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ABSTRACT

An inductively coupled plasma, connected to a mass spectrometer interface, is computationally investigated.
The effect of pressure behind the sampler, injector gas flow rate, auxiliary gas flow rate, and applied power is
studied. There seems to be an optimum range of injector gas flow rate for each setup which guaranties the
presence and also a proper length of the central channel in the torch. Moreover, our modeling results show
that for any specific purpose, it is possible to control that either only the central gas flow passes through the
sampler orifice or that it is accompanied by the auxiliary gas flow. It was also found that depending on geom-
etry, the variation of outgoing gas flow rate is much less than the variation of the injector gas flow rate and
this causes a slightly higher pressure inside the torch. The general effect of increasing the applied power is a
rise in the plasma temperature, which results in a higher ionization in the coil region. However, the negative
effect is reducing the length of the cool central channel which is important to transfer the sample substances
to the sampler. Using a proper applied power can enhance the efficiency of the system. Indeed, by changing
the gas path lines, the power can control which flow (i.e., only from injector gas or also from the auxiliary
gas) goes to the sampler orifice. Finally, as also reported from experiments in literature, the pressure behind

the sampler has no dramatic effect on the plasma characteristics.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The inductively coupled plasma (ICP) is by no doubt the most pop-
ular ion source in analytical chemistry for elemental mass spectrom-
etry (MS) [1,2]. In ICP-MS a mass spectrometer is coupled to an ICP
torch by an interface including sampler and skimmer cones so that
representative samples of the plasma can be transmitted through its
orifices to the mass analyzer. In recent years, there has been an in-
creased interest in studying the influence of a MS sampler, both up-
stream [3-11] and downstream [12-15] from the interface cone.
However, a detailed comparison of the plasma characteristics with
and without sampling interface is only made experimentally by
Farnsworth and coworkers [16] and Hieftje and group members
[17]. It is found that the insertion of a metal cone interface, which is
grounded and cooled, into the high temperature plasma causes
changes in the plasma characteristics that affect the analytical perfor-
mance of ICP-MS.

Besides experimental studies, also computational investigations
tried to provide a better insight in the ICP when it is coupled with a
MS. An approximate model of ideal gas flow through the sampling
cone had been used in the hemispherical-sink model by Douglas
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and French [18]. Spencer et al. [19,20] applied the so-called Direct
Simulation Monte Carlo (DSMC) algorithm to simulate the flow of
neutral argon gas through the first vacuum stage of the ICP-MS. The
plasma velocity data a few millimeters upstream from the sampler,
as obtained from their calculations, were in good correspondence
with experiments. However, the upstream density and temperature
gradients associated with the cool center and the hot outer region
of the gas flow from the ICP torch were not included in their model
[19]. Moreover, no plasma was assumed in the model and approxi-
mate parameters at the stagnation point had to be provided.

We recently investigated the effect of the presence of a sampler on
the fundamental plasma characteristics in ICP-MS [21], based on the
model explained in Refs. [22,23]. Both our calculation results and
measured data from [16,17] indicated that the upstream plasma tem-
perature and electron density are lowered in the presence of a MS
sampler. Moreover, the gas flow entrainment into the sampling ori-
fice has a significant effect on the plasma gas velocity [3,16,21].

The investigations mentioned above [16,17,21] were performed at
fixed conditions (i.e. applied power, sampling depth, central gas flow
rates, etc.). Because ICP-MS is one of the most important methods for
elemental analysis, a large number of investigations were performed
to study the effect of ICP operation conditions on the plasma param-
eters, in order to optimize the analytical performance [24-33]. How-
ever, most studies involving ICP-MS operating conditions have
focused on their effect on the overall instrument performance and
not on the upstream plasma [26-31]. Effects of the rf power, nebulizer
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flow rate, sample composition and torch-shield configuration on the
ion-transport efficiency through the ICP-MS interface have been stud-
ied via laser-induced fluorescence upstream and downstream from
the sampler by Macedone et.al. [24]. The same authors [34] also
showed that the barium ion number density in the plasma upstream
from the sampler drops as the sampling depth is reduced. In Refs.
[32,33], Gamez et al. performed Thomson and Rayleigh scattering
measurements using an imagine-based instrument for fundamental
plasma studies. It was found that the perturbation in radial distribu-
tion of electron density and the drop in gas temperature due to the
MS interface change with applied rf power, central gas flow rate
and sampling depth [32,33].

