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Ïðåäñòàâëåíû êîíêðåòèçèðîâàííûå àëãîðèòìû îöåíîê óãëîâîé øèðèíû ñèíõðîíèçìà äëÿ ðàçëè÷íûõ 
ïðîöåññîâ ïðåîáðàçîâàíèé ÷àñòîòû, èñêëþ÷àþùèå íåîáõîäèìîñòü èñïîëüçîâàíèÿ ðàçëè÷íûõ àëãîðèòìîâ äëÿ 
îöåíîê óãëîâîé øèðèíû âíå è â óñëîâèÿõ íåêðèòè÷íîãî 90°-ãî ñèíõðîíèçìà. Ïðèâåäåíû äàííûå îá óãëîâîé 
øèðèíå ñèíõðîíèçìà äëÿ ãåíåðàöèè âòîðîé ãàðìîíèêè ÑÎ2-ëàçåðà â êðèñòàëëàõ ZnGeP2 ïðè òåìïåðàòóðå 20 
è 200 °Ñ, îöåíåííûå ñ èñïîëüçîâàíèåì ïðåäëàãàåìîãî è òðàäèöèîííûõ àëãîðèòìîâ. 

 

Ââåäåíèå 

Â ñëó÷àå êâàäðàòè÷íîãî ïðèáëèæåíèÿ âûðàæå-
íèå äëÿ îïðåäåëåíèÿ óãëîâîé øèðèíû ñèíõðîíèçìà 
äëÿ òðåõ÷àñòîòíûõ ïðîöåññîâ ïðåîáðàçîâàíèÿ ÷àñ-
òîòû â íåëèíåéíûõ êðèñòàëëàõ, ïðåäñòàâëåííîå 
÷åðåç ïåðâóþ è âòîðóþ ïðîèçâîäíûå âîëíîâîé ðàñ-
ñòðîéêè Δk îò óãëà ñèíõðîíèçìà θ, èìååò âèä  
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Ñîãëàñíî ïðèíÿòîé ìåòîäèêå [1] âòîðîé ïðîèç-
âîäíîé â âûðàæåíèè (1) ïðåíåáðåãàþò ïðè óãëàõ, 
äàëåêèõ îò íåêðèòè÷íîãî 90°-ãî ñèíõðîíèçìà, à øè-
ðèíó ñèíõðîíèçìà îïðåäåëÿþò ñ ó÷åòîì òîëüêî ïåð-
âîé ïðîèçâîäíîé. Çà åå çíà÷åíèå ïðèíèìàþò òîò 
äèàïàçîí óãëîâ, â ïðåäåëàõ êîòîðûõ âîëíîâàÿ ðàñ-
ñòðîéêà Δk = 0,886π/L, ãäå L – äëèíà êðèñòàëëà,  
à ìîùíîñòü ïðåîáðàçîâàííîãî ïî ÷àñòîòå èçëó÷åíèÿ 
ïàäàåò íà ïîëîâèíó îò ìàêñèìàëüíîãî çíà÷åíèÿ, 
èìåþùåãî ìåñòî ïðè òî÷íîì ñîãëàñîâàíèè ôàç 
Δk(0) = 0.  

Äëÿ óñëîâèé íåêðèòè÷íîãî 90°-ãî ôàçîâîãî 
ñèíõðîíèçìà è áëèçêèõ ê íåìó ïåðâàÿ ïðîèçâîäíàÿ 
îáðàùàåòñÿ â íóëü, à îöåíêà óãëîâîé øèðèíû ñèí-
õðîíèçìà âåäåòñÿ ñ ó÷åòîì òîëüêî âòîðîé ïðîèç-
âîäíîé. Ïðè ýòîì äëèíû âîëí ïåðåõîäà îò îäíîãî 
àëãîðèòìà îöåíîê ê äðóãîìó îñòàþòñÿ íåîïðåäåëåí-
íûìè, ïîÿâëÿåòñÿ ïðîáëåìà «ñøèâàíèÿ» ðåçóëüòà-
òîâ îöåíîê ïî ïåðâîìó è âòîðîìó àëãîðèòìàì. Àë-
ãîðèòìû îöåíîê óãëîâîé øèðèíû ñèíõðîíèçìà, 
ïðåäñòàâëåííûå â äàííîé ñòàòüå, ïîçâîëÿþò óñòðà-
íèòü óêàçàííûå íåäîñòàòêè. 

