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Óñòîé÷èâîñòü ñàìîêàíàëèðîâàíèÿ ëàçåðíûõ èìïóëüñîâ  
â êåððîâñêî-íåëèíåéíîé òóðáóëåíòíîé ñðåäå 

 

À.À. Çåìëÿíîâ, Î.Ä. Çåìëÿíîâà 
 

Èíñòèòóò îïòèêè àòìîñôåðû ÑÎ ÐÀÍ 
634055, Òîìñê, Ðîññèÿ, ïë. Àêàäåìèêà Çóåâà, 1, zaa@iao.ru, zod@iao.ru 

 
Òåîðåòè÷åñêè èññëåäîâàí ýôôåêò ñàìîêàíàëèðîâàíèÿ ëàçåðíûõ èìïóëüñîâ â êåððîâñêî-íåëèíåéíîé 

òóðáóëåíòíîé ñðåäå. Ïîêàçàíî, ÷òî ñóùåñòâóþò óñëîâèÿ óñòîé÷èâîãî íåëèíåéíîãî ðàñïðîñòðàíåíèÿ ëàçåðíî-
ãî èçëó÷åíèÿ â òóðáóëåíòíîé ñðåäå. Ðàññìîòðåíû ðåæèìû ñëàáûõ è ñèëüíûõ ôàçîâûõ ôëóêòóàöèé ñâåòîâîé 
âîëíû. Äëÿ îïèñàíèÿ ëàçåðíîãî ïó÷êà èñïîëüçîâàíà ìîäåëü äèôðàêöèîííî-ëó÷åâîé òðóáêè â óñëîâèÿõ 
ôëóêòóàöèé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ñðåäû.  

 

Êëþ÷åâûå ñëîâà: ñàìîêàíàëèðîâàíèå, ëàçåðíîå èçëó÷åíèå, êåððîâñêàÿ ñðåäà, òóðáóëåíòíîñòü; self-
focusing, self-channeling, fluctuations, diffraction rays. 

 
Ñàìîôîêóñèðîâêà è ôèëàìåíòàöèÿ ìîùíûõ ôåìòîñåêóíäíûõ ëàçåðíûõ èìïóëüñîâ â àòìîñôåðå ÿâëÿåòñÿ 

ìèðîâûì òðåíäîì â àòìîñôåðíî-îïòè÷åñêèõ èññëåäîâàíèÿõ. Ýêñïåðèìåíòàëüíî áûëî óñòàíîâëåíî, ÷òî â óñ-
ëîâèÿõ àòìîñôåðíîé òóðáóëåíòíîñòè ýòè ýôôåêòû ïðèîáðåòàþò íîâûå ÷åðòû: ïðîèñõîäèò ïðèáëèæåíèå îá-
ëàñòè ôèëàìåíòàöèè ê èñòî÷íèêó èçëó÷åíèÿ, îáðàçóåòñÿ áîëüøåå ÷èñëî ôèëàìåíòîâ ïî ñðàâíåíèþ ñ ðåãó-
ëÿðíîé ñðåäîé, âîçíèêàåò ðåæèì ñàìîêàíàëèðîâàíèÿ êâàçèïó÷êîâ, ôîðìèðóþùèõñÿ èç íåîäíîðîäíîñòåé àì-
ïëèòóäû è ôàçû íà âîëíîâîì ôðîíòå ïó÷êà (ñì. [1] è åå áèáëèîãðàôèþ). Öåëüþ íàñòîÿùåãî èññëåäîâàíèÿ 
ÿâëÿåòñÿ ïîñòðîåíèå ìîäåëè ñàìîêàíàëèðîâàíèÿ â óñëîâèÿõ ôëóêòóàöèé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè 
îïòè÷åñêîé ñðåäû. 

