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Â ðàáîòå ïðèâåäåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ äèôðàêöèè óäàðíûõ àêóñòè-
÷åñêèõ âîëí íà êðàþ ýêðàíà. Ëàáîðàòîðíûå ýêñïåðèìåíòû ïðîâîäèëèñü â äåãàçèðîâàííîé äèñòèë-
ëèðîâàííîé âîäå ïðè íîðìàëüíûõ êëèìàòè÷åñêèõ óñëîâèÿõ íà óñòàíîâêå, îáåñïå÷èâàþùåé ïîçèöè-
îíèðîâàíèå ïðèåìíî-èçëó÷àþùåé ñèñòåìû ïî òðåì ëèíåéíûì êîîðäèíàòàì ñ òî÷íîñòüþ íå ìåíåå
6ìêì. Â êà÷åñòâå èçëó÷àòåëåé èñïîëüçîâàëèñü ïîðøíåâûå ïðåîáðàçîâàòåëè ñ ðàáî÷èìè ÷àñòîòàìè
1 è 2ÌÃö, ñ ðàçëè÷íûìè äèàìåòðàìè àïåðòóð îò 1 ñì äî 4 ñì. Ìàêñèìàëüíàÿ àìïëèòóäà àêóñòè-
÷åñêîãî äàâëåíèÿ íà àïåðòóðå èçëó÷àòåëåé ñîñòàâëÿëà 1ÌÏà. Ðåãèñòðàöèÿ ïðîôèëÿ àêóñòè÷åñêîé
âîëíû îñóùåñòâëÿëàñü ñ ïîìîùüþ ìåìáðàííîãî ãèäðîôîíà, èìåþùåãî ïðàêòè÷åñêè ðàâíîìåðíóþ
õàðàêòåðèñòèêó ÷óâñòâèòåëüíîñòè â ïîëîñå ÷àñòîò âïëîòü äî 40ÌÃö. Â ðåçóëüòàòå ýêñïåðèìåí-
òîâ óäàëîñü îáíàðóæèòü íåêîòîðûå îñîáåííîñòè äèôðàêöèè èíòåíñèâíûõ àêóñòè÷åñêèõ ïó÷êîâ. Â
÷àñòíîñòè, âáëèçè àêóñòè÷åñêîé îñè èçëó÷àòåëÿ ðåãèñòðèðóþòñÿ ïðîôèëè àêóñòè÷åñêèõ âîëí, èìå-
þùèõ ñïåêòðàëüíóþ õàðàêòåðèñòèêó ñ çàêîíîì ñïàäàíèÿ ãàðìîíèê, ñóùåñòâåííî îòëè÷àþùèìñÿ îò
ñëó÷àÿ áåçãðàíè÷íîãî ïðîñòðàíñòâà. Â ïîïåðå÷íûõ ðàñïðåäåëåíèÿõ àìïëèòóä ãàðìîíèê ñ íîìåðàìè
âûøå 7 íàáëþäàëñÿ äîïîëíèòåëüíûé ýêñòðåìóì, ñâÿçàííûé êàê ñ äèôðàêöèåé îòäåëüíûõ ãàðìîíèê,
òàê è ñ ïðîäîëæàþùåéñÿ íåëèíåéíîé ãåíåðàöèåé êðàòíûõ íàêà÷êå ÷àñòîò.

PACS: 43.25.+y. ÓÄÊ: 534.61.
Êëþ÷åâûå ñëîâà: äèôðàêöèÿ, èíòåíñèâíûå àêóñòè÷åñêèå ïó÷êè, óäàðíûå âîëíû.

