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Ïîñâÿùåíà èññëåäîâàíèþ ñëó÷àéíîãî áëóæäàíèÿ öåíòðà òÿæåñòè âèõðåâîãî ëàçåðíîãî ïó÷êà, ðàñïðîñòðà-

íÿþùåãîñÿ â ñðåäå ñ íåîäíîðîäíîñòÿìè äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè. Ïó÷îê ÿâëÿåòñÿ öèðêóëÿðíîé ìîäîé 
ïó÷êà Ëàãåððà–Ãàóññà LG 0

l
. Íàìè ïîëó÷åíû îöåíêè âëèÿíèÿ òóðáóëåíòíûõ óñëîâèé ðàñïðîñòðàíåíèÿ, äè-

ôðàêöèîííûõ ïàðàìåòðîâ è àçèìóòàëüíîãî èíäåêñà (òîïîëîãè÷åñêîãî çàðÿäà) ïó÷êà íà âåëè÷èíó äèñïåðñèè 
ñìåùåíèé åãî öåíòðà òÿæåñòè. Îáíàðóæåí «ýôôåêò ãèðîñêîïà», çàêëþ÷àþùèéñÿ â òîì, ÷òî â ðåæèìàõ ñëà-
áîé è óìåðåííîé òóðáóëåíòíîñòè ñëó÷àéíûå ñìåùåíèÿ öåíòðà òÿæåñòè âèõðåâîãî ëàçåðíîãî ïó÷êà îêàçûâà-
þòñÿ òåì ìåíüøå, ÷åì áîëüøå òîïîëîãè÷åñêèé çàðÿä âêëþ÷åííîãî â ïó÷îê îïòè÷åñêîãî âèõðÿ. 

 

Êëþ÷åâûå ñëîâà: ñìåùåíèÿ öåíòðà òÿæåñòè, ñëó÷àéíûå áëóæäàíèÿ ïó÷êà, òóðáóëåíòíàÿ àòìîñôåðà, âèõðå-
âûå ïó÷êè; shifts of a center of gravity, random flights of a beam, turbulent atmosphere, vortex beams. 

 

Â ïîñëåäíèå ãîäû çíà÷èòåëüíîå ÷èñëî ñòàòåé, 
îïóáëèêîâàííûõ â æóðíàëàõ ïî îïòèêå, ïîñâÿùàåòñÿ 
âèõðåâûì îïòè÷åñêèì ïó÷êàì. Ýòè ïó÷êè îáëàäàþò 
èçîëèðîâàííûì ìèíèìóìîì èíòåíñèâíîñòè (íóëåì) 
â ñâîåì ïîïåðå÷íîì ñå÷åíèè. Â íàïðàâëåíèè ïðî-
äîëüíîé îñè ïó÷êà íóëè èíòåíñèâíîñòè ñîñòàâëÿþò 
«íóëü-ëèíèþ». Âåêòîðíîå ïîëå íàêëîíîâ âîëíîâîãî 
ôðîíòà â îêðåñòíîñòè íóëÿ îáëàäàåò òåìè æå ñâîé-
ñòâàìè, êîòîðûìè îáëàäàåò âèõðåâîå òå÷åíèå èäå-
àëüíîé æèäêîñòè, ïîýòîìó òàêîé ôèçè÷åñêèé îáúåêò 
íàçûâàåòñÿ îïòè÷åñêèì âèõðåì. 

Êàæäîìó îïòè÷åñêîìó âèõðþ ìîæåò áûòü ñîïîñ-
òàâëåí òîïîëîãè÷åñêèé çàðÿä, êîòîðûé ïðåäñòàâëÿåò 
ñîáîé öåëîå ÷èñëî l (ïîëîæèòåëüíîå èëè îòðèöàòåëü-
íîå) â ïðèðàùåíèè ôàçû S(r) = 2πl ðàä [1], êîòîðîå 

âîçíèêàåò ïðè îáõîäå íóëÿ èíòåíñèâíîñòè âäîëü çàìê-
íóòîãî êîíòóðà. Äèñëîêàöèè âîëíîâîãî ôðîíòà, ôà-
çîâûå ñèíãóëÿðíîñòè, îñîáûå òî÷êè, òî÷êè âåòâëåíèÿ 
ôàçîâîé ôóíêöèè – ýòî íàçâàíèÿ çàêîíîìåðíîñòåé 
ïîâåäåíèÿ äåéñòâèòåëüíîé ôàçû êîãåðåíòíîãî ñâåòî-
âîãî ïó÷êà, íåñóùåãî îïòè÷åñêèé âèõðü. 

