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Áûñòðîäåéñòâèÿ êîììåð÷åñêè äîñòóïíûõ ïèðîìåòðîâ ñïåêòðàëüíîãî îòíîøåíèÿ è ÿðêîñò-

íûõ ïèðîìåòðîâ ÷àñòî íåäîñòàòî÷íî äëÿ êîíòðîëÿ äèíàìè÷íî èçìåíÿþùåéñÿ òåìïåðàòó-

ðû, íàïðèìåð ãðàôèòîâîé êþâåòû â ýëåêòðîòåðìè÷åñêîì àòîìèçàòîðå àòîìíî-àáñîðáöè-

îííîãî ñïåêòðîìåòðà, ñêîðîñòü íàðàñòàíèÿ òåìïåðàòóðû êîòîðîé ñîñòàâëÿåò 104 °C/ñ. Ïðå-

èìóùåñòâîì ñïåêòðàëüíûõ ïèðîìåòðîâ ÿâëÿþòñÿ âîçìîæíîñòü èçìåðåíèÿ òåìïåðàòóðû

îáúåêòîâ ñ íåèçâåñòíîé èçëó÷àòåëüíîé ñïîñîáíîñòüþ è âûñîêîå áûñòðîäåéñòâèå. Öåëü ðà-

áîòû — ñîçäàíèå âûñîêîñêîðîñòíîãî ñïåêòðàëüíîãî ïèðîìåòðà íà îñíîâå ñïåêòðîìåòðà

«Êîëèáðè-2» ñ ðàáî÷èì ñïåêòðàëüíûì äèàïàçîíîì 400 – 1050 íì, ëèíåéêîé ôîòîäåòåêòî-

ðîâ ÁËÏÏ-2000 è ìèíèìàëüíûì âðåìåíåì áàçîâîé ýêñïîçèöèè 0,4 ìñ. Òåìïåðàòóðó ðàñ-

ñ÷èòûâàëè ïóòåì ïîñòðîåíèÿ ñïåêòðà èçëó÷åíèÿ îáúåêòà â êîîðäèíàòàõ Âèíà ñ ó÷åòîì êà-

ëèáðîâêè ñïåêòðàëüíîãî ïèðîìåòðà ïî èñòî÷íèêó èçëó÷åíèÿ ñ èçâåñòíîé òåìïåðàòóðîé è

èçìåðåíèÿ óãëà íàêëîíà ïîëó÷åííîãî ãðàôèêà. Îòíîñèòåëüíàÿ ïîãðåøíîñòü èçìåðåíèÿ

òåìïåðàòóðû ñïåêòðàëüíûì ïèðîìåòðîì, îöåíåííàÿ ïóòåì ñðàâíåíèÿ ðåçóëüòàòîâ èçìåðå-

íèÿ ñ ïîëó÷åííûìè ñ ïðèìåíåíèåì êàëèáðîâàííîãî îäíîêàíàëüíîãî ïèðîìåòðà «Òåðìî-

êîíò-ÒÍ5Ñ1Ì» ïðîèçâîäñòâà ÍÍÒÏ «Òåðìîêîíò», ñîñòàâèëà íå áîëåå 1,5 % â äèàïàçîíå

òåìïåðàòóð îò 1000 äî 2400 °C è âûøå, à åãî áûñòðîäåéñòâèå — äî 2500 èçìåðåíèé/ñ. Â ðà-

áîòå ïðèâåäåíû ðåçóëüòàòû èçìåðåíèÿ ñïåêòðàëüíûì ïèðîìåòðîì òåìïåðàòóðû ãðàôèòî-

âîé êþâåòû ýëåêòðîòåðìè÷åñêîãî àòîìèçàòîðà â ïðîöåññå àòîìèçàöèè ïðîáû ïðè ñêîðîñòè

