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Ðàáîòà ïîñâÿùåíà ðàçðàáîòêå ñóáïèêîñåêóíäíîé ëàçåðíîé óñòàíîâêè ñ ïåðåñòðàèâàåìîé ÷àñòîòîé ïî-

âòîðåíèÿ èìïóëüñîâ äëÿ ðåàëèçàöèè ìåòîäà àòðàâìàòè÷åñêîãî «õîëîäíîãî» ðåìîäåëèðîâàíèÿ êîæíûõ ïî-
êðîâîâ. Â õîäå èññëåäîâàíèÿ îáîñíîâàíà àêòóàëüíîñòü ñîçäàíèÿ ëàçåðíîé ñèñòåìû, ãåíåðèðóþùåé èìïóëü-
ñû äëèòåëüíîñòüþ íå áîëåå 20 ïñ â ñïåêòðàëüíîì äèàïàçîíå îêîëî 1550 íì ñ ïåðåñòðàèâàåìîé ÷àñòîòîé ïî-
âòîðåíèÿ îò ñîòåí êÃö äî äåñÿòêîâ ÌÃö è ñðåäíåé âûõîäíîé ìîùíîñòüþ íå ìåíåå 500 ìÂò. Ðàçðàáîòàííàÿ 
ëàçåðíàÿ ñèñòåìà âêëþ÷àåò â ñåáÿ ñëåäóþùèå ìîäóëè: çàäàþùèé ãåíåðàòîð óëüòðàêîðîòêèõ èìïóëüñîâ 
(ÓÊÈ), äâà áëîêà ïðåäóñèëåíèÿ, äåëèòåëü ÷àñòîòû ïîâòîðåíèÿ èìïóëüñîâ è êàñêàä ìîùíîãî óñèëåíèÿ. Çà-
äàþùèé ãåíåðàòîð áûë âûïîëíåí íà áàçå êîëüöåâîãî ïîëíîñòüþ âîëîêîííîãî ðåçîíàòîðà ñ àêòèâíûì âîëîê-
íîì, ëåãèðîâàííûì èîíàìè Er3+, â êà÷åñòâå àêòèâíîé ñðåäû. Øèðèíà îïòè÷åñêîãî ñïåêòðà èçëó÷åíèÿ ñî-
ñòàâëÿëà 34 íì ïî óðîâíþ 5 äÁ ñ öåíòðàëüíîé äëèíîé âîëíû 1548 íì. Äëèòåëüíîñòü èìïóëüñà áûëà ðàâíà 
2,7 ïñ, ÷àñòîòà ïîâòîðåíèÿ èìïóëüñîâ – 13,3 ÌÃö, ñðåäíÿÿ ìîùíîñòü èçëó÷åíèÿ – 8,1 ìÂò. Ïîñëå ðàñòÿãè-
âàíèè èìïóëüñà â âîëîêíå ñ ïîëîæèòåëüíîé äèñïåðñèåé ãðóïïîâûõ ñêîðîñòåé (ÄÃÑ) (D = 72 ïñ/(íì  êì)) 
è óñèëåíèÿ â ïåðâîì êàñêàäå ïðåäóñèëèòåëÿ äëèòåëüíîñòü èìïóëüñà óâåëè÷èëàñü äî 17,8 ïñ, à ñðåäíÿÿ 
ìîùíîñòü âûðîñëà äî 129 ìÂò. Äàëåå ÷àñòîòà ñëåäîâàíèÿ èìïóëüñîâ áûëà ïîäåëåíà â 20 ðàç – îò 13,3 ÌÃö 
äî 670 êÃö. Ïîñëå ïðîõîæäåíèÿ âòîðîãî êàñêàäà ïðåäóñèëèòåëÿ, êàñêàäà ìîùíîãî óñèëèòåëÿ íà áàçå âîëîê-
íà ñ ðàñøèðåííîé ìîäîâîé îáëàñòüþ (dìîä.îáë. = 25 ìêì) è äèõðîè÷åñêîãî çåðêàëà (äëÿ îòñåèâàíèÿ èçëó÷å-
íèÿ íàêà÷êè) áûëè ïîëó÷åíû ñëåäóþùèå õàðàêòåðèñòèêè âûõîäíîãî èçëó÷åíèÿ: äëèòåëüíîñòü èìïóëüñà – 
19,6 ïñ, ñðåäíÿÿ ìîùíîñòü èçëó÷åíèÿ – 512 ìÂò. Ôîðìà îïòè÷åñêîãî ñïåêòðà è àâòîêîððåëÿöèîííîé ôóíê-
öèè ñîîòâåòñòâîâàëè âèäó, õàðàêòåðíîìó äëÿ îäíîèìïóëüñíîé ãåíåðàöèè. 

