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1.  General background 
 

 

 

 

 

 

Chapter 1: 

General background 
In this chapter, we will first give some general information about different plasma 

sources, and inductively coupled plasmas (ICPs) in particular. We will also discuss the 

different applications of ICPs. We will mainly focus on inductively coupled plasma 

mass spectrometry (ICP-MS) and its instrumentation and applications. Moreover, a 

review on fundamental studies on ICP (-MS) will be presented, and finally, we will 

explain the aim of this PhD thesis. 
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1.1. Plasma sources 

 

Plasma typically refers to the fourth state of matter. It is a gas in which a certain 

portion of the species is ionized; hence it contains ions and electrons, besides neutral 

species (i.e., atoms and/or molecules and/or radicals). From a macroscopic point of 

view, plasma is electrically neutral. However, it contains free charge carriers and is 

electrically conductive. A plasma can be created by applying energy to a gas [1] in 

order to reorganize the electronic structure of the species (atoms, molecules) and to 

produce excited species and ions. This energy can be thermal, or carried by either an 

electric current or electromagnetic radiation. The inductively coupled plasma (ICP) 

described in this PhD work is generated from electrical energy. The electric field 

transmits energy to the electrons present in the gas/plasma (which are the most mobile 

charged species). This electric energy is then transmitted to the neutral species by 

collisions. These collisions [2] follow probabilistic laws and can be divided in:  

- Elastic collisions: they do not change the internal energy of the species, but some 

kinetic energy will be exchanged. 

- Inelastic collisions: when the energy is high enough, the collisions modify the 

electronic structure of the neutral species. This results in the creation of excited 

species or ions if the collisions are energetic enough. 

  

Most of the excited species have a very short lifetime and they decay back to 

the ground state (or another, lower lying level) by photon emission. Some excited 

species are, however, metastable, i.e., they have a longer lifetime because their decay 

by emission of radiation is hampered as there are no allowed transitions departing from 

the respective state. So it means that decay can only take place by energy transfer 

through collisions [3]. 

Depending on the type of energy supply and the amount of energy transferred 

to the plasma, the properties of the plasma change, which is reflected among others in 

the electron density or temperature. These two parameters distinguish plasmas into 

different categories, presented in Figure 1.1. The ICP source studied in this PhD work is 

indicated by a red frame. 

Based on the (presence or absence of) thermodynamic equilibrium between the 

various plasma species, a distinction can be made between equilibrium, local 

thermodynamic equilibrium (LTE) and non-local thermodynamic equilibrium (non-

LTE) plasmas. In an equilibrium plasma, the gas species are nearly fully ionized with 
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the same temperature and the plasma temperature is extremely high, as is the case in 

astrophysical plasmas (such as the sun) [4]. In an LTE plasma, only a small fraction of 

the gas molecules is ionized. The electrons and heavy particles approximately have the 

same temperature and show local electrical neutrality. The plasma temperature is still 

typically several thousand degrees, and therefore, this type of plasma is also called a 

thermal plasma. In a non-LTE plasma, on the other hand, the electron temperature is 

still typically several thousand degrees but the temperature of the heavy particles (i.e., 

neutral molecules, ions) is rather low. Hence, the gas itself is at ambient temperature, so 

we call this a cold plasma.  

 

Figure 1.1:   2D classification of plasmas (electron temperature versus electron density) [6]. 

The ICP source under study in this PhD work is indicated by the red frame. 

 

1.1.1. LTE plasmas 

 

An LTE plasma requires that transitions and chemical reactions are governed 

by collisions and not by radiative processes. Moreover, collision phenomena have to be 

micro-reversible. This means that each kind of collision must be balanced by its inverse 

(i.e., excitation/deexcitation; ionization/recombination; kinetic balance) [5]. Moreover, 
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LTE requires that local gradients of plasma properties (temperature, density, thermal 

conductivity) are low enough to let a particle in the plasma reach the equilibrium: the 

diffusion time must be similar or higher than the time the particle needs to reach the 

equilibrium [6]. For an LTE plasma, the heavy particle temperature is close to the 

electron temperature. According to the Griem criterion [7], an optically thin 

homogeneous plasma is in LTE if the electron density fulfills the following criterion:  

 3
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21E  represents the energy gap between the ground state and the first excited level, H
E  

is the ionization energy of the hydrogen atom, T  is the plasma temperature and Bk is 

the Boltzman constant. This criterion shows the strong link that exists between the 

required electron density for LTE and the energy of the first excited state. Those rules 

for LTE are very strict. Thus most of the plasmas deviate from LTE, especially all types 

of low density plasmas in the laboratory. LTE plasmas can be generated at atmospheric 

pressure or under soft vacuum conditions for a wide range of gases. Typical examples 

of thermal laboratory plasmas include various forms of direct current (DC) arcs and 

radio frequency (rf) induction plasmas.  They are typically used for applications where 

heat is required, such as for cutting, spraying, welding or, as in the analytical ICP, for 

the evaporation of analyte material. 

 

1.1.2. Non LTE plasmas 

 

As mentioned above, deviation from LTE occurs when the temperature of the 

various species is not equal to each other, i.e., the electron temperature is much higher 

than the heavy particle temperature. Moreover, typically there is also departure from the 

Boltzmann distribution for the density of excited atoms. Indeed, for low-lying levels, 

the electron-induced deexcitation rate of the atom is generally lower than the 

corresponding electron induced excitation rate because of significant radiative decay 

[5]. Another deviation from LTE is induced by the mass difference between electrons 

and heavy particles. Electrons move very fast whereas heavy particles can be 

considered static: electrons are thus likely to dominate the collisions and transition 

phenomena. The high electron temperature gives rise to inelastic electron collisions, 

which, on the one hand, sustain the plasma (e.g. electron impact ionization) and on the 
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other hand, result in a chemically-rich environment. Deviations from LTE are also due 

to strong gradients in the plasma and the associated diffusion effects. Non-LTE plasmas 

can be described by a two-temperature model, consisting of an electron temperature 

)( eT  and a heavy particle temperature )( hT . Due to the huge mass difference between 

electrons and heavy particles, the plasma temperature (or gas temperature) is 

determined by 
hT . The higher the departure from LTE, the higher is the difference 

between eT and 
hT . Non-LTE plasmas are typically used for applications where heat is 

not desirable, such as for etching or the deposition of thin layers. Most of the 

applications result from the heavy particle kinetics (e.g. sputtering, deposition, ion 

implantation, chemical reactions,…).  

Table 1.1 sums up the main characteristics of LTE and non LTE plasmas. 

Boulos et al. showed in [6] the influence of the pressure on the transition from a glow 

discharge to an arc discharge. They indicated that low pressure plasmas (0.1 to 10 Pa) 

are certainly non-LTE and the heavy particle temperature is clearly lower than the 

electron temperature. The inelastic collisions between electrons and heavy particles are 

mostly excitations and ionizations (and dissociations in the case of a molecular gas). 

These collisions do not rise the heavy particle temperature. When the pressure becomes 

higher, collisions become more important. They induce both plasma chemistry (by 

inelastic collisions) and heavy particle heating (by elastic collisions). The difference 

between eT  and 
hT  is reduced: the plasma becomes closer to LTE. Indeed a high power 

density induces LTE plasmas (e.g. arc plasmas) whereas non-LTE plasmas are favored 

by either a low power density or a pulsed power supply. In this latter case, the short 

pulse duration prevents the equilibrium state from establishing. Note, however, that 

atmospheric pressure plasmas can also be in non-LTE, like is the case for instance with 

dielectric barrier discharges. More details on LTE and deviations from LTE are given in 

the books by Huddlestone and Leonard [8], Griem [9], Lochte-Holtgreven [10] and 

Mitchner and Kruger [11]. 
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 LTE plasmas Non-LTE plasmas 

Practical name Thermal plasmas 

 

Cold plasmas 

Properties 
he TT   

 

High electron density 

~ 
32621 1010  m  

 

Inelastic collisions between 

electrons and heavy particles 

create reactive species 

whereas elastic collisions 

heat the heavy particles (the 

electron energy is thus 

consumed) 

he TT   

 

Lower electron density 
31910  m  

 

Inelastic collisions between 

electrons and heavy particles 

induce the plasma chemistry. 

Heavy particles are slightly 

heated by a few elastic 

collisions (but the electron 

energy remains very high) 

 

Examples Arc plasmas (core) 

KTT he 000,10  

Glow discharges 

KT

KT

h

e

1000300

000,1000000,10




 

Table:   1.1:   Main characteristics of LTE and non-LTE plasmas [3] 
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1.2. Inductively coupled plasmas (ICPs) 

 

In an ICP, the rf currents in the coil (inductive element) generate an rf 

magnetic flux, which penetrates the plasma region. The time-varying magnetic flux 

density induces a solenoidal rf electric field, which accelerates the free electrons and 

sustains the discharge [12]. In general, inductively coupled plasmas (ICPs) are used for 

various kinds of applications. They can be used for coating deposition on surfaces, to 

sputter surfaces, for the production of fine powders, as lamps [13] or for elemental 

analysis. One major advantage that is valid for all ICPs is that they all are electrode-less 

plasmas. Thus, very pure plasmas are produced which is for instance very good for 

analytic purposes. Moreover, there is no abrasion of electrodes which would require a 

replacement of the electrode materials after some time of operation.  

The ICPs used for the different applications are, however, operated under very 

different conditions, so it is clear that also very different kinds of plasmas are needed. 

Indeed, the major difference is the pressure at which they operate. In general, they are 

categorized in low pressure, intermediate pressure and atmospheric pressure ICP 

sources. For instance, ICPs for materials processing use pressures in the order of  0.1 to 

several Pascal (i.e., low-pressure ICPs) while ICPs for lamps work at several tens of 

Pascal (i.e., intermediate pressure ICPs), and ICPs for elemental analysis or for powder 

production work at atmospheric pressure. As a consequence, the first two types of ICPs 

are far from LTE while the latter type is near LTE. In the following we will describe in 

more detail the operating setup of the three types of ICPs. In most cases, a high 

frequency (HF) current is needed to sustain the plasma, typically ranging from several 

MHz to a few tens of MHz.  

 

1.2.1. ICPs operating at low pressure 

 

 ICPs operating at low pressures (in the order of 0.1 to several Pascal) are 

typically used for materials processing. Basically, two different coil configurations can 

be distinguished in this type of ICPs, i.e. cylindrical and planar (see Figure 1.2.a and b) 

[14]. In the first configuration, a coil is placed around the discharge chamber, as a helix. 

In the second configuration, which is more commonly used for materials processing, a 

flat helix or spiral is positioned above the discharge chamber, separated from the 

discharge region by a dielectric material. Advantages of the latter configuration are 
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reduced plasma losses and better ion generation efficiency; a disadvantage is the higher 

sputter-contamination, UV-damage and heating of neutrals at the substrate. The planar 

coil can also be moved close to the wafer surface, resulting in a near-planar source 

geometry, having good uniformity properties [15]. 

 

Figure 1.2:   Schematic picture of an ICP source, used for plasma processing applications, 

in cylindrical geometry, with a helical coil placed around the discharge (a), and in planar 

geometry, with a flat helix or spiral positioned above (and/or below) the discharge 

chamber. 

 

1.2.2. ICPs operating at intermediate pressure 

 

ICPs at intermediate pressure (in order of several tens of Pascal) are used for 

lighting applications, in so-called electrode-less discharge lamps [16-17]. In contrast to 

the other types of ICPs, here the induction coil is typically placed inside the plasma 

(i.e., at the central axis), although ICP lamps with external coils do exist as well [18]. In 

conventional discharge lamps with electrodes, the energy is typically supplied as dc or 

low-frequency ac current, so that electrodes inside the tube are required to sustain the 

discharge. However, these electrodes are responsible for the limited lifetime of such 

lamps. To overcome this problem, electrode-less lamps have been developed, 

subdivided into low pressure, non-LTE (fluorescence) lamps and high pressure LTE 

lamps [17].  
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The most well-known, and the only commercial types of electrode-less low-

pressure fluorescence lamps, are the electrode-less ICP lamps, where the energy is 

inductively coupled to the discharge plasma. In a re-entrant cavity lamp [19], which is 

one of the available designs, a ferrite core is surrounded by an isolated induction coil, 

placed in a cavity. The latter is surrounded by a bulb (see Figure 1.3). The discharge is 

ignited by an rf current, at a frequency of 2.65 MHz, which is in the band allowed for 

lighting. These lamps operate at a pressure below 100 Pa, which is lower than in 

fluorescence lamps with electrodes. The discharge gas can be argon or krypton. Besides 

the rare gas, mercury is also present, which is typical for fluorescence lamps. There is 

an additional phosphor layer at the surface of the cavity to enhance the conversion 

efficiency of the UV to the visible light [17].  

Another ICP lamp configuration is the toroidal lamp (see Figure 1.4). This kind 

of lamp can be operated at a much lower frequency than the other ICP lamps (i.e. 250 

kHz) and a pressure below 100 Pa, using krypton as the buffer gas. This kind of lamp is 

a high power, high brightness lamp, with a long lifetime, which makes it useful for 

inaccessible areas, like in tunnels [17].  

ICP lamps with external coils also exist. They require extra electromagnetic 

screening by means of a Faraday cage. This lamp operates at an rf frequency of 13.56 

MHz and uses neon as a buffer gas [18]. 

 

 

 

Figure 1.3:   Schematic picture of re-entrant cavity ICP lamp 
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Figure 1.4:   Schematic picture of toroidal ICP lamp 

  

1.2.3. ICPs operating at atmospheric pressure 

  

ICPs operating at atmospheric pressure are used for analytical applications, 

powder production and waste treatment. 

  In an analytical ICP, a plasma is created by applying electric power to a gas, 

which flows through a so-called “torch”. The torch is surrounded by a coil through 

which rf current is flowing. Like in the other ICP sources, this induces an 

electromagnetic field in the gas, causing the gas atoms to break up into positive ions 

and electrons. In this way, an “inductively coupled plasma” is created. The ICP is 

maintained because the electrons are heated by the electromagnetic field, which causes 

further ionization of the gas atoms. The sample to be analyzed is introduced, mostly as 

droplets, with an injector gas (mostly helium or argon), and will be subject to 

desolvation, vaporization, ionization and excitation in the plasma. The ions formed in 

this way can then be analyzed in a mass spectrometer, yielding ICP-MS. Furthermore, 

the excitation, followed by emission of radiation, creates characteristic photons, which 

can be detected with optical emission spectrometry, giving rise to ICP-OES (also 
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known as atomic emission spectroscopy or AES). Indeed, ICPs are the most popular 

plasma sources in plasma spectrochemistry.  

A typical analytical ICP is illustrated in Figure 1.5. They operate typically at 

atmospheric pressure, although low power (12–15 W) reduced pressure (order of 100 

Pa) ICPs have also been reported for mass spectrometric detection [20]. Although the 

principle of inductive coupling is the same, the atmospheric pressure ICPs are clearly 

different from the above-described low-pressure inductive discharges used for 

processing applications and lamps. Indeed, at low pressure, the electrons will not 

undergo many collisions with the gas atoms, and they will, therefore, be characterized 

by rather high energy, whereas the gas temperature remains low. Hence, the low-

pressure ICPs are far from LTE. In the analytical, atmospheric pressure ICP, on the 

other hand, the electrons undergo many collisions with the gas atoms, and they are 

characterized by only moderate energy (typical electron temperature of 8000–10 000 

K), whereas the gas temperature is almost as high (typically 4500–8000 K) [21]. Hence, 

the analytical ICP is near LTE [21]. Since in the present PhD thesis the aim is to model 

an ICP used for mass spectrometry, we dedicate a separate section to ICP-MS and more 

details about the operation and applications will be presented in section 1.3. Therefore, 

in the current section we mostly explain ICP-OES for the analytical applications. 

 

 
 

Figure 1.5:   Argon plasma torch, used in analytical spectrochemistry 
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In ICP-OES, an optical spectrum with a typical range of 165 - 800 nm is 

viewed and measured, either sequentially or simultaneously. ICP-OES systems 

typically have two to three orders of magnitude higher detection limits than ICP-MS. 

However, ICP-OES can serve as a valuable analytical tool when certain lighter 

elements (e.g., S, Ca, Fe, K, and Se) that suffer from considerable interferences 

with ICP-MS require identification and quantification. Additionally, ICP-MS 

manufacturers have now eliminated negative ion capabilities from their instruments to 

reduce the cost of manufacture. This leaves ICP-OES as the only viable atomic 

spectroscopy method for determination of Cl, Br, and I [22,23]. 

 

The ICPs used for powder production, waste treatment, purification of both 

metallic and ceramic powders also typically operate at atmospheric pressure. However, 

they operate at much higher power than analytical ICPs, i.e., 5 to 25 KW [24]. These 

processes generally require a reaction chamber, which is mounted next to the torch 

outlet while being kept in soft vacuum [25-28]. For example, fluorescent lamp glass 

powders (i.e., waste-glass powders) have been treated within a laboratory scale rf 

thermal plasma source operated at 3 MHz with a maximum power of 25 kW, with Ar as 

coolant and injector gas and N2 as auxiliary gas [24].  
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1.3. Inductively coupled plasma mass spectrometry (ICP-MS) 

 

Inductively coupled plasma mass spectrometry (ICP-MS) is a method to 

chemically analyze several kinds of (environmental, biological and inorganic) samples. 

This is achieved by ionizing the sample with an ICP and using a mass spectrometer to 

separate and quantify the ions. A schematic illustration and a photograph of an ICP with 

MS interface are presented in Figure 1.6.a and 1.6.b, respectively. ICP-MS holds a 

unique position within the range of atomic spectrometry techniques used in analytical 

laboratories, because of its speed, sensitivity, dynamic range and elemental coverage. It 

can measure a full suite of elements in a single multi-element acquisition; it accepts 

almost any sample type and also provides isotopic information [29].  

 

Figure 1.6:   Schematic picture of an ICP with MS interface (a) and photograph of an ICP (b) 

 

http://en.wikipedia.org/wiki/Ionization
http://en.wikipedia.org/wiki/Mass_spectrometer
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Figure 1.7 presents a periodic table, indicating (in green) which elements can 

be analyzed by ICP-MS, with detection limits at or below the ppt range. Elements that 

are in white are either not measurable by ICP-MS (the upper right-hand side) or do not 

have naturally occurring isotopes [30]. 

 

Figure 1.7:   Elements that can be analyzed by ICP-MS (indicated in green) Image and 

permission for use provided courtesy of PerkinElmer, Inc.   

In the following a summary of the various components of ICP-MS will be 

presented, and the most important applications will be explained. 

 

1.3.1. ICP-MS instrumentation  

 

An ICP-MS instrument typically consists of the following components (note 

that we selected the NexION ICP-MS from PerkinElmer [30] as an example here; ICP-

MS instruments from other manufacturers might look slightly different): 

• The sample introduction system provides the means of bringing the sample 

into the ICP. Samples can be introduced in the ICP in gas, liquid and solid state, i.e., as 

vapor, aerosol or cloud of particles. Injection of gaseous samples into the plasma can be 
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done by different methods such as the hydride generation method, direct introduction 

and by gas chromatography [31]. Most samples introduced into an ICP-MS system are 

liquids. It is necessary to break up the liquid sample into small droplets before they can 

be introduced into the plasma. The most common liquid sample introduction is by using 

nebulizers (pneumatic or ultrasonic) or a spray chamber, which are continuous 

introduction methods [32-33]. There are also discrete sample injection devices, in 

which different kinds of techniques are used such as the liquid plug techniques [34], 

electro thermal techniques [35-36], direct insertion techniques [37], flow injection 

techniques [38] and liquid chromatographic techniques [39]. Introduction of solids into 

the plasma can also be achieved in several ways, i.e., direct sample insertion, electro-

thermal vaporization, arc and spark ablation and laser ablation [31,37,40-53]. 

• The ICP torch and RF coil generate the plasma (typically in argon), which 

serves as the ion source for the mass spectrometer. The plasma generated in the ICP 

torch creates a very hot zone at a temperature of approximately 6000 °C (i.e., similar to 

the temperature at the surface of the sun). The plasma is generated by passing argon 

through a series of concentric quartz tubes (the ICP torch) that are wrapped by a radio 

frequency (rf) coil (See Figure 1.6 above). The energy supplied to the coil by the rf 

generator couples with the argon gas to produce the plasma. During their journey into 

the plasma, the liquid droplets (or other sample particles), containing the sample matrix 

and the elements to be determined, are dried to a solid and then heated to a gas. As the 

atoms continue their travel through the plasma, they absorb more energy and eventually 

release one electron to form singly charged ions (although multiply charged ions can 

also be formed). The ions will finally exit the plasma and enter the interface region. 

• The interface links the atmospheric pressure ICP ion source to the high 

vacuum mass spectrometer. Indeed, the plasma, operating at 6000 °C, is placed near an 

ion focusing device operating near room temperature. In addition to a large temperature 

difference, the plasma operates at atmospheric pressure, hence much higher than the 

vacuum required by the ion lens and mass spectrometer. The interface allows the 

plasma and the ion lens system to coexist and makes sure that the ions generated by the 

plasma can pass into the ion lens region. The interface consists of two cones: a sampler 

and skimmer cone (see Figure 1.8). The cones are most often produced from nickel or 

platinum. The orifice of the cones should be large enough to allow the ion beam to pass, 

while at the same time, it should not allow that too much gas can enter the mass 

spectrometer, in order not to disturb the vacuum system. The typical size of the orifice 

is 1 mm. 
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Figure 1.8:   Schematic picture of sampler and skimmer cone (a) and picture of sampler 

and skimmer cones for NexION 300 ICP-MS, PerkinElmer (b). Image, schematic and 

permission for use provided courtesy of PerkinElmer, Inc.   