íàðàñòàíèÿ òåìïåðàòóðû äî 104 °C/ñ.
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The operation speed of commercially available spectral-ratio pyrometers and brightness pyrometers often

appears insufficient for control of fast-changing temperature (e.g., in a graphite cell of an AES electrother-

mal atomizer, the rate temperature change is 104 °C/sec). An advantage of spectral pyrometers is high

speed and ability to measure the temperature of objects with unknown emissivity. The goal of this study is

to develop a high-speed spectral pyrometer based on a “Kolibri-2” spectrometer with BLPP-2000 photode-

tector array that provides a wide working wavelength range 400 – 1050 nm, and minimum basic exposure

time of 0.4 msec. The temperature was calculated by plotting the emission spectrum of the object in Wien

coordinates (with allowance for calibration of the spectral pyrometer using radiation source of the known

temperature) and measuring slope of the obtained graph. The relative error of temperature measure-

ments on a spectral pyrometer estimated by comparing measurement results and data obtained with a cal-

ibrated Termokont-TN5S1M (Termokont company) single-channel pyrometer was not more than 1.5% in

a temperature range of 1000 — 2400°C and higher, and rapidity up to 2500 measurements/sec. The results

of measuring temperature of the graphite cell of the electrothermal atomizer using a spectral pyrometer

during sample atomization at a rate of temperature change up to 10 000°C/sec are presented.

Keywords: pyrometry; spectral pyrometer; temperature; electrothermal atomizer.
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Â íàñòîÿùåå âðåìÿ äëÿ áåñêîíòàêòíîãî èçìåðå-

íèÿ òåìïåðàòóðû øèðîêî èñïîëüçóþòñÿ ïèðîìåò-

ðû ñïåêòðàëüíîãî îòíîøåíèÿ è ÿðêîñòíûå ïèðî-

ìåòðû [1]. Áûñòðîäåéñòâèå ïåðâûõ ñîñòàâëÿåò äî

10, à âòîðûõ — äî 40 èçìåðåíèé/ñ, ÷òî ÷àñòî íå-

äîñòàòî÷íî äëÿ êîíòðîëÿ òåìïåðàòóðû, íàïðèìåð

ãðàôèòîâîé êþâåòû â ýëåêòðîòåðìè÷åñêîì àòî-

ìèçàòîðå àòîìíî-àáñîðáöèîííîãî ñïåêòðîìåòðà â

ïðîöåññå àòîìèçàöèè, êîãäà ñêîðîñòü íàðàñòàíèÿ

òåìïåðàòóðû êþâåòû ñîñòàâëÿåò îêîëî 104 °C/ñ

[2]. Â ðàáîòå [3] ïîêàçàíà âîçìîæíîñòü ñîçäàíèÿ

ïèðîìåòðà íà îñíîâå ìàëîãàáàðèòíîãî ñïåêòðî-

ìåòðà ñ ðåãèñòðàöèåé ñïåêòðà ëèíåéêîé ôîòîäå-

òåêòîðîâ. Ïðè ýòîì òåìïåðàòóðó îáúåêòà ðàññ÷è-

òûâàþò ïî íåïðåðûâíîìó ñïåêòðó åãî èçëó÷åíèÿ.

Ïðåèìóùåñòâîì äàííîãî ìåòîäà ÿâëÿåòñÿ âîç-

ìîæíîñòü áîëåå òî÷íîãî èçìåðåíèÿ òåìïåðàòóðû

îáúåêòîâ ñ íåèçâåñòíîé èçëó÷àòåëüíîé ñïîñîáíî-

ñòüþ ïóòåì ñðàâíåíèÿ èõ ñïåêòðà ñî ñïåêòðîì èç-

ëó÷åíèÿ ÷åðíîãî òåëà. Áûñòðîäåéñòâèå òàêîãî

ñïåêòðàëüíîãî ïèðîìåòðà îïðåäåëÿåòñÿ áûñòðî-

äåéñòâèåì ñïåêòðîìåòðà. Ñïåêòðîìåòð «Êîëèá-

ðè-2» ñïîñîáåí ðåãèñòðèðîâàòü äî 2500 ñïåê-

òðîâ/ñ [4], à çíà÷èò, ìîæåò ñëóæèòü îñíîâîé äëÿ

ñîçäàíèÿ ñïåêòðàëüíîãî ïèðîìåòðà ñ ñîîòâåòñò-

âóþùèì áûñòðîäåéñòâèåì.

