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This paper reports on the influence of the carrier gas flow
rate and observation height on electron number density, excitation
temperature, and the departure from LTE in an argon ICP. Axial
analyte distribution for several atomic and ionic lines was mea-
sured.

INTRODUCTION

The carrier gas flow rate and observation height are among the most
significant parameters in an argon ICP. An increase of the carrier gas flow
rate provides a higher sample amount in the plasma, but the residence
time of analyte atoms and ions in the plasma becomes shorter causing chan-
ges in analytical signal''!'. In addition to the residence time, the observation
height defines whether atom- or ion-emission prevails in the plasma. The
physical parameters of an argon ICP, such as the electron number density
and excitation temperature, are mostly determined by the carrier gas flow
rate and observation height. Electron number density is an important para-
meter which governs the excitation processes in the plasma. The excitation
of the analyte occurs in the injection channel of an argon ICP which is a
relatively cool region. It was established that there is no complete LTE
(Local thermodynamic equilibrium) in the injection channel of an argon
ICP, usually used in spectrochemical practice as excitation source®?*26. The
extent of LTE departure is determined partly by the carrier gas flow rate
and observation height which are thus important parameters to be studied
and optimized.

The purpose of the current paper is to investigate the effect of the
carrier gas flow rate and observation height on the temperature and the
electron number density, as well as on the analyte emission in the channel
of an argon ICP. In order to determine the consequences of the changes in
physical parameters, analytical performances for several ion and atom lines
were evaluated in terms of the signal-to-background ratio. The extent of
departure from LTE in the channel of argon ICP was discussed.

EXPERIMENTAL

An ARL-3520 OES sequential vacuum spectrometer equipped with SAS 11
computer system for instrument control and data acquisition was used. Instru-
mental and operating conditions are listed in Table I.
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TABLE I

Instrumental and operating conditions

Spectrometer Monochromator with 1m-radius concave grating in Paschen-
Runge mounting

Grating 1080 grooves/mm with reciprocal linear dispersion 0.026
nm/mm; resolution: 1 st order 0.054 nm

Slit widths Primary: 20 um
Secondary: 50 um

RF Generator Quartz-controlled, 27.12 MHz and automatching network
operating power 1.2 kW

Plasma torch Fassel type; inner diameter of injection tube 1 mm

Nebulizer Glass, concentric Meinhard type

Argon flow rate Carrier 0.6—1.5 1/min

Plasma 0.8 1/min
Coolant 12 1/min

Observation height 10—18 mm above the load coil

The uncertainty of the measured intensity was 3%o.

Reagents

High purity acids were used for the preparation of all solutions. The investi-
gated elements were present at the concentration of 10 ug ml!. The concentration
of Fe in the solution used for temperature measurements was 500 ug/ml™.

Determination of Excitation Temperature

Excitation temperature in the channel of an argon ICP was determined by
applying two different methods (the slope method and the absolute single radiance
method) and two different species (Ar and Fe spectral lines). The slopes were
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Figure 1. Boltzmann plot for AR I lines.
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obtained by plotting log I1/gA (for Ar lines — Figure 1) and log I13/gf (for Fe lines
— Figure 2) as a function of E.., where I is the spectral line intensity, 1 is the
wavelength, g is the statistical weight for each level, A is the transition probability,
f is the atomic oscillator-strength and E.. is the excitation energy of the employed
argon and iron levels. The employed argon and iron lines with their excitation
energy are listed in Table II. As argon levels listed in Table II are very near to
each other and determination of the slope is not precise, the Fe lines are also used
to confirm the value of the temperature.
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Figure 2. Boltzm;nn plot for Fe I lines.

According to study'?, the data for transition probabilities obtained by Malone
and Carcoran!® result in the best straight line, and these data were employed in
our calculations. Using the data for the Fe atomic lines listed in Table II, and
applying the slope method, the excitation temperature was calculated. Transition
probabilites for the Fe lines were taken from!’. Being of greater sensitivity, the
absolute line intensity of Ar I 430.01 nm was used for determination of the exci-
tation temperature. Using this method, temperature was measured according to the
procedure described elsewhere!s. As the absolute intensity of Ar I 430.01 nm line
is used for temperature measurements, calibration of the spectrometer is required.
Calibration was performed using tungsten filament as light source. Physical para-
meters and atomic constants for calculation of the emission coefficient of Ar line
were taken from!718,
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TABLE II

Argon and iron spectral lines used for temperature measurements

Ar I Eexc Fe I EXex
(nm) (cm™) (nm) (cm™)
425.118 116660 370.925 34339
425.936 118870 373.332 27666
426.629 117183 376.379 34574
4217.217 117115 373.487 33695
430.010 116999 375.824 34329
433.356 118469 373.713 27167
433.534 118459 374.826 27560
434.517 118407 374.949 34040
381.584 38175

382.043 33096

382.444 26140

Measurement of Electron Number Density

The Hjy (486.133 nm) line was chosen for the electron number density, n., mea-
surements because it is a strong line, efficiently broadened for precise measure-
ments but essentially not overlapping with its neighbours. Tt is located in a very
accessible region in the spectrum and its selfabsorption is relatively small. The
calculated electron density is accurate to about 7%, provided the other experimen-
tal errors can be kept small. Also, extensive Stark data are available for complete
line profile?0.