 

 

• The vacuum system provides high vacuum for the ion optics, (quadrupole) 

mass spectrometer and detector. The distance from the interface to the detector of an 

ICP-MS is typically 1 meter or less. If an ion travels that distance, it should not collide 

with any gas molecule. This requires the removal of nearly all of the gas molecules in 

the space between the interface and the detector. This task is typically accomplished 

using a combination of a turbomolecular pump and mechanical roughing pump, which 

comprise the main components of the vacuum system. The turbomolecular pump works 

like a jet turbine and is capable of rapidly pumping a chamber to a pressure of 10
-5

 Torr 

or less. The roughing (mechanical) pump backs up the turbomolecular pump and 

evacuates the interface region. 

• The ion deflector performs an essential function of separating the ions from 

the photons and residual neutral material. Agilent uses a high transmission off-axis or 

“Omega” lens arrangement that separates the positively charged ions from the photons 

and neutral particles, which would otherwise reach the detector and increase the random 

background noise [29]. PerkinElmer, however, uses a quadropole ion deflector. The ion 
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beam exiting the interface region of the instrument contains some non-ionized materials 

(i.e., neutrals) and photons. The analyte ions need to be separated from the neutrals and 

photons. Indeed, neutrals can collect on sensitive components of the instrument, thereby 

creating drift. Moreover, photons that reach the detector can be erroneously counted as 

ions,which increases the background and deteriorates the detection limits. A quadrupole 

is typically used as a mass-filtering device, where the ions travel in a path parallel to the 

rods. The quadrupole seems to work in the optimum configuration if the ion beam is 

allowed to pass at the right angle (perpendicular) to the rods. Hence, when the 

quadrupole is placed at the right angle to the ion beam and immediately between the 

interface region and the filtering quadrupole, ions can be efficiently transmitted, while 

neutrals and photons are readily removed from the ion beam. As is shown in Figure 1.9, 

the ions are turned by the quadrupole at the right angle for their entry into the filtering 

quadrupole or universal cell. 

 

Figure 1.9:  Schematic picture of a quadrupole ion deflector. Schematic and permission for 

use provided courtesy of PerkinElmer, Inc.   

 

• A collision/reaction cell typically precedes the mass spectrometer and is used 

to remove interferences, which would otherwise deteriorate the detection limits that can 

be achieved. It is possible to have a cell that can be used both in the collision cell and 

reaction cell modes, which is referred to as a universal cell. An energy barrier is placed 

at the exit of the cell, and can be adjusted so that the higher-energy analyte ions are 

allowed to pass through, while the lower-energy interferences are not. 
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• The mass spectrometer acts as a mass filter to sort ions by their mass-to-

charge ratio (m/Z). Three main types of mass spectrometers are used in commercial 

ICP-MS systems, i.e., quadrupole, time-of-flight, and magnetic sector instruments. For 

the overall performance and economic value, most laboratories work with an ICP-MS 

with a quadrupole mass spectrometer (e.g., Agilent 7500 series, NexION 300 

PerkinElmer). A quadrupole works by setting voltages and radio frequencies to allow 

ions of a given mass-to-charge ratio to remain stable within the rods and pass through to 

the detector. Ions with different mass-to-charge ratios are unstable in the cell and are 

ejected. To cover the full mass range, the electronics rapidly change the conditions of 

the quadrupole to allow different mass-to-charge ratio ions to pass through. Under the 

control of the instrument software, the mass spectrometer can move to any m/Z needed 

to measure the elements of interest in the sample analyzed. The quadrupole is then 

stepped to cover the m/Z that is appropriate for all elements to be analyzed. Although it 

is actually a sequential device, the quadrupole is capable of scanning at a rate > 5000 

atomic mass units (amu) per second. This is the reason that ICP-MS can determine so 

many different elements quickly, even though only one mass passes through the 

quadrupole at a certain time. 

• The detector counts individual ions exiting the mass spectrometer. These 

ions reach the active surface of the detector and generate a measurable electronic signal. 

The active surface of the detector, known as a dynode, releases an electron for each ion 

that arrives, and then it starts the amplification process. The electrons released from the 

first dynode strike a second dynode where more electrons are released. This cascading 

of electrons continues until a measurable pulse is created. By counting the pulses 

generated by the detector, the system counts the ions that hit the first dynode. The 

software compares the intensities of the measured pulses to those from standards, which 

make up the calibration curve, to determine the concentration of the element. For each 

element measured, it is typically necessary to measure just one isotope, since the ratio 

of the isotopes, or the natural abundance, is fixed in nature. However, ICP-MS can also 

be used to measure the individual isotopes of each element, and this capability is of 

high value for laboratories interested in one specific isotope of an element or in the ratio 

between two isotopes of an element. The detectors used in commercial instruments are 

capable of reaching a wide dynamic range using a dual mode, which includes both 

digital and analog modes. Rapid data acquisition rates allow the ICP-MS to be used in 

the analysis of nano-particles [29,30,54,55].  
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• Finally, a data handling and system controller controls all aspects of the 

instrument, to obtain the final concentration results of elements in a given sample.  

 

Figure 1.10:    The ion optic path of the PerkinElmer NexION ICP-MS. Image and 

permission for use provided courtesy of PerkinElmer, Inc.   

 

 

The whole ion optic path of an ICP-MS is shown in Figure 1.10. 

 

1.3.2. ICP-MS applications 

 

Because of its high sensitivity and ability to measure about 80% of the periodic 

table, the ICP has become one of the most popular ion sources in analytical chemistry, 

as a method for determining trace elements and isotopes in a wide variety of samples, 

for biological, geological, environmental and industrial (materials science) applications 

[31,56]. 

For biological materials it is possible to determine the elemental composition, 

but also to use stable isotopes as tracers. Biological materials that have been analyzed 

by ICP-MS in the past, include (1) animal tissue and body fluids, including organs, hair, 

muscles, bones, blood, faeces, and urine [57-60], (2) plant tissue, including samples of 

terrestrial plants, aquatic plants and humic materials [31,61,62], and (3) food products 

and related substance [31,63,64]. 

Moreover, the high-sensitivity multi-element capability of ICP-MS makes it an 

ideal technique for comprehensive rock and mineral analysis in geological studies, 

especially for lanthanide elements for example from granite [65-72]. Moreover, 
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precious metals (e.g. Au, Ag, Pd, Pt,…) can be effectively determined in nickel sulfide 

after only classical fire assay separation [73]. 

Furthermore, the chemical composition of air, water, soil and living matter, 

which is important information for environmental studies, can also be studied by ICP-

MS, including deficiency, toxicity, and sublethal dose-response characteristics, as well 

as for instance various size fractions of suspended matter in surface water, or air 

particulates collected on a high volume filter [74-76]. 

Finally, ICP-MS is also routinely used in industrial applications, such as for the 

determination of trace elements in metallurgical materials. Because of its high 

sensitivity, it is an ideal technique for the determination of low-concentration-level 

contaminants that potentially affect the physical properties of an alloy [77-79]. 
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1.4. Fundamental studies on an ICP to improve the analytical 

applications 

 

ICP-MS was commercially introduced in 1983 [80], only three years after the 

demonstration of the possibilities offered by the ICP-MS technique [81]. In the 

meantime it has gained general acceptance in all types of laboratories, ranging from 

academic research to service labs and industry [21,31]. 

To improve the analytical applications, fundamental studies of the ICP are 

indispensable, and have been carried out in both experimental [82-119] and 

computational groups [120-181]. 

1.4.1. Experimental investigations 

In ICP-MS, the ions are sampled from the plasma by the insertion of a sampling 

cone into the plasma. As this (metal) sampling cone is relatively cool compared to the 

plasma temperature, it results in changes in the composition of the plasma gases that 

come in contact with the metal surface. Indeed, a boundary layer of cooler gases is 

formed along the surface of the metal. A detailed discussion about the boundary layer 

between the plasma stream and the sampler orifice, as well as sample introduction, 

ionization and ion extraction in ICP-MS was already presented in 1981 by Houk et al. 

[82]. Later on, several studies have reported on ICP characteristics in the presence of a 

MS sampling interface. Many studies focused on the downstream region from the 

interface e.g. [83-86], but did not give information on changes in the plasma itself. In 

[87-95], the upstream region, i.e., the plasma, was investigated, but no comparison was 

made with and without sampling interface. A detailed comparison of the plasma 

characteristics with and without sampling interface was made experimentally by Houk 

and group members [96,97], Farnsworth and coworkers [98] and Hieftje and group 

members [99]. Lehn et al. [99] reported that the presence of the interface causes 

changes in the fundamental plasma characteristics such as electron number density and 

gas kinetic temperature, whereas Ma et al. [98] used laser-induced fluorescence to 

investigate the effect of the sampling interface on the analyte atom and ion distributions 

in the ICP used as ion source for elemental mass spectrometry. 

Moreover, a large number of investigations were performed to study the effect 

of ICP operating conditions on the plasma characteristics, in order to optimize the 

analytical performance [100-110]. However, most of these studies have focused on the 

effect of the operating conditions on the overall instrument performance and not on the 
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upstream plasma [102-107]. Effects of the rf power, nebulizer 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. [100]. The same authors [110] also 

showed that the barium ion number density in the plasma upstream from the sampler 

drops as the sampling depth is reduced. Gamez et al. performed Thomson and Rayleigh 

scattering measurements using an imaging-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 [108,109]. 

Besides the optimization of the operating parameters, the effect of geometrical 

parameters has also been of considerable interest. In 1983 Gray and Date [111] already 

reported that larger sampler orifice diameters than those in boundary layer sampling 

(i.e., 50-80µm diameter range) were needed for sampling the bulk plasma (at least 0.2 

mm diameter). However, with these larger orifice diameters another problem arose, i.e., 

a secondary discharge between the plasma and the sampling cone developed, as had 

also been already explained by Houk et al. [82]. The formation of this discharge was 

also discussed in [97,112]. Lichte et al. [113], however, reported that due to deposition 

of material, the sampling orifice becomes smaller and the metal-to-metal oxide ion 

ratios change. Crain et al. [114] reported that matrix effects are affected by the ratio of 

sampler and skimmer orifice diameters. Vaughan and Horlick [115] also varied the 

sampler and skimmer orifice diameters, and indicated that the sampler orifice diameter 

has a major impact on the signal characteristics. Indeed, for oxide forming elements, the 

MO
+
/M

+
 signal ratio appeared to be very dependent on the orifice diameter. This was 

also reported by Longerich et al. [116]. In addition, the sampling orifice diameter 

changes the shape of the signal versus nebulizer flow rate [115,116]. Furthermore, 

Vaughan and Horlick also indicated that the sampling orifice is the primary location for 

oxide formation in ICP-MS. However, the range of sampler orifice diameters in their 

study was from 0.51 to 0.94 mm, which is smaller than the range of more recent designs 

(i.e. larger than 1 mm). They also investigated the effect of the skimmer orifice 

diameter on the analyte signals and reported that this effect is not as dramatic as the 

effect of the sampler orifice diameter. In the range of small orifices, i.e., below 1 mm 

and using LA-ICP-MS, Günther et al. also reported that by decreasing the sampler cone 

orifice size (from 0.7 to 0.5 mm), many background intensities can be reduced by up to 

two orders of magnitude, while maintaining comparable sensitivity [117]. 

 

Finally, Taylor and Farnsworth recently investigated the effect of skimmer cone 

design (for five commercially available skimmer designs) on the shock formation and 
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ion transmission efficiency in the vacuum interface of an ICP-MS [118]. They reported 

that the strongest shock was recorded for a skimmer with a cylindrical throat, and the 

weakest shock was produced by the skimmer with the largest diameter and a conical 

throat. The transmission efficiency increased with increasing skimmer orifice diameter. 

 

These observations all suggest that the use of interfaces with different orifice 

sizes can make a change in the detection efficiency. In addition to the effect of sampler 

and skimmer orifice diameter, the place of the sampler itself was also investigated 

experimentally. Gamez et al. studied the effect of sampling position on the plasma 

characteristics of an ICP [109] and reported that as the MS interface is brought closer to 

the ICP load coil, the upstream plasma temperature dropped. Finally, Macedone et al. 

also showed that the barium ion number density in the plasma upstream from the 

sampler drops as the sampling position is reduced [110]. 

 

In order to optimize the efficiency of material transport, it is also crucial to 

study the occurrence of recirculation of the gas and to optimize the flow path lines. 

Although the operating and geometrical parameters can also influence the flow path 

lines inside the torch, this effect has not been thoroughly investigated experimentally as 

it is difficult to measure the gas flow characteristics along the entire ICP torch. 

Moreover, researchers are mostly interested in the region of the coil and after the coil in 

the case of ICP-OES, and in the sampler cone region in the case of ICP-MS. 

Nevertheless, the presence of recirculation has been confirmed by high-speed 

photography of plasma fluctuations by Houk et al. [119]. The authors indicated that the 

recirculation can be observed in horizontal plasmas as well as vertical plasmas. 

However, the insertion of a sampling cone blocks the downstream region where the 

rotations are prominent. Therefore, the rotations observed from yttrium oxide emission 

were found to be less evident in the presence of a sampler.  

1.4.2. Computational investigations 

 

Besides experimental studies, computer modeling has also contributed a lot towards a 

better understanding of the plasma characteristics and gas flow dynamics in an ICP. 

Various modeling efforts have been reported in literature by several groups [120-170]. 

Most of the pioneering work on ICP modeling was performed by Mostaghimi, Proulx 

and Boulos [121-138]. They applied a so-called “particle-source-in-cell” (PSI-Cell) 

method [120] to describe the injection of powders into an ICP torch with the 

assumption of 1D electro-magnetic fields [121-124]. They reported that the effect of 

plasma-particle interaction on the temperature field could be very significant. They also 

made a comparison between two different algorithms used for the computation of the 
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flow and temperature fields in an ICP. The results showed that the formulation of the 

mathematical model and the chosen numerical technique can substantially influence the 

stability and the convergence of the solution [125]. However, the operating conditions 

were not always applicable for analytical chemistry purposes. Moreover, the ICP torch 

was not connected to a MS interface, so the relevance for ICP-MS was limited. 

Moreover, the gas viscosity is ignored in their model.   

In collaboration with Barnes, this group developed a model for the calculation of the 

two-dimensional emission pattern from a spectrochemical ICP [126]. Assuming LTE, 

the flow, temperature and the concentration fields were computed and used to estimate 

the population density of different species present in the plasma, and accordingly the 

emission pattern for different atomic and ionic lines. The effects of the concentration of 

the analyte and their ionization energy on the emission patterns and on the analytical 

curves were demonstrated. 

 Subsequently, they proposed a two-temperature model for the computation of 

the two-dimensional flow and temperature fields in an rf ICP torch. The model was 

applicable to monoatomic gases. The results obtained for an argon plasma indicated that 

deviations from LTE were relatively small at atmospheric pressure, but at reduced 

pressure, substantial deviations from LTE were noted. Compared to LTE calculations, 

the non-LTE model predicted lower radiation losses and higher wall conduction [127]. 

Further investigations [128] showed that deviations from LTE were strongly related to 

the induction frequency. Calculations were carried out for an argon plasma at 

atmospheric pressure over the frequency range 3-40 MHz, and it was found that higher 

frequencies resulted in a larger difference between the electron and the atom/ion 

temperatures. 

 This group also presented a so-called standard k-ϵ model of turbulence for the 

determination of the flow and temperature fields in an rf ICP. Due to the large diffusion 

terms and fast decay, the central flow could not penetrate the discharge region in such a 

model. The effect of swirl in the sheath gas was found to increase the turbulence and to 

decrease the size of the discharge. The results indicated the presence of both laminar 

and turbulent regimes in the same flow field [129]. A more realistic two-dimensional 

representation of the electromagnetic fields in an rf ICP was presented in [130,131], as 

this can have an important influence on the energy distribution in the plasma. A three-

dimensional laminar model for the prediction of the mixing pattern of single and 

multiple cold jets with a transverse plasma flow was presented in [132].  
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 Furthermore, two numerical models (i.e., a chemical equilibrium and a kinetic 

model) for the analysis of chemical reactions in an rf plasma chemical reactor were 

formulated in [133, 134]. The gas flow and the temperature and concentration fields 

calculated with each model were compared, and the comparison showed that higher 

temperatures were predicted in the reactor by the chemical kinetic model. However, the 

concentrations of the different species predicted by the two models were very similar. 

Also the influence of radiative energy losses on the flow and temperature fields was 

studied, both for a pure argon ICP and an argon plasma in the presence of small 

concentrations of copper vapor [135]. Besides argon plasmas, the group also performed 

computer simulations for helium ICPs [136, 137] and argon-nitrogen mixtures [138]. 

Finally, they proposed an extended geometry for the electro-magnetic fields, hence not 

limited to the torch diameter [139] which allows the use of simpler boundary conditions 

in the so-called ‘open torch’ modeling, compared to ‘closed’ torches, i.e., not taking 

into account the gas flow to the ambient environment [140].  

Benson, Montaser and colleagues performed some computational studies on 

droplet heating, desolvation and evaporation in an ICP [141-143]. 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 treatment for determining the droplet 

trajectories, were compared [141, 142]. Moreover, droplet coalescence along with 

transport, heating and desolvation was studied, considering droplet-droplet interactions. 

The simulations predicted spatial maps of the droplet number and mass densities within 

the ICP for a conventional nebulizer-spray chamber arrangement, a DIHEN, and a large 

bore DIHEN (LB-DIHEN) [143]. 

 The group of Colombo, Bernardi, Ghedini, Sanibondi, Mentrelli, and 

colleagues in Bologna also showed a lot of modeling activities for ICP torches, albeit 

mostly not for analytical chemistry conditions, but typically at higher power values 

(e.g., 5-25 kW) [144-159]. They developed a three-dimensional model by means of the 

commercial computational fluid dynamics code FLUENT. The helicoidal coil was 

taken into account, showing the effects of its non-axisymmetry on the plasma behavior 

[147]. Also different coil configurations, such as planar, elliptical, and double-stage, 

were studied [148,149]. The model was typically applied to higher power conditions 

(e.g., 25 kW [150]), but a study was also performed at a power of 300 W and a 
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frequency of 40 MHz chosen for spectroscopic analysis, in collaboration with 

Mostaghimi [151]. 

The same group also studied the trajectory and heating history of powders 

injected with an injector gas into the ICP, taking into account the effects of coupling 

between particles and plasma, but again in a higher power range (10-25 kW) [152,153]. 

The effects of powder feed rate, injection probe position and frequency on the plasma 

and particle temperature were investigated in [154]. In [155,156] a turbulent model for 

an ICP torch working at a power range of 10-15 kW was presented. Furthermore, two-

temperature thermodynamic and transport properties of argon-hydrogen and nitrogen-

hydrogen [157] as well as carbon-oxygen [158] plasmas were studied. Finally, a model 

for the optimization of the reaction chamber for silicon nanoparticle synthesis by an rf 

ICP was reported in [159, 160]. Moreover, the backward motion of the gas flow could 

also be seen (although it was not discussed) in [148], which presents a numerical 

simulation of an ICP torch at atmospheric pressure. 

Shigeta and coworkers also did outstanding computational work on rf-ICP 

torches [161-171]. A numerical analysis was conducted to investigate the synthesis of 

nanoparticles using a rf-ICP [161-163]. Since the aim of most of their studies was the 

production of nanoparticles, the size of the modeled torches was larger than the typical 

torches using in analytical chemistry applications (i.e., a length of 180 mm and a 

diameter of 45 mm). Moreover, the external power was higher and the current 

frequency was lower than the ones used in ICP-MS/OES (i.e., 5-16 kW and 4 MHz, 

respectively). In [164-165] an advanced rf-ICP reactor was modeled in which the 

plasma flow was generated by adding a direct current (dc) discharge to a conventional 

rf-ICP flow in order to overcome the disadvantages of a conventional flow. A two-

dimensional model as well as a one-dimensional model was introduced for nanoparticle 

growth to investigate the effects of the spatial distributions of the thermo-fluid fields in 

the rf-ICP flows on the synthesized nanoparticles. In the advanced rf-ICP flow, the 

characteristic recirculation zone disappeared due to the dc plasma jet, and larger 

numbers of nanoparticles with smaller size could be produced by using this advanced 

rf-ICP flow. Later on, a time-dependent 3D numerical simulation was conducted to 

study the thermo-fluid dynamics of an argon rf-ICP with a direct-current (dc) plasma jet 

assistance, considering non-uniform density and temperature profiles in time and space 

as well as turbulence generation and suppression [166]. The flow field had a 

complicated 3D structure with a recirculating zone due to Lorentz forces. Because of 

the recirculating flow, the injected cold gas tended to avoid the high-temperature 

plasma region. The largest vortex structure, at approximately 10000 K, remained in the 
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plasma region, whereas small cold eddies were generated near the top wall of the torch 

and transported downstream, avoiding the plasma region [167] 

Moreover, the same authors studied how the number density, diameter and 

specific surface of the produced nano metal-particles were influenced by the operating 

conditions such as the quenching gas flow rate and the powder feed rate of the rf-ICP 

reactor [168]. Furthermore, the effects of several cooling methods on the formation 

mechanisms of the nanoparticles in distinctive thermo-fluid fields were discussed [169]. 

Also, a non-equilibrium modeling of argon-oxygen and argon-hydrogen induction 

thermal plasmas was performed without thermal and chemical equilibrium assumptions. 

Reaction rates of dissociation and recombination of diatomic gas and ionization were 

taken into account with two-temperature modeling. A substantial deviation from LTE 

exists near the torch wall in the argon-oxygen induction plasmas under atmospheric 

pressure, while a small deviation in the argon–hydrogen plasmas results from the large 

collision frequency between electrons and hydrogen atoms [170,171].  

 Benoy and van der Mullen at Eindhoven University also developed a model for 

an ICP, based on non-LTE, by solving the conservation laws of mass, momentum and 

energy [172]. The model included the macroscopic fluid dynamics, as well as the 

atomic collisional and radiative processes. The model was applied to a relatively large 

ICP at low frequency (3 MHz) and a relatively small ICP at high frequency (100 MHz). 

