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15 Abstract: We studied the transport of copper droplets through an inductively coupled plasma, connected
16 to the sampling cone of a mass spectrometer, by means of a computational model. The sample droplets are
17 followed until they become evaporated. They are inserted as liquid particles from the central inlet and the
ig effects of injection position (i.e. “on” and “off” axis), droplet diameter, as well as mass loading flow rate are
20 investigated. It is shown that more “on-axis” injection of the droplets leads to a more straight path line, so
21 that the droplets move less in the radial direction and are evaporated more on the central axis, enabling a
22 better sample transfer efficiency to the sampler cone. Furthermore, there are optimum ranges of diameters
23 and flow rates, which guarantee the proper position of evaporation along the torch, i.e. not too early, so that
24 the sample can get lost in the torch, and not too late, which reduces the chance of becoming ionized before
gg reaching the sampler.

27

;g 1. Introduction

32 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is one of the most popular methods for
32 determining trace elements and isotopes in a wide variety of samples [1,2]. The sample to be analyzed is
33 introduced, mostly as droplets, with a central gas, and will be subject to desolvation, vaporization, diffusion,
34 ionization and excitation in the plasma. These individual processes are difficult to experimentally measure,
35 in part because the sample is typically introduced as a polydisperse aerosol consisting of millions of droplets
g? per second entering the ICP. Droplets with different initial diameters complete desolvation at different times
38 and at different locations in the plasma. The smallest droplets are completely vaporized and produce rapidly
39 diffusing atoms and ions, while the largest droplets may not be completely vaporized until they have passed
40 through the analytical zone of the ICP. Furthermore, the cloud of atoms and ions produced from one droplet
41 will overlap with those produced from other droplets, because of rapid diffusion in the hot plasma [3,4]. To
42 improve the analytical capabilities of ICP-MS, it is of great importance to study the material transport
ji through the ICP. Such studies have been carried out both experimentally [3-33] and computationally [34-55].
45

46 Olesik [3] published an outstanding article to investigate the fate of individual sample droplets in an
47 ICP, using the monodisperse dried microparticulate injector (MDMI). The diffusion process of a single
48 element (Sr) after injection of droplets, or particles from dried droplets, was demonstrated by laser induced
49 fluorescence [3] and by side-on optical emission spectroscopy [5]. Assuming that the largest droplets
22 entering the ICP are the last to be completely vaporized, the maximum size droplet that is completely
52 vaporized in the ICP could be estimated. By controlling the droplet size delivered into the ICP and observing
53 the initial appearance of analyte emission, the height in the plasma where droplets of a particular size were
54 completely desolvated could be determined [5]. In [4], the measurement of monodisperse droplet desolvation
55 in an ICP using droplet size dependent peaks in Mie scattering intensity was described. The introduction of
gs isolated, monodisperse droplets of a sample was also used already long time ago to measure droplet
58

59
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desolvation rates in flames by Hieftje and coworkers [6-8]. Single particle and single reproducible
microdroplet injection into the analytical flames and electrothermal atomizers was applied and demonstrated
as excellent probes to study the atomization processes with temporal and spatial resolution by optical
spectroscopy.

Kinzer and Olesik [3,9] determined by means of the MDMI and laser induced fluorescence image
detection that the addition of high concentrations of concomitant species, such as NaCl, leads to a decrease in
the number of analyte ions produced from each droplet of the sample solution. Lazar and Farnsworth [10]
observed a similar behavior. Furthermore, these groups reported that the initial appearance of emission was
earlier when high concentrations of efficiently ionized elements were added to the sample [10-12]. Monnig
and Koirtyohann [13] concluded by means of laser light scattering that the transition from the initial
radiation zone to the analytical zone of the ICP was related to the completion of the aerosol droplet
vaporization. Correlations between the number of scattering events from an individual incompletely
desolvated droplet and the increase in atom emission intensity and decrease in ion emission intensities were
reported in [14-15].

Houk and coworkers [16-20] studied the trajectory of the atomizing droplets and the diffusion of
analytes during their transport through the ICP by means of spectral imaging with fast cameras. With a
concentric nebulizer, emission from vapor clouds surrounding the aerosol droplets or particles was observed
[16] and a comparison between wet droplets and solid particles was made [17]. Particle effects in laser
ablation (LA) ICP-MS were studied and the dried solution aerosols from a microconcentric nebulizer were
compared with solid particles from LA [18-20]. Moreover, Jorabchi et al. [21] applied Mie scattering to
determine the droplet velocities in the ICP from particle image velocimetry and particle tracking
velocimetry.

At the Niemax lab, a comprehensive study was conducted by end-on and side-on optical emission
spectroscopy (OES), applying monodisperse microdroplets (MDMDs). The authors showed that the spatial
positions where analyte atomization and ionization start and are accomplished depend on the injector gas
flow rate, the droplet diameter, and the amount of analyte [22-28]. The position of atomization is
determining the size of the analyte cloud at a particular position. This is in particular important for ICP-MS
because the size of the analyte ion clouds determines the detection efficiency.

