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In an Ar-He mixed gas inductively coupled plasma (ICP) the role of helium in the excitation of the zinc species was

investigated through spectroscopic analyses on both the argon and zinc emission lines.

Whereas the spectral widths of

the argon lines were only slightly affected by helium addition, the emission intensities of the zinc lines apparently
increased. Helium contributes to the increase in zinc excitation, though it causes a slight alternation of the electron

density of the plasma.

This results from an increment in the plasma temperatures in only the central channel where the

zinc species is dominantly excited. These observations could suggest that helium acts as an energy carrier from the
induction zone to the central channel of the ICP, due to the fairly high heat conductivity.
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Atomic emission spectrometry using inductively
coupled plasma (ICP) has become widespread as a
powerful analytical technique for routine works. It is
well known that various parameters influence the
performance of ICP spectrometry. The kind of support
gas used is the most critical factor in determining the
fundamental characteristics of ICP. Under ordinary
operations, pure argon is usually employed in all
channels of the gas flow carried to the plasma, although
nitrogen ICPs are put to practical use particularly under
high r.f. power conditions.'?

Several studies have been reported concerning at-
tempts to replace either part or all of the argon gas with
other gases.>®* In most cases, Ar-N» mixed gas systems
have become an object of research, since the running cost
to operate the ICP could be reduced by using nitrogen as
acheaper gas. In addition, spectroscopic analyses have
revealed the properties of Ar-N; ICP, itself, compared to
those with pure argon gas, indicating that an appropriate
selection of the experimental parameters can lead to the
utilization of a mixed gas plasma as an analytical light
source.® Helium gas has also been used as a
component of mixed gas ICPs.”® The spectral features
of the Ar-He ICP were investigated by Choot et al., who
have shown that a unique advantage of this type plasma
is a lower background continuum, compared to that of
pure Ar ICP.2 Further, their observation of cadmium
emission lines indicated that the spectral intensities in the
Ar-He ICP were only slightly different from those of a
pure Ar plasma. Sheppard et al. reported the use of
Ar-He mixture gas for the determination of iodine as
well as the optimum conditions of the plasma param-

eters.” In their study the addition of helium was
carried out in order to improve the detection limits of the
less sensitive elements in pure Ar ICPs.

A line broadening due to a strong Stark effect was
observed in some argon atomic lines between 500 and
600 nm.1® One can estimate the variations in the
electron density in the plasma from the spectral
broadening of these emission lines.!! Further, the beta
line of the hydrogen atom (HI 486.1 nm) is very often
employed for electron density measurements, because the
contribution of the Stark effect yields most parts of the
entire profile of the line.

In this paper, we investigated the characteristics of the
Ar-He mixed gas ICP primarily based on an analysis of
the line widths of argon emission lines. Measurements
of the line widths provide knowledge regarding the
plasma regions from which the argon emission lines are
radiated, The induction zone of ICP!2, which sur-
rounds the central channel of the plasma, is a dominant
source of the argon lines. It can therefore be expected
that the spectral widths of the argon emission lines are
sensitive to the state variation of the induction zone
where electric energies of the r.f. power are directly
transmitted. On the other hand, changes in the
emission intensities of the analyte species (zinc) are
caused by helium addition at the region of the central
channel where sample solutions are injected. Their
variations were observed under various operating
conditions as a function of the helium content in the
plasma gas. Our interest concerns in the role of helium
in the excitation of the analytes when relatively small
amounts of helium gas are mixed in pure argon plasmas.
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Table 1
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Instrumentation and experimental conditions

Plasma source unit
R.f. generator

ICPS-2H model (Shimadzu Corp., Japan)
frequency: 27.12 MHz

nominal output power range: 0-2.7 kW (continuous rating)

Induction coil
Torch
Nebulizer
Spray chamber
Spectrometer

two turns, 30 mm i.d. water cooled
Fassel-type, outer gas tube of 18 mm i.d.
pneumatic

