå 
 

Îçîí – îäèí èç âàæíåéøèõ êîìïîíåíòîâ çåì-
íîé àòìîñôåðû, çàùèùàþùèé ïëàíåòó îò îïàñíîãî 
óëüòðàôèîëåòîâîãî èçëó÷åíèÿ. Ïîâûøåííàÿ êîíöåí-
òðàöèÿ îçîíà â íèæíèõ ñëîÿõ òðîïîñôåðû ìîæåò 
áûòü ïðè÷èíîé òîêñè÷íîãî ñìîãà, âûçûâàþùåãî 
íåãàòèâíûå ïîñëåäñòâèÿ äëÿ îðãàíèçìà ÷åëîâåêà: 
áîëåçíè äûõàòåëüíûõ ïóòåé, ñåðäå÷íîñîñóäèñòûå 
çàáîëåâàíèÿ è äð. Êðîìå òîãî, îçîí ÿâëÿåòñÿ âàæ-
íûì àãåíòîì â êëèìàòè÷åñêîé ñèñòåìå. Ýòî îáúÿñ-
íÿåò âûñîêèé èíòåðåñ ê ìîëåêóëå îçîíà â ïîñëåä-
íèå äåñÿòèëåòèÿ è çíà÷èìîñòü ãëîáàëüíîãî è ðå-
ãèîíàëüíîãî ìîíèòîðèíãà èçìåíåíèé îçîíîâîãî ñëîÿ  
è òðîïîñôåðíîãî îçîíà. 

Íåñìîòðÿ íà çíà÷èòåëüíûå óñèëèÿ íàó÷íîãî 
ñîîáùåñòâà, ïðåäïðèíÿòûå äëÿ èçó÷åíèÿ ñïåêòðîâ 
è ñâîéñòâ ìîëåêóëû îçîíà, ìíîãèå âàæíûå ïðîáëå-
ìû îñòàþòñÿ íå äî êîíöà ðåøåííûìè. Íàïðèìåð, 
ïðîáëåìû ïîíèìàíèÿ è îïèñàíèÿ ýôôåêòà àíîìàëü-
íîãî èçîòîïè÷åñêîãî îáîãàùåíèÿ â ïðîöåññå îáðà-
çîâàíèÿ îçîíà [1–3], âû÷èñëåíèÿ ñêîðîñòåé äèññî-
öèàöèè è ðåêîìáèíàöèè ìîëåêóëû [4, 5], äåòàëüíîãî 
îïèñàíèÿ ïðîöåññîâ íåëîêàëüíîãî òåðìîäèíàìè÷å-
ñêîãî ðàâíîâåñèÿ â âåðõíèõ ñëîÿõ àòìîñôåðû [6] 
èëè ïîèñêà îïòèìàëüíûõ êàíàëîâ ìíîãîôîòîííîãî 
ëàçåðíîãî âîçáóæäåíèÿ îçîíà. Äëÿ ðåøåíèÿ ìíîãèõ 
èç ýòèõ ïðîáëåì òðåáóåòñÿ äåòàëüíàÿ èíôîðìàöèÿ 
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î âûñîêîâîçáóæäåííûõ êîëåáàòåëüíî-âðàùàòåëüíûõ 
(ÊÂ) ñîñòîÿíèÿõ èçîòîïè÷åñêèõ ìîäèôèêàöèé îçî-
íà. Ýòè âîïðîñû èãðàþò êëþ÷åâóþ ðîëü â ìîëåêó-
ëÿðíîé äèíàìèêå è õèìèè âåðõíåé àòìîñôåðû. 

Íåñìîòðÿ íà íåáîëüøîå ñîäåðæàíèå â àòìîñôå-
ðå Çåìëè ðåäêèõ èçîòîïîëîãîâ îçîíà, ýêñïåðèìåí-
òàëüíàÿ èíôîðìàöèÿ îá èõ êîëåáàòåëüíûõ óðîâíÿõ, 
êîòîðàÿ ìîæåò áûòü ïîëó÷åíà èç àíàëèçà ñïåêòðîâ 
â øèðîêîì äèàïàçîíå ÷àñòîò, îñîáåííî äëÿ èçîòî-
ïè÷åñêèõ çàìåùåíèé ñ íàðóøåíèåì ìîëåêóëÿðíîé 
ñèììåòðèè, íåîáõîäèìà äëÿ ïîíèìàíèÿ ðåàêöèé 
èçîòîïè÷åñêîãî îáìåíà è äëÿ âàëèäàöèè ôóíêöèè 
ïîòåíöèàëüíîé ýíåðãèè ìîëåêóëû. 

Íàñòîÿùàÿ ðàáîòà ïðîäîëæàåò öèêë èññëåäî-
âàíèé ñïåêòðîâ îçîíà â èíôðàêðàñíîé îáëàñòè  
êàê ñ ïîìîùüþ Ôóðüå-ñïåêòðîñêîïèè [7–10], òàê  
è ñ èñïîëüçîâàíèåì âûñîêî÷óâñòâèòåëüíîé CRDS 
(Cavity Ring Down Spectroscopy) òåõíèêè [11–13]  
â îáëàñòè âûñîêèõ ýíåðãèé. Ïîëíûé ñïèñîê ëè-
òåðàòóðû, ïàðàìåòðû ñïåêòðàëüíûõ ëèíèé, ðàñ÷è-
òàííûå ñïèñêè ëèíèé âíåñåíû â èíôîðìàöèîííóþ 

ñèñòåìó «Ñïåêòðîñêîïèÿ è ìîëåêóëÿðíûå ñâîéñòâà 
îçîíà» S&MPO [14], à òàêæå ïðåäñòàâëåíû â áàçàõ 
äàííûõ HITRAN [15], GEISA [16], çíà÷èòåëüíàÿ 
÷àñòü êîòîðûõ äîñòóïíà ÷åðåç åâðîïåéñêèé âåá-
ïîðòàë VAMDC [17]. 

Àñèììåòðè÷íûé èçîòîïîëîã îçîíà 16O16O18O, 
ïðèíàäëåæàùèé ê ãðóïïå ñèììåòðèè CS, áûë 
ïðåäìåòîì íåñêîëüêèõ èññëåäîâàíèé. Îïóáëèêî-
âàíû ðåçóëüòàòû ïîëíîãî êîëåáàòåëüíî-âðàùàòåëü-
íîãî àíàëèçà ïîëîñ ν2 [18], ν1 è ν3 [19] è ñèëüíîé 
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êîìáèíàöèîííîé ïîëîñû ν1 + ν3 [20] â íèçêî÷àñòîò-
íîì äèàïàçîíå; ïðîìåæóòî÷íûå ðåçóëüòàòû àíàëè- 
çà ïîëîñû 5ν3 [21] è îöåíî÷íûå çíà÷åíèÿ íåêîòî- 
ðûõ öåíòðîâ ïîëîñ [22, 23]. Â íàøåé íåäàâíåé 
ðàáîòå [8] ïðèâåäåíû ðåçóëüòàòû ïîäðîáíîãî àíà-
ëèçà ïÿòíàäöàòè ÊÂ-ïîëîñ 16O16O18O â îáëàñòè 
950–3600 ñì−1. Íåñêîëüêî ÊÂ-ïîëîñ 16O16O18O áû-
ëè çàðåãèñòðèðîâàíû CRDS-ñïåêòðîìåòðîì â äèà-
ïàçîíå 5930–6340 ñì−1 [11]. 

Â íàñòîÿùåé ðàáîòå ïðåäñòàâëåíû öåíò- 
ðû äâåíàäöàòè êîëåáàòåëüíî-âðàùàòåëüíûõ ïîëîñ 
16O16O18O, ïîëó÷åííûõ èç ïðåäâàðèòåëüíîãî àíà-
ëèçà ñïåêòðîâ ïîãëîùåíèÿ èçîòîïè÷åñêè îáîãà-
ùåííîãî îçîíà, çàðåãèñòðèðîâàííûõ â äèàïàçîíå 
3400–5600 ñì−1. 

