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ÓÄÊ 530.182+533.33 

 

Óïðàâëåíèå òåìïåðàòóðîé ïëàçìû â çàäà÷å ýìèññèîííîãî 
àíàëèçà ïîñðåäñòâîì KTP êðèñòàëëà 
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Íåëèíåéíûå êðèñòàëëû íàøëè øèðîêîå ïðèìåíåíèå â ëàçåðíîé òåõíèêå äëÿ ðåøåíèÿ òàêèõ çàäà÷, êàê 

ïðåîáðàçîâàíèå ëàçåðíîãî èçëó÷åíèÿ âî âòîðóþ ãàðìîíèêó èëè äëÿ ýëåêòðîîïòè÷åñêîé ìîäóëÿöèè. Íàðÿäó 
ñ ãåíåðàöèåé âòîðîé ãàðìîíèêè KTP êðèñòàëë ìîæåò áûòü èñïîëüçîâàí äëÿ óâåëè÷åíèÿ êèíåòè÷åñêîé ýíåð-
ãèè ýëåêòðîíà â ïëàçìå çà ñ÷åò óïðàâëåíèÿ òèïîì ïîëÿðèçàöèè ëàçåðíîãî èçëó÷åíèÿ. Äàííîå ÿâëåíèå èìååò 
âàæíîå çíà÷åíèå ïðè ïðîâåäåíèè ýëåìåíòíîãî àíàëèçà âåùåñòâà ìåòîäîì ñïåêòðîñêîïèè ëàçåðíî-
èíäóöèðîâàííîãî ïðîáîÿ ôåìòîñåêóíäíûì èçëó÷åíèåì (Fs-LIBS). Â äîêëàäå ïðåäñòàâëåíû ðåçóëüòàòû èñ-
ñëåäîâàíèÿ âëèÿíèÿ òèïà ïîëÿðèçàöèè ëàçåðíîãî èçëó÷åíèÿ íà òåìïåðàòóðó ïëàçìû ïðè ðåàëèçàöèè ìåòîäà 
Fs-LIBS â çàâèñèìîñòè îò óãëà ïîâîðîòà êðèñòàëëà è ýôôåêòèâíîñòè ãåíåðàöèè âòîðîé ãàðìîíèêè. Ïîêàçà-
íî, ÷òî ïðè óâåëè÷åíèè ðàçíîñòè ôàç ìåæäó îáûêíîâåííûì è íåîáûêíîâåííûì èçëó÷åíèåì òåìïåðàòóðà 
ïëàçìû ðàñòåò, ÷òî ïðèâîäèò ê íåñåëåêòèâíîìó óñèëåíèþ èíòåíñèâíîñòè ýìèññèîííûõ ëèíèé âåùåñòâà. Ïî-
ëó÷åííûå ðåçóëüòàòû èìåþò âàæíîå ïðàêòè÷åñêîå çíà÷åíèå â ïðîáëåìå óñèëåíèÿ ÷óâñòâèòåëüíîñòè ìåòîäà 
Fs-LIBS. 

  

Êëþ÷åâûå ñëîâà: ëàçåðíî-èíäóöèðîâàííûé ïðîáîé, òåìïåðàòóðà ïëàçìû, çàãðÿçíåíèå; ffs-libs, plasma 
temperature, pollution. 

 
Ââåäåíèå 

 

Îïðåäåëåíèå ñîñòàâà àýðîçîëåé îñòàåòñÿ àêòóàëüíîé çàäà÷åé âî ìíîãèõ ïðîáëåìàõ, â òîì ÷èñëå îöåíêå 
êà÷åñòâà âîçäóõà ãîðîäñêîé ñðåäû, ýðîçèè ïî÷â â òîì ÷èñëå àðèäíûõ èëè ïîëóàðèäíûõ çîí [1–3]. 