Expanding upon our computational work in Ref. [21], the purpose
of this study is to systematically investigate the effect of the operating
conditions on the upstream plasma characteristics of the ICP in con-
tact with a MS interface. Thus, a wide range of central gas and auxil-
iary gas flow rates is applied. Moreover, the effect of the pressure
downstream the sampler and of the forward power is studied in de-
tail. The temperature profiles, the path lines of the flow inside the
coil region as well as in the region close to the MS interface are stud-
ied. The calculation results will be compared with measured data
from [24,32,33].

2. Description of the model

The simulation setup is thoroughly described in our previous pub-
lications [21,22]. A commercial computational fluid dynamics (CFD)
program, called Fluent v13.0.0 (ANSYS), was used [35]. For defining
the heat capacity and thermal conductivity, a number of self-written
modules were added as user-defined functions (UDFs), as described
in Ref. [22]. The solver algorithm of the simulation is the so-called
coupled algorithm [35]. Except for the injector diameter, which is
set to 1.5 mm, the other characteristics of the 2D axisymmetric geom-
etry of the ICP torch are the same as described in detail in Ref. [22]. As
explained in Ref. [21], a mass spectrometer interface (sampler) is
placed at a distance of 41.5mm from the gas inlets, on the central
axis. The sampler has a central orifice of 1mm diameter. The down-
stream pressure of the sampler is fixed to 1Torr (1.32x10>atm),
unless specified otherwise (i.e., when the effect of this parameter is
studied). The ambient gas pressure and exhaust pressure are set to
1atm and 0.99 atm, respectively. The ICP gas stream and the ambient
gas are both assumed to be argon. As discussed in Ref. [22] and veri-
fied by comparing the calculation results with experiments in Ref.
[21], it is justified to apply the local thermodynamic equilibrium
(LTE) condition to the plasma. The plasma species considered in the
model are Ar atoms, singly-charged and doubly-charged Ar ions,
and electrons. Their transport properties are calculated by kinetic the-
ory, as fully described in Ref. [22]. Since the Reynolds number of the
flow, even on the sampler (=115.6), is far from the turbulence re-
gime, the laminar behavior assumption can be utilized to solve the
Navier-Stokes equations for the flow inside the torch [35]. The
model is validated by experimental work in Refs. [21,23]. The total
power coupled to the plasma is set to 1000 W (unless specified other-
wise, as in Section 3.3 below) and the frequency of the harmonic ex-
ternal electric current density is 27 MHz. The flow rate of the outer
inlet is 12Lmin~" and the flow rates of the central and intermediate
inlets are varied from 0.3 to 1.4L/min and from 0.3 to 1.2L/min in
Sections 3.1 and 3.2, respectively.

3. Results and discussion

As mentioned above, the purpose of this paper is to systematically
study the effect of pressure behind the sampler, injector gas and aux-
iliary gas flow rates, and applied power. We have carried out several
calculations to investigate the effect of pressure behind the sampler,
keeping the injector and auxiliary gas flow rates fixed at 1.0 and

0.4L/min, respectively. The downstream pressures were varied as
1.32x1073, 0.5 and 0.75atm. The results showed no significant
change in gas flow path lines and temperature profiles. This corre-
sponds to measurements by Hieftje et al. [32], who also concluded
that the pressure behind the interface cone does not affect the plasma
characteristics of the ICP torch. In the following, we will therefore
focus only on the effect of injector gas and auxiliary gas flow rates
and applied power.

3.1. Effect of injector gas flow rate

It is well known that adjustments in the central flow rate will lead
to a change in the axial distribution of ions in the ICP [36,37]. The gas
flow path lines, originating from the central and outer inlets, colored
by velocity in ms~!, are plotted in Fig. 1 at different central gas flow
rates, ranging from 0.3 to 1.4L/min. The path lines originating from
the intermediate inlets are colored in black to be distinguishable
from the ones of the central and outer gas, and for the sake of further
discussions. The flow rate of the gas in the outer and intermediate
torch tubes are 12L/min and 0.4L/min, respectively.