Â êà÷åñòâå èñõîäíîé ìîäåëè ýâîëþöèè êâàçèïó÷êîâ, îáðàçîâàâøèõñÿ èç íåîäíîðîäíîñòåé èíòåíñèâíîñòè 
è ôàçû íà âîëíîâîì ôðîíòå ëàçåðíîãî ïó÷êà, ðàñïðîñòðàíÿþùåãîñÿ â ñðåäå, èñïîëüçóåì ìîäåëü äèôðàêöè-
îííî-ëó÷åâîé òðóáêè (ÄËÒ), êîòîðàÿ ôîðìèðóåòñÿ èç óêàçàííûõ íåîäíîðîäíîñòåé. Äëÿ ôåìòîñåêóíäíîãî 
ëàçåðíîãî èìïóëüñà óðàâíåíèå äëÿ ÄËÒ ñ ðàäèóñîì RT çàïèñàíî â [2]. Äàëåå èñïîëüçóåì ïðèáëèæåíèå êâà-
çèñòàöèîíàðíîñòè ïðîöåññà ñàìîôîêóñèðîâêè, ÷òî âûïîëíèìî äëÿ äëèííûõ ôåìòîñåêóíäíûõ èìïóëüñîâ, 
êîãäà ìîæíî íå ó÷èòûâàòü äèñïåðñèþ, à òàêæå êîãäà ìîæíî ïðåíåáðå÷ü ïîòåðÿìè ýíåðãèè íà èîíèçàöèþ. 
Â ýòîì ñëó÷àå ýôôåêòèâíûé êâàäðàò ðàäèóñà êâàçèïó÷êà 

 

T

2 2

0
0

1
( ) ,e

R

R z dRR Idt
W



  


 

ãäå z – ïðîäîëüíàÿ êîîðäèíàòà;  - ïîïåðå÷íàÿ êîîðäèíàòà; t – âðåìÿ; I – èíòåíñèâíîñòü â èìïóëüñå; 

 - ïëîòíîñòü ýíåðãèè â èìïóëüñå. Â äðóãîé ôîðìóëèðîâêå 

R


0

0

W Id


  t

 

T

2 2

0

1
( ) ,e

R

R z dRR I
P

 


 

ãäå 0 0 pP W t  - ìîùíîñòü; tp – õàðàêòåðíàÿ äëèòåëüíîñòü èìïóëüñà; TR  - õàðàêòåðíûé ðàäèóñ òðóáêè; 

0

pI Idt t


  . 

Â êâàçèñòàöèîíàðíîì ïðèáëèæåíèè óðàâíåíèå äëÿ 2
ef ( )R z  ïðåäñòàâëÿåòñÿ ñëåäóþùèì îáðàçîì: 

 
2

2 2ef

0

1
2 2 Rd

R

dR
dR I

dz P      


. (1) 

Çäåñü  è  - äèôðàêöèîííàÿ è ôàçîâàÿ ñîñòàâëÿþùèå óãëîâîé ðàñõîäèìîñòè.  d 
Íàñ áóäåò èíòåðåñîâàòü, êàê ôëóêòóàöèè äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè âëèÿþò íà äèñòàíöèþ ñàìî-

ôîêóñèðîâêè, à òàêæå óñëîâèÿ ôîðìèðîâàíèÿ ðåæèìà ñàìîêàíàëèðîâàíèÿ êâàçèïó÷êà â òóðáóëåíòíîé ñðåäå 
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ñ êåððîâñêîé íåëèíåéíîñòüþ. Òàêîé ðåæèì áûë âïåðâûå òåîðåòè÷åñêè óñòàíîâëåí â [3] è ýêñïåðèìåíòàëüíî 
ïîäòâåðæäåí â [1]. Äàëåå èñïîëüçóåì ñëåäóþùèå ïðèáëèæåíèÿ. Ñ÷èòàåì, ÷òî íåëèíåéíàÿ ñîñòàâëÿþùàÿ 
âîçìóùåíèÿ äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè ñðåäû ñâÿçàíà òîëüêî ñ êåððîâñêîé íåëèíåéíîñòüþ 

2N K I      , ãäå - êîýôôèöèåíò íåëèíåéíîñòè. Òàêèì îáðàçîì, 2 2 fI     , ãäå - ôëóêòóàöèÿ äè-

ýëåêòðè÷åñêîé ïðîíèöàåìîñòè ñðåäû. Äëÿ èññëåäîâàíèÿ ýòèõ ñèòóàöèé äîñòàòî÷íî èñïîëüçîâàòü óðàâíåíèå 
äëÿ 

f

2
efR  â ïðèáëèæåíèè ñâåòîâîãî ïó÷êà ñ èíòåíñèâíîñòüþ, ñòðåìÿùåéñÿ ê íóëþ ïðè . Ïðîâîäÿ óñ-

ðåäíåíèå (1) ïî ðåàëèçàöèÿì , ïîëó÷èì óðàâíåíèå: 
TR  

f

 
2 2

2 2
22

0

1
2 2

T

e
d

R

d R
dR I

Pdz




     