Ðåøåíèå äàííîé çàäà÷è âîçìîæíî çà ñ÷åò ìåòîäà ñïåêòðîñêîïèè ëàçåðíî-èíäóöèðîâàííîãî ïðîáîÿ ôåì-
òîñåêóíäíûì èçëó÷åíèåì (Fs-LIBS). Ïðè ýòîì ñóùåñòâóåò ïðîáëåìà, ñâÿçàííàÿ ñ ÷óâñòâèòåëüíîñòüþ ìåòîäà. 
Îäíèì èç ïàðàìåòðîâ, êîòîðûå âëèÿþò íà ÷óâñòâèòåëüíîñòü ìåòîäà Fs-LIBS, ÿâëÿåòñÿ òåìïåðàòóðà ïëàçìû. 
Óïðàâëåíèå åþ âîçìîæíî ðàçëè÷íûìè ñïîñîáàìè, íàïðèìåð, èçìåíÿÿ äëèòåëüíîñòü èìïóëüñà, íî ýòî ïðèâî-
äèò ê ñìåøåíèþ îáëàñòè ôèëàìåíòàöèè ôåìòîñåêóíäíîãî èçëó÷åíèÿ îòíîñèòåëüíî èçó÷àåìîãî îáúåêòà. 
Óïðàâëåíèå òèïîì ïîëÿðèçàöèè èçëó÷åíèÿ ïîçâîëÿåò íå ìåíÿÿ äðóãèå ïàðàìåòðû óâåëè÷èâàòü òåìïåðàòóðó 
ïëàçìû è, ñîîòâåòñòâåííî, óâåëè÷èâàòü ÷èñëî âîçáóæäåííûõ ÷àñòèö [4-6]. Óïðàâëåíèÿ òèïîì ïîëÿðèçàöèè 
ìîæíî äîñòè÷ü ðàçëè÷íûìè ñïîñîáàìè, îäèí èç êîòîðûõ – èñïîëüçîâàíèå KTP êðèñòàëëà â êà÷åñòâå ÷åò-
âåðòüâîëíîâîé ïëàñòèíêè. Ïðè ýòîì èçëó÷åíèå âòîðîé ãàðìîíèêè íåëèíåéíîãî êðèñòàëëà ìîæíî èñïîëüçî-
âàòü òàêæå äëÿ äèàãíîñòèêè äðóãèõ âåùåñòâ. 

Òàêèì îáðàçîì, öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ ïîâûøåíèå ÷óâñòâèòåëüíîñòè ìåòîäà Fs-LIBS çà ñ÷åò 
óïðàâëåíèÿ òåìïåðàòóðîé ïëàçìû â çàäà÷å ýìèññèîííîãî àíàëèçà ïîñðåäñòâîì KTP êðèñòàëëà. 

 
Ïîñòàíîâêà ýêñïåðèìåíòà 

 

Ýêñïåðèìåíò ïî óâåëè÷åíèþ èíòåíñèâíîñòè ýìèññèè â ìåòîäå Fs-LIBS çà ñ÷åò èçìåíåíèÿ òåìïåðàòóðû 
ïëàçìû ïðîâåäåí ïî ñõåìå, ïðåäñòàâëåííîé íà ðèñ. 1. Ïî ñõåìå ýêñïåðèìåíòà ôåìòîñåêóíäíîå ëàçåðíîå èç-
ëó÷åíèå ôîðìèðóåòñÿ ëàçåðíîé ñèñòåìîé (1) è èìååò ñëåäóþùèå ïàðàìåòðû: äëèíà âîëíû 805 íì, äëèòåëü-
íîñòü 60 ôñ, ÷àñòîòà ñëåäîâàíèÿ èìïóëüñîâ 10 Ãö, ýíåðãèÿ èçëó÷åíèÿ èçìåíÿëàñü â äèàïàçîíå îò 2 äî 
14 ìÄæ. Çàòåì èìïóëüñ ðàñïðîñòðàíÿåòñÿ ÷åðåç KTP êðèñòàëë âòîðîé ãàðìîíèêè (2). Çà ñ÷åò ïîâîðîòà êðè-
ñòàëëà â ïëîñêîñòè ïåðïåíäèêóëÿðíîé ðàñïðîñòðàíåíèþ èçëó÷åíèÿ èçìåíÿëàñü òåìïåðàòóðà ïëàçìû, êîòîðîé 
ñîîòâåòñòâóåò îïðåäåëåííûé ýëëèïñ ïîëÿðèçàöèè. Ïðè ýòîì çíà÷åíèå ìîùíîñòè âòîðîé ãàðìîíèêè (2), ÷àñ-
òè÷íî îòðàæåííîé îò äèõðîè÷åñêîãî çåðêàëà (3), íå ñîçäàåò óñëîâèé äëÿ ôîðìèðîâàíèÿ ïëàçìû. Èçëó÷åíèå 
ñ ýëëèïòè÷åñêîé ïîëÿðèçàöèåé, îòðàæàÿñü îò äèõðîè÷åñêîãî ôîêóñèðóþùåãî çåðêàëà íàïðàâëÿåòñÿ íà ÷àñòè-
öû ïåñêà, ïàäàþùèå ïîïåðåê ïó÷êà. 