The formation of a central channel in the ICP torch upon increase
of the central gas flow rate can be studied in Fig. 1. In Fig. 1a, no cen-
tral channel is formed yet and the central flow is not straight at all. By
increasing the flow rate of the central injector to 0.35L/min (see
Fig. 1b), a small part of the flow moves directly toward the end of
the torch and faces the sampler cone without turning toward the
outer sides in the coil region. To explain this, we refer to the
so-called “transition flow rate” introduced by Lindner et al. in Ref.
[23]. Indeed, for each specific injector inlet diameter, there is a specif-
ic transition flow rate below which the central flow does not go
straight and does not form a central channel (see Fig. 9 in Ref. [23]).
This means that depending on the geometrical setup, the central
channel could only be observed above a specific injector gas flow
rate (i.e, 0.3L/min in the current study). Therefore, in order to
guide the sample substances efficiently along the torch and toward
the mass spectrometer, the injector flow rate should exceed this cru-
cial transition flow rate.

By further increasing the central gas flow rate, the fraction of cen-
tral path lines which turns toward the outer sides of the torch
decreases and a larger fraction of path lines goes straight toward
the sampler orifice (see Fig. 1b-f). This trend continues until an injec-
tor flow rate of 1.0L/min (see Fig. 1f), when 100% of the central gas
flows in a more or less straight line through the central channel.
In Ref. [33], Gamez et al. also demonstrated experimentally that
the central channel becomes well-defined only at flow rates above
1.0L/min.

When the central gas flow rate further increases to 1.2 and
1.4L/min (see Fig. 1g and h), the central gas stays along the central
line; however, a change in the pattern of the auxiliary gas becomes
obvious in Fig. 1h, i.e,, a part of the auxiliary gas comes closer to the
central line. This is studied in detail in Fig. 2, which shows the path
lines at still higher flow rates, i.e. 1.6 and 1.8 L/min. The purple con-
tours demonstrate the area of external power coupling. It is clear
from Fig. 2a and especially from Fig. 2b that the flow originating
from the intermediate inlet passes through a region where the
amount of the coupled electrical power is low (i.e., the outer part of
the purple contours in Fig. 2). This means that the efficiency of
power coupling to the plasma decreases, because the auxiliary gas
cannot transfer the external power and heat up the central gas. It is
known that a rise in central gas flow rate, at fixed external power, al-
ways leads to a lower temperature inside the torch, as will be demon-
strated in Fig. 3 below; however, the behavior illustrated in Fig. 2 is
the reason why the transport efficiency of aerosol drops for flow
rates above 1.4L/min, as is reported by Macedone et al. [24]. There-
fore, our calculations predict that the central flow rate should not ex-
ceed 1.4L/min in order to keep the aerosol transport efficiency
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Fig. 1. 2D gas flow velocity path lines originating from the central and outer inlets, colored by velocity in ms™!, and from the intermediate inlet, colored in black, at different central
gas flow rates, ranging from 0.3 to 1.4L/min. The intermediate gas and outer gas flow rates are kept fixed at 0.4 and 1.2L/min and the power is 1000W.

acceptable. On the other hand, as discussed above, to ensure that the
injector gas entirely flows in a straight line and efficiently guides the
sample substances toward the mass spectrometer, the injector gas
flow rate should be at least 1.0L/min. Therefore, our calculations pre-
dict that, when the other conditions are fixed (i.e., geometrical setup,
auxiliary gas flow rate, power...), the optimum injector gas flow rate
is around 1.0-1.2L/min.

Fig. 3 illustrates the 2D profiles of plasma temperature at different
injector gas flow rates, ranging from 0.3 to 1.4L/min (i.e., the same as
in Fig. 1 above). It is indeed obvious that increasing the central gas
flow rate yields a general drop in temperature, but simultaneously,
the (cooler) central channel becomes more distinguished (see
Fig. 3f, g, h). The small black lines above each plot in Fig. 3 indicate
the length of the cool central channel, to make this clear. This effect
of central gas flow rate on the central channel is in agreement with
experiments. Indeed, it was measured in Ref. [33] that a higher cen-
tral gas flow rate yields a wider central channel.