Õàðàêòåðíûì ïðèìåðîì ïó÷êîâ ñ îïòè÷åñêèì âèõ-
ðåì ÿâëÿåòñÿ ëàçåðíûé ïó÷îê Ëàãåððà–Ãàóññà (LG) 
[2]. Ñâåòîâûå ëó÷è â òàêîì ïó÷êå èìåþò âèä ðàñêðó-
÷èâàþùèõñÿ ñïèðàëåé, äåìîíñòðèðóÿ â ïðîñòðàíñò-
âåííûõ ïåðåìåííûõ âðàùàòåëüíî-ïîñòóïàòåëüíîå äâè- 
æåíèå ñâåòîâîé ýíåðãèè âîêðóã åãî îñè ïðè âîçðàñ-
òàíèè ïðîäîëüíîé êîîðäèíàòû [1]. Âèõðåâûå LG-
ïó÷êè îáëàäàþò îðáèòàëüíûì óãëîâûì ìîìåíòîì 
(ÎÓÌ) [1, 3]. ÎÓÌ âèõðåâîãî ëàçåðíîãî ïó÷êà â îä- 
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íîðîäíîé ñðåäå ïðÿìî ïðîïîðöèîíàëåí òîïîëîãè÷å-
ñêîìó çàðÿäó îïòè÷åñêîãî âèõðÿ. Òîïîëîãè÷åñêèé çà- 
ðÿä îïòè÷åñêîãî âèõðÿ, èëè îðáèòàëüíûé óãëîâîé ìî- 
ìåíò, ìîæåò âûñòóïàòü íîñèòåëåì èíôîðìàöèè [4]. 
  Êàê ïðàâèëî, ñðåäà, ÷åðåç êîòîðóþ ðàñïðîñòðà-
íÿåòñÿ ëàçåðíûé ïó÷îê, èñêàæàåò åãî. Åñòåñòâåííî, 
÷òî äëÿ ñèñòåì ñâÿçè, ïðèìåíÿþùèõ îïòè÷åñêèå âèõ-
ðè äëÿ êîäèðîâàíèÿ èíôîðìàöèè, âîçíèêàåò íåîáõî-
äèìîñòü èññëåäîâàòü âëèÿíèå ñðåäû íà ðàñïðîñòðà-
íåíèå âèõðåâûõ ëàçåðíûõ ïó÷êîâ. Ïðèìåðîì òàêîãî 
èññëåäîâàíèÿ ìîãóò ñëóæèòü ðàáîòû [5–8], â êîòî-
ðûõ àíàëèçèðóåòñÿ âëèÿíèå ñëó÷àéíûõ àáåððàöèé, 
îáóñëîâëåííûõ òóðáóëåíòíîñòüþ àòìîñôåðû, íà ðà-
áîòó ñèñòåìû ñâÿçè, èñïîëüçóþùåé îïòè÷åñêèé âèõðü. 
Áûëî óñòàíîâëåíî, ÷òî òîïîëîãè÷åñêèé çàðÿä âèõ-
ðåâîãî ïó÷êà ÿâëÿåòñÿ äîñòàòî÷íî óñòîé÷èâîé âåëè-
÷èíîé, ÷òî ïîçâîëÿåò èñïîëüçîâàòü åãî â àòìîñôåð-
íûõ îïòè÷åñêèõ ëèíèÿõ ñâÿçè. 

