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Ìåòîäîì ÷èñëåííîãî ìîäåëèðîâàíèÿ ôîðìû èìïóëüñíîãî îïòèêî-àêóñòè÷åñêîãî ñèãíàëà èññëåäîâàíî 
âëèÿíèå ïîãðåøíîñòåé èçìåðåíèÿ äàâëåíèÿ ãàçà â êàìåðå îïòèêî-àêóñòè÷åñêîãî äåòåêòîðà íà òî÷íîñòü âîñ-
ñòàíîâëåíèÿ âðåìåíè áûñòðîé êîëåáàòåëüíî-ïîñòóïàòåëüíîé ðåëàêñàöèè ìîëåêóë. Íà ïðèìåðå ðåëàêñàöèè 
ìîëåêóë Í2Î èç íèæíåãî âîçáóæäåííîãî êîëåáàòåëüíîãî ñîñòîÿíèÿ óñòàíîâëåíî, ÷òî ïðè òèïè÷íûõ â ýêñïå-
ðèìåíòàõ ñ ìèêðîôîíîì ÌÊ-301 çíà÷åíèÿõ ðàäèóñà ãàóññîâà ëàçåðíîãî ïó÷êà w0 ∼ 1 ìì âðåìÿ ðåëàêñàöèè 
âåëè÷èíîé 0

VTτ  ∼ 10–6 c ⋅ ìáàð ìîæíî âîññòàíîâèòü èç çàâèñèìîñòåé äëèòåëüíîñòè èìïóëüñà ñæàòèÿ îïòèêî-
àêóñòè÷åñêîãî ñèãíàëà îò äàâëåíèÿ èññëåäóåìîãî ãàçà ñ îòíîñèòåëüíîé îøèáêîé 0 10%,VTδτ ≤  åñëè ñèñòåìàòè-
÷åñêàÿ ïîãðåøíîñòü èçìåðåíèé äàâëåíèÿ íå ïðåâûøàåò 0,03 ìáàð. Îøèáêà âîññòàíîâëåíèÿ 0

VTτ  ìåíÿåòñÿ 
ïðÿìî ïðîïîðöèîíàëüíî âðåìåíè ðàñïðîñòðàíåíèÿ çâóêà ÷åðåç îñâåùåííóþ îáëàñòü. 

 

Êëþ÷åâûå ñëîâà: îïòèêî-àêóñòè÷åñêèé ìåòîä, êîëåáàòåëüíî-ïîñòóïàòåëüíàÿ ðåëàêñàöèÿ ìîëåêóë, 
îøèáêà âîññòàíîâëåíèÿ; photoacoustic method, vibration-translational (VT) relaxation of molecules, error of 
restoration. 

 

Ââåäåíèå 

Äàííûå î êîíñòàíòàõ ðåëàêñàöèè êîëåáàòåëüíî-
âîçáóæäåííûõ ìîëåêóë ïðåäñòàâëÿþò áîëüøîé èí-
òåðåñ äëÿ ñïåöèàëèñòîâ â îáëàñòè ðàñïðîñòðàíåíèÿ 
ìîùíîãî ëàçåðíîãî èçëó÷åíèÿ â àòìîñôåðå [1],  
â ñîçäàíèè ìîëåêóëÿðíûõ ãàçîâûõ ëàçåðîâ [2] è èçó-
÷åíèè ôîòîõèìè÷åñêèõ ðåàêöèé [3]. Ñàìîñòîÿòåëü-
íûé èíòåðåñ ïðåäñòàâëÿþò ðàçðàáîòêà è ðàçâèòèå 
ìåòîäîâ èññëåäîâàíèÿ êèíåòè÷åñêèõ ïðîöåññîâ  
â ãàçàõ, èç êîòîðûõ øèðîêî ïðèìåíÿþòñÿ îïòè÷å-
ñêèå: ôëóîðåñöåíòíûé ìåòîä [4, 5], ìåòîä äâîéíîãî 
ðåçîíàíñà [6], ðàçíîâèäíîñòè îïòèêî-àêóñòè÷åñêîãî 
(ÎÀ) ìåòîäà [7–12] è äð. 

