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ABSTRACT

Many new sources and spectrometers have been developed iIn tne
ongoing effort to improve multielement analysis by analycical atomic
emission spectroscopy. Currently several different 1laboratovies are
exploring ecoplications of Pourler cransform spectrometry in the
ulrraviolet und visible spectral 1egionu, especially 1in conjunction
wich the inductively counled plasma scurce. As a multiplex techmnique,
Fourier transform spectrometry has many characteristics which are
unique and significantly different from wavelength dispersive
spactrometry. These characteristics offer both potentials and problems
for the develupment of ICP~FTS as a newv analytical tool. Lxamples from

research in this laboratory are used co {llustrate and discuss these
points.



1. INTRODUCTION
With wmultielement analyasis as {its major objective, analytical
atomic spectroscopy might be described as a concinual search tor the

ideal source and rhe 1ideal spectrometer. Although many researcl.ers

have pointed out that the inductively coupled plasma (ICP) 1is not an
"{deal™ source, it has been accepted over the 1lastc decade as an
extremely workable and effective source and is the current method of
choice for multielement analysis in most coatemporary analytical
laboratories. The "ideal" spectrometer might be descrited as
possessing the following characterisiics: wide total spectral range,
simultaneous and comprehensive wavelength coverage over any selected
bandpass of the specctral range, accuracy of wavelengths, accurecy and
linearity of intensities, large dyramic range, variable resolution up
to the 1lfait of full resolution of the physical 1ine widths in the
source, good sensicivicy, fast data acquisition, ease of operatica, and
reasonable cost. The search for the "ideal" spectromerer has
historically included the development and application of spectrographs,
monochromators, polychromators, photaodiode arre' spectrometers, and
ness epactrometers (ICP-MS). Fach of these types of spectromerer has
met some of the 1deal criteris and had unique advantages, but each has
also had its own chararteristic set of limitutioune. Now several
laboracories are investiyating the possibility of applying Fourier
transform spectrometers tn sreccrochemical measurements in the
ultraviclet and visible spectral regions [1-9]. And the question
arises: will ICP-FTS prove Lo ba a useful new analytical tnol and what

sre its potentials and problems ?

2. THEORY

A Fourier ctransform spectromeier ie a miltiplex spectrometer,
based on the design and operational prirciples of a Michelson
interferometer, as shown in Pigure 1. Light from the suur-e (ICP)
enters the aperture of the napectrometer and s collimated. A
beamsplitter divides the beam {nto two partas .hich travel the two arms
of the interferometer, are reflected by mirrors back tc the
beawsplitter and recombined. The recombined beam is fo-'=<d onto &
single multiplex detector. The signal at the detector is a sum of the

interference of all the wavelengths present 1in the two recombined



beams. If one or both of the mirrors move so that the optical paths in
both arms are not equal, then constructive and destruciive interference
wiil occur according to the optical nath difference and the wavelenrgths
of 1light. If the mirrors move as a function of time, then the
time~dependent sigrnal at the detector will be a record of the changing
interference effects of all the waveieng-hs present, cealled an
interferogram. The interferogram is cthe time-domsin half of a PFouriler
transform pair, and the mathematical process of Pourier traasformacion
performed by a digital computer produces the frequency-domain haif of
the pair, known more familiarly as the spectrum. At no point in the
procecs is the light physically separated into component wavelengths as
in wvavelength—-dispersive systems using prisms or grarings. The Fourier
transform spectrometer acts as the mulciplexing device (o encode the
indeperdent pilecer of information (inteusities of all the wavelengths
of light in the source) into a form which can be simultanously detected
by a single detector. The computer acts as the device to decode the
mulc‘plexed information back into unique and independent pleces of
information (the spectrum). The oprinciples of Fourier transform
spectrometers and the Pourier transf{orm process have been previously
described in detail [10-14].