Â íàñòîÿùåé ñòàòüå òàêæå èññëåäóåòñÿ ðàñïðî-
ñòðàíåíèå âèõðåâîãî ëàçåðíîãî ïó÷êà â òóðáóëåíòíîé 
àòìîñôåðå. Îäíàêî âíèìàíèå óäåëåíî íå ïðîáëåìàì 
òðàíñôîðìàöèè ñèãíàëüíîãî îïòè÷åñêîãî âèõðÿ, ÿâ-
ëÿþùåãîñÿ íîñèòåëåì èíôîðìàöèè, íå èññëåäîâàíèþ 
ôîðìèðîâàíèÿ è ýâîëþöèè ôàçîâûõ ñèíãóëÿðíîñòåé 
íà âîëíîâîì ôðîíòå ïó÷êà (äèñëîêàöèé âîëíîâîãî 
ôðîíòà), âîçíèêøèõ áëàãîäàðÿ äåñòðóêòèâíîé èí-
òåðôåðåíöèè ïàðöèàëüíûõ âîëí, à ñìåùåíèÿì öåí-
òðà òÿæåñòè âèõðåâîãî ïó÷êà êàê öåëîãî, êîòîðûå 
ïðîèñõîäÿò ïîä äåéñòâèåì êðóïíîìàñøòàáíûõ íåîä-
íîðîäíîñòåé ïîêàçàòåëÿ ïðåëîìëåíèÿ. Âåäü ôóíê-
öèîíèðîâàíèå îïòè÷åñêîé ñèñòåìû ñâÿçè íåâîçìîæ-
íî ïëàíèðîâàòü áåç ó÷åòà ôëóêòóàöèé íàïðàâëåíèÿ 
ðàñïðîñòðàíåíèÿ èçëó÷åíèÿ. 
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Ñëó÷àéíûå ñìåùåíèÿ (áëóæäàíèé) ãàóññîâûõ 

ëàçåðíûõ ïó÷êîâ â òóðáóëåíòíîé àòìîñôåðå õîðîøî 
èçó÷åíû [9, 10]. Ýòà âåëè÷èíà îïðåäåëÿåòñÿ âûðà-
æåíèåì 
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åãî ïîëíàÿ ìîùíîñòü. Äëÿ ðàñ÷åòîâ ñòàòèñòè÷åñêèõ 
õàðàêòåðèñòèê âåëè÷èíû (1) èñïîëüçóþò ÷èñëåííûå 
[11] è àíàëèòè÷åñêèå ïîäõîäû [9, 10]. 

Áóäåì èñïîëüçîâàòü àíàëèòè÷åñêèé ïîäõîä [12], 
êîòîðûé áàçèðóåòñÿ íà ñëåäóþùåì èíòåãðàëüíîì 

ïðåäñòàâëåíèè rC(z): 
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Çäåñü ε�( , , )x y z  – ôëóêòóàöèè äèýëåêòðè÷åñêîé ïðî-

íèöàåìîñòè ñðåäû; ξ – ïåðåìåííàÿ èíòåãðèðîâàíèÿ. 
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ãäå ( )ε
Φ ξ,κ  – ñïåêòð ôëóêòóàöèé äèýëåêòðè÷åñêîé 

ïðîíèöàåìîñòè ñðåäû. 
Ïîëó÷èëî ðàñïðîñòðàíåíèå «ñðåäíåèíòåíñèâíîå» 

ïðèáëèæåíèå, çàêëþ÷àþùååñÿ â ïðèáëèæåííîé çà-
ìåíå â ïðåäñòàâëåíèè (3): 

 ξ ξ ≈ ξ ξ1 2 1 2( ; ) ( ; ) ( ; ) ( ; ) .I I I Ir r r r  (4) 

Ýòî ïðèáëèæåíèå ñ õîðîøèìè ðåçóëüòàòàìè [10] 

ïðèìåíÿåòñÿ äëÿ ðàñ÷åòîâ ôëóêòóàöèé «öåíòðà òÿ-
æåñòè» ëàçåðíûõ ïó÷êîâ â ñëó÷àéíî-íåîäíîðîäíîé 
ñðåäå. 

Íàñ íå äîëæíî ñìóùàòü, ÷òî ïðè ðàñïðîñòðàíå-
íèè âèõðåâîãî ïó÷êà â ñâîáîäíîé àòìîñôåðå èíòåí-
ñèâíîñòü â åãî öåíòðå îáðàùàåòñÿ â íóëü. Ôîðìóëà 
(4) ñîäåðæèò ïîïåðå÷íûé ïðîôèëü èíòåíñèâíîñòè. 
Ýòîò ïðîôèëü ïðè âêëþ÷åíèè â ïó÷îê îïòè÷åñêîãî 
âèõðÿ ïðèíèìàåò âèä «ïîí÷èêà» [1, 2] äåìîíñòðèðóÿ 
ïåðåðàñïðåäåëåíèå ïëîòíîñòè ýíåðãèè îò öåíòðà ê ïå- 
ðèôåðèè. Ïî ìåðå ðàñïðîñòðàíåíèÿ ïó÷êà â ñëó-
÷àéíî-íåîäíîðîäíîé ñðåäå íà÷àëüíîå ðàñïðåäåëåíèå 
«ðàñïëûâàåòñÿ», îïòè÷åñêèé âèõðü (ñ íóëåì èíòåí-
ñèâíîñòè â öåíòðå) ñìåùàåòñÿ ñëó÷àéíûì îáðàçîì  
ñ íà÷àëüíîãî îñåâîãî ïîëîæåíèÿ, îïòè÷åñêèå âèõðè 
ñ > 1l  ðàñïàäàþòñÿ íà ñîâîêóïíîñòü âèõðåé ñ = 1.l  
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ãäå à – ýôôåêòèâíûé ðàäèóñ ïó÷êà; ñ – ñêîðîñòü 
ñâåòà. 