 

1. Ýêñïåðèìåíò 
 

Èññëåäóåìûå â ðàáîòå ñïåêòðû áûëè çàðåãèñò-
ðèðîâàíû íà Ôóðüå-ñïåêòðîìåòðå â ëàáîðàòîðèè 
GSMA (Groupe de Spectrom�trie Mol�culaire et At-
mosph�rique) Ðåéìñêîãî óíèâåðñèòåòà. Õàðàêòå-
ðèñòèêè ýêñïåðèìåíòàëüíîé óñòàíîâêè ïðèâåäåíû 
â [24, 25], äåòàëüíàÿ èíôîðìàöèÿ î ðåãèñòðàöèè  
è àíàëèçå ñïåêòðîâ ìîäèôèêàöèé îçîíà ñ îäíî-
êðàòíûì èçîòîïè÷åñêèì çàìåùåíèåì àòîìîì êèñ-
ëîðîäà 18Î èçëîæåíà â [7, 8, 11].  

 

Â íàñòîÿùåé ðàáîòå èññëåäóþòñÿ äâà ñïåêòðà, 
970707.9 è 970704.9, êîòîðûå îõâàòûâàþò äèàïàçîí 
3400–5600 ñì−1 (ðèñ. 1). Ñïåêòðû áûëè çàðåãèñò-
ðèðîâàíû ñ ðàçðåøåíèåì 0,006 ñì−1 è 0,004 ñì−1  
è ñîîòíîøåíèåì ñèãíàë/øóì ≈ 300. Èõ îñíîâíûå 
õàðàêòåðèñòèêè ïðèâåäåíû â òàáë. 1. Â îáîèõ 
ñëó÷àÿõ èñïîëüçîâàëñÿ èñòî÷íèê èçëó÷åíèÿ òèïà 
«ñâåòÿùèéñÿ ñòåðæåíü», ñâåòîäåëèòåëü CaF2, äå-
òåêòîð InSb è äâà ðàçëè÷íûõ îïòè÷åñêèõ ôèëüòðà,  
ïî îäíîìó íà êàæäûé èç èññëåäóåìûõ ñïåêò-
ðàëüíûõ èíòåðâàëîâ. 

Ðåãèñòðèðîâàëèñü ñïåêòðû îäíîãî è òîãî æå 
îáîãàùåííîãî ñîñòàâà îçîíà, ïîëó÷åííîãî èç ñìåñè 
èçîòîïîëîãîâ êèñëîðîäà 16O2 (79,1%) è 18O2 (20,9%), 
÷òî ñòàòèñòè÷åñêè ïðèâîäèò ê çíà÷åíèÿì ïàðöèàëü-
íûõ äàâëåíèé, óêàçàííûì â òàáë. 1. Â îáîèõ ñïåê-
òðàõ ïðèñóòñòâóþò ëèíèè òàêèõ ïðèìåñåé, êàê 
H2

16O, 12C16O2, 
12C16O, è èõ èçîòîïè÷åñêèõ ìî-

äèôèêàöèé ñ êèñëîðîäîì 18Î. Ïîëîæåíèÿ ëèíèé 
ýòèõ ïðèìåñåé õîðîøî èçâåñòíû [15] è èñïîëüçî-
âàëèñü äëÿ êàëèáðîâêè ñïåêòðîâ. 

Îçîí ñîçäàâàëñÿ ñëàáûì ýëåêòðè÷åñêèì ðàç-
ðÿäîì (12 êÂ, 400 Ãö, òåìïåðàòóðà æèäêîãî àçîòà 
77 Ê [14, 26]), ÷òî ïîçâîëèëî ïîëíîñòüþ ïåðåâåñòè 
êèñëîðîä â îçîí â íà÷àëüíîé ôàçå èçìåðåíèé.  
Â ñïåêòðàõ, â äîïîëíåíèå ê îñíîâíîìó èçîòîïî-
ëîãó îçîíà 16O3, ïðèñóòñòâóþò åùå ïÿòü áîëåå òÿ-  
 

 

 
Ðèñ. 1. Ôóðüå-ñïåêòðû îçîíà â äèàïàçîíàõ 3400–4900 ñì−1 (970707.9) è 4600–5600 ñì−1 (970704.9). Äëèíà îïòè÷åñêîãî 
ïóòè – 3216 ñì, òåìïåðàòóðà – 296 Ê. Äëÿ ïðèìåðà ïðèâåäåíû íåáîëüøèå ó÷àñòêè ñïåêòðîâ ñî ñëàáûìè ïîëîñàìè îçîíà, 
  èíòåíñèâíîñòü êîòîðûõ ïàäàåò ñ ïðîäâèæåíèåì â áîëåå âûñîêèé ÷àñòîòíûé äèàïàçîí 

 

 
Ò à á ë è ö à  1  

Õàðàêòåðèñòèêè èññëåäóåìûõ ñïåêòðîâ ïîãëîùåíèÿ â äèàïàçîíå 3400–5600 ñì−1 

Íîìåð  
ñïåêòðà 

Äèàïàçîí, 
ñì−1 

Îïòè÷åñêèé 
ïóòü, ñì 

Äàâëåíèå 
666, òîðð 

Äàâëåíèå 
668, òîðð 

Ïîëíîå  
äàâëåíèå  

îçîíà, òîðð 
970707.9 3400–4900 3216 14,06 7,43 28,41 
970704.9 4600–5600 3216 14,55 7,69 29,39 

 

Ïðèìå÷àíèå .  666 îáîçíà÷àåò 16Î3, 668 – 16Î16Î18Î. 
 



 

 Ýêñïåðèìåíòàëüíûå öåíòðû äâåíàäöàòè ïîëîñ èçîòîïîëîãà îçîíà 16Î16Î18Î â äèàïàçîíå 3400–5600 ñì−1… 929 
 

 

æåëûõ èçîòîïè÷åñêèõ ìîäèôèêàöèé, ñîäåðæàùèõ 
àòîìû êèñëîðîäà 18O. ×òîáû ýêñïåðèìåíòàëüíî 
ðàçäåëèòü ñïåêòðàëüíûå ïîëîñû ÷åòûðåõ èçîòîïî-
ëîãîâ ñ ïîëíûìè ìîëåêóëÿðíûìè ìàññàìè îçîíà 48, 
50, 52, è 54, íåîáõîäèìî ïðîâåñòè êàê ìèíèìóì 
÷åòûðå èçìåðåíèÿ ñ ñóùåñòâåííî ðàçëè÷íûì ñîäåð-
æàíèåì 18Î äëÿ ïîëó÷åíèÿ ðàçíûõ ïàðöèàëüíûõ 
äàâëåíèé â ÿ÷åéêå. Íà ïðàêòèêå òðåáóåòñÿ íàìíîãî 
áîëüøå ýêñïåðèìåíòîâ èç-çà íàñûùåíèÿ ñèëüíûõ 
ïîëîñ èëè íåäîñòàòî÷íîãî îòíîøåíèÿ ñèãíàë-øóì 
äëÿ ñëàáûõ ïîëîñ. Òàêèå ïîëíûå íàáîðû ýêñïåðè-
ìåíòîâ, íàöåëåííûõ íà êîíêðåòíûé äèàïàçîí, ïðî-
âîäÿòñÿ ðåäêî, òàê êàê îíè î÷åíü äîðîãè è òåõíè÷å-
ñêè òðóäíû. Îäíàêî äàæå îíè íå ïîçâîëÿþò ðàç-
äåëèòü ïîëîñû èçîòîïîìåðîâ ðàçíîé ñèììåòðèè 
(íàïðèìåð, 16Î16Î18Î è 16Î18Î16Î). Ïðè ðàáîòå  
ñ òàêèìè ñïåêòðàìè äëÿ èäåíòèôèêàöèè ïîëîñ, ïðè-
íàäëåæàùèõ ðàçíûì èçîòîïîëîãàì, íåîáõîäèìû 
äîñòàòî÷íî òî÷íûå òåîðåòè÷åñêèå ïðåäñêàçàíèÿ èõ 
öåíòðîâ è êîëåáàòåëüíîé çàâèñèìîñòè âðàùàòåëü-
íûõ ïàðàìåòðîâ íà îñíîâå ïîâåðõíîñòè ïîòåíöè-
àëüíîé ýíåðãèè (ÏÏÝ) ìîëåêóëû. 