Öåëü ðàáîòû — ñîçäàíèå ñïåêòðàëüíîãî ïè-

ðîìåòðà ñ áûñòðîäåéñòâèåì 2500 èçìåðåíèé/ñ íà

îñíîâå ñïåêòðîìåòðà «Êîëèáðè-2» è èçìåðåíèå ñ

åãî ïîìîùüþ òåìïåðàòóðû ãðàôèòîâîé êþâåòû

ýëåêòðîòåðìè÷åñêîãî àòîìèçàòîðà.

Àëãîðèòì ðàñ÷åòà òåìïåðàòóðû ïî íåïðå-

ðûâíîìó ñïåêòðó. Ñïåêòð òåïëîâîãî èçëó÷å-

íèÿ îïèñûâàåòñÿ ôîðìóëîé Ïëàíêà ñ ó÷åòîì èç-

ëó÷àòåëüíîé ñïîñîáíîñòè èññëåäóåìîãî îáúåêòà
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ãäå I — èíòåíñèâíîñòü, Âò/ñì2 · ìêì; ë — äëè-

íà âîëíû; T — òåìïåðàòóðà; C1 = 37 417

Âò · ìêì4/ñì2; C2 = 14 388 ìêì · Ê. Â ñëó÷àå åñëè

C1/(ëT) � 1, âûðàæåíèå (1) ìîæíî ïðåäñòàâèòü

â âèäå ïðèáëèæåíèÿ Âèíà

ln(Ië5) = ln[å(ë, T)C1] – C2/(ëT). (2)

Äëÿ ñïåêòðîìåòðà «Êîëèáðè-2» ñ ëèíåéêîé

ôîòîäåòåêòîðîâ ñïåêòð òåïëîâîãî èçëó÷åíèÿ

ìîæíî ïðåäñòàâèòü â âèäå: Ii ~ Niî(ëi)hí, ãäå i —

íîìåð ôîòîäåòåêòîðà, Ni — êîëè÷åñòâî çàðåãè-

ñòðèðîâàííûõ ôîòîýëåêòðîíîâ, î(ëi) — êîýô-

ôèöèåíò ïðîïóñêàíèÿ ïîëèõðîìàòîðà ñ ó÷åòîì

êâàíòîâîé ýôôåêòèâíîñòè ôîòîäåòåêòîðà, äè-

ôðàêöèîííîé ýôôåêòèâíîñòè ðåøåòêè è äð., h —

ïîñòîÿííàÿ Ïëàíêà, hí — ýíåðãèÿ êâàíòà.

Ïðè èçìåðåíèè òåìïåðàòóðû ñåðîãî òåëà

(å(ëi, T) = const) âûðàæåíèå (2) ìîæíî çàïèñàòü â

êîîðäèíàòàõ Âèíà

yi = – xi/T – ln(î(ëi)) + const, (3)

ãäå xi = C2/ëi; yi = ln( ),�
i i
N4 à âåëè÷èíó ln(î(ëi))

ìîæíî ðàññ÷èòàòü ñ ïîìîùüþ êàëèáðîâêè ñïåê-

òðàëüíîãî êîìïëåêñà ïî èñòî÷íèêó íåïðåðûâíîãî

èçëó÷åíèÿ ñ èçâåñòíîé òåìïåðàòóðîé, â êà÷åñòâå

êîòîðîãî â äàííîé ðàáîòå èñïîëüçîâàëè ãàëîãåíî-

âóþ ëàìïó Ocean Optics HL-2000-FHSA-LL ñ òåì-

ïåðàòóðîé 2526,85 °C. Òàêèì îáðàçîì, çàâèñè-

ìîñòü (3) ÿâëÿåòñÿ ïðÿìîé, óãîë íàêëîíà êîòîðîé

îáðàòíî ïðîïîðöèîíàëåí òåìïåðàòóðå. Óãîë íà-

êëîíà çàâèñèìîñòè (3) ðàññ÷èòûâàëè ñ ïîìîùüþ

ìåòîäà íàèìåíüøèõ êâàäðàòîâ (ÌÍÊ) ñ êîýôôè-

öèåíòàìè ðåãðåññèè p1 è p2

y
i

= p1 + p2xi. (4)

Äîâåðèòåëüíûé èíòåðâàë êîýôôèöèåíòà ðåã-

ðåññèè p2 ìîæíî îöåíèòü ñ ïîìîùüþ êðèòåðèÿ

Ñòüþäåíòà [5]