Îñíîâîé äëÿ ïðàêòè÷åñêîé ðåàëèçàöèè ÎÀ-
ìåòîäîâ ÿâëÿþòñÿ çàâèñèìîñòè ïàðàìåòðîâ ÎÀ-
ñèãíàëà îò õàðàêòåðèñòèê ïîãëîùàåìîãî èçëó÷åíèÿ 
ëèáî õàðàêòåðèñòèê èññëåäóåìîãî ãàçà. Â ïîñëåä-
íåì ñëó÷àå ÷àùå âñåãî èñïîëüçóþòñÿ çàâèñèìîñòè 
ïàðàìåòðîâ ÎÀ-ñèãíàëà îò äàâëåíèÿ. Òàêèì ñïîñî-
áîì â ðàáîòàõ [10–12] ïîëó÷åíû äàííûå î âðåìåíè 
êîëåáàòåëüíî-ïîñòóïàòåëüíîé (VT) ðåëàêñàöèè 0

VTτ  
ìîëåêóë H2O* èç êîëåáàòåëüíîãî ñîñòîÿíèÿ 
ν1 + 3ν3. Çíà÷åíèÿ 0

VTτ  ∼ 10–6 c ⋅ ìáàð äëÿ ñòîëêíî-
âåíèé «Í2Î*–Í2Î», ïîëó÷åííûå ñ èñïîëüçîâàíèåì 
ìèêðîôîíà ÌÊ-301 êàê ôàçîâûì ÎÀ-ìåòîäîì [11], 
 

 

* Ïðîòàñåâè÷ Àëåêñàíäð Åâãåíüåâè÷ (A.E.Protasevich@ 
mail.ru);  Áîðèñ  Àëåêñàíäðîâè÷  Òèõîìèðîâ  (bat@iao.ru). 

òàê è èç çàâèñèìîñòåé äëèòåëüíîñòè èìïóëüñà ñæà-
òèÿ ÎÀ-ñèãíàëà îò äàâëåíèÿ H2O [12], íà äâà ïî-
ðÿäêà ìåíüøå çíà÷åíèé 0

,VTτ  ïîëó÷åííûõ àìïëè-
òóäíûì ÎÀ-ìåòîäîì [10]. Â òî æå âðåìÿ ðåçóëüòà-
òû ðàáîò [11, 12] ïî ïîðÿäêó âåëè÷èíû ñîãëàñóþòñÿ 
ñ ðåçóëüòàòàìè ôëóîðåñöåíòíûõ èçìåðåíèé äëÿ 
îñíîâíûõ êîëåáàòåëüíûõ ñîñòîÿíèé H2O [4, 5]. 
Àíàëèç ýòèõ ðåçóëüòàòîâ ìîæíî íàéòè â [13]. 

Çíà÷åíèÿ 

0

VTτ  èç ðàáîòû [11] ïðèìåðíî â 1,5 ðàçà 
ïðåâûøàþò çíà÷åíèÿ, ïîëó÷åííûå â [12]. Îòëè÷èå 
ìîæåò áûòü îáóñëîâëåíî íå òîëüêî ïðîÿâëåíèåì 
èíñòðóìåíòàëüíîãî ýôôåêòà â ýêñïåðèìåíòàõ [11], 
ñâÿçàííîãî ñ ðîñòîì ñîïðîòèâëåíèÿ ãàçà äâèæåíèþ 
ìåìáðàíû ïðè óâåëè÷åíèè äàâëåíèÿ ãàçà â êàìåðå 
ÎÀ-äåòåêòîðà, íî è íåäîñòàòî÷íîé òî÷íîñòüþ èçìå-
ðåíèé äàâëåíèÿ. Â ýêñïåðèìåíòàõ [12] äàâëåíèå 
âîäÿíîãî ïàðà èçìåðÿëîñü âàêóóììåòðîì DVR-5  
ñ ïîãðåøíîñòüþ ΔP = 0,1 ìáàð. Íàìè áûëî óñòà-
íîâëåíî, ÷òî èñêóññòâåííîå ñìåùåíèå ýêñïåðèìåí-
òàëüíûõ ãðàôèêîâ [12] ïî îñè àáñöèññ íà âåëè÷èíó 
ΔP = 0,1 ìáàð ïðèâîäèò ê èçìåíåíèþ âîññòàíàâëè-
âàåìîãî çíà÷åíèÿ 0