Â ðÿäå ðàáîò ïî àíàëèçó ñïåêòðîâ ïîãëî-
ùåíèÿ [7, 10], çàðåãèñòðèðîâàííûõ â ëàáîðàòîðèè 

GSMA, èñïîëüçîâàëàñü ïðîãðàììà MultiFiT [25] 
äëÿ îäíîâðåìåííîé îáðàáîòêè èíòåíñèâíîñòè ëè- 
íèé â îáðàçöàõ ñ ðàçëè÷íûì äàâëåíèåì. Ýòî ïîç-
âîëÿëî îïðåäåëÿòü ïîëîæåíèÿ ëèíèé ñ òî÷íîñòüþ 
ïîðÿäêà 10−5 ñì−1 è îòíîñèòåëüíûå èíòåíñèâíîñòè  
ñ òî÷íîñòüþ íà óðîâíå 1–3%, ïî êðàéíåé ìåðå,  
äëÿ èçîëèðîâàííûõ ëèíèé íèçêî÷àñòîòíûõ ïîëîñ. 
Ïðè ðåãèñòðàöèè ñïåêòðîâ ýêñïåðèìåíòàëüíî íå-
ðàçäåëåííûõ èçîòîïè÷åñêèõ ñìåñåé îçîíà ýòîò 
ìåòîä íåýôôåêòèâåí èç-çà áîëüøîé ïëîòíîñòè 
ëèíèé â ñïåêòðàõ è íàëîæåíèÿ ïîëîñ; ïîëîæåíèÿ 
ëèíèé â ñïåêòðàõ îïðåäåëÿëèñü ñ ïîìîùüþ ãðà-
ôè÷åñêîãî ìîäåëèðîâàíèÿ ëîêàëüíûõ ìèíèìóìîâ 
ôóíêöèè ïðîïóñêàíèÿ ïðîãðàììîé MultiFiT. Îïûò 
ïðåäûäóùåãî àíàëèçà ïîêàçûâàåò, ÷òî òî÷íîñòü 
îïðåäåëåíèÿ ïîëîæåíèé ëèíèé â ñïåêòðå òàêèì 
ìåòîäîì ñîñòàâëÿåò 5 ⋅ 10−4 ñì−1 äëÿ ëó÷øèõ èçî-
ëèðîâàííûõ ëèíèé è ïîðÿäêà 10−3 ñì−1 äëÿ îñòàëü-
íûõ èäåíòèôèöèðîâàííûõ ïåðåõîäîâ. 

 

2. Àíàëèç è ìîäåëèðîâàíèå 
 

Ïðîöåäóðà èäåíòèôèêàöèè ëèíèé â ñïåêòðàõ  
è ìîäåëèðîâàíèÿ ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ 
äàííûõ ïîäðîáíî èçëîæåíà â [7, 8]. Çäåñü êðàòêî 
îñòàíîâèìñÿ íà îñíîâíûõ ìîìåíòàõ.  

Íà ïåðâîì ýòàïå èäåíòèôèêàöèè ëèíèé êà- 
êîé-ëèáî ïîëîñû â ñïåêòðå èñïîëüçîâàëñÿ íàáîð 
ÊÂ-ïåðåõîäîâ, ðàññ÷èòàííûé ìîäåëüþ ýôôåêòèâ-
íîãî ãàìèëüòîíèàíà (ÝÃ) â âèäå ñòàíäàðòíîãî ðàç-
ëîæåíèÿ Óîòñîíà ïî êîìïîíåíòàì óãëîâîãî ìîìåí-
òà, ñîîòâåòñòâóþùåãî À-òèïó ðåäóêöèè [27]. Â êà÷å-
ñòâå íà÷àëüíûõ ïàðàìåòðîâ (öåíòð è âðàùàòåëüíûå 
êîíñòàíòû äëÿ êàæäîé ïîëîñû) èñïîëüçîâàëèñü 
çíà÷åíèÿ, âû÷èñëåííûå èç ÏÏÝ.  

Äëÿ 16Î16Î18Î òåîðåòè÷åñêèå çíà÷åíèÿ áûëè 
ïðåäñêàçàíû äâóìÿ ðàçëè÷íûìè âàðèàöèîííûìè 

ìåòîäàìè äëÿ äâóõ òèïîâ ÏÏÝ. Â [28] êîëåáàòåëü-
íûå óðîâíè ýíåðãèè è υ-çàâèñÿùèå âðàùàòåëüíûå 
ïàðàìåòðû äëÿ èçîòîïîëîãîâ îçîíà 16Î16Î18Î / 
/ 

16Î18Î16Î ðàññ÷èòàíû â ãèïåðñôåðè÷åñêèõ êîîð-
äèíàòàõ äî ïðåäåëà äèññîöèàöèè (8500 ñì−1) ñ ïîë-
íûì ó÷åòîì èíâåðñèîííî-ïåðåñòàíîâî÷íîé ñèììåò-
ðèè îäèíàêîâûõ ÿäåð èñõîäÿ èç ab initio ÏÏÝ, 
îïóáëèêîâàííîé â [29]. Â [30] ïðèâåäåíû êîëåáà-
òåëüíûå óðîâíè âñåõ èçîòîïè÷åñêèõ ìîäèôèêàöèé 
îçîíà, ñîäåðæàùèõ àòîìû êèñëîðîäà 16O è 18O, 
ðàññ÷èòàííûå äî 8000 ñì−1. Îíè áûëè ïîëó÷åíû 
âàðèàöèîííûì ìåòîäîì èç ýìïèðè÷åñêè îïòèìèçè-
ðîâàííîé ÏÏÝ. Ïðè ýòîì íà íà÷àëüíîì ýòàïå èñ-
ïîëüçîâàëèñü òå æå ab initio ýëåêòðîííûå ýíåðãèè, 
÷òî è â [29], ñ ïîñëåäóþùèì âàðüèðîâàíèåì ïàðà-
ìåòðîâ ÏÏÝ äëÿ ìèíèìèçàöèè îòêëîíåíèé êîëåáà-
òåëüíûõ óðîâíåé ýíåðãèè (íèæå 5000 ñì−1) îò ýêñ-
ïåðèìåíòàëüíûõ çíà÷åíèé òîëüêî îñíîâíîé èçîòî-
ïè÷åñêîé ìîäèôèêàöèè 16Î3.  

Çàòåì ìû èñïîëüçîâàëè ïðîãðàììó ASSIGN [31], 
êîòîðàÿ ðàáîòàåò ïî ïðèíöèïó êîìáèíàöèîí- 
íûõ ðàçíîñòåé äëÿ ïîèñêà âîçìîæíûõ ïåðåõî- 
äîâ íà îäèí è òîò æå ÊÂ-óðîâåíü â âåòâÿõ è ïîä-
âåòâÿõ ïîëîñ. Äëÿ î÷åíü ïëîòíûõ ñïåêòðîâ èç-çà 
íàëîæåíèÿ ëèíèé øåñòè èçîòîïè÷åñêèõ ìîäèôèêà-
öèé îçîíà ïðîãðàììà ïîçâîëÿåò îïðåäåëèòü òîëüêî 
íåêîòîðûå ñåðèè ïåðåõîäîâ. Äàëüíåéøàÿ èäåíòè-
ôèêàöèÿ ëèíèé ïðîâîäèëàñü ïóòåì ýêñòðàïîëÿöèé 
íà îñíîâå ïðåäâàðèòåëüíîé ýôôåêòèâíîé ìîäåëè 
ãàìèëüòîíèàíà, îñíîâàííîé íà ab initio ïàðàìåò-
ðàõ. Ñ èñïîëüçîâàíèåì ïîëó÷åííûõ ïðè ìîäåëè-
ðîâàíèè âàðüèðóåìûõ ïàðàìåòðîâ ýòîé ìîäåëè ðàñ-
ñ÷èòûâàëèñü íîâûå ñåðèè ÊÂ-ïåðåõîäîâ, è ïðî-
öåäóðà èäåíòèôèêàöèè íîâûõ ëèíèé âûïîëíÿëàñü 
ïîñëåäîâàòåëüíî, èòåðàöèÿ çà èòåðàöèåé.  

Ðåçîíàíñíûå âçàèìîäåéñòâèÿ ó÷èòûâàëèñü  
â ìîäåëè ÝÃ ñ ïîìîùüþ íåäèàãîíàëüíûõ áëîêîâ  
ïî âåðõíèì êîëåáàòåëüíûì ñîñòîÿíèÿì, êîòîðûå 
âêëþ÷àþò â ñåáÿ ïàðàìåòðû àíãàðìîíè÷åñêîãî âçà-
èìîäåéñòâèÿ è âçàèìîäåéñòâèÿ Êîðèîëèñà. Äåòàëü-
íîå îïèñàíèå èõ çàâèñèìîñòè îò êîìïîíåíò óã-
ëîâîãî ìîìåíòà â èñïîëüçóåìûõ ÝÃ ïðèâåäåíî â [7, 
11, 14]. 