2 ,  (2) 

ãäå 
22 2

fI I I  , fI - ôëóêòóàöèÿ èíòåíñèâíîñòè. Îêîí÷àòåëüíî (2) ïðåäñòàâëÿåòñÿ â âèäå 

 

T

2 2
2ef 22

2 2 2
0

2 2
(1 ),I

d f R

d R
dR I

Pdz L L



    


 (3) 

ãäå 

1 2
2
0

22
d

d

R
L



 
     


 - äëèíà äèôðàêöèè; 0

1/22
f

R
L






- äëèíà òóðáóëåíòíîãî óøèðåíèÿ; f       ; 

22 2
I fI I  ; 0 ef ( 0R R z  ) . 

Ââåäåì îáîçíà÷åíèå: 

 
ef

2
2 22 0 2

0
(N

R
L dR I I

P


  2).I   


 (4) 

Äàííóþ âåëè÷èíó áóäåì íàçûâàòü ôàêòîðîì íåëèíåéíîãî âçàèìîäåéñòâèÿ. Èç (1) ñ ó÷åòîì (4) çàïèøåì 

 
ef

2 2 2 2 2
0ef (1 ) ,Nd fR R L L L z      2  (5) 

îòêóäà äëÿ äèñòàíöèè ñàìîôîêóñèðîâêè, êîãäà 2 0eR   (óñëîâèå êîëëàïñà), ñëåäóåò, ÷òî 

 
ef

2 2 2 2
.d

f

N d d f

L
z

L L L L 


  
  (6) 

Çäåñü  - óñðåäíåííûé ïî òðàññå ôàêòîð íåëèíåéíîãî âçàèìîäåéñòâèÿ â òóðáóëåíò-

íîé ñðåäå. Èç (6) ñëåäóåò, ÷òî ïðè óâåëè÷åíèè 

ef ef

1
2 2

0

(1 ) ( )N NL d L z      

ef
2

NL  áóäåò ïðîèñõîäèò ýôôåêò óìåíüøåíèÿ äèñòàíöèè ñà-

ìîôîêóñèðîâêè, à ïðè óìåíüøåíèè äàííîãî ôàêòîðà äèñòàíöèÿ ñàìîôîêóñèðîâêè áóäåò óâåëè÷èâàòüñÿ. Ýô-

ôåêò ñàìîêàíàëèðîâàíèÿ áóäåò ðåàëèçîâûâàòüñÿ ïðè 
2

ef
2 0.

d R
dz

  

