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Ðàññìîòðåí íîâûé äëÿ ãèäðîäèíàìèêè òèï âîëíîâîãî âçàèìîäåéñòâèÿ — ñòèìóëèðîâàííîå
ðàññåÿíèå, îáóñëîâëåííîå ïîãëîùåíèåì. Êîíêðåòíî â äàííîé ñòàòüå ðàññìîòðåíî âûíóæäåííîå
ðàññåÿíèå âòîðîãî çâóêà â ñâåðõòåêó÷åé æèäêîñòè. Åñëè â ñðåäå ðàñïðîñòðàíÿþòñÿ äâå âîëíû
— èíòåíñèâíàÿ âîçáóæäàþùàÿ âîëíà è âîëíà ñèãíàëà, — òî âûäåëÿåìàÿ â ñðåäå çà ñ÷åò ïîãëî-
ùåíèÿ ìîùíîñòü, ïðîïîðöèîíàëüíàÿ êâàäðàòó ìîäóëÿ ñóììàðíîãî ïîëÿ, ñîäåðæèò, â ÷àñòíî-
ñòè, èíòåðôåðåíöèîííîå ñëàãàåìîå ñ ÷àñòîòîé, ðàâíîé ðàçíîñòè ÷àñòîò âîçáóæäàþùåé âîëíû è
âîëíû ñèãíàëà. Ïîñêîëüêó ñâîéñòâà ñðåäû çàâèñÿò îò òåìïåðàòóðû, âîçíèêøèå ñ ðàçíîñòíîé
÷àñòîòîé òåìïåðàòóðíûå íåîäíîðîäíîñòè ïðèâîäÿò ê ðàññåÿíèþ âîçáóæäàþùåé âîëíû, ñîçäàþ-
ùåìó ïîëå, ðåçîíàíñíîå äëÿ âîëíû ñèãíàëà. Ýòî ïîëå ïðîïîðöèîíàëüíî êîýôôèöèåíòó ïîãëî-
ùåíèÿ è èíòåíñèâíîñòè âîçáóæäàþùåé âîëíû. Ïðè ìàëûõ èíòåíñèâíîñòÿõ âîçáóæäàþùåé âîë-
íû òàêîå ðàññåÿíèå ïðèâîäèò ê ÷àñòè÷íîé êîìïåíñàöèè äèññèïàöèè âîëíû ñèãíàëà, à ïðè
âîçðàñòàíèè èíòåíñèâíîñòè âîçáóæäàþùåé âîëíû îíî ìîæåò ïðèâåñòè ê óñèëåíèþ âîëíû ñèã-
íàëà. Ýòî îçíà÷àåò âîçìîæíîñòü âîçíèêíîâåíèÿ âûíóæäåííîãî ðàññåÿíèÿ. Àíàëèç ýêñïåðèìåí-
òàëüíûõ äàííûõ ïîçâîëÿåò ïðåäïîëîæèòü, ÷òî ïîðîãîâàÿ èíòåíñèâíîñòü òàêîãî âûíóæäåííîãî
ðàññåÿíèÿ ìîæåò áûòü ðåàëüíîé äëÿ ýêñïåðèìåíòà âåëè÷èíîé.