VTτ  ïðèìåðíî â 1,5 ðàçà (îòíîñè-
òåëüíàÿ îøèáêà 0

VTδτ  ∼ 50%). 
Öåëü íàñòîÿùåé ðàáîòû – ïóòåì ÷èñëåííîãî 

ìîäåëèðîâàíèÿ ôîðìû èìïóëüñíîãî ÎÀ-ñèãíàëà 
îïðåäåëèòü òðåáîâàíèÿ ê ñèñòåìàòè÷åñêîé ïîãðåø-
íîñòè èçìåðåíèÿ äàâëåíèÿ ãàçà â êàìåðå ÎÀ-
äåòåêòîðà, ïðè êîòîðîé çíà÷åíèÿ 0

,VTτ  îïðåäåëÿå-
ìûå èç çàâèñèìîñòè äëèòåëüíîñòè èìïóëüñà ñæàòèÿ 
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ÎÀ-ñèãíàëà îò äàâëåíèÿ èññëåäóåìîãî ãàçà, ìîæíî 
âîññòàíàâëèâàòü ñ îòíîñèòåëüíîé ïîãðåøíîñòüþ 

0
,VTδτ  íå ïðåâûøàþùåé 10%. 

Ìåòîäèêà âû÷èñëåíèé 

Àíàëèç âëèÿíèÿ ïîãðåøíîñòè èçìåðåíèÿ äàâ-
ëåíèÿ PΔ  íà âåëè÷èíó îøèáêè âîññòàíîâëåíèÿ 
âðåìåíè ðåëàêñàöèè 0

VTτ  ïðîèçâîäèëñÿ ñ èñïîëüçî-
âàíèåì âûðàæåíèÿ äëÿ ôîðìû èìïóëüñíîãî ÎÀ-
ñèãíàëà [14], êîòîðîå áåç ó÷åòà âëèÿíèÿ äèôôóçèè 
êîëåáàòåëüíî âîçáóæäåííûõ ìîëåêóë èç îñâåùåí-
íîé îáëàñòè ñ òî÷íîñòüþ äî íåñóùåñòâåííîãî â íà-
ñòîÿùåé ðàáîòå ñîìíîæèòåëÿ ìîæíî çàïèñàòü êàê 
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çâ
v  – ñêîðîñòü çâóêà; 

α – êîýôôèöèåíò ïîãëîùåíèÿ; E – ýíåðãèÿ ëàçåð-
íîãî èìïóëüñà; 0w  – ðàäèóñ ëàçåðíîãî ïó÷êà; τ  – 
äëèòåëüíîñòü ëàçåðíîãî èìïóëüñà; 0( )J r  – öèëèíä-
ðè÷åñêàÿ ôóíêöèÿ íóëåâîãî ïîðÿäêà ïåðâîãî ðîäà; 
erfc( ) 1 erf( )x x= −  – äîïîëíèòåëüíûé èíòåãðàë 
âåðîÿòíîñòåé; 0

/ .VT VT Pτ = τ  Ãàóññîâî ïðîñòðàíñò-
âåííî-âðåìåííîå ðàñïðåäåëåíèå èíòåíñèâíîñòè ëà-
çåðíîãî èçëó÷åíèÿ áðàëîñü â âèäå [15]: 
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Âûðàæåíèå (1) ïîëó÷åíî äëÿ ýêñïîíåíöèàëüíîãî 
çàêîíà ðåëàêñàöèè íàñåëåííîñòè âîçáóæäåííîãî 
ñîñòîÿíèÿ. 

