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Abstract

The !nductivoly coupled plasma (ICP) excitation souroce for
analytical atomic speotroscopy has been studiad with the one-meter
Fourier-transform spectrometer (FTS) loocated at Kitt Pesak National
Observatory, Tueson, Arizona. The high resolution of this
apectrometer combined with the comprehensive wavelength coverage of
*he Fourie-. tranaform technique, allows the use of the speatra for
alucidation of spectraphysiasl properit- such as excitation
temperatures ind Yine widths. From these studies, the analytioal
applicability of the ICP-FTS combination 1s evaluated for atomic
spectrochemical measurements in the visible and ultraviolet.

Intrcduetion

Sensitive, effic{ent, and reliable multielement analysis is a goal of the modern
analytical laboratory. Desirasble characteristicrs such asa high temperature, inert chemical
atmosphere, and long term stability hsve made the fnductively coupled plasmal =" the

contemporary method of cholce for multielement analysis by atomic speotrosocopy. The ICP
exci-atlon source {8 an electrodeless argon plasmu operated at atmospheric pressure and
sustained by inductive coupling to & radlofreaquency eleatromagnetic fleld. The standard

frequency of operation {s 27.12 MHz, and the standard power outpnt s 1-3 kWatts.

Sample soiuticdn is {.troduced into the plasma in the form of a fine aerosol which is
swept up through the cantral channel of the plasama by argon carrier gas flow, During =a
7«3 millisenond residence time, the sample nerosol is desolvated, vaporized, atomized and
foni{zed, The resulting free atomea ani{ 1ins are electronioally excjted and emit
characteristic radiation, nallowind both qualitative and ruanti“ative analys’'s. Two
distinetivs zones of the plaama are useful fnr analytical purposes: the Initial radiation
tone (IR2)Y 1low in the plasma (8 a region of lower temparature where atomic emissfon is
intense, and the normal analytical sone (NAZ) higher {n the plasma {3 a region of higher
tamperature where lonin emission {3 hsarved and tho hest sensitivity (s attained for most
elements,

For analytical applicatinona, an TCP anurce {a uaually interfaced to a wavelength
dispersiva  (grating) spectrometer: e!ther a acanning monochromator or a direat-.reading
polyohromator, The acarning aystem ofterns flexibility (n wavelength aslection, but
reaquires longer aaalysis tine and more sample conaumption., DNirent-reading polychromatora
of fer wdvantagesa ~f speed and true aimultanelly, but wavelength selection has heen
predatermined and {8 diffioult to nhange, An idteal apsotrometer for the ICP would combine
the oharactaristios of comprehenaive simultananus wavelangth ~overage, naocurate wavelength
snd intenalty determination, large linenr dynamie range, good sipnal-to-nolase ratio, fast
analysls Lime, and h'gh ransolution.
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Non-dispersive multiplex techniques 3such as Fcurier trensform spectrometry have
proven to be valuable tools for spectral invest.gations in the infrared. Although the
"multiplex” or Fellgets advantage 1is only realized In the 1infrared where detectors are
detector-noise 1imited, other advantages of multiplex techniques can be realized in the
visible and ultraviolet regions of interest to analytical atomic spectroscopy. Optical
and meaohanical technology for interferometers ir thz visible and ultraviolet is new and
more demanding than for the infrared. However it s accessible, and the one-meter FTS at
Kitt Peak® 1is capable of high resolution operation down to 250nm.

The purpose of this study was to explore the potentials and problems of the ICP-FTS
ocombination for basic spectraphysiocal studies of the ICP source and to assess the
analytical applicaebility of the instrumental merger. Important preliminsry work in this
field has been conducted by Horliok, Yuen, and Hall®é:7,

Fxperimental

The Kitt Peak Fourier transform apeotrometer {3 based on a folded Miohelson
interferometsr doasign with a total optical path difference of one meter. "Cats eye”
retroraflectors are used to reduce errors arising from tilt or wobble 1in the mirror
system. The 1internal path is housed in & vaxuum chamber. The instrument is onpgblo of
operating in the range 250nm to 16.5um with wlvgnumber acouracy on the order of 107 om™
and resolution capability on the order of 107, In this study, an ultresi]l fused silioa
beamsplitter with aluminum coating and blue-enhanced diode detectors were used, eroept |in
the near infrared for whioh indium antimonide photcdetectors were used.