The description of the first ICP was found to be relatively simple, although the plasma 

depends strongly on the choice of the source terms, i.e., the ionization and 

recombination rate coefficients and the radiative loss term. The description of the 

second ICP turned out to be much more complicated, and it was concluded that due to 

the high energy densities, steep gradients and strong transport, the exact knowledge of 

the transport processes was crucial, and the numerical solution was found to be less 

stable [172]. 

At the Von Karman Institute for Fluid Dynamics in Brussels some modeling 

efforts were also reported for an ICP [173-176]. However, this model was again not 

applied to analytical spectrochemistry conditions, but it was developed for space 

vehicle re-entry experiments in a wind tunnel, using a so-called plasmatron ICP 

operating up to 1.2 MW.  

To our knowledge, the first theoretical studies directly relevant for ICP-MS 

were conducted by Douglas and French [177], who presented an approximate model of 

ideal gas flow through the sampling cone of an ICP, i.e., the so called “hemispherical-

sink model”. This model assumes that the gas flow toward the nozzle behaves like a 
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flow in a duct. In a first approximation, the area of the duct at a specific point with 

radial distance R in a spherical geometry was taken equal to the area of the sampler 

orifice plus 
22 R . This made it possible to obtain the Mach number as a function of 

R  and subsequently, the fluid quantities such as temperature and number density 

could be achieved. Spencer et al. [178-179] applied a Direct Simulation Monte Carlo 

algorithm to simulate the flow of neutral argon gas through the first vacuum stage of the 

ICP-MS and found a good agreement with the approximate hemispherical sink model 

of Douglas and French. Their calculations yielded plasma velocity data in the region a 

few millimeters upstream from the sampler which were in reasonable agreement with 

experiments. However, the upstream density and plasma temperature gradients were not 

included and no plasma was assumed in these models. Furthermore, the authors 

provided a formula for the Mach number as a function of distance along the central 

axis, which may be used to predict the variation of velocity, density and temperature 

along the central axis near the sampler [179]. 

Finally, Lindner et al. developed a model for an atmospheric pressure ICP, 

operating at typical analytical chemistry conditions, and focusing on the gas flow 

dynamics and plasma formation [180]. To our knowledge, this is the first model applied 

to the condition of analytical spectrochemistry applications, which takes viscosity and 

ionization into account, and can trace the gas flow from the injector inlet to the sampler 

cone, as well as calculate the plasma characteristics inside the entire ICP torch. A 

model was developed in which the transport parameters are calculated for arbitrary 

mixtures of atomic species. 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 section 2.5.1 below) 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 [180]. 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 straightforward manner. A validation of that model by 

experiments was provided in [181]. That model serves as the basis for the modeling 

work performed during this PhD thesis (see below).  
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1.5. Aim of this PhD thesis 

 

The aim of this PhD thesis is to simulate an ICP torch which is connected to a 

mass spectrometer interface, for a better understanding of ICP-MS.  The model needs to 

take ionization into account (i.e., plasma formation) and should be able to trace the gas 

flow from the injector inlet to the sampler cone, as well as calculate the plasma 

characteristics inside the entire ICP torch, in the presence of a MS interface.  

For this purpose, the model developed by Lindner is used as the starting point. 

In first instance, we will numerically investigate the effect of the presence of a sampler 

on the fundamental plasma characteristics in ICP-MS. To our knowledge, such a 

detailed computational study has not been carried out before.  

Furthermore, we aim to systematically investigate the effect of the operating 

conditions on the upstream plasma characteristics of the ICP in contact with this MS 

interface. Thus, a wide range of injector and auxiliary gas flow rates will be applied. 

Moreover, the effect of the applied power will be studied in detail. Also, the effect of 

the sampler distance and sampler orifice diameter on the plasma characteristics of the 

ICP will be investigated. 

Finally, we aim at obtaining a better insight in the occurrence of the backward 

gas flows (i.e., recirculation) in the torch and we hope to be able to predict under which 

operating conditions this recirculation behavior can be controlled. This is especially 

true for the injector gas flow, which carries the sample, because any deviation from the 

central axis leads to a longer transit time and hence a loss of intensity and this should be 

avoided.  

The model developed in order to achieve these goals will be explained in Part II 

(Chapters 2 and 3). The results of each modeling study will be presented in Part III 

(Chapters 4 to 7). Finally, an outlook for future work will be presented in Chapter 8.  
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PART II: Description of the model  
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2. Theoretical background  
 

 

 

 
 

 

 

Chapter 2:  

Theoretical background 
In this chapter, first some general considerations used to build the model will be 

presented, followed by the physics of the inductively coupled plasma and the related 

equations. 
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2.1.  General considerations 

 

The model is developed by means of the commercial computational fluid 

dynamics program FLUENT (ANSYS) [182], to which several self-written modules 

were added as user defined functions (UDFs). A two-dimensional (2D) axisymmetric 

geometry is assumed, and a schematic diagram of the setup is presented in Figure 2.1. 

The diameter of the central inlet and sampler orifice as well as the distance of the 

sampler from the load coil will be varied. 

 

Figure 2.1:    Schematic picture of the ICP geometry as an example for the geometry used 

in the simulations. The numbers represent the distances in mm. 

The gas enters through the three concentric tubes of the ICP torch, and flows 

into an open ambient gas, which is taken to be argon for simplicity. The volume flow 

rate of the gas through the outer torch tube (called here “coolant gas”), the intermediate 

torch tube (called here “auxilliary gas”) and the central tube (called here “injector gas”) 

will be varied in the next chapters, to investigate their effect on the calculation results. 

Note that in literature different terms are being used for these gas flows, i.e., the coolant 

gas is also called plasma, cooling or outer gas, the auxiliary gas is also called sheath 
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gas, and the injector gas is also called carrier or central gas. However, in this thesis we 

constantly use the terms coolant, auxiliary and injector gas. The flow rate of the 

ambient gas is 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, which is justified as the Reynolds number is typically in the order of 100 for 

regions close to the sampler, and certainly below 1000 for regions close to the inlets, for 

the most of conditions under study, so it is far from the turbulence regime (See chapter 

7). 

It is shown in Figure 2.1 that we assume the coils to be perpendicular to the ICP 

torch. This more or less justifies the use of a 2D model as there is symmetry in the   

direction. It should be noted, however, that in real ICP instruments, the coils wrap the 

torch not exactly perpendicular.  Therefore, the plasma is not fully symmetric and 

modeling in 3D provides a higher accuracy. However, it is studied in [154] that by 

increasing the frequency of the external current from 3 MHz to 13.56 MHz, the 

asymmetric effect of the coil orientation on the plasma temperature decreases. In the 

present study we consider a frequency of 27 MHz (i.e., two times higher than 13.56), so 

we expect that the  temperature profile would be more close to symmetric, even in a 3D 

study. 

 As will be discussed in detail further in this chapter, the gas flow dynamics are 

calculated with the Navier-Stokes equations. The power coupling in the ICP is 

accounted for by Ohm’s law. The power coupling is a source term in the energy 

conservation equation, whereas the emitted radiation is treated as a loss term. The 

viscosity of the mixture (consisting of various heavy species, such as the gas atoms and 

ions, as well as the electrons), the heat capacity, thermal conductivity and diffusion 

coefficients of the species are defined in the model as user defined functions (UDFs), 

being a function of the actual gas composition and the plasma temperature.  

The model assumes local thermodynamic equilibrium (LTE), and a motivation 

for this was given in [180]. 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 [140]. Moreover, the results obtained for 

an argon plasma by Mostaghimi et al. indicated that at atmospheric conditions, 

deviations from LTE are relatively small. However, the situation is different under 

reduced pressure conditions [127]. Therefore, it is believed that the assumption of LTE 

closely approaches the accuracy of non-LTE models for the present plasma. Moreover, 

the LTE assumption has the advantage that the model can be more easily formulated in 
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a self-consistent way and it requires less other assumptions, e.g., on power coupling and 

energy transfer from electrons to atoms and ions.  

Based on this LTE assumption, the ionization is described by the Saha-Eggert-

equation. Furthermore, based on the assumptions of quasi-neutrality and conservation 

of heavy particles of each element, in combination with the calculated ionization 

degree, the number densities of all species (various atoms and ions, as well as the 

electrons) can simply be calculated. In the case of pure argon, the species taken into 

account include the Ar atoms, Ar
+
 and Ar

2+
 ions and the electrons. The conditions (i.e., 

both geometrical parameters and operating conditions) to which the model will be 

applied in the next chapters are listed in Table 2.1. The next sections describe the 

various aspects of the model in more detail.  

Table 2.1:    Geometry and range of operating conditions to which the model will be 

applied in the next chapters. 

  Table 2.1  Operating and boundary conditions 

Frequency 27 MHz 

Input power 750 - 1500W 

Injector gas flow rate  Ar; 0.3 - 2.5 L/min 

Auxiliary gas flow rate  Ar; 0.3 - 1.2 L/min  

Coolant gas flow rate Ar; 12 - 16 L/min 

Ambient pressure 101325 Pa 

Exhaust pressure 101225 Pa 

Pressure downstream the sampler cone 1.32x10
-3

 atm (1 torr) 

Injector inlet diameter  1.5 – 2 mm 

Inlet gas temperature 297 K 

Sampler cone temperature 500 K 

Sampler orifice diameter 1 – 2 mm 

Sampler distance from the load coil 7 – 17 mm 
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2.2. Gas flow dynamics 

 

We need to solve conservation equations for mass and momentum for all gas 

flows. For flows involving heat transfer (as in the current study), an additional equation 

for energy conservation also needs to be solved. In this section, the conservation 

equations for laminar flow in an inertial (i.e., non-accelerating) reference frame are 

presented. The source terms of the conservation equation will be explained in detail in a 

separate section (see section 2.4). Moreover, the species transport will be presented in 

this section. 

 

2.2.1. Conservation equations for momentum, mass and energy 

 

The gas flow dynamic equations are solved by FLUENT, assuming laminar 

flow conditions. The calculations are made for a two-dimensional axisymmetric 

geometry. For conservation of momentum, the Navier-Stokes equation has the 

following general form: 

Fpvv
t

v

















)(                                       (1) 

where   is the mass density, v is the velocity, p is the pressure,   is the stress tensor 

and F is the body force (per unit volume). The left hand side of the equation describes 

acceleration, and is composed of time dependent and convective effects. Note that also 

the effects of non-inertial coordinates can be included, but this is not the case in the 

present study. The right hand side of the equation denotes the divergence of stress (i.e., 

pressure and shear stress, first and second terms respectively) and the summation of 

body forces (third term). More specifically, the effect of stress in the fluid is 

represented by the p  and   terms; these are gradients of surface forces. 

Here p  is called the pressure gradient and originates mainly from the difference 

between inlet and outlet pressures and partially from the electron distribution. The 

anisotropic part of the stress tensor gives rise to   which conventionally describes 

viscous forces. For incompressible flow, this is only a shear effect. In the current study, 

the term “ F ” is represented only by the Lorentz force, which will be explained in 

section 2.4.1 below. 
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The source  massS  is the mass added to the continuous phase (gas) from a second 

dispersed phase (e.g., due to vaporization of liquid droplets). In the current study it is 

set to zero as we do not introduce any samples to the flow yet. 

For the 2D-axisymmetric geometry the continuity equation then takes the form: 

mass
r

rz S
r

v
v

r
v

z









 
 )()(                                 (7) 

Finally, the energy equation has the form:  

heff

k

kkeff SvJhTpEvE
t





 ))(())(()(


          (8) 

Here eff is the effective thermal conductivity, kh  is the enthalpy of the different 

species k , kJ  is the diffusion flux of species k  and eff  is the effective stress tensor. 

In fact, the first three terms on the right hand side are the contribution from species 

thermal conductivity, diffusion and viscosity, respectively. Two source terms ( hS ) are 

added to the energy equation: the coupled electric power density and the energy loss by 

emitted radiation (see section 2.4.2). 

Furthermore, the energy is defined as:  

2

2vp
hE 


                                                   (9) 
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2.2.2. Species transport 

 

The local mass fraction of a species k )( kY  is predicted from the following 

transport-diffusion equation: 

kkk JYvY
t







)()(                                           (13) 

where kJ  is the diffusion flux of species  k .              
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2.3. Electro-magnetic field 

 

2.3.1. Solving the electric field 

 

The electric field can be calculated in Fluent as a user defined scalar (UDS). 

There is a defined equation for any scalar variable in FLUENT in the form: 

SDu
t





)()(


                                    (15) 

  is the scalar variable to be calculated. The first term on the left hand side is the 

unsteady term (which only needs to be included if the FLUENT calculation is unsteady, 

and in our study it is neglected), the second term on the left hand side is the flux term, 

D  is the diffusivity, and S  is a source term. In order to use this equation for solving 

the electric field, we have to re-write the electric field related equation in the format of 

this equation. In fact each component of the electric field, i.e., sine and cosine parts, 

need to be considered as a separate  , to be written in the format of equation (15), and 

then calculated separately. The steps to re-write the electric field equation will be 

presented in the following.  

We start with the following Maxwell-equations: 

eD 


                                                           (16) 

B
t
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                                                    (17) 

0 B


                                                              (18) 

D
t

jjH indext






                                   (19) 

E


 is the electric field, D


 is the electric displacement field , B


 is the magnetic field, 

H


 is the magnetic field strength, e  is the charge density, extj


 is the external current,  

indj


 is the induced current by the electric field and the last term in the right hand side of 
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equation (19) is the displacement current. We can rewrite the equations (16-17) by 

applying the general expressions for isotropic conditions:  

ED


0                                                          (20) 

HB


0                                                        (21) 

and Ohm’s law:  

Ejind


                                                         (22) 

where  is the permittivity ,   the permeability and   the electrical conductivity. The 

zero indices indicate the values for vacuum. Furthermore, we can assume that 1  

and   and   are constant in time.  Note that for the latter assumption (time 

independent electrical conductivity) it is sufficient that a temporal change is slow 

compared to the oscillation time of the electro-magnetic fields. Therefore, the Maxwell 

equations can be simplified in the following way: 

0 E
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Equation (23) is the so called neutrality equation. By applying a rotation on both sides 

of equation (24) and filling in equation (26) we have: 
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http://en.wikipedia.org/wiki/Permittivity
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Figure 2.2 shows the direction of the coil current, magnetic and electric fields. 

Assuming that the magnetic field inside the torch is as shown in Figure 2.2.b, we can 

define that the electric field only goes into the   direction. Therefore, we only have to 

look at one spatial component of the electric field: 

  E
t

j
t

E ext








 0,0

2
                                    (34) 

 

Figure 2.2:     Schematic picture of the cylindrical coordinates (a), the spatial direction of the 

magnetic field and coil current (b), and the spatial direction of the magnetic and electric field inside 

the torch (c). 
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2.3.2. Calculation of the magnetic field 

 

The magnetic field can be calculated from the electric field via the Maxwell 

equations. The time dependence of the magnetic field is given by 

tBtBtB  sincos)( 21


                                         (43) 

Assuming that the electric field acts only in the   direction, the magnetic field in 

cylindrical coordinates becomes (see Figure 2.2): 
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2.4. Sources terms 

 

As mentioned in section 2.2.1 above, in the momentum equation, the Lorentz 

force acts as a source. Furthermore, two source terms are added to the energy equation, 

i.e., the coupled electric power density and the energy loss by emitted radiation.  

 

2.4.1. Source term for the momentum equation 

 

The source term taken into account for the momentum equation (equations (2) 

and (3) in section 2.2.1 above) is defined by the Lorentz force. The Lorentz-force 

density (i.e., per unit volume) is given in Cartesian coordinates by: 
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2.4.2. Source terms for the energy equation 

 

(a) Power coupling by the electrical field 

 

The power density   introduced into the plasma is given by 

Ej


                                                           (62) 

with the current density j


. Assuming Ohm's law in simple form we have 

Ej


                                                             (63) 

where   is the electrical conductivity. Hence, the power density can be written as 

2E


                                                            (64) 

The electric field oscillates with a frequency    and has a time period of 


2
. As our 

calculations apply to much longer time scales compared to the oscillation period (i.e., 
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timescales


2
 ) it is appropriate to calculate a time-average (over one period) for 

the power density.  
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It is assumed that the electrical conductivity does not change significantly during one 

period. Consequently, it is set constant in time. Furthermore, the electric field can be 

split up into a cosine and a sine part. This yields: 
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One needs to make sure that the new power does not exceed the input power (due to the 

changed conductivity conditions). This can be achieved by a test loop. 

 

 

 

 

 

 

    

 

(b) Radiation 

 

Emitted radiation, as mentioned, is treated as a loss term in the energy 

conservation equation (equation (8) of section 2.1.1 above). We used the provided 

equation by [183] for the emitted radiation.  
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2.5. Ionization 
 

As mentioned above, we assume that the ICP is in local thermodynamic 

equilibrium (LTE). Therefore, the electron and ion densities are determined from the 

Saha-Eggert equation [31]; 
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              (71) 

where en  is the electron number density, kZn  is the number density of element (or 

molecule) k  in the ionization stage Z ,   is the partition function, ionE  is the 

ionization potential and ionE  is the reduction of the ionization potential. Bk  , T and 

h  are the Boltzmann constant, the temperature and Plank constant, respectively. The 

partition functions of argon are calculated according to the functions given in [185]. For 

temperatures below 1000 K, the value is kept the same as for 1000 K which has no 

influence since the amount of ionization is negligible in that temperature range. The 

heavy species taken into account in the calculations are Ar , 
Ar and 

2Ar . In fact, 

the Saha-Eggert equation describes the degree of ionization in the plasma as a function 

of the temperature, density, and ionization energies of the atoms. In a plasma of finite 

density the potential distribution in and near a given ion is influenced not only by its 

own bound electrons )( ionE  but also by free electrons, the neighboring ions and to a 

lower extent by the neutral atoms. This perturbation effect )( ionE  is to alter the set of 

energy levels available to the ion in question. This effectively lowers all the ionization 

potentials and shifts the equilibrium occupation numbers in the direction of increased 

ionization. This effect is usually called “pressure ionization” [186].   
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The ionization potential reduction that appeared in the Saha-Eggert equation is 

calculated from [189] 

)8/(4 0
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BD
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Ze
E

 
                                          (86) 

where D  is the Debye-length, and B is the de Broglie length.: 
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2.6. Material Parameters 

 

Several material parameters need to be defined in the model. In the following, 

the viscosity, thermal conductivity, heat capacity, diffusion and electrical conductivity 

will be explained.   

 

2.6.1. Viscosity 

 

The viscosity for a pure gas is given by [190]: 
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2.6.2. Thermal conductivity 

 

The thermal conductivity for atomic elements is given by [193]: 

VC
2

5
                                                    (95) 

where   is the viscosity and VC  is the heat capacity at constant volume. If VC  is set 

equal to 
m

kB

2

3
 [195] then the thermal conductivity becomes:  

m

kB

4

15 
                                                     (96) 

More in general, the thermal conductivity of a gas consisting of monoatomic species 

can be calculated from the viscosities of the electrons, e , and the various heavy 

species (atoms, ions), k , [195] 
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 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. Hence, it is better to 

determine the effective atomic radius from viscosity data rather than from thermal 

conductivity data, at least for higher temperatures. We assumed that the ionic radius for 

interactions with neutrals should not deviate too much from the atomic one. Therefore 

we use the same values for the ionic radius of 
Ar and 

2Ar as for the argon atomic 

radius.  

 

2.6.3. Heat capacity  

 

The (total mean) heat capacity consists of the standard gas heat capacity and 

some further terms: 

ionpepdisspexcpgaspp cccccc ,,,,,                        (98) 

The right hand side terms are the standard heat capacity of an ideal gas (first 

term), the heat capacity contribution from excitation of the bound electrons of the atoms 

(second term), dissociation of the molecules (third term), and  ionization, which 

includes the contribution of free electrons (fourth term) and ions (last term). 

The standard heat capacity at constant pressure gaspc ,  for ideal gases is given by: 

k

kVkgasp
M

R
cc  ,,,                                                 (99) 

where kVc ,  is the heat capacity at constant volume of species k , R  is the universal gas 

constant and kM  is the molar mass of species k . In this work we used the standard 

heat capacity tabulated in FLUENT for the first term. Because ionization is not 

available from FLUENT (and it is included as user defined function, see section 2.5 

above), we added the contribution of ionization to the heat capacity separately. The 

second term is ignored in this work to simplify the calculations. However, we plan to 

add it to the model in our future work. The third term vanishes as we do not consider 

chemical reactions.  



 

 

Chapter 2: Theoretical background 

 

72 

 

The heat capacity from ionization (free electrons and ions; last term) can be 

calculated from the derivative of enthalpy with respect to temperature:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The FLUENT version used in this work, i.e., FLUENT v.13, only provides temperature 

and mass fractions of the elements for the calculation of pc . 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 pc  

contribution of ionization was calculated. 
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2.6.4. Diffusion 

 

The isotropic diffusion coefficients [195] for the various species k (i.e., atoms, 

ions, electrons) are taken into account in the present model by: 

 

 

 

 

 

 

 

 

 

 

2.6.5. Electrical conductivity 

 

The basic equation for electrical conductivity originating from the electrons is 

[193]: 

e

e

ee
m

e
en                                                     (104) 

where e  is the elementary charge, em  and en  are the mass and number density of an 

electron, and e  is the collision time.  A similar equation also holds for the heavy 

particles. The electrical conductivity for a mixture can then be determined from the 

contribution of electrons and heavy particles: 
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3. Calculation strategy 
 

  

 
 

 

 

 

 

Chapter 3 

Calculation strategy  
To describe the ICP, we divide the whole simulation setup in three major steps, as 

outlined in this Chapter. The first step is the pre-processing step, which includes 

preparing the geometry and mesh, providing the needed physical equations or 

properties as user defined functions written in C, as well as defining user defined 

scalars and finally setting the boundary and initial conditions. The second step is 

solving the model and the third step does the post-processing, i.e., analyzing the results.  
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3.1. Pre-processing 

 

3.1.1. Geometry and mesh generation 

 

The required geometry for the model is made by the geometry and mesh 

generation software, called GAMBIT, which is also ANSYS software. This program is 

the pre-processor for the computational fluid dynamics (CFD) analysis. GAMBIT 

allows building 2D or 3D geometries, and it has a single interface for the geometry 

creation and the meshing that brings together several preprocessing technologies in one 

environment. 