Ðîçãëÿíóòî íîâèé äëÿ ã³äðîäèíàì³êè òèï õâèëüîâî¿ âçàºìîä³¿ — ñòèìóëüîâàíå ðîçñ³þâàííÿ,
îáóìîâëåíå ïîãëèíàííÿì. Êîíêðåòíî ó äàí³é ñòàòò³ ðîçãëÿíóòî çìóøåíå ðîçñ³þâàííÿ äðóãîãî
çâóêó ó íàäïëèíí³é ð³äèí³. ßêùî â ñåðåäîâèù³ ïîøèðþþòüñÿ äâ³ õâèë³ — ³íòåíñèâíà õâèëÿ,
ùî çáóäæóº, é õâèëÿ ñèãíàëó, — òî ïîòóæí³ñòü, ÿêà âèä³ëÿºòüñÿ â ñåðåäîâèù³ çà ðàõóíîê ïî-
ãëèíàííÿ, ïðîïîðö³éíà êâàäðàòó ìîäóëÿ ñóìàðíîãî ïîëÿ, ì³ñòèòü, çîêðåìà, ³íòåðôåðåíö³éíèé
äîäàíîê ³ç ÷àñòîòîþ, ÿêà äîð³âíþº ð³çíèö³ ÷àñòîò õâèë³, ùî çáóäæóº, é õâèë³ ñèãíàëó.
Îñê³ëüêè âëàñòèâîñò³ ñåðåäîâèùà çàëåæàòü â³ä òåìïåðàòóðè, òåìïåðàòóðí³ íåîäíîð³äíîñò³, ùî
âèíèêëè ç ð³çíèöåâîþ ÷àñòîòîþ, ïðèâîäÿòü äî ðîçñ³þâàííÿ õâèë³, ùî çáóäæóº, ÿêå ñòâîðþº
ïîëå, ðåçîíàíñíå äëÿ õâèë³ ñèãíàëó. Öå ïîëå ïðîïîðö³éíî êîåô³ö³ºíòó ïîãëèíàííÿ é ³íòåíñèâ-
íîñò³ õâèë³, ùî çáóäæóº. Ïðè ìàëèõ ³íòåíñèâíîñòÿõ õâèë³, ùî çáóäæóº, òàêå ðîçñ³þâàííÿ ïðèâî-
äèòü äî ÷àñòêîâî¿ êîìïåíñàö³¿ äèñèïàö³¿ õâèë³ ñèãíàëó, à ïðè çðîñòàíí³ ³íòåíñèâíîñò³ õâèë³, ùî
çáóäæóº, âîíî ìîæå ïðèâåñòè äî ïîñèëåííÿ õâèë³ ñèãíàëó. Öå îçíà÷àº ìîæëèâ³ñòü âèíèêíåííÿ
çìóøåíîãî ðîçñ³þâàííÿ. Àíàë³ç åêñïåðèìåíòàëüíèõ äàíèõ äîçâîëÿº ïðèïóñòèòè, ùî ãðàíè÷íà
³íòåíñèâí³ñòü òàêîãî çìóøåíîãî ðîçñ³þâàííÿ ìîæå áóòè ðåàëüíîþ äëÿ åêñïåðèìåíòó âåëè÷èíîþ.

PACS: 47.37.+q

Êëþ÷åâûå ñëîâà: ãèäðîäèíàìèêà, ñâåðõòåêó÷åñòü, âòîðîé çâóê.

Â ñòàòüå ðàññìàòðèâàåòñÿ âûíóæäåííîå ðàññåÿíèå
âòîðîãî çâóêà, èëè òåìïåðàòóðíûõ âîëí, â ñâåðõòå-
êó÷åì ãåëèè, êîòîðîå ïðèíöèïèàëüíî îáóñëîâëåíî
ïîãëîùåíèåì âîëí â ñðåäå. Â âîëíîâîé ãèäðîäèíà-