Íà÷àëüíûå ïàðàìåòðû äëÿ «òåìíûõ» (ýêñïåðè-
ìåíòàëüíî íå äåòåêòèðóåìûõ) ñîñòîÿíèé, êîòîðûå 
ìîãóò ñèëüíî âëèÿòü íà ïîëîæåíèÿ è èíòåíñèâ- 
íîñòè íàáëþäàåìûõ ëèíèé, òàêæå ôèêñèðîâàëèñü  
ê çíà÷åíèÿì, ðàññ÷èòàííûì èç ÏÏÝ, âêëþ÷àÿ êî-
ëåáàòåëüíûå óðîâíè è âðàùàòåëüíûå êîíñòàíòû.  
Â ïðåäûäóùåé ðàáîòå â áîëåå íèçêîì ñïåêòðàëüíîì 
äèàïàçîíå [8] â ìîäåëè ÝÃ âêëþ÷àëèñü òàêæå ïà-
ðàìåòðû ðåçîíàíñíûõ âçàèìîäåéñòâèé, ïîëó÷åííûå  
èç ÏÏÝ ìåòîäîì êîíòàêòíûõ ïðåîáðàçîâàíèé [32]. 
Â íàøåì äèàïàçîíå êîëåáàòåëüíûå ïîëèàäû ïå-
ðåêðûâàþòñÿ, è òåîðåòè÷åñêèå ïðåäñêàçàíèÿ äëÿ 
ðåçîíàíñíûõ ïàðàìåòðîâ â ëèòåðàòóðå íåèçâåñò-
íû, ÷òî ñóùåñòâåííî îñëîæíÿåò àíàëèç ñïåêòðîâ. 
Äëÿ îïåðàòîðîâ ýôôåêòèâíîãî äèïîëüíîãî ìîìåíòà 
ïåðåõîäîâ èñïîëüçîâàëèñü ìîäåëè, ðàññìîòðåííûå 
â [26, 33], òàì æå ïðèâåäåíû ïðàâèëà îòáîðà äëÿ 
êîëåáàòåëüíî-âðàùàòåëüíûõ ïåðåõîäîâ è ñïèíîâûå 
ñòàòèñòè÷åñêèå âåñà. 
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Íà âñåõ ýòàïàõ ðàáîòû ñî ñïåêòðàìè äëÿ êîí-
òðîëÿ ïðàâèëüíîñòè âûïîëíåííîé èäåíòèôèêàöèè  
è ìîäåëèðîâàíèÿ ÷àñòîò ïåðåõîäîâ ïðèìåíÿëàñü 
ïðîãðàììà MultiFiT. Îíà ïîçâîëÿåò âèçóàëè-
çèðîâàòü «ñèíòåòè÷åñêèé» ñïåêòð, ðàññ÷èòàííûé  
ñ èñïîëüçîâàíèåì ïàðàìåòðîâ ýôôåêòèâíîé ìîäåëè 
äëÿ ÷àñòîò ïåðåõîäîâ è ïàðàìåòðîâ äèïîëüíîãî ìî-
ìåíòà ïåðåõîäà, è ñðàâíèòü åãî ñ ýêñïåðèìåíòàëü-
íûì. Èç-çà âûñîêîé ïëîòíîñòè ñïåêòðîâ ýôôåê-
òèâíûå ïàðàìåòðû äèïîëüíîãî ìîìåíòà ïåðåõîäà  
â ðàáîòå îöåíèâàëèñü ïóòåì ãðàôè÷åñêîé ñèìó-
ëÿöèè ôóíêöèè ïðîïóñêàíèÿ è ñðàâíåíèÿ íàáëþ-
äàåìûõ ñïåêòðîâ ñ ðàñ÷åòíûìè. 

 

3. Ðåçóëüòàòû è ïåðñïåêòèâû 
 

Ïðîâîäÿ ïðîöåäóðó àíàëèçà, îïèñàííóþ  
â ðàçä. 2, â èññëåäóåìûõ ñïåêòðàõ áûëî èäåíòèôè-
öèðîâàíî áîëåå 5000 ëèíèé, ñîîòâåòñòâóþùèõ äâå-
íàäöàòè ïîëîñàì èçîòîïîëîãà 16Î16Î18Î, îïðåäå-
ëåíî îêîëî 4000 ñîîòâåòñòâóþùèõ ÊÂ-óðîâíåé 
ýíåðãèè. Äèàïàçîí âðàùàòåëüíûõ êâàíòîâûõ ÷èñåë 
èäåíòèôèöèðîâàííûõ ïåðåõîäîâ â ñðåäíåì âàðüè-
ðóåòñÿ äëÿ J îò 1 äî 30, äëÿ Ka îò 0 äî 8.  

Èäåíòèôèêàöèÿ ñïåêòðîâ è ìîäåëèðîâàíèå 
÷àñòîò ïåðåõîäîâ â ðàìêàõ ìîäåëåé ýôôåêòèâíûõ 
ãàìèëüòîíèàíîâ íà äàííîì ýòàïå äî êîíöà íå çà-
âåðøåíû, òàê êàê îñíîâíàÿ ñëîæíîñòü â àíàëèçå 
èçîòîïîëîãîâ ñèììåòðèè CS ñâÿçàíà ñ òåì, ÷òî èç-çà 
ïîíèæåíèÿ ñèììåòðèè àíãàðìîíè÷åñêèå âçàèìîäåé-
ñòâèÿ ìåæäó íåêîòîðûìè áëèçêîëåæàùèìè ïî-
ëîñàìè, çàïðåùåííûå â ñëó÷àå C2V, ñòàíîâÿòñÿ 
ðàçðåøåííûìè [22, 33, 34]. Ïîýòîìó àíãàðìîíè-
÷åñêèå ðåçîíàíñíûå âçàèìîäåéñòâèÿ è ðåçîíàíñû 
Êîðèîëèñà ìîãóò âîçíèêàòü îäíîâðåìåííî, íåçà-
âèñèìî îò ÷åòíîñòè êâàíòîâîãî ÷èñëà υ3. Ê òîìó æå 
äëÿ CS èçîòîïè÷åñêèõ ìîäèôèêàöèé îçîíà îáå- 
êîìïîíåíòû äèïîëüíîãî ìîìåíòà μ� ( )A  è μ� ( )B  ìîãóò 
áûòü àêòèâíûìè äëÿ âñåõ ÊÂ-ïîëîñ, êîòîðûå òà- 
 

êèì îáðàçîì ñòàíîâÿòñÿ ãèáðèäíûìè. Ýòî îçíà÷àåò, 
÷òî ïåðåõîäû êàê A-, òàê è B-òèïà ñ ñîîòâåòñò-
âóþùèìè ïðàâèëàìè îòáîðà [26] ÿâëÿþòñÿ ðàç-
ðåøåííûìè ïî ñèììåòðèè äëÿ âñåõ ïîëîñ. Ñëåäî-
âàòåëüíî, â ñëó÷àå 16O16O18O ñóùåñòâóåò â äâà 
ðàçà áîëüøå óðîâíåé ýíåðãèè è â äâà ðàçà áîëüøå 
ðàçðåøåííûõ ïåðåõîäîâ, ÷åì äëÿ ñèììåòðè÷íûõ 
èçîòîïîëîãîâ. Âñå ýòî ïðèâîäèò ê òîìó, ÷òî èäåí-
òèôèêàöèÿ è îáðàáîòêà ýêñïåðèìåíòàëüíûõ äàí-
íûõ ñòàíîâèòñÿ áîëåå òðóäîåìêîé è òðåáóåò áîëü-
øèõ âðåìåííûõ ðåñóðñîâ. 

