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Uany new sources and spectrometers have been developed in tne

ongoing effort co improve mulcielement analyeia by analyclcal atomic

emission spectroscopy. Currently several different laboratories are

exploring c~plicationm of Fourier transform spectrometry in the

ultraviolet &nd visible specLral regionu, ●specially in conjunction

vi [h the inductively couDled plasma smrce. As a mdtiplex techniq~e,

Fourier cramform spectrometry har many characteriacics which are

unique and significantly different from wavelength dispersive

spectromecry. These characteristic offer both potential.e and problems

for the development of ICP-FTS ●s ● naw ●nalytical tool. ExamPlea from

reeearch in this laboratory are used co illustrate and discuss cheee

lJOlntS.
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1. INTRODUCTION

With multielement analyals ae Its majcr objective, analytical

atomic spectroscopy might be deecribed ae a concinual eearch ior the

fdeal source and the ideal spectrometer. Although many researc!,ers——

have pointed out that the Inductively coupled plaama (ICP) 10 nac an

“ideal” source, it has been accepted me x the lasr decade aa an

extremely workable and ●ffective source and ie che current method of

choice for multielement analysfe in most contemporary analytical

laboratories. The “ideal” spectrometer might be cleecrl~~d as

pomseeelng the following characterietice: wide total apectrel rsnge,

●imltaneous ●nd comprehensive wavelength coverage over any eelected

bandpass of the spectral range, accuracy of wavelengths, accuracy ●nd

linearity of Intenaiclea, large dycamic ran8e, variable roeolucion up

to the l!ait of full reeolucion of the physical llne width- in rha

source, good ●eneicivity, fact data acquieicion, eaae of operatica, ●nd

reasonable coot. The search for the “ideal” eipeccroeecer Ime

historically included the development and applicaciori of speccrographe,

manochrmetora, polychromatora, phocadiode arrc speccrometerc. ●nd

~~me opsctromecera (ICP+!S). Eech of cheee cypee of opectromerer has

Wt some of che ideal criteria and had uniaue advantage. buc each hae

aleo had lco m characteriacic set of limittitivne. Now sevaral

laboratories are lnveecigatlng the poeeibility of nDplyin8 Fourier

transform ●p~ctrom~tera tn e~ectrochemical meaauramento in the

ultraviolet and visible epeccral regione [1-9]. And the queetion

●rieec: will ICP-F’TS prove to be a useful new analytical tool and what

●re its pocenciala and problems ?

2. THEORY

A Fourier transform spectrometer is a multiplex apectromecar,

baeed on the daeign &nd ~pera~ional principles af a ?iicheleon

interferometer, ●e ●hewn in ?igure 1. Light from tha ●uurcc (ICP)

●nters the aperture of the apeccr5mecer and 1s collimated. A

beamapliccer divldee cha beam tnto cwo percs .hich travel the two ●rma

of the interferometer, ara reflected by mirtors back tc thm

beawplitcer ●nd recombined. The recombined beam la fo”’’g?donto ●

~insle multiplex d-tactor. The ●ignal ●t the detector Ic ● ●um of tho

intgrfgrance of ill the wavelength premant in che two recombined
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beame. If one or both of the mirrors move so that the opcfcel pathe in

both arme ●re not equal, then conetmcclve and destructive interference

will occur according to the opcfcal path difference and the wavelengths

of light. If the mirrors move as a function of time, then the

time-dependent signal at the detector will be a record of the changing

interference effects of all the wav~ienr:ho present, called an

Interferogrsm. The Imt&rferogram is che time-domein half of a Fourier

tranaform pair, and the mathematical proceea of Fourier tramformatloc

performed ?iya dlfiitalco~uter prod~cea the frequency-domain ha~f of

the pair, known more familiarly as che spectrum. At no point in the

procecm S8 the lfghc physically neparated into componenc w~velengchs am

in wavelertgch-dispersive systems using prisms or gratings. The Fourier

traneform spectrometer acts as the mltiplexlng device to encode the

indepe~dent piece? of ~nformation (lntemitlea of all the wavelengths

of light in che source) into a form which can be aimltanouely detected

by a eingle detector. The compucer acts as the device to decode the

multiplexed information back into unique and independent plecea of

information (the speccrum). The principles of Fourier tranaform

electrometers and the Fourier transform process have been previously

dcacribed in detail [1o-1L].

