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Òåîðåòè÷åñêè ðàññìàòðèâàåòñÿ ïðîöåññ ðàññåÿíèÿ èíòåíñèâíîãî êîãåðåíòíîãî ýëåêòðîìàãíèòíîãî èçëó-

÷åíèÿ àíñàìáëåì âîäîðîäîïîäîáíûõ àòîìîâ. Ïðåäïîëàãàåòñÿ, ÷òî â ýòîì àíñàìáëå âîçáóæäåíà ñòîÿ÷àÿ çâó-
êîâàÿ âîëíà, à âíåøíåå èçëó÷åíèå ÿâëÿåòñÿ ðåçîíàíñíûì ïåðåõîäó ìåæäó äâóìÿ íèæíèìè ýíåðãåòè÷åñêèìè 
óðîâíÿìè ýòèõ àòîìîâ. Êîëåáàíèÿ àòîìîâ îêîëî ïîëîæåíèÿ ðàâíîâåñèÿ ó÷èòûâàþòñÿ ñ ïîìîùüþ îïåðàòîðà 
äðåéôà â ãàìèëüòîíèàíå íåëèíåéíîãî óðàâíåíèÿ Øðåäèíãåðà, çàïèñàííîãî äëÿ îäíîãî èç àòîìîâ àíñàìáëÿ. 
Ïîëó÷åíî, ÷òî â ðàññåÿííîì èçëó÷åíèè äîëæíû ïðèñóòñòâîâàòü êîìáèíàöèè ÷àñòîò ïàäàþùåãî èçëó÷åíèÿ è 
çâóêîâîé âîëíû. 

 
ßâëåíèå äèôðàêöèè ñâåòà íà ñòîÿ÷èõ çâóêîâûõ 

âîëíàõ â ñðåäå õîðîøî èçâåñòíî. Ýòî ÿâëåíèå ñâÿ-
çûâàþò â ïåðâóþ î÷åðåäü ñ ïðîñòðàíñòâåííûìè îñ-
öèëëÿöèÿìè ïëîòíîñòè ðàññåèâàþùèõ ÷àñòèö. Ïðè 
ýòîì óäàåòñÿ äîâîëüíî òî÷íî ðàññ÷èòàòü ðàñïðåäå-
ëåíèå ýíåðãèè â äèôðàêöèîííîé êàðòèíå. Îäíàêî 
òàêîé ïîäõîä ê îïèñàíèþ ðàññåÿíèÿ ñâåòà íå ÿâëÿ-
åòñÿ èñ÷åðïûâàþùèì. Â ÷àñòíîñòè, îí íå ó÷èòûâàåò 
òîãî ôàêòà, ÷òî ìîëåêóëû è àòîìû îáðàçóþò êëà-
ñòåðû è âàí-äåð-âààëüñîâñêèå ìîëåêóëû. À â òàêèõ 
îáðàçîâàíèÿõ ó îòäåëüíûõ àòîìîâ åñòü ïîëîæåíèÿ 
ðàâíîâåñèÿ, îòíîñèòåëüíî êîòîðûõ îíè ñîâåðøàþò 
ãàðìîíè÷åñêèå êîëåáàíèÿ. Ïîýòîìó ïðè ðàññåÿíèè 
ñâåòà íà àíñàìáëå òàêèõ àòîìîâ ìîæíî îæèäàòü, 
÷òî â ñïåêòðå ìîãóò íàáëþäàòüñÿ êîìáèíàöèîííûå 
÷àñòîòû. Äàííàÿ ðàáîòà ïîñâÿùåíà òåîðåòè÷åñêîìó 
ðàññìîòðåíèþ òàêîãî «êîìáèíàöèîííîãî» ðàññåÿíèÿ 
ñâåòà âàí-äåð-âààëüñîâñêèìè ìîëåêóëàìè. 

Èñõîäíûìè ïðåäïîëîæåíèÿìè ÿâëÿþòñÿ ñëå-
äóþùèå äîïóùåíèÿ: ñâåò ÿâëÿåòñÿ ìîíîõðîìàòè÷å-
ñêîé ïëîñêîé âîëíîé áîëüøîé èíòåíñèâíîñòè (ïëîò-
íîñòü ýíåðãèè âîëíû çíà÷èòåëüíî áîëüøå ýíåðãèè, 
êîòîðóþ ìîæåò çàïàñòè ìîëåêóëà â åäèíèöå îáúåìà) 
 

 = ω − ⋅cos[ ( )],t0E E K R  (1)  

