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Abstract

The !nductivoly coupled plasma (TCP) excitation souroe for
analytical atomic speotrosoopy has been studlad with the one-meter
Fourier-trensform speotromet.er (FTS) loceted at Kitt Peak National
Observatory, “iucson , Lrizona, The high resolution Or this
.Ipectrometer combined with the comprehensive wavelength ooveraCe of
● he F’ourie7 tranaform technique, allows the use of the speotra for
elucidation Jf spectraphysioel properit- ) such as exoltmtion
temperatures !Ind line widths. From these studies, the tnalytioal
appllcnbillty of the ICP-FTS combination is evaluated for atomic
spectrochemical measurements in the visible and ultraviolet.

Intr~dllction

Sensitive, ●ffia\ent, ●nd reliable multielement analysis is a goal of the modern
nnnlyticnl laboratory. Desirabl~ oharaoteristics suoh ●s hiRb temperature, inert ohemioal
atmosphere , nnd long terhl sLabillty h~ve made the lnriuotlvely ooupled plaamal-q the
contemporary mcthort of choice for multlelement nnalysls by mtomio speotrosoopy. The ICP
exci-.atlon st-)urcp t3 an electrodelesa argon plnsmn operated ●t atmospheric pressure ●nd
sustained by inductive couplln~ to a radiofraquenay electromagnetic field, The standard
frequency of op?ration 1S ?7.12 MHz, ond tll~ stnndard power outp~tt is 1-3 kHatta.

~ample solutlon la I ItrUduoerl into the plnsma in the form of a fin@ aerosol which 1s
swept up throufill th@ c~ntral channel of the plasma by srgon carrier gas flow, I)uring ●

?-~ mill ise,!ond reridence time, the sample aerosol is desolated, vaporized, atomized ●nd
ionlz~d. The reslllt,ing free ntom? alit ions arm elaatronioally ●xcJterl ●nd emit
ahnr~ctcrist,l,, rarllnt,lon, nllouln~ both qualitative nnrl ~unnt!*.nt.ive analys’~. Two
dlstlnctivm zon~s of th~ plnnma #r@ useful fnr ●nnlytienl purpo:)cs: the initial
zon~ (lRZ)

rarl!ation
1 (>W i !1 the pl~sm4 1S n r@Rlon of Inw@t temperature whero atomic ●mission 1s

intense, and ttl~ normal nnfilytloal zonn (NA7.) hiphp? in the planma 1s n region of hiflh~r
t?mp~ratur~ wh*r@ loni,? arnlsllon l.? absr?r~’-d nnrl tb~) best RPnSltlvlt,y is attnln~d for most
•lem~nt.a.



Non-dispersive multiplex techniques such as Fcurier trensform spectrometry have
proven to be valuable tools for spectral invest..gations in the infrar?d. Although the
nmultlplexn or Fellgets advantage is only realized in the infrared tdhere detectors are
detector-noise limited, other advantage of multiplex teohnlques can be realized in the
visible and ultraviolet regions of interest to analytical atomic spectroscopy. Optical
and meohenical technology for Interferometers lrI the visible and ultraviolet is new and
more demanding than for the Infrared. However it !L~ accessible, and the one-meter FTS at
Kitt Peaks is capable of high resolution operation down to 250nm.

The purpo~e of this study was to explore the potentials and problems of the TCP-FTS
combination for basic speatraphysloal studies of the ICP source and to esaeas the
●nalytloal epplioability of the instrumental merger. Important preliminary work in this
field has been aonduoted by Horliok, Yuen, and Ha116’7.

~xperimental

The Kitt Peak Fourier transform spectrometer is based on a folded Miohelson
interferometer design with e total optical path difference of one met@r. ‘Cats ●yen
retroraflertors are used to reduce errora arising from tilt or wobble in the mirror
system. The internal path 1s housed in a vacuum chamber. The instrument 1s onp ble o

!operating in the range 250nm to 16.5Mm with wav number aoouracy on the order of Ii)- om-
!

f

●nd resolution capability on the order of 10 . In this study, an ultrasil fused sllioa
beamsplitter with ●luminum coating and blue-enhanoed diode deteotors were used, e?oept in
the near infrared for whioh iridium ●ntimonirte photcdeteotors were used.

