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ABSTRACT

High resolution Fourier trqnsform spectrometry has been used

to perfom line width and line @hape anelysia of eighty-one iron I
.

emission lines in the opectral range 290-390nm originating in the

~~rmal analytical zone of

program{ using non-linear

line ohape afialyais were

an inductively coupled plasma. Computer

least squares fitting techniqu~s for

applied to the fully resolved spectra to

determine Gaussian and Lorenczlan ccmponencs of the total observed

line width. The effec~ of noiee in the spectrum on the precision

of the line fitting technique wag amueased, and the importance of

signal to noise ratio for line shape analysis is discussed.

Translational (1’)oppler) cemperaturns w~re calculated from the

Gauaaian components of the line width and were found to be on the

order of 6300K. The excitation temperature of iron I was also

determined from the same spectral data by the speccroucopic

“slope” method baaed cm the l?lnstcin-lloltzmann expression for

spectral intensity end was found to he on the order of 4700K.



.

1. INTROD!!CTION

Observed under even the highest of resolution, an atomic

spectral emission line does not consist of a ~ingle frequency, but

rather may be considered as an intenfiity versue frequency

distribution with an intensity maximum at a central frequer.cy V.

and dropping off to zere intensity at some interval &v on either

side. The width of the spectal line i; usually defined as the

full width at half maximum of the intensity (WHM) in units of

frequency, wavelength, or wavenumber. There are several factors

determining the width and broadening of spectral lines [1-5]:

(s) Tile natural line width is due to the finite lifetime of—— .

the atom in the excited state. The Hei~enberg uncertainty

principle relates the mean lifetime in the excited stat~ co an

uncertainty in the ~’nergy of the state and coneequencly a

freqrency distribution in the radiation emittmd tiy the transitim

from that state. This natural line width is on the order of @l

nm in the lrV-VIS and is #enarally nc~gligible compared to other

~ine broadening effects in analytical sources.

(h) The ~oppler broadenin~ is due to the random kinati~

motion of the gas phase atoms ralativa to the point of observation

during the emission process. A Maxwellian velocity distribution

of the emitting stoma givan rise to line broadeninfl wb,ich is

Gauasian in shape nnd symmetrtc about the central frequency

(Figure 1). The noppler width of a ap?ctrnl line Avn can bQ

expressed as
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where V. is the spectral line center, R is

the translational (or Doppler) temperature

the atomic weight of the emitting species,

(1)

the gas constant, TD is

in degrees Kelvin, M is

and c 18 ~he ~peed of

light. Conversely, if the Doppler width of a spectral line is

known, the translacionel or Doppler temperature can be calculated

from the relationship

AVD ~ 2
TD “ (—) (&)

‘o

where

AVD AAD AUD
(=@ - (~) - (—)

o =0

(2)

(3)

and v, A, a reprceent frequency, wavalenuth, and waven~mber unite

respectively’.

(c) Preeaure broadenin~ ia caueed by collisicm of the

emitting apeciee with other atome in the gaa phaoe. If Collisions

are wltll foreign atome or molecules, it is called Lorentz

broadening. If colliaion~ are with like stoma it is called ,

Holtzmerk or resonance broadening. Lorentz broadening 1s usually

the predominant case at concentration levels common to analytical



atomic spectroscopy and produces a .Lorentzian shaped line profile

(Fig. 1).

(d) Stark and Zeeman broadeni~ occur if the excited atoms—. ——

are subjected co strong electric or magnetjc fields respectively.

(e) Self-a5sorption ~ self-reversal effects cauee a decrease-—

in intensity at the line cent~r and a gubnequent Increase in the

spectral line width ❑easured at the full-vidth-half-maximum of ~he

observed intensity.

(e) ,H~erfine ~tmctcre and isotope shifts produce apparently “

broadened lines due to the presence of separate hut closely spaced

and unresolved lines.