ìèêå è, â ÷àñòíîñòè, ãèäðîäèíàìèêå ñâåðõòåêó÷åé
æèäêîñòè äàííûé òèï íåëèíåéíîãî âîëíîâîãî âçàè-
ìîäåéñòâèÿ äî ñèõ ïîð íå èññëåäîâàëñÿ. Âïåðâûå
ïîäîáíûé âèä íåëèíåéíûõ ïðîöåññîâ áûë ðàññìîò-
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ðåí â ðàìêàõ íåëèíåéíîé îïòèêè â ðàáîòàõ [1–3].
Ôèçèêà òàêîãî íåëèíåéíîãî ïðîöåññà ñîñòîèò â ñëå-
äóþùåì. Ïóñòü â ñðåäå ðàñïðîñòðàíÿþòñÿ äâå âîë-
íû: èíòåíñèâíàÿ âîçáóæäàþùàÿ âîëíà (âîëíà íà-
êà÷êè) è ñëàáàÿ âîëíà ñèãíàëà. Â äèññèïàòèâíîé
ñðåäå òåïëîâàÿ ýíåðãèÿ, âûäåëÿåìàÿ âñëåäñòâèå ïî-
ãëîùåíèÿ âîëí, âûçûâàåò èçìåíåíèå òåìïåðàòóðû, à
èçìåíåíèå òåìïåðàòóðû ìîæåò ìåíÿòü ñâîéñòâà ñðå-
äû, â ÷àñòíîñòè, ñêîðîñòü ðàñïðîñòðàíåíèÿ âîëí.
Ïîñêîëüêó âûäåëÿåìàÿ ýíåðãèÿ ïðîïîðöèîíàëüíà
êâàäðàòó ñóììàðíîãî ïîëÿ, â âîçìóùåíèè ñêîðîñòè
âîëíû áóäåò ïðèñóòñòâîâàòü èíòåðôåðåíöèîííîå ñëà-
ãàåìîå ñ ÷àñòîòîé, ðàâíîé ðàçíîñòè ÷àñòîò âîçáóæ-
äàþùåé âîëíû è âîëíû ñèãíàëà. Ïðè ðàññåÿíèè
âîëíû íàêà÷êè íà ýòîì âîçìóùåíèè âîçíèêàåò ïîëå,
ðåçîíàíñíîå äëÿ ñèãíàëà. Òàêèì îáðàçîì, ìîæíî
ñêàçàòü, ÷òî èíòåíñèâíàÿ âîçáóæäàþùàÿ âîëíà ñîç-
äàåò äëÿ âîëíû ñèãíàëà íåêóþ ýôôåêòèâíóþ ñêî-
ðîñòü, ïðîïîðöèîíàëüíóþ èíòåíñèâíîñòè íàêà÷êè è
êîýôôèöèåíòó ïîãëîùåíèÿ. Êàê èçâåñòíî, ìíèìàÿ
÷àñòü âîëíîâîãî ÷èñëà (èëè ñêîðîñòè âîëíû) îïðå-
äåëÿåò åå ïîãëîùåíèå. Åñëè ìíèìàÿ äîáàâêà ê ñêî-
ðîñòè, ïîëó÷åííàÿ çà ñ÷åò ðàññåÿíèÿ, îáóñëîâëåííî-
ãî ïîãëîùåíèåì, ïîëîæèòåëüíà, òî íåëèíåéíîå ïðè-
ðàùåíèå ñêîðîñòè ìîæåò ïðèâåñòè ê ÷àñòè÷íîé êîì-
ïåíñàöèè çàòóõàíèÿ âîëíû, à ïðè âîçðàñòàíèè èí-
òåíñèâíîñòè âîçáóæäàþùåé âîëíû ïîãëîùåíèå ìî-
æåò ñìåíèòüñÿ óñèëåíèåì.

Òåîðåòè÷åñêîå îïèñàíèå ïðîöåññà

Ðàññìîòðèì áîëåå äåòàëüíî ïîäîáíîå òåìïåðà-
òóðíîå ðàññåÿíèå. Ïóñòü â ñðåäå ðàñïðîñòðàíÿþòñÿ
äâå âîëíû âòîðîãî çâóêà: âîçáóæäàþùàÿ âîëíà
T i t0 0 0exp[ ( )]k r � � è âîëíà ñèãíàëà Ts �
� �exp[ ( )]i tkr � . Îáîçíà÷èì � � �0 � �,
k k q0 � � . Êîëè÷åñòâî òåïëà Q, âûäåëÿåìîå â ñðåäå
â åäèíèöó âðåìåíè â åäèíèöå îáúåìà, ðàâíî

Q I� 2� ,

ãäå � — àìïëèòóäíûé êîýôôèöèåíò ïîãëîùåíèÿ
âîëí, I — èíòåíñèâíîñòü âîëí âòîðîãî çâóêà, ïðî-
ïîðöèîíàëüíàÿ êâàäðàòó ìîäóëÿ ñóììàðíîãî ïîëÿ
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çäåñü � — ïëîòíîñòü ñâåðõòåêó÷åé æèäêîñòè,
� �s n, — ñâåðõòåêó÷àÿ è íîðìàëüíàÿ ïëîòíîñòè,
� — ýíòðîïèÿ åäèíèöû ìàññû, ñ — ñêîðîñòü âòîðî-
ãî çâóêà. Èçâåñòíî, ÷òî ñêîðîñòü âòîðîãî çâóêà, íà-
ïðèìåð, â ðàñòâîðàõ 3He â 4He ñóùåñòâåííî çàâèñèò

îò òåìïåðàòóðû â ñðåäå (ñì. [4]). Èçìåíåíèå òåìïå-
ðàòóðû îïðåäåëÿåòñÿ óðàâíåíèåì òåïëîïðîâîäíîñòè
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cp — òåïëîåìêîñòü ñðåäû.

