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Â àòîìíî-ýìèññèîííîì ñïåêòðàëüíîì àíàëèçå ïðè èñïîëüçîâàíèè äóãîâûõ èñòî÷íèêîâ

èçëó÷åíèÿ øèðèíà ñïåêòðàëüíîé ëèíèè, êàê ïðàâèëî, ìíîãî ìåíüøå àïïàðàòíîé ôóíê-

öèè ñïåêòðàëüíîãî ïðèáîðà. Òàêèì îáðàçîì, êîíòóð ñïåêòðàëüíîé ëèíèè îïðåäåëÿåòñÿ

àïïàðàòíîé ôóíêöèåé ïðèáîðà è ìîæåò áûòü àïïðîêñèìèðîâàí, íàïðèìåð, ôóíêöèåé

Ôîéãòà. Îäíàêî ïðè àíàëèçå ñòàíäàðòíûõ îáðàçöîâ ñ øèðîêèì äèàïàçîíîì êîíöåíòðàöèé

ýëåìåíòîâ íåðåäêî âîçíèêàåò ïðîáëåìà ñàìîïîãëîùåíèÿ, èç-çà êîòîðîé ïðèõîäèòñÿ ìåíÿòü

àíàëèòè÷åñêóþ ëèíèþ, ÷òî íå âñåãäà âîçìîæíî. Â äàííîé ðàáîòå ïðåäëàãàåòñÿ ìîäèôèöè-

ðîâàòü ôóíêöèþ Ôîéãòà ïóòåì äîáàâëåíèÿ ìíîæèòåëÿ, îïèñûâàþùåãî ñàìîïîãëîùåíèå,

ïî àíàëîãèè ñ çàêîíîì Áóãåðà – Ëàìáåðòà. Âîçìîæíîñòü ïðèìåíåíèÿ ïðåäëàãàåìîé ôóíê-

öèè îöåíèëè ïðè àíàëèçå ñòàíäàðòíûõ îáðàçöîâ ãîðíûõ ïîðîä, ðóä è ïåñ÷àíèêîâ ñ èñïîëü-

çîâàíèåì ñïåêòðàëüíîãî êîìïëåêñà «Ãðàíä-Ïîòîê» ñ àíàëèçàòîðîì ÌÀÝÑ è ëèíåéêàìè

ôîòîäåòåêòîðîâ ÁËÏÏ-2000: óäàëîñü óâåëè÷èòü ðàáî÷èé äèàïàçîí ãðàäóèðîâî÷íûõ ãðà-

ôèêîâ äëÿ îïðåäåëåíèÿ ìåäè ïî ëèíèÿì 327,3954 è 324,7532 íì, ñâèíöà ïî ëèíèè

287,3311 íì, íèêåëÿ ïî ëèíèè 305,0818 íì è ìîëèáäåíà ïî ëèíèè 313,2594 íì íà 1 – 3 ïî-

ðÿäêà âåëè÷èíû.

Êëþ÷åâûå ñëîâà: àòîìíî-ýìèññèîííàÿ ñïåêòðîìåòðèÿ; ëèíåéíûé ôîòîäåòåêòîð; ôîðìà

êîíòóðà ëèíèè; ñàìîïîãëîùåíèå.
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The width of a spectral line in atomic emission spectral analysis with arc radiation sources is, as a rule,

much smaller than the hardware function of the spectral device. Thus, the spectral line shape is deter-

mined by the hardware function of the spectral device and can be approximated, for example, by the Voigt

function. However, when analyzing standard samples with a wide range of element concentrations, the

problem of self-absorption often occurs, due to which the analytical line has to be changed, which is not al-

ways possible. We propose to modify the Voigt function by adding a factor that describes self-absorption, by

analogy with the Bouguer-Lambert law. The possibility of using the proposed function was evaluated in

analysis of standard samples of rocks, ores and sandstones on a Grand-Potok spectral system with a

MAÉS analyzer and BLPP-2000 linear photodetector arrays. The use of proposed approximating function

is shown to provide an increase in the working range of the calibration curves of Cu 327.3954 nm, Cu

324.7532 nm, Pb 287.3311 nm, Ni 305.0818 nm, and Mo 313.2594 nm by 1 – 3 orders of magnitude.

