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Ïðåäñòàâëåíû ðàññ÷èòàííûå êîýôôèöèåíòû ñàìîóøèðåíèÿ è óøèðåíèÿ âîçäóõîì  29 000 ëèíèé äèîêñè-

äà àçîòà, âðàùàòåëüíûå êâàíòîâûå ÷èñëà âàðüèðóþòñÿ â ïðåäåëàõ: N äî 87 è Kà äî 20. Âû÷èñëåíèÿ ïðîâåäå-
íû äëÿ êîìíàòíîé òåìïåðàòóðû (Ò = 296 Ê), à òàêæå äëÿ ðÿäà òåìïåðàòóð â èíòåðâàëå 270–320 Ê. Äëÿ êàæ-
äîé ëèíèè ðàññ÷èòàíû ïîêàçàòåëè òåìïåðàòóðíîé çàâèñèìîñòè óøèðåíèÿ. Ïîëó÷åííûå äàííûå ñðàâíèâàþòñÿ 
ñ ïðåäñòàâëåííûìè â ëèòåðàòóðå è â ñîâðåìåííûõ áàçàõ ñïåêòðîñêîïè÷åñêèõ ïàðàìåòðîâ. Äëÿ ðàñ÷åòîâ ïîëó-
øèðèí ëèíèé â ñëó÷àå óøèðåíèÿ âîçäóõîì ïðèìåíÿëñÿ ïîëóýìïèðè÷åñêèé ìåòîä, â ñëó÷àå ñàìîóøèðåíèÿ – 
ìåòîä ñðåäíèõ ÷àñòîò. 

 

Êëþ÷åâûå ñëîâà: ïàðàìåòðû êîíòóðà, óøèðåíèå ëèíèé, òåìïåðàòóðíûé ïîêàçàòåëü; profile parameters, 
line broadening, temperature exponent. 
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Äèîêñèä àçîòà NO2 – îäíî èç ñàìûõ ðàñïðî-
ñòðàíåííûõ âåùåñòâ, âûáðîñ êîòîðûõ â àòìîñôåðó 

îáóñëîâëåí àíòðîïîãåííûì ôàêòîðîì. Îí îáðàçóåò-
ñÿ â õîäå ôîòîõèìè÷åñêèõ ðåàêöèé ñ ó÷àñòèåì îêñè-
äîâ â àòìîñôåðå, èñòî÷íèêàìè êîòîðûõ ÿâëÿþòñÿ 

ðàçëè÷íûå ïðîäóêòû ñãîðàíèÿ è îòõîäû ïðîìûø-
ëåííûõ ïðåäïðèÿòèé. Â ñòðàòîñôåðå äèîêñèä àçîòà 
ñïîñîáñòâóåò åñòåñòâåííîìó ðåãóëèðîâàíèþ îçîíà, 
âñòóïàÿ ñ íèì â ôîòîõèìè÷åñêèå ðåàêöèè. 

Ñàìîóøèðåíèå è óøèðåíèå ëèíèé äâóîêèñè àçî-
òà äàâëåíèåì àçîòà, êèñëîðîäà è âîçäóõà, à òàêæå 
áëàãîðîäíûõ ãàçîâ ãåëèÿ, àðãîíà, êðèïòîíà è äàâëå-
íèåì ðÿäà äâóõàòîìíûõ ìîëåêóë äîâîëüíî õîðîøî 
ïðåäñòàâëåíû â ëèòåðàòóðå [1–11]. Ïåðâûå ðàáîòû 
ïî ïàðàìåòðàì êîíòóðà NO2 (óøèðåíèå àçîòîì  
è êèñëîðîäîì) áûëè ïîñâÿùåíû ðàñ÷åòàì ïîëóøè-
ðèí ëèíèé ïî ìåòîäó Àíäåðñîíà–Öàî–Êàðíàòòà 
(ÀÖÊ) [1, 2], â íèõ ïîëó÷åíû ÿâíî çàíèæåííûå çíà-
÷åíèÿ ïàðàìåòðîâ ( 0,04 ñì1  àòì1). Â [3] áûëè 
èçìåðåíû êîýôôèöèåíòû ñàìîóøèðåíèÿ (ïîëó÷åíî 
ñðåäíåå çíà÷åíèå 0,112  0,013 ñì1  àòì1) è óøè-
ðåíèÿ àçîòîì ëèíèé NO2 äëÿ ñåìè ïåðåõîäîâ ïîëî-
ñû 2. Â [4] ïðèâåäåíû äàííûå â ïîëîñå 3 íå òîëü-
êî â ñëó÷àå ñàìîóøèðåíèÿ è óøèðåíèÿ àçîòîì,  
íî è ðÿäîì äðóãèõ áóôåðíûõ ãàçîâ – ãåëèåì, àðãî-
íîì è êðèïòîíîì. Ñòàòüÿ [5] ñîäåðæèò ýêñïåðèìåí-
òàëüíûå è ðàññ÷èòàííûå ïî ìåòîäàì Àíäåðñîíà  
è Ìýðôè–Áîããñà (ÌÁ) ïîëóøèðèíû NO2–NO2  
äëÿ øåñòè ïåðåõîäîâ (âðàùàòåëüíûå êâàíòîâûå ÷èñëà 
N = 3, 5, 7, 10, 21, 24). Ïåðâûå äàííûå äëÿ ðàçíûõ  
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òåìïåðàòóð 297,6; 269,1 è 238 Ê ïîëó÷åíû â [6]. 
Îïðåäåëåíû ñðåäíèå çíà÷åíèÿ êîýôôèöèåíòîâ ñà-
ìîóøèðåíèÿ (0,085  0,006 ñì1  àòì1) è óøèðåíèÿ 
ëèíèé N2 (0,066  0,002 ñì1  àòì1) â ïîëîñå 3  
ïðè êîìíàòíîé òåìïåðàòóðå; óñðåäíåíèå ïîâîäèëîñü 
â äèàïàçîíå âðàùàòåëüíûõ êâàíòîâûõ ÷èñåë 19–43. 
Ðàáîòà [7] ïîñâÿùåíà ýêñïåðèìåíòàëüíîìó èññëåäî-
âàíèþ ñàìîóøèðåíèÿ è óøèðåíèÿ ëèíèé NO2 äàâëå-
íèåì àçîòà è êèñëîðîäà. Áûëà îòìå÷åíà çàâèñèìîñòü 