As illustrated in Ref. [21], the electron density profiles show the
same pattern as the temperature profiles, and they are therefore not

presented here in 2D plots, to avoid too many figures. However,
Fig. 4 presents the electron density in the plasma at the edge of the
sampler orifice (i.e. at an axial position of 41.5mm and at 0.5mm
above the central axis) as a function of injector gas flow rate. Follow-
ing the behavior of the temperature, the general effect of increasing
the injector gas flow rate is a drop in electron density, which is obvi-
ous for the flow rates above 0.6L/min. However, a rise in electron
density for the flow rates below 0.6L/min is observed in Fig. 4. To
explain this trend, we refer to the relevant flow path lines in Fig. 1
(i.e. Fig. 1a, b, ¢, d). It is clear that in these cases, a part of the central
gas flow passes through the high power coupling areas (cf. Fig. 2) and
directly gets the energy and becomes ionized; however, for the higher
flow rates, the central flow is heated up mostly by the heat trans-
ferred from the auxiliary gas. Referring to Fig. 2, it can therefore easily
be understood why at flow rates above 1.4L/min, the electron density
is too small, as is indeed observed in Fig. 4.

Fig. 5 shows the outgoing gas flow rate from the ICP torch to the
mass spectrometer through the sampler orifice, in L/min, for different
injector gas flow rates. When the injector gas flow rate increases from
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(@) Inj=1.6 L/min

Fig. 2. 2D gas flow velocity path lines originating from the central and outer inlets, col-
ored by velocity in ms~', and from the intermediate inlet, colored in black, at (a) 1.6
and (b) 1.8L/min central gas flow rates. The purple contours demonstrate the area of
external power coupling. The other conditions are the same as in Fig. 1.

0.3 to 1.4L/min, the flow rate passing through the sampler orifice only
changes from 1.12 to 1.21L/min. Hence, at fixed conditions of geom-
etry, pressure behind the sampler, etc., changing the injector gas flow
rate does not change significantly the flow rate passing through the
sampler. This implies that the gas pressure inside the torch should in-
crease, because the amount of flow inserted is increasing while the
amount of outgoing flow is almost constant, and hence more gas
stays inside the ICP torch. It should be noted that the flow inserted
from the central inlet never escapes to the open sides of the torch
(see Fig. 1) and the only way of exiting the torch is through the sam-
pler. Fig. 6 presents the pressure inside the ICP torch at different
points along the central channel, for different central gas flow rates.
The rise of pressure due to the rise in the injector flow rate is con-
firmed by this figure, and is especially apparent near the gas inlets
(i.e., at x=0mm). In our study, for an orifice of 1 mm diameter and
an injector inlet of 1.5mm diameter, a change in injector flow rate of
1.1L/min causes only 0.095L/min change in the outgoing flow rate,
and this results in a pressure rise of at maximum about 140Pa (or
1.4x10~>2atm) inside the torch. These values can be different for dif-
ferent geometrical shapes of the ICP.

In order to understand better the behavior of the path lines in-
side the torch, we will now focus on the path lines going out
through the sampler toward the mass spectrometer. As shown in
Fig. 1. a-c, for the flow rates up to 0.4L/min (i.e. 0.3, 0.35, 0.4L/
min), in addition to the central gas, a part of the auxiliary gas also
exits through the sampler orifice, while for the higher flow rates
(i.e. Fig. 1d-h), only the injector gas can escape through the sampler
orifice. This change in the behavior of the auxiliary gas flow can be
explained by the ratio of auxiliary gas and injector gas flow rates. In
these simulations, the auxiliary flow rate was set to 0.4L/min.
Therefore, it appears that at injector gas flow rates above this
value of auxiliary gas flow rate, only the injector gas can escape
through the orifice, whereas at injector gas flow rates below or
equal to the auxiliary gas flow rate, both the auxiliary and injector
gas can pass through the orifice. To investigate this behavior in
more detail and to check whether this thumb rule is generally

valid, we performed calculations with various auxiliary gas flow
rates, as will be presented in the next section.