Àëãîðèòìû îöåíîê óãëîâîé øèðèíû 

ñèíõðîíèçìà äëÿ ãåíåðàöèè âòîðîé 

ãàðìîíèêè 

Îòêëîíåíèå îò òî÷íîãî óãëà ôàçîâîãî ñèíõðî-
íèçìà îáîçíà÷èì êàê δθ = θ – θpm,

 

ãäå θ – òåêóùåå 

çíà÷åíèå óãëà, à θpm – óãîë ñèíõðîíèçìà, è ïðåîá-
ðàçóåì âûðàæåíèå (1) ê âèäó êâàäðàòíîãî óðàâíåíèÿ  
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Èç åãî ðåøåíèÿ îïðåäåëèì óãëîâóþ ïîëóøèðèíó 
ñèíõðîíèçìà:  
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Äëÿ ñëó÷àÿ ãåíåðàöèè âòîðîé ãàðìîíèêè (ÃÂÃ) 
â ïîëîæèòåëüíîì êðèñòàëëå ïî ïåðâîìó òèïó âçàè-
ìîäåéñòâèÿ ee-o ïîëó÷èì 
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Äëÿ ñëó÷àÿ ÃÂÃ â ïîëîæèòåëüíîì êðèñòàëëå ïî 
âòîðîìó òèïó âçàèìîäåéñòâèÿ oe-o èìååì 

 1 1 2 12 [ ( ) ( , ) 2 ( )]/ ;
o e o

k n n nΔ = π λ + θ λ − λ λ   (7) 
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Äëÿ ñëó÷àÿ ÃÂÃ â îòðèöàòåëüíîì êðèñòàëëå ïî ïåð-
âîìó oo-e è âòîðîìó òèïàì âçàèìîäåéñòâèÿ áóäåì 
ñîîòâåòñòâåííî èìåòü  
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Ðåçóëüòàòû îöåíîê 

Íà ðèñóíêå â êà÷åñòâå ïðèìåðà ïðèâåäåíû ðå-
çóëüòàòû îöåíîê ïî ïðåäëàãàåìûì àëãîðèòìàì äëÿ 
ãåíåðàöèè âòîðîé ãàðìîíèêè â êðèñòàëëàõ ZnGeP2 
ñ ó÷åòîì òåìïåðàòóðíûõ çàâèñèìîñòåé ïîêàçàòåëåé 
ïðåëîìëåíèÿ [2].  

Èç ðèñóíêà âèäíî, ÷òî óãëîâàÿ øèðèíà ñèí-
õðîíèçìà, ðàññ÷èòàííàÿ ïî òðàäèöèîííîé ìåòîäèêå 
ñ ó÷åòîì òîëüêî âòîðîé ïðîèçâîäíîé, äàåò ïðèíöè-
ïèàëüíóþ îøèáêó îöåíîê â ñïåêòðàëüíûõ îáëàñòÿõ, 
äàëåêèõ îò óñëîâèé íåêðèòè÷íîãî ñèíõðîíèçìà. 
Îöåíêè ïî òðàäèöèîííîé ìåòîäèêå ñ ó÷åòîì ïåðâîé 
ïðîèçâîäíîé äàþò ñóùåñòâåííî çàâûøåííûå ðå-
çóëüòàòû ïðè óñëîâèÿõ ñèíõðîíèçìà, áëèçêèõ  
ê íåêðèòè÷íîìó 90°-ìó â ðàéîíå äëèííîâîëíîâîé 
ãðàíèöû óñëîâèé ñèíõðîíèçìà, à îöåíêè ïî ïðåä-
ëîæåííîìó àëãîðèòìó ïðè ýòîì ñàìîîãðàíè÷åíû  
è â íàèáîëüøåé ñòåïåíè (ñ òî÷íîñòüþ äî 0,3°) ñîîò-
âåòñòâóþò ïîëó÷åííûì è èçâåñòíûì ýêñïåðèìåí-
òàëüíûì ðåçóëüòàòàì. Â ÷àñòíîñòè, ïðè ãåíåðàöèè 
âòîðîé ãàðìîíèêè èçëó÷åíèÿ ÑÎ2-ëàçåðà ñ äëèíîé 
âîëíû λ = 10,25 ìêì ïðè òåìïåðàòóðå êðèñòàëëà 
20 °Ñ óãîë ñèíõðîíèçìà θpm = 82,97°. Îöåíêè óãëî-
âîé øèðèíû ñèíõðîíèçìà ïî òðàäèöèîííîé ìåòîäè-
êå â ýòîì ñëó÷àå äàþò óãëîâóþ øèðèíó ñèíõðîíèç-
ìà Δθtrad = 26,78°, à ïðè ïðèìåíåíèè ïðåäëîæåííî-
ãî àëãîðèòìà îíà îïðåäåëèòñÿ êàê Δθnew = 16,88°. 
Ðàçëè÷èå â îöåíêàõ íà 9,9° ìîæåò ñóùåñòâåííî èç-

ìåíèòü ïàðàìåòðû ðàçðàáàòûâàåìûõ óñòðîéñòâ ïðè-
êëàäíîé îïòèêè ñ ïðèìåíåíèåì ðàññìàòðèâàåìîãî 
ãåíåðàòîðà âòîðîé ãàðìîíèêè. 
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Ïîëíàÿ óãëîâàÿ øèðèíà ñèíõðîíèçìà ïî ïîëóâûñîòå àì-
ïëèòóäû (FWHM) äëÿ ãåíåðàöèè âòîðîé ãàðìîíèêè  
â êðèñòàëëå ZnGeP2 äëèíîé 1 ìì ïî I (ee-o) òèïó âçàèìî-
äåéñòâèé ïðè òåìïåðàòóðå 20 (à) è 200 °Ñ (á) ïî òðàäèöè-
îííûì (ïóíêòèðíàÿ – ñ ó÷åòîì òîëüêî ïåðâîé, à øòðèõ-
ïóíêòèðíàÿ – ñ ó÷åòîì òîëüêî âòîðîé ïðîèçâîäíîé) è ïî 
  ïðåäëàãàåìîìó àëãîðèòìàì (ñïëîøíàÿ ëèíèÿ) 

 

Îòìåòèì, ÷òî ïðè ðàñ÷åòàõ ïî òðàäèöèîííîé 
ìåòîäèêå âûáîð îäíîé èç èñïîëüçóåìûõ ôîðìóë [1] 
ïðîèçâîäèòñÿ â çàâèñèìîñòè îò ðåçóëüòàòîâ ñðàâíå-
íèÿ ïîëó÷åííûõ çíà÷åíèé óãëîâûõ øèðèí ñèíõðî-
íèçìà. Ïðè ãåíåðàöèè âòîðîé ãàðìîíèêè äðóãèõ 
ëèíèé èçëó÷åíèÿ ÑÎ2-ëàçåðà â êðèñòàëëàõ ZnGeP2 

è ïðè äðóãèõ òåìïåðàòóðàõ ðàñõîæäåíèå â ðåçóëü-
òàòàõ îöåíîê ñóùåñòâåííî íå èçìåíÿåòñÿ. Òàê, ïðè 
òåìïåðàòóðå êðèñòàëëà 200 °Ñ äëÿ ãåíåðàöèè âòî-
ðîé ãàðìîíèêè ëèíèè èçëó÷åíèÿ íà äëèíå âîëíû 
10,58 ìêì θpm = 83,67°. Ðàññ÷èòàííûå çíà÷åíèÿ óã-
ëîâîé øèðèíû ñèíõðîíèçìà ñîñòàâëÿþò Δθtrad = 
= 26,85° è Δθnew = 17,22° ñîîòâåòñòâåííî, à ðàñõîæäå-
íèå ðåçóëüòàòîâ îöåíîê îñòàåòñÿ ïðàêòè÷åñêè íåèç-
ìåííûì è ðàâíûì 9,63°. Àíàëîãè÷íûì îáðàçîì  
ìîãóò áûòü êîíêðåòèçèðîâàíû àëãîðèòìû îöåíîê 
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óãëîâûõ øèðèí ñèíõðîíèçìà äëÿ äðóãèõ ïðîöåññîâ 
ïàðàìåòðè÷åñêîãî ïðåîáðàçîâàíèÿ ÷àñòîòû. 

Çàêëþ÷åíèå 

Ïðåäëîæåíà ïðîñòàÿ ìåòîäèêà äëÿ îïðåäåëå-
íèÿ êîíêðåòèçèðîâàííûõ àëãîðèòìîâ óãëîâûõ øè-
ðèí ñèíõðîíèçìà äëÿ ðàçëè÷íûõ ïðîöåññîâ ïàðà-
ìåòðè÷åñêîãî ïðåîáðàçîâàíèÿ ÷àñòîò. Ïðîäåìîíñò-
ðèðîâàííîå åå ïðèìåíåíèå ê ïðîöåññó ãåíåðàöèè 
âòîðîé ãàðìîíèêè â ïîëîæèòåëüíûõ íåëèíåéíûõ 
êðèñòàëëàõ ZnGeP2 ïîêàçàëî óâåëè÷åíèå òî÷íîñòè 
îöåíîê íà âåëè÷èíó äî 10°. 

Àâòîð ñòàòüè âûðàæàåò áëàãîäàðíîñòü çà ÷àñ-
òè÷íóþ ôèíàíñîâóþ ïîääåðæêó äàííûõ èññëåäîâà-
íèé ÐÔÔÈ (ãðàíò ¹ 05-02-98005-p_îáü_à) è Ñî-
âåòó ïî ãðàíòàì Ïðåçèäåíòà ÐÔ äëÿ âåäóùèõ íàó÷-
íûõ øêîë (ãðàíò ¹ ÍØ-1008. 2003.5). 
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G.V. Lanskii. Algorithms for estimation of phase matching angular bandwidth. 
Concretized algorithms for estimation of angular bandwidth for different frequency conversion processes 

are presented, wich exclude a necessity of using different algorithms for estimation of angular width under con-
ditions of not critical 90° – phase matching and without such conditions. Data on angular bandwidth for CO2 

laser second harmonic generation in ZnGeP2 crystals at 20 and 200 °C estimated with traditional and developed 
algorithms are shown. 

 