ÂÂÅÄÅÍÈÅ

Ðàáîòà ÿâëÿåòñÿ ïðîäîëæåíèåì öèêëà èññëåäîâàíèé,
ñâÿçàííûõ ñ íåëèíåéíûìè ýôôåêòàìè â èíòåíñèâíûõ
àêóñòè÷åñêèõ ïó÷êàõ [1, 2, 3, 4, 5]. Â [1] èññëåäîâàëàñü
òðàíñôîðìàöèÿ ïðîôèëÿ ïèëîîáðàçíîé âîëíû ïîñëå îò-
ðàæåíèÿ îò àêóñòè÷åñêè ìÿãêîé ãðàíèöû. Â [2, 3] ðàñ-
ñìàòðèâàëñÿ âîïðîñ î âçàèìîäåéñòâèè äâóõ÷àñòîòíûõ
êîëëèíåàðíûõ àêóñòè÷åñêèõ ïó÷êîâ. Â [4, 5] èññëåäî-
âàëèñü íåëèíåéíûå ýôôåêòû â èíòåíñèâíûõ øóìîâûõ
àêóñòè÷åñêèõ ïó÷êàõ ìåãàãåðöîâîãî äèàïàçîíà ÷àñòîò.
Â íàñòîÿùåé ðàáîòå èññëåäóþòñÿ îñîáåííîñòè ïðîÿâ-
ëåíèÿ íåëèíåéíûõ ýôôåêòîâ â èíòåíñèâíûõ àêóñòè÷å-
ñêèõ ïó÷êàõ, äèôðàãèðóþùèõ íà êðàþ ýêðàíà.

1. ÎÏÈÑÀÍÈÅ ÝÊÑÏÅÐÈÌÅÍÒÀ

Ýêñïåðèìåíòû ïðîâîäèëèñü íà ýêñïåðèìåíòàëüíîé
óñòàíîâêå, ñîçäàííîé íà áàçå àâòîìàòèçèðîâàííîãî
êîìïëåêñà àêóñòè÷åñêèõ èçìåðåíèé. Ïîäðîáíîå îïèñà-
íèå óñòàíîâêè ïðèâåäåíî â [3].
Â êà÷åñòâå èçëó÷àòåëåé èñïîëüçîâàëèñü àêóñòè÷å-

ñêèå ïðåîáðàçîâàòåëè ôèðìû Olympus ñ ðàáî÷èìè ÷à-
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ñòîòàìè 1 è 2ÌÃö. Ðàçìåðû àïåðòóðû èçëó÷àòåëåé çà-
äàâàëèñü ñ ïîìîùüþ ñïåöèàëüíûõ ïîãëîùàþùèõ ýêðà-
íîâ ñ êðóãëûì îòâåðñòèåì. Õàðàêòåðíûé äèàìåòð àïåð-
òóðû çàäàâàëñÿ òàêèì îáðàçîì, ÷òîáû ïîñëåäíèé äè-
ôðàêöèîííûé ìàêñèìóì ðàñïðåäåëåíèÿ ïîëÿ àêóñòè÷å-
ñêîãî äàâëåíèÿ íàõîäèëñÿ íà ðàññòîÿíèè 200 − 220ìì
îò àïåðòóðû èçëó÷àòåëÿ. Ýêðàí â ôîðìå êëèíà, ïå-
ðåêðûâàþùèé ïîëóïðîñòðàíñòâî, ðàñïîëàãàëñÿ íà ðàñ-
ñòîÿíèè 250ìì îò àïåðòóðû èçëó÷àòåëÿ òàêèì îáðà-
çîì, ÷òîáû àêóñòè÷åñêàÿ îñü Z èçëó÷àòåëÿ êàñàëàñü
âåðøèíû êëèíà. Êëèí èçãîòàâëèâàëñÿ èç òâåðäîãî ïå-
íîïëàñòà, ïîêðûòîãî âîäîíåïðîíèöàåìûì ïîêðûòèåì.
Èçëó÷åíèå ïðîèçâîäèëîñü â èìïóëüñíîì ðåæèìå. Äëè-
òåëüíîñòü èìïóëüñà ñîñòàâëÿëà 5 ïåðèîäîâ íà ðàáî-
÷åé ÷àñòîòå. Õàðàêòåðíîå àêóñòè÷åñêîå äàâëåíèå íà
àïåðòóðå èçëó÷àòåëÿ ñîñòàâëÿëî 1ÌÏà. Äîñòèãàåìûå
â ýêñïåðèìåíòå ÷èñëà Ðåéíîëüäñà îáåñïå÷èâàëè îá-
ðàçîâàíèå ïèëîîáðàçíîãî ïðîôèëÿ âîëíû äî ïîïàäà-
íèÿ ïó÷êà â ýêðàí è èíòåíñèâíûå íåëèíåéíûå âçàèìî-
äåéñòâèÿ â äèôðàãèðóåìîì èíòåíñèâíîì àêóñòè÷åñêîì
ïó÷êå ïîñëå ïðåîäîëåíèÿ ýêðàíà.
Ðåãèñòðàöèÿ àêóñòè÷åñêèõ ñèãíàëîâ ïðîèçâîäèëàñü

