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A model for an atmospheric pressure inductively coupled plasma (ICP) is developed which allows rather easy
extension to a variable number of species and ionisation degrees. This encompasses an easy calculation of
transport parameters for mixtures, ionisation and heat capacity. The ICP is modeled in an axisymmetric
geometry, taking into account the gas streaming into a flowing ambient gas. A mixture of argon and helium is
applied in the injector gas stream as it is often done in laser ablation ICP spectrometry. The results show a
strong influence of the added helium on the center of the ICP, which is important for chemical analysis. The
length of the central channel is significantly increased and the temperature inside is significantly higher than
in the case of pure argon. This means that higher gas volume flow rates can be applied by addition of helium
compared to the use of pure argon. This has the advantage that the gas velocity in the transport system
towards the ICP can be increased, which allows shorter washout-times. Consequently, shorter measurement
times can be achieved, e.g. for spatial mapping analyses in laser ablation ICP spectrometry. Furthermore, the
higher temperature and the longer effective plasma length will increase the maximum size of droplets or
particles injected into the ICP that are completely evaporated at the detection site. Thus, we expect an increase
of the analytical performance of the ICP by helium addition to the injector gas.
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1. Introduction

Inductively coupled plasmas (ICP) at atmosperic pressure are
widely used for chemical analysis, in combination with various types
of mass spectrometric (MS) or optical emission spectrometric (OES)
detection systems. They provide a very high sensitivity so that very
low concentrations of analyte can be determined. ICP spectrometry is
a mature technique which is 30 years old in the case of the coupling
with MS [1] and even older for the coupling with OES [2,3].

Nevertheless, the ICP still requires better understanding and
improvement for certain applications. Recently, ICPs have been used
for the characterisation of single nano-particles [4]. This is a crucial
application for environmental analysis (particulate matter) and also
because more and more nano-particles are produced for various
applications in industry ormedicine and hence, need to be analysed as
well. Furthermore, new sample introduction systems are under
investigation to apply minimal amounts of analyte at high efficiency
to the ICP [5,6]. Another approach for further improvement of ICPs is
to use new kinds of torches which only require a small amount of
argon compared to usual torches [7–9].
Additionally, the effects of injectingmanydifferent species (e.g. pure
water droplets already add atomic and molecular oxygen, hydrogen,
water vapour, etc. to the plasma) into the ICP is not yet fully understood.
Indeed, there aremany interactions and dependences going on in such a
complex plasma, see e.g. [10,11]. Thus, it is of crucial importance that
ICPs can be modeled for various kinds of mixtures.

All these different fields of applications require better understand-
ing of the processes going on inside the plasma. The present paper
provides a step towards a more easy simulation of such mixture
plasmas. Furthermore, the present approach will allow a rather easy
way to analyze different torch geometries.

ICPs were already widely simulated for (a) ‘closed’ torches, i.e. the
torch went through the whole calculation region and (b) a pure plasma
composition of argon [12], helium [13] or nitrogen [14]. Approaches for
mixed plasmas are given in [15,16]. The main focus of previous
investigations was on effects of e.g. variation of coil geometry [17] or
improved electric field treatment [18]. These plasmas were simulated
for other applications than chemical analysis, e.g. high power ICPs for
waste treatment [19,20]. The simulations often apply transport
parameters (e.g. viscosity) from the literature. This, however, limits
the applicability to mixtures where the data for exactly that mixture
(species and relative concentrations) is known. Especially the ionisation
degree is dependent on the actual composition of the plasmawhich has
strong effects on the transport parameters.
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Table 1
Operating conditions for the ICP.

Frequency 27 MHz
Coupled power 1000 W
Central gas flow rate Ar+He; 0.7 L/min
Intermediate gas flow rate Ar; 1 L/min
Outer gas flow rate Ar; 16 L/min
Ambient pressure 101325 Pa
Exhaust pressure 101225 Pa
Number of coil turns 3
Coil diameter 25 mm
Distance of two coil turns 8 mm
Coil wire diameter 3 mm
Injector diameter 1 mm
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In the present work, only data from pure species (i.e. argon and
helium) are taken from literature and the resulting transport
parameters for the mixtures are calculated in a kinetic model. This
makes it possible to apply the model to a wider variety of gas
mixtures.

In the first part of the paper, the geometry and basic simulation
setup conditions are presented and subsequently the model is
explained. After that, simulation results of an argon ICP will be
presented with the addition of different ratios of helium to the
injector gas. Finally, a conclusion will be given.