3. EXPERIMENTAL

~~~r the past four yeara, studiee at thi~ laboratory have

Investigated the ICP an a source for high resollltio~.Fourier tranoform

spectroscopy. These etuflies have ir.~luded an atscasment of the

analytical ●pplicability of ICP-FTS [l,15j, a ver~LCal pl-ofileof Fe -

cxcication tewperatureo in the ICP [16], line width and line rhape

●nalysis of Fe I in the ICP [17] , ICP argon emisolon in the near IR

[181, and population distribution. andoacillator screngchvalucmicv

Ho I in the ICP [19]. Theme studien were performed using the one-mecsr

Fourier trannform ●peccrometer in the ?@!ath solar telescope ●t tha

National Solar Oheervatory at KIct Peak, Arizona, ●nd the ●xperimental

details have been described in those previouo publication. l%is

laboratory 1s currently ●ngaged in b~lldlng ● ●tace-of-che-art Fourier

tranaform spectrometer [20] r.,r applications in the ultraviokc.

vleible, ●nd infrared to far infr:red ●pectral ra8iono. la part of a

national facillty for hfph raaolution ●pactroacopy, chic lnotrumenc
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fill serve many functlocs in basic and applied chemistry, physics, and

mmterla2z science, including concinulng studies focused at the

develo~nc of new and advanced techniques in analytical chemintry.

The specifications of the Los AlnmoIJ Fourier tranfom spectrometer,

●xpected to be completed in 1966, are gi’en in Table 1.

6. DISCUSSION

A.1 Potentials

The most oucacanding pocencials of lCP-FTS as an analytical tn~l

are (1) the si=ltaneous and comprehensive wave:enpth coverage of the

selected bandpass (2) the ability to achieve high resolution relatively

easily in a compact instrumental system, and (3) the high degree of

accuracy of both wavelefigth and intensity measurements.

A Fourier tranafom spectrometer ai~lcaneously records all the

spectral infomatlon within the selected bandpass so chat che

transformed a~ctrum includes all the emission lines from atomic and

molecullr species in the source as well an all the background and

baseline charactvr~s:ics. The banc!pass is de~ermined by chc

combinatf.on of 8elecced optical and electronic iilters and component

and detector response. TbiuI bandpase may be as small as a few, or as

large as several hundred, canometera. Tbe total apeccral information

within that selected bandoasu is completely recorded nnd permanently

available at any time in the interferogram or the transformed epectrum.

Unlike wavelength-dlsperrtve systems such am the polychrometor or

monochrGmator which require chat only a tew wavelengths be ~aelecced,

Fourier trnnsfo~ oystema allow the seiection of the wavelengths for

●nalyoim co be performed at any time after che spectrum has been

recorded. Thue the ●election can be based on the examination and

content of actual spectrum, and the maximum flexibility of choice ie

●llwed.

Total qualitative analyala ia ther~:cre inherently achieved eince

th~ co~rehena:ve emission spectrum of all ●peciee in &he oource will

be -t-cordedwithin the eelected bandpaee. Spectral interferences ●re

more anelly identified since the prerence o: key linaa of analytee will

●lert che analyst to poaeible Interferancee at other wavelength.

Computeri:ad cross-rafarence wav~length cablen can be used for initial

qualitative ●nalysie as well ●m for flagRing potential ●pectral



interferences. Alternate line selectlon in the case of spectral

Interferences is available since all the emission lines of the analyce

of interest will be present in the spectrum. The computer system can

cross-reference potential spectral interferences based on the initial

qualitative auney and suggest the best interference-free lines to be

used for the analysis. Since all the apectal information is available,

it is also possible to use more than one emission line of a given

species for quancicative analysis. ‘Wultiple line analysie” might be

used co sum weighted Intensities of several lines of an ●lement, based

on a reference speccmm, in order co increase sensitivity. The

comprehensive wavelength coverage 18 also an invaluable asset in the

case of spectrophysical studies of che ICP for which large data sets