Èçìåíåíèå ñêîðîñòè âòîðîãî çâóêà �c, îáóñëîâ-
ëåííîå èçìåíåíèåì òåìïåðàòóðû â âåùåñòâå, çàïè-
øåì â îáùåì âèäå ñ ïîìîùüþ ëèíåéíîãî îïåðàòîðà
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ãäå â âûðàæåíèè äëÿ Q îñòàâëåí òîëüêî èíòåðôå-
ðåíöèîííûé ÷ëåí. Ó÷èòûâàÿ óðàâíåíèå (1) è çàâè-
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Â ðåçóëüòàòå ðàññåÿíèÿ âîçáóæäàþùåé âîëíû íà

íåîäíîðîäíîñòè, ñâÿçàííîé ñ èçìåíåíèåì ñêîðîñòè
�c, ïîÿâëÿåòñÿ òåìïåðàòóðíîå ïîëå, ðåçîíàíñíîå äëÿ
âîëíû ñèãíàëà. Ýòî ýêâèâàëåíòíî ïîÿâëåíèþ â âîë-
íîâîì óðàâíåíèè äëÿ ñèãíàëà äîïîëíèòåëüíîãî èí-
òåðôåðåíöèîííîãî ñëàãàåìîãî âèäà 2 0c c T� � :
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Çäåñü � — âðåìåííîé êîýôôèöèåíò ïîãëîùåíèÿ
âîëíû (� = �ñ).

Èçìåíåíèå àìïëèòóäû âîëíû ñèãíàëà çà ñ÷åò ïî-
ãëîùåíèÿ è îáñóæäàåìîãî ðàññåÿíèÿ ìîæíî ïîëó-
÷èòü èç óðàâíåíèÿ (4):
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Èç óðàâíåíèÿ (2) ìîæíî âèäåòü, ÷òî ìíèìàÿ ÷àñòü
ïðèðàùåíèÿ ñêîðîñòè �c, èëè ìíèìàÿ ÷àñòü îïåðà-
òîðà L, ïðèâîäèò ëèáî ê óâåëè÷åíèþ ïîãëîùåíèÿ
âîëíû, ëèáî ê åãî ÷àñòè÷íîé èëè, âîçìîæíî, ïîë-
íîé êîìïåíñàöèè. Ó÷èòûâàÿ âûðàæåíèÿ äëÿ ïðèðà-
ùåíèÿ ñêîðîñòè �c (2) è äëÿ L i i( , )� � q (3), óðàâíå-
íèå (5) ïðèâîäèì ê âèäó
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Èç óðàâíåíèÿ (6) âèäíî, ÷òî â çàâèñèìîñòè îò çíàêà
ïðîèçâîäíîé ( )	 	c/ T p è ðàçíîñòè ÷àñòîò � �0 � � �
ìíèìàÿ ÷àñòü ïåðâîãî ñëàãàåìîãî â êâàäðàòíîé
ñêîáêå óðàâíåíèÿ (6) ìîæåò áûòü êàê ïîëîæèòåëü-
íîé, òàê è îòðèöàòåëüíîé. Åñëè îíà ïîëîæèòåëüíà,
òî ïðîèñõîäèò êîìïåíñàöèÿ ïîãëîùåíèÿ. Ïðè ýòîì
åñëè ïåðâîå ñëàãàåìîå ñòàíåò áîëüøå âòîðîãî, òî
äèññèïàöèÿ âîëíû ñìåíèòñÿ åå óñèëåíèåì, ÷òî îçíà-
÷àåò ïîÿâëåíèå âûíóæäåííîãî íåëèíåéíîãî ðàññåÿ-
íèÿ, îáóñëîâëåííîãî ïîãëîùåíèåì.