3.2. Effect of auxiliary gas flow rate

Calculations are performed with various auxiliary gas flow rates,
i.e. 0.6,0.8, and 1.0L/min, as presented in Fig. 7a, b and c, respectively.
The results with auxiliary gas flow rate of 0.4L/min were presented in
Fig. 1 above. In all plots of Fig. 7, the flow originating from the central
inlet passes through the sampler orifice, and the flow originating
from the outer inlet escapes to the open sides of the torch. Hence,
the exit patterns of central and outer flows always stay the same.
However, for the intermediate (i.e., auxiliary) gas flow, the pattern
is changed, depending on the values of the injector and auxiliary
gas flow rates. Indeed, if the injector gas flow rate is lower than or
equal to the auxiliary gas flow rate (i.e. Fig. 7al, a2, b1, b2, c1 and
c2), our calculations predict that some part of the auxiliary gas can
pass through the sampler cone. On the other hand, when the central
gas flow rate is higher than the auxiliary gas flow rate (i.e. Fig. 7a3,
b3 and ¢3), all the auxiliary gas escapes to the open sides of the
torch and it does not pass through the sampler. This behavior was ob-
served for all central gas flow rates investigated, i.e., higher than 0.3L/
min and lower than 1.2 L/min.

The behavior is somewhat different for an auxiliary gas flow rate
as low as 0.3L/min or as high as 1.2L/min, as is illustrated in Fig. 8.
Fig. 8a1-a4 shows the flow path lines for an auxiliary gas flow rate
of 0.3L/min. It is indeed clear from these plots that when the auxil-
iary gas flow rate is 0.3L/min (or less), some fraction of the auxiliary
gas can pass through the orifice even when the injector gas flow
rate is higher than the auxiliary gas flow rate (i.e., up to 0.5L/min;
see Fig. 8a3). Only when the injector gas flow rate becomes
0.6L/min (see Fig. 8a4), the auxiliary gas cannot escape through
the orifice anymore. This suggests that for the injector gas flow
rates in the range of 0.3-0.5L/min, the amount of gas flowing
through the orifice is too low for filling the orifice, and there is
still “room” for some auxiliary gas. If we want to have only the in-
jector gas entering the mass spectrometer, as this gas flow typically
contains the sample substances to be analyzed, we should increase
the injector gas flow rate to values of 0.6L/min or higher, as
shown in Fig. 8a4. Therefore, by tuning the values of injector gas
flow rate and auxiliary gas flow rate, we can control which gas frac-
tion enters the mass spectrometer, and this might be a way to in-
crease the detection efficiency.

On the other hand, when the auxiliary gas flow rate is 1.2L/min
(and more), the auxiliary gas can even not pass through the orifice
when the injector gas flow rate is still 0.2L/min lower than the auxil-
iary gas flow rate (i.e.,, 1.0L/min; see Fig. 8b2), and only the injector
gas can enter the mass spectrometer. This suggests that in this
range of injector gas flow rate (i.e., 1.0 to 1.4L/min), the amount of
gas originating from the central inlet is high enough to completely
fill the orifice and it does not allow any other flow (e.g., originating
from the intermediate inlet) to pass through the sampler orifice.
Only for an injector gas flow rate of 0.8L/min or less (see Fig. 8b1),
some fraction of the auxiliary gas can pass through the sampler ori-
fice. Again, we can conclude that for each specific geometrical
shape, by setting the proper flow rates for the central and auxiliary
gas, we can control which gas can escape through the sampler orifice.
The sample substances are inserted together with the central gas flow
into the torch. If the analyte ion cloud is small, which means that the
analytes do not diffuse more than 2-3mm, i.e., the width of the cen-
tral gas flow, they are only transported by the central injector gas
stream. Therefore, the ion detection efficiency would be higher in
the case that only the injector gas passes through the sampler. How-
ever, depending on the position upstream the ICP where analyte dif-
fusion starts, the diffusion length can also be larger than the central
flow width. This means that some of the analyte ions will also be in
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Fig. 3. 2D temperature profiles (K), at different central gas flow rates, ranging from 0.3 to 1.4L/min. The other conditions are the same as in Fig. 1. The small black lines above each

plot indicate the length of the cool central channel.

the auxiliary gas stream, and in that case, it would be better that also
(part of) the auxiliary gas can pass through the sampler orifice. It
should be noted that the width of the central flow depends on the
torch and sampler geometry, especially on the central inlet and the
sampler orifice diameter.

