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Ìåòîäîì ìàëûõ âîçìóùåíèé ïîëó÷åíî ðåøåíèå äëÿ ôóíêöèè âçàèìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà 
îïòè÷åñêîãî çîíäèðóþùåãî ïó÷êà, ðàñïðîñòðàíÿþùåãîñÿ â ðåôðàêöèîííîì êàíàëå ñ ìàëûìè àáåððàöèÿìè. 
Ïîëó÷åíû âûðàæåíèÿ äëÿ êîîðäèíàò öåíòðà òÿæåñòè, ýôôåêòèâíîãî ðàäèóñà è ðàñïðåäåëåíèÿ èíòåíñèâíîñòè 
â ïîïåðå÷íîì ñå÷åíèè çîíäèðóþùåãî ïó÷êà. Äàí àíàëèç âëèÿíèÿ àáåððàöèé êàíàëà ðàçíîãî ïîðÿäêà íà õà-
ðàêòåðèñòèêè îïòè÷åñêîãî ïó÷êà. Ïîêàçàíî, ÷òî áåçàáåððàöèîííîå ïðèáëèæåíèå äëÿ îïèñàíèÿ õàðàêòåðèñòèê 
óçêîãî, ïî ñðàâíåíèþ ñ øèðèíîé ðåôðàêöèîííîãî êàíàëà, çîíäèðóþùåãî ïó÷êà â äåôîêóñèðóþùåì êàíàëå ñ 
ìàëûìè àáåððàöèÿìè (íàïðèìåð, ãàóññîâñêîãî èëè ãàóññîïîäîáíîãî ïðîôèëÿ) ïðèìåíèìî ëèøü äëÿ òðàññ 
çîíäèðîâàíèÿ (ïðè çîíäèðîâàíèè âáëèçè îïòè÷åñêîé îñè êàíàëà), íå ïðåâûøàþùèõ íåñêîëüêèõ âåëè÷èí ôî-
êóñíîãî ðàññòîÿíèÿ ðåôðàêöèîííîãî êàíàëà. 

 
 

Ðåôðàêöèîííûå èçìåðåíèÿ ðåãóëÿðíûõ ãðàäèåíòîâ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè (ïîêàçàòåëÿ 
ïðåëîìëåíèÿ) ñðåäû â íàñòîÿùåå âðåìÿ íàõîäÿò øèðîêîå ïðèìåíåíèå â íàóêå è òåõíèêå [1—3]. Îä-
íèì èç ñâîåîáðàçíûõ ÷àñòíûõ ñëó÷àåâ ÿâëÿåòñÿ îïòè÷åñêîå çîíäèðîâàíèå îáëàñòåé öèëèíäðè÷åñêîé 
ôîðìû ñ ïàðàáîëè÷åñêèì ïîïåðå÷íûì ãðàäèåíòîì äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè — ëèíçîïîäîáíûõ 
ðåôðàêöèîííûõ êàíàëîâ [1—5]. Ìåòîäû çîíäèðîâàíèÿ ïàðàêñèàëüíîé îáëàñòè áåçàáåððàöèîííûõ 
ðåôðàêöèîííûõ êàíàëîâ ðàññìàòðèâàëèñü â [4—5], ãäå áûëî ïîêàçàíî, ÷òî íàèáîëüøèìè èíôîðìàöè-
îííûìè âîçìîæíîñòÿìè îáëàäàþò èçìåðåíèÿ èñêðèâëåíèÿ âîëíîâîãî ôðîíòà, ñìåùåíèÿ öåíòðà òÿæå-
ñòè è èçìåíåíèÿ ýôôåêòèâíîãî ðàäèóñà çîíäèðóþùåãî îïòè÷åñêîãî ïó÷êà. Èñêàæàþùåå âëèÿíèå 
àáåððàöèé ðåôðàêöèîííîãî êàíàëà íà èñêðèâëåíèå âîëíîâîãî ôðîíòà çîíäèðóþùåãî ïó÷êà è âåëè÷è-
íó ïåðåôîêóñèðîâêè åãî èçîáðàæåíèÿ çà ôîêóñèðóþùåé ëèíçîé èññëåäîâàëîñü â [6]. Â íàñòîÿùåé 
ñòàòüå ïðèâåäåíû ðåçóëüòàòû òåîðåòè÷åñêîãî èçó÷åíèÿ ïðîñòðàíñòâåííîãî ðàñïðåäåëåíèÿ èíòåíñèâíî-
ñòè îïòè÷åñêîãî çîíäèðóþùåãî ïó÷êà, ðàñïðîñòðàíÿþùåãîñÿ âáëèçè îïòè÷åñêîé îñè ðåôðàêöèîííîãî 
êàíàëà ñ àáåððàöèÿìè, îöåíåíà îáëàñòü ïðèìåíèìîñòè áåçàáåððàöèîííîãî ïðèáëèæåíèÿ äëÿ îïèñàíèÿ 
ñëåäóþùèõ õàðàêòåðèñòèê îïòè÷åñêîãî ïó÷êà: êîîðäèíàò öåíòðà òÿæåñòè, ýôôåêòèâíîãî ðàäèóñà è 
ìàêñèìàëüíîãî çíà÷åíèÿ èíòåíñèâíîñòè íà îïòè÷åñêîé îñè ðåôðàêöèîííîãî êàíàëà. 