Gunther and coworkers detected nanoparticles by ICP-MS, which were carried by MDMDs [29]. In
[30], the vaporization process of laser-produced aerosols and the subsequent diffusion losses occurring inside
the ICP were investigated using 2D OES and ICP-quadrupole (Q)MS of individual particles. Na- and Ca-
specific OES of metallic vs. oxidic aerosols revealed axial shifts in the onset and maximum positions of
atomic emission, which were in the range of a few millimeters. These shifts were found to arise from
composition-dependent particle/ aerosol penetration depths, resulting in varying ion extraction efficiencies
through the vacuum interface due to delayed analyte diffusion. Vanhaecke and coworkers [31] also discussed
the phenomenon of varying atom or ion mass-specific penetration depths.

The transport efficiency of particles is also crucial for LA-ICP-MS. Depending on the LA parameters
chosen, the material to be analyzed and the carrier gas, different kinds of aerosols in terms of particle size
distribution, morphology, and composition are being formed [30,32]. Therefore, all processes, starting from
the LA until the MS/OES system, are subject to this dependence and may affect the accuracy of analysis. As
indicated in [33], larger particles may vaporize incompletely or at different axial positions inside the ICP
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because of composition-dependent melting and vaporization enthalpies. This results in variable sizes of
atom/ion clouds in front of the MS interface, which gives rise to non-representative ion extraction.

It is clear that for a general optimization, several parameters, such as the gas flow rates, the diameter
of the injector inlet, the size of the analyte droplets, the sample mass, the diffusion rates of the elements
studied, the position of the sampler of the MS, as well as the diameter and the pressure drop at the MS
orifice, have to be taken into account [28]. However, the difficulty is that these parameters are dependent on
each other. We believe that the optimization needs support by numerical simulations of the ICP with sampler
interface, taking into account all important physical processes involved.

Barnes et al. [34] developed the first model for the “spectrochemical ICP”, which was a modification
of Miller’s model [35]. The latter model solved a 2D energy equation with 1D electromagnetic field
equations to calculate the 2D temperature field in the torch. Subsequently, Barnes et al. [36] predicted the
temperature and velocity fields, the evaporation and decomposition of dry particles along with the plasma
continuum and analyte emission profiles. However, these models did not account for the local cooling of the
plasma due to the presence of the particles or aerosol.

Boulos was the first to develop a model for studying the plasma-particle interaction [37]. Based on
this model, Mostaghimi, Proulx and Boulos investigated the flow and temperature fields in the ICP [38-42],
and these simulations were combined with experiments in collaboration with Barnes [40,41]. However, the
operating conditions were not always applicable to analytical chemistry purposes and the ICP torch was not
connected to a MS interface, so the relevance for ICP-MS was limited.

Benson, Montaser and colleagues performed an interesting computational study on droplet heating,
desolvation and evaporation in an ICP [43-44]. The total desolvation rate of sample droplets in an argon ICP
was investigated through the development of a two-phase continuum flow computer model. The desolvation
model was extended by equations determining the trajectories of the particles through the plasma. The model
was used to calculate the behavior of aerosol droplets from a direct injection high efficiency nebulizer
(DIHEN). Two separate techniques, i.e., based on the Stokes equation and a direct simulation Monte Carlo
(DSMC) treatment for determining the droplet trajectories, were compared. Moreover, droplet coalescence
along with transport, heating and desolvation was studied, considering droplet-droplet interactions [43,44].

Hieftje’s group [45-46] also studied particle melting, boiling, and vaporization inside the ICP torch.
The calculations were performed for various droplet sizes and ICP operating conditions. The effects of
central channel gas flow rate and ICP power on the desolvation process were investigated. However, in this
study, as well as in the work by Benson et al. [43-44], the initial set of plasma conditions (temperatures,
number densities, and flow velocities) were generated by a separate code, and were needed as input to start
up the particle transport modeling. Also, the energy loss by the plasma due to droplet evaporation was not
taken into account because these models dealt with the plasma temperature and velocity and the droplet
desolvation and trajectories separately.

Mostaghimi et al. [47] presented an outstanding mathematical model to study the droplet desolvation
and trajectories, in combination with the plasma behavior, within the ICP torch. A stochastic technique
combined with the Monte Carlo method was used to determine the droplet trajectories and collisions. This
model was implemented into a 2D time-dependent rf ICP model. Plasma—droplet interactions were modeled
by adding source terms to the conservation equations of mass, momentum and energy of the gas phase.
However, ionization was not included in this model and the sampler cone was not inserted.
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The first model to describe the effect of the sampler cone in ICP-MS was presented by Spencer et al.
[48,49], who applied a DSMC algorithm to simulate the flow of neutral argon gas through the first vacuum
stage of ICP-MS. However, the upstream density and plasma temperature gradients were not included and no
plasma was assumed in these models.