3.3. Effect of applied power

To study the effect of the applied power on the plasma character-
istics in the ICP, calculations were performed for several values of ap-
plied power, i.e., 750, 1000, 1250 and 1500 W. The central gas flow
rate is kept fixed at 1L/min and the flow rate of the outer and inter-
mediate torch tubes are 12L/min and 0.4L/min, respectively.

Fig. 9 shows the gas flow path lines, originating from the central
and outer inlets, colored by velocity (in ms™!) for different applied
powers. Again, the path lines originating from the intermediate inlets
are colored in black for better visualization. The purple contours dem-
onstrate the area of maximum external power coupling. It is clear that

the shape, size and position of these efficient power coupling regions
change by varying the applied power. At 750, 1000 and 1250W (see
Fig. 9a, b, ¢) the intermediate gas flows entirely through the efficient
power coupling areas. On the other hand, at 1500W (Fig. 9d), the in-
termediate flow passes through a region with lower coupled power,
while most power is transferred to the outer flow. Indeed, by increas-
ing the applied power, the auxiliary gas flow is slightly shifted to the
central region of the torch. This behavior was not observed in the ab-
sence of the sampler cone [21]. Besides the effect on the auxiliary gas
flow path lines, the higher applied power also causes the central flow
path lines to expand more rapidly, and this trend was also found to be
more significant in the presence of the sampler. Finally, the power
also affects the fraction of gas that can pass through the sampler ori-
fice. Indeed, at 750, 1000 and 1250W, the intermediate gas will en-
tirely escape to the open sides of the ICP torch and only the central
flow reaches the sampler orifice. At 1500W, however, a part of the
auxiliary gas, along with the central gas, passes through the sampler
orifice. Hence, the gas reaching the sampler is not just the injector
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Fig. 4. Electron density (m ) in the plasma at the edge of the sampler orifice (i.e. at an
axial position of 41.5mm and at 0.5 mm above the central axis) as a function of injector
gas flow rate.

flow which contains the sample substances to be analyzed, and this
may lead to a lower detection efficiency. At first sight, it seems sur-
prising that a higher applied power would yield a lower detection ef-
ficiency, but it is also reported in Ref. [24] that only a power rise up to
1300W causes a better transport efficiency while for power values
above 1300W, the transport efficiency decreases, which is in agree-
ment with our computational results.

Another, more expected effect of increasing the power is a tem-
perature rise inside the torch. In Fig. 10, the 2D temperature profiles
are depicted at different applied powers. It is obvious that when the
temperature inside the coil region increases due to higher power
input, this also yields a higher temperature in the rest of the ICP,
and therefore the length of the cool central channel decreases slight-
ly, as indicated by the small black lines above each plot. This means
that the sample particles should pass through a hotter central chan-
nel, which is to be avoided, because a cool central channel is crucial
for transferring the sample substances to the sampler. Combining
the effect of power on the path lines and the temperature profiles, it
can be concluded that a rise in the applied power increases the plas-
ma temperature, which leads to more ionization in the coil region, but
on the other hand, it also causes the central channel to become less
cool and a bit narrower, which should be avoided (see above).

Outgoing flow rate (L/min)

1.1 ¥ T T T i T d T ' T J T
0.2 0.4 0.6 0.8 1.0 1.2 14
Injector gas flow rate (L/min)

Fig. 5. Outgoing gas flow rate (in L/min) from the ICP torch to the mass spectrometer
through the sampler orifice, in L/min, for different injector gas flow rates.
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Fig. 6. Pressure (Pa) inside the ICP torch at different points along the central channel,
for different injector gas flow rates. The load coils and the place of the sampler are
also indicated in this figure, for clarity.