Keywords: atomic emission spectrometry; linear photodetector; line shape; self-absorption.
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Â àòîìíî-ýìèññèîííîì ñïåêòðàëüíîì àíàëèçå ñî-

äåðæàíèå ýëåìåíòà â èññëåäóåìîé ïðîáå îïðåäå-

ëÿþò ïóòåì èçìåðåíèÿ èíòåíñèâíîñòè åãî àíàëè-

òè÷åñêîé ëèíèè. Çàâèñèìîñòü èíòåíñèâíîñòè îò

êîíöåíòðàöèè îïèñûâàåòñÿ ýìïèðè÷åñêîé ôîð-

ìóëîé Ëîìàêèíà – Øàéáå

I = aCb, (1)

ãäå I — èíòåíñèâíîñòü ëèíèè; C — êîíöåíòðàöèÿ

ýëåìåíòà â ïðîáå; a — ïàðàìåòð, îïðåäåëÿå-

ìûé óñëîâèÿìè âîçáóæäåíèÿ è èñïàðåíèÿ ïðîáû,

è b — êîýôôèöèåíò ñàìîïîãëîùåíèÿ, çàâèñÿùèé

îò êîíöåíòðàöèè. Äëÿ àíàëèòè÷åñêèõ ëèíèé

â øèðîêîì äèàïàçîíå êîíöåíòðàöèé ýëåìåíòà

êîýôôèöèåíò b, êàê ïðàâèëî, ÿâëÿåòñÿ êîíñòàí-

òîé, à ãðàäóèðîâî÷íàÿ çàâèñèìîñòü ëèíåéíà. Íî

ñ ðîñòîì êîíöåíòðàöèè ýëåìåíòà â ïðîáå âîçíè-

êàåò îòêëîíåíèå îò ëèíåéíîñòè çà ñ÷åò ñàìîïî-

ãëîùåíèÿ, ÷òî ïðèâîäèò ê íåîáõîäèìîñòè âûáîðà

äðóãîé àíàëèòè÷åñêîé ëèíèè.

Â äàííîé ðàáîòå â öåëÿõ ðàñøèðåíèÿ äèà-

ïàçîíà îïðåäåëÿåìûõ êîíöåíòðàöèé ýëåìåíòîâ

ïðåäëîæåíî àïïðîêñèìèðîâàòü ñïåêòðàëüíóþ

ëèíèþ ìîäèôèöèðîâàííîé ôóíêöèåé Ôîéãòà.

Ôóíêöèÿ àïïðîêñèìàöèè. Â àòîìíî-ýìèññè-

îííîì ñïåêòðàëüíîì àíàëèçå ïðè èñïîëüçîâàíèè

äóãîâûõ èñòî÷íèêîâ èçëó÷åíèÿ øèðèíà ñïåê-

òðàëüíîé ëèíèè ìíîãî ìåíüøå àïïàðàòíîé ôóíê-

öèè ñïåêòðàëüíîãî ïðèáîðà. Òàêèì îáðàçîì, ôîð-

ìà êîíòóðà çàðåãèñòðèðîâàííîé ëèíåéêîé ôî-

òîäåòåêòîðîâ ñïåêòðàëüíîé ëèíèè îïðåäåëÿåòñÿ

àïïàðàòíîé ôóíêöèåé ïðèáîðà è àïåðòóðíûìè

õàðàêòåðèñòèêàìè ôîòîÿ÷ååê ëèíåéêè. Äëÿ àï-

ïðîêñèìàöèè êîíòóðà ëèíèè ïðåäëîæåíî èñïîëü-
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Ñïèñîê ècïîëüçóåìûõ ñòàíäàðòíûõ îáðàçöîâ

Íîìåð

ïî ðååñòðó
Èíäåêñ ÑÎ Òèï ÑÎ

Àòòåñòî-

âàííîå èëè

ðåêîìåí-

äîâàííîå

ñîäåðæàíèå

Cu, % ìàññ.

