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Ïðåäëàãàåòñÿ àëãîðèòì îïòèìèçàöèè ðàñïðîñòðàíåíèÿ ñâåòîâûõ ïó÷êîâ â íåëèíåéíîé ñðåäå ïî êðèòåðèþ 
óãëîâîé ðàñõîäèìîñòè â äàëüíåé çîíå. Ïîëó÷åíà ñèñòåìà óðàâíåíèé îòíîñèòåëüíî äâóõ âñïîìîãàòåëüíûõ 
ôóíêöèé, ïîçâîëÿþùàÿ ïîñòðîèòü èòåðàöèîííóþ ïðîöåäóðó ïîèñêà îïòèìàëüíîé ôàçû ìåòîäîì óñëîâíîãî 
ãðàäèåíòà. Ýôôåêòèâíîñòü àëãîðèòìà ïðîäåìîíñòðèðîâàíà íà ïðèìåðå çàäà÷è î êîìïåíñàöèè ñòàöèîíàðíîé 
âåòðîâîé ðåôðàêöèè. 

 
 

Â ðåàëüíûõ óñëîâèÿõ ðàñïðîñòðàíåíèå ñâåòîâûõ ïó÷êîâ â àòìîñôåðå ñîïðîâîæäàåòñÿ ñàìûìè 
ðàçíîîáðàçíûìè ýôôåêòàìè, ñâÿçàííûìè ñ íåëèíåéíîé ðåôðàêöèåé, ôëóêòóàöèÿìè îïòè÷åñêèõ ïàðà-
ìåòðîâ è ò. ï. Ýòè ýôôåêòû âûçûâàþò àìïëèòóäíî-ôàçîâûå èñêàæåíèÿ ïó÷êà íà òðàññå è, êàê ñëåäñò-
âèå, äîïîëíèòåëüíóþ óãëîâóþ ðàñõîäèìîñòü ïó÷êà, êîòîðàÿ, âîîáùå ãîâîðÿ, íå àääèòèâíà äèôðàêöè-
îííîé. Äëÿ ðÿäà çàäà÷ àòìîñôåðíîé îïòèêè ïðåäñòàâëÿåò èíòåðåñ èññëåäîâàíèå âîçìîæíîñòåé óìåíü-
øåíèÿ óãëîâîé ðàñõîäèìîñòè ïó÷êà â äàëüíåé çîíå ïóòåì óïðàâëåíèÿ åãî ôàçîâûì ôðîíòîì íà ïåðå-
äàþùåé àïåðòóðå. 

Ïî-âèäèìîìó, íàèáîëåå ïåðñïåêòèâíûì ÿâëÿåòñÿ îïðåäåëåíèå íà÷àëüíîãî ôàçîâîãî ïðîôèëÿ ïó÷-
êà â ïðîöåññå ÷èñëåííîãî ðåøåíèÿ çàäà÷è îïòèìèçàöèè ñ èñïîëüçîâàíèåì ãðàäèåíòíûõ ìåòîäîâ, êîòî-
ðûå â íàñòîÿùåå âðåìÿ õîðîøî ðàçâèòû äëÿ ìàêñèìèçàöèè ïëîòíîñòè ìîùíîñòè èçëó÷åíèÿ íà îáúåêòå 
çàäàííîãî ðàäèóñà [1, 2]. 

Çàäà÷à îïòèìàëüíîãî óïðàâëåíèÿ ñîñòîèò â òîì, ÷òîáû îïðåäåëèòü òàêèå ïàðàìåòðû ñèñòåìû, êî-
òîðûå îáåñïå÷èâàþò òðåáóåìûå óñëîâèÿ âçàèìîäåéñòâèÿ èçëó÷åíèÿ ñ âåùåñòâîì. Ïðè ïîñòàíîâêå çà-
äà÷è óïðàâëåíèÿ ïàðàìåòðàìè ñâåòîâîãî ïó÷êà íåîáõîäèìî âíà÷àëå ñôîðìóëèðîâàòü êðèòåðèé êà÷åñò-
âà (öåëåâóþ ôóíêöèþ), êîòîðûé îïðåäåëÿåò öåëü óïðàâëåíèÿ. 

