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×Łæºåííî Łçó÷åíß ðàçºŁ÷íßå ðåæŁìß ªåíåðàöŁŁ Ł ðàæïðîæòðàíåíŁÿ Łìïóºüæíßı æŁªíàºîâ â ôîòîííî-
ŒðŁæòàººŁ÷åæŒŁı ìŁŒðîðåçîíàòîðàı æ íîðìàºüíîØ äŁæïåðæŁåØ ªðóïïîâßı æŒîðîæòåØ. —àææìàòðŁâàåìàÿ
ôîòîííî-ŒðŁæòàººŁ÷åæŒàÿ æòðóŒòóðà, ðåàºŁçóþøàÿ æïåŒòðàºüíîå ðàæøåïºåíŁå îïðåäåºåííßı ìîä
ìŁŒðîðåçîíàòîðà, ïîçâîºÿåò ýôôåŒòŁâíî óïðàâºÿòü åªî äŁæïåðæŁîííßìŁ æâîØæòâàìŁ, îÆåæïå÷Łâàÿ
ýôôåŒòŁâíîå âßïîºíåíŁå óæºîâŁØ ôàçîâîªî æŁíıðîíŁçìà äºÿ ïðîöåææà ªåíåðàöŁŁ îïòŁ÷åæŒîØ ÷àæòîòíîØ
ªðåÆåíŒŁ. ´ ðàÆîòå ïîŒàçàíî, ÷òî åæºŁ îæóøåæòâºÿåòæÿ íàŒà÷Œà ðàæøåïºåííîØ ìîäß, òî âîçìîæíà íå
òîºüŒî ýôôåŒòŁâíàÿ ªåíåðàöŁÿ æîºŁòîííîªî Łìïóºüæà æ ïðÿìîóªîºüíßì ïðîôŁºåì (ïºàòŁŒîíà), íî
Ł ŒîíòðîºŁðóåìîå óïðàâºåíŁå íàïðàâºåíŁåì åªî ðàæïðîæòðàíåíŁÿ. ¨çìåíÿÿ ÷àæòîòó íàŒà÷ŒŁ, ìîæíî
îÆðàòŁìî ïåðåŒºþ÷àòüæÿ ìåæäó ðåæŁìàìŁ æ ïºàòŁŒîíîì â ïðÿìîØ ºŁÆî â îÆðàòíîØ âîºíå. ˛ïðåäåºåí
äŁàïàçîí ïàðàìåòðîâ äºÿ íàÆºþäåíŁÿ äàííîªî ýôôåŒòà: ÷åì Æîºüłå âåºŁ÷Łíà àìïºŁòóäß íàŒà÷ŒŁ,
òåì Æîºüłå äîºæíî Æßòü çíà÷åíŁå âåºŁ÷Łíß ðàæøåïºåíŁÿ ìîäß. ˇðŁ äîæòàòî÷íî ÆîºüłŁı çíà÷åíŁÿı
àìïºŁòóäß íàŒà÷ŒŁ ðåçóºüòàò ïðîöåææà æòàíîâŁòæÿ íå äåòåðìŁíŁðîâàííßì, à âåðîÿòíîæòíßì, çàâŁæÿ-
øŁì îò íà÷àºüíßı óæºîâŁØ. ÒàŒæå ïîŒàçàíî, ÷òî åæºŁ îæóøåæòâºÿòü íàŒà÷Œó íå ðàæøåïºåííîØ ìîäß,
à æîæåäíŁı æ íåØ ìîä, òî ìîæíî âîçÆóäŁòü ŁºŁ îäŁíî÷íßØ łŁðîŒŁØ Łìïóºüæ òðåóªîºüíîØ ôîðìß, ŁºŁ
ïåðŁîäŁ÷åæŒóþ ïîæºåäîâàòåºüíîæòü òàŒŁı Łìïóºüæîâ â çàâŁæŁìîæòŁ îò æïåŒòðàºüíîªî Łíòåðâàºà ìåæäó
íàŒà÷ŁâàåìîØ Ł ðàæøåïºåííîØ ìîäàìŁ. ˇðåŁìóøåæòâîì äàííîªî ïîäıîäà ÿâºÿåòæÿ òî, ÷òî ýòîò ïðîöåææ
Æóäåò Łìåòü íŁçŒŁØ ïîðîª ïî ìîøíîæòŁ íàŒà÷ŒŁ Ł âßæîŒóþ ýôôåŒòŁâíîæòü ïðåîÆðàçîâàíŁÿ íàŒà÷ŒŁ â
îïòŁ÷åæŒóþ ÷àæòîòíóþ ªðåÆåíŒó. ¨ææºåäîâàíß æâîØæòâà ªåíåðŁðóåìßı æŁªíàºîâ òðåóªîºüíîØ ôîðìß Ł
óæºîâŁÿ Łı âîçÆóæäåíŁÿ.
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´ ïîæºåäíŁå ªîäß âßæîŒîäîÆðîòíßå îïòŁ-
÷åæŒŁå ìŁŒðîðåçîíàòîðß æòàíîâÿòæÿ âæå Æîºåå
ïðŁâºåŒàòåºüíîØ ïºàòôîðìîØ äºÿ ðåàºŁçàöŁŁ
Ł Łçó÷åíŁÿ ðàçºŁ÷íßı íåºŁíåØíßı îïòŁ÷åæŒŁı
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ïðîöåææîâ [1�3], âŒºþ÷àÿ ªåíåðàöŁþ äŁææŁïàòŁâ-
íßı æîºŁòîíîâ â ìŁŒðîðåçîíàòîðàı æ ŒåððîâæŒîØ
íåºŁíåØíîæòüþ [4�6]. ÒàŒîªî òŁïà æŁªíàºß ÆßºŁ
ïîºó÷åíß ŒàŒ â îÆœåìíßı, òàŒ Ł â Łíòåªðàºüíßı
ìŁŒðîðåçîíàòîðàı [4�9]. ˛íŁ íàıîäÿò æâîå ïðŁìåíå-
íŁå â æàìßı ðàçíßı îÆºàæòÿı íàóŒŁ Ł òåıíîºîªŁØ:
îò îïòŁ÷åæŒŁı ÷àæîâ, ºŁäàðîâ Ł æîâðåìåííßı òå-
ºåŒîììóíŁŒàöŁîííßı æŁæòåì äî àæòðîôŁçŁ÷åæŒŁı
ŁææºåäîâàíŁØ Ł ïðî÷. [5, 10�15]. ÑòîŁò îòìåòŁòü,
÷òî â ðÿäå æºó÷àåâ ýôôåŒòŁâíàÿ ðåàºŁçàöŁÿ òàŒŁı
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íåºŁíåØíßı ïðîöåææîâ çàòðóäíåíà, òàŒ ŒàŒ Æßâàåò
äîâîºüíî æºîæíî âßïîºíŁòü óæºîâŁÿ ôàçîâîªî
æŁíıðîíŁçìà, íàïðŁìåð, äºÿ æºó÷àÿ æòðóŒòóð
æ íîðìàºüíîØ äŁæïåðæŁåØ ªðóïïîâßı æŒîðîæòåØ
(˜ˆÑ) [16�18]. ˜ºÿ ýòîªî Łæïîºüçóþòæÿ ðàçºŁ÷íßå
ìåòîäß óïðàâºåíŁÿ äŁæïåðæŁîííßìŁ ıàðàŒòåðŁ-
æòŁŒàìŁ ìŁŒðîðåçîíàòîðíßı æŁæòåì (dispersion
engineering) [19, 20], â òîì ÷Łæºå îæíîâàííßå íà
ŁæïîºüçîâàíŁŁ æäâŁªà îïðåäåºåííßı ìîä [21�25],
íàïðŁìåð, â æŁæòåìàı æâÿçàííßı ìŁŒðîðåçîíàòîðîâ
ŁºŁ â ôîòîííßı ìîºåŒóºàı [26�32].

˝åäàâíî çíà÷ŁòåºüíßØ ïðîªðåææ Æßº äîæòŁªíóò
â ŁçªîòîâºåíŁŁ íàíîæòðóŒòóðŁðîâàííßı ìŁŒðîðå-
çîíàòîðîâ [33�48]. `ßºî ïîŒàçàíî, ÷òî ïåðŁîäŁ÷å-
æŒàÿ ìîäóºÿöŁÿ ïàðàìåòðîâ ìŁŒðîŒîºüöà ïîçâîºÿ-
åò æîçäàâàòü çàïðåøåííóþ çîíó äºÿ îòäåºüíîØ ìî-
äß, ïðŁâîäÿ Œ ýôôåŒòó ðàæøåïºåíŁÿ ìîäß Ł ýô-
ôåŒòŁâíîìó åå æäâŁªó ïî ÷àæòîòå. ÒàŒŁå ôîòîííî-
ŒðŁæòàººŁ÷åæŒŁå ìŁŒðîðåçîíàòîðß ïðåäîæòàâºÿþò
óíŁŒàºüíßå âîçìîæíîæòŁ äºÿ íåºŁíåØíîØ îïòŁŒŁ Ł
ôîòîíŁŒŁ. ˝àïðŁìåð, â íŁı ÆßºŁ ïîŒàçàíß ýôôåŒ-
òŁâíàÿ ªåíåðàöŁÿ æîºŁòîííßı ªðåÆåíîŒ (ŁºŁ ìŁŒðî-
ªðåÆåíîŒ) ïðŁ ðàçºŁ÷íßı ðåæŁìàı ðàÆîòß ºàçåðà
íàŒà÷ŒŁ [35, 36, 45], âîçÆóæäåíŁå ŒîíòŁíóóìà æâåò-
ºßı Ł òåìíßı Łìïóºüæîâ [37] Ł óæŁºåíŁå îïòŁ÷å-
æŒŁı ïàðàìåòðŁ÷åæŒŁı îæöŁººÿöŁØ [39�41]. ˇîìŁ-
ìî ýòîªî, äºÿ ìŁŒðîðåçîíàòîðîâ æ íîðìàºüíîØ ˜ˆÑ
ÆßºŁ ïðîäåìîíæòðŁðîâàíß ýôôåŒòŁâíàÿ ªåíåðàöŁÿ
ïºàòŁŒîíîâ [36, 46, 47] Ł îïòŁ÷åæŒŁå ïàðàìåòðŁ÷å-
æŒŁå îæöŁººÿöŁŁ [48]. å̂íåðàöŁÿ ïºàòŁŒîíîâ îÆß÷íî
ðàææìàòðŁâàåòæÿ ŒàŒ Æîºåå ýôôåŒòŁâíßØ ïðîöåææ æ
òî÷ŒŁ çðåíŁÿ ýôôåŒòŁâíîæòŁ ïðåîÆðàçîâàíŁÿ ýíåð-
ªŁŁ íàŒà÷ŒŁ â ìîøíîæòü ªåíåðŁðóåìßı æïåŒòðàºü-
íßı Œîìïîíåíò, ÷åì ªåíåðàöŁÿ æâåòºßı æîºŁòîíîâ
[28, 49]. `îºåå òîªî, ïºàòŁŒîíß, ŒàŒ Æßºî íåäàâ-
íî ïîŒàçàíî, Łìåþò ïðåŁìóøåæòâî ïî æðàâíåíŁþ
æî æâåòºßìŁ æîºŁòîíàìŁ æ òî÷ŒŁ çðåíŁÿ ŒâàíòîâîØ
ŒîªåðåíòíîæòŁ [50].

´ íàłåØ ðàÆîòå ìß ðàææìîòðåºŁ ðàçºŁ÷íßå ðå-
æŁìß ªåíåðàöŁŁ Łìïóºüæíßı æŁªíàºîâ â ôîòîííî-
ŒðŁæòàººŁ÷åæŒŁı ìŁŒðîðåçîíàòîðàı æ íîðìàºüíîØ
˜ˆÑ. ´ ïåðâóþ î÷åðåäü Łçó÷àºàæü ªåíåðàöŁÿ òåì-
íßı æîºŁòîíîâ ŁºŁ ïºàòŁŒîíîâ. —àíåå Æßºî ïîŒà-
çàíî, ÷òî â ôîòîííî-ŒðŁæòàººŁ÷åæŒŁı ìŁŒðîðåçîíà-
òîðàı ªåíåðàöŁÿ ïºàòŁŒîíîâ âîçìîæíà ïðŁ íàŒà÷Œå
ðàæøåïºåííîØ ìîäß Ł, â îæíîâíîì, â îÆðàòíîØ âîºíå
[36,46,47]. ´ íàłåØ ðàÆîòå ìß ïîŒàçßâàåì, ÷òî ªåíå-
ðàöŁÿ ïºàòŁŒîíîâ òàŒæå âîçìîæíà â ïðÿìîØ âîºíå.
`îºåå òîªî, ìß îÆíàðóæŁºŁ, ÷òî ïðŁ ŁçìåíåíŁŁ ÷àæ-
òîòß íàŒà÷ŒŁ âîçìîæíî óïðàâºÿåìîå îÆðàòŁìîå ïå-
ðåŒºþ÷åíŁå ìåæäó äâóìÿ ðåæŁìàìŁ (ïºàòŁŒîí â
ïðÿìîØ Ł ïºàòŁŒîí â îÆðàòíîØ âîºíå), ò. å. ìîæíî

Łçìåíÿòü íàïðàâºåíŁå ðàæïðîæòðàíåíŁÿ ïºàòŁŒîíà
â ìŁŒðîðåçîíàòîðå. ´ ðàÆîòå îïðåäåºåí äŁàïàçîí
ïàðàìåòðîâ, â Œîòîðîì âîçìîæíî îæóøåæòâŁòü ïå-
ðåŒºþ÷åíŁå ðåæŁìîâ: óæòàíîâºåíî, ÷òî ÷åì Æîºüłå
ìîøíîæòü íàŒà÷ŒŁ, òåì Æîºüłå äîºæíà Æßòü âåºŁ-
÷Łíà ðàæøåïºåíŁÿ ìîä. ˇðŁ åøå ÆîºüłŁı çíà÷åíŁ-
ÿı àìïºŁòóäß íàŒà÷ŒŁ ïðîŁæıîäŁò ïåðåŒºþ÷åíŁå Łç
ÆðŁçåðíîªî æîæòîÿíŁÿ â îÆðàòíîØ âîºíå â ïºàòŁŒîí â
ïðÿìîØ âîºíå. ˇðŁ äîæòàòî÷íî ÆîºüłŁı àìïºŁòóäàı
íàŒà÷ŒŁ ðåçóºüòàò äàííîªî ïðîöåææà ïåðåæòàåò Æßòü
äåòåðìŁíŁðîâàííßì Ł ïðŁîÆðåòàåò âåðîÿòíîæòíßØ
ıàðàŒòåð.