A Plasma Therm model 2500 ICP unit was transported from Los Alamos to Kitt Peak where
it was secured in front of the 10mm speatrometer aperture on @8 heavy-duty tripod which
allcwed up-down movement o7 the torah box and consequently of the plasma image on the
spectrometer aperture. An optical magnifivation factor of 5.3 allowed very preaise
seleation of small volumes of thke plssma for speztral observation. The ICP was operated
at conditions intended to simulate normal analytical operation. Spectre were observed |In
six vertiocal zones from 2-25mm above the induction ocoils of the ICP torch (Figure 1).
Spectra of an iron solution (U480-550nm) racorded in each of the 3{x zones were used to
determine an excitation temperature profile of the plasma. Speotra of a multielenent
solution of 22 common analyte elements (290nm-1.7um) recorded at varying oconocentrations in
the IRZ (Amm above the {nduction coils) and {n the NAZ (16mr above the {nduction ocoils)
were used in the ana'ytioal studlies.

Temperature Determinations

Knowledge of the temperasture o 'n exoitation source in enalytical speotrosoopy 1is
important for understanding desolv.tion, dissociation, atomization, 1onizetinn, end
excitution processes oacurring in the source. The powerful informa-ion gathering ability
of An FTS makes {t quite suitable to such baaia speatraphysicel studies, Spectroscoplo
exaitation temperaturens cen be derived by the "slope method™ bty measuring the relative
intensities of sever-l transitions of the same element and oconstruoting "Boltzmann plots"®
of In (IA€/rf) versus upper energy level (Figure 2). The temperatura is then derived from
the slope (=1/kT) of the resulting line. 1Iron was used as the :herriometric speciew, and
over A0 atomie iron transitions were ident flied In the spectra reocorded 1in the aix
vertical zones of the plasma. The slope method relies on the uss of o3clllator strengths

or &f valuea for the nbsarved trahattions, These values are - vallable from several
referenca sources in the literature, but inconsistencies as great as an order of magnitude
exist for the uf value of the same tranaitinn cited In different references. The gf

values frow four sources were used in this atudy,®~!! and temperatures were caloulated
using each of these four references for esch of the 8ix plaosma zones, Results are
aummarized in Tahle I. The gl vilues from reference (A) are known tn He in error, bdut have
been frequently used in the past; therefore they are inoluded here tor ocomparison, hut
have bheen eliminated Ffrom the oaloulation of average temperaturas glven In the last
oolumn. It can be noted that the caloulated temperature for any given zone 18 oritioceslly
depandent on the vholaes of gf valuea, whioh can produce variations greatar then 10% of the
averapge value. Nonetheleas, the qualitative ploture {8 oconsiatent and representa an
tmportant gcontribution to the fundsmental wunderstanding of the ICP. Although a large

numher of previous atudies of temperatures in the I[CP have heen published, 1t 18 only
reogently that a comprehensive apatisl ploture of the plasma haa hegur to emerge.!2:13,  1tn
t':ls atudy, excitation temperature was ohsarved to be moderate (n, 5500K) lew in the
jplasma, to lnareans to a maximum value (o, TUOOK) {in the NAT at 10-!.sm ahcove the

{oauntion coila, and to denreass again at higher vertlioal poasitiona, drappirg rapldly in
volue (c. H°00K) in the tall plume region.
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Spectral Line Widths

The .measurement of spectral 'ine widths in an excltation source 1is useful for the
understanding of exclitation mecha:..isms in the source and for the determination of spectral
interferences in analytical work. fecause of the high resolution required to make these
measurements, very few studies f this subject have been previously reported for the
ICP.!4~16 However, the high resolvi g power of the Kitt Peak FTS allowed the determination
of line widths for 300 spectral lines of the 22 elements in the multiclement solution
studies, for 500 lines of iron, and for many lines of argon.