Ðàñïðîñòðàíåíèå çîíäèðóþùåãî èçëó÷åíèÿ â ðåôðàêöèîííîì êàíàëå ñ àáåððàöèÿìè áóäåì îïèñû-
âàòü ïàðàáîëè÷åñêèì óðàâíåíèåì 
 

 (1) 
 

 
 

ãäå ê = 2π/λ, λ — äëèíà âîëíû îïòè÷åñêîãî èçëó÷åíèÿ; 
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ε2 — èçìåíåíèå äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ñðåäû íà îïòè÷åñêîé îñè ðåôðàêöèîííîãî êàíàëà; 
F0 — ôîêóñíîå ðàññòîÿíèå ðåôðàêöèîííîãî êàíàëà; α, γ, β — âåêòîðíûå è ñêàëÿðíûé êîýôôèöèåí-
òû, õàðàêòåðèçóþùèå àáåððàöèè ðåôðàêöèîííîãî êàíàëà 
 

 
 

Óðàâíåíèå äëÿ ôóíêöèè âçàèìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà Γ(x, ρ1, ρ2) = E(x, ρ1)E*(x, ρ2) 
äëÿ (1) èìååò âèä: 
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Çäåñü 
 

 
 

Ðåøåíèå óðàâíåíèÿ (2) áóäåì èñêàòü ìåòîäîì âîçìóùåíèé: 
 

 
 

ãäå ôóíêöèÿ (0)

2 ( , , )xΓ R ρ  — ðåøåíèå óðàâíåíèÿ 
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ñ ãðàíè÷íûì óñëîâèåì 
 

 
 

à ôóíêöèÿ (1)

2 ( , , )xΓ R ρ  — ðåøåíèå óðàâíåíèÿ 
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ñ ãðàíè÷íûì óñëîâèåì 
 

 
 

Ðåøåíèå óðàâíåíèÿ (3) èçâåñòíî [3—5], óðàâíåíèå (4) ðåøàåòñÿ ìåòîäîì õàðàêòåðèñòèê ïîñëå 
ïðåîáðàçîâàíèÿ ïî Ôóðüå. Òàêèì îáðàçîì, ðåøåíèå äëÿ ôóíêöèè âçàèìíîé êîãåðåíòíîñòè âòîðîãî 
ïîðÿäêà â äåôîêóñèðóþùåì ðåôðàêöèîííîì êàíàëå ñ àáåððàöèÿìè èìååò âèä 
 

 
 

 
 

. 
 (5) 
 

Êîîðäèíàòû öåíòðà òÿæåñòè çîíäèðóþùåãî ïó÷êà Rê(x) ìîãóò áûòü îïðåäåëåíû ñëåäóþùèì îáðà-
çîì: 
 

 (6) 

ãäå 
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Ïóñòü ãàóññîâñêèé çîíäèðóþùèé ïó÷îê ðàñïðîñòðàíÿåòñÿ âáëèçè îïòè÷åñêîé îñè ðåôðàêöèîííîãî 
êàíàëà, òîãäà, êàê ïîêàçàíî â [4, 5], 
 

 (7) 

 

ãäå 2

0 ,a  à2(õ) — íà÷àëüíûé è òåêóùèé ðàäèóñû çîíäèðóþùåãî ïó÷êà [4,5]; Rc(x) — ñìåùåíèå êîîðäèíà-

òû öåíòðà òÿæåñòè çîíäèðóþùåãî ïó÷êà â êàíàëå ñ ëèíåéíîé (α ≠ 0) è ïàðàáîëè÷åñêîé íåîäíîðîäíîñòüþ 
äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ñðåäû. Èñïîëüçóÿ (5), (6), (7), ìîæíî ïîêàçàòü, ÷òî ñìåùåíèå öåíòðà 
òÿæåñòè çîíäèðóþùåãî ïó÷êà â ðåôðàêöèîííîì êàíàëå ñ àáåððàöèÿìè îïèñûâàåòñÿ ñîîòíîøåíèåì: 
 

 
 

 (8) 

 

Äëÿ øèðîêîãî â äèôðàêöèîííîì ñìûñëå ( 2

0 0
/ 1кa F � ) êîëëèìèðîâàííîãî ïó÷êà, ïîñûëàåìîãî ïà-

ðàëëåëüíî îïòè÷åñêîé îñè êàíàëà (ïðè α = 0) 
 