3. EXPERIMENTAL

Ovar the past four years, studies act this laboratory have
inveastigated the ICP as a source for high resolutio. Fourier transform
spectroscopy. These ostudies have 1{included an assessment of the
analytical applicability of ICP-PTS [1,15], a verrical profile of Pe -
excitation temperatures in che ICP [16], line width and line rhape
analysis of Fe I in the ICP [17], ICP argon emfission in the near IR
[18]. and population distributions and oscillator sctrength values ior
Mo T in the ICP [19]. These studies were performed using the one-metar
Fourier transform spectrometer {in the McMath solar telescope at tha
Netional Solar Observatory at Kitt Peak, Arizona, and the experimental
details have been described in those previous publications. This
laboratory is currently engaged in building a state-of-the-art Pouriac
transform sepectrometer [20] ror applications 1in the wultraviolet,
visible, snd infrared to far {nfrored spectral regions. \s part of a

national facility for high resolution spectroscopy, this ianstrument



vill serve many functiors in basic and applied cheeistry, physics, and
nateriale science, including continuing studies focused at the
development of new and advanced techniques in analytical chemiscry.
The specitications of the Los Alamos FPourier tranforu spectrometer,

expected to be completed in 1%36, are giren in Table 1.

4. DISCUSSION
4.1 Potentials

The most outstanding potentials of ICP-FTS as an analytical ¢tool
are (1) che simulteneous and comprehensive wavelength coverage of the
selected bandpass (2) the ability to achieve high resolution relatively
easily in a compact 1instrumental system, and (3) the high degrce of
accuracy of both wavelength and intensity measurements.

A Fourier transform spectrometer simultaneously recorcs all the
spectral 1information within the selected bsandpass so cthat the
tranaformed spactrum includee all the emission lines from atomic and
molecular species in cthe source as well as 2ll the background and
baseline characteriscics. The bandpass is determined by the
combinatfion of selected optical and electronic rilters and components
and detector response. This bandpass may bde as small ac a few, or as
large as several hundred, ranometers. The total spectral information
within that selected bandnass is coapletely recorded and permanently
available ac any time in the interferogram or the transformad spectrum.
Unlike wavelength-dispereive systeus such as the polychromator o~
monochromator which require chat only a tew wavelengths be preselected,
Pourier transform systems allow the seiection of the wavelengths for
analysis <o be performed at any time after the spectrum has been
recorded. Thus the selection can be based on the examination and
content of actual spectrum, and the maximum flexibility of choice 1is
allowed.

Total qualitative analysis is ther~ core inherently achieved since
tha comprehensive emission spectrum of all species in Lhe asource will
be recorded within the selected bandpass. Spectral interferences are
more ensily identified since the presence of key linas of analytes will
alert the analvyst to possible interferences at other wavelengthe.
Computeri=ed cross-refarence wavelengch tables can be used for inicial

qualitacive analysis as well as for flagging potential sepectral



interferences. Alternate line selection in the case of spectral
interferences is available since all cthe emission lines of the analvte
of interest will be present in the spectrm. The computer system can
cross-reference potential spectral interferences based on the {nicial
qualitative survey and suggest the best interference-free lines to be
used for the analysis. Since all the spectal information is available,
ic is also possible to use more than one emission line of a given
species for quanticative analysis. "Multiple line analysie” might be
used to sum weighted incensities of several lines 5f an element, based
on a reference spectrum, in order to increase sensitivity. The
couprehensive wavelength coverage 1is also an invaluable asset in the
case of spectrophysical scudies of the ICP for which large data sets
are required such as temperature determinations [16] and populaticn
distribution and oscillazor strength measurements [19]. Pigure 2 shows
a portion of an ICP-FTIS spectruma of a voulctielement solution,
demonstrating the comprehensive wavelength coverage. Argon lines from
the ICP plesma gas are also present.

Compared to wavelength-~dispe.sive gpectromerers, it is relacively
easy to achieve high resolution in a very compact instrumerntal system
based on an interferometer [6]. The resolution of _he resulting
spectrum is determined by the maximum optical path difference (OPD), or
the exctent of rthe movement of the nirrors, in cthe intsrferometer
[10-16]. The greater the optical path difference attained in recording
the interferogram, the hizher the resclution 1in the transformed
spectrus. In the unap~dized case, the reaclution R /{n wavenumbers) is
ejual to the inverse of two times the maximum optical pach difference L
(in cm):