ÒàŒæå ïîŒàçàíî, ÷òî åæºŁ îæóøåæòâºÿòü íàŒà÷-
Œó íå ðàæøåïºåííîØ ìîäß, à æîæåäíŁı æ íåØ ìîä,
òî ìîæíî âîçÆóäŁòü ŁºŁ îäŁíî÷íßØ łŁðîŒŁØ Łì-
ïóºüæ òðåóªîºüíîØ ôîðìß, ŁºŁ ïåðŁîäŁ÷åæŒóþ ïî-
æºåäîâàòåºüíîæòü òàŒŁı Łìïóºüæîâ â çàâŁæŁìîæòŁ
îò æïåŒòðàºüíîªî Łíòåðâàºà ìåæäó íàŒà÷ŁâàåìîØ
Ł ðàæøåïºåííîØ ìîäàìŁ. ÒàŒŁå Łìïóºüæß ðàæïðî-
æòðàíÿþòæÿ â ìŁŒðîðåçîíàòîðå Æåç ŁæŒàæåíŁÿ ôîð-
ìß, íî æ íåŒîòîðßì äðåØôîì. ´ ðàÆîòå Łææºåäîâàíß
æâîØæòâà ªåíåðŁðóåìßı æŁªíàºîâ òðåóªîºüíîØ ôîð-
ìß Ł óæºîâŁÿ Łı âîçÆóæäåíŁÿ. ´åºŁ÷Łíà ðàæøåïºå-
íŁÿ, íåîÆıîäŁìàÿ äºÿ ªåíåðàöŁŁ, âîçðàæòàåò æ óâå-
ºŁ÷åíŁåì Łíòåðâàºà ìåæäó ðàæøåïºåííîØ Ł íàŒà-
÷ŁâàåìîØ ìîäàìŁ, àìïºŁòóäß íàŒà÷ŒŁ Ł âåºŁ÷Łíß
˜ˆÑ. ÑòîŁò îòìåòŁòü, ÷òî ðàíåå ïîäîÆíßå Łìïóºü-
æß, íàçßâàåìßå ŒîªåðåíòíßìŁ ŁìïóºüæàìŁ æ îªðà-
íŁ÷åííßì æïåŒòðîì, íàÆºþäàºŁæü â ìŁŒðîðåçîíàòî-
ðàı æ íîðìàºüíîØ äŁæïåðæŁåØ, íàŒà÷Łâàåìßı âÆºŁçŁ
òî÷ŒŁ ïåðåæå÷åíŁÿ ìîä [23, 51], íàïðŁìåð, â æŁæòå-
ìå äâóı æâÿçàííßı ìŁŒðîðåçîíàòîðîâ [27]. ˇðåŁìó-
øåæòâîì ïðåäºîæåííîªî íàìŁ ïîäıîäà ÿâºÿåòæÿ òî,
÷òî ýòîò ïðîöåææ Æóäåò Łìåòü Æîºåå íŁçŒŁØ ïîðîª ïî
ìîøíîæòŁ íàŒà÷ŒŁ, ÷åì ïðîöåææ ªåíåðàöŁŁ ïºàòŁŒî-
íîâ, Ł Æîºåå âßæîŒóþ ýôôåŒòŁâíîæòü ïðåîÆðàçîâà-
íŁÿ íàŒà÷ŒŁ â îïòŁ÷åæŒóþ ÷àæòîòíóþ ªðåÆåíŒó. ˚
òîìó æå æòàíîâÿòæÿ ìåíåå æåæòŒŁìŁ òðåÆîâàíŁÿ Œ
òî÷íîæòŁ çàäàíŁÿ ÷àæòîòß íàŒà÷ŒŁ, ÷åì ïðŁ ªåíåðà-
öŁŁ ïºàòŁŒîíà, Œîªäà íàŒà÷Łâàòüæÿ äîºæíà òîºüŒî
íŁçŒî÷àæòîòíàÿ âåòâü ðàæøåïºåííîªî ðåçîíàíæà.

´ßÿâºåííßå ðåæŁìß ðàæłŁðÿþò âîçìîæ-
íîæòŁ ïðàŒòŁ÷åæŒîªî ïðŁìåíåíŁÿ ôîòîííî-
ŒðŁæòàººŁ÷åæŒŁı ìŁŒðîðåçîíàòîðîâ Ł îòŒðßâàþò
íîâßå ïóòŁ äºÿ îÆðàÆîòŒŁ æŁªíàºîâ â íŁı.

2. Ì˛˜¯¸Ü

´ íàłåØ ðàÆîòå ìß Łæïîºüçóåì ìîäåºü, ðàíåå
ðàçâŁòóþ â ðàÆîòàı [52, 53], ó÷Łòßâàþøóþ ºŁíåØ-
íóþ æâÿçü ìåæäó ïðÿìîØ Ł îÆðàòíîØ âîºíàìŁ, ÷à-

167
3*



´. ¯. ¸îÆàíîâ, ˛. ´. `îðîâŒîâà, ˜. À. ×åðìîłåíöåâ ˘ÝÒÔ/JETP, òîì 169, âßï. 2, 2026

æòîòíóþ çàâŁæŁìîæòü âåºŁ÷Łíß ýòîØ æâÿçŁ, à òàŒæå
íåºŁíåØíîå Œðîææ-âîçäåØæòâŁå:

@ 1

@�
= i

d2

2
@2 1

@’2 � [1 + i�] 1+

+i
X

�

��a2� exp(i�’)+i
�
j 1j2+2

U2

2�

�
 1+F;

@ 2

@�
= i

d2

2
@2 2

@’2 � [1 + i�] 2+

+ i
X

�

��a1� exp(�i�’)+i
�
j 2j2+2

U1

2�

�
 2:

(1)

˙äåæü  1 Ł  2 � ìåäºåííî ìåíÿþøŁåæÿ îªŁÆà-
þøŁå æîîòâåòæòâåííî ïðÿìîØ Ł îÆðàòíîØ âîºí
â ìŁŒðîðåçîíàòîðå,

 1(’)=
X

�

a1� exp(i�’);  2(’)=
X

�

a2� exp(�i�’);

ªäå a1�;2� � àìïºŁòóäß �-ı ïðÿìîØ Ł îÆðàòíîØ
ìîä, � = �t=2 îÆîçíà÷àåò íîðìŁðîâàííîå âðåìÿ,
� = !0=Q � ïîºíßØ ŒîýôôŁöŁåíò ïîòåðü â ðåçî-
íàòîðå (łŁðŁíà ºŁíŁŁ íàªðóæåííîªî ìŁŒðîðåçîíà-
òîðà), Q � íàªðóæåííàÿ äîÆðîòíîæòü, !0 � ÷àæ-
òîòà íàŒà÷ŁâàåìîØ ìîäß, ’ 2 [��;�] � àçŁìó-
òàºüíßØ óªîº â æŁæòåìå ŒîîðäŁíàò, âðàøàþøåØæÿ
æ óªºîâîØ ÷àæòîòîØ, ðàâíîØ ìåæìîäîâîìó ðàææòîÿ-
íŁþ D1 ìŁŒðîðåçîíàòîðà, d2 = 2D2=� � ŒîýôôŁ-
öŁåíò ˜ˆÑ, ïîºîæŁòåºüíßØ äºÿ àíîìàºüíîØ äŁæ-
ïåðæŁŁ Ł îòðŁöàòåºüíßØ äºÿ íîðìàºüíîØ äŁæïåð-
æŁŁ (æîÆæòâåííßå ÷àæòîòß ìŁŒðîðåçîíàòîðà îïðåäå-
ºÿþòæÿ âßðàæåíŁåì !� = !0 + D1� + 1

2D2�2, ªäå
� � íîìåð ìîäß, îòæ÷ŁòßâàåìßØ îò íàŒà÷ŁâàåìîØ
ìîäß), � = 2(!0 � !p)=� � íîðìŁðîâàííàÿ îòæòðîØ-
Œà ÷àæòîòß íàŒà÷ŒŁ !p îò ÷àæòîòß ðåçîíàíæà íàŒà-
÷ŁâàåìîØ ìîäß, íîðìŁðîâàííàÿ àìïºŁòóäà íàŒà÷-
ŒŁ F =

p
8!pcn2�Pin=�2n2Veff , ªäå n � ïîŒàçàòåºü

ïðåºîìºåíŁÿ íà ÷àæòîòå íàŒà÷ŁâàåìîØ ìîäß ìŁŒðî-
ðåçîíàòîðà, c� æŒîðîæòü æâåòà â âàŒóóìå, Veff � ýô-
ôåŒòŁâíßØ îÆœåì ìîäß, n2 � íåºŁíåØíßØ ïîŒàçà-
òåºü ïðåºîìºåíŁÿ, � � ŒîýôôŁöŁåíò æâÿçŁ (� = 1=2
â ðåæŁìå ŒðŁòŁ÷åæŒîØ æâÿçŁ, � ! 1 â ðåæŁìå ïåðå-
ªðóæåííîØ æâÿçŁ), Pin � âıîäíàÿ ìîøíîæòü íàŒà÷-
ŒŁ, U1(2) =

R
j 1(2)j2d’ � ìîøíîæòü ïðÿìîØ (îÆðàò-

íîØ) âîºíß. ˝àŒîíåö, �� � íîðìŁðîâàííßØ ŒîýôôŁ-
öŁåíò îÆðàòíîªî ðàææåÿíŁÿ �-Ø ìîäß, ðàâíßØ îòíî-
łåíŁþ âåºŁ÷Łíß ºŁíåØíîªî ðàæøåïºåíŁÿ �-Ø ìîäß
Œ łŁðŁíå ºŁíŁŁ � íàªðóæåííîªî ìŁŒðîðåçîíàòîðà.

´ íàíîæòðóŒòóðŁðîâàííßı ìŁŒðîŒîºüöåâßı ðå-
çîíàòîðàı łŁðŁíà Œîºüöà ìîæåò Æßòü ïðîìîäóºŁ-
ðîâàíà æ ïåðŁîäŁ÷íîæòüþ �R=m, ªäå R � ðàäŁóæ

Œîºüöà, à m � àçŁìóòàºüíîå ÷Łæºî ìîäß, äºÿ Œî-
òîðîØ æîçäàåòæÿ çàïðåøåííàÿ çîíà. ¨íäóöŁðîâàí-
íàÿ çàïðåøåííàÿ çîíà ïðŁâîäŁò Œ ðàæøåïºåíŁþ ìî-
äß Ł ïîçâîºÿåò ŒîíòðîºŁðîâàòü âåºŁ÷Łíó ðàæøåï-
ºåíŁÿ �, âàðüŁðóÿ ªºóÆŁíó ìîäóºÿöŁŁ. ˝Łæå Æóäóò
ðàææìîòðåíß äâà ðàçºŁ÷íßı ðåæŁìà, Œîªäà íàŒà÷Œà
îæóøåæòâºÿåòæÿ â ðàæøåïºåííóþ Ł íåðàæøåïºåííóþ
ìîäß ìŁŒðîðåçîíàòîðà.

ÓðàâíåíŁÿ (1) ðåłàºŁæü ÷Łæºåííî ïðŁ ïîìîøŁ
ìåòîäà ðàæøåïºåíŁÿ â æïåŒòðàºüíîØ îÆºàæòŁ æ ïå-
ðŁîäŁ÷åæŒŁìŁ ªðàíŁ÷íßìŁ óæºîâŁÿìŁ Ł æ ó÷åòîì
íåîäíîðîäíîØ ºŁíåØíîØ æâÿçŁ ìåæäó ìîäàìŁ. `ß-
ºà âßÆðàíà ïðîæòðàíæòâåííàÿ æåòŒà æ 1024 óçºàìŁ.
`ßºî ïðîâåðåíî, ÷òî äàºüíåØłåå óâåºŁ÷åíŁå ÷Łæºà
óçºîâ æåòŒŁ íå âºŁÿåò íà ïîºó÷àåìßå ðåçóºüòàòß.

Ìß ŁææºåäîâàºŁ æºó÷àØ íîðìàºüíîØ ˜Ñˆ
(d2 < 0) Ł ïðîàíàºŁçŁðîâàºŁ íåºŁíåØíóþ äŁíàìŁŒó
ïîºó÷åííßı ðåłåíŁØ ïðŁ ºŁíåØíîØ ïî âðåìåíŁ
ïåðåæòðîØŒå ÷àæòîòß íàŒà÷ŒŁ �(�) = �(0) + ��
äºÿ ðàçºŁ÷íßı çíà÷åíŁØ àìïºŁòóäß íàŒà÷ŒŁ Ł
âåºŁ÷Łíß ŒîýôôŁöŁåíòà ðàæøåïºåíŁÿ ìîä �. `åç-
ðàçìåðíàÿ æŒîðîæòü � æŒàíŁðîâàíŁÿ ÷àæòîòß Æßºà
âßÆðàíà äîæòàòî÷íî ìàºîØ (� = 0:0005), ÷òîÆß
ïðîÿâŁºŁæü âæå âîçìîæíßå ýôôåŒòß, æâÿçàííßå æ
ïåðåæòðîØŒîØ ÷àæòîòß.

3. —¯˘¨Ì ˆ¯˝¯—ÀÖ¨¨ ˇ¸ÀÒ¨˚˛˝˛´
ˇ—¨ ˝À˚À×˚¯ —ÀÑÙ¯ˇ¸¯˝˝˛É Ì˛˜Û

Ì¨˚—˛—¯˙˛˝ÀÒ˛—À

Ìß ðàææìàòðŁâàåì æºó÷àØ ôîòîííî-
ŒðŁæòàººŁ÷åæŒîªî ìŁŒðîðåçîíàòîðà, ó Œîòîðîªî
ŒîýôôŁöŁåíò ðàæøåïºåíŁÿ îòºŁ÷àåòæÿ äºÿ ðàçíßı
ìîä: �� = � äºÿ íàŒà÷ŁâàåìîØ ìîäß (� = 0) Ł
�� = �0 � � äºÿ äðóªŁı ìîä.

—åçîíàíæíßå ŒðŁâßå äºÿ ïðÿìîØ Ł îÆðàòíîØ
âîºí äºÿ ðàçºŁ÷íßı çíà÷åíŁØ � ïðŁ F = 3:0 ïî-
Œàçàíß íà ðŁæ. 1. ˝à íåì âŁäíî, ÷òî ðåçîíàíæ ÿâ-
ºÿåòæÿ ðàæøåïºåííßì Ł Łìååò äâå âåòâŁ. ˛÷åâŁä-
íî, ÷òî åæºŁ îòæòðîØŒà ÷àæòîòß íàŒà÷ŒŁ ºåæŁò â
îïðåäåºåííîì äŁàïàçîíå (íà ðŁæ. 1 ìåæäó âåðòŁ-
ŒàºüíßìŁ łòðŁıîâßìŁ ºŁíŁÿìŁ), òî ìîæíî îæóøå-
æòâŁòü íàŒà÷Œó Æîºåå æºàÆîØ íŁçŒî÷àæòîòíîØ âåòâŁ
ðåçîíàíæà. ˛Œàçàºîæü, ÷òî ýòîò äŁàïàçîí ïîÿâºÿåò-
æÿ ïðŁ ïðåâßłåíŁŁ âåºŁ÷ŁíîØ ðàæøåïºåíŁÿ � íåŒî-
òîðîªî ŒðŁòŁ÷åæŒîªî çíà÷åíŁÿ, Œîòîðîå óâåºŁ÷Łâà-
åòæÿ ïî ìåðå ðîæòà àìïºŁòóäß íàŒà÷ŒŁ F . ´ ðàÆî-
òå [52] Æßºî ïîŒàçàíî, ÷òî, íàŒà÷Łâàÿ äàííßØ ðåçî-
íàíæ, ìîæíî íàÆºþäàòü ìîäóºÿöŁîííóþ íåóæòîØ÷Ł-

168



˘ÝÒÔ/JETP, òîì 169, âßï. 2, 2026 å̂íåðàöŁÿ Ł óïðàâºåíŁå ðåæŁìàìŁ...

—Łæ. 1. —åçîíàíæíßå ŒðŁâßå äºÿ ïðÿìîØ (æŁíÿÿ ºŁíŁÿ)
Ł îÆðàòíîØ (Œðàæíàÿ ºŁíŁÿ) âîºí äºÿ àìïºŁòóäß íàŒà÷ŒŁ
F = 3:0 Ł ðàçºŁ÷íßı çíà÷åíŁØ ŒîýôôŁöŁåíòà ðàæøåïºå-
íŁÿ ìîäß �. ˜Łàïàçîí ïåðåæòðîØŒŁ ÷àæòîòß äºÿ íàŒà÷ŒŁ
íŁçŒî÷àæòîòíîªî ðåçîíàíæà ðàæøåïºåííîØ ìîäß ðàæïîºî-
æåí ìåæäó âåðòŁŒàºüíßìŁ ïóíŒòŁðíßìŁ ºŁíŁÿìŁ. ˙äåæü
Ł äàºåå âæå ïàðàìåòðß íà ðŁæóíŒàı óŒàçàíß â Æåçðàçìåð-

íßı âåºŁ÷Łíàı

âîæòü, âßçâàííóþ îÆðàòíßì ðàææåÿíŁåì, Ł ªåíåðà-
öŁþ îïòŁ÷åæŒîØ ÷àæòîòíîØ ªðåÆåíŒŁ â ðåæŁìå íîð-
ìàºüíîØ äŁæïåðæŁŁ. ´ íàłåØ ðàÆîòå íà÷àºüíîå çíà-
÷åíŁå îòæòðîØŒŁ ÷àæòîòß íàŒà÷ŒŁ �(0) äºÿ ŒàæäîØ
ïàðß ïàðàìåòðîâ � Ł F âßÆŁðàºîæü òàŒ, ÷òîÆß âß-
ïîºíŁòü äàííîå óæºîâŁå. `ßºî îÆíàðóæåíî, ÷òî ïðŁ
àìïºŁòóäå íàŒà÷ŒŁ âßłå ïîðîªîâîØ (F > 2:0) íà-
Æºþäàåòæÿ ªåíåðàöŁÿ ïºàòŁŒîíà (æì. ðŁæ. 2 Ł 3). ˛ò-
ìåòŁì, ÷òî òàŒîØ ïîðîª ªåíåðàöŁŁ ïî÷òŁ â 2 ðàçà
ïðåâßłàåò ïîðîª, îÆåæïå÷ŁâàþøŁØ æóøåæòâîâàíŁå
ïºàòŁŒîíîâ â îÆß÷íßı ìŁŒðîðåçîíàòîðàı [16, 54],
÷òî æâÿçàíî æ íåîÆıîäŁìîæòüþ íàŒà÷ŒŁ ŒàŒ ïðÿìîØ,
òàŒ Ł îÆðàòíîØ âîºíß â ðàææìàòðŁâàåìîØ ôîòîííî-
ŒðŁæòàººŁ÷åæŒîØ æòðóŒòóðå. ÝòŁ ðåçóºüòàòß ıîðî-
łî æîªºàæóþòæÿ æ äàííßìŁ ðàÆîòß [46].