Èäåíòèôèöèðîâàííûå íà äàííîì ýòàïå ñåðèè 
ÊÂ-ïåðåõîäîâ, à òàêæå ýìïèðè÷åñêèå ïàðàìåòðû  
ÝÃ äëÿ êàæäîé ïîëîñû ïîçâîëÿþò îïðåäåëèòü èõ  
ýêñïåðèìåíòàëüíûå öåíòðû ñ òî÷íîñòüþ, äîñòàòî÷- 
íîé äëÿ âàëèäàöèè òåîðåòè÷åñêèõ ïðåäñêàçàíèé. 
Öåíòð õîëîäíîé ïîëîñû ñîîòâåòñòâóåò êîëåáàòåëü-
íîìó óðîâíþ ýíåðãèè âåðõíåãî ñîñòîÿíèÿ (ñ J = 0). 
Ëèíèè, ñîîòâåòñòâóþùèå ïåðåõîäàì ñ J = 0, íå 
íàáëþäàþòñÿ â ýòîì äèàïàçîíå ÷àñòîò èç-çà îò-
íîñèòåëüíî ìàëîé äîëè ìîëåêóë, ó÷àñòâóþùèõ  
â ýòèõ ïåðåõîäàõ. Îïûò ïðåäûäóùèõ ðàáîò  
ïî àíàëèçó ðàçëè÷íûõ èçìåðåíèé ïîãëîùåíèÿ 
îçîíà â ÈÊ-îáëàñòè ïîêàçûâàåò, ÷òî åñëè â ñïåê-
òðå èäåíòèôèöèðîâàíû ñåðèè ïåðåõîäîâ ñ J ∼ 4–20 
è Ka ∼ 0–5, òî ýôôåêòèâíûå ìîäåëè, ïàðàìåòðû 
êîòîðûõ êîððåêòíî îïèñûâàþò ýòè ñåðèè, ïîçâîëÿ-
þò ïðîâåñòè ýìïèðè÷åñêóþ ýêñòðàïîëÿöèþ ê öåí-
òðó ïîëîñû â ïðåäåëå J → 0 ñ òî÷íîñòüþ 0,001–
0,003 ñì−1. 

Â òàáë. 2 ïðèâåäåíû ïîëó÷åííûå â íàñòîÿùåé 
ðàáîòå äâåíàäöàòü ýêñïåðèìåíòàëüíûõ öåíòðîâ ïî-
ëîñ 16O16O18O, îöåíêà òî÷íîñòè èõ îïðåäåëåíèÿ,  
à òàêæå ñðàâíåíèå ñ òåîðåòè÷åñêèìè ïðåäñêàçàíèÿ-
ìè. Ïîñëåäíèå áûëè ïîëó÷åíû èç äâóõ âàðèàíòîâ 
ÏÏÝ ìîëåêóëû â ïðåäïîëîæåíèè åå èçîòîïè÷åñ- 
êîé èíâàðèàíòíîñòè. Ïåðâûé ðàñ÷åò êîëåáàòåëü-
íûõ óðîâíåé èç [28] ïðîâåäåí ñ èñïîëüçîâàíèåì  
àb initio ÏÏÝ [29] â ïðèáëèæåíèè Áîðíà–Îï-
ïåíãåéìåðà (ÁÎ), êîòîðàÿ íå çàâèñèò îò ìàññ ÿäåð.  
 

 

Ò à á ë è ö à  2  

Ñðàâíåíèå ýêñïåðèìåíòàëüíûõ öåíòðîâ ïîëîñ 16Î16Î18Î ñ òåîðåòè÷åñêèìè ïðåäñêàçàíèÿìè èç ôóíêöèè  
ïîòåíöèàëüíîé ýíåðãèè 

Ãëîá. 
èäåíò.* 

Åýêñï,  
ñì−1 

Ïîãðåø. îïð. 
Åýêñï, ñì

−1 
Êîëåá. 

èäåíò.**
Ýìï. îïòèì. 
ÏÏÝ [30] 

Åýêñï − Å[30], 
ñì−1 

Ab initio 
ÏÏÝ [29]*** 

Åýêñï − Å[29], 
ñì−1 

34 3932,990 0,002 (004) 3932,95 0,04 3932,82 0,17 
36 4002.414 0,001 (103) 4002,50 −0,08 4001,95 0,46 
39 4092,467 0,002 (202) 4092,42 0,04 4091,51 0,95 
41 4198,880 0,004 (301) 4198,80 0,08 4198,41 0,46 
42 4270,974 0,003 (023) 4270,92 0,05 4269,58 1,39 
50 4620,672 0,010 (014) 4620,21 0,46 4618,57 2,08 
51 4624,364 0,003 (113) 4624,45 −0,08 4623,64 0,73 
55 4824,383 0,003 (005) 4824,21 0,17 4824,94 −0,56 
58 4908,418 0,002 (203_1) 4908,51 −0,09 4908,85 −0,44 
63 5016,091 0,002 (203_2) 5016,14 −0,04 5014,21 1,88 
70 5242,639 0,002 (213) 5242,65 −0,01 5241,93 0,70 
76 5428,400 0,003 (105) 5428,36 0,04 5429,06 −0,66 
     ÑÊÎ = 0,15  ÑÊÎ = 1,05

 

* Ïîðÿäêîâûé íîìåð ãëîáàëüíîãî âàðèàöèîííîãî ðàñ÷åòà èç ôóíêöèè ïîòåíöèàëüíîé ýíåðãèè. 
** Ïðåäâàðèòåëüíàÿ èäåíòèôèêàöèÿ â òåðìèíàõ íîðìàëüíûõ ìîä (υ1, υ2, υ3). 
*** Âàðèàöèîííûé ðàñ÷åò [28] èç àb initio ÏÏÝ [29]. 



 

 Ýêñïåðèìåíòàëüíûå öåíòðû äâåíàäöàòè ïîëîñ èçîòîïîëîãà îçîíà 16Î16Î18Î â äèàïàçîíå 3400–5600 ñì−1… 931 
 

 

Âòîðîé ðàñ÷åò [30] âûïîëíåí èç ÏÏÝ, êîòîðàÿ 
òàêæå áûëà ïîëó÷åíà àb initio ìåòîäàìè íà ãåî-
ìåòðè÷åñêîé ñåòêå êîëåáàòåëüíûõ ñìåùåíèé ÿäåð 
ìîëåêóëû, íî ñ ïîñëåäóþùåé ýìïèðè÷åñêîé îï-
òèìèçàöèåé, èñïîëüçóþùåé òîëüêî íèçêîëåæàùèå 
óðîâíè îñíîâíîãî èçîòîïîëîãà 16Î3. Òàêàÿ ôîðìà 
ýìïèðè÷åñêîé îïòèìèçàöèè ìîæåò êîñâåííî ó÷è-
òûâàòü ÷àñòü âêëàäîâ â ÏÏÝ çà ïðåäåëàìè ïðè-
áëèæåíèÿ ÁÎ. 

Ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå (ÑÊÎ) ìåæäó 
òåîðåòè÷åñêèìè è ýêñïåðèìåíòàëüíûìè öåíòðàìè 
ïîëîñ ñîñòàâëÿåò 1,05 ñì−1 äëÿ óðîâíåé èç ab 
initio ÏÏÝ [29] è 0,15 ñì−1 äëÿ óðîâíåé, ðàññ÷è-
òàííûõ èç ýìïèðè÷åñêè îòêîððåêòèðîâàííîé ïî-
âåðõíîñòè [30]. Íàãëÿäíîå ñðàâíåíèå öåíòðîâ  
ïîëîñ 16Î16Î18Î â øèðîêîì ñïåêòðàëüíîì äèàïà-
çîíå 1000–5600 ñì−1 ïîêàçàíî íà ðèñ. 2. Ýòè ðå-
çóëüòàòû ïîäòâåðæäàþò äîñòîâåðíîñòü ab initio 
ÏÏÝ, ïîëó÷åííîé â [29, 30], è ýôôåêòèâíîñòü 
ïðåäñêàçàòåëüíîãî ðàñ÷åòà äëÿ àñèììåòðè÷íûõ èçî-
òîïè÷åñêèõ ìîäèôèêàöèé, ïîçâîëÿþùåãî ïðîâåñòè 
÷àñòè÷íóþ èäåíòèôèêàöèþ ïîëîñ â ñëîæíûõ èçî-
òîïè÷åñêè îáîãàùåííûõ ñìåñÿõ.  