Scott-type double pass

GE-340 model (Shimadzu Corp., Japan)

focal length: 3.4 m
grating: 1200 grooves/mm
blaze wavelength: 300 nm
slit width: 30 um

Photomultiplier
Optics

slit height: 3 mm
R-955 (Hamamatsu Photonics Corp., Japan)
fused-silica lens, focusing a 1: 1 image of the plasma

source on the entrance slit

Gas mixer

MX-3S model (Crown Corp., Japan)

Ar: 0-251/min; He: 0-251/min

Incident r.f. power
Reflected power

Outer gas flow rate
Intermediate gas flow rate
Carrier gas flow rate
Observation height
Sample uptake rate

1.1-2.2 kW (as parameter)

less than 40 W, see text

16.0 I/ min (total flow rate) containing 0 - 30% He
1.45 1/ min (fixed)

1.00 1/ min (fixed)

14 mm ALC (fixed)

ca. 1.6 ml/min when distilled water is injected

The effects of helium gas are thus correlated and
discussed concerning the different zones of the ICP,

Experimental

Apparatus

The plasma source unit employed comprised a

plasma torch, a matching box, and a radio-frequency
generator. No modification of the unit was carried out.
A Fastie-Ebert mounting spectrograph equipped with a
photomultiplier tube was employed. Table 1 describes
in detail all of the other instrumentation as well as the
operating conditions.

Reagents

Zinc was selected as an analyte element. The stock
solutions were made by dissolving 2.5 g of high purity
zinc metal (more than 99.999%) in small amounts of
heated hydrochloric acid (6 M) and by subsequent
dilution to a concentration of 10 mg/ml with distilled
water. Sample solutions with a zinc concentration of
0.025 mg/ml were prepared by diluting with the
appropriate amounts of dilute hydrochloric acid. All of
the solutions contained ca. 0.02 M hydrochloric acid.

Analytical lines

The Zn 1213,86 nm, the Zn 11 202.55 nm, and the Zn 11
206.36 nm lines were selected as analytical lines for the
zinc atom and ion, respectively. The literature was

Table 2 Assignment of emission lines employed

Assignment
Wavelength/nm
Upper/eV —  Lower/feV
Znl 213.86 5.796, 4s4p 'P;  — 0.000, (4s)2 1S,
Zn 1l 202.55 6.119,4p 2P3;»  — 0.000, 45 28y,
Zn 11 206.19 6.011,4p P12 — 0.000, 4528
Arl 54953 15.35,6d [3/2]. — 13.09,4p[5/2)

consulted concerning any argon emission lines which
exhibit relatively strong Stark broadening.!! The full
widths at half maximum (FWHM)! of the Ar 1 549.53 nm
line were observed in order to estimate the electron
density in the plasma. The assignment for each line is
summarized in Table 2.

Procedure

Argon-helium mixed gases were introduced only as
the outer gas flow of the ICP.  For the intermediate and
carrier gas flow, pure argon was employed at fixed flow
rates. The total flow rate of the outer gas was kept at
161/min and the composition was varied from 0 to
ca. 30% He. Because the matching networks in our
instrumentation were designed for pure argon gas, it was
difficult to controi the reflected power appropriately at
higher helium flow rates. The discharges became
unstable and extinguished when the reflected power
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exceeded about 40 W, The instrumental ability to
adjust the reflected powers therefore restricted the upper
limit of the He content. The allowed contents of helium
were lowered along with a decrease in the r.f, incident
power.

The plasma was initiated with pure argon gas. Once
stable discharges were obtained, appropriate amounts of
argon were gradually replaced by helium gas while any
variation in the reflected power was checked.

The FWHM of the argon line was determined from
duplicate individual measurements. Further, the emis-
sion intensities of the zinc lines were estimated from the
average peak heights for four or five replicates. The
results exhibited good precision and the relative standard
deviations were within a few percent.