˝à ðŁæ. 2 ïîŒàçàíà ýâîºþöŁÿ ìîøíîæòŁ âîºí
âíóòðŁ ðåçîíàòîðà (æŁíÿÿ ºŁíŁÿ æîîòâåòæòâóåò ìîø-
íîæòŁ U1 ïðÿìîØ âîºíß, à Œðàæíàÿ � ìîøíîæòŁ U2
îÆðàòíîØ âîºíß) ïðŁ æŒàíŁðîâàíŁŁ ÷àæòîòß íàŒà÷-
ŒŁ äºÿ ÷åòßðåı ðàçºŁ÷íßı çíà÷åíŁØ ŒîýôôŁöŁåíòà
ðàæøåïºåíŁÿ ìîäß � ïðŁ F = 3:0. Ìîæíî âŁäåòü,
÷òî Łçíà÷àºüíî ªåíåðàöŁÿ ïºàòŁŒîíà ïðîŁæıîäŁò â
îÆðàòíîØ âîºíå (îÆºàæòü BW platicon íà ðŁæ. 2),
÷òî æîïðîâîæäàåòæÿ æŒà÷Œîì ìîøíîæòŁ U2 â îÆðàò-
íîØ âîºíå âíóòðŁ ðåçîíàòîðà. Ýòîò æŒà÷îŒ ìîøíî-
æòŁ æîîòâåòæòâóåò ïðåîÆðàçîâàíŁþ îäíîðîäíîªî æî-
æòîÿíŁÿ â łŁðîŒŁØ Łìïóºüæ â îÆðàòíîØ âîºíå (æì.
ðŁæ. 2 b Ł 2 c). ´Łäíî, ÷òî àìïºŁòóäíßØ ïðîôŁºü
â ïðÿìîØ âîºíå îæòàåòæÿ ïî÷òŁ îäíîðîäíßì (æŁíÿÿ
ºŁíŁÿ íà ðŁæ. 3 c).

ˇðŁ äàºüíåØłåì óâåºŁ÷åíŁŁ îòæòðîØŒŁ ÷àæòî-
òß íàŒà÷ŒŁ ìîæíî íàÆºþäàòü æŒà÷îŒ ìîøíîæòŁ â
îÆðàòíîØ âîºíå, æîîòâåòæòâóþøŁØ ïðåîÆðàçîâàíŁþ

—Łæ. 2. ÝâîºþöŁÿ ìîøíîæòŁ âíóòðŁ ðåçîíàòîðà äºÿ ïðÿ-
ìîØ (æŁíÿÿ ºŁíŁÿ, U1) Ł îÆðàòíîØ (Œðàæíàÿ ºŁíŁÿ,
U2) âîºí äºÿ ðàçºŁ÷íßı çíà÷åíŁØ ŒîýôôŁöŁåíòà ðàæ-
øåïºåíŁÿ ìîäß � ïðŁ ïåðåæòðîØŒå ÷àæòîòß íàŒà÷ŒŁ
�(� ) = �(0) + 0:0005� ïðŁ F = 3:0, d2 = �0:02, �0 = 0:01

—Łæ. 3. ÝâîºþöŁÿ ðàæïðåäåºåíŁÿ ïîºÿ â ïðÿìîØ (a) Ł
îÆðàòíîØ (b) âîºíàı ïðŁ ïåðåæòðîØŒå ÷àæòîòß íàŒà÷ŒŁ
�(� ) = �(0)+0:0005� , à òàŒæå àìïºŁòóäíßå ïðîôŁºŁ ªåíå-
ðŁðóåìßı æŁªíàºîâ (æŁíÿÿ ºŁíŁÿ � ïðÿìàÿ âîºíà, Œðàæíàÿ
ºŁíŁÿ � îÆðàòíàÿ âîºíà) ïðŁ � = 5:5 (c), � = 7:0 (d). ´î
âæåı æºó÷àÿı F = 3:0, d2 = �0:02, � = 2:0, �0 = 0:01, ÷òî

æîîòâåòæòâóåò ðŁæ. 2 b
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ïºàòŁŒîíà â îÆðàòíîØ âîºíå â íŁçŒîŁíòåíæŁâíîå îä-
íîðîäíîå æîæòîÿíŁå. ˛äíàŒî â íåŒîòîðîì äŁàïàçîíå
çíà÷åíŁØ âåºŁ÷Łíß ðàæøåïºåíŁÿ ìîä, Œîªäà � íå
ïðåâßłàåò íåŒîòîðîªî ŒðŁòŁ÷åæŒîªî çíà÷åíŁÿ, ýòîò
æŒà÷îŒ æîïðîâîæäàåòæÿ òàŒæå æŒà÷Œîì ìîøíîæòŁ â
ïðÿìîØ âîºíå (îÆºàæòü FW platicon íà ðŁæ. 2 a�c).
ÀíàºŁç äŁíàìŁŒŁ ðàæïðåäåºåíŁÿ ïîºÿ â ïðÿìîØ
âîºíå ïîŒàçßâàåò, ÷òî ýòîò æŒà÷îŒ æîîòâåòæòâóåò
âîçÆóæäåíŁþ ïºàòŁŒîíà â ïðÿìîØ âîºíå (ðŁæ. 3 a
Ł 3 d). ¯æºŁ ŒîýôôŁöŁåíò ðàæøåïºåíŁÿ ïðåâßłàåò
íåŒîòîðîå ŒðŁòŁ÷åæŒîå çíà÷åíŁå, âîçÆóæäåíŁå ïºà-
òŁŒîíà â ïðÿìîØ âîºíå íå ïðîŁæıîäŁò (ðŁæ. 2 d).
¨ææºåäîâàíŁå ïîŒàçàºî, ÷òî ýòî ŒðŁòŁ÷åæŒîå çíà÷å-
íŁå âîçðàæòàåò æ ðîæòîì àìïºŁòóäß íàŒà÷ŒŁ. ˝óæ-
íî îòìåòŁòü, ÷òî îòæóòæòâŁå ýôôåŒòà ïåðåŒºþ÷åíŁÿ
ïðŁ óâåºŁ÷åíŁŁ ŒîýôôŁöŁåíòà ðàæøåïºåíŁÿ ìîä íå
æîïðîâîæäàåòæÿ çàìåòíßì ŁçìåíåíŁåì ðåçîíàíæíßı
ŒðŁâßı (æð. ŒðŁâßå íà ðŁæ. 1 a, Œîªäà ïåðåŒºþ÷åíŁå
ïðîŁæıîäŁò, Ł íà ðŁæ. 1 b, Œîªäà îíî îòæóòæòâóåò).

ÒàŒæå îŒàçàºîæü, ÷òî â òî âðåìÿ ŒàŒ ïºàòŁŒîí â
îÆðàòíîØ âîºíå ìîæåò âîçÆóæäàòüæÿ Æåç ïåðåæòðîØ-
ŒŁ ÷àæòîòß íàŒà÷ŒŁ ïðŁ óæºîâŁŁ, ÷òî æðàçó Æß-
ºà âßÆðàíà ïîäıîäÿøàÿ âåºŁ÷Łíà îòæòðîØŒŁ � ÷àæ-
òîòß íàŒà÷ŒŁ îò ðåçîíàíæà, âîçÆóæäåíŁå ïºàòŁŒî-
íà â ïðÿìîØ âîºíå Æåç ïåðåæòðîØŒŁ ÷àæòîòß íåâîç-
ìîæíî, äàæå åæºŁ ïàðàìåòðß íàŒà÷ŒŁ æîîòâåòæòâó-
þò âîçÆóæäåíŁþ ïºàòŁŒîíà ïîæðåäæòâîì ÷àæòîòíîªî
æŒàíŁðîâàíŁÿ.

Ìß îÆíàðóæŁºŁ, ÷òî ŁææºåäóåìßØ ýôôåŒò ïå-
ðåŒºþ÷åíŁÿ Łìååò îÆðàòŁìßØ ıàðàŒòåð. ˚îªäà ïå-
ðåæòðîØŒà ÷àæòîòß ïðîâîäŁòæÿ â îÆðàòíîì íàïðàâ-
ºåíŁŁ, ò. å. âåºŁ÷Łíà îòæòðîØŒŁ ÷àæòîòß íàŒà÷ŒŁ
óìåíüłàåòæÿ, à ïºàòŁŒîí â ïðÿìîØ âîºíå Łæïîºüçó-
åòæÿ ŒàŒ íà÷àºüíîå ðåłåíŁå, ìîæíî íàÆºþäàòü ïðå-
îÆðàçîâàíŁå ïºàòŁŒîíà â ïðÿìîØ âîºíå â ïºàòŁŒîí
â îÆðàòíîØ âîºíå (ðŁæ. 4).

¨íòåðåæíî, ÷òî òî÷ŒŁ ïåðåŒºþ÷åíŁÿ, ò. å. çíà÷å-
íŁÿ îòæòðîØŒŁ, ïðŁ Œîòîðßı ïðîŁæıîäŁò ïåðåŒºþ÷å-
íŁå, íå æîâïàäàþò äºÿ ðàçºŁ÷íßı íàïðàâºåíŁØ æŒà-
íŁðîâàíŁÿ ÷àæòîòß. Ìß ïðîâåðŁºŁ, ÷òî ýòà ðàçíŁöà
íå çàâŁæŁò îò æŒîðîæòŁ ÷àæòîòíîØ ïåðåæòðîØŒŁ.

˛òìåòŁì, ÷òî îÆæóæäàåìßØ ýôôåŒò óïðàâºÿåìî-
ªî ïåðåŒºþ÷åíŁÿ íàÆºþäàºæÿ äºÿ łŁðîŒîªî äŁàïà-
çîíà çíà÷åíŁØ ïàðàìåòðà d2 Ł âåºŁ÷Łíß ðàæøåïºå-
íŁÿ �0 íàŒà÷ŁâàåìîØ ìîäß. `ßºî îÆíàðóæåíî, ÷òî
íŁæíÿÿ ªðàíŁöà ŒðŁòŁ÷åæŒîªî çíà÷åíŁÿ � æºàÆî çà-
âŁæŁò îò çíà÷åíŁØ ïàðàìåòðîâ d2 Ł �0. ÒàŒæå îŒà-
çàºîæü, ÷òî äºÿ çíà÷åíŁØ � âÆºŁçŁ íŁæíåØ ªðàíŁöß
íåîÆıîäŁìî âßÆŁðàòü Æîºåå íŁçŒŁå çíà÷åíŁÿ æŒîðî-
æòŁ ïåðåæòðîØŒŁ, ÷òîÆß äîÆŁòüæÿ âîçÆóæäåíŁÿ ïºà-

—Łæ. 4. ÝâîºþöŁÿ ðàæïðåäåºåíŁÿ ïîºÿ â ïðÿìîØ (a) Ł îÆ-
ðàòíîØ (b) âîºíàı ïðŁ îÆðàòíîì æŒàíŁðîâàíŁŁ ÷àæòîòß íà-
Œà÷ŒŁ �(� ) = 7:0 � 0:0005� æ íà÷àºüíßì ðåłåíŁåì â âŁ-
äå ïºàòŁŒîíà â ïðÿìîØ âîºíå ïðŁ F = 3:0, d2 = �0:02,

� = 2:0, �0 = 0:01

—Łæ. 5. ÝâîºþöŁÿ ìîøíîæòŁ ïðÿìîØ Ł îÆðàòíîØ âîºí ïðŁ
ïåðåæòðîØŒå ÷àæòîòß â ïðÿìîì (a) íàïðàâºåíŁŁ (Forward
scan) æ łóìîïîäîÆíßì âıîäíßì æŁªíàºîì Ł â îÆðàòíîì
(b) íàïðàâºåíŁŁ (Backward scan) æ íà÷àºüíßì ðåłåíŁåì â
âŁäå ïºàòŁŒîíà â ïðÿìîØ âîºíå. ´ îÆîŁı æºó÷àÿı F = 4:0,

d2 = �0:02, �0 = 0:01

òŁŒîíà â îÆðàòíîØ âîºíå; îæîÆåííî ýòî âàæíî äºÿ
ìàºßı çíà÷åíŁØ àìïºŁòóäß íàŒà÷ŒŁ (F < 3:0) Ł
ÆîºüłŁı çíà÷åíŁØ âåºŁ÷Łíß ôîíîâîªî ðàæøåïºåíŁÿ
�0. ´ ýòîì æºó÷àå, åæºŁ ÷àæòîòíîå æŒàíŁðîâàíŁå ïðî-
ŁæıîäŁò æºŁłŒîì Æßæòðî, â æŁæòåìå âßæîŒîŁíòåí-
æŁâíîå îäíîðîäíîå æîæòîÿíŁå â îÆðàòíîØ âîºíå Æó-
äåò ïåðåŒºþ÷àòüæÿ â ïºàòŁŒîí â ïðÿìîØ âîºíå âìå-
æòî ïåðåŒºþ÷åíŁÿ Łç ïºàòŁŒîíà â îÆðàòíîØ âîºíå â
ïºàòŁŒîí â ïðÿìîØ âîºíå.

˛òìåòŁì, ÷òî ïðŁ åøå ÆîºüłŁı çíà÷åíŁÿı àì-
ïºŁòóäß íàŒà÷ŒŁ (ïðŁìåðíî ïðŁ F > 3:25) äºÿ ïºà-
òŁŒîíîâ â îÆðàòíîØ âîºíå ìîæåò íàÆºþäàòüæÿ ÆðŁ-
çåðíàÿ äŁíàìŁŒà. ´ ýòîì æºó÷àå ìîæåò Æßòü ðåàºŁ-
çîâàíî ïåðåŒºþ÷åíŁå ìåæäó ÆðŁçåðàìŁ â îÆðàòíîØ
âîºíå Ł ïºàòŁŒîíàìŁ â ïðÿìîØ âîºíå (ðŁæ. 5 a). ´
ïðîöåææå ïåðåæòðîØŒŁ ÷àæòîòß â îÆðàòíîì íàïðàâºå-
íŁŁ íàÆºþäàåòæÿ ïðåîÆðàçîâàíŁå ïºàòŁŒîíà â ïðÿ-
ìîØ âîºíå â ÆðŁçåð â îÆðàòíîØ âîºíå Ł çàòåì � â
ïºàòŁŒîí â îÆðàòíîØ âîºíå (ðŁæ. 5 b).
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—Łæ. 6. ÝâîºþöŁÿ ìîøíîæòŁ âíóòðŁ ðåçîíàòîðà äºÿ ïðÿ-
ìîØ (æŁíÿÿ ºŁíŁÿ, U1) Ł îÆðàòíîØ (Œðàæíàÿ ºŁíŁÿ, U2)
âîºí äºÿ ðàçºŁ÷íßı ðåàºŁçàöŁØ æ łóìîïîäîÆíßìŁ íà-
÷àºüíßìŁ óæºîâŁÿìŁ ïðŁ ïåðåæòðîØŒå ÷àæòîòß íàŒà÷ŒŁ
�(� ) = �(0) + 0:0005� ïðŁ F = 4:5, d2 = �0:02, �0 = 3:2,
�0 = 0:01. a � ˇåðåŒºþ÷åíŁå Łç ÆðŁçåðíîªî æîæòîÿíŁÿ â
îÆðàòíîØ âîºíå â ïºàòŁŒîííîå æîæòîÿíŁå â ïðÿìîØ âîºíå,

b � ïåðåŒºþ÷åíŁå îòæóòæòâóåò

ˇðŁ äàºüíåØłåì óâåºŁ÷åíŁŁ àìïºŁòóäß íàŒà÷-
ŒŁ (F > 4:0 äºÿ ðàææìàòðŁâàåìßı çíà÷åíŁØ d2 Ł
�0) âîçíŁŒàåò äŁàïàçîí ïàðàìåòðîâ, ªäå ïðîöåææ ïå-
ðåŒºþ÷åíŁÿ ïåðåæòàåò Æßòü äåòåðìŁíŁðîâàííßì Ł
ïðŁîÆðåòàåò âåðîÿòíîæòíßØ ıàðàŒòåð, ò. å. ðåçóºü-
òàò ìîæåò îòºŁ÷àòüæÿ äºÿ ðàçºŁ÷íßı łóìîïîäîÆ-
íßı óæºîâŁØ íà âıîäå (æì. ðŁæ. 6 a, ªäå ïîŒàçàí æºó-
÷àØ ïåðåŒºþ÷åíŁÿ, â òî âðåìÿ ŒàŒ íà ðŁæ. 6 b äºÿ
òåı æå ïàðàìåòðîâ ïåðåŒºþ÷åíŁå îòæóòæòâóåò).

