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a b s t r a c t
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 geometry, 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 popular ion source in analytical chemistry for elemental mass spectrometry (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 increased interest in studying the inﬂuence of a MS sampler, both upstream [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 performance 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 approximate 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 temperature and electron density are lowered in the presence of a MS
sampler. Moreover, the gas ﬂow entrainment into the sampling oriﬁce 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 parameters, in order to optimize the analytical performance [24–33]. However, 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 studied 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 distribution 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 contact with a MS interface. Thus, a wide range of central gas and auxiliary gas ﬂow rates is applied. Moreover, the effect of the pressure
downstream the sampler and of the forward power is studied in detail. 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 studied. 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 publications [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 geometry 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 41.5 mm from the gas inlets, on the central
axis. The sampler has a central oriﬁce of 1 mm diameter. The downstream pressure of the sampler is ﬁxed to 1 Torr (1.32×10 −3 atm),
unless speciﬁed otherwise (i.e., when the effect of this parameter is
studied). The ambient gas pressure and exhaust pressure are set to
1 atm 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 veriﬁed 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 theory, as fully described in Ref. [22]. Since the Reynolds number of the
ﬂow, even on the sampler (=115.6), is far from the turbulence regime, 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 otherwise, as in Section 3.3 below) and the frequency of the harmonic external electric current density is 27 MHz. The ﬂow rate of the outer
inlet is 12 L min −1 and the ﬂow rates of the central and intermediate
inlets are varied from 0.3 to 1.4 L/min and from 0.3 to 1.2 L/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 auxiliary 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
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0.4 L/min, respectively. The downstream pressures were varied as
1.32×10 −3, 0.5 and 0.75 atm. The results showed no signiﬁcant
change in gas ﬂow path lines and temperature proﬁles. This corresponds 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 m s −1, are plotted in Fig. 1 at different central gas ﬂow
rates, ranging from 0.3 to 1.4 L/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 12 L/min and 0.4 L/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 central channel is formed yet and the central ﬂow is not straight at all. By
increasing the ﬂow rate of the central injector to 0.35 L/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 specific 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., 0.3 L/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 crucial transition ﬂow rate.
By further increasing the central gas ﬂow rate, the fraction of central 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 injector ﬂow rate of 1.0 L/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
1.0 L/min.
When the central gas ﬂow rate further increases to 1.2 and
1.4 L/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 contours 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, always leads to a lower temperature inside the torch, as will be demonstrated 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 1.4 L/min, as is reported by Macedone et al. [24]. Therefore, our calculations predict that the central ﬂow rate should not exceed 1.4 L/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 m s−1, and from the intermediate inlet, colored in black, at different central
gas ﬂow rates, ranging from 0.3 to 1.4 L/min. The intermediate gas and outer gas ﬂow rates are kept ﬁxed at 0.4 and 1.2 L/min and the power is 1000 W.

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 1.0 L/min. Therefore, our calculations predict that, when the other conditions are ﬁxed (i.e., geometrical setup,
auxiliary gas ﬂow rate, power…), the optimum injector gas ﬂow rate
is around 1.0–1.2 L/min.
Fig. 3 illustrates the 2D proﬁles of plasma temperature at different
injector gas ﬂow rates, ranging from 0.3 to 1.4 L/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 central 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 41.5 mm and at 0.5 mm
above the central axis) as a function of injector gas ﬂow rate. Following the behavior of the temperature, the general effect of increasing
the injector gas ﬂow rate is a drop in electron density, which is obvious for the ﬂow rates above 0.6 L/min. However, a rise in electron
density for the ﬂow rates below 0.6 L/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, c, 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 transferred from the auxiliary gas. Referring to Fig. 2, it can therefore easily
be understood why at ﬂow rates above 1.4 L/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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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

Fig. 2. 2D gas ﬂow velocity path lines originating from the central and outer inlets, colored by velocity in m s−1, and from the intermediate inlet, colored in black, at (a) 1.6
and (b) 1.8 L/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 1.4 L/min, the ﬂow rate passing through the sampler oriﬁce only
changes from 1.12 to 1.21 L/min. Hence, at ﬁxed conditions of geometry, 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 increase, 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 sampler. 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 conﬁrmed by this ﬁgure, and is especially apparent near the gas inlets
(i.e., at x=0 mm). In our study, for an oriﬁce of 1 mm diameter and
an injector inlet of 1.5 mm diameter, a change in injector ﬂow rate of
1.1 L/min causes only 0.095 L/min change in the outgoing ﬂow rate,
and this results in a pressure rise of at maximum about 140 Pa (or
1.4×10 −3 atm) inside the torch. These values can be different for different geometrical shapes of the ICP.
In order to understand better the behavior of the path lines inside 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 0.4 L/min (i.e. 0.3, 0.35, 0.4 L/
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 0.4 L/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