 

Êëþ÷åâûå ñëîâà: àòðàâìàòè÷åñêîå ðåìîäåëèðîâàíèå êîæè, ëàçåð, êîñìåòîëîãèÿ, äåðìàòîëîãèÿ, ãåíåðà-
öèÿ óëüòðàêîðîòêèõ èìïóëüñîâ, ñóáïèêîñåêóíäíûé ëàçåð; atraumatic skin remodeling, laser, cosmetology, 
dermatology, generation of ultrashort pulses, subpicosecond laser. 

 
Ââåäåíèå 

 

Â ñâÿçè ñ ïðîïàãàíäîé èäåàëà êðàñîòû â ñîöèàëüíûõ ñåòÿõ, îñîáåííî äëÿ ìîëîäîé àóäèòîðèè, à òàêæå  
ñ óâåëè÷åíèåì êîëè÷åñòâà âèäåîçâîíêîâ, ëþäè îáðàùàþò âñå áîëüøåå âíèìàíèå íà ýñòåòè÷åñêèå íåäîñòàòêè 
êîæè [1,2]. Ïîìèìî ýòîãî, âàæíî îòìåòèòü, ÷òî, ñîãëàñíî èññëåäîâàíèÿì Global Alliance íàëè÷èå êîæíûõ 
íåäîñòàòêîâ ñíèæàåò ñîöèàëüíóþ àêòèâíîñòü ÷åëîâåêà è ìîæåò ïðèâåñòè ê ïñèõîëîãè÷åñêèì ïðîáëåìàì [3]. 
Ïî ýòèì ïðè÷èíàì â ïîñëåäíåå âðåìÿ íàáëþäàåòñÿ ðîñò âîñòðåáîâàííîñòè ïðîöåäóð ïî êîððåêöèè ýñòåòè÷å-
ñêèõ íåäîñòàòêîâ. Òàê, ñîãëàñíî ñëîæèâøåéñÿ òåíäåíöèè, îáúåì ìèðîâîãî ðûíêà ýñòåòè÷åñêîé ìåäèöèíû  
ñ 52,5 ìëðä. äîë. â 2018 ã. äîëæåí âûðàñòè äî 57,2 ìëðä. äîëë. â 2026 ãîäó (8,9%) [4, 5]. 