The geometry we made is shown in Figure 2.1 above. Any line shown in Figure 

2.1 has to be specified as a “torch wall”, “coil” or “sampler”. A sampler is designed in 

the geometry which is set to a pressure outlet boundary condition in FLUENT. Because 

the area close to the sampler is the most interesting region to study, the created mesh 

close to the sampler is much finer than in the rest of the torch. For instance, the mesh 

defined for the region close to the sampler can reach a maximum size of 0.25 mm while 

in the region of the walls or the ambient gas this value can be as large as 2 mm. The 

calculation region extends further than only the inside of the torch, to enable a proper 

description of the entire gas flow dynamics, and to allow simpler boundary conditions 

for the model. Indeed, the electric fields, for instance, could be set to zero at the 

boundary without affecting the plasma behavior. This can be considered as the 

equivalent of the metal shielding box around the ICP, which prevents the rf radiation 

from entering the laboratory. The entire calculation region has a radius of 10 cm and an 

axial length of 15 cm (in the case without sampling cone) or 4.5 cm (in the case with 

sampling cone). The geometry is subdivided into about 23,000 (in the case without 

sampling cone) and 15,000 cells (in the case with sampling cone), of which about half 

are located inside the torch and in the region directly behind the torch and close to the 

sampler.  

We define three “cell zones” as follows: the coil zone, torch zone and fluid 

zone (including the plasma flow and ambient gas flow).  

After creation of the geometry and the mesh, the GAMBIT output files need to 

be loaded in FLUENT. 
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3.1.2. Physics, UDFs and UDSs 

 

For modeling the gas flow dynamics we apply the Navier-Stokes equations 

coupled with the energy conservation equation from FLUENT [182], as explained in 

Chapter 2. The energy source (external power coupling) and loss (radiation) terms need 

to be written in a separate code (in C) and loaded as UDFs into FLUENT. The same 

applies to the component of the Lorentz force density as the source term for the 

momentum equation. Each component of the electric field is also loaded as a UDS into 

FLUENT. Moreover, some other self-written codes calculate the material parameters, 

i.e., viscosity, heat capacity, thermal and electrical conductivity and diffusion 

coefficients as a function of the actual gas composition and plasma temperature. 

Ionization is also taken into account by solving the Saha-Eggert equation for which 

again a UDF, defining the ion and electron density, needs to be loaded into FLUENT. 

Details about the applied equations are provided in Chapter 2. 

 

3.1.3. Operating and boundary conditions 

 

Once the geometry and separate code files (i.e., UDFs and UDSs) are loaded 

into FLUENT, we need to define the operating and boundary conditions. We assume 

that the gas flow is laminar and the system is in steady state. A solver called “pressure 

based” (see section 3.2.1 below) is chosen and the so-called “coupled algorithm” (see 

also section 3.2.1 below) is set for the calculations.  

The properties of each torch, coil and fluid zone are defined as well as the 

amount of gas flow rate for each mass flow inlet (i.e., central, intermediate and outer 

inlets). Furthermore, the sampler is set as a pressure outlet. In the case of the presence 

of a sampler, as the pressure at both sides of the sampler has a huge difference, the 

calculation cannot start if we set the final values of the pressure at the beginning. In 

fact, we first need to calculate the flow continuity equation without any energy source 

to reach convergence for the calculation. Moreover, the pressure at both sides of the 

sampler should be set equal at the beginning (101225 Pa) and only after the first 

convergence, the pressure behind the sampler has to be lowered step by step (with 

intervals of 10000 Pa) and the calculations need to be repeated to reach convergence 

again until the value of 133.32 Pa (1 torr) is reached.  This is the most time consuming 

part of setting up the model in FLUENT prior to beginning the calculation.  
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The operating and boundary conditions are different for the calculations 

presented in the following results chapters. Therefore, we will present in each chapter 

the conditions to which the model will be applied. 
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3.2. Solution procedure 

 

In this section, first we describe in section 3.2.1 how the FLUENT solvers work 

in general, and subsequently we explain in section 3.2.2 the solution strategy of our 

ICP-MS model. 

 

3.2.1. General FLUENT flow solvers  

 

FLUENT provides two different numerical methods to solve the flow 

equations, i.e., a pressure-based solver and a density-based solver [182]. The pressure-

based approach is developed for low-speed incompressible flows, while the density-

based approach is mainly used for high-speed compressible flows. Using either method, 

FLUENT will solve the governing integral equations for the conservation of mass, 

momentum and energy, and some other scalars such as the magnetic fields in the 

present study. In both cases a control-volume-based technique is used that consists of: 

• Division of the domain into discrete control volumes using a computational grid. 

• Integration of the governing equations on the individual control volumes to construct 

algebraic equations for the discrete dependent variables (“unknowns”) such as 

velocities, pressure, temperature, and conserved scalars. 

• Linearization of the discretized equations and solution of the resultant linear equation 

system to yield updated values of the dependent variables. 

We applied the pressure-based solver in this study. In both methods the velocity 

is obtained from the momentum equation. In the pressure-based approach, the pressure 

equation is derived from the continuity and the momentum equations in such a way that 

the velocity, corrected by the pressure, satisfies the continuity. Since the governing 

equations are nonlinear and coupled to one another, the solution process involves 

iterations wherein the entire set of governing equations is solved repeatedly until the 

solution converges. 

Two pressure-based solver algorithms are available in FLUENT, i.e., a so-

called segregated algorithm and a coupled algorithm [182]. In the pressure-based 

segregated algorithm the governing equations are solved sequentially. This means that 

the individual governing equations for the solution variables are solved one after 
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another. Each governing equation, while being solved, is “decoupled” or “segregated” 

from the other equations, hence its name. Because the governing equations are in fact 

non-linear and coupled, the solution loop must be carried out iteratively in order to 

obtain a converged numerical solution. The segregated algorithm is memory-efficient, 

since the discretized equations need only to be stored in the memory one at a time. 

However, the solution convergence is relatively slow, because the equations are solved 

in a decoupled manner [182]. 

With the segregated algorithm, each iteration consists of the steps illustrated in 

Figure 3.1 (left side). These steps are continued until the convergence criteria are met. 

 

 

Figure 3.1:    Overview of the pressure based segregated (left) and coupled (right) solution 

methods [182].  
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Unlike the segregated algorithm described above, the pressure-based coupled 

algorithm solves a coupled system of equations comprising the momentum equations 

and the pressure-based continuity equation. Since the momentum and continuity 

equations are solved in a closely coupled manner, the rate of solution convergence 

significantly improves when compared to the segregated algorithm. However, the 

memory requirement increases by 1.5 - 2 times compared to that of the segregated 

algorithm since the discrete system of all momentum and pressure-based continuity 

equations needs to be stored in the memory when solving for the velocity and pressure 

fields. The solution procedure of the pressure-based coupled algorithm is also explained 

in Figure 3.1 (right side). 

 

3.2.2. Solving the ICP-MS model 
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Because of the nonlinearity of the equation set solved by FLUENT, it is necessary 

to control the change of a variable . This is typically achieved by under-relaxation of 

this variable (also referred to as explicit relaxation), which reduces the change of   

produced during each iteration. In a simple form, the new value of the variable, new , 

within a cell depends upon the old value, old , the computed change, oldcomputed  

and the under-relaxation factor, URF , as follows: 

)( oldcomputedoldnew URF                                    (106) 
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3.3. Post-processing 

 

When the calculation is converged, we can either make some plots in FLUENT 

or use the ANSYS CFD-post-software. The latter is a post-processor software to which 

we can export the data from FLUENT. It provides a user friendly interface to plot 2D or 

3D contour plots, as well as stream lines of the gas flow, and XY diagrams, as will be 

presented in the coming chapters. 
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PART III: Results and Discussions 
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4. Coupling a mass spectrometer interface to the ICP torch 

 

 

 

 

Chapter 4: 

Coupling a mass spectrometer to 

the ICP torch 

In this chapter, the effect of the presence of a sampler on the fundamental plasma 

characteristics in ICP-MS is computationally investigated. To investigate the effects of 

the sampler, two sets of calculations with exactly the same conditions, with and without 

the sampler, are performed. The details of the geometry and of preparing the 

calculations are discussed in Chapter 3. Typical plasma characteristics, such as gas flow 

velocity, plasma temperature and electron density, are calculated in two dimensions 

(cylindrical symmetry) and compared with and without a mass spectrometer sampling 

interface. The results indicate a dramatic increase in the plasma velocity in the region 

close to the interface. Furthermore, a cooled metal interface lowers the plasma 

temperature and electron density on the axial channel very close to the sampling cone 

but the corresponding values in the off axial regions are increased. Therefore, the effect 

of the interface strongly depends on the measurement position. It is shown that even a 

small shift from the actual position of the sampler leads to a considerable change of the 

results. The calculation results are compared with the measured data from [98,99,197], 

and provide a better insight in the underlying physics responsible for the effect of the 

sampling interface. 

 

This chapter is based on the following publication: M. Aghaei, H. Lindner, A. Bogaerts, Effect 

of a mass spectrometer interface on inductively coupled plasma characteristics: A computational 

study, J. Anal. At. Spectrom. 27 (2012) 604-610.  
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4.1. Operating and geometrical conditions 

 

The total power coupled to the plasma is set to 1000 W and the frequency of 

the harmonic external electric current density is 27 MHz. The injector gas flow rate is 1 

L/min and the flow rate of the coolant and auxiliary gases are 12 L/min and 0.4 L/min, 

respectively. The ambient gas pressure and exhaust pressure are set to 101325 Pa and 

101225 Pa, respectively. In the case with sampler, the pressure downstream of the 

sampler is set to 133.32 Pa. The schematic picture of the ICP geometry used in the 

simulations is shown in Figure 2.1. The diameters of the central torch inlet and sampler 

orifice are 1.5 mm and 1 mm respectively. The sampler position from the load coil is 10 

mm.   
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4.2. Gas flow path lines and velocity 

 

The gas flow path lines, originating from the central and outer inlets, colored by 

velocity in m/s, are plotted in Figure 4.1.a and 4.1.b, for the case without and with 

sampler, respectively. The path lines originating from the intermediate inlets are 

colored in black to be distinguishable from the injector and coolant gas, and for the sake 

of further discussions in section 4.3.  

 

 

Figure 4.1:    Effect of presence of sampler: 2D gas flow velocity path lines originating from 

the central and outer inlets, colored by velocity in m/s, and from the intermediate inlet, 

colored in black, (a) without and (b) with sampler. The thin vertical solid lines in (a) 

indicate the axial positions at which the radial profiles of Figure 4.4 and 4.7 are plotted, 

i.e., at 6mm, 8mm, 9.3mm, 9.6mm, 9.9mm, and 10mm from the load coil. Velocity vectors 

are also plotted in Figure (b), when the gas is flowing through the sampling orifice. The 

purple contours indicate the area of external power coupling. 
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It is seen in both figures that the flow coming from the central inlet, instead of 

maintaining a straight line trajectory, adopts a curved flow profile due to the 

entrainment forces acting upon it, as was predicted by Stewart et al. to be a likely 

scenario for off-axis sampling of an ion cloud (see Figure 8.c of reference [197]). This 

scenario was supported by experiments [197]. Nevertheless, in the case with sampler 

(Figure 4.1.b), as a consequence of flow acceleration to the orifice of the sampler, the 

whole injector gas flow is able to pass through the interface cone. However, the 

auxiliary and coolant gas flows are not affected by the acceleration process to the 

orifice, and they adopt a curved line trajectory to the open sides of the torch at the end 

sides of the interface cone. This modification of path lines affects the temperature and 

electron density profiles, which will be presented below.  

 

 

Figure 4.2:    Effect of presence of sampler: Axial distribution of gas flow velocity (m/s) in 

the case with (solid line) and without (dashed line) sampler, on the central axis of the 

plasma torch. The load coils and the place of the sampler are also indicated in this figure, 

for clarity. 
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In addition, the graphs illustrate how the gas velocity in the area close to the 

sampler is changed by the presence of the sampler. Indeed, a large difference in 

pressures upstream and downstream of the sampler (i.e., 101191.68 Pa), considering 

Bernoulli’s principle, causes an extreme increase in the velocity of the flowing plasma, 

as is illustrated in Figure 4.1.b by the red velocity vectors in m/s, added to better 

visualize this effect. The same effect is apparent from Figure 4.2, which shows the 

velocity on the central axis as a function of axial position. In both cases, i.e., with and 

without sampler, the velocity rises when the flow leaves the load coil (i.e., around 30 

mm from the central inlet), because the gas is heated up by the power coupled into the 

plasma, which results in the increased velocity [181]. The effect of the sampler on the 

velocity is indicated by the solid line in Figure 4.2, which exhibits a sharp increase 

towards the sampler. Note that the solid line is plotted to 1 mm before the sampler, to fit 

in the y-scale of this figure, but the velocity increases further to about 500 m/s when it 

passes the sampler orifice. Ma et al. have also observed a similar rise in velocity due to 

the presence of the sampler, as reported in [98]. 

  



 

 

Chapter 4: Coupling a mass spectrometer to the ICP torch 

 

92 

 

4.3. Plasma temperature 

 

The plasma temperature is a fundamental property of the ICP. Indeed, 

temperature changes affect the plasma thermal conductivity. Moreover, the rate of 

droplet desolvation and particle vaporization is affected by the gas kinetic temperature 

[198]. Inserting a cooled metal sampler as an interface between ICP and mass 

spectrometer causes the following changes, as presented in Figure 4.3-4.7. 

The 2D profiles of the plasma temperature are presented in Figure 4.3, both in 

the absence (Figure 4.3.a) and presence (Figure 4.3.b) of the mass spectrometer 

interface. It is shown that the off-axial region of the plasma has a higher temperature 

than the central region in both Figure 4.3.a and Figure 4.3.b, which indicates the 

presence of the central channel cooling the plasma. Furthermore, as the coolant gas has 

a strong flow rate, the gas layers next to the torch wall stay cool, as is also seen in 

Figure 4.3 in both cases. The hottest region in the radial direction is close to the middle 

of the intermediate inlet, which is the place of maximum power deposition (see purple 

contours in Figure 4.1 above). The absolute values of the calculated plasma 

temperature, i.e. 8000-9000 K above the load coil, are in good agreement with 

experiments [21,199].  

Insertion of the sampler does not seem to affect the plasma temperature inside the load 

coil to a great extent. However, a small temperature rise can still be observed, attributed 

to the change in path lines in this region, as seen in Figure 4.1 above.  Indeed, in the 

coil region, when the interface is inserted, the auxiliary flow (path lines colored in black 

in Figure 4.1) passes the area which is characterized by high electrical power deposition 

(i.e., the center of the purple contours in Figure 4.1.b), while in the case without 

sampler, part of the auxiliary flow passes through the area which has lower coupled 

power values (see Figure 4.1.a). The total external power and auxiliary mass flow rate 

are the same in both cases with and without sampler, but the flow seems to pass through 

more efficient areas to heat up, in the case of presence of the sampler. In other words, 

the auxiliary flow combines later with the injector flow, after passing through the high 

power area, in the case of presence of the sampler, while in the other case, part of the 

auxiliary flow combines sooner with the injector flow, with less heating by the external 

power. Therefore, this causes a higher temperature in the central region when the 

sampler is present, as we will see later in Figure 4.5. To obtain a more detailed picture 

close to the sampler, which is the most important region for mass spectrometry, Figure 

4.4 illustrates the plasma temperature distribution in the radial direction, at several axial  
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Figure 4.3:   Effect of presence of sampler: 2D plasma temperature profile (K), (a) without 

and (b) with sampler. 

positions, in the presence and absence of the sampler (i.e., solid and dashed lines, 

respectively). It is shown that the temperature in the presence of the sampler drops 

dramatically towards the central axis, with a sharp minimum at about 0.5-1 mm from 

the central axis, and it is higher again at the central axis. This can be explained by the 

cooling of the sampler, which has an orifice of 1 mm diameter. 

It appears from the solid lines in Figure 4.4 that the radial temperature profile 

changes considerably, especially when moving closer towards the sampler. Even at 0.1 

mm from the sampler (i.e., solid line in Figure 4.4.b), the profile looks different from 

the position of the sampler (i.e., solid line in Figure 4.4.a), especially near the central 

axis. This indicates that the above-mentioned cooling effect is only very local. This 

behavior is important when comparing simulation results with experiments, or different 

experimental data, i.e., they should be compared at exactly the same position.  
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Looking at the dashed lines in Figure 4.4 tells us that the temperature profile in 

the case without sampler is very similar for the different axial positions, with a broad 

maximum in the central region. Only in Figure 4.4.e and 4.4.f a minor local minimum 

can be observed at the central axis, which arises from the torus-shaped temperature 

profile in the coil region (see Figure 4.3 above). On the other hand, the temperature 

profile in the presence of a sampler is largely affected by the sampler, and differs a lot 

for different axial positions, especially near the sampler position, as discussed above. At 

the position of the sampler (Figure 4.4.a) the plasma temperature drops significantly in 

the central area and it increases in the outer regions, compared to the case without 

sampler. Lehn et al. [99] have reported the same behavior, but it should be mentioned 

that the setup of their experiments was different from ours and consequently, they 

observed a similar behavior but at different positions compared to our current work. 

The drop in the central region was explained above, i.e., it originates from the cooling 

from the sampler. The higher temperature in the outer regions is attributed to the 

different path lines, as shown in Figure 4.1.b above. Indeed, the gas flow which is 

accelerated to the orifice mostly originates from the central torch inlet, whereas the gas 

molecules coming from the intermediate and outer torch inlets, change their path and 

leave the ICP torch as they face the interface cone. This affects the temperature profile, 

as is shown in Figure 4.3.b, i.e., the high temperature plasma is spread towards the open 

sides of the torch, resulting in higher temperature values in the region outside the load 

coil, at radial positions farther away from the central axis, compared to the case without 

sampler (Figure 4.3.a). Therefore, the radial temperature distributions plotted in Figure 

4.4 exhibit larger values in the outer regions in the case with sampler compared to 

without. A similar effect as in Figure 4.4.a is also observed in Figure 4.4.b, Figure 4.4.c 

and Figure 4.4.d, for the temperature profiles at 9.9 mm , 9.6 mm, and 9.3 mm away 

from the load coil, respectively, or in other words, 0.1 mm, 0.4 mm, and 0.7 mm from 

the sampler, respectively, although the cooling effect in the central region is far less 

pronounced. At positions further away from the sampler (see Figure 4.4.e-f) the 

temperature profiles with and without sampler look very similar, indicating that the 

sampler does not affect the temperature profile at positions beyond 1mm from the 

sampler.  

Figure 4.5 shows the plasma temperature as a function of axial position on the 

central axis, again with and without sampler (i.e., solid and dashed line, respectively). 

Note that x = 0 mm corresponds to the position where the central torch inlet is placed. 

As shown in Figure 4.3, the temperature at the central axis is very low in the coil 

region, and it starts to increase dramatically at the end of the coil region. This can also  
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Figure 4.4   Effect of presence of sampler:  Radial distributions of plasma temperature (K) 

in the case with (solid lines) and without (dashed lines)  sampler, at several axial positions, 

i.e., at 10mm (place of the sampler) (a), 9.9mm (b), 9.6mm (c), 9.3mm (d), 8mm (e), and 

6mm (f) from the load coil. 

be seen in Figure 4.5. As the sampler is placed at 41.5 mm from the injector, the solid 

line stops at this position, while the dashed line continues till 70 mm from the injector. 

A slightly higher temperature at the central axis is observed in the case with sampler 

compared to without. This is attributed to the plasma heat conductivity from the slightly 

higher off-axis plasma temperature in this case, as mentioned above. Moreover, as seen 

in Figure 4.1, the path lines of the injector gas flow in the case with sampler are broader 

than in the case without sampler. Therefore, in Figure 4.1.b, the central path lines come 

closer to the region of high power coupling, which is another reason for the higher 

temperature at the central area of the torch. Only close to the sampler, the situation is 

reversed, and the plasma temperature drops significantly due to the presence of the 

cooled metal sampler, as was also observed in Figure 4.4. This so-called cross point 

(point ‘a’ in Figure 4.5) was also reported in [98] from images of ion fluorescence. 
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Figure 4.5   Effect of presence of sampler: Axial distribution of plasma temperature (K) in 

the case with (solid line) and without (dashed line) sampler, on the central axis of the 

plasma torch. The load coils and the place of the sampler are also indicated in this figure, 

for clarity. The small graph shows a detail of the crossing point of the two lines. 
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4.4. Electron density 

 

Another fundamental property of the ICP is the electron number density, which 

determines the electrical conductivity in the plasma, as well as the analyte excitation 

and ionization rates due to electron impact [200,201]. 

Figure 4.6.a and 4.6.b present the 2D profiles of the electron density, without 

and with sampling interface, respectively. Again, the maximum electron density in both 

cases is reached at the position of maximum power coupling, where also the plasma 

temperature exhibits its maximum. Moreover, the electron density appears again 

somewhat higher in the case with sampler than without (i.e., about 
322105.1  m vs. 

322103.1  m ). This can be explained by the slightly higher maximum temperature in 

the case with sampler, as mentioned above.  