 

 
Ðèñ. 2. Ýêñïåðèìåíòàëüíûå öåíòðû ïîëîñ 16Î16Î18Î â äèà-
ïàçîíå 1000–5600 ñì−1 â ñðàâíåíèè ñî çíà÷åíèÿìè, âû÷èñ-
ëåííûìè ñ èñïîëüçîâàíèåì: ab initio ÏÏÝ [29] è ýì-
ïèðè÷åñêè îòêîððåêòèðîâàííîé ïîâåðõíîñòè [30]. Ñëåâà 
îò ïðÿìîé ïðåäñòàâëåíû ðåçóëüòàòû ñðàâíåíèÿ öåíòðîâ, 
îïðåäåëåííûõ ðàíåå â [8], ñïðàâà – ïîëó÷åííûõ â íà- 
  ñòîÿùåé ðàáîòå 

 

Â áóäóùåì ïëàíèðóåòñÿ ïðîäîëæåíèå èññëå-
äîâàíèé â äâóõ íàïðàâëåíèÿõ. Ïåðâîå – äåòàëüíîå 
ìîäåëèðîâàíèå ýêñïåðèìåíòàëüíûõ ÷àñòîò è èí-
òåíñèâíîñòåé ëèíèé â ðàññìàòðèâàåìîì äèàïàçî- 
íå ðåãèñòðàöèè Ôóðüå-ñïåêòðîìåòðà (äî 5600 ñì−1). 
Áîëåå ïîëíîìó àíàëèçó âðàùàòåëüíîé ñòðóêòóðû 
ñïåêòðîâ è ïîñòðîåíèþ ñïèñêîâ ëèíèé äëÿ áàç 
ñïåêòðàëüíûõ äàííûõ ìîãóò ñïîñîáñòâîâàòü âûñî-
êîòî÷íûå òåîðåòè÷åñêèå ïðåäñêàçàíèÿ èíòåíñèâíî-
ñòåé ëèíèé äëÿ âñåãî íàáîðà èçîòîïè÷åñêèõ ìîäè-
ôèêàöèé îçîíà, êàê ýòî áûëî íåäàâíî ñäåëàíî äëÿ 
16Î3 [35, 36].  

Âòîðîå íàïðàâëåíèå – ïðîâåäåíèå àíàëèçà ëà-
çåðíûõ CRDS-ñïåêòðîâ èçîòîïîëîãîâ îçîíà â áîëåå 
âûñîêî÷àñòîòíîì äèàïàçîíå äëÿ ýíåðãèé, áëèçêèõ  
ê ïðåäåëó äèññîöèàöèè ìîëåêóëû. Ýêñïåðèìåíòàëü-
íûå äàííûå ïî óðîâíÿì ýíåðãèè è âåðîÿòíîñòÿì 

êâàíòîâûõ ïåðåõîäîâ, êîòîðûå ìîæíî èçâëå÷ü  
èç ýòèõ ñïåêòðîâ, ìîãóò èñïîëüçîâàòüñÿ â çàäà÷àõ 
ìîëåêóëÿðíîé äèíàìèêè [4, 5] è èññëåäîâàíèè ðå-
àêöèé îáìåíà àòîìàìè 16Î è 18Î â ñòîëêíîâèòåëü-
íûõ ïðîöåññàõ [4, 37], ïðèâîäÿùèõ ê ôîðìèðîâà-
íèþ èçîòîïîëîãîâ îçîíà. Àíàëèç òàêèõ ñïåêòðîâ 
ïîòðåáóåò òàêæå äàëüíåéøåãî ðàçâèòèÿ ýôôåêòèâ-
íûõ ìîäåëåé â âûñîêîýíåðãåòè÷åñêîé îáëàñòè, ãäå 
ôóíêöèÿ ïîòåíöèàëüíîé ýíåðãèè èìååò äîñòàòî÷íî 
ïëîñêóþ ôîðìó â çàâèñèìîñòè îò óãëîâ, äåëàÿ âîç-
ìîæíûìè áîëüøèå àìïëèòóäû èçãèáíûõ äâèæåíèé 
âïëîòü äî ëèíåéíûõ ãåîìåòðè÷åñêèõ êîíôèãóðà-
öèé [28]. Äëÿ ýòîãî áóäóò ðàññìîòðåíû ìåòîäû 
óëó÷øåíèÿ ñõîäèìîñòè ðàçëîæåíèé ÝÃ, êîòîðûå 
èñïîëüçîâàëèñü â ðàñ÷åòàõ âðàùàòåëüíûõ ýíåðãèé 
íåæåñòêèõ ìîëåêóë [38–40]. 

Êîëåáàòåëüíàÿ èäåíòèôèêàöèÿ ïîëîñ â òåð-
ìèíàõ íîðìàëüíûõ ìîä (υ1, υ2, υ3), ïðåäñòàâëåííàÿ  
â òàáë. 2, îñíîâàíà íà ýêñòðàïîëÿöèè êâàíòîâûõ 
÷èñåë îñíîâíîãî èçîòîïîëîãà 16Î3 è ÿâëÿåòñÿ ïðåä-
âàðèòåëüíîé. Â äàëüíåéøåì ïëàíèðóåòñÿ áîëåå ïîë-
íûé àíàëèç âîçáóæäåííûõ êîëåáàòåëüíûõ ñîñòîÿ-
íèé ñ èññëåäîâàíèåì ôîðì âîëíîâûõ ôóíêöèé [28] 
è êëàññè÷åñêèõ òðàåêòîðèé [41] êîëåáàíèé ÿäåð  
è èõ êà÷åñòâåííûõ òðàíñôîðìàöèé ïðè âîçðàñòàíèè 
ýíåðãèé. 

Ðåçóëüòàòû ðàáîòû ìîãóò áûòü èñïîëüçîâàíû 
äëÿ èññëåäîâàíèÿ áîëåå òîíêèõ ýôôåêòîâ â ñïåêò-
ðàõ, ñâÿçàííûõ ñ îòêëîíåíèÿìè [42, 43] îò ïðèáëè-
æåíèÿ ÁÎ è ó÷åòîì âêëàäîâ, çàâèñÿùèõ îò ìàññû 
ìîëåêóëû, â ôóíêöèè ïîòåíöèàëüíîé ýíåðãèè.  

 

Çàêëþ÷åíèå 
 

Â ðåçóëüòàòå àíàëèçà Ôóðüå-ñïåêòðîâ îçîíà, 
îáîãàùåííîãî êèñëîðîäîì 18Î, áûëî èäåíòèôè-
öèðîâàíî áîëåå 5000 êîëåáàòåëüíî-âðàùàòåëüíûõ 
ïåðåõîäîâ 16O16O18O. Ìîäåëèðîâàíèå ÷àñòîò ïå-
ðåõîäîâ ïîçâîëèëî îïðåäåëèòü ýêñïåðèìåíòàëü- 
íûå öåíòðû äâåíàäöàòè ÊÂ-ïîëîñ, ëîêàëèçîâàííûõ 
â äèàïàçîíå 3400–5600 ñì−1. Ïðîâåäåííîå ñðàâíå-
íèå ýêñïåðèìåíòàëüíûõ öåíòðîâ ïîëîñ ñ ðàñ÷åò-
íûìè çíà÷åíèÿìè èç ÏÏÝ ïîäòâåðæäàåò äîñòî-
âåðíîñòü òåîðåòè÷åñêèõ ïðåäñêàçàíèé äëÿ àñèììåò-
ðè÷íûõ èçîòîïè÷åñêèõ ìîäèôèêàöèé îçîíà.  

Èññëåäîâàíèÿ Å.Í. Ñòàðèêîâîé ïîääåðæàíû 
ôèíàíñèðîâàíèåì â ðàìêàõ ãîñóäàðñòâåííîãî çàäà-
íèÿ ÈÎÀ ÑÎ ÐÀÍ. Ëàáîðàòîðèÿ GSMA Ðåéìñêîãî 
óíèâåðñèòåòà âûðàæàåò áëàãîäàðíîñòü ïðîãðàììå 
CNRS ðîññèéñêî-ôðàíöóçñêîãî ñîòðóäíè÷åñòâà LIA 
SAMIA. 

 
1.�Gao Y.Q., Marcus R.A. Strange and unconventional 

isotope effects in ozone formation // Science. 2001. 
V. 293. P. 259–263. 

2.�Janssen Ch., Guenther J., Mauersberger K., Krankow-
sky D. Kinetic origin of the ozone isotope effect:  
A critical analysis of enrichments and rate coefficients 
// Phys. Chem. Chem. Phys. 2001. V. 3. P. 4718. 

3.�Miklavc A., Peyerimhoff S.D. Rates of formation of 
ozone isotopomers: A theoretical interpretation // 
Chem. Phys. Lett. 2002. V. 359. P. 55–62. 



 

932 Ñòàðèêîâà Å.Í., Barbe A. 
 

4.�Schinke R., Grebenshchikov S.Yu., Ivanov M.V., Fleu-
rat-Lessard P. Dynamical studies of the ozone isotope 
effect // Ann. Rev. Phys. Chem. 2006. V. 57. P. 625–
661. 

5.�Marcus R.A. Theory of mass-independent fractionation 
of isotopes, phase space accessibility, and a role of isoto-
pic symmetry // Proc. Natl. Acad. Sci. 2013. V. 110, 
N 44. P. 11703–11707. 