Íàèáîëåå ïåðñïåêòèâíûìè äëÿ äàííûõ çàäà÷, ñ÷èòàþòñÿ ëàçåðíûå ìåòîäû â ñâÿçè ñ èõ âûñîêîé ïðåöè-
çèîííîñòüþ è ìàëîé èíâàçèâíîñòüþ âîçäåéñòâèÿ [6, 7]. Íàèáîëåå ðàñïðîñòðàíåííûìè ÿâëÿþòñÿ ïðîöåäóðû 
ñåëåêòèâíîãî ôîòîòåðìîëèçà – ëàçåðíîå èçëó÷åíèå îñóùåñòâëÿåò ëîêàëüíûé ïðîãðåâ ñëîåâ ýïèäåðìèñà  
è äåðìû ïóòåì âîçäåéñòâèÿ íà öåëåâûå õðîìîôîðû, ÷òî çàïóñêàåò ðåìîäåëèðîâàíèå êîæè ÷åðåç âîñïàëè-
òåëüíûé ïðîöåññ. Ýðáèåâûé íåàáëÿöèîííûé ôðàêöèîííûé ìèëëèñåêóíäíûé ëàçåð, êàê ïðàâèëî, ÿâëÿåòñÿ 
íàèëó÷øèì àïïàðàòîì äëÿ ïðîâåäåíèÿ òàêîãî ëå÷åíèÿ. Îäíàêî äàííûì ïðîöåäóðàì ñâîéñòâåííû íåäîñòàòî÷-
íûé êëèíè÷åñêèé ýôôåêò, à òàêæå ðÿä ïîñòïðîöåäóðíûõ îñëîæíåíèé, òàêèõ êàê ýðèòåìà, îòåê è ñóõîñòü [8, 
9]. Äðóãèì ìåòîäîì ëå÷åíèÿ ýñòåòè÷åñêèõ íåäîñòàòêîâ êîæè ÿâëÿåòñÿ àáëÿöèîííàÿ ëàçåðíàÿ øëèôîâêà – 
óäàëåíèå ëîêàëüíûõ îáëàñòåé ýïèäåðìèñà ìåòîäîì àáëÿöèè ñ ïîñëåäóþùåé ñòèìóëÿöèåé ïðîöåññîâ ðåãåíå-
ðàöèè. Äàííûé òèï ëå÷åíèÿ õàðàêòåðèçóåòñÿ äîñòàòî÷íî âûñîêèì êëèíè÷åñêèì ýôôåêòîì, à òàêæå çíà÷è-
òåëüíîé òðàâìàòè÷íîñòüþ, ÷òî ïðèâîäèò ê äëèòåëüíûì ñðîêàì ðåàáèëèòàöèè. Ëàçåðû ñ êîðîòêîé äëèòåëüíî-
ñòüþ èìïóëüñà (íàíîñåêóíäû – ñîòíè ïèêîñåêóíä) ïîçâîëèëè ñíèçèòü ïîâðåæäàþùèå ôàêòîðû, îäíàêî èñ-
ïîëüçîâàíèþ òàêèõ ñèñòåì âñå åùå ñîïóòñòâóþò ñóùåñòâåííûå ïîñòîïåðàöèîííûå îñëîæíåíèÿ, òàêèå êàê 
òî÷å÷íûå êðîâîòå÷åíèÿ, ãèïåðïèãìåíòàöèÿ è äð. [10–12]. Â 2021 ã. áûë ïðîäåìîíñòðèðîâàíà âîçìîæíîñòü 
àòðàâìàòè÷íîãî «õîëîäíîãî» ðåìîäåëèðîâàíèÿ êîæíûõ ïîêðîâîâ. Âîçäåéñòâèå óëüòðàêîðîòêèõ èìïóëüñîâ íà 
÷àñòîòå ïîâòîðåíèÿ 1 ÌÃö ñ ýíåðãèåé èìïóëüñà îò 0,2 äî 1 ìêÄæ ïðèâåëî ê ðîñòó ÷èñëà áèîëîãè÷åñêèõ ìàð-
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êåðîâ (MMP9, MMP3), îòâå÷àþùèõ çà ðåìîäåëèðîâàíèå êîæíûõ ïîêðîâîâ. Äëèòåëüíîñòü èìïóëüñîâ áûëà 
êîðî÷å âðåìåíè âñåõ õàðàêòåðíûõ ðåëàêñàöèîííûõ ïðîöåññîâ, ÷òî ãàðàíòèðîâàëî ïðàêòè÷åñêè ïîëíîå îòñóò-
ñòâèå òåðìè÷åñêèõ ïîâðåæäàþùèõ ïðîöåññîâ [13, 14]. Îäíàêî äàëåå äàííûé ìåòîä ðåìîäåëèðîâàíèÿ êîæè 
íå áûë äîñòàòî÷íî èçó÷åí è ïðîðàáîòàí, â òîì ÷èñëå â ñâÿçè ñ îòñóòñòâèåì ïîäõîäÿùåé ëàçåðíîé ñèñòåìû  
ñ òðåáóåìîé äëèòåëüíîñòüþ èìïóëüñîâ è äëèíîé âîëíû, à òàêæå ñ âîçìîæíîñòüþ âàðüèðîâàíèÿ ýíåðãèè èì-
ïóëüñîâ è ÷àñòîòû èõ ñëåäîâàíèÿ. Òàêèì îáðàçîì, öåëüþ äàííîé ðàáîòû áûëî ñîçäàíèå ëàçåðíîé ñèñòåìû, 
ãåíåðèðóþùåé ïîñëåäîâàòåëüíîñòü èìïóëüñîâ äëèòåëüíîñòüþ íå áîëåå 20 ïñ, ñ ÷àñòîòîé ñëåäîâàíèÿ, ïåðå-
ñòðàèâàåìîé îò ñîòåí êÃö äî äåñÿòêîâ ÌÃö, ñïåêòðîì èçëó÷åíèÿ â äèàïàçîíå îò 1530 äî 1580 íì. Ìàêñè-
ìàëüíàÿ ñðåäíÿÿ ìîùíîñòü äîëæíà áûòü íå ìåíåå 500 ìÂò. 