— ÁÃÃÝ ÎÑÎ 493-11 Ýò. 0 Ãðàíèò 0,0003

— ÁÃÃÝ ÎÑÎ 493-11 Ýò. 1 Ãðàíèò 0,0006

— ÁÃÃÝ ÎÑÎ 493-11 Ýò. 2 Ãðàíèò 0,0013

— ÁÃÃÝ ÎÑÎ 493-11 Ýò. 3 Ãðàíèò 0,0033

ÃÑÎ 4322–88 ÄÂÃ Ãðàíèò ãðåéçåíèçèðîâàííûé 0,004

ÃÑÎ 8670–2005 ÑÃÄ-2à Ýññåêñèòîâîå ãàááðî 0,00580

— ÁÃÃÝ ÎÑÎ 493-11 Ýò. 4 Ãðàíèò 0,01

— ÁÃÃÝ ÎÑÎ 493-11 Ýò. 5 Ãðàíèò 0,03

ÃÑÎ 8076–94 Ïåñ÷àíèê 0,036

ÃÑÎ 8488–2003 ÑÎ-24 Ðóäà çîëîòî-ñåðåáðÿíàÿ 0,047

ÃÑÎ 5912–91 Õâîñòû îòâàëüíûå ðóäû ìåäíî-ìîëèáäåíîâîé 0,062

ÃÑÎ 6585–93 Ðóäà çîëîòîñîäåðæàùàÿ 0,064

ÃÑÎ 7025–93 Ðóäà ìîëèáäåíîâàÿ 0,077

— ÁÃÃÝ ÎÑÎ 493-11 Ýò. 6 Ãðàíèò 0,1

ÃÑÎ 8077–94 Ïåñ÷àíèê ìåäèñòûé 0,11

ÃÑÎ 5909–91 Ðóäà ìåäíî-ìîëèáäåíîâàÿ 0,264

— ÁÃÃÝ ÎÑÎ 493-11 Ýò. 7 Ãðàíèò 0,3

ÃÑÎ 8078–94 Ðóäà ïîëèìåòàëëè÷åñêàÿ 0,38

ÃÑÎ 8079–94 Ðóäà ïîëèìåòàëëè÷åñêàÿ 0,73

ÃÑÎ 8779–2006 ÑÎ-33 Ðóäà ïîëèìåòàëëè÷åñêàÿ 0,88

— ÁÃÃÝ ÎÑÎ 493-11 Ýò. 8 Ãðàíèò 1

ÃÑÎ 9976–2011 Ð35 Ðóäà ñóëüôèäíàÿ ìåäíàÿ òèïà ÌÂ 1,65

ÃÑÎ 5910–91 ×åðíîâîé ìîëèáäåíîâûé êîíöåíòðàò ðóäû ìåäíî-ìîëèáäåíîâîé 4,22

ÃÑÎ 6277–91 Ñâèíöîâûé êîíöåíòðàò 5,02

ÎÑÎ 202 – 90 ÐÑÏ-1 Ðóäà ñóëüôèäíàÿ ïîëèìåòàëëè÷åñêàÿ 10,3

ÃÑÎ 5913–91 Õâîñòû ñåëåêòèâíîé ôëîòàöèè ðóäû ìåäíî-ìîëèáäåíîâîé 11,77

ÃÑÎ 2891–84 Êîíöåíòðàò ìåäíûé 40,4



çîâàòü ôóíêöèþ Ôîéãòà, çàïèñàííóþ â ñëåäó-

þùåì âèäå [1]:

F = (1 – r)G + rL, (2)
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ãäå r — äîëÿ Ëîðåíöà; I — èíòåíñèâíîñòü, ó0 —

øèðèíà; á — àñèììåòðèÿ; ë0 — ïîëîæåíèå ëè-

íèè. Äàííàÿ ôóíêöèÿ õîðîøî àïïðîêñèìèðóåò

àïïàðàòíóþ ôóíêöèþ áîëüøèíñòâà ñïåêòðàëü-

íûõ ïðèáîðîâ è èñïîëüçóåò âìåñòî ñâåðòêè ïîëó-

ñóììó, ÷òî ñóùåñòâåííî ñíèæàåò âðåìÿ âû÷èñëå-

íèé áåç ïîòåðè òî÷íîñòè àïïðîêñèìàöèè.