6.�Lopez-Puertas M., Funke B., Gil-Lopez S., Lopez-Val-
verde M.A., von Clarmann T., Fischer H., Oellhaf H., 
Stiller G., Kaufmann M., Koukouli M.E., Flaud J.-M. 
Atmospheric non-local thermodynamic equilibrium emis-
sions as observed by the Michelson Interferometer for 
Passive Atmospheric Sounding (MIPAS) // C. R. Acad. 
Sci. Paris. 2005. V. 6. P. 848–863. 

7.�Barbe A., Mikhailenko S., Starikova E., De Backer-
Barilly M.-R., Tyuterev Vl.G., Mondelain D., Kas-
si S., Campargue A., Janssen C., Tashkun S., Kocha-
nov R., Gamache R., Orphal J. Ozone spectroscopy in 
the electronic ground state: High resolution spectra 
analyses and update of line parameters since 2003 //  
J. Quant. Spectrosc. Radiat. Transfer. 2013. V. 130. 
P. 172–190. 

8.�Barbe A., Starikova E., De Backer M.-R., Tyuterev Vl.G. 
Analyses of infrared spectra of asymmetric ozone iso-
potologue 16O16O18O in the range 950–3850 cm−1 //  
J. Quant. Spectrosc. Radiat. Transfer. 2018. V. 218. 
P. 231–247. 

9.�Starikova E., Barbe A., De Backer M.-R., Tyuterev V. 
Analysis of thirteen absorption bands of 16O18O18O ozone 
isotopomer in the 950–3500 cm−1 infrared spectral range 
// J. Quant. Spectrosc. Radiat. Transfer. 2020. V. 257. 
P. 107364. 

10.�Barbe A., Mikhailenko S., Starikova E., Tyuterev Vl. 
Infrared spectra of 16O3 in the 900–5600 cm−1 range  
revisited: Empirical corrections to the S&MPO and  
HITRAN2020 line lists // J. Quant. Spectrosc. Radiat. 
Transfer. 2021. DOI: 10.1016/j.jqsrt.2021. 107936. 

11.�Mondelain D., Campargue A., Kassi S., Barbe A., 
Starikova E., De Backer M.-R., Tyuterev Vl.G. The 
CW-CRDS spectra of the 16O/18O isotopologues of 
ozone between 5930 and 6340 cm−1. Part 1: 16O16O18O 
// J. Quant. Spectrosc. Radiat. Transfer. 2013. V. 116. 
P. 49–66. 

12.�Vasilchenko S., Barbe A., Starikova E., Kassi S., Mo-
delain D., Campargue A., Tyuterev V. Detection and 
assignment of ozone bands near 95% of the dissociation 
threshold: Ultra-sensitive experiments for probing po-
tential energy function and vibrational dynamics // 
Phys. Rev. A. 2020. V. 102, N 5. P. 052804.  

13.�Âàñèëü÷åíêî Ñ., Kassi S., Mondelain D., Campargue A. 
Ëàçåðíàÿ ñïåêòðîñêîïèÿ âûñîêîãî ðàçðåøåíèÿ ìîëå-
êóëû îçîíà âáëèçè ïîðîãà äèññîöèàöèè // Îïòèêà 
àòìîñô. è îêåàíà. 2021. V. 34, ¹ 5. P. 315–322. 

14.�Babikov Y., Mikhailenko S., Barbe A., Tyuterev Vl.G. 
S&MPO – an information system for ozone spectro-
scopy on the WEB // J. Quant. Spectrosc. Radiat. 
Transfer. 2014. V. 145. P. 169–196.  

15.�Gordon I.E., Rothman L.S., Hargreaves R.J., Hashe-
mi R., Karlovets E.V., Skinner F.M., Conway E.K., 
Hill C., Kochanov R.V., Tan Y., Wcis�o P., Finen-
ko A.A., Nelson K., Bernath P.F., Birk M., Boudon V., 
Campargue A., Chance K.V., Coustenis A., Drouin B.J., 
Flaud J.-M., Gamache R.R., Hodges J.T., Jacque-
mart D., Mlawer E.J., Nikitin A.V., Perevalov V.I., 
Rotger M., Tennyson J., Toon G.C., Tran H., Tyute-
rev V.G., Adkins E.M., Baker A., Barbe A., Cane E., 
Cs�sz�r A.G., Dudaryonok A., Egorov O., Fleisher A.J., 
Fleurbaey H., Foltynowicz A., Furtenbacher T., Har-

rison J.J., Hartmann J.-M., Horneman V.-M., Huang X., 
Karman T., Karns J., Kassi S., Kleiner I., Kofman V., 
Kwabia-Tchana F., Lavrentieva N.N., Lee T.J., 
Long D.A., Lukashevskaya A.A., Lyulin O.M., Makh-
nev V.Yu., Matt W., Massie S.T., Melosso M., Mik-
hailenko S.N., Mondelain D., M�ller H.S.P., Nau-
menko O.V., Perrin A., Polyansky O.L., Raddaoui E., 
Raston P.L., Reed Z.D., Rey M., Richard C., 
Tóbi�s R., Sadiek I., Schwenke D.W., Starikova E., 
Sung K., Tamassia F., Tashkun S.A., Vander Auwe-
ra J., Vasilenko I.A., Vigasin A.A., Villanueva G.L., 
Vispoel B., Wagner G., Yachmenev A., Yurchenko S.N. 
The HITRAN2020 molecular spectroscopic database // 
J. Quant. Spectrosc. Radiat. Transfer. 2021. DOI: 10. 
1016/j.jqsrt.2021.107949. 

16.�Delahaye T., Armante R., Scott N.A., Jacquinet-Hus-
son N., Ch�din A., Cr�peau L., Crevoisier C., Douet V., 
Perrin A., Barbe A., Boudon V., Campargue A., Cou-
dert L.H., Ebert V., Flaud J.-M., Gamache R.R., 
Jacquemart D., Jolly A., Kwabia Tchana F., Kyube-
ris A., Li G., Lyulin O.M., Manceron L., Mikhailen-
ko S., Moazzen-Ahmadi N., M�ller H.S.P., Naumen-
ko O.V., Nikitin A., Perevalov V.I., Richard C., 
Starikova E., Tashkun S.A., Tyuterev Vl.G., Vander 
Auwera J., Vispoel B., Yachmenev A., Yurchenko S. 
The 2020 edition of the GEISA spectroscopic database 
// J. Mol. Spectrosc. 2021. V. 380. P. 111510.  

17.�Albert D., Antony B.K., Yaye Awa Ba, Babikov Yu.L., 
Bollard Ph., Boudon V., Delahaye F., Del Zanna G., 
Dimitrijev�c M.S., Drouin B.J., Dubernet M.-L., Du-
ensing F., Emoto M., Endres C.P., Fazliev A.Z., Glo-
rian J.-M., Gordon I.E., Gratier P., Hill C., Jevre-
mov�c D., Joblin C., Kwon D.-H., Kochanov R.V., 
Krishnakumar E., Leto G., Loboda P.A., Lukashevs-
kaya A.A., Lyulin O.M., Marinkov�c B.P., Mark-
wick A., Marquart T., Mason N.J., Mendoza C., Mil-
lar T.J., Moreau N., Morozov S.V., M�ller T., M�l-
ler H.S.P., Mulas G., Murakami I., Pakhomov Yu., 
Palmeri P., Penguen J., Perevalov V.I., Piskunov N., 
Postler J., Privezentsev A.I., Quinet P., Ralchenko Yu., 
Rhee Y.-J., Richard C., Rixon G., Rothman L.S., 
Roueff E., Ryabchikova T., Sahal-Br�chot S., Scheier P., 
Schilke P., Schlemmer S., Smith K.W., Schmitt B., 
Skobelev I.Yu., Sreckov�c V.A., Stempels E., Tash-
kun S.A., Tennyson J., Tyuterev V.G., Vastel Ch., 
Vuj��c V., Wakelam V., Walton N.A., Zeippen C., 
Zw�lf C.M. A decade with VAMDC: Results and am-
bitions // Atoms. 2020. V. 8, N 4. P. 76. 

18.�Flaud J.-M., Camy-Peyret C., N’Gom A., Devi V.M., 
Pinsland C.P., Smith M.A. The ν2 bands of 16O18O16O 
and 16O16O18O: Line positions and intensities // J. Mol. 
Spectrosc. 1989. V. 133. P. 217–223. 