are required such as temperature determinations [16] and population

distribution and oocillazor ocrength ~asurements [19]. Figure 2 shows

a portion of an ICP-FTS speccrurn of a multlelemenc solutiom,

demonstrating the comprehensive wavelength coverage. Argon linen from

the ICP pl~sma gas are also present.

Compared to wavelength-dfape:sive spectromecere, it In relatively

eaay to achieve high resolution in a very cowpact instrumefical system

based on an interferometer [6]. The resolution of .he reaulcing

speccrum is determined by the maximum optical path difference (OPD), or

the ●xtent of the mov~ment af the mirrors, in the incsrferometer

[ 1O-1L]. The greater the optical path difference atcain~d in recording

the interferogram, che higher che resvlucion in che transformed

speccrum. In che unap~dized case, chc reacl~cion R /lN wavenumbers) is

equal co Lhe inverse of two times che maximum optical path difference L

(in cm):

~!_ l/2L (1)

Thu resolution wfll be constant acro~s che spectrum in wavenumber

units, hut will v~ry as a funccion of wa=~elengch. Table 2 shows how

the resolution variea q-nwavelength UFICS f~r d fixed OPD of one meter.

Long path differences (large interferowecers) ●re required co ●chieve

high resolution in the infr~reG M,Jch ~r~ co~act ~yatem~ are

aufficiert for high resolution in che ~lsibl-~and ultraviolet. Table 3

givas sow values of resolution (both ‘r wsvenumbers and in wavelength

●c 30C nm) ●s ● fumctlon of OPD. R!ph rcgolution for the UV-VI!l 16
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actalned with relatively smel~ opcicai pack!) com~=red to

wavelength-dispersive instrument. Figure 3 ie a portion of the

multiele=nt spectrum from Figure 2, showing the high resolution

accwlly achieved In the ~S spectrum.

A conservative rule of thumb [11] states thet if the physical line

width is three times greater than che FTS resoluzlon, then the

instrumental effect on che observed line width is less than 0.12, which

is essentially negligible. On the other hand, low FTS resolution

r.sulta in a distinct instrumental line shape or resolution function

for the spectral lines [10-14]. The resultin~ instrumental line shapes

are due to the Fourier trensform process and ere mathematically

described as ●inc functionn. l%ere are severe side lobes or ‘ringing”

of pomlcive and negative imte~aities on each side of the spectral line.

For adjacent linca, these aide lobes are additive and may produce

erroneous inteneity values for the analytical lines or may obscure less

inten8e apeccral infometion. These side lobes can be greatly reduced

by a crsatment of the Interferogram called apodizacion [10-14,21],

which produce. an Instrumental function with much less pronounced ●ide

Iobea, bvc which also increases the width of the instrumental function

and further decreasea the reaolutiol, for a given optical path

difference. Figuree 4 and 5 illustrate a portion of the vanadium

spectrum recorded at both low and high resolution co demonstrate this

point. The la resolution example is completely unepodize.1 and show

the meet extreme case of unde=- .-solved ringing. The high resolution

caae ahowa full recolucion of the physical line widche and shapes, ad

reveala the presence of an additional @peccral line of vanadium which

wan obscured by ringing in the low resolution case.

Preview studies of che ICP using a high resolution Fourier

tranaform cpectromater have reported on che line widths and line shape.

of Fe I In the ICP [17]. l!mis~ion line widths depend on eeveral

factGre lncludin~ the temperature of the source, the aco~ic weight of

the elemtnt, and the wavelength of the transition. Table A presents ●

survey of measured line widthm for both atom and ion lines of several

different ele~cta over a wavelength rarlge in the [w-VIS. Uming che

faccox of chr~e mle of thumb ●taced ●bove, the tebla SISO showo the

calculated optical path difference required to fully resolve thasa



lines. For most medium weight elements, an OPD of 5-6 cm will provide

full resolution. For the heavier elements such as t%e rare e&rths and

actinideoj an OPD up to 14 cm is required aue to the narrower line