Ïðè ôèêñèðîâàííûõ çíà÷åíèÿõ ïàðàìåòðîâ ãà-
çîâîé ñðåäû 0

çâ( , )VT vτ  è ãàóññîâà ëàçåðíîãî èì-
ïóëüñà (w0, τ) ïî ôîðìóëå (1) ðàññ÷èòûâàëèñü ÎÀ-
ñèãíàëû â îáëàñòè èçìåíåíèÿ äàâëåíèÿ ãàçà 
P = 0,1÷10 ìáàð (îáû÷íàÿ îáëàñòü èçìåðåíèé ñ âî-
äÿíûì ïàðîì ïðè êîìíàòíîé òåìïåðàòóðå) ñ øàãîì 
ΔP = 0,1 ìáàð. Èç ôîðìû ñèãíàëîâ äëÿ êàæäîãî Pi 
îïðåäåëÿëîñü çíà÷åíèå (τ0,5)i  äëèòåëüíîñòè èìïóëü-
ñà ñæàòèÿ íà ïîëîâèíå âûñîòû (ñì. [12, ðèñ. 1]) 
è ôîðìèðîâàëñÿ èñõîäíûé íàáîð äàííûõ {(τ0,5)i, Pi}. 
Íà îñíîâå ýòèõ äàííûõ ñòðîèëñÿ ãðàôèê çàâèñèìî-
ñòè τ0,5(P). Ãðàôèê τ0,5(P) èñêóññòâåííî ñäâèãàëñÿ 
ïî øêàëå àáñöèññ íà âåëè÷èíó ΔP, è ôîðìèðîâàëñÿ 
«îøèáî÷íûé» íàáîð äàííûõ {(τ0,5)i, Pi + ΔP}, êîòî-
ðûé ïîäãîíÿëñÿ ñ èñïîëüçîâàíèåì ìåòîäà íàèìåíü-
øèõ êâàäðàòîâ (ÌÍÊ) ìîäåëüíîé ôóíêöèåé 
(τ0,5)i = τ0,5(Pi), ïîëó÷àåìîé ñ èñïîëüçîâàíèåì (1) 
÷èñëåííî íà êîìïüþòåðå. Â ðåçóëüòàòå ïîäãîíêè 

âîññòàíàâëèâàëîñü «îøèáî÷íîå» çíà÷åíèå âðåìåíè 
VT-ðåëàêñàöèè ÌÍÊ

.VTτ  

Ðåçóëüòàòû è èõ îáñóæäåíèå 

Ðàñ÷åòû âëèÿíèÿ ñèñòåìàòè÷åñêîé ïîãðåøíîñòè 
èçìåðåíèÿ äàâëåíèÿ P íà îøèáêó âîññòàíîâëåíèÿ 
0

VTτ  ïðîèçâîäèëèñü äëÿ êîëåáàòåëüíî-ïîñòóïàòåëüíîé 

ðåëàêñàöèè ìîëåêóë Í2Î (ñòîëêíîâåíèÿ «Í2Î*–
Í2Î»). Ïðè ðàñ÷åòå èñïîëüçîâàëèñü èñõîäíûå äàííûå: 
0

VTτ  = 10–6 c ⋅ ìáàð, vçâ = 417 ì ⋅ ñ–1, τ = 5 ⋅ 10–8 ñ, 

r = 10 ìì, è ÷åòûðå çíà÷åíèÿ ðàäèóñà ëàçåðíîãî 
ïó÷êà w0 = 0,25; 0,5; 1 è 2 ìì. Ðåçóëüòàòû ðàñ÷å-
òîâ ïðåäñòàâëåíû íà ðèñ. 1. Îáëàñòü èçìåíåíèÿ 
ñèñòåìàòè÷åñêîé ïîãðåøíîñòè èçìåðåíèé äàâëåíèÿ 

òàêîâà, ÷òî «îøèáî÷íûå» çíà÷åíèÿ ÌÍÊ

VTτ  îòëè÷àþòñÿ 

îò èñòèííûõ çíà÷åíèé 

0

VTτ  íà âåëè÷èíó, íå ïðåâû-

øàþùóþ 20% 0 ÌÍÊ 0 0(| | |( )/ | 0,2)VT VT VT VTδτ = τ − τ τ ≤ . Íà 

ðèñóíêå òàêæå ïðåäñòàâëåíû äîâåðèòåëüíûå èíòåð-
âàëû âîññòàíîâëåííûõ çíà÷åíèé âðåìåíè VT-