Äëÿ ïîëó÷åíèÿ ôóíêöèè ξ( , )J κ  âîñïîëüçóåìñÿ, 

êàê ýòî áûëî ñäåëàíî â [12], ïðåäñòàâëåíèåì 

 
⎛ ⎞γ = γ ×⎜ ⎟
⎝ ⎠

( , , ) – , ,0
z

z
k

κ
ρ κ ρ κ  

 
⎧ ⎫π⎪ ⎪⎛ ⎞× ξ ξ⎨ ⎬⎜ ⎟

⎝ ⎠⎪ ⎪⎩ ⎭
∫

2

0

exp – – (1– ) ,
4

z

k z
H d

k

κ
ρ  (9) 

ãäå 

 γ = Γ
π ∫∫

– 2

22

1
( , , ) ( , ; )e ,

4

i
z z d R

R
R

κ

ρ κ ρ  (10) 

 (Γ ≡ Γ + =2 2( , , ) ( 2, – 2, )z zR R Rρ ρ ρ  

 = + =
* *

1 2( 2, ) ( – 2, ) ( , ) ( , )u z u z u z u zRR r rρ ρ  

– ôóíêöèÿ êîãåðåíòíîñòè âòîðîãî ïîðÿäêà, çàïè-
ñàííàÿ â êîîðäèíàòàõ öåíòðà òÿæåñòè += 1 2( ) 2R r r  

è ñäâèãà = 1 2–r rρ  òî÷åê íàáëþäåíèÿ; k – âîëíîâîå 

÷èñëî; 

 ( )ε
= Φ ξ κ∫ 2( ) 2 [1– cos ] , .H dρ κρ κ   (11) 

Ñ ó÷åòîì òîãî ÷òî 
⎛ ⎞γ =⎜ ⎟
⎝ ⎠

0– , ,0 ( , )
z

J z
k

κ

κ κ  – Ôóðüå-

ñïåêòð èíòåíñèâíîñòè â ñâîáîäíîì ïðîñòðàíñòâå 



 

 Âëèÿíèå îïòè÷åñêîãî âèõðÿ íà ñëó÷àéíûå ñìåùåíèÿ Ëàãåððà–Ãàóññîâà ëàçåðíîãî ïó÷êà… 563 
 

( 0( , )I zr  – ñîîòâåòñòâóþùàÿ )èíòåíñèâíîñòü  [13], 

âìåñòî (9) ïîëó÷èì 

 = Γ = ×∫2 0( , ) (0, , ) ( , )I z z J zR R κ  

 
⎧ ⎫π ζ⎛ ⎞⎪ ⎪⎛ ⎞× ζ κ⎨ ⎬⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠⎪ ⎪⎩ ⎭
∫

2

2

0

exp – – 1– .
4

z

k z
i H d d

k z
R

κ

κ  (12) 

Ïðèìåíÿÿ ôîðìóëó (6), çàïèøåì 

 = ×0( , ) ( , )J z J zκ κ  

 
⎧ ⎫π ζ⎛ ⎞⎪ ⎪⎛ ⎞× ζ⎨ ⎬⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠⎪ ⎪⎩ ⎭
∫

2

0

exp – – 1– .
4

z

k z
H d

k z

κ

 (13) 

×òîáû íàéòè J0(κ, ζ), ðàññ÷èòàåì êîìïëåêñíóþ 
àìïëèòóäó ïîëÿ ëàçåðíîãî ïó÷êà ñ èñõîäíûì ðàñ-
ïðåäåëåíèåì (8) â ïðèáëèæåíèè ôðåíåëåâñêîé äè-
ôðàêöèè: 