˝à ðŁæ. 7 a ïîŒàçàíß îÆºàæòŁ æóøåæòâîâàíŁÿ äºÿ
ïºàòŁŒîíîâ â ïðÿìîØ âîºíå (îÆºàæòü ìåæäó æŁíŁ-
ìŁ ºŁíŁÿìŁ) Ł â îÆðàòíîØ âîºíå (îÆºàæòü ìåæäó
ŒðàæíßìŁ ºŁíŁÿìŁ). Ó÷àæòŒŁ ŒðŁâßı, îòìå÷åííßå
æŁðíßìŁ ºŁíŁÿìŁ, æîîòâåòæòâóþò òî÷Œàì ïåðåŒºþ-
÷åíŁÿ äºÿ æŒàíŁðîâàíŁÿ ÷àæòîòß â ïðÿìîì íàïðàâ-
ºåíŁŁ, Œîòîðîå ïîŒàçàíî æòðåºŒàìŁ. ˜ºÿ ïåðåŒºþ-
÷åíŁÿ Łç ïºàòŁŒîíà â îÆðàòíîØ âîºíå â ïºàòŁŒîí
â ïðÿìîØ âîºíå (BW-to-FW) òî÷ŒŁ ïåðåŒºþ÷åíŁÿ
æíà÷àºà æ ðîæòîì � æìåøàþòæÿ Œ ìåíüłŁì çíà÷åíŁ-
ÿì îòæòðîØŒŁ, Ł Łíòåðâàº ìåæäó æŁíåØ Ł ŒðàæíîØ
æŁðíßìŁ ºŁíŁÿìŁ âäîºü âåðòŁŒàºüíîØ îæŁ æîŒðà-
øàåòæÿ, à çàòåì, ïðŁ äàºüíåØłåì ðîæòå �, òî÷ŒŁ ïå-
ðåŒºþ÷åíŁÿ BW-to-FW æìåøàþòæÿ â æòîðîíó Æîºü-
łŁı çíà÷åíŁØ, Ł Łíòåðâàº ìåæäó òî÷ŒàìŁ ïåðåŒºþ-
÷åíŁÿ ïî âåðòŁŒàºüíîØ îæŁ âîçðàæòàåò. Ìß îÆíàðó-
æŁºŁ, ÷òî äàæå äºÿ ÆîºüłŁı çíà÷åíŁØ ŒîýôôŁöŁ-
åíòà ðàæøåïºåíŁÿ �, Œîªäà ïåðåŒºþ÷åíŁå ïðŁ æŒàíŁ-
ðîâàíŁŁ â ïðÿìîì íàïðàâºåíŁŁ âîîÆøå îòæóòæòâóåò,
îÆºàæòŁ æóøåæòâîâàíŁÿ ïºàòŁŒîíîâ â ïðÿìîØ Ł îÆ-
ðàòíîØ âîºíàı âæå åøå ïåðåŒðßâàþòæÿ. ÒàŒŁì îÆðà-
çîì, Łæ÷åçíîâåíŁå ïåðåŒºþ÷åíŁÿ ïðŁ æŒàíŁðîâàíŁŁ
â ïðÿìîì íàïðàâºåíŁŁ ïðŁ ÆîºüłŁı çíà÷åíŁÿı ðàæ-
øåïºåíŁÿ íå æâÿçàíî æ òåì, ÷òî îÆºàæòŁ æóøåæòâî-
âàíŁÿ ïºàòŁŒîíîâ ïåðåæòàþò ïåðåŒðßâàòüæÿ.

—Łæ. 7. a � ˛ÆºàæòŁ æóøåæòâîâàíŁÿ ïºàòŁŒîíà â ïðÿ-
ìîØ âîºíå (îÆºàæòü ìåæäó æŁíŁìŁ ºŁíŁÿìŁ) Ł â îÆðàò-
íîØ âîºíå (îÆºàæòü ìåæäó ŒðàæíßìŁ ºŁíŁÿìŁ), ïîºó÷åí-
íßå Łç æðàâíåíŁÿ ðåçóºüòàòîâ ïðŁ îÆîŁı íàïðàâºåíŁÿı æŒà-
íŁðîâàíŁÿ ÷àæòîòß ïðŁ F = 3:0, d2 = �0:02, �0 = 0:01.
Ó÷àæòŒŁ ŒðŁâßı, îòìå÷åííßå æŁðíßìŁ ºŁíŁÿìŁ, æîîòâåò-
æòâóþò òî÷Œàì ïåðåŒºþ÷åíŁÿ äºÿ æŒàíŁðîâàíŁÿ ÷àæòîòß â
íàïðàâºåíŁŁ, Œîòîðîå ïîŒàçàíî æòðåºŒàìŁ. b � ˜Łàïàçîí
ïàðàìåòðîâ, îÆåæïå÷ŁâàþøŁØ ïåðåŒºþ÷åíŁå ïºàòŁŒîíîâ:
îÆºàæòü 1 ìåæäó æïºîłíßìŁ ŒðàæíßìŁ ºŁíŁÿìŁ æîîò-
âåòæòâóåò äåòåðìŁíŁðîâàííîìó ïåðåŒºþ÷åíŁþ, à îÆºàæòü
2 ìåæäó æïºîłíîØ ŒðàæíîØ ºŁíŁåØ Ł ïóíŒòŁðíîØ æŁíåØ
ºŁíŁåØ îòìå÷àåò æºó÷àŁ, Œîªäà ïåðåŒºþ÷åíŁå íîæŁò âåðî-

ÿòíîæòíßØ ıàðàŒòåð

˝à ðŁæ. 7 b ïðŁâåäåíß äŁàïàçîíß ïàðàìåòðîâ,
Œîòîðßå îÆåæïå÷Łâàþò ïåðåŒºþ÷åíŁå ïºàòŁŒîíîâ
ìåæäó ïðÿìîØ Ł îÆðàòíîØ âîºíàìŁ: îÆºàæòü 1 ìåæ-
äó æïºîłíßìŁ ŒðàæíßìŁ ºŁíŁÿìŁ æîîòâåòæòâóåò äå-
òåðìŁíŁðîâàííîìó ïåðåŒºþ÷åíŁþ, à îÆºàæòü 2 ìåæ-
äó æïºîłíîØ ŒðàæíîØ ºŁíŁåØ Ł ïóíŒòŁðíîØ æŁíåØ
ºŁíŁåØ îòìå÷àåò æºó÷àŁ, Œîªäà ïåðåŒºþ÷åíŁå íîæŁò
âåðîÿòíîæòíßØ ıàðàŒòåð. ˚àŒ Æßºî îòìå÷åíî âßłå,
äºÿ æºó÷àÿ d2 = �0:02 Ł �0 = 0:01 ïðŁ F > 4:0 âîç-
íŁŒàåò äŁàïàçîí ïàðàìåòðîâ, ªäå ïðîöåææ ïåðåŒºþ-
÷åíŁÿ ïåðåæòàåò Æßòü äåòåðìŁíŁðîâàííßì Ł ïðŁîÆ-
ðåòàåò âåðîÿòíîæòíßØ ıàðàŒòåð. ˜àºüíåØłŁØ ðîæò
àìïºŁòóäß íàŒà÷ŒŁ ïðŁâîäŁò Œ óâåºŁ÷åíŁþ ýòîØ îÆ-
ºàæòŁ, à ïðŁ F > 5:5 äåòåðìŁíŁðîâàííîå ïåðåŒºþ÷å-
íŁå âîîÆøå îòæóòæòâóåò. ÒàŒŁì îÆðàçîì, ìîæíî çà-
Œºþ÷Łòü, ÷òî äºÿ äåòåðìŁíŁðîâàííîªî ïåðåŒºþ÷å-
íŁÿ íàïðàâºåíŁÿ ðàæïðîæòðàíåíŁÿ ïºàòŁŒîíà íóæ-
íî îÆåæïå÷Łòü Æåçðàçìåðíßå ïàðàìåòðß F ’ 3:0 Ł
� ’ 2:0.

4. ˆ¯˝¯—ÀÖ¨ß Ò—¯Óˆ˛¸Ü˝ÛÕ
¨ÌˇÓ¸ÜÑ˛´ ¨ Ö¯ˇ˛×¯˚ ÒÀ˚¨Õ

¨ÌˇÓ¸ÜÑ˛´ ˇ—¨ ÀÌˇ¸¨ÒÓ˜˝˛É
˝À˚À×˚¯ ˝¯—ÀÑÙ¯ˇ¸¯˝˝˛É Ì˛˜Û

Ì¨˚—˛—¯˙˛˝ÀÒ˛—À

—àææìîòðŁì æºó÷àØ, Œîªäà çà æ÷åò ôîòîííî-
ŒðŁæòàººŁ÷åæŒîØ æòðóŒòóðß ðàæøåïºÿåòæÿ íå ìî-
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äà íàŒà÷ŒŁ ïðŁ � = 0, à íåŒîòîðàÿ äðóªàÿ ìîäà:
�� = �0 � �, åæºŁ � 6= nsp, Ł �� = �, åæºŁ � = nsp,
ªäå nsp � íîìåð ðàæøåïºåííîØ ìîäß îòíîæŁòåºüíî
íàŒà÷ŁâàåìîØ ìîäß.

´ îòºŁ÷Łå îò ðàææìîòðåííîªî âßłå æºó÷àÿ íà-
Œà÷ŒŁ ðàæøåïºåííîØ ìîäß, òåïåðü íåò íåîÆıîäŁìî-
æòŁ íà÷Łíàòü æŒàíŁðîâàíŁå ÷àæòîòß â ÷åòŒî îïðå-
äåºåííîì äŁàïàçîíå çíà÷åíŁØ �(0), ÷òî óïðîøàåò
ïðîöåææ.

˜ºÿ íà÷àºà ðàææìîòðŁì æºó÷àØ nsp = 1, Œîªäà
ðàæøåïºåííàÿ Ł íàŒà÷Łâàåìàÿ ìîäß íàıîäÿòæÿ ïî
æîæåäæòâó (ðŁæ. 8). ´ïºîòü äî ïîðîªîâîªî çíà÷åíŁÿ
ðàæøåïºåíŁÿ �cr ìß íàÆºþäàåì òðåóªîºüíßØ ðåçî-
íàíæ U1(�) äºÿ ïðÿìîØ âîºíß æ îäíîðîäíßì ïðîôŁ-
ºåì ïîºÿ âíóòðŁ ìŁŒðîðåçîíàòîðà Ł Æåç ªåíåðàöŁŁ
íîâßı æïåŒòðàºüíßı Œîìïîíåíò, à îÆðàòíàÿ âîºíà
ïðŁ ýòîì îòæóòæòâóåò (æì. æŁðíóþ ÷åðíóþ ŒðŁâóþ
U1(�) äºÿ ïðÿìîØ âîºíß íà ðŁæ. 8 a Ł æîîòâåòæòâó-
þøóþ äŁíàìŁŒó ðåłåíŁÿ íà ðŁæ. 8 b; ŒðŁâàÿ äºÿ
îÆðàòíîØ âîºíß íå âŁäíà Łç-çà åå æºŁłŒîì ìàºîØ
ìîøíîæòŁ). Ñ ðîæòîì � ïåðåıîä æ âßæîŒîŁíòåíæŁâ-
íîØ âåòâŁ Œ íŁçŒîŁíòåíæŁâíîØ ïðîŁæıîäŁò ïðŁ ìåíü-
łŁı çíà÷åíŁÿı âåºŁ÷Łíß îòæòðîØŒŁ ÷àæòîòß. ¯æºŁ
� ïðåâßłàåò íåŒîòîðîå ŒðŁòŁ÷åæŒîå çíà÷åíŁå, îïðå-
äåºÿåìîå óæºîâŁÿìŁ ôàçîâîØ æŁíıðîíŁçàöŁŁ äºÿ îï-
òŁ÷åæŒŁı ïàðàìåòðŁ÷åæŒŁı ŒîºåÆàíŁØ ïðŁ íîðìàºü-
íîØ ˜ˆÑ, íàÆºþäàåòæÿ ıàðàŒòåðíàÿ æŒà÷ŒîîÆðàçíàÿ
çàâŁæŁìîæòü (Œðàæíàÿ ŒðŁâàÿ íà ðŁæ. 8 a). ˛Œàçà-
ºîæü, ÷òî ýòî ŒðŁòŁ÷åæŒîå çíà÷åíŁå �cr âîçðàæòà-
åò æ ðîæòîì àìïºŁòóäß íàŒà÷ŒŁ F (íàïðŁìåð, äºÿ
ðàææìàòðŁâàåìßı ïàðàìåòðîâ îíî âîçðàæòàåò îò 1:71
ïðŁ F = 1:65 äî 5:64 ïðŁ F = 5:0). ˇîÿâºåíŁå òàŒîØ
æŒà÷ŒîîÆðàçíîØ çàâŁæŁìîæòŁ U1(�) æâÿçàíî æ ªåíå-
ðàöŁåØ îïòŁ÷åæŒîØ ÷àæòîòíîØ ªðåÆåíŒŁ (˛×ˆ) (æì.
ðŁæ. 8 c) Ł æîïðîâîæäàåòæÿ ðàæïðîæòðàíåíŁåì æºàÆîØ
îÆðàòíîØ âîºíß (òîíŒàÿ Œðàæíàÿ ºŁíŁÿ íà ðŁæ. 8 a).
ˇðŁ äàºüíåØłåì óâåºŁ÷åíŁŁ � îÆºàæòü ªåíåðàöŁŁ
˛×ˆ æòàíîâŁòæÿ łŁðå Ł æìåøàåòæÿ â îæíîâíîì â
æòîðîíó ìåíüłŁı çíà÷åíŁØ îòæòðîØŒŁ ÷àæòîòß íà-
Œà÷ŒŁ (æì. æŁíþþ ŒðŁâóþ íà ðŁæ. 8 a). ˚ðîìå òîªî,
ìîæåò âîçíŁŒíóòü äîïîºíŁòåºüíßØ æŒà÷îŒ íà ŒðŁ-
âîØ U1(�), æîïðîâîæäàåìßØ ŁçìåíåíŁåì æïåŒòðàºü-
íîØ îªŁÆàþøåØ ªåíåðŁðóåìîªî æŁªíàºà (ðŁæ. 8 d) Ł
óìåíüłåíŁåì ìîøíîæòŁ îÆðàòíîØ âîºíß (æŁíÿÿ ºŁ-
íÿÿ íà ðŁæ. 8 a). ˜Łàïàçîí çíà÷åíŁØ âåºŁ÷Łíß ðàæ-
øåïºåíŁÿ, ïîçâîºÿþøŁØ îæóøåæòâºÿòü óŒàçàííóþ
ªåíåðàöŁþ, òàŒæå îªðàíŁ÷åí æâåðıó, Ł ìàŒæŁìàºü-
íîå âîçìîæíîå çíà÷åíŁå � Æßæòðî âîçðàæòàåò æ ðîæ-
òîì àìïºŁòóäß íàŒà÷ŒŁ (8.5 äºÿ F = 1:65, 20.48 äºÿ
F = 2:5 Ł 53.2 äºÿ F = 4:0).