2. Simulation setup

For the calculations, the commercial computational fluid dynamics
(CFD) program Fluent v12.1 (ANSYS) was used. The SIMPLE algorithm
was employed as solver in the simulation. Some self-written modules
were added as user defined functions (UDFs) for the parts relevant for
the plasma and the material parameters. The electric fields were
solved as user defined scalars (UDSs) in Fluent. The 2 d axisymmetric
geometry of the setup is displayed in Fig. 1 and the important data are
presented in Table 1. The figure of the torch is in scale, however, not
the whole calculation region is shown. Indeed, the calculation region
had an axial length of 15 cm and a radius of 10 cm. The geometry was
subdivided into about 23,000 cells of which about half are located
inside and directly behind the torch. The gas coming through the three
concentric tubes of the ICP-torch flows into an open ambient gas
which was taken to be argon for simplicity. The volume flow rate
through the outer torch tube (plasma gas) and through the
intermediate torch tube (auxilliary gas) were fixed at 16 L/min and
1 L/min, respectively. The central gas flow rate was set to 0.7 L/min.
The flow rate of the ambient gas was determined by the pressure
difference between the ambient pressure (101325 Pa) and the
pressure set for the exhaust (101225 Pa). The flow was treated to
be laminar. The flow conditions are also displayed in Table 1.
Fig. 1. Geometry used for the simulation. The calculation region was mirrored at the
symmetry axis for better readability. The data are given in mm. The geometry of the
torch is in scale while the distances of the borders were reduced for better readability.
The applied geometry automatically makes use of the ‘extended’
electric fieldmodeling as it was described in [18] which allows the use
of simpler electric field boundary conditions. The electric field was
assumed to be zero at the border of the calculation region. This can be
regarded as the equivalent of the metal shielding box around the ICP
which prevents the rf radiation from entering the laboratory.

The model assumes local thermodynamic equilibrium (LTE). All
equations presented in this manuscript make explicitly or implicitly
use of this assumption. The plasma is burning at atmospheric
pressure. Thus, collision times are in the order of 10 ps while one
period of the rf-field takes a few ten ns. Thus, in the order of 1000
collisions with atoms take place per electron during one oscillation. In
contrast to DC discharges, electrons do not gain energy on average if
they do not undergo collisions since the oscillating electric field
accelerates and decelerates them in the same way during one period.
This means that close-to LTE conditions can be achieved. Although the
assumption of LTE is not fully correct, the use of two-temperature
models does not necessarily yield significantly different temperatures
for electrons and heavy species [21]. Therefore, we believe that the
assumption of LTE can get close to the accuracy of non-LTE models for
the present plasma. LTE, in particular, has the advantage that the
model can be more easily formulated consistently and it requires less
other assumptions (e.g. on power coupling and energy transfer from
electrons to atoms and ions) and/or (sometimes imprecise)
parameters.

3. Theoretical background

3.1. Flow field and power coupling

The flow in the calculation region is assumed to be laminar. Thus,
the well-known Navier-Stokes equations [22] are used to determine
the flow conditions. Source terms taken into account for the
momentum equation are the pressure gradient originating from the
electron distribution and the Lorentz force. The viscosity (see below)
was defined in a UDF. The time-averaged Lorentz force density is
calculated from

bfLr N =
1
2
σ E1ϕB1z + E2ϕB2z

� �
ð1Þ

bfLz N = −1
2
σ E1ϕB1r + E2ϕB2r

� �
ð2Þ

where the symbols are defined in the appendix.
The energy equation of Fluent v12.1 was used for the power

coupling (see [22]). Two source terms are added to the energy
equation: the coupled electric power density and the energy loss by
emitted radiation (see Section 3.2). The heat capacity and the thermal
conductivity (see below) were defined as UDFs.



423H. Lindner, A. Bogaerts / Spectrochimica Acta Part B 66 (2011) 421–431
The time-averaged power density p was coupled into the plasma
by the simple Ohm's law

bp N = b j
!

E
!

N =
1
2
σ E21ϕ + E22ϕ
� �

ð3Þ

The total power coupled to the plasma was set to 1000 W. To
achieve this value, the external current Iext (and subsequently the
electric fields) were adapted accordingly during the iterations. Such
an adaption can roughly be regarded as the equivalent of an electric
oscillating circuit that keeps the plasma running in reality [23].

3.2. Radiation

For the calculation of the radiation, the following formulawas used
[24]

prad = 4π n2
e ⋅ C1 +

C2

T0:5 +
C3

T
+ C4⋅T + C5⋅T

1:5
� �

⋅exp C6

T

� �� �
ð4Þ

The unit of prad is W/m3 and the temperature is to be taken in K, the
electron density is in m−3 and the parameters are C1=−6.932⋅10−41,
C2=4.753 ⋅ 10− 39, C3=−5.808 ⋅ 10− 38, C4=−2.843 ⋅ 10− 45,
C5=8.629⋅10−47, C6=6.706⋅104. It was assumed that the plasma is
optically thin, so that no absorption or scattering inside the plasmawas
taken into account. Although the radiation emission from [24] is in
principle only valid for argon, the approximation is still reasonable for
the present case: indeed, the main contribution of energy loss is due to
continuous radiation, namely free-free and free-bound transitions of the
electrons [25]. The ionisation potential of helium is high compared to
argon and thus, not many helium ions are present. They would be
needed to cause significant background radiation. Hence, even though
helium molefractions of up to about 25% can be present in the hot
plasma regions (see below) they should not modify the emitted
radiative power too much.