widths .

If resolution is sufficiently high to fully resolve the physical

line widths in the source, tnen spectral interferences will be redured

co the natural line wldtha, without any significant effects d,”zto

instrumental line broadening. III this case, spectral int~rferencea

will be greatly reduced in number for any given analysis problem, and

analyses involving very complex spectra such as chose generated by che

rare earthe and actitiideewill be simplified, perhaps even elia!tnating

some time-consuming sample pretreatment and chemical separation steps

now necessary for thoec analyses. Ffgure 6 shows an ●xample of the

utility of high resolution in the analyaie of iron in a uranium matrix.

At low or medium reeolutlon, the density and complexity of the uranium

matrix emission would interfere or6hibitivel.y with the analysis of

iron, but ac high resolution it la poaaible to select analytical lines

for iron with no uranium interference at all.

High resolution iEIalso extremely desirable for applicstione of

FTS co speccrophysical studies. The ability to measure line widths and

line ohapee provideB information for the study >f excitacfon and ehe:kv

tranafer mechanisms in the source. Also high resolution can be appliec

to the study and meaeuzement of hyperfine structure and isotope shifts

as well as CO ieotope abundance n.easurements, ●specially in nuciear

chemistry application.

The third major potential advantage of ICI-FTS is the high degree

of accuracy of both the wavelength and relative intenoity measure~ncs.

Only ● single internal laaer reference wavelength is required to set

tha entire wavalengch ecalc for the spectrum. With reaennable care and

800d F’Rl Instmmentation, the wavelength accuracy for high and moderate

strength -1 (9X1Olines c.~n be as good as 0.001 cm -6 nm ac 300 nm) or

Letter. Accuracy of chia quality im very beneficial to both

qualitative and quantitative analy~io and 10 especially useful for the

application of new approached to data treatment such ●s multiple line

●nalymia or correlation cechnlquea which depend on ●ccurate and

reproducible wavelength measurements.



Iritensitymeasurements ars also accurate and linear by FTS. Since

the whole opectrum is recorded simultaneously, it is a relatively ●asy

procedure to perfom instrument intensity calibrations based on

intensity etandards and co~rect che rela~ive Incensitlea of the the

whole spectrum for instmmental response due to the optics, filters,

detectors, etc. These corrected relaclve intensities , combined with

the accuracy of the wavelengths, can be vi!ry valuable for

s~ectrophysical studies such an temperature deteminacions or

popultitlon distributions.

An obvious iIppllCdCIOU for ICP-FTS which combines all three major

potentfale is the production of a new set of standard wavelength tables

for ICP <mission of the elements. The ablliry to comprehensively

measure the entire spectrum (quits feasibly from 18hIa to 1.1 we) at

full resolution of the physical line widths and with very high accuracy

of wavelengths and corrected relative intensities across the enttre

spectnna is unique to ICP-FTS. These standard reference wavelength

tables could provide a valuable resource to the ICP-user commnity. If

these tables were computer-based, then spectral identification and

cross-referencing for spectral Interferences could be easily programed

Into any ICP-user system, whether PTS or wavelength-dispersive.

Furthermore, if the cables are produced at full resolution, lt would be

possible for users of lawer resolut~on instruments co program a

calculation to generate tables based on their own instrumental function

and to predict spectral iuterfeiences which will occur due to

instrumental broadening on these systems. Some preliminary work on the

production of such tables has been completed [17,18,22].

L.2 problems

The problems to be faced in developing ICP-PTS as a new analy,.ical

tool are essen~ially the same factors which have heel.responsible for

the slower develo~nt of FTS In the ultraviolet and visible compared

to the rapid development over the past decade of FTS for the infrared