 
⎧ ⎫⎪ ⎪

= ⎨ ⎬
π ⎪ ⎪⎩ ⎭
∫∫

2( – )
( , ) ( ,0) exp ,

2 2

k ik
u z d u

iz z

r
r

ρ
ρ ρ  

è äëÿ =

2

0( , ) ( , )I z u zr r  áóäåì èìåòü 

+

⎛ ⎞ ⎧ ⎫Φ Ω Ω⎪ ⎪⎛ ⎞
= ⎜ ⎟ ⎨ ⎬⎜ ⎟

⎝ ⎠ ⎪ ⎪⎝ ⎠ ⎩ ⎭

1

2 2

0 2 2

8
( , ) exp – ,

! ( ) ( )

l

lk k
I r z r r

c l z zg z g z
 (14) 

ãäå g2(z) = 1 + Ω2, Ω = ka2/z. 
Ïîäñòàâëÿÿ (14) â (6), ïåðåõîäÿ ê ïîëÿðíûì êî-

îðäèíàòàì, èíòåãðèðóÿ ïî óãëîâîé ïåðåìåííîé, à ïðè 
èíòåãðèðîâàíèè ïî ðàäèàëüíîé ïåðåìåííîé, èñïîëü-
çóÿ òàáëè÷íûé èíòåãðàë [14, ôîðìóëà 2.12.9.3], ïî-
ëó÷èì 

 
⎧ ⎫⎛ ⎞Φ ⎪ ⎪

κ = κ ×⎜ ⎟⎨ ⎬
π Ω⎪ ⎪⎝ ⎠⎩ ⎭

2

2

0

2 1 ( )
( , ) exp –

4

g z z
J z

c k
 

 
( )⎛ ⎞⎛ ⎞

× κ⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟Ω⎝ ⎠⎝ ⎠

2

0 21
.

4
l

g z z
L

k
 (15) 

Çäåñü 

( )
=

= ∑
0

2

0

!
(–1)

( !) – !

l

m m

l

m

l
L x

m l m
 – ïîëèíîì Ëà-

ãåððà [15]. 
Òîãäà â ñîîòâåòñòâèè ñ (13) äëÿ Ôóðüå-ïðåäñòàâ- 

ëåíèÿ ñðåäíåé èíòåíñèâíîñòè íà äèñòàíöèè z â òóð-
áóëåíòíîé ñðåäå çàïèøåì 

 = ×0( , ) ( , )J z J zκ κ  

 
⎧ ⎫π ζ⎛ ⎞⎪ ⎪⎛ ⎞× ζ⎨ ⎬⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠⎪ ⎪⎩ ⎭
∫

2

0

exp – – 1– .
4

z

k z
H d

k z

κ

 (16) 

Ïðè ðàñ÷åòàõ σ Ñ

2
 èñïîëüçóåì ïðîñòðàíñòâåííûé ñïåêòð 

ôëóêòóàöèé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ñðåäû 
 

 ( )ε ε
Φ ξ = κ

–11 32, 0 033 ,, Cκ  (17) 

ãäå Ñ 

ε

2
 – ñòðóêòóðíàÿ õàðàêòåðèñòèêà ôëóêòóàöèé 

äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè. 

Ñ ó÷åòîì (15)–(17) 

 
⎛ ⎞Φ ⎛ ⎞

= κ ×⎜ ⎟⎜ ⎟⎜ ⎟π ⎝ ⎠⎝ ⎠

2

0 2 2

2

2 1
( ) ( )

4
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z
J ,z L g z

c ka
κ  

 
⎧ ⎫
⎪ ⎪⎛ ⎞ ⎛ ⎞× κ πβ κ⎨ ⎬⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎪ ⎪⎩ ⎭

5
52

62 2 2 3
02

1
exp – ( ) – 0 142 .

4

z z
g z ,

k ka
 (18) 

Çäåñü 
ε

β =
7 6 11 62 2

0 0 307, C k z  – ïàðàìåòð òóðáóëåíòíî-

ñòè. Ïîäñòàâèâ (17) â (7), ïîëó÷èì 

∞

⎡ ⎤⎛ ⎞ξ + Ω
σ = β ξ ξ κκ κ ×⎢ ⎥⎜ ⎟

Ω Ω⎢ ⎥⎝ ⎠⎣ ⎦
∫ ∫

21 22 2 2
–

2 2 2 0 23
0

0 0

( )
1 06 (1– )

4
Ñ l

a
, d d L  

 
⎧ ⎫ξ + Ω⎪ ⎪

× κ πβ ξ κ⎨ ⎬
Ω⎪ ⎪⎩ ⎭

8 52 2
2 2 3 3

0

( )
exp – – 0 284 .