÷àñòîòà åãî áëèçêà ê ñîáñòâåííîé ÷àñòîòå ïåðåõîäîâ 
àòîìîâ ñðåäû èç âîçáóæäåííîãî ñîñòîÿíèÿ â îñíîâ-
íîå. Â (1) E0 – àìïëèòóäà ñâåòîâîé âîëíû; ω – 
öèêëè÷åñêàÿ ÷àñòîòà; t – âðåìÿ; K – âîëíîâîé âåê-
òîð; R – êîîðäèíàòà òî÷êè. Ñðåäó ìîæíî ðàññìàò-
ðèâàòü êàê àíñàìáëü âîäîðîäîïîäîáíûõ àòîìîâ, 
ïåðâîíà÷àëüíî íàõîäÿùèõñÿ â îñíîâíîì ñîñòîÿíèè 
è ìîãóùèõ ïåðåõîäèòü ïîä äåéñòâèåì èçëó÷åíèÿ íà 
âòîðîé ýíåðãåòè÷åñêèé óðîâåíü. Ýòè àòîìû ó÷àñò-
âóþò â êîëåáàíèÿõ, îáóñëîâëåííûõ âîçáóæäåíèåì  
â ñðåäå ñòîÿ÷åé çâóêîâîé âîëíû: 

 02 cos( )cos( ),t= ⋅ ω0 0V V K R    (2) 

ãäå V0 –  àìïëèòóäà ñêîðîñòè ñðåäû, âîâëå÷åííîé  
â êîëåáàíèÿ çâóêîâîé âîëíîé; ω0 – öèêëè÷åñêàÿ 
÷àñòîòà ýòîé âîëíû; K0 – åå âîëíîâîé âåêòîð. 

Ïîñêîëüêó àòîìû ñðåäû âîâëå÷åíû â êîëëåê-
òèâíîå äâèæåíèå, ðàññìàòðèâàòü èõ êàê èçîëèðî-
âàííûå îáðàçîâàíèÿ íåëüçÿ. Èçìåíåíèå èõ ñîñòîÿ-
íèé äîëæíî âûçûâàòü èçìåíåíèå ñîñòîÿíèé ñîñåä-
íèõ ÷àñòèö è, êàê ñëåäñòâèå, ÷åðåç âëèÿíèå ñîñåäåé 
ñêàçûâàòüñÿ íà ñîñòîÿíèè ñàìèõ ýòèõ àòîìîâ. Ó÷åò 
ýòîãî îáñòîÿòåëüñòâà ïðîèçâîäèòñÿ â íàøåé ðàáîòå  
ñ ïîìîùüþ íåëèíåéíîãî óðàâíåíèÿ Øðåäèíãåðà 
[1, 2], êîòîðîå ñ òî÷íîñòüþ äî ÷ëåíîâ ìåíüøåãî 
ïîðÿäêà ìàëîñòè äëÿ âîäîðîäîïîäîáíîãî àòîìà 
èìååò âèä 
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(3)

 

Â (3) ââåäåíû ñòàíäàðòíûå îáîçíà÷åíèÿ; ïàðà-
ìåòð α (âåëè÷èíà áîëüøå íóëÿ) ó÷èòûâàåò â íåÿâ-
íîé ôîðìå ïëîòíîñòü îêðóæàþùåé ñðåäû: ýòîò ïà-
ðàìåòð òåì áîëüøå, ÷åì ïëîòíåå ñðåäà. 

Ðåãóëÿðíûå ïî âðåìåíè ðåøåíèÿ óðàâíåíèÿ (3) 
ìîæíî íàéòè, ðåøàÿ óðàâíåíèå âèäà 

 ( ) ( )^
21 1

.
1 2 2

m
i e

t i m e

∂ψ = ψ + ϕψ + ⋅ ψ + ⋅ ψ
∂ + α

P E d V d&
h  

  (4) 

Ôóíêöèè Ψ è ψ ñâÿçàíû ñîîòíîøåíèåì 

 
1 2

/ .Ψ = ψ ψ ψ  (5) 

Åñëè ïðèíÿòü âî âíèìàíèå ïðàâèëà îòáîðà, 
ñïðàâåäëèâûå äëÿ àòîìà âîäîðîäà â äèïîëüíîì 
ïðèáëèæåíèè, òî ðåøåíèå óðàâíåíèÿ (4) ìîæíî 
ïðåäñòàâèòü â âèäå 
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Çäåñü Ei – ýíåðãèÿ ñòàöèîíàðíîãî ñîñòîÿíèÿ âîäî-
ðîäîïîäîáíîãî àòîìà; γi – êîíñòàíòà çàòóõàíèÿ. 
Âîëíîâûå ôóíêöèè ψi(r) îðòîãîíàëüíû äðóã äðóãó, 
à ó äèïîëüíîãî ìîìåíòà îòëè÷íû îò íóëÿ ìàòðè÷-
íûå ýëåìåíòû: d12, d23 è êîìïëåêñíî ñîïðÿæåííûå  
ñ íèìè âåëè÷èíû. 