ïîëóøèðèí ëèíèé îò âðàùàòåëüíîãî êâàíòîâîãî ÷èñ-
ëà, ïðåäëîæåíû àïïðîêñèìàöèîííûå âûðàæåíèÿ  

äëÿ íèõ. Â [8] ïðåäñòàâëåíû ðåçóëüòàòû èçìåðåíèé 

íà äèîäíîì ëàçåðíîì ñïåêòðîìåòðå â ïîëîñå 3 äèîê-
ñèäà àçîòà; ïîëó÷åíû íå òîëüêî êîýôôèöèåíòû óøè-
ðåíèÿ, íî è êîýôôèöèåíòû ñäâèãà ëèíèé, èíäóöèðî-
âàííûå äàâëåíèåì O2, N2, H2, D2 è CO2 äëÿ 13 ëè-
íèé (N îò 18 äî 38, Ka  5). Îòìå÷åíà òåíäåíöèÿ 
óìåíüøåíèÿ ïîëóøèðèí ëèíèé ñ ðîñòîì âðàùàòåëü-
íîãî êâàíòîâîãî ÷èñëà N. 

Ïî-íàñòîÿùåìó áîëüøîé ìàññèâ äàííûõ ïîëó-
÷åí òîëüêî â [9], ãäå äëÿ áîëåå ÷åì 1000 ïåðåõîäîâ  
â ïîëîñå 3 (6 ìêì) ïîëó÷åíû ïàðàìåòðû êîíòóðà 
ëèíèé. Êðîìå êîýôôèöèåíòîâ óøèðåíèÿ è ñäâèãà  
ëèíèé âîçäóõîì, îïðåäåëåíû êîýôôèöèåíòû èõ 
òåìïåðàòóðíîé çàâèñèìîñòè â äèàïàçîíå îò 206  
äî 298 Ê. Â [10, 11] êîýôôèöèåíòû ñàìîóøèðåíèÿ 
è óøèðåíèÿ ëèíèé NO2 âîçäóõîì ðàññ÷èòàíû ñ ïî-
ìîùüþ ïîëóýìïèðè÷åñêîãî ïîäõîäà è ìåòîäà ñðåä-
íèõ ÷àñòîò. Â [10] äàííûå ïîëó÷åíû äëÿ âûñîêî-
òåìïåðàòóðíîãî áàíêà äàííûõ, ðàñ÷åòû âûïîëíåíû 
äëÿ òåìïåðàòóð 297 è 1000 Ê. Â [11], êðîìå âûøå-
óêàçàííûõ ïàðàìåòðîâ, ïðèâåäåíû êîýôôèöèåíòû 
óøèðåíèÿ ëèíèé NO2 äàâëåíèåì óãëåêèñëîãî ãàçà. 
  Íà ðèñ. 1 ïîêàçàíû ïîëóøèðèíû ëèíèé NO2, 
óøèðåííûõ äàâëåíèåì âîçäóõà, ïðåäñòàâëåííûå  
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â áàçå äàííûõ HITRAN2016 [12], â çàâèñèìîñòè  

îò âðàùàòåëüíîãî êâàíòîâîãî ÷èñëà. 
 

 
Ðèñ. 1. Êîýôôèöèåíòû óøèðåíèÿ âîçäóõîì ëèíèé NO2 [12]  
â çàâèñèìîñòè îò âðàùàòåëüíîãî êâàíòîâîãî ÷èñëà äëÿ Ka = 0 
  (âñå ïîëîñû) 

 
Êîýôôèöèåíòû óøèðåíèÿ äàâëåíèåì âîçäóõà 

íà ðèñ. 1 âçÿòû èç [9] èëè ïîëó÷åíû ñ èñïîëüçîâà-
íèåì ïîëèíîìîâ, êâàäðàòè÷íûõ ïî âðàùàòåëüíîìó 
êâàíòîâîìó ÷èñëó N. Òî÷íîñòü ýêñïåðèìåíòàëüíûõ 
äàííûõ îöåíèâàåòñÿ íå õóæå 3%, îöåíêà ñäåëàíà  
íà îñíîâå ñðàâíåíèÿ ñ äðóãèìè äàííûìè [9]. Èñ-
ïîëüçîâàíèå àïïðîêñèìèðóþùèõ âûðàæåíèé ïðèâî-
äèò ê íåôèçè÷íûì çíà÷åíèÿì ïàðàìåòðîâ êîíòóðà 
ëèíèé ïðè âûñîêèõ çíà÷åíèÿõ N. 