ñ ïîìîùüþ ìåìáðàííîãî ãèäðîôîíà ôèðìû Precision
Acoustics - Differential Membrane 0.2mm â ïîëîñå ÷à-
ñòîò äî 100ÌÃö. Ãèäðîôîí èìååò ñåðòèôèêàò êàëèá-
ðîâêè â ïîëîñå ÷àñòîò äî 40ÌÃö. Íåðàâíîìåðíîñòü
õàðàêòåðèñòèêè ÷óâñòâèòåëüíîñòè â ïîëîñå ÷àñòîò äî
40ÌÃö íå ïðåâûøàåò 20%. Ñõåìà ïðîâîäèìûõ èçìå-
ðåíèé ïðèâåäåíà íà ðèñ. 1. Èçìåðåíèÿ ïðîôèëåé äè-
ôðàãèðîâàííûõ âîëí ïðîèçâîäèëèñü ïî ïîïåðå÷íîé êî-
îðäèíàòå Y (ñì. ðèñ. 1) â äèàïàçîíå −30 � +30ìì
íà ðàññòîÿíèÿõ îò ãðåáíÿ ýêðàíà îò 1 äî 180ìì. Òðà-
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Ðèñ. 1: Ñõåìà ïðîâîäèìûõ èçìåðåíèé. 1 � èçëó÷àòåëü, 2 � àêóñòè÷åñêàÿ îñü, 3 � ýêðàí, 4 � ïëîñêîñòü ïðîâîäèìûõ
èçìåðåíèé.
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Ðèñ. 2: Îñöèëëîãðàììû è àìïëèòóäíûå ñïåêòðû çàðåãèñòðèðîâàííûõ â ýêñïåðèìåíòå ñèãíàëîâ íà ïîïåðå÷íîì îòðåçêå j.
Ïðåðûâèñòîé ëèíèåé íà ðèñóíêå äëÿ íàãëÿäíîñòè ïðèâåäåíî ðàñïðåäåëåíèå ãàðìîíèê ñèãíàëà âèäà 1/N

åêòîðèè ïåðåìåùåíèÿ ïðèåìíèêà îáîçíà÷åíû íà ðèñ. 1
ëàòèíñêèìè áóêâàìè a−k. Äëèíà êàæäîãî îòðåçêà ñî-
ñòàâëÿëà 60ìì. Èçìåðåíèÿ ïðîâîäèëèñü ñ øàãîì ïî
ïîïåðå÷íîé êîîðäèíàòå 0.2 ìì. Äëÿ óìåíüøåíèÿ âëèÿ-
íèÿ øóìîâûõ ïîìåõ â êàæäîé òî÷êå èçìåðåíèÿ çàïè-
ñûâàëîñü îò 10 äî 100 ðåàëèçàöèé ïðèíÿòîãî ñèãíàëà.

2. ÐÅÇÓËÜÒÀÒÛ ÝÊÑÏÅÐÈÌÅÍÒÀ

Íà ðèñ. 2 ïðèâåäåíû îñöèëëîãðàììû è àìïëèòóäíûå
ñïåêòðû ñèãíàëîâ, çàðåãèñòðèðîâàííûõ íà ïîïåðå÷íîì
îòðåçêå f (ñì. ðèñ. 1), ðàñïîëîæåííîì íà ðàññòîÿíèè

20ìì îò îñòðèÿ êëèíà. Îñöèëëîãðàììû ïðèâåäåíû
â ìÂ, à àìïëèòóäíûå ñïåêòðû èçîáðàæåíû â äâîéíîì
ëîãàðèôìè÷åñêîì ìàñøòàáå.
Îñöèëëîãðàììà 1 çàðåãèñòðèðîâàíà âûøå îñòðèÿ