 
Ìàòåðèàëû è ìåòîäû 

 

Ðàçðàáîòàííàÿ ñèñòåìà ñîñòîÿëà èç ñëåäóþùèõ áëîêîâ: çàäàþùåãî ãåíåðàòîðà, äâóõ áëîêîâ ïðåäóñèëå-
íèÿ, äåëèòåëÿ ÷àñòîòû ïîâòîðåíèÿ è êàñêàäà ìîùíîãî óñèëåíèÿ. Ñõåìà ñèñòåìû ïðåäñòàâëåíà íà ðèñ. 1, à.  
Â êà÷åñòâå çàäàþùåãî ãåíåðàòîðà ÓÊÈ èñïîëüçîâàëñÿ ïîëíîñòüþ âîëîêîííûé êîëüöåâîé ðåçîíàòîð äëèíîé 
15,66 ì, ñõåìà êîòîðîãî ïðåäñòàâëåíà íà ðèñ. 1, á. Â êà÷åñòâå àêòèâíîé ñðåäû èñïîëüçîâàëîñü êîììåð÷åñêè 
äîñòóïíîå âîëîêíî, ëåãèðîâàííîå èîíàìè Er3+ (ÍÅ980, Lucent Technologies) c êîýôôèöèåíòîì ïîãëîùåíèÿ 
4  1 äÁ/ì íà äëèíå âîëíû 1530 íì. Ýòî âîëîêíî íàêà÷èâàëîñü èçëó÷åíèåì îäíîìîäîâîãî äèîäà íà äëèíå 
âîëíû 980 íì ìîùíîñòüþ 650 ìÂò. Ñóììàðíàÿ äèñïåðñèÿ ãðóïïîâûõ ñêîðîñòåé â ðåçîíàòîðå (2) ñîñòàâèëà 
0,005 ïñ2. Äàëåå ãåíåðèðóåìûå èìïóëüñû ðàñòÿãèâàëèñü â 48-ìåòðîâîé êàòóøêå ïàññèâíîãî âîëîêíà  
ñ ïîëîæèòåëüíîé ÄÃÑ (HNLF, ÍÖÂÎ-Ôîòîíèêà). Äèñïåðñèÿ äàííîãî âîëîêíà (D) ñîñòàâëÿëà 
72 ïñ/(íì  êì). Ïîñëå ýòîãî èçëó÷åíèå óñèëèâàëîñü â ïåðâîì êàñêàäå ïðåäóñèëèòåëÿ â 5 ìåòðàõ êîììåð÷å-
ñêè äîñòóïíîãî àêòèâíîãî âîëîêíà, ëåãèðîâàííîãî èîíàìè Er3+ (I-25, FiberCore) ñ êîýôôèöèåíòîì ïîãëîùå-
íèÿ 40  5 äÁ/ì íà äëèíå âîëíû 1530 íì. Ýòî âîëîêíî íàêà÷èâàëîñü èçëó÷åíèåì îäíîìîäîâîãî äèîäà íà 
äëèíå âîëíû 980 íì ìîùíîñòüþ 650 ìÂò. 

 

 
 à                                                                        á 

Ðèñ.1. Ñõåìà ëàçåðíîé óñòàíîâêè (à) è çàäàþùåãî ãåíåðàòîðà ÓÊÈ (á) 
 
Äàëåå ÷åðåç ðàçâåòâèòåëü 99/1 â ñõåìó âêëþ÷àëñÿ äåëèòåëü ÷àñòîòû ñëåäîâàíèÿ èìïóëüñîâ: 99% èçëó-