 
 

ãäå R0 — íà÷àëüíîå ñìåùåíèå öåíòðà òÿæåñòè çîíäèðóþùåãî ïó÷êà îòíîñèòåëüíî îïòè÷åñêîé îñè ðåô-
ðàêöèîííîãî êàíàëà [4, 5], âûðàæåíèå (8) ïðèíèìàåò âèä 
 

 
 

ãäå 
 

 
 

 
 

 
 

 
 

Âûðàæåíèÿ (8) è (9) ïîêàçûâàþò, ÷òî åñëè âêëàä ëèíåéíîé è êâàäðàòè÷íîé ñîñòàâëÿþùèõ íåîä-
íîðîäíîñòè äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ñðåäû â ñìåùåíèå öåíòðà òÿæåñòè çîíäèðóþùåãî ïó÷êà 
àääèòèâåí [4, 5], òî àáåððàöèîííûå ñîñòàâëÿþùèå ïðîôèëÿ ðåôðàêöèîííîãî êàíàëà äàþò âêëàäû, 
çàâèñÿùèå îò Rc(x). Íå÷¸òíûå àáåððàöèè äàþò âêëàä è ïðè Rc = 0, ÷¸òíûå — íåò. Âåëè÷èíà ñìåùå-
íèÿ â íàïðàâëåíèè R0 áîëüøå, ÷åì â áåçàáåððàöèîííîì ïðîôèëå, ïðè β > 0 è ìåíüøå ïðè β < 0. Èí-
òåíñèâíîñòü çîíäèðóþùåãî ïó÷êà, ðàñïðîñòðàíÿþùåãîñÿ âäîëü îïòè÷åñêîé îñè ðåôðàêöèîííîãî êàíà-
ëà (ïðè α = 0), ìîæåò áûòü ïîëó÷åíà èç ôîðìóëû (5) ïðè ïîäñòàíîâêå òóäà áåçàáåððàöèîííîãî ïðè-
áëèæåíèÿ ôóíêöèè âçàèìíîé êîãåðåíòíîñòè âòîðîãî ïîðÿäêà: 
 

 
 

ãäå S(x) — êðèâèçíà âîëíîâîãî ôðîíòà ïó÷êà [4, 5]. Âû÷èñëåíèÿ ïîêàçûâàþò, ÷òî äëÿ øèðîêîãî êîëëè-

ìèðîâàííîãî ïó÷êà, êîãäà 
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 (10) 
 

ãäå 
 

 

 
 

 
 

– ðàñïðåäåëåíèå èíòåíñèâíîñòè çîíäèðóþùåãî ïó÷êà â áåçàáåððàöèîííîì ïðèáëèæåíèè [4, 5]. Â ÷à-
ñòíîñòè, íà îïòè÷åñêîé îñè ðåôðàêöèîííîãî êàíàëà âûðàæåíèå äëÿ èíòåíñèâíîñòè çîíäèðóþùåãî 
ïó÷êà ïðèíèìàåò ïðåäåëüíî ïðîñòîé âèä 
 

 (11) 

 

ãäå 

 
 

Ïðè β > 0 ïðîèñõîäèò óìåíüøåíèå èíòåíñèâíîñòè çîíäèðóþùåãî ïó÷êà íà îïòè÷åñêîé îñè êàíàëà, ïðè 
β < 0 — óâåëè÷åíèå, ïî ñðàâíåíèþ ñ áåçàáåððàöèîííûì ñëó÷àåì. Ïåðåðàñïðåäåëåíèå èíòåíñèâíîñòè â 
ïó÷êå èç-çà àáåððàöèè òðåòüåãî ïîðÿäêà ïðèâîäèò ê óâåëè÷åíèþ èíòåíñèâíîñòè â íàïðàâëåíèè âåêòî-
ðà γ, è ê óìåíüøåíèþ — â ïðîòèâîïîëîæíîì, íà îñè êàíàëà çíà÷åíèå èíòåíñèâíîñòè ðàâíî áåçàáåð-
ðàöèîííîìó. 

Çíàíèå ðàñïðåäåëåíèÿ èíòåíñèâíîñòè â ïîïåðå÷íîì ñå÷åíèè ïó÷êà ïîçâîëÿåò âû÷èñëèòü ñëåäóþùèå 
åãî èíòåãðàëüíûå õàðàêòåðèñòèêè: ïîòîê îïòè÷åñêîãî èçëó÷åíèÿ, êîîðäèíàòû öåíòðà òÿæåñòè è ýôôåê-
òèâíûé ðàçìåð ïó÷êà. Èíòåãðèðóÿ (10), ìîæíî ïîêàçàòü, ÷òî ïîòîê îïòè÷åñêîãî èçëó÷åíèÿ ñîõðàíÿåò 
ñâîå çíà÷åíèå 
 