Â íàñòîÿùåé ðàáîòå âû÷èñëåíû êîýôôèöèåíòû 
óøèðåíèÿ ëèíèé NO2 äàâëåíèåì âîçäóõà, òåìïåðà-
òóðíûå ïîêàçàòåëè äëÿ ïîëóøèðèí, à òàêæå êîýôôè-
öèåíòû ñàìîóøèðåíèÿ ëèíèé. Ðàññ÷èòàííûå äàííûå 
ïðåäíàçíà÷åíû äëÿ èñïîëüçîâàíèÿ â ñïåêòðîñêîïèè 
àòìîñôåðû Çåìëè è äðóãèõ ïëàíåò. 

 
Ìåòîäèêà ðàñ÷åòîâ 

 
Ïîëóøèðèíû ëèíèé NO2 áûëè ïîëó÷åíû òðåìÿ 

ñïîñîáàìè: â ñëó÷àå ñàìîóøèðåíèÿ ëèíèé ñ âðàùà-
òåëüíûìè êâàíòîâûìè ÷èñëàìè N  35 ïàðàìåòðû 

êîíòóðà áûëè ðàññ÷èòàíû ïî ìåòîäó ñðåäíèõ ÷àñòîò; 
â ñëó÷àå óøèðåíèÿ âîçäóõîì äëÿ N  35 – ïî ïîëó-
ýìïèðè÷åñêîìó ìåòîäó; äëÿ ëèíèé ñ N > 35 çíà÷å-
íèÿ ïîëó÷åíû èíòåðïîëÿöèåé çàâèñèìîñòè êîýôôè-
öèåíòîâ óøèðåíèÿ ëèíèé îò N. 

Ïîëóøèðèíû ëèíèé NO2 â ñëó÷àå óøèðåíèÿ 
âîçäóõîì âû÷èñëÿëèñü ïî ïîëóýìïèðè÷åñêîìó ìå-
òîäó [13], êîòîðûé ðàíåå øèðîêî èñïîëüçîâàëñÿ  
è õîðîøî çàðåêîìåíäîâàë ñåáÿ äëÿ ðàñ÷åòîâ êîýô-
ôèöèåíòîâ óøèðåíèÿ è ñäâèãà ëèíèé ìîëåêóë òèïà 
àñèììåòðè÷íîãî âîë÷êà. Êîððåêòèðóþùèé ôàêòîð  
è ïàðàìåòðû ïîëóýìïèðè÷åñêîé ìîäåëè: 
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ñ1 = 4,2; ñ2 = 0,05; ñ3 = 0,05. 

Äëÿ ðàñ÷åòîâ ñàìîóøèðåíèÿ ëèíèé NO2 ñ âðà-
ùàòåëüíûìè êâàíòîâûìè ÷èñëàìè N  35 áûë ïðè-
ìåíåí ìåòîä ñðåäíèõ ÷àñòîò, èäåÿ êîòîðîãî çàêëþ-
÷àåòñÿ â òîì, ÷òî èç âñåé ðàñ÷åòíîé ñõåìû âûäåëå-
íà ÷àñòü ïàðàìåòðîâ, êîòîðûå îòðàæàþò âëèÿíèå 
áóôåðíîé ìîëåêóëû íà âíóòðåííåå ñîñòîÿíèå ïîãëî-
ùàþùåé ìîëåêóëû. Â [14] îí ïðåäñòàâëåí äëÿ ñëó-
÷àÿ ïðèáëèæåíèÿ ïðÿìîëèíåéíûõ òðàåêòîðèé îò- 
íîñèòåëüíîãî äâèæåíèÿ ñòàëêèâàþùèõñÿ ìîëåêóë.  
Â íàñòîÿùåé ðàáîòå ïðèâåäåí áîëåå îáùèé ñëó÷àé, 
îñíîâàííûé íà ìîäèôèêàöèè ìåòîäà Ðîáåðà–Áî- 
íàìè [15]. Âûðàæåíèå äëÿ ïîëóøèðèíû ëèíèè çà-
ïèøåì â âèäå 
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Èçâåñòíî, ÷òî Re(S2) ñîñòîèò èç òðåõ ñëàãàåìûõ: 
Re(S2, outer, i), Re(S2, outer, f), è S2, middle. Òî÷íîå âûðàæå-
íèå äëÿ S2, outer, i çàïèøåì ñëåäóþùèì îáðàçîì [16]: 
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Çäåñü èíäåêñû i è i (îòíîñÿùèåñÿ ê ìîëåêóëå àñèì-
ìåòðè÷íîãî âîë÷êà) îáîçíà÷àþò íàáîð êâàíòîâûõ 
÷èñåë ,iJ  i  è ,iJ  i  ( = Ka  Kc), îïðåäåëÿþùèé 
óðîâíè ýíåðãèè íà÷àëüíîãî è êîíå÷íîãî ñîñòîÿíèé 
ñòîëêíîâèòåëüíîãî ïåðåõîäà 
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Â âûðàæåíèè (4) äâå ôóíêöèè íå çàâèñÿò îò ìåæ-
ìîëåêóëÿðíîãî ïîòåíöèàëà: 