Lindner and Bogaerts [50] presented the first “self-consistent” model for an atmospheric pressure
ICP, operating at typical analytical chemistry conditions, including ionization, as well as transport
parameters, calculated self-consistently for the gas mixture under study. Indeed, the other models described
above typically apply transport parameters (e.g. viscosity) from literature. This, however, limits the
applicability to mixtures where the data for exactly that mixture (i.e., species and relative concentrations) are
known. Especially the ionization degree is dependent on the actual composition of the plasma, which
strongly affects the transport parameters. In [50], only data from pure species (e.g. argon) were taken from
literature and the resulting transport parameters for the mixtures can then be calculated in a kinetic model.
This makes it possible to apply the model to a wider variety of gas mixtures, including carrier gas and
sample material.

We have modified the above model by connecting the ICP torch to a mass spectrometer interface
cone [51]. By means of this model, we showed for the first time the effect of the presence of a cooled,
grounded sampler, and the sudden pressure drop behind it, on the plasma characteristics, including the
electron and ion density profiles inside the torch, both in the coil region as well as very close to the sampler.
We performed calculations for a wide range of gas flow rates and applied power, and also for various sizes
of the injector inlet and sampler orifice [52,53]. Furthermore, special attention was paid to the recirculation
of the gas flow inside the ICP torch [54]. In the present work, the model is further extended by the sample
introduction. As the first step, a model for elemental droplets is built, where chemical reactions do not play a
role. This case is relevant as it applies to LA-ICP-MS, where the sample is injected as ablated elemental
particles. Copper droplets are taken as a case study and inserted from the central inlet and tracked through
the ICP torch.

2. Computational model

The 2D axisymmetric ICP-MS model is based on solving partial differential equations for the gas
flow dynamics (i.e., the Navier-Stokes equations) coupled with the energy conservation and Maxwell
equations. It is built within the commercial computational fluid dynamics (CFD) program FLUENT 16.0.0
(ANSYS). The power coupling into the ICP is a source term in the energy conservation equation, whereas
the emitted radiation is treated as a loss term. Some self-written codes (user defined functions, UDFs) were
added in order to calculate the electromagnetic fields (based on the Maxwell equations), the amount of
ionization (by solving the Saha-Eggert equation, assuming local thermal equilibrium, LTE), as well as the
material parameters, i.e., electrical conductivity, viscosity, heat capacity, thermal conductivity and diffusion
coefficients as a function of the actual gas composition and plasma temperature. Since the Reynolds number
of the flow, even on the sampler (=115.6), is far from the turbulence regime, the flow is assumed to be
laminar. A validation of this model by experiments was provided in [54,55]. Typical calculation results
obtained with the model include the gas flow behavior, as well as the plasma temperature and electron
density profiles [50-55].

The sample introduction is modelled with the so-called “discrete phase model (DPM)” [56]. In this model,
the introduced samples need to be in a fluid phase, either liquid or gas. Therefore, in this work, we
introduced copper in liquid phase to the ICP. As the argon flow entering the torch is at room temperature, the
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introduced copper droplets turn into solid phase. Thus, we assume that some kind of hypothetical particles
with thermophysical properties of liquid copper are introduced from the central inlet and carried with the gas
flow (with the properties of liquid), up to reaching the vaporization point, thus not including the melting
process. This assumption is made to apply the DPM in our calculations, and we believe it is justified,
because the latent heat of melting for copper (203.5 kJ/kg) is much smaller than the latent heat of
vaporization (5310 kJ/kg) [61] and melting can thus be ignored in our calculations.

The trajectory of each droplet is calculated by integrating the force balance (i.e. Newton equation)
acting on the droplets. The main force is the drag force, which is a function of the molecular viscosity of the
fluid, the mass density and the diameter of the droplets. In this work a variation of the Stokes drag law,
including the so-called Cunningham correction factor [57], is applied. The effect of Brownian motion is also
included in the model.

Besides their transport throughout the torch, the particles in liquid phase will undergo heating,
vaporization and finally ionization. For the elemental droplets, a heat and mass balance equation is applied,
which relates the particle temperature to the convective and diffusive heat transfer, and calculates the mass
transfer to the vapor phase by means of a vaporization rate based on thermodynamic relations [57-59]. The
heat lost or gained by the particle as it traverses each computational cell will also appear as a source or sink
of heat in the subsequent calculation of the continuous phase energy equation. Once the injected material is
in the gas phase, it will be treated as individual atoms in the same way as for the carrier gas, i.e., by solving
the Navier-Stokes equations and the Saha-Eggert equation to calculate the ionization degree of the sample
material at the local plasma temperature, assuming LTE. From the ionization degree and the (mass and
charge) conservation equations, the number densities of electrons and of the atoms and ions of the sample
material can be calculated. The ionization model is added to FLUENT as a self-written code.

For any injected material several material parameters are needed, both in liquid phase (i.e., as
droplets), mainly taken from [61], and in gas phase (i.e., after vaporization). Some parameters, i.e., the
viscosity, thermal conductivity and diffusion coefficients, are a function of the local gas composition and
plasma temperature, and are again inserted in the model as UDFs. The diffusion coefficient of copper
droplets in Ar gas is taken from [62] as a function of temperature.