19.�Camy-Peyret C., Flaud J.-M., Perrin A., Devi V.M., 
Rinsland C.P., Smith M.A.H. The hybrid-type bands 
ν1 and ν3 of 

16O16O18O: Line positions and intensities // 
J. Mol. Spectrosc. 1986. V. 118. P. 345–354. 

20.�Flaud J.-M., Bourgeois M.-T., Barbe A., Plateaux J., 
Camy	Peyret C. The ν1 + ν3 bands of 16O18O16O and 
16O16O18O // J. Mol. Spectrosc. 1994. V. 165. P. 464–469. 

21.�De Backer-Barilly M.-R., Barbe A., Tashkun S.A., Tyu-
terev Vl.G., Chichery A. The 5ν3 bands of 18O enri- 
ched ozone: Line positions of 16O16O18O, 16O18O16O, 
16O18O18O, and 18O16O18O // Mol. Phys. 2002. V. 100. 
P. 3499–3506. 

22.�Chichery A., Barbe A., Tyuterev Vl.G., Tashkun S.A. 
High resolution IR spectra of 18O-enriched ozone: Band 
centres of 16O16O18O, 16O18O18O, 18O16O18O, and 

16O18O16O 
// J. Mol. Spectrosc. 2001. V. 2005. P. 347–349. 



 

 Ýêñïåðèìåíòàëüíûå öåíòðû äâåíàäöàòè ïîëîñ èçîòîïîëîãà îçîíà 16Î16Î18Î â äèàïàçîíå 3400–5600 ñì−1… 933 
 

23.�Barbe A., De Backer-Barilly M.-R., Tyuterev Vl.G., 
Tashkun S.A. Observations of infrared bands of asym-
metrical ozone isotopologues 16O16O18O and 16O18O18O 
// Appl. Opt. 2003. V. 42. P. 5136–5139. 

24.�Plateaux J.-J., Barbe A., Delahaigue A. Reims high 
resolution Fourier transform spectrometer data reduction 
for ozone // Spectrochim. Acta. Part A 1995. V. 51. 
V. 1153–1169. 

25.�Plateaux J.-J., R�galia L., Boussin C., Barbe A. Mul-
tispectrum fitting technique for data recorded by Fou-
rier transform spectrometer: Application to N2O and 
CH3D // J. Quant. Spectrosc. Radiat. Transfer. 2001. 
V. 68. P. 507–520. 

26.�Flaud J.-M., Bacis R. The ozone molecule: infrared 
and microwave spectroscopy. Spectrochim. Acta. Part A. 
1998. V. 54. P. 3–16. 

27.�Watson J.K.G. Determination of centrifugal distortion 
coefficients of asymmetric-top molecules // J. Chem. 
Phys. 1967. V. 46. P. 4189–4196. 

28.�Kokoouline V., Lapierre D., Alijah A., Tyuterev V. 
Localized and delocalized bound states of the main iso-
topologue 48O3 and of 18O-enriched 50O3 isotopomers  
of the ozone molecule near the dissociation threshold  
// Phys. Chem. Chem. Phys. 2020. V. 22, N 28. 
P. 15885–15899. 

29.�Tyuterev Vl.G., Kochanov R.V., Tashkun S.A., Hol-
ka F., Szalay P.G. New analytical model for the ozone 
electronic ground state potential surface and accurate ab 
initio vibrational predictions at high energy range //  
J. Chem. Phys. 2013. V. 139. P. 134307. 

30.�Tyuterev Vl.G., Kochanov R.V., Tashkun S.A. Ana-
lytical representation for the ozone electronic ground 
state potential function in the spectroscopically acces-
sible range and extended vibration predictions //  
Proc. XVII Intern. HighRus Conf., St. Petersburg, July 
2012. 25 p. 

31.�Chichery A. Analyse des spectres infrarouges haute r�so-
lution des formes isotopiques de l'ozone. Application 
aux �tudes atmosph�riques: PhD thesis. Universit� de 
Reims, 2000. 

32.�Tyuterev Vl.G., Tashkun S.A., Seghir H. High-order 
contact transformations: General algorithm, computer 
implementation and triatomic tests // Proc. SPIE. 2004. 
V. 5311. P. 164–75. 

33.�Flaud J.-M., Camy-Peyret C., Rinsland C.P., 
Smith M.A.H., Devi M. Atlas of ozone spectral para-
meters from microwave to medium infrared. Boston: 
Academic press, 1990. 600 p. 

34.�Perrin A., Flaud J.-M., Camy-Peyret C. Calculated 
energy levels and intensities for the ν1 and 2ν2 bands  
of HDO // J. Mol. Spectrosc. 1985. V. 112. P. 153– 
162. 

35.�Tyuterev Vl.G., Kochanov R.V., Tashkun S.A. Accu-
rate ab initio dipole moment surfaces of ozone: First 
principle intensity predictions for rotationally resol- 
ved spectra in a large range of overtone and combi- 
nation bands // J. Chem. Phys. 2017. V. 146, N 6.  
P. 064304. 

36.�Tyuterev V., Barbe A., Mikhailenko S., Starikova E., 
Babikov Yu. Towards the intensity consistency of the 
ozone bands in the infrared range: Ab initio corrections 
to the S&MPO database // J. Quant. Spectrosc. Ra-
diat. Transfer. 2021. V. 272. P. 107801. 

37.�Yuen C.H., Lapierre D., Gatti F., Kokoouline V., 
Tyuterev Vl.G. The role of ozone vibrational resonances 
in the isotope exchange reaction 16O16O + 

18O → 
18O16O + 

+ 16O: The time-dependent picture // J. Phys. Chem. 
A. 2019. V. 123, N 36. P. 7733–7743. 

38.�Starikov V.I., Tashkun S.A., Tyuterev V.G. Descrip-
tion of vibration-rotation energies of nonrigid triatomic 
molecules using the generating function method. Bend-
ing states and second triad of water // J. Mol. Spec-
trosc. 1992. V. 151, N 1. P. 130–147. 

39.�Mellau G., Mikhailenko S.N., Starikova E.N., Tash-
kun S.A., Over H., Tyuterev Vl.G. Rotational levels of 
the (000) and (010) states of D2

16O from hot emission 
spectra in the 320–860 cm–1 region // J. Mol. Spec-
trosc. 2004. V. 224, N 1. P. 32–60. 

40.�Mikhailenko S.N., Tyuterev Vl.G., Starikov V.I., Al-
bert K.K., Winnewisser B.P., Winnewisser M., Mel-
lau G., Camy-Peyret C., Lanquetin R., Flaud J.-M., 
Brault J.W. Water spectra in the region 4200–
6250 cm–1, extended analysis of ν1 + ν2, ν2 + ν3, and 3ν2 
bands and confirmation of highly excited states from 
flame spectra and from atmospheric long-path ob-
servations // J. Mol. Spectrosc. 2002. V. 213, N 2. 
P. 91–121. 

41.�Egorov O.V., Mauguiere F., Tyuterev V.G. Periodic 
orbits and bifurcations of the vibrational modes of the 
ozone molecule at high energies // Russ. Phys. J. 2020. 
V. 62, N 10. P. 1917–1925. 

42.�Holka F., Szalay P.G., Fremont J., Rey M., Peter-
son K.A., Tyuterev V.G. Accurate ab initio determina-
tion of the adiabatic potential energy function and the 
Born–Oppenheimer breakdown corrections for the elec-
tronic ground state of LiH isotopologues // J. Chem. 
Phys. 2011. V. 134, N 9. P. 94306. 

43.�Tajti A., Szalay P.G., Kochanov R., Tyuterev V.G. 
Diagonal Born–Oppenheimer corrections to the ground 
electronic state potential energy surfaces of ozone:  
Improvement of ab initio vibrational band centers  
for the 16O3, 

17O3 and 18O3 isotopologues // Phys. 
Chem. Chem. Phys. 2020. V. 22, N 42. P. 24257–
24269. 

 

E.N. Starikova, A. Barbe. Twelve experimental band centers of the 16O16O18O ozone isotopologue in the 
3400–5600 cm−1 spectral range. Comparison with calculations from the potential energy surface of the mo-
lecule. 

Two spectra of the 18O-enriched ozone were recorded at the Fourier spectrometer of Reims in the range 
3400–5600 cm−1. The experimental centers of 12 vibrational-rotational bands of the 16O16O18O isotopologue 
were determined from the analysis of the spectra. They were compared with theoretical calculations based on 
the potential energy surface of the molecule. 
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