 
 

      1 1 1

( )
1 1( ) (2 1) ( ; )a

L K K
i

W t i D i i L K  

        1 1( ; ) e ,i ii ii tD i i L K  (5) 

ãäå 

    1 1( ; )D i i L K  

 
      1 1 1 1( 1) ( , ),k i i

k k K

k

U U C ii L kK kK  (6) 

è 

 
2

( )( )b
LW t  

 



     2 2
2

2 2

2
2 2 2 2 2(2 1)(2 1) ( , 000)e .i ii t

i

i i

i i C i i L  (7) 



 

 Ðàñ÷åòû êîýôôèöèåíòîâ ñàìîóøèðåíèÿ è óøèðåíèÿ ëèíèé äèîêñèäà àçîòà äàâëåíèåì âîçäóõà 325 
 

 



    

  
 1 1

1 1 1 2

2

2 2
1 2

( , ) ( 1)
4 (2 1) (2 1)

K K
L K K LG t t

l l
 

       1 2( )
1 2 1( 1) (2 1) ; ; ( )L L L

L

L u LL L K R t  

     1 2 1; ; ( ) (cos ).L ttu LL L K R t P  (8) 

Â óðàâíåíèè (8) ôàêòîð   1 2( )( 1) 1,L L L  òàê 
êàê èíäåêñ ñóììèðîâàíèÿ L äîëæåí óäîâëåòâîðÿòü 
óñëîâèþ, ÷òî ñóììà L1

 + L2
 + L ÷åòíàÿ. Òîãäà 

 2,outer,Re( )iS  

 
 

         
  

  2

1 1 1 2 2 2

2
2 2 2 2 2(2 1)(2 1) ( , 000)

2 i

L K K L i i

i i C i i L  

 
 

              
  
 1 1 1 1(2 1) ( ; ) ( ; )
i

i D i i L K D i i L K  

        1 1 1 2 2 2( ).L K K L i i i iH  (9) 

Âûðàæåíèå äëÿ Re(S2, outer, f) çàïèøåòñÿ àíàëî-
ãè÷íûì îáðàçîì ñ çàìåíîé i íà f. 

Âêëàä Re(S2, outer, i + S2, outer, f) ñóùåñòâåííî áîëü- 
øå, ÷åì âêëàä S2, middle, ïîýòîìó äëÿ ïðîñòîòû îïóñ-
òèì ÷ëåí S2, middle. Êðîìå òîãî, ìû ðàññìàòðèâàåì 
êîððåëÿöèîííóþ ôóíêöèþ òîëüêî ñ L1 = 1, K1 = 0, 
1K  = 0 è L2 = 2, òàê êàê ýòî íàèáîëåå âàæíûå êîð-

ðåëÿöèè. 
Òåïåðü ìû ìîæåì îöåíèòü, êàê çíà÷åíèå 

Re(S2) èçìåíÿåòñÿ îò ëèíèè ê ëèíèè. Ââåäåì íåêî-
òîðóþ ýôôåêòèâíóþ âåëè÷èíó – íàçîâåì åå ñðåä-
íåé ÷àñòîòîé ñòîëêíîâèòåëüíûõ ïåðåõîäîâ – 
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Â (10) ìû ââåëè âåñîâóþ ôóíêöèþ f(), ñ êîòîðîé 
ìîäåëèðóåì êîíòóð H1002(, rc). 

Òàêèì îáðàçîì, ìû ïðîâîäèì óñðåäíåíèå ÷àñòîò 
ñòîëêíîâèòåëüíûõ ïåðåõîäîâ ïî êàíàëàì ðàññåÿíèÿ 
ñ ìàòðè÷íûìè ýëåìåíòàìè äèïîëüíîãî ìîìåíòà  

â êà÷åñòâå âåñîâ (ñðåäíåå àðèôìåòè÷åñêîå âçâåøåí-
íîå) è äëÿ ëèíèè i → f ïîëó÷àåì íåêîòîðóþ ýôôåê-
òèâíóþ âåëè÷èíó, õàðàêòåðèçóþùóþ âëèÿíèå âçàè-
ìîäåéñòâèÿ íà ïîãëîùàþùóþ ìîëåêóëó. 

×òîáû íàéòè çíà÷åíèÿ òåìïåðàòóðíûõ ýêñïî-
íåíò äëÿ êîýôôèöèåíòîâ óøèðåíèÿ âáëèçè òåìïåðà-
òóðû 296 Ê, èñïîëüçîâàëîñü èçâåñòíîå ñîîòíîøåíèå 
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ãäå T0 = 296 Ê. 