3.3. Electro-magnetic fields

The external electric current density (i.e. current density inside the
induction coil) was chosen to be harmonic in the following form

j
!
ext = j

!
ext0sin ωtð Þ ð5Þ

where the direction of the current is in the angular direction (ϕ-
direction) of the cylindric coordinate system. The total electric field in
the angular direction E

!
ϕ is assumed to be

E
!

ϕ = E
!

1ϕcos ωtð Þ + E
!

2ϕsin ωtð Þ ð6Þ

Due to the symmetry of the present geometry, no other directions
of the electric field need to be taken into account. Then, the
amplitudes of the electric fields can be calculated from the equations

ΔE1ϕ = μ0ωjext0 + μ0ωσE2ϕ +
E1ϕ
r2

ð7Þ

ΔE2ϕ = −μ0ωσE1ϕ +
E2ϕ
r2

ð8Þ

The Laplace operators given in Eqs. (7) and (8) are treated as being
applied on scalars (i.e., asmentioned above, the electric fields are solved
in Fluent as UDS). Therefore, the contribution of applying the Laplace
operator on a vector in cylindrical coordinates is taken into account by
the addition of the Ei/r2 term on the right hand sides of Eqs. (7) and (8).
Assumptions made in the derivation from the Maxwell equations are
vanishing divergence of the electric field, negligible displacement
current, μr equal to one and time-independent electric conductivity.
Note that for the latter assumption it is sufficient that a temporal change
is slow compared to the oscillation time of the electro-magnetic fields.
The Eq. (7) and (8) are equivalent to the commonly used vector
potential formulation, see for instance [18,26].

The magnetic fields were calculated from the respective spatial
derivatives of the electric fields given by

B1r = − 1
ω
∂E2ϕ
∂z ð9Þ

B1z =
1
ω

E2ϕ
r

+
∂E2ϕ
∂r

 !
ð10Þ

B2r = +
1
ω
∂E1ϕ
∂z ð11Þ

B2z = − 1
ω

E1ϕ
r

+
∂E1ϕ
∂r

 !
ð12Þ

3.4. Material parameters

3.4.1. Viscosity
The viscosity of the mixture consisting of the species denoted by k

(heavy species and electrons) was calculated from the generalisation
of the pure element viscosity equation [27]

η = ∑
k

ffiffiffiffiffiffiffiffi
kBT
π

r
nk⋅mk

∑i
ffiffiffiffiffiffi
μki

p
niSki

= ηe + ∑
k≠e

ηk ð13Þ

wheremk is themass of the species k and μki is the reducedmass of the
species k and i. The pre-factor 0.499 given in [27] was treated as 0.5
because the accuracy is worse than 0.2%, anyway. The square-root in
the denominator originates from the different relative velocities of
different species at the same temperature T. The viscosity of the
electrons is also taken into account but it is effectively negligible due
to the small mass of the electrons.

The cross-sections for neutral-neutral and neutral-charged colli-
sions were calculated from

Ski =
ffiffiffi
2

p
π Reff ;k + Reff ;i

� �2 ð14Þ

where the radius of electrons was neglected here. The temperature
dependent diameters for helium and argon were calculated from the
data of the pure elements given in [27–29]. The fit functions used
during the calculation are given in Table 2. The collision cross-section
for charged particles was taken as [30]

Ski = Z2
k Z

2
i ⋅3πb

2
0 lnΛC +

1
2
ln

3π
2

� �� �
ð15Þ

where lnΛC=12πλD
3ne is the Coulomb logarithm and b0= e2/

(12πε0kBT) is the 90-degree collision parameter.

3.4.2. Thermal conductivity
For monoatomic species, the thermal conductivity can be

expressed as [31]

k =
15
4

⋅ kB
me

ηe + ∑
k

∑
Zk

15
4

⋅ kB
mk

ηk;Zk
ð16Þ

In contrast to the viscosity, small masses have a strong influence
on the thermal conductivity. Consequently, the first term, originating
from the electrons, gives a strong contribution if a sufficient number
of free electrons is present. This can be seen in the effective diameter



Table 2
Fit functions used for the calculation of the effective diameter of argon and helium; the temperature is in K; the parameters are derived from viscosity data given in [27–29].

Element Effective diameter [m] Temperature range

Ar d = 5:2603⋅10−10

T−154:46485ð Þ0:0826 −7:0465⋅10−16⋅T + 1:2167⋅10−11 273 KbTb9300 K

d=3.3 ⋅10−28 ⋅(T−7700)4.7+2.5275 ⋅10−10 9300 K≤Tb12000 K

He d = 9:5066⋅10−6

T + 1133:33407ð Þ1:66528 −2:6575⋅10−15⋅T + 1:6499⋅10−10 273 KbTb11250 K
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graph (Fig. 2), where the effective diameter becomes abruptly
smaller at a temperature of somewhat less than 7000 K. Consequent-
ly it is better to determine the effective atomic radius from viscosity
data rather than from thermal conductivity data, at least for higher
temperatures. Note that even then the ionic diameter (for in-
teractions with neutrals) should not deviate too much from the
atomic one.