Îäíàêî ñ ðîñòîì êîíöåíòðàöèè øèðèíà ñïåê-

òðàëüíîé ëèíèè ñòàíîâèòñÿ ñðàâíèìà ñ àï-

ïàðàòíîé ôóíêöèåé, ÷òî ïðèâîäèò ê óøèðå-

íèþ ëèíèè, óïëîùåíèþ âåðøèíû åå êîíòóðà è,

ñ äàëüíåéøèì ðîñòîì êîíöåíòðàöèè, — ïîÿâëå-

íèþ ïðîâàëà. Ïðåäëàãàåòñÿ ìîäèôèöèðîâàòü

ôóíêöèþ (2) ïóòåì äîáàâëåíèÿ ìíîæèòåëÿ ïî

àíàëîãèè ñ çàêîíîì Áóãåðà – Ëàìáåðòà:

F� = F10–L�, (6)
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Ðèñ. 1. Ó÷àñòîê ñïåêòðà â îêðåñòíîñòè ëèíèè Cu 327,3954 íì ïðè ðàçëè÷íûõ ñîäåðæàíèÿõ ìåäè: à — 0,0003; á — 0,062;

â — 0,264; ã — 5,02 % ìàññ. (ñïåêòð îòìå÷åí ñåðûì öâåòîì, ðàññ÷èòàííàÿ ôîðìà ëèíèè — êðàñíûì, ïóíêòèðíîé ëèíèåé

èçîáðàæåíî èõ îòêëîíåíèå)
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ãäå L� — ôóíêöèÿ Ëîðåíöà ñ èíòåíñèâíîñòüþ I�,

ïîëîæåíèåì ��
0

è øèðèíîé ó�.

Ýêñïåðèìåíò. Âîçìîæíîñòü ïðèìåíåíèÿ

ïðåäëàãàåìîé ôóíêöèè àïïðîêñèìàöèè ëèíèè

îöåíèëè ñ èñïîëüçîâàíèåì ñïåêòðàëüíîãî êîì-

ïëåêñà «Ãðàíä-Ïîòîê» ñ àíàëèçàòîðîì ÌÀÝÑ [2]

è ëèíåéêàìè ôîòîäåòåêòîðîâ ÁËÏÏ-2000. Ñïåê-

òðû ðåãèñòðèðîâàëè ïðè îïòèìàëüíîì ðåæèìå

ðàáîòû óñòàíîâêè «Ïîòîê» [3]: äóãà ïåðåìåííîãî

íåïðåðûâíîãî òîêà ±22 À ñ ÷àñòîòîé 100 Ãö;

îáæèã ýëåêòðîäîâ — 30 À â òå÷åíèå 2 ñ. Íàâåñêó

èññëåäóåìîãî îáðàçöà ìàññîé 150 ìã ðàâíîìåðíî

ðàññûïàëè íà òðàíñïîðòåðå è ïîäàâàëè â äóãîâîé

ðàçðÿä ñî ñêîðîñòüþ 13 ìì/ñ. Èíòåãðàëüíûé

ñïåêòð ðåãèñòðèðîâàëè â òå÷åíèå 16,5 ñ ïðè

âðåìåíè áàçîâîé ýêñïîçèöèè 5 ìñ. Â òàáëèöå

â ïîðÿäêå âîçðàñòàíèÿ ñîäåðæàíèÿ Cu óêàçàíû

èñïîëüçîâàííûå äëÿ ãðàäóèðîâêè êîìïëåêñà

ñòàíäàðòíûå îáðàçöû (ÑÎ) ãîðíûõ ïîðîä, ðóä è

ïåñ÷àíèêîâ.