To implement the discrete phase model (DPM) into the ICP-MS model, a FLUENT model is built
including the injection properties, material parameters and the physical models applicable for elemental
droplets, i.e. transport, heating, vaporization, boiling and ionization as well as the particle transport UDFs.
The solution strategy is first to obtain stable plasma properties for Ar in the continuous phase model (CPM),
i.e. for the plasma temperature, velocity and electron density. Subsequently, the particles are introduced into
the ICP with the DPM, and the calculation in the CPM is combined with the DPM till convergence is
reached. In each iteration, the exchange of mass, momentum and energy between plasma and droplets is
calculated and both the DPM and CPM are updated. Finally, we can track the particles to determine their
position, their phase (liquid or vapor), velocity and temperature.

3. Results and discussions

Copper droplets are inserted from the central inlet with 1.5 mm width and they are tracked through the torch
up to the sampler position (i.e. 41.5 mm distance from the central inlet). The total applied power is 1000W
and the carrier, auxiliary and cooling gas flow rates are 1.0, 0.4 and 12.0 L/min, respectively. The general
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properties of the copper droplet introduction are shown in Fig. 1. The copper droplet flow rate is 100 ng/s
and the droplet diameter is 1 um.

In Fig. 1(a), the 2D trajectories of the injected copper droplets, colored according to their temperature,
are shown, as well as the Ar gas flow path lines originating from the central, intermediate and outer inlets,
colored in black. The Ar streamlines shows the path lines which the copper droplets can follow. It is seen
that the droplets enter the torch at room temperature and are gradually heated until they reach the evaporation
temperature (=2830 K). As soon as they are evaporated, they disappear from the droplet path lines and from
then on we are able to trace them in the gas phase domain.

Fig. 1(b) shows the 2D mass transfer rate (also called mass source) of the copper droplets to the gas
phase. It is expressed in kg/s, as is common in this type of calculations. However, by dividing by the mass
density and accounting for the conversion of units, it can easily be transferred into L/min. For instance, the
maximum value of 1x10™" kg/s corresponds to 8.4x10™"" L/min. We can deduce from both Fig. 1(a) and Fig.
1(b) that this group of droplets, which are all injected from the central inlet, are not evaporated at the same
position in the torch. This can be explained by the radial expansion of the Ar gas flow path lines (Fig. 1(a)).
In fact it is shown in Fig. 1(a) that not all of the carrier Ar gas flow goes straight to the sampler. This
expansion was discussed in detail in [51-54] and depends on the size of the central inlet, the size of the
sampler orifice, the Ar gas flow rates from the central, intermediate and outer inlet, and the external power.
Due to the radial expansion, the outer gas path lines reach the higher temperature regions in the torch earlier
(see Fig. 1(c)). Therefore, they are heated up and the droplets following these path lines start to evaporate at
earlier positions, while the droplets which follow the path lines with less radial expansion stay longer at the
central axis and travel for a longer distance through the central cooled channel. Furthermore, the analyte
atoms will diffuse and become ionized, forming ion vapor clouds with increasing diameter downstream the
plasma [8,28]. It should be realized that early evaporation and more radial expansion from the central axis
may cause that some part of the sample ions does not reach the sampler orifice, which thus represents a loss
[28]. Moreover, even if they are not lost, it may cause a delay in detection time, as was observed in [63]. We
found that the exact position of injection, as well as the size of the injected droplets, has a significant effect
on the radial expansion from the central axis, and thus on the evaporation position. Therefore, section 3.1 and
3.2 will be devoted to investigate the effects of injection position and size of the copper droplets,
respectively.

The 2D temperature profile of the plasma is shown in Fig. 1(c). Since the copper droplet flow rate is
ten orders of magnitude lower than the Ar flow rate (i.e., 100 ng/s corresponds to only 8.36 x 10™'° L/min),
the temperature profile shows no differences from the case when pure Ar is injected into the torch [51].
However, when increasing the copper droplet flow rate to the order of 500 nug/s, a cooling effect due to the
evaporation of the sample droplets is observed, which will be discussed in section 3.3.

3.1. Effect of droplet injection position

In Fig. 2, we introduced 5 different copper droplets of 1 wm diameter, with flow rate of 100 ng/s, from
different initial radial positions at the central inlet. A schematic picture of the droplets position at the central
inlet as well as the load coils are also indicated in Fig.2, for clarity. Particle 1 is introduced exactly on the
central axis, while particle 5 is introduced at a radial position of 0.74 mm from the central axis.