êëèíà íà 6ìì (Y = 6ìì), îñöèëëîãðàììà 2 ïðè
Y = 1ìì, îñöèëëîãðàììà 3 ðåãèñòðèðîâàëàñü íà àêó-
ñòè÷åñêîé îñè Z ïðè Y = 0ìì, îñöèëëîãðàììà 4 ðåãè-
ñòðèðîâàëàñü íèæå àêóñòè÷åñêîé îñè ïðè Y = −2ìì.
Ïðè ïðîõîæäåíèè àêóñòè÷åñêîãî ïó÷êà ñ ïèëîîáðàç-

íûì ïðîôèëåì âîëíû ÷åðåç ýêðàí, çàêðûâàþùèé ïîëî-
âèíó ïëîùàäè âîëíîâîãî ôðîíòà ïàäàþùåãî àêóñòè÷å-
ñêîãî ïó÷êà, ïðîèñõîäèò ñìåùåíèè îñè ïó÷êà â ñòîðîíó
îò ïîëóýêðàíà ïî ïîïåðå÷íîé êîîðäèíàòå, êàê è â ñëó-
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Ðèñ. 3: Ðàñïðåäåëåíèÿ àìïëèòóä ãàðìîíèê N = 1, 5, 8, 17 çàðåãèñòðèðîâàííîãî àêóñòè÷åñêîãî ñèãíàëà â îáëàñòè ïðîâîäèìûõ
èçìåðåíèé. Îñü Z′ ñîâïàäàåò ñ àêóñòè÷åñêîé îñüþ Z, è èìååò íà÷àëî êîîðäèíàò íà ãðåáíå ýêðàíà

÷àå îäíî÷àñòîòíîãî ïó÷êà. Îäíàêî èç-çà íàëè÷èÿ øè-
ðîêîãî ñïåêòðà ãàðìîíèê ýíåðãåòè÷åñêèå êîìïîíåíòû
àêóñòè÷åñêîãî ïó÷êà, ñâÿçàííûå ñ ãàðìîíèêàìè, èìåþ-
ùèìè íîìåðà âûøå ïåðâîãî, ñëàáåå îòêëîíÿþòñÿ ââåðõ
îò ýêðàíà. Äàííîå ÿâëåíèå ñâÿçàíî ñ òåì, ÷òî âûñîêî-
÷àñòîòíûå ñèãíàëû ìåíåå ïîäâåðæåíû äèôðàêöèè, ÷åì
âûñîêî÷àñòîòíûå. Îäíèì èç ïðîÿâëåíèé äàííîãî ýô-
ôåêòà ÿâëÿåòñÿ ïîÿâëåíèå îòëè÷àþùåãîñÿ îò 1/N çàêî-
íà ñïàäàíèÿ ãàðìîíèê â ñïåêòðå ðåãèñòðèðóåìîãî ñèã-
íàëà, ïðîøåäøåãî ÷åðåç ýêðàí. Íàïðèìåð, èç ðèñ. 2, 3)
âèäíî, ÷òî íà àêóñòè÷åñêîé îñè èçëó÷àòåëÿ â ñïåêòðå
ðåãèñòðèðóåìîãî ñèãíàëà âûñîêî÷àñòîòíûå ãàðìîíèêè
èìåþò áîëåå âûñîêèå àìïëèòóäû, ÷åì åñëè áû âûïîë-
íÿëîñü ðàñïðåäåëåíèå âèäà 1/N .
Íà ðèñ. 3 èçîáðàæåíû ðàñïðåäåëåíèÿ àìïëèòóä ãàð-