—Łæ. 8. a � ÝâîºþöŁÿ ìîøíîæòŁ âíóòðŁ ðåçîíàòîðà (æŁð-
íßå ºŁíŁŁ æîîòâåòæòâóþò ìîøíîæòŁ ïðÿìîØ âîºíß, U1, à
òîíŒŁå ºŁíŁŁ � ìîøíîæòŁ îÆðàòíîØ âîºíß, U2). b�d �
ÑïåŒòðß ïðÿìîØ âîºíß äºÿ ðàçºŁ÷íßı çíà÷åíŁØ ŒîýôôŁ-
öŁåíòà ðàæøåïºåíŁÿ ìîäß � = 4:5 (b), 4:75 (c), 6:0 (d)
ïðŁ ïåðåæòðîØŒå ÷àæòîòß íàŒà÷ŒŁ ŒàŒ � = �3:0 + 0:0005�
ïðŁ F = 4:0, d2 = �0:02, �0 = 0:01, nsp = 1. Öâåòîâßå
łŒàºß ïîŒàçßâàþò ìîäóºŁ æïåŒòðàºüíßı Œîìïîíåíò ja1�j

â ºîªàðŁôìŁ÷åæŒîì ìàæłòàÆå

ÒàŒæå Æßºî îÆíàðóæåíî, ÷òî ïðŁ ïåðåæòðîØ-
Œå ÷àæòîòß íàŒà÷ŒŁ â îÆðàòíîì íàïðàâºåíŁŁ ŒðŁ-
âàÿ ýâîºþöŁŁ ìîøíîæòŁ íàŒà÷ŒŁ, ïðŁâåäåííàÿ íà
ðŁæ. 8 a, Œà÷åæòâåííî âîæïðîŁçâîäŁòæÿ ïðŁ óìåíü-
łåíŁŁ �. ˇðŁ ýòîì ˛× ,̂ æîîòâåòæòâóþøàÿ âòîðîØ
æòóïåíüŒå íà ðŁæ. 8 a, òðàíæôîðìŁðóåòæÿ â ªðåÆåí-
Œó, æîîòâåòæòâóþøóþ ïåðâîØ æòóïåíüŒå. ÒàŒŁì îÆðà-
çîì, åæºŁ íà÷Łíàòü æŒàíŁðîâàíŁå ÷àæòîòß íàŒà÷ŒŁ
íà âòîðîì óðîâíå Ł ïîæòåïåííî óìåíüłàòü �, ðåłå-
íŁå Łæïßòßâàåò ïåðåıîä íà ïåðâßØ óðîâåíü, à çàòåì
Œ îäíîðîäíîìó æîæòîÿíŁþ, â Œîòîðîì íåò ÷àæòîòíîØ
ªðåÆåíŒŁ. ´àæíî îòìåòŁòü, ÷òî ïåðåıîä îò âòîðîªî
óðîâíÿ Œ ïåðâîìó ïðŁ îÆðàòíîì æŒàíŁðîâàíŁŁ ïðî-
ŁæıîäŁò ïðŁ ìåíüłŁı çíà÷åíŁÿı îòæòðîØŒŁ ÷àæòîòß,
÷åì â æºó÷àå ïðÿìîªî íàïðàâºåíŁÿ ÷àæòîòíîØ ïåðå-
æòðîØŒŁ (ýòà ðàçíŁöà ìîæåò óìåíüłàòüæÿ æ óìåíü-
łåíŁåì æŒîðîæòŁ æŒàíŁðîâàíŁÿ �).

˛òìåòŁì, ÷òî ïðŁ ìàºßı çíà÷åíŁÿı àìïºŁòóäß
íàŒà÷ŒŁ æòóïåíüŒŁ íà çàâŁæŁìîæòŁ U1(�), ïîÿâºÿþ-
øŁåæÿ ïðŁ ªåíåðàöŁŁ ˛× ,̂ æòàíîâÿòæÿ Æîºåå óçŒŁìŁ,
ìåíåå âßðàæåííßìŁ Ł ıóæå ðàçºŁ÷ŁìßìŁ. ´ íàłåì
æºó÷àå ìß íàÆºþäàåì ÿðŒî âßðàæåííóþ ªåíåðàöŁþ
ïðŁ F > 1:2 (îïŁæàííàÿ â ïðåäßäóøåì ðàçäåºå ªå-
íåðàöŁÿ ïºàòŁŒîíîâ ïðîŁæıîäŁºà ïðŁ F > 2:0).
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—Łæ. 9. ÀìïºŁòóäíßå ïðîôŁºŁ (a,c) Ł æïåŒòðß ªåíåðŁðóå-
ìîªî æŁªíàºà (b,d) â ïðÿìîØ âîºíå ïðŁ ðàçºŁ÷íßı çíà÷å-
íŁÿı îòæòðîØŒŁ ÷àæòîòß íàŒà÷ŒŁ �. ´åðıíŁØ ðÿä æîîòâåò-
æòâóåò ˛× ,̂ âîçíŁŒàþøåØ íà ïåðâîØ æòóïåíüŒå íà ðŁæ. 8 a,
íŁæíŁØ ðÿä � âòîðîØ æòóïåíüŒå íà òîì æå ªðàôŁŒå. ´î
âæåı æºó÷àÿı F = 4:0, d2 = �0:02, � = 6:0, �0 = 0:01,

nsp = 1

´àæíî Łææºåäîâàòü àìïºŁòóäíßå ïðîôŁºŁ ªå-
íåðŁðóåìßı æŁªíàºîâ ïðŁ äîæòàòî÷íî ÆîºüłŁı Œî-
ýôôŁöŁåíòàı ðàæøåïºåíŁÿ, ïîçâîºÿþøŁı ïîºó÷Łòü
łŁðîŒŁØ äŁàïàçîí ªåíåðŁðóåìßı æŁªíàºîâ (íàïðŁ-
ìåð, ŒàŒ íà ðŁæ. 8 d). ´æå îíŁ Łìåþò òðåóªîºüíßØ
ïðîôŁºü (ïðŁìåðß äºÿ � = 6 äàíß íà ðŁæ. 9). ˛äíà-
Œî æŁªíàºß æ ïåðâîØ æòóïåíüŒŁ łŁðå Ł Łìåþò Æîºåå
íåðîâíßØ ïðîôŁºü, íî ìåíåå ªºàäŒóþ æïåŒòðàºüíóþ
îªŁÆàþøóþ, ÷åì æŁªíàºß æî âòîðîØ æòóïåíüŒŁ (æð.
ðŁæ. 9 a Ł 9 c). ˚ðîìå òîªî, æŁªíàº æî âòîðîØ æòóïåíü-
ŒŁ, îæîÆåííî íàıîäÿøŁØæÿ ÆºŁçŒî Œ ªðàíŁöå æ Æîºü-
łŁìŁ çíà÷åíŁÿìŁ îòæòðîØŒŁ, ìîæåò îÆåæïå÷Łâàòü
Æîºåå âßæîŒŁØ óðîâåíü ýôôåŒòŁâíîæòŁ ïðåîÆðàçî-
âàíŁÿ íàŒà÷ŒŁ â ªðåÆåíŒó: ìàŒæŁìàºüíàÿ ýôôåŒ-
òŁâíîæòü ïðåîÆðàçîâàíŁÿ ìîøíîæòŁ íàŒà÷ŒŁ â ìîø-
íîæòü ˛×ˆ â ïðÿìîØ âîºíå ïðŁ ŒðŁòŁ÷åæŒîØ æâÿ-
çŁ, ðàææ÷Łòàííàÿ ŒàŒ

P
�6=0 ja1�j2=F 2, Ł ïîºíàÿ ýô-

ôåŒòŁâíîæòü ïðåîÆðàçîâàíŁÿ íàŒà÷ŒŁ â ˛×ˆ (â ïðÿ-
ìîØ Ł îÆðàòíîØ âîºíàı)

P
�6=0 (ja1�j2 + ja2�j2)=F 2

[55] ðàâíß æîîòâåòæòâåííî 13.3% Ł 18.3% äºÿ ïåð-
âîØ æòóïåíüŒŁ Ł 20.6% Ł 23.1% äºÿ âòîðîØ æòóïåíü-
ŒŁ äºÿ ïàðàìåòðîâ, ïðŁâåäåííßı íà ðŁæ. 9. ˜ºÿ
òåı æå íîðìŁðîâàííßı ïàðàìåòðîâ â ïåðåªðóæåí-
íîì ðåæŁìå [56] ìîªóò Æßòü ïîºó÷åíß ýôôåŒòŁâíî-
æòŁ â 4 ðàçà Æîºüłå (� �2) ÷òî ïîçâîºÿåò ïðåîäîºåòü
îªðàíŁ÷åíŁå â 50%, æóøåæòâóþøåå äºÿ òðàäŁöŁîí-
íßı ìŁŒðîðåçîíàòîðîâ Æåç äîïîºíŁòåºüíßı ðåôºåŒ-
òîðîâ Ł æ íàŒà÷ŒîØ, îæóøåæòâºÿåìîØ â ðàæøåïºåí-

—Łæ. 10. ÝâîºþöŁÿ ìîøíîæòåØ U1 Ł U2 âíóòðŁ ðåçîíàòî-
ðà ïðŁ ïåðåæòðîØŒå ÷àæòîòß äºÿ F = 4:0, d2 = �0:02,
�0 = 0:01, nsp = 0, � = 6:0 (a). ÀìïºŁòóäíßå ïðîôŁºŁ
(b) Ł æïåŒòðß æªåíåðŁðîâàííîªî ïºàòŁŒîííîªî æŁªíàºà (c)

â îÆðàòíîØ âîºíå ïðŁ � = 9:1

íóþ ìîäó [46,47]. ÑïåŒòðàºüíßå îªŁÆàþøŁå ªåíåðŁ-
ðóåìßı Łìïóºüæîâ ÿâºÿþòæÿ àæŁììåòðŁ÷íßìŁ îòíî-
æŁòåºüíî íàŒà÷ŁâàåìîØ ìîäß: îíŁ łŁðå â íàïðàâ-
ºåíŁŁ, ïðîòŁâîïîºîæíîì íàïðàâºåíŁþ îò íàŒà÷Ł-
âàåìîØ ìîäß Œ ðàæøåïºåííîØ. ÑòîŁò îòìåòŁòü, ÷òî
ðàíåå ïîäîÆíßå Łìïóºüæß, íàçßâàåìßå Œîªåðåíòíß-
ìŁ ŁìïóºüæàìŁ æ îªðàíŁ÷åííßì æïåŒòðîì, íàÆºþ-
äàºŁæü â ìŁŒðîðåçîíàòîðàı æ íîðìàºüíîØ äŁæïåð-
æŁåØ, íàŒà÷Łâàåìßı âÆºŁçŁ òî÷ŒŁ àíòŁïåðåæå÷åíŁÿ
ìîä (avoided mode crossing) [51].

Ìß ïðîâåðŁºŁ, ÷òî âîçÆóæäåííßå Łìïóºüæß ðàæ-
ïðîæòðàíÿþòæÿ óæòîØ÷Łâßì îÆðàçîì, íî æ íåŒîòî-
ðßì äðåØôîì, Œîªäà æŒàíŁðîâàíŁå ÷àæòîòß îæòàíàâ-
ºŁâàåòæÿ. `ßºî îÆíàðóæåíî, ÷òî æŒîðîæòü äðåØôà
çàâŁæŁò îò âåºŁ÷Łíß îòæòðîØŒŁ ÷àæòîòß íàŒà÷ŒŁ
� Ł âîçðàæòàåò æ ðîæòîì ŒîýôôŁöŁåíòà ðàæøåïºå-
íŁÿ �. ˙íàŒ æŒîðîæòŁ äðåØôà îïðåäåºÿåòæÿ ïîºîæå-
íŁåì ðàæøåïºåííîØ ìîäß ïî îòíîłåíŁþ Œ íàŒà÷Łâà-
åìîØ ìîäå. ˛òìåòŁì, ÷òî íàºŁ÷Łå äðåØôà îçíà÷àåò,
÷òî ÷àæòîòà ïîâòîðåíŁÿ òàŒŁı Łìïóºüæîâ Łçìåíÿåò-
æÿ Ł æòàíîâŁòæÿ îòºŁ÷íîØ îò ìåæìîäîâîªî Łíòåðâà-
ºà D1 ìŁŒðîðåçîíàòîðà.

˜ºÿ æðàâíåíŁÿ Æßºî âßïîºíåíî ìîäåºŁðîâàíŁå
äºÿ òåı æå æàìßı ïàðàìåòðîâ, íî ïðŁ óæºîâŁŁ,
÷òî íàŒà÷Œà ïðîŁçâîäŁºàæü â ðàæøåïºåííóþ ìîäó
(ðŁæ. 10). Õîðîłî âŁäíî, ÷òî æíà÷àºà âîçÆóæäàåòæÿ
ÆðŁçåðíîå æîæòîÿíŁå (îÆºàæòü łŁðîŒîØ ŒðàæíîØ ïî-
ºîæß íà ðŁæ. 10 a) Ł çàòåì óæòîØ÷ŁâßØ ïºàòŁŒîí â
îÆðàòíîØ âîºíå. ØŁðŁíà æïåŒòðà ïºàòŁŒîíà Æîºü-
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—Łæ. 11. ÝâîºþöŁÿ (a) ìîøíîæòŁ âîºíß âíóòðŁ ðåçîíàòî-
ðà (òîºæòßå ºŁíŁŁ æîîòâåòæòâóþò ìîøíîæòŁ ïðÿìîØ âîºíß
U1, à òîíŒŁå ºŁíŁŁ � ìîøíîæòŁ îÆðàòíîØ âîºíß U2) Ł (b)
æïåŒòðà ïðÿìîØ âîºíß ïðŁ F = 4:0, d2 = �0:02, �0 = 0:01,
nsp = 1 äºÿ � = 10:0. Öâåòîâàÿ łŒàºà íà ïàíåºŁ (b) ïîŒà-
çßâàåò ìîäóºü æïåŒòðàºüíßı Œîìïîíåíò ja1�j â ºîªàðŁô-

ìŁ÷åæŒîì ìàæłòàÆå

łå, ÷åì æïåŒòðà òðåóªîºüíîªî Łìïóºüæà (æð. ðŁæ. 8 d
ŁºŁ ðŁæ. 9 d Ł ðŁæ. 10 c), ÷òî ïîäòâåðæäàåò æıîäæòâî
æ ŒîªåðåíòíßìŁ ŁìïóºüæàìŁ æ îªðàíŁ÷åííßì æïåŒ-
òðîì â ðàÆîòå [51]. ˛äíàŒî ìîøíîæòü âíóòðŁ ðåçî-
íàòîðà â ïºàòŁŒîííîì ðåæŁìå çíà÷Łòåºüíî ìåíüłå,
÷åì â ðåæŁìå òðåóªîºüíîªî Łìïóºüæà (æð. ðŁæ. 8 a Ł
10 a), ýòî æå Œàæàåòæÿ Ł ýôôåŒòŁâíîæòŁ ïðåîÆðàçî-
âàíŁÿ íàŒà÷ŒŁ â ªðåÆåíŒó (ïðŁ ªåíåðàöŁŁ ïºàòŁŒî-
íà ïðŁ ŒðŁòŁ÷åæŒîØ æâÿçŁ ýôôåŒòŁâíîæòü ïðåîÆðà-
çîâàíŁÿ â ˛×ˆ â îÆðàòíîØ âîºíå 9.8%, ÷òî ðàâíî
ïîºíîØ ýôôåŒòŁâíîæòŁ ïðåîÆðàçîâàíŁÿ ââŁäó æºà-
ÆîæòŁ ïðÿìîØ âîºíß; ýôôåŒòŁâíîæòü ïðåîÆðàçîâà-
íŁÿ íàŒà÷ŒŁ â ˛×ˆ â ïðÿìîØ âîºíå 20.6% Ł ïîº-
íàÿ ýôôåŒòŁâíîæòü ïðŁ ªåíåðàöŁŁ òðåóªîºüíîªî Łì-
ïóºüæà 23.1%). å̂íåðàöŁÿ ïºàòŁŒîíà òàŒæå òðåÆóåò
àŒŒóðàòíîªî âßÆîðà íà÷àºüíîªî çíà÷åíŁÿ îòæòðîØ-
ŒŁ ÷àæòîòß äºÿ íàŒà÷ŒŁ íŁçŒî÷àæòîòíîØ âåòâŁ, ÷òî
íå òðåÆóåòæÿ äºÿ ªåíåðàöŁŁ òðåóªîºüíîªî Łìïóºü-
æà. ˚ðîìå òîªî, ìß ïðîâåðŁºŁ, ÷òî äºÿ òîªî æå æà-
ìîªî çíà÷åíŁÿ ˜ˆÑ ªåíåðàöŁÿ ïºàòŁŒîíîâ ïðŁ íà-
Œà÷Œå ðàæøåïºåííîØ ìîäß ïðîŁæıîäŁò ïðŁ F > 2:0.
ÒàŒŁì îÆðàçîì, ïîðîªîâàÿ ìîøíîæòü íàŒà÷ŒŁ Æîºåå
÷åì â 2:7 ðàçà âßłå, ÷åì äºÿ ªåíåðàöŁŁ òðåóªîºüíî-
ªî Łìïóºüæà.