Ïîñëå ïîäñòàíîâêè (6) â óðàâíåíèå (4) íå-
ñëîæíî ïîëó÷èòü ñèñòåìó äèôôåðåíöèàëüíûõ óðàâ- 
íåíèé 
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Ñèñòåìà (7) çàïèñàíà â ïðåäïîëîæåíèè, ÷òî 
÷àñòîòà ëàçåðíîãî èçëó÷åíèÿ íàìíîãî ïîðÿäêîâ 
ïðåâîñõîäèò çâóêîâóþ ÷àñòîòó. 

Â ïðåäïîëîæåíèè, ÷òî äëèòåëüíîñòü ëàçåðíîãî 
èìïóëüñà çíà÷èòåëüíî ïðåâîñõîäèò âðåìÿ æèçíè 
âîçáóæäåííîãî ñîñòîÿíèÿ, â àäèàáàòè÷åñêîì ïî 
çâóêîâûì êîëåáàíèÿì ïðèáëèæåíèè ñ òî÷íîñòüþ äî 
ïîñòîÿííîãî äëÿ âñåõ êîýôôèöèåíòîâ bi(t) ìíîæè-
òåëÿ ñïðàâåäëèâû ñëåäóþùèå ñîîòíîøåíèÿ: 
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Â ôîðìóëàõ (8)–(10) ε – îòñòðîéêà ÷àñòîòû 
ëàçåðíîãî èçëó÷åíèÿ îò ñîáñòâåííîé ÷àñòîòû àòîìà: 
 

 2 1
,

E E−ε = − ω
h

  (11) 

à Ω  – øòàðêîâñêèé ñäâèã: 
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Ïîäñòàíîâêà íàéäåííûõ ñîîòíîøåíèé â âîëíî-
âóþ ôóíêöèþ ïðèâîäèò ïðè âû÷èñëåíèè èíäóöèðî-
âàííîãî ó àòîìà äèïîëüíîãî ìîìåíòà ê ñëåäóþùåìó 
âûðàæåíèþ: 
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  (13) 

Íàëè÷èå â (13) ñëàãàåìûõ, îñöèëëèðóþùèõ  
ñ ÷àñòîòîé çâóêîâûõ êîëåáàíèé, ïîêàçûâàåò, ÷òî  
â ðàññåÿííîì èçëó÷åíèè äîëæíû ïðèñóòñòâîâàòü 
êðîìå îñíîâíîé ÷àñòîòû åùå êàê íèçêî÷àñòîòíûå 
ýëåêòðîìàãíèòíûå âîëíû (íå÷åòíûå ãàðìîíèêè çâó-
êîâîé ÷àñòîòû), òàê è âîëíû ñ ÷àñòîòàìè 02nω ± ω  

(n – öåëîå ÷èñëî), ò.å. äîëæíî èìåòü ìåñòî êîìáè-
íàöèîííîå ðàññåÿíèå ñâåòà. Ïðîñòðàíñòâåííàÿ ìî-
äóëÿöèÿ âåëè÷èíû äèïîëüíîãî ìîìåíòà îòäåëüíîãî 
àòîìà ïîêàçûâàåò, ÷òî ðàçâèòûé â äàííîé ðàáîòå 
ôîðìàëèçì ïðèìåíèì ïðè îïèñàíèè ÿâëåíèÿ äè-
ôðàêöèè èíòåíñèâíîãî ëàçåðíîãî èçëó÷åíèÿ íà 
ñòîÿ÷èõ çâóêîâûõ âîëíàõ. 
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V.N. Ivanov, I.V. Ivanov. Raman scattering of laser radiation by atoms participating in oscillatory 

movement. 
The process of scattering of intense coherent electromagnetic radiation by an ensemble of hydrogen-like 

atoms is considered theoretically. It is supposed that in this ensemble the standing sound wave is excited, and 
the external radiation is resonant to the transition between the two lower energy levels of these atoms. The 
fluctuations of atoms about the equilibrium state are taken into account by the drift operator in the Hamilto-
nian of the non-linear Schrodinger equation written for one of the atoms. It is obtained, that the scattered  
radiation should include combinations of frequencies of the incident radiation and the sound wave. 