 

Figure 4.6   Effect of presence of sampler: 2D electron density profile (m
-3

), (a) without and 

(b) with sampler. 
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In Figure 4.7, the radial distributions of electron density at different axial 

positions are presented in the case with and without sampling interface (solid and 

dashed lines, respectively). In the presence of a sampler, again the measurement 

position clearly affects the results obtained. At the position of the sampler (10 mm from 

load coil; solid line in Figure 4.7.a), the electron density exhibits two maxima at 4-5 

mm from the center, and a small one in the center, whereas at 0.1 mm, 0.4 mm and 0.7 

mm before the sampler (i.e., solid lines in Figure 4.7.b-d respectively), the peak in the 

center becomes much more pronounced. The general pattern here follows the plasma 

temperature changes discussed in section 4.3 above; however, the change in electron 

density is larger than for the plasma temperature, which can be explained from the 

temperature dependence in the Saha-Eggert equation 

]/)(exp[( 2/3 TkEETn Bionione  , where ionE  is the ionization potential, ionE  

is the ionization potential reduction and Bk  is the Boltzmann constant) [21].  

 

Figure 4.7   Effect of presence of sampler: Radial distributions of electron density (m
-3

) in 

the case with (solid lines) and without (dashed lines) sampler, at 10mm (place of the 

sampler) (a), 9.9mm (b), 9.6mm (c), 9.3mm (d), 8mm (e), and 6mm (f) from the load coil.  
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Figure 4.8   Effect of presence of sampler: Axial distribution of electron density (m-3) in the case with 

(solid line) and without (dashed line) sampler, on the central axis of the plasma torch. The load coils 

and the place of the sampler are also indicated in this figure, for clarity. 

The measurements by Lehn et al. [99] revealed the same behavior, but because of the 

different geometries, direct comparison is not possible. Looking at the dashed lines in 

Figure 4.7 (i.e., calculation results without sampler), it is seen that the profiles do not 

change a lot for different axial positions, except for the appearance of a small minimum 

near the center in Figure 4.7.f, which arises from the two characteristic maxima 

observed inside the coil region (see Figure 4.6). However, the profiles in the case with 

sampler are very much dependent on the axial position as discussed above. The closer 

to the sampler, the larger is the difference between the two profiles. In the case with 

sampling interface, the electron density becomes much lower in the central region and 

somewhat higher in the outer sides, at the position of the sampler (Figure 4.7.a) as well 

as at 0.1mm, 0.4 mm and 0.7 mm away from the sampler (Figure 4.7.b-d). The drop in 

density is attributed to the cooling effect of the interface cone in the central region, and 

the slightly higher density in the outer regions is due to the path lines of the 

intermediate and outer inlets, extending the plasma towards the outer region, as 

discussed above for the plasma temperature. As these positions are too close to the 

sampler for accurate measurements, there are no experimental data reported in literature 
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for these positions. However, further away from the sampler, the electron density 

appears to be higher, both in the center and in the outer regions, as is shown in Figure 

4.7.e and 4.7.f (indicating measurement positions of 2 mm and 4 mm from the sampler, 

respectively).  

The latter effect is seen more clearly in Figure 4.8, illustrating the axial electron 

density profile at the center axis, with and without sampling interface (solid and dashed 

line, respectively). Close to the sampler, the electron density is near zero, and hence 

lower than in the case without sampler, but it shows a pronounced rise at a few mm 

from the sampler, and hence, in general the electron density is higher in the case with 

sampler than without, due to the slightly higher temperature, as explained above. This 

behavior was also reported by Ma et al. [98], based on ground state ion fluorescence 

measurements, obtained at positions of 1 mm from the sampler. 
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4.5. Conclusion 

 

The effect of a mass spectrometer sampling interface on the fundamental 

plasma characteristics in an ICP, i.e., gas flow velocity, plasma temperature and 

electron density, is computationally investigated. The model deals with plasma by 

kinetic theory in the whole ICP torch region to provide a complete description of ICP-

MS upstream the sampler.      

The calculation results indicate that the maximum temperature and electron 

density increase when a sampling cone is inserted in the ICP. Moreover, the plasma 

velocity increases dramatically when flowing through the sampling orifice, due to the 

sudden pressure drop. The sampler cools the gas flowing into the MS, which results in a 

reduction of the total number of ions that can be measured. Thus, maybe an increase of 

the sampler temperature could yield an increased transmission of ions into the MS. The 

effect of the sampler is especially important in the downstream region from the plasma, 

but not so much in the most intense plasma region (i.e., the coil region). Other effects, 

such as for instance the effect of a nebulizer flow that also contains water, will mainly 

affect the plasma in the coil region, and the effect close to the sampler will probably be 

minor. 

From the detailed radial profiles of temperature and electron density at different 

axial positions, we can see that the changes induced by the sampling cone are very 

sensitive to the distance from the sampler. The general behavior is a decrease in the 

central region and a rise in the outer areas for both the temperature and the electron 

density profiles, close to the sampler. Further away from the sampler, both temperature 

and electron densities are higher than in the case without sampler, also in the central 

region. These calculations are of great value, because they yield information about the 

plasma very close to the sampler, i.e., a region which is not or barely accessible by 

measurements and which is nevertheless the most important plasma region where the 

measured data are sampled from, as it is the connection point between the ICP and the 

mass spectrometer. 
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Chapter 5: 

Optimizing the operating parameters 

The purpose of this chapter 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, different injector gas and auxiliary gas flow rates are applied in a wide 

range. Moreover, the effect of the forward power is studied in detail. There seems to be 

an optimum range of injector gas flow rates 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 flow path lines, the power can control which flow (i.e., 

only from the injector gas or also from the auxiliary gas) goes to the sampler orifice. 

The calculation results will be compared with measured data from [100, 108, and 109]. 

 

This chapter is based on the following publication: M. Aghaei, H. Lindner, A. Bogaerts, 

Optimization of operating parameters for inductively coupled plasma mass spectrometry: A 

computational study, Spectrochim. Acta Part B 76 (2012) 56-64.  
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5.1. Effect of injector gas flow rate 

 

It is well known that adjustments in the injector gas flow rate will lead to a 

change in the axial distribution of ions in the ICP [202-203]. The gas flow path lines, 

originating from the central and outer inlets, colored by velocity in m/s, are plotted in 

Figure 5.1 at different injector 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 from the central and outer inlets, and for the sake of further discussions.  

The flow rates of the coolant and auxiliary gas are 12 L/min and 0.4 L/min, 

respectively.  

The formation of a central channel in the ICP torch upon increase of the 

injector gas flow rate can be studied in Figure 5.1. In Figure 5.1.a, no central channel is 

formed yet and the injector flow is not straight at all. By increasing the flow rate of the 

central injector to 0.35L/min (see Figure 5.1.b), 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 [181]. Indeed, for each specific central inlet diameter, 

there is a specific transition flow rate below which the injector flow does not go straight 

and does not form a central channel (see Figure 9 in ref [181]). 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 gas flow rate should exceed this crucial transition flow rate.  

By further increasing the injector 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 Figure 5.1.b-f). This trend continues 

until an injector flow rate of 1.0 L/min (see Figure 5.1.f), when 100% of the injector gas 

flows in a more or less straight line through the central channel.  In [109], Gamez et al. 

also demonstrated experimentally that the central channel becomes well-defined only at 

flow rates above 1.0 L/min. When the injector gas flow rate further increases to 1.2 and 

1.4 L/min (see Figure 5.1.g and h), the injector gas stays along the central line; 

however, a change in the pattern of the auxiliary gas is seen in Figure 5.1.h, i.e., a part 

of the auxiliary gas comes closer to the central line. 
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Figure 5.1:   Effect of injector gas flow rate: 2D gas flow velocity path lines originating 

from the central and outer inlets, colored by velocity in m/s, and from the intermediate 

inlet, colored in black, at different injector 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 1000W. 
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Figure 5.2:   Effect of injector gas flow rate: 2D gas flow velocity path lines originating 

from the central and outer inlets, colored by velocity in m/s, and from the intermediate 

inlet, colored in black, at (a) 1.6 and (b) 1.8 L/min
 
injector gas flow rates. The purple 

contours demonstrate the area of external power coupling. The other conditions are the 

same as in Figure 5.1. 

This is studied in detail in Figure 5.2, 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 shown in Figure 5.2.a and especially from Figure 5.2.b 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 

Figure 5.2). 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 injector 

gas. It is known that a rise in injector gas flow rate, at fixed external power, always 

leads to a lower plasma temperature inside the torch, as will be demonstrated in Figure 

5.3 below; however, the behavior illustrated in Figure 5.2 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.  [100]. Therefore, the current calculations predict that the injector gas 

flow rate should not exceed 1.4 L/min in order to keep the aerosol transport efficiency 
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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 for the operating conditions under study (i.e., geometrical 

setup of Figure 2.1 with 1 mm sampler orifice diameter, auxiliary gas flow rate = 0.4 

L/min, coolant gas flow rate = 12 L/min and power = 1000 W), the optimum injector 

gas flow rate is around 1.0 - 1.2 L/min.  

Figure 5.3 illustrates the 2D profiles of the plasma temperature at different 

injector gas flow rates, ranging from 0.3 to 1.4 L/min (i.e., the same as in Figure 5.1 

above). It is shown that increasing the injector gas flow rate yields a general drop in 

temperature, but simultaneously, the (cooler) central channel becomes more 

distinguished (see Figure 5.3.f, g, h). The small black lines above each plot in Figure 

5.3 indicate the length of the cool central channel, to make this clear. This effect of 

injector gas flow rate on the central channel is in agreement with experiments. Indeed, 

it was measured in [109] that a higher injector gas flow rate yields a wider central 

channel.  

As illustrated in Chapter 4, the electron density profiles show the same pattern 

as the plasma temperature profiles, and they are therefore not presented here in 2D 

plots. However, Figure 5.4 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 plasma 

temperature, the general effect of increasing the injector gas flow rate is a drop in 

electron density, which is indicated for the flow rates above 0.6 L/min. However, a rise 

in electron density upon increasing injector gas flow rate for the flow rates below 0.6 

L/min is observed in Figure 5.4. To explain this trend, we refer to the relevant flow path 

lines in Figure 5.1 (i.e. Figure 5.1.a, b, c, d). It is shown that in these cases, a part of the 

injector gas flow passes through the high power coupling areas (cf. Figure 5.2) and 

directly receives the energy and becomes ionized; however, for the higher flow rates, 

the injector gas flow is heated up mostly by the heat transferred from the auxiliary gas. 

Referring to Figure 5.2, it can therefore easily be understood why at injector gas flow 

rates above 1.4 L/min, the electron density is too small, as is indeed observed in Figure 

5.4. 
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Figure 5.3:   Effect of injector gas flow rate: 2D temperature profiles (K), at different 

injector gas flow rates, ranging from 0.3 to 1.4 L/min. The other conditions are the same as 

in Figure 5.1. The small black lines above each plot indicate the length of the cool central 

channel. 
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Figure 5.4:   Effect of injector gas flow rate: 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. 

 

Figure 5.5 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 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 and pressure behind the sampler, 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 Figure 5.1) and the 

only way of exiting the torch is through the sampler. Figure 5.6 presents the pressure 

inside the ICP torch at different points along the central channel, for different injector 

gas flow rates. The rise of pressure due to the rise in the injector gas flow rate is  
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Figure 5.5:   Effect of injector gas flow rate: 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. 

 

confirmed by this figure, and is especially apparent near the gas inlets (i.e., at x = 0 

mm). However, looking at the y-axis, it can be seen that the changes in the pressure are 

limited. Indeed, in the current study, for a sampler orifice of 1 mm diameter and a 

central inlet of 1.5 mm diameter, a change in injector gas flow rate of 1.1 L/min causes 

0.095 L/min change in the outgoing flow rate, and this results in a pressure rise of at 

maximum about 140 Pa (or 1.4x10
-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 Figure 5.1. 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 injector gas, a part of the auxiliary gas also exits 

through the sampler orifice, while for the higher flow rates (i.e. Figure 5.1.d-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  
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Figure 5.6:   Effect of injector gas flow rate: 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. 

 

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 valid, we performed calculations with various auxiliary gas 

flow rates, as will be presented in the next section. 
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5.2. Effect of auxiliary gas flow rate 

 

Calculations are performed with various auxiliary gas flow rates, i.e. 0.6, 0.8, 

and 1.0 L/min, as presented in Figure 5.7.a, b and c, respectively. The results with 

auxiliary gas flow rate of 0.4 L/min were presented in Figure 5.1 above. In all plots of 

Figure 5.7, 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 injector and coolant gas flows always stay the same. 

However, for the 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. Figure 5.7. a1, 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 injector gas flow rate is higher than the auxiliary gas 

flow rate (i.e. Figure 5.7. a3, 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  

 

Figure 5.7:   Effect of auxiliary gas flow rate: 2D gas flow velocity path lines originating 

from the central and outer inlets, colored by velocity in m/s, and from the intermediate 

inlet, colored in black, at (a) 0.6, (b) 0.8 and (c) 1.0 L/min auxiliary gas flow rates. The 

injector gas flow rate is (1) lower than, (2) equal to and (3) higher than the auxiliary gas 

flow rate. Only half of the 2D axisymmetric torch is plotted. 
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injector 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 Figure 5.8. Figure 5.8.a1-a4 shows the 

flow path lines for an auxiliary gas flow rate of 0.3 L/min. It is indicated by 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 Figure 5.8.a3). Only when the 

injector gas flow rate becomes 0.6 L/min (see Figure 5.8.a4), 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 Figure 5.8.a.4. 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 Figure 

5.8.b.2), 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 Figure 5.8.b.1), 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 injector and auxiliary gas, we can control which gas can escape 

through the sampler orifice. The sample substances are inserted together with the 

injector 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 injector gas flow, they 

are only transported by the injector gas stream. Therefore, the ion detection efficiency 

would be higher in the case that only the injector gas passes through the sampler. 
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Figure 5.8:   Effect of auxiliary gas flow rate: 2D gas flow velocity path lines originating 

from the central and outer inlets, colored by velocity in m/s, and from the intermediate 

inlet, colored in black, at (a) 0.3 and (b) 1.2 L/min of intermediate gas flow rates and 

different values of injector gas flow rate. Only half of the 2D axisymmetric torch is plotted. 

 

However, depending on the position upstream the ICP where analyte diffusion starts, 

the diffusion length can also be larger than the injector flow width. This means that 

some of the analyte ions will also be in 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 injector flow depends on the torch and sampler 

geometry, especially on the diameter of the central inlet and of the sampler orifice.   
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5.3.  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 1500W. The injector gas flow rate is kept fixed at 1 L/min and the coolant 

and auxiliary flow rates are 12 L/min and 0.4 L/min, respectively. 

Figure 5.9 shows the gas flow path lines, originating from the central and outer inlets, 

colored by velocity (in m/s) 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 can be 

seen that the shape, size and position of these efficient power coupling regions change 

by varying the applied power. At 750, 1000 and 1250W (see Figure 5.9 a, b, c) the 

auxiliary gas flows entirely through the efficient power coupling areas. On the other 

hand, at 1500W (Figure 5.9.d), the intermediate flow passes through a region with 

lower coupled power, while most power is transferred to the coolant gas. 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 

(see chapter 4). Besides the effect on the auxiliary gas flow path lines, the higher 

applied power also causes the injector gas 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 1250W, the auxiliary gas will entirely escape to the open sides 

of the ICP torch and only the injector gas flow reaches the sampler orifice. At 1500W, 

however, a part of the auxiliary gas, along with the injector gas, passes through the 

sampler orifice. Hence, the gas reaching the sampler is not just the injector gas 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 [100] that only a rise 

in power up to 1300W 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 rise in the plasma 

temperature inside the torch. In Figure 5.10, the 2D temperature profiles are depicted at 

different applied powers. In fact, when the plasma temperature inside the coil region 

increases due to higher power input, this also yields a higher temperature in the rest of  
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Figure 5.9:    Effect of applied power: 2D gas flow velocity path lines originating from the 

central and outer inlets, colored by velocity in m/s, and from the intermediate inlet, colored 

in black, at (a) 750, (b) 1000, (c) 1250 and (d) 1500W of applied power. The injector, 

auxiliary and coolant gas flow rates are kept fixed at 1.0, 0.4 and 1.2 L/min. 

 

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 gas flow path lines and on 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). Therefore, our calculations suggest that the applied power should 

be kept below 1500W (favorably up to 1250W) for the conditions under study. 

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 injector 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  
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Figure 5.10:   Effect of applied power: 2D temperature profile (K), at (a) 750, (b) 1000, (c) 

1250 and (d) 1500W of applied power. The other conditions are the same as in Figure 5.9. 

The small black lines above each plot indicate the length of the cool central channel. 

 

by Farnsworth et al. [100], it seems beneficial for the ICP-MS detection efficiency 

using a similar geometry as our work to allow only the injector gas flow passing 

through the sampler orifice toward the mass spectrometer because a lower detection 

efficiency is reported in [100] for the higher coupled power (1500W), which is the case 

when the auxiliary gas also passes through the sampler.  
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5.4. Conclusion 

The effect of 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.  It should be noted that we kept the frequency of the 

external current fixed at 27 MHz as it is the value used commonly in analytical 

applications. 

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 injector gas flow rate causes a slightly higher pressure inside the torch.  

Furthermore, the 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 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 flow path lines, and can therefore control which flow (i.e., 

only the injector 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 for the gas flow rates under study in this Chapter), 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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6. Optimizing the geometrical parameters 

 

  

 

 

 

 

Chapter 6: 

Optimizing the geometrical parameters 

In the present chapter, the effects of sampler orifice diameter (ranging from 1 to 2 mm) 

and distance of sampler cone from the load coil (ranging from 7 to 17 mm) are studied. 

An increase in sampler orifice diameter leads to a higher central plasma temperature at 

the place of the sampler, as well as a more efficient gas transfer through the sampler, by 

reducing the interaction of the plasma gas with the sampling cone. However, the flow 

velocity at the sampler position is found to be independent from the sampler orifice 

diameter. Moreover, by changing the sampler orifice diameter, we can control whether 

only the central gas or also the auxiliary gas can exit through the sampler. Finally, at 

increasing distance of the sampler from the load coil, the plasma temperature at the 

place of sampler decreases slightly, which might also have consequences for the ion 

generation and transport through the sampling cone. The calculation results will be 

compared with measured data from [108,109]. 

 

This chapter is based on the following publication: M. Aghaei, H. Lindner, A. Bogaerts, Effect 

of sampling cone position and diameter on the gas flow dynamics in an ICP, J. Anal. At. 

Spectrom. 28 (2013) 1485-1492.  
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6.1. Operating and geometrical conditions 

 

The total power coupled to the plasma is set to 1000 W and the frequency of 

the harmonic external electric current density is 27 MHz. The injector gas flow rate is 1 

L/min (except for figure 6.3) and the flow rates of the coolant and auxiliary gases are 12 

L/min and 0.4 L/min, respectively. The ambient gas pressure and exhaust pressure are 

set to 101325 Pa and 101225 Pa, respectively. The pressure downstream of the sampler 

is set to 133.32 Pa. The schematic picture of the ICP geometry used in the simulations 

is shown in Figure 2.1. A large number of sampler distances from the load coil, ranging 

from 7 mm to 17 mm, and different sampler orifice diameters, ranging from 1 to 2 mm, 

are considered in the model. For different sampler distances from the load coil, new 

geometries were made in GAMBIT and separately read into FLUENT. Also, for each 

sampler distance, we made geometries with three different orifice diameters, i.e., 1 mm, 

1.5 mm and 2 mm. Note that another geometrical parameter, i.e., the central inlet 

diameter, was already investigated by Lindner et al. in [181], so it is kept constant here 

(= 1.5 mm).  
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6.2. Plasma temperature and gas flow path lines 

 

Figure 6.1 shows the 2D plasma temperature profiles (upper frames) and 

velocity path lines (lower frames) for two different sampler orifice diameters, i.e., 1 mm 

(left column) and 2 mm (right column), at different sampler positions, i.e., 7 mm (first 

row), 10 mm (second row) and 13 mm (third row) distance from the load coil. We 

performed calculations for a sampling position up to 17 mm distance from the load coil, 

but as the pattern is the same in all cases, only the data for a sampling position of 7 mm, 

10 mm and 13 mm are shown here for clarity. When comparing the two columns in 

Figure 6.1, it is seen that the outgoing pattern of the auxiliary gas (see black path lines) 

is quite different when changing the sampler orifice diameter. At 1 mm diameter, all the 

auxiliary gas is leaving through the open sides of the torch, while at 2 mm diameter, the 

auxiliary gas exits through the sampler orifice and goes to the MS, together with the 

injector gas.   

As demonstrated in section 5.2, the flow pattern of the auxiliary gas can also be 

controlled by varying the ratio of auxiliary and injector gas flow rates. The results 

presented in Chapter 5 were obtained for an injector diameter of 1.5 mm and a sampler 

orifice diameter of 1 mm, like in the left column of Figure 6.1, but it is seen that 

changes in the geometrical parameters affect this behavior. Indeed, in the present 

Chapter, the injector gas flow rate is higher than the auxiliary gas flow rate (i.e., 1.0 vs 

0.4 L/min; cf above), so according to section 5.2 we would expect to have only the  

injector gas flowing through the sampler orifice and the auxiliary gas exiting through 

the open sides of the torch. However, this appears not to be the case for the orifice 

diameter of 2 mm (see Figure 6.1, right column). Indeed, also the ratio between the 

central inlet and the sampler orifice diameter plays a role. In the left column, the central 

inlet diameter (kept fixed at 1.5 mm) is larger than the sampler orifice diameter, and in 

this case, the same results are obtained as in section 5.2. However, in the right column, 

the diameter of the central inlet is smaller than the diameter of the sampler orifice, and 

in this case, the auxiliary gas can pass through the sampler orifice. Hence, it can be 

concluded that the outgoing flow pattern of the auxiliary gas can be controlled by a 

combination of the ratios in gas flow rates and the sampler orifice and injector 

diameters. This can be used to optimize the sampling performance, depending on 

whether we want only the injector gas to enter the MS, or the injector gas accompanied 

by some auxiliary gas. The latter can be desired when the auxiliary gas also contains 

part of the sample ions (or ionic cloud). This is clearly explained by Houk and  
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Figure 6.1:   Effect of sampler position and orifice diameter: 2D plasma temperature 

profiles (upper frames) and velocity path lines (lower frames) for 1 mm (left column) and 2 

mm (right column) orifice diameter, at a sampler position of 7 mm (first row), 10 mm 

(second row) and 13 mm (third row) distance from the load coil. Path lines originating 

from the injector and outer inlets are colored by velocity in m/s, whereas the path lines 

from the auxiliary gas are colored in black, to clearly distinguish between the different 

inlet gases. The red contours demonstrate the area of external power coupling. The 

injector gas, auxiliary gas and coolant gas flow rates are 1.0, 0.4 and 1.2 L/min, 

respectively, and the power is 1000W. 
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coworkers in [204]. They used a differential mobility analyzer electrostatic classifier to 

select particles in a specific size range from the laser ablation aerosol to be transported 

to the plasma. Specifically in Figure 3 in [204], they compared the size, position and 

trajectory of both small and large particles in the ICP torch. If an aerosol particle is 

sufficiently small (typically up to 150 nm in diameter), it will be efficiently vaporized 

and atomized along the central line. Larger particles are less extensively vaporized and 

atomized in the ICP torch. Also, their ion cloud position in the torch can be on or off 

axis. Therefore, depending on the size and the position of the ion cloud of large 

particles reaching the sampler cone, it is important whether the auxiliary flow can be 

extracted or not. In [205] Niemax also reported that the ion cloud diameter at the 

sampler orifice will be different, depending on the spatial position of the atomization. 