÷åíèÿ ïîñòóïàëî íà àêóñòîîïòè÷åñêèé ìîäóëÿòîð (ÀÎÌ), 1% – â ýëåêòðîííûé êàíàë äëÿ óïðàâëåíèÿ ÀÎÌ. 
Ñíà÷àëà â ýëåêòðîííîì êàíàëå óïðàâëåíèÿ ÀÎÌ îïòè÷åñêèé ñèãíàë ïðåîáðàçîâûâàëñÿ â ýëåêòðîííûé ñèã-
íàë äëÿ ïðåääåëèòåëÿ è ìèêðîêîíòðîëëåðà STM32F429ZI íà ïëàòå NUCLEO-F429ZI (ÌÏÑÓ – ìèêðîïðî-
öåññîðíàÿ ñèñòåìà óïðàâëåíèÿ), ãäå îí äåëèëñÿ äî òðåáóåìîé ÷àñòîòû. Ïëàòà ïðåääåëèòåëÿ ÷àñòîòû áûëà 
âûïîëíåíà íà îñíîâå D-òðèããåðîâ ñ êîýôôèöèåíòàìè 2, 4, 8, 16, 32, 64, 128, 256. Äàëåå óïðàâëÿþùèé ñèã-
íàë íàïðàâëÿëñÿ íà äðàéâåð, êîòîðûé îñóùåñòâëÿë óïðàâëåíèå ÀÎÌ. Áëîê äåëèòåëÿ ÷àñòîòû ðàáîòàë ñ êî-
ýôôèöèåíòîì äåëåíèÿ 20. Äëÿ êîìïåíñàöèè ïîòåðü, ñîçäàâàåìûõ äåëèòåëåì ÷àñòîòû, èñïîëüçîâàëñÿ âòîðîé 
êàñêàä ïðåäóñèëåíèÿ. Â êîòîðîì 3 ì êîììåð÷åñêè äîñòóïíîãî àêòèâíîãî âîëîêíà, ëåãèðîâàííîãî èîíàìè Er3+ 

(I-25, FiberCore) ñ êîýôôèöèåíòîì ïîãëîùåíèÿ 40  5 äÁ/ì íà äëèíå âîëíû 1530 íì íàêà÷èâàëîñü èçëó÷å-
íèåì îäíîìîäîâîãî äèîäà ìîùíîñòüþ 350 ìÂò íà äëèíå âîëíû 980 íì. Äàëåå ïîñëåäîâàòåëüíîñòü ÓÊÈ ïî-
ñòóïàëà â êàñêàä ìîùíîãî óñèëåíèÿ ÷åðåç îáúåäèíèòåëü ñèãíàëà è íàêà÷êè (DK Photonics) â 7-ìåòðîâóþ 
êàòóøêó êîììåð÷åñêè äîñòóïíîãî àêòèâíîãî âîëîêíà, ëåãèðîâàííîå èîíàìè Er3+, ñ äâîéíîé îáîëî÷êîé ñ ðàñ-
øèðåííîé ìîäîâîé îáëàñòüþ (dìîä.îáë. = 25 ìêì) (EDF-DC-35/125-100, ÍÖÂÎ-Ôîòîíèêà). Ýòî âîëîêíî íà-
êà÷èâàëîñü ìíîãîìîäîâûì äèîäîì èçëó÷åíèåì ìîùíîñòüþ 20 Âò íà äëèíå âîëíû 980 íì. Íà âûõîäíîì êîí-
öå âîëîêíà áûë ñäåëàí êîñîé ñêîë äëÿ ïðåäîòâðàùåíèÿ îáðàòíîãî îòðàæåíèÿ, ïîñëå ÷åãî îí áûë çàêðåïëåí 
íà ñòîéêå. Âûõîäÿùèé èç âîëîêíà ïó÷îê êîëëèìèðîâàëñÿ ëèíçîé ñ ôîêóñíûì ðàññòîÿíèåì 20 ìì. Íå ïîãëî-
òèâøàÿñÿ íàêà÷êà îòñåèâàëàñü íà êîììåð÷åñêè äîñòóïíîì äèõðîè÷åñêîì çåðêàëå (DMLP1180T, Thorlabs), 
óñòàâëåííîì ïîä óãëîì 45 ê íàïðàâëåíèþ ðàñïðîñòðàíåíèÿ ïó÷êà. 
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Ðåçóëüòàòû ýêñïåðèìåíòà 
 