In the wavelength region 300-600nm, the widths of atomic and 1ionic 1lines were
typically in the range .003-.006nm. Iron spectra recor.'~d in the six plasma zones allowed
a profiling of changes in line widths with vertical position 1in the plasma. Overall
variations were slight, but line width maxima occurred in the zones between 5-12mm above
the induction coils. For the near infrared region beyond 1um, the observed line widths 1ia
the normal analytical zone were on the order ¢f .02nm.

Temperatures calculated on the assumption of Doppler-limited line broadening were
higher thar the excitation temperatures derived from the slope method an:d were quite
variable, 1indicating the existence of other line broadening mechanisms in the source.
However, more detailed analysis of the line shapes is required for elucidation of tllis
sub ject.

Analytical Applications

The analytical applicability of the TICP=FTS combinatlon was investigated and
assessed. Three hundred prominent lines of 2 elements and five hurdred lines of iron |in
the wavelenpth range 29¢-00nm were identified. Line widths and relative intensities were
determined for these lines. Linearity of the analytical working curves was verified for
the concentration range 1=-100 ug/ml {investigated here. DNetection limits in the ng/ml
range were derived for 32 analytical lines in this spectral reglon.

Recause of the multiplex nature of Fnurier transform spectrometry (all the signal
reaches the detector all the ¢time), random noise in the source i3 evenly distributed
throushout the baseline of the entire spectrum. That (s, nolse »t all wavelengths in the
spectrum ls essentially constant, and the noise level at any given wavelength is dependent
on the total!l aenrcentratlion of all components in the sample. Detection limits {n Fourler
tranaform aspectrometry therefore are dependent on |) total sample composition and 11) the
ralative Intenslty nf the 1line selected for analyslis, and c¢an he defined as that
concentration of analyte whleh corresponds Lo a slgnal on the atandards working curve
equal to twire the atandard devliation (nolse) of the bhaseline near the analytleal
wavelength In the sample spectrum (Figures 3,b),

The most si1gnificant advantape of the ICP-FTS combination is the comprehensive
wavelenpgth raverage (stmilar to that ohtained with photographic plates) combined with
extreme accuracry of wavelength and Intensity determinaticns and large dynamic range.
Thus, all the emission lines In the apectral region of I{(ntereat are renorded, and Lhe
analyat  ecan aanenn the apectral {interferences and select the wavealengths to he used for
quantitatlive Jdeterminaticns hased on the {nformation in the nctunl sample apectrum.

I¢P Emiasion in the Near Iafrared

Knowladge of 1P amissaton charactaristica wan extended Intno the near Infrared to
iTnm, The dapectrum of the multielement solution In the normal analytinal zone of the
plasma waa secorded, and promirert linens of the D) elementa and argon were [dentified with
line widtha nd relative {intensaitlien, Although thia regton ls rich in atomic argoa
tranafitiona, several linea of oxygen, nitrogen, and alkall and nalkaline earth elements
which may he analytioa'ly useful were alan ltdentifiaed,



Conclusions

The ICP=-FTS instrumental merger has been 1investigated for spectraphysical and
analytical applications in the ultraviolet, visible, and near infrared. Advantages o:. -he
combined system include (1) a powerful information gathering tool for analytical and baslc
research studies (11) comprehensive and simultaneous wavelength coverage allowing the
selection of analytical 1linec based on information in the spectrum (1il) variable
resolution (iv) accurate wavelength and Intensity determinationas (v) high optical
throughput (vi) large linear dynamic range (vii) computer compatability of the digitized
interferogram. Possible disadvantages 1include (1) the requirement of a stable light
source, (i{l1) precise coptical and mechanical requirements for visible and wultraviolet
applications, (ii1) distribution of noise in baseline can degrade detection limits in some
cases (iv) requirement of a mathematically complex transform of the Interferogram to a
useful spectrum.
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