(FTIR). These probiems include: (1) more stringent optical and

mechanical tolerances are required for Interferometry at the shorter

wavelength. (2) limitations in free spectral range may result in

aliaaing of th~ transformed spectra nnd (3) the ~ltiplex advantage may



actually be replaced by a wltiplex diaadvancage in the UV-VIS,

degrading detection limits in some analytical application.

Because IfK dependa on the interference effects of the recombined

light bes=, the mechanical and optical tolerances for instrument

design, cometnction, and operation become much more severe at the

short wavelengths of the visiWe and ultraviolet, even requiring

current otate-of-the-art technology. The normal require~nt is that

tlierecombined beame be plane and parallel to within A/4 of the

shortest wavelength of interest [6]. This requirement forces strict

specifications on all the optical surfaces of the interferometer and

also on the mechanical movement and control of che mirrcrs, which must

be accurately positioned to within a few angstroms [20]. Also the

criteria for the digicizfng ●lectronics are very strict in order to

achieve high accuracies in the intensirles [20]. All theee factors

make design and constmction of Fourier transform spectrometers for the

UV-VIS very challenging [2,6-9,20].

The free spectral range [10-14] ~f an F’TSspectrum is that range

of wavenumbe m, theoretically extending from zero wavent=mbere to some

finite upper limit (from infinite waveler,pth co some finite short

wavelength limit), which can be accurately recovered from the recorded

Incerferogram without aliasing of the transformed speccrum. The free

s~ectral range FSR (in cm-l) 1S dete-=nlned by che sampling interval S

(in cm of optical path difference) of the Inrerferogram:

FSR - 1/2S. (2)

lflorder to digitize che interferogram (the time-dependent sigr.al at

the multiplex detector of the interferometer) for the discrete fast

Fourier transfo-, the interferogram is sampled ac repetitive

equally-spaced intervals. The simplest way to reproducibly fix these

intervals 1. by using a reference laser following an independent but

simultmeoue path through the interferometer to a reference detector

(eee Figure 1) ●nd sampling the Interferogram on each cycle of the

laser frequency modulation. For a helium-neon reference laser

frequency of .6328 Vm, che resulting free spectral range w?ll be 7~01

‘1 (1.2656 pm).cm This means that tha ●horteec wavalengch in the

●pectrum which can be observed without aliaaing la 1.27 ~m.

Spectrochemical mcasurementa for ●nalytical ●tomic spectroscopy raquira



themcicu of *avelengthe in the ultraviolet and vicible, preferably

to wavelength as short as 180 nm. In order to observe these spectra

without aliasing, the sampling interval of the fnterferogram nusc be

wch suller. Table 5 shins the sampling interval, free spectral range

(CR-l), ●nd short wavelength limit for uneliaaed epectra based on

simple subdivisions of the heliuwneon laser f=equency. Methods of

achieving smaller sampling intemrals include: subdivision of the HeNe

laser frequency by frequency doubling techniques or multiple optical

passing in the interfero~ter, or bv phaee locking a Zeeman-split !?eNe

laser to control the mirror 4ZIVS servo system. These techniques are

all feasible (and r\e latter approach 1S used in both the Kitt Peak and

1108 Alamos instnments [20]), but they do add complexity and cost to

the inatnxmental design. The alternative approach 16 to accept

aliasing of the spectra.

A.liaaing [10-14,23] is the phenomenon of overlapping of spectral

replicas resulting from che mathematical Fourier transform of the

interferogram to the spectrum. It IS a property of the FT process

[11-131 that chetransformed spectrum will consist of both a positive

and a negative imge, symmetric about zero on the wavenumber axia.

Further, for a given sampling interval S, both these images will be

replicated along the wavenumber axis at inrervalr of 1/S. The

transformed spectrum will consist of all replicab of both images, and

1[ 18 not poesible to distinguish whether a line in che cransf~rned

spectrum originated froa a positive or negative image or ics replica.