Therefore, our simulations suggest that the applied power should be
kept below 1500W (favorably up to 1250W). Moreover, a fraction
of the auxiliary gas will be able to pass also through the sampler ori-
fice, when the power becomes too high. Again, it depends on the ion
cloud diameter compared to the width of the central gas flow wheth-
er the latter is beneficial or not (see above). However, as the geome-
try used in this model is the same as the one used by Farnsworth et al.
[24], it seems beneficial for the ICP-MS detection efficiency with the
similar geometry as the current work to allow only the central flow
passing through the sampler orifice toward the mass spectrometer
because a lower detection efficiency is reported in Ref. [24] for the
higher coupled power (1500W), which is the case when the auxiliary
gas also passes through the sampler.

4. Conclusion

The effect of pressure behind the sampler, injector gas flow rate,
auxiliary gas flow rate, and applied power on the plasma characteris-
tics in an ICP connected to a mass spectrometer is computationally
studied, in order to optimize the operating conditions for good ana-
lytical practice in ICP-MS. In this model, kinetic theory is applied to
the plasma in the whole ICP torch region.

Downstream the sampler, changes in the pressure do not have any
noticeable effect on the plasma characteristics such as velocity path
lines, temperature and electron density. This is in agreement with ex-
periments from literature.

Our calculations predict that the optimum injector gas flow rate is
around 1.0-1.2L/min for the conditions under study (i.e., geometrical
setup, auxiliary gas flow rate, power...). Indeed, to ensure that the in-
jector gas entirely flows in a straight line and efficiently guides the
sample substances toward the mass spectrometer, the injector gas
flow rate should be at least 1.0L/min. On the other hand, the injector
gas flow rate should not exceed 1.4L/min, to avoid that the auxiliary
gas cannot pass through regions in the plasma with high power cou-
pling and will not be able to transfer the energy efficiently to the in-
jector gas.

It was also observed that when increasing the injector gas flow
rate, the outgoing flow rate (i.e., passing through the sampler orifice)
does not vary so much, so that a higher central flow rate causes a
slightly higher pressure inside the torch.

Furthermore, our calculation results have demonstrated that the
injector gas flow rate should preferentially be higher than the auxilia-
ry gas flow rate, to avoid that the auxiliary gas can pass through the
sampler orifice, and to ensure that only the injector gas can enter
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Fig. 7. 2D gas flow velocity path lines originating from the central and outer inlets, colored by velocity in ms~!, and from the intermediate inlet, colored in black, at (a) 0.6, (b) 0.8
and (c) 1.0L/min of intermediate gas flow rates. The central gas flow rate is (1) lower than, (2) equal to and (3) higher than the intermediate gas flow rate. Only half of the 2D

axisymmetric torch is plotted.

the mass spectrometer, which is necessary to optimize the detection
efficiency of the sample substances, at least in the case when the
ion cloud diameter is small, i.e., when the analyte ions are transported
only by the injector gas.

The latter effect can also be achieved by tuning the applied power.
Indeed, the applied power affects the gas path lines, and can therefore
control which flow (i.e., only the central gas or also the auxiliary gas)
can pass through the sampler orifice. Furthermore, depending on the
geometry, the general effect of increasing the applied power is a rise
in the plasma temperature which results in a higher ionization in the
coil region. However, it also results in a reduction of the length of the
cool central channel, which is crucial for transferring the sample

(a1) Aux=0.3,Inj=0.1

))
(a3) Aux=0.3,Inj=0.5

g & O

) [ —

(a4) Aux=0. 3‘7|nj=0.6

substances to the sampler. Moreover, at too high power values
(~1500W), the auxiliary gas cannot pass through the high power cou-
pling regions in the plasma anymore, and will not be able to transfer
the energy efficiently to the injector gas. Therefore, our calculations
predict that the optimum applied power will be in the range of
1000-1250W at the conditions under study.
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Fig. 9. 2D gas flow velocity path lines originating from the central and outer inlets, colored by velocity in ms~', and from the intermediate inlet, colored in black, at (a) 750,
(b) 1000, (c)1250 and (d) 1500W of applied power. The injector, auxiliary and outer gas flow rates are kept fixed at 1.0, 0.4 and 1.2L/min.
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Fig. 10. 2D temperature profile (K), at (a) 750, (b) 1000, (c) 1250 and (d) 1500W of applied power. The other conditions are the same as in Fig. 9. The small black lines above each

plot indicate the length of the cool central channel.
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