Fig. 2(a) shows the radial position of the 5 droplets as a function of their axial position in the ICP torch, as
long as they are in the liquid phase. It can be seen that each particle follows a different trajectory by entering
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from a different initial position. Also, the radial expansion of each trajectory starts at a different axial
position. It is shown that the central particle stays on axis along its journey before evaporation while the
outer particle starts to move in the radial direction already at 15 mm from its introduction position at the
inlet. This can be explained by the trajectory and the different velocities of the three argon gas flows,
considering the lengths of the central and intermediate inlets, which are 7.2 mm and 10 mm, respectively.
The Ar gas flow path lines, originating from the central, intermediate and outer inlets, colored by velocity,
are plotted in Fig. 2(c). Indeed, when two layers of fluid in contact with each other move at different speeds,
there will be a shear force depending on the flow viscosity between them [64]. It was already demonstrated
in our previous work [51,54] that the auxiliary gas flow does not always move in the forward direction inside
the torch and the carrier gas flow also experiences a radial expansion in the coil region. According to the
different initial gas flow rates, each gas flow moves with a different velocity. Note that the auxiliary gas can
enter more freely than the carrier and cooling gas due to its wider inlet. In fact the slower auxiliary gas flow
comes in contact earlier with the faster carrier gas flow (at 7.2 mm from the entrance) than with the cooling
gas flow (at 10 mm from the entrance) because of a difference in the length of the inlets. Therefore, the
auxiliary gas flow goes straight, as long as it is only affected by a shear force from the carrier gas flow and
after 10 mm away from the entrance, it comes into contact with the cooling gas flow and feels a shear force
from the cooling gas flow, which results in a backward turn and again a forward motion of the auxiliary gas
flow. More details about this gas flow can be found in Ref. [54]. Meanwhile, when the auxiliary gas flows
backward, it leaves more space for the carrier gas, so that the carrier gas can move in the radial direction in
the torch inside the coil region (see Fig. 2(c)). As a result of this radial movement, the outer particle (i.e.
particle 5) which follows one of the outer path lines of the carrier gas flow, moves earlier in the radial
direction than the particle injected along the central axis (i.e. particle 1).

Not only the radial position of the particles is affected by the initial injection position, but also their
radial velocity, as shown in Fig. 2(b). Hence, different particles move with different radial speed from the
central axis (in the range of 0 to 3 m/s) at different positions. Note that the maximum radial velocity does not
belong to particle 5 but to particle 3. In fact, the outer particle is already starting to become evaporated while
the other particles are still moving in the radial direction (see Fig. 2(b)). Moreover, particle 1 experiences
almost no radial velocity but it will reach the highest axial velocity (as can be deduced from Fig. 2(c)).

We believe that any deviation from the central axis leads to a longer transit time and a loss of
intensity, which should be avoided. Also, the radial movement of the sample particles to the outer region of
the torch lowers the chance that the sample exits through the sampler cone. Hence, the detection efficiency
becomes lower as some part of the sample is lost in the torch and not effectively sampled through the
plasma-vacuum interface. Moreover, the group of Farnsworth and Spencer studied the velocity profiles of
argon flow entering the MS vacuum stages, by means of experiments and computations, respectively, and
concluded that any deviation of analyte from the central axis affects the transmission between the first and
second vacuum stages. In fact, the gas flows passing through the sampling cone off-axis, will expand off-axis
in the first vacuum stage and therefore they get lost in the skimming process [48, 49, 65-68].

To study the importance of injection position at the central inlet in more detail, we made different
setups with exactly the same conditions, in which only the specific width of the central inlet from which the
copper droplets are introduced is different. Fig. 3 shows the 2D trajectories of 1um copper droplets,
introduced with a flow rate of 100 ng/s from (a) the whole 1.5 mm width of the central inlet, (b) the central
Imm width of the central inlet, (c) the central 0.1 mm (i.e., “on-axis”) and (d) the outer 0.1 mm of the central
inlet (i.e., “off-axis”), colored according to their temperature. The Ar gas flow path lines originating from the
central, intermediate and outer inlets are also shown, colored in black.
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Comparing Fig. 3(a) and 3(b), i.e., when the droplets are introduced from 1.5 mm and 1 mm width,
respectively, we see that when the central inlet is narrower, the droplets stay for a longer time on a straight
line to the sampler, they diffuse less, and move later from the central axis. This means that the vapor cloud
is produced later and closer to the central channel, which is more efficient to deliver the sample to the
sampler. This is explained by the radial expansion of the Ar flow path line as discussed above, as well as by
diffusion of copper droplets in the Ar flow. The detection efficiency in ICP-MS is best when the diffusion of
analyte ions at the position of the MS sampler is small [27]. This can be accomplished by shifting the
evaporation position. Furthermore, note that the plasma temperature in the analyte - plasma interaction
region has to be as high as possible to guarantee the most effective atomization and ionization. By means of
OES with end-on and side-on observation of the plasma, Niemax et al. determined the location of
atomization in the ICP and the spatial distribution of diffused analyte ions at positions where the MS
interface is typically placed in ICP-MS. They indicated that both a downstream shift of the atomization and
high temperature can be achieved by using injectors with a small inner diameter and high injector gas flow
rates [27,28].

To be more precise about this conclusion, we introduced copper droplets only on-axis and off-axis in
Fig. 3(c) and 3(d), respectively. Fig. 3(c) shows that when the droplets are injected exactly from the center of
the inlet, they stay on-axis along the torch until they become evaporated. Indeed, the central Ar gas path line
does not deviate from the central axis and thus it carries the copper droplets to the sampler in a straight way.
This is not the case in Fig. 3(d) when the droplets are injected only off-axis (i.e., we introduced them only
from the outer 0.05 mm of the central inlet, hence again 1 mm width in total). Fig. 3(d) indicates that when
the droplets are injected off-axis, they may move more in the radial direction, and they will not come closer
to the central axis again.