Therefore, any spectral information at a wavenumber greater than rhe

free spectral range (1/2S) will overlap or be aliaaed into che free

spectral rsnge with che apparent ~etiultthat high frequency information

la “folded over” into the low frequency region of the spectrum. This

is illustrated in Figure 7.

Aliasing may be prevented by ●itner (1) selecting or filtering che

origanal spectral source so chat no information la concained above the

free spectral range limit or (2) controlling the sampling interval of

the lnterferogram so rhac the free speccral range is great ●nougti (the

sampling interval is small enough) to cuncain ~11 the spectrml

inforution present in the source.



Allasing is ● precise phenomenon. With a known sampling internal,

the free spectral range and the replication Intervals are precieely

known. All the true spectral information from the source is now

represented la the free spectral range from O to 1/2S cm-l, and ●ach

“1 in the transformed sp~ctrum simplyfurther interval of 1/2S cm

contains duplications of that information. However, it is imposelble

to determine froa which interval a given spectral line in the observed

spectrum originates. That mcana that in the case of an unknown

epectru (such aa the analysis of n eample of unknown composition), the

wavenumber assignments of the lines in an ali~ced spectrum are not

unambiguous or ei~ly sequen’.iul. ‘J%ewavenumber axis across the free

spectral range is ~ct?~lly fan-folded IIIlnte~als of 1/2S, and each

observed lina MY have more than one (precise, but not unique) poseible

value. A furche~ disadvantage of allaaing ie that due to the addlzive

overlapping of the replicas, the potential for spectral interferences

is increased (especia~ly at low resolu:l.on) and the baeeline noiee from

the overlapping intervale i. also additive, decreasing the analytical

eenoitivit.y of the r~:eulting spectrum, The advantages of aliaeing

relate to the use of lees computer memory to etore the iuterferogcarn or

the spectrum and lees couputer time to perform the Fourier transform.

If the number of data points to be recorded in the Inuerferograa ~S

fixed or limited by available computer memory, then aliauing can be

used to attain higher resolution in the resulting spectrum. Similarly,

for ● given resolution, fewer data points are required to generate thti

aliarned ●pectrum than the unaliaced spectrum.

Whereas the realizationof the multiplex advantaB~ was a major

impetue Ln the development of FTIR, the applicacton of YTS in the

W-VIS may ●ctually involve a multiplex disadvanta~e which wuet be

comoiderud carefully in evaluation of ICP-FTS ●e a new analytical tool,

The ~ltiple.~ advantage is a gain in signal-to-noise ratio of the

mpectrum compared to tha~ ●chieved for comparable mearnurcwnt time by ●

sequential scanning wavelength dleperoive spectrometer. It 1. realized

in detector noiee limited ●ituationt (euch as cmmonly occur in the

infrared ●pectral region); the nolae ●t tha detector is independent of

the signal intensity. UV-VIS ●eaaurewnt ●ltuatione are usually photon

or source noise limited: the noise ●t the detector increatee in
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proportion co the signal intemaity. Since FTS 1. a msltipl~x

technique, ●ll the source ●mission incenaicy is simdLaneously recorded

by a single detector. In the FT procesp, the noise from all

wavelengths in the source 10 distributed throughout the resulting

speccrum. The characterization of noime in the FM spectmm 10 an

important subject of study in the development of analytical ICP-PTS

[1,24]. One Implication la that noioe from strong emission lines in

the eourc~ may iucrease the overall baseline noise of the craneformed

spectrum and thereby degrade the detection limits for other analytical

cpecics in the sample. In order to ●valuate the possible ●xtent of

this multiplex disadvantage in analytical ●pplicatlona, atudiee were

parformed in this laboratory co approximate a %orse case” sltuarlon.

The results of this study ha~~e been previously reported [1] ●nd

demomcratad that ~trix element. such as che alkaline eartho, which