Ìíèìóþ ÷àñòü ïåðâîãî ñëàãàåìîãî â êâàäðàòíûõ
ñêîáêàõ óðàâíåíèÿ (6) ìîæíî ïðåäñòàâèòü â âèäå
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ãäå I0 — èíòåíñèâíîñòü âîçáóæäàþùåé âîëíû.
Òàêèì îáðàçîì, íåîáõîäèìûì óñëîâèåì âîçíèê-

íîâåíèÿ âûíóæäåííîãî ðàññåÿíèÿ, îïðåäåëÿþùèì
ïîðîã ðàññåÿíèÿ, ÿâëÿåòñÿ íåðàâåíñòâî
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Èç (7) ñëåäóåò, ÷òî ìèíèìàëüíîå çíà÷åíèå ïîðîãà
äîñòèãàåòñÿ ïðè | |� � 
q2. Â çàâèñèìîñòè îò çíàêà
( )	 	c/ T p âûíóæäåííîå ðàññåÿíèå ðåàëèçóåòñÿ ëèáî
â ñòîêñîâîé îáëàñòè (� > 0), ëèáî â àíòèñòîêñîâîé
(� < 0). Èç óðàâíåíèÿ (6) âèäíî, ÷òî äëÿ óñèëåíèÿ
çíàê � äîëæåí áûòü ïðîòèâîïîëîæåí çíàêó
( )	 	c/ T p .

Îöåíèì ÷èñëåííî âåëè÷èíó ïîðîãîâîé èíòåíñèâ-
íîñòè. Èñïîëüçóåì, íàïðèìåð, ýêñïåðèìåíòàëüíûå
äàííûå, ïðèâåäåííûå â êíèãå [4] äëÿ ñâåðõòåêó÷èõ
ðàñòâîðîâ He3 â He4. Ýòè äàííûå ïîêàçûâàþò, ÷òî â
çíà÷èòåëüíîì äèàïàçîíå òåìïåðàòóð (ïðè T � 1 Ê) è
äëÿ ðàçëè÷íûõ êîíöåíòðàöèé ðàñòâîðîâ ñêîðîñòü
âòîðîãî çâóêà óìåíüøàåòñÿ ñ óâåëè÷åíèåì òåìïåðà-
òóðû. Ïðè áîëåå íèçêèõ òåìïåðàòóðàõ â çàâèñèìî-
ñòè îò êîíöåíòðàöèè ðàñòâîðà ñêîðîñòü ìîæåò óâå-
ëè÷èâàòüñÿ ñ óâåëè÷åíèåì òåìïåðàòóðû, è â ýòîì
ñëó÷àå, ïî êðàéíåé ìåðå òåîðåòè÷åñêè, âîçìîæíî
óñèëåíèå âîëíû ñèãíàëà â àíòèñòîêñîâîé îáëàñòè.
Ýòîò ôàêò ïðèíöèïèàëüíî îòëè÷àåò ðàññìàòðèâàå-
ìûé òèï âûíóæäåííîãî ðàññåÿíèÿ, îáóñëîâëåííîãî
ïîãëîùåíèåì, îò «îáû÷íûõ» òèïîâ âûíóæäåííûõ
ðàññåÿíèé, ãäå óñèëåíèå âîçìîæíî ëèøü â ñòîêñî-

âîé îáëàñòè. Â ñëó÷àå ðàññåÿíèÿ, îáóñëîâëåííîãî
ïîãëîùåíèåì, âîëíà âòîðîãî çâóêà ìîæåò ïðåîáðà-
çîâàòüñÿ â âîëíó ñ áîëüøåé ýíåðãèåé. Ïðè ýòîì
äîïîëíèòåëüíàÿ ýíåðãèÿ îáåñïå÷èâàåòñÿ òåïëîâûìè
ôëóêòóàöèÿìè â ñðåäå, êîòîðûå, â ñâîþ î÷åðåäü,
âîçíèêàþò çà ñ÷åò ïðåäâàðèòåëüíîãî ïîãëîùåíèÿ
ýíåðãèè âîçáóæäàþùåé âîëíû.