In Fig. 4, the 2D mass transfer rates of the 1um copper droplets to the gas phase, again introduced
with a flow rate of 100 ng/s from the same positions as in Fig. 3, are depicted. As discussed above, the wider
the area of droplet injection, the more radial expansion occurs for the droplets as well as for the vapor cloud.
Thus we can conclude that the position of vapor production in both the axial and radial direction depends
strongly on the exact initial injection position.

3.2 Effect of droplet diameter

The 2D trajectories of copper droplets, introduced with a flow rate of 100 ng/s from the whole 1.5 mm width
of the central inlet, with a diameter of 0.1 pm, 1 um, 10 pm and 100 pm, colored according to their
temperature, are presented in Fig. 5(a-d). The Ar gas flow path lines originating from the central,
intermediate and outer inlets, colored in black, are also plotted again, for clarity. Note that further decreasing
the droplet diameter to e.g., 0.01 pm did not give rise to stable calculation results, at least for the operating
and geometrical conditions under consideration here.

It can be seen that the smaller droplets, i.e. with 0.1 and 1 um diameter, are evaporated earlier in the
torch. Larger droplets need more heating to become evaporated. Therefore, they move deeper into the region
with higher temperature. The droplets of 10 pm diameter (Fig. 5(c)) stay in the liquid phase all the way along
the torch and they evaporate very late, after the coil region and almost outside of the length of the torch.
Furthermore, the droplets with 100 um diameter never become evaporated at the conditions under study, as
shown in Fig. 5(d), and they stay in the liquid phase even when reaching the sampler. The droplets travelling
on-axis might thus be able to enter the vacuum stage behind the sampler while they are still in liquid phase,
which is unfavourable and lowers the detection efficiency of the ICP [27,33]. Moreover, the droplets which
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move in the radial direction will hit the cooled, grounded sampler cone and get stuck there, which results
also in sample loss. We can conclude that in the current setup, copper droplets with a diameter smaller than
10 pm will become evaporated early enough in the ICP torch, while larger droplets cannot be sampled
efficiently. We expect that there will be an optimum range of droplet diameter for each setup which
guarantees the full evaporation of the injected droplets inside the torch. We plan to study this optimum range
for different setups as soon as the ionization of the copper droplets is included in our model.

Our results are in qualitative agreement with experiments. Indeed, it is indicated in [27, 28] that
larger droplets of analyte solution penetrate deeper into the ICP than smaller droplets, before they are
desolvated and atomization of the analyte residuum can start. It means that the size of the analyte ion cloud
from larger droplets is smaller at the position of the sampler. This effect was demonstrated with droplets of
Ca solution of 49 um and 30 pm diameter. For example, 0.4 mm above the top of the torch, the Ca ion cloud
from the 49 pum droplets was about six times smaller than that from the 30 um droplets. Moreover, a linear
relationship was observed between the square of the droplet diameter and time (which can be correlated with
the penetration depth into the plasma) [6,7]. Finally, Olesik and Hobbs [5] concluded, based on emission
measurements with the MDMI, that droplets of 16 um diameter or larger survive for 8 mm above the load
coil (ALC) while droplets of 31 um diameter or larger survive for 18 mm ALC in the ICP at a carrier gas
flow rate of 0.8 I/min.

3.3. Effect of mass loading flow rate

We performed calculations for a wide range of copper droplet flow rates, i.e. from 1 ng/s to 500 pg/s, and the
results are presented in Fig. 6 and Fig. 7. Fig. 6 illustrates the 2D temperature profiles in the plasma, when
1um copper droplets are introduced from the whole 1.5 mm width of the central inlet, with a flow rate of 1
ng/s, 100 pg/s, and 500 pg/s.

As can be seen from Fig. 6(a) and 6(b), a mass loading flow rate up to 100 pg/s has only a minor effect on
the plasma temperature profile, and only in the central region, which is slightly cooled by heat conduction to
the copper droplets. This cooling effect is more pronounced when the mass loading flow rate rises to 500
ng/s (see Fig. 6(c)). Indeed, a larger amount of the injected material needs to be heated up by the Ar gas flow
before getting evaporated. This is an unfavorable effect because it will decrease the ionization rate of the
copper sample. We thus conclude that for the conditions under study, the mass loading flow rate for pure
copper droplets should be below 100 pg/s (or 0.1 mg/s), so that the plasma temperature is not affected by the
sample introduction and stays high enough to enable enough ionization of the copper samples [27]. However,
it should be mentioned that here we inject pure copper droplets and not samples diluted in water. In the latter
case, when droplets are penetrating into the torch, the plasma is affected by desolvation, dissociation of the
water molecules, and by excitation and ionization of their products, i.e., the hydrogen and oxygen atoms and
OH radicals, and there is only a minor fraction of real sample that is subject to excitation and ionization,
while in our case, the droplets consist of pure copper, that is all subject to evaporation, excitation and
ionization. Therefore, we expect that the local cooling effect of the plasma is less significant, for the same
mass loading flow rates, when the samples are diluted in water. At the experimental conditions applied in
[22], local cooling of the ICP during desolvation was observed from a ~4% decrease of the Ar line intensity
for a mass loading flow rate of 3 mg/s of 52 um Si solution droplets.