 
Îáñóæäåíèå ðåçóëüòàòîâ 

 

Âû÷èñëåíèÿ ïðîâåäåíû äëÿ ïÿòè ïîëîñ ïîãëî-
ùåíèÿ NO2 â ðàéîíå 1,6 ìêì: 43, 1 + 33, 1 + 43, 
21 + 32 + 3 è 31 + 2 + 3; ñïèñêè ïåðåõîäîâ 
âçÿòû èç [17–21]. Â ðàñ÷åòû óøèðåíèÿ ëèíèé áûëè 
âêëþ÷åíû ýëåêòðîñòàòè÷åñêèå äèïîëü-äèïîëüíûå 
(äëÿ ñëó÷àÿ ñàìîóøèðåíèÿ), äèïîëü-êâàäðóïîëüíûå 
è êâàäðóïîëü-êâàäðóïîëüíûå âçàèìîäåéñòâèÿ, à òàê- 
æå èíäóêöèîííàÿ è äèñïåðñèîííàÿ ÷àñòè ïîëÿðèçà-
öèîííîãî ïîòåíöèàëà. Íåîáõîäèìûå ïðè âû÷èñëå-
íèÿõ ñïåêòðîñêîïè÷åñêèå ïîñòîÿííûå âçÿòû èç [22]; 
èñïîëüçóåìûå íàìè êàê âõîäíûå ïàðàìåòðû ìóëü-
òèïîëüíûå ìîìåíòû: äèïîëüíûé ìîìåíò ìîëåêóëû 
 = 0,316 Ä è êâàäðóïîëüíûé ìîìåíò Q = 3,67 Ä Å, 
à òàêæå ñðåäíÿÿ äèïîëüíàÿ ïîëÿðèçóåìîñòü  = 
= 3,02 Å âçÿòû èç [2]. 

Íà ðèñ. 2 ïðèâåäåíû ðàññ÷èòàííûå íàìè êîýô- 
ôèöèåíòû ñàìîóøèðåíèÿ ëèíèé NO2 è ýêñïåðèìåí-
òàëüíûå äàííûå èç [7] ñ âðàùàòåëüíûìè êâàíòîâû-
ìè ÷èñëàìè äî 35, íîìåð ëèíèè ñîîòâåòñòâóåò óâå-
ëè÷åíèþ ÷àñòîòû ïåðåõîäà. 

 

 
Ðèñ. 2. Ñðàâíåíèå ïîëó÷åííûõ íàìè êîýôôèöèåíòîâ ñàìî-
óøèðåíèÿ ëèíèé NO2 (òî÷êè) ñ ýêñïåðèìåíòàëüíûìè äàí- 
  íûìè [7] (òðåóãîëüíèêè) 

 
Ðàñ÷åòû âûïîëíåíû ïî ìåòîäó ñðåäíèõ ÷àñòîò. 

Ïðè åãî ïðèìåíåíèè ïðåæäå âñåãî íåîáõîäèìî âû-
ÿâèòü íàèáîëåå âåðèôèöèðîâàííûå äàííûå èç ïðåä-
ñòàâëåííûõ â ëèòåðàòóðå. Ïîñêîëüêó ïîëóøèðèíû 
ëèíèé äèîêñèäà àçîòà èç [7] äëÿ N < 35 èìåþò äîñ-
òàòî÷íî ÷åòêóþ âðàùàòåëüíóþ çàâèñèìîñòü è íàõî-
äÿòñÿ â õîðîøåì ñîãëàñèè ñî çíà÷åíèÿìè ïàðàìåò-
ðîâ äðóãèõ ðàáîò [4, 5] äëÿ áîëüøèíñòâà ïåðåõîäîâ 
(ðèñ. 3), èìåííî èõ ìû èñïîëüçîâàëè äëÿ ðåàëèçàöèè 

ìåòîäà ñðåäíèõ ÷àñòîò. 
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Äàëåå êàæäîé ïîëóøèðèíå ëèíèè èç íàáîðà 

«õîðîøî âûâåðåííûõ» äàííûõ ñòàâèëàñü â ñîîòâåò-
ñòâèå ñðåäíÿÿ ÷àñòîòà ñòîëêíîâèòåëüíûõ ïåðåõîäîâ. 
Íàéäåííàÿ çàâèñèìîñòü ÿâëÿåòñÿ ãëàäêîé ìîíîòîí-
íîé êðèâîé, íà åå îñíîâå áûëî ïîëó÷åíî àïïðîêñè-
ìàöèîííîå âûðàæåíèå. 

Íà ðèñ. 3 òå æå äàííûå ñèñòåìàòèçèðîâàíû ïðè-
âåäåíèåì ê êîìáèíàöèè ïàðàìåòðîâ N + 0,1Kà. Ýòî 

ïîçâîëèëî èíòåðïîëèðîâàòü ñîâîêóïíîñòü èìåþùèõ-
ñÿ çíà÷åíèé íà ñëó÷àé áîëüøèõ âåëè÷èí âðàùàòåëü-
íîãî êâàíòîâîãî ÷èñëà N. Èíòåðïîëÿöèÿ ïîêàçàíà 
ïðÿìîé ëèíèåé, âèäíî, ÷òî äàííûå èç [7] èìåþò 
ñèëüíûé ðàçáðîñ è âûáèâàþòñÿ èç îáùåé êàðòèíû. 
Ýêñïåðèìåíòàëüíûå çíà÷åíèÿ èç [5] òàêæå çíà÷è-
òåëüíî îòëè÷àþòñÿ, îíè ñóùåñòâåííî íèæå äðóãèõ: 
îò 0,06 äî 0,08 ñì1  àòì1. 