Äp2 = ±t(á, n – 2)S p
2

, (5)

ãäå t(á, n – 2) — çíà÷åíèå êîýôôèöèåíòà Ñòüþ-

äåíòà äëÿ çàäàííîé äîâåðèòåëüíîé âåðîÿòíîñòè

á = 0,95, S p2
— êîðåíü êâàäðàòíûé èç äèñïåðñèè

êîýôôèöèåíòà ðåãðåññèè p2. Îòñþäà äîâåðèòåëü-

íûé èíòåðâàë èçìåðåííîé òåìïåðàòóðû îïðåäå-

ëÿåòñÿ âûðàæåíèåì:
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Ýêñïåðèìåíò. Îáúåêòîì èçìåðåíèÿ òåìïåðà-

òóðû ÿâëÿëàñü ãðàôèòîâàÿ êþâåòà ýëåêòðîòåð-

ìè÷åñêîãî àòîìèçàòîðà, îïèñàííîãî â ðàáîòå [2].

Èñòî÷íèê ïèòàíèÿ àòîìèçàòîðà ïðåäñòàâëÿåò

ñîáîé ñóïåðêîíäåíñàòîð, êîòîðûé íàêàïëèâàåò

ýíåðãèþ äëÿ íàãðåâà êþâåòû äî çàäàííîé òåì-

ïåðàòóðû ñî ñêîðîñòüþ äî 104 °C/ñ ïîñðåäñòâîì

øèðîòíî-èìïóëüñíîé ìîäóëÿöèè (ØÈÌ). Çàäàí-

íàÿ òåìïåðàòóðà ïîääåðæèâàåòñÿ â òå÷åíèå 2 ñ.

Óïðàâëåíèå ñïåêòðîìåòðîì è èñòî÷íèêîì ïèòà-

íèÿ àòîìèçàòîðà îñóùåñòâëÿëîñü ÷åðåç ïåðñî-

íàëüíûé êîìïüþòåð ñ ïðîãðàììíûì îáåñïå÷åíè-

åì «Àòîì 3.3».

Òåìïåðàòóðó èçìåðÿëè ñïåêòðàëüíûì ïèðî-

ìåòðîì ÷åðåç äîçèðîâî÷íîå îòâåðñòèå ãðàôè-

òîâîé êþâåòû. Ñ ïîìîùüþ îáúåêòèâà «Þïèòåð

37À» èçîáðàæåíèå äíà êþâåòû ïðîåöèðîâàëè â

ñîîòíîøåíèè 1:1 íà òîðåö âîëîêíà, ñîåäèíåííîãî

ñî âõîäíîé ùåëüþ ñïåêòðîìåòðà «Êîëèáðè-2».

Ñïåêòðû ðåãèñòðèðîâàëà ëèíåéêà ôîòîäåòåêòî-

ðîâ ÁËÏÏ-2000 (2048 ôîòîÿ÷ååê) â äèàïàçîíå
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äëèí âîëí 400 – 1050 íì ñî âðåìåíåì áàçîâîé

ýêñïîçèöèè îò 0,4 ìñ è âûøå.

Íà ðèñ. 1, à èçîáðàæåí ñïåêòð èçëó÷åíèÿ ãðà-

ôèòîâîé êþâåòû, íàãðåòîé äî 2400 °C, â òîì ÷èñ-

ëå â êîîðäèíàòàõ Âèíà (ðèñ. 1, á). Ñèíèì âûäå-

ëåí äèàïàçîí äëèí âîëí (îò 630 äî 820 íì), äëÿ

êîòîðîãî ïðîèñõîäèò ðàñ÷åò ïàðàìåòðîâ ëèíåé-

íîé ðåãðåññèè (4), êðàñíàÿ ëèíèÿ íà ðèñ. 1, á —

àïïðîêñèìàöèÿ óðàâíåíèåì ëèíåéíîé ðåãðåññèè.