= 1/2L (1)
Thy resolution wfll be constant across the spectrum {in wavenumber
units, hut will vary as a function of wavelength. Table 2 shows how
the resolution varies ‘n wavelength urits fcr a fixed OPD of one meter.
Long path differeunces (large interferoreters) are required to achieve
high resclution 1in the infrzred Much more compact systems are
sufficierrt for high resolution in the v.sibly and ultraviolet. Table 3
gives some values of resolution (both 'r wavenumbers and in wavelength

at 3JOC nm) as a furctlon of OPD. High rceolution for the UV=VIS {a



attained with relatively &smal. opticai patns comp=—ed to
wavelength-dispersive instruments. Pigure 3 1is a portion of the
wultielement spectrum from Figure 2, showing the high resolution
actuslly achieved in the FTS spectnwm,

A conservative rule of thumb [11] states that if the physical line
width is three times grester than the FTS resolutlion, then cthe
instrumental effect on the observed line widch is less than 0.1, which
is essentially negligible. On cthe other hand, 1low PTS resolution
results 1in a distinct instrumental line shape or resolution function
for the spectral lines [ 10-14]. The resultins {nstrumental line shapes
are due to the PFourier transform process and are mathematically
described as siac functiona. There are severe side lobes or "ringing"
of positive and negative intersities on each side of the spectral line.
Por adjacent lines, these side 1lobes are additive and may produce
erroneous intensity values for the analytical lines or may obscure less
intense specctral information. These side lobes can be grestly reduced
by a treatment of the interferogram called apodization [10-15,21],
which produces an instrumental function with much less pronounced side
lobes, but which also increases the width of the instrumental function
and further decreases the resolutionu for a given optical path
difference. Figures 4 and 5 1llustrate a portion of the vanadium
spectrum recorded at both low and high resolution to demonstrate this
point. The 1low resolution example is completely unapodize.t and shows
the most extrene case of undez-.+solved ringing. The high resolution
case shows full recolution of the physical line widcths and shapes, and
reveals the presence of an additional gpectral line of vanadium which
was obscured by ringing in the low resolution case.

Previous studies of the ICP using a high resolution Fourier
transform spectrometer have reported on the 1lipe widths and line shapes
of P¢ I in the ICP [17]. ©Emission line widths depend on several
factcrs including the tempecature of the source, the atoric weight of
the element, and the wavelength of the transition. Table 4 presents a
survey of meagsured line widths for both atom and ion lines of seversal
different elemerts over a wavelength range i{n the UV-VIS, Using the
facto: of three rule of thumb stared above, the table 13lso showe the

calculated optical path difference required to fully resolve these



iines. For most medium weight elements, an OPD of 5-6 cm will provide
full resolution. For the heavier elements such as t::e rare earths and
actinides, an OPD up to 14 cm 18 required aue to the narrower line
widchs.

If resolution 1is sufficiently high to fully resolve the physical
line widths in the source, cnhen spectral interferences will de reduced
to the nactural 1line widths, without any significant effects d-:z to
instrumental line broadening. In this case, =spectral intzrferencas
will be greatly reduced in number for any given analysis problem, and
analyses involving very compler spectra such as those generated by cthe
rare earths and actinides will be simplified, perhaps even eliminating
some time-consuming sample pretreatment and chemical separation steps
nov necegsary for those analyses. Pigure 6 shows an example of the
utility of high resoluction i{n the analysis of iron in a uranium matrix.
At 1lov or medium resolution, the density and complexity of the uranium
ratrix emission would interfere orchibitively with the analysis of
iron, but at high regolution it is possible to select analytical lines
for iron with no uranium interference at all.

Aigh resolution is also extremely desirable for applicatfons of
FTS to spectrophysical studies. The ability to measure line widchs and
line shapes provides informacion for the study »f excitacion and ene v
transfer mechanisms in the source. Also high resolution can be appliec
to the study and measuiement of hyperfine structure and isotope shifts
as well as to 1igotope abundance neasurements, especially in nuciear
chemistry applications.

The third major potencial advantage of ICI-PTS {s the high degree
of accuracy of both the wavelength and relative intensity measurements.
Only a single internal laser reference wavelength is required co set
the entire wavelength scale for the spectrum. With reasonable care and
good FIS instrumentation, the wavelength accuracy for high and moderate
strength 1lines can be as good as 0.001 cl_l (9x10‘6 nm at 300 nm) or
tetcer. Accuracy of this quality is very beneficial to both
qualitative and quantitative analysis and is especially useful for the
application of new approaches to data treatment such as multiple 1line
analysis or correlation techniques which depend on accurate and

reproducibls wavelength measurements.