 
 

âûðàæåíèå äëÿ êîîðäèíàò öåíòðà òÿæåñòè ïó÷êà 
 

 
 

ñîâïàäàåò ñ ïîëó÷åííîé âûøå ôîðìóëîé (9) ïðè Rc = 0, à ýôôåêòèâíûé ðàçìåð çîíäèðóþùåãî ïó÷êà 
îïðåäåëÿåòñÿ ñëåäóþùèì ñîîòíîøåíèåì [3]: 
 

 (12) 

 

ãäå 
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Èç (12) ñëåäóåò, ÷òî èçìåíåíèå ýôôåêòèâíîãî ðàäèóñà çîíäèðóþùåãî ïó÷êà ïðîèñõîäèò ïîä 
âëèÿíèåì òîëüêî ÷åòíûõ ñòåïåíåé â ðàçëîæåíèè ãðàäèåíòà äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ïðîôèëÿ 
ðåôðàêöèîííîãî êàíàëà. 

Ïîëó÷åííûå íàìè ðåçóëüòàòû äëÿ õàðàêòåðèñòèê çîíäèðóþùåãî ïó÷êà ïîçâîëÿþò óñòàíîâèòü îá-
ëàñòü ïðèìåíèìîñòè áåçàáåððàöèîííîãî ïðèáëèæåíèÿ äëÿ îïèñàíèÿ ðàñïðîñòðàíåíèÿ óçêîãî, ïî ñðàâíå-
íèþ ñ øèðèíîé ðåôðàêöèîííîãî êàíàëà, çîíäèðóþùåãî ïó÷êà â äåôîêóñèðóþùåì ðåôðàêöèîííîì êàíà-
ëå ñ ìàëûìè àáåððàöèÿìè. Àíàëèç âûðàæåíèé (9)—(12) ïîêàçûâàåò, ÷òî âëèÿíèåì àáåððàöèé ðåôðàêöè-
îííîãî êàíàëà íà õàðàêòåðèñòèêè çîíäèðóþùåãî ïó÷êà ìîæíî ïðåíåáðå÷ü ïðè âûïîëíåíèè óñëîâèé: 
 

 
 

 
 

 (13) 

 

Òàê, íàïðèìåð, äëÿ. ñèììåòðè÷íîãî ãàóññîâñêîãî ïðîôèëÿ èçìåíåíèÿ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè 
ñðåäû ðåôðàêöèîííîãî êàíàëà [7] óñëîâèÿ (13) ïðèíèìàþò âèä 
 

 
 

 (14) 

 

ãäå àê — ðàäèóñ ðåôðàêöèîííîãî êàíàëà (àê . à0). Ðàñ÷åòû ïîêàçûâàþò, ÷òî óñëîâèÿ (14) ìîãóò âû-
ïîëíÿòüñÿ äëÿ (a0/aê) ∼ 10

–1 ïðè x/F0 < 1, à äëÿ (à0/àê) ∼ 10
–2 ïðè x/F0 < 3. 

Òàêèì îáðàçîì, ñóììèðóÿ ðåçóëüòàòû, èçëîæåííûå â äàííîé ñòàòüå è â [6, 7], ìîæíî ñäåëàòü âû-
âîä î òîì, ÷òî áåçàáåððàöèîííîå ïðèáëèæåíèå ïðèìåíèìî äëÿ îïèñàíèÿ õàðàêòåðèñòèê óçêîãî 
(à0 n àê) çîíäèðóþùåãî ïó÷êà â äåôîêóñèðóþùåì êàíàëå ñ ìàëûìè àáåððàöèÿìè (íàïðèìåð, ãàóññîâ-
ñêîãî èëè ãàóññîïîäîáíîãî ïðîôèëÿ) ëèøü äëÿ òðàññ çîíäèðîâàíèÿ, íå ïðåâûøàþùèõ íåñêîëüêèõ 
çíà÷åíèé ôîêóñíîãî ðàññòîÿíèÿ ðåôðàêöèîííîãî êàíàëà (F0). 
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I . P .  L u k i n . Characteristics of the Optical Sounding Beam in a Refraction Channel with Aberrations. 
 

The paper presents a solution for the function of mutual coherence of the second order for an optical sounding beam 
propagating through the refraction channel with small aberration. The expressions are derived in the paper for coordinates 
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of the beam center of gravity, effective radius and distribution of the sounding beam intensity across its cross-section. The 
analysis of effects of aberrations of different orders in the channel of the optical beam characteristics is made in the paper. 
It is shown, that nonaberrational approximation is valid for describing a narrow, compared to the refraction channel, 
sounding beam in a defocusing channel with small aberrations (e. g., of gaussian or gaussian-type profile) only for sounding 
paths the lenght of which does not exceed the threefold focal lenght of the refraction channel. 