In Fig. 3 the thermal conductivities calculated with Eq. (16) are
compared with the values given by [27–29]. The data are in good
agreement (typically less than 5% deviation) for both the pure
elements as well as for the example mixture of 50% He and 50% Ar
(mole fraction). The maximum deviations reach values of about 10%,
which is similar to deviations of the data given in e.g. [32] with respect
to [29]. The deviations appear in the range where significant
ionisation is present.

3.4.3. Heat capacity
The heat capacity contribution of ionisation can be calculated from

cp;ion =
∂Hion

∂T jp ð17Þ

The enthalpy originating from ionisation can be calculated from

Hion = ∑
k

NA

MHges
xHk ∑

Zmax;k

Z=1
∑
Z

l=1
Eeffion;kl

 !
xkZ +

NA

MHges
Zav

5
2
kBT ð18Þ

Eion, kl
eff is the ionisation potential of the ionisation level l of element k,

corrected for the ionisation potential reduction (see Eq. (23)). The last
term in Eq. (18) accounts for the heat capacity cpe of free electrons.
The mean molar mass MHges is calculated from

MHges = ∑
k

xHkMk ð19Þ
Fig. 2. Effective diameter of argon used in the calculations (continuous line; determined
from viscosity) and effective diameter calculated from thermal conductivity (black
squares); the viscosity and thermal conductivity data are taken from [27,28].
where xHk are the molar fractions of the elements (xHk=nHk/nHges).
Fluent v12.1 only provides temperature and mass fractions of the
elements for the cp calculation. Therefore, a constant heavy particle
pressure of 101,225 Pa was assumed within the whole calculation
region from which the total heavy particle number density and
subsequently the cp contribution of ionisation was calculated. This
assumption introduces only a small error in the present case since the
pressure does not deviate much from that value throughout the
calculation region.
3.4.4. Diffusion
The isotropic diffusion coefficients [31] for the elements k are

taken into account in the present model by,

Dk =
6
5
∑
Zmax;k

Z=1
xkZ

ffiffiffiffiffiffiffiffi
kBT
π

r
1

∑i
ffiffiffiffiffiffi
μki

p
niSki

ð20Þ

where xkZ=nkZ/nHk. Ambipolar diffusion [33] was not applied since it
would require asymmetric diffusion coefficients for the multi-
component plasma within the framework of the present model. The
ambipolar diffusion is only relevant for ionic species. For plasmas
containing only three species (i.e. atoms, singly charged ions and
electrons), the diffusion coefficient of the ions doubles [33]. The
maximum ionisation degree for the present conditions is less than 3%.
The possible error from this effect on diffusion can hence be estimated
to be below 3%.We expect that this error lies within the uncertainty of
our model.
Fig. 3. Thermal conductivity for pure argon (bottom lines), a mixture of 50% argon and
50% helium mole fractions (intermediate lines) and pure helium (top lines) —

comparison between the used values (gray, dash-dotted) and literature data (black,
solid) [27–29].

image of Fig.�2
image of Fig.�3
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3.5. Ionisation

The ionisation was treated for local thermodynamic equilibrium
(LTE), i.e. the Saha-equation

nenk;Z

nk;Z−1
= 2

ζk;Z
ζk;Z−1

2πmekBT
h2

� �3=2
exp −

Eion;k;Z−ΔEion
kBT

� �
= : Kk;Z ð21Þ

was applied. Furthermore, quasi-neutrality and conservation of heavy
particles of each element are assumed. The sum of all heavy particle
number densities gives the total heavy particle number density nHges.
The electron density can be written as the product of average
ionisation degree Zav and nHges.

The derivation to calculate the average ionisation degree Zav
followed basically the derivation given in [34], except that the ‘heavy
particle fractions’were inserted into the quasi-neutrality equation for
more than one element. In this way, only one transcendent equation
needs to be solved for any number of elements and any number of
ionisation stages, as is also presented in [35]. The equation to be
solved is

Zav = ∑
k

xHk

∑
Zmax;k

Z=1
Z

∏
Z

j=1
Kk;j

nHgesZav
� �Z

1 + ∑
Zmax;k

Z=1

∏
Z

j=1
Kk;j

nHgesZav
� �Z

2
666666666664

3
777777777775

ð22Þ

where Kk, Z means the right hand side of the Saha-equation of the
different species (see Eq. (21)) and xHk=nHk/nHges.