Larger droplets of analyte solution can penetrate deeper into the ICP than smaller 

droplets before they are desolvated and atomization of the analyte can start [205]. It 

means that the size of the analyte ion cloud from larger droplets is smaller at the 

position of the sampler, and probably it is sufficient when only the injector gas passes 

through the sampler orifice. On the other hand, for smaller droplets, the ion cloud 

becomes larger at the sampler position, and in this case it will be beneficial when (part 

of) the auxiliary gas can also be transported into the MS [205]. 

Furthermore, it is also seen from Figure 6.1 (especially at 13 mm distance from 

the load coil) that changes in the auxiliary gas flow path line profile also affect the 

plasma temperature profiles close to the sampler (see upper frames). Indeed, the 

auxiliary gas passes through the region of highest power coupling in the plasma (see 

purple contours in the lower frames), and will therefore be at higher plasma temperature 

than the injector gas. For an orifice diameter of 2 mm (right column), the auxiliary gas 

passes through the sampler orifice, and therefore the plasma temperature will be higher 

near the sampler orifice than in the case of 1 mm orifice diameter (left column), as is 

shown in Figure 6.1. Hence, the gas will pass through the sampler orifice with a higher 

plasma temperature, which helps to sustain the ions on their way to the detectors.  

Moreover, with a larger orifice, the cooling effect of the sampler is somewhat lower at 

the central axis (see also below). This might also have important consequences for the 

ICP sampling performance, because the gas flow which contains most of the sample 

ions is less affected by the interface cone.   

Figure 6.2 shows the plasma temperature as a function of radial position for 

sample orifice diameters of 1 mm (black lines) and 2 mm (red lines), at a sampler 

position of 7 mm (solid lines), 10 mm (dashed lines), 13 mm (dotted lines) and 17 mm   
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Figure 6.2:   Effect of sampler position and orifice diameter: Radial distributions of plasma 

temperature (K) at the place of the sampler for sampler orifice diameters of 1 mm (black 

lines) and 2 mm (red lines), at a sampler position of 7 mm (solid lines), 10 mm (dashed 

lines), 13 mm (dotted lines) and 17 mm (dotted-dashed lines) distance from the load coil. 

 

(dotted-dashed lines) from the load coil. It is shown that an increase in orifice diameter 

causes a slightly higher plasma temperature at the center and a clearly lower plasma 

temperature at the sides, which is explained by the change in the auxiliary gas flow path 

lines, illustrated in Figure 6.1 above. Indeed, the hotter auxiliary gas will exit through 

the sampler cone at 2 mm sampler orifice diameter, yielding a higher plasma 

temperature in the center, whereas at 1 mm sampler orifice diameter, it will flow out 

through the sides, resulting in a higher plasma temperature at the sides. Furthermore, an  
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Figure 6.3:   Effect of orifice diameter: 2D gas flow velocity path lines originating from the 

central and outer inlets, colored by velocity in m/s, and from the intermediate inlet, colored 

in black, close to the sampler, which is placed at 10 mm distance from the load coil with an 

orifice diameter of 1 mm (a) and 1.5 mm (b). The injector gas flow rate is taken as 1 (a) 

and 2.25 (b) L/min, to maintain the same ratio of injector gas flow rate to the surface area 

of the sampler orifice. 

 

increase in sampler distance from the load coil leads to a lower plasma temperature at 

the sampler position, because the gas has more time to cool down by emitting radiation 

after leaving the torch. This drop in plasma temperature at increasing distance from the 

load coil was also reported by Hieftje and coworkers [109]. 

Figure 6.3 illustrates in detail the flow velocity path lines close to the sampler, 

with an orifice diameter of 1 mm (a) and 1.5 mm (b). Note that the injector gas flow 

rate is not the same in both Figures, i.e., it is equal to 1 L/min for the 1 mm orifice 

diameter (a), and 2.25 L/min for the 1.5 mm orifice diameter, so that the ratio of 

injector gas flow rate to the surface area of the sampler orifice is constant in both cases. 

It is seen in Figure 6.3 that in both cases the injector gas (colored) can exit through the 

orifice, as desired, but the interaction between the flow and the metal sampling cone is 

much more prominent in the case of the smaller orifice diameter (see Figure 6.3.a), 

leading to a somewhat lower flow velocity as well as more pronounced cooling of the 

gas.  The latter will result in changes in the composition of the plasma gases that come 

in contact with the metal surface, i.e., a boundary layer of cooler gases will be formed 

along the surface of the metal. This effect was also described in literature. Indeed, 
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Hayhurst et al. [206] stated that a larger orifice diameter results in a larger total flow 

rate into the sampler, which causes a reduction in boundary layer thickness. This would 

result in lower oxide levels for larger sampler orifice diameters, which was indeed 

observed [115]. Moreover, a large sampling orifice was not so easily clogged by 

concentrated solutions, and because the sampling orifice diameter was significantly 

larger than the thickness of the boundary layer formed on its edges, the bulk of the 

plasma flowing into the first vacuum stage had essentially the same composition as in 

the upstream plasma [118]. 

Finally, similar to Figure 6.1, we can again conclude from Figure 6.3.b that also 

in this case, i.e., diameter of central inlet equal to sampler orifice diameter, the auxiliary 

gas can exit through the sampler, even when the injector gas flow rate is higher than the 

auxiliary gas flow rate.  
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6.3. Electron number density and gas density 

 

Figure 6.4 presents the radial electron number density profile at 8 mm from the 

load coil, for different places of the sampler, i.e. 10 mm (solid line), 13 mm (dashed 

line) and 17 mm (dotted line) distance from the load coil. The electron density in the 

central region drops slightly when the sampling position is reduced. Experimentally, 

Gamez et al. [109] and Macedone et al. [110] reported the same behavior for electron 

temperature and ion density, respectively. The explanation is of course logical, because 

in the case of the shorter sampling position (10 mm distance from the load coil) the 

distance between sampler and “measurement position” of electron density, i.e., 8mm, is 

only 2 mm, and the cooling of the plasma by the metal sampling cone will be more 

pronounced, resulting in a lower plasma temperature and hence lower electron density,  

 

Figure 6.4:   Effect of sampler position: Radial distributions of electron number density 

(m
-3

) at 8 mm distance from the load coil, for different positions of the sampler, i.e. 10 mm 

(solid line), 13 mm (dashed line) and 17 mm (dotted line) distance from the load coil and a 

sampler orifice diameter of 1 mm. 
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Figure 6.5:   Effect of orifice diameter: Radial distributions of gas density (kg m
-3

) for a 

sampler orifice diameter of 1 mm (black line) and 2 mm (red line), at a sampler position of 

10 mm distance from the load coil. 

than in the case of the larger sampling position, where the distance between sampling 

cone and “measurement position” is 9 mm, and hence the (cooling) effect of the 

sampling cone is less pronounced.  

In Figure 6.5 the radial gas density profile is plotted at the position of the 

sampler, for the case of 10 mm distance from the load coil, with an orifice diameter of 1 

mm (black line) and 2 mm (red line). R = 0 shows the center of the sampler orifice, or 

the central axis of the torch. In both cases, two maxima are observed close to the center, 

which indicate the edges of the sampler orifice, i.e. at R = 0.5 mm and R = 1 mm from 

the center in the black and red plots, respectively. To explain these density profiles, we 

refer to the plasma temperature profiles presented in Figure 6.2. At the center of the 

orifice, the plasma temperature has its maximum value and two pronounced drops are 

seen at both sides of it, indicating the edges of the sampler orifice. Indeed, the sampling 

cone temperature close to the orifice is around 550 K, so it cools down the gas (Figure 
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6.2), and following the ideal gas law, the density rises (Figure 6.5). The inverse 

relationship between plasma temperature and gas density profiles is indeed indicated by 

Figure 6.2 and Figure 6.5.  At larger sampler orifice diameter, the cooling effect of the 

sampling cone in the center will be more moderate, resulting in a somewhat higher 

plasma temperature and somewhat lower gas density. Hence, the gas will pass the 

orifice with a somewhat higher plasma temperature and lower density. 
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6.4. Gas velocity 

 

Figure 6.6 presents the 2D gas velocity distributions when the sampler cone is 

placed at 10 mm from the load coil and the orifice diameter is 1 mm (a) and 2 mm (b). 

A larger sampler orifice results in a larger gas flow velocity in the region close to the 

sampler. The acceleration of the gas is very prominent close to the sampler and the gas 

velocity changes strongly with position in this region. According to our calculation, at 

the place of the sampler, the plasma ions enter the MS with almost the same velocity in 

both cases. It means that the maximum value of the gas velocity exiting from the 

sampler is independent from the sampler orifice size. The value of the Mach number at 

the center of the orifice, where the flow has its maximum velocity, is around 0.6, and is 

found to be the same for both orifice sizes. It is mentioned also in [207] that the Mach 

number and velocity are independent from the size of the orifice. Moreover, the 

position of the sampler, also, does not exhibit any considerable effect on the gas 

velocity. 

 

 

Figure 6.6:   Effect of orifice diameter:  2D velocity profiles (m/s) for 1 mm (a) and 2 mm 

(b) orifice diameter, at the sampler position of 10 mm distance from the load coil. 
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6.5. Conclusion 

 

We have computationally investigated the effect of distance of the sampler 

cone from the load coil and its orifice diameter on the plasma characteristics in an ICP 

connected to a MS, in order to obtain a better insight in the effect of these geometrical 

parameters on the analytical performance of ICP-MS. The fundamental plasma 

characteristics in the ICP upstream the sampler, calculated in this work, include the 

plasma temperature, electron number density, gas density and gas flow velocity.  

Our calculations show that by increasing the sampler orifice diameter, the 

central plasma temperature at the place of the sampler rises slightly and consequently, 

the gas density reduces a bit, while the maximum of gas density occurs at the edges of 

the sampler. Furthermore, the gas passes through the sampler orifice with a velocity 

which is independent from the sampler orifice diameter. 

From a zoomed picture of the velocity path lines close to the sampler, it is seen 

that the interaction of gas with the interface cone reduces by increasing the sampler 

orifice diameter, which causes a lower plasma temperature reduction at the place of the 

sampler cone and leads to more efficient gas transfer to the mass spectrometer. 

Furthermore, our calculation results have demonstrated that the sampler orifice 

diameter should be equal to or larger than the central inlet diameter, to make sure that 

the auxiliary gas can also pass through the sampler orifice, which is desired when the 

ion cloud is large at the place of the sampler. On the other hand, to ensure that only the 

injector gas can enter the mass spectrometer, which is necessary to optimize the 

detection efficiency of the sample in the case when the ion cloud diameter is small, i.e., 

when the analyte ions are transported only by the injector gas, the sampler orifice 

diameter should be smaller than the central inlet diameter. 

Finally, the plasma temperature at the place of the sampler decreases slightly at 

increasing distance of the sampler from the load coil, and at a fixed measurement 

position upstream the sampler, the electron density drops when the sampling position is 

reduced. 
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7. Recirculation in the ICP torch 

 

 

 

 

 

 

Chapter 7: 

Recirculation in the ICP torch 

The occurrence of recirculation of the auxiliary and injector gas flows is studied. The 

effects of operating parameters, i.e., applied power and gas flow rates, as well as 

geometrical parameters, i.e., sampler orifice diameter and central inlet diameter, are 

investigated. Our calculations predict that at higher applied power the auxiliary and 

injector gas flow inside the torch move more forward to the sampling cone, which is 

validated experimentally for the auxiliary gas flow. Furthermore, an increase of the gas 

flow rates can also modify the occurrence of recirculation. This is especially true for the 

injector gas flow rate, which has a more pronounced effect to reduce the backward 

motion than the flow rates of the auxiliary and coolant gas. Moreover, a larger sampler 

orifice (e.g., 2 mm instead of 1 mm) reduces the backward flow of the auxiliary gas 

path lines. Finally, a central inlet of 2 mm diameter causes more recirculation in the 

injector flow than a central inlet diameter of 1.5 mm, which can be avoided again by 

changing the operating parameters. 

 

This chapter is based on the following publication: M. Aghaei, L. Flamigni, H. Lindner, D. 

Gunther, A. Bogaerts, Occurrence of gas flow rotational motion inside the ICP torch: A 

computational and experimental study, J. Anal. At. Spectrom. 29 (2014) 249-261.   
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7.1. Introduction 

 

It was already demonstrated in the previous chapters that the auxiliary gas flow 

and even the injector gas flow do not always move in the forward direction inside the 

torch. This can be explained by the difference in velocities between the injector gas, 

auxiliary gas and coolant gas flows. According to the different initial flow rates, each 

flow moves with a different velocity. Note that each inlet has a specific area and 

especially the intermediate inlet is much wider than the central and outer inlets. This 

means that the auxiliary gas can enter more freely than the injector and coolant gas. As 

can be seen in Figure 7.1, the injector gas flow accelerates faster than the auxiliary gas 

flow. Therefore, a shear force [208,209] takes place between the faster injector gas flow 

and the slower auxiliary gas flow:
r

v
AF x




  . Here   is the dynamic fluid 

viscosity, A  is the area of contact, xv  is the axial velocity and r  is the radial distance. 

A similar force exists between the faster coolant gas flow and the slower auxiliary gas 

flow. Indeed, as we can consider the flow as laminar, this force can be assumed to act 

between all laminar layers of the flow entering from the three different inlets with 

different flow rates. However, it should be noted that the auxiliary gas flow comes in 

contact earlier with the injector gas flow than with the coolant gas flow because of a 

difference in the length of the inlets. Therefore, the auxiliary gas flow is first affected 

by a shear force from the injector gas flow before it comes into contact with the coolant 

gas flow. When the coolant gas reaches the end of the auxiliary inlet, it also applies a 

shear force on the auxiliary gas flow and the overall result will be a backward turn and 

again a forward motion of the auxiliary gas flow. A similar behavior is sometimes 

observed for the injector gas flow (see below).  

In this Chapter, we aim to obtain a better insight in the occurrence of the 

backward gas flows in the torch (i.e. recirculation) and to find parameters or operating 

conditions under which the recirculation of the flow can be controlled. It is a crucial 

issue especially for the injector gas flow. Indeed, the injector gas carries the sample 

through the torch and any deviation from the central axis leads to a longer transit time 

and a loss of intensity which should be avoided. Note that this is especially important 

after the particle evaporation has taken place [210]. Also, a deviation from the central 

axis would bring the sample particles to the outer region of the torch, thereby lowering 

the chance that the sample exits through the sampler. 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. It is therefore of crucial importance to 
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know which parameters affect the recirculation inside the torch, and to what extent, as 

this knowledge will allow us to optimize the conditions needed to avoid recirculation 

inside the ICP torch. Note that in this chapter we only focus on the recirculation and not 

on ionization of the analyte. However, the ionization efficiency is also affected by the 

plasma conditions and this has a large influence on the analytical performance of ICP-

MS as well, but this is beyond the scope of the present study. 

 

Figure 7.1:   2D gas flow velocity path lines originating from the central, intermediate and 

outer inlets, colored by velocity in m/s. The applied power is 1000 W. The injector gas, 

auxiliary gas and coolant gas flow rates are 1.0, 0.4 and 12 L/min, respectively. The central 

inlet diameter and sampler orifice diameter are 1.5 mm and 1.0 mm, respectively. 
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7.2. Recirculation in the auxiliary gas flow 

 

When the auxiliary gas enters the torch, it typically does not go directly to the 

coil area. Indeed, in all the path line profiles we presented up to now, a similar behavior 

could be seen, characterized by a forward, then backward and again forward movement 

of the auxiliary gas. Experimental observations also suggest that such recirculation 

pattern inside the torch might occur (see below). However, by changing some operating 

parameters, which will be presented in this section, we found that it is possible to 

reduce or even remove the recirculation and to obtain a condition where the auxiliary 

gas only moves forward along the torch. It should, however, be noted that if the 

auxiliary gas goes very straight along the torch and does not pass through the area 

where the maximum power coupling occurs (see violet contours in Figure 7.2), the 

efficiency of heating in the ICP decreases substantially. This means that we should find 

the optimum condition at which no recirculation occurs and at the same time the 

auxiliary gas still follows a curved path along the torch, still passing through the 

efficient power coupling area. In other words, “forward curved” path lines along the 

torch are favorable. In this section, we try to reach this optimum condition by studying 

the effect of the different flow rates, power and sampler orifice diameter on the 

recirculation of the auxiliary gas flow. The central inlet diameter is kept fixed at 1.5 

mm in this section.  

 

7.2.1.  Effect of injector gas flow rate  

 

Figure 7.2 presents the 2D velocity path lines for fixed values of coolant gas 

and auxiliary gas flow rates, i.e., 12 and 0.4 L/min, respectively, while varying the 

injector gas flow rate as 1.0 (a), 1.4 (b) and 1.8 (c) L/min. Note that the conditions of 

Figure 7.2.a are the same as for Figure 7.1, but a lower number of path flow lines are 

depicted for the sake of clarity. Furthermore, only the auxiliary gas is shown with 

colored lines, and also the area of external power coupling is indicated. It can be seen 

from Figure 7.2.a that a strong recirculation occurs in the auxiliary gas flow when the 

injector gas flow rate is 1.0 L/min (see the colored lines). When increasing the injector 

gas flow rate to 1.4 L/min (Figure 7.2.b), a part of the auxiliary gas still shows 

backward flow but another part goes forward in the torch and does not turn backward. 
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Figure 7.2:   Effect of injector gas flow rate: 2D gas flow velocity path lines originating 

from the intermediate inlet, colored by velocity in m/s, as well as from the central and 

outer inlets, colored in black. The injector gas flow rate is 1 (a), 1.4 (b) and 1.8 (c) L/min, 

whereas the coolant and auxiliary gas flow rates are kept fixed at 12 and 0.4 L/min, 

respectively. The central inlet diameter and the sampler orifice diameter are 1.5 mm and 

1.0 mm, respectively. The violet contours demonstrate the area of external power coupling. 
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When further increasing the injector gas flow rate to 1.8 L/min,  no recirculation occurs 

in the torch (see Figure 7.2.c), i.e., the auxiliary gas only flows in the forward direction 

while it still passes through the area of maximum power coupling (violet contours). 

Hence, by applying high enough injector gas flow rates (i.e., 1.8 L/min when the 

auxiliary and coolant gas flow rates are 0.4 and 12 L/min) we can prevent the formation 

of recirculation inside the torch. Indeed, when comparing Figures 7.2.a-c, it can be seen 

that that by increasing the flow rate of the injector gas, which is accelerated toward the 

sampler due to the high pressure drop behind the sampler cone, the expansion of the 

injector gas flow is less pronounced and also starts further along the torch. This allows 

more auxiliary gas to reach the center and therefore the auxiliary gas flow can go more 

in the forward direction.  

 

7.2.2. Effect of auxiliary gas flow rate 

 

Figure 7.3 illustrates the flow path lines for a fixed coolant gas flow rate of 12 

L/min, but varying the auxiliary gas flow rate and at the same time the injector gas flow 

rate, to avoid recirculation in the auxiliary gas. Our calculations predict that for the 

same coolant gas flow rate (12 L/min), there exists for each auxiliary gas flow rate a 

transition point for the injector gas flow rate to avoid recirculation in the auxiliary gas. 

This transition point rises with the value of the auxiliary gas flow rate. Indeed, at 0.4 

L/min auxiliary gas flow rate, this transition point was observed at 1.8 L/min injector 

gas flow rate (cf. Figure 7.2 above), whereas it is found to be 2.0 L/min and 2.2 L/min 

for auxiliary gas flow rates of 0.6 and 0.8 L/min, respectively (see Figure 7.3). 

It should be mentioned that an increase of the injector gas flow rate to higher 

values, while keeping the central inlet diameter fixed, causes the Reynolds number to 

exceed the critical value of 2300, which is considered to be the upper limit for assuming 

the flow as laminar in a pipe flow. The Reynolds number for the flows can be 

calculated from the following equation [208]: 



vd
Re  

where  is the flow mass density, v  is the flow velocity, d  is the diameter of the tube 

and   is the flow viscosity. The Reynolds number varies inside the ICP torch. For 



 

 

 

 

139 

 

example, the Reynolds numbers for the conditions presented in Figure 7.2.a, 7.2.b and 

7.2.c are 900, 1300 and 1600, at the central inlet while at the sampler they are 230, 270 

and 360, respectively. The values for the conditions of Figure 7.3.a and 7.3.b at the 

injector inlet are 1900 and 2100, and at the sampler they are 460 and 580, respectively.  