Ïîñêîëüêó çåðêàëî (3) èìååò âûñîêèé êîýôôèöèåíò ïðîïóñêàíèÿ âíå ëàçåðíîé äëèíû âîëíû, òî èçëó-
÷åíèå âòîðîé ãàðìîíèêè ïî÷òè ïîëíîñòüþ ïðîõîäèò ÷åðåç íåãî è, îòðàæàÿñü îò ïëîñêèõ çåðêàë (4), (5)  
è ôîêóñèðóþùåãî çåðêàëà (6), òàêæå íàïðàâëÿåòñÿ â îáëàñòü âçàèìîäåéñòâèÿ, ïðèîáðåòàÿ çàäåðæêó â 24 íñ. 
Ýòî ìîæíî èñïîëüçîâàòü äëÿ ðåàëèçàöèè ÿâëåíèÿ âûíóæäåííîãî èçëó÷åíèÿ íà ïåðåõîäàõ, ïîïàäàþùèõ 
â ïîëîñó âòîðîé ãàðìîíèêè. 

Ýêñïåðèìåíò ïðîâîäèëñÿ íà ÷àñòèöàõ ðå÷íîãî ïåñêà, â ñîñòàâ êîòîðîãî âõîäèò â îñíîâíîì äèîêñèä 
êðåìíèÿ SiO2 è îêñèä æåëåçà FeO. 

Íà ðèñóíêå ïðåäñòàâëåíû ÷àñòèöû ðå÷íîãî ïåñêà, èñïîëüçóåìîãî â ýêñïåðèìåíòå.  
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Ðèñ. 1. Ñõåìà ýêñïåðèìåíòà: 1 – Ti:Sa ëàçåðíàÿ ñèñòåìà, 2 – KTP êðèñòàëë âòîðîé ãàðìîíèêè, 3 – ôîêóñèðóþùåå äèõ- 
  ðîè÷åñêîå çåðêàëî 1 ì, 4, 5 – ïëîñêîå ñåëåêòèðóþùåå çåðêàëî âòîðîé ãàðìîíèêè, 6 – ôîêóñèðóþùåå çåðêàëî 1 ì 

 
Ðåçóëüòàòû  

 
Íà ðèñ. 2 ïðåäñòàâëåí ñïåêòð ñâå÷åíèÿ ïëàçìû èç îáëàñòè ôèëàìåíòàöèè ïðè íàêà÷êå èçëó÷åíèåì 

10 ìÄæ ñ ëèíåéíîé è ýëëèïòè÷åñêîé ïîëÿðèçàöèåé, çàðåãèñòðèðîâàííûé ïîä óãëîì 90 ïî îòíîøåíèþ ê ïà-
äàþùåìó èçëó÷åíèþ. Íà âñòàâêå ïðåäñòàâëåíà ôîòîãðàôèÿ ÷àñòèö ðå÷íîãî ïåñêà, ïîëó÷åííàÿ ñ ïîìîùüþ 
ìèêðîñêîïà. 