~n a normal analytical source such as the inductively coupled

plasma ( :CP ), line brcadeni:lg will be primarily defined hy

contributions from the Doppler (Geussian) a~d pressure

(Lorentzian) effests. The observed spectral line profile will be

a convolution of these Gaussian and Lorentzian componefits of the

line shape and can be desc$lbed by a Vo!.gt profile [6] whose width

is given by the empirical approximation

7 + (1-k)2AvL2)l/2Avv = MVL + <bv~ (4)

and” where the constant term k ●quals .534. An I factor IS often

mlqo defined to express the ratio of Yhe Loren?zian width AuL to

. the Gau#aian width AuC at FWHM:



(5)

Spectral interferences in analytical atomic spectroec~py can

be reduced by using a gpectroneter of hiflh dispersion and

resolving power. However, the ultimate limiting factors are the
9

{-nherentwidths of the spectral lines. Further, knowledge of

spectral line widths and line snapes (deconvolution into Gaussian

and Lorentzian components of the observed total line profile) is

useful for the characterization of spectraphysical properties afid

excitation mechanisms in the source. In s~ite of the Popularity

of the ICP as a source for analytical atomic emission spectrometry

and the large number O( st~dies published 011 spectraphvsical

properties <f the SOLrCe) relatively few studies have been made of

line widths and shanes in the lCP because of the high re~olution

required for such measurements.

Human and Scott [7] used a Fabry-Perot interferometer to

measure profiles of spectral lines of calclum, atroncium, and

argon. Larson and Fassel [H] discussed line broadenin~ and

radiative recombination interferences in the ICP. Broekaert,

Leia, and Laqua [9] determined spectral line widths for ei~hteen

lines of sixteen rare earth elements. Mermet and Trassy [101

discuesed spectral line broadening In the lCP. Ilatal and Memet

[11] calculated lln~ plof~les in the ICP. And KawaKuchi et al.

( 12] measured line wi~~tils of fifteen 9pectral llnes of ten

+loments in the ICP usin~ a Fabry-Perot interferometer.



The purpose of this study was to determine line widths and

line shapes

ICP using the

spectrometer.

interferences

of Iron I lines in the normai analytical zone of the

hi2h resolution capabilities of a Fourier transform

The information is useful for evaluating speckral

for analytical applications and for el’ucidatln~

spectraphysical characteristlc9 of che ICP. The total observed

lini profiles can be deconvoluted by line fitting techniques into

Gaussian (Doppler) and Lorentzian (pressure) components .

Translational temperatures can he calculated from the Gaussian

componenL of the total line width,

Excitation temperature in the source can also be determined

by the “slope method” based on the Einst,eln-Boltzmann expression

for spectral line

units of photcnst’sec

here, t(leexpression

inten:ity (13). Measuring the intensity in

by the Fourier transfomn technique reported

takes the form (14)

Im-(:)(—
0 8’::2)(-(exp-En’kT)”

nm

(6)

where No fs the number cf acornsin the ground state, go is the

statistical weight of the ground state, ~ iS the statistical weight of

the lower state m, fmn LEIthe oscillator strenqth of the transition from

state 111 to n,~nm Is the wavelength of the tran~ition, En is the energy

of the upper state n, k is the

Roltzmann conntant, ana C IS the excitation temperature. Hy measurin~ the



relative intensities of a number of transitions of the same thermometric

species and plotting

I ~mh2
‘m) versus (En)ln(—

gmfm

*

(7)

a “Boltzmann plot” is obtained with a slope equal to (-1/!.cT)where

T is the desired excitation temperature for that thermometric

species in the source.

●

●

2. EXPERIMENTAL

2.1. INSTRUMENTATION

The ICP emission spectrum of iron I was recorded on the high

resolution Fourier transform spectrometer located in the McM~th

Solar Telescope at Kitt Peak National Observatory [15]. GeneraL

characteristics of this instrument and details pertinent to this

atudy are summarized in Table 1. A Plasma Therm 2500 szries ICP

torch box was secured 118 cm in front of the Fourier transform

spectrometer, and the plasma image wa9 focused onto the

spectrometer aperture and magnified by a factor of 4.5 by a single

quartz lens. Operating parameters for the ICP were set to

simulate normal analytical conditions and are summarized in Table

2. The ‘-lewingzone waa selected a. 11 mm at)ovethe cop Induction

coil (as illustrated In Figure 2) in the normal analytical zone

[16], the plasma region u~ed for most analytical measurements. A

high efficiency frltted-disc nebulizer developed in this



laboratory [17,18: was used because the fine, hornoqeneousaerosol

produced in this nebulizer was expected to reduce noise in che

source due to very short time scale (msec or less) spikes and

. variations of emission intengity in :he plasma which result from

the vaporization and excitation of analyte In non-uniform aeroeol

(!roplet distribution. This nebulizer design is shown

schematically in Figure 3.