The ionisation potential reduction was calculated from [35]

ΔEion =
Ze2

4πε0 λD + λB = 8ð Þ ð23Þ

where λD is the Debye-length taken as

λD =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0kBT
e2

ne + ∑
k

∑
Zmax;k

Z=1
Z2nkZ

 !vuut ð24Þ

and where the de Broglie length λB is

λB =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2

2πmekBT

s
ð25Þ

The partition functions of argon were calculated according to the
functions given in [36]. For temperatures below 1000 K, the value was
kept the same as for 1000 K which has no influence since ionisation is
negligible in that temperature range. The partition functions of helium
are constant in the temperature range under study and have values of
1 for atomic helium and 2 for He+. Heavy species taken into account in
the calculations are Ar, Ar+, Ar2+ and He, He+.

4. Results and discussion

In analytical chemistry, an analyte is injected into the plasma as
particles or droplets through the central gas stream (“injector gas
stream”). For a plasma arrangement as in the present study, optical
emission would be used for the detection of the analyte. In “side-on”
detection, the radiation is collected from a small region shortly behind
the torch. Since the analyte is – or should be – present mainly in the
central part of the plasma, we take a closer look at this part. The
detection point is typically several mm above the load coil (height
above load coil, HALC). This means that effects on the droplets or
particles taking place in the plasma behind that position do not have
an effect on the detection of the analyte. On the other hand, the
analyte needs to be in the gas phase to be detectable. Thus, the droplet
or the particle needs to be evaporated completely at the point of
detection to allow proper determination of the analyte. This is,
however, strongly dependent on the path followed by the droplet or
particle through the plasma and especially on whether it remained
sufficiently long in a hot region. In the following, the effect of different
He/Ar mole fractions in the injector gas on several plasma character-
istics will be investigated.

4.1. Temperature distribution

Fig. 4 shows the temperature distribution in and around the torch
for pure argon, pure helium and a mixture of 50% argon and 50%
helium (mole fractions) as central gas. Inside the torch, the gas sheet
next to the torch wall stays cool due to the strong outer gas stream of
16 L/min (see Table 1). At the connection to the ambient gas, the
plasma widens somewhat but does not enter very deep into the
ambient gas zone. The extend of the plasma is similar for the three
cases and applies also for the other He/Ar mole fractions investigated.

The hottest region of the plasma in the radial direction is close to the
middle of the intermediate gas inlet. In the axial direction, the start of
the highest temperature region shifts to higher axial positions with
increasing He/Ar fraction in the central gas, from the end of the first coil
turn for pure argon to themiddle of the second coil turn for pure helium.

However, themost significant changes between the different cases
occur in the central part of the plasma. In the case of pure argon
(Fig. 4a) a clear central channel is formed, i.e. there is a colder central
region surrounded by a hotter region. For the 50/50-mixture case (see
Fig. 4b), a central channel exists but it is less pronounced than for pure
argon. In the case of pure helium as injector gas (Fig. 4c) there is no
central channel visible.

To investigate this effect in more detail, Fig. 5 displays the
temperature along the symmetry-axis for different He/Ar fractions.
The temperature rises quickly to a maximum value and drops slowly
with axial position. The steepness of the temperature rise becomes
more pronounced with higher He/Ar fractions. The crosses in the
figure denote the position where a temperature of 3000 K is reached
which we define as the “start of the plasma”. With rising He/Ar
fraction this start shifts towards earlier positions on the axis.
Furthermore, the maximum temperature also increases with increas-
ing He/Ar fraction in the central gas. At higher positions on the axis,
the curves approach each other and exhibit nearly the same
behaviour, although the temperature drops slightly quicker with
higher He/Ar fractions. Thus, the central region of the plasma is
dominated by the central gas for the first few centimeters while it is
rather independent of it later on.

In Fig. 6, the maximum temperature on the axis is displayed vs.
the He mole fraction inside the central gas. The temperature rises
nearly linearly until a He mole fraction of about 80% and then it
approaches a constant value of 10,300 K afterwards. The change in
maximum temperature between no helium addition and pure
helium in the central gas reaches about 1350 K. The linear
temperature rise up to 70% He mole fraction can be fitted in the
present case by T=16.9[K/%] ⋅%He+8960[K]. This indicates that a
rather easy adjustability of the temperature at fixed volume flow rate
is possible. It is, however, probable that this dependence is only
applicable and of relevance for relatively high volume flow rates (for
the pure argon case) where the central part of the plasma is
significantly cooled compared to the border of the plasma. This,
however, needs to be analysed in detail and is beyond the scope of
this paper.

It is important to know the plasma conditions at the point of
detection. Therefore, the temperature at a HALC of 10 mm is shown in
Fig. 7. Here, the temperature rises linearly with the He mole fraction,



Fig. 4. Temperature (in K) distribution for a) 100% argon, b) 50% argon and 50% helium
(mole fractions) and c) 100% helium as injector gas. The injector gas flow rate was
0.70 L/min. The black dot on the axis denotes the detection position at a HALC of
10 mm. The length scale is in mm and the 0 mm-position denotes the left border of the
calculation region. Distances in axial and radial direction have the same scale.

