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ABSTRACT

High resoluticn Fouriler transform spectrometrv has been used
to perform line width and line shape analysis of e{ghty-one iron I
emission lines in the spectral range 290-390nm originating in the
rormal analytical zone of an inductively coupled plasma. Computer
program: asing non-linear least sgquares fitting techniques for
line shape analysis were applied to the fully resolved spectra to
determine Gaussian and Lorentzian ccmponents of the total observed
line width. The effect of noise in the spectrum on the precision
of the line fitting technique was assessed, and the importance of
signal to necise ratio for line shape analysis i{s discussed.
Translational (Doppler) temperaturrs were calculated from the
Gausalan components of the line width and were found to be on the
order of 6300K. The excitatior temperature of iron I was also
determined from the gsame sgpectral data by the spectroscopic

"slope" method based on the Flnstein-Roltzmann expression for

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



1., INTRODUCTION

Observed under even the highest of resolution, an atomic
spectral amission line does not consist of a aingle frequency, but
rather may be considered as an Intensity versus frequency
distribution with an intensity maximum at a central frequercy v,
and dropping off to zerc intensity at some interval 8y on either
side, The width of the spectal line is usually defined as the
full width at half maximwum of the intensicy (FWHM) in units of
frequency, wavelength, or wavenumber. There are several factors

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

(2) The natural lire wldth is due to the finite lifetime of

the atom in the excited satate. The Heisenberg uncertainty
principle relates the mean lifetime in the excited state to an
uncertainty in the rnergy of the state and consequently a
freqrancy distribution in the radiation emitted by the transicion
from that state. This natural line width is on the order of 107>
nm in the [W=VIS and is qenearally nagligihle compared to other
1ine brcadening effects in analyti:al sources,

(h) The Doppler broadening {is due to the random kinatic

motion of the gas phase atoms relativa to the point of observation
during the emission process. A Maxwellian velocity distribution
of the emitting atoms gives rise to line broadening which is
Gaussian in shape and symmetric about the central frequency
(Figure 1). The "oppler width of a spsctral lina Avp can be

expressed as
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Avp = (_C.E) (Z_R_T}_«l&)l/z (1)

where v, is the spectral line center, R is the gas constant, Tp 1is
th; translational (or Doppler) temperature in degrees Kelvin, M is
the atomic weight of the emit-ing species, and ¢ is the speed of
light. Conversely, 1if the Doppler width of a spectral line is
known, the translational or Doppler temperature can be calculated

from the relationship

4vp 9 Mc2
Tp (Vo) s (2)
where
Av AN Ao
(=) = (52) = <°—°> &)
(o] [o] (o]

and v, A\, ¢ represent frequency, wavelength, and wavenumber units
respectivaly.

(c) Pressure broadening 1is caused by collisions of the

emitting specles with other atoms in the gas phase. If collisions
are witli foreign atoms or molecules, it 1is called Lorentz
broadening. If collisions are with 1like atoms it is called
Holtzmark or resonance broadening. Lorentz broadening is usually

the predominant case at concentration levels common to analytical



atomic spectroscopy and produces a .Lorentzian shaped line nrofile
(Fig. 1).

(d) Stark and Zeeman broadening occur if the excited atoms

are subjected to strong electric or magnetic fields respectively.

(e) Self-absorption or self-reversal effects cauee a decrease

in 1intensity at the line centar and a subsequent increase in the
spectral line width measured at che full-width-half-maximum of Lhe
observed intensity.

{¢) Byperfine structure and isotope shifts produce apparently

broadened lines due to the presence of separate hut closely spaced
and unresolved lines.

Tn a normal analvtical source such as the inductively crupled
plasma (ICP), 1line brcadeniug will be primarily defined hy
contributions from the Doppler (Geussian) and pressure
(Lorentzian) effezts. The observed spectral line profile will be
a convolution of these Gaussian and Lorentzian componernts of the
line shape and can be desc’' lbed by a Voigt profile [6] whose width

ifs given by the empirical approximation

bvy = Kavy + (avg? + (1=k)2av, 2)1/2 (4)

and whare the constant term k equals .534., An a factor is often
nlan deflned to express the ratio of rthe Loren%tzian width Agy, to

the Gaussian width Ao at FWHM:



a = (=5 (1a)t/2, (5)
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Spectral interferences in analytical atomic spectroscopy can
be reduced by using a gpectrometer of high dispersion and
resolving power, However, the ultfmate limiting factors are the
inherent widths 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) 1is
useful for the characterization of spectraphysical properties and
excitation mechanisms in the source. In snite of the popularity
of the ICP as a source for analytical atomic emission spectrometry
and the large number of studies published on sgnectraphvsical
properties ¢f the source, relativelv few gtudies have been made of
line widths and shsnes In the 1CP because of the high resolution
required for such measurements.

Human and Scott [7] used a Fabry—-Perot intecrferometer to
measure profiles of spectral lines of calclum, strontium, and
argon. Larson and Fassel [8] discussed line broadening and
radiative recombination interferences 1in the ICP, Broekaert,
Leis, and Laqua [9] determined spectral line widths for eighteen
lines of sixteen rare earth elements. Mermet and Trassy |10]
discussed spectral 1line broadening in the ICP. Batal and Mermet
[ll] calculated line profiles in the ICP, And Kawaguchli et al.
[12] measured 1line widtis of tifteen spectral 1lines of ten

2]l ments in the LCP using a Fahry-Perot (nterferometer.



The purpose of this study was to determire line widths and
line shapes of tron I lines in the normal analytical zone of the
ICP using the high resolution capabilities of a Fourier transform
spectrome-er. The information is useful for evaluating spectral
interferences’for analytical applications and for elucidating
spectraphysical characteristics of cthe ICP. The total observed
linc profiles can be deconvoluted by line fitting techniques into
Gaussian (Doppler) and Lorentzian (pressure) components.
Translational temperatures can bhe calculated from the Gaussian
component of the total line width.

Excitation temperature 1in the source can also pe determined
by the "slope method" based on the FEinstein-Boltzmann expressiocn
for spectral line interncity (13). Measuring the intensity in
units of photons/sec by the Fourier transform technique reported

here, tne expression takes the form (14)

N 2.2 g f

Iopm(=2) (B (22 (exp~Fa/KT)- )
g mc 2

o A he

where No {s the number ¢f atoms in the ground state, g2, is the
statistical weight of the ground state, g is the statistical weight of

the lower state m, f_. is the oscillator gtrength of the transition from

state w to n,A, . 13 the wavelength of the transition, E_  is the energy

of the upper state n, k 1s the

Boltzmann consrant, and [ ls the excitation temperature. By measuring the



relative intensities of a number of transitions of the same thermometric

species and plotting

Inm}‘znm '
———) versus (E.) (7)
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a "Boltzmann plot" is obtained with a slope equal to (-1/kT) where
T is the desired excitation temperature for that thermometric

species in the source.

2. EXPERIMENTAL

2.1. TINSTRUMENTATION

The ICP emission spectrum of iron I was recorded on the high
resoliution Fourier transform spectrometer located 1in the McMath
Solar Telescope at Kitt Peak National Cbservatory [15]. Genera.l
cheracteristics of this instrument and details pertinent to this
study are summarized 1in Table 1. A Plasma Therm 2500 s2»ries ICP
torch box was secured 118 cm In front of the Fourier transform
spectrometer, and the plasma 1image was focused onto the
spectrometer aperture and magnified by a factor of 4.5 by a single
quartz lens. Operating parameters for the TICP were get to
simulate normal analytical conditions and are summarized in Tatle
2. The -lewing zone was selected a. !l mm above the top induction
coll (as illustrated in Figure 2) in the normal analytical =zone
[16], the plasma region used for most analytical measurements. A

high efficlency fritted-disc nebulizer developed in this



laboratory [17,18] was used because the fine, homoegenenus aerosol
produced in this nebulizer was expected to reduce noise 1in the
source due to very short time scale (msec or less) spikes and
variations of emission intensity in :he plasma which result from
the vaporization and excitation of analvte in non-uniform aerosol
‘roplet  distribution. This nebulizer design is shown
schematically in Figure 3.

2.2 METHOD

The gpectrum of a 1000 pg/ml solution of iron metal in .1
molar HNO; was recorded over the spectral range 290-390 nm.
Filters were used at the detector to limit the spectral reglon
being observed to a narrow range in order to improve the quality
of the signal to noise ratio in the spectrum. A maximum optical
path difference in the interferometer of 7.06 cm resulted in a
resolution of 0.071 cm™! (.00086 nm at 350 nm). Twenty-four scans
of the 100 point interferogram were co-added to Ffurther Iimprove
the signal to noise ratio in the resulting spectrum. Relative
intensities (determined as peak heights) were corrected for
instrumental response wusing a calibrated quartz 1lodine lamp.
Spectral line identification was based on NBS [19] wavelength
tables.

2.3 DATA ANALYSIS

The analysis of the spectrum was based on the assumption that
the only significant contributions to the observaed line widths
were due to Doppler and Lorentzian broadening, Some

microturbulent broadening may also be expected, but {t would bhe



indistinquishable from the thermal Doppler breadening. and {its
effect would be tc Iincrease the Caussian compcrient to the 1line
width. Thua, 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 pacameters
which specify the profile are: central wavelength or wavenumber,
the full width at half maximum of intensity (FWHM), the peak
intensity, and a shape parameter b, = (1/2)(Agy/ac).

Since some of these parameters enter into the analysils in a
non-linear way, the problem was linearized as usual by choosing
approximate starting values for the parameters and treating the
residuals (observed minus calculated) as a linear combination of
the derivatives of +he Voigt 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 to the originial starting valués. This process 1is
repeated until values converge, usually in 2-4 iterations.

The Lorentzian Eomponenc of the line width follows
immediately from the FWHM and the shape parameter. The Gaussian
component of the line width was found from Eqn. (4). In general,
this representation of the spectral lines was completely
satigfactory after a gsmall background contribﬁtion had been

subtracted.

3. RESULTS AND DISCUSSION



A representdative section of the iron spectrum used in this
study i¢ 1llustrated in Figure 4. This plot of 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 0.0] nm and are
clearly separated by baseline resolution. The line shapes shown

here are the actual profiles of the spectral lines. The resolving

power capability of the Kitt Peak Fourier t.ransform gpectrometer
eliminates the necessity of further corrections for instrumental
effects.,

3.1 EFFECTS OF NOISE ON LINE SHAPE ANALYSIS

The criteria for good line shape analysis include: resnlution
adequate to make instrumental corrections negligible compared to
the noise; atsence of spectral interferences, blends, and
hyperfine structure in the chosen lines; and good signal to noise
characteristics {n the spactrum, Figure 5 repeats the plot of the
two iron I lines {llustrated 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
{s comparable to the nonige present in the spectrum. This makes
exact fitting of the observed 1line sghape impossihbla, and some
degree of error 1s fintroduced i{nto the line shape analysis
depending on the signal to noise ratio of the lines being
considered.

In order to* nssesa the magnitude of this error, a saet of
"teat" data was created hy selecting a portion of the haseline of

the observed {ron spectrum where n) emisaion linesa wera present



but where the noise was typical of that present throughout the
spectrum. A set of 50 artificial lines of predefined total width,
predefined Gaussian and Lorentzian composition, and three
different intensity (signal to ncise) levels were superimposed on
the real noise of the spectral baseline. This synthetic spectrum
was tnen analyzed by the same technigues as have been applied to
the experimental snectrum, Some results of this test are
summarized in Tahies 3 and 4.

The test data clearly emphasize the importance of good signal
tc noise characteristics for good 1line width and 1line shape
analysis. The precisions (expressed as percenc -elative standard
deviations of the means) of the line intensity and the total
observed 1line width Ac are similar and are directly proportional
to the signal to noisec ratio of the lines so thut as the signal to
noise ratio increases by an order of magnitude 8o does the
precision of the intensity and line width determinations, The
precision of the determination of the Gaussian component of the
total ohserved line width Ao, is related to the signal to nolise
ratio by the sum; direct proportionality, but is less precise than
the ~utal line width by a factor of approximately three in the
test data. The precision of the determination of the Lorentzian
component of the total line width Aoy is also proportional to the
signal to noise ratio, but is less precise than the total line
width hy a factor of approximately thirty in the test data. These
axact factors are a result of the cholce of the degree of Gausslan

and Lorentzian composition (n the total Llinn width that was



selected for the synthetic lines in the test data to approximate
the character of the observed lines in the experimental data, Wad
the Lorentzian component heen chosen to 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 Tp in the
source and a given thermometric species, the factor Acc/c
(Gaussian component in kaysers/wavenumber) should be constant,

according to rearrangement of Eqn., (2):

Aagla = (7.16x1077) (T/M)1/2, (8)

Table 4 summarizes the relationship betwer \ signal to noise and
precision of Agg and translational temperntvre Tp calculated from
AcG/a for the test data. Figure 6 illustrates the variation »f
AoG/a tfor the 199 iron I lines {dentified in the experimental
spectrum, It is clearly shown here that a high degree of error in
Aogn occurs for those lines with low signal to noise ratio, and
that this error {s greatly reduced for those lines with higher
signal ‘o noise ratlo.

For these reasons, only those {ron T lines in the
exparimental spectrum with a signal to noise ratio greater than
100 were salected for the line shape analysis results reported

here.



3.2 LINE SHAPE ANALTSIS AND TRANSLATINNAL TEMPERATURF

Table 5 summarizes the results of the line width and line
shape analysis for the elghty~one iron I 1lines with signal to
noise ratio greater than 100 in the observsd spectral range.,
Tabuldted fur each line are: wavenumber in kaysers (cm'l),
wavelength in nanometers (nm), signal to noise ratio in the
experimental spectrum, total observed line width 1In nanometers
(AN), total observed line width in kaysers (As), Gaussian
component in kaysers (Acg), Lorentzian component in kaysers (aoy),
the Voigt profile a factor, Ganssian component in kaysers divided
by the wavenumber (AcG/o). and translational tempurature 6TD)
calculated from the Gaussian component for that transition. The
Gaussian and Lorentzian components given 1in the table can bhe

eagily translated from units of kaysers to nanometers by the

eimple equatrion

AN =\ (Ag/a). %)

The translational (Doppler) temparature Tp was calculaced
from the Gaussian component of each transition. The mman value of
Tp, from all 81 iron I lines was AI10K with a reiative standard
daviation of 3,44 (217K).

7.3 TRON I EXCITATION TEMPERATIURE

Excitation cemperatures were determined for ifron T using the
spectroscoplc "slope" method based on the Finstein-Roltzmann

expression for aspectral line ({ntensity. This method has heen



combined with Fourier transform spectrometry and aoplied to a
study of the excitation temperature vertical profile for iron I in
the inductively coupled plasma [14], and the critical 1importance
of the choice of reference values for oscillator strength gf)
values for this method of temperature determination has 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 KORNBLITR (29], and HUBER and PARKINSON (30]. A
racent compilation or transition probabilities for 1{iron I [31]
ccasiders the values from RLACKWELL et al. to be quite good and
those from BRIDGES and KORNBLITH to be fairly acrurate. The
results of the excitation tarperatures determined in this manner
are summarized {n Table h. Again, only those lines with signal to
nolse ratio greater than 100 were used, The three different
values of the excitation temperature derived from each of the
three differant refarences selectad for the gf values are all in
agreement within the estimated error of each value and are all on
the order of 4700K. Thiu‘vnluc s somewhat lower than previous
values daetermined in a similar manner [l4] wunder similar
conditions. The main difference {n the two experimental
arrangements was a change from a cuncantric nehulizer used {n thae
sarliar astudy to the frittad=disc nehbullzer usad in this study.
Differences in the flow dynamics of the two nebulizers make Lt
reasonable to axpect some affact on the plamma temnarature. Tue
Boltzmann plot for the excltation tamparatura detarmination using

the fron [ gf values from BLACKWELL et al, {s {1luntrated In



Figure 7., This plot is seen to be quite linear, and the resulting
uncertalnty in the temperature calculdted from the slope of this
plot is about one percent. An outstanding advantage of applying
Fourier trangforr spectrometry tachniques to spectraphysical
atudies of this type 1is also 1illustrated here. The powerrul
information gachering ability of a Fourier transform spectrometer
allows the simultaneous and accurate recording ;f all the emission
lines within the selected bardpass so that the Roltzmann plot can
be constructed from the relative intensities of a larpe 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 ot iron L{n the normal analytical zone
of the inductively coupled plasma in the spectral range 290-390
nm. Non=linear least squares conoutar fitting techniques have
been applied to the fully resolved spectra to derermine the
Gaursian and Lore-._zlan components of‘ tha total observed line
profiles for A1 ftron [ lines with signal to noise racio Rgreater
than 100 in the axperimental spectrum. The total ohsarved line
widths for the f{ron I linean (n thim spectral range ware found ¢to
he on the order of .003 nm, The Gaussian component was detcrmined
to he the dominant contrihution to the total lina shape, but the
l.orentzian componant does also contribute significantly. The
Voigt a factors calculated from the r+ifosm of Tlorentzian to

‘aunsian components ware on the order of 0,10, Tranalatfonal



temperatures calculated from the Gaussian components for the 81
iron I 1lines resulted 1in a mean value of 6310K with a relative
standard deviation of 3.447% (217K). Excitation temperacurss for
iron I determined by the 'slope method" based on the
Einatein-Boitzmann expregsion for spectral 1line intensity and
using three different sets of reference values for fron I
oscili.ator strengths were found to be on the order of 47N0K with
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 1{n this study 1s greater than the estimated
error in each determination and implies some L(nteresting physics
in the source which are yet tou be explained. A common cuncluaion
from such diverse temperature values in a source is the absence of
thermodynamic equiblibrium, as has already been proposed {n the
case of the ICP, Howevar, the linearity of tne Boltzmann plot 1in
Figure 7 implies that the devia:ion from thermodynamir eqr.ilibrium
in the source {in this experiment would not bhe axpected to ha xreat
anough to account for the rather large diffaerence {n the two typep
of temparatures measured hare. It is postulated here that some
nther physical explasration {s raequired, that the excitation
Eemperuturu raported hera is probably the hetter indication of the
enargy charactaristics of the source, and that there may ha other
mechanisms {n the source which contribute to the Gaumsian
component of the 1line profile cauaing it to appear tcoadar than

would be expected from the Doppler affect alona, Certainly thera



is interesting research still to be pursued in explaining the
spectrophysaical properties of the ICP.
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FIGURE CAPTIONS

Figure 1. The 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 plasma in the normal analytical 2zone selected
for spectroscopic observation.

Figure 3, Schematic diagrams of the Leos Alamos fritted-disc
nebulizer design. Top figure shows end view. Sample is
peristaltically pumped through the sample inlet capillary tube and
depcsited on the front surface of the fritted-disc. Argon carrier
flow through the gas 1inlet 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 aspectrum., Two
irou 1 lines with wavelength separation of .01 nm are baseline
resolved. The line profiles seen here are the fully resolved line
shapes; no corrections are required for instrumencal effects.

Figure S. The iron I line profiles from Figure &4 shown at 8X
nagnification of cthe intensity axis. The effect of noise in the
spectrum on the shape of the line profiles near the baseline which
introduces error into the line shape analysis is illustrated.

Fignre 6. Plot of (AcG/a) X 10‘5 versus signal to noise ratio for
the 199 iron I lines obhserved in the experimental spectrum. The
quantity (80g/0) shculd be constant for a given translation
temperature in a source and a given element. The large scatter in
the points with low signal to noise ratio indicate the
inadvisability of using lines with low signal to nolse ratio to
calculate tranglational tem-iratures in a source.

Figure 7. Boltzmann plot of (Ikz/gf) versus Eup er for the
determination of excitation temperature using 51 iron Y lines 1in
the experimental spectrum with signal to noise ratio greater than
100 and using gf values from BLACKWELL [22-28]. The excitation
temperature determined from the slope (=-1/kT) of the plot was
4732K with an estimated e:ror of 62K,

Table 1. The Kitt Peak Fourier ctransform spectrometer: general
characteristics and capabilities of the {nstrument as well ac the
capabilities utilized {n this experiment are listed.



Table 2. ICP operating conditions: the operating parameters were
adjusted to simulate normal analytical working conditions in the
source.

Table 3,‘'Test data showing the relationship between signal to
nolse ratio in the spectrum and the precision (expressed aa
percent relative standard deviation of the mean) of the
detarmination of intensity (INT), total line width (35), Gausrsian
component of the line width (&on), and Lorentzian component of the
line width (60y) for three sets of artificial lines with
predefined characteristics superimposed on the noise of the
expevimental 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 tha Gaussian component of the line width (Aoc)
and the translational temperature T, calculated from Aog. Special
note should he made of the inadvisability of calculating
translational temperatures from lines with low signal to rnoise
ratio.

Tcble 5. Results of the line shape analysis for 81 iron I lines
with agignal to noise ratio greater than 100 in the experimental
spectrum. Results tabulated here include: wavenunber in em”™! (a),
wavelength in nm (\), signal to noise in the spectrum (S/N), total
observed line width in wavenumbers (Ac), total observed line width
in nm (AA), Gaussian component of the line width in wavenumbers
(6°G)' Lorentzian component of the 1line width {in wavenumbers
(AGL), Voigt a factor, Gaussian component in wavenumbers divided
by wavenumber (AcG/c). and tranglation temperaturs (TD) calculated
from the Gaussian component,

Table 6. Iron I excitation temperatures determined by the
spectroscopic '"slope method." Boltzmann plots were constructed
using three different sets of gf values: VACKWELL et al.
[22-28], BRIDGES and KORNBLITH [29], and HUBFR and PARKINSON [30].
The number of 1lines used to construct each Boltzmann plot
{ndicated the number of lines in the experimental spectrum with
signal to noise ra:lio greater than 100 for which gf values were
also available in eacn of the references,
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KITT PEAK FOURIER TRANSFORM SPECTROMETER

Spectral Range Capability
Spectral Range Observed

Maximum Optical Path Difference Capability
Maximum Optical Path Difference Utilized

Resolution Capability
Resolution Utilized
Aperture Diameter
Beamsplitter Utilized

Detector Utilized

Detector Filters
Interferogram Size

Interferograms Co—added

250 nm - 16 um
290 — 390 nin

1 meter

706 cm

005 cm™!

071 cm™

10 mm

Ultrasil fused silica
(Al coating)

siiicon photodiode
(blue enhanced)

CuS0O, and Corning 7-54
10°% POINTS
24

Table ]



ICP OPERATING CONDITIONS

source unit

frequency

power

coolant flow

auxiliary flow

nebulizer flow

nebulizer back pressure

nebulizer

viewing height

laboratory atmosphere

Plasma Therm 2500 series
27.12 MHz

1.1 kwalt

12.5 LPM

for ignition only

1.0 LPM |

16 psi

fritted disc
Los Alamos design

11 mm

601 torr

table 2



Ao

.20546
.20546
.20546

%ZRSD ZRSD 7ZRSD Z%RSD

INT Ao . 3 AO'[,

8.88 8.23 27.36 126.16

0.82 1.00 3.39 35.94
.08 0.10 0.34 3.76

Table 3




DEFINED
S/N Aog
(em™)
10 20546
100 20546
1000 20546

Mean

em™)

.18854
.20481
.20548

TEST DATA

" DETERMINED

7%RSD Mean Mean

Aog Aa, X 10° To(K)
(4)

27.36 7.25 5726

3.39 7.71 6483

0.34 7.74 6525

7 RSD

41 .93
6.74
0. 77

rable A




I

24709.949
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
2614G .201
26167 .688
26199.129
26218.893
26311.473
26318.648
26242 .984
26392.516
26537.451
26561 .443
26600.711
26662.768
26671.475
2668R,297
26690.709
25706 .381
24750.910
26767.145
26778.238
26819.168
26855.600
26874,.572
26952.006
26978.781
27111.266
27166 .844
27405.674
27529.283
27625 .857

404.5810
393.0293
392.7916
392.2908
392.2540
389.9703
389.5652
388.6278
387 .8569
3g7.8015
387.2498
386.5520
385.9908
385.6168
384.9764
384.1046
384.0435
383.4220
382.7820
382.5878
382,4440
382.0423
381.5838
381.2961
379.954°%
379.8508
379.4999
378.7877
376.7189
376 .3786
375.8230
374 .9482
374 .8258
174 .5896
374 .5557
374.3359
373.7128
373.4861
373.2314
377.7616
372.253%9
371.9931
370.9243)
370.5562
368.7454
367.9910
364 .7840
361.1460
161.8765

S/N

l4a
215
198
177
125
252
177
830
385
126
124
106
2380
573
140
265
346
632
4%
1253
595
2036
692
140
197
113
225
171
504
759
1313
2220
1084
500
2000
215
3346
3541
445
330
60¢
5227
350
593
254
335
1033
1261
1157

TABLE 5

Ao

.208
«204
+205
+205
+205
207
«209
+206
. 206
217
211
218
209
.208
215
221
214
«215
222
217
«210
217
«222
212
o217
+220
216
219
«220
219
2'9
«220
o215
215
213
0222
«2i5
0222
l216
221
215
217
223
217
223
223
228
.228
228

an

00341
.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
.00309
.00302
.00302
.00302
.00311
.00300
.00310
.0030!
.00307
.00298
00300
.00307
00223
.00303
.00302
.00301
00301
.00299

.191
. 196
.191
+190
.190
194
.196
»193
.198
.198
.193
.193
.195
.196
+ 206
+200
197
+200
+200
+202
196
+203
.198
190
. 197
.199
«196
+204
«203
+202
«203
+203
«201
201
201
+206
«202
.205
«201
<202
+201
203
206
.203
.208
204
210
211
211

{»
']

031
016
026
.027
.027
.023
.024
.024
.019
034
.033
.044
.025
.022
017
.037
.032
.027
.039
.027
.026
.027
042
041
.035
.037
.037
027
<032
.030
.029
.030
026
.026
.025
.029
.025
031
.028
.033
027
«026
.030
«025
.028
026
032
.032
.032

.10
.10
.08
14
A4
.19
11
.09
.07
.15
.14
J11
.16
o11
11
11
.18
.18
.15
W15
.16
11
13
12
Jd2
d12
.11
A1
.10
12
.10
.13
.12
14
Jd1
d1
.12
10
o1
.11
.13
13
17

ac
—Cxinb

7472
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
7.70e
7.66
7.73
7.49
1,74
7.58
7.25
7.50
7.57
7.45
1.73
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
7.68
7.51
7.66
7.65
7.63

6509
6469
6135
6056
6048
6239
6355
6132
6429
6427
6089
6067
6175
6227
6856
6433
6259
6410
6389
6510
6125
6556
6222
5721
6107
6228
6031
6509
6375
6301
6345
6315
6187
6179
6178
6482
6212
6390
6138
6180
6103
6216
6364
6168
hd12
6143
6397
6400
6385



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
28844.629
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
3N2.0488
300.8136
300.0945
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
288
799
1741
230
273
200
114
196
115
110
200
228
211
151
291

.230
<729
0229
»231
«232
«260
«233
«232
0232
<264
0226
«236
.231
»231
.233
.232
.233
«234
«235
«235
+269
»270
«269
«270
272
.268
274
272
0272
276
277
«279

.00300
.002918
.00295
.00297
00298
00332
.00297
00295
00294
.00334
.00281
.00293
.00283
.00282
.00282
.00280
.N0280
.00278
00278
.00278
00252
.00251
L0248
00247
00248
00245
00248
00245
.00244
00246
00245
00246

213
.208
.209
.210
o214
.208
«215
.215
.213
214
«209
211
0212
.215
.218
.217
.218
»219
.220
«220
<256
»259
«257
«255
.258
.261
«261
«253
«255
.263
«261
«266

.032
.038
.037
038
.032
.088
+031
.031
.035
.088
»032
044
.035
.029
.026
029
027
.028
027
.027
+025
.020
022
026
<026
013
.025
034
030
024
+028
024

.13
.15
.15
.15
12
o35
W12
.12
14
34
'13
17
.14
11
.10
.11
.10
.11
.10
.10
.08
.06
07
.08
.08
04
008
.11
.10
.08
.09
.08

7.67
7.51
7.49
7.52
7.68
7.44
7.69
7.66
7.58
7.59
7.36
7.44
7.40
7.50
7.00
7.53
7.57
7.54
7.58
7.56
7.82
7.89
7.81
7.73
7.78
7.89
7.84
7.60
7.64
7.84
7.77
7.89

hh4]
6135
6126
6179
6402
601!
6422
6405
6262
6309
5920
6017
5994
6139
€262
6200
6223
6201
6247
6245
6685
6792
6642
490
6ul?
6775
6719
6284
6356
6712
6564
6789



IRON I EXCITATION TEMPERATURE

gf reference excitation estimated wnumber
temperature error of lines
BLACKWELL et al. 4732 62 o1

BRIDGES and KORNBLITH 4695 69 61

HUBER and PARKINSON 4825 85 31

Table u