However, as indicated in [25,42], in ICP spectrochemical analysis, the aerosol feed rates are usually
sufficiently small, i.e. around 0.1 g/min (or 1.7 mg/s) or less, so that the plasma-droplet interaction effects
could be safely neglected. On the other hand, at other conditions, i.e., a torch size of 7x25 cm, flow rates of
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3, 3, and 14 L/min for carrier gas, auxiliary gas and cooling gas, respectively, 3 kW applied power and
frequency of 3 MHz, as used for plasma spray coating [69], a (dense) mass loading ratio of about 0.19 g
copper/g argon was demonstrated to result in a temperature drop on the axis by about 2000 K. However,
these conditions are clearly different from the conditions typically used for analytical purposes.

The 2D mass transfer rate of 1pum copper droplets to the gas phase, introduced from the whole 1.5 mm width
of the central inlet, is depicted in Fig. 7 for flow rates varying between 1 ng/s and 500 pg/s. Note that the
plotting scale is different for the four upper cases compared to the four lower cases. To make the comparison
more feasible, the exact value of the maximum mass transfer rate, which occurs at the center of the plotted
contours for each case, is also indicated in Fig 7. As expected, the maximum mass transfer rate from the
liquid to the vapor phase increases with the mass loading flow rate. The increase is more or less linear up to
10 pg/s, but above this value, the mass transfer rate does not rise to the same extent as the mass loading flow
rate, indicating that not all copper droplets become evaporated. Likewise, the position of evaporation stays
almost the same up to 10 pg/s (i.e. Fig. 7(a) to 7(e)), but it shifts towards the sampler cone for still higher
mass loading flow rates (i.e. Fig. 7(f) to 7(h)), because of the cooling effect, so that the copper droplets need
a longer time to become evaporated. The dashed line in each frame indicates the depth of evaporation along
the torch. It can be deduced from Fig. 7(h) that a mass loading flow rate of 500 pg/s causes a long
evaporation depth, even till outside the torch, which lowers the chance of efficient ionization.

4. Conclusion

We have computationally investigated the introduction of copper elemental droplets in an ICP, in order to
obtain a better insight into the particle transport through the ICP torch and to optimize the detection
efficiency of inserted samples. The droplets are introduced from the central inlet at different positions,
including “on-axis” and “off-axis”. Our calculations show that depending on the injection position, each
droplet follows different path lines in the torch and sometimes it can expand in the radial direction from the
central axis. Our model provides us the axial and radial position at which the evaporation occurs, which
depends on the droplet temperature along the torch. It also shows to what extent the vapor cloud moves in
the radial direction and deviates from the central axis. In the case of on-axis injection, the droplets move in a
more straight line along the torch and experience a later evaporation compared with off-axis injection. This
reduces the probability of losing the sample inside the torch or the occurrence of a detection delay by
preventing the droplets from early radial movement inside the torch. Therefore, the sample species can reach
the sampler orifice with a higher transmission efficiency. Also, it ensures less expansion in the first vacuum
stage and therefore less sample lost through the skimmer. Moreover, our calculations predict that the
optimum copper droplet diameter is below 10 um for the conditions under study (i.e., geometrical setup, Ar
gas flow rates and external power), to ensure that the injected droplets become evaporated early enough
inside the torch and efficiently enter the sampler orifice. Larger particles do not become vaporized when
reaching the sampler and are either stuck at the sampler cone or they enter the vacuum stage behind the
sampler in the liquid phase, which are both unfavorable. Finally, we also studied the effect of mass loading
flow rate on the plasma temperature. Below 100pg/s, the introduction of copper droplets almost does not
affect the plasma temperature. However, at higher mass loading flow rates (shown here up to 500 pg/s), the
plasma is significantly cooled down by heat transfer to the copper droplets. As a consequence, the
evaporation occurs closer to the sampler cone, which reduces the probability that the copper sample can still
be ionized. The calculated results are compared with experiments and good qualitative agreement is reached.
In our next study, we will extend our model to include the ionization of the sample material, which is a
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crucial step to predict more precisely the optimum parameters needed to increase the efficiency of particle
transport through the ICP torch as well as transfer to the mass spectrometer.
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Figure captions

Figure 1. General properties of copper droplet introduction, with diameter of 1um and flow rate of 100 ng/s
injected from the whole width of the central inlet: (a) 2D trajectories of injected copper droplets, colored
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according to temperature, as well as the Ar gas flow path lines originating from the central, intermediate and
outer inlets, colored in black, (b) 2D mass transfer rate of copper droplets to the gas phase and (c) 2D plasma
temperature profile. The applied power is 1000 W. The carrier gas, auxiliary gas and cooling gas flow rates
are 1.0, 0.4 and 12 L/min, respectively. The injector inlet diameter and sampler orifice diameter are 1.5 mm
and 1.0 mm, respectively.