Íà ðèñ. 1 äëÿ ïðèìåðà èçîáðàæåíû ñïåêòðû â

îêðåñòíîñòè ëèíèè Cu 327,3954 íì, çàðåãèñòðè-

ðîâàííûå ïðè ðàçíûõ êîíöåíòðàöèÿõ ìåäè, è ñî-

îòâåòñòâóþùèå ôóíêöèè àïïðîêñèìàöèè, ðàñ-

ñ÷èòàííûå ìåòîäîì íàèìåíüøèõ êâàäðàòîâ

(ÌÍÊ). Âèäíî, ÷òî óæå ïðè ñîäåðæàíèè ìåäè

0,062 % ìàññ. (ðèñ. 1, á) ñïåêòðàëüíàÿ ëèíèÿ óøè-

ðÿåòñÿ, à ïðè ñîäåðæàíèÿõ âûøå 0,264 % ìàññ.

(ðèñ. 1, â) õîðîøî çàìåòíî ñàìîïîãëîùåíèå. Íà

ðèñ. 2, à ïðèâåäåíû ãðàäóèðîâî÷íûå ãðàôèêè,

ïîñòðîåííûå ïî èíòåãðàëüíûì ñïåêòðàì ÑÎ: èí-

òåíñèâíîñòü ðàññ÷èòûâàëè èíòåãðèðîâàíèåì ïî

òðåì ôîòîÿ÷åéêàì âáëèçè ìàêñèìóìà ëèíèè (ñëå-

âà) è ïóòåì àïïðîêñèìàöèè êîíòóðà ëèíèè ìîäè-

ôèöèðîâàííîé ôóíêöèåé Ôîéãòà (ñïðàâà). Ðàñ-

÷åò èíòåíñèâíîñòè ïóòåì àïïðîêñèìàöèè êîíòó-

ðà ëèíèè ïîçâîëèë ðàñøèðèòü äèàïàçîí îïðåäå-

ëÿåìûõ êîíöåíòðàöèé íà òðè ïîðÿäêà âåëè÷èíû

(óãîë íàêëîíà ãðàôèêà ñîñòàâèë 42°, ÑÊÎ ãðàäóè-

ðîâêè — 0,066).

Â çàðåãèñòðèðîâàííûõ ñïåêòðàõ ÑÎ, êðîìå

ðàññìîòðåííîé ëèíèè Cu 327,3954 íì, áûëî îá-

íàðóæåííî åùå íåñêîëüêî ëèíèé ñ ñàìîïîãëîùå-

íèåì: Cu 324,7532 íì, Pb 287,3311 íì, Ni

305,0818 íì è Mo 313,2594 íì, äëÿ êîòîðûõ òàê-

æå óäàëîñü óâåëè÷èòü äèàïàçîí îïðåäåëÿåìûõ

êîíöåíòðàöèé íà 1 – 3 ïîðÿäêà âåëè÷èíû (ñì.

ðèñ. 2, á – ä).

Òàêèì îáðàçîì, ïðåäëîæåíà ìîäèôèöèðîâàí-

íàÿ ôóíêöèÿ Ôîéãòà äëÿ àïïðîêñèìàöèè êîíòó-

ðà ñïåêòðàëüíîé ëèíèè ñ ñàìîïîãëîùåíèåì. Â çà-

ðåãèñòðèðîâàííûõ ñïåêòðàõ ñòàíäàðòíûõ îáðàç-

öîâ ãîðíûõ ïîðîä, ðóä è ïåñ÷àíèêîâ ñ åå ïîìî-

ùüþ óäàëîñü óâåëè÷èòü äèàïàçîí îïðåäåëÿåìûõ

ñîäåðæàíèé ìåäè, ñâèíöà, íèêåëÿ è ìîëèáäåíà

ïî òàêèì ëèíèÿì íà 1 – 3 ïîðÿäêà âåëè÷èíû.

Ïëàíèðóåòñÿ ïðîäîëæåíèå ðàáîòû â öåëÿõ

îïðåäåëåíèÿ èíòåíñèâíîñòè ñàìîïîãëîùåííûõ

ñïåêòðàëüíûõ ëèíèé íà ôîíå ìåøàþùèõ, à òàê-

æå âíåäðåíèå ïðåäëîæåííîé ôîðìû êîíòóðà ëè-

íèè â ïðîãðàììíîå îáåñïå÷åíèå «Àòîì».
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