2
,  (19) 

Äëÿ ñðàâíåíèÿ ðåçóëüòàòîâ ðàñ÷åòà σ Ñ

2
 ñ ðåçóëü-

òàòàìè ÷èñëåííîãî ìîäåëèðîâàíèÿ ðàñïðîñòðàíåíèÿ 
ëàçåðíîãî ïó÷êà ìåòîäîì Ìîíòå-Êàðëî [11] ïåðå-
ïèøåì (19), èñïîëüçóÿ âìåñòî ïàðàìåòðà β 0

2
 ñòðóê-

òóðíóþ ôóíêöèþ ôàçû ñôåðè÷åñêîé âîëíû, âû÷èñ-
ëåííóþ íà ðàçìåðå âûõîäíîé àïåðòóðû D s(2a) = 

ε
= = β Ω

5 3 5 62 2 2

00,275 (2 ) 2,84 .C k z a  

Â äàëüíåéøèõ ÷èñëåííûõ ðàñ÷åòàõ èñïîëüçóåì 
âûðàæåíèå 

 σ = Ω ξ ξ ×∫
1

–11 62 2 2

0

0 373 (2 ) (1– )Ñ s, D a a d  

 

∞

⎡ ⎤⎛ ⎞ξ + Ω
× κ κ κ ×⎢ ⎥⎜ ⎟

Ω⎢ ⎥⎝ ⎠⎣ ⎦
∫

2
2 2

–2 3 0 2

0

( )

4
ld L  

⎧ ⎫ξ + Ω⎪ ⎪
× κ Ω ξ κ⎨ ⎬

Ω⎪ ⎪⎩ ⎭

2 2
–5 6 8 3 5 32( )

exp – – 0 314 (2 ) .
2

s
, D a  (20) 

Íà ðèñ. 1 ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòà 
ñðåäíåêâàäðàòè÷åñêîãî îòêëîíåíèÿ σÑ öåíòðà òÿæå-
ñòè ãàóññîâà ïó÷êà ïî ôîðìóëå (20) è ïî ìåòîäó 
Ìîíòå-Êàðëî, îïèñàííîìó â [11]. 

Áóäåì èìåòü â âèäó, ÷òî ìîäåëèðîâàíèå â [11] 
ïðîâåäåíî â ðàìêàõ êàðìàíîâñêîãî ñïåêòðà àòìî-
ñôåðíîé òóðáóëåíòíîñòè ( )ε ε

Φ ξ = =2, 0 033, Cκ  

( )= κ + π

–11 6
2 2(2 )M  ñ êîíå÷íûì âíåøíèì ìàñøòàáîì 

Ì, à âçÿòàÿ íàìè ìîäåëü ñïåêòðà îòâå÷àåò êàðìà-
íîâñêîé ìîäåëè ñ áåñêîíå÷íûì âíåøíèì ìàñøòàáîì 
[9]. Ðàñõîæäåíèÿ ìåæäó çàâèñèìîñòÿìè, ïîëó÷åí-
íûìè íà îñíîâå íàøåãî ðàññìîòðåíèÿ è ñ ïîìîùüþ 
ìåòîäà Ìîíòå-Êàðëî, óêëàäûâàþòñÿ â óêàçàííûé 

äèàïàçîí ïîãðåøíîñòè [10] «ñðåäíåèíòåíñèâíîãî» 
ïðèáëèæåíèÿ (4). 

Ðåçóëüòàòû ðàñ÷åòîâ σÑ, ïó÷êîâ Ëàãåððà–Ãàóññà 
ñ ðàçëè÷íûìè çíà÷åíèÿìè àçèìóòàëüíîãî èíäåêñà l 
ïðîäåìîíñòðèðîâàíû íà ðèñ. 2. 