Fig. 5. Temperature along the symmetry axis for different He/Ar mole fractions in the
central gas; the crosses display the position where the temperature of 3000 K is
reached; the first vertical line denotes the end of the injector tube, the second one
denotes the end of the torch, and the third one denotes an assumed detection height at
HALC of 10 mm; the labels denote the%-Helium mole fractions.

Fig. 6.Maximum temperature on the axis in dependence on the heliummole fraction in
the central gas.
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too (cf. Fig. 6). The temperature difference between the cases of a
helium mole fraction of 70% and pure argon and is about 800 K. Thus,
the temperature is still significantly higher at the detection point with
helium addition. This will result in a stronger excitation of the analyte
at the point of detection which could improve the sensitivity. Note
that the extent of the temperature difference is dependent on the
position of detection. The temperature difference will be higher for
smaller HALCs as detection positions, and it will be smaller for higher
HALCs, cf. Fig. 5. For very far positions (further than displayed in
Fig. 5), the temperature for high He-content will even be lower than
for low He-content in the central gas. Note that the actual behaviour
will of course be dependent on the ambient gas.
4.2. Effective plasma length

The effective plasma length is shown in Fig. 8. We defined the
effective plasma length as the distance between the position where
the plasma temperature exceeds 3000 K (see above and Fig. 5) on the
axis and the point of detection, chosen to be at 10 mm HALC. The
effective plasma length rises nearly linearly until a He/Ar mole
fraction of 30%. After that, the plasma length keeps nearly constant up
to a He-fraction of 70%. Subsequently, it increases further. The plasma

image of Fig.�4
image of Fig.�5
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Fig. 7. Temperature at the detection position of HALC=10 mm on the axis in
dependence on the helium mole fraction in the central gas.

Fig. 9. Coupled power density (in GW/m3) for 50% Ar and 50% He as injector gas at a
flow rate of 0.70 L/min.
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length increases by 25% for a helium fraction of the plateau region
compared to pure argon. If the detection position was at a lower
position, the relative change would be even more pronounced. Thus,
the droplets or particles can pass through a larger high temperature
region, and hence, they havemore chance to become fully evaporated,
if helium is added to the central gas stream.

4.3. Power coupling into the plasma

The effect of increased temperature and longer plasma length in
the case of higher He fraction can be explained in the following way:
the power is coupled into the borders of the plasma which is
illustrated for the 50/50-mixture case in Fig. 9. The qualitative picture
is the same for the different He-contents inside the central gas, even
for 100% He. This is a result from the fact that the electric field is
strong at the outer border of the torch and zero in the center. Thus,
although there is a high electric conductivity present in the central
part for e.g. pure helium as central gas, not much power is coupled
into these regions. Therefore, the energy coupled to the outer borders
of the plasma needs to be transported towards the center to heat it
up. As can be seen in Fig. 3, the thermal conductivity of helium and
Fig. 8. Effective plasma length between the position where the temperature reaches
3000 K and a detection position at 10 mm above the load coil.
helium-argon mixtures is much larger than that of pure argon. Thus,
much more energy is transported to the plasma core when helium is
applied in the central gas.

Furthermore, for higher helium concentration in the central gas
the outer borders of the plasma become shorter, i.e. the volumewhere
the power is coupled into becomes smaller. In order to keep the same
coupled power, the electron density in those plasma regions need to
be higher which goes together with an increased temperature, see
Fig. 4.
4.4. Pathlines of the central gas

For the detection of the analyte it is of high importance that it
reaches the point of detection. In Fig. 10 several pathlines of the
central gas are shown for different He fractions. As can be seen in
Fig. 10a for the case of 60% He, all the pathlines are rather straight
through the plasma. This applies also for all analysed conditions with
lower helium content in the central gas. For a helium content of 70%
(Fig. 10b), the outer pathlines widen somewhat but still go rather
straight through the plasma. This is similar but becomes somewhat
more pronounced for 80% helium. At a helium content of 90%, the
pathlines have significantly changed, see Fig. 10c. Indeed, all the
pathlines deviate from the straight path and run through the plasma
at outer regions of the plasma. The same applies for a helium content
of 100%, where this effect is even more pronounced; indeed some
outer pathlines even run backwards in the torch (Fig. 10d). The white
regions in the center of the pathlines for 90 and 100% He contain eddy
structures. These positions are just not reached by the displayed
pathlines. We believe that the behaviour of the pathlines originates
from a competition of the dynamic force of the central gas stream and
the viscous force of the plasma.

Thus, for up to about 70%, maybe 80%, of helium mole fraction in
the central gas, a good transport of analyte takes place. However, if the
helium content is increased further, it becomes worse. The droplets or
particles will start to evaporate in the outer regions of the plasma.
Hence, free analyte atoms will be produced there. These will then
diffuse in the plasma, i.e. they will change the trajectory through the
plasma, and will not be detected. For the lower helium contents,
diffusion will take place, too, but it is less critical there. The analyte
will distribute on a smaller cross-section and the main path will also
be rather straight through the plasma, where it reaches the detection
position, eventually.
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Fig. 10. Pathlines of the central gas for helium contents of a) 60%, b) 70%, c) 90% and
d) 100% (mole fractions).