Íà âûõîäå çàäàþùåãî ãåíåðàòîðà áûëà ïîëó÷åíà ñòàáèëüíàÿ îäíîèìïóëüñíàÿ ãåíåðàöèÿ. Èçìåðåííûå 
õàðàêòåðèñòèêè ðåæèìà ãåíåðàöèè ïðåäñòàâëåíû íà ðèñ. 2. Ôîðìà îïòè÷åñêîãî ñïåêòðà è åãî áîëüøàÿ øè-
ðèíà ñîîòâåòñòâóþò ñèìèëàðèòîííîìó ðåæèìó ãåíåðàöèè, êîòîðûé ÿâëÿåòñÿ íàèáîëåå îïòèìàëüíûì ðåæèìîì 
äëÿ ïîëó÷åíèÿ âûñîêîìîùíûõ èìïóëüñîâ â ðåæèìå óñèëåíèÿ ÷èðïèðîâàííûõ èìïóëüñîâ [15–18]. Øèðèíà 
ñïåêòðà ñîñòàâëÿëà 34 íì ïî óðîâíþ 5 äÁ. Ïðåäñòàâëåííîå íà ðèñ. 2, á èññëåäîâàíèå äèíàìèêè äëèòåëüíî-
ñòè èìïóëüñà íà âûõîäå ðåçîíàòîðà ïðè ðàçëè÷íûõ äëèíàõ âîëîêíà ñ àíîìàëüíîé ÄÃÑ (SMF-28) ïîäòâåðäè-
ëî íàëè÷èå ïîëîæèòåëüíîãî ÷èðïà íà âûõîäå ðåçîíàòîðà, ÷òî ÿâëÿëîñü âàæíûì óñëîâèåì äëÿ ðàáîòû â ðå-
æèìå óñèëåíèÿ ÷èðïèðîâàííûõ èìïóëüñîâ. Äëÿ äàëüíåéøåé ðàáîòû áûëà âûáðàíà äëèíà âîëîêíà SMF-28 
ðàâíàÿ 1,7 ì, äëèòåëüíîñòü èìïóëüñà ñîñòàâèëà 2,7 ïñ (ðèñ. 2, â). Âûñîêîå îòíîøåíèå ñèãíàë/øóì (62,2 äÁ, 
ðèñ. 2, ã) õàðàêòåðèçîâàëî ñòàáèëüíîñòü ïîëó÷åííîãî ðåæèìà ãåíåðàöèè. Ìîùíîñòü èçëó÷åíèÿ íà âûõîäå 
ñîñòàâèëà 8,1 ìÂò. 

 

 
à                                                                 á 

 
â                                                                 ã 

Ðèñ. 2. Õàðàêòåðèñòèêè èçëó÷åíèÿ íà âûõîäå çàäàþùåãî ãåíåðàòîðà: îïòè÷åñêèé ñïåêòð èçëó÷åíèÿ (à); èññëåäîâàíèå äè-
íàìèêè äëèòåëüíîñòè èìïóëüñà â çàâèñèìîñòè îò äëèíû âîëîêíà ñ àíîìàëüíîé ÄÃÑ (SMF-28) (á); àâòîêîððåëÿöèîííûé 
   ñèãíàë (â); îòíîøåíèå ñèãíàë/øóì íà ôóíäàìåíòàëüíîé ÷àñòîòå ïîâòîðåíèÿ (ã) 

 
Õàðàêòåðèñòèêè èçëó÷åíèÿ ïîñëå ðàñòÿãèâàíèÿ â 48-ìåòðîâîì ïàññèâíîì âîëîêíå ñ ïîëîæèòåëüíîé ÄÃÑ 

(HNLF, ÍÖÂÎ-Ôîòîíèêà) è óñèëåíèÿ â ïåðâîì êàñêàäå ïðåäóñèëèòåëÿ ïðåäñòàâëåíû íà ðèñ. 3. Èìïóëüñ 
óøèðèëñÿ äî äëèòåëüíîñòè 17,8 ïñ, âûõîäíàÿ ìîùíîñòü ñîñòàâèëà 129 ìÂò. Â áëîêå äåëèòåëÿ ÷àñòîòû áûëî 
îñóùåñòâëåíî äåëåíèå â 20 ðàç – îò 13,3 ÌÃö äî 670 êÃö. Îñöèëëîãðàììû ñèãíàëà äî è ïîñëå ïðîõîæäåíèÿ 
ÀÎÌà ïîêàçàíû íà ðèñ. 4. Ñòîèò îòìåòèòü, ÷òî èíòåíñèâíîñòü èìïóëüñîâ, ïðîïóùåííûõ àêóñòîîïòè÷åñêèì 
ìîäóëÿòîðîì, óìåíüøèëàñü ïðèìåðíî íà 6 äÁ, ÷òî ñîîòâåòñòâóåò åãî òåõíè÷åñêîé äîêóìåíòàöèè. 
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à                                                                 á 

Ðèñ.3. Õàðàêòåðèñòèêè èçëó÷åíèÿ ïîñëå ðàñòÿãèâàíèÿ èìïóëüñîâ è óñèëåíèÿ èõ â ïåðâîì êàñêàäå ïðåäóñèëèòåëÿ: îïòè÷å- 
  ñêèé ñïåêòð èçëó÷åíèÿ (à); àâòîêîððåëÿöèîííûé ñèãíàë (á) 