Intensity measurements a&re also accurate and linear by FIS. Since
the whole spectrum is recorded simultaneously, it is a relatively easy
procedure to perform 1i-strument intensity calibrations based on
intensity sctandards and correct Cche relative intensities of the the
whole spectrum for instrumental response due to the optics, filters,
detectors, etc. These corrected relative intensities, combined with
the accuracy of the wavelengths, can be very  valuable for
sjpectrophysical studies such an temperature dete-minations or
populstion distributions.

An obvious applicacion for ICP-FTS which combines all three wmajor
potentiale is the production of a new set of standard waveleagth tables
for ICP -mission of the elements. The ebiliry to comprehensively
measure the entire spectrum (quict2 feasibly from 180mm to 1.1 um) at
full resoluctlon of the physical line widths and with very high accuracy
of wavelengths and corrected relative intensities across the entire
spectrum is unique to ICP-FTS. These standard reference wavelength
tables could provide a valuable resource to the ICP-user community. If
these tables were computer-based, then spectral 1identification and
cross-referencing for spectral interferences could be easily programmed
into any ICP-user system, whether FTS or wavelesngth~dispersive.
Furchermore, if the tables are produced at full resolution, it would be
possible for users of 1lower resolution instruments to program a
calcnlation to generate tables based on their own instrumental function
and to predict spectral interferences which will occur due to
irstrumental broadening on these systems. Some preliminary work on the

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

4.2 Problems

The problems to be faced in developing ICP-FTS as a new analy.ical
tool are essentially the same factors which have beei responsible for
the slower development of FTS in the ultraviolet and visible compared
to the rapid development over the pasct decade of PTS for the infrared
(PTIR). These probiems include: (1) more stringent optical and
mechanical tolerances are required for interferometry at the storter
vavelengthe (2) limituations in free specrral range may result in

aliasiag of the transforwed spectrs and (3) the multiplex advantage may



actually be replaced by a multiplex disadvantage in the UV-VIS,
degrading detection limits in some anaiytical applicatione.

Because FTS depends on the interference effects of the recombined
light beswus, the mechanical and optical tolerances for instrument
design, construction, and operation become much more severe at the
short wavelengths of the visible and ultraviolet, even requiring
current state-of-the-art technology. The normal requirement is that
the recombined beams 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 1interferometer and
also on the mechanical movement and coantrol of the mirrcrs, which must
be accurately positioned to within a few angstroms [20]. Also the
criteria for the digitizing electronics are very strict in order to
achieve high accuracies in the intensiries [20]. All these factors
make design and construction of Fourier transform spectrometers for the
UV-VIS very challenging [2,6-9,20].

The free spectrsl range [10-16] 9f cn FTS spectrum is that range
of wavenumbers, theoretically extending from zero wavenvmbers to some
finice upper limit (from infinite wavelength to some finite short
wavelength 1imic), which can be accurately recovered from the recorded
interferogram without uliasing of the transformed spectrum. The free
snectral range PSR (in cm~!) 1s dete-nined by the sampling interval S
(in cm of optical path difference) of the inrerferogram:

FSR = 1/2S. (2)
In order to digitize the interferogram (the time-dependent sigral at
the multiplex detector of the interferometer) for the discrete fast
Pourier ctransform, the 1interferogram 1is sampled atc repeticive
equally-spaced 1intervals. The simplest way to reproducibly fix these
intervals is by using a reference laser following an independent but
sisulctaneous path through the interferometer to a reference detector
(see Figure 1) and sampling the interferogram on each cycle of the
laser frequency modulation. FPor a heliumneon reference laser
frequency of .6328 um, the resulting free spectral range will be 7901
cn'l (1.2656 um). This means that the shortesc vavelengch in the
spectrum which can be observed without aliasing 1is 1.27 pum.