Figure 2. Effect of introduction position of the droplets on (a) the radial position and (b) the radial velocity
of 5 different copper droplets (of 1 um diameter), introduced with flow rate of 100 ng/s from different initial
radial positions at the central inlet. A schematic picture of the droplets position at the central inlet as well as
the load coils are also indicated in this figure, for clarity.

Figure 3. Effect of introduction position of the droplets on the 2D trajectories of 1um copper droplets,
introduced with a flow rate of 100 ng/s from (a) the whole 1.5 mm width of the central inlet, (b) the central
Imm width of the central inlet, (c) the central 0.1 mm (i.e., “on-axis”) and (d) the outer 0.1 mm of the central
inlet (i.e., “off-axis”), colored according to temperature, as well as the Ar gas flow path lines originating
from the central, intermediate and outer inlets, colored in black.

Figure 4. Effect of introduction position of the droplets on the 2D mass transfer rate of 1um copper droplets
to the gas phase, introduced with a flow rate of 100 ng/s from (a) the whole 1.5 mm width of the central inlet,
(b) the central 1mm width of the central inlet, (c) the central 0.1 mm (“on-axis”) and (d) the outer 0.1 mm of
the central inlet (“off-axis”).

Figure 5. Effect of particle diameter on the 2D trajectories of copper droplets, introduced with a flow rate of
100 ng/s from the whole 1.5 mm width of the central inlet, with size of (a) 0.1 um, (b) 1 pm, (¢) 10 um and
(d) 100 um, colored according to temperature, as well as the Ar gas flow path lines originating from central,
intermediate and outer inlets, colored in black.

Figure 6. 2D temperature profiles when introducing 1um copper droplets from the whole 1.5 mm width of
the central inlet with flow rate of (a) 1 ng/s, (b) 100 pg/s and (c) 500 pg/s.

Figure 7. Effect of mass loading flow rate on the 2D mass transfer rate of 1um copper droplets to the gas
phase, introduced from the whole 1.5 mm width of the central inlet, with flow rate of (a) 1 ng/s, (b) 10 ng/s,
(c) 100 ng/s, (d) 1 pg/s, (e) 10 pg/s, (f) 50 pg/s, (g) 100 pg/s and (h) 500 pg/s. For each case, the exact value
of the maximum mass transfer rate is also indicated, for clarity.
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Figure 1. General properties of copper droplet introduction, with diameter of 1um and flow rate of 100 ng/s
injected from the whole width of the central inlet: (a) 2D trajectories of injected copper droplets, colored
according to temperature, as well as the Ar gas flow path lines originating from the central, intermediate

and outer inlets, colored in black, (b) 2D mass transfer rate of copper droplets to the gas phase and (c) 2D

plasma temperature profile. The applied power is 1000 W. The carrier gas, auxiliary gas and cooling gas flow
rates are 1.0, 0.4 and 12 L/min, respectively. The injector inlet diameter and sampler orifice diameter are
1.5 mm and 1.0 mm, respectively.
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Figure 2. Effect of introduction position of the droplets on (a) the radial position and (b) the radial velocity of
5 different copper droplets (of 1 um diameter), introduced with flow rate of 100 ng/s from different initial
radial positions at the central inlet. A schematic picture of the droplets position at the central inlet as well as

the load coils are also indicated in this figure, for clarity.
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Figure 4. Effect of introduction position of the droplets on the 2D mass transfer rate of 1um copper droplets
to the gas phase, introduced with a flow rate of 100 ng/s from (a) the whole 1.5 mm width of the central
inlet, (b) the central 1Imm width of the central inlet, (c) the central 0.1 mm (“on-axis”) and (d) the outer 0.1
mm of the central inlet (“off-axis”).
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Figure 5. Effect of particle diameter on the 2D trajectories of copper droplets, introduced with a flow rate of
100 ng/s from the whole 1.5 mm width of the central inlet, with size of (a) 0.1 ym, (b) 1 um, (c) 10 ym and
33 (d) 100 pm, colored according to temperature, as well as the Ar gas flow path lines originating from central,
34 intermediate and outer inlets, colored in black.
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Figure 6. 2D temperature profiles when introducing 1um copper droplets from the whole 1.5 mm width of
the central inlet with flow rate of (a) 1 ng/s, (b) 100 pg/s and (c) 500 ug/s.
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Figure 7. Effect of mass loading flow rate on the 2D mass transfer rate of 1um copper droplets to the gas
phase, introduced from the whole 1.5 mm width of the central inlet, with flow rate of (a) 1 ng/s, (b) 10
ng/s, (c) 100 ng/s, (d) 1 pg/s, (e) 10 pg/s, (f) 50 ug/s, (g) 100 ug/s and (h) 500 pg/s. For each case, the

exact value of the maximum mass tra

nsfer rate is also indicated, for clarity.
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