 

 
Ðèñ. 3. Ñðàâíåíèå ïîëó÷åííûõ íàìè êîýôôèöèåíòîâ ñàìî-
óøèðåíèÿ ëèíèé NO2 ñ ëèòåðàòóðíûìè äàííûìè [4–7, 12] 
 

 
Ïîëó÷åííûå ìåòîäîì ñðåäíèõ ÷àñòîò çíà÷åíèÿ 

áûëè ðàçäåëåíû íà ãðóïïû ïî âðàùàòåëüíûì êâàí-
òîâûì ÷èñëàì, è àïïðîêñèìàöèè áûëè ïîëó÷åíû 
îòäåëüíî äëÿ êàæäîãî çíà÷åíèÿ âðàùàòåëüíîãî ÷èñ-
ëà Ka (ðèñ. 4). 

 

 
Ðèñ. 4. Âû÷èñëåííûå è ïîëó÷åííûå èíòåðïîëÿöèåé êîýô- 
  ôèöèåíòû ñàìîóøèðåíèÿ ëèíèé NO2 

 
Êîýôôèöèåíòû óøèðåíèÿ NO2 äàâëåíèåì âîç-

äóõà ðàññ÷èòûâàëèñü ïîëóýìïèðè÷åñêèì ìåòîäîì, 

ñîäåðæàùèì êîððåêòèðóþùèé ôàêòîð, âèä êîòîðî-
ãî äëÿ êàæäîé ïàðû âçàèìîäåéñòâóþùèõ ìîëåêóë 
âûáèðàåòñÿ ñâîé, à åãî ïàðàìåòðû îïðåäåëÿþòñÿ 
ïîäãîíêîé ðàññ÷èòàííûõ ïîëóøèðèí ëèíèé ê ýêñ-
ïåðèìåíòàëüíûì äàííûì. Â íàøåì ñëó÷àå êîððåê-
òèðóþùèé ôàêòîð îïðåäåëÿåòñÿ ôîðìóëîé (1). Ïîä-
ãîíêà ïðîâîäèëàñü ê ýêñïåðèìåíòàëüíûì äàííûì  

èç [9], ñðàâíåíèå äàííûõ äëÿ Ka = 0, 4, 8 ïðåäñòàâ-
ëåíî íà ðèñ. 5. Ñðàâíèâàþòñÿ äâà âàðèàíòà ðàñ÷å-
òîâ: à) â ôîðìóëå (1) ó÷èòûâàåòñÿ çàâèñèìîñòü  
îò Ka; á) â ôîðìóëå (1) c3 = 0. Èç ðèñ. 5 âèäíî, 
÷òî ïåðâûé âàðèàíò ëó÷øå îïèñûâàåò ýêñïåðèìåí-
òàëüíûå äàííûå. 

 

 
Ðèñ. 5. Ñðàâíåíèå âû÷èñëåííûõ êîýôôèöèåíòîâ óøèðå-
íèÿ ëèíèé NO2 äàâëåíèåì âîçäóõà ñ ýêñïåðèìåíòàëüíûìè 
  äàííûìè [9] 

 
Òàêæå ñ èñïîëüçîâàíèåì ïîëóýìïèðè÷åñêîãî 

ìåòîäà îïðåäåëÿëèñü êîýôôèöèåíòû òåìïåðàòóðíîé 
çàâèñèìîñòè óøèðåíèÿ NO2 âîçäóõîì. Ðàññ÷èòàí-
íûå äëÿ ðÿäà òåìïåðàòóð â èíòåðâàëå 270–320 Ê 
çíà÷åíèÿ air(T) ïîäñòàâëÿëèñü â ôîðìóëó (12), òà-
êèì îáðàçîì áûëè îïðåäåëåíû òåìïåðàòóðíûå ýêñ-
ïîíåíòû äëÿ êàæäîãî çíà÷åíèÿ ïîëóøèðèíû ëèíèè 
(ðèñ. 6). 

 

 
Ðèñ. 6. Ñðàâíåíèå âû÷èñëåííûõ (÷åðíûå òî÷êè) òåìïåðàòóð- 
íûõ ïîêàçàòåëåé ñ ýêñïåðèìåíòàëüíûìè äàííûìè (ñåðûå 
  êâàäðàòû) [9] 
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Íà ðèñ. 6 âèäíî, ÷òî íàøè äàííûå â öåëîì íè-

æå ïðèâåäåííûõ â [9]; ñ ðîñòîì Ka ðàçíîñòè ìåæäó 
âû÷èñëåííûìè è ýêñïåðèìåíòàëüíûìè âåëè÷èíàìè 

óìåíüøàþòñÿ. Íàáëþäàåòñÿ òåíäåíöèÿ óìåíüøåíèÿ 
òåìïåðàòóðíûõ ïîêàçàòåëåé ñ ðîñòîì Kà, ýòî êàñà-
åòñÿ êàê òåîðåòè÷åñêèõ çíà÷åíèé, òàê è ýêñïåðè-
ìåíòàëüíûõ. Òàêîé òðåíä ñâÿçàí ñ óâåëè÷èâàþùèìñÿ 

îòðèöàòåëüíûì ðåçîíàíñíûì âêëàäîì ïî ñðàâíåíèþ  
ñ ïîëîæèòåëüíûìè ÷ëåíàìè îò ýëåêòðîñòàòè÷åñêèõ 
âçàèìîäåéñòâèé [23]. 