The refined Stark theory, formulated by Griem, and the tabulated Stark para-
meter from Vidal et ol.*® were employed in our calculation. The 40-point profile
of Hs was measured. Water was aspirated into the plasma for these measurements.
A correction for instrumental and Doppler broadening was applied to the H; profile
before calculation of the electron number density. The instrumental profile was
evaluated by using a low pressure mercury lamp and half width of the Hg I 435.8
nm, 410.8 nm and 491.6 nm lines were recorded. An instrumental width of about
0.06 nm was observed.

RESULTS AND DISCUSSION
Physical Parameters of the Discharge Excitation Temperature

The calculated temperatures, obtained by two different methods and
by employing two different species (Fe and Ar lines), are listed in Table III.

Temperature measurements presented in Table III were taken at 15 mm
above the load coil and at the carrier gas flow rate of 0.8 1/min. Experimental
error in temperature determination was +/— 400 K. Differences between
temperatures listed in Table III are within the limits of experimental error.
Excitation temperatures were measured at different observation heights and
for different carrier gas flow rates. The effect of carrier gas flow rate on

TABLE IIT

Calculated excitation temperatures

Method Temperature (K)
absolute intensity 6260
of Ar I 430.01 nm line

slope method (Ar I lines) 6170

slope methods (Fe I lines) 5940
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Figure 3. Excitation temperature as a function of the carrier gas flow rate at an
observation height of 15 mm above the coil.
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Figure 4. Excitation temperature as a function of the observation height at a carrier
gas flow rate of 0.8 1/min.

the excitation temperature in the channel of an argon ICP is presented in
Figure 3. The observation height was 15 mm above the load coil. Figure 3
shows that the temperature in the channel decreases by 3000 K. The decrease
in temperature indicates that some changes might have occurred in the
plasma characteristics. The influence of observation height on excitation
temperature is presented in Figure 4. The maximum value of 6170 K was
obtained at 15 mm above the load coil. The carrier gas flow rate during
these measurements was 0.8 1/min. Since it was shown!?®!5 that the diffe-
rences between temperature measurements with and without Abel transfor-
mation are within the limits of experimental error, Abel transformation
was not carried out.
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Electron Number Density

The effect of carrier gas flow rate on the electron number density in
the channel of an argon ICP is presented in Figure 5. The observation height
was 15 mm above the load coil. The channel of an argon ICP could be
expected to have very low values of the electron number density due to
the cold gas stream. However, a moderately high electron number density
was observed in the channel. This was attributed to ambipolar diffusion of
electrons from the hot; high n. annular region into the aerosol gas stream.
As it can be seen from Figure 5, the electron number density in the channel
decreases when the carrier gas flow rate increases. Figure 6 shows the plot
of the electron number density as a function of observation height. The
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Figure 5. Electron number density as a function of gas flow rate.
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Figure 6. Electron number density as a function of observation height.
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carrier gas flow rate was 0.8 1/min. The values of electron number density
range from 4 X 10% cm™ to 7 X 10** cm3. Figure 6 shows a fairly smooth
drop in electron number density with observation height. Lack of Abel
transformation should not affect the wvalidity of the measured eleciron num-

ber density, especially for an observation height greater than 8 mm above
the load coil®s.

Auxial Distribution of Analytes in the Channel of an Argon ICP

Atom and ion lines with the excitation energy and ionization potential
of the elements for which the axial distribution was studied are listed in
Table IV.