ˇðŁ äàºüíåØłåì óâåºŁ÷åíŁŁ ŒîýôôŁöŁåíòà ðàæ-
øåïºåíŁÿ � îïŁæàííßå âßłå æŒà÷ŒŁ ìîøíîæòŁ âíóò-
ðŁ ðåçîíàòîðà æòàíîâÿòæÿ ìåíåå ÿâíßìŁ, Ł â îæíîâ-
íîì íàÆºþäàåòæÿ òîºüŒî ªåíåðàöŁÿ òðåóªîºüíßı Łì-
ïóºüæîâ æ ªºàäŒŁì ïðîôŁºåì.

Ìîæíî çàìåòŁòü íà ðŁæ. 8, 11, ÷òî äºÿ ìàºßı
� íà÷àºüíàÿ òî÷Œà �gen (âåºŁ÷Łíà îòæòðîØŒŁ, æîîò-
âåòæòâóþøàÿ íà÷àºó ªåíåðàöŁŁ ªðåÆåíŒŁ ïðŁ æŒàíŁ-
ðîâàíŁŁ ÷àæòîòß) æäâŁªàåòæÿ â îÆºàæòü ìàºßı çíà-
÷åíŁØ îòæòðîØŒŁ æ ðîæòîì �, à æïåŒòðàºüíàÿ îÆ-

—Łæ. 12. ˙àâŁæŁìîæòŁ ŒðŁòŁ÷åæŒîªî çíà÷åíŁÿ âåºŁ÷Łíß
ðàæøåïºåíŁÿ ìîäß �cr îò íîìåðà ðàæøåïºåííîØ ìîäß nsp

äºÿ ðàçºŁ÷íßı çíà÷åíŁØ àìïºŁòóäß íàŒà÷ŒŁ F (a), îò âå-
ºŁ÷Łíß àìïºŁòóäß íàŒà÷ŒŁ äºÿ æºó÷àåâ, Œîªäà ðàæøåïºåí-
íîØ ÿâºÿåòæÿ ìîäà æ íîìåðîì nsp (b) Ł îò íîìåðà ðàæøåï-
ºåííîØ ìîäß nsp äºÿ ðàçºŁ÷íßı çíà÷åíŁØ ŒîýôôŁöŁåíòà
äŁæïåðæŁŁ d2 (c). ˝à âæåı ïàíåºÿı �0 = 0:01. ˜ºÿ âåðıíŁı

ïàíåºåØ d2 = �0:02

ºàæòü ªåíåðàöŁŁ æòàíîâŁòæÿ łŁðå, íî ïîæºå íåŒî-
òîðîªî çíà÷åíŁÿ âåºŁ÷Łíß ðàæøåïºåíŁÿ íàïðàâºå-
íŁå æäâŁªà ìåíÿåòæÿ, Ł îÆºàæòü ªåíåðàöŁŁ íà÷Łíàåò
æóæàòüæÿ.

˜ºÿ äîæòàòî÷íî ÆîºüłŁı ŒîýôôŁöŁåíòîâ ðàæ-
øåïºåíŁÿ ìîæåò ïîÿâŁòüæÿ îÆºàæòü íåóæòîØ÷ŁâîæòŁ
âíóòðŁ îÆºàæòŁ ªåíåðàöŁŁ (æð. ðŁæ. 8 a Ł 11 a). ¨ì-
ïóºüæß â ýòîØ îÆºàæòŁ ºîŒàºŁçîâàííßå, íî Łı ïðî-
ôŁºŁ Ł ìîøíîæòü Łæïßòßâàþò æŁºüíßå îæöŁººÿ-
öŁŁ ïðŁ ðàæïðîæòðàíåíŁŁ, â òî âðåìÿ ŒàŒ âíå îÆ-
ºàæòŁ íåóæòîØ÷ŁâîæòŁ ýíåðªŁÿ Łìïóºüæîâ îæòàåòæÿ
ïîæòîÿííîØ ïðŁ ðàæïðîæòðàíåíŁŁ. ˇðŁ ýòîì îÆºàæòü
íåóæòîØ÷ŁâîæòŁ æòàíîâŁòæÿ łŁðå æ ðîæòîì ŒîýôôŁ-
öŁåíòà ðàæøåïºåíŁÿ � (ðŁæ. 11). ˇðŁ ÆîºüłŁı çíà÷å-
íŁÿı � ªåíåðàöŁÿ óæòîØ÷Łâßı òðåóªîºüíßı Łìïóºü-
æîâ æòàíîâŁòæÿ íåâîçìîæíà äºÿ ÆîºüłŁı îòæòðî-
åŒ âÆºŁçŁ ªðàíŁöß îÆºàæòŁ ªåíåðàöŁŁ. ´ ýòîì æºó-
÷àå ðåæŁìß óæòîØ÷ŁâîØ ªåíåðàöŁŁ âîçìîæíß òîºü-
Œî âÆºŁçŁ íŁæíåØ ªðàíŁöß îÆºàæòŁ ªåíåðàöŁŁ, ò. å.
äºÿ ìàºßı îòæòðîåŒ ÷àæòîòß, â Œîòîðßı âîçÆóæäà-
þòæÿ òîºüŒî íŁçŒîŒîíòðàæòíßå Ł æºàÆîºîŒàºŁçîâàí-
íßå Łìïóºüæß.

˚à÷åæòâåííî òå æå æàìßå ðåçóºüòàòß íàÆºþäà-
ºŁæü äºÿ ðàçºŁ÷íßı çíà÷åíŁØ d2 Ł �0, âŒºþ÷àÿ
�0 = 0, òàŒ ŒàŒ óæºîâŁÿ ôàçîâîªî æŁíıðîíŁçìà îïðå-
äåºÿþòæÿ ïðåŁìóøåæòâåííî âåºŁ÷ŁíîØ ðàæøåïºåíŁÿ
ðåçîíàíæà � Ł â ìåíüłåØ æòåïåíŁ ìàºßì âíóòðåííŁì
çíà÷åíŁåì ðàæøåïºåíŁÿ �0.
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—Łæ. 13. ÝâîºþöŁÿ (a) ìîøíîæòŁ âíóòðŁ ðåçîíàòîðà (æŁð-
íàÿ ºŁíŁÿ ïîŒàçßâàåò ìîøíîæòü ïðÿìîØ âîºíß U1, òîí-
Œàÿ ºŁíŁÿ � ìîøíîæòü îÆðàòíîØ âîºíß U2) Ł (b) æïåŒòð
ïðÿìîØ âîºíß ïðŁ ïåðåæòðîØŒå íàŒà÷ŒŁ ÷àæòîòß. Öâåòî-
âàÿ łŒàºà íà ïàíåºŁ (b) ïîŒàçßâàåò ìîäóºü æïåŒòðàºü-
íßı Œîìïîíåíò ja1�j â ºîªàðŁôìŁ÷åæŒîì ìàæłòàÆå. (c, e)
ÀìïºŁòóäíßå ïðîôŁºŁ Ł (d, f ) æïåŒòðß ïðÿìîØ âîºíß ªå-
íåðŁðóåìîªî æŁªíàºà äºÿ ðàçºŁ÷íßı çíà÷åíŁØ îòæòðîØŒŁ
÷àæòîòß íàŒà÷ŒŁ. ´î âæåı æºó÷àÿı F = 4:0, d2 = �0:02,

� = 6:0, �0 = 0:01, nsp = 3

`ßºî îÆíàðóæåíî, ÷òî ªåíåðàöŁÿ ˛×ˆ òàŒæå
âîçìîæíà äºÿ æºó÷àåâ, Œîªäà íàŒà÷Łâàåìàÿ Ł ðàæ-
øåïºåííàÿ ìîäß îòæòîÿò äàºüłå äðóª îò äðóªà, ÷åì
ðàææìàòðŁâàºîæü âßłå, ò. å. äºÿ nsp > 1. ˛Œàçà-
ºîæü, ÷òî ŒðŁòŁ÷åæŒîå çíà÷åíŁå âåºŁ÷Łíß ðàæøåï-
ºåíŁÿ �cr âîçðàæòàåò æ ðîæòîì nsp (æì. ðŁæ. 12 a), Ł,
òàŒŁì îÆðàçîì, äºÿ ôŁŒæŁðîâàííîØ âåºŁ÷Łíß ðàæ-
øåïºåíŁÿ � ìàŒæŁìàºüíßØ Łíòåðâàº nsp îªðàíŁ÷åí
æâåðıó. ÒàŒæå Æßºî îÆíàðóæåíî, ÷òî �cr âîçðàæòà-
åò æ ðîæòîì àìïºŁòóäß íàŒà÷ŒŁ F (ðŁæ. 12 b) Ł æ
ðîæòîì àÆæîºþòíîªî çíà÷åíŁÿ äŁæïåðæŁîííîªî Œîýô-
ôŁöŁåíòà d2 (ðŁæ. 12 c). ÒàŒŁå çàâŁæŁìîæòŁ æâÿçàíß
æ óæºîâŁÿìŁ ôàçîâîªî æŁíıðîíŁçìà äºÿ îïòŁ÷åæŒŁı
ïàðàìåòðŁ÷åæŒŁı îæöŁººÿöŁØ ïðŁ íîðìàºüíîØ ˜ˆÑ
Ł ıîðîłî æîªºàæóþòæÿ æ ýŒæïåðŁìåíòàºüíßìŁ ðå-
çóºüòàòàìŁ, ïðŁâåäåííßìŁ â ðàÆîòå [48]: ÷åì Æîºüłå
äŁæïåðæŁÿ Ł æäâŁª ìîä, îÆóæºîâºåííßØ ŒåððîâæŒîØ
íåºŁíåØíîæòüþ Ł çàâŁæÿøŁØ îò àìïºŁòóäß íàŒà÷ŒŁ,

—Łæ. 14. (a, c) ÀìïºŁòóäíßå ïðîôŁºŁ Ł (b, d) æïåŒòðß ïðÿ-
ìîØ âîºíß ªåíåðŁðóåìîªî æŁªíàºà äºÿ (a, b) d2 = �0:02,
nsp = 5 Ł (c, d) d2 = �0:02, nsp = 7. ´î âæåı æºó÷àÿı

F = 4:0, � = 6:5, �0 = 0:01, � = 10:0

òåì Æîºüłå äîºæíî Æßòü ðàæøåïºåíŁå, ÷òîÆß æÆà-
ºàíæŁðîâàòü Łı âŒºàä. ´ ðàÆîòå [46] Æßºî ïîŒàçà-
íî, ÷òî ìŁíŁìàºüíàÿ âåºŁ÷Łíà ðàæøåïºåíŁÿ ìîäß,
íåîÆıîäŁìàÿ äºÿ ôîðìŁðîâàíŁÿ ïºàòŁŒîíà, âîçðàæ-
òàåò æ F . ˚ðîìå òîªî, Łç ðŁæ. 12 ìîæíî çàŒºþ÷Łòü,
÷òî äºÿ âîçÆóæäåíŁÿ îÆæóæäàåìßı æŁªíàºîâ ýô-
ôåŒòŁâíàÿ àìïºŁòóäà íàŒà÷ŒŁ äîºæíà Æßòü ìåíü-
łå, ÷åì íåŒîòîðîå ŒðŁòŁ÷åæŒîå çíà÷åíŁå, çàâŁæÿøåå
îò �, nsp Ł d2. ÑıîæŁå çàâŁæŁìîæòŁ ŒðŁòŁ÷åæŒîªî
çíà÷åíŁÿ âåºŁ÷Łíß ðàæøåïºåíŁÿ îò àìïºŁòóäß íà-
Œà÷ŒŁ Ł äŁæïåðæŁŁ ÆßºŁ ïîºó÷åíß â ðàÆîòå [23], ªäå
àíàºŁçŁðîâàºàæü ìîäåºü, îæíîâàííàÿ íà îäíîì îÆîÆ-
øåííîì óðàâíåíŁŁ ¸óäæŁàòî � ¸åôåâðà æ äîïîºíŁ-
òåºüíßì ôàçîâßì æäâŁªîì ŒîíŒðåòíîØ ìîäß. ˛äíà-
Œî æŁæòåìà, ðàææìàòðŁâàåìàÿ â íàæòîÿøåì Łææºåäî-
âàíŁŁ, îòºŁ÷àåòæÿ òåì, ÷òî â íåØ ïðŁæóòæòâóþò îÆ-
ðàòíàÿ âîºíà, à òàŒæå ºŁíåØíàÿ Ł íåºŁíåØíàÿ æâÿçŁ
ìåæäó âîºíàìŁ, ðàæïðîæòðàíÿþøŁìŁæÿ íàâæòðå÷ó
äðóª äðóªó, ÷òî íå ó÷Łòßâàºîæü â ðàÆîòå [23]. ˛òìå-
òŁì, ÷òî æ ðîæòîì çíà÷åíŁÿ äŁæïåðæŁŁ, ÷Łæºî ªåíåðŁ-
ðóåìßı ºŁíŁØ ªðåÆåíŒŁ óìåíüłàåòæÿ, Łìïóºüæß æòà-
íîâÿòæÿ Æîºåå ªºàäŒŁìŁ Ł ºîŒàºŁçîâàííßìŁ Ł, àíà-
ºîªŁ÷íî [48], ªäå d2 = �0:37, ìîæíî ðàææìàòðŁâàòü
íå ªåíåðàöŁþ Łìïóºüæîâ, à ðåàºŁçàöŁþ îïòŁ÷åæŒŁı
ïàðàìåòðŁ÷åæŒŁı îæöŁººÿöŁØ. ´ [46] Æßºî ïîŒàçà-
íî, ÷òî, ŒîíòðîºŁðóÿ łŁðŁíó âîºíîâîäíîªî Œîºüöà,
ìîæíî ýôôåŒòŁâíî Łçìåíÿòü âåºŁ÷Łíó ˜ˆÑ.