Fig. 11. The Helium mole fraction distribution for a) 50% He and 50% Ar and b) pure
helium as central gas is displayed together with temperature distribution. The helium
mole fractions are denoted by the numbers next to the dark line; unannotated lines
denote changed helium mole fractions in steps of 5%. The temperature distribution (in
K) is displayed by the colored contour plot.

Fig. 12. Helium mole fractions along the axis. The initial helium mole fraction of the
central gas for the respective curve is given by the value at the 0 mm-position. The
arrows denote the positions where a temperature of 3000 K is reached.
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4.5. Helium distribution

In Fig. 11, the helium mole fraction distribution is shown for a
helium content in the central gas of 50% and 100% together with the
temperature of the plasma. For 50% helium, the central gas reaches a
position where it is surrounded by the plasma, still containing a high
fraction of the initial helium concentration. From there, the helium
effectively starts to distribute towards outer regions. This is an
important process since this improves the energy transfer from the
outer part of the plasma towards the center. In the case of pure helium
as central gas, helium already strongly distributes across the tube in
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Fig. 13. Electron density distribution for heliummole fractions of a) 0%, b) 50% and c) 100%
inside the central gas; the values are given in1014 cm−3. The lines are used to highlight the
borders for the color levels in steps of 10⋅1014 cm−3. Note that for 100%Helium as central
gas the maximum value reaches 204⋅1014cm−3 and therefore the highest color level
relates to two lines.
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front of the hot plasma. The distribution across the torch diameter is
strong in this case. This can be understood as a result of the flow
leading away from the center of the torch as shown by the pathlines in
Fig. 10d. The central gas is transported towards the outer regions of
the torch where it then mixes with the other gases due to diffusion
within a relatively large volume. As a consequence, even in the case of
pure helium as central gas, the maximum helium content in the
hottest plasma regions is only about 25%.

Fig. 12 shows the helium mole fraction along the axis. One can see
that slight mixing starts directly behind the end of the injector tube as
to be expected. When the gas passes the end of the auxiliary gas tube,
mixing proceeds somewhat more slowly until the gas reaches the
starting position of the plasma (the respective positions as defined
above are denoted with arrows). There, the helium mole fraction
reduces significantly. Inside the plasma, the temperature rises and the
number density reduces. As a consequence, the diffusion coefficient
(see Eq. (20)) rises up to a factor of about 200 as to be expected from
Dmax/Dmin≈(Tmax/Tmin)3/2≈(10000K/300K)3/2 and mixing is more
efficient.

4.6. Electron density

The electron density distribution inside the plasma is shown in
Fig. 13. The shape of the electron distribution follows basically the
shape of the temperature distribution (cf. Fig. 4) while regions of
higher temperature can be seen more pronounced here. With
increasing helium content in the central gas, the electron distribution
is shifted significantly in the downstream direction. The length of high
electron density shortens at the outer positions of the torch while it
increases in the center. The maximum electron density increases by a
factor of about two going from pure argon to pure helium as central
gas.

The electrons nearly exclusively originate from singly charged
argon ions for any helium content in the central gas. However,
although nearly no helium ions are present in the plasma, helium
still influences the ionisation. Helium atoms replace argon and
consequently, less argon atoms can donate electrons. From
ionisation point of view, this situation is the same as if the plasma
was burning at reduced pressure in pure argon (assuming LTE).
Thus, to get the same electron density as for pure argon, the
temperature needs to be higher, depending on the local helium
concentration.

5. Conclusions

A model was developed in which the transport parameters are
calculated for arbitrary mixtures of atomic species. In the present
study, six different species were taken into account, namely
electrons, atomic and singly charged helium and atomic, singly
and doubly charged argon. The calculated values for viscosity and
thermal conductivity are found to be in good agreement with
literature data in the relevant temperature range. The data were
derived only from the data for the pure elements. For the mixtures,
a simple approximation (see Eq. (14)) was used for neutral-
neutral and neutral-charged collisions. Thus, the data may not be
as exact as if calculated taking into account the specific
interaction. Nevertheless, the relative deviation does not increase
for mixtures compared to pure elements. Thus, the model is
applicable with reasonable accuracy. The advantage of this model
is that only atomic-radius-data of the pure elements are required
and the calculation can be performed in a rather straight-forward
manner.

The simulation results show a strong effect on the plasma if helium
is added to the central gas flow. The plasma length in the center
becomes longer and also the temperature in the center increases with
increasing He/Ar fraction. This is in agreement with the experimental
results in [37] where higher temperatures in the central part of the
plasma were found after helium addition to the central gas.