Íà ãðàôèêå çàìåòíî óñèëåíèå èíòåíñèâíîñòè ýìèññèè ïðè ýëëèïòè÷åñêîé ïîëÿðèçàöèè è óâåëè÷åíèå èí-
òåíñèâíîñòè êîíòèíóàëüíîãî ñïåêòðà, êîòîðûé ôîðìèðóåòñÿ çà ñ÷åò îáðàòíîãî òîðìîçíîãî èçëó÷åíèÿ ýëåê-
òðîíîâ ïëàçìû. Óâåëè÷åíèå ýìèññèè ñïëîøíîãî ñïåêòðà ãîâîðèò î âîçðàñòàíèè ñðåäíåé òåìïåðàòóðû ïëàçìû 
â çîíå ïðîáîÿ, ÷òî ñîãëàñóåòñÿ ñ àíàëîãè÷íûìè èññëåäîâàíèÿìè, íàïðèìåð, [5, 6], ãäå ïîäîáíûé ýôôåêò 
îáúÿñíÿåòñÿ óâåëè÷åíèåì âåðîÿòíîñòè çàñåëåííîñòè âåðõíèõ ýíåðãåòè÷åñêèõ ñîñòîÿíèé àòîìîâ, ÷òî ñëåäóåò 
èç ðàñïðåäåëåíèÿ Áîëüöìàíà. 

Ñîãëàñíî óðàâíåíèþ Áîëüöìàíà èíòåíñèâíîñòü ñïåêòðàëüíîé ëèíèè ñâÿçàíà ñ òåìïåðàòóðîé ïëàçìû 
ñëåäóþùèì îáðàçîì 

 
kiE

k kT
k ki ki

i

g
I N A hv e

g




 ,  (1) 

ãäå Nk – êîíöåíòðàöèÿ ÷àñòèö â âîçáóæäåííîì ñîñòîÿíèè; Aki – êîýôôèöèåíò Ýéíøòåéíà äëÿ äàííîãî ïåðå-
õîäà; h – ïîñòîÿííàÿ Ïëàíêà; vki – ÷àñòîòà èçëó÷åíèÿ; Eki – ýíåðãèÿ äàííîãî ïåðåõîäà; k – ïîñòîÿííàÿ 
Áîëüöìàíà; T –òåìïåðàòóðà ïëàçìû. 

 

  
Ðèñ. 2. Ñïåêòðû ñâå÷åíèÿ ïëàçìû, ïîëó÷åííîé â îáëàñòè ôèëàìåíòàöèè îò ÷àñòèö ðå÷íîãî ïåñêà â çàâèñèìîñòè îò òèïà  
  ïîëÿðèçàöèÿ ôåìòîñåêóíäíîãî èçëó÷åíèÿ 
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Íà îñíîâå ôîðìóëû (1) ìîæíî îöåíèòü èçìåíåíèå òåìïåðàòóðû ïëàçìû, èñïîëüçóÿ ìåòîä Boltzman plot. 

Äëÿ åãî ðåàëèçàöèè íåîáõîäèìû äâå ñïåêòðàëüíûå ëèíèè îäíîãî âåùåñòâà â îäèíàêîâîì ýíåðãåòè÷åñêîì ñî-
ñòîÿíèè (àòîì èëè èîí). Â äàííîì ñëó÷àå äëÿ ðåàëèçàöèè äàííîãî ìåòîäà ìîæíî èñïîëüçîâàòü ñïåêòðàëüíûå 
ëèíèè àòîìà êèñëîðîäà âõîäÿùåãî â ñîñòàâ äèîêñèäà êðåìíèÿ: 280,65 íì è 288,36 íì. 

Íà ðèñ. 3 ïðåäñòàâëåíû çàâèñèìîñòè èçìåíåíèÿ òåìïåðàòóðû ïëàçìû îò óãëà ïîâîðîòà êðèñòàëëà KTP 
ñâÿçàííîé ñ òèïîì ïîëÿðèçàöèè ëàçåðíîãî èçëó÷åíèÿ. 

 

 
à á 

Ðèñ. 3. Çàâèñèìîñòü òåìïåðàòóðû ïëàìçû (à) è ýëëèïñû ïîëÿðèçàöèè (á) îò óãëà ïîâîðîòà îñè KTP êðèñòàëëà 
 
Èç ðèñ. 3 âèäíî, ÷òî òåìïåðàòóðà ïëàçìû äëÿ ëèíåéíîé ïîëÿðèçàöèè íèæå, ÷åì ïðè ýëëèïòè÷åñêîé. 