 
Çàêëþ÷åíèå 

 

Ïàðàìåòðû êîíòóðà ëèíèé äèîêñèäà àçîòà ïî-
ëó÷åíû òðåìÿ ñïîñîáàìè: ðàñ÷åò ïî ìåòîäó ñðåäíèõ 
÷àñòîò, ïî ïîëóýìïèðè÷åñêîìó ìåòîäó è äëÿ ëèíèé 
ñ N > 35 ñ èñïîëüçîâàíèåì èíòåðïîëÿöèè çàâèñè-
ìîñòè êîýôôèöèåíòîâ óøèðåíèÿ ëèíèé îò ÷èñëà N. 
Â ðåçóëüòàòå ðàñ÷åòîâ áûëè îïðåäåëåíû ïàðàìåòðû 
êîíòóðîâ  29 000 êîëåáàòåëüíî-âðàùàòåëüíûõ ëè-
íèé. Ìîæíî ñäåëàòü âûâîä, ÷òî ïîëóýìïèðè÷åñêèé 
ïîäõîä è ìåòîä ñðåäíèõ ÷àñòîò äàþò âîçìîæíîñòü 
ðàññ÷èòûâàòü ïîëóøèðèíû ëèíèé ìîëåêóë òèïà 
àñèììåòðè÷íîãî âîë÷êà ñ òî÷íîñòüþ, áëèçêîé ê òî÷-
íîñòè ñîâðåìåííûõ ðàñ÷åòíûõ è ýêñïåðèìåíòàëü-
íûõ ìåòîäîâ, íå ïðèáåãàÿ ê ñëîæíîé âû÷èñëèòåëü-
íîé ñõåìå. 
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çàäàíèÿ ÈÎÀ ÑÎ ÐÀÍ. 

 
1. Tejwani J. Calculation of pressure-broadened linewidths 

of SO2 and NO2 // J. Chem. Phys 1972. V. 57, N 11. 
P. 4676–4681. 

2. Tejwani J., Yeung E.S. Pressure-broadened linewidths 
of nitrogen dioxide // J. Chem. Phys. 1975. V. 63, 
N 10. P. 4562–4564. 

3. Devi V.M., Das P.P., Bano A., Rao K.N. Diode laser 
measurements of intensities, N2-broadening, and self-
broadening coefficient of lines of the 2 band of 14N16O2 
// J. Mol. Spectrosc. 1981. V. 88. P. 251–258. 

4. Pustogov V.V., Kuhnemann F., Sumpf B., Heiner Y., 
Herrmann K. Pressure broadening of NO2 by NO2, N2, 
He, Ar, and Kr studied with TDLAS // J. Mol. Spec-
trosc. 1994. V. 167. P. 288–299. 

5. Moazzen-Ahmadi M.N., Roberts J.A. Linewidth pa-
rameters in the rotational spectrum of nitrogen dioxide 
// J. Mol. Spectrosc. 1982. V. 96. P. 336–341. 

6. Devi V.M., Fridovich B., Jones J.D., Snyder D.G.S., 
Das P.P., Flaud J.M., Camy-Peyret C., Rao K.N. 
Tunable diode laser spectroscopy of NO2 at 6.2 m // 
J. Mol. Spectrosc. 1982. V. 93. P. 179–195. 

7. Dana V., Mandin J.Y., Allout M.Y., Perrin A., Rega-
lia L., Barbe A., Plateaux J.J., Thomas X. Broadening 
parameters of NO2 lines in the 3.4 m spectral region 
// J. Quant. Spectrosc. Radiat. Transfer. 1997. V. 57, 
N 4. P. 445–457. 

8. Bouazza S., Kissel A., Sumpf B., Kronfeldt H.D. De-
termination of the line-shift and line-broadening coeffi-
cients in the 3 band of NO2 perturbed by O2, N2, H2, 
D2, and CO2 // J. Mol. Spectrosc. 1999. V. 198. 
P. 18–26. 

9. Benner D.C., Blake T.A., Brown L.R., Devi V.M., 
Smith M.A.H., Toth R.A. Air-broadening parameters in 
the 3 band of 14N16O2 using a multispectrum fitting tech-
nique // J. Mol. Spectrosc. 2004. V. 228. P. 593–619. 
 

 
10. Lukashevskaya A.A., Lavrentieva N.N., Dudaryonok A.C., 

Perevalov V.I. NDSD-1000: High-resolution, high-
temperature Nitrogen Dioxide Spectroscopic Databank 
// J. Quant. Spectrosc. Radiat. Transfer. 2016. V. 184. 
P. 205–217. 

11. Dudaryonok A.S., Lavrentieva N.N. Calculation of 
NO2 line contour parameters induced by nitrogen  
and carbon dioxide // Proc. SPIE. 2017. V. 10466. 
P. B1–B5. 