Results and Discussion

FWHMs versus the incident radio frequency power

In addition to the Stark effect, various line broadening
effects are reflected in the line width of the argon line,
since Stark broadening is not sufficiently large to
overcome these contributions.!'! Although it is neces-
sary to correct for other broadening effects when the
electron density is computed from the FWHMs, it is
considered that the relative variations in the electron
density of the plasma can be derived primarily from the
uncorrected spectral widths.

It is obvious that the electron density as well as the
plasma temperature increase with the supplied r.f. power.
One can thus expect that the r.f. power is a significant
parameter in determining the line widths. As shown in
Fig. 1, we investigated the dependence of the FWHM
values of the Ar I 549.5 nm line on the incident r.f. power.
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Fig. 1 Dependence of the FWHMs of the Ar1 549.5 nm line
on the incident r.f. power.

85

The FWHMs increased by a factor of ca. 8 when the
power was varied from 0.8 to 2.5kW. A theoretical
calculation by Griem!? predicts that the electron densities
are of the order of 10'° cm™ when the FWHM values
givenin Fig. 1 are used as the parameter. Such densities
are not inconsistent with the results reported in a
previous work!?, implying that the resultant FWHMs are
governed mainly by the electron density of the plasma.
Therefore, the line widths of the argon line can be
employed as an indicator representing the state of the
ICP.

FWHMs in Ar—He mixed gas plasmas

Figure 2 indicates the relation between the FWHM
value of the Ar 1 549.5 nm line and the helium contents in
the outer gas for several incident r.f. powers. Itis found
that the FWHMs gradually decrease with an increase in
the amount of helium when the r.f. power is less than
1.6 kW, At higher r.f. powers, the FWHMs have a
maximum point upon increasing the helium content,
However, it should be noted that these changes are very
slight under all of the power conditions examined. For
example, the variation was within 5% of the mean
FWHM value when the ICP was loaded at 2.2 kW.
Accordingly, we can conclude that the addition of helium
has only little influence on the electron densities when the
mixed ratio is varied up to 30%. These results also
suggest that in an Ar-He mixed gas ICP relatively small
amounts of helium cause only a slight alternation of the
plasma,

Because the induction zone of the ICP is a major
source of the argon emission lines, the measurements
described above may represent that helium addition
scarcely affects the characteristics of the plasma core.
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Fig. 2 Plots of the FWHMs of the Ar I 549.5 nm line against
the helium contents in the outer gas flow for the r.f. power:
22kW (@), 1.9kW (4), 1.6kW(0), 1.3kW () and 1.1 kW
(B).
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Zinc emission intensity in Ar—He mixed gas plasmas
Figure 3(a) shows the variations in the emission
intensities of the zinc emission lines as a function of the
He composition in the outer gas flow. Furthermore, the
intensity ratios between these lines are plotted in
Fig. 3(b). The intensities increase upon increasing the
helium content and then obtain a steady state. It was
found that, in the case of the ionic lines, the emission
intensity is doubled when the helium content is raised up
to 209. The intensity variation of the ionic lines is
greater compared to that of the atomic line, which results
in an increase in the intensity ratio of the ionic line to the
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Fig. 3(a) Variation in the emission intensities of Znl
2139 nm (W), Zn I 202.6 nm (@), and Zn 11 206.2 nm (4A) as
a function of the helium composition in the r.f. power of
1.9kW,
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Fig. 3(b) Variation in the intensity ratios: ZnII 202.6/Zn 1
213.9 (@) and Zn I1 206.2/Zn 11 202.6 (H).
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atomic line, as iliustrated in Fig. 3(b). This figure also
indicates that the intensity ratio between the ionic lines,
whose excitation energies are almost the same, hardly
changes with respect to the He mixture.