Calculations are performed with various auxiliary gas ﬂow rates,
i.e. 0.6, 0.8, and 1.0 L/min, as presented in Fig. 7a, b and c, respectively.
The results with auxiliary gas ﬂow rate of 0.4 L/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. 7a1, 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 c3), all the auxiliary gas escapes to the open sides of the
torch and it does not pass through the sampler. This behavior was observed for all central gas ﬂow rates investigated, i.e., higher than 0.3 L/
min and lower than 1.2 L/min.
The behavior is somewhat different for an auxiliary gas ﬂow rate
as low as 0.3 L/min or as high as 1.2 L/min, as is illustrated in Fig. 8.
Fig. 8a1–a4 shows the ﬂow path lines for an auxiliary gas ﬂow rate
of 0.3 L/min. It is indeed clear from these plots that when the auxiliary gas ﬂow rate is 0.3 L/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 0.5 L/min;
see Fig. 8a3). Only when the injector gas ﬂow rate becomes
0.6 L/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 0.3–0.5 L/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 injector 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 0.6 L/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 fraction enters the mass spectrometer, and this might be a way to increase the detection efﬁciency.
On the other hand, when the auxiliary gas ﬂow rate is 1.2 L/min
(and more), the auxiliary gas can even not pass through the oriﬁce
when the injector gas ﬂow rate is still 0.2 L/min lower than the auxiliary gas ﬂow rate (i.e., 1.0 L/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 1.4 L/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 0.8 L/min or less (see Fig. 8b1),
some fraction of the auxiliary gas can pass through the sampler oriﬁce. 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 2–3 mm, i.e., the width of the central 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. However, depending on the position upstream the ICP where analyte diffusion 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 1.4 L/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 characteristics in the ICP, calculations were performed for several values of applied power, i.e., 750, 1000, 1250 and 1500 W. The central gas ﬂow
rate is kept ﬁxed at 1 L/min and the ﬂow rate of the outer and intermediate torch tubes are 12 L/min and 0.4 L/min, respectively.
Fig. 9 shows the gas ﬂow path lines, originating from the central
and outer inlets, colored by velocity (in m s −1) for different applied
powers. Again, the path lines originating from the intermediate inlets
are colored in black for better visualization. The purple contours demonstrate 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 1250 W (see
Fig. 9a, b, c) the intermediate gas ﬂows entirely through the efﬁcient
power coupling areas. On the other hand, at 1500 W (Fig. 9d), the intermediate ﬂow passes through a region with lower coupled power,
while most power is transferred to the outer ﬂow. Indeed, by increasing the applied power, the auxiliary gas ﬂow is slightly shifted to the
central region of the torch. This behavior was not observed in the absence 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 oriﬁce. Indeed, at 750, 1000 and 1250 W, the intermediate gas will entirely escape to the open sides of the ICP torch and only the central
ﬂow reaches the sampler oriﬁce. At 1500 W, 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

M. Aghaei et al. / Spectrochimica Acta Part B 76 (2012) 56–64

Fig. 4. Electron density (m−3) in the plasma at the edge of the sampler oriﬁce (i.e. at an
axial position of 41.5 mm 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 surprising that a higher applied power would yield a lower detection efﬁciency, but it is also reported in Ref. [24] that only a power rise up to
1300 W causes a better transport efﬁciency while for power values
above 1300 W, the transport efﬁciency decreases, which is in agreement with our computational results.
Another, more expected effect of increasing the power is a temperature 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 slightly, as indicated by the small black lines above each plot. This means
that the sample particles should pass through a hotter central channel, 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 plasma 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).

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 1500 W (favorably up to 1250 W). Moreover, a fraction
of the auxiliary gas will be able to pass also through the sampler oriﬁce, when the power becomes too high. Again, it depends on the ion
cloud diameter compared to the width of the central gas ﬂow whether the latter is beneﬁcial or not (see above). However, as the geometry 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 (1500 W), 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 characteristics in an ICP connected to a mass spectrometer is computationally
studied, in order to optimize the operating conditions for good analytical 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 experiments from literature.
Our calculations predict that the optimum injector gas ﬂow rate is
around 1.0–1.2 L/min for the conditions under study (i.e., geometrical
setup, auxiliary gas ﬂow rate, power…). Indeed, 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 1.0 L/min. On the other hand, the injector
gas ﬂow rate should not exceed 1.4 L/min, to avoid that the auxiliary
gas cannot pass through regions in the plasma with high power coupling and will not be able to transfer the energy efﬁciently to the injector 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 auxiliary 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 m s−1, and from the intermediate inlet, colored in black, at (a) 0.6, (b) 0.8
and (c) 1.0 L/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

substances to the sampler. Moreover, at too high power values
(~1500 W), the auxiliary gas cannot pass through the high power coupling 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
1000–1250 W at the conditions under study.
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(b) 1000, (c)1250 and (d) 1500 W of applied power. The injector, auxiliary and outer gas ﬂow rates are kept ﬁxed at 1.0, 0.4 and 1.2 L/min.
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plot indicate the length of the cool central channel.
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