exhibiL intense emission in a few spectral lines, can produce a sarious

de8rudsciun of decectfon limits evan at relatively LOW concectracfon

levels in the @ample ‘while mtrix ●lemnts of che transitim-typa

elements such as iron and nickel have only moderate effects on

detection limits for other analycea aven when present at moderate

concencraticn levels in the sample. The conclusion is chat the

multiplex disadvantage can be a serious pratilem in the use of ICP-FTS

as am analy~ical tool and mat be given careful conaideracioh and

further study in the development of ●nalytical technlquas based on

ICP-PTS. Unlike ICP+!S, ICP+TS does noc promise mejor breakthrough-

In che frontier of ●enaitivity. Even under optimized condition,

detection limits for ICP-FTS will probably be comparable to, buc not

eignificancly better than, chose attained by wavelength diaperaive

aystema. The impetus behind the development of analytical ICP-PTS lien

in ita other unique potentials.

5. REWARCR POTEN’KAM

As with ●ny new direccion of ●cientlfic development, the field of

ICP-?TS is rich in potancial for remearch ●nd investigation. Any

dmelopaanc which reduces the noise in the ●~rce will reduce tha

detrimental ●ffects of the mltiplax d:rmdvantage and improva

analytical ●enoitivity. Thio may include new decigng for torcheo ●nd

nebuliser9 in gsneral or ●specially tvr FM ●pplications [25]. New



-chodo of sample introductionwill be neeaed, ●ither to reduce source

noiue due to the nebulization proceoe, or to find wayg to introduce

solid ●smplee for ICP analys’.swith che aceady state si~ial required by

the PTS.

It may be that the worse case of mltiplex disadvantage, In which

intense matrix emission 18 locallzed in a few speccral lines, may

actually be che simplest to solve by optical filtering: ●ither the

undesired matrix ●mlaaian may be notch filtered out, or che desired

analytical lines may ‘be narrcw band filtered in. Thla may be

acccmpliahed In some cases by simple optical filter?. Other more

complex casea may neceaaltacc predispersion, poacdleperaion with

multiple detectors, m so= combination of both. One such ap,~roach

called ‘%indowed slew gcannin~” has been reported [A]. Ideall~, one

would like a bundpass selector for t,,e PTS which would ●now the

analya~ to select a bandpasa of any extent over any range.

The area of data traatment and analysis for analytical ICP-PTS is

currently wide open to clever and innovative approaches ueing, for

example, multlvariate and correlation techniques in either :he Fourier

domaina. Some work In this field hno been initiated

[~6-~~~. ‘pectra~

Another rich potential, now that the utility of PTS in the lJV-VIS

has been dem,matrated, 16 the develcvment of entirely new excitation

cources [29; whose properties may be more suited to the multiplex

approach than the ICP.

6. CONCLUSIONS

Like all new techniques developed fur analytical chemistry,

ICP-FTS offers both powerful potenclals ●nd uniaue problems. No new

technique ever totally leplaces thoa~ already in use, but rather

provides a complementary ❑ethod with ●ow new ●dvantage- and some

fnharenc limitations. l%e mlciplex approach in relatively unfamiliar

In analytical ●tomic ●pectroacopy. There is still much reeearch to be

done before its implication in ●nalytical chemistry ●re understood,

●nd there ● re meny unique characterlmtlcm to be carefully considered

before ICP-FNl becomes a standsrd cool in the analytical laboratory.
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]JTLE1

The Los Alamos F rie Transform Spectrometer.
—.-————- .—.— —-—---—— ———-—--——--—.

optical path difference 2.5 meter
(5.0 meter double pasa)

spectral range ?00 nm - 20 pm
(50000 - 500 cm-~)

resolution o. 02 cm-l
(0,001 cTa-? double pass)

optical throughput 3.5 inch beam diameter

Inteneity ●ccuracy aa good aa 0.1%

/7

wavenumber accuracy as good as 0.0001 cm-l
—— ——— —-—-— —-———-—..- ——-————-.
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TABLE 2

●s a function of wavelen~th for
● fixed optical path difference of one wter.

A R (rim) at A

200 nm o ● 00002

500 urn 0.000125

1 pm c .0005

5 pm 0.0125

10 ~m 0.05

20 pm 002



TABLE 3