A ?lasma ‘berm model 2500 ICP unit was transported from Los Alamoa to Kitt Peak where
it uas scoured in front of the 10mm spectrometer ●perture on e heavy-duty trtpod
alleuerl

whioh
up-down movement or the toroh bon and consequently of the plaama image on the

spectrometer aperture. An opticel magnlfiuation factor of 5.3 allowed very pre(>ise
seleot.ion of’ small volumes of the plasma for spestral observation. The ICP waa operated
at conditions intended to slmulat.e normal analytical operation. Spectra wera observed in
six vertlaal zones rrom 2-25mm ●bove the lnductlon ooils of the ICP torch (Figure l).
Spectra of an iron solutlon (4E10-550nm) reoorded in eaoh of the SIX zones tiere used to
determine an excitation temperature profile of the plasma. Speotra of a multielefient
solutlon of ,?2 oommon analyte elements (290nm-1 .7pm) reoorded at v~rylng oonoentrationa in
the IRZ (6mm #hove th~ induation OO1lS) and in the NhZ (lfInm ●bove the induotton ooils)
were used in the nnalytioal studies.

Temperature Determlnattons

KnowledRe of the temperature 01 in exaltation aouroe l.fl analyt!oal
important

speotrosoopy is
for underatandlng desolv. tion, dlsaoolatlon, ●tomization, lonlzaki~n, ●nd

excltmtion proo~ases oocurrlng in the souroe. ‘rhe powerful informn~ion uathering
of nn

●bility
FTS makes lt quite suitable to auoh baalo speotraphyJicalstlJdies. !lpectroaooplo

exaltation tempera:uren oan be derived by the ‘slope method< by
intensitlss

measuring the relatlve
of sever-l tranaltions of the same element ●nd oonstrJotlng ‘Boltzmann plotsm

of In (IAz/Rf) versus upper energy level (Figure 2). The temperat’llra 1s then derived from
the slop~ (-1/kT) of the reaultlnE line. Iron was used ● s the :her~lornetrla apeaie~, and
ov~r nO atomlo iron transition were ident fled in the apectre reoorded in the alx
vertical zones of the plasma. The slope method relies on the uo~ ~f osoiilstor strengths
or gf vnlue~ for the obaerv~d trahattions. These values are vnilable rrnm several
ref~r~no~ sources in the literature, but lnoonaistenolea ● a great as ● n order of maUnlLude
*XISC fer tho IIf value of tho same trarrlitlnn cited in dirrerent referenaea,
vnlues rrolll rOur

The Rf
souroea were used in this study, 8-11 and temprrat~!rea were celoulated

uslnfl ench of these rour references for ●aoh of the six ploama zon~a. Reaulta are
summarized in Table 1, The gf vtluea from raferenoe (Fl) ● ra known to be in ●rror, hut Ilave
heerl fr~quently used in the paat; therefore they ● re lnoluded h,re for comparison, hut
hnvn been @limlnated rrom the oaloul ation or average temperatur~s alven in the Iaet
nolumni ~t eon be noto,! that the oalaulatad temperature ror mny given zone la oritloally
rlepondont on the Uholod of gr va~uen, whloh onn produoa varlationa fireat~r then 10S of the
av?rnfi~ value. Nonethelena, tho quelltatlve pidture la oonai~tent ●nd repreaenta ● n
impl!rtnnt oontributlon to the fundamental Underatancling of the ICP. AlthouRh a lbrge
n,,mh?r’ or previoum sturiien of t~mperaturea in the [CP hove bean puhliah~(l, it ia only
rr.,]ently that ● aomprehenolve spatial ploture or the pl~ama ha~ hagur to omer~o.l~?l~, Tn
IIIS mtudy, ●xaitation tamparature wna ohnorved to he morierate (e. 5q(10K ) IGW in the
Ilnsma, to inareana to ● mn~imum valu~ (o, 7UOOK) in the MA?. at lfl-1.;m shove the
1,,1,~-t.ion ooiln, and to rteorense nsaln ●t hinhar vcrtiriol positional rlrnppirq rapidly in
V.llllm (c, ll.JOOK) In th~ tall plum@ reflion.