˜ºÿ nsp > 1 ìß íàÆºþäàºŁ ïî÷òŁ òàŒóþ æå äŁ-
íàìŁŒó ªåíåðàöŁŁ, ŒàŒ Ł äºÿ nsp = 1 (æð. ðŁæ. 8 Ł
13 a, b). Ìß îÆíàðóæŁºŁ, ÷òî äºÿ ÆîºüłŁı nsp ìî-
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æåò æóøåæòâîâàòü Æîºüłåå ÷Łæºî óðîâíåØ, æîîòâåò-
æòâóþøŁı Łìïóºüæíßì ïðîôŁºÿì æ ðàçºŁ÷íîØ æòå-
ïåíüþ ªºàäŒîæòŁ. ´àæíî, ÷òî æïåŒòðàºüíàÿ łŁðŁíà
ªåíåðŁðóåìîªî æŁªíàºà æòàíîâŁòæÿ Æîºüłå (æð. æïåŒ-
òðß íà ðŁæ. 8 Ł 13). ´ òî æå æàìîå âðåìÿ âðåìåííîØ
ïðîôŁºü ïðåäæòàâºÿåò æîÆîØ ïåðŁîäŁ÷åæŒóþ ïîæºå-
äîâàòåºüíîæòü Łç nsp ýŒâŁäŁæòàíòíî ðàæïîºîæåííßı
Æîºåå óçŒŁı òðåóªîºüíŁŒîâ, ïîıîæóþ íà æîºŁòîííßØ
ŒðŁæòàºº (æì. ðŁæ. 13 c�f ). ¨íòåðâàº ªðåÆåíŒŁ ðà-
âåí nspD1. ˛äíàŒî, â îòºŁ÷Łå îò æºó÷àÿ æâåòºîªî
æîºŁòîííîªî ŒðŁæòàººà, â ðàææìàòðŁâàåìîì æºó÷àå
ðîæò ÷Łæºà Łìïóºüæîâ íå îÆåæïå÷Łâàåò Æîºåå âßæî-
Œóþ ìîøíîæòü âíóòðŁ ðåçîíàòîðà Ł Æîºåå âßæîŒóþ
ýôôåŒòŁâíîæòü ïðåîÆðàçîâàíŁÿ ìîøíîæòŁ íàŒà÷ŒŁ
(äºÿ ðàææìàòðŁâàåìßı ïàðàìåòðîâ ýôôåŒòŁâíîæòü
ïðåîÆðàçîâàíŁÿ ìîøíîæòŁ íàŒà÷ŒŁ â ˛×ˆ â ïðÿìîØ
âîºíå æîæòàâºÿåò 20.6%, à ïîºíàÿ ýôôåŒòŁâíîæòü
ïðåîÆðàçîâàíŁÿ � 23.1% â ðåæŁìå ŒðŁòŁ÷åæŒîØ æâÿ
çŁ äºÿ îäíîªî Łìïóºüæà; äºÿ òðåı Łìïóºüæîâ æîîò-
âåòæòâóþøŁå çíà÷åíŁÿ ýôôåŒòŁâíîæòŁ æîæòàâºÿþò
18.7% Ł 22.3%).

˝óæíî îòìåòŁòü, ÷òî â òî âðåìÿ ŒàŒ äºÿ ìàºßı
Łíòåðâàºîâ ółŁðåíŁå æïåŒòðà ªåíåðŁðóåìîªî æŁªíà-
ºà æ ðîæòîì Łíòåðâàºà ìåæäó íàŒà÷ŁâàåìîØ Ł ðàæ-
øåïºåííîØ ìîäàìŁ ÷åòŒî âŁäíî (æð. æïåŒòðß äºÿ
nsp = 1 íà ðŁæ. 8, äºÿ nsp = 3 íà ðŁæ. 13 Ł äºÿ
nsp = 5 íà ðŁæ. 14), äºÿ ÆîºüłŁı Łíòåðâàºîâ ýòîò
ýôôåŒò ìåíåå çàìåòåí (æð. æïåŒòðß äºÿ nsp = 5 Ł
nsp = 7 íà ðŁæ. 14). ÒàŒæå íàäî îòìåòŁòü, ÷òî äºÿ
Æîºåå âßæîŒŁı çíà÷åíŁØ nsp àìïºŁòóäíßØ ïðîôŁºü
æòàíîâŁòæÿ ìåíåå ªºàäŒŁì (æì. ðŁæ. 14 c), íî ýòîò ýô-
ôåŒò ìîæåò Æßòü æŒîìïåíæŁðîâàí óìåíüłåíŁåì àÆ-
æîºþòíîªî çíà÷åíŁÿ ŒîýôôŁöŁåíòà ˜ˆÑ. Óìåíüłå-
íŁå âåºŁ÷Łíß ˜ˆÑ, Œîòîðîªî ìîæíî äîÆŁòüæÿ ïîä-
Æîðîì łŁðŁíß Œîºüöåâîªî ðåçîíàòîðà [46], ìîæåò
òàŒæå ïðŁâåæòŁ Œ óâåºŁ÷åíŁþ æïåŒòðàºüíîØ łŁðŁ-
íß ªåíåðŁðóåìîªî æŁªíàºà.

˛òìåòŁì, ÷òî òàŒŁå ïîæºåäîâàòåºüíîæòŁ Łìïóºü-
æîâ ðàæïðîæòðàíÿþòæÿ, ŒàŒ Ł îäŁíî÷íßå Łìïóºüæß,
Æåç ŁçìåíåíŁÿ àìïºŁòóäíîªî ïðîôŁºÿ, íî æ íåÆîºü-
łŁì äðåØôîì, åæºŁ ïåðåæòðîØŒà ÷àæòîòß íàŒà÷ŒŁ
îæòàíàâºŁâàåòæÿ. ˚àŒ Ł â æºó÷àå, Œîªäà nsp = 1, äºÿ
nsp > 1 ïðŁ ÆîºüłŁı çíà÷åíŁÿı � ïîÿâºÿþòæÿ îÆºà-
æòŁ íåóæòîØ÷ŁâîæòŁ.

5. ˙À˚¸Þ×¯˝¨¯

ÒàŒŁì îÆðàçîì, â ðàÆîòå ÆßºŁ ÷Łæºåííî ïðî-
àíàºŁçŁðîâàíß ðàçíîîÆðàçíßå ðåæŁìß ªåíåðàöŁŁ Ł
ðàæïðîæòðàíåíŁÿ Łìïóºüæíßı æŁªíàºîâ â ôîòîííî-
ŒðŁæòàººŁ÷åæŒŁı ìŁŒðîðåçîíàòîðàı æ íîðìàºüíîØ

äŁæïåðæŁåØ ªðóïïîâßı æŒîðîæòåØ. ÒàŒŁå ôîòîííî-
ŒðŁæòàººŁ÷åæŒŁå ìŁŒðîðåçîíàòîðß ïîçâîºÿþò æî-
çäàâàòü æïåŒòðàºüíîå ðàæøåïºåíŁå îïðåäåºåííßı
ìîä, ÷òî äàåò âîçìîæíîæòü ýôôåŒòŁâíî óïðàâºÿòü
äŁæïåðæŁîííßìŁ æâîØæòâàìŁ âæåØ æòðóŒòóðß Ł îÆåæ-
ïå÷Łâàåò âßïîºíåíŁå óæºîâŁØ ôàçîâîªî æŁíıðîíŁç-
ìà äºÿ ïðîöåææà ªåíåðàöŁŁ îïòŁ÷åæŒîØ ÷àæòîòíîØ
ªðåÆåíŒŁ. ´ äàííîØ ðàÆîòå ÆßºŁ ðàææìîòðåíß ŒàŒ
æºó÷àŁ, Œîªäà íàŒà÷Œà îæóøåæòâºÿåòæÿ â ðàæøåïºåí-
íóþ ìîäó, òàŒ Ł æºó÷àŁ, Œîªäà íàŒà÷Œà îæóøåæòâºÿ-
åòæÿ â äðóªŁå ìîäß.

`ßºî ïîŒàçàíî, ÷òî åæºŁ îæóøåæòâºÿåòæÿ íàŒà÷-
Œà ðàæøåïºåííîØ ìîäß, òî âîçìîæíà íå òîºüŒî ýô-
ôåŒòŁâíàÿ ªåíåðàöŁÿ æîºŁòîííîªî Łìïóºüæà æ ïðÿ-
ìîóªîºüíßì ïðîôŁºåì (ŁºŁ ïºàòŁŒîíà), íî Ł Œîí-
òðîºŁðóåìîå óïðàâºåíŁå íàïðàâºåíŁåì åªî ðàæïðî-
æòðàíåíŁÿ âíóòðŁ ðåçîíàòîðà. ¨çìåíÿÿ ÷àæòîòó íà-
Œà÷ŒŁ, ìîæíî îÆðàòŁìî ïåðåŒºþ÷àòüæÿ ìåæäó ðå-
æŁìàìŁ æ ïºàòŁŒîíîì â ïðÿìîØ ºŁÆî â îÆðàòíîØ
âîºíå. `ßº îïðåäåºåí äŁàïàçîí ïàðàìåòðîâ äºÿ íà-
ÆºþäåíŁÿ äàííîªî ýôôåŒòà: ÷åì Æîºüłå âåºŁ÷Łíà
àìïºŁòóäß íàŒà÷ŒŁ, òåì Æîºüłå äîºæíî Æßòü çíà-
÷åíŁå âåºŁ÷Łíß ðàæøåïºåíŁÿ ìîäß. ˇðŁ äîæòàòî÷-
íî ÆîºüłŁı çíà÷åíŁÿı àìïºŁòóäß íàŒà÷ŒŁ ðåçóºü-
òàò ïðîöåææà æòàíîâŁòæÿ íå äåòåðìŁíŁðîâàííßì, à
âåðîÿòíîæòíßì, çàâŁæÿøŁì îò íà÷àºüíßı óæºîâŁØ.

¯æºŁ æå îæóøåæòâºÿåòæÿ íàŒà÷Œà íå ðàæøåïºåí-
íîØ ìîäß, à æîæåäíŁı æ íåØ ìîä, òî ìîæíî âîçÆóäŁòü
ŁºŁ îäŁíî÷íßØ łŁðîŒŁØ Łìïóºüæ òðåóªîºüíîØ ôîð-
ìß, ŁºŁ ïåðŁîäŁ÷åæŒóþ ïîæºåäîâàòåºüíîæòü òàŒŁı
Łìïóºüæîâ â çàâŁæŁìîæòŁ îò æïåŒòðàºüíîªî Łíòåðâà-
ºà ìåæäó íàŒà÷ŁâàåìîØ Ł ðàæøåïºåííîØ ìîäàìŁ. ´
ðàÆîòå Łææºåäîâàíß æâîØæòâà ªåíåðŁðóåìßı æŁªíà-
ºîâ òðåóªîºüíîØ ôîðìß Ł óæºîâŁÿ Łı âîçÆóæäåíŁÿ.
ˇðåŁìóøåæòâîì äàííîªî ïîäıîäà ÿâºÿåòæÿ òî, ÷òî
ýòîò ïðîöåææ Æóäåò Łìåòü íŁçŒŁØ ïîðîª ïî ìîøíîæòŁ
íàŒà÷ŒŁ Ł âßæîŒóþ ýôôåŒòŁâíîæòü ïðåîÆðàçîâàíŁÿ
íàŒà÷ŒŁ â îïòŁ÷åæŒóþ ÷àæòîòíóþ ªðåÆåíŒó.

´ßÿâºåííßå ðåæŁìß ðàæłŁðÿþò ïîíŁìàíŁå
äŁíàìŁŒŁ íåºŁíåØíî-îïòŁ÷åæŒŁı ïðîöåææîâ â
ôîòîííî-ŒðŁæòàººŁ÷åæŒŁı ìŁŒðîðåçîíàòîðàı æ
íîðìàºüíîØ äŁæïåðæŁåØ ªðóïïîâßı æŒîðîæòåØ Ł îò-
Œðßâàþò íîâßå âîçìîæíîæòŁ äºÿ Łı ïðàŒòŁ÷åæŒîªî
ïðŁìåíåíŁÿ.

ÔŁíàíæŁðîâàíŁå. —àÆîòà âßïîºíåíà ïðŁ
ïîääåðæŒå —îcæŁØæŒîªî íàó÷íîªî ôîíäà (ïðîåŒò
�24-22-00190).

˚îíôºŁŒò Łíòåðåæîâ. Àâòîðß çàÿâºÿþò îÆ
îòæóòæòâŁŁ ŒîíôºŁŒòà Łíòåðåæîâ.

´Œºàä àâòîðîâ. ´Œºàä àâòîðîâ ðàâíîöåíåí.

176



˘ÝÒÔ/JETP, òîì 169, âßï. 2, 2026 å̂íåðàöŁÿ Ł óïðàâºåíŁå ðåæŁìàìŁ...

ËÈÒÅÐÀÒÓÐÀ

1. V. S. Ilchenko and A. B. Matsko, Optical
Resonators with Whispering-Gallery Modes � Part II:
Applications , IEEE J. Sel. Top. Quant. Electron. 12,
15 (2006), doi: 10.1109/JSTQE.2005.862943.

2. D. V. Strekalov, C. Marquard, A. B. Matsko et al.,
Nonlinear and Quantum Optics with Whispering
Gallery Resonators, J. Opt. 18, 123002 (2016), doi:
10.1088/2040-8978/18/12/123002.

3. G. Lin, A. Coillet, and Y. K. Chembo, Nonlinear
Photonics with High-Q Whispering-Gallery-Mode
Resonators, Adv. Opt. Photonics 9, 828 (2017), doi:
10.1364/AOP.9.000828.

4. T. Herr, V. Brasch, J. D. Jost, C. Y. Wang,
N. M. Kondratiev, M. L. Gorodetsky, and
T. J. Kippenberg, Temporal Solitons in Optical
Microresonators , Nat. Photonics 8, 145 (2014), doi:
10.1038/nphoton.2013.343.

5. T. J. Kippenberg, A. L. Gaeta, M. Lipson, and
M. L. Gorodetsky, Dissipative Kerr Solitons in
Optical Microresonators , Science 361, eaan8083
(2018), doi: 10.1126/science.aan808.

6. M. Nie, Y. Xie, B. Li, and S. W. Huang, Photonic
Frequency Microcombs Based on Dissipative
Kerr and Quadratic Cavity Solitons , Prog.
Quantum Electron. 86, 100437 (2022), doi:
10.1016/j.pquantelec.2022.100437.

7. A. Pasquazi, M. Peccianti, L. Razzari, D. J. Moss,
S. Coen, M. Erkintalo, Y. K. Chembo, T. Hansson,
S. Wabnitz, P. Del’Haye, X. Xue, A. M. Weiner,
and R. Morandotti, Microcombs: A Novel Generation
of Optical Sources, Phys. Rep. 729, 1 (2018), doi:
10.1016/j.physrep.2017.08.004.

8. A. L. Gaeta, M. Lipson, and T. J. Kippenberg,
Photonic-Chip-Based Frequency Combs, Nat.
Photonics 13, 158 (2019), doi: 10.1038/s41566-019-
0358-x.

9. A. Kovach, D. Chen, J. He, H. Choi, A. H. Dogan,
M. Ghasemkhani, H. Taheri, and A. M. Armani,
Emerging Material Systems for Integrated Optical
Kerr Frequency Combs, Adv. Opt. Photonics 12, 135
(2020), doi: 10.1364/AOP.376924.

10. S. B. Papp, K. Beha, P. Del’Haye, F. Quinlan, H. Lee,
K. J. Vahala, and S. A. Diddams, Microresonator
Frequency Comb Optical Clock, Optica 1, 10 (2014),
doi: 10.1364/OPTICA.1.000010.

11. J. Riemensberger, A. Lukashchuk, M. Karpov,
W. Weng, E. Lucas, J. Liu, and T. J. Kippenberg,
Massively Parallel Coherent Laser Ranging Using
a Soliton Microcomb , Nature 581, 164 (2020), doi:
10.1038/s41586-020-2239-3.

12. P. Marin-Palomo, J. N. Kemal, M. Karpov,
A. Kordts, J. Pfei�e, M. H. P. Pfei�er, P. Trocha,
V. Brasch, S. Wolf, M. H. Anderson, R. Rosenberger,
K. Vijayan, W. Freude, T. J. Kippenberg,
and C. Koos, Microresonator-Based Solitons
for Massively Parallel Coherent Optical
Communications , Nature 546, 274 (2017), doi:
10.1038/nature22387.

13. J. Feldmann, N. Youngblood, M. Karpov, H. Gehring,
X. Li, M. Stappers, M. Le Gallo, X. Fu,
A. Lukashchuk, A. S. Raja, J. Liu, C. D. Wright,
A. Sebastian, T. J. Kippenberg, W. H. P. Pernice,
and H. Bhaskaran, Parallel Convolutional Processing
Using an Integrated Photonic Tensor Core , Nature
589, 52 (2021), doi: 10.1038/s41586-020-03070-1.