Both effects, i.e. longer and hotter plasma in the center, will have
significant effect on an analyte that is injected into the plasma. The
higher temperature will typically increase the evaporation velocity
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Symbol Description Unit

B1r Magnetic field amplitude in radial direction, cosine time
dependence

T

B1z Magnetic field amplitude in axial direction, cosine time
dependence

T

B2r Magnetic field amplitude in radial direction, sine time
dependence

T

B2z Magnetic field amplitude in axial direction, sine time
dependence

T

b0 90-degree collision parameter m
cp Specific heat capacity at constant pressure J/(kg K)
d diameter m
E1ϕ Electric field amplitude in angular direction, cosine time

dependence
V/m

E2ϕ Electric field amplitude in angular direction, sine time
dependence

V/m

Eion Ionisation potential J
ΔEion Ionisation potential reduction J
e Elementary charge C
f Force density N/m3

H Enthalpy J/kg
h Planck constant J s
j Electric current density A/m2

jext Electric current density inside the coil A/m2

KkZ Right hand side of Saha-equation for species k and
ionisation stage Z

m−3

k Thermal conductivity W/(m K)
kB Boltzmann constant J/K
M Molar mass kg/mol
me Electron mass kg
mk Atomic mass of species k kg
NA Avogadro constant 1/mol
nHges Total number density of heavy species m−3

ne Electron number density m−3

nk, Z Heavy particle number density of species k and in the
ionisation stage Z

m−3

p Power density J/m3

Reff, k Effective atomic radius m
r Radial coordinate m
Ski Collision cross-section for species k and species i m2

T Temperature K
t Time s
x Number density fractions –

Z Charge number –

Zav Average charge number –

lnΛC Coulomb logarithm –

λB de Broglie length m
λD Debye-length m
ε0 Dielectric constant C/(V m)
μ0 Magnetic permeability V s/(A m)
μki Reduced mass for species k and species i kg
η Dynamic viscosity Pa s
σ Electric conductivity S/m
ζk, Z Partition function of species k and in the ionisation stage Z –

ω Circular frequency 1/s
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of droplets and particles. Additionally, the particles and droplets
follow a longer path inside a hot region. This will also improve
evaporation of the aerosol. Thus, larger particles and droplets can
be evaporated completely using the helium addition. However, the
gain might be not as large as presented for the conditions under
study if optimum conditions are compared for pure argon and
argon-helium-mixture, respectively. Indeed, the optimum condi-
tions are dependent on the actual torch geometry and the actual
instrument and were therefore not analysed in the present work.
Nevertheless, an improvement of about one order of magnitude in
sensitivity was found experimentally in laser ablation ICP-MS [38]
using a helium/argon mixture as central gas. In this case, however, a
significant part of the sensitivity gain has to be attributed also to
improved laser ablation conditions using helium as background gas.

Note that the total volume flow rate through the central gas tube
will be lower for optimum pure argon flow than for a mixed helium-
argon flow at optimum conditions. Thus, the helium addition is
advantageous if high volume gas flow rates through the central
channel will be used. Such conditions are advantageous for instance
for laser ablation spatial-mapping measurements. For this purpose,
many laser pulses are applied and the individual signals need to be
detected separately. A higher volume flow rate is (nearly) directly
linked to a reduced washout time of the aerosol transport setup
[38,39]. Thus, the measurement time can be reduced or the resolution
can be improved using higher flow rates.

Due to its higher thermal conductivity, helium transports more
energy towards the center of the plasma compared to the case of
pure argon. Thus, a local cooling inside the center of the plasma can
more easily be compensated. Such a cooling (at a fixed central gas
flow rate) would usually originate from the evaporating droplets or
particles injected into the plasma. This cooling effect can be stable in
time (continuously injected droplets) but the temperature would be
lower [40]. Thus, excitation and/or ionisation of the analyte would
typically be lower than without droplets. The energy loss occurs in
the central part of the plasma while the power coupling happens in
the outer regions. Thus, heat conduction and not convection is the
dominant process to transfer the energy to the center – which takes
place more effectively if helium is added. Of course, also the
constituents of the aerosol can improve the heat transfer. That,
however, only happens after (a part of) the aerosol is already
evaporated. Additionally, energy will be needed for ionisation and/
or dissociation.

We expect that the optimum helium mole fraction will be in the
range of about 40 to 70%. In that range, the amount of helium is
already sufficiently high to have a significant effect. Moreover, the
effect of the addition in this range on the temperature appears to be
linear, whereas deviations from linearity are observed for He mole
fraction of 80% or higher. Moreover, for higher He mole fractions the
pathlines of the central gas deviate from a straight way through the
plasma which is undesirable. However, these optimum conditions
need to be verified experimentally.

It should be noted that the present discussion does not cover all
important figures of merit for analytic performance such as detailed
information of effects on detection limits or easy operation of the
instrument. Such investigations, however, require direct experimen-
tal investigation. Nevertheless, we conclude that helium addition to
the central gas stream improves the analytical performance of the
ICP.
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