Raadution as ● function of optical path difference.

OPD (Cm) R (cm-l) R (rim) at 300 mm

0.25

0.50

1.00

2.50

5.00

10.00

25.00

50.00

100.00

2.0

1.0

U.5

0.2

0.1

0.05

0.02

0.01

0.005

0.01$

0.009

0.0045

0.0018

000009

0 ● 00045

0.00018

0 ● 00009

0.000045



TABLE 4

Line widths in the ICP.

LIHS (rim) LINE U’IDTR OPD to RKOLVE LIKS WIDTH (cm)
(ml) (cm-b

U 11

C8 I

Al I

Ba 11

U II

Cr I

Fe I

Ni I

Sr 11

v II

Ca II

424.44

422.67

396.15

389.18

378.28

360.53

357.01

352.45

346.45

327.11

317.93

.0020

.0045

.0050

‘Cm:

.0017

.0033

.0030

.GC30

.003i

.0034

.0036

.109

.254

.Slb

.206

.120

.254

.233

.242

.259

.319

.356

13.8

5.9

4.8

7.3

12.5

5.9

6.4

6.2

5.8

4.7

4.2

.—-.—— — —- .—.. .------ —.. --------- .—-—— — ------..-----.—



TA8LE 5

Free spectral rduge a6 a function of sampling Interval.

.——-. ..— —..—.——c -———-—— —--—. —.

multiple of HeNe sampling interval FSR short wavelength limit
.———— ——--——.——-.-—--— --——-- .-——-

1 0.6328 pm 7901 cm-l 1.2656 pm

1/2 0.3164 Vm 15802 cm-l 0.6328 pm

1/4 0.1582 Vm 31604 cm-l 0.3164 pm

1/8 0.0791 ~m 63208 cm-l 0.1582 ~m



FIGURE CAPTIONS

Figure 1. Fourier transform spectrometer based on Michelson
interferometer.

Figure 2. ICP-RS spectrum of a multielamant solution. A 10 ~segment
of the spectrum is shmn to illustrate the comprehensive wavelength
coverage of Fomrler transfom epectrometry. Many lines of several
di:ferenc elements are present in this segment. The spectrum 18
plotted on a wavenumber axis; corresponding wavelengths are indicated
on a seconda:y axia.

Figure 3. ICP-PTS spectrum of ~ltielement aomtion at high resolution.
This Is an 0.5 ~aegment of the multielement spectrum shown in Figure
1, plotted on an expanded wavenumber axis co illustrate the actual
quality of resolution in the apectmm obtained with an optical path
difference of 6.4 a. The iucompiete resolution of the Mu II and Co I
lines (peak co peak separation of .009 mm) is an example of 6pectral
interference due to cha actual physical liue widths in the source.

Figure 4. TCP-PTS spectrum of Vanadium recorded at low resolu:lon with
an optical path difference of 0.98 cm. Thi8 0.2 nm segment of ha
spectrum shows the V II lines at 318.851 nm (left) and 318.771 nm
(right). In the unapdlzed case shown here, the side lobss of the
spectral llnes due to the instnmental ainc funccion are quite sever.,
extending to T 202 of the peak intensity in the first cycle. The
rLnging side lobes are additive wher-e they overlap due co adjacent
lines.

Figure 5. lCP-PTS spectrum of Vanadium recorded at high resolution with
an optics? path difference o; 7.06 cm. Now the observed line widths
are the accual physical line widths in th~ source wiLh no ei~iffcant
inecrumental funccion, and an additional piece of spectral information
ac 318.808 nm is evident which waa previously obscured by the low
resolution ringing.

Figure 6. Utility of high raaolutlon for analysis of complex sp~ctra.
Segmente of the ICP-PTS spectrum of 1000 ug/ml Fe in 2000 Vg/ml U
matrix are ahownx A. A 8 nm segment of the spectrum indicatem the
complexity of the emission spectrum due to the uranium matrix. Use of

the Fe I line at 373.49 nm indicated by the ~ for quantitative analyeia
would not be possible at low resolution. B. An expanaion of che
opectnm in the vicinity of the Fe I lines ahowa potentially
interfering weak 2 TX lines. C. Ar high reeolutfon obcainad with ●n
optical path difference of 7.06 cm, the Fe line 1s fully reeol.ved from
any adjacent U II lines an~ can be used for quantitative analyaia.

Figure 7. Aliasing iu a Fourier traneform spectrum. A. The true
speccral information. B. The positive ●nd negative imagea of the
spectrum gc-eraced by the FT procecs, ●ymmetric about O on the
wavenumber ●.is. C. The replica. or “aliaoeo” of the epectral Imege-,
duplicated at iutervala of 1/S on the wavenumber ●xis. D. The aliaaed
spectrum ●s it will be mathematically 8anerated by the FT process. The
unaliaoed cpactral image- ●re indicated nt black lince, ●nd the ●liaoed



replicas are Indicaced as white lines, but in the resulting spectrum
there fa no way to dfstinquish them.
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