 

 

Figure 7.3:   Effect of auxiliary and injector gas flow rates: 2D gas flow velocity path lines 

originating from the intermediate inlet, colored by velocity in m/s, as well as from the 

central and outer inlets, colored in black. The auxiliary and injector gas flow rates are 

taken as 0.6, 2.0 (a) and 0.8, 2.2 (b) L/min, respectively, whereas the coolant gas flow rate is 

kept fixed at 12 L/min. The central inlet diameter and the sampler orifice diameter are 1.5 

mm and 1.0 mm, respectively.  The violet contours demonstrate the area of external power 

coupling. 
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We performed the same calculation with an auxiliary gas flow rate of 1.0 

L/min, in which the transient flow rate for the injector gas was 2.5 L/min. We did not 

show this result in Figure 7.3 as the Reynolds number exceeds the critical value of 

2300, and hence the results are less precise as the assumption of the laminar regime is 

not valid anymore, although it should be mentioned that up to a Reynolds number of 

4000, the flow is still in the transient regime and not in the turbulent regime. 

 

7.2.3. Effect of coolant gas flow rate 

 

For practical use of ICP-MS, commercial instruments sometimes do not allow 

to vary the injector gas and auxiliary gas flow rates in a wide range. If for instance 1.4 

L/min and 0.4 L/min are acceptable and favorable values for the injector gas and 

auxiliary gas flow rates, this gives rise to recirculation in the auxiliary gas, when the 

coolant gas flow rate is 12 L/min, as is illustrated in Figure 7.2.b above. However, 

when increasing the coolant gas flow rate to 14 and 16 L/min, keeping the injector gas 

and auxiliary gas flow rates fixed, the recirculation in the auxiliary gas flow can also be 

reduced and even avoided, as can be seen from Figure 7.4. In Figure 7.4.a, some 

recirculation is still observed, but when the coolant gas flow rate is 16 L/min, as 

illustrated in Figure 7.4.b, the backward motion is avoided. Therefore, if experimentally 

we cannot increase the injector gas and auxiliary gas flow rates, we can still control the 

occurrence of recirculation of the auxiliary gas by varying the coolant gas flow rate. 

However, this gives rise to higher gas consumption. Furthermore, it is indicated that the 

effect of the coolant gas flow rate is minor compared to the effect of the injector gas 

flow rate. Indeed, the injector gas is much faster inside the torch due to the entrainment 

forces acting upon it, while the coolant gas exits more slowly from the open sides of the 

torch. Therefore, only 0.8 L/min increase in the injector gas flow rate (cf. Figure 7.2.a 

and c) can change the behavior of the auxiliary gas, while the coolant gas should 

increase by 4 L/min to have the same effect. 



 

 

 

 

141 

 

 

Figure 7.4:   Effect of coolant gas flow rate: 2D gas flow velocity path lines originating 

from the intermediate inlet, colored by velocity in m/s, as well as from the central and 

outer inlets, colored in black. The coolant gas flow rate is taken as 14 (a) and 16 (b) L/min, 

whereas the injector gas and auxiliary gas flow rates are kept fixed at 1.4 and 0.4 L/min, 

respectively. The central inlet diameter and the sampler orifice diameter are 1.5 mm and 

1.0 mm, respectively. The violet contours demonstrate the area of external power coupling. 

 

7.2.4. Effect of applied power 

 

Besides the gas flow rates, we found that the external power also has an effect 

on the recirculation of the auxiliary gas. Figure 7.5 shows the 2D velocity path lines 

with 12 L/min coolant gas, 0.4 L/min auxiliary gas and 1.0 L/min injector gas flow 

rates, at 750 W (a), 1000 W (b), 1250 W (c), and 1500 W (d) external power. Note that 

Figure 7.5.b corresponds to the condition of Figure 7.2.a. The effect of power on the 

fundamental plasma characteristics was discussed in detail in Chapter 5 (section 5.3). 
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Here we only focus on the presence of backward motion inside the torch. The external 

power seems to have a significant effect on the auxiliary gas flow pattern. In Figure 

7.5.a (750 W), the auxiliary gas goes in the forward direction over a longer distance, 

before it turns backward, while in Figure 7.5.b (1000 W) and 7.5.c (1250 W), this 

“turn” occurs earlier, and finally at 1500 W (Figure 7.5.d) no backward flow is 

observed. Although the effect of external power is shown here to control the auxiliary 

gas movement inside the ICP torch, we do not recommend this condition of high power. 

Indeed, it is shown in Figure 7.5.d that the auxiliary gas, which is supposed to heat up 

the injector gas, does not pass through the area of efficient power coupling, whereas the 

coolant gas, which is meant for supporting the plasma and for cooling, now mostly 

receives the external energy and is heated up, which should be avoided due to a higher  

 

Figure 7.5:    Effect of applied power: 2D gas flow velocity path lines originating from the 

intermediate inlet, colored by velocity in m/s, as well as from the central and outer inlets, 

colored in black. The applied power is taken as 750 (a), 1000 (b), 1250 (c) and 1500 (d) W. 

The injector gas, auxiliary gas and coolant gas flow rates are 1.0, 0.4 and 12 L/min, 

respectively. The central inlet diameter and sampler orifice diameter are 1.5 mm and 1.0 

mm, respectively. The violet contours demonstrate the area of external power coupling. 
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risk of melting the torch and because of reducing the cooling efficiency. A more 

thorough discussion about applying 1500 W external power was provided in Chapter 5. 

To validate our model predictions, we compared them with experimental data 

obtained at ETH-Zürich, by Günther and coworkers. For this purpose, an Elan 6000 

ICP-MS (Perkin Elmer, Waltham, MA, USA) was used, and sodium chloride aerosols 

generated by laser ablation (LSX 500, Cetac Technologies, Omaha, NB, USA) were 

introduced to the ICP torch from the intermediate inlet instead of the central inlet. 

Figure 7.6 shows 2D images of the ICP torch with applied power of 800 W (first row) 

and 1400 W (second row). The injector gas only contains Ar, with a flow rate of 0.5 

L/min (first column), 1.0 L/min (second column) and 1.5 L/min (third column) through 

an opening of 2 mm diameter. The auxiliary gas and coolant gas flow rates are kept 

fixed at 1.3 and 16 L/min, respectively. The sodium atomic emission line at 589 nm 

(shown in yellow) is captured using an ICCD camera [211] through an optical 

interference filter. Image processing is performed using Fiji [212] and ImageJ [213] 

which are software tools for microscopy. For each pixel composing the image, the 

maximum value is searched among 50 pictures of 5 ms exposure each, providing in this 

way information about all images at once. The plasma emission background is 

subtracted before evaluation. In this way, only the emission produced by the laser 

aerosol particles and introduced from the intermediate inlet is visible. In blue, the torch 

configuration before the experiment, i.e., without plasma and without interference filter, 

is shown.  

Figure 7.6 illustrates a non-homogeneous distribution of the intensity (yellow) 

in the first row (800 W), between the first and second winding of the coil, which hints 

at whirls in this region. By increasing the applied power we can observe an 

improvement, i.e., less pronounced recirculation. Indeed, in the second row (1400 W), 

the region between the first and second winding of the coil is much smoother and there 

is no real evidence for a curved gas flow pattern. It is important to mention that 

experimentally we cannot be very sure about the exact values of the power that is 

actually applied, so Figure 7.6 can only reveal the qualitative effect of (low and high) 

power. Furthermore, the gas flow rates in the torch are also subject to uncertainties, 

since the mass flow controllers are not 100% accurate and the coolant gas flow rate 

cannot be controlled through the Elan 6000 ICP-MS software. For these reasons, we are 

not able to compare all the calculated conditions one-to-one with the experiments, but 

we rather discuss common trends. As mentioned above, each column in Figure 7.6 

represents a different injector gas flow rate, but in all three cases, the recirculation can  
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Figure 7.6:   False-color images of background-corrected emission produced by sodium 

atom clouds (yellow) captured at low time resolution, overlaid on the image of the torch 

without plasma (blue). From left to right, the settings for the injector gas flow rate are: 0.5, 

1, 1.5 L/min Ar. The first row was measured while applying 800 W, and the second row 

with 1400 W RF power. 

 

be deduced from the intensity distribution. Indeed, it was mentioned in section 7.2.2 

above that for each auxiliary gas flow rate there is a transition value of the injector gas 

flow rate beyond which no recirculation occurs anymore. As the auxiliary gas flow rate 

in this setup is fixed to 1.3 L/min, we expect this transition point to occur at much 

higher injector gas flow rates than the system allows, i.e., at least 2.5 L/min (cf. Figure 

7.3.c above). This explains why we observe the recirculation for all injector gas flow 

rates used (i.e., 0.5, 1.0 and 1.5 L/min), as they are below 2.5 L/min. This is, at least, in 

qualitative agreement with our model predictions.   

Figure 7.7 provides evidence that we are actually tracking particle clouds, 

which are distinctly visible at short integration times (compared to the particle travel 

time inside the plasma, which is in the order of a few milliseconds), but they will 

appear as soft lines at longer integration times due to motion and diffusion (Figure 7.6).  



 

 

 

 

145 

 

 

Figure 7.7:   False-color images of background-corrected emission produced by sodium 

atom clouds (yellow) captured at high time resolution, overlaid on the image of the torch 

without plasma (blue). From left to right, the settings for the injector gas flow rate are: 0.5, 

1, 1.5 L/min Ar. The applied RF power was 800 W. 

The applied power in this case is 800 W and the injector gas flow rate is again 0.5 (left), 

1.0 (middle) and 1.5 (right) L/min. The other measurement conditions are exactly the 

same as for Figure 7.6, except that 50 μs exposure time was used instead of 5 ms, so 

that no plasma emission background subtraction was necessary. The emission pattern in 

Figure 7.7 is indeed the same as in the upper row of Figure 7, but at long integration 

times (5 ms) the flight patterns are more visible due to the absence of strong localized 

emission clouds and due to the superposition of many movement tracks. In summary, it 

can be deduced from Figure 7.6 and 7.7 that (i) some recirculation may indeed occur in 

the auxiliary gas flow and (ii) this recirculation can be reduced, or even avoided, by 

increasing the applied rf power. 

 

7.2.5. Effect of sampler orifice diameter 

  

Besides the operating parameters, i.e., gas flow rates and applied power, our 

calculations predict that a change in the geometrical parameters can also affect the 

recirculation inside the ICP torch. Figure 7  .8 presents 2D velocity path lines for fixed 

values of coolant gas, auxiliary gas and injector gas flow rates, i.e., 12, 0.4 and 1.0 

L/min, respectively, at an applied power of 1000 W, with sampler orifice diameters of 1 

mm (a) and 2 mm (b). Note that Figure 7.8.a corresponds to Figure 7.2.a. It appears that 

the occurrence of strong recirculation (as in Figure 7.8.a) becomes less pronounced 

when the sampler cone has a larger orifice (Figure 7.8.b). This can be explained 
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because with a larger sampler orifice, the auxiliary gas flow has the chance to enter the 

mass spectrometer, accompanying the injector gas flow, as was demonstrated in 

Chapter 6 (section 6.1). Consequently, the auxiliary gas flow is “sucked” toward the 

sampler orifice, thereby reducing the backward motion 

 

Figure 7.8:   Effect of sampler orifice diameter: 2D gas flow velocity path lines originating 

from the intermediate inlet, colored by velocity in m/s, as well as from the central and 

outer inlets, colored in black. The sampler orifice diameter is taken as 1 (a) and 2 (b) mm. 

The injector gas, auxiliary gas and coolant gas flow rates are 1.0, 0.4 and 12 L/min, 

respectively. The central inlet diameter is 1.5 mm. The violet contours demonstrate the 

area of external power coupling.   
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7.3. Recirculation in the injector gas flow 

 

Besides the auxiliary gas flow, the injector gas flow path lines might also 

exhibit some backward curved motion, depending on the central inlet diameter, which 

affects the early speed up of the injector gas flow compared to the other gas flows. This 

is even more crucial for the analytical performance of the ICP, as the sample particles 

are introduced from the central inlet, and they should be able to reach the sampler 

orifice, after atomization. Therefore, the current section is devoted to how the 

recirculation of the injector gas flow can be removed. 

In this section, the effect of central inlet diameter, as well as of the different 

flow rates, on the recirculation of the injector gas flow pattern will be investigated. For 

this purpose, the central inlet diameter is increased from 1.5 mm to 2 mm, whereas the 

sampler orifice diameter is kept fixed at 1 mm. The new geometry is made by GAMBIT 

and read into FLUENT as described in Chapter 3. 

Since the sample particles (or aerosols) are introduced from the central inlet, 

optimizing the injector gas flow path lines is crucial to guarantee that the introduced 

sample can reach the sampler orifice. As mentioned above, this implies that the ion 

cloud of the sample is led forward in the torch and along the central channel. Otherwise, 

when the ion cloud spreads out from the central channel due to diffusion, it may be 

possible to lose part of the sample, as it may follow the path lines which exit from the 

open sides of the torch instead of through the sampler orifice. 

 

7.3.1. Effect of central inlet diameter 

 

In section 7.2 the central inlet diameter was kept fixed at 1.5 mm, and in this 

case, the injector gas never exhibits a recirculation, at least for the wide range of 

conditions investigated by our model. However, when increasing the central inlet 

diameter to 2 mm, a drastic change in the injector gas flow path lines can be observed. 

Figure 7.9 shows 2D velocity path lines for the same operating parameters, i.e., 12, 0.4 

and 1.0 L/min for the coolant gas, auxiliary gas and injector gas flow rates, 

respectively, and applied power of 1000 W, with the injector diameter of 1.5 mm (a) 

and 2 mm (b). Again Figure 7.9.a corresponds to Figure 7.2.a, but now the colored lines 
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Figure 7.9:   Effect of central inlet diameter: 2D gas flow velocity path lines originating 

from the central and outer inlets, colored by velocity in m/s, and from the intermediate 

inlet, colored in black. The central inlet diameter is taken as 1.5 (a) and 2.0 (b) mm, and 

the sampler orifice diameter is 1.0 mm. The injector gas, auxiliary gas and coolant gas flow 

rates are 1.0, 0.4 and 12 L/min, respectively. The violet contours demonstrate the area of 

external power coupling. 

represent the injector gas and coolant gas flows, whereas the black lines show the 

auxiliary gas flow path lines. By comparing the velocity difference of the injector gas 

and coolant gas flow in Figure 7.9.a and b, it can be seen that by enlarging the central 

inlet diameter to 2 mm, the injector gas flow is no longer much faster than the coolant 

gas. As a result, the shear force from the coolant gas flow, which affects the auxiliary 

gas, could now also partly affect the injector gas flow. Hence, a larger central inlet 
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diameter causes a change in the injector gas flow path lines, and a backward motion of 

the injector gas flow becomes apparent for an injector diameter of 2 mm. This is not 

favorable because if the introduced sample particles follow the backward lines, they 

may be lost in the torch and they cannot be effectively transferred to the mass 

spectrometer. Figure 7.9.b indeed shows that not all injector gas path lines are directed 

to the sampler orifice. Nevertheless, a central inlet diameter of 2 mm is quite common 

in ICP setups [214]. Therefore, in order to avoid this recirculation in the injector gas 

path lines, we performed several calculations for different operational parameters, as 

will be discussed in the following sections. It should be mentioned that Lindner et al. 

[181] discussed that for every central inlet diameter, there is a transition flow rate for 

the injector gas to achieve a central channel in the ICP torch. For example, for the 

central inlet diameter of 2 mm, the injector gas flow rate should exceed 0.4 L/min to 

make a central channel. In the current study, we meet that condition and hence there is a 

central channel at all conditions investigated, but still not all of the injector gas flow 

goes forward to the sampler orifice. Hence, in the present paper, after meeting the 

minimum criterion for obtaining a central channel, as discussed in [181], we define an 

additional minimum gas flow rate (i.e., higher than the minimum flow rate in [181]) to 

optimize the sample transfer by avoiding any backward motion in the injector flow.  

 

7.3.2. Effect of injector gas flow rate 

 

Figure 7.10 presents 2D velocity path lines for fixed values of coolant gas and 

auxiliary gas flow rates, i.e., 12 and 0.4 L/min, respectively, while varying the injector 

gas flow rate as 1.0 (a), 1.1 (b), 1.2 (c), 1.3 (d),  and 1.6 (e) L/min. The injector gas 

flow is represented by colored lines, whereas the auxiliary gas is shown with black 

lines. The coolant gas flow path lines are omitted here, for the sake of clarity. As 

mentioned above, the central inlet diameter and sampler orifice diameter are kept fixed 

at 2 mm and 1 mm, respectively. It is shown in Figure 7.10 that a higher injector gas 

flow rate results in a gradual drop in the backward flows of the injector gas. The effect 

is most pronounced when the injector gas flow rate increases from 1.1 to 1.2 L/min (cf. 

Figure 7.10.b-c). When reaching 1.3 and especially 1.6 L/min injector gas flow rate, the 

recirculation has completely disappeared (see Figure 7.10.d-e). 
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Figure 7.10:   Effect of injector gas flow rate: 2D gas flow velocity path lines originating 

from the central inlet, colored by velocity in m/s, and from the intermediate inlet, colored 

in black. The coolant gas path lines are omitted for the sake of clarity. The injector gas 

flow rate is taken as 1 (a), 1.1 (b), 1.2 (c), 1.3 (d) and 1.6 (e) L/min. The coolant gas and 

auxiliary gas flow rates are 12 and 0.4 L/min, respectively. The central inlet diameter and 

sampler orifice diameter are 2.0 mm and 1.0 mm, respectively. 

 

 



 

 

 

 

151 

 

7.3.3. Effect of auxiliary gas flow rate 

 

Figure 7.11 illustrates the flow path lines for fixed coolant gas and injector gas 

flow rates of 12 and 1.0 L/min, respectively, but varying the auxiliary gas flow rate 

from 0.4 (a) to 0.7 (b), 1.0 (c), 1.3 (d) and 2.0 (e) L/min. Note that Figure 7.11.a 

corresponds to Figure 7.10.a, but is repeated here for the sake of clarity. It is shown that 

by increasing the auxiliary gas flow rate from 0.4 to 0.7 L/min, the fraction of injector 

gas path lines which move backward has dropped (cf. Figure 7.11.a-b). For an auxiliary 

gas flow rate of 1.0 L/min (see Figure 7.11.c), the large backward recirculation has 

disappeared and only some deviation from the forward motion is observed. Our 

calculations predict that this deviation cannot be completely removed by increasing the 

auxiliary gas flow rate to 1.3 L/min (see Figure 7.11.d). We performed calculations for 

various auxiliary gas flow rates above 1.3 L/min, up to 2.0 L/min, but the flow pattern 

remained the same (cf. Figure 7.11.e). It can thus be concluded that in order to avoid 

recirculation in the injector gas flow, adjusting the auxiliary gas flow rate helps to some 

extent, but it is not as effective as changing the injector gas flow rate.   

 

7.3.4. Effect of coolant gas flow rate 

 

Figure 7.12 presents the 2D velocity path lines when increasing the coolant gas 

flow rates from 12 (a) to 14 (b), 16 (c) and 18 (d) L/min. The injector gas and auxiliary 

gas flow rates are kept fixed at 1.0 and 0.4 L/min, respectively. Note that Figure 7.12.a 

is the same as Figure 7.10.a and 7.11.a, for the sake of clarity. It is shown in Figure 7.12 

that even the highest values of coolant gas flow rates investigated cannot make a 

significant change in the backward motion of the injector gas. Indeed, only a tiny 

improvement is observed in Figure 7.12.d. Therefore, in order to avoid the recirculation 

of the injector gas flow, we do not recommend changing the coolant gas flow rate. 

However, as discussed in section 7.2.3 above, the coolant gas flow rate does affect the 

recirculation of the auxiliary gas. 
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Figure 7.11:   Effect of auxiliary gas flow rate: 2D gas flow velocity path lines originating 

from the central inlet, colored by velocity in m/s, and from the intermediate inlet, colored 

in black. The coolant gas path lines are omitted for the sake of clarity. The auxiliary gas 

flow rate is taken as 0.4 (a), 0.7 (b), 1.0 (c), 1.3 (d) and 2.0 (e) L/min. The coolant gas and 

injector gas flow rates are 12 and 1.0 L/min, respectively. The central inlet diameter and 

sampler orifice diameter are 2.0 mm and 1.0 mm, respectively. 
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Figure 7.12:   Effect of coolant gas flow rate: 2D gas flow velocity path lines originating 

from the central inlet, colored by velocity in m/s, and from the intermediate inlet, colored 

in black. The coolant gas path lines are omitted for the sake of clarity. The coolant gas flow 

rate is taken as 12 (a), 14 (b), 16 (c) and 18 (d) L/min. The injector gas and auxiliary gas 

flow rates are 1.0 and 0.4 L/min, respectively. The central inlet diameter and sampler 

orifice diameter are 2.0 mm and 1.0 mm, respectively. 

 

7.3.5. Effect of applied power 

 

Finally, we study the effect of applied power on the backward motion of the 

injector gas flow. Figure 7.13 shows 2D velocity path lines at 1000 (a) and 1200 (b) W. 

The coolant gas, auxiliary gas and injector gas flow rates are 12, 0.4 and 1.0 L/min, 

respectively. Hence, Figure 7.13.a is again the same as Figures 7.10.a, 7.11.a and 

7.12.a, for the sake of clarity, except that now the area of external power coupling is 

added again (see violet contours). Figure 7.13.b illustrates that an increase of 200 W 

can improve the recirculation of the injector gas flow to some extent. Indeed, the  
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Figure 7.13:   Effect of applied power: 2D gas flow velocity path lines originating from the 

central inlet, colored by velocity in m/s, and from the intermediate inlet, colored in black. 

The coolant gas path lines are omitted for the sake of clarity. The applied power is taken as 

1000 (a) and 1200 (b) W. The injector gas, auxiliary gas and coolant gas flow rates are 1.0, 

0.4 and 12 L/min, respectively. The central inlet diameter and sampler orifice diameter are 

2.0 mm and 1.0 mm, respectively. The violet contours demonstrate the area of external 

power coupling. 