Íà ðèñ. 2 èçîáðàæåíû âðåìåííûå çàâèñèìî-

ñòè òåìïåðàòóðû ãðàôèòîâîé êþâåòû, èçìåðåí-

íîé ñïåêòðàëüíûì ïèðîìåòðîì â ïðîöåññå àòîìè-

çàöèè ïðîáû, è àáñîðáöèè Al íà äëèíå âîëíû

309,284 íì. Îäíîâðåìåííîå èçìåðåíèå òåìïåðà-

òóðû è ñèãíàëà ïîçâîëÿåò ó÷åñòü âëèÿíèå êèíå-

òèêè àòîìíîãî ïàðà â êþâåòå è ðàññ÷èòàòü íîð-

ìèðîâàííóþ èíòåãðàëüíóþ àáñîðáöèþ [6].

Äëÿ îöåíêè ïðàâèëüíîñòè ñðàâíèëè ðåçóëü-

òàòû èçìåðåíèÿ òåìïåðàòóðû ãðàôèòîâîé êþ-

âåòû ñïåêòðàëüíûì ïèðîìåòðîì è êàëèáðîâàí-

íûì îäíîêàíàëüíûì ïèðîìåòðîì «Òåðìîêîíò-

ÒÍ5Ñ1Ì» ïðîèçâîäñòâà ÍÍÒÏ «Òåðìîêîíò» [1]

â äèàïàçîíå òåìïåðàòóð îò 1000 äî 2400 °C ïîñëå

òîãî, êàê òåìïåðàòóðà ñòàíîâèòñÿ ñòàöèîíàðíîé

(ñì. ðèñ. 2, à). Ðåçóëüòàòû èçìåðåíèé ïðåäñòàâ-

ëåíû â òàáëèöå. Âèäíî, ÷òî îòíîñèòåëüíàÿ ïî-

ãðåøíîñòü èçìåðåíèÿ òåìïåðàòóðû íå ïðåâûøà-

åò 1,5 % è ïàäàåò ñ óâåëè÷åíèåì òåìïåðàòóðû.
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Ðèñ. 1. Ñïåêòðû èçëó÷åíèÿ ãðàôèòîâîé êþâåòû: à — â îòíîñèòåëüíûõ åäèíèöàõ; á — â êîîðäèíàòàõ Âèíà

à á
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à
,
°C

Âðåìÿ, c Âðåìÿ, c

Ðèñ. 2. Çàâèñèìîñòè îò âðåìåíè: à — òåìïåðàòóðû ãðàôèòîâîé êþâåòû â ïðîöåññå àòîìèçàöèè; á — àáñîðáöèè àëþìè-

íèÿ íà äëèíå âîëíû 309,284 íì



Òàêèì îáðàçîì, ñîçäàí ñïåêòðàëüíûé ïèðî-

ìåòð íà áàçå ñïåêòðîìåòðà «Êîëèáðè-2», êîòîðûé

ïîçâîëÿåò èçìåðÿòü òåìïåðàòóðó â äèàïàçîíå îò

1000 äî 2400 °C è âûøå ñ îòíîñèòåëüíîé ïîãðåø-

íîñòüþ 1,5 % è áûñòðîäåéñòâèåì äî 2500 èçìåðå-

íèé/ñ. Ïðèìåíåíèå âîëîêîííî-îïòè÷åñêîãî êàáå-

ëÿ íà âõîäå ñïåêòðîìåòðà ñíèìàåò æåñòêèå òðåáî-

âàíèÿ ê ðàçìåùåíèþ îáúåêòà èçìåðåíèÿ îòíîñè-

òåëüíî âõîäíîé ùåëè è ïîçâîëÿåò ñóùåñòâåííî

óïðîñòèòü èçìåðåíèå òåìïåðàòóðû.
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Ðåçóëüòàòû èçìåðåíèÿ òåìïåðàòóðû (°C) îäíîêàíàëüíûì

ïèðîìåòðîì «Òåðìîêîíò-ÒÍ5Ñ1Ì» è ñïåêòðàëüíûì ïè-

ðîìåòðîì íà îñíîâå ñïåêòðîìåòðà «Êîëèáðè-2»

«Òåðìîêîíò-

ÒÍ5Ñ1Ì»
«Êîëèáðè-2»

Îòíîñèòåëüíàÿ ïî-

ãðåøíîñòü, %

1000 1014 1,4

1200 1214 1,17

1400 1413 0,93

1600 1616 1,00

1800 1810 0,56

2000 2005 0,25

2200 2206 0,27

2400 2402 0,08