Ïðè ïðèáëèæåíèè òèïà ïîëÿðèçàöèè ê êðóãîâîé ïðîèñõîäèò óâåëè÷åíèå òåìïåðàòóðû ïëàçìû, ÷òî âèäíî ïî 
ãðàôèêó íà ðèñ. 3, à. Ïðè ýòîì óãîë ôàçîâîãî ñèíõðîíèçìà KTP êðèñòàëëà ðàâåí 22 3, ÷òî ñîîòâåòñòâóåò 
íóëåâîé ôàçîâîé çàäåðæêå ìåæäó îáûêíîâåííûì è íåîáûêíîâåííûì ïó÷êàìè, à òèï ïîëÿðèçàöèè ñóììàðíîé 
âîëíû ÿâëÿåòñÿ ëèíåéíûì (ñèíÿÿ ñïëîøíàÿ êðèâàÿ íà ðèñ. 3, á). 

Â ëåãåíäå ê ðèñ. 3, á ïðèâåäåíû ôàçîâûå çàäåðæêè ìåæäó îáûêíîâåííûì è íåîáûêíîâåííûì ïó÷êàìè, 
ôîðìèðóþùèìèñÿ ïðè ïîâîðîòå KTP êðèñòàëëà. Êàê ìîæíî âèäåòü ñ óâåëè÷åíèåì óãëà ïîâîðîòà îñè êðè-
ñòàëëà òèï ïîëÿðèçàöèè ñóììàðíîé âîëíû ìåíÿåòñÿ ñ ëèíåéíîé íà ýëëèïòè÷åñêóþ, à ïðè óãëàõ ïîâîðîòà îñè 
êðèñòàëëà áîëåå 48 ôàçîâàÿ çàäåðæêà ìåíÿåò çíàê, ÷òî âûçâàíî äâóõîñíîñòüþ êðèñòàëëà. 

 
Çàêëþ÷åíèå 

 

Ïðåäñòàâëåííûå ðåçóëüòàòû ïîêàçûâàþò, ÷òî ïðèìåíåíèå KTP êðèñòàëëà âòîðîé ãàðìîíèêè ïîçâîëÿåò 
óïðàâëÿòü òåìïåðàòóðîé ïëàçìû ïîñðåäñòâîì èçìåíåíèÿ òèïà ïîëÿðèçàöèè ëàçåðíîãî èçëó÷åíèÿ è äîñòèãàòü 
íåñåëåêòèâíîãî óñèëåíèÿ èíòåíñèâíîñòè ýìèññèè àíàëèçèðóåìîãî âåùåñòâà. 

 

Ôèíàíñèðîâàíèå. Èññëåäîâàíèÿ âûïîëíåíû â ðàìêàõ ãîñçàäàíèÿ ÈÎÀ ÑÎ ÐÀÍ è ïðè ÷àñòè÷íîé ïîä-
äåðæêå ïðîåêòà ÑÌÓ ÈÎÀ ÑÎ ÐÀÍ. 
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P.A. Babushkin. Application of KTP crystal to change plasma temperature in emission analysis prob-

lem. 
Nonlinear crystals have found wide application in laser technology for solving such problems as converting 

laser radiation into the second harmonic or for electro-optical modulation. Along with the second harmonic 
generation, the KTP crystal can be used to increase the kinetic energy of an electron in plasma by controlling 
the type of laser radiation polarization. This phenomenon has great importance for performing elemental analy-
sis of a substance by femtosecond laser-induced breakdown spectroscopy method (Fs-LIBS). The report presents 
the results of study the effect of laser radiation polarization on the plasma temperature when implementing the 
Fs-LIBS method depending on the crystal rotation angle and effective second harmonic generation. It is shown 
that the increasing of the phase difference between ordinary and extraordinary radiation, the plasma tempera-
ture increases, which leads to a non-selective increase in the intensity of the emission lines of the substance. 
The obtained results have great practical importance in the problem of increasing the sensitivity of the Fs-LIBS 
method. 
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