Ðàññìîòðèì âîçìîæíîñòü ýêñïåðèìåíòàëüíîãî
íàáëþäåíèÿ îáñóæäàåìîãî íåëèíåéíîãî ðàññåÿíèÿ â
ñëàáûõ ñâåðõòåêó÷èõ ðàñòâîðàõ 3He â 4He. Ñ ó÷åòîì
òîãî, ÷òî ìèíèìàëüíîå çíà÷åíèå ïîðîãà ðåàëèçóåòñÿ
ïðè | |� � 
q2, âûðàæåíèå (7) ïðåäñòàâèì â âèäå
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Äëÿ ÷èñëåííîé îöåíêè âåëè÷èíû ïîðîãà âîñïîëüçó-
åìñÿ ñëåäóþùèìè ýêñïåðèìåíòàëüíûìè äàííûìè,
ïðåäñòàâëåííûìè â êíèãå [4]: ïðè òåìïåðàòóðå
T = 1,5 Ê è êîíöåíòðàöèè ðàñòâîðà x = 4,3% âåëè-
÷èíà ( )	 	c/ T p � 2�103 ñì/(ñ•ãðàä); òåìïåðàòóðî-
ïðîâîäíîñòü 
 (ðàâíàÿ � �/ cp , ãäå � — òåïëîïðî-
âîäíîñòü) èìååò âåëè÷èíó, ïðèáëèçèòåëüíî ðàâíóþ
0,6�10–2 ñì2/ñ. Åñëè ÷àñòîòà âîçáóæäàþùåé âîëíû
�0 � 2 �104 ñ–1, òî ýòî îçíà÷àåò, ÷òî � !! �0, ïîýòî-
ìó àáñîëþòíûå çíà÷åíèÿ âîëíîâûõ ÷èñåë k è k0
ïðèáëèçèòåëüíî ðàâíû äðóã äðóãó è âåëè÷èíå q.
Òàêèì îáðàçîì, ïîðîã ïî ïîðÿäêó âåëè÷èíû ðàâåí
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Äëÿ ïðèâåäåííûõ âûøå ýêñïåðèìåíòàëüíûõ äàííûõ
ïðè ÷àñòîòå âîçáóæäàþùåãî çâóêà �0 � 2 �104 ñ–1 ïî-
ðîãîâàÿ èíòåíñèâíîñòü âîëíû ïîðÿäêà ñîòûõ äîëåé
Âò/ñì2.

Èòàê, â ðàáîòå äàí òåîðåòè÷åñêèé àíàëèç ñòèìó-
ëèðîâàííîãî ðàññåÿíèÿ â ñâåðõòåêó÷åé æèäêîñòè,
îáóñëîâëåííîãî ïîãëîùåíèåì. Ïîëó÷åíî âûðàæåíèå
äëÿ ïîðîãîâîé èíòåíñèâíîñòè âîçáóæäàþùåé âîëíû
âòîðîãî çâóêà, íà÷èíàÿ ñ êîòîðîé ðàññìîòðåííîå âû-
íóæäåííîå ðàññåÿíèå ñòàíîâèòñÿ âîçìîæíûì. Ïðî-
âåäåíà ÷èñëåííàÿ îöåíêà ïîðîãîâîé èíòåíñèâíîñòè,
êîòîðàÿ ïîçâîëÿåò ñäåëàòü âûâîä î âîçìîæíîñòè
ýêñïåðèìåíòàëüíîãî íàáëþäåíèÿ èññëåäîâàííîãî
íåëèíåéíîãî ïðîöåññà â ñëàáûõ ñâåðõòåêó÷èõ ðàñ-
òâîðàõ 3He â 4He.
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Absorption-induced stimulated second-sound
scattering in superfluids liquids

N.I. Pushkina

Absorption-induced stimulated scattering is
discussed which is a new class of wave interac-
tions in hydrodynamics. Specifically, stimulated
second-sound scattering in superfluids is studied.
In case of two waves propagating in a medium
(an intense pumping wave and a weak signal
wave), the thermal energy produced through
absorptive heating contains, in particular, a re-
sonant source term oscillating at a difference

frequency. Since the physical parameters of a
medium depend on temperature, the temperature
inhomogeneities produced at difference frequency
cause the incident wave to scatter, resulting in a
field resonant for the signal wave. This field is
proportional both to the wave damping coeffi-
cient and the pumping wave intensity. At a low
incident intensity the scattering reduces partially
the signal wave damping, while increase in the
pumping wave intensity can enhance the signal
wave which just means the stimulated wave scat-
tering. Analysis of the experimental data sug-
gests that the threshold intensity of the stimulated
scattering under discussion could be low enough
for the scattering to be observable.

Keywords: hydrodynamics, superfluids, second
sound.
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