An improvement in the excitation efficiency for the
zinc atomic and ionic species occurs when helium gas is
added to the Ar ICP. One should notice that the
variation in the ionic-to-atomic line intensity ratio is due
to more active ionization in the plasma as the He content
becomes higher. It can be suggested from these
observations that the addition of helium gas contributes
to an increment in the plasma temperature at the region
of the plasma where the zinc species is excited and
ionized.

Figure 4 shows the relation between the ionic-to-
atomic ratios of the zinc lines as well as the He
compositions in the ICP for different incident r.f. powers.
Although only a small change in the intensity ratio are
caused by He addition when the plasma is operated at a
relatively low r.f. power, the ratios are varied to a large
extent under higher power conditions. Accordingly,
the supplied power plays an important role in deter-
mining the plasma temperature in the Ar-He mixed gas
ICP.
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Fig. 4 Variations in the intensity ratio (Znll 202.6/Znl
213.9) as a function of the helium composition for the r.f.
power: 2.2 kW (@), 1.9 kW (4), 1.6 kW (O), 1.3 kW ([J) and
1.1 kW (A).
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Correlation between argon FWHMs and zinc emission
intensities

As already described, the spectral width of the argon
line hardly changed upon the addition of helium, while
the intensities or the ionic-to-atomic ratio of the zinc lines
increased. We consider that this type of behavior is
principally due to a difference in the portions from which
the argon and zinc lines are emitted.

The central channel of the plasma where the sample
solutions are aspirated is a major position for the
emission of the analyte species (zinc). In our experi-
ment we selected the observation height to be 14 mm
above the load coil (ALC), at which the normal analytical
zone!? of the ICP can be observed. On the other hand,
the argon line provides information regarding the
induction zone!? of the ICP. It can be deduced from the
analysis on the argon line widths that the properties of the
plasma core (induction zone) are almost independent of
the He compositions in the ICP. Thus, the obtained
results conceraing the zinc intensity ratios can not be
explained from the characteristics of the plasma core,
itself.

The chemical species introduced into the plasma
indirectly receive energies from the incident r.f. power
through the induction zone surrounding the central
channel. Therefore, the ability to transmit energies
from the load coil has to be taken into consideration in
the excitation of the species. It should be noted that the
thermal conductivity of helium is about ten-times larger
than that of argon.’* Though helium gas is incapable of
the plasma modifications in the Ar-matrix ICP when the
helium composition is less than 30%, helium may serve as
an energy carrier from the induction zone to the central
portion of the ICP. These effects can lead to an increase
in the plasma temperature at the central zone of the
plasma, thus enhancing excitation of the zinc species.

Behavior of background levels

Figure 5 indicates the variations in the background
level measured at 206.2 nm as a function of the helium
content. It is found that the background Ilevels
decreases with an increase in the mixed amounts of
helium., These results agree with those reported in a
previous report.?

The continbum background of the ICP results
primarily from radiative recombinations between argon
ions and fast electrons.!® In this reaction, the kinetic
energies of fast electrons are released as photons havinga
certain range of energies.

1t is obvious that the background levels are lowered
upon decreasing the incident r.f. power, mainly because
the electron density in the ICP is decreased. However,
as already described, the electron density scarcely change
in the Ar-He mixed gas ICP. Much greater energies
can be transferred through elastic collisions between
helium atoms and fast electrons, compared to that in
argon collisions, indicating that fast electrons are
decelerated more effectively in the presence of helium.
The reduction in the background levels may probably be
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Fig. 5 Plots of the background height measured at 206.0 nm
against the helium content in the outer gas flow for the r.f.

power: 22kW (@), 1.9 kW (M), 1.6 kW (A), 1.3 kW (O) and
1.1 kW (O).

related to variations in the energy distribution of free
electrons in the plasma caused by helium addition. As
described in Figs. 4 and 5, the effect of helium appears
only at high incident r.f. powers, implying that the
number of energetic electrons is dominantly reduced as a
decrease in the supplied power.
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