14. M.-G. Suh, X. Yi, Y.-H. Lai, S. Leifer, I. S. Grudinin,
G. Vasisht, E. C. Martin, M. P. Fitzgerald,
G. Doppmann, J. Wang, D. Mawet, S. B. Papp,
S. A. Diddams, C. Beichman, and K. Vahala,
Searching for Exoplanets Using a Microresonator
Astrocomb, Nat. Photonics 13, 25 (2019), doi:
10.1038/s41566-018-0312-3.

15. Y. Sun, J. Wu, M. Tan, X. Xu, Y. Li, R. Morandotti,
A. Mitchell, and D. J. Moss, Applications of Optical
Microcombs, Adv. Opt. Photonics 15, 86 (2023), doi:
10.1364/AOP.470264.

16. C. Godey, I. V. Balakireva, A. Coillet, and
Y. K. Chembo, Stability Analysis of the
Spatiotemporal Lugiato-Lefever Model for Kerr
Optical Frequency Combs in the Anomalous and
Normal Dispersion Regimes, Phys. Rev. A 89,
063814 (2014), doi: 10.1103/PhysRevA.89.063814.

17. X. Xue, M. Qi, and A. M. Weiner, Normal-
Dispersion Microresonator Kerr Frequency Combs ,
Nanophotonics 5, 244 (2016), doi: 10.1515/nanoph-
2016-0016.

18. P. Parra-Rivas, E. Knobloch, D. Gomila, and
L. Gelens, Dark Solitons in the Lugiato-Lefever
Equation with Normal Dispersion , Phys. Rev. A 93,
063839 (2016), 10.1103/PhysRevA.93.063839.

19. S. Fujii and T. Tanabe, Dispersion Engineering
and Measurement of Whispering Gallery Mode
Microresonator for Kerr Frequency Comb
Generation, Nanophotonics 9, 1087 (2020), doi:
10.1515/nanoph-2019-0497.

177



´. ¯. ¸îÆàíîâ, ˛. ´. `îðîâŒîâà, ˜. À. ×åðìîłåíöåâ ˘ÝÒÔ/JETP, òîì 169, âßï. 2, 2026

20. E. Lucas, S.-P. Yu, T. C. Briles, D. R. Carlson,
and S. B. Papp, Tailoring Microcombs with Inverse-
Designed, Meta-Dispersion Microresonators , Nat.
Photonics 17(11), 943 (2023), doi: 10.1038/s41566-
023-01252-7.

21. V. E. Lobanov, G. Lihachev, T. J. Kippenberg, and
M. L. Gorodetsky, Frequency Combs and Platicons
in Optical Microresonators with Normal GVD , Opt.
Express 23, 7713 (2015), doi: 10.1364/OE.23.007713.

22. X. Xue, Y. Xuan, Y. Liu, P.-H. Wang, S. Chen,
J. Wang, D. E. Leaird, M. Qi, and A. M. Weiner,
Mode-Locked Dark Pulse Kerr Combs in Normal-
Dispersion Microresonators , Nat. Photonics 9, 594
(2015), doi: 10.1038/nphoton.2015.137.

23. Z.-R. Yang and P.-H. Wang, Stability Analysis
of Mode-Coupling-Assisted Microcombs in Normal
Dispersion, Opt. Express 30, 37637 (2022), doi:
10.1364/OE.469362.

24. �O. B. Helgason, M. Girardi, Z. Ye, F. Lei, J. Schr�oder,
and V. Torres-Company, Surpassing the Nonlinear
Conversion E�ciency of Soliton Microcombs , Nat.
Photonics 17, 992 (2023), doi: 10.1038/s41566-023-
01280-3.

25. N. S. Tatarinova, A. E. Shitikov, G. V. Grechko,
A. F. Vorobyev, A. V. Masalov, I. A. Bilenko,
D. A. Chermoshentsev, and V. E. Lobanov,
Optimization Threshold for Degenerate Optical
Parametric Oscillations in a Bichromatically Pumped
Microresonator , Phys. Rev. Appl. 24, 024010 (2025),
doi: 10.1103/xphr-cml2.

26. X. Xue, Y. Xuan, P.-H. Wang, Y. Liu, D. E. Leaird,
M. Qi, and A. M. Weiner, Normal-Dispersion
Microcombs Enabled by Controllable Mode
Interactions , Laser Photonics Rev. 9, L23 (2015),
doi: 10.1002/lpor.201500107.

27. S. Fujii, Y. Okabe, R. Suzuki, T. Kato, A. Hori,
Y. Honda, and T. Tanabe, Analysis of Mode
Coupling Assisted Kerr Comb Generation in Normal
Dispersion System, IEEE Photon. J. 10, 1 (2018),
doi: 10.1109/JPHOT.2018.2865417.

28. B. Y. Kim, Y. Okawachi, J. K. Jang, M. Yu, X. Ji,
Y. Zhao, C. Joshi, M. Lipson, and A. L. Gaeta, Turn-
Key, High-e�ciency Kerr Comb Source , Opt. Lett.
44, 4475 (2019).

29. X. Xue, X. Zheng, and B. Zhou, Super-E�cient
Temporal Solitons in Mutually Coupled Optical
Cavities, Nat. Photonics 13, 616 (2020), doi:
10.1038/s41566-019-0436-0.

30. �O. B. Helgason, F. R. Arteaga-Sierra, Z. Ye,
K. Twayana, P. A. Andrekson, M. Karlsson,
J. Schr�oder, and V. Torres-Company, Dissipative
Solitons in Photonic Molecules, Nat. Photonics 15,
305 (2021), doi: 10.1038/s41566-020-00757-9.

31. I. Rebolledo-Salgado, C. Quevedo-Gal�an,
�O. B. Helgason, A. L�o�of, Z. Ye, F. Lei, J. Schr�oder,
M. Zelan, and V. Torres-Company, Platicon
Dynamics in Photonic Molecules, Commun. Phys. 6,
303 (2023), doi: 10.1038/s42005-023-01424-5.

32. S. Sanyal, Y. Okawachi, Y. Zhao, B. Y. Kim,
K. J. McNulty, M. Lipson, and A. L. Gaeta,
Nonlinear Dynamics of Coupled-Resonator Kerr
Combs, Phys. Rev. Lett. 134, 123801 (2025), doi:
10.1103/PhysRevLett.134.123801.

33. A. Arbabi, Y. M. Kang, Ch.-Y. Lu, E. Chow, and
L. L. Goddard, Realization of a Narrowband Single
Wavelength Microring Mirror , Appl. Phys. Lett. 99,
091105 (2011), doi: 10.1063/1.3633111.

34. X. Lu, S. Rogers, W. C. Jiang, and Q. Lin,
Selective Engineering of Cavity Resonance
for Frequency Matching in Optical Parametric
Processes, Appl. Phys. Lett. 105, 151104 (2014), doi:
10.1063/1.4898001.

35. S.-P. Yu, D. C. Cole, H. Jung, G. T. Moille,
K. Srinivasan, and S. B. Papp, Spontaneous Pulse
Formation in Edgeless Photonic Crystal Resonators,
Nat. Photonics, 15, 461 (2021), doi: 10.1038/s41566-
021-00800-3.

36. H. Liu, A. Carollo, J. Zang, and S. B. Papp, Next-
Generation Soliton Frequency Combs in Photonic-
Crystal and Nanocomposite Microresonators ,
arXiv:2508.13393 (2025).

37. S. P. Yu, E. Lucas, J. Zang, and S. B. Papp,
A Continuum of Bright and Dark-Pulse States in a
Photonic-Crystal Resonator , Nat. Commun. 13, 3134
(2022), doi: 10.1038/s41467-022-30774-x.

38. X. Lu, A. McClung, and K. Srinivasan, High-
Q Slow Light and Its Localization in a Photonic
Crystal Microring , Nat. Photonics 16, 66 (2022), doi:
10.1038/s41566-021-00912-w.

39. J. A. Black, G. Brodnik, H. Liu, S.-P. Yu,
D. R. Carlson, J. Zang, T. C. Briles, and S. B. Papp,
Optical-Parametric Oscillation in Photonic-Crystal
Ring Resonators, Optica 9, 1183 (2022), doi:
10.1364/OPTICA.469210.

178



˘ÝÒÔ/JETP, òîì 169, âßï. 2, 2026 å̂íåðàöŁÿ Ł óïðàâºåíŁå ðåæŁìàìŁ...

40. G. Brodnik, L. M. Williams, H. Liu, D. R. Carlson,
A. Dan, J. A. Black, and S. B. Papp, Activating High-
Power Parametric Oscillation in Photonic-Crystal
Resonators, arXiv:2504.07947 (2025).

41. A. E. Ulanov, B. Ruhnke, T. Wildi, and
T. Herr, Quadrature Squeezing in a Nanophotonic
Microresonator , Nat. Commun. 16, 10791 (2025),
doi: 10.1038/s41467-025-66703-x.

42. Ki Y. Yang, C. Shirpurkar, A. D. White, J. Zang,
L. Chang, F. Ashtiani, M. A. Guidry, D. M. Lukin,
S. V. Pericherla, J. Yang, H. Kwon, J. Lu, G. H. Ahn,
K. Van Gasse, Y. Jin, S.-P. Yu, T. C. Briles,
J. R. Stone, D. R. Carlson, H. Song, K. Zou, H. Zhou,
K. Pang, H. Hao, L. Trask, M. Li, A. Netherton,
L. Rechtman, J. S. Stone, J. L. Skarda, L. Su,
D. Vercruysse, J.-P. W. MacLean, S. Aghaeimeibodi,
M.-J. Li, D. A. B. Miller, D. M. Marom,
A. E. Willner, J. E. Bowers, S. B. Papp, P. J. Delfyett,
F. A�atouni, and J. Vu�ckovi�c, Multi-Dimensional
Data Transmission Using Inverse-Designed Silicon
Photonics and Microcombs, Nat. Commun. 13, 7862
(2022), doi: 10.1038/s41467-022-35446-4.

43. G. Moille, X. Lu, J. Stone, D. Westly, and
K. Srinivasan, Fourier Synthesis Dispersion
Engineering of Photonic Crystal Microrings for
Broadband Frequency Combs, Commun. Phys. 6, 144
(2023), doi: 10.1038/s42005-023-01253-6.

44. X. Lu, A. Chanana, Y. Sun, A. McClung,
M. Davanco, and K. Srinivasan, Band Flipping and
Bandgap Closing in a Photonic Crystal Ring and Its
Applications , Opt. Express 32, 20360 (2024), doi:
10.1364/OE.521350.

45. A. E. Ulanov, T. Wildi, N. G. Pavlov, J. D. Jost,
M. Karpov, and T. Herr, Synthetic Re�ection Self-
Injection-Locked Microcombs , Nat. Photonics 18, 294
(2024), doi: 10.1038/s41566-023-01367-x.

46. G. Spektor, J. Zang, A. Dan, T. C. Briles,
G. M. Brodnik, H. Liu, J. A. Black, D. R. Carlson,
and S. B. Papp, Photonic Bandgap Microcombs at
1064 nm, APL Photonics 9, 021303 (2024), doi:
10.1063/5.0191602.

47. J. Zang, S.-P. Yu, H. Liu, Y. Jin, T. C. Briles,
D. R. Carlson, and S. B. Papp, Laser Power
Consumption of Soliton Formation in a Bidirectional
Kerr Resonator , Nat. Photonics 19, 510 (2025), doi:
10.1038/s41566-025-01624-1.

48. Y. Jin, E. Lucas, J. Zang, T. Briles, I. Dickson,
D. Carlson, and S. B. Papp, The Bandgap-Detuned
Excitation Regime in Photonic-Crystal Resonators ,
Nat. Commun. 16, 5077 (2025), doi: 10.1038/s41467-
025-60156-y.

49. X. Xue, P.-H. Wang, Y. Xuan, M. Qi, and
A. M. Weiner, Microresonator Kerr Frequency
Combs with High Conversion E�ciency , Laser
Photonics Rev. 11, 1600276 (2017), doi:
10.1002/lpor.201600276.

50. C. Lao, X. Jin, L. Chang, H. Wang, Z. Lv, W. Xie,
H. Shu, X. Wang, J. E. Bowers, and Q.-F. Yang,
Quantum Decoherence of Dark Pulses in Optical
Microresonators , Nat. Commun. 14, 1802 (2023), doi:
10.1038/s41467-023-37475-z.

51. Y. Liu, Y. Xuan, X. Xue, P.-H. Wang, S. Chen,
A. J. Metcalf, J. Wang, D. E. Leaird, M. Qi, and
A. M. Weiner, Investigation of Mode Coupling in
Normal-Dispersion Silicon Nitride Microresonators
for Kerr Frequency Comb Generation , Optica 1, 137
(2014), doi: 10.1364/OPTICA.1.000137.

52. N. M. Kondratiev and V. E. Lobanov,
Modulational Instability and Frequency Combs
in Whispering-Gallery-Mode Microresonators with
Backscattering, Phys. Rev. A 101, 013816 (2020),
doi: 10.1103/PhysRevA.101.013816.

53. D. V. Skryabin, Hierarchy of Coupled Mode and
Envelope Models for Bidirectional Microresonators
with Kerr Nonlinearity , OSA Continuum 3, 1364
(2020), doi: 10.1364/OSAC.392211.

54. V. E. Lobanov, O. V. Borovkova, A. K. Vorobyev,
V. I. Pavlov, D. A. Chermoshentsev, and
I. A. Bilenko, Fragmentation of Stability Domains of
Dark Solitons, Dark Breathers, and Drifting Solitons
at High Pump Intensities in Normal-Dispersion Kerr
Microresonators , Phys. Rev. A 109, 033524 (2024),
doi: 10.1103/PhysRevA.109.033524.

55. N. M. Kondratiev, V. E. Lobanov, N. Y. Dmitriev,
S. J. Cordette, and I. A. Bilenko, Analysis
of Parameter Combinations for Optimal Soliton
Microcomb Generation E�ciency in a Simple Single-
Cavity Scheme, Phys. Rev. A 107, 063508 (2020),
doi: 10.1103/PhysRevA.107.063508.

56. P.-H. Wang, K.-L. Chiang, and Z.-R. Yang, Study of
Microcomb Threshold Power with Coupling Scaling,
Sci. Rep. 11, 9935 (2021), doi: 10.1038/s41598-021-
89411-0.

179



´. ¯. ¸îÆàíîâ, ˛. ´. `îðîâŒîâà, ˜. À. ×åðìîłåíöåâ ˘ÝÒÔ/JETP, òîì 169, âßï. 2, 2026

Generation and Control of the Propagation Regimes of the Pulse States in Photonic-Crystal
Microresonators With Normal Group Velocity Dispersion
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Abstract

We numerically studied the di�erent regimes of generation and propagation of pulse signals in photonic-crystal
microresonators with normal group velocity dispersion. The addressed photonic-crystal structure provides the spectral
splitting of certain modes of the microresonator and therefore allows controlling its dispersion properties so that the phase-
matching conditions for optical frequency comb generation process are satis�ed e�ciently. In the paper it was demonstrated
that when the split mode is pumped it is possible not only the e�cient generation of the solitonic pulse with rectangular
pro�le (or platicon), but also the controllable switching of the platicon propagation direction. During the pump frequency
scan it is possible to switch between the regimes with the platicon in either forward or backward wave reversibly. In this
work the parameter range required for this phenomenon is determined: larger pump amplitudes require larger pump mode-
splitting values. At su�ciently high pump amplitudes, the outcome of this process becomes probabilistic, depending on
the particular realization of the input conditions. It was also shown that pumping the modes neighboring to the split one
allows exciting either single wide pulse with the triangular shape or periodic sequence of such pulses depending on the
spectral interval between the pumped and split modes. The advantage of such an approach is that the discussed process has
a smaller pump power threshold and high pump-to-comb conversion e�ciency. In this work the properties and generation
conditions of the signals with triangular form are explored.

Keywords: optical frequency combs, solitons, platicons, photonic-crystal microresonators, normal group
velocity dispersion
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