Spectral Line Widths.—

The.measurement of spectral ‘Ine widths in an excitation source is useful for the
understanding of excitation mechaltsma in the source and for the determination of spectral
interferences in analytical work. ‘lecause of the high resolution required to mmka these
measurements, very few atudlea If this subJect have been previously reported for the
ICP.14-16 However, the high resolvi lg power of the Kltt Peak FTS allowed the determination
of line widths for 300 spectral lines of the 22 elements in the multielement solution
studies, for 500 lines of iron, and for many lines of argon.

In the wavelength region 300-60@nm, the widths of atomic and ionic lines uere
typically in the range .003-.006nm. Iron spectra recor.’~d in the aix plaama zones allowed
a profiling of changes in line widths with vertical position in the plaama. Overall
variations were sllght, but line width maxima occurred in the zones between 5-12mm above
the induction coils. For the near infrared region beyond l~m, the observed line widths in
the normal analytical zone were on the order cf .02nm.

Temperatures calculated on the assumption of Doppler-limited line broadening were
higher than the excitation temperatures derived from the slope method an:i were quite
variable, indicating the existence of other line broadening mechanlsma in the source.
However, more detailed analysi~ of the line shapes is required for elucidation of tk,ls
subject.

Analytical Ap placations —

The analytical applicability of t. he ICF-FTS combination was investigated and
assesaed . Thr+;e hundred prominent lines of ,?2 elements and five hu~dred lines of iron in
the wavelength range ?ql:-600nm were identified. Line widths and relatlve ‘intensities were
d!-terminecl for these lines. I.inearity of the analytical uorkinfl curves was verified rO r
the concentration range 1-IO(-I pglml investigated here. Detection limits in the rig/ml
rnnge were derived For ~? analytical lines in this spectral re~lon.

llecau~P of the multiplex nature of Fnurier transform spectrometry (all the signal
reaches thp detector all the time) , random noise in the source is evenly distributed
throutihout the ba:;eline of the ●ntire spectrum. That is, noise at all uavelenflths in the
spectrum is essf=ntlally constant, and the noise level at any given wavelength is dependent.
on the total cnr,c~ntrntion of all components in the sample. Detection limits in Fourier
transform spectrometry tbarefore are dependent on i) total sample composition and 11) the
rel~tive In+.ensity nf the line nelecterl for annlysis, ‘and can he ~efined an Lhat
onnccnt.r.~tiiln of ;Innlyte which corresponds Lo n siunal on the standards working curve
eqllnl t,(I ~.wiI,e th~ stnndarrl deviation (nnise) of the baseline near the annlyticnl
wnv-length irl the snmpl~ spectrum (Figures 3,U).

r(:lj F,mls~lnn in I.h@ Nmnr lnfrnr-d—.. . —. . . . _ _ -. . —,. __. . —,—



Conclusions

The ICP-FTS instrumental merger has been inve~tigated for spectraphysical and
analytical applications in the ultraviolet, visible, and near infrared. 4dvantages o “ he
combined system include (1) a powerful information gathering tool for analytical and basic
research studies (ii) comprehensive and simultaneous wavelength coverage allowing the
selection of analytical lines based on information in the spectrum (iii) variable
resolution (iv) accurate wavelength and intensity determinations (v) high optical
ttlt-ouqhput (vi) lat-ge linear dynamic range (vii) computer COR;atab~l~ty of the
interf’erogram.

diuitized
Possible disadvantages include (i) the requirement of a stable light

source, (ii) precise optical and mechanical requirements for visible and ultraviolet
applications, (iii} distribution of noise in baseline can degrade detection limits in some
cases (iv) requirement of a mathematically complex transform of the interferogram to a
useflil spectrum.
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Figure 1. ICP zones for temperature profile,
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Figure 2. Boltzinann plot for temperature
determination. Slope equals (-l/kT).
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