ðåëàêñàöèè ìîëåêóë ÌÍÊ
,VTτ  ñîîòâåòñòâóþùèå âåðî-

ÿòíîñòè 0,95. 
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Ðèñ. 1. Îòíîñèòåëüíàÿ îøèáêà âîññòàíîâëåíèÿ âðåìåíè 
VT-ðåëàêñàöèè ìîëåêóë H2O* (ñòîëêíîâåíèÿ «H2O*–H2O») 
â çàâèñèìîñòè îò âåëè÷èíû ñèñòåìàòè÷åñêîé ïîãðåøíîñòè 
èçìåðåíèé äàâëåíèÿ âîäÿíîãî ïàðà â êàìåðå ÎÀ-äåòåêòîðà 

 

Àíàëèç äàííûõ íà ðèñ. 1 ïîêàçûâàåò, ÷òî 0

VTδτ  
ðàñòåò ñ óâåëè÷åíèåì w0 è äëÿ âñåõ ÷åòûðåõ çíà÷å-
íèé w0 îøèáêà âîññòàíîâëåíèÿ 0

VTτ  íå ïðåâûøàåò 10% 
ïðè çíà÷åíèÿõ ΔP â íåñêîëüêî ðàç ìåíüøèõ ñèñòå-
ìàòè÷åñêîé ïîãðåøíîñòè èçìåðåíèé äàâëåíèÿ â ýêñ-
ïåðèìåíòàõ [12]. Òàê, ïðè ðàäèóñå ëàçåðíîãî ïó÷êà 
w0 = 1 ìì îøèáêà 

0

VTδτ  ≤ 0,1, åñëè PΔ  ≤ 0,03 ìáàð. 
 Íåîáõîäèìî îòìåòèòü, ÷òî äëÿ çàâèñèìîñòè 

0 ( )VT Pδτ Δ  îïðåäåëÿþùèì ÿâëÿåòñÿ íå ðàçìåð ïó÷êà 
w0, à âðåìÿ ðàñïðîñòðàíåíèÿ çâóêà ÷åðåç îñâåùåí-
íóþ îáëàñòü τçâ ≈ 2w0/vçâ. Íà ðèñ. 2 ïðåäñòàâëåíà 
çàâèñèìîñòü 0

VTδτ  îò âðåìåíè ðàñïðîñòðàíåíèÿ çâó-
êà ÷åðåç ïîïåðå÷íîå ñå÷åíèå ëàçåðíîãî ïó÷êà ðà-
äèóñîì w0 = 1 ìì. Â áèíàðíûõ ñìåñÿõ ìîëåêóë 
âîäû ñ ìîëåêóëÿðíûìè èëè èíåðòíûìè ãàçàìè (Ì) 
âðåìÿ VT-ðåëàêñàöèè âîçáóæäåííûõ ìîëåêóë Í2Î* 

(1)
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â ñòîëêíîâåíèÿõ «Í2Î*–Ì» íà 1–2 ïîðÿäêà áîëü-
øå, ÷åì â ñòîëêíîâåíèÿõ «Í2Î*–Í2Î» (ñì., íà-
ïðèìåð, [4]). Çäåñü ìû ïîëàãàåì 0

VTτ (Í2Î*–Ì) = 
= 10–5 ñ. Òàêæå ïîëàãàåì, ÷òî ïàðöèàëüíîå äàâëå-
íèå âîäÿíîãî ïàðà 

2H O îáù,P P�  ãäå îáùP  – îáùåå 
äàâëåíèå ñìåñè. Ñèñòåìàòè÷åñêàÿ ïîãðåøíîñòü èç-
ìåðåíèé äàâëåíèÿ ñìåñè â êàìåðå ÎÀ-äåòåêòîðà 
ΔPîáù = 0,1 ìáàð.  
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Ðèñ. 2.  Îòíîñèòåëüíàÿ îøèáêà âîññòàíîâëåíèÿ âðåìåíè 
VT-ðåëàêñàöèè ìîëåêóë H2O* (ñòîëêíîâåíèÿ «H2O*–M», 
M – ìîëåêóëà (àòîì) áóôåðíîãî ãàçà) â çàâèñèìîñòè îò 
âðåìåíè ðàñïðîñòðàíåíèÿ çâóêà ÷åðåç ïîïåðå÷íîå ñå÷åíèå 
ëàçåðíîãî ïó÷êà (ðàñ÷åò ïðè w0 = 1 ìì, 0