ìîíèê N = 1, 5, 8, 17 çàðåãèñòðèðîâàííîãî àêóñòè-
÷åñêîãî ñèãíàëà â îáëàñòè ïðîâîäèìûõ èçìåðåíèé.
Îñü Z ′ íà ðèñóíêå ñîâïàäàåò ñ àêóñòè÷åñêîé îñüþ Z
è èìååò íà÷àëî êîîðäèíàò â ìåñòå êàñàíèÿ ñ êëèíîì.
Íà ðèñ. 3 ïîïåðå÷íûå îòðåçêè îáîçíà÷åíû ëàòèíñêèìè
áóêâàìè g − k òàê æå, êàê ýòî áûëî ñäåëàíî íà ðèñ. 1.
Èç ðèñ. 3 âèäíà åùå îäíà îñîáåííîñòü äèôðàêöèè

èíòåíñèâíûõ àêóñòè÷åñêèõ ïó÷êîâ íà êðàþ ýêðàíà. Íà

ðàññòîÿíèÿõ îò ýêðàíà áîëåå 100ìì ïîïåðå÷íûå ðàñ-
ïðåäåëåíèÿ ãàðìîíèê ñèãíàëà ñ íîìåðàìè âûøå 5 − 7
èìåþò äâà âûðàæåííûõ ýêñòðåìóìà. Ïåðâûé ýêñòðå-
ìóì ñâÿçàí ñ ïðîäîëæåíèåì íåëèíåéíîé ãåíåðàöèè
ïåðâîé ãàðìîíèêîé è ðàñïîëîæåí äàëüøå îò ýêðàíà ïî
ïîïåðå÷íîé êîîðäèíàòå. Âòîðîé ýêñòðåìóì ïðîÿâëÿåò-
ñÿ èç-çà ðàçíîé ñòåïåíè ïðîÿâëåíèÿ äèôðàêöèè âûñî-
êî÷àñòîòíûõ ãàðìîíèê è ðàñïîëîæåí áëèæå ê àêóñòè-
÷åñêîé îñè èçëó÷àòåëÿ.

ÇÀÊËÞ×ÅÍÈÅ

Ïðèâåäåííûå â ðàáîòå ðåçóëüòàòû ýêñïåðèìåíòîâ,
äåìîíñòðèðóþùèå íåêîòîðûå îñîáåííîñòè ïðîÿâëåíèÿ
íåëèíåéíûõ ýôôåêòîâ â èíòåíñèâíûõ àêóñòè÷åñêèõ
ïó÷êàõ, äèôðàãèðóþùèõ íà êðàþ ýêðàíà, ìîãóò áûòü
èñïîëüçîâàíû äëÿ ñîâåðøåíñòâîâàíèÿ òåõíè÷åñêèõ ïà-
ðàìåòðîâ ìåäèöèíñêîãî èëè ïðîìûøëåííîãî îáîðóäî-
âàíèÿ, ðàáîòà êîòîðûõ îñíîâàíà íà ïðèìåíåíèè èíòåí-
ñèâíûõ óëüòðàçâóêîâûõ âîëí.
Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàíòà ÐÍÔ, ïðî-

åêò �19-12-00-256.
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Experimental study of diffraction of shock acoustic waves at the edge of the screen
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The paper presents the results of an experimental study of the diffraction of shock acoustic waves at the edge of the screen.
Laboratory experiments were carried out in degassed distilled water under normal climatic conditions at a facility that provided
positioning of the receiving-emitting system in three linear coordinates with an accuracy of no worse than 6mkm. Piston trans-
ducers with operating frequencies of 1 and 2MHz, with various diameters of apertures from 1 cm to 4 cm were used as emitters.
The maximum amplitude of acoustic pressure at the aperture of the emitters was 1MPa. The acoustic wave profile was recorded
using a membrane hydrophone with an almost uniform sensitivity characteristic in the frequency band up to 40MHz. As a result
of the experiments, some features of the diffraction of intense acoustic beams were discovered. In particular, profiles of acoustic
waves having a spectral characteristic with the law of harmonic decay substantially different from the case of unlimited space
are recorded near the acoustic axis of the emitter. An additional extremum was observed in the transverse distributions of the
amplitudes of harmonics with numbers higher than 7, related both to the diffraction of individual harmonics and to the ongoing
nonlinear generation of multiple harmonics pump frequencies.
PACS: 43.25.+y
Keywords: diffraction, intense acoustic beams, shock waves.
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