Spectrochemical mcasurements for analytical atomic spectroscopy require

/0



shiervaticn of wavelengths in the ultraviolet and visible, preferably
to wavelengths as short as 180 nm. In order to observe cthese spectra
without aliasing, the sampling interval of the interferogram must be
much smaller. Tabile 5 shows the sampling interval, free spectral range
(cl'l), and short wavelength 1limit for unaliased spectra based on
simple subdivisions of the heliumr~neon laser frequency. Methods of
achieving smzller sampling intervals include: subdivision of che HeNe
laser frecuency by frequency doubling techniques or multiple optical
passing in the interfervmeter, or bv phase locking a Zeeman-split FeNe
laser to control the mirror 4vive servo system. These tecnniques are
all fesaible (and the latter approach is used in both the Kitt Peak and
l.os Alamos {nstruments [20]), but they do add complexity &nd cost to
the 1instrumental design. The alternative approach 1is to accept
aliasing of the spectra.

Aliasing [10-16,23] is the phenomenon of overlapping of spectral
raplicas resulting from the mathematical Fourier transform of the
interferogram to the spectrum. It 18 a property of the FT process
[11-13] that the transformed spectrum will consist of both a positive
and a negative image, symmecric about zero on the wavenumber axisa.
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 renlicas of both images, and
it {s not possible to distinquish whether a line in the transf rmed
spectrum originated fromx a positive or negarive image or its replica.
Therefore, any spectral information at a wavenumber greater than the
free spectral range (1/2S5) will overlap or be alissed into the free
spectral range with the apparent vesulct that high frequency information
1s "folded over" into the low frequency region of the spectrum. This
is 1llustrated in Figure 7.

Aliasing may be prevented by eituer (1) selecting or filtering the
orig'‘nal spectral source 80 that no information {s contained above the
free sepectral range limit or (2) controlling the sampling interval of
the Interferogram so that the free spectral range is great enough (che

sampling {aterval 1{s smal] enough) to contain all the spectral
information present in the source.

/



Aliasing is a precise phenomenon. With a known sampling interval,
the free spectral range and the replication intervals are precisely
known. All the true spectral information from the source is now
represented ia the free spectral range from 0O to 1/2§ cm'l, and each
further interval of 1/28 ca”l in the ¢ransformed spectrum 3imply
contains duplications of that information. However, it is inpossible
to determine froa which interval a given spectral line in the observed
spectrum originates. That wmeans that 1in the case of an unknown
spectrum (such as the analysis of a sample of unknown composition), the
wavenumber assignments of the 1lines 1in an allased spectrua are not
unambiguous or simply sequen’isl. The wavenuamber axis sacross the free
spectral range {= sctuslly fan-folded in intervals of 1/28, and each
observed line may have morc than one (precise, but not unique) possible
valve. A furche- disadvantage of aliasing is that due to the addi:ive
overlapping of the replica;, the potential for spectral {nterferences
is increasec (especially at low resoluilon) and the baseline noise from
the overlapping interva.s is also additive, decreasing the analytical
sensitivity of the rsulting spectrum. The advantages of alissing
relate to the use of less computer memory to store the interferogcam or
the spectrum and less cousputer time to perform the Fourier transform.
1f the number of data points to be racorded in the incerferogram 1{s
fixed or 1limited by available computer memory, then aliasing can be
usaed to attain higher resolution in the resulting spectrum. Similarly,
for a given resolution, fewer daca points are required to generate the
aliased spectrum than the unaliased spectrum.

Whereas the realizatisn of the multiplex advantag: was a wmajor
impetus in the development of FTIR, the applicaiion of ¥TS in the
UV-VIS may actually involve a wmultiplex disadvantage which must bHe
considerud carefully in evaluation of ICP-FTS as a new analytical tonl.
‘The multiple.. advantage is a gain in signal-to-noise vatio of the
epectrum compared to tha. achieved for comparable measurcaant time by a
sequential scanning wavelength dispersive spectrometer. It is realized
in detector noise 1limited situations (such as coumonly occur in the
infrared spectra) region): the noise at the detector is independent of
the signal intensity. UV-VIS measurement situations are usually photan
or source noise 1limited: the noise at the detector increases in