Äëÿ ðåãóëÿðíîé ñðåäû óñëîâèåì ñàìîêàíàëèðîâàíèÿ ÿâëÿåòñÿ ðàâåíñòâî íà÷àëüíîé ìîùíîñòè P0 êðèòè-
÷åñêîé ìîùíîñòè ñàìîôîêóñèðîâêè Pcr. Ýòîò ðåæèì ÿâëÿåòñÿ íåóñòîé÷èâûì, ïðè P > Pcr ïðîèñõîäèò ñõëî-
ïûâàíèå ïó÷êà â ôîêóñ, à ïðè P < Pcr – äèôðàêöèîííîå ðàñïëûâàíèå. Â [1] ýêñïåðèìåíòàëüíûì ïóòåì áûëî 
îáíàðóæåíî ñóùåñòâîâàíèå ïðîòÿæåííûõ ñâåòîâûõ áåñïëàçìåííûõ êàíàëîâ ïðè ïðîõîæäåíèè ëàçåðíûì ïó÷-
êîì çîíû òóðáóëåíòíîñòè. Ýòîò ôàêò ñòèìóëèðîâàë èíòåðåñ ê äàííîé ïðîáëåìå. Äðóãèì ïîâîäîì ê ðàññìîò-
ðåíèþ ýòîãî âîïðîñà ÿâëÿåòñÿ èññëåäîâàíèå Â.È. Òàòàðñêèì [4] ýôôåêòà ñèëüíûõ ôàçîâûõ ôëóêòóàöèé ìå-
òîäîì ãåîìåòðè÷åñêîé îïòèêè. Ñâåòîâîé ëó÷ â ñëó÷àéíî-íåîäíîðîäíîé ñðåäå õàîòè÷íî èçìåíÿåò ñâîå íàïðàâ-
ëåíèå, ÷òî ïðèâîäèò ê ýôôåêòó îñëàáëåíèÿ ôàçîâûõ ôëóêòóàöèé âîëíû â ðàçíåñåííûõ äâóõ òî÷êàõ. 
Ðàññìîòðåíèå ýòîãî ýôôåêòà ïðèìåíèòåëüíî ê èññëåäóåìîé çàäà÷å ïðåäñòàâëÿåò äëÿ íàñ îïðåäåëåííûé èíòå-
ðåñ, ïîñêîëüêó óêàçûâàëî íà ñóùåñòâîâàíèå òàêîãî ðåæèìà ðàñïðîñòðàíåíèÿ, êîãäà òåìï ñëó÷àéíîãî óøèðå-
íèÿ ïó÷êà ñâåòà íà÷èíàåò óìåíüøàòüñÿ ïî ìåðå ðàñïðîñòðàíåíèÿ ïî äèñòàíöèè è ñòàíîâèòñÿ áëèçêèì ê äè-
ôðàêöèîííîìó òèïó, ÷òî ñëóæèëî áû ñòàáèëèçàöèåé ðàçìåðà êâàçèïó÷êà, âîçìóùåííîãî íåëèíåéíûì ñæàòè-
åì çà ñ÷åò ýôôåêòà Êåððà. 
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Ðàñ÷åò òóðáóëåíòíîãî ôàêòîðà, âëèÿþùåãî íà óãëîâóþ ðàñõîäèìîñòü êâàçèïó÷êà, ïðîâîäèëñÿ â ïðèáëè-
æåíèè íàëè÷èÿ òîëüêî ôàçîâûõ ôëóêòóàöèé ïî ìåòîäèêå [4], ïîçâîëÿþùåé ïðîâîäèòü âû÷èñëåíèÿ êàê äëÿ 
ñëó÷àÿ ñëàáûõ, òàê è äëÿ ñèëüíûõ ôëóêòóàöèé ôàçû â ðàìêàõ ëó÷åâîé îïòèêè. Îñîáåííîñòüþ íàøåãî ðàñ-
ñìîòðåíèÿ áûëî òî, ÷òî âìåñòî ëó÷åé ãåîìåòðè÷åñêîé îïòèêè áûëè èñïîëüçîâàíû äèôðàêöèîííûå ëó÷è. Èñ-
õîäíûì äëÿ àíàëèçà ÿâëÿåòñÿ ïðåäñòàâëåíèå ñòðóêòóðíîé ôóíêöèè ôëóêòóàöèé ôàçû âîëíû, çàïèñàííîé íà 
äèôðàêöèîííûõ ëó÷àõ.  

   2 2
1 2 1 2

0

, , ( ) 1 exp ( , ) ( , ) ,
z

n d dD R R z k dz d i R z R R z R
              

      
 (7) 

ãäå k = 2π/λ. 
Äèôðàêöèîííûé ëó÷ ÿâëÿåòñÿ ñëó÷àéíîé âåëè÷èíîé áëàãîäàðÿ ôëóêòóàöèÿì äèýëåêòðè÷åñêîé ïðîíè-

öàåìîñòè ñðåäû. Óðàâíåíèå äëÿ äèôðàêöèîííîãî ëó÷à dR


 èìååò âèä: 

 2

1
( , ( ))

2
d

R e d
dR

z R z
dz

  

 
 .  (8) 

Â (7)-(8)  - ñïåêòð ôëóêòóàöèé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè âîçäóõà;  2e fI d        - âîçìóùåíèå 

ýôôåêòèâíîé äèýëåêòðè÷åñêîé ïðîíèöàåìîñòè 0

0
;e

e
  

 


  0  - åå íåâîçìóùåííîå çíà÷åíèå; 
2

2d
A

k A


   - äè-

ôðàêöèîííàÿ ñîñòàâëÿþùàÿ ýôôåêòèâíîé ïðîíèöàåìîñòè ñðåäû; A – àìïëèòóäà âîëíû. 
Ôëóêòóàöèîííàÿ êîìïîíåíòà øèðèíû êâàçèïó÷êà âûðàæàåòñÿ èç ðåøåíèÿ óðàâíåíèÿ (8) ñëåäóþùèì 

îáðàçîì: 
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R z z  dz      (9) 

Â öèëèíäðè÷åñêèõ êîîðäèíàòàõ 
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2
drr k I