 

 
à                                                                 á 

Ðèñ. 4. Îñöèëëîãðàììà ñèãíàëà äî ïðîõîæäåíèÿ ÀÎÌà (à) è ïîñëå ïðîõîæäåíèÿ ÀÎÌà (á) 
 
Õàðàêòåðèñòèêè èçëó÷åíèÿ ïîñëå óñèëåíèÿ â êàñêàäå ìîùíîãî óñèëèòåëÿ è îòñåèâàíèÿ èçëó÷åíèÿ íà-

êà÷êè äèõðîè÷åñêèì çåðêàëîì ïðåäñòàâëåíû íà ðèñ. 5. Ôîðìà ñïåêòðà èìïóëüñîâ ïðàêòè÷åñêè íå ïðåòåðïåëà 
èçìåíåíèé ïî ñðàâíåíèþ ñ õàðàêòåðèñòèêàìè íà âûõîäå ïåðâîãî êàñêàäà ïðåäóñèëèòåëÿ. Òàêæå èìïóëüñ íå-
çíà÷èòåëüíî óøèðèëñÿ äî 19,6 ïñ. Âàæíî îòìåòèòü, ÷òî âèä àâòîêîððåëÿöèîííîé ôóíêöèè óêàçûâàåò íà ñî-
õðàíåíèå îäíîèìïóëüñíîé ãåíåðàöèè. Èçìåðåííàÿ âûõîäíàÿ ìîùíîñòü èçëó÷åíèÿ ñîñòàâèëà 512 ìÂò. 

 

 
à                                                                 á 

Ðèñ. 5. Õàðàêòåðèñòèêè èçëó÷åíèÿ ïîñëå óñèëåíèÿ â êàñêàäå ìîùíîãî óñèëèòåëÿ: îïòè÷åñêèé ñïåêòð (à); àâòîêîððåëÿ- 
  öèîííûé ñèãíàë (á) 
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Çàêëþ÷åíèå 
 

Â ðåçóëüòàòå íàì óäàëîñü ýêñïåðèìåíòàëüíî ïðîäåìîíñòðèðîâàòü ðàáîòó ëàçåðíîé ñèñòåìû ÓÊÈ äëÿ 
àòðàâìàòè÷íîãî ðåìîäåëèðîâàíèÿ êîæíûõ ïîêðîâîâ. Ñïåêòðàëüíûé äèàïàçîí ãåíåðàöèè íàõîäèëñÿ â îáëàñòè 
1560 íì, ÷òî ÿâëÿåòñÿ íàèáîëåå îïòèìàëüíûì äèàïàçîíîì äëèí âîëí äëÿ ëàçåðíûõ àïïàðàòîâ, ïðåäíàçíà÷åí-
íûõ äëÿ ðåøåíèÿ ïîäîáíûõ çàäà÷ â äåðìàòîëîãèè è êîñìåòîëîãèè. Âûõîäíàÿ äëèòåëüíîñòü èìïóëüñîâ ñîñòà-
âèëà 19,6 ïñ, ÷òî ìåíüøå âñåõ âðåìåí ðåëàêñàöèè òêàíåé êîæè. Ýòî ïîçâîëèò ìèíèìèçèðîâàòü òåðìè÷åñêîå  
è àêóñòè÷åñêîå ïîâðåæäåíèå ïðè âîçäåéñòâèè èçëó÷åíèÿ ðàçðàáîòàííîé óñòàíîâêè íà êîæó. ×àñòîòà ïîâòî-
ðåíèÿ èìïóëüñîâ áûëà ðàâíà 13,3 ÌÃö, à ñðåäíÿÿ ìîùíîñòü èçëó÷åíèÿ ñîñòàâëÿëà 512 ìÂò, ÷òî ñîîòâåòñòâó-
åò òðåáîâàíèÿì äëÿ ðàáîòû â ðåæèìå àòðàâìàòè÷íîãî «õîëîäíîãî» ðåìîäåëèðîâàíèÿ. Òàêæå áûëà ïðîäåìîí-
ñòðèðîâàíà âîçìîæíîñòü óìåíüøåíèÿ ÷àñòîòû ñëåäîâàíèÿ èìïóëüñîâ ñ êîýôôèöèåíòîì äåëåíèÿ îò 1 äî 20. 
Äàííàÿ òåõíè÷åñêàÿ âîçìîæíîñòü óñòàíîâêè ïîçâîëèò èññëåäîâàòü ìåòîä àòðàâìàòè÷íîãî «õîëîäíîãî» ðåìî-
äåëèðîâàíèÿ êîæè è ïîäáèðàòü íàèáîëåå îïòèìàëüíûå ïðîòîêîëû ëå÷åíèÿ. Âàæíî îòìåòèòü, ÷òî âñÿ ñèñòåìà, 
çà èñêëþ÷åíèåì áëîêà âûâîäà èçëó÷åíèÿ áûëà ñäåëàíà â ïîëíîñòüþ âîëîêîííîì èñïîëíåíèè, ÷òî ÿâëÿåòñÿ 
ïåðñïåêòèâíûì ðåøåíèåì ñ òî÷êè çðåíèÿ ìèíèìèçàöèè ãàáàðèòîâ è óïðîùåíèÿ êîíñòðóêöèè. 