/Z



proportion to the signal intensity. Since FIS is a multiplex
technique, all the source emission intensity is simultanzonsly recorded
by a single detector. In cthe FT procese, the noise from all
wvavelengths in the esource 1s distribut=d cthroughout the resulting
spectrua. The characterization of noise 1in the PTS spectrum is an
importanct subject of scudy in the development of analyrical ICP-PTS
[1,24]. One {implication is that noise from strong caission lines in
the source may increase the overall baseline noise of the cransformed
spectrum and thereby degrade the detection limits for other analytical
cpecies in the sample. In order to evaluate che possible extent of
this multiplex disadvantage 1in analytical applications, studies were
p2rformed in this laboratcry to approximate & "worse case" situation.
The results of this study have been previously reported [l] and
demonstrated that matrix elements such as the alkaline earths, which
exhibit intense emission in a few gpectrel lines, can produce a sarious
degraderiocn of decection limits even at relatively .ow concertration
levels in the erample while matrix elements of the transition—type
elements such as 1iron and nickel have only wmoderate effects omn
detection 1limits for other analytes even when present at moderate
concentraticn levels 1in cthe sample. The conclusion 1is that che
aultiplex disadvantage can be a serious provlem in the use of ICP-FTS
as ar analytical tool and must be given careful consideracion and
further study ir the development of analytical techniques based on
ICP-FTS. Unlike ICP-MS, ICP-FTS does not promise major breakthroughs
in the frontier of sensitivity. Even under optimized conditions,
detection limits for ICP-FTS will probably be comparable to, but not
significantly better than, those attained by wavelength dispersive
systems. The impetus behind the development of cnalytical ICP-FTS lies
in its other unique potentials.

5. RESEARCH POTENTIALS

As wicth any nev direction of scientific development, the field of
ICP-FTS 48 rich in potential for research end {investigation. Any
developaent which reduces the noise in the source will reduce the
detrimantal effects of the wmultiplex disadvantage and improve
analytical seneitivity. This may include newv designs for torchee and

nebulizers in general or especially tur FTS applications [25]. New

/3




methods of sample incroduction will be neeaed, either tu reduce source
noise due to the nebulization process, or to find ways to 1introduce
solid samples for ICP analys’s with the steady state signal required by
the FTS.

It may be that the worse case of multiplex disadvantage, in which
intense matrix emission 1s localized in a few spectral lines, may
actually be the simplest to solve by optical filcering: either the
undesired matrix emission may be notch filtered out, or the desired
analytical 1lines may be narrow band filtered in. This may be
acccmplished in some cases by simple optical filtera. Other more
complex caces may necessitate predispersion, poscdispersion with
mulciple detectors, or some combinaticn of both. One such approach
called "vindowed slew scanning" has been reported [4]. Ideslly, onme
would 1ike a bandpass selector for tue FTS which would allow the
analyst to select a bandpass of any extent over any range.

The area of data treatment and analysis for analytical ICP-FTS 1s
currently wide open to clever and innovative approaches using, for
example, multivariate and correlation cechniques in efther “he PFourier
or the spectral domains. Some work in this field has been initiated
[ 26-28].

Another rich potential, now that the utility of PTS in the TUV=VIS
has been demonstrated, 1is the develcoment of entirely new excitation

sources [29] whose properties may be more suited to the multiplex
approach than the ICP.

6. CONCLUSIONS

like all nev techniques developed fur analytical chemistry,
ICP=FTS offers both powerful potentials and unique prohlens. No new
technique ever totally 1i1eplaces those already 1in use, but rather
provides a complementary method wicth gome new advantages and some
fnharent 1limitations. The mulctiplex approach is relatively unfemiliar
in analytical atomic spectroscopy. There is still much research to be
done before 1ts implications in analytical chemistry are urderstood,
and there are many unique characteristices to be carefully considered

before ICP-FTS becomss a standerd tool in the analytical laboratory.
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TABLE 1

The Los Alamos F rieg Transform Spectrometer.

optical path difference 2.5 meter
(5.0 meter double pass)

spectral range 200 nm -~ 20 pm
(50000 - 500 cm~!)

resolution 0.002 ca~!
(0.001 cm” * double pass)

optical throughput 3.5 inch beam diameter
intensity accuracy as good as O0.12

wavenumber acuuracy as good as 0.0001 cm™!




TABLE 2

Resolution as a function of wavelength for
a fixed optical path difference of one meter.

A R (m) at A
200 nm 0.00002
500 nm 0.000125

1 ua €.0005

5 um 0.0125
10 pm ' 0.05




TABLE 3

Resolution as a function of optical path difference.

OPD (cm) R (ca”D) R (om) at 300 nm
0.25 2.0 0.018
0.50 1.0 0.009
1.00 V.S 0.0045
2.50 0.2 0.0018
5.00 0.1 0.0009
10.00 0.05 0.00045
25.00 0.02 0.00018
50.00 0.01 0.00009
100.00 0.005 0.000045




TABLZL 4

Line widchs in the ICP.