12. Gordon I.E., Rothman L.S., Hill C., Kochanov R.V., 
Tan Y., Bernath P.F., Birk M., Boudon V., Campar-
gue A., Chance K.V., Drouin B.J., Flaud J.-M., Gama- 
che R.R., Hodges J.T., Jacquemart D., Perevalov V.I., 
Perrin A., Shine K.P., Smith M.-A.H., Tennyson J., 
Toon G.C., Tran H., Tyuterev V.G., Barbe A., Csás- 
zár A.G., Devi V.M., Furtenbacher T., Harrison J.J., 
Hartmann J.-M., Jolly A., Johnson T.J., Karman T., 
Kleiner I., Kyuberis A.A., Loos J., Lyulin O.M., Mas- 
sie S.T., Mikhailenko S.N., Moazzen-Ahmadi N., Mül- 
ler H.S.P., Naumenko O.V., Nikitin A.V., Polyansky O.L., 
Rey M., Rotger M., Sharpe S.W., Sung K., Starikova E., 
Tashkun S.A., Auwera J.V., Wagner G., Wilzewski J., 
Wcislo P., Yu S., Zak E.J. The HITRAN2016 molecu-
lar spectroscopic database // J. Quant. Spectrosc. Ra-
diat. Transfer. 2017. V. 203. P. 3–69. 

13. Bykov A., Lavrentieva N., Sinitsa L. Semi-empiric ap-
proach of the calculation of H2O and CO2 line broa- 
dening and shifting // Mol. Phys. 2004. V. 102. 
P. 1653–1658. 

14. Äóäàð¸íîê À.Ñ., Ëàâðåíòüåâà Í.Í., Ìà Ê. Ìåòîä ñðåä- 
íèõ ÷àñòîò äëÿ ðàñ÷åòà ïîëóøèðèí ëèíèé ìîëåêóë òèïà 

àñèììåòðè÷íîãî âîë÷êà // Îïòèêà àòìîñô. è îêåàíà. 
2015. Ò. 28, ¹ 8. Ñ. 675–681; Dudaryonok A.S., Lav- 
rentieva N.N., Ma Q. The average energy difference 
method for calculation of line broadening of asymmetric 
tops // Atmos. Ocean. Opt. 2015. V. 28, N 6. P. 503–509. 

15. Ma Q., Tipping R.H., Boulet C. Modification of the 
Robert–Bonamy formalism in calculating Lorentzian 
half-widths and shifts // J. Quant. Spectrosc. Radiat. 
Transfer. 2007. V. 103, N 3. P. 588–596. 

16. Langlois S., Birbeck T.P., Hanson R.K. Temperature-
dependent collision-broadening parameters of H2O lines 
in the 1.4-m region using diode laser absorption spec-
troscopy // J. Mol. Spectrosc. 1994. V. 167, N 2. 
P. 272–281. 

17. Lukashevskaya A.A., Kassi S., Campargue A., Pereva- 
lov V.I. High sensitivity cavity ring down spectroscopy 
of the 4ν3 band of NO2 near 1.59 m // J. Quant. 
Spectrosc. Radiat. Transfer. 2017. V. 202. P. 302–307. 

18. Lukashevskaya A.A., Kassi S., Campargue A., Pereva- 
lov V.I. High sensitivity cavity ring down spectroscopy 
of the 21 + 32 + 3 band of NO2 near 1.57 m //  
J. Quant. Spectrosc. Radiat. Transfer. 2017. V. 200. 
P. 17–24. 

19. Lukashevskaya A.A., Mondelain D., Campargue A., 
Perevalov V.I. High sensitivity cavity ring down spec-
troscopy of the 1 + 43 band of NO2 near 1.34 m // 
J. Quant. Spectrosc. Radiat. Transfer. 2018. V. 219. 
P. 393–398. 

20. Naumenko O.V., Lukashevskaya A.A., Kassi S., Be-
guier S., Campargue A. The 1 + 33 absorption band of 
nitrogen dioxide (14N16O2) by CRDS near 6000 cm1 // 
J. Quant. Spectrosc. Radiat. Transfer. 2019. V. 232. 
P. 145–151. 

21. Lukashevskaya A.A., Naumenko O.V., Kassi S., Cam-
pargue A. First detection and analysis of the 31 + 2 + 3 
band of NO2 by CRDS near 6156 cm1 // J. Quant. 
Spectrosc. Radiat. Transfer. 2017. V. 338. P. 91–96. 



 

328 Ëàâðåíòüåâà Í.Í., Äóäàð¸íîê À.Ñ. 
 

22. Lukashevskaya A.A., Naumenko O.V., Perrin A., Mon- 
delain D., Kassi S., Campargue A. High sensitivity ca- 
vity ring down spectroscopy of NO2 between 7760 and 
7917 cm1 // J. Quant. Spectrosc. Radiat. Transfer. 
2013. V. 130. P. 249–259. 

23. Hartmann J.-M., Taine J., Bonamy J., Labani B., Ro- 
bert D. Collisional broadening of rotation-vibration lines 
for asymmetric-top molecules. II. H2O diode laser measu- 
rements in the 400–900 K range; calculations in the 300–
2000 K range // J. Chem. Phys. 1987. V. 86. P. 144–156. 
 

 
N.N. Lavrentieva, À.S. Dudaryonok. Calculation of self- and air-broadening coefficients of nitrogen 

dioxide lines. 
Self- and air-broadening coefficients of nitrogen dioxide lines are calculated. The calculations are per-

formed at a room temperature (Ò = 296 K) for  29000 lines, rotational quantum numbers vary in the range  
up to 87 for N and up to 20 for Ka. The temperature exponents are calculated for every line. The resulted pa-
rameters are compared with the literature data and spectroscopic database. The calculations are made by two 
approaches: the semi-empirical method and the energy difference method. 

 
 