Îíè ñâèäåòåëüñòâóþò î áóëüøåé óñòîé÷èâîñòè 
âèõðåâûõ ïó÷êîâ ê âîçäåéñòâèþ òóðáóëåíòíîé àòìî-
ñôåðû ïî ñðàâíåíèþ ñ ãàóññîâûì ïó÷êîì, íå íåñóùèì  
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Ðèñ. 1. Çàâèñèìîñòü σC (l = 0) îò ïàðàìåòðà òóðáóëåíòíî-
ñòè D s

1/2
(2a) äëÿ êîëëèìèðîâàííîãî ïó÷êà ñ a = 0,02 ì, 

λ = 0,5 ⋅ 10–6 ì, ðàñïðîñòðàíÿþùåãîñÿ ïî ïðèçåìíîé òðàññå 

ñ ïàðàìåòðîì òóðáóëåíòíîñòè Ñ ε

2
 = 4,31 ⋅ 10–13 ì–2/3. Êðè-

âàÿ – ðàñ÷åò ïî ôîðìóëå (19). Êðóæî÷êè – çàâèñèìîñòè, 
ïîëó÷åííûå ìåòîäîì Ìîíòå-Êàðëî [14] äëÿ ïó÷êà ñ àíàëî-
ãè÷íûìè ïàðàìåòðàìè è âíåøíèì ìàñøòàáîì òóðáóëåíòíî- 
  ñòè M = 50 ì 

 

 
Ðèñ. 2. Óãëîâîå ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå σC 

/z 
öåíòðà òÿæåñòè LG-ïó÷êîâ â çàâèñèìîñòè îò ïàðàìåòðà 
D s

1/2
(2a) äëÿ êîëëèìèðîâàííûõ ïó÷êîâ ñ íà÷àëüíûì ðà-

äèóñîì a = 0,02 ì, λ = 0,5 ⋅ 10–6 ì, ðàñïðîñòðàíÿþùèõñÿ 
ïî ïðèçåìíîé òðàññå ñ ïàðàìåòðîì Ñ ε

2
 = 4,31 ⋅ 10–13 ì–2/3. 

  Êðèâàÿ 1 – l = 0; 2 – 1; 3 – 4; 4 – 18 
 

îïòè÷åñêîãî âèõðÿ. Îäíàêî ýòà òåíäåíöèÿ ïðîÿâëÿ-
åòñÿ ëèøü â îáëàñòè ñëàáîé è óìåðåííîé òóðáóëåíò-
íîñòè àòìîñôåðû. Ïðè óâåëè÷åíèè ïàðàìåòðà òóð-
áóëåíòíîñòè D s

1/2
(2a) ôëóêòóàöèè öåíòðà òÿæåñòè 

âèõðåâûõ ïó÷êîâ ïåðåñòàþò çàâèñåòü îò çíà÷åíèé 
òîïîëîãè÷åñêîãî çàðÿäà è ñðàâíèâàþòñÿ ñ ôëóêòóà-
öèÿìè ãàóññîâà ïó÷êà. 

Ìîæíî îöåíèòü ñòåïåíü ýòîé óñòîé÷èâîñòè, ñî-
ñòàâèâ îòíîøåíèå σÑl 

/σÑ0 ñðåäíåêâàäðàòè÷åñêèõ 

îòêëîíåíèé LG-ïó÷êà ñ àçèìóòàëüíûì èíäåêñîì l  

è ñ íóëåâûì èíäåêñîì (ãàóññîâà ïó÷êà) ïðè çàäàí-

íûõ çíà÷åíèÿõ ïàðàìåòðîâ β 0
2
 èëè Ds(2a). Ñäåëàåì 

ýòî äëÿ óñëîâèé ñëàáûõ ôëóêòóàöèé èíòåíñèâíîñòè 
(β 0

2
 << 1). Ñ èñïîëüçîâàíèåì [14, ôîðìóëà 2.19.14.5] 

âû÷èñëèì íåñîáñòâåííûé èíòåãðàë â ïðåäñòàâëåíèè 
(19). Â ðåçóëüòàòå ïîëó÷èì 

=

∂ ⎡ ⎤⎛ ⎞
σ σ = ⎜ ⎟⎢ ⎥

⎝ ⎠∂ ⎣ ⎦

–5 62

0 2 1

0

1 1 7
( ) (1– ) , ;1; ,

! 12 12

l

CCl l
h

h F h
l h

(21) 