LINE (nm) LINE WIDTH OPD to RECOLVE LIRE WIDTH (cm)
(am) (cu™1)
U I 424,44 .0020 .109 13.8
Cal 422,67 0045 254 5.9
AL I 396.15 0050 316 4.8
Ba II 389.18 .03} 206 7.3
U Il 378.28 .0017 .120 12.5
Cr 1 360.53 .0033 <254 5.9
Fel 357.01 .0030 .233 6.4
NL I 352.45 .GC30 0242 6.2
Sr II  346.45 0031 .259 5.8
vV II 327.11 .0034 319 4.7
Ca IT 317.93 .0026 .356 4.2




TABLE 5

Free spectral rcuge as a function of sampling interval.

aultiple of HeNe sampling interval FSR short wavelength limic
1 0.6328 un 7901 cm! 1.2656 pun
1/2 0.3164 um 15802 cm} 0.6328 um
1/4 0.1582 .m 31604 cm-! 0.3164 pm

1/8 0.0791 um 63208 cm~! 0.1582 um




FIGURE CAPTIONS

Figure 1. PFourier transfora spectrometer based on Michelson
incerferometer.

Figure 2. ICP-FTS spectrum of a multielament solution. A 10 pm segment
of the spectrum is shown to 1llustrate the comprehensive wavelength
coverage of Pourier transform spectrometry. Many lines of several
di:ferent elements are present in this segment. The spectrum 1is
plotted on a wavenumber axis; corresponding wavelengths are indicated
on a seconda;y axis.

Figure 3. ICP-PTS spectrum of multielement soiution at high resolution.
This 1is an 0.5 .insegment of the multielement spectrum ghown in Pigure
1, plotted on an expanded wvavenumber axis ¢o 1llustrate the actual
quality of resolution 1in the spectrum obtained with an optical path
difference of 6.4 ca. The incompiete resolution of the Mn II and Co I
lines (peak to peak separation of .009 nm) is an example of spectral
incterference due to the actual physical liue widchs in the source.

Figure 4, ICP-FTS spectrum of Vanadium recorded at low resoluzion with
an optical path difference of 0.98 cm. This 0.2 nm segment of (ha
spectrum shows the V II lines at 318.851 nm (left) and 318.771 nm
(right). In the unapudized case shown here, the side lobas of the
spectral lines due to the instrumental sinc function are quite severe,
extending to t 20T of rthe peak intensity in the €f{rst cycle. The
ringing side lobes are additive where they overlap due to adjacert
lines.

Pigure 5. ICP-FTS spectrum of Vanadium recorded at high resolution with
an optical path difference o. 7.06 cm. Now the observed 1line widths
are the actual physical 1ine widchs in the source with no significant
instrumental funccion, and an additional piece of spectral {information
at 318.808 nm is evident which was previously obscured hy the low
resolution ringing.

Pigure 6, Utility of high rasolution for analysis of complex sp:ctra.
Segments of the ICP-PTS spectrum of 1000 ug/ml Fe in 2000 ug/ml U
macrix are shown: A. A 8 nm segment of the spectrum indicatea che
complexity of the emissioun spectrum due to the uranium matrix. Use of
the Pa I 1line at 373.49 nm indicated Ly the * for quantitative analysis
would not be possible at 1low resolution. B. An expansion of the
speccrum  iu the vicinity of the Fe I 1lines shows potentcially
interforing weak U TI lines. C., At high resclution obtained with an
optical pach difference of 7.06 cm, the Pe line is fully resolved from
any adjacent U II lines anc can be used for quantitative analysis.

Figure 7. Aliasing in a Fourier transform spectrua. A. The true
spectral information. B. The positive and negative images of the
spectrum ge~erated by the FT process, symmetric about 0 on the
vavenumber a,{s. C. The replicas or "aliases" of the spectral images,
duplicated at intervals of 1/S on the wavenumber axis. D. The aliased
spectrum as it will be mathematically generated by cthe FT process. The
unaliased spectral images are indicated ar black lines, and the aliaged



replicas are indicated as white lines, but in the resulting spectrum
there is no way to diastinquish them.
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