 

Ôèíàíñèðîâàíèå. Èññëåäîâàíèå âûïîëíåíî ïðè ôèíàíñîâîè ̆ ïîääåðæêå Ìèíèñòåðñòâà íàóêè è âûñøåãî 
îáðàçîâàíèÿ ÐÔ ïî ïðîåêòó ãîñóäàðñòâåííîãî çàäàíèÿ ïðîåêò ¹ FSFN-2024-0018. 
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Today, the presence of skin pathologies and defects of varying degrees of intensity is considered as a 
source of serious psychological problems and social consequences for people. Lasers have proven to be an 
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effective tool for the treatment of atrophic and hypertrophic scars, as well as for the correction of other 
aesthetic imperfections, improving skin turgor, density, texture and pigmentation. One of the most effective 
laser sources for these purposes today is a non-ablative millisecond laser, which produces radiation at a 
wavelength of 1550 nm. Its action allows intensive skin remodelling by accelerating the regeneration of 
characteristic biological markers such as matrix metalloproteinases and interleukins. A major disadvantage of 
such a source is the thermal damage to the treated tissue, which leads to visual complications (erythema, 
oedema, etc.) and increased rehabilitation time. The use of laser pulses with a duration shorter than all the 
characteristic relaxation times in tissues (> 20 ps) makes it possible to eliminate the thermal effects on the 
tissue and, at the same time, to stimulate the growth of biological markers of remodeling. Therefore, the aim of 
this work was to study methods of obtaining a compact laser source of simple configuration with a pulse 
duration not exceeding 20 ps, a radiation spectrum in the range from 1530 to 1580 nm with a variable pulse 
repetition rate in the range from hundreds of kHz to units of MHz (so as to exceed the ablation threshold) and 
an average power of not less than 500 mW. 

The reference oscillator was designed based on a 15.66 m long circular erbium fiber resonator with a total 
group velocity dispersion (GVD) of 0.005 ps2, producing a stable sequence of pulses in the similariton mode at 
a repetition rate of 13.3 MHz. The output pulse duration was 2.5 ps, the emission spectrum was 42 nm wide at 
5 dB level with _center = 1541 nm, and the average emission power was 8.1 mW. The pulses were then 
stretched in a 48 m passive fiber loop with positive GVD (D = 72 ps/(nm  km) at a wavelength of 1550 nm 
to a duration of 30 ps, which was necessary to control the peak radiation power in the fibers. 

The radiation was then amplified in the first stage of the preamplifier, which consisted of 5 meters of 
active erbium-doped I-25 single-mode fiber with an absorption coefficient of 40 dB/m. This fiber was pumped 
by continuous emission from a pump diode at a wavelength of 980 nm with a power of 650 mW. The amplified 
pulse sequence was then thinned by an acousto-optic modulator (AOM) with a division factor ranging from 2 to 
20. The second preamplifier stage, consisting of 3 m of I-25 active fiber pumped by continuous emission from a 
pump diode at a wavelength of 980 nm with a power of 350 mW, compensated for the losses caused by the 
AOM. The pulse sequence was then amplified in a 7 m loop of a large mode area erbium-doped active fiber 
(dmod.area = 25 μm) pumped by continuous emission from a pump diode at a wavelength of 980 nm with a power 
of 30 W. As a result, a sequence of pulses with a duration of 20 ps was obtained at a repetition rate of 
0.67...13.3 MHz, and the average radiant power reached 512 mW. 
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