ãäå 2F1(a, b; c; x) – ãèïåðãåîìåòðè÷åñêàÿ ôóíêöèÿ 
Ãàóññà [15]. Ìîæíî ïîêàçàòü, ÷òî ôîðìóëà (21) ìî-
æåò áûòü ïåðåïèñàíà â âèäå 

 

( )=

⎡ ⎛ ⎞
Γ +⎜ ⎟⎢
⎝ ⎠⎢σ σ = ×
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1
–
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1
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i

l i

l i

 

 

( )

⎤⎛ ⎞ ⎛ ⎞
Γ + Γ +⎜ ⎟ ⎜ ⎟ ⎥
⎝ ⎠ ⎝ ⎠ ⎥×

⎛ ⎞ ⎛ ⎞ ⎥Γ Γ + Γ Γ +⎜ ⎟ ⎜ ⎟ ⎥⎝ ⎠ ⎝ ⎠ ⎦

7 5
–

12 6
,

7 5
1 – (1 )

12 6

l i i

l i i

 (22) 

ãäå Γ(x) – ãàììà-ôóíêöèÿ. Âèä ôóíêöèé (21), (22), 
ðàññ÷èòàííûõ äî çíà÷åíèé l = 170, ïðåäñòàâëåí íà 
ðèñ. 3. 

 

 
Ðèñ. 3. Êâàäðàò îòíîøåíèÿ σÑl 

/σÑ0 ñðåäíåêâàäðàòè÷åñêèõ 
îòêëîíåíèé ïó÷êà LG ñ àçèìóòàëüíûì èíäåêñîì l è ãàóñ-
ñîâà ïó÷êà (ñ íóëåâûì èíäåêñîì), âû÷èñëåííûé ïî ôîðìó- 
  ëàì (20), (21) 

 

Ôîðìàëüíî, ïîëó÷åííûå íàìè çàâèñèìîñòè σÑ  

îò ïàðàìåòðà l ñâÿçàíû ñ ïîâåäåíèåì ôóíêöèé – ïðî-
ñòðàíñòâåííûõ ôèëüòðîâ, ñîñòàâëÿþùèõ ïîäûíòå-
ãðàëüíîå âûðàæåíèå â (20). Ñ äðóãîé ñòîðîíû, åñëè 
ïðèíÿòü âî âíèìàíèå, ÷òî ëàçåðíûé ïó÷îê Ëàãåððà–
Ãàóññà èçíà÷àëüíî îáëàäàåò îðáèòàëüíûì óãëîâûì 
ìîìåíòîì, ïðîïîðöèîíàëüíûì òîïîëîãè÷åñêîìó çàðÿ- 
äó îïòè÷åñêîãî âèõðÿ l è ïðè âçàèìîäåéñòâèè èçëó-
÷åíèÿ è ñðåäû âûïîëíÿåòñÿ çàêîí ñîõðàíåíèÿ ÎÓÌ, 
òî áîëüøóþ óñòîé÷èâîñòü LG 0

l
-ïó÷êà ê âîçäåéñòâèþ 

ñëó÷àéíûõ àòìîñôåðíûõ íåîäíîðîäíîñòåé äèýëåêòðè-
÷åñêîé ïðîíèöàåìîñòè ñðåäû ïî ñðàâíåíèþ ñ ãàóññî-
âûì ïó÷êîì ìîæíî èíòåðïðåòèðîâàòü êàê ýôôåêò, 
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ïîäîáíûé óñòîé÷èâîñòè ðàñêðó÷åííîãî âîë÷êà – ãè-
ðîñêîïà – ê ñòîðîííèì âîçìóùàþùèì äåéñòâèÿì [16]. 
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V.P. Aksenov, Ch.E. Pogutsa. The effect of an optical vortex on the random shifts of a Laguerre–
Gaussian laser beam propagating in the turbulent atmosphere. 

This paper describes the results of the investigation of a random flight of a center of gravity of a vortex 
laser beam, propagating in a medium with heterogeneities of a dielectric constant. The beam is a circular mode 
of the Laguerre–Gaussian beam LG 0

l
. We estimated the effect of turbulent conditions of propagation, diffrac-

tion parameters, and azimuth index (topological charge) of the beam on the magnitude of variance of shifts  
of its center of gravity. The effect of a gyroscope has been detected, which lies in the fact that in the modes  
of weak and moderate turbulence the random shifts of center of gravity of the vortex laser beam are found  
to be the less, the greater is the topological charge of the beam optical vortex. 

 
 
 