 

recirculation is less pronounced, but it has not completely disappeared. Further 

increasing the applied power to e.g., 1400 W did not give rise to stable calculation 

results, at least for the gas flow rates and central inlet diameter under consideration 

here. Note that for 1.5 mm central inlet diameter, no problem occurred when assuming 

the same gas flow rates and a power as high as 1500 W (cf. Figure 7.5.d above).  
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To work with a higher applied power for an ICP torch fitted with a 2 mm 

injector diameter, we need to apply higher gas flow rates. This is illustrated in Figure 

7.14, for 16, 1.2 and 1.2 L/min of coolant gas, auxiliary gas and injector gas flow rates, 

respectively. Note that the coolant gas flow path lines are now added again. The applied 

power is 1400 W and the central inlet diameter is 2 mm. These are typical conditions 

applied with the Elan 6000 ICP-MS. It is indeed visible that under this condition the 

injector gas flow does not move backward at all, and it can entirely transfer the 

introduced sample particles directly to the mass spectrometer. 

 It should be noted that in Figure 7.14, the absence of recirculation of the 

injector gas flow is due to an increase of both the applied power and the gas flow rates. 

We can thus consider Figure 7.14 as a result of all parameter effects that we discussed 

in this section, and which should be applied to avoid the occurrence of recirculation in 

the injector gas flow path lines. 

 

Figure 7.14:   2D gas flow velocity path lines originating from the central and outer inlets, 

colored by velocity in m/s, and from the intermediate inlet, colored in black. The applied 

power is taken as 1400 W. The injector gas, auxiliary gas and coolant gas flow rates are 

1.2, 1.2 and 16 L/min, respectively. The central inlet diameter and sampler orifice diameter 

are 2.0 mm and 1.0 mm, respectively.  
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7.4. Conclusion 

 

We have computationally investigated the occurrence of recirculation in the 

auxiliary and injector gas flow path lines, in order to obtain a better insight in the flow 

behavior inside the ICP torch and to optimize the transfer from the central inlets to the 

sampler orifice. The parameters which play a role to avoid these backward motions 

were investigated in detail. 

Using 1.5 mm central inlet diameter typically results only in the occurrence of 

recirculation in the auxiliary gas flow path lines and not in the injector gas flow path 

lines. Our calculations predict that by increasing either the injector gas, auxiliary gas or 

coolant gas flow rates, or by raising the external power, we can control and avoid the 

backward motion of the auxiliary gas. Moreover, using a sampler with a larger orifice 

diameter also results in a drop in the recirculation of the auxiliary gas flow. This can all 

be explained by a lower shear force between the different gas flows. Our computational 

results were validated with experiments performed by Günther and coworkers on the 

Elan 6000 ICP-MS setup, and qualitative agreement was obtained for the effect of 

applied power. It has to be mentioned that it was not possible to validate the model 

predictions for the effect of gas flow rates and geometry due to experimental 

limitations.   

Furthermore, our calculation results have demonstrated that by using a larger 

central inlet diameter, also the injector gas flow will exhibit some backward motion 

inside the torch, which is undesirable for sample transfer to the mass spectrometer. 

Similar as for the auxiliary gas, the backward motion in the injector gas flow could be 

reduced by applying higher injector gas, auxiliary gas or coolant gas flow rates and a 

higher applied power. 

For both the auxiliary and the injector gas, it was found that a rise in the 

injector gas flow rate has a dominant effect on the occurrence of recirculation, and can 

thus be used as the most effective parameter to remove the backward flows inside the 

torch.  

It needs to be mentioned that the importance of optimizing the auxiliary and 

injector gas path lines will become more clear when we can trace with our model the 

introduced sample material inside the torch. Indeed, due to different boiling and 

ionization temperatures of different materials, the position at which the sample or ion 

cloud may move in the radial direction to the outer region and become further away 
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from the central channel is different [204,205]. Hence, it will be important to know 

exactly which path lines they follow. Moreover, in the future, the optimization of the 

gas flow motion, which is focused on in the current Chapter, will have to be combined 

with signal intensity optimization, which is currently not considered.  Indeed, note that 

an increase in the injector gas flow rate can lead to low signal intensities because a 

lower amount of analyte will get ionized due to the high gas flow rate and the low 

temperature in the plasma. This effect can be studied when the particle tracing will be 

added to the current model. Nevertheless, the study carried out in the present Chapter 

can already explain where the sample might get lost and it can predict the parameters 

which might help to reduce these losses. 
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8. Outlook for future work 
 

 

 

 

 

 

 

  

 

Chapter 8: 

Outlook for future work 
In this chapter, the next plans after (and based on) this PhD work are briefly presented. 

  



 

 

Chapter 8: Outlook for future work 

 

160 

 

During this PhD work, a model for an ICP torch connected to a MS interface is 

developed in which the plasma flow dynamics as well as ionization are taken into 

account. The model describes all the plasma characteristics inside an ICP torch, but 

there is no sample introduction included yet. To improve ICP-MS as an analytical 

method, a more fundamental insight in the behavior of the introduced sample material 

in the plasma is needed. Therefore, the introduction of sample particles/droplets in the 

ICP torch and a detailed investigation of the interaction of the sample material with the 

plasma should be the next step to improve our understanding of ICP-MS. The model 

presented in this PhD work forms the ideal starting point for such a model development. 

The analyte is typically introduced into the ICP via a spray of dilute aqueous 

solution. Indeed, the particle in liquid phase will undergo heating, vaporization and 

boiling and finally ionization. Any droplet that has not undergone these processes will 

result in signal loss. Moreover, chemical reactions will take place between the dissolved 

element and species originating from the water, which also need to be described in the 

future model. Therefore, the equations used in this model need to be extended. 

Moreover, for any injected material, several material parameters are needed, both in 

liquid phase (i.e., as droplets) 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 need to be inserted 

in the model as UDFs. It might not be easy to find all parameters in literature. It will 

therefore be important to validate my results with experiments, by working in close 

collaboration with experimental groups. There are several groups working on 

fundamental aspects of the ICP, such as the group of Prof. Colombo (Bologna, Italy), 

Prof. Hieftje (Bloomington, Indiana, US), Prof. Günther (Zürich, Switzerland), Prof. 

Olesik (Columbus, Ohio, US), Prof. Farnsworth (Provo, Utah, US) and Prof. Sharp 

(Loughborough, UK) and there is mutual interest to start up/continue such a 

collaboration. When the model includes sample introduction, it should be ready to be 

applied for every operating and geometrical condition used in different laboratories.  

Moreover, extension of the model to three dimensions will also be a future step, to 

increase the accuracy of our modeling study. 
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Summary 
 

 

 

 

 

 

 

 

 

Summary 
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is one of the most 

important modern atomic spectrometry techniques. It is a being applied for the 

determination of trace, minor and major elements in almost every analytical field. 

Strengths of the technique include a wide elemental coverage (including alkali and 

alkaline earth elements, transition and other metals, metalloids, rare earth elements, 

most of the halogens and some of the non-metals), a high sensitivity and low 

background signals, which yields very low detection limits (sub-ng/L – parts-per-

trillion (ppt) in most cases), fast analysis times and isotopic information. These 

capabilities explain the widespread interest and acceptance of ICP-MS across all 

industry types, and confirm the status of ICP-MS as the premier technique for the 

measurement of trace metals.  

To improve the analytical applications, fundamental studies of the ICP-MS are 

indispensable. Therefore, the goal of this work is to obtain a better understanding of the 

underlying physics of an ICP torch connected to a MS interface, by means of computer 

simulations and to provide insight into how the operating conditions and geometry can 

be optimized.  
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The ICP model developed and applied for this investigation is explained in 

Chapter 2 and Chapter 3. The model is based on solving partial differential equations 

for the gas flow dynamics coupled with the energy conservation and Maxwell 

equations. 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. This model is built 

within the commercial computational fluid dynamics (CFD) program FLUENT 

(ANSYS). Some self-written codes were added as user defined functions (UDFs), in 

order to calculate the electromagnetic fields, the amount of ionization, as well as the 

material parameters, i.e., viscosity, heat capacity, thermal conductivity and diffusion 

coefficients as a function of the actual gas composition and plasma temperature. 

Typical calculation results from the model include the gas flow behavior, as well as the 

plasma temperature and electron density profiles. The general hypotheses used to build 

up the model are: (a) the gas flow is laminar, (b) the plasma has a 2D axisymmetric 

geometry and (c) the model assumes local thermodynamic equilibrium (LTE).  

In Chapter 4, the effect of the presence of a mass spectrometer sampling 

interface on the fundamental plasma characteristics in ICP-MS is illustrated. To 

investigate the effects of the sampler, two sets of calculations with exactly the same 

conditions, with and without the sampler, are performed. Typical plasma 

characteristics, such as gas flow velocity, plasma temperature and electron density, are 

calculated in two dimensions (cylindrical symmetry) and compared with and without 

the sampler. The results indicate a dramatic increase in the plasma velocity in the region 

close to the interface. Furthermore, a cooled metal interface lowers the plasma 

temperature and electron density on the axial channel very close to the sampling cone 

but the corresponding values in the off axial regions are increased. Therefore, the effect 

of the interface strongly depends on the measurement position. It is shown that even a 

small shift from the actual position of the sampler leads to a considerable change of the 

results. The calculation results are compared with measured data from literature and 

reasonable agreement is reached. The results provide a better insight in the underlying 

physics responsible for the effect of the sampling interface. 

In Chapter 5, the effects of typical operating conditions on the upstream 

plasma characteristics of the ICP in contact with a MS interface are investigated. Thus, 

different injector gas and auxiliary gas flow rates are applied in a wide range. 

Moreover, the effect of the forward power is studied in detail. There seems to be an 

optimum range of injector gas flow rates for each setup which guarantees 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 

injector gas flow passes through the sampling orifice or that it is accompanied by the 
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auxiliary gas flow. Depending on the size of the sample ion cloud, the one or the other 

condition is favored. It was also found that depending on the 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 flow path lines, the power can control which flow (i.e., 

only from the injector gas or also from the auxiliary gas) goes through the sampler 

orifice. The calculation results are compared with measured data from literature, and 

good qualitative agreement is obtained. 

Subsequently, in Chapter 6, the effects of sampler orifice diameter (ranging 

from 1 to 2 mm) and distance of sampler cone from the load coil (ranging from 7 to 17 

mm) are studied. An increase in sampler orifice diameter leads to a higher central 

plasma temperature at the place of the sampler, as well as a more efficient gas transfer 

through the sampler, by reducing the interaction of the plasma gas with the sampling 

cone. However, the flow velocity at the sampler position is found to be independent 

from the sampler orifice diameter. Moreover, by changing the sampler orifice diameter, 

we can control whether only the injector gas or also the auxiliary gas can exit through 

the sampler. Finally, at increasing distance of the sampler from the load coil, the plasma 

temperature at the place of the sampler decreases slightly, which might also have 

consequences for the ion generation and transport through the sampling cone. The 

calculation results are again in reasonable agreement with measured data from 

literature. 

Finally, in Chapter 7, the occurrence of recirculation of the auxiliary and 

injector gas flows is studied. The effects of operating parameters, i.e., applied power 

and gas flow rates, as well as geometrical parameters, i.e., sampler orifice diameter and 

injector inlet diameter, are investigated. Our calculations predict that at higher applied 

power the auxiliary and injector gas flow inside the torch move more forward to the 

sampling cone, which is validated for the auxiliary gas flow by experiments performed 

by Günther and coworkers at ETH-Zürich. Furthermore, an increase of the various gas 

flow rates can also modify the occurrence of recirculation. This is especially true for the 

injector gas flow rate, which has a more pronounced effect to reduce the backward 

motion than the flow rates of the auxiliary and coolant gas. Moreover, a larger sampler 

orifice (e.g., 2 mm instead of 1 mm) reduces the backward flow of the auxiliary gas 
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path lines. Finally, a central inlet of 2 mm diameter causes more recirculation in the 

injector gas flow than a central inlet diameter of 1.5 mm, which can be avoided again 

by changing the operating parameters. 

In conclusion, the studies performed during this PhD work contribute to a better 

understanding of the fundamental mechanisms of the ICP, and we hope that this will 

improve the analytical performance of ICP-MS. In future work, we plan to include the 

introduction of sample particles/droplets in the ICP torch, as is briefly outlined in 

Chapter 8. The model presented in this PhD work forms the ideal starting point for 

such a model development.  
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Samenvatting 
Inductief gekoppelde plasma massaspectrometrie (Eng: Inductively Coupled 

Plasma Mass Spectrometry; ICP-MS) is één van de belangrijkste technieken in de 

moderne atoomspectrometrie. Het wordt gebruikt voor de bepaling van 

(sporen)elementen in bijna elk analytisch domein. De sterke punten van deze techniek 

omvatten een brede toepasbaarheid in de te meten elementen (inclusief alkali en 

aardalkali elementen, transitiemetalen en andere metalen, metalloïden, zelfdzame 

aarden, de meeste halogenen en ook sommige niet-metalen), een hoge gevoeligheid en 

een lage achtergrond, die zeer lage detectielimieten geven (sub-ng/L – parts-per-trillion 

(ppt) in de meeste gevallen), snelle analysetijden en isotoop-informatie. Deze 

eigenschappen verklaren de grote interesse en acceptatiegraad van ICP-MS in alle types 

van industrie, en ze bevestigen de status van ICP-MS als dé techniek bij uitstek voor het 

meten van sporen-metalen.  

Om de analytische toepassingen te verbeteren zijn fundamentele studies van 

ICP-MS onontbeerlijk. Het doel van dit werk is dus om een beter begrip te krijgen van 

de onderliggende fysica van een ICP toorts in contact met een MS interface, door 

middel van computersimulaties, en om inzicht te verschaffen in hoe de 

werkomstandigheden en de geometrie kunnen geoptimaliseerd worden.  
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Het ICP model dat ontwikkeld en toegepast werd voor deze studie, wordt 

uitgelegd in Hoofdstuk 2 en Hoofdstuk 3. Het model is gebaseerd op het oplossen van 

partiële differentiaalvergelijkingen voor de gasstromingsdynamica, gekoppeld aan de 

vergelijking voor energiebehoud en de Maxwell vergelijkingen. De vermogenstoevoer 

in het ICP is een bronterm in de energiebehoudsvergelijking, terwijl de uitgezonden 

straling als een verliesterm in rekening wordt gebracht. Het model is opgebouwd met 

het commerciële computationele fluid dynamica (CFD) programma FLUENT 

(ANSYS). Een aantal zelfgeschreven codes werden hieraan toegevoegd als “user 

defined functions” (UDFs), om de elektromagnetische velden en de hoeveelheid 

ionizatie te berekenen, alsook de materiaalparameters, d.w.z, viscositeit, 

warmtecapaciteit, thermische geleidbaarheid en diffusiecoëfficiënten in functie van de 

actuele gassamenstelling en plasmatemperatuur. Typische berekeningsresultaten van 

het model omvatten de gasstroming, alsook de profielen van plasmatemperatuur en 

elektronendichtheid. De algemene hypotheses gebruikt om het  model op te bouwen, 

zijn: (a) de gasstroming is laminair, (b) het plasma heeft een 2D axisymmetrische 

geometrie en (c) het model veronderstelt lokaal thermodynamisch evenwicht (LTE).  

In Hoofdstuk 4 worden de effecten van de aanwezigheid van een interface naar 

de massaspectrometer (de zgn. “sampler”) op de fundamentele plasmakarakteristieken 

in ICP-MS geïllustreerd. Om de effecten van de sampler te onderzoeken worden twee 

sets van berekeningen uitgevoerd met exact dezelfde voorwaarden, met en zonder 

sampler. Typische plasmakarakteristieken, zoals de gasstromingssnelheid, de 

plasmatemperatuur en de elektronendichtheid, worden berekend in twee dimensies 

(cylindrische symmetrie) en vergeleken met en zonder sampler. De resultaten tonen een 

opvallende stijging in de plasmasnelheid in de zone vlakbij de interface. De koude 

metalen interface verlaagt bovendien de plasmatemperatuur en de elektronendichtheid 

op de centrale as vlakbij de sampler, maar de overeenkomstige waarden verder 

verwijderd van de centrale as worden hoger. Het effect van de interface is dus sterk 

afhankelijk van de meetpositie. Zelfs een kleine verschuiving van de actuele positie van 

de sampler leidt tot een aanzienlijke verandering in de resultaten. De 

berekeningsresultaten werden vergeleken met meetgegevens uit de literatuur en er werd 

een redelijke overeenstemming bereikt. De resultaten geven een beter inzicht in de 

onderliggende fysica verantwoordelijk voor het effect van de sampler. 

In Hoofdstuk 5 worden de effecten van typische plasmacondities op de 

plasmakarakteristieken van het ICP in contact met een MS interface bestudeerd. Hiertoe 

werden verschillende stromingssnelheden van het injectorgas en het hulpgas aangelegd, 

in een brede range. Ook werd het effect van de vermogenstoevoer in detail bestudeerd. 
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Er lijkt een optimum te bestaan voor de stromingssnelheid van het injectorgas voor elke 

opstelling, die garandeert dat er een centraal kanaal in de toorts gevormd wordt met een 

geschikte lengte. Bovendien tonen de resultaten van ons model dat het voor elk 

specifiek geval mogelijk is om te controleren of ofwel enkel het injectorgas door de 

sampleropening kan passeren, of dat het injectorgas vergezeld wordt van het hulpgas. 

Afhankelijk van de groote van de ionenwolk van het monster zal de ene of andere 

voorwaarde de voorkeur genieten. We hebben ook gevonden dat, afhankelijk van de 

geometrie, de variatie van de uitgaande gasstromingssnelheid veel kleiner is dan de 

variatie van de stromingssnelheid van het injectorgas, en dit veroorzaakt een lichtjes 

hogere druk in de toorts. Het algemene effect van een hoger vermogen is een toename 

in de  plasmatemperatuur, wat resulteert in een hogere ionizatie in de zone binnen de 

spoel. Het negatieve effect is echter dat het koele centrale kanaal, dat belangrijk is om 

het monster naar de sampler te vervoeren, korter wordt. Met een geschikt vermogen kan 

de efficiëntie van het systeem geoptimaliseerd worden. Het vermogen bepaalt immers 

de gasstromingsprofielen, en zo kan ook op die manier gecontroleerd worden welke 

flow (d.w.z.  enkel van het injectorgas of ook van het hulpgas) door de  sampleropening 

geraakt. De berekeningsresultaten werden vergeleken met experimentele gegevens uit 

de literatuur, en er werd een goede kwalitatieve overeenstemming bereikt. 

Vervolgens worden in Hoofdstuk 6 de effecten van de diameter van de 

sampleropening (tussen 1 en 2 mm) en van de afstand van de sampler tot de spoel 

(tussen 7 en 17 mm) bestudeerd. Een grotere diameter van de sampleropening geeft een 

hogere plasmatemperatuur in het centrum, op de plaats van de sampler, alsook een meer 

efficiënte doorstroming van het gas doorheen de sampler, doordat de interactie tussen 

het plasmagas en de sampler vermindert. De flow snelheid ter hoogte van de sampler is 

echter onafhankelijk van de diameter van de sampleropening. Door aanpassen van de 

diameter van de sampleropening kunnen we bepalen of enkel het injectorgas of ook het 

hulpgas doorheen de sampler geraakt. Tenslotte vonden we dat de plasmatemperatuur 

ter hoogte van de sampler lichtjes daalt bij toenemende afstand tussen sampler en spoel, 

wat gevolgen kan hebben voor de ionenvorming en het transport doorheen de sampler. 

De berekende resultaten zijn opnieuw in redelijke overeenstemming met meetgegevens 

uit de literatuur. 

Tenslotte wordt in Hoofdstuk 7 het voorkomen van recirculatie in de 

stromingsprofielen van het hulpgas en het injectorgas bestudeerd. De effecten van de 

werkparameters, zoals aangelegd vermogen en gasstromingssnelheden, alsook van de 

geometrie, nl. diameter van de sampleropening en van de injector inlaat, worden 

bestudeerd. Onze berekeningen voorspellen dat bij hoger aangelegd vermogen het 
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hulpgas en injectorgas in de toorts meer in de voorwaartste richting bewegen naar de 

sampler toe, wat ook gevalideerd is voor de stroming van het hulpgas, door 

experimenten uitgevoerd door Günther en medewerkers aan ETH-Zürich. Bovendien 

kan een stijging van de verschillende gasstromingssnelheden ook het voorkomen van 

recirculatie verminderen. Dit is vooral zo voor de stromingssnelheid van het 

injectorgas, die een meer uitgesproken effect heeft op het verminderen van de 

terugwaartse beweging van de stromingsprofielen dan de stromingssnelheden van het 

hulpgas en het koelgas. Bovendien leidt een grotere sampleropening (bv. 2 mm in plaats 

van 1 mm) tot een vermindering van de terugwaartse gasstroming van de 

stromingsprofielen van het hulpgas. Tenslotte veroorzaakt een  centrale gasinlaat van 2 

mm diameter meer recirculatie in de stroming van het injectorgas dan een centrale 

inlaat met diameter van 1.5 mm, wat opnieuw vermeden kan worden door aanpassen 

van de werkparameters. 

We kunnen besluiten dat de studies uitgevoerd tijdens dit doctoraatswerk 

bijdragen tot een beter begrip van de fundamentele mechanismen van het ICP, en we 

hopen dat dit de analytische capaciteiten van ICP-MS zal verbeteren. In de toekomst 

plannen we om de invoer van deeltjes/druppeltjes van het te analyseren materiaal in de 

ICP toorts in rekening te brengen, zoals kort beschreven staat in Hoofdstuk 8. Het 

model gepresenteerd in dit doctoraatswerk vormt het ideale startpunt voor zulk een 

verdere modelontwikkeling. 
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