Ìèíèìèçàöèþ óãëîâîé ðàñõîäèìîñòè â äàëüíåé çîíå ìîæíî îáåñïå÷èòü ïóòåì ìàêñèìèçàöèè íà 
äîñòàòî÷íî óäàëåííîé ìèøåíè îòíîñèòåëüíîé äîëè ñâåòîâîé ìîùíîñòè, ñêîíöåíòðèðîâàííîé â çàäàí-
íîì òåëåñíîì óãëå. Ïîñëåäíåå óñëîâèå óäîáíî ñôîðìóëèðîâàòü êàê ìàêñèìèçàöèþ ñïåêòðàëüíîãî êðè-
òåðèÿ 
 

 (1) 
 
ãäå k = {kx, ky}, kx, ky — ïðîåêöèè âîëíîâîãî âåêòîðà â ïëîñêîñòè, ïåðïåíäèêóëÿðíîé íàïðàâëåíèþ 

ðàñïðîñòðàíåíèÿ ïó÷êà; 
0

( )
z z

A


k — ñïåêòð êîìïëåêñíîé àìïëèòóäû ýëåêòðè÷åñêîãî ïîëÿ âîëíû íà 

îáúåêòå (z = z0); (k) — ôóíêöèÿ, çàäàþùàÿ òåëåñíûé óãîë, â êîòîðîì êîíöåíòðèðóåòñÿ ýíåðãèÿ èç-
ëó÷åíèÿ. 

Ðàñïðîñòðàíåíèå êâàçèñòàöèîíàðíîãî ñâåòîâîãî èçëó÷åíèÿ â äâèæóùåéñÿ ñëàáîïîãëîùàþùåé 
ñðåäå îïèñûâàåòñÿ ñèñòåìîé óðàâíåíèé, êîòîðóþ ïðèâåäåì â áåçðàçìåðíîì âèäå 
 

 (2) 
 

 (3) 
 

Íà âõîäå â íåëèíåéíóþ ñðåäó (z = 0) çàäàíî «íà÷àëüíîå» óñëîâèå 
 

 (4) 
 

Íàéäåì ïðèðàùåíèå J ôóíêöèîíàëà (1), îáóñëîâëåííîå âàðèàöèåé íà÷àëüíîãî ôàçîâîãî ïðî-
ôèëÿ U èçëó÷åííîé âîëíû: 
 

 (5) 
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Ïåðåõîäÿ îò ñïåêòðîâ ê îðèãèíàëàì, ïðåîáðàçóåì J ê âèäó 
 

 (6) 
 

ãäå 
 

 
 

r = {õ, y}, (r, z) — íåêîòîðàÿ âñïîìîãàòåëüíàÿ ôóíêöèÿ. Âûáåðåì  òàê, ÷òîáû îáðàòèòü â íóëü ñëà-
ãàåìîå J1 â âûðàæåíèè (6). Â [3] ïîêàçàíî, ÷òî J1 = 0, åñëè (r, z) è âòîðàÿ âñïîìîãàòåëüíàÿ ôóíê-
öèÿ G(r, z) óäîâëåòâîðÿþò ñîïðÿæåííîé ñèñòåìå óðàâíåíèé 
 

 (7) 
 

 (8) 
 

Â ñëó÷àå ìàêñèìèçàöèè ñïåêòðàëüíîãî êðèòåðèÿ (1) ãðàíè÷íûå óñëîâèÿ äëÿ ôóíêöèé  è G áóäóò 
èìåòü âèä 
 

 (9) 
 

Òàêèì îáðàçîì, ïðèðàùåíèå ôóíêöèîíàëà J âûðàæàåòñÿ ÷åðåç âàðèàöèþ ïîëÿ íà èçëó÷àþùåé 
àïåðòóðå A(r, 0) ñëåäóþùèì îáðàçîì: 
 

 (10) 
 

Âûðàæåíèå (10) èñïîëüçóåòñÿ äëÿ îïðåäåëåíèÿ ãðàäèåíòà ôóíêöèîíàëà J. Êàê ïîêàçàíî â [3], â 
ñëó÷àå óïðàâëåíèÿ ôàçîâûì ôðîíòîì ïó÷êå ïðè ôèêñèðîâàííîì àìïëèòóäíîì ïðîôèëå, (n+1)-å ïðè-
áëèæåíèå äëÿ ôàçû ñâÿçàíî ñ n-ì ïðèáëèæåíèåì ïîñðåäñòâîì èòåðàöèîííîé ïðîöåäóðû: 
 

 
 

ãäå 0 <  < 1 — äëèíà ãðàäèåíòíîãî øàãà. 
Íåïîñðåäñòâåííàÿ ðåàëèçàöèÿ ãðàíè÷íîãî óñëîâèÿ (9) òðåáóåò áîëüøèõ âû÷èñëèòåëüíûõ çàòðàò. 

Âìåñòå ñ òåì íåòðóäíî ïîêàçàòü, ÷òî ýòî óñëîâèå ìîæåò áûòü ïðèâåäåíî ê âèäó 
 

 (11) 
 
÷òî ïîçâîëÿåò èñïîëüçîâàòü äëÿ åãî ðåàëèçàöèè àëãîðèòì áûñòðîãî ïðåîáðàçîâàíèÿ Ôóðüå. 

Ïðèâåäåì íåêîòîðûå ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ ïî ñïåêòðàëüíîìó êðèòåðèþ. Ðàñ÷å-
òû ïðîâîäèëèñü äëÿ ïó÷êîâ ãàóññîâñêîãî àìïëèòóäíîãî ïðîôèëÿ, ðàñïðîñòðàíÿþùåãîñÿ íà òðàññå 
äëèíîé z0 = 0,5. Ïàðàìåòð íåëèíåéíîñòè Rv áûë âûáðàí ðàâíûì Rv = —15, äëÿ ôóíêöèè (k), îïè-
ñûâàþùåé îáëàñòü êîíöåíòðàöèè ýíåðãèè â ñïåêòðàëüíîì ïðîñòðàíñòâå, èñïîëüçîâàëîñü âûðàæåíèå 
 

 (12) 
 
ãäå s — ïàðàìåòð, âàðüèðóåìûé â ÷èñëåííîì ýêñïåðèìåíòå. 

Ðàñ÷åòû ïîêàçàëè, ÷òî ýôôåêòèâíîñòü àëãîðèòìà îïòèìèçàöèè â ñèëüíîé ñòåïåíè çàâèñèò îò âå-
ëè÷èíû ïàðàìåòðà s, ïðè÷åì äîëÿ ýíåðãèè, ñôîêóñèðîâàííîé â çàäàííûé òåëåñíûé óãîë, è ïèêîâàÿ 
èíòåíñèâíîñòü íà îáúåêòå ìåíÿþòñÿ â èòåðàöèîííîì ïðîöåññå ïî-ðàçíîìó. Ïóòåì âàðüèðîâàíèÿ s óäà-
åòñÿ ïîâûñèòü âåëè÷èíó êðèòåðèÿ J íà 10—15%, à ïèêîâóþ èíòåíñèâíîñòü íà îáúåêòå — íà 20—30%. 
Íà÷àëüíîå ïðèáëèæåíèå äëÿ ôàçû ïó÷êà è âåëè÷èíà ãðàäèåíòíîãî øàãà  âëèÿþò íà ñõîäèìîñòü èòå-
ðàöèîííîãî ïðîöåññà íåçíà÷èòåëüíî. 
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S . S .  Ñ h å s n î k î v . Minimization of Light Beam Angular Divergence Using the Gradient Method. 
 

Optimization algorithm of light beam propagation through a nonlinear medium using far zone angular divergence 
criterion is proposed. Equation system relative to the auxiliary functions is derived to receive the iteration procedure 
of optimal phase search using the conditional gradient method. Efficiency of the algorithm is demonstrated using the 
solution of the problem on the stationary wind refraction compensation as an example. 