P r



       .  (10) 

Â ëó÷åâîì ïðåäñòàâëåíèè ôàçîâûå ôëóêòóàöèè âîëíû ïðåäøåñòâóþò àìïëèòóäíûì, ïîýòîìó â äàëüíåé-
øåì áóäåì ó÷èòûâàòü òîëüêî ôàçîâûå ôëóêòóàöèè. Â ýòîì ñëó÷àå 0 cref .d NL L P P  

Â ðàáîòå äëÿ ñëó÷àÿ, êîãäà ôàêòîð 0 crP P P  ñëàáî îòëè÷àåòñÿ îò 1, áûëà ïîëó÷åíà ôîðìóëà, ïðåä-
ñòàâëåííàÿ ðàâåíñòâîì (11). 
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3 
 



1 32 3
0                                 0,234 ,nC l z   

  (11) 

ãäå 
2 7 93

00,3 ;nz C l
      - ñòðóêòóðíàÿ ïîñòîÿííàÿ ôëóêòóàöèé ef; l0 – âíóòðåííèé ìàñøòàá òóðáóëåíòíî-

ñòè; H(z) – ôóíêöèÿ âêëþ÷åíèÿ. 

2
nC

Íà ðèñóíêå ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòîâ ýâîëþöèè îòíîñèòåëüíîãî ðàäèóñà êâàçèïó÷êà îò äèñòàí-
öèè äëÿ íåñêîëüêèõ âàðèàíòîâ ïàðàìåòðîâ êâàçèïó÷êà è ñðåäû, êîãäà ðåàëèçóåòñÿ óñòîé÷èâîå ðàñïðîñòðàíå-
íèå íà ïðîòÿæåííóþ äèñòàíöèþ. Ðàñ÷åò ïðîâåäåí íà îñíîâå ñîîòíîøåíèé (5), (7)-(11). Âàðèàíò íà ðèñ. â 
ïðèâåäåí â êà÷åñòâå ïðèáëèæåííîé îöåíêè ýôôåêòà äëÿ ñëó÷àÿ ñèëüíîé òóðáóëåíòíîñòè ïðè îòíîñèòåëüíî 
áîëüøèõ çíà÷åíèÿõ P. Äëÿ ýòîé ñèòóàöèè (P = 3) ôîðìóëà (11) íå ðàáîòàåò, íåîáõîäèìî ó÷èòûâàòü ýôôåêò 
óñèëåíèÿ òóðáóëåíòíîãî ôàêòîðà íà ðàñïðîñòðàíåíèå êâàçèïó÷êà ïðè åãî íåëèíåéíîì ñæàòèè. 
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Çàâèñèìîñòü îòíîñèòåëüíîãî ðàäèóñà 

1 22
ef
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R
r

R
  êâàçèïó÷êà îò äèñòàíöèè ïðè ðàçëè÷íûõ íà÷àëüíûõ ïàðàìåòðîâ ïó÷êà  

è ñðåäû: R0 = 7 ìì, P = 1,223, = 1014 ì2/3 (ñïëîøíàÿ êðèâàÿ), = 0 (ïóíêòèð) (à); R0 = 10ìì, P = 1,46, = 

= 1014 ì2/3 (ñïëîøíàÿ êðèâàÿ), = 0 (ïóíêòèð) (á); R0 = 10 ìì, P = 3,  = 5,68  1014 ì2/3 (ñïëîøíàÿ êðèâàÿ), = 0 
   (ïóíêòèð) (â). Äèñòàíöèÿ z ïðåäñòàâëåíà â ìåòðàõ 
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Ôèíàíñèðîâàíèå. Ðàáîòà âûïîëíåíà â ðàìêàõ ãîñçàäàíèÿ ÈÎÀ ÑÎ ÐÀÍ. 
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À.À. Zemlyanov, Î.D. Zemlyanova. Stability of self-channeling of laser pulses in a Kerr-nonlinear 
turbulent medium. 

The effect of self-channeling of laser pulses in a Kerr-nonlinear turbulent medium is theoretically 
investigated. It is shown that there are conditions for stable nonlinear propagation of laser radiation in a 
turbulent medium. The modes of weak and strong phase fluctuations of a light wave are considered. A model of 
a diffraction-ray tube under conditions of fluctuations in the permittivity of the medium is used to describe the 
laser beam.  
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