TABLE IV

Atom (I) and ion (II) lines with excitation energies and ionization potentials of
the considered elements

- Excitation Ionization

Spec(té‘;aé) line energy energy
(eV) (eV)

Cd I 228.802 5.41 8.99

Cd II 226.502 5.47

Zn 1 213.856 5.80 9.39

Zn II 202.548 6.01

Mg I 285.213 4.35 7.64

Mg II 279.553 4.43

Ca I 422.673 2.94 6.11

Ca II 393.366 3.15

Cr I 357.869 3.46 6.76

Cr IT 205.552 6.03

Cu I 324.754 3.82 T2

Cu II 224.700 8.23

VvV II 311.071 4.33 6.74

A\ 1 437.886 3.11

Co 1II 228.616 5.84 7.86

Mn II 257.610 4.81 7.43

Mn I 279.482 4.44

Ni I 232.603 5.34 7.63

Ni II 221.644 6.63

Sr I 460.733 2.69 5.69

Sr 1T 407.733 3.04

In order to evaluate the influence of the changes in observation heights
and carrier gas flow rates on analyte emission, the axial distribution of
several ionic and atomic lines was measured. The ratios of net-line intensity
I, to background intensity I, as a function of observation height for atomic
and ijonic lines of some elements are presented in Figure 7. Atom lines of
Cu, Mn, Mg and Ca with excitation potential less than 5 eV (Table IV) have
the maximum value at a lewer observation height (12 mm) and atomic line
of Cd and Zn with excitation potential 5.41 eV and 5.80 eV peak at a higher
observation height (14 mm). Ionic lines of the studied elements peak between
14 and 16 mm above the load coil. 15 mm above the load coil under the
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experimental condition cited above can be considered as a normal analytical
zone (NAZ), which is in accordance with the visual blue ionic emission when
a 1000 pg ml?! Y solution was aspirated into the plasma.
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Figure 7. I./I, as a function of observation height for atomic and ionic lines of some
elements.
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Figure 8. Net-line intensity (I.) as a function of the carrier gas flow rate for atomic
lines of some elements.
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Figure 9. Net-line intensity (I.) as a function of the carrier gas flow rate for ionic
lines of some function.
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The effects of the carrier gas flow rate on the net-line intensity emission
of the atom and ion lines are presented in Figures 8 and 9. Atom lines of
Ca, Cr, Cu, V and Sr have a maximum intensity at about 1.2 1/min. Ion
lines of Mg, Co, Sr, Cd as well as Zn and Cd atom lines peak at a carrier
gas flow rate of 0.8 l/min. Axial distribution of the studied analytes in this
work is in agreement with the previously reported data.’™'!

Approach to LTE

The channel of an argon ICP is a complex environment and is out of
LTE. Recent publications?™2¢ discussed the extent of departure from LTE.
Introducing parameter b, it was possible to discuss the extent of departure
from LTE. According to Caughlin and Blades?%, the b, value can be defined
as:

_ (Ii/Ia)exp
' I/1 )1 1e

where (Ii/I.)exp represents the experimental measured ion-atom emission
intensity ratio while (I;/I,)L1e stands for the ratio calculated under the LTE
conditions, according to the theory outlined in?. The b, value of 1 would
correspond to a situation in which the experimentally measured ion-atom
ratios are LTE values. Ion-atom emission intensity ratios have been mea-
sured for Ca, Sr, Zn and Cd. The ionization potential for these elements
varies from 6—9 eV. For the calculation of (I;/I,)irr, the measured electron
number density, n. was used. These n. values were used as input data for
the LTE description of ICP and serve for comparison with experimental
observation. All the necessary values of the constants for this calculation
were taken from?22. All the studied elements exhibit b, values less than one.
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Figure 10. Experimental ion-atom intensity ratio to LTE ion-atom intensity ratio
as a function of the observation height.
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Figure 11. Experimental ion-atom intensity ratio to LTE ion-atom intensity as a
function of the carrier gas flow rate.

Values less than one are characterized under ionization of analytes. With
increasing observation height and carrier gas flow rate, the b, values for
Cd, Zn, Ca, Sr and Mg decrease, as shown in Figures 10 and 11. The b,
values for all studied elements at the power of 1.2 kW depend strongly on
the observation height and the carrier gas flow rate. The highest b, values
are obtained for the carrier gas flow rate of 0.8 1/min and for the observaticn
height of 15 mm above the load coil. The departure from LTE is increased
when both the carrier gas flow rate and the observation height increase.

CONCLUSION

From the results presented above, it can be concluded that the changes
in carrier gas flow rate and observation height significantly influence the
measured analytical signal. A single observation height can be selected as
almost optimal for ion lines. During a routine analytical procedure, these
two parameters should be precisely defined and kept constant.
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IZVLECEK

Vpliv pretoka plina in viSine opazovanja na intenziteto spektralnih ¢rt v ICP izvoru

N. Kovadié, B. Budié, E. Kozak in V. Hudnik

Pretok nosilnega plina in viSine opazovanja vplivata na elektronsko gostoto,

temperaturo plazme in na intenziteto spektralnih ért v ICP izvoru. Prikazani so
rezultati meritev aksialne porazdelitve intenzitete S$tevilnih atomskih in ionskih
spektralnih ¢ért v odvisnosti od obeh parametrov.
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