VTτ  = 10 ìêñ,  
 r = 10 ìì è ΔP = 0,1 ìáàð) 

 

Àíàëèç äàííûõ íà ðèñ. 2 ïîêàçûâàåò, ÷òî 0

VTδτ  
âåäåò ñåáÿ ïðÿìî ïðîïîðöèîíàëüíî τçâ è óâåëè÷èâà-
åòñÿ îò 2% äëÿ ñìåñè Í2Î ñ âîäîðîäîì (vçâ = 
= 1248 ì ⋅ ñ–1) äî 8% äëÿ ñìåñè Í2Î ñ êñåíîíîì 
(vçâ = 176 ì ⋅ ñ–1). Â ðàñ÷åòàõ èñïîëüçîâàëèñü ñïðà-
âî÷íûå äàííûå äëÿ ñêîðîñòè çâóêà â ãàçàõ [16]. 

Çàêëþ÷åíèå 

Ïðîàíàëèçèðîâàíî âëèÿíèå ïîãðåøíîñòåé èç-
ìåðåíèÿ äàâëåíèÿ ãàçà â êàìåðå ÎÀ-äåòåêòîðà íà 
òî÷íîñòü âîññòàíîâëåíèÿ âåëè÷èíû âðåìåíè VT-
ðåëàêñàöèè ìîëåêóë 0

VTτ  èç çàâèñèìîñòåé äëèòåëü-
íîñòè èìïóëüñà ñæàòèÿ ÎÀ-ñèãíàëà îò äàâëåíèÿ 
èññëåäóåìîãî ãàçà. Íà ïðèìåðå áûñòðîé ðåëàêñàöèè 
ìîëåêóë Í2Î*, ïðîèñõîäÿùåé ïî ýêñïîíåíöèàëüíî-
ìó çàêîíó, óñòàíîâëåíî, ÷òî ïðè òèïè÷íûõ äëÿ 
ýêñïåðèìåíòîâ ñ ìèêðîôîíîì ÌÊ-301 çíà÷åíèÿõ 
ðàäèóñà ëàçåðíîãî ïó÷êà w0 ∼ 1 ìì âðåìÿ ðåëàêñà-
öèè âåëè÷èíîé 0

VTτ  ∼ 10–6 c ⋅ ìáàð ìîæíî âîññòàíî-
âèòü ñ îòíîñèòåëüíîé îøèáêîé 0 10%,VTδτ ≤  åñëè 
ñèñòåìàòè÷åñêàÿ ïîãðåøíîñòü èçìåðåíèé äàâëåíèÿ 
 

íå ïðåâûøàåò 0,03 ìáàð. Ïîëó÷åííîå çíà÷åíèå ΔP 
ïðèìåðíî â òðè ðàçà ìåíüøå ïîãðåøíîñòè èçìåðå-
íèé äàâëåíèÿ ΔP = 0,1 ìáàð â ýêñïåðèìåíòàõ [12]. 
Îøèáêà âîññòàíîâëåíèÿ 0

VTτ  ìåíÿåòñÿ ïðÿìî ïðî-
ïîðöèîíàëüíî âðåìåíè ðàñïðîñòðàíåíèÿ çâóêà ÷å-
ðåç îñâåùåííóþ îáëàñòü. 
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A. Protasevich, B. Tikhomirov. Determination of the VT-relaxation time of molecules from the com-
pression pulse width of a photoacoustic signal: the effect of gas pressure measurement errors. 

The influence of gas pressure measurement errors in the chamber of a photoacoustic detector on accuracy 
of restoration of fast VT-relaxation time of molecules is investigated with the use of numerical simulation of a 
shape of photoacoustic signal. Using the relaxation of water vapor molecules from the lower excited vibrational 
state as an example, it is found that for values of the radius of the Gaussian laser beam w0 ∼ 1 mm, typical in 
experiments with MK-301 microphone, the relaxation time 0

VTτ  ∼ 10–6 s ⋅ mbar can be restored from the depend-
encies of duration of photoacoustic compression pulse on gas pressure with a relative errors 0 10%,VTδτ ≤  if sys-
tematic measurement error of pressure does not exceed 0.03 mbar. An error of restoration is directly propor-
tional to the propagation time of sound through the illuminated area. 