2.2 METHotl

The spectrum of a 1000 ~g/ml solution of iron metal in .1

molar HN03 was recorded over the spectral range 290-390 nm.

Filters were used at the detector to limit the spectral region

being observed to a narrow range In order to improve the quality

of the signal tn noise ratio in the spectmm. A maximum optical

path difference in the interferometer of 7.06 cm resulted in a

resolution of 0.071 cm-1 (.00086 nm at 350 rim). Twenty-four scans

of tl~e106 point fnterferogram were co-added to further improve

the signal to noise ratio in the rssulting spectnm. Relative

intensities (determined as peak heights) were corr?cted for

instrumental response using a calibrated quartz iodine lamp.

Spectral line identification wba baaed on NBS [19] wavelength

tables.

2.3 DATA ANALYSIS

The analysis of the spectrum waa based on the assumption that

the only significant concrlhtions to the observed line widths

were due to Doppler and Lorentzian broadening. Some

microturbulent broadening may also be expected, but it would be



inc!isrinquishable from the themal T)oppler broadening, and 1:s

effect would be EC increase the Caussian- component co the line

width. Thus , the appropriate model for the line shape is the

Voigt function. for computational convenience, the formulation by

Elste [20] was used. In this representation, the four pacameiers

which specify the profile are: central wavelength or wavenumber,

the full width at half maximum of intensity (FVHM), the peak

intensity, and a shape parameter bl - (1/2)(&iJL/AC),

Si,~cesome of these parameters enter into the analysis in a

non-linear way, the problem was linearized as usual by choosing

approximate starting values for the parameters and treatinp the

residuals (observed minus calculated) as a linear combination of

the derivatives of :he voi~t function with respect to the

parameter values. The coefficients of these derivatives are then

adjusted to minimize the residual; the final coefficients are the

corrections co the origin~l starting values. This process is

repeated until values converge, usually in 2-4 iterations.

The Lorentzian component of the line uidth follows

immediately from the FWHMand the shape parameter. The Gausaisn

component of the line width was found from Eqn. (4). In general,

this representation of the spectral lines was completely

satisfactory after a small background contribution had been

subtracted.

3. RESULTS AND DISCUSSION



A representative seccion of the iron speccrum used in this

9tudy ic illustrated in Figure 4. This plot af twu iron I lines at

297.323 nm and 297.313 shows the quality of resolucicn in the

recorded spectrum; these two lines differ by 0.01 nm and are

clearly separated by baseline resolution. The line shapes shown

here are the actual profiles of the spectra} lines. The resolving
#

power capability of the Kitt Peak Fourier-t.ran9formspectrometer

eliminates the necessity of further corrections for instrumental

effect9.

3.1 EFFECTS OF NOISE ON LINE SHAPE ANALYSIS

The criteria for good line shape analysis include: resolution

adequate to make instrumental corrections negligible compared to

the noi8e; abaence of 9pectral interferences, blends, and

hyperfine stmcture in the chosen lines; and good signal to noise

characteristics in the sp~ctrum. Figure 5 repeats the plot of the

two iron I lines illustrated in Figure 4, but in this case the

intensity axis has been magnified eight times to reveal the

complexity of the signal near the baseline where the spectral line

is comparable to the n[liee present in the spectrum. This makus

exact fitting of the observed line shape impossible, and some

degree of etrcr is introduced into the line shape analysia

dependin~ on the fiiRnal to nofae ratio of the linrs bein~

conliidered.

In order to’ assasn thm magnitude of thin error, A m-t of

“tent” dnta waa crcnted hy selecting n portion of the haneline of

the ohnerved tron sp~ctrllmwhere n,)emfs~ion ltnen warp prenent



but where the noise wau typical of that present throughout the

spectnm. A set of 50 artificial lines of predefine total width,

predefine Gaussian and Lorentzian composition, and three

different intensity (signal to nciae) levels were superimposed on

the real noise of the spectral baseline. This synthetic spectrum

Waa then analyzed by the same techniques as have been applied to
●

the experimental spectrum. Some results of this test are

ausnnarized in Tahies 3 and 4.

The test data clearly emphasize the importance of good sfRnal

tc noise characterititics for good line width and line shape

analysis. The precision (expressed as percef~c :elative standard

deviations of the means) of the line intensity and the total

observed line width Aa are similar and are directly proportional

to the signal to noise ratio of the lines so that ae the signal to

noise ratio increases by an order of meunitude so does the

precision of the intensity and line width determinations. The

precision of the datemnination of the Caugsian component

total observed line width Auc is related EO the signal to

of the

noise

ratio by the same direct proportionality, but 1s less precise than

~h~l Eo?al line width by a factor of approximately three in the

test data. ‘1’he preciaiolt of the determination of the Lorentzian

component of the totml line width Aul, 1s also proportional to the

signal to noise ratio, but is less preciee than the total line

width by a factor of apprnxfmately thirty in the test data. These

exact factors am a reoult of! the choice of the degree of Caunsl.an

and Lorentzfan cr)mpoaition Ln the toCnL Iinn width hhnt wnn



selected for the synthetic lines in the test data to approximate

c~lecharacter of the obeerved lines in the experimental data. Uad

the Lorentzian component heen chosen t.o represent a larger

contribution to the total line width, the direct proportionality

of precision to signal to noise ratio would have been maintained,

but the precision oi the determination would have been improved.

For a given translational (Doppler) temperature Tn in the

source and a given thermometric species, the factor AuC/a

(Causaian

according

Table 4

precision

component in kaysers/wavenumber) should be constant,

ta rearrangement of Eqn. (2):

●

‘7) (T/M) 1/20Auc/u = (7.16XI0 (8)

summarizes the relationship betww ( signal to noise and

of Aac and translational temperntrra TD calculated from

AuG/a for the test data. Figure 6 illustrate the variation af

AaC/o for the 199 iron I lines identified in

spectrum. It is clearly shown here that a hf.gh

Auc occurn for those lines with low signal to

the experimental

degree of error in

noine ratio, and

chat this error Is greatly raduced

signal “.0 noise ratio.

For these roasona, only thooe

exp~rimental apactrum with a signal

100 were selected for the line ohapa

her~.

for thoma lines with hixher

frm T lines in the

to noise ratio Ureater than

nnalyaia results reported



3.2 LINE SHAPE ANALYSIS AN!)TR’,NSLATIQNAL TE:4?EK4T!:?F

Table 5 summarizes the results of the line width and line

shape analysle for the e?.ghty-one iron 1 lines with Yiflnal to

noise ratio flreater than 100 in the observsd spectral range.

Tabu14ted fur each line are: wavenumber in kayaers (cm-*),

wavelength in nanometers (rim), nignal to noise ratio in the

experimental spectrum, total observed line width in nanometer~

(AA), total observed line width in kaysera (317), Caussian

component in kaysera (AuG), Lorentzlan component in kaysers (~uL)t

the Voigt profile $. factor, Gauaaian component in kaysers divided

by the wavenumber (AuG/a), and translational temperature (’TD)

calculated from the Gauaeian component for tha~ transition. The

Gaussian and Lorent7ian components given In the table can be

easily translated from units of kaysers to nnnomecers hy the

eimple equation

AA =A (Au/fl). (9)

Tha Crannlational (Doppler) temperature Tn wae calculated

from the Gaussian component of each transition. The maan value of

TD from all 81 iron I lines wae 6I1OK with n reiattva stnndard

deviation of 3.44% (217K).

?.3 IRON I EXCITATION TEMPERATURE

Excitation tamperaturee ware determined for iron I using the

apectroscop~c “slope” method based on tha Flneteln-Roltzmnnn

axpresaion foc npectral line intenntty. This method hnn hm~n



combined with Fourier transform spectrometry and aQplied to a

study of the excitation temperature vertical profile for Iron Z in

the inductively coupled plasma [14], and the critical importance

of the chOlce of reference values for oscillator strengt$ (gf)
*

values for this method of temperature determination hag been

demonstrated [ 14,21] . The oscillator strength values for iron I

used in this study were taken from BLACKWELL et al. [22-28] ,

BRIDGES and KORNBLITH [29], and HUBER and PARKINSON [30]. A

recent compilation or transition probabilities for iron I [31]

cc,lsiders the values from BLACKWELLet al. to be quite good and

those from BRIDGES and KORNBLITH to be fairly accurate. The

results of the excitation temperatures determined in this manner

are eunanarized in Table 6. Again, only those linae with siflnal to

noiaa rdtiO greater than Iof) were used, The three different

values of the excitation temperature derived from each of tha

three rliffarnnt refarenceo oelectacl for the gf values are all in

agreamant within the eatlmatad error of each value and are all on

the order of 4700K. ‘Chio value 1s ~omewhat lower than previous

value- detarmlned in A similar mannar [141 undo r 9fmilar

conditinna. The main difference in the two experimental

arranflementn wan n changQ from a cuncantric nebulizer uned in thn

aarliar ntudy to tha frittmd-diet nehull.z~r uaad Ln this fitudy.

Differenceti in the flow dynamics of the two nahullzers maka lt



Figure 7, This plot is seen to k quite linear, and the resulting

uncertainty in the temperature calcul.dted fr~m the slope of this

plot is about one percent. An outstanding advantage of applying

Fourier transform spectrometry techniques to spectraphyaicnl

atudiea of this type is also illustrated here. The poweiiul

information gathering ability of a Fourier transform spectrometer
.

allows the gimultaneoua and accurate recording of all the emission

lines within the selected bacdpass so that the Roltzmann plot can

be constructed from the relative intensities of a lar~e number

(here 31-61) of spectral lines, thus improving the statistical

precision of the resulting temperature.

4. CONCLUSIONS

A high resolution Fourier tranaform spectrometer has been

used to record the spectrum of iron in the normal analytical zone

of the inductively coupled plasma in the spectral range 290-390

nm. Non-linear least squares connuter fictinu techniquaa have

been applied to the fully resolved spectra to de~e~rnine the

(h~lnelan and Lore- .zian components of thm total oheervad line

profllen for 81 iron I line~ with otgnal to notsc rncto ~renter

than 10~1 in the mxperimantnl spectnlm. The total nhnervad ltn~

widthe for the irnn I llnen in thin apectrnl rnnge were fmlnd to

be on the order of ,003 nm. The (hlfisian component wan detvrminuJ

to he the dominant contribution to the total lina ~hnpe, hut the

.
Lorentzian cnmponnnt doaw nlno contribute stuniftcnntly. Tha

Voigt n fnctnrn talculntmd from the r:cl.oa of Ilnrentztnn to.-

Caunnian compnentn war* on rhe order of O.l(l. Trnnslittfonnl.



temperatures calculated from the Gaussian components for the 81

iron I lines resulted in a mean value of 631OK with a relative

standard deviation of 3.44% (217K). Excitation temperatures for

iron I determined by the “slope method” based on the

Einstein-Boltzmann expression for spectral line intensity and

using three different sets of reference values for !.ro? I

oscillator strengths were found to be on the orrlerof L7nOK wi:h

relative standard deviation of approximately 1.3% (62K).

The .“gnificant difference in the translational temperature

and the excitation temperature derived from the same set of

experimental data in this s~udy la greater than the eetimated

error in each determination and implies sivme Lntereating physics

in the ~ource which are yet to be explained. A common conclusion

from such diverse temperature values in a source is the absence of

thermodynamic equilibrium, aa has already been p~-oposedin the

case of the ICP. However, tha linearity of the Boltzmann plot in

Figurt 7 implies that tha devia~ion from thermodynamic eq~.ilibrium

in the source in this experiment would not be expected to be great

nnnuRh to account for che rnther larEa difference [n the two typos

of temperatures meaaured bare. Ic is postulated here that some

other phvs~cal expla?atton i8 required, that the excitation

temperature r~portad hers is probably the hatter indication of the

enarfly charmcteriatlcs of che source, and that there may ha other

m@chaninms in th~ nourcm which contribute to the Caunninn

component 0!! tha line proft.lecauning it to appear bronder than

would he expectad from the llopplereffect nlona. Certnlnly tl\erH



is Interesting research still to he pursued in explaining the

spectrophysical properties of the ICP.
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FIGMU? CAPTIONS

Figure 1. ?ke line profiles for Gaussian (solid) and Lorentzian
(dashed) line shapes having equal peak intensity and equal FWHM.

Figure 2. Schematic view of the ICP. The small circle represents
the region of the plasm in the nomnal analytical zone selected
for apeccroacopic obaervatioa.

Figure 3. Schematic diagrams of the Lca Alamos fritted-disc
nebulizer design. Top figure ahowe end view. Sample is
peristaltically pumped through the sample inlet capillary tube and
depmited on the front surface of the fritted-disc. Argon carrier
flow through the gas inlet tube produces fine aerosol which is
swept out of nebulizer and into torch through the aerosol outlet
(side view,, bottom figure). ●

Figure 4. Actual quality of resolution in the FTS spectmm. TWO
iron T lines wtth wavelength separation of .01 nm are baaeline
resolved. The line profiles seen here are the fully resolved line
shapes: no corrections are required for instrumental effects.

Figure 5. The iron I line profiles from Fi~re ~ shon at RX
magnification of the intensity axis. The effect of noise fn the
spectrum on the shape of the line profiles near the baeelfne which
introduces error into the line shape analysia la Illustrated.

Fi8ura 6. Plot of (Au@ X 105 versus signal to noise ratio for
the 199 iron I lines ohservad in the experimental spectmm. ‘The

quantity (Aa~/a ) shculd be constant for a given translation
temperature in a source and a given element. The large scatter in
the point9 with low signal to noise ratio indicate the

inadvisability of using linee with low aiRnal to nolae ratio to
calculate translational tcm~sracurea in a source.

Figure 7. Roltzmenn plot of (IA2/gf) versuo E
‘P?erli% ‘;:deternr!natfon of excitation temperature using 51 iron

the experimental spectrum with signal to noise ratio Rraater than
100 and using gf values from RLACKWELL [ 22-291. The ●xcitation
temperature determined from the slope (-1/kT) of the plot was
Ii732K with an estimated e:ror of fi2K.

Table 1. The Kict Peak Fourier transform spectrometer: general
characteriattca and capabilities of the tnstrurnent an well ac the
cnpabilitiee utilized tn this @xperintent are lfated,



?sble 2. ICP operatin~ conditions: the operati>g parameters were
adjusted to simulate normal analytical working conditions in the
source.

Table 3.’Test data showing the relationship between signal to
noise ratio in the spectrum and the precision (expressed as
percent relati,ve standard deviation af the mean) of the
determination of intensity (INT), total line width (Ju), Gaussian
component of the line width (&uC), and Lorentzian component of the
line width (6aL) for three sets of artificial lines with
predefine characteristics superimposed on the noise of the
experimental spectrum.

Table 4. Test data showing the relationship between signal to
noise ratio in the spectrum and the precision (expressed as
percent relative standard deviation of the mear ) of the
determination of the Gaussian component of the line width (A~G)
and the translational temperature TD calculated from AdG. Special
note should he made of the inadvisability of calculating
translational temperatures from lines with low signal to r.oise
ratio.

Tr,ble5. Results of the line shape analysis for 81 iron I lines
with signal to noise ratio greater than 100 in the experimental
spectmm. Results tabulated here include: wavenumber in cm-1 (a),
wavelength in nm (A), signal to noise in the spectrum (S/N), total
observed line width in wavenumbers (Au), total observed li~iewidth
In nm (AA), Gaussian component of the line width in wavcnumbers
(6aG), Lorentzian component of the line width in wavenumbers
(AcJL), Voigt ~ factor, Gaussian component in wavcnurnbers divided
by wavenumber (AaG/a), and translation temperature (TD) calculated
from the Causuian component.

Table 6. Iron I excitation temperatures determined by the
spectroscopic “slope method.” Boltzmann plots were constructed

three different sets of gf values: ‘
~f~~fll], BRIDGES and KORNBLITH [29], and HUJH?Ra~~A~~#SO~t[ 3~~I
The number of lines used to construct each Roltzmann plot

indicated the number of lines in the experimental spectrum with
signal to noise ra’:iogreater than 100 for which gf values were
also available in eacn of the references.
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KITT PEAK IWJRIER TRANSFORMSPECrROMIITER

*tml Range @pability

*tml Range Observed

Maximum Opttil F%thDifference Capability

Maximum Optid F%thDifference Utilized

Resolution tipab~lity

Resolution Utilized

Aperture Diameter

Beamsplitter IJtilized

Detector Utilized

Detector Fllte=

Interfemgram Size

Interfemgrams Co-added

250nm -16pm

290-390ntn

1meter

7.06 an .

.005 cm-’

.~l cm-’

10 mm

Ultrasil fused silica
(Al coating)

silicon photodiode
(blue enhanced)

CUS04and Coming 7–54

106POINTS

24

‘1’:1111(” 1



r-– ———.—._____._..__——.----------
ICP OPERATINGCONDIT1(3NS

.

source unit

frequency
.

power

imolant flow

auxiliary flow

nebulizer flow

ne!mlizer back pressure

nebulizer

viewing height

laboratory atmosphere

.

Plasma Therm 2500 series

2’7.12MHZ

1.1 kwalt

12.5LPM

for ignition

1. OLPM

16 psi

fritted disc
LQs Alamos

11 mm

601 torr

only

design

.

..—-—. --—--- -—. . . .

I

‘1’:11)1 t’ ‘1
,



TIM’ DATA

10 0.10 .220 .20546 .0246

100 1.00 .220 .20546 .0246

1000 10.00 .220 .20546 .0246

8.88 8.23 27.30 126.16

0.82 !.00 3.39 35.94

0.08 0.10 0.34 3.’?6

.
9

Table 3



.

TFiE71’DATA

10 I.20546 .18854 27.36 7.25 5726 41.93-1

100 .20546 I .20481 3.39 ?.71 6483 6.’?4

1000 .20546 I .205480.34 7.74 6525 9.?7



TABLE 5

24709.Q&9
25436.195
25451.588
25484.076
25501.328
25635.713
25662.371
25724,268
25775.396
25779.076
25815.803
25862.404
25900.012
25923.785
25966.904
26027.193
26031.334
26073.529
26117.117
2613C.373
2614C.201
26167.688
26199.12q
26218.893
26311.473
26318.648
26242.984

26392.516
26537.451
26561.443
26600.711
26662.768
26671.475
266811.297
26690.709
25706.381
2+750.910
26767.145
26778.138
26819.168
26855.600
26874.572
26952.006
26978.781
27111.266
27166.t!44
274(15.b74
27S2q.2t13
27623.857

“,
1.

404.5810
393.0293
392.7916
392.2908
392.2540
389.9703
389.5652
388.6278
387.8569
387.8015
387.2498
386.5520
385.99(38
385.6368
384.9964
384.1046
384.0435
383mh220
382.7820
382.5878
382,444(3
382.0423
381.5838
381.2961
379.9565
379.8508
379.4999
37flm7877
376.7189
376.3786
375.8230
374.9482
374.8258
374.5896
374.55.57
374.3359
373.7128
373,4861
373.3314
377.7616
372.2559
371.9931
37(1.9243
370.5562
368.7454
367.9910
364.7840
363.1460
361.8765

S/N

144
215
198
177
125
252
177
830
385
126
124
106

2380
573
140
265
346
632
4(R5
1253
595

2r)36

692
140
197
113
225
171
504
759
1213
2220
1084
5(30
2000
215
3346
3541
445
330
60s’

5227
35(’)
593
254
355

1033
1261
1157

Au

.208

.204

.205

.205

.205

.207

.209

.206

.206

.217

.211

.218

.209

.208

.215

.221

.214

.215

.222
,217
.210
.217
.222
,213
.217
.220
.216
.219
.220
.219
.2!9

.220

.215

.215

.215

.222

.2:5

.222

.216

.221

.215

.217

.223

.217
,223
.223
.22fl
.22fl
.228

~).

.I)0341

.00315

.00316

.00316

.00315

.00315

.00317

.00311

.00310

.00326

.00317

.00326

.00311

.00309

.00319

.00326

.00316

.00316

.00325

.00318

.00307

.00317

.00323

.00310

.00313

.00318

.00311

.00314

.00312

.003!0

.00309

.003(39

.00302

.00302

.00302

.00311

.00300

.00310

.00301

.00307

.00298

.00300

.()()3()7

.002!!8

.00303

.0(33(32

.003(’)3

.(’)0301

.0(3299

~~c

.191

.196

.191

.190

.190

.194

.196

.193

.198

.198

.193

.193

.195

.196
● 206
● 200
.197
.200
.200
.202
.196
.203
.l~R
.190
.197
.199
.1%
.204
.203
.202
.203
.203
.201
.201
.201
.206
.202
.205
.201
● 202
.201
.203
.206
.203
.208
.204
.210
.211
.211

L

.031 .14

.016 .07

.026 .11

.027 .12

.027 .12

.023 .10

.024 .10

.024 .10

.019 ,08

.034 .14

.033 .14

.044 .19

.025 .11

.022 .09

.017 .07

.037 .15

.032 .14

.027 .11

.039 .16

.027 .11

.026 .11

.027 .11

.042 .18

.041 .18

.035 .15

.037 .15

.037 .16

.027 .11

.032 ,13

.030 ,12

.029 .12

.(-)30 .12

.026 .11

.026 .11

.025 .10

.029 .12

.025 .10

.031 .13

.028 .12

.033 .14

.027 .11

.026 ,11

.030 .12

.025 .10

.028 .11

.026 .11

.032 .13

.f132 .13
●f132 .11

5

7.72
7.70
7.49
7.46
7.45
7.57
7.62
7.5;
7.69
7.68
7,48
7.48
7.54
7.57
7.93
7.70
7.56
7. 70*
7.66
7.73
7.44
7.74
7.517
7.25
7.50
7.57
7.45
7.73
7.64
7.61
7.64
7.63
7.53
7.51
7.54
7.70
7.54
7.65
7.50
7.55
7.47
7.55
7.66
7.52
7a611
7.5[
7.66
7.65
7,63

Tn

650~
6469
6135
6056
6048
6239
6355
6132
6429
6427
6089
6067
6175
6227
6856
6433
62b9
6410
6389
6510
6125
6556
6222
5721
6107
6228
6031
6509
6375
6301
6345
6315
6187
6179
6178
6682
6212
6390
6138
6180
6103
6216
6364
6168
6412
6143
6397
fi4rNl
6355



27701.707
27718.449
27870.637
27883.584
27915.705
28001.223
28002.463
28039.523
28093.605
28121.965
28352.340
28390.818
28580.916
28640,414
28754.686
28765.043
2R844.629
29028.754
29053.115
29056.348
32680.031
32803.141
32913.465
33039.051
33091.211
33097.590
33233.492
33313.121
33385.664
33507.145
33623.609
33695.422

360.8856
360.6676
358.6982
358.5316
358.1190
357.0253
357.0095
356.5376
355.8512
355.4924
352.6038
352.1258
349.7837
349.0571
347.6698
347.5447
346.5857
344.3873
344.0985
344.0602
305.9083
304.7602
303.7386
302.5840
302.1070
302,04RR
300.8136
300.09L5
299.4424
298.3567
297.3233
296.6896

893
117
176
187

3804
164
1871
806
233
121
124
111
201
648
213
651
439
28a
799
1741
230
273
200
!14
396
115
11(1
200
228
211
151
291

.230

.?29

.229

.231

.232

.260

.233

.232

.232

.264

.226

.236

.231

.231

.233

.232

.233

.234

.235

.235

.269

.270

.269

.270

.272

.268

.274

.272

.272

.276

.277

.279

.00300
,ooqf)fi
.00295
.00297
.00298
.00332
.00297
.00295
.00294
.00334
.00281
.00293
.00283
.002H2
.00282
.00280
.00280
.00278
.00278
.00278
.fl{J252
.00251
.0(J24R
.00247
.00248
.00245
.00248
.00245
.00244
.00246
.00245
.00246

.213

.208

.209

.210

.214
● 208
.215
.215
.213
.214
.209
.211
.212
.215
.218
.217
.218
.219
.220
.220
.256
.25q
.257
.255
.258
.261
.261
.253
.255
.263
.261
.266

.r)3~

.03R

.037

.(I3R

.032

.088
●031
.031
.035
●088
,032
.044
.035
.029
.026
.029
.027
.028
.027
.027
.025
.020
.(-)22
.026
.026
.013
.025
.(334
.030
.024
.028
.024

.13 7.67

.15 7.51

.15 7*49

.15 7.52
,12 7.68
.35 7.44
.12 7.69
.12 7.66
,14 7.58
.34 7.59
.13 7.36
.17 7.44
.14 7.4(J
,11 7.50
.10 7.00
.11 7.53
.10 7.57
.11 7.54
.10 7.58
,10 7.56
.08 7.82
.06 7.09
,07 7.81
.(I8 7.73
.08 7,78
.04 7.H9
,08 7,84
.11 7.60
,10 7.64
.08 7.84
.09 7.77
.08 7.89

6441
6135
6126

617~
6402
6011
6422
6405
6262
6309
5920
6017
5994
6139
6262
6200
6223
6201
6247
6245
6685
6792
6642
6490
6t~J?
6775
6719
6284
b356
6712
6564
6789
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IRON I EXCITATIONTEMPERATURE
.

gf reference excitation

tempemtum
estimated number

error of lines

BLACKWELL etal.

and KORNBLITH

HUBER and PARKINSON

4’732